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Abstract

Introduction: Despite growing evidence validating placebo effects in nausea, little

is known about the underlying cortical mechanisms in women and men. There-

fore, the present study examined sex differences and electroencephalography (EEG)

characteristics of the placebo effect on nausea.

Methods: On 2 consecutive days, 90 healthy subjects (45 females) were exposed to

a nauseating visual stimulus. Nausea was continuously rated on an 11-point numeric

rating scale, and 32 EEG channels were recorded. On day 2, subjects were randomly

allocated to either placebo treatment or no treatment: the placebo group received

sham acupuncture, whereas the control group did not receive any intervention.

Results: In contrast to the control group, both sexes in the placebo group showed

reduced signs for anticipatory nausea in the EEG, indexed by increased frontal lobe

and anterior cingulate activity. Among women, the improvement in perceived nausea

in the placebo group was accompanied by decreased activation in the parietal, frontal,

and temporal lobes. In contrast, the placebo-related improvement of perceived nausea

in men was accompanied by increased activation in the limbic and sublobar (insular)

lobes.

Conclusion: Activation of the parietal lobe in women during the placebo intervention

may reflect altered afferent activity from gastric mechanoreceptors during nausea-

induced tachyarrhythmia, whereas in men, altered interoceptive signals in the insular

cortex might play a role. Thus, the results suggest different cerebral mechanisms

underlying the placebo effects in men and women, which could have implications for

the treatment of nausea.
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1 INTRODUCTION

Nausea is a widespread and highly individual condition that ranges

from relatively harmless during motion in approximately 30% of car

drivers (Turner&Griffin, 1999) to intolerable in 25%of cancer patients

receiving chemotherapy (Morrow et al., 1999) and in 52% of preg-

nant women (Gadsby et al., 1993). Its signs and symptoms include

gastrointestinal (e.g., stomach ache), emotional (e.g., stress), cortical

(e.g., changes in electroencephalography [EEG] characteristics), and

gastrointestinal (e.g., stomach ache) afflictions (Levine, 2017).

While some medical treatments of nausea lead to the remission of

symptoms (e.g., vomiting; Jordanet al., 2007),mostmedical approaches

fail to successfully alleviate nausea (for a review, see Sanger &

Andrews, 2006). The mechanisms underlying such failure in reduc-

ing symptoms are not fully understood but may involve the missed

attempt to explicitly trigger the psychosocial components of nausea,

for example, to take away high initial expectations of nausea (Colagiuri

& Zachariae, 2010).

A convincing positive expectancy manipulation was also identi-

fied as a key component in inducing powerful placebo effects in

nausea (Quinn & Colagiuri, 2015). This was shown, for example, in

cancer patients treated with radiation therapy; nausea could be effec-

tively reduced following sham acupuncture but only in those subjects

who believed that the treatment would effectively prevent nausea

(Enblom et al., 2012). In pain and depression, cortical expectation

networks activated by expectations about treatment outcome con-

tributed to the beneficial effects of specific medications (Benedetti,

2010; Hunter et al., 2006). In particular, similar brain activity, e.g.,

in the prefrontal cortex (PFC) and the anterior cingulate cortex

(ACC), during the anticipation phase (i.e., before the sham treatment

starts, through which the participants anticipate symptom relief), was

observed when comparing a placebo group to a group of patients

receiving a real medication (Colloca & Benedetti, 2005). Despite grow-

ing evidence validating placebo effects in nausea, little is known

about the underlying cortical mechanisms. To fill this gap, the present

study aimed to reveal the EEG characteristics during anticipatory

and acute nausea in an experimental nausea paradigm in men and

women.

To this end, we experimentally studied nausea in the context of

motion sickness. Motion sickness can be induced by means of a virtual

vection drum that works through illusory self-motion. Vection drums

usually consist of black and white stripes moving constantly from left

to right (Reason & Brand, 1975). Bodily changes of acute nausea in the

context of motion sickness are well studied and have been suggested

to act in a network composed of mechanisms within the autonomic

nervous system, the central nervous system, and the endocrine sys-

tem (Farmer et al., 2015; Singh et al., 2016). On the cortical level,

acute nausea has been associated with changes in the insular cortex,

ACC, orbitofrontal cortex, somatosensory cortex, and PFC (Farmer

et al., 2015; Napadow et al., 2013). Specific frequencies of the fast

Fourier transformation (FFT) spectrum of the EEG were also shown to

be altered during acute nausea. For example, Hu et al. (1999) reported

that the percentage of delta power (compared to the whole spectrum

of ‘‘0’’ to ‘‘30’’ Hz) in central electrodesC3 andC4was increased during

acute nausea.

Notably, gender does not appear to have a significant influence

on the placebo effect on a behavioral level, for example, in pain and

depression (Averbuch & Katzper, 2001; Casper et al., 2001; Weimer

et al., 2015) but instead plays a larger modulatory role on the cortical

and hormonal levels (Colloca et al., 2016; Theysohn et al., 2014). This

demonstrates the importance of studying possible gender differences

on a cortical level as well.

Thepurposeof this studywas to investigate the corticalmechanisms

related to the placebo effect in nausea and to explore possible dif-

ferences between men and women. Ninety healthy participants were

exposed for 20 min to a virtual vection drum on 2 separate days. On

the second day, participants were randomly allocated to placebo treat-

ment, that is, sham transcutaneous electrical nerve stimulation (TENS)

of a dummy acupuncture point coupled with expectancy manipulation

of nausea improvement, or no treatment. The results demonstrated

significant placebo effects on nausea and motion sickness (Aichner

et al., 2019) as well as on gastric myoelectrical activity in women

(Meissner et al., 2020). Here, we present the EEG characteristics and

stress measures collected during the study to better understand the

central mechanisms of placebo effects in nausea.

We hypothesized that (I) the placebo intervention would alter brain

activity in the PFC and ACC during the anticipation phase (i.e., before

nausea induction) in comparison to no treatment, (II) the placebo inter-

vention would alleviate changes in nausea-related EEG activity in the

placebo group compared to the control group, and (III) central changes

would differ between women and men during sham TENS (Vambheim

& Flaten, 2017).

2 METHODS

2.1 Study design

This randomized controlled, four-arm, parallel group study was con-

ducted at the Institute of Medical Psychology, Ludwig-Maximilians-

University (LMU) of Munich, Munich, Germany. Full details of the trial

participants, design, and results have been previously published (Aich-

ner et al., 2019;Meissner et al., 2020). In brief, 100 healthy participants

were exposed to a virtual vection drum on 2 separate days, referred to

as day 1 (control day) and day 2 (intervention day). On day 2, partici-

pantswere randomly allocated tooneof three treatment arms: placebo

treatment (i.e., shamTENS of a sham acupuncture point; n= 60), active

treatment (i.e., TENSof the acupuncture point PC6;n=10), or no treat-

ment (n = 30). All groups were stratified by sex (50% women, 50%

men). The study was conducted in compliance with theWorld Medical

Association’s Declaration of Helsinki (1964 and its later amendments).

Informed consent was obtained from all subjects. The study protocol

was approved by the ethical review committee of the Medical Faculty

at LMUMunich (No. 402−13).



HAILE ET AL. 3 of 10

F IGURE 1 Overview of the study protocol on day 2. Expectancymanipulation and sham acupuncture were only applied in the placebo group.
The control group received no intervention. aNumeric rating scale (0–10). Abbreviations: Bc, baseline corrected; EEG, electroencephalography

2.2 Experimental procedure

The experimental procedure is summarized in Figure 1. On both

days, the electrodes for psychophysiological assessments (Meissner

et al., 2020), including the EEG net, were attached, and an indwelling

catheter was fixed at the forearm to allow for repeated blood draw-

ings (results reported in Meissner et al., 2020). Both sessions started

with a 10-min resting period, after which randomization and treat-

ment allocation were performed on day 2. Then, a 10-min anticipation

period tookplace, followedby a20-minperiodof nausea induction. The

experimental sessions included a 15-min resting period.

2.3 Nausea induction

Nausea was induced by standardized visual presentation of alternat-

ing black and white stripes with left-to-right circular motion at 60

degree/s. This left-to-right horizontal translation induces a circular

vection sensation wherein subjects experience a false sensation of

translating to the left (Napadow et al., 2013). The nauseating stimulus

was projected to a semicylindrical and semitransparent screen placed

around the volunteer at a distance of 30 cm to the eyes. Such stimu-

lation simulates visual input provided by a rotating optokinetic drum,

commonly used to induce vection (illusory self-motion) and thereby

nausea (Levine, 2017). For security reasons, the vection stimulus was

stopped if nausea ratings indicated severe nausea (ratings of 9 or 10 on

the 11-point NRS).

2.4 Placebo intervention

Placebo and active interventionswere implemented bymeans of a pro-

grammable transcutaneous electrical nerve stimulation (TENS) device

(Digital EMS/TENS unit SEM 42; Sanitas, Uttenweiler, Germany). For

the active intervention, the electrodes were placed around PC6, a vali-

dated acupuncturepoint for the treatment of nausea (Witt et al., 2012),

and the TENS program was turned on for 20 min. For the placebo

treatment, the electrodes were attached just proximal and distal to

a nonacupuncture point at the ulnar side of the forearm generally

accepted to represent a dummy point in the context of acupuncture

research (Witt et al., 2012).

Two types of placebo stimulation were applied: 30 participants (15

males, 15 females) received subtle stimulation at a very low intensity

by turning on the massage program of the TENS device, while 30 par-

ticipants (15 males, 15 females) received no electric stimulation at all.

Because the two placebo groups with and without electrotactile stim-

ulation showed comparable effects (Aichner et al., 2019), we combined

the participants of both groups into one large placebo group (n = 60)

to enhance statistical power. Sensitivity analyses for the EEG param-

eters were performed to ensure that the two placebo groups were

comparable on a cortical level as well (Section 3).

2.5 Blinding and randomization

The active treatment group (data not analyzed) was included to allow

for the blinded administration of the placebo intervention, a common

approach in placebo studies (Benedetti et al., 2003). The no-treatment

group served to control the placebo effect for naturally occurring

changes from day 1 to day 2. Computer-assisted randomization was

performed by a person not involved in the experiments who prepared

sequentially numbered, sealed, and opaque randomization envelopes.

The experimenters administering the placebo treatments were not

aware of treatment allocation. Study interventions were performed

in a single-blind design, while participants in the no-treatment con-

trol group remained necessarily unblinded. Previous analyses showed

successful blinding of the placebo interventions (Aichner et al., 2019).
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F IGURE 2 Behavioral and cortical changes before and during
nausea. (a) Numeric rating scale (NRS) of expected nausea by group
and day. (b) Comparison of the anticipation phase following
expectancymanipulation (mean over−10 to 0min) and baseline
(mean over−20 to−10min) at day 2 for the placebo group, including
both sexes. The color bar represents the t statistic with t≥ 3.63
indicating p≤ .05. (c) NRS ratings of acute nausea by group and day in
female participants. (d) Comparison of acute nausea at day 1 (mean
over+10 to+20min) and acute nausea at day 2 (mean over+10 to
+20min) in the female placebo group. The color bar represents the
t-statistic, with t≥ 3.98 indicating p≤ .05. (e) NRS ratings of acute
nausea by group and day inmale participants. (f) Comparison of acute
nausea at day 1 (mean over+10 to+20min) and acute nausea at day 2
(mean over+10 to+20min) in themale placebo group. The color bar
represents the t-statistic, with t≤−3.57 indicating p≤ .05. Source:
Montreal Neurological Institute coordinate system (MNI): R=right,
A=Anterior, P=Posterior, S=Superior. Error bars indicate standard
error. *p≤ .05, **p≤ .01, ***p≤ .001

2.6 Electroencephalography recordings

EEG was recorded using the 32-channel ActiveTwo system (BioSemi)

sampled at 2 kHz. The offset signal was controlled individually for each

channel and kept below 20 mV. The EEG data were processed offline

using Brain Vision Analyzer 2.0. Sinc-Interpolation was used to down-

sample the EEG data to a rate of 256 Hz. A low cutoff of 0.5 Hz and a

high cutoff of 50 Hz with a notch filter of 50 Hz were applied. Gross

artifacts were removed, and EEG data were rereferenced to the mas-

toids. Next, ocular ICAwas run to remove blink artifacts. Bad individual

channels were spatially weighted and linearly interpolated. To exclude

any remaining artifacts, a final semiautomatic artifact rejection was

applied. Additionally, voltage levels at the 32 electrodes were replaced

by valid head coordinates through the current source density (order of

splines Enblomet al., 2012) (maximumdegree of Legendre polynomials

Reason & Brand, 1975). Then, each 10-min period was segmented into

1-s segments and subjected to FFT.

2.7 Delta power

Mean values of the following frequency bands were analyzed in SPSS:

δ, 0.5–4 Hz, θ, 4.1–8 Hz; α, 8.1–13 Hz; β I, 13.1–20Hz; β II, 20.1–30Hz;
and total EEG (0.5–30 Hz) for both the baseline period and during

nausea exposure (frequency bands adapted fromHu et al., 1999).

Meandelta valuesof spectral powerwereextracted fromelectrodes

C3 andC4during baseline and acute nausea on both days. The increase

in delta power during acute nauseawas computed as the delta percent-

age of total power during nausea minus the delta percentage of total

power during the baseline delta. The percentage of delta power was

defined as spectral delta power in relation to total spectral power (total

EEG power, 0.5–30Hz; see Hu et al., 1999).

2.8 Exact low resolution electromagnetic
tomography

The raw EEG data were preprocessed offline in Brain Vision Analyzer

2.0 (see 2.6) and segmented into 1-min sequences in exact low resolu-

tion electromagnetic tomography (eLORETA) (Pascual-Marqui, 2002,

2007). Voxelwise t-tests were performed by comparing the relevant

conditions. All p-values were corrected for multiple comparisons using

the nonparametric permutation approach (Nichols & Holmes, 2002)

implemented in eLORETA. Significant changes in the placebo group

during anticipatory and acute nausea in the different frequency oscil-

lations (δ, 0.5–4 Hz, θ, 4.1–8 Hz; α, 8.1–13 Hz; β I, 13.1–20 Hz; β II,

20.1–30Hz) were defined at p≤ .05.

2.9 Cortisol and amylase

Saliva samples of cortisol and alpha-amylase were collected using a

cotton swab on which participants chewed on for at least 60 s before

storing it in a tube. After each session, saliva samples were centrifuged

at 2000 rpmat4◦Cand2×300μl per sample and stored at−20◦Cuntil

analysis.

Salivary amylase and cortisol levels were determined using the

‘‘cortisol saliva assay’’ and ‘‘alpha amylase saliva assay’’ kits from IBL

International GmbH (catalog number of cortisol kit: RE52611 and

amylase: RE80111). The values of amylase and cortisol levels were

logarithmized (ln) and corrected for the levels measured at base-

line by computing for amylase: ‘‘level at acute nausea minus level at
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TABLE 1 Overview of demographic and psychological characteristics at baseline

Control group (n= 30) Placebo group (n= 60)

Mean SD Mean SD p-Value

Age (years) 23.50 2.70 23.45 3.42 .94

Education (years) 16.16 3.30 16.67 2.34 .40

BMI (kg/m2) 22.31 2.75 21.61 2.10 .19

MSSQ 141.55 42.92 135.57 36.48 .51

HADS-D 1.41 1.57 1.76 1.64 .34

HADS-A 3.96 2.65 4.00 2.19 .95

STAI-trait 38.75 6.39 37.78 6.49 .51

STAI-state day 1 34.70 4.87 35.79 8.33 .51

STAI-state day 2 35.51 8.96 34.88 8.14 .74

Note: Entries show the mean and standard deviation (SD) and p-values (one-way ANOVA). Abbreviations: BMI, body mass index; MSSQ, motion sickness

susceptibility questionnaire; HADS-D, hospital depression scale; HADS-A, hospital anxiety scale: STAI, state-trait anxiety inventory.

baseline’’ and for cortisol: ‘‘level at the end of the session minus level

at baseline.’’

2.10 Statistical analysis

Sample size calculation was performed for assumed group differences

in behavioral nausea, as reported earlier (Aichner et al., 2019). Lev-

ene’s test was used to ensure equal variances between groups. Mixed

2×2×2analysesof variance (ANOVAs)were conducted for thebehav-

ioral as well as for the EEG outcomes to examine the magnitude of

nausea induction and the placebo effect on nausea, the latter being

defined as the decrease in the magnitude of nausea sensation from

day 1 to day 2 in the placebo group compared with the control group.

The between-subject factors were defined as group (no treatment ver-

sus sham acupuncture point stimulation) and sex (male versus female),

and the within-subject factor was defined as day (control day versus

intervention day). Univariate ANOVAs and post hoc t-tests were con-

ducted following significant ANOVA results. To identify brain regions

reflecting changes in activity during the anticipatory period, voxelwise

paired t-tests were conducted, comparing the EEG recordings on day 2

during baseline to the recordings during the anticipation period sepa-

rately for the control and the placebo groups. To identify brain regions

reflecting placebo-induced changes in nausea-related activity, voxel-

wise paired t-testswere performed, comparing the EEG characteristics

during nausea induction on day 1 and day 2 separately for the con-

trol and placebo groups. For all statistical tests, a p-value of ≤ .05

(two-tailed) was considered statistically significant.

3 RESULTS

3.1 Sample

The placebo and no-treatment control groups were comparable with

regard to sociodemographic, physical, and psychological characteris-

tics at baseline (Table 1).

3.2 Anticipatory changes: Behavioral and
eLORETA

A main effect of day (control versus intervention day) emerged for

expected nausea (F(1, 80) = 6.13, p = .02) as well as a two-way inter-

action between day × group (F(1, 80) = 5.87, p = .02). As hypothesized,

the interaction was driven by lower levels of expected nausea in the

placebo group (M = 4.2, SE = 1.9 SE) compared with the control group

(M = 5.6, SE = 1.6) on day 2 (Bonferroni-corrected post hoc test,

p = .002; Figure 2a). This indicates that the expectancy manipulation

elicited the intended effect on a behavioral level. Neither a two-way

interaction of day × sex nor a three-way interaction between day ×

group× sex emerged (p≥ .05).

In line with the main hypothesis on the source localization analy-

sis, eLORETAshowedanexpectation-related increase frombaseline on

day2during theanticipatoryperiod (from−10min to0, the timeperiod

following expectancy manipulation) in delta (0.5–4 Hz) activation aris-

ing from peak voxels in the frontal lobe and anterior cingulate cortex

(extreme p ≤ .001, t ≥ 3.63, Figure 2b, Table 2), as well as increased

theta (4.1–8) oscillations arising from peak voxels in the frontal lobe.

In contrast, no significant differences between the recordings during

baseline and after randomization on day 2 were found in the control

group (p ≥ .05). When stratified by sex, no significant changes from

baseline in the placebo group during the anticipatory phase emerged

(p ≥ .05). Sensitivity analyses were performed to test whether the

anticipatory EEG changes were related to the presence or absence

of electrotactile stimulation of the TENS device in the two original

placebo groups. In both the placebo groups with and without electro-

tactile stimulation, eLORETAshowedactivation frompeakvoxels in the

frontal lobe in the delta spectrum (p-values≤ .05).

3.3 Placebo intervention: Behavioral and
eLORETA

As previously reported (Aichner et al., 2019; Meissner et al., 2020),

the placebo-exposed individuals showed fewer symptoms of acute
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TABLE 2 Coordinates for brain areas showing significant differences (a) during the anticipation phase following expectancymanipulation on
day 2 in the placebo group compared to baseline on day 2; in (b) women and (c) in men during acute nausea following the placebo intervention on
day 2 compared to acute nausea on day 1

Peak voxel t-Value

Frequency Lobe, structure, brodmann area (X, Y, Z) (two-tailed)

(a) Anticipation phase (n= 60), t-values≥ 3.63 indicate p-values≤ .05

Delta, theta Frontal lobe, 6, 9, 10 55, 0, 30 4.30

Delta Anterior cingulate, 32 10, 40, 15 3.83

(b) Placebo intervention: Female group (n= 30), t-values≥ 3.98 indicate p-values≤ .05

Alpha Parietal lobe, postcentral gyrus,

1, 3

−65,−20, 35 4.04

Alpha Frontal lobe, precentral gyrus, 4 10, 40, 15 4.04

Beta I Temporal lobe, middle temporal

gyrus, 39

60,−60, 10 3.98

(c) Placebo intervention:Male group (n= 30), t-values≥−3.54 indicate p-values≤ .05

Alpha Limbic lobe, parahippocampal

gyrus, 28, 35

25,−20,−10 −3.78

Alpha Sublobar, insula, 13 35,−15, 20 −3.54

nausea on day 2 than on day 1 (day× group interaction, F(1,66)= 44.83,

p < .001; Figure 2c,e). Bonferroni-corrected post hoc tests indicated

lower levels of acute nausea on day 2 in the placebo group (M = 2.4,

SE = 1.9) than in the control group (M = 4.8, SE = 1.8, p < .001). Nei-

ther the two-way interaction of day× sex nor the three-way interaction

between day× group× sexwas significant (ps≥ .05).

To evaluate changes within groups, eLORETA during acute nausea

on day 2 was compared to acute nausea on day 1 separately for the

placebo and the no-treatment control group. No significant effects

were found in the control group (all p≥ .05) orwhen stratified by sex (in

males: all p≥ .05, in females: all p≥ .05). In the placebo group, no signifi-

cant differenceswere foundwhen the analyseswere performed jointly

for both sexes.When stratifying for gender, placebo-related activation

could be observed in females (extreme p≤ .02, t= 3; Figure 2d, Table 2)

and inmales (extreme p≤ .03, t=−3.78, Figure 2f, Table 2). Specifically,

the female placebo group showed a decrease in alpha and beta acti-

vation from peak voxels in the parietal, temporal, and frontal lobes. In

the male placebo group, there was an increase in alpha activation from

peak voxels in the limbic lobe and the insula.

Sensitivity analyses were performed to test whether the EEG

changes following the placebo intervention were related to the pres-

ence or absence of electrotactile stimulation of the TENS device in the

two original placebo groups. For this, we separately analyzed placebo

participants with (15males and 15 females) andwithout (15males and

15 females) electrotactile stimulation and compared acute nausea on

day 1 and day 2 separately for both sexes by using paired t-tests. No

significant changeswere found in the placebo groupwith electrotactile

stimulation, neither in males nor in females. In contrast, in the female

placebo group without electrotactile stimulation, eLORETA revealed

activation from peak voxels in the frontal lobe in the alpha spectrum

(extreme p ≤ .05, t = 4.04). No significant changes were found in the

male placebo groupwithout electrotactile stimulation.

3.4 Placebo effect on acute stress: Behavioral,
delta power, cortisol, and amylase data

The ANOVA based on stress ratings obtained at time point+10min on

days1and2 revealedamaineffect ofday (F (1, 74)=30.71,p< .001), an

interaction between day × group (F (1, 74)= 4.88, p= .03), and a three-

way interaction between day × group × sex (F(1, 74) = 6.10, p = .02).

The three-way interaction was due to a significant day × group inter-

action in women (F(1, 43) = 14.07, p < .001; Figure 3c) but not in men

(F(1, 43) = 0, p > .05; Figure 3d). Bonferroni-corrected post hoc tests

indicated a placebo effect in women on day 2 (p = .003). In contrast,

men showed a stress reduction across groups from day 1 to day 2 (F(1,

43)= 23.3, p< .001).

At C3, there was a main effect of day (F(1, 76) = 3.97, p = .05),

although a post hoc test across groups indicated no significant differ-

ence between the nausea-related percentage of delta power on day

1 versus day 2 (p ≥ .05). No other significant main effects or interac-

tions were found for the percentage of delta power at electrode C3

(ps≥ .05).

A repeated-measures ANOVA comparing day, group, and sex for the

percentage of delta power (0.5–4 Hz) at the C4 electrode revealed

no significant effect of day or day × group (ps ≥.05), although there

was a significant three-way interaction between day, group, and sex

(F(1, 76) = 4.67, p = .03). The interaction was driven by a significant

group × sex interaction on day 2, F(1, 80) = 5.99, p = .02). Bonferroni-

corrected post hoc tests indicated a blunted increase in the percentage

of delta power in the placebo group compared to controls on day 2 in

women (p = .044; Figure 3a) but not in men (p > .05; Figure 3b). Sen-

sitivity analyses were performed to test whether the placebo effect

in women was related to electrotactile stimulation. When the placebo

group with electrotactile stimulation was included in the ANOVA

model, no significant three-way interaction between day, group, and
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F IGURE 3 Placebo effect on delta power at C4 (top) and placebo effect on acute stress (bottom). Top: Percentage of delta power of the total
fast Fourier transformation (FFT) spectrum during acute nausea (mean averaged over t=+10 to+20) in women (a) andmen (b) on days 1 and 2,
respectively, for the placebo (n= 30) and the control group (n= 60). Themean delta power was baseline corrected (Bc). Bottom: Baseline
corrected (bc) 11-point numeric rating scale of acute stress rated at t=+10 for the control (n= 30) and the placebo group (n= 60) on days 1 and 2
for (c) women and (d) men. Error bars indicate standard error. *p≤ .05, **p≤ .01, ***p≤ .001

sex was found (F(1, 51) = 1.21, p > .05). In contrast, inclusion of the

placebo groupwithout electrotactile stimulation in themodel revealed

a significant three-way interaction between day, group, and sex (F(1,

52)= 5.55, p= .02). The interaction was driven by a significant group ×

sex interaction on day 2, F(1, 52)= 7.34, p< .01). Bonferroni-corrected

post hoc tests confirmed a blunted increase in the percentage of

delta power on day 2 in the placebo group with electrotactile stim-

ulation compared to controls in women (p = .048) but not in men

(p> .05).

For cortisol, the ANOVA resulted in a main effect of day (F(1,

85) = 6.13, p = .02), with an overall reduction in the levels of cortisol

fromday 1 (M=0.15, SD=0.76) to day 2 (M=−0.04, SD=0.72). There

were no main effects on amylase either for day or for group or sex or

interactional effects (all ps≥ .05; results not shown).

Among females only, the placebo effect on delta power at C4 was

negatively correlated with baseline corrected stress levels at +10 min

on day 2 (rs(30)=−0.41, p= .02). In addition, the placebo effect on nau-

sea in femaleswasnegatively associatedwith theamylase level at acute

nausea at+35min on day 2 (rs(30)=−0.46, p≤ .05).

4 DISCUSSION

The present study was designed to achieve a better understanding

of the placebo effect in nausea by investigating its underlying neu-

robiological mechanisms. To this end, brain activity during a placebo

intervention for anticipatory and acute nausea was studied, resulting

in threemain findings.

First, the placebo intervention, a combination of sham acupunc-

ture and expectancy manipulation of nausea improvement, robustly

reduced expected nausea intensity. On a cortical level, the improve-

ment in nausea was accompanied by an increase in frontal activity and

ACC activation in both sexes, which may index the placebo-related

modulation of the mindset toward a positive treatment outcome. This

assumption is reasonable in light of several previous placebo studies,

which have posited that the prefrontal cortex and ACC are key areas

during anticipation of a beneficial effect (Benedetti, 2010; Meissner

et al., 2011; Petrovic et al., 2005; Wager et al., 2004). For example, in

placebo anxiolysis, which reflects the reduction of fear and anxiety fol-

lowing placebo treatment, changes in prefrontal activity andACCwere
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detectedduring the anticipation phase, andACCactivitywas positively

related to positive expectation toward the placebo treatment and the

perceived placebo effect (Petrovic et al., 2005).

Second, the placebo intervention significantly alleviated acute nau-

sea similarly in both sexes, while cortical changes differed between

men and women. In male participants, the improvement of nausea in

the placebo group was accompanied by an increase in alpha activation

from peak voxels in the limbic lobe (parahippocampal gyrus; Brodmann

area (BA) 28, 35) and the insula (BA13). In female participants, reduced

nausea was associated with decreased alpha and beta activation from

peak voxels in the postcentral gyrus of the parietal lobe (BA 1, 3), in the

precentral gyrus of the frontal lobe (BA 4), and in the middle temporal

lobe (BA 39). The sex-specific pattern fits well with placebo research

in other areas, where sex appears to have a significant impact on the

placebo effect at the physiological level but not on behavioral out-

comes (Averbuch & Katzper, 2001; Casper et al., 2001; Colloca et al.,

2016; Theysohn et al., 2014; Weimer et al., 2015). Activation of the

primary somatosensory cortex (SI) during acute nausea was recently

reported byNapadowet al. (2013), who interpreted it as a possible sign

of altered afferent activity from gastric mechanoreceptors to SI dur-

ing nausea-induced tachyarrhythmia. The reduced activation of the SI

(i.e., the postcentral gyrus of the parietal lobe; BA 1, 3) in our female

participants thus corresponds well to the placebo effect on the gastric

normo-to-tachy ratio, which likewise occurred in females only (Meiss-

ner et al., 2020). In contrast, the placebo effect in acute nausea in our

male participants could be based primarily on a modulation of intero-

ceptive signals in the anterior insular cortex, which has been shown to

process sensations of nausea (Napadow et al., 2013).

Third, the placebo effect in nausea was associated with reduced

behavioral stress, a reduction in delta power in the FFT spectrum at

electrode C4, and reduced activation in PFC regions in the placebo

group. The central correlates have been linked to stress in previous

studies (Hall et al., 2007; McEwen et al., 2015; Nater et al., 2006).

Specifically, PFCactivity appears tobeassociatedwith changes in auto-

nomic activity during nausea-related stress (Napadow et al., 2013;

Toschi et al., 2017). The results thus support the previous assumption

(Colloca et al., 2016; Vambheim & Flaten, 2017) that sex-specific dif-

ferences in the physiological placebo effect in nausea are based on how

stress and negative emotions are regulated. This is further supported

by our parallel finding that only females showed a placebo effect on

the gastric normo-to-tachy ratio (Meissner et al., 2020), an autonomic

measure of stress and nausea (Levine, 2017).

Some limitations of the present results and interpretation need to

be acknowledged. A wide range of experimental paradigms are used

to induce motion sickness. Some of the results presented here may be

specific for nausea induced by a virtual vection drum and thus may

not translate to other types of nausea. Additionally, the spatial res-

olution of EEG is less reliable than that of fMRI recordings and may

have failed to reveal some placebo-relevant brain structures, including

brainstem regions. Additionally, the applied placebo intervention is in

fact a combination of sham acupuncture-point stimulation and verbal

suggestion of nausea improvement. It is not possible to separate these

components in the present study. Furthermore, the original placebo

groupswithandwithout electrotactile stimulationweremerged for the

present analyses, and possible cortical effects of electrotactile stimu-

lation may have been missed. However, the results of the sensitivity

analyses confirm that the EEG changes in the female placebo group

cannot be attributed to somatosensory stimulation alone. Finally,

the eLORETA analyses were performed separately for the placebo

and control groups, which differs from the analysis approach used

for the behavioral data. Therefore, eLORETA results reflect changes

in the placebo groups rather than placebo-related cortical effects

per se.

5 CONCLUSION

The results revealed cortical changes in participants who received

a placebo intervention for nausea. In particular, the expectation of

reduced nausea in the anticipation period appears to be encoded sim-

ilarly in men and women, specifically via an increase in activity in the

PFC and ACC. Furthermore, cortical changes during nausea differed

betweenwomen (reduction in activity in parietal, frontal, and temporal

regions) and men (increase in activity in limbic and sublobar regions),

which might be related to sex-specific differences in stress regulation

triggered by the placebo intervention.
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