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Abstract
In randomized controlled trials, medication side effects may lead to beliefs that one is receiving the active intervention and enhance
active treatment responses, thereby increasing drug–placebo differences. We tested these hypotheses with an experimental
double-blind randomized controlled trial of a nonsteroidal anti-inflammatory drug with and without the addition of atropine to induce
side effects. One hundred healthy volunteers were told they would be randomized to either combined analgesics that might produce
dry mouth or inert placebos. In reality, they were randomized double blind, double-dummy to 1 of the 4 conditions: (1) 100 mg
diclofenac1 1.2mg atropine, (2) placebo1 1.2mg atropine, (3) 100mg diclofenac1 placebo, or (4) placebo1 placebo, and tested
with heat-induced pain. Groups did not differ significantly in demographics, temperature producing moderate pain, state anxiety, or
depression. Analgesia was observed in all groups; there was a significant interaction between diclofenac and atropine, without main
effects. Diclofenac alone was not better than double-placebo. The addition of atropine increased pain relief more than 3-fold among
participants given diclofenac (d 5 0.77), but did not enhance the response to placebo (d 5 0.09). A chain of mediation analysis
demonstrated that the addition of atropine increased drymouth symptoms, which increased beliefs that one had received the active
medication, which, in turn, increased analgesia. In addition to this indirect effect of atropine on analgesia (via dry mouth and beliefs),
analyses suggest that among those who received diclofenac, atropine directly increased analgesia. This possible synergistic effect
between diclofenac and atropine might warrant future research.
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1. Introduction

The design of placebo-controlled randomized clinical trials (RCTs)
implicitly assumes that drug and placebo effects are additive, such
that the drug effect is the difference between the response to the
drug and the response to the placebo. Data from studies
contrasting open and hidden administration of medication as well
as research showing that the probability of receiving a placebo
affects the response to the active drug support this assump-
tion.4,11,17 For example, according tometa-analyses, open-label or

active comparator trials produce larger drug responses than
placebo-controlled trials,49,54 and drug responses decrease as the
number of RCT arms increases.40,53 Studies assessing the

relationship between side effects and drug–placebo differences
provide additional support for the additivity hypothesis. Side effects

might leadparticipants in clinical trials to breakblind and realize that
they have been given the active medication, which, in turn, might

enhance their response.43,52 In fact, correct guesses of treatment

assignment have been linked to greater drug–placebo differ-
ences,7,34 and the perception of side effects has been tied to

treatment outcome.36,52 Furthermore, clinical trials of treatments
for depression and dental pain indicate that patients’ beliefs about

treatment assignment have stronger associations with clinical

outcomes than the treatment that was actually received.8,15,60

Although some data support the additivity assumption, other
studies point towards more complex interactions between drug

and placebo effects.30 For example, a large asthma study of 601
patients found that optimistic messages increased the effects of

a placebo treatment, but not of the active medication.65 Meta-
analyses have found larger increases in responses to placebo

than to active drug over time (ie, year of publication), with

consequent diminution of drug–placebo differences,45,58,63

contradicting earlier findings of parallel increases in drug and

placebo responses.62 Complicating the issue even further, one
study reported additive effects of caffeine and information about

the drug on one outcome (alertness), but an interaction on

another outcome (tension).28 Thus, the degree to which placebo
and drug effects are additive remains unresolved.
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Determining whether drug and placebo effects are additive or
interactive would have important implications for establishing the
efficacy of various treatments. Additivity would support the
implicit logic of the current RCT methodology, but would also
open the possibility that treatment effects may be overestimated
for drugs with noticeable side effects.52 Conversely, it has been
hypothesized that large placebo responses could be masking
true drug effects, rendering it increasingly difficult to establish the
efficacy of new drugs.44,48,58

In this experimental RCT, we evaluated whether drug and
placebo effects are additive or interactive in the treatment of pain
by testing the analgesic effects of diclofenac, a nonsteroidal anti-
inflammatory drug (NSAID), with and without an induced side
effect (dry mouth) produced by the addition of atropine (Fig. 1).
We also hypothesized a mediational chain in which atropine
would lead to dry mouth; dry mouth would foster the belief that
one had received the active medication, and this belief would, in
turn, enhance the analgesic response.

2. Methods

2.1. Sample

Participants recruited from the general population in Boston,
Massachusetts were screened to be healthy. Exclusion criteria
were chronic intake ofmedication except birth control, chronic pain,
a psychiatric condition, or any condition (eg, gastritis, pregnancy,
and high blood pressure) with increased risk for NSAIDs or atropine.
Of the 101 participants invited to the clinical test center, onewoman
presented with exclusion criteria (hypertension) (see Consort
diagram, available online at http://links.lww.com/PAIN/A391). One
hundred participants (51 women, age range 18-38 years old, mean
age5 23.826 4.56) were randomized to 1 of the 4 conditions. We
calculated a priori that 25 participants per cell would be sufficient to
detect an effect size comparable with that obtained in a previous
study of placebo analgesia (d 5 0.30)61 with 80% power.

2.2. Procedure

Healthy adults were invited to participate in “a research study on
a combination of Food And Drug Administration–approved non-
opioid pain medication that will be tested against placebo.” During
the written consent procedure, participants received full information
about the side effects of diclofenac and atropine. The information
sheet stated “Possible side effects of atropine and diclofenac
include: Dry mouth; Hot, red, dry skin; Blurry vision (issues with

visual accommodation); Slower or faster heartbeat; High blood
pressure; Stomach ulcer and bleeding; Skin rash.” This was read
out to the participants, and commented: “Most of these side effects
are unlikely to occur in a young, healthy person. However, most
participants do experience somedegree of drymouth. This resolves
within 2 to 4 hours of taking the drug, and is in general well
tolerated.” Participants were told they would be randomized to
either combined analgesics that might produce dry mouth or inert
placebos. In fact, participants were randomized double blind,
double-dummy to 1 of the 4 conditions: (1) 100mgdiclofenac11.2
mgatropine, (2) placebo11.2mgatropine, (3) 100mgdiclofenac1
placebo, or (4) placebo 1 placebo and tested with induced heat
pain. Such a balanced placebo design allows one to test drug and
expectancy effects as well as their interaction.20 Diclofenac is an
NSAID. Atropine, an antimuscarinic given to induce dry mouth, was
presented deceptively as an analgesic; participants were fully
debriefed at the conclusion of the session.

Testing took place at the Center for Clinical Investigations at
Brigham and Women’s Hospital between June and November
2014. Participants were asked to fast for 2 hours before testing, to
favor medication absorption. The institutional review board–
approved study was registered on clinicaltrials.gov (No. 2013P-
001857, Partners Healthcare IRB).

To exclude ineligible volunteers, vital signs were assessed (Fig.
1), and a urinary beta–human chorionic gonadotropin test
excluded pregnancy in women who were not on reliable
contraception and had their periods more than 2 weeks ago
(N 5 2). Participants then underwent baseline pain testing.
Following this, a nurse dispensed the medication combination
saying “this is the active medication or a placebo, it can often
cause dry mouth or other mild symptoms, but this goes away
quickly.” The research pharmacy was in charge of the random-
ization order (created through a random numbers generator), and
prepared the medication for each individual participant in
matching gelatin capsules labeled “diclofenac 50 mg/placebo”
and “atropine 0.6 mg/placebo.” The placebo capsules were filled
with microcrystalline cellulose. The study team in contact with
participants (physicians, research assistants, and nurses) was
blinded to the randomization order. Participants took 2 capsules
of each medication or placebo per mouth with liquid. Participants
were then taken to a waiting area, where they first filled
questionnaires (expectations about relief, anxiety, optimism,
depression, and anxiety sensitivity) during 15 minutes, followed
by a 45-minute wait for the medication to become active. Salivary
flow significantly decreases 50 minutes after administration of
atropine;22 peak anti-inflammatory activity starts at 60 minutes
after the administration of diclofenac.55 After 60 minutes waiting,
participants were brought back to the examination room and
reported—blindly to the researchers—(1) side effects on a stan-
dardized questionnaire,42 (2) beliefs about treatment assignment
on Likert scales (05 definitely placebo, 15maybe placebo, 25
fully uncertain, 3 5 maybe medication, and 4 5 definitely
medication), and proceeded with the posttreatment pain
sequence (outcomes presented in Table 2, supplementary
materials, available online at http://links.lww.com/PAIN/A391).
Finally, participants were debriefed regarding the actual random-
ization and the use of atropine (Fig. 1).

2.3. Measures

2.3.1. Pain testing

Initial calibration identified the individual temperature eliciting
moderate (Mod) pain ratings (mean visual analogue scale [VAS]

Figure 1.Study design and proceedings. Participants were only aware of the 2
boldened randomization groups, ie, diclofenac 1 atropine and placebo 1
placebo. VS, vital signs; Q, questionnaires; P.V., psychological variables;
Expectations,measure of participant’s expectations of relief; S.E., side effects;
Beliefs, beliefs about treatment assignment.
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rating 5 58 on a 100 mm scale, SD 12.9) and ascertained that
Mod22.5˚C was minimally painful (mean VAS rating 8.7/100, SD
11.2). Mod 21.5˚ was perceived, on average, as low pain (mean
VAS rating5 20.6/100, SD 10.9) andMod20.5˚C was perceived
as low-moderate (mean VAS rating 5 39.2/100, SD 20.9) on an
8-second thermal stimulus applied to the left forearm (TSA-II;
Medoc, Ramat Yishai, Israel).32 The moderate stimulus was
meant as the outcome of interest, with the other temperatures
intended as distracters.3 The pre- and post-treatment sequences
consisted of the same sequence of 8 stimuli: low/minimal/Mod/
low/Mod/near-moderate/Mod/low.

Subjects rated pain intensity of each stimulus on a 100-mm
VAS (with anchors of “no pain” and “most intense pain imagin-
able”)26 during 20 to 35 seconds breaks in between stimuli.

2.3.2. Baseline characteristics

To control for possible confounders, expectations about relief
(“How much relief do you personally expect to experience from
this medication?”; VAS ranging from 0 5 none to 100 5 full pain
relief), state anxiety (State-Trait Anxiety Inventory Scale [STAI-
S]),9 depression (BDI-II),9 Anxiety Sensitivity Index (ASI),41 and
LOT optimism50 were collected. All data were collected and
managed using REDCap electronic data capture tools hosted at
Partners Healthcare.23

2.4. Statistical analysis

The primary outcome was the reduction in moderate pain intensity
after treatment (ie, analgesia, pretreatment minus posttreatment
moderate pain ratings). We assessed the effect of diclofenac and
atropine on pain reduction with a 2 3 2 (diclofenac 3 atropine)
analysis of covariance (ANCOVA), with pretreatment moderate
pain scores as the covariate. We hypothesized that atropine-
induced dry mouth would lead participants to believe they were
given active medication, thereby enhancing analgesia and
explored this model through a mediation analysis. We also used
2 3 2 (diclofenac3 atropine) analyses of variance (for continuous
variables) and x2 (for sex) to assess age, sex, temperatures eliciting
moderate pain, pretreatment moderate pain ratings, expectations
of relief, anxiety sensitivity, state anxiety, dispositional optimism,
and depression, as possible confounders. We used SPSS 22.0 to
conduct analyses of variance, ANCOVAs, and x2 analyses, and
Amos 22.0 to evaluate mediation (IBM, Armonk, NY).

3. Results

3.1. Analysis of covariance results

Randomized treatment groups did not differ significantly in age,
sex, temperature eliciting moderate pain, pretreatment pain
ratings, expected relief, state anxiety, anxiety sensitivity, opti-
mism, or depression (Table 1).

The ANCOVA (diclofenac3 atropine) onmoderate pain ratings
revealed a significant interaction, F(1,95) 5 4.754, P5 0.032, with
no significant main effects (see group mean values in Table 2-
supplementary materials, available online at http://links.lww.
com/PAIN/A391). As illustrated in Figure 2, among participants
given diclofenac, the addition of atropine increased pain relief
more than 3-fold (d 5 0.77); in contrast, the addition of atropine
did not enhance the response to placebo (d 5 0.09).

Previous studies have reported conflicting data concerning sex
differences in NSAID and placebo analgesia.3,9,13 For that
reason, we conducted an additional ANCOVA on pain reduction,
adding sex as a factor. Neither the main effect of sex nor any
interaction involving sex reached significance.

3.2. Mediation analysis

We evaluated the hypothesized mediational chain using a two-
group structural equation model, as shown in Figure 3. Because
we had no hypotheses about how thismediated effectmight differ
across the diclofenac and no-diclofenac groups, all parameters
(paths and error variances) were set equal across them. This
model fits extremely well, x2 (6)5 6.476, P5 0.372, comparative
fit index (CFI) 5 0.983, root mean square error of approximation
(RMSEA) 5 0.028, pclose 5 0.523. The estimates obtained,
shown on the figure, indicate that all 3 legs of the mediation chain
were statistically significant: atropine to dry mouth, dry mouth to
belief about treatment, and belief about treatment to analgesia. In
addition, a bias-corrected bootstrap test of the indirect effect
represented by the combined sequence of these 3 pathswas also
statistically significant, P 5 0.008 (standardized indirect effect 5
0.026, 95% confidence interval 5 [0.006-0.073]).

Given the interaction finding in the ANCOVA, which suggests
that there might possibly be process differences between the
diclofenac and no-diclofenac groups, we also tested for
a statistically significant difference between groups for each
path in this model. The only difference that approached
statistical significance was the direct effect of atropine on

Table 1

Participant pretreatment characteristics.

Atropine 1 diclofenac
(n 5 25), M (SD)

Atropine 1 placebo
(n 5 25), M (SD)

Placebo 1 diclofenac
(n 5 25), M (SD)

Placebo 1 placebo
(n 5 25), M (SD)

Sig.

Age, y 24.48 (5.08) 24.12 (4.83) 23.52 (4.48) 23.16 (3.94) P . 0.5

% Female 48 44 56 56 P . 0.5

Calibration for moderate pain, ˚C 46.26 (1.6) 47.16 (0.99) 46.68 (1.28) 46.48 (1.58) P 5 0.13

Pretreatment moderate pain ratings (VAS/100) 59.6 (13.9) 57.5 (11.6) 60.9 (11.8) 54.0 (13.9) P 5 0.25

Expected relief (VAS/100) 60.09 (23.59) 65.48 (19.13) 59.04 (20.08) 60.79 (17.37) P . 0.5

ASI 12.92 (5.64) 13.08 (6.49) 11.48 (6.54) 13.28 (7.75) P . 0.5

STAI-S 30.8 (6.08) 33.2 (10.33) 29.40 (7.50) 28.44 (7.49) P 5 0.18

LOT 7.16 (4.46) 6.88 (4.29) 6.36 (5.86) 7.4 (3.40) P . 0.5

BDI 4.2 (3.83) 3.52 (3.85) 4.24 (5.48) 3.96 (5.21) P . 0.5

ASI, Anxiety Sensitivity Index; BDI, Beck Depression Index; LOT, Life orientation Test (optimism); STAI-S, State-Trait Anxiety Inventory-State Scale; VAS, visual analogue scale.
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analgesia, x2 (1)5 3.715,P5 0.054. For those given diclofenac,
there was a significant direct effect of atropine on analgesia,
yielding a standardized path of 0.28, P 5 0.039, whereas there
was no such effect for those not given diclofenac, standardized
path 5 20.09, P5 0.539. We also used the Bayesian custom-
estimand approach in Amos to test for moderated mediation—
that is, whether the mediational chain differed significantly
across the 2 groups; it did not (P 5 0.75). Thus, the 2 groups
seem to have differed only in the direct effect of atropine on
analgesia, and not in the mediational chain.

4. Discussion

To our knowledge, we provide the first experimental test of how
the perception of side effects in an analgesic RCT affects beliefs
about treatment assignment, which in turn increases the
response to the medication. Our mediation analysis confirmed
the hypothesis that atropine increased the perception of side
effects, which led to enhanced beliefs that one had received the
active medication, in turn enhancing analgesia. We also
hypothesized an additive relation between placebo and drug
effects, such that altering expectations would impact the
response to both active drug and placebo, increasing the

placebo response and masking drug–placebo differences.48,58

Instead, the ANCOVA revealed a significant interaction. In fact,
the difference between diclofenac and placebo was significant
only when atropine had been added. The mean difference
between diclofenac 1 atropine and placebo 1 atropine was
11.32 on a 100-mm VAS. This can be compared with the mean
drug–placebo difference of 8.39 reported in a Cochrane review of
the effects of NSAIDs on low back pain.46

The tests for differences between the diclofenac and no-
diclofenac groups for each path in the mediational model might
provide clues to understand these findings. There was a nearly
significant (P5 0.054) between-group difference in the direct path
from atropine to analgesia. For participants given diclofenac, there
was a significant direct effect of atropine on analgesia (P5 0.039),
whereas there was no such effect for those not given diclofenac,
which is consistent with the interaction observed in the ANCOVA.
These data suggest that atropine and diclofenac may work
synergistically in the relief of pain. These data need tobe interpreted
cautiously, as the significance of the between groupdifferencewas
marginal. However, tests ofmoderator effects have notoriously low
power, leadingmany statisticians to recommend using higher than
conventional alpha levels for them.21

How could one explain the apparent synergistic effect of
diclofenac and atropine? A possible explanation can be derived
from two separately well-established findings. First, placebo
analgesia can be blocked by naloxone, an opioid antagonist,
supporting that placebo analgesia is partially mediated by the
release of endogenous opioids.1,19,31 Second, an analgesic
synergy between exogenous opioids and NSAIDs, including
diclofenac, has been reported both in humans35 and animal
models.37,38,56 Thus, we hypothesize that diclofenac could
potentiate the analgesic effects of endogenous opioids in
a manner that is similar to the way that NSAIDs potentiate the
analgesic effects of exogenous opioids. In sum, the beliefs about
treatment assignment that were indirectly induced by atropine
(Fig. 3) may have stimulated the release of endogenous opioids,
which were then potentiated by diclofenac.

An alternative explanation could be inherent to our model: We
chose a measure of beliefs about medication attribution, hence
capturing one factor of expectancy. Yet, predictions about the
future involve multiple cognitive processes, leaving a number
unaccounted for by our model.12 In fact, we did not collect
measures for all conscious processes that could have interacted
with embodied predictions, such as fear, attention, therapeutic
alliance, or recall of previous somatic experiences.5,16 Further-
more, nonconscious processes, which are complex to measure,
have been shown to induce placebo effects, and could also have
been involved through the sensory nature of our expectancy
manipulation.24,25,47 Therefore, the unmediated effects of atro-
pine on analgesia in the diclofenac group might be related to
unmeasured processes that were affected by the presence of an
active drug.

Interesting parallels can be made with recent publications. In
a clinical RCT of amitriptyline for pain, expectations about
treatment outcomes correlated with analgesia only in the real
treatment group.57 Also, in an experimental model of relief from
heat pain using lidocaine cream, enhanced expectation-induced
placebo analgesia was only found in the active treatment group.51

For both these studies, there is direct57 or indirect29 evidence that
participants were in fact unblinded to their treatment allocation,
due to various drug effects. Of interest, both these studies used
a treatment that had shown little efficacy for the investigated pain
conditions in relevant separate clinical trials14 and experimental
studies.2,29 This suggests that a signal of “being on active

Figure 2. Effects of diclofenac and atropine on pain relief. The levels of
analgesia, defined as the difference between pretreatment minus posttreat-
ment pain ratings, are illustrated for the 4 treatment groups. Diclofenac is an
NSAID reducing heat pain; atropine, an antimuscarinic agent without known
analgesic effects, was given to induce a side effect in the form of dry mouth.
Error bars 5 SEM. NSAID, nonsteroidal anti-inflammatory drug; VAS, visual
analogue scale.

Figure 3. Structural equation model predicting analgesia. Standardized
estimates are shown on the paths connecting the variables, and proportions of
variance accounted for in each variable are shown above each variable box.
The variables shown in circles represent unexplained variance in each
measured variable. *P , 0.05. **P , 0.01.
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medication” could boost the efficacy of a treatment that has small
effect sizes.

We found that the mediational model from atropine to dry
mouth, from dry mouth to the belief that one has been given the
active analgesic, and from this belief to analgesia was well
supported by the mediation analysis. Somewhat surprisingly, in
view of the interaction found in ANCOVA analysis, themediational
chain did not differ significantly across the 2 groups (P 5 0.75).
Mediation models can have substantially greater power than
other types of analysis,27 and here the model detected a relation
of atropine to analgesia in the no-diclofenac group that was not
apparent in the ANCOVA. Instead, the 2 groups seem to have
differed only in the direct effect of atropine on analgesia, and not in
themediational chain. These data support the hypothesis that the
perception of side effects might artifactually enhance drug–
placebo differences in conventional clinical trials. To control for
this possibility, the use of active placebos to protect blinding
might be considered more frequently.

Our sample included both sexes, without significant effects of
sex on analgesia. There are contradictory reports in the literature
regarding sex differences in analgesia through NSAIDs. A large
study (195F/119M) on molar dental extraction showed no
difference,6 whereas smaller studies on experimental pain
models such as electrical stimuli (n 5 20)13 or cold pressor test
(n 5 50)18 suggest sex differences in NSAID and placebo
differences, yet with conflicting results. Larger samples might be
needed to clarify this debate.

This study has some limitations, inherent to its design.
Participantswere healthy volunteers, and replicationwith a clinical
sample would be warranted. A similar trial in a larger population,
possibly with an analgesic that has stronger effects on the chosen
pain model, would also be helpful. However, this requirement is
a challenge, knowing the limitations in potency of analgesics for
acute pain39 and the possibility for negative expectations to fully
block the effects of a strong opiate such as remifentanil.11 A
blinding of the treating physician to the deception could also be
considered, although practically difficult to carry through. Finally,
if the demonstrated effect is universal or only applicable to
specific situations, such as NSAIDs, requires more research.

In conclusion, these findings could have important implications
for the design of RCTs, because the double-blind nature of an
RCT instills uncertainty in subjects regarding whether they
received the active drug or placebo. Side effects may reduce
uncertainty in active drug arms, thereby enhancing drug–placebo
differences. This comes at a time when RCT methodology is
being questioned in the light of placebo research.10,30,33,59,64

These experimental findings warrant replication in clinical
populations. The possibility of a synergy between diclofenac
and endogenous opioids in the context of a placebo effect could
also be investigated further.
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