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Abstract: The study presents a novel approach of programing pain inhibition in chronic pain pa-

tients based on the hypothesis that pain perception is modulated by dysfunctional dorsal medial 

nucleus tractus solitarii (dmNTS) reflex arcs that produce diminished baroreflex sensitivity (BRS) 

resulting from a conditioned response. This study tested whether administration of noxious and 

non-noxious electrical stimuli synchronized with the cardiac cycle resets BRS, reestablishing pain 

inhibition.  

30 pain-free normotensives controls (NC) and 32 normotensives fibromyalgia (FM) patients re-

ceived two, ≈8 minute-epochs of cardiac-gated, peripheral electrical stimuli. Non-painful and pain-

ful electrical stimuli were synchronized to the cardiac cycle as the neuromodulation experimental 

protocol (EP) with 2 control conditions (CC1, CC2). BRS, heart-rate-variability (HRV), pain thresh-

old and tolerance, and clinical pain intensity were assessed. 

Reduced BRS in FM at baseline increased by 41% during two, ≈8 minute-epochs of stimulation. 

Thresholds in FM increased significantly during the experimental protocol (all Ps<0.001) as did 

HRV. FM levels of clinical pain significantly decreased by 35.52% during the experimental protocol 

but not during control stimulations (P<0.001).   

Baroreceptor training may reduce FM pain by BRS-mediated effects on intrinsic pain regulatory 

systems and autonomic pain modulation. These processes seem to be linked by classical and operant 

conditioning. 
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1. Introduction 

There is little consensus regarding the mechanisms underlying persistent pain in in-

dividuals diagnosed with fibromyalgia (FM) [1]. Several studies have identified distinct 

subgroups based on biopsychosocial factors. This heterogeneity suggests that different 

functional mechanisms may be involved [2-4]. Two studies by our group [3, 5] reported 

that two major subgroups of FM are characterized by altered blood pressure (BP).  Of the 

samples, 46.7% revealed an elevated BP pattern in response to stressful stimuli delivered 

in a laboratory setting [3]. 

BP elevations influence baroreceptors that in turn provide input to the dorsal medial 

nucleus of the solitary tract (dmNTS) reflex arcs that modulate BP, heart rate (HR), vessel 

dilation, autonomic balance, sleep, and pain perception (Figure 1)[6-8]. The dmNTS pro-

jects via excitatory (glutamatergic) fibers in the ascending reticular activating system 

(ARAS) to the rostral ventrolateral medulla (RLVM), coordinating multi-phasic auto-

nomic responses throughout the body (e.g., ,[9]). The dmNTS modulates brain network 
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regions such as amygdala and anterior cingulate cortex that are critically involved in pain 

perception and sleep (e.g., [10-14]). 

 

Figure 1. NTS reflex arcs. 

In normotensive individuals, increasing BP stimulates carotid sinus aortic barorecep-

tors, which in turn decreases sympathetic tone and increases analgesic parasympathetic 

activity [15] by the inhibition of activity in the ARAS, a non-specific cortical projecting sys-

tem (e.g., [16-18]). In pain-free normotensive individuals there is an inverse relationship 

between BP and pain intensity [6, 16, 19], thus in healthy individuals, as BP increases pain 

decreases. In contrast, in FM and other chronic pain patients, baroreflex sensitivity (BRS) 

is reduced and the responses to stress and pain are blunted [20]. The inverse relationship 

between BP and pain is abrogated where higher BP yields increased pain perception [5, 

21]. Persistent pain is in FM appears to be associated with impaired interaction between 

BP and pain sensitivity [5]. 

What causes this observed altered BP/pain relationship? One explanation is that 

chronic stress is associated with vagal withdrawal [22] producing a sympathetically me-

diated increase in arterial BP in individuals with hypertensive stress reactivity. Due to the 

inverse relationship of BP and stress, individuals experience a reduction in perceived 

stress. BP is negatively reinforced and increases over time as a learned hypertension [23] 

while the BP variability is decreased [8], resulting in diminished BRS and dmNTS activity. 

These effects tend to maintain pain chronicity [24, 25]. The underlying mechanisms likely 

involve operant conditioning of BP under stress exposure in normotensive individuals 

with a predisposition for hypertension [26]. 

Early animal studies show reduced pain after electrical stimulation of NTS (e.g., [27], 

and in human studies after mechanical stimulation of baroreceptors in carotid sinus de-

pendent on cardiac cycle [15] associated with the activation of vagal tone and pain inhib-

itory systems [28, 29]. Thus, it appears that BRS is mediated by the NTS reflex arcs [30, 31] 

and higher BP variability [32]. 

The current study examines the interaction between BP, BRS, Heart rate variability 

(HRV) as indicator of a sympathetic stress response as well as pain perception. We hy-

pothesize that electrical stimuli delivered during specific cardiac cycle phases will reset 

BRS, regulate HRV and reduce pain sensitivity and clinical pain in a subgroup of FM pa-

tients characterized by normotensive resting BP. 

2. Material and Method 

2.1. Participants 

Thirty-two female patients were recruited at the University of North Carolina who 

met the revised American College of Rheumatology criteria for FM [1] were included in 
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this study. Exclusion criteria consisted of hypotension; pain disorders caused by inflam-

mation; neurological complication; concomitant severe disease; pregnancy; selective beta 

blockers intake, use of muscle relaxants or opioids; major psychiatric disorders; and lack 

of English language fluency. Thirty age and sex-matched normotensive individuals 

served as control participants (NCs). FM patients and the female NCs and were compara-

ble in age and other demographics variables. An institutional review board approved the 

study, which adhered to the Declaration of Helsinki. Informed consent was obtained from 

all study participants. 

2.2. Procedure 

2.2.1. Clinical assessment 

A rheumatologist diagnosed FM for all the patients included. The rheumatologist 

performed an examination and reviewed laboratory measurements (i.e., rheumatoid fac-

tor, antinuclear antibodies, erythrocyte sedimentation rate) on all FM patients.  

2.2.2. Stimulation protocol rationale 

A set of physiological observations and potential mechanisms contributed to the de-

sign of the experimental protocol (EP) that tested the primary hypothesis that gating sen-

sory stimuli delivered during specific cardiac cycle phases will reset BRS and reduce clin-

ical pain in subpopulations of FM patients characterized by normotensive resting BP:  

(1) Persistent increases in BP or hypertension are associated with reduced heart rate varia-

bility (HRV), BP variability, BRS, and chronic pain consistent with Dworkin’s theory of 

learned hypertension (15).  

(2) Arterial baroreceptors modulate processing of nociceptive input dynamically during BP 

changes within the cardiac cycle. Electrocortical activity and sensory perception vary 

with cardiovascular events that alter baroreceptor activity in individuals with the pre-

disposition of hypertension. (18,19,49).  

(3) Cardioinhibitory mechanisms regulate rapid changes in BP primarily by decreasing 

sympathetic activity and HR. This integrated process provides cardiac protection in re-

sponse to rapid increases in BP by decreasing sympathetic outflow from the vasomotor 

center of the brainstem, and by increasing parasympathetic outflow from the nucleus 

ambiguus, and dorsal motor nucleus of the vagus nerve.  

Enhancing BRS may not have a pain-inhibitory effect for all pain modalities possible 

due to varying anatomical pathways that contribute to pain perception and autonomic 

integration. There is evidence that tactile pressure and electrical pain stimuli preferentially 

activate BRS in contrast to thermal pain [33].  

In addition to the potential physiological mechanisms described a learning interpre-

tation suggests that  

(1) Phasic elevations in BP may engage endogenous coping mechanisms. Elevations in BP 

are usually a healthy and effective response to stress and pain. However, in chronic pain 

patients, the hypertensive response may persist in cases in which stress remains ele-

vated, operantly conditioning elevated BP. To decondition this BP mediated effect, the 

experimental protocol adjusts electrical stimulation current to evoke both painful and 

non-painful sensations during diastolic and systolic BP within the cardiac cycle. Varying 

stimulus intensities produces variable changes in BP values and BRS increases [15, 34].  

(2) Given that cortical activity is decreased during the systolic phase of the cardiac cycle, 

electrical stimuli should be synchronized with the cardiac cycle [15]. 
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(3) To induce cardio-inhibitory effects and to increase BRS, the electrical stimuli should be 

delivered immediately after the systolic and diastolic BP peaks in randomized order to 

prevent habituation. 

(4) Electrical stimuli are ideal because they can be precisely controlled and delivered during 

specific cardiac phases and can activate the BRS and induce cardio-inhibitory effects. 

(5) Before and after the stimulation, individual pain threshold and tolerance are re-evalu-

ated and adjusted as necessary to (a) maintain meaningful painful and non-painful in-

tensities and (b) to provide feedback to the participant with respect to reduced pain per-

ception that positively reinforces the desensitization of pain perception.  

2.2.3. Stimulation protocols 

Experimental Protocol (EP) – In this protocol, participants experienced brief 250ms 

stimulus trains of either non-painful sensory or painful (75% and 50% of the tolerance 

value) electrical stimuli, ordered randomly, during either the systolic or diastolic phase of 

the cardiac cycle in 2 epochs each lasting ≈8 min.  A total of 66 trains of electrical stimuli 

were delivered, in various stimulus intensities (sensory, 50% and 75% of tolerance value) 

and cardiac cycle phases (diastolic, systolic).  This resulted in 33 trains of stimuli deliv-

ered during each of the systolic and diastolic phases of the cardiac cycle. 

Control Condition 1 (CC1) Protocol - This control protocol comprised of two, ≈8 mi-

nute epochs with only painful electrical 250ms stimulus trains at 50% and 75% of individ-

ual pain tolerance delivered during either the diastolic or systolic phase of the cardiac 

cycle. Because this experimental condition delivered only painful stimuli, it was used to 

examine the effects of associative or classical conditioning of pain inhibition. A total of 44 

trains of electrical stimuli were delivered, in various stimulus intensities (50% and 75% of 

pain tolerance value) and cardiac cycle phase (diastolic, systolic).  This resulted in 22 

trains of stimuli delivered during the systolic and diastolic phases of the cardiac cycle. 

Control Condition 2 (CC2) Protocol – In this control protocol non-painful sensory 

and painful stimulus 250ms stimuli train at 50% and 75% of the tolerance threshold values 

were delivered independent of the cardiac cycle in 2, ≈8 minute-epochs. A total of 66 trains 

of electrical stimuli were delivered like in the EP-protocol. Application of non-painful and 

painful stimuli independent of the cardiac cycle provided a sham condition that deter-

mined if cardiac gating contributed to the observed outcomes. 

2.2.4. Psychophysiological assessment 

FM patients and NCs were instructed not to consume any analgesic, antidepressant, 

or antihypertensive medication for four days prior to their scheduled psychophysiological 

assessment. A 35-minute psychophysiological session to validate the normotensive rest-

ing BP and the hypertensive stress reactivity followed the medical and psychological as-

sessments.  

Each of the three stimulation protocols consisted of two, 8-minute stimulation peri-

ods, with stimulus intensity calibration before, between and after (Figure 2). BP and HRV 

were recorded throughout the session. The EP, CC1 and CC2 protocols were delivered in 

a counterbalanced order.  
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Figure 2. Design of the Experiment with the EP-, CC1- and CC2-Protocols. 

CC1, Control Condition 1- Protocol, CC2, Control Condition 2 - Protocol EP, Experimental Proto-

col, PT, Pain Threshold, ST, Sensory Threshold, TT, Tolerance Threshold 

Each stimulus train was delivered to electrodes connected to the index and ring fin-

ger of the right hand and each train was 250ms in duration. Stimulus intensities corre-

sponding to subjective levels of sensory detection threshold, pain threshold and pain tol-

erance were determined by administering an ascending series of trains beginning at 

0.2mA and increasing in 0.2mA steps up to a maximum of 4.6mA. Participants rated the 

sensations evoked by each stimulus on an 11-point scale (0-10) with verbal anchors of 'no 

pain' to 'most intense imaginable pain'. The largest rating of ‘0’ was used to define the 

sensory threshold. The lowest stimulus intensity rated as either ‘1’ or ‘2’ was used for the 

electrical pain threshold, and ‘10’ rated stimuli rated were used to define the electrical 

pain tolerance. A calibration consisted of the mean result of 2 ascending series and com-

putation of stimulus intensities that were either 50% or 75% of pain tolerance values. 

These specific values were chosen because other studies of operant conditioning in 

chronic pain have shown that pain stimuli that are higher than 50% can trigger positive 

reinforcement operant conditioning of pain inhibition (20). Additionally, since electro-cor-

tical activity and sensory perception vary with cardiovascular events that alter barorecep-

tor activity (18,49,50), the randomized delivery of pain-free, 50% with 75% stimuli after 

systolic or diastolic peaks is comparable to an interval training of baroreceptors (Figure 

2). This protocol was designed to provoke intermittent reinforcement of operant condi-

tioning. 

2.2.5. Psychophysiological recordings 

Participants were seated and positioned in a straight back chair and were instructed 

to move as little as possible. All instructions were presented on a video screen. The presen-

tation of the instructions, data acquisition, and data storage were computer controlled. 

The following physiological measurements were recorded continuously: BP and HR in 

beats per minute [35] were monitored using a Finapres BP monitor attached to the middle 

finger of the left hand. (Finapres Medical Sytems, Enschede, the Netherlands). A LabLinc 

V modular instrument (Coulbourn Instruments, USA) was used to record 
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electrocardiogram (ECG). A computer program averaged the sample time synchronized 

to the R-wave of the electrocardiogram. BRS was calculated as the average of the instan-

taneous ratio of BP and HR [36] during increasing BP sequences.  

HRV was evaluated by both ECG and beat-to-beat changes in BP ([37]; see the rec-

ommendations provided by the task Force of the European Society of Cardiology and the 

North American Society of Pacing and Electrophysiology).  

Time Domain Measures: HR was measured as inter-beat-intervals and a reciprocal 

value was calculated to derive HR values as beats-per-min (bpm). SDNN (standard devi-

ation of normal-to-normal [N-N] intervals) is the standard deviation of cardiac cycle inter-

beat intervals, measured in milliseconds (ms), and it reflects all cyclic components of the 

variability in the recorded series of inter-beat-intervals. RMSSD (root mean square of the 

differences between successive N-N intervals) is measured in ms and estimates high-fre-

quency variations in heart rate in short-term recordings that estimate of parasympathetic 

regulation of the heart. 

Frequency Domain Measures: Total Power (TP) is used as a short-term estimate of the 

total power of power spectral density in the range of frequencies between 0 and .4Hz. This 

measure reflects overall (cardio-sympathetic and cardio-parasympathetic) autonomic ac-

tivity. Very-Low-frequency (VLF) is the power spectrum frequency band ranging between 

.0033 and .04Hz. This measure is not so well defined in terms of physiological mecha-

nisms; however, activity in this band has been associated with regulation of the renin-

angiotensin system and is used as an indicator of activity of slow temporal processes reg-

ulated by the sympathetic nervous system. Low-Frequency (LF) is a band of the power 

spectrum that ranges from .04 to .15Hz and reflects both sympathetic and parasympa-

thetic activity. It is an indicator of sympathetic activity in long-term recordings. Parasym-

pathetic influence is reflected in the LF band when respiration rate is less than 7 breaths 

per minute. Thus, when a participant is in a state of relaxation with a slow and even 

breathing, LF values indicate parasympathetic activity rather than increased sympathetic 

regulation. LF band activity has also been related to BRS, with higher values associated 

with greater BRS [38-41]. Greater BRS means a greater reflex changes in HR for a given 

change in mean arterial pressure (MAP) and is associated with enhanced baroreflex car-

dio-parasympathetic responses. High-Frequency (HF) is a band of the power spectrum 

that ranges between .15 and .4Hz and reflects parasympathetic activity. HF is known as 

the respiratory band because it corresponds to the inter-beat-interval variations as influ-

enced by respiratory sinus rhythm. Slower and even breathing causes an increase in car-

dio-parasympathetic activity and the amplitude of the HF peak in the power spectrum. 

Frequency domain measures are calculated in milliseconds squared (ms2). 

Systole Stimulus Synchronizer. In order to enable delivery of 250ms electrical pulse 

trains that were phase locked to either the diastolic or systolic phase of the cardiac cycle, 

the University of North Carolina fabricated a device that assessed the R-wave from a 3-

lead ECG signal on a beat-by-beat basis. This device, a Synchronizer, was used to trigger 

a constant current electrical stimulator (A13-75 Bioelectric Stimulus Isolator from 

Coulbourn Instruments, Whitehall, PA, USA) that delivered electrical pulses during spec-

ified points in the cardiac cycle.  Consecutive inter-beat-intervals were used to dynami-

cally calculate an average inter-beat-interval from 3 consecutive intervals. This average 

value was then used to deliver the electrical stimulus during the next beat in the cardiac 

cycle. The 250ms pulse trains delivered during the systolic phase were delivered at the 

20% value of the average inter-beat-interval, whereas diastolic pulse trains were delivered 

at the 80% value of the dynamically determined average inter-beat-interval (Patent: 

US9604054B2).   

2.3. Data analysis 

Biometric data analyses was performed in four sequential steps.  

The first step examined baseline differences in sensory, pain threshold, and pain tol-

erance in the FM and NC groups after outlier elimination (defined >2 standard deviations 
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from the mean). Repeated measures analyses of covariance (ANCOVAs) evaluated the 

effect, controlling for baseline differences in the 3 threshold phases, as a within factor and 

the 2 groups as between factors in the EP, CC1, CC2 protocols and were followed by post 

hoc t tests. This post hoc analysis was used to calculate both group differences in each pro-

tocol and group differences in percent change of sensory, pain threshold, and tolerance in 

each protocol. To assess the efficacy of each protocol for increasing thresholds, the 3 

thresholds after the 2nd epoch were compared for each group with paired-sample t-tests.  

The second step assessed changes in clinical pain before and after each protocol using 

a visual analogue scale (VAS 0-100), where 0 means ‘no pain’ and 100 ‘the worst imagina-

ble pain’.  

The 3rd step assessed BL differences in BRS using t-tests for within and between group 

comparisons.  

The 4th step evaluated HRV variables: (total power (TP), high frequency (HF), low 

frequency (LF), very low frequency (VLF), standard deviation of normal-to-normal R-R 

(heartbeat) intervals (SDNN), root mean square differences of successive R-R intervals 

(RMSDD) in FM and NC and tested changes in each protocol using non-parametric tests 

for between (U-test) and within the group comparisons (Friedman-Test). Furthermore, the 

changes between baseline and each epoch were compared between the 3 different proto-

cols.  

3. Results 

This section is divided by subheadings. It should provide a concise and precise de-

scription of the experimental results, their interpretation, as well as the experimental con-

clusions that can be drawn. 

3.1. Subsection 

1. Changes in Thresholds; 
2. Changes in Clinical Pain; 
3. Changes in BRS; 

4. Changes in Heart Rate Variability. 

3.1.1. Changes in Thresholds 

Baseline tolerance threshold (TT), pain threshold (PT), and sensory threshold (ST). 

Divergent from comparable ST in FM patients and the NC group, PT (F1,69 = 20.36, p < 

0.001) and TT (F1,69 = 28.75, p < 0.001) differed significantly. FM patients showed a 25.85% 

lower TT value and a12.89% lower PT value than NC’s.  

Threshold changes in the 3 different protocols. In the EP protocol, the ANCOVA re-

vealed a significant threshold x epoch x group x interaction for ST, PT and TT (F4,107.88 = 

3.056, p = 0.018) with significant differences between FM and NC groups (p = 0.008)Com-

pared to baseline, the NC group showed increases in PT and TT to 9.4% and 11.6% (both 

p values <0.01) after 2, ≈8-minute stimulations whereas in the FM group PT and TT in-

creased to 15.1% and 25.1% respectively (both p values <0.001, Figure 3). After 2, ≈8-mi-

nute stimulations using the EP protocol, pain threshold and tolerance values in FM were 

significantly higher than those assessed after the CC1 and CC2 protocols (all p values < 

0.05). 
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Figure 3. Changes in pain thresholds and tolerance (in %) in response to 2, ≈8 minute EP, CC1, 

and CC2 protocols * P < 0.05, ** P < 0.01 

CC1 - Control Condition 1, CC2 - Control Condition 2, EP, Experimental Protocol, FM, Fibromyal-

gia patients, NC, normotensive controls 

 

For the CC1 protocol, a statistically significant threshold x epoch x interaction (F2,145.85 

= 7.65, p = 0.001) was found that differed between the groups (p = 0.045). Interestingly, in 

contrast to the EP protocol, NC increased their PT (9.38%) and TT (14.95%, p = 0.006) more 

than in the FM group that showed a PT increase of 6.88% and TT increase of 9.95% (p = 

0.042, Figure 3). 

The CC2 protocol displayed a statistically significant threshold x epoch x interaction 

(F2,165.83 = 8.67, p = 0.001) in which the groups differed as a trend (p = 0.065) and NC showed 

a greater increase in PT and TT than the FM group (Figure 3).  

Efficacy of protocols for increasing thresholds. PT and TT in FM patients assessed 

after the EP protocol were significantly higher than PT and TT after the CC1 protocol (PT: 

t(31) = 2.675, p = 0.021, TT: t(31) = 2.476, p = 0.028) and CC2 protocol (PT: t(31) = 3.175, p = 

0.041, TT:  t(31) = 3.174, p = 0.006). For NC, the effects of the EP protocol on PT and TT 

were not significantly different from the effects of either the CC1 or the CC2 protocol. 

3.1.2. Changes in clinical pain 

The mean VAS rating of clinical pain in FM patients prior to stimulation was 40 (VAS 

0–100). The ANCOVA revealed a significant protocol x time interaction (F2,53 = 11.92, p 

<0.001): In the FM patients, the EP protocol resulted in a statistically significant reduction 

in clinical pain by 35.52% (t (31) = 3.825, p = 0.001) after two, ≈8-minute stimulations, the 

CC1 protocol did not show any statistically significant differences, and the CC2 protocol 

showed a statistically significant increase reported clinical pain by 15.13% (t (31) = -2.105, 

p = 0.042) (Figure 4).  
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Figure 4. Changes in clinical pain intensity in response to 2, ≈8 minute EP, CC1 and CC2 protocols 

assessed by visual analogue scale (0 – 100).  

* P < 0.05, *** P < 0.001 comparing pre vs post responses.  

Protocols: CC1 - Control Condition 1, CC2 - Control Condition 2, EP, Experimental Protocol 

 

3.1.3. Changes in BRS 

Due to a lack of synchrony between BP and HR which is essential for the BRS calcu-

lation, values could only be calculated for only 51.53% of FM and 53.89% of NC partici-

pants. The reduced sample was sufficient to (1) independent sample t-tests of the differ-

ences between FM and NC in BRS, and (2) for paired-sample t-tests to determine which 

protocol showed the most statistically significant change in BRS. 

FM patients showed statistically significantly lower BRS than NC in baseline, in the 

1st epoch of the EP protocol (p = 0.008) and in baseline and in both epochs of the control 

protocols (CC1 protocol: p = 0.023, p = 0.022 and CC2 protocol: p = 0.009, p = 0.007). Im-

portantly, there were no significant differences between FM and NC in the 2nd epoch of 

the EP protocol. 

In FM, the EP protocol resulted in statistically significantly increased BRS between 

baseline and the 2nd epoch (t(15) = 3.17, p = 0.012) as well as between the 1st and the 2nd 

epochs (t(15) = 3.163, p = 0.019), while the CC1 and CC2 protocols had no effect. For NC, 

statistically significant changes in BRS were found between the 1st and 2nd epochs of CC2 

protocol (t(17) = 4.53, p = 0.008) but not during the EP or CC1 protocols (Figure 5).  
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Figure 5. Mean BRS values in EP, CC1, and CC2 protocols, ** P < 0.01 comparing Baseline to 

Epoch 1st and to Epoch 2nd in FM and NC 

Base - Baseline, BRS - Baroreflex Sensitivity, CC1 - Control Condition 1, CC2 - Control Condition 2, 

EP - Experimental Protocol, FM . Fibromyalgia Patients, NC - normotensive Controls,  

 

3.1.4. Baseline and changes in HRV 

Baseline (pre-stimulation) HRV variables (TP, HF, LF, VLF, SSDN, RMSSD) were sta-

tistically significantly lower in FM patients when compared to NCs (all p values <0.003, 

table 1 and Figure 6).  

Between-group differences during stimulation showed significantly lower HRV in 

FM in 5 of 36 HRV variables compared to NCs: TP during the 1st epoch of the CC1 protocol 

(p = 0.021), VLF of the 1st and 2nd epoch of the EP protocol (both p<0.05), LF during the 1st 

epoch of CC2 protocol (p = 0.037), and RMSSD during the 2nd epoch of the CC2 protocol. 

During the EP protocol, FM patients were comparable to NCs in their HRV (TP, HF, LF, 

SDNN and RMSSD) whereby the parasympathetic response (HF) during SP was signifi-

cantly higher in FM than in NCs (Figure 6). 
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Figure 6. Vagal activity in baseline, epoch 1 and epoch 2 of EP protocol measured by HF in FM 

and NC.  

** P < 0.01 comparing baseline to epoch 1 and to epoch 2 

FM, Fibromyalgia patients, HF, High Frequency, NC, normotensive Controls 

Within-group differences showed that all HRV variables increased significantly in 

FM patients across epochs (all p values < 0.015) except for VLF during the CC2 protocol. 

In contrast, only the TP and SDNN during the CC2 protocol (p = 0.018 and p = 0.016) 

increased statistically significantly in NCs (Table 1).  
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Table 1. Suppl. Natural log Mean and SD’s values of different HRV variables in FM patients and 

NC, differences between and within the groups during 5-minutes baseline, ≈8 minute epoch 1 and 

2. 

 
Groups 

FM                     NC 

Sign 

Groups 

Sign 

FM 

Sign 

NC 

Variable Mean (SD)        Mean (SD) U p Chi2 p Chi2 p 

TP 

Baseline 

 

5.31  (1.10) 

 

6.62  (0.95) 

 

171.00 

 

<0.001 

 

 

 

24.78 

 

 

 

<0.001 

 

 

 

2.79 

 

 

 

ns 

EP_1 6.48  (0.89) 6.86  (0.76) 240.00 ns 

EP_2 6.58  (0.86) 6.72  (0.81) 190.00 ns 

CC1_1 6.43  (0.77) 6.82  (0.72) 153.00 0.021  

9.38 

 

0.009 

 

0.22 

 

ns CC1_2 6.62  (0.96) 6.63  (0.67) 203.00 ns 

CC2_1 6.40  (0.74) 6.79  (0.72) 160.00 ns  

13.85 

 

0.001 

 

8.07 

 

0.018 CC2_2 6.62  (0.79) 6.82  (0.83) 183.00 ns 

HF 

Baseline 

 

2.08  (0.79) 

 

3.06  (0.93) 

 

188.00 

 

0.001     

EP_1 3.08  (1.38) 3.11  (0.78) 298.00 ns 

EP_2 2.98  (1.62) 2.94  (0.75) 247.00 ns 9.44 0.014 2.64 ns 

CC1_1 2.63  (0.56) 3.33  (1.06) 177.00 ns  

11.69 

 

0.003 

 

0.67 

 

ns CC1_2 2.65  (0.62) 3.08  (0.89) 152.00 ns 

CC2_1 2.62  (0.59) 3.15  (0.89) 172.00 ns  

13.86 

 

0.001 

 

0.67 

 

ns CC2_2 2.87  (0.83) 3.21  (1.03) 161.00 ns 

LF 

Baseline 

 

3.91  (1.13) 

 

5.03  (1.18) 

 

218.00 

 

0.003 

 

 

 

14.11 

 

 

 

0.001 

 

 

 

0.07 

 

 

 

ns 

EP_1 4.96  (0.84) 4.98  (0.87) 296.00 ns 

EP_2 5.18  (1.05) 5.01  (0.85) 239.00 ns 

CC1_1 4.64  (0.85) 5.02  (0.83) 161.00 ns  

8.77 

 

0.012 

 

0.52 

 

ns CC1_2 4.92  (1.02) 4.97  (0.84) 184.00 ns 

CC2_1 4.66  (1.01) 5.10  (0.99) 153.00 0.037  

16.00 

 

<0.001 

 

2.00 

 

ns CC2_2 4.82  (0.92) 5.09  (1.02) 186.00 ns 

VLF 

Baseline 

 

4.93  (0.83) 

 

6.07  (0.86) 

 

184.00 

 

<0.001 

 

 

 

8.44 

 

 

 

0.015 

 

 

 

2.214 

 

 

 

ns 

EP_1 5.64  (0.92) 6.25  (0.77) 189.00 0.020 

EP_2 5.81  (0.91) 6.16  (0.83) 158.00 0.034 

CC1_1 6.03  (0.80) 6.15  (0.74) 209.00 ns     

CC1_2 5.97  (0.88) 6.05  (0.71) 187.00 ns 9.39 0.009 0.89 ns 

CC2_1 5.90  (0.79) 6.21  (0.76) 162.00 ns  

6.14 

 

ns 

 

4.52 

 

ns CC2_2 6.02  (0.86) 6.24  (0.84) 181.00 ns 

SDNN 

Baseline 

 

2.73  (0.42) 

 

3.31  (0.47) 

 

164.00 

 

<0.001 

 

 

 

21.38 

 

 

 

<0.001 

 

 

 

2.00 

 

 

 

ns 

EP_1 3.26  (0.44) 3.42  (0.37) 274.00 ns 

EP_2 3.29  (0.41) 3.35  (0.39) 227.00 ns 

CC1_1 3.22  (0.38) 3.41  (0.35) 175.00 ns  

9.38 

 

0.009 

 

0.96 

 

ns CC1_2 3.30  (0.47) 3.31  (0.34) 225.00 ns 

CC2_1 3.22  (0.37) 3.39  (0.36) 157.00 ns  

13.29 

 

0.001 

 

8.29 

 

0.016 CC2_2 3.30  (0.39) 3.41  (0.42) 185.00 ns 

rmSSD 

Baseline 

 

1.68  (0.35) 

 

2.19  (0.44) 

 

208.00 

 

0.002 

 

 

 

16.63 

 

 

 

<0.001 

 

 

 

1.14 

 

 

 

ns 

EP_1 2.31  (0.77) 2.20  (0.37) 284.00 ns 

EP_2 2.39  (0.81) 2.17  (0.33) 236.00 ns 

CC1_1 2.66  (1.71) 2.34  (0.52) 184.00 ns  

22.80 

 

<0.001 

 

0.29 

 

ns CC1_2 2.66  (1.68) 2.24  (0.45) 201.00 ns 

CC2_1 2.65  (1.75) 2.24  (0.40) 207.00 ns  

16.13 

 

<0.001 

 

1.185 

 

ns CC2_2 1.99  (0.34) 2.29  (0.54) 152.00 0.035 

CC1_1, Control Condition 1- Protocol Epoch 1, CC1_2, Control Condition 1- Protocol Epoch 2, 

CC2_1, Control Condition 2 - Protocol Epoch 1, CC2_2, Control Condition 2 - Protocol Epoch 2, 
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EP_1, Experimental Protocol Epoch 1, EP_2, Experimental Protocol Epoch 21 

 

Tests of differences between protocols revealed that in `FM participants, the change 

in HF from baseline in the EP protocol was significantly greater than in the control proto-

cols CC1 and CC2, (both p values < 0.01). In contrast, LF and VLF changes from baseline 

were significantly lower (all p’s <0.03) in the EP protocol in comparison to the control 

protocols. 

4. Discussion 

The concept of resetting the baroreceptor mechanism that mediates chronic pain is 

based on both basic (e.g., [6, 17, 34]) and clinical evidence (e.g. [15, 16, 23, 42]).  Dworkin 

et al. (1991) formulated a theory of learned hypertension in which increased BP and re-

sultant baroreceptor activation reduced stress and pain. This reduction served as a rein-

forcer that maintains high BP, providing a physiological coping mechanism [6, 23, 43]. 

However, continued exposure to stress dampens fluctuations (variability) in BP, resulting 

in an adaptation that diminishes the conditioned response and BRS [42, 44, 45].  

Animal studies demonstrate analgesia after stimulating the NTS [27, 46], the nucleus 

raphe magnus (NRM, [47, 48]), or the central nucleus of amygdala [49, 50]. Human studies 

that experimentally stimulated baroreceptors during the systolic peak of the cardiac cycle 

demonstrated analgesia in healthy individuals predisposed to hypertension [26, 51, 52]. 

The present studies evaluated the possibility of resetting baroreceptor sensitivity in FM.  

Experimental electrical manipulation of baroreceptors is effective. In FM, BRS was signifi-

cantly increased by 41%, clinical pain was reduced by 35% and measures of experimental 

pain sensitivity were also reduced after two ≈8 minute stimulation sessions that used both 

pain and pain-free electrical stimuli synchronized to the systolic or diastolic phase of the 

cardiac cycle. 

Baseline comparison between groups. Before stimulation, both pain threshold and pain 

tolerance were significantly lower in FM patients compared to controls, indicating in-

creased pain sensitivity in FM These results are consistent with those in previous studies 

using electrical (e.g., 3), mechanical (e.g., [37]), or thermal (e.g., [53]) pain stimuli [54-56]. 

Neuroimaging studies suggest that decreased pain thresholds and tolerances is related to 

cortical and/or subcortical augmentation of pain processing [11] and could be related to 

cerebral midbrain spinal mechanisms of pain inhibition [54]. 

The effect of the experimental (EP) and the control (CC1) protocols between groups. After 

stimulation with pain and pain-free stimuli during systolic or diastolic cardiac cycle 

phases (EP protocol), pain threshold and tolerance in FM patients increased by 15.1% and 

25.2%, respectively, whereas the 30 pain-free individuals showed significantly smaller in-

creases. In contrast, pain sensitivity was not decreased in the control condition in which 

FM patients received only painful cardiac gated stimuli (CC1 protocol). The necessary 

inclusion of non-painful stimuli for effective analgesia suggests that this combination pro-

vokes associative learning by classical conditioning, similar to the need to use both nox-

ious and relaxation stimuli in behavior therapy of anxiety disorders [38]. Such classical 

conditioning of physiological responses has been shown to influence pain chronicity [57]. 

Recently published treatment studies showed changes in the prefrontal cortex related to 

operant [58] and classical conditioning [50, 59]. Differences in brain response between 

electrical stimuli with and without classical conditioning after systolic peak are important 

targets for future studies. 

Effect of second control protocol (CC2). During the 2nd control condition, painful and 

non-painful stimuli were applied independently of cardiac cycle. In contrast to the EP 

protocol, PT and TT were not increased in FM, validating the hypersensitivity of the cen-

tral nociceptive system and deficient pain inhibiting mechanisms involved in the etiolog-

ical of FM (e.g. [60, 61]). Only the EP protocol increased BRS in FM patients. The BRS 

increase provides important information about the influence of BP and BRS on pain chro-

nicity in FM patients. The BRS modification between groups or over longer periods of 
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time, indicates a dynamic effect in which arterial baroreceptors modulate the processing 

of nociception during the cardiac cycle. Several studies have reported altered electro-cor-

tical activity after specific cardiovascular events that alter baroreceptor activity [23, 51]. 

McIntyre [62] found that systolic inhibition of nociceptive responding is moderated by 

increased central arousal. Painful stimuli given during the systolic phase of the cardiac 

cycle increase BRS and activate brain regions associated with descending pain inhibition 

such as the periaqueductal gray [63], the nucleus raphe magnus [36], the NTS [36], and 

the rostral ventromedial medulla [19, 64] that may contribute to the observed pain inhibi-

tion. 

Furthermore, the unaltered pain thresholds, pain tolerance and BRS after stimulation 

that is independent of the cardiac cycle validate the effects observed during the synchro-

nized stimulation in the EP protocol and argue against a placebo effect. The CC2 protocol 

can be considered a sham control condition in this study and represents effects that may 

occur in real-life-conditions. 

Heart rate variability (HRV). Consistent with the diminished BRS results, HRV 

measures of sympathetic and parasympathetic nervous system activity were statistically 

significantly lower in FM patients than in NCs. The functional consequences of dimin-

ished BRS therefore seem to include impaired inhibition of sympathetic nervous system 

arousal responses and the impaired activation of parasympathetic nervous system inhib-

itory responses evoked by stressful stimuli [17]. The highest parasympathetic activation 

(HF) and the lowest sympathetic activation (LF) of the nervous system was found after 

the EP protocol. These results suggest an effect on vagal activity mediated by the increased 

BRS that shifts sympathicovagal balance towards parasympathetic tone.  

BRS adaptation. Since decreased BRS is associated with increased pain and with in-

creased anxiety levels [41] and with both acute [65] and chronic stress [23], the question 

remains, why does diminished BRS develop in chronic pain patients? Central noradren-

ergic mechanisms may account for the reduced BRS seen chronic pain patients [66]. Pos-

sible interactions with neurokinin (e.g., substance P) and alpha-2 adrenergic pathways 

within the NTS influence baroreceptor mediated cardiovascular regulation. Chronic pain-

related adaptations in these signaling pathways may contribute to baroreceptor mediated 

changes in the BP and pain sensitivity interaction in chronic pain. These specific effects 

may be driven by learning processes, by so called “adaptation” that “refers to the phe-

nomenon whereby baroreceptors activity initially increases with a sustained increase in 

BP but decline (or adapt) over time as the elevated pressure is maintained” ([44], p 214). 

To summarize, healthy individuals with hypertensive stress reactivity respond to 

stress with increased BP that reduces levels of stress and pain, reinforcing the increased 

BP resulting in hypertension. Pain patients with hypertensive stress response also show 

also a stress mediated increased BP. However, low BP variability and other factors lead to 

reduced BRS, NTS vagal activity and pain inhibition. The experience of variable pain and 

pain-free sensations during both systolic and diastolic phases “resets” BRS.  The pro-

nounced clinical effect of reduced pain in a syndrome that defies successful treatment 

suggests a new and promising method of pain treatment. 

The control protocol CC2 was associated with increased sympathetic and decreased 

vagal activity that likely influence many physiological systems related to n. vagus and 

related diseases and disorders. The effect of diminished BRS and diminished vagal acti-

vation due to acute and chronic stress reveals a physiological explanation for the influence 

of stress on many diseases including chronic pain. In contrast, the EP protocol increased 

BRS, pain thresholds and pain tolerance resulting in decreased clinical pain. Synchroniz-

ing stimulation to the cardiac cycle dramatically altered the effect. The EP protocol is a 

promising therapeutic intervention for multiple diseases influenced by stress, maladap-

tive cognitions and pain or disease behaviors. 

Limitations: Because of the effects of hypotension on BRS [67, 68], the sample in this 

exploratory study consisted of 100% normotensive pain-free controls and 78.6% normo-

tensive and 21.4% hypertensive FM patients. Although EP-protocol FM reduced their clin-

ical pain by a third after two ≈8 minute stimulations, future studies are necessary to test 
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this effect in hypertensive FM. In addition, the study was cross-sectional. Future research 

needs to investigate the stability of the effects observed over time. Finally, the sample 

consisted of female individuals with FM, only a subset of which were hypertensive. Re-

search is needed to replicate the results obtained with larger samples and with other 

chronic pain conditions to determine if the results observed were limited to female FM 

patients or more generalizable to males and other chronic pain conditions. 

The EP-protocol appears to reset BRS by a mechanism that activates the NTS and, as 

suggested by increased HRV, vagal response. Further studies are necessary (1) to investi-

gate the interactions between NTS and the affective and cognitive components of the pain 

network, and (2) to combine the baroreceptor stimulation (EP-protocol) with psychologi-

cal pain therapy that increases the activity of insula and amygdala [58, 59, 69] associated 

with clinically significant prolonged pain reduction. In addition, research is needed to 

understand differences between sample of FM patients who do and do not develop hy-

pertension. Finally, it is also important to examine the potential physiological effects 

achieved with pharmacological interventions to identify the effects of these treatments on 

BRS-related mechanisms. 

5. Conclusions 

The results implicate BRS/pain sensitivity mechanisms in FM pain chronicity. The 

positive effects are likely associated with restoring BRS, sympatico-vagal balance, and 

neuromodulation as altered processing in the pain-related network. Painful and non-pain-

ful stimuli during the systolic and diastolic phases of the cardiac cycle decreases clinical 

pain and pain sensitivity. A preliminary study has demonstrated that the experimental 

protocol used as a baroreflex training in combination with operant behavioral therapy can 

activate inhibition in various components of the pain network [70]. Restoring BRS, known 

to be depreciated in FM, and sympatico-vagal balance seem to be linked by classical and 

operant conditioning. 

6. Patents 

US9604054B2        https://patents.google.com/patent/US9604054B2/en 

Supplementary Materials: Table 1. 

Author Contributions: For research articles with several authors, a short paragraph specifying their 

individual contributions must be provided. The following statements should be used “Conceptual-

ization, K.T.; and R.H.G.; methodology, K.T.; software, K.T.; validation, K.T., M.G.M. and D.C.T.; 

formal analysis, K.T. and K.J.; investigation, D.C.T.; resources, K.T and R.H.G.; data curation, K.T. 

and M.G.M.; writing—original draft preparation, K.T.; writing—review and editing, K.J, M.G.M., 

R.H.G., and D.C.T..X.; visualization, K.T and M.G.M.; supervision, R.H.G and D.C.T; project admin-

istration, K.T.; funding acquisition, K.T. and R.H.G. All authors have read and agreed to the pub-

lished version of the manuscript.”  

Funding: Please add: This research was funded by German Research Foundation / Deutsche For-

schungsgemeinschaft to KT grant number Th 899-1/1 and 899-7/1 and a grant from the National 

Institutes of Health/National Institute of Arthritis and Musculoskeletal and Skin Diseases 

P01NS045685 to R.H.G. 

Institutional Review Board Statement: “The study was conducted in accordance with the Declara-

tion of Helsinki and approved by the Institutional Review Board of the University of North Carolina 

(protocol code 09-0986 and date of approval: June 18th 2010) for studies involving humans. 

Informed Consent Statement: Informed consent was obtained from all subjects involved in the 

study. Written informed consent has been obtained from the patient(s) to publish this paper. 

 

Acknowledgments: We want to express our gratitude to the rheumatologists from the Department 

for Rheumatology at UNC who treated the patients investigated in our study as well as to William 

Maixner t, Herta Flor and Niels Birbaumer for their inspiring thoughts and great support.  

Conflicts of Interest: The authors declare no conflict of interest. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 September 2022                   doi:10.20944/preprints202209.0010.v1

https://doi.org/10.20944/preprints202209.0010.v1


 

 

References 

[1] F. Wolfe, D.J. Clauw, M.A. Fitzcharles, D.L. Goldenberg, W. Hauser, R.L. Katz, P.J. Mease, A.S. Russell, I.J. Russell, B. Walitt, 2016 

Revisions to the 2010/2011 fibromyalgia diagnostic criteria, Seminars in arthritis and rheumatism, 46 (2016) 319-329. 

[2] T. Giesecke, R.H. Gracely, M.A. Grant, A. Nachemson, F. Petzke, D.A. Williams, D.J. Clauw, Evidence of augmented central pain 

processing in idiopathic chronic low back painumich.edu [PDF], Arthritis Rheum. , 50 (2004) 613-623. 

[3] K. Thieme, D.C. Turk, Heterogeneity of psychophysiological stress responses in fibromyalgia syndrome patients, Arthritis Res 

Ther, 8 (2006) R9. 

[4] D.C. Turk, A. Okifuji, J.D. Sinclair, T.W. Starz, Pain, disability, and physical functioning in subgroups of patients with fibromyalgia, 

J Rheumatol, 23 (1996) 1255-1262. 

[5] K. Thieme, D.C. Turk, R.H. Gracely, W. Maixner, H. Flor, The relationship among psychological and psychophysiological 

characteristics of fibromyalgia patients, J Pain, 16 (2015) 186-196. 

[6] B.R. Dworkin, T. Elbert, H. Rau, N. Birbaumer, P. Pauli, C. Droste, C.H. Brunia, Central effects of baroreceptor activation in 

humans: attenuation of skeletal reflexes and pain perception, Proc Natl Acad Sci U S A, 91 (1994) 6329-6333. 

[7] W. Maixner, A. Sigurdsson, R.B. Fillingim, T. Lundeen, D.K. Booker, Regulation of acute and chronic orofacial pain., in: D.R. 

Fricton JR (Ed.) Orofacial pain and temporomandibular disorders., Raven Press, New York, 1995a. 

[8] X. Tang, B.R. Dworkin, Baroreflexes of the rat. VI. Sleep and responses to aortic nerve stimulation in the dmNTS. , Am J Physiol 

Regul Integr Comp Physiol, 298 (2010) R1428-R1434. 

[9] T. Koganezawa, Y. Shimomura, N. Terui, The role of the RVLM neurons in the viscero-sympathetic reflex: a mini review., Auton 

Neurosci 142 (2008) 17-29. 

[10] K. Bornhovd, M. Quante, V. Glauche, B. Bromm, C. Weiller, C. Buchel, Painful stimuli evoke different stimulus-response 

functions in the amygdala, prefrontal, insula and somatosensory cortex: a single-trial fMRI study., Brain, 125 (2002) 1326–1336. 

[11] R.H. Gracely, F. Petzke, J.M. Wolf, D.J. Clauw, Functional magnetic resonance imaging evidence of augmented pain processing 

in fibromyalgia, Arthritis & Rheumatism, 46 (2002) 1333-1343. 

[12] H. Imbe, R. Dubner, K. Ren, Masseteric inflammation-induced Fos protein expression in the trigeminal interpolaris/caudalis 

transition zone: contribution of somatosensory-vagal-adrenal integration., Brain Research, 845 (1999) 164-175. 

[13] P. Maquet, J. Péters, J. Aerts, G. Delfiore, C. Degueldre, A. Luxen, G. Franck, Functional neuroanatomy of human rapid-eye-

movement sleep and dreaming., Nature, 12 (1996) 163-166. 

[14] G. Ioachim, H.J.M. Warren, J.M. Powers, R. Staud, C.F. Pukall, P.W. Stroman, Altered Pain in the Brainstem and Spinal Cord of 

Fibromyalgia Patients During the Anticipation and Experience of Experimental Pain, Front Neurol, 13 (2022) 862976. 

[15] H. Rau, P. Pauli, S. Brody, T. Elbert, N. Birbaumer, Baroreceptor stimulation alters cortical activity. , Psychophysiology, 30 (1993) 

322-325. 

[16] S. Bruehl, O.Y. Chung, Interactions between the cardiovascular and pain regulatory systems: an updated review of mechanisms 

and possible alterations in chronic pain., Neuroscience and Biobehavioral Reviews 28 (2004) 395-414. 

[17] H. Rau, T. Elbert, Psychophysiology of arterial baroreceptors and the etiology of hypertension. , Biological Psychiatry, 57 (2001) 

179-201. 

[18] H. Rau, S. Brody, W. Larbig, P. Pauli, M. Vohringer, B. Harsh, P. Kroling, N. Birbaumer, Effects of PRES baroreceptor stimulation 

on thermal and mechanical pain thresholds in borderline hypertensives and normotensives., Psychophysiology 31 (1994) 480-485. 

[19] A. Pertovaara, A neuronal correlate of secondary hyperalgesia in the rat spinal dorsal horn is submodality selective and 

facilitated by supraspinal influence., Exp Neurol 149 (1998) 193-202. 

[20] J. Sandkuhler, Learning and memory in pain pathways, Pain, 88 (2000) 113-118. 

[21] C.D. Myers, M.E. Robinson, J.L.r. Riley, D. Sheffield, Sex, gender, and blood pressure: contributions to experimental pain report. , 

Psychosom Med, 63 (2001) 545-500. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 September 2022                   doi:10.20944/preprints202209.0010.v1

https://doi.org/10.20944/preprints202209.0010.v1


 

 

[22] L. Carnevali, A. Sgoifo, Vagal modulation of resting heart rate in rats: the role of stress, psychosocial factors, and physical 

exercise. , Front Physiol, 5 (2014) 1-12. 

[23] T. Elbert, W.J. Ray, Z.J. Kowalik, J.E. Skinner, K.E. Graf, N. Birbaumer, Chaos and physiology: deterministic chaos in excitable 

cell assemblies., Physiological Review, 74 (1994a) 1-47. 

[24] S. Bruehl, O.Y. Chung, Interactions between the cardiovascular and pain regulatory systems: an updated review of mechanisms 

and possible alterations in chronic pain, Neurosci Biobehav Rev, 28 (2004) 395-414. 

[25] W. Maixner, R. Fillingim, S. Kincaid, A. Sigurdsson, M.B. Harris, Relationship between pain sensitivity and resting arterial blood 

pressure in patients with painful temporomandibular disorders, Psychosom Med, 59 (1997) 503-511. 

[26] T. Elbert, B. Rockstroh, W. Lutzenberger, M. Kessler, R. Pietrowsky, Baroreceptor stimulation alters pain sensation depending 

on tonic blood pressure., Psychophysiology, 25 (1988) 25-29. 

[27] A. Randich, W. Maixner, Interactions between cardiovascular and pain regulatory systems., Neuroscience & Biobehavioral 

Review, 8 (1984) 343-367. 

[28] J. Sandkuehler, B. Maisch, M. Zimmermann, The use of local anaesthetic microinjections to identify central pathways: a 

quantitative evaluation of the time course and extent of the neuronal block., Exp Brain Res, 68 (1987) 168-178. 

[29] D.C. Turk, A. Okifuji, T.W. Starz, J.D. Sinclair, Effects of type of symptom onset on psychological distress and disability in 

fibromyalgia syndrome patients., Pain, 68 (1996) 423-430. 

[30] S. Haynes, Muscle-Contraction headache: Psycho-physiological perspective in etiology and treatment., in: H.S.a.G. W (Ed.) 

Psychosomatic Disorders: A psychophysiological Approach to Etiology and Treatment., Gardner Press1980. 

[31] C. Heesch, Reflexes that control cardiovascular function., Am J Physiol Regul Integr Comp Physiol, 277 (1999) 234-243. 

[32] X. Tang, B.R. Dworkin, The dmNTS is not the source of increased blood pressure variability in baroreflex denervated rats, Auton 

Neurosci, 148 (2009) 21-27. 

[33] G.A. Reyes del Paso, S. Garrido, A. Pulgar, S. Duschek, Autonomic cardiovascular control and responses to experimental pain 

stimulation in fibromyalgia syndrome, J Psychosom Res, 70 (2011) 125-134. 

[34] M.J. Millan, Descending control of pain., Progressive Neurobiology 66 (2002) 355-474. 

[35] J.R. Jennings, W.K. Berg, J.S. Hutcheson, P. Obrist, S. Porges, G. Turpin, Committee report. Publication guidelines for heart rate 

studies in man. , Psychophysiology, 18 (1981) 226-231. 

[36] E.P. Wiertelak, B. Roemer, S.F. Maier, L.R. Watkins, Comparison of the effects of nucleus tractus solitarius and ventral medial 

medulla lesions on illness-induced and subcutaneous formalin-induced 

hyperalgesia., Brain Research 748 (1997) 143–150. 

[37] G.G. Berntson, J.T.J. Bigger, D.L. Eckberg, P. Grossman, P.G. Kaufmann, M. Malik, H.N. Nagaraja, S.W. Porges, J.P. Saul, P.H. 

Stone, M.W. van der Molen, Heart rate variability: origins, methods, and interpretive caveats. Review., Psychophysiology 

34 (1997) 623-648. 

[38] Y. Quidé, A.B. Witteveen, W. El-Hage, D.J. Veltman, M. Olff, Differences between effects of psychological versus 

pharmacological treatments on functional and morphological brain alterations in anxiety disorders and major depressive disorder: 

a systematic review., Neuroscience Biobehavioral Review, 36 (2012) 626-644. 

[39] R. Staud, C.E. Bovee, M.E. Robinson, D.D. Price, Cutaneous C-fiber pain abnormalities of fibromyalgia patients are specifically 

related to temporal summation., Pain, 139 (2008) 315-323. 

[40] E. Vaschillo, P. Lehrer, N. Rishe, M. Konstantinov, Heart rate variability biofeedback as a method for assessing baroreflex 

function: A preliminary study of resonance in the cardiovascular system. , Appl Psychophysiol Biofeedback, 27 (2002) 1-27. 

[41] L.L. Watkinson, J.A. Blumenthal, R.M. Carney, Association of anxiety with reduced baroreflex cardiac control in patients after 

acute myocardial infarction. , American Heart Journal, 143 (2002) 460-466. 

[42] J. Sandkuehler, The organization and function of endogenous antinociceptive systems., Prog Neurobiol, 50 (1996) 49-81. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 September 2022                   doi:10.20944/preprints202209.0010.v1

https://doi.org/10.20944/preprints202209.0010.v1


 

 

[43] B.R. Dworkin, T. Elbert, H. Rau, N. Birbaumer, P. Pauli, C. Droste, C.H.M. Brunia, Central effects of baroreceptor activation in 

humans:attenuation of skeletal reflexes and pain perception., Proceedings of the National Academy of Sciences of the United States 

of America 91 (1994) 6329–6333. 

[44] M. Albaghdadi, Baroreflex control of long-term arterial pressure, Rev Bras Hipertens, 14 (2008) 13. 

[45] C.R. France, Decreased pain perception and risk for hypertension: considering a common physiological mechanism. , 

Psychophysiology, 36 (1999) 683-692. 

[46] S.A. Aicher, A. Randich, Antinociception and cardiovascular responses produced by electrical stimulation in the nucleus tractus 

solitarius, nucleus reticularis ventralis, and the caudal medulla. , Pain, 42 (1990) 103-119. 

[47] G.F. Gebhart, J. Sandkühler, J.G. Thalhammer, M. Zimmermann, Inhibition of spinal nociceptive information by stimulation in 

midbrain of the cat is blocked by lidocaine microinjected in nucleus raphe magnus and medullary reticular formation. , Journal of 

Neurophysiology, 50 (1983) 446-459. 

[48] K.H. Schloer, H. Stumpf, G. Stock, Baroreceptor reflex during arousal induced by electrical stimulation of the amygdala or by 

natural stimuli., J Autonom Nerv System, 10 (1984) 157-165. 

[49] S. Saha, T.F.C. Batten, Z. Henderson, A GABAergic projection from the central nucleus of the amygdala to the nucleus of the 

solitary tract: a combined anterograde tracing and electron microscopic., Neuroscience 99 (2000) 613-626. 

[50] D.A. Seminowicz, D.J. Mikulis, K.D. Davis, Cognitive modulation of pain-related brain responses depends on behavioral 

strategy. , Pain, 112 (2004) 48-58. 

[51] L. Edwards, K. Inui, C. Ring, X. Wang, R. Kakigi, Pain-related evoked potentials are modulated across the cardiac cycle. , .Pain, 

137 (2008) 488-494. 

[52] D. Mendelowitz, Scher, A.M., Pulsatile pressure can prevent rapid baroreflex resetting. , American Journal of Physiology 258 

(1990) H92–H100. 

[53] C.A. Swenne, Baroreflex sensitivity: mechanisms and measurement. , Netherlands Heart Journal, 21 (2013) 58-60. 

[54] M. Burgmer, B. Pfleiderer, C. Maihoefner, M. Gaubitz, H. Wessoleck, G. Heuft, E. Pogatzki-Zahn, Cerebral mechanisms of 

experimental hyperalgesia in fibromyalgia., Eur J Pain, 16 (2012) 636-647. 

[55] T. Graven-Nielsen, S. Aspegren Kendall, K.G. Henriksson, M. Bengtsson, J. Sörensen, A. Johnson, B. Gerdle, L. Arendt-Nielsen, 

Ketamine reduces muscle pain, temporal summation, and referred pain in fibromyalgia patients., Pain, 85 (2000) 483-491. 

[56] C.J. Woolf, Central sensitization: implications for the diagnosis and treatment of pain. , Pain, 152 (2011) S2-S15. 

[57] H. Flor, N. Birbaumer, Acquisition of chronic pain: Psychophysiological mechanisms. , American Pain Society Journal 3(1994) 

119–127. 

[58] Diers M, Yilmaz P, Rance M, Thieme K, Gracely RH, Rolko C, Schley MT, Kiessling U, Wang H, F. H., Treatment-related changes 

in brain activation in patients with fibromyalgia syndrome., Exp Brain Res, 218 (2012) 619-628. 

[59] K.B. Jensen, E. Kosek, R. Wicksell, M. Kemani, G. Olsson, J.V. Merle, D. Kadetoff, M. Ingvar, Cognitive Behavioral Therapy 

increases pain-evoked activation of the prefrontal cortex in patients with fibromyalgia. , Pain, 153 (2012) 1495-1503. 

[60] R. Staud., D.D. Price, M.E. Robinson, A.P. Mauderli, C.J. Vierck, Maintenance of windup of second pain requires less frequent 

stimulation in fibromyalgia patients compared to normal controls., Pain, 110 (2004) 689-696. 

[61] N. Julien, P. Goffaux, P. Arsenault, S. Marchand, Widespread pain in fibromyalgia is related to a deficit of endogenous pain 

inhibition., Pain, 114 (2005) 295-302. 

[62] D. McIntyre, L. Edwards, C. Ring, B. Parvin, D. Carroll, Systolic inhibition of nociceptive responding is moderated by arousal., 

Psychophysiology, 43 (2006) 314-319. 

[63] L. Berrino, P. Oliva, F. Rossi, E. Palazzo, B. Nobili, S. Maione, Interaction between metabotropic and NMDA glutamate receptors 

in the periaqueductal grey pain modulation system. , Naunyn Schmiedebergs Archive of Pharmacology, 364 (2001) 437–443. 

[64] A. Randich, S.A. Aicher, Medullary substrates mediating antinociception produced by electrical stimulation of the vagus. , Brain 

Research, 455 (1988) 68-76. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 September 2022                   doi:10.20944/preprints202209.0010.v1

https://doi.org/10.20944/preprints202209.0010.v1


 

 

[65] B. Ditto, C. France, Carotid baroreflex sensitivity at rest and during psychological stress in offspring of hypertensives and non-

twin sibling pairs. , Psychosom Med 52 (1990) 610–620. 

[66] J.E. Lawler, B.J. Sanders, R.H. Cox, E.F. O’Connor, Baroreflex function in chronically stressed borderline hypertensive rats., 

Physiological Behavior 49 (1991) 539-542. 

[67] S. Brody, A. Angrilli, U. Weiss, N. Birbaumer, A. Mini, R. Veit, H. Rau, Somatosensory evoked potentials during baroreceptor 

stimulation in chronic low back pain patients and normal controls. , International Journal of Psychophysiology, 25 (1997) 201–210. 

[68] S. Duschek, A. Dietel, R. Schandry, G.A. Reyes Del Paso, .Increased baroreflex sensitivity and reduced cardiovascular reactivity 

in individuals with chronic low blood pressure. , Hypertens Res 31 (2008) 1873-1878. 

[69] P. Sleight, La Rovere, M.T., Mortara, A., Pinna, G., Maestri, R., Leuzzi, S.,, Physiology and pathophysiology of heart rate and 

blood pressure variability in humans: is power spectral analysis largely an index of baroreceptor gain? , Clin Sci 88 (1995) 103-109. 

[70] K. Thieme, T. Meller, U. Evermann, R. Malinowski, M. Mathys, R.H. Gracely, W. Maixner, D.C. Turk, Efficacy of Systolic 

Extinction Training (SET) in Fibromyalgia Patients with elevated Blood Pressure Response to Stress - A Tailored RCT Study, Arthritis 

Care Res (Hoboken), (2019). 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 1 September 2022                   doi:10.20944/preprints202209.0010.v1

https://doi.org/10.20944/preprints202209.0010.v1

