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Baseline heart rate variability predicts placebo hypoalgesia in men, but not women
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Introduction: Placebo hypoalgesic effects vary greatly across individuals, making them challenging to control for in clinical trials and difficult to use in treatment. We investigated the potential of resting vagally-mediated heart rate variability (vmHRV) to help predict the magnitude of placebo responsiveness.



Methods: In two independent studies (total N = 77), we administered a placebo paradigm after measuring baseline HRV. In Study I, we delivered heat pain to the forearm, on skin patches treated with “real” and “control” cream (identical inactive creams). In Study II, electrical pulses to the forearm were modulated by sham transcutaneous electrical nerve stimulation. We combined data from both studies to evaluate the relationship between vagally-mediated HRV (vmHRV) parameters and the placebo response size, while also assessing sex differences in this relationship.



Results and Discussion: This revealed a positive association between vmHRV and the degree of pain relief, and this effect was driven by men. These results not only reveal new insights into the (sex-specific) mechanisms of placebo hypoalgesia, but also suggest that measuring vmHRV may be helpful in predicting placebo responsiveness. Given that placebo hypoalgesic effects contribute substantially to treatment outcomes, such a non-invasive and easily obtained predictor would be valuable in the context of personalized medicine.
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1. Introduction

Placebo hypoalgesia, i.e., expectancy-based pain relief, significantly contributes to the efficacy of pharmacological pain treatment (1). However, the degree to which it does so varies largely across individuals. There is an urgent need for better understanding this variability, and for potential predictors of the response magnitude (2). Results from studies devoted to predicting the individual placebo effect size have been largely inconclusive and the effect was shown to be mainly modulated by cognitive constructs related to expectancy (3, 4). Only few studies have investigated the predictive value of biological markers, and the chosen predictors—genotype (5) and brain function/anatomy (6)—are invasive, time-consuming and/or expensive to obtain. Here, we present two studies investigating the potential of resting vagally-mediated heart rate variability (vmHRV) as a non-invasive and practically feasible measure to predict placebo hypoalgesia, and we explored the potentially modulating role of sex.

Resting vmHRV has been presented as an index for emotion regulation skills (7), as well as for general self-regulation and flexible adaptation to the environment (8, 9). Conceptually, a greater capacity for adaptively responding to and coping with negative environmental and situational demands may also engender a better ability to regulate pain through top-down control. Indeed, greater emotion and self-regulation capacity has been associated with more efficient pain modulation (10, 11). In addition, resting vmHRV has also been associated with performance on cognitive tasks, especially those involving inhibitory control (12, 13). In turn, better cognitive inhibition abilities have been linked with more efficient top-down pain inhibition (14–17). These arguments all point to a possible association between vmHRV and descending pain modulation and suggest that vmHRV may help to predict the magnitude of placebo hypoalgesia.

From a neuroanatomical point-of-view, the brain networks involved in the modulation of vmHRV and pain show a remarkable overlap. Both the central autonomic network (CAN), which regulates HRV (18), and the descending pain control system, which underlies placebo hypoalgesia (19), include the ventromedial prefrontal cortex (vmPFC), anterior cingulate cortex (ACC), amygdala, hypothalamus and periaqueductal gray (PAG). One common output of these overlapping prefrontal-subcortical inhibitory systems for cardiac and nociceptive control is via the vagus nerve. The high-frequency (HF) component of HRV is largely under vagal (parasympathetic) control (18, 20, 21), and vagal activation has been shown to modulate pain (22–24). In particular, one study demonstrated that vagal nerve stimulation activates several brain regions including the PFC, (hypo)thalamus and PAG (23), suggesting that the vagus nerve may have its anti-nociceptive effects through activation of descending pain inhibitory pathways. The same prefrontal vagal inhibitory system may thus support both adaptive cardiac responses to environmental demands (7, 18), and favor the generation of adaptive responses to pain.

In sum, there is both a conceptual and a neuroanatomical overlap between the systems regulating HRV and pain. We hypothesized that higher baseline resting vmHRV, as a trait index of prefrontal-subcortical inhibition (25), would be associated with greater pain relief in response to a placebo.

In view of reported sex differences in both placebo responsiveness and baseline vmHRV, as well as recent calls-to-action emphasizing the need for placebo research to include sex as a biological variable to facilitate the translation of placebo mechanisms into clinical applications (26, 27), we investigated the role of sex in the relationship between vmHRV and placebo hypoalgesia. While there are some conflicting reports of sex differences in placebo effects (27–29), a systematic review showed that there is a general tendency for men to respond stronger to placebo treatments than women, with a higher placebo hypoalgesic effect reported in men (30). Similarly, studies examining the effect of sex on resting vmHRV generally demonstrate higher vmHRV values in men across a variety of time- and frequency-domain based measures (31–34). Furthermore, it is likely that sex influences the relationship between these variables, as sex differences have been reported in associations between resting vmHRV and modulation of pain (35) and emotion regulation (36). Based on these findings, we hypothesized that men would show both higher resting vmHRV as well as a stronger placebo hypoalgesic effect when compared to women. Further, we expected that sex may potentially influence the relationship between vmHRV and the degree of pain relief, though we did not have any specific hypotheses regarding the direction of this effect.

To test our hypotheses, we combined data from two studies, using similar procedures, placebo paradigms and participant samples.



2. Methods


2.1. Participants

Participants for both studies (total N = 77) were healthy young volunteers recruited through advertisement at the University of Luxembourg. Study I included 36 participants (16 male/20 female, mean age: 25.75 ± 5.22 years), whereas Study II included 41 participants (18 male/23 female, mean age: 23.90 ± 4.21 years). All participants gave informed consent according to the Declaration of Helsinki before participation and were paid remuneration for their effort and time (€30 in Study I; €45 in Study II, due to the different durations). Both studies were approved by Luxembourg University's local ethics committee, and Study I was additionally approved by the Luxembourg national research ethics committee (CNER). All participants were in good health and free of any cardiovascular conditions. They were also free of acute and chronic pain, the latter as assessed with the Chronic Pain Grade (37) (one female participant in Study II reported, after participation, to be suffering from knee problems, but excluding this participant did not change the results). Participants were instructed not to consume any alcohol or pain medication the day before and the day of the test session. For female participants, we recorded whether they took contraceptives; this was the case for 14 out of 20 participants in Study I, and 9/23 in Study II. Participants were excluded if they were on any other medication that is known to influence cognitive performance, cardiovascular function, or pain perception.



2.2. Experimental procedure study I

Participants in Study I believed that they were taking part in a study about the effect of a known analgesic cream on brain responses to painful stimulation. Functional MRI data collected are reported elsewhere (11). Participants were invited to two experimental sessions: first a laboratory session at the University of Luxembourg, during which an ECG was recorded, and 1–2 weeks later an fMRI session at the Hôpitaux Robert Schuman in Luxembourg, during which the placebo protocol was administered. Data were collected in 2014/15, and the experimenter was always the same female.


2.2.1. Placebo paradigm study I

In the second experimental session of Study I, placebo hypoalgesia was induced using a well-validated protocol (38). Thermal pain stimuli were administered to the lower forearm on two different skin patches, one treated with a “real” analgesic cream and the other with a “control” cream (in reality identical). First, participants' forearms were prepared by drawing two 4 × 4 cm squares on each arm, about 10 cm apart. One of the squares on each arm was marked in red, the other in green. The position (proximal vs. distal) of the colors was counterbalanced. Participants were told that a powerful analgesic cream containing lidocaine would be applied inside the green squares, whereas an inactive control cream would be applied inside the red squares. The colors thus helped to reinforce expectations and to remind the participant of which experimental condition was currently administered during the subsequent phases of the protocol. In fact, the two creams were identical, containing a simple non-odorous white skin moisturizer. Creams were applied using gloves. Participants were told that the analgesic cream needed about 20 min to become fully effective and would then remain active for several hours. They were warned about possible side effects and were asked about any allergies against medication beforehand, to increase credibility.



2.2.2. Calibration study I

During the 20 min waiting time, participants received a few practice pain stimuli on a different skin patch that was not used during the placebo protocol, to familiarize them with the stimulation procedure and rating of stimuli. Every stimulus was rated according to its intensity and unpleasantness on 100-point computerized VAS scales. The intensity scale ranged from “no pain” to “unbearable pain” and the unpleasantness scale from “not unpleasant” to “extremely unpleasant”. The pain threshold was a rating of higher than 0. We also performed a calibration procedure to determine temperatures consistently evoking VAS pain ratings of 40, 60 and 80 on the intensity scale (referring to mild, moderate, and severe pain, respectively), to be used in the subsequent manipulation and test phases. This calibration consisted of a pseudo-random series of 16 stimuli varying in temperature between 44.5–48°C, applied to the same skin patch as the practice stimuli. The pain stimuli were of the same format as the stimuli used in the placebo protocol (see Section 2.2.4 below). Pain intensity ratings were recorded and plotted in a stimulus response curve using Excel. The target VAS ratings were manually interpolated to derive the desired stimulation temperatures.



2.2.3. Manipulation and test phase study I

After the calibration phase, participants were installed in the MRI scanner and we proceeded with a manipulation phase, in which we delivered six pain stimuli on each patch of the left arm. Participants were told that all pain stimuli were at 80% of their tolerance level (i.e., VAS rating of 80), but stimuli on the “real” cream patch (placebo condition) were surreptitiously lowered to the temperature evoking a rating of only 40 on the VAS (as determined in the calibration phase). This strengthened the suggestion and expectation of pain relief. The order of placebo and control conditions was counterbalanced across participants. In the test phase, participants received 15 stimuli in both the placebo and control condition (i.e., on both the “real” and the “control” cream patch) on the right arm, all at a temperature which had evoked VAS ratings of 60 during calibration. Any difference in actual ratings between the two conditions could thus be attributed to the placebo effect. Again, the order of conditions was counterbalanced across participants.



2.2.4. Pain stimulation study I

Heat pain stimuli were delivered using a 3 × 3 cm peltier thermode (Somedic, Sweden). Each pain stimulus lasted 20 s, including a 1.5-second ramp-up, 17-second plateau and 1.5-second ramp-down. Each stimulus was preceded by a variable anticipation period of 4–11 s and followed by an interval of 3–7 s. After the interval, the intensity and unpleasantness scales were presented on a monitor and participants used a button box to rate the pain stimuli. After the ratings, there was an inter-stimulus interval (ISI) of 15–25 s. During the ISI, a white fixation cross was presented on a black background. This cross turned red during anticipation, signaling to participants that pain stimulation would soon start, and remained red during pain stimulation. Administration of pain stimuli and presentation of visual stimuli were synchronized using E-prime2 (Psychology Software Tools Inc, Pittsburgh, USA).




2.3. Experimental procedure study II

Participants in Study II were told that we were investigating age differences in the neural effects of a transcutaneous electrical nerve stimulation (TENS) device (KRES100B, HCS Electronics, China) used for pain relief. The experimental session started with the preparation for EEG and ECG recording (±45 min) and a 5-minute baseline measurement (EEG data are not reported here). Then, participants performed a few cognitive tasks (±30 min, results not reported here), after which the placebo paradigm was administered. Participants were informed beforehand about the study aim and detailed procedure. Experimenters were all female, and data were collected in 2019/20.


2.3.1. Placebo paradigm study II

In the paradigm of Study II, we delivered electrical pain stimuli to the left forearm during periods of sham TENS stimulation and control periods. Two adhesive pads were attached to the skin on either side of the pain stimulation electrode on the left forearm and were connected to the TENS device. Participants were told that the TENS stimulation was at a very high frequency which is normally not detected, but the device was actually manipulated to block any output. Participants were instructed that the device would be switched on and off at specific times during the session, to compare their pain sensitivity during TENS stimulation and in the absence of stimulation. Visual and auditory cues during the session informed the participants of whether the device was supposably turned on or off. In reality, and unbeknownst to the participants, they never received TENS stimulation at any point during the experiment.



2.3.2. Calibration study II

Before starting the placebo paradigm, we calibrated the electrical pain stimuli to individually adjust the intensity for each participant. We first delivered an ascending series of pulses with stepwise increasing current, to determine the detection threshold, pain threshold and pain tolerance (“familiarization phase”). Participants evaluated the perceived intensity of each pulse on a computerized 100-point visual analogue scale (VAS). The scale was divided into four equal parts, with the first part labelled (and color coded) as “no pain” (ratings of 0–25), the second part as “mild pain” (ratings of 25–50), the third part as “moderate pain” (ratings of 50–75) and the fourth part as “severe pain” (ratings of 75–100). During the remainder of the calibration phase, we aimed to determine three target stimulation intensities, evoking consistent VAS pain intensity ratings of 37.5, 62.5 and 87.5 (corresponding to the mid-points of the mild, moderate, and severe pain parts of the intensity scale). To this purpose, we delivered a series of stimuli in the approximate range of each target intensity. An automatic algorithm either increased or decreased the current, depending on the participant's rating, until the ratings were consistently on target (i.e., within a predetermined small range around the target rating). The resulting three target stimulation intensities were used in the placebo paradigm. More details on this calibration procedure are given in the Supplementary Materials.



2.3.3. Manipulation phase study II

The placebo paradigm started with a manipulation phase to raise expectations of pain relief from the TENS device. Participants received four series of five pain stimuli each, two in a placebo condition (participants believed the TENS device was turned on) and two in a control condition (TENS device turned off). The conditions were alternated, and which condition came first was counterbalanced across participants. Two different anticipation sound cues, combined with two different visual cues on the monitor, indicated whether the TENS machine was supposably on or off. Participants were told that they would receive the same moderate intensity pain stimuli throughout the entire protocol, whereas in reality, they received severely painful stimuli in the control condition and mildly painful stimuli in the placebo condition. To evaluate the pain intensity of stimuli, participants used the same 100-point VAS scale as in the calibration phase. In addition, they rated the pain unpleasantness of each stimulus on an equivalent VAS scale (ratings of 0–25 were labelled as “not unpleasant”; 25–50 as “mildly unpleasant”, 50–75 as “moderately unpleasant” and 75–100 as “severely unpleasant”).



2.3.4. Test phase study II

The test phase was similar to the manipulation phase, with the main difference being that participants received the same moderately painful stimulation intensity in both the placebo and control condition. The test phase was divided into two blocks, with a short re-calibration and re-manipulation phase in between the blocks. In each block, participants received eight alternating series of five stimulations: four series in the placebo and four series in the control condition. Which condition came first was counterbalanced across participants. Within each of the two blocks, two stimuli in each condition were replaced by reinforcement stimuli, to reaffirm expectations about the efficacy of the TENS device. Accordingly, at set positions within the blocks, participants received a low-intensity stimulus in the placebo condition or a high-intensity stimulus in the control condition. VAS ratings in response to these reinforcement stimuli were not included in the analyses of the pain ratings. The total number of trials included in the analyses was thus 36 in each condition (placebo and control).



2.3.5. Pain stimulation study II

Electrical stimuli were administered to the participants' left volar forearm. To prepare the skin, participants were asked to wash their arm with soap. The experimenter then treated the skin with a peeling gel and applied a hydrating non-greasy gel to be absorbed. The participant was then seated in the EEG cabin, the left arm was placed on an armrest, the remaining gel was removed and a concentric surface electrode (Wasp Electrode, Specialty Developments, UK) with 7 mm diameter and a platinum pin was attached. Electrical pain stimuli were produced using a custom-built biphasic pulse generator and were delivered through a constant current stimulus isolator (A395 World precision instruments, USA). The output was limited to ±70 V, which is significantly below the international safety limits of 500 V. Pain stimuli in the experiment consisted of a biphasic pulse train of 500 ms duration at 100 Hz, with individual pulses consisting of a 2 ms positive and 2 ms negative square wave. The inter-stimulus intervals had an average duration of 20s, and each stimulus was preceded by a 500 ms anticipation cue, presented 3.5 s before the stimulus. Two seconds after each stimulus, the intensity and unpleasantness VAS scales were presented. Participants used a computer mouse for the ratings and had unlimited time to give their ratings.




2.4. Electrocardiogram (ECG)

In both studies, participants were in a semi-reclined position, and cardiac activity was recorded via a 3-lead ECG following Einthoven's triangle at a 1 kHz sampling rate. In Study I, we used the MP150 system and AcqKnowledge software (Biopac Systems Inc.), and in Study II, we used an ExG box and BrainVision Recorder software (BrainProducts, Gilching, Germany) for the recording. In Study I, we recorded a 5-minute eyes-open resting state ECG, and participants were instructed to simply look at a fixation cross on a monitor. In Study II, we recorded cardiac activity for 5 min as well, of which 2.5 min with eyes open (looking at a fixation cross), and 2.5 min with eyes closed. The order of these two conditions was counterbalanced across participants. Here we only report results of the eyes open condition for the sake of comparability with Study I. Several studies have shown that beat-to-beat interval data from recordings as short as 10s are sufficient to estimate relevant HRV parameters (39, 40), and that high frequency analyses can be reliably performed for recordings of 40s (41). Moreover, vmHRV parameters are among the HRV parameters with the best performance for ultra-short-term (<5 min) recordings (42).



2.5. Data analysis


2.5.1. Placebo effect

For both studies, we created an identical index for the individual placebo effect size, by calculating the percent change in the average VAS rating in the placebo condition of the test phase, with respect to that of the control condition, according to the following formula: [(control—placebo)/control]*100. This resulted in one placebo effect score for the intensity and one for the unpleasantness ratings (PE-I and PE-U, respectively) for each participant. Higher scores indicate a greater placebo effect (i.e., a greater reduction in pain ratings in the placebo condition with respect to the control condition). In Study II, since there were no differences in pain ratings between the two experimental blocks in the test phase, ratings from both blocks were averaged.



2.5.2. Heart rate variability

ECG data of both studies were analyzed using Kubios HRV Standard Version 3.3.1 (43). Kubios applies an automatic threshold-based correction of artefacts and irregular beats in inter-beat interval (IBI) data, by comparing every RR interval value against a local average interval. The local average is obtained by median filtering the IBI time series and is thus not affected by single outliers in IBI time series. The correction is made by replacing the identified artefacts with interpolated values using a cubic spline interpolation (43). We derived one time-domain metric—the root mean square of successive differences (RMSSD) between normal heartbeats, in ms—and one frequency-domain metric, namely high frequency (HF) band power in ms2. HF band power (HF power) was derived using a Fast Fourier Transformation and was defined as frequencies between 0.15–0.4 Hz. These metrices were chosen as they reflect parasympathetic vagal activity (18). While both situational and personal differences may influence vmHRV measures, the RMSSD primarily reflects trait influence in resting states (25). As the body mass index (BMI) is known as a factor that may influence HRV (44), we checked for potential correlations between the HRV indices and BMI (in kg/m2) but found none (see Supplementary Materials).



2.5.3. Statistical analyses

All statistical analyses were performed using SPSS software (version 27; IBM Corp, USA). Sex differences and differences between the two studies in placebo hypoalgesia and HRV indices were probed using one-way ANOVAs. VAS pain ratings from the placebo paradigms were analyzed using separate repeated measures ANOVAs for intensity and unpleasantness ratings, with condition (Placebo vs. Control) as within-subject variable, and including sex as between-subjects factor. For Study II, we added the additional within-subject variable experimental Block (1 vs. 2). To explore the relationship between HRV and placebo hypoalgesia, and the potentially modulating effect of sex, we performed a moderation analysis on the combined data of Study I and II, using the PROCESS v3.5 macro in SPSS (45). We applied an alpha level of.05 for all statistical tests.





3. Results

Table 1 presents an overview of the main variables from Study I, while data from Study II are presented in Table 2. There were no significant sex differences in HRV measures or placebo effect sizes in either study (all F < 2.93, all p > .095). When comparing HRV parameters and placebo effect sizes between the two studies, we found no difference for PE-I and PE-U (both F < 2.50, p > .118), but both RMSSD [F(1,75) = 12.23, p < .001, ηp2 = .14] and HF power [F(1,75) = 8.30, p = .005, ηp2 = .10] were significantly higher in Study II than in Study I. After removing outliers, however, the difference for HF power was no longer significant (p = .136).


TABLE 1 Means (M) and standard deviations (SD) of the main variables from study I.
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TABLE 2 Means (M) and standard deviations (SD) of the main variables from study II.
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3.1. VAS pain ratings

We analyzed VAS intensity and unpleasantness ratings for Study I and Study II separately, to assess the placebo analgesic effects for the two different paradigms used.


3.1.1. VAS ratings study I

A repeated measures ANOVA on VAS intensity and unpleasantness ratings from the test phase, with condition (Placebo vs. Control) as within-subjects factor and sex as between-subjects factor revealed a significant main effect for condition, both for intensity [F(1, 34) = 24.85, p < .001, ηp2 = .42] and unpleasantness [F(1, 34) = 24.13, p < .001, ηp2 = .42] ratings, and no effects of sex. Overall, there was a significant reduction in subjective pain in the placebo condition compared to the control condition, indicating a robust placebo effect (see Figure 1). A similar analysis for ratings in the manipulation phase can be found in the Supplementary Materials.


[image: Figure 1]
FIGURE 1
VAS pain ratings from the placebo test phase in study I. Error bars reflect the standard error of the mean. ***p < .001.




3.1.2. VAS ratings study II

For Study II, we also performed repeated measures ANOVAs on the VAS ratings from the test phase, this time with experimental block and condition as within-subject measures and sex as between-subjects factor. For the intensity ratings, this revealed a main effect for condition [F(1, 38) = 21.91, p < .001, ηp2 = .37], and no main effects for block or sex, nor any interactions. For the unpleasantness ratings we found the same pattern of results, with only a significant main effect for condition [F(1, 38) = 29.83, p < .001, ηp2 = .44]. Perceived pain was significantly reduced in the placebo condition compared to in the control condition, indicating a robust placebo effect across blocks (see Figure 2). Again, the analysis of VAS ratings from the manipulation phase can be found in the Supplementary Materials.


[image: Figure 2]
FIGURE 2
VAS pain ratings from the placebo test phase in study II. Error bars reflect the standard error of the mean. ***p < .001.





3.2. Relationship between placebo hypoalgesia and vmHRV

Since we found no difference between the two studies in the placebo effect size (and despite the difference in HRV parameters), we collapsed data from both studies for further analyses. To assess the relationship between HRV and placebo hypoalgesia, and the potential influencing role of sex, we performed moderation analyses. We created four models with either PE-I or PE-U as outcome variable and either HF power or RMSSD as predictor, and with sex as moderator. Confidence intervals (95%) were computed using bootstrapping (5,000 samples). Results are summarized in Table 3. All four models explained a significant portion (between 10.2 and 13.8%) of the overall variance in the size of the placebo effect. As can be seen in Table 3, greater HRV indices significantly predicted greater placebo hypoalgesia (all p < .018). Sex was never a significant predictor for placebo hypoalgesia (all p > .055). Importantly, the interaction between HRV and sex was significant in predicting placebo hypoalgesia in all four models (all p < .033), indicating that sex indeed moderated the relationship between HRV and placebo hypoalgesia.


TABLE 3 Moderation by sex of the relationship between placebo hypoalgesia and HRV (study I and II collapsed).

[image: Table 3]

Conditional effect analyses revealed that in all four models, HRV was positively associated with the placebo effect size in males, but not in female participants, for whom the association was non-significant in all four models (see Table 4). Scatterplots to illustrate this moderating effect of sex can be found in Figure 3. Note that excluding outliers did not influence the results (see Supplementary Materials).


TABLE 4 Conditional effect analysis of the moderation by sex of the relationship between placebo hypoalgesia and HRV (study I and II collapsed).
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FIGURE 3
Scatterplots illustrating the moderation by sex of the association between placebo hypoalgesia and vmHRV indices (study I and II collapsed). (A) Moderation model 1, (B) Model 2, (C) Model 3, (D) Model 4 (see Table 3). Conditional effect analysis revealed significant associations for male but not for female participants (see Table 4). PE-I, behavioral placebo effect score calculated from the pain intensity ratings; PE-U, placebo effect from the unpleasantness ratings; RMSSD, root mean square of successive differences; HF, high frequency. ***p < .001, **p < .01.





4. Discussion


4.1. Placebo hypoalgesia and vmHRV

Our data from two studies combined revealed that higher RMSSD and HF power, measured before a placebo manipulation, were associated with stronger pain reduction, confirming the expected relationship between resting vmHRV and placebo hypoalgesia. RMSSD and HF power are trait indices of effective functioning of prefrontal-subcortical inhibitory circuits (18, 21), and these same circuits are (amongst others) also involved in placebo hypoalgesia (19, 46), possibly acting through the vagus nerve (23). Individuals who effectively engage these inhibitory circuits may be able to both generate adaptive cardiac responses as well as trigger top-down modulation of nociceptive input. The positive association between vmHRV and placebo hypoalgesia in our studies is also consistent with observations that vmHRV is related to better self-regulation and adaptation to environmental challenges (8, 9, 47) and to better performance on cognitive tasks involving inhibitory control (12, 13, 48), which both in turn have been associated with more efficient top-down pain inhibition (14–17).

Several previous studies have reported associations between HRV and placebo hypoalgesia, mainly by demonstrating changes in HRV following placebo manipulations (even though not all studies on placebo hypoalgesia that assessed cardiovascular functioning have been able to observe an effect on HRV) [for an overview, see (49)]. One study, for example, demonstrated that placebo-induced increases in time-based HRV indices were related to greater pain relief (50). Baseline HRV indices, particularly HF power, have also been shown to predict lower subsequent pain ratings (51, 52). Finally, an association between higher baseline vmHRV indices and more efficient CPM was found (35), as well as a link between higher baseline RMSSD and a larger offset analgesia effect (another paradigm that assesses top-down pain control) (53). Our findings extend these results by demonstrating, for the first time, that independently measured baseline vmHRV indices can predict the magnitude of an individual's subsequent placebo hypoalgesic effect.

Interestingly, our observed association between vmHRV and placebo hypoalgesia was driven entirely by male participants. Despite general tendencies for men to show a larger placebo hypolagesic effect (30) and previous reports of higher vmHRV in men when compared to women (e.g., 31, 32), we did not find significant sex differences in these variables in our studies. However, in line with our results, several other studies have also found associations between vmHRV and pain/emotion modulation specifically in men only. The above-mentioned evidence for an association between higher baseline vmHRV indices and more efficient CPM, was found in men but not in women (35). Similarly, baseline HF power was found to be associated with pain sensitivity only in men (52). And finally, a recent study found an association between increased resting vmHRV measures and better emotion regulation (in particular self-reported use of reappraisal) only in men, not in women (36). Reappraisal is one psychological mechanism suggested to underly placebo hypoalgesia (54) and there is evidence for an association between reappraisal ability and the placebo hypoalgesia effect magnitude (11).

One potential explanation for this apparent sex-specificity of the relationship between vmHRV and placebo hypoalgesia is that men and women may recruit slightly different pain modulation mechanisms, with men activating a descending pathway that shows more overlap with the structures involved in modulating HRV, compared to women. A recent meta-analysis of neural systems underlying placebo hypoalgesia stressed the heterogeneity in placebo-related increases in brain activity and suggested that there may be different descending pain regulatory mechanisms, depending on contextual factors and participant characteristics (55). Very few studies have systematically examined sex differences in endogenous pain modulation, and results have been contradictory (56). In terms of sex differences in the neural substrate, one study demonstrated differential placebo-related modulation in the posterior insula and dorsolateral PFC in men and women (29). These findings support the hypothesis that resting HRV in women may be less predictive of the placebo effect size, because women show less overlap in the neural substrates mediating cardiac and nociceptive control. However, this remains speculative and neuroimaging studies would need to systematically investigate possible sex differences in the neural substrates of placebo hypoalgesia, which could explain the differential association with cardiac control.

Another possible reason that we found a modulation by sex of the relationship between HRV and placebo hypoalgesia is due to the influence of sex hormones. Testosterone, on the one hand, is known to have anti-nociceptive properties in both animals and humans (57–59). Importantly, in men, testosterone levels were also positively correlated with higher HF power and RMSSD (60, 61). Its ability to both decrease pain and increase HF power places testosterone in an ideal position as potential mediator of the relationship between HF power and pain modulatory mechanisms (35).

On the other hand, there is also some evidence that female sex hormones may influence both resting HRV and pain sensitivity. Both time- and frequency domain resting HRV indices, for example, have been shown to decrease across the menstrual cycle (from follicular to luteal phase) (62), and one study found a positive correlation between oestrogen levels during ovulation with both LF and HF power in healthy women (63). Likewise, experimental pain sensitivity in healthy women changes across the menstrual cycle, with generally increased sensitivity during the luteal phase relative to the follicular phase (64), again suggesting a role of sex hormones. The nature of the relationship between sex hormones, HRV and pain perception is very complex, with HRV and pain sensitivity changes observed across the menstrual cycle likely resulting from interactive effects of multiple sex hormones (62, 65). Since both our studies partly included free-cycling women (30% and 61% of female participants in Study I and II, respectively), and since we did not control for the phase in the hormonal cycle in which women participated, it is possible that hormonal fluctuations may have obscured a potential relationship between HRV and placebo hypoalgesia in our female participants.



4.2. Limitations and future directions

Several limitations of the presented studies should be taken into account. First of all, the individual studies both had a rather small sample size. However, by collapsing the data from both studies, we reached a sample size of 77. A post-hoc power analysis indicates that with the effect size of our moderation analysis and this combined sample size, we achieved a very high power of .89.

The use of two different placebo paradigms in Study I and II may be seen as another limitation. However, the paradigms had a very similar design, always consisting of a manipulation phase (in which expectations were raised through both verbal suggestions and surreptitiously changing pain stimulation intensities), followed by a test phase with a placebo and a control condition. Moreover, placebo effect size indices were calculated identically and there were no differences between the two studies in either of the effect size indices (PE-I and PE-U).

A last limitation, also noted above, is that the observed sex difference in the association between HRV and placebo hypoalgesia might have arisen from an interaction between sex hormones, pain and HRV. In the case of female participants, this matter is complicated further by the fact that we included both women on contraceptives as well as free-cycling women, without controlling for the phase of the hormonal cycle during which the experimental session took place. Further studies are necessary to investigate these relationships through the assessment of hormone levels and/or the careful controlling of cycle phase and contraceptive use.




5. Conclusion

We present data from two studies, showing a positive association between vagally mediated baseline HRV indices and subsequent pain relief, supporting the potential of vmHRV to predict placebo responsiveness, at least in men. Considering the important contribution of placebo effects to treatment outcomes (1), the ability to predict individual placebo responsiveness could guide both the selection of adequate treatment methods as well as the dosage of pharmaceutical interventions, and could enable better control of placebo effects in scientific settings, e.g., identifying placebo non-responders for clinical drug trials (66). HRV measurement is non-invasive, quick and easy to perform and to reproduce (67), further advocating its feasibility to help predict the magnitude of placebo analgesia in the clinic. However, additional studies are needed to further develop this potential (and investigate if it extends to older and patient populations, for example, chronic pain patients, who may have abnormal heart rate variability) and to explain the sex differences found.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

Both studies were approved by the University of Luxembourg Ethics Review Panel. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in the studies.



Author contributions

MM conceptualized both Studies. MM designed Study I and MM, AD and KR jointly designed Study II. MM collected data for Study I. MM, AD, KR and JK collected data for Study II. MM and JK analyzed data of both studies. JK provided the first draft of the manuscript which was subsequently critically revised by all authors. All authors contributed to the article and approved the submitted version.



Funding

Study II was supported by the Luxembourg National Research Fund (FNR) (grant number: C16/BM/11266318/ACHE). The sponsor had no involvement in the collection, analysis and interpretation of data nor in the writing of the manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The reviewer JL declared a past co-authorship with the authors FA & MVM to the handling editor.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at https://www.frontiersin.org/articles/10.3389/fpain.2023.1213848/full#supplementary-material



References

1. Atlas LY, Wielgosz J, Whittington RA, Wager TD. Specifying the non-specific factors underlying opioid analgesia: expectancy, attention, and affect. Psychopharmacology (Berl). (2014) 231:813–23. doi: 10.1007/s00213-013-3296-1

2. Evers AWM, Colloca L, Blease C, Annoni M, Atlas LY, Benedetti F, et al. Implications of placebo and nocebo effects for clinical practice: expert consensus. Psychother Psychosom. (2018) 87:204–10. doi: 10.1159/000490354

3. Horing B, Weimer K, Muth ER, Enck P. Prediction of placebo responses: a systematic review of the literature. Front Psychol. (2014) 5:1079. doi: 10.3389/fpsyg.2014.01079

4. Vase L, Vollert J, Finnerup NB, Miao X, Atkinson G, Marshall S, et al. Predictors of the placebo analgesia response in randomized controlled trials of chronic pain: a meta-analysis of the individual data from nine industrially sponsored trials. Pain. (2015) 156:1795–802. doi: 10.1097/j.pain.0000000000000217

5. Aslaksen PM, Forsberg JT, Gjerstad J. The opioid receptor mu 1 (OPRM1) rs1799971 and catechol-O-methyltransferase (COMT) rs4680 as genetic markers for placebo analgesia. Pain. (2018) 159:2585–92. doi: 10.1097/j.pain.0000000000001370

6. Vachon-Presseau E, Berger SE, Abdullah TB, Huang L, Cecchi GA, Griffith JW, et al. Brain and psychological determinants of placebo pill response in chronic pain patients. Nat Commun. (2018) 9:3397. doi: 10.1038/s41467-018-05859-1

7. Appelhans BM, Luecken LJ. Heart rate variability as an index of regulated emotional responding. Rev Gen Psychol. (2006) 10:229–40. doi: 10.1037/1089-2680.10.3.229

8. Holzman JB, Bridgett DJ. Heart rate variability indices as bio-markers of top-down self-regulatory mechanisms: a meta-analytic review. Neurosci Biobehav Rev. (2017) 74:233–55. doi: 10.1016/j.neubiorev.2016.12.032

9. Porges SW. The polyvagal perspective. Biol Psychol. (2007) 74:116–43. doi: 10.1016/j.biopsycho.2006.06.009

10. Lapate RC, Lee H, Salomons TV, van Reekum CM, Greischar LL, Davidson RJ. Amygdalar function reflects common individual differences in emotion and pain regulation success. J Cogn Neurosci. (2012) 24:148–58. doi: 10.1162/jocn_a_00125

11. van der Meulen M, Kamping S, Anton F. The role of cognitive reappraisal in placebo analgesia: an fMRI study. Soc Cogn Affect Neurosci. (2017) 12:1128–37. doi: 10.1093/scan/nsx033

12. Magnon V, Vallet GT, Benson A, Mermillod M, Chausse P, Lacroix A, et al. Does heart rate variability predict better executive functioning? A systematic review and meta-analysis. Cortex. (2022) 155:218–36. doi: 10.1016/j.cortex.2022.07.008

13. Ottaviani C, Zingaretti P, Petta AM, Antonucci G, Thayer JF, Spitoni GF. Resting heart rate variability predicts inhibitory control above and beyond impulsivity. J Psychophysiol. (2019) 33:198–206. doi: 10.1027/0269-8803/a000222

14. Marouf R, Caron S, Lussier M, Bherer L, Piché M, Rainville P. Reduced pain inhibition is associated with reduced cognitive inhibition in healthy aging. PAIN®. (2014) 155:494–502. doi: 10.1016/j.pain.2013.11.011

15. Oosterman JM, Dijkerman HC, Kessels RPC, Scherder EJA. A unique association between cognitive inhibition and pain sensitivity in healthy participants. Eur J Pain. (2010) 14:1046–50. doi: 10.1016/j.ejpain.2010.04.004

16. Rischer KM, González-Roldán AM, Montoya P, Gigl S, Anton F, van der Meulen M. Distraction from pain: the role of selective attention and pain catastrophizing. Eur J Pain. (2020) 24:1880–91. doi: 10.1002/ejp.1634

17. Rischer KM, Anton F, González-Roldán AM, Montoya P, van der Meulen M. Better executive functions are associated with more efficient cognitive pain modulation in older adults: an fMRI study. Front Aging Neurosci. (2022) 14:828742. doi: 10.3389/fnagi.2022.828742

18. Thayer JF, Lane RD. Claude Bernard and the heart–brain connection: further elaboration of a model of neurovisceral integration. Neurosci Biobehav Rev. (2009) 33:81–8. doi: 10.1016/j.neubiorev.2008.08.004

19. Stein N, Sprenger C, Scholz J, Wiech K, Bingel U. White matter integrity of the descending pain modulatory system is associated with interindividual differences in placebo analgesia. Pain. (2012) 153:2210–7. doi: 10.1016/j.pain.2012.07.010

20. Koenig J, Jarczok MN, Ellis RJ, Hillecke TK, Thayer JF. Heart rate variability and experimentally induced pain in healthy adults: a systematic review. Eur J Pain. (2014) 18:301–14. doi: 10.1002/j.1532-2149.2013.00379.x

21. Thayer JF, Åhs F, Fredrikson M, Sollers JJ, Wager TD. A meta-analysis of heart rate variability and neuroimaging studies: implications for heart rate variability as a marker of stress and health. Neurosci Biobehav Rev. (2012) 36:747–56. doi: 10.1016/j.neubiorev.2011.11.009

22. De Couck M, Nijs J, Gidron Y. You may need a nerve to treat pain: the neurobiological rationale for vagal nerve activation in pain management. Clin J Pain. (2014) 30:1099–105. doi: 10.1097/AJP.0000000000000071

23. Frangos E, Richards EA, Bushnell MC. Do the psychological effects of vagus nerve stimulation partially mediate vagal pain modulation? Neurobiology Pain (Cambridge, Mass). (2017) 1:37–45. doi: 10.1016/j.ynpai.2017.03.002

24. Silberstein SD, Mechtler LL, Kudrow DB, Calhoun AH, McClure C, Saper JR, et al. Non-invasive vagus nerve stimulation for the acute treatment of cluster headache: findings from the randomized, double-blind, sham-controlled ACT1 study. Headache. (2016) 56:1317–32. doi: 10.1111/head.12896

25. Bertsch K, Hagemann D, Naumann E, Schächinger H, Schulz A. Stability of heart rate variability indices reflecting parasympathetic activity. Psychophysiology. (2012) 49:672–82. doi: 10.1111/j.1469-8986.2011.01341.x

26. Belfer I, White J, Hunter C, DelCarmen-Wiggins R, Gorodetsky E. Considering sex as biological variable (SABV) in research: a primer for pain investigators. J Pain. (2018) 19:96. doi: 10.1016/j.jpain.2017.12.208

27. Shafir R, Olson E, Colloca L. The neglect of sex: a call to action for including sex as a biological variable in placebo and nocebo research. Contemp Clin Trials. (2022) 116:106734. doi: 10.1016/j.cct.2022.106734

28. Enck P, Klosterhalfen S. Does sex/gender play a role in placebo and nocebo effects? Conflicting evidence from clinical trials and experimental studies. Front Neurosci. (2019) 13:160. doi: 10.3389/fnins.2019.00160

29. Theysohn N, Schmid J, Icenhour A, Mewes C, Forsting M, Gizewski E, et al. Are there sex differences in placebo analgesia during visceral pain processing? A fMRI study in healthy subjects. Neurogastroenterol Motil. (2014) 26:1743–53. doi: 10.1111/nmo.12454

30. Vambheim SM, Flaten MA. A systematic review of sex differences in the placebo and the nocebo effect. J Pain Res. (2017) 10:1831–9. doi: 10.2147/JPR.S134745

31. Geovanini GR, Vasques ER, de Oliveira Alvim R, Mill JG, Andreão RV, Vasques BK, et al. Age and sex differences in heart rate variability and vagal specific patterns–baependi heart study. Glob Heart. (2020) 15:71. doi: 10.5334/gh.873

32. Kappus RM, Ranadive SM, Yan H, Lane-Cordova AD, Cook MD, Sun P, et al. Sex differences in autonomic function following maximal exercise. Biol Sex Differ. (2015) 6:1–8. doi: 10.1186/s13293-015-0046-6

33. Ramaekers D, Ector H, Aubert AE, Rubens A, Van de Werf F. Heart rate variability and heart rate in healthy volunteers. Is the female autonomic nervous system cardioprotective? Eur Heart J. (1998) 19:1334–41. doi: 10.1053/euhj.1998.1084

34. Saleem S, Hussain MM, Majeed SMI, Khan MA. Gender differences of heart rate variability in healthy volunteers. JPMA. (2012) 62:422. PMID: 22755301.

35. Nahman-Averbuch H, Dayan L, Sprecher E, Hochberg U, Brill S, Yarnitsky D, et al. Sex differences in the relationships between parasympathetic activity and pain modulation. Physiol Behav. (2016) 154:40–8. doi: 10.1016/j.physbeh.2015.11.004

36. Lischke A, Weippert M, Mau-Moeller A, Päschke S, Jacksteit R, Hamm AO, et al. Sex-specific associations between inter-individual differences in heart rate variability and inter-individual differences in emotion regulation. Front Neurosci. (2019) 12:1040. doi: 10.3389/fnins.2018.01040

37. Von Korff M, Dworkin SF, Le Resche L. Graded chronic pain status: an epidemiologic evaluation. Pain. (1990) 40:279–91. doi: 10.1016/0304-3959(90)91125-3

38. Wager Tor D, Rilling James K, Smith Edward E, Sokolik A, Casey Kenneth L, Davidson Richard J, et al. Placebo-induced changes in fMRI in the anticipation and experience of pain. Science. (2004) 303:1162–7. doi: 10.1126/science.1093065

39. Baek HJ, Cho C-H, Cho J, Woo J-M. Reliability of ultra-short-term analysis as a surrogate of standard 5-min analysis of heart rate variability. Telemed e-Health. (2015) 21:404–14. doi: 10.1089/tmj.2014.0104

40. Nussinovitch U, Elishkevitz KP, Katz K, Nussinovitch M, Segev S, Volovitz B, et al. Reliability of ultra-short ECG indices for heart rate variability. Ann Noninvasive Electrocardiol. (2011) 16:117–22. doi: 10.1111/j.1542-474X.2011.00417.x

41. Salahuddin L, Cho J, Jeong MG, Kim D. Ultra short term analysis of heart rate variability for monitoring mental stress in mobile settings. 2007 29th annual international conference of the ieee engineering in medicine and biology society; IEEE (2007). p. 4656–9

42. McNames J, Aboy M. Reliability and accuracy of heart rate variability metrics versus ECG segment duration. Med Biol Eng Comput. (2006) 44:747–56. doi: 10.1007/s11517-006-0097-2

43. Tarvainen MP, Niskanen J-P, Lipponen JA, Ranta-aho PO, Karjalainen PA. Kubios HRV—heart rate variability analysis software. Comput Methods Programs Biomed. (2014) 113:210–20. doi: 10.1016/j.cmpb.2013.07.024

44. Koenig J, Jarczok MN, Warth M, Ellis RJ, Bach C, Hillecke TK, et al. Body mass index is related to autonomic nervous system activity as measured by heart rate variability — a replication using short term measurements. J Nutr Health Aging. (2014) 18:300–2. doi: 10.1007/s12603-014-0022-6

45. Hayes AF. Introduction to mediation, moderation, and conditional process analysis: A regression-based approach. New York: Guilford publications (2017).

46. Eippert F, Bingel U, Schoell ED, Yacubian J, Klinger R, Lorenz J, et al. Activation of the opioidergic descending pain control system underlies placebo analgesia. Neuron. (2009) 63:533–43. doi: 10.1016/j.neuron.2009.07.014

47. Petrocchi N, Cheli S. The social brain and heart rate variability: implications for psychotherapy. Psychol Psychother. (2019) 92:208–23. doi: 10.1111/papt.12224

48. Forte G, Favieri F, Casagrande M. Heart rate variability and cognitive function: a systematic review. Front Neurosci. (2019) 13:710. doi: 10.3389/fnins.2019.00710

49. Daniali H, Flaten MA. Placebo analgesia, nocebo hyperalgesia, and the cardiovascular system: a qualitative systematic review. Front Physiol. (2020) 11:549807. doi: 10.3389/fphys.2020.549807

50. De Pascalis V, Scacchia P. The influence of reward sensitivity, heart rate dynamics and EEG-delta activity on placebo analgesia. Behav Brain Res. (2019) 359:320–32. doi: 10.1016/j.bbr.2018.11.014

51. Caton L, Bolzon M, Boschiero D, Thayer JF, Gidron Y. Pre-surgical heart-rate variability strongly predicts less post-operative pain in patients with epilepsy. J Psychosom Res. (2021) 145:110421. doi: 10.1016/j.jpsychores.2021.110421

52. Tracy LM, Koenig J, Georgiou-Karistianis N, Gibson SJ, Giummarra MJ. Heart rate variability is associated with thermal heat pain threshold in males, but not females. Int J Psychophysiol. (2018) 131:37–43. doi: 10.1016/j.ijpsycho.2018.02.017

53. Van Den Houte M, Van Oudenhove L, Bogaerts K, Van Diest I, Van den Bergh O. Endogenous pain modulation: association with resting heart rate variability and negative affectivity. Pain Med. (2018) 19:1587–96. doi: 10.1093/pm/pnx165

54. Tracey I. Getting the pain you expect: mechanisms of placebo, nocebo and reappraisal effects in humans. Nat Med. (2010) 16:1277–83. doi: 10.1038/nm.2229

55. Zunhammer M, Spisák T, Wager TD, Bingel U, Atlas L, Benedetti F, et al. The placebo imaging C. meta-analysis of neural systems underlying placebo analgesia from individual participant fMRI data. Nat Commun. (2021) 12:1391. doi: 10.1038/s41467-021-21179-3

56. Quiton RL, Greenspan JD. Sex differences in endogenous pain modulation by distracting and painful conditioning stimulation. Pain. (2007) 132:S134–49. doi: 10.1016/j.pain.2007.09.001

57. Bartley EJ, Palit S, Kuhn BL, Kerr KL, Terry EL, DelVentura JL, et al. Natural variation in testosterone is associated with hypoalgesia in healthy women. Clin J Pain. (2015) 31:730–9. doi: 10.1097/AJP.0000000000000153

58. Ceccarelli I, Scaramuzzino A, Massafra C, Aloisi AM. The behavioral and neuronal effects induced by repetitive nociceptive stimulation are affected by gonadal hormones in male rats. Pain. (2003) 104:35–47. doi: 10.1016/S0304-3959(02)00460-8

59. Choi JC, Chung MI, Lee YD. Modulation of pain sensation by stress-related testosterone and cortisol. Anaesthesia. (2012) 67:1146–51. doi: 10.1111/j.1365-2044.2012.07267.x

60. Doğru MT, Başar MM, Yuvanç E, Simşek V, Sahin O. The relationship between serum sex steroid levels and heart rate variability parameters in males and the effect of age. Turk Kardiyol Dern Ars. (2010) 38:459–65. PMID: 21206198.

61. Ermis N, Deniz F, Kepez A, Kara B, Azal O, Kutlu M. Heart rate variability of young men with idiopathic hypogonadotropic hypogonadism. Auton Neurosci. (2010) 152:84–7. doi: 10.1016/j.autneu.2009.08.018

62. Tenan MS, Brothers RM, Tweedell AJ, Hackney AC, Griffin L. Changes in resting heart rate variability across the menstrual cycle. Psychophysiology. (2014) 51:996–1004. doi: 10.1111/psyp.12250

63. Leicht AS, Hirning DA, Allen GD. Heart rate variability and endogenous sex hormones during the menstrual cycle in young women. Exp Physiol. (2003) 88:441–6. doi: 10.1113/eph8802535

64. Riley III JL, Robinson ME, Wise EA, Price D. A meta-analytic review of pain perception across the menstrual cycle. Pain. (1999) 81:225–35. doi: 10.1016/S0304-3959(98)00258-9

65. Bartley EJ, Fillingim RB. Sex differences in pain: a brief review of clinical and experimental findings. BJA: Br J Anaesth. (2013) 111:52–8. doi: 10.1093/bja/aet127

66. Wager TD, Atlas LY, Leotti LA, Rilling JK. Predicting individual differences in placebo analgesia: contributions of brain activity during anticipation and pain experience. J Neurosci. (2011) 31:439–52. doi: 10.1523/JNEUROSCI.3420-10.2011

67. Acharya UR, Joseph KP, Kannathal N, Lim CM, Suri JS. Heart rate variability: a review. Med Biol Eng Comput. (2006) 44:1031–51. doi: 10.1007/s11517-006-0119-0



OPS/images/fpain-04-1213848-g003.jpg
@ male

@ male

m
O female

60

80
RMSSD

100

120 140

—

0 r=.095
®oce
2| e @ male
® © female
] 2000 4000 6000 8000

o
0 2000

4000 6000
HFpower

8000





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Baseline heart rate variability predicts placebo hypoalgesia in men, but not women

		1. Introduction



		2. Methods



		2.1. Participants



		2.2. Experimental procedure study I



		2.2.1. Placebo paradigm study I



		2.2.2. Calibration study I



		2.2.3. Manipulation and test phase study I



		2.2.4. Pain stimulation study I











		2.3. Experimental procedure study II



		2.3.1. Placebo paradigm study II



		2.3.2. Calibration study II



		2.3.3. Manipulation phase study II



		2.3.4. Test phase study II



		2.3.5. Pain stimulation study II











		2.4. Electrocardiogram (ECG)



		2.5. Data analysis



		2.5.1. Placebo effect



		2.5.2. Heart rate variability



		2.5.3. Statistical analyses



















		3. Results



		3.1. VAS pain ratings



		3.1.1. VAS ratings study I



		3.1.2. VAS ratings study II











		3.2. Relationship between placebo hypoalgesia and vmHRV











		4. Discussion



		4.1. Placebo hypoalgesia and vmHRV



		4.2. Limitations and future directions











		5. Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		Supplementary material



		References



















OPS/images/cover.jpg
' frontiers ‘ Frontiers in Pain Research

Baseline heart rate variability
predicts placebo hypoalgesia in
men, but not women





OPS/images/fpain-04-1213848-g001.jpg
VAS rating

Intensity

Unpleasantness

m Control

Placebo





OPS/images/fpain-04-1213848-g002.jpg
VAS rating

F*eq

[

Intensity

Unpleasantness

m Control
Placebo






OPS/images/fpain-04-1213848-t004.jpg
Model 1 | Male | 342 [126-558] 108 3158 002
Female | -015 [~142-113] | 064 -231 818
Model 2 | Male | 006 [002-010] 002 2829 006
Female | <001 [-002-002] | 001 352 726
Model 3 Male 401 [.109-.694] 147 2733 008
Female | -029 [-202-144] | 087 -337 737
Model4 | Male | 007 [002-013] 003 2577 012
Female | <001 [-002-003] | 001 31 757

Models 1 and 2 are set up with PE-I (the behavioral placebo effect score from the
intensity ratings) as dependent variable, and Models 3 and 4 with PE-U (placebo
effect score from unpleasantness ratings). Models 1 and 3 are specified with
RMSSD as independent variable and Models 2 and 4 with HF power (see Table 3

—






OPS/images/fpain-04-1213848-t003.jpg
b [95%Cl]

Model 1 (PE-)

138 3891 o012 RMSSD 699 [.249-1.149] 226 3094 003
Sex. 12762 [-.278-25.802] 6543 1951 055
RMSSD"sex 357 [.608- ~.106] 126 -2.837 006

Model 2 (PE-)

118 3246 027 HE power 011 [.003-020] 004 2663 010
Sex 1386 [-6.282-9.055] 3848 0360 720
HF power'sex —.006 [~.010- —.001] 002 2382 020

Model 3 (PE-U)

112 3062 033 RMSSD 831 [:222-1.442] 306 2717 008
Sex 14943 [-2725-32612] 8.865 1686 09
RMSSD"sex 431 [-.770- -.091] a7 2525 014

Model 4 (PE-U)

102 2774 047 HE power 014 [.003-026] 006 018
Sex 1.316 [-9.009-11.640] 5.181 800
HF powersex 007 [-.013- —001] 003 033

PE-1, behavioral lculated from the pain ings in the test phase; PE-U, placebo effect from the unpleasantness ratings; HF, high frequency.

RMSSD, root mean square of successive differences.






OPS/images/fpain-04-1213848-t002.jpg
Male (n=18) Female (n=23)
M SD M SD

VAS intensity ratings*®
Manipulation phase—control | 78.98

Manipulation phase—placebo | 3066

Test phase—control 56.84
Test phase—placebo 5207
VAS ratings™®

Manipulation phase—control 7636
Manipulation phase—placebo 2827
Test phase—control 5325
Test phase—placebo 46.95

Placebo effect size™

RMSSD (ms) 19.82 3226
HF power (ms?) 1,238.61 2,309.69
BMI® (kg/m®) 334 270

PE-1, behavioral placeb from the pail ratings; PE-
U. placebo effect from the unpleasantness ratings; HRV, heart rate variability:
RMSSD, root mean square of successive differences; HF, high frequency; BM|,
body mass index

“These values reflect the average of block 1 and block 2, as we found no
differences in VAS ratings between blocks.

*One male participant only completed the first block of the placebo paradigm, and
average pain ratings were based on the completed trials only.

cBMI data of one female participant were not available.






OPS/images/fpain-04-1213848-t001.jpg
VAS intensity ratings

Male (n=16)

M

SD

Manipulation phase—control

Manipulation phase—placebo
Test phase—control

“Test phase—placebo

VAS ratings

Manipulation phase—control | 6806 1146 69.89 1159

Manipulation phase—placebo | 2876 19.69 2874 1474

Test phase—control | 5872 1639 5230 23.17

Test phase—placebo | 5047 19.98 46.23 2150
Placebo effect size

PE1 | e | e | ese | 1639
PEU [ we | w7 | 157 | »ma

HRV

RMSSD (ms) | w03 1957 3457 2056
HF power (ms2) ‘ 731.27 795.12 718.67 793.03
BMI* (kg/m’) | 2365 4.08 23.09 467

PE-1, behavioral placebo effect score calculated from the pain intensity ratings ir

g

the test pl

£-U, placebo effect from the unpleasantness ratings; HRV, heart

rate variability; RMSSD, root mean square of successive differences; HF, high

frequency; BMI, body mass index.

*BM| data of 1 (female) participant were not available.





OPS/images/crossmark.jpg
(®) Check for updates.





OPS/images/logo.jpg
2 frontiers | Frontiers in Pain Research





