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20 Abstract

21 A frequently used paradigm to quantify endogenous pain modulation is offset

22 analgesia, which is defined as a disproportionate large reduction in pain following a small

23 decrease in a heat stimulus. The aim of this study was to determine whether suggestion

24 influences the magnitude of offset analgesia in healthy participants. A total of 97 participants
25  were randomized into three groups (hypoalgesic group, hyperalgesic group, control group).
26  All participants received four heat stimuli (two constant trials and two offset trials) to the

27  ventral, non-dominant forearm while they were asked to rate their perceived pain using a

28  computerized visual analogue scale. In addition, electrodermal activity was measured during
29  each heat stimulus. Participants in both intervention groups were given a visual and verbal
30  suggestion about the expected pain response in an hypoalgesic and hyperalgesic manner. The
31  control group received no suggestion. In all groups, significant offset analgesia was provoked,
32  indicated by reduced pain ratings (p < 0.001) and enhanced electrodermal activity level (p <
33 0.01). Assignificant group difference in the magnitude of offset analgesia was found between
34 the three groups (Fp2,04) = 4.81, p < 0.05). Participants in the hyperalgesic group perceived

35  significantly more pain than the hypoalgesic group (p = 0.031) and the control group (p <

36  0.05). However, the electrodermal activity data did not replicate this trend (p > 0.05). The

37  results of this study indicate that suggestion can be effective to reduce but not increase

38  endogenous pain modulation quantified by offset analgesia in healthy participants.
39

40 Keywords: offset analgesia, suggestion, endogenous pain modulation, placebo effect, nocebo

41  effect
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42 Introduction

43 Endogenous pain modulation has been proposed and is discussed as a leading feature
44  of the nociceptive system that can promote or protect the individual against the transition

45  from acute to chronic pain [1,2]. In general, pain modulation can be assessed through

46  experimental paradigms which are believed to reflect complex inhibitory and faciliatory

47  mechanisms within the neuroaxis [3]. Thus, within the peripheral and central nervous system,
48  avariety of individual transmitters and specific receptor types are involved in the modulation
49  and expression of descending inhibition and facilitation [4]. In the central nervous system,

50  pain can be modulated by cognitive, affective and motivational factors [5] including beliefs
51  and expectations [6]. Furthermore, the efficiency of these modulatory pathways can be

52  assessed in the laboratory setting, using paradigms such as conditioned pain modulation

53  (CPM: the “pain inhibits pain”) [2] and/or offset analgesia (OA).

54 Offset analgesia can be defined as a disproportionally large pain decrease after a minor
55  noxious stimulus intensity reduction [7]. This test procedure is discussed to indicate the

56  efficiency of the descending inhibitory pain modulation system in humans [8]. For almost 20
57  years, numerous studies have attempted to identify the processes underlying OA, but the

58  physiological mechanisms have not yet been fully understood. Both peripheral [9-11], spinal
59  [12] and supra-spinal mechanisms [9,13-17] have been shown to contribute to OA. However,
60 few experimental procedures in the past effectively modulated the OA effect. For instance, the
61  modulatory influence of primary afferents [11,18] or secondary noxious stimuli [19] are

62  exceptions rather than common findings expanding our knowledge of OA. In contrast, all

63  pharmacological attempts failed to affect OA [20].

64 Interestingly, psychological interventions have never been used in the context of OA.
65  Itis of clinical interest, whether psychological processes influence endogenous pain

66  modulation, especially since - amongst others- placebo and nocebo manipulations have been


https://doi.org/10.1101/2022.08.09.503102
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.08.09.503102; this version posted August 11, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

67  shown to effectively decrease [21] or increase [22] pain perception, respectively. For
68  example, it has been demonstrated that by administering a nocebo suggestion prior the
69 application of a noxious stimulus, healthy subjects felt more pain [23]. The putative

70  mechanism of such an intervention relates to expectations [24], which has already been

71  observed in CPM experiments [25,26] but not yet in OA.

72 This experiment attempted to influence the magnitude of OA by manipulating

73 participants’ expectations using suggestions. In this study, suggestions were used to modulate
74 OA selectively, that is, by changing the pain response in the final temperature phase of the
75  paradigm. Therefore, the & priori hypothesis implied that suggestion would influence the OA
76  effect in a bidirectional manner, i.e., analgesia was expected to be increased or decreased,

77  respectively, compared to a control group that was not exposed to any form of suggestion.

78
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79 Materialsand Methods

80  Study Design

81 This experimental study was conducted as a randomized controlled trial in which

82  healthy, pain-free participants were randomly divided (counterbalanced) into two intervention
83  groups and one control group. Both intervention groups received either a hypoalgesic or a

84  hyperalgesic suggestion related to the pattern of the subsequently applied heat pain within an
85  OA paradigm. The control group received no suggestion. All participants received the

86 identical information about the exact temperature course of the heat stimuli beforehand. In

87  order to perform the suggestions as authentically as possible, a cover story was told to all

88  participants at the beginning of the study. All participants were blinded to the true purpose of
89 the study. The study was previously approved by the ethics committee of the University of
90  Lubeck (file number: 21-028) and pre-registered in the Open Science Framework

91  (https://osf.io/69eyp). All participants provided oral and written informed consent. An

92  overview of the study design is provided in Fig. 1.
93
94 < Figure 1>

95  Figurel. Study design. Before randomization, participants were instructed and a cover story

96  was provided. Participants were told that in this study, changes in electrodermal activity

97 (EDA) would be assessed as a measure of the autonomic nervous system during experimental

98  heat stimuli and used to predict the perception of pain (cover story). Participants were

99  assigned to either i) the hyperalgesic group with verbal suggestion towards no pain analgesia
100 following the temperature reduction (see the example above), ii) the hypoalgesic group with

101  suggestion towards profound analgesia following the temperature reduction or iii) the control
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102  group with no intervention. Regardless of the group assignment participants were exposed to

103  two offset and two constant trials provided in a counterbalanced manner.

104
105  Study population

106 Healthy, pain-free participants aged 18 to 65 years were recruited on the campus of the
107  University of Liibeck. All participants had to confirm that they were healthy and had no

108 cardiovascular, systemic, psychiatric or neurological disease. Furthermore, all participants
109  were excluded if they had a history of chronic pain (> 3 months) within the last 2 years or had
110  experienced pain (including headache, toothache, muscle soreness, etc.) within the last week
111  prior to study participation. In addition, the use of medication, excluding contraceptives, in
112 the last 48 hours was an exclusion criterion. Furthermore, participants were asked not to drink
113  alcohol, exercise, or take pain medication for 24 hours prior to participation in the study and

114  not to drink coffee or smoke cigarettes for 4 hours prior to study participation.

115
116 Equipment

117 A Pathway CHEPS (Contact Heat -Evoked Potential Stimulator) with a contact area of
118  27mm diameter was used for the application of the heat stimuli (Medoc, Ramat Yishai,

119  Israel). The thermode was attached to the non-dominant volar forearm approximately 10 cm
120  below the elbow using a blood pressure cuff with a pressure of 25 mmHg. A computerized
121 visual analog scale (COVAS; with the range 0 = "no pain™ to 100 = "most tolerable pain")
122 was used for continuous assessment of pain intensity (Medoc, Ramat Yishai, Israel).

123 Furthermore, during heat stimuli, electrodermal activity (EDA, respiBAN Professional, Plux,
124  Lisbon, Portugal) was measured using two Ag/AgCl hydrogel electrodes (Covidien / Kendall,

125  Dublin, Ireland) at the medial phalanx of index and middle finger of the non-dominant arm
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126 (sampling rate of 1000 Hz, PLUX Wireless Biosignals, S.A., Portugal). Electrodermal activity
127  depends on sweat secretion, which is closely related to autonomic nervous system activity
128  [27]. EDA was used to test, if verbal suggestion influences physiological responses and if

129  EDA can be used as an objective marker for OA.

130
131  Experimental heat stimulation

132 Two constant trials (CT) and two offset trials (OT) were performed on the non-

133  dominant volar forearm, so that the participants were presented with a total of four heat

134 stimuli. The order in which trials were presented was randomized in a counterbalanced

135  fashion. A two-minute pause was kept between each stimulus, during which the thermode was
136  moved on the forearm by a few centimeters. The temperature's rise and fall rate for all heat
137  stimuli was 15°C/second. During CT, the temperature increased from a baseline level of 35°C
138  to 46°C and remained constant for 40 seconds before returning to the baseline level. During
139  OT, the temperature first increased to 46°C (T1) for 10 seconds, then increased to 47°C (T2)
140  for 10 seconds, and finally decreased again to 46°C (T3) lasting 20 seconds. The temperature
141  pattern of the two trials can be seen in Fig 1. These figures were shown to the participants
142  before the application of the heat stimuli. During the application of the heat stimuli,

143  participants were asked to rate perceived pain continuously and as precisely using the

144 COVAS.

145
146 Suggestion

147 The hypoalgesic or hyperalgesic groups received suggestions about the expected pain
148  pattern and the pain intensity of the applied heat stimuli. The hypoalgesic group received a

149  placebo suggestion to enhance the effect of OA and adaptation to CT, i.e., to reduce pain
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150  perception. The hyperalgesic group, on the other hand, received a nocebo suggestion, which
151  was intended to reduce the effect of OA and adaptation to CT, i.e., to increase pain

152  perception. The expected pain pattern was manipulated verbally (please see S2 Appendix) and
153  supported with the graphical presentation of the assumed pain pattern (Fig S1) and took place
154  directly after the explanation of the temperature gradients, i.e. immediately before application

155  of the respective heat stimulus.

156 The participants were provided with a cover story. It was explained that the aim of the
157  study was to find out whether the subjective sensation of pain could be "read out" from the
158  physiological reaction of the body (skin conductance) and thus be predicted. This was

159  necessary to also justify the introduction of suggestion as credibly as possible without

160  participants becoming skeptical or biased.

161
162 Questionnaires

163 Before starting the heat application, participants were asked to complete several

164  questionnaires: The Patient Health Questionnaire (PHQ-9) includes nine questions about

165  depression [28]. While the Pain Vigilance and Awareness Questionnaire (PVAQ) measures
166  pain perception and pain awareness [29], the Pain Sensitivity Questionnaire (PSQ) can be
167  used to determine the subject's pain sensitivity [30]. The State-Trait Anxiety Inventory-SKD
168  (STAI-SKD) was also collected to determine the participant's current state anxiety before the
169  experiment [31]. The Social Desirability Scale-17 (SDS-17) was used to measure the

170  participant's social desirability [32]. Furthermore, the Mindful Attention and Awareness Scale
171 (MAAS) was used to measure dispositional mindfulness [33] and the Life-Orientation Test
172 (LOT-R) was used to measure individual differences between optimism and pessimism based

173 on personality traits [34].
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174
175 Manipulation check

176 To assess the effect of suggestion on pain perception during the OA paradigm, a

177  manipulation check was performed immediately after pain assessment. The following was
178  asked separately for OT and CT: “Please try to recall the moment immediately after receiving
179  heat stimuli. Did you perceive the pain as in the previously displayed figures?” Participants

180  provided a binary (yes vs. no) response.

181
182 Statistical analysis

183 In the absence of studies investigating OA and verbal suggestion, a meta-analysis

184  examining the effect of verbal suggestion on general pain perception was used to calculate the
185  sample size [22]. With the lowest reported effect size of 0.66 (Cohen's d), a power of 80%,
186 and an alpha of 0.05, a total number of 30 participants in each group (total = 90) was required
187  (G*Power, University of Dusseldorf [35]) to demonstrate a significant difference between

188  experimental and control groups.

189 COVAS data from the Medoc software and the EDA signals were synchronized. The
190 time-series data were also sampled to a frequency of 1 Hz. All other statistical analyses were
191  performed using the IBM Statistical Package for Social Science (SPSS version 26, Armonk,
192 NY). The three groups were tested for group differences using age, BMI, sex, dominant hand,
193  and questionnaire data. One-way analysis of variance (ANOVA), Kruskal-Wallis tests, or chi-

194 square tests were used accordingly.

195 Differences between the groups in their initial pain response at the beginning of the
196 heat stimuli were examined. For this purpose, pain ratings were averaged from the last 5

197  seconds of the T1 interval. Separately for OTs and CTs (mean value of the two CTs and two
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198  OTs) one-way ANOVAs were used to analyze differences between the groups. The primary
199  outcome in this study was the magnitude of the pain response to the T3 interval (OT). To
200  ensure that the magnitude of the OA effect was not under- or overestimated, the mean of 10
201  seconds centered in the T3 interval (secs. 25 - 34) were extracted. The 5 seconds at the

202  beginning of the interval were not included, because the pain may still decrease during this
203  time, and the 5 seconds at the end of the interval were not included, because the analgesic
204  effect of OA usually decreases after approximately 15 seconds [36]. OT and CT (again mean
205 of the two CTs and OTs) were analyzed separately, as both trials were also separately

206  attempted to be influenced by suggestion. However, dependent t-tests were used to

207  demonstrate whether the pain response and EDA signal from CT were significantly different
208  from OT in each of the groups and thus whether there was an OA effect. To examine the
209  effect of suggestion on OT and CT, a one-way ANOVA was conducted comparing the T3
210 interval pain response of the three groups as described. The EDA data were analyzed

211  according to identical principles as the pain response. A p value of less than 0.05 was

212  considered significant. If statistically significant main or interaction effects were detected,
213  Bonferroni corrected post-hoc t tests were conducted. The correlations between the pain

214  response of the T3 (OT) and the previously described questionnaires were calculated using

215  the Spearman coefficient. No data were missing at the time of analysis.

10
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217 A total of 97 participants (hypoalgesic n=32, hyperalgesic n=33, control group n=32)

218  were included in this study. No significant differences were found between groups regarding

219  baseline characteristics (Table 1).

220

221  Table 1: Participant characteristicsfor each group

Hypoalgesic Hyperalgesic Contral

(n=32) (n=33) (n=32) p
Age x[ (SD) 29.7 (12.2) 25.6 (9.0) 28.7 (11.4) 0.30°
BMI x[ (SD) 23.0(2.3) 23.1(2.4) 22.9(3.2) 0.97°
Femalen (%) 17 (53.1) 16 (48.5) 20 (62.5) 0.51°
Right-handed n (%) 30 (93.8) 30 (90.9) 27 (84.4) 0.45°
PHQ9M (IQR) 3.0(1.0;4.0) 2(2.0; 4.5) 3(1.3;4.0) 0.95°¢
PVAQM (IQR) 41.5 (34.0; 49.8) 38(29.0; 46.6) 36.5 (28.0; 48.0) 0.32°¢
PSQ M (IQR) 3.2(2.5;4.4) 3.5(2.3;4.2) 2.8(2.3;3.7) 0.44°¢
STAIT-SKD M (IQR) 6 (5.0; 7.0) 6 (5.0; 7.0) 6 (5.0; 7.0) 0.76°
SDS-17M (IQR) 12 (11.0; 14.0) 12 (10.0; 13.5) 10.5 (8.0; 13.0) 0,08°¢
MAASM (IQR) 65.0 (59.0; 72.0) 66.0 (62.5; 71.5) 66.0 (56.3; 72.8) 0.72°¢
LOT-RM (IQR) 19.0 (16.3; 21,8) 19.0 (17.0; 21.0) 19.0 (16.3; 21.0) 0.90°¢

11
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222  x[: mean SD; Standard deviation; M: Median; IQR: Interquartile range; PHQ9: Patient

223  Health Questionnaire; PVAQ: Pain Vigilance and Awareness Questionnaire; PSQ: Pain

224 Sensitivity Questionnaire; STAIT-SKD: State-Trait-Anxiety-Inventory-SKD; SDS-17:

225  Social Desirability Scale-17; MAAS: Mindful Attention and Awareness Scale, LOT-R: Life-

226  Orientation-Test; ® Analysis of variance, ® Chi®Test, ¢ Kruskal-Wallis-Test.
227

228 Mean pain curves and averaged pain from T3 intervals are presented in Figs 2 and 3,
229  respectively. No significant differences were found between all groups regarding the T1

230 interval for either OT (F(2, o4 = 2.48, p = 0.09, n°, = 0.060r CT (Fz, 04 = 1.81, p=0.17, 0% =
231  0.04). Dependent t-tests showed that OT regarding the T3 interval was significantly different
232 from CT in the pain ratings (hypoalgesic: tz; = 6.3, p < 0.001, d, = 1.12; hyperalgesic: tjsy =
233 5.8,p<0.001, d; = 1.01; control: tz;;= 7.1, p <0.001, d, = 1.25) as well as EDA

234 (hypoalgesic: tjz;3= 4.1, p < 0.001, d, = -0.71; hyperalgesic: tjz;= 4.5, p < 0.001, d, = -0.78;
235  control: t3y = 3.5, p < 0.01, d=-0.61) in all groups, indicating an OA effect within each of the

236 groups.
237
238 < Figure 2 >

239  Figure 2. Pain ratingsin offset analgesia (left) and constant trials (right). Note that in
240  offset analgesia trials, pain was disproportionally reduced during the last 20s of thermal
241  stimulation assessed via a computerized visual analog scale (COVAS). Hyperalgesic

242  suggestion inhibited the development of profound analgesia present in the control as well as
243  the hypoalgesic group. Suggestion affected constant trials in a similar fashion. Bold curves

244 represent mean pain whereas shaded zones are standard errors of the mean (SEM).

245
246 <Figure 3>

12
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247  Figure 3. Within- and between-group effects for pain assessed via a computerized visual
248 analog scale (COVAS, left) and electrodermal activity (EDA, right). Offset analgesia was
249  reduced in the hyperalgesic group as reflected by a less pronounced difference in pain

250 (averaged of 25-34s interval) between offset trials (OT) and constant trials (CT). Error bars
251  represent standard errors of the mean (SEM), * indicates a significant difference at p < 0.05,

252 ***p<0.001
253

254 During OT, a significant difference for the factor “group” was found between the three
255 groups in pain ratings at T3 (Fp2, 04 = 4.81, p = 0.01, 0%, = 0.10). Bonferroni-corrected post-
256  hoc t-tests showed significantly greater pain in the hyperalgesic group than in both the

257  hypoalgesic (p = 0.03) and control (p = 0.02) groups. In contrast, no significant difference
258  was found between the hypoalgesic and the control group (p = 1.00). Regarding the CT (T3
259 interval), no significant difference was shown between all groups (Fpz, 941 = 2.08, p = 0.13, nzp
260  =0.13), indicating that the verbal suggestion affected OA trials in the hyperalgesic group and
261  not the pain response to constant trials. Furthermore, no significant difference was shown

262  between the groups regarding EDA in the T3 time interval, neither for OT (F, 947 = 0.98, p =

263 0.38,m% =0.02) nor for CT (Fjz, 94 = 0.91, p = 0.40, 0, = 0.02, Figs 3 and 4).
264
265 <Figure 4>

266  Figure4. Electrodermal activity (EDA) in offset analgesia (left) and constant trials
267  (right). Compared to constant trials, offset analgesia produced paradoxically higher EDA
268 levels during the T3 interval. Bold curves represent mean pain whereas shaded zones are

269  standard errors of the mean (SEM).

270

13
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271 After completion of the study, 70.1% (n = 68) of the participants stated that they

272  perceived pain during OT that was in line with the provided suggestion. This was confirmed
273 by 90.6% (n = 29) of the participants in the hypoalgesic group, but only 21.2% (n = 7) in the
274 hyperalgesic group. A significant difference between groups was observed (x*(1, 65) = 31.7,
275 p<0.001, @ =0.70). 74.2% of participants (n = 72) confirmed this for the CT. Thereby,

276  75.0% (n = 24) confirmed this in the hypoalgesic, but only 48.5% (n = 16) in the hyperalgesic

277  group (x*(1, 65) = 4.8, p = 0.03, ® = 0.27).

278 No significant correlations were found between the previously described

279  questionnaires and the T3 pain response (OT) in the hypoalgesic group as well as in the

280  control group (p > 0.05, r < 0.3). However, in the hyperalgesic group a significant correlation
281  with the LOT-R was shown (r = -0.45, p < 0.01), which can be attributed mainly to optimism
282  characteristics (optimisms score: r =-0.55, p < 0.01) and not to pessimism characteristics
283  (pessimisms score: r =0.27 (p = 0.13). All correlation results are presented in the supporting

284  information (S3 Table).

285

14
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286 Discussion

287 In summary, it can be concluded that OA was provoked in all groups, independent of
288  the verbal manipulation. However, the pain response but not the EDA response during an OA
289  paradigm was influenced by visually reinforced verbal suggestion in healthy participants via

290  nocebo suggestion, but not via placebo suggestion.

291
292 Expectancy mechanism

293 To the best of our knowledge, this is the first study that has attempted to influence OA
294  using suggestion. However, similar results have already been reported for studies that

295  attempted to influence outcomes using other paradigms to quantify endogenous pain

296  modulation by using suggestion. For example, a similar conclusion was reported by Vaegter
297  etal. (2020) which attempted to influence exercise-induced hypoalgesia (EIH) using

298  suggestion [37]. In that study, EIH was defined as an increased pain threshold and pain

299 tolerance induced by performing a single exercise routine. It was found that volunteers who
300 received a negative suggestion prior to exercise, experienced hyperalgesia instead of EIH.
301  Furthermore, studies found that CPM can also be influenced by suggestions and thereby

302 altered expectation [26,38]. In CPM, the pain response to a painful test stimulus is inhibited
303 by the application of a distant painful conditioning stimulus [39]. Goffaux et al. (2007)

304  studied 20 healthy volunteers regarding their pain perception during the CPM paradigm while
305 they were given different verbal suggestions about the expected pain process [38]. While the
306  placebo group experienced profound analgesia, this was absent in the nocebo group.

307  Moreover, Bjgrkedal and Flaten (2012) also found an effect of verbal suggestion on pain

308  perception in the CPM paradigm [26]. It should be noted, however, that OA is not based on

309  the same mechanisms as CPM and EIH, making them not directly comparable. For example,
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310  CPM, unlike OA, can be influenced by ketamine [40], and the two paradigms are underlying
311  distinct brain mechanisms [41]. In addition, other studies have shown that there is no

312  correlation between OA and EIH [42] or OA and CPM [41,43], also suggesting individual
313  mechanisms of these pain modulation phenotypes. However, based on these similar results for
314  CPM, EIH, and OA, it is reasonable to assume that altered expectations manipulated by

315  suggestion influence endogenous pain modulation processes as quantified via various

316  paradigms.

317 In general, it can be assumed that suggestion influences OA, since brain activity

318  during OA overlaps with the activity during placebo analgesia [8,44]. Previous studies have
319  shown that especially the activation of the rostral anterior cingulate cortex (rACC) and the
320  dorsolateral prefrontal cortex (DLPC) play a major role in placebo analgesia [45,46]. They are
321  both functionally connected with the periaqueductal gray and the rostral ventromedial

322  medulla (PAG-RVM system), which can send inhibitory projections to the spine and thereby
323  elicit a diffuse analgesic response [47]. Increased activation of the DLPC and PAG-RVM
324 circuits were also found during OA [13,15,41], suggesting that the mechanisms of placebo
325  analgesia and OA may be similar. However, this is contradicted by the results that placebo
326  suggestion did not produce increased pain reduction in OA in this study. This can be

327  explained by the fact, that previous studies have shown that placebo analgesia is mediated
328  primarily by increased release of endogenous opiates [48], whereas OA has been shown to be
329  opioid-independent [49]. For example, placebo analgesia can be blocked by the opioid

330 antagonist naloxone [50], whereas naloxone, on the other hand, has no effect on the

331  magnitude of OA [49]. One study has found that nocebo hyperalgesia is mediated by the

332  neurotransmitter cholecystokinin (CCK) [51]. However, the effect of CCK on OA has not yet
333  beenstudied, although it is relevant since the nocebo manipulation could have influenced the

334 OA.
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335 Interestingly, no significant effect of the suggestion was found on CT in this study.
336  Pain perception in the T3 interval of the CT was neither increased nor decreased. This result
337 is in contrasts with other reports because, in principle, both placebo and nocebo effects of
338  verbal suggestion have been found in previous studies to influence a wide variety of noxious
339  stimuli [21,52]. For example, the study by van Laarhoven et al. (2011) found an effect of
340  nocebo verbal suggestion on pain perception in healthy women. However, this study did not
341  use tonic heat stimuli, but mechanical and electrical stimuli [53]. The methodology of other
342  studies also differed in many ways from the present study. For example, studies often used
343  other stimulus modalities (e.g., cold, electric shocks, ischemic pain), or did not use verbal and
344 visual suggestion but used either conditioning alone or a combination of conditioning and
345  suggestion to influence pain perception [21,52]. Furthermore, no study was found that

346  investigated the effect of verbal and visual suggestion on a constant (tonic) heat stimulus, as
347  done in this study. However, one explanation for the differences in influences on CT versus
348  OT could be the difference in physiological processing. It is suggested that pain adaptation to
349  a moderate, constant heat stimulus is primarily mediated by peripheral mechanisms [54-56].
350  In comparison, both peripheral and central mechanisms are known to shape OA [8]. Since
351  peripheral mechanisms cannot be influenced by suggestion, this could be a possible

352  explanation for the lack of influence on CT. At the same time, the shown suggestibility during
353  OT could support the assumption that OA is primarily a central phenomenon, as pain

354  perception was modulated by expectancy, here. Further studies comparing the suggestibility
355  of responses to OT and CT are needed to draw further conclusions about the underlying

356  mechanisms.

357 As a limitation, suggestions might not have been fully successful, as shown by the
358  results of the manipulation check. Although the majority (70.1%) of the subjects reported
359  after the completion of the study that they perceived pain during OT according to the given

360  suggestion. However, in contrast to the hypoalgesic group (90.6%), only 21.2% confirmed
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361 this in the hyperalgesic group. Thus, it can be assumed that one reason for this may be the
362  exceptionally robust analgesia during the OA paradigm. Thus, these results show that OA can
363  be influenced only unidirectionally, being more likely to be enhanced but more difficult to be

364 inhibited.

365
366 Physiological mechanisms

367 To the best of our knowledge, this is the first experiment which recorded EDA during
368  OA. This was done for the following reasons: Firstly, OA has been shown to be mediated by
369 the activation of brain areas associated with the regulation of autonomic reactivity

370  [13,15,57,58], thus we aimed to capture this variable continuously to test if OA measurements
371  behaviorally overlap with physiological responses. Secondly, we aimed to investigate if

372  verbal suggestion alters both, subjective and objective outcomes during an OA paradigm.

373 Interestingly, results of this study showed that, contrary to our prediction, EDA

374  responses to OT were not decreased alongside pain perception. In turn, the T2 temperature
375 increase elevated the EDA level which persisted during the T3 interval, whereas the pain

376  response was reduced. It can be suggested that the higher stimulus in T2 of the OT activates
377  the descending pain inhibition pathways and therefore inhibits pain. In fact, the EDA level
378  during CT gradually decreased over-time which was, in general, associated with higher pain
379  compared to OTs. During OA, endogenous modulatory mechanisms have been shown to be
380 activated [9], which are believed to be driven by PAG activation [13]. PAG is an anatomic
381  structure with multiple nociceptive projections and it plays a crucial role in autonomic control
382  [57,58]. Whether the enhanced activation in PAG explains reversed offset in EDA needs to be

383  determined.
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384 Our psychological manipulation did not influence the EDA signal. Although EDA has
385  been used extensively to capture reported pain intensity and has been shown to be a potent
386  biomarker in pain prediction [59], we could not observe that autonomic reactivity was

387 influenced by verbal suggestion. Similar results have been reported in some of the previous
388  experiments [60], in which verbal suggestions towards analgesia or hyperalgesia were

389  provided [61]. It cannot be, however, excluded that this is a result of the relatively small

390 effect size observed at the behavioral level (pain).

391
392 Psychological mechanisms

393 The results of this study could serve as an explanatory approach to describe why OA is
394  reduced in chronic pain patients. Various studies showed that a large proportion of chronic
395 pain patients have dysfunctional beliefs about their condition and dysfunctional coping

396 strategies in dealing with their condition [62]. It can be hypothesized that because of these
397  dysfunctional beliefs and coping strategies, chronic pain patients have a fundamentally more
398  negative expectancy toward pain. In this study, a negative expectancy was also evoked in the
399  nocebo group by a suggestion in healthy participants. These participants also subsequently
400 showed reduced OA. Thus, the expectation towards pain could have a decisive influence on
401  the magnitude of OA. For the reduced OA in the nocebo group, the optimism of a person

402  seems to play a role. According to the results, it can be assumed that a more pronounced

403  optimism reduces the effect of suggestion of the nocebo group on OA. Thus, the individual
404  could protect from a more pronounced hyperalgesia (nocebo effect) as a result of the received
405  suggestion. In contrast, no significance of other psychological factors considered for the effect

406  of the suggestions could be observed.

407
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604 Supporting information

605 Sl Fig. Schematic representation of the heat stimuli and the suggestion figures of the
606 expected pain perception. Heat stimuli within the Offset Trial (A): T1 interval (0-9 sec) at
607  46°C, T2 interval (10-19 sec) at 47°C, T3 interval (20-40 sec) at 46°C. Heat stimuli within the
608 Constant Trial (B): constant at 46°C; suggestion figures of the hypoalgesic group during the
609  Offset Trial (C), pain perception first increases to a level of 50/100, then to 70/100 and drops
610 sharply in the last seconds to an almost non-painful level (approx. 5/100); during the Constant
611  Trial (D), pain perception starts at a level of 50/100 and then slowly and constantly decreases;
612  suggestion images of the hyperalgesic group: during the Offset Trial (E), pain perception first
613 increases to a level of 50/100, then to 70/100 and finally to 50/100 again; during the Constant

614  Trial (F), pain perception remains constant at a level of 50/100.
615

616 S2 Appendix. Standar dized verbal suggestions.

617

618 S3 Table. Correlation analysis of pain scores within the third timeinterval (T 3) and
619 included questionnaires. PHQ9: Patient Health Questionnaire; P\VAQ: Pain Vigilance and
620  Awareness Questionnaire; PSQ: Pain Sensitivity Questionnaire; STAIT-SKD: State-Trait-
621  Anxiety-Inventory-SKD; SDS-17: Social Desirability Scale-17; MAAS: Mindful Attention
622  and Awareness Scale, LOT-R: Life-Orientation-Test, r: spearman-correlation coefficient, p:

623  p-value, significant correlations are marked in bold.
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