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Purpose: Aging is accompanied by various changes in pain perception and modulation. However, the influence of older age — and
associated neurocognitive changes — on placebo hypoalgesia has not been systematically investigated. Findings to date are incon-
clusive, ranging from a reduced, to a preserved or even an amplified response in older adults. The aim of this study was to examine
age-related changes in the placebo hypoalgesic response magnitude, and the potential modulating effect of executive functions, namely
working memory, cognitive flexibility and inhibitory control.

Methods: Thirty-nine younger (18-36 years) and 42 healthy older adults (60-82 years) completed a series of executive functioning
tests. Placebo hypoalgesic responding was assessed via a sham transcutaneous electrical nerve stimulation (TENS) intervention while
participants received moderately painful electrical stimuli to their arm. An electroencephalogram (EEG) was recorded during the
placebo paradigm and pain ratings were collected.

Results: Overall, both age groups showed similar robust placebo hypoalgesic effects: pain ratings and pain-related brain potentials
were significantly reduced in response to the sham treatment. Interestingly, worse executive functions in older adults (in particular,
working memory and cognitive flexibility) were associated with reduced placebo responses. Moreover, executive functions also
moderated the overall age group difference in placebo hypoalgesia: when cognitive flexibility and inhibitory control scores were low,
older adults showed a smaller placebo response than younger adults.

Conclusion: We demonstrated an age-related reduction in placebo hypoalgesia in older adults showing a decline in executive
functioning. This is an important finding, considering the fact that placebo effects contribute to positive treatment outcomes. Our
results advocate the assessment of executive functions when investigating the influence of aging on placebo effects, as variable aging
trajectories of decline may influence overall group comparisons.

Plain language summary: As people age, their pain experience and pain coping skills change. This study explores how aging, and
related changes in brain function, affect the ability to experience pain relief from a placebo treatment (placebo hypoalgesia). Previous
research has been unclear, showing reduced, unchanged, or even increased placebo responses in older adults. We investigated if aging
affects the strength of the placebo effect and whether executive functions (like working memory, flexible thinking, ignoring
distractions and controlling impulsive reactions) play a role.

We studied 39 younger adults (18-36 years) and 42 older adults (60-82 years). They took tests measuring their executive functions
and then received a fake electrical nerve stimulation treatment while experiencing moderately painful electrical stimuli on their arm.
We recorded their brain activity and pain ratings.

Both younger and older adults reported less pain and showed reduced brain responses to pain after the fake treatment, indicating
a clear placebo effect in both groups. Older adults with better executive functions, particularly in working memory and cognitive
flexibility, had stronger placebo responses. Moreover, when older adults had good cognitive flexibility and inhibitory control, their
placebo responses were as large as those of younger adults.
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In conclusion, when executive functions are intact, normal placebo pain relief can be experienced in older age. This finding is
relevant because placebo effects contribute considerably to treatment outcomes. Our results suggest that assessing a potential decline
in executive functions is important when studying the impact of aging on pain (coping).

Keywords: cognitive pain modulation, aging, executive functions, event-related potentials, prefrontal cortex

Introduction
In recent years, the mechanisms underlying placebo hypoalgesia have received increasing attention, leading to the
identification of numerous psychological, neurobiological and contextual variables that influence the magnitude of the
placebo effect at the behavioral and neural level (see'? for reviews). One variable of interest is age, since aging has been
associated with various changes in pain perception and modulation. Older adults, for example, often show increased
acute pain thresholds and impaired top-down pain regulation, due to altered structure and function of peripheral and
central nociceptive pathways.> ¢ However, to date, the influence of older age on placebo effects has not been system-
atically investigated, and the few studies addressing the issue have ranged from observing a reduced,’ to a preserved,®’
or even to an amplified response in older adults,'® as compared to young adults.

A possible explanation for these divergent findings could be variable aging trajectories of decline in brain areas and
cognitive skills that mediate the placebo effect. The prefrontal cortex (PFC) is a prime candidate here, given its

importance in placebo hypoalgesia,'' " 16-18

as well as its vulnerability to age-related atrophy and functional changes.
Inhibiting the dorsolateral PFC with repetitive transcranial magnetic stimulation has, for example, been shown to disrupt
placebo hypoalgesia'® whereas active transcranial direct current stimulation of the dorsolateral PFC boosts placebo
hypoalgesia.’®?' Others have reported a correlation between the placebo hypoalgesic response and PFC functional
connectivity,”* as well as medial PFC activity,” in patients with (early) Alzheimer’s disease.

The PFC is also the central brain region mediating executive functioning,**

and executive functions may be
involved in the placebo hypoalgesic response in several ways. Two core executive functions, namely working memory
and cognitive flexibility, allow us to maintain and manipulate beliefs and expectations,”® which in turn drive the placebo
effect.>”*® A third core executive function, inhibitory control, may promote placebo responding through its link to

. . 2 . . . 1
emotion regulation.”” Emotion and pain share a common regulation system>"

and efficient emotion regulation may
enhance placebo hypoalgesia through the reduction of pain-related anxiety and fear.**** In addition, both emotion
regulation and placebo hypoalgesia involve cognitive (re)appraisal processes.>* Previous research has also demonstrated
that inhibitory control is directly related to the efficiency of other forms of endogenous pain inhibition.***

Effective executive functioning should thus facilitate placebo hypoalgesia through several mechanisms, and some
studies have indeed shown that individuals with impaired executive functioning (due to Alzheimer’s Disease) show
weaker placebo hypoalgesic effects.”*> More generally, poorer executive functioning has also been demonstrated in
patients with chronic pain conditions and is associated with higher experimental pain sensitivity and impaired top-down
pain modulation.*>** Consistent with the vulnerability of the PFC to age-related structural and functional changes,
executive functions have also been shown to decline with age, including working memory, cognitive flexibility, and
inhibitory control.**** However, the extent and rate of decline in executive functions can vary widely among older
individuals, influenced by various biological, health and lifestyle factors.*’

The objective of the present study was to assess the role of age-related changes in executive functions in modulating
placebo hypoalgesia in healthy aging adults, as a potential explanation for the conflicting findings regarding these effects
in older adults. This question holds significant clinical relevance, considering the well-established contribution of placebo
effects to analgesic treatment outcomes.*® We administered a battery of executive functioning tests to a group of healthy
young and older adults, followed by a placebo hypoalgesia paradigm involving a sham treatment with transcutaneous
electrical nerve stimulation (TENS). We measured the placebo effect both through pain ratings and electroencephalo-
graphy (EEG), by assessing the N2/P2 complex peak-to-peak and the P3 peak amplitudes.*”*® We hypothesized that
better executive functioning would be associated with a greater (behavioral and electrophysiological) placebo hypoal-
gesic response. We also expected that an age-related decrease in placebo hypoalgesia would be apparent only in those
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older adults showing a stronger decline in executive functioning (ie, we expected the relationship between age and
placebo hypoalgesia to be moderated by executive functioning).

Materials and Methods

Participants

Ninety-five participants, including 48 younger adults and 47 older adults, were recruited for the study. Participants
were partly recruited through re-invitations from a previous study on age-related changes in distraction from pain®®
(9 younger and 15 older adults). All participants were recruited through paper and online advertisement at the
University of Luxembourg, targeting regular as well as senior students. Older participants were further recruited
through public presentations at institutions for senior citizens in Luxembourg and interviews in local media (radio
and newspapers).

Exclusion criteria were assessed in both young and older participants, and included a current diagnosis of chronic
pain or a psychiatric or neurological condition (eg, neuropathy) as well as substantial cognitive impairment as established
with the Mini Mental State Examination (with a cut-off score < 24*°). Participants were requested not to take any pain
medication or other drugs known to have an impact on sensory perception or cognition on the day of the experimental
sessions. Eight young adults dropped out after inclusion and one young and two older participants were excluded due to
a diagnosis of chronic pain. Finally, the data of three older participants could not be analyzed due to technical issues with
the pain stimulation or excessive noise in the EEG data.

Thus, the data of 39 younger adults (22 female; mean age = 23.87, SD = 4.26; age range: 18-36 years) and 42 older
adults (22 female; mean age = 67.80, SD = 5.70; age range: 60-82 years) were included in the final analyses.
Participants received a compensation of between €35 or €55 for their time and effort (participants who were re-
recruited from the previous study already completed the executive tests and thus received a lower compensation). In
addition, all participants had the chance to win a gift voucher worth €80 in a prize draw and could request a report on
their performance in the executive tests. Ethical approval was obtained from the Ethics Review Panel of the University
of Luxembourg, and the study complies with the Declaration of Helsinki. All participants gave their informed consent
at the start of the study. Participants were only debriefed about the real aim of the study after data collection was
finished.

Procedure

Participants were invited to two test sessions; during the first session they filled out several questionnaires and we
assessed executive functions, and during the second session we administered the placebo paradigm while recording an
EEG. The first session lasted on average between 1.5-2 hours, and the second session between 3.5-4.5 hours.
Participants could complete the experiment either in German (71.6%), English (19.8%) or French (8.6%).

Questionnaires
Participants completed a demographic questionnaire about their health status, education level, pain history and previous
experience with TENS. We also obtained information about their handedness (Edinburgh Handedness Inventory; EHI*®),

their level of emotional distress (DASS-42°"), and pain-related cognitions, ie, fear of pain (FPQ-III>?

), pain catastrophiz-
ing (PCS™), pain vigilance and awareness (PVAQ>*) and attitudes to pain (PAQ-r>°). Finally, we administered the Mini
Mental State Examination (MMSE?®®) to assess general cognitive status.

Validated versions for all three official languages spoken at the University of Luxembourg (English, German, French)
were available for the EHI,>” DASS-42,%%% PCS,°%®! PVAQ®? and MMSE.®**** The French version of the FPQ-III and
PAQ-r were translated by a native French speaker and partly adapted from a validated short version.®> The French
version of the PVAQ® 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. The German version of the PAQ-r was translated by German native

speakers.
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Executive Functioning Tasks

Participants completed five standard executive tests, namely the Digit Span Test from the WAIS-IV,°” the Trail
Making Test (TMT®®), the Stroop Color-Word Test-Victoria version,®® the Attentional Network Test (ANT) and
a speeded Go/NoGo test. These tests were specifically selected to comprise the assessment of relevant core
components of executive functioning, namely working memory (Digit Span), cognitive flexibility (TMT), and,

given our previous results,””>®

a special focus on inhibitory control (ANT, Stroop and Go/NoGo). The Digit Span,
TMT and Stroop test were paper-and-pen versions, while the ANT and Go/NoGo were programmed in E-Prime

2.0. Validated versions of all tasks in all three languages (German, English, and French) were available.

Digit Span Test
Subtests of the Digit Span Test are the Digit Span Forward, Backward and Sequencing. Here, we only report the
Sequencing subtest, as this test places the highest demand on working memory.®’

Trail Making Test

For the TMT, we computed the TMT difference score by subtracting the time needed to complete part A from the time
needed to complete part B. Part A of the TMT presumably reflects psychomotor speed and attention, while part B has been
established as a measure of central executive processes, including cognitive flexibility, task-set inhibition, as well as the
ability to maintain a response set.”®’" The difference score (B-A) is commonly used as indicator of cognitive flexibility
controlled for psychomotor speed and attention.”* A smaller difference score reflects better cognitive flexibility.

Stroop Color-Word Test — Victoria Version
To assess the Stroop interference effect, we subtracted the time needed to name colors in the interference condition (color
words) from the time needed to name colors in the control condition (colors).®” A smaller Stroop interference effect

reflects better response inhibition abilities.?*”

Attentional Network Test

The ANT combines the Posner spatial cuing task with the Eriksen flanker task. The present version of the ANT was adapted
from Fan et al’* (A full description of the ANT can be found in the Supplementary Materials). The ANT assesses three
attentional networks (alerting, executive control and orienting) of which we report only the executive control network. This

network is involved in the resolution of conflicting responses.”* The processing efficiency of the executive control network
was assessed by computing difference scores in the reaction time for incongruent minus congruent flankers.”*’”> Difference
scores were based on the median reaction time for correct trials with a minimum response time of 100 ms. In order to account
for age-related slowing, difference scores were based on adjusted RTs (by computing z-score transformations for each
participant as suggested by Jennings et al”>). A lower score indicates better inhibitory control abilities.

Go/NoGo Task

The Go/NoGo task assesses prepotent response inhibition ability. In the present version of the task, participants
were presented with a series of numbers (odd and even) and required to respond with a button press to “go”
stimuli (either odd or even numbers) and to withhold their response to the “nogo” stimuli (either even or odd
numbers). Because the ratio of “go” and “nogo” stimuli was skewed (30% “nogo” and 70% “go” stimuli),
participants had to inhibit the tendency to respond to “nogo” stimuli. (A full description of the Go/NoGo task
can be found in the Supplementary Materials). We calculated the percentage of responses to “nogo” stimuli

(commission errors) as an index for response inhibition. To account for speed-accuracy trade-offs and age-related
slowing, we corrected this for the average reaction time for “go” stimuli, by computing unstandardized residuals
from commission errors regressed on reaction times. Lower scores indicate better response inhibition (free of

reaction time effects).
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Placebo Paradigm

Placebo Induction

Placebo hypoalgesia was induced using sham transcutaneous electrical nerve stimulation (TENS). Participants were told
that they were taking part in a study about the effects of aging on brain responses to a treatment with TENS. They were
furthermore told that, to establish a baseline, they would receive painful stimuli without TENS treatment. In reality, the
device had been disabled so that, at no point during the experiment, TENS stimulation could be received. To increase
credibility of the manipulation, participants were told that the TENS device would deliver a low-level current at a very
high frequency that is imperceptible.

To induce pain, a concentric surface electrode was attached to the inner side of the participants’ arm (see description
below). For the sham TENS stimulation, two adhesive patches were placed adjacent to the pain stimulation electrode and
connected to the TENS device (KRES100B, HCS Electronics, China). Participants were told that they would receive
moderately painful pulses through the pain stimulation electrode, but that the TENS device would reduce their level of
pain when turned on.

Calibration Phase

The placebo paradigm was divided into two runs with a short break in between. Each run consisted of a calibration phase
followed by a conditioning and a test phase (see Figure 1). An automated calibration procedure was conducted to derive
individually adapted electrical stimulus intensities that reliably evoked mild, moderate and strong pain. To this end,
participants were asked to rate the intensity of a series of stimuli on a 100-point visual analogue scale, divided into the
following sections (0-25: no pain; 25-50: mild pain; 50-75: moderate pain; 75—100: strong pain). The scale was a continuous
scale but to facilitate its interpretation it was divided into four equally long and distinctly labeled and colored sections (green:
no pain, yellow: mild, orange: moderate, red: strong) (see Supplementary Materials and Figure S1). Participants were told that

the border between the green and yellow section marked the pain threshold. Target intensity ratings were VAS = 37.5 for mild
pain; VAS = 62.5 for moderate pain and VAS = 87.5 for strong pain. (A detailed description of the calibration procedure can be
found in the Supplementary Materials and Figure S2 schematically represents the calibration algorithm).

Conditioning and Test Phase
The placebo paradigm was divided into two runs, each containing 10 blocks. In each block, five electrical pulses (trials)
were administered. The first two blocks of each run consisted of a conditioning procedure that has been shown to induce

Pain calibration Conditioning phase Test phase

T

Ll R ,TENS ON* 5)» Q& »TENS ON* 5)) <g\<

Moderate pain

Strong pain »TENS OFF* ‘)) \ ,TENS OFF“ ") %

Figure | Schematic representation of the placebo paradigm.
Notes: The paradigm consisted of two runs, each with a calibration, conditioning, and test phase. In the calibration phase, individually adjusted stimulus intensities were
derived. In the conditioning and test phase, painful stimuli were delivered in alternating blocks of five per condition; placebo (“TENS ON”) or control (“TENS OFF”).

2
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robust placebo hypoalgesic effects.>*’® The placebo effect was tested in the remaining eight test blocks in each run. At
the start of each block, participants were informed whether the TENS device was turned on or off for this block by
a visual cue on screen (“TENS ON” or “TENS OFF”). In addition, each electrical stimulus was preceded by a sound cue
specific to each condition (ie, two beep tones with different pitches, and the association between sound and condition was
counterbalanced between participants).

Participants were informed that they would receive moderately painful stimuli throughout the procedure. However,
unbeknownst to them, in the conditioning procedure, mildly painful stimuli were administered in the “TENS ON” block,
and strongly painful stimuli in the “TENS OFF” block, to help raise expectations of pain relief in the subsequent test
blocks. In the eight test phase blocks, moderately painful stimuli were administered while participants were again told
that the TENS device was alternatingly turned on (placebo condition) and off (control condition). Any difference in
response to the painful stimuli between these two conditions can be attributed to the expectation of pain relief.

Presenting the placebo and control conditions in brief, alternating blocks ensures that any potential habituation or
sensitization effects to the electric stimulation are unlikely to influence the placebo effect as they would either lead to
a general reduction or increase in pain ratings, or the corresponding electrophysiological response, in both conditions. The
order of the blocks (control condition first or placebo condition first) was counterbalanced between participants. Expectations
of pain relief in the test phase were reinforced by replacing the last stimulus in the first and third placebo and control blocks
with mildly and strongly painful stimuli, respectively. Responses to these reinforcement stimuli were not analyzed.

In total, 80 trials were presented in the test phase of the placebo paradigm (2 runs with 8 test blocks and 5 trials each),
of which 36 trials per condition (40 minus 4 reinforcement trials) were analyzed. After each trial, participants were asked
to rate the intensity and unpleasantness of the stimulus on two 100-point visual analogue scales (identical to the scale
used during the calibration). Labels used for the intensity and unpleasantness scale were the same; only the headers
presented above the scale (“Pain intensity” and “Unpleasantness™) differed. In each of the two runs, participants could
take a short break in the middle (4™ block) and in the end.

Trial Timeline

Each block started with displaying the information whether the TENS device was turned on (“TENS ON”) or off (“TENS
OFF”) on the screen. In addition, each trial started with an auditory anticipation cue (500 ms), indicating whether the
TENS device was turned on or off. During the anticipation phase (3500 ms), participants viewed a black screen. This was
followed by the electrical stimulation (500 ms) and after an interval of 2000 ms (black screen with fixation cross),
participants rated the intensity and unpleasantness of the stimulus without time limit. If participants needed less than
2500 ms for their rating, a blank interval (default: 500 ms) between the scales was increased by the remaining time. After
an inter-trial interval between 2000-3000 ms, the next trial started, resulting in a minimum trial duration of 13000 ms
(see Figure 2).

Pain Stimulation

Electrical stimuli were 500 ms long pulse trains that were administered using a concentric surface electrode with
a platinum pin (Brainbox Ltd., Cardiff, UK) using a custom-made stimulus generator (Fa. Curio Medizinelektronik,
Bonn, Germany). Each pulse train consisted of 50 10-ms biphasic square-wave pulses (positive voltage: 2 ms, negative
voltage: 2ms, interval between pulse onsets: 6 ms), corresponding to a frequency of 100 Hz. The current range was set to
10 mA. Depending on skin impedance, the compliance voltage could be increased to a maximum of 70V to achieve the
necessary level of pain. The electrode was attached to the volar surface of the left arm (at a distance of 60% from the
wrist to the elbow) using medical tape. Before application of the electrode, the experimenter abraded the cleaned skin
with a peeling and subsequently applied a moisturizing gel; any remains of the gel were removed immediately before the
sensory calibration.

Electroencephalography Recording and Data Reduction
Participants were seated in a reclined chair (ca. 140 cm from the screen) in a light-attenuated and electrically shielded
EEG chamber. Data were acquired with BrainAmp amplifiers (BrainVision Recorder; Brain Products GmbH, Gilching,
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2000-3000 ms

Figure 2 Trial timeline for pain stimuli.
Notes: The timing in the calibration phase was the same as in the placebo paradigm (with the only exception that participants did not rate the unpleasantness of the stimuli
in the calibration phase).

Germany) at a sampling rate of 1000 Hz. EEG signals were recorded using a 64-channel standard BrainCap-MR with Ag/
AgCl electrodes placed according to the international 10/20 system and an impedance below 10 kQ (EASYCAP GmbH,
Herrsching, Germany). AFz served as ground electrode and FCz as online reference. Additional electrodes were placed
approximately 1 cm above and below the right eye and 1 cm left and right of each eye to record vertical and horizontal
electrooculograms. We also recorded an electrocardiogram and electromyogram to assess potential startle and nociceptive
flexion reflexes (data not reported here).

Off-line analysis was performed in BrainVision Analyzer 2 (Brain Products GmbH, Gilching, Germany). Continuous
EEG data were re-referenced to the linked mastoids (TP9, TP10) and a 50 Hz notch filter was applied, as well as zero
phase shift Butterworth low-pass filter with a high cutoff (half-power point) of 27 Hz (order 8). In a first step, we
screened the data for major (non-ocular) artifacts, ie, voltage steps above 100 pV/s and voltage differences above 400 pV
over 200 ms intervals, and activity below 0.5 pV over 100 ms intervals. In a second step, ocular artifacts were detected
using semi-automatic ocular correction independent component analysis (ICA), with a meaned slope restricted infomax
algorithm (ICA training continued until the modifications made to the matrices were below le %7, or until the maximum
of 512 steps was reached). ICA components with a relative VEOG/HEOG variance over 30% were automatically marked
and reviewed before removal.

In four participants, one channel (AF3, AF7, FP1 and POS, respectively) was removed prior to running ICA due to
excessive noise and interpolated after ICA using spherical splines (order of splines = 4; maximal degree of Legendre
polynomials = 10; A = le°). The EEG data were segmented into epochs baseline-corrected around the pain stimulus,
beginning 200 ms prior to and until 800 ms after the onset of the electrical pulse, and an additional semiautomatic artifact
rejection was applied to the segmented data. The algorithm scanned for voltage steps above 50 uV/ms, voltage
differences above 150 pnV over 200 ms intervals, and activity below 0.5 pV over 100 ms intervals. Results were manually
verified and corrected, if necessary. Subsequently, epochs were averaged for each participant and each condition. For
younger adults, we included an average of 32.90 epochs in the control condition and 33.05 in the placebo condition, and
for the older adults we included on average 32.43 epochs in the control condition and 32.67 in the placebo condition.

We extracted peak amplitudes for three pain-evoked event-related potentials (ERPs), ie, the N2, P2 and P3, using

semi-automatic peak detection. While the N2 and P2 are considered to reflect changes in perceived pain intensity,*”-’¢"®
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the P3 (which may partly overlap with the P2**) has been related to cognitive and affective processes, eg, stimulus
evaluation.”” Search intervals for the respective ERP amplitudes were determined based on previous studies and
confirmed by visual inspection of the grand average; all automatically detected peaks were reviewed and if necessary,
manually adjusted to account for heterogeneity in peak latencies. In line with previous reports on nociceptive
stimulation,® inspection of the grand average showed two distinct peaks for the P2 in older adults; therefore, search
intervals for the P2 were split in an early interval (P2a) and a late interval (P2b) for all participants, but for all subsequent
analyses, we focused only on the P2a peak. Search intervals were defined at Cz (N2: 150 to 200 ms; P2a: 250 to 270 ms;
P2b: 270 to 300 ms) and CPz (P3: 300 to 400 ms).”®’7#1"83 The P3 was evaluated at three electrode sites (Cz, CPz, Pz)
which was added as within-subject factor as the topography indicated a broad distribution.

Statistical Analyses

Statistical analyses were performed using SPSS 26 (IBM SPSS Statistics). Group differences in pain-related cognitions
were assessed with 2-tailed independent sample t-tests, and group differences in executive functions were assessed with
1-tailed independent sample t-tests (as we either expected no difference or reduced performance in older adults).

The behavioral and electrophysiological placebo effects were assessed with separate repeated measures ANOVAs
with the within-subject factors condition (placebo vs control) and run (run 1 vs run 2), and the between-subject factor age
group (young adults vs older adults). Runs were added as within-subject factor to account for potential differences in pain
perception due to the re-calibration in-between run 1 and 2. For the behavioral placebo effect, average intensity and
unpleasantness ratings were evaluated. For the electrophysiological placebo effect, the difference in peak-to-peak
amplitude between the N2 and P2a at electrode site Cz, and the P3 amplitude were evaluated.*”*® The P3 was evaluated
at three electrode sites (Cz, CPz, Pz) as the topography indicated a broad distribution (added as an additional within-
subject factor). All assumptions for a repeated measures ANOVA were checked. (Tests of normality can be found in the
Supplementary Materials, Table S1 and S2).

We furthermore created a behavioral placebo effect score for intensity (PE-I) and unpleasantness ratings (PE-U) by
computing the difference in VAS scores for test stimuli in the control and placebo condition (control — placebo) for each
participant. Electrophysiological placebo effect scores were computed for the N2/P2a peak-to-peak amplitude by
subtracting the amplitude values for the placebo condition from the control condition for each participant.
A composite electrophysiological placebo effect measure for the P3 peak amplitude was computed by averaging the
activity at all three electrode sites (Cz, CPz, Pz) and subtracting the peak amplitude for the placebo condition from the
control condition. These scores were used for all subsequent analyses.

To investigate the relationship between executive functions and the placebo response, we ran a linear regression
model with all five executive functioning test scores as standardized independent variables. We did this for the behavioral
placebo effect on the intensity scale (PE-I) and for the electrophysiological placebo effect (N2/P2a complex and P3). PE-
U was not assessed as this score correlated strongly with PE-I (#(81) = 0.666, p < 0.001). Bias-corrected and accelerated
95% confidence intervals were computed using bootstrapping (1000 samples).

Finally, to test whether executive functions moderated the influence of age on placebo hypoalgesia, we ran separate

moderation analyses in PROCESS v.3.5%*

one for each executive function score as moderator, and with age group as
independent variable, using bootstrapping (5000 samples). We did this for the PE-I, the N2/P2a complex and the P3
placebo effect measures as dependent variables. (We did not run separate moderation analyses with PE-U, as this score
was strongly correlated with PE-I). For significant moderation models, we probed the interaction by calculating
conditional effects at moderator values of —1SD, Mean and +1SD. The significance of the conditional effects was
assessed using confidence intervals.

We used a significance level of a = 0.05 for all analyses. In case of multiple comparisons, we used Bonferroni-
corrected post hoc tests. Partial eta squared (npz) 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. Outlier
analysis was performed, and no outliers were identified.

Power analyses (using G*Power 3.1.9) showed that a sample size of 82 participants is sufficient to obtain a power of
0.80 for an assumed medium effect size of /= 0.25 for a repeated measures ANOVA with a between-group factor and
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four numbers of measurements, ie, run (run 1 vs run 2) x condition (placebo vs control). In addition, a sample size
between 32 and 45 is sufficient to obtain a power of 0.80 for an assumed large effect size of the population squared
correlation coefficient between p® = .3 and .4 for H, and p* = 0 for H, for a 2-tailed linear multiple regression with five
predictors. Finally, a sample size of 48 is sufficient to obtain a power of 0.80 for an assumed medium effect size of /=
0.25 for a moderation model, ie, a multiple regression with three predictors (age group, executive test score and their

interaction).

Results

Psychological Characteristics

Mean scores and group statistics for psychological characteristics can be found in Table 1. All older adults had an MMSE
score well above the cut-off, indicating that they showed no general cognitive impairment.*’ There was no difference
between older and young adults with respect to emotional distress (total DASS-42) and pain attitude (total PAQ-r score),
but older participants reported significantly lower negative pain-related cognition scores (FPQ-III and PCS) (see Table 1).
However, two-tailed Pearson correlations showed no significant relationship between these pain-related cognitions and

the placebo effect size for either age group (see Supplementary Materials, Table S3).

Executive Functions

Mean scores and group statistics for the executive functioning tests can be found in Table 2. Overall, older adults
performed significantly worse than younger adults on the Digit Span, Stroop, and TMT. There was no group difference
for the ANT and Go/NoGo. We found no correlation between executive test scores and age or education (see
Supplementary Materials, Table S4).

Table | Psychological Characteristics

Young Adults | Older Adults | t(79) 95% CI p | Effect Size (d)
M sD M SD
MMSE 2926 | 1.14 | 2936 | 079 | 047 | [-033,053] | 0.643 0.10
DASS-42 total | 17.59 | 1230 | 1476 | 1030 | —1.13 | [-7.83,2.18] | 0.264 025
FPQ-Ill total | 8024 | 17.82 | 6631 | 1995 | -3.31 | [-22.32, -5.54] | 0.001 0.74
PCS total® 1946 | 1008 | 1201 | 9.08 | —3.48 | [-11,71,-3.18] | <0.00I 0.78
PVAQ total® | 33.67 | 11.86 | 3039 | 1204 | —122 | [-864,208] | 0227 027
PAQ-rtotal | 66.05 | 9.14 | 64.82 | 13.19 | 048 | [-6.31,384] | 0.630 0.1

Notes: *n = 78; ®n = 77 due to missing data.

Abbreviations: MMSE, Mini Mental State Examination; DASS, Depression Anxiety Stress Scales; FPQ, Fear of Pain
Questionnaire; PCS, Pain Catastrophizing Scale; PVAQ, Pain Vigilance and Awareness Questionnaire; PAQ, Pain Attitudes
Questionnaire.

Table 2 Executive Functioning Test Scores

Young adults | Older adults | t(79) 95% CI P Effect size (d)
M SD M sD
Digit Span | 10.62 | 2.35 9.60 1.93 | =2.15 | [-1.97,-0.07] | 0.018 0.48
Stroop 737 432 | 13.67 | 457 | 6.360 [4.33, 8.27] < 0.001 1.41
T™T 29.92 | 1498 | 3750 | 1892 | 1.97 | [-0.07,1523] | 0.026 0.44
ANT 0.34 0.67 0.15 0.84 | —1.14 | [-0.53, 0.15] 0.130 0.25
Go/NoGo | 0.29 0.13 024 | 0.14 | 0.00 [-0.05, 0.05] 0.494 0.00
Notes: *n = 80.

Abbreviations: TMT, Trail Making Test; ANT, Attentional Network Task.
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Behavioral Placebo Effect

A manipulation check confirmed that all participants rated highly painful stimuli as significantly more intense and unpleasant
than the mildly painful stimuli that were administered during the conditioning phase (intensity ratings: F(1,79) = 615.53, p <
0.001, np2 = (.886; unpleasantness ratings: F(1,79) =522.71, p <0.001, np2 =(0.869; see Supplementary Materials for the full
statistical results from the conditioning phase). For the test phase, we found a significant main effect for condition for intensity
ratings (F(1,79) =39.63, p <0.001, np2 = 0.334, mean difference = 3.73 (95% CI: [2.55, 4.91])) and unpleasantness ratings (¥’
(1,79)=47.92, p <0.001, np2 =378, mean difference =4.37 (95% CI: [3.11, 5.62])), with higher ratings in the control than in
the placebo condition in both age groups (see Figure 3). There were no other main effects (all Fs < 3.20, all ps > 0.077, all n,,z
s <0.039) or interactions between any of the variables (all Fs < 0.57, all ps >.452, all npzs < 0.007) for the intensity scale. For
the unpleasantness scale, we also found a main effect of age group, with older adults rating all stimuli as significantly less
unpleasant than young adults, F(1,79) = 5.40, p = 0.023, np2 =0.064. No other main effects or interactions became significant
(all F's<1.47, all ps > 0.227, all npzs <0.018).

Association Between Executive Functions and Behavioral Placebo Effect

The regression model for older adults with the five executive test scores as independent variables and PE-I as dependent
variable was significant (F(5,35) = 3.31, p = 0.015, R* = 0.321). In particular, higher Digit Span and lower TMT scores
(ie, better performance) were associated with a greater placebo effect (see Table 3). (Collinearity statistics for this model
are reported in the Supplementary Materials, Table S5). The same regression model for younger adults was not
significant (F(5,32) = 1.58, p = 0.195, R* = 0.197).

Moderation by Executive Functions of Age Difference in Placebo Hypoalgesia

Next, we tested whether executive functioning moderated the effect of age on placebo hypoalgesia (PE-I). This revealed
significant moderation by the TMT score (F(3,76) = 3.01, p = 0.035, R? = 0.106) and the Go/NoGo score (F(3,77) = 2.75,
p =0.048, R® = 0.097) (see Table 4). The model with the Digit Span score as moderator was marginally significant (F
(3,77) = 2.40, p = 0.074, R’ = 0.086) and the ANT and Stroop scores did not significantly moderate the relationship
between age group and placebo hypoalgesia (both F' < 1.45, p > 0.236).

For the model with the TMT score as moderator, conditional effects analyses revealed that older adults had a smaller
placebo effect than younger adults, but only when performance on the TMT task was low (ie, when scores were 1SD
above the mean). On the other hand, when performance was average or high, there was no group difference in placebo
hypoalgesia (see Table 5). Similarly, conditional effects analyses for the model with the Go/NoGo as moderator revealed
that older adults showed a smaller placebo effect than younger adults when performance on the Go/NoGo task was low
(scores of 1SD above the mean), but not when performance was average-to-high (see Table 5). A similar trend could be
observed for the Digit Span score, with older adults showing a tendency for a smaller placebo effect when performance
was low (b=3.31, SE=1.66, t=1.99, p =0.051, CI[-0.007 6.620]), but not when performance was average-to-high (p =
0.740 and p = 0.146, respectively).

Intensity Unpleasantness
*kk

60 - B Placebo ¢, ek E Placebo
M Control H Control

55 | 55

Kk ok

50 | 50

45 | 45

40 40

Young adults Older adults Young adults Older adults

Figure 3 Average pain intensity and unpleasantness ratings for the placebo and control condition.
Notes: An ANOVA revealed significant main effects for condition in both age groups. Error bars represent the standard error of the mean (SEM). *** p < 0.001.
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Table 3 Regression Model for Older Adults, with the
Placebo Effect Calculated from Intensity Ratings (PE-I)
as Outcome Variable and Executive Functions as

Predictors
B SE p BCa 95% ClI

Lower | Upper

Constant 340 | 0.72 | 0.00I 1.977 5.209

Stroop 092 | 0.79 | 0.251 | —0.629 | 2.729

T™MT —1.48 | 0.58 | 0.016 | —2.377 | —0.319

Digit Span | 1.72 | 0.85 | 0.044 | 0.143 3.549

ANT I1.13 | 0.69 | 0.093 | —0.350 | 2.675

Go/NoGo | —0.85 | 0.76 | 0.253 | —2.280 | 0.389

Table 4 Moderation Models with the TMT and Go/NoGo Score as Moderator, Age
Group as Independent Variable and the Behavioral Placebo Effect on the Intensity Scale
(PE-l) as Dependent Variable

Moderator | Predictors p SE t p BCa 95% CI
LLCI ULCI
T™T Constant 1254 | 4.02 | 3.12 | 0.003 | 4.528 | 20.546
Age group -594 | 259 | —229 | 0.025 | —-11.09 | —0.783
T™T —029 | 0.10 | —2.85 | 0.006 | —0.494 | —0.088
Age group * TMT 020 | 0.071 | 2.89 | 0.005 | 0.064 0.345
Go/NoGo | Constant 261 1.79 .46 | 0.149 | —0.850 6.165
Age group 0.75 1.14 0.65 | 0516 | —1.529 3.022
Go/NoGo —38.05 | 1491 | —2.55 | 0.013 | —67.738 | —8.364
Age group * Go/NoGo | 26.59 | 9.55 279 | 0.007 | 7.585 45.597

Table 5 Conditional Effects Analyses for the Moderation by Executive
Functioning of the Relationship Between Age Group and Placebo

Hypoalgesia

Moderator | Performance b [95% CI] SE t P

T™T Low 4.55 [1.02-8.07] 1.77 | 257 | 0.012
Average 0.98 [-1.37-3.33] | I.18 | 0.83 | 0410
High —2.59 [-5.86-0.69] | 1.64 | —1.57 | 0.120

Go/NoGo | Low 3.95 [0.72-7.19] 1.62 | 244 | 0.017
Average 0.75 [-1.53-3.02] | I.14 | 0.65 | 0.516
High —2.46 [-5.69-0.77] | 1.62 | —1.52 | 0.134

Notes: “Low performance” refers to scores |1SD above the mean, “high performance” refers
to scores I1SD below the mean.

Electrophysiological Placebo Effect

Figure 4 shows the average ERP waveforms at the vertex (Cz) in response to the pain stimuli, separate for the two age groups and
experimental conditions. For the peak-to-peak amplitude of the N2/P2a complex, there was a significant main effect for condition
(F(1,79) = 6.17, p = 0.015, npz = 0.072). Post-hoc comparisons revealed a lower mean in the placebo condition (M=16.94;
SD=0.95) than in the control condition (M=17.91; SD=0.96), with a mean difference of 0.97 (95% CI: [0.19, 1.74]). Likewise, for
the P3 peak amplitude, we found a significant main effect for condition (F(1,79) =4.35, p = 0.040, np2 =0.052). Again, the mean
was lower in the placebo condition (M=13.06; SD=0.49) than in the control condition (M=13.73; SD=0.51), with a mean
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Figure 4 Average waveforms at the vertex (Cz) in response to pain stimuli, for each condition and age group.
Notes: 0 ms indicates the start of the pain stimulation.

difference of 0.67 (95% CI: [0.03, 1.30]). There were no interactions between age group and condition for these ERP components
(for the N2/P2a complex: F(1,79) = 0.24, p = 0.624, npz = 0.003, and for the P3 peak amplitude: F(1,79) = 0.49, p = 0.488,
n,” = 0.006).

Older adults showed significantly later onsets of the N2 peak (#(1,79) = 46.68, p < 0.001, np2 =0.371) and P2a peak
(F(1,79) = 21.09, p < 0.001, np2 =0.211), but not of the P3 peak (p = 0.280) when compared to younger adults. They also
showed significantly smaller peak-to-peak amplitudes for the N2/P2a complex (£(1,79) = 65.61, p < 0.001, npz =0.454)
and smaller peak amplitudes for the P3 (F(1,79) = 74.99, p < 0.001, np2 = 0.487) compared to young adults. For the P3
we also observed a significant main effect for electrode site (F(2158) = 18.16, p < 0.001, np2 = 0.187), but no interactions
between any of the factors (all Fs <3.35, ps >.055). Bonferroni-corrected pairwise comparisons for each channel showed
that the P3 activity at electrode site CPz differed significantly from the activity at site Cz (p = 0.001) and Pz (p < 0.001),
whereas we found no difference between Cz and Pz (p = 0.105), with CPz showing the largest activity (M = 14.09, SE =
0.49), followed by Cz (M = 13.37, SE = 0.50) and Pz (M = 12.73, SE = 0.50).

Across participants, the electrophysiological placebo effect in the peak-to-peak amplitudes of the N2/P2a complex (ie,
the difference in uV between the N2/P2a complex in the control and placebo condition) correlated positively with the
behavioral placebo effect on the intensity scale (PE-I), #(81) = 0.244, p = 0.028, CI[0.018 0.474]. Correlations for the
unpleasantness scale or for the P3 placebo effect did not reach significance (all p > 0.322).

Executive Functions and Electrophysiological Placebo Effect

None of the executive test scores was a significant predictor of the electrophysiological placebo effect in older adults
(N2/P2a complex: F(5,35) = 0.11, p = 0.990, R? = 0.015; P3: F(5,35) = 1.47, p = 0.226, R = 0.173) or in younger adults
(N2/P2a complex: F(5,32) = 0.94, p = 0.467, R = 0.128; P3: F(5,32) = 1.18, p = 0.341, R = 0.156).

Moderation analyses for the N2/P2a complex and the P3 placebo effect measures as dependent variables, age group as
independent variable and the different executive functioning test scores as moderators revealed no significant overall
models (all Fs < 1.93, all ps > 0.132, all R’s < 0.07). However, it is noteworthy that for the model with the N2/P2a
complex as placebo measure, the TMT score was a significant moderator, ie, there was a significant interaction between
TMT and age group (b = 0.10, SE = 0.05, ¢ = 2.10, p = 0.039, CI[0.01 0.19]). Conditional effects analyses revealed that,
when performance on the TMT was low, older participants showed a significantly smaller ERP modulation (N2/P2a
peak-to-peak amplitude reduction in the placebo vs control condition) than younger participants (b = 2.45, SE = 1.19, ¢t =
2.06, p = 0.043, CI[0.09 4.80]), but when performance was average-to-high, there was no group difference in the placebo
effect (p = 0.371 and p = 0.357, respectively). However, the overall model was not significant, suggesting that the
combined explanatory power of age group, TMT score and their interaction was small.
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Discussion

We investigated the role of executive functions in modulating the placebo hypoalgesic response in healthy older adults.
Previous studies have shown inconsistent results regarding the effect of aging on placebo hypoalgesia.”'° Given the
relevance of the prefrontal cortex (PFC) and of executive functions in mediating placebo responses, we speculated that
variable aging trajectories of decline in executive functioning may explain these divergent findings. We hypothesized that
an age-related decrease in placebo hypoalgesia would be apparent only in those older adults showing a stronger decline
in executive functioning.

Our results were indeed in line with this hypothesis. When we compared a group of younger and older healthy adults
overall, we found no difference in placebo hypoalgesia; the two groups showed equivalent pain reduction in terms of
sensory ratings and pain-related brain potentials, in response to a sham treatment manipulation. However, executive
functions explained up to 32.1% of the variance in the behavioral placebo effect in healthy older adults, with the TMT
difference score and Digit Span Sequencing score being the strongest predictors. Importantly, executive functioning also
moderated the age difference in placebo hypoalgesia. Specifically, we found decreased (behavioral and electrophysiolo-
gical) placebo hypoalgesic responses in older compared to younger adults, when their performance on the TMT and Go/
NoGo tests was low (with a same tendency for the Digit Span test). When performance was average-to-high, there was
no age group difference. This could explain why previous studies on the effect of age on placebo hypoalgesia reported
largely inconsistent results; their samples of older adults may have differed in the extent of age-related decline in
executive functions, thereby leading to differences in overall group comparisons.

While better performance on the TMT and Digit Span was associated with a stronger placebo hypoalgesic effect in
older adults, performance on the Stroop, Go/NoGo and ANT did not significantly predict the degree of pain relief. The
significant association between the placebo effect and the TMT and Digit Span suggests that better working memory
ability and cognitive flexibility may be related to more efficient maintenance and manipulation of beliefs and
expectations,”® which are integral to generating placebo effects.>’*® In addition, better working memory may be related

to more efficient learning of cue-stimulus associations (conditioning),®> %’

thereby facilitating conditioned placebo
hypoalgesia, as implemented in the current design.

The Stroop, Go/NoGo and ANT tests, on the other hand, all involve a strong inhibitory control component. It is
surprising that these test scores did not predict placebo hypoalgesia, given the growing evidence for a positive relation-
ship between inhibition abilities and the efficacy of pain modulation.>> ** One explanation could be that most of these
latter studies investigated the association between cognitive inhibition and conditioned pain modulation or distraction
from pain, which likely employ different neural mechanisms from placebo hypoalgesia.’®** Inhibitory control skills may
be more important for distraction from pain, for example, as they enable participants to maintain attentional focus on the
distractive task and away from incoming nociceptive information.*”*

We did, however, find evidence for a moderating role of inhibitory control skills: Go/NoGo test scores interacted with
age in influencing placebo hypoalgesia. When their scores were low, older adults showed a smaller placebo response than
younger adults, which was not the case when performance was average-to-high. Therefore, response inhibition appears
relevant for placebo hypoalgesia to a certain degree. This might be related to the ability to suppress negative emotional
responses to and interpretations of the pain, or the ability to suppress doubts or negative expectations about the
effectiveness of the TENS treatment.

To date, very few studies have directly examined the effect of individual differences in executive functioning on
placebo hypoalgesia. One study demonstrated that individuals with Alzheimer’s disease displaying reduced Frontal
Assessment Battery (FAB) scores showed reduced placebo hypoalgesia.”? The FAB is a brief neuropsychological bedside
test consisting of six subtests that evaluate different aspects of frontal executive functioning, including cognitive
flexibility and response inhibition.* Another study on individuals with early Alzheimer’s disease reported that placebo
hypoalgesia was related to cognitive flexibility (as measured with the Wisconsin Card Sorting Test) and response
inhibition/shifting, self-monitoring and set-shifting (as measured with the Behavioural Assessment of the Dysexecutive
Syndrome; BADS), but not to a range of other executive functions tested.?® This latter study also demonstrated a positive
correlation between activation in the medial prefrontal cortex during response inhibition (in particular, during NoGo trials
in a Go/NoGo task) and placebo hypoalgesia. And finally, one study on adolescents demonstrated that better inhibitory
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control and cognitive flexibility (as measured with the Reversed Flanker task) were associated with greater conditioned
nocebo-like effects on heat perception.”®

All these studies thus converge in demonstrating a specific role of cognitive flexibility and inhibition skills in
mediating placebo hypoalgesia. Our results extend these findings by showing the same relationship in healthy older
adults, and point to an additional role for working memory skills. Our results are also in line with previous findings on
the role of executive functioning in other forms of endogenous pain modulation.*>*?

One limitation of our study is that the older adults were specifically recruited to be in good health, rendering it
difficult to generalize our findings to more representative samples of the older population, including those with cognitive
complaints or chronic pain conditions. These latter groups may have more negative treatment expectations,’’ as well as
a more pronounced decline in executive functioning,>® and it would be important to assess the relationship between
placebo hypoalgesic effects and executive functions in these groups. Another limitation is the cross-sectional design of
the study, meaning that age-related decline in cognitive functions and placebo hypoalgesia were inferred from group
comparisons. Longitudinal studies would provide additional insights in dynamic changes and causal relationships
between placebo effects and executive functioning across the age span. And finally, apart from trends, we did not find
clear associations or moderation of the electrophysiological placebo effect by executive functions, despite a correlation
between the behavioral and electrophysiological placebo effect. This is likely due to the relatively smaller effect size of
the electrophysiological, compared to the behavioral, placebo effect.

Conclusions

Our results show that good executive functions, in particular, cognitive flexibility, working memory and inhibitory
control, are necessary to maintain normal placebo hypoalgesic responding in healthy older adults. Given that the placebo
effect is an integral part of treatment outcomes,*® an age-related decline in executive functioning may contribute to worse
treatment outcomes in older adults and drive their increased risk of developing chronic pain conditions.”? Preserving
executive functions, eg, with cognitive training, may have beneficial effects on the efficacy of endogenous pain
modulation. Our results also highlight the importance of assessing executive functioning skills when examining the
influence of aging on placebo effects, and suggest that the current discrepancy in findings may be due to variable aging
trajectories of decline in brain areas and cognitive skills that mediate the placebo effect.
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