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Abstract: Heart rate variability (HRV) analysis has emerged as a simple and non-invasive technique
to indirectly evaluate the autonomic nervous system (ANS), and it is considered a sensible and
advanced index of health status. Pulsed electromagnetic fields (PEMFs) are widely used in clinical
settings for improving the health status of individuals with chronic musculoskeletal pain. The aim
of the present single-blind, randomized, placebo-controlled parallel pilot study was to investigate
the acute effect of a single session of PEMFs stimulation by a PAP ion magnetic induction (PAPIMI)
device on ANS activity, as measured by HRYV, in patients with chronic musculoskeletal pain, and
compare such effect with that induced by a sham (control) PAPIMI inductor. Thirty-two patients were
randomized into two groups: PAPIMI intervention (PAP) (n = 17) and sham PAPIMI intervention
(SHAM-PAP) (n = 15). HRV was assessed before and following the interventions. The PAP group
showed a significant increase in all values of the time-domain parameters (SDNN, RMSSD, NN50,
and pNNb50) and the HF component of HRV, suggesting a parasympathetic effect. In contrast, the
SHAM-PAP group showed no significant differences in all HRV indices following the intervention.
Preliminary findings suggested that PAPIMI inductor could influence ANS activity and provided
initial evidence of the potential physiological response induced by the PAPIMI device.

Keywords: heart rate variability; PAPIMI; autonomic nervous system; parasympathetic effect; chronic
musculoskeletal pain

1. Introduction

The autonomic nervous system (ANS) plays a critical role in the regulation and
coordination of the physiological processes in human biological organisms, and individual
differences in autonomic balance have long been associated with health and pathological
conditions [1-3].

The ANS is assumed to be composed of two major antagonistic subsystems that
commonly act in dynamic balance: the sympathetic branch, involved in regulating energy
mobilization, and the parasympathetic branch, implicated in vegetative and restorative
functions [4,5]. Both branches innervate the intrinsic cardiac nervous system and project to
sinoatrial and atrioventricular nodes, together with selected cardiac muscle regions, with
the sympathetic system implicated in increasing the heart rate (HR) through the activity of
efferent sympathetic nerves and the parasympathetic system responsible for slowing the
HR by acting via vagal nerves [4].This dynamic relationship between the sympathetic and
parasympathetic systems provides greater flexibility and favors adaptations of the organism
in accommodating rapidly changing physiological and environmental demands [2]. This is
in accordance with the complexity theory claiming that patterns of organized variability
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generated by a dynamic relationship among system elements, rather than static levels,
preserve stability, adaptability, and health [1,2,6-8].

The dynamic balance between distinct components of the ANS can be threatened
and altered by metabolic (inner) and environmental (external) stimuli, which may cause a
condition of autonomic imbalance. Specifically, the loss of autonomic balance, in which one
branch of the ANS prevails over the other, is characterized by a lack of dynamic adaptability
and of the health of the organism. A substantial amount of empirical evidence indicates that
a host of pathological conditions and diseases are associated with autonomic dysregulation,
in which, typically, the sympathetic system is hyperactive and the parasympathetic system
is hypoactive [2,7].

Among the methods adopted to assess ANS function, heart rate variability (HRV)
analysis has emerged as a simple and noninvasive technique to indirectly evaluate the
autonomic activity, representing one of the most important quantitative markers of ANS
balance/imbalance [9-12]. HRV (i.e., the oscillation in the interval between consecutive
heart beats around the mean heart rate) is directly influenced by ANS activity, as the
balance between sympathetic excitation and vagal inhibition of sinoatrial node regulates
HR [4,9-14]. Therefore, HRV can be identified as reflecting ANS function and used to reveal
functional changes in sympathovagal balance. In addition, changes in HRV patterns can
provide a sensible and advanced index of the health status of the individual. Indeed, while
high values of HRV are reported as an indicator of good adaptation and associated with
efficient autonomic mechanisms in healthy individuals, low values of HRV are considered
an indicator of abnormal and insufficient adaptation of the ANS, which is related to poor
physiological function in individuals [14-17].

As regards the link to pathological conditions, it was reported that ANS imbalance
is associated with chronic musculoskeletal pain. This common physiological disfunction
is defined as a pain that affects bones, muscles, ligaments, tendons, and even nerves; it
comprises a number of different pain syndromes such as chronic neck pain, shoulder
pain, low back pain, and also pain associated with osteoarthritis and rheumatoid arthri-
tis [18,19]. As shown in previous studies, there is a strict connection between systems
involved in autonomic control and those involved in pain perception [20,21]. For instance,
alterations in ANS control influence the central processing and subjective experience of
pain [22], with a lower activity of the parasympathetic branch, which may place a person
at greater risk of chronic pain due to the diminished capacity to respond adaptively to
threats (i.e., pain). Consistently, individuals living in a state of chronic pain revealed a
decreased HRV, implicating parasympathetic nervous system dysregulation [23]. Reduced
HRYV, as an implication of ANS imbalance, was reported in subjects with chronic shoulder
pain [24] and low back pain [25] as compared to healthy controls. In a more recent study,
the most intense and disabling neck pain was shown to be correlated with the worst HRV
indices [26]. Thus, HRV seems to represent a valuable tool for assessing changes in pain
status in patients suffering from musculoskeletal disorders and was recently suggested as a
more reliable method, compared to patient-reported subjective pain scales, of detecting the
effectiveness of a treatment [27].

Different non-pharmacologic approaches are available for relieving the pain associated
with musculoskeletal disorders [28]. Among them, one approach that was shown in clinical
use to be effectively improving the health status of individuals with musculoskeletal pain
is pulsed electromagnetic fields (PEMFs). Several studies have reported that exposure
to specific PEMF frequencies can be effective in reducing pain intensity and improving
functionality in a variety of chronic pain populations, such as patients with low back
pain [29-31], patellofemoral pain syndrome [32], shoulder impingement syndrome [33],
and lateral epicondylitis [34]. Additionally, PEMFs modulate inflammation in injured
tissues; this results in enhanced functional recovery. Hence, it is a potential novel nonphar-
maceutical means for the treatment of pain in musculoskeletal disorders [35]. However,
although PEMFs were widely used in clinical settings for the treatment of musculoskeletal
pain and the exposure to electromagnetic fields was also found to enhance parasympathetic
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activity [36-39], no studies investigated the effects of PEMFs on HRV in patients with
musculoskeletal pain. Since HRV is considered a valuable tool to evaluate health status in
individuals with chronic pain disorders, there is a necessity to study the effects of PEMFs
in modulating HRV in these populations.

The PAP ion magnetic induction (PAPIMI) device is a certified and approved medical
instrument that belongs to the large family of PEMFs. This device provides a non-invasive,
painless, contact-free ion-induction therapy that was shown to be effective for the treatment
of refractory seizures [40], skin wound healing [41], and fatigue syndrome symptoms [42].
Although PEMFs are also used as a treatment for pain disorders in clinical use, no studies
are present in the literature regarding the effect of PAPIMI inductor in modulating HRV in
subjects with musculoskeletal pain.

Therefore, the aim of the present single-blind, randomized, placebo-controlled parallel
pilot study was to investigate the acute effect of a single-session treatment of PEMFs
stimulation by PAPIMI inductor on ANS balance, as measured by HRYV, in patients suffering
from chronic musculoskeletal pain, and compare such effect with that induced by a sham
(control) PAPIMI inductor. We hypothesized that PAPIMI intervention, as compared to the
sham one, could induce a more effective parasympathetic response, which would result in
an increased HRV.

2. Materials and Methods
2.1. Participants

From a population of 95 patients, 32 subjects (17 men and 15 women) with painful symp-
toms in the musculoskeletal system, aged between 28 and 68 years old (50.06 £ 10.85), were
enrolled in the study. Patients were recruited from April to May 2022 from the physiotherapy
center “Centro FisioterapicoApuano” in Lucca (Italy) where the study was also conducted.

All patients who were considered eligible for the study had chronic musculoskeletal
pain (of more than 3 months’ duration) [43] and had not received any PAPIMI treat-
ment before our investigation. Exclusion criteria were intended to avoid conditions that
might have significant autonomic effect and included any cardiovascular, neurological
and schizoaffective disorders, current pregnancy or breastfeeding, and menstrual flow
during the session [30,44,45]. Smokers, as well as participants involved in drug abuse,
were excluded [44,46]. Other exclusion criteria were the use of an anticoagulation therapy
and the presence in the body of ring-shaped metals or any electronically based implanted
devices such as pacemakers, defibrillators, spinal cord stimulators, insulin pumps, and
cochlear implants [30]. Moreover, participants were asked to refrain from alcohol, caffeine
and cardiovascular exercise for 24 h prior to the experimental session.

Participants were recruited after being evaluated by a physiotherapist from the center,
who confirmed a diagnosis of musculoskeletal pain syndrome and collected participants’
pharmacological information through an in-person interview. Prior to the start of the study,
informed consent was read and signed by each patient. The study was approved by the
local institutional review committee (Prot. N. 12774E_spe). Each subject was blind to study
design, outcome, and group allocation.

2.2. Experimental Procedure

Patients were randomized into two different groups: PAPIMI intervention (PAP)
(n = 17) and sham (control) PAPIMI intervention (SHAM-PAP) (n = 15) (Figure 1). Each
patient received a single-session treatment based on the allocation group. Each intervention
was preceded and immediately followed by the HRV measurement. Information about true
and sham interventions was given to patients at the end of the experimental session. The
entire procedure lasted approximately 50 min for each patient. Treatments and evaluations
were executed in the same room, with stable temperature and humidity, to avoid any
influence on ANS activity [44,47].
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Figure 1. Flow-chart of the study.

2.3. Interventions

PAP and SHAM-PAP interventions were administered to all patients by a single
licensed and registered physiotherapist.

2.3.1. PAPIMI Intervention

Patients allocated to the PAP intervention group were treated with a PAP ion magnetic
inductor (PAPIMI™, Pulse Dynamics, Athens, Greece. Model ASKLIPIOS. Manufacturer
characteristics: Input 230 V-50/60 Hz; Power 2500 VA (1.5 KW); Fuse 10 Amp, slow) [48]
(Figure 2).

The PAPIMI is an approved medical device that belongs to the large family of PEMFs,
and it is based on the principle of ion induction. The device is composed of a capacitor that
stores electrical energy, which is then conducted through a plasma chamber (spark gap).
The plasma chamber technology is used to discharge a very high voltage from the capacitor
into a spiral coil applicator to create high intensity electromagnetic pulses.

Due to very high voltages reaching up to 40kV and peak currents of several 10 kA, an
energy output per pulse of about 60 W (joules) with a magnetic induction of 50-150 mT is
achieved. Each pulse has a base frequency of about 240 kHz and a duration of about 50 ps.
Additionally, the pulse repetition rate can be varied between 1 and 8 Hz. The generated
pulses are transmitted without any direct contact with the body, which is penetrated by the
induction field. This latter generates weak electric currents having the same intensity and
frequency as the originally generated magnetic pulse [48,49].

The PAPIMI intervention was tailored according to the individual’s needs and ad-
ministered through the spiral coil applicator. The treatment coil used for the intervention
(diameter 18 cm) enhanced ion induction to 100 mT and was centered over the referred
pain zone. The applicator was held at a distance of approximately 4 cm from the relevant
part of the body (Figure 2). The PAPIMI treatment never exceeded 30 min of application, in
accordance with the manufacturer’s recommendations [48].
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Figure 2. PAPIMI intervention. (A) PAPIMI™ device. (B) The physiotherapist applied the treatment
coil over the referred pain zone and then adjusted the distance between the coil and the skin surface
of the patient.

2.3.2. Sham (Control) Papimi Intervention

Patients allocated to the sham intervention group received an inactive PEMF treatment
and underwent the same procedure as that of the experimental group. The PAPIMI sham
device was externally identical to the active one, except that it was deactivated prior to the
exposure so that no pulsed electromagnetic fields were generated.

2.4. Data Collection Measurements

Before and immediately after each intervention, HRV was evaluated. Patients were
recorded for a short period of 5 min in a resting state using a Polar H7 heart belt (Polar
Electro, Kempele, Finland) [9]. During the recording session, subjects were instructed to sit
comfortably as still as possible, and to perform spontaneous breathing without talking in
order not to contaminate the record of HRV.

R-R intervals were subsequently evaluated using Kubios HRV Premium 3.4.1 desktop
software (Kubios OY, Kuopio, Finland) to calculate all the HRV parameters considered in
this study (see Section 2.5). R-R series of 300 cardiac beats were automatically analyzed by
the software, which corrected the outliers and artifacts. If fewer than 300 R-R values were
recorded, all of them were considered for the analysis. Conversely, if more than 300 R-R
values were recorded, a sequence of 300 beats was selected randomly inside the period of
analysis [44].

2.5. Outcome Measures

Pre- and post-treatment values of HRV were examined. HRV evaluation, based on
processing R-R intervals, was divided into time- and frequency-domain linear analysis [50].

The following time-domain parameters of HRV were considered: standard devi-
ation of adjacent NN intervals (SDNN), the root mean square of successive R-R inter-
val differences (RMSSD), the number of adjacent NN intervals differing by more than
50 milliseconds (NN50), and the percentage of successive R-R intervals differing by more
than 50 ms (pNN50). RMSSD, NN50, and pNN50 are correlated with parasympathetic
activation [4,51,52], while SDNN is influenced by both components of the ANS [51], even
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though in short-term resting recordings the main source of the variation is parasympatheti-
cally mediated respiratory sinus arrhythmia [4,52]. An increase in SDNN, RMSSD, NN50,
and pNNb50 values indicates a parasympathetic activation [52].

The frequency-domain index of HRV analyzed in this study was the high frequency
(HF) band, from 0.15 to 0.4 Hz. The HF band is indicative of parasympathetic activity and
is called the respiratory band because it corresponds to the HR variations related to the res-
piratory cycle [5,9,52,53]. High values of HF indicate a parasympathetic predominance [52].
We did not include the very low frequency band, the low frequency band, and the LF/HF
ratio, as their physiological interpretation has been considered unclear [9,54-57].

2.6. Statistical Analysis

All the subjects” demographic data as well as their HRV parameters were described
using arithmetic means, standard deviations (SDs), and standard errors of the mean (SEM).
The chi-squared test was used to test for gender differences between groups, and results
were expressed in percentages. In addition, group differences were evaluated for age, body
mass index (BMI) and HR using the two-sample ¢-test with INTERVENTION GROUP as
the between-subject factor (two levels: PAP and SHAM-PAP).

In the present study, HRV analysis was executed using the restricted weak stationarity
(RWS) test proposed by Porta and colleagues (2004), which assesses stationarity (i.e., the
steadiness of the mean and variance, respectively) over M patterns [13]. This was necessary
due to the fact that the presence of non-stationarities in short HRV recordings was shown
to affect HRV data [13,58]. First, the Kolmogorov—-Smirnov goodness-of-fit test was applied
to test the normality of R-R distribution (p < 0.05). In cases of non-normal distribution, a
log transformation was utilized and normality retested to justify the use of parametric tests.
If data were still non-normally distributed, then the R-R series were finally rejected [13].
Following this, M patterns were randomly selected from a set of sequences of length L, and
a test for normality was performed [13]. The stationarity of the variance over M patterns
was checked by performing a Bartlett test if a normal distribution of data was confirmed,
otherwise Levene’s test using the median was applied. Then, the stationarity of mean
over M patterns was evaluated via an analysis of variance (ANOVA) if the null hypothesis
of a normal distribution of data could not be rejected, alternatively a Kruskal-Wallis test
was adopted.

To assess the effect of PAP and SHAM-PAP interventions on the ANS, each time-
domain parameter of HRV (SDNN, RMSSD, NN50, and pNN50, respectively) and the
frequency-domain index of HRV (HF band) taken into account for this study were en-
tered in a mixed analysis of variance (ANOVA) with INTERVENTION GROUP as the
between-subject factor (two levels: PAP and SHAM-PAP) and TIME as a within-subject
factor (two levels: pre-intervention and post-intervention). Post hoc pairwise analysis
was conducted with Bonferroni adjustment for multiple comparisons. The threshold for
statistical significance was set to p < 0.05. Effect sizes were calculated as either partial eta
squared (%) or Cohen’s d based on the analysis. All data analysis was conducted using
IBM'’s SPSS software version 28.

3. Results
3.1. Sample Characteristics and HRV Pre-Intervention Scores

Out of 95 patients, 32 were included in this study and randomized into two groups
(PAP and SHAM-PAP). Patients who experienced any adverse effect from treatment would
have been excluded from the study. Since no adverse events were reported, none of
the participants was lost for this reason, and all received the treatment (Figure 1). Each
participant recorded no fewer than 300 cardiac beats.

The demographics, characteristics, and baseline values of HRV parameters are pre-
sented in Table 1, showing no statistically significant differences between the PAP and
SHAM-PAP groups.
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Table 1. Baseline values of PAPIMI (PAP) and Sham PAPIMI (SHAM-PAP) groups.

PAP SHAM-PAP p Value
Age (years) 8 49.18 4 13.02 51.07 & 9.42 0.63
BMI (kg/m?) 28 2452 + 3.62 25.19 + 3.60 0.58
Male b# 10 (58.82) 7 (46.67) 0.47
HR (bpm) 2§ 72.18 +11.00 69.17 + 6.83 0.37
SDNN (ms) 2§ 31.41 + 13.74 32.30 + 11.44 0.85
RMSSD (ms) 8 28.07 £ 16.67 28.80 £ 10.50 0.88
NN50 2§ 25.06 + 32.92 31.01 +29.86 0.60
PNN50 (%) 28 7.72 + 11.75 9.63 4 10.60 0.64
HF (ms?) 28 346.35 =+ 458.01 464.67 + 402.16 0.45

Numbers in table are mean + standard deviations (SDs) 2, n (%) , two sample t-test §,and chi square 5,

3.2. HRV Post-Intervention Scores

The analyzed parameters of time- and frequency-domain of HRV after PAP and
SHAM-PAP interventions are reported in Figures 3 and 4, respectively.
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Figure 3. Time-domain parameters of HRV at rest, pre- and post-treatment. (A) SDNN, (B) RMSSD,
(C) NN50, (D) pNNb50. Data presented are mean =+ standard errors of the mean (SEM). Asterisk
marks a significant difference (p < 0.05).
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(p < 0.05).

3.2.1. SDNN

For the SDNN index, the results of the mixed ANOVA showed a significant main
effect for TIME [F(q 39y = 9.105, p < 0.005, 172p =(.233]. In contrast, no significant main effect
was found for INTERVENTION [F; 39y = 0.241, p = 0.627, 172p = 0.008] and interaction TIME
by INTERVENTION [F(; 30) = 2.248, p = 0.144, 51?, = 0.070]. Post hoc pairwise comparisons
showed a significant increase (pre—post interventions) in SDNN scores in PAP group [mean
differencepost-pre) = 8.53 (SEM = 2.59), p = 0.003, d = 0.651] but not in SHAM-PAP group
[mean difference post-pre) = 2.87 (SEM = 2.75), p = 0.306].

3.2.2. RMSSD

For the RMSSD index, a significant main effect for TIME [F(; 30y = 6.971, p = 0.013,
1?p = 0.189] was revealed, while no significant main effect for INTERVENTION [F(; 30) = 0.865,
p = 0.360, 112, = 0.028] and interaction TIME by INTERVENTION [F; 30) = 3.471, p = 0.072,
1%y = 0.104] was shown. Post hoc pairwise comparisons revealed a significant increase
(pre-post interventions) in RMSSD scores in PAP group [mean differencepost.pre) = 11.98
(SEM = 3.64), p = 0.003, d = 0.700] but not in SHAM-PAP group [mean differencepost-pre) = 2.07
(SEM = 3.88), p = 0.598].

3.2.3. NN50

For the NN50 index, no significant main effect for TIME [F(; 39 = 3.364, p = 0.077,
7%y = 0.101], INTERVENTION [F; 39, = 0.069, p = 0.795, %, = 0.002] and interaction
TIME by INTERVENTION [F; 59) = 1.549, p = 0.223, %1%, = 0.049] was observed. Post hoc
analysis showed a significant increase in NN50 scores following PAP intervention [mean
difference post-pre) = 21.59 (SEM = 9.60), p = 0.032, d = 0.572] but not after SHAM-PAP one
[mean differencepost-pre) = 413 (SEM = 10.22), p = 0.689].

3.2.4. pNN50

For the pNN50 index, a significant main effect for TIME [F(; 39) = 4.345, p = 0.046,
1%y = 0.127] was found, while no significant main effect was reported for INTERVEN-
TION [F(1,30) = 0.085, p = 0.773, 172p = 0.003]. In addition, no significant interaction TIME
by INTERVENTION [F 309) = 1.719, p = 0.200, 172p = 0.054] was shown. Post hoc anal-
ysis showed a significant increase in pNN50 scores following PAP intervention [mean
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differencepost-pre) = 7.81 (SEM = 3.15), p = 0.019, d = 0.575] but not after SHAM-PAP one
[mean difference post-pre) = 1.78 (SEM = 3.36), p = 0.600].

3.2.5. HF

For the HF band, mixed ANOVA showed a significant main effect of TIME [F(; 30) = 4.594,
p = 0.040, 172p = 0.133] but no significant main effect for INTERVENTION [F(; 39) = 0.045,
p = 0.834, %, = 0.001] and interaction TIME by INTERVENTION [F ; 39, = 2.505, p = 0.124,
1?p = 0.077]. Post hoc analysis showed a significant increase in HF component after PAP
intervention [mean differencepost-pre) = 339.06 (SEM = 124.60), p = 0.011, d = 0.830] but not
after SHAM-PAP one [mean differenceost-pre) = 51.00 (SEM = 132.65), p = 0.703].

4. Discussion

In the current study, we investigated the influence of a single session of PEMFs
stimulation using PAPIMI device on modulating ANS activity in patients with chronic
musculoskeletal pain. An HRV analysis was employed in order to detect changes in vagal
tone after the intervention.

Our results showed that all values of time-domain parameters and HF component
of HRV significantly increased following PAP treatment, indicating that PAPIMI device
modulated ANS activity by inducing a parasympathetic response. In contrast, no significant
differences in all HRV indices were found following the SHAM-PAP intervention.

In clinical practice, PEMFs are widely used as a safe and non-pharmacologic inter-
vention for the treatment of musculoskeletal disorders [59]. The benefits of this approach
were evidenced by previous reports showing an improvement in health status after PEMFs
treatment in a variety of populations suffering from chronic pain [29-34].

Among PEMFs, PAPIMI inductor represents a promising ion magnetic field device which
has proven to help restore health status in subjects with pathological conditions [40,42] charac-
terized by reduced parasympathetic tone [60,61]. However, so far, no study has investigated the
effects of PAPIMI device on modulating ANS activity.

Our findings shed light on the effectiveness of PAPIMI device in inducing a health
status-related parasympathetic response, as indirectly shown by an increased HRYV, in
patients with chronic musculoskeletal pain. A possible hypothesis that could explain
such effect is related to the influence PEMFs have on the membrane potential of body
cells [40,62,63]. In this regard, an impaired blood-flow regulation in the affected tissue in
patients with chronic pain was reported [64,65]. This degradation in microcirculation is
speculated to reduce the level of oxygen and alter natural membrane potential (approx-
imately —73 mV), which is crucial for transport regulation and signal transmission in
healthy cells [66,67]. PEMFs, when applied on the affected area, were shown to induce cells
to generate weak microelectrical currents that in turn can influence ions’ concentration,
distribution, and flux, which are known to determine and establish the cell membrane
potential [40,62,63,67]. Therefore, the exposure of the injured area to PAPIMI inductor
might enhance the regulation in the transport of ions across the plasmatic membrane, thus
contributing to raising cells to their healthy voltage potential. Specifically, the interaction
between the pulsed field generated by PAPIMI inductor and the body area of application
could have induced at the cell membrane level a cascade of healing events leading to
the short-term restoration of a healthy state in the affected area. This re-establishment of
health could be reflected in an augmented activity of the parasympathetic branch of the
ANS [9,23,68-70], as shown by the increase in all the time-domain parameters as well as
the HF band after the intervention. In this sense, our hypothesis could explain the effect of
PAPIMI inductor we detected at the heart level via HRV analysis, despite the device being
applied on pain-related sites of the body. However, our interpretation should be taken with
caution and calls for additional future studies.

Finally, this is the first study investigating the influence of PAPIMI device on the
ANS activity in patients with chronic musculoskeletal pain. Taking into account the low
risk of side effects and the high tolerance of PEMFs intervention, findings from our pilot
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study indicate that PAPIMI inductor could be considered a potentially promising device in
clinical practice for the treatment and management of chronic musculoskeletal pain, thus
further contributing to improvements in patient health status. To the best of our knowledge,
in the literature, only two studies have explored the effects of PAPIMI inductor in human
subjects [40,42]. They used a single-subject research design and considered other patho-
logical conditions, such as refractory seizures [40] and fatigue syndrome symptoms [42].
Moreover, these studies did not employ an HRV analysis to quantitatively evaluate the
effectiveness of PAPIMI treatment. Therefore, sample characteristics and methodological
differences between our study and previous reports make it difficult to compare the results.

Some limitations concerning the present pilot study should be addressed. First, the
number of participants remains relatively small. Second, a comparison with a control
group of healthy subjects was not planned for this study. Future non-pilot studies should
preferably include a larger patient sample and a group of healthy individuals as well. Third,
we did not provide an evaluation of subjects’ feeling of well-being or pain perception
that could provide information on the responsiveness of patients to PAPIMI intervention.
Nevertheless, it is worth mentioning that the analysis of the cardiovascular autonomic
control seems to be more sensitive than a self-reported measure of pain for estimating the
effectiveness of a non-pharmacological treatment in patients with musculoskeletal pain [27].
Fourth, another limitation to consider is related to the employment of HF component as a
parasympathetic activity predictor. Although a strong correlation was revealed between HF
power and cardiac parasympathetic activity [2,71-75], HF component may also be partially
modulated by sympathetic nerve activation [74,76,77]. Finally, there is a need to be aware
of the possible misrecognition mistakes of R-R intervals made by HRV software tools that
could influence the accuracy of HRV analysis, specifically, that related to time-domain
parameters (e.g., SDNN) [78]. Therefore, future investigations employing a combination of
measures, including skin conductance in addition to HRV analysis, could provide further
insight into the effect of PAPIMI inductor on ANS activity [52].

Future studies exploring the effect of PAP treatment in subjects with chronic mus-
culoskeletal pain should be carried out with a longer intervention period [30-33]. More-
over, comparing the magnitude of the effect of PAPIMI inductor with that induced by
other PEMFs devices could be of value. Furthermore, since it is globally recognized
that there is a necessity for a plurality of interventions in order to obtain a benefit for
chronic musculoskeletal pain [79], it might be of interest to evaluate the additive effect of
PAPIMI intervention combined with other non-pharmacological treatments (e.g., phys-
ical exercise) [32,33]. Finally, in the last years, the relationship between mood state and
chronic musculoskeletal pain has been largely investigated in human and animal mod-
els, with several studies indicating depression and anxiety as consequences of protracted
pain [80-90]. Therefore, future explorations could investigate the effects of PAPIMI inductor
on reducing the level of depression and anxiety as the function of changes in cardiovascular
autonomic control.

5. Conclusions

In this study we investigated the effect of PAPIMI intervention on ANS activity in
patients with chronic musculoskeletal pain. Results showed that PAPIMI inductor, as
compared to a sham (control), induced a significant effective parasympathetic response,
which resulted in an increased HRV. Since musculoskeletal pain conditions have been
associated with a reduced HRV [23-26], such acute autonomic change observed follow-
ing PAPIMI intervention could be interpreted as a health status-related parasympathetic
response. This is the first time the association between PAPIMI inductor and autonomic
activity has been quantified via an HRV analysis and has provided initial evidence on the
potential physiological response induced by PAPIMI inductor.

Author Contributions: Conceptualization, A.V., G.P, S.G. (Sara Guarducci), R.B. and D.M.; method-
ology, A.V.,, G.P, S.G. (Sara Guarducci), R.B., S.G. (Susanna Garfagnini), and D.M.; formal anal-
ysis, G.P. and M.M.; investigation, A.V. and S.G. (Susanna Garfagnini); data curation, G.P,, S.G.



Int. |. Environ. Res. Public Health 2023, 20, 3934 11 of 14

(Sara Guarducci), and M.M.; writing—original draft preparation, A.V., G.P, and S.G. (Sara Guarducci);
writing—review and editing, A.V., G.P, S.G. (Sara Guarducci), S.G. (Susanna Garfagnini), M.M., R.B.
and D.M.; visualization, G.P.,, M.M. and D.M.; supervision, S.G. (Susanna Garfagnini), R.B. and D.M.;
project administration, A.V., S.G. (Susanna Garfagnini) and D.M. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines
of the Declaration of Helsinki and approved by the local institutional review committee (Prot.
N. 12774E_spe, date of approval: 5 June 2018).

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

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to privacy issues.

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

References

1. Thayer, J.F; Lane, R.D. A model of neurovisceral integration in emotion regulation and dysregulation. J. Affect. Disord. 2000, 61,
201-216. [CrossRef] [PubMed]

2. Thayer, ].E.; Yamamoto, S.S.; Brosschot, ].F. The relationship of autonomic imbalance, heart rate variability and cardiovascular
disease risk factors. Int. J. Cardiol. 2010, 141, 122-131. [CrossRef] [PubMed]

3. McDougall, S.J.; Miinzberg, H.; Derbenev, A.V.; Zsombok, A. Central control of autonomic functions in health and disease. Front.
Neurosci. 2015, 8, 440. [CrossRef] [PubMed]

4. Shaffer, F.; McCraty, R.; Zerr, C.L. A healthy heart is not a metronome: An integrative review of the heart’s anatomy and heart
rate variability. Front. Psychol. 2014, 5, 1040. [CrossRef] [PubMed]

5. Shaffer, F.; Ginsberg, ].P. An Overview of Heart Rate Variability Metrics and Norms. Front. Public Health 2017, 5, 258. [CrossRef]

6.  Thayer, ].F; Friedman, B.H. The Heart of Anxiety: A Dynamical Systems Approach. In The (Non) Expression of Emotions in Health
and Disease; Vingerhoets, A., Ed.; Springer: Amsterdam, The Netherlands, 1997; pp. 39-49.

7.  Friedman, B.H.; Thayer, ].F. Anxiety and autonomic flexibility: A cardiovascular approach. Biol. Psychol. 1998, 47, 303-323.

8.  Friedman, B.H.; Thayer, ].F. Autonomic balance revisited: Panic anxiety and heart rate variability. ]. Psychosom. Res. 1998, 44,
133-151. [CrossRef]

9.  Malik, M. Heart rate variability. Standards of measurement, physiological interpretation, and clinical use. Task Force of the
European Society of Cardiology and the North American Society of Pacing and Electrophysiology. Eur. Heart J. 1996, 17, 354-381.
[CrossRef]

10. Pumprla, J.; Howorka, K.; Groves, D.; Chester, M.; Nolan, J. Functional assessment of heart rate variability: Physiological basis
and practical applications. Int. ]. Cardiol. 2002, 84, 1-14. [CrossRef]

11. Freeman, ].V.,; Dewey, EE.; Hadley, D.M.; Myers, ].; Froelicher, V.F. Autonomic nervous system interaction with the cardiovascular
system during exercise. Prog. Cardiovasc. Dis. 2006, 48, 342-362. [CrossRef]

12. Kemp, A.H.; Quintana, D.S.; Felmingham, K.L.; Matthews, S.; Jelinek, H.F. Depression, comorbid anxiety disorders, and heart
rate variability in physically healthy, unmedicated patients: Implications for cardiovascular risk. PLoS ONE 2012, 7, e30777.
[CrossRef]

13. Porta, A.; D’Addio, G.; Guzzetti, S.; Lucini, D.; Pagani, M. Testing the presence of non stationarities in short heart rate variability.
Comput. Cardiol. 2004, 31, 645-648.

14. Malliani, A.; Montano, N. Heart rate variability as a clinical tool. Ital. Heart. ]. 2002, 3, 439—-445.

15. Malliani, A.; Pagani, M.; Lombardji, F.; Cerutti, S. Cardiovascular neural regulation explored in the frequency domain. Circulation
1991, 84, 482-492. [CrossRef]

16. Malliani, A.; Pagani, M.; Lombardi, F. Methods for Assessment of Sympatho-Vagal Balance: Power Spectral Analysis; Futura: New York,
NY, USA, 1994.

17.  Vanderlei, L.C.; Pastre, C.M.; Hoshi, R.A.; Carvalho, T.D.; Godoy, M.F. Basic notions of heart rate variability and its clinical
applicability. Rev. Bras. Cir. Cardiovasc. 2009, 24, 205-217. [CrossRef] [PubMed]

18.  Smith, E.; Hoy, D.G.; Cross, M.; Vos, T.; Naghavi, M.; Buchbinder, R.; Woolf, A.; March, L. The global burden of other
musculoskeletal disorders: Estimates from the Global Burden of Disease 2010 study. Ann. Rheum. Dis. 2014, 73, 1462-1469.
[CrossRef] [PubMed]

19. El-Tallawy, S.N.; Nalamasu, R.; Salem, G.I; LeQuang, ].A K.; Pergolizzi, ].V.; Christo, P.J. Management of Musculoskeletal Pain:
An Update with Emphasis on Chronic Musculoskeletal Pain. Pain Ther. 2021, 10, 181-209. [CrossRef] [PubMed]

20. Benarroch, E.E. Pain-autonomic interactions: A selective review. Clin. Auton. Res. 2001, 11, 343-349. [CrossRef]

21. Benarroch, E.E. Pain-autonomic interactions. Neurol. Sci. 2006, 27 (Suppl. 2), S130-5133. [CrossRef]


http://doi.org/10.1016/S0165-0327(00)00338-4
http://www.ncbi.nlm.nih.gov/pubmed/11163422
http://doi.org/10.1016/j.ijcard.2009.09.543
http://www.ncbi.nlm.nih.gov/pubmed/19910061
http://doi.org/10.3389/fnins.2014.00440
http://www.ncbi.nlm.nih.gov/pubmed/25620907
http://doi.org/10.3389/fpsyg.2014.01040
http://www.ncbi.nlm.nih.gov/pubmed/25324790
http://doi.org/10.3389/fpubh.2017.00258
http://doi.org/10.1016/S0022-3999(97)00202-X
http://doi.org/10.1093/oxfordjournals.eurheartj.a014868
http://doi.org/10.1016/S0167-5273(02)00057-8
http://doi.org/10.1016/j.pcad.2005.11.003
http://doi.org/10.1371/journal.pone.0030777
http://doi.org/10.1161/01.CIR.84.2.482
http://doi.org/10.1590/S0102-76382009000200018
http://www.ncbi.nlm.nih.gov/pubmed/19768301
http://doi.org/10.1136/annrheumdis-2013-204680
http://www.ncbi.nlm.nih.gov/pubmed/24590181
http://doi.org/10.1007/s40122-021-00235-2
http://www.ncbi.nlm.nih.gov/pubmed/33575952
http://doi.org/10.1007/BF02292765
http://doi.org/10.1007/s10072-006-0587-x

Int. |. Environ. Res. Public Health 2023, 20, 3934 12 of 14

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Bruehl, S.; Chung, O.Y. Interactions between the cardiovascular and pain regulatory systems: An updated review of mechanisms
and possible alterations in chronic pain. Neurosci. Biobehav. Rev. 2004, 28, 395-414. [CrossRef]

Tracy, L.M.; Ioannou, L.; Baker, K.S.; Gibson, S.J.; Georgiou-Karistianis, N.; Giummarra, M.]. Meta-analytic evidence for decreased
heart rate variability in chronic pain implicating parasympathetic nervous system dysregulation. Pain 2016, 157, 7-29. [CrossRef]
Hallman, D.M.; Ekman, A .H.; Lyskov, E. Changes in physical activity and heart rate variability in chronic neck-shoulder pain:
Monitoring during work and leisure time. Int. Arch. Occup. Environ. Health 2014, 87, 735-744. [CrossRef]

Hautala, A.].; Karppinen, J.; Seppanen, T. Short-Term Assessment of Autonomic Nervous System as a Potential Tool to Quantify
Pain Experience. In Proceedings of the 38th Annual International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC), Orlando, FL, USA, 16-20 August 2016.

Santos-de-Aratjo, A.D.; Dibai-Filho, A.V.; Dos Santos, S.N.; de Alcantara, E.V.; Souza, C.D.S.; Gomes, C.A.F.P,; de Souza, ].N,;
Pinheiro, ].S.; Bassi, D. Correlation Between Chronic Neck Pain and Heart Rate Variability Indices at Rest: A Cross-sectional
Study. J. Manip. Physiol. Ther. 2019, 42, 219-226. [CrossRef] [PubMed]

Younes, M.; Nowakowski, K.; Didier-Laurent, B.; Gombert, M.; Cottin, F. Effect of spinal manipulative treatment on cardiovascular
autonomic control in patients with acute low back pain. Chiropr. Man. Ther. 2017, 25, 33. [CrossRef] [PubMed]

Urits, I.; Schwartz, R.H.; Orhurhu, V.; Maganty, N.V.; Reilly, B.T; Patel, PM.; Wie, C.; Kaye, A.D.; Mancuso, K.F; Kaye, A.];
et al. A Comprehensive Review of Alternative Therapies for the Management of Chronic Pain Patients: Acupuncture, Tai Chi,
Osteopathic Manipulative Medicine, and Chiropractic Care. Adv. Ther. 2020, 38, 76-89. [CrossRef] [PubMed]

Elshiwi, A.M.; Hamada, H.A.; Mosaad, D.; Ragab, LM.A; Koura, G.M.; Alrawaili, S. Effect of pulsed electromagnetic field on
nonspecific low back pain patients: A randomized controlled trial. Braz. J. Phys. Ther. 2019, 23, 244-249. [CrossRef]

Lisi, A.J.; Scheinowitz, M.; Saporito, R.; Onorato, A. A Pulsed Electromagnetic Field Therapy Device for Non-Specific Low Back
Pain: A Pilot Randomized Controlled Trial. Pain Ther. 2019, 8, 133-140. [CrossRef]

Auger, K.; Shedlock, G.; Coutinho, K.; Myers, N.E.; Lorenzo, S. Effects of osteopathic manipulative treatment and bio-
electromagnetic energy regulation therapy on lower back pain. J. Am. Osteopat. Assoc. 2021, 121, 561-569. [CrossRef]

Servodio lammarrone, C.; Cadossi, M.; Sambri, A.; Grosso, E.; Corrado, B.; lammarrone, ES. Is there a role of pulsed elec-
tromagnetic fields in management of patellofemoral pain syndrome? Randomized controlled study at one year follow-up.
Bioelectromagnetics 2016, 37, 81-88. [CrossRef]

de Freitas, D.G.; Marcondes, F.B.; Monteiro, R.L.; Rosa, S.G.; Maria de Moraes Barros Fucs, P.; Fukuda, T.Y. Pulsed electromagnetic
field and exercises in patients with shoulder impingement syndrome: A randomized, double-blind, placebo-controlled clinical
trial. Arch. Phys. Med. Rehabil. 2014, 95, 345-352. [CrossRef]

Uzunca, K; Birtane, M.; Tastekin, N. Effectiveness of pulsed electromagnetic field therapy in lateral epicondylitis. Clin. Rheumatol.
2007, 26, 69-74. [CrossRef] [PubMed]

Ross, C.L.; Zhou, Y.; McCall, C.E.; Soker, S.; Criswell, T.L. The Use of Pulsed Electromagnetic Field to Modulate Inflammation and
Improve Tissue Regeneration: A Review. Bioelectricity 2019, 1, 247-259. [CrossRef] [PubMed]

Sait, M.L.; Wood, A.W.; Sadafi, H.A. A study of heart rate and heart rate variability in human subjects exposed to occupational
levels of 50 Hz circularly polarised magnetic fields. Med. Eng. Phys. 1999, 21, 361-369. [CrossRef]

Tabor, Z.; Michalski, J.; Rokita, E. Influence of 50 Hz magnetic field on human heart rate variability: Linear and nonlinear analysis.
Bioelectromagnetics 2004, 25, 474-480. [CrossRef] [PubMed]

Misek, J.; Belyaev, L.; Jakusova, V.; Tonhajzerova, I.; Barabas, J.; Jakus, J. Heart rate variability affected by radiofrequency
electromagnetic field in adolescent students. Bioelectromagnetics 2018, 39, 277-288. [CrossRef] [PubMed]

Binboga, E.; Tok, S.; Munzuroglu, M. The Short-Term Effect of Occupational Levels of 50 Hz Electromagnetic Field on Human
Heart Rate Variability. Bioelectromagnetics 2021, 42, 60-75. [CrossRef]

Mihajlovic-Madzarevic, V.; Pappas, P. Treatment of refractory seizures due to a benign mass present in the corpus callosum with
an ion magnetic inductor: Case report. Brain Tumor Pathol. 2005, 22, 93-95. [CrossRef]

Athanasiou, A.; Karkambounas, S.; Batistatou, A.; Lykoudis, E.; Katsaraki, A.; Kartsiouni, T.; Papalois, A.; Evangelou, A. The
effect of pulsed electromagnetic fields on secondary skin wound healing: An experimental study. Bioelectromagnetics 2007, 28,
362-368. [CrossRef]

Wagner, B.; Steiner, M.; Markovic, L.; Crevenna, R. Successful application of pulsed electromagnetic fields in a patient with
post-COVID-19 fatigue: A case report. Wien. Med. Wochenschr. 2022, 172, 227-232. [CrossRef]

Cimmino, M.A.; Ferrone, C.; Cutolo, M. Epidemiology of chronic musculoskeletal pain. Best Pract. Res. Clin. Rheumatol. 2011, 25,
173-183. [CrossRef]

Ruffini, N.; D’Alessandro, G.; Mariani, N.; Pollastrelli, A.; Cardinali, L.; Cerritelli, F. Variations of high frequency parameter of
heart rate variability following osteopathic manipulative treatment in healthy subjects compared to control group and sham
therapy: Randomized controlled trial. Front. Neurosci. 2015, 9, 272. [CrossRef] [PubMed]

Cerritelli, F; Cardone, D.; Pirino, A.; Merla, A.; Scoppa, F. Does Osteopathic Manipulative Treatment Induce Autonomic Changes
in Healthy Participants? A Thermal Imaging Study. Front. Neurosci. 2020, 14, 887. [CrossRef] [PubMed]

Minami, J.; Ishimitsu, T.; Matsuoka, H. Effects of smoking cessation on blood pressure and heart rate variability in habitual
smokers. Hypertension 1999, 33, 586-590. [CrossRef]

Cardone, D.; Merla, A. New frontiers for applications of thermal infrared imaging devices: Computational psychopshysiology in
the neurosciences. Sensors 2017, 17, 1042. [CrossRef] [PubMed]


http://doi.org/10.1016/j.neubiorev.2004.06.004
http://doi.org/10.1097/j.pain.0000000000000360
http://doi.org/10.1007/s00420-013-0917-2
http://doi.org/10.1016/j.jmpt.2018.11.010
http://www.ncbi.nlm.nih.gov/pubmed/31255310
http://doi.org/10.1186/s12998-017-0167-6
http://www.ncbi.nlm.nih.gov/pubmed/29214015
http://doi.org/10.1007/s12325-020-01554-0
http://www.ncbi.nlm.nih.gov/pubmed/33184777
http://doi.org/10.1016/j.bjpt.2018.08.004
http://doi.org/10.1007/s40122-019-0119-z
http://doi.org/10.1515/jom-2020-0132
http://doi.org/10.1002/bem.21953
http://doi.org/10.1016/j.apmr.2013.09.022
http://doi.org/10.1007/s10067-006-0247-9
http://www.ncbi.nlm.nih.gov/pubmed/16633709
http://doi.org/10.1089/bioe.2019.0026
http://www.ncbi.nlm.nih.gov/pubmed/34471827
http://doi.org/10.1016/S1350-4533(99)00062-4
http://doi.org/10.1002/bem.20039
http://www.ncbi.nlm.nih.gov/pubmed/15300734
http://doi.org/10.1002/bem.22115
http://www.ncbi.nlm.nih.gov/pubmed/29469164
http://doi.org/10.1002/bem.22308
http://doi.org/10.1007/s10014-005-0192-3
http://doi.org/10.1002/bem.20303
http://doi.org/10.1007/s10354-021-00901-2
http://doi.org/10.1016/j.berh.2010.01.012
http://doi.org/10.3389/fnins.2015.00272
http://www.ncbi.nlm.nih.gov/pubmed/26300719
http://doi.org/10.3389/fnins.2020.00887
http://www.ncbi.nlm.nih.gov/pubmed/33013294
http://doi.org/10.1161/01.HYP.33.1.586
http://doi.org/10.3390/s17051042
http://www.ncbi.nlm.nih.gov/pubmed/28475155

Int. |. Environ. Res. Public Health 2023, 20, 3934 13 of 14

48.
49.
50.
51.
52.
53.
54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.
71.
72.
73.
74.
75.
76.

77.

Papimi. Papimi® Manual. Experiences of Application; Version 05; Papimi: Vienna, Austria, 2019.

Papimii® Official Homepage. Available online: https:/ /papimi-therapie.eu/ (accessed on 23 December 2022).

Aubert, A.E; Seps, B.; Beckers, F. Heart rate variability in athletes. J. Sport. Med. 2003, 33, 889-919. [CrossRef]

Umetani, K.; Singer, D.H.; McCraty, R.; Atkinson, M. Twenty-four hour time domain heart rate variability and heart rate: Relations
to age and gender over nine decades. J. Am. Coll. Cardiol. 1998, 31, 593-601. [CrossRef]

Roura, S.; Alvarez, G.; Sola, L; Cerritelli, F. Do manual therapies have a specific autonomic effect? An overview of systematic
reviews. PLoS ONE 2021, 16, €0260642. [CrossRef]

Berntson, G.G.; Bigger, ].T., Jr.; Eckberg, D.L.; Grossman, P.; Kaufmann, P.G.; Malik, M.; Nagaraja, H.N.; Porges, S.W.; Saul, ].P;
Stone, PH.; et al. Heart rate variability: Origins, methods, and interpretive caveats. Psychophysiology 1997, 34, 623—648. [CrossRef]
Kleiger, R.E; Stein, PK; Bigger, ].T., Jr. Heart Rate Variability: Measurement and Clinical Utility. Ann. Noninvasive Electrocardiol.
2005, 10, 88-101. [CrossRef]

Goldstein, D.S.; Bentho, O.; Park, M.-Y.; Sharabi, Y. Low-frequency power of heart rate variability is not a measure of cardiac
sympathetic tone but may be a measure of modulation of cardiac autonomic outflows by baroreflexes. Exp. Physiol. 2011, 96,
1255-1261. [CrossRef]

Heathers, J.A. Everything Hertz: Methodological issues in short-term frequency-domain HRV. Front. Physiol. 2014, 5, 177.
[CrossRef]

Quintana, D.S.; Alvares, G.A.; Heathers, ].A. Guidelines for Reporting Articles on Psychiatry and Heart rate variability (GRAPH):
Recommendations to advance research communication. Transl. Psychiatry 2016, 6, e803. [CrossRef] [PubMed]

Magagnin, V.; Bassani, T.; Bari, V.; Turiel, M.; Maestri, R.; Pinna, G.D.; Porta, A. Non-stationarities significantly distort short-term
spectral, symbolic and entropy heart rate variability indices. Physiol. Meas. 2011, 32, 1775. [CrossRef] [PubMed]

Hu, H,; Yang, W.; Zeng, Q.; Chen, W.; Zhu, Y,; Liu, W.; Wang, S.; Wang, B.; Shao, Z.; Zhang, Y. Promising application of Pulsed
Electromagnetic Fields (PEMFs) in musculoskeletal disorders. Biomed. Pharmacother. 2020, 131, 110767. [CrossRef] [PubMed]
Myers, K.A,; Sivathamboo, S.; Perucca, P. Heart rate variability measurement in epilepsy: How can we move from research to
clinical practice? Epilepsia 2018, 59, 2169-2178. [CrossRef] [PubMed]

Marques, K.C,; Silva, C.C.; Trindade, S.D.S.; Santos, M.C.D.S.; Rocha, R.S.B.; Vasconcelos, PED.C.; Quaresma, ]J.A.S.; Falcao,
L.EM. Reduction of Cardiac Autonomic Modulation and Increased Sympathetic Activity by Heart Rate Variability in Patients
with Long COVID. Front. Cardiovasc. Med. 2022, 9, 862001. [CrossRef]

Bachl, N.; Ruoff, G.; Wessner, B.; Tschan, H. Electromagnetic interventions in musculoskeletal disorders. Clin. Sport. Med. 2008,
27,87-105. [CrossRef]

Chiaramello, E.; Fiocchi, S.; Bonato, M.; Gallucci, S.; Benini, M.; Parazzini, M. Cell transmembrane potential in contactless
permeabilization by time-varying magnetic fields. Comput. Biol. Med. 2021, 135, 104587. [CrossRef]

Bau, J.-G.; Chia, T.; Wei, S.-H.; Li, Y.-H.; Kuo, F-C. Correlations of Neck/Shoulder Perfusion Characteristics and Pain Symptoms
of the Female Office Workers with Sedentary Lifestyle. PLoS ONE 2017, 12, e0169318. [CrossRef]

Bau, J.-G.; Wu, S.-K,; Huang, B.-W,; Lin, T.T.-L.; Huang, S.-C. Myofascial Treatment for Microcirculation in Patients with Postural
Neck and Shoulder Pain. Diagnostics 2021, 11, 2226. [CrossRef]

Cagnie, B.; Dhooge, F.; Van Akeleyen, ]J.; Cools, A.; Cambier, D.; Danneels, L. Changes in microcirculation of the trapezius muscle
during a prolonged computer task. Eur. J. Appl. Physiol. 2012, 112, 3305-3312. [CrossRef]

Chrysafides, S.M.; Bordes, S.J.; Sharma, S. Physiology, Resting Potential. In StatPearls; StatPearls Publishing: Treasure Island, FL,
USA, 2022.

Thayer, J.F.; Hansen, A.L.; Saus-Rose, E.; Johnsen, B.H. Heart rate variability, prefrontal neural function, and cognitive perfor-
mance: The neurovisceral integration perspective on self-regulation, adaptation, and health. Ann. Behav. Med. 2009, 37, 141-153.
[CrossRef]

Williams, D.P.; Cash, C.; Rankin, C.; Bernardi, A.; Koenig, J.; Thayer, ].E. Resting heart rate variability predicts self-reported
difficulties in emotion regulation: A focus on different facets of emotion regulation. Front. Psychol. 2015, 6, 261. [CrossRef]
[PubMed]

Carnevali, L.; Koenig, J.; Sgoifo, A.; Ottaviani, C. Autonomic and Brain Morphological Predictors of Stress Resilience. Front.
Neurosci. 2018, 12, 228. [CrossRef] [PubMed]

Billman, G.E.; Dujardin, J.P. Dynamic changes in cardiac vagal tone as measured by time-series analysis. Heart Circ. Physiol. 1990,
258, H896-H902. [CrossRef] [PubMed]

Billman, G.E. Cardiac autonomic neural “remodeling” and susceptibility to sudden cardiac death: Effect of endurance exercise
training. Am. J. Physiol. Heart Circ. Physiol. 2009, 297, H1171-H1193. [CrossRef] [PubMed]

Billman, G.E. Heart rate variability—A historical perspective. Front. Physiol. 2011, 2, 86. [CrossRef]

Billman, G.E. The LF/HF ratio does not accurately measure cardiac sympatho-vagal balance. Front. Physiol. 2013, 4, 26. [CrossRef]
Billman, G.E.; Huikuri, H.V,; Sacha, J.; Trimmel, K. An introduction to heart rate variability: Methodological considerations and
clinical applications. Front. Physiol. 2015, 6, 55. [CrossRef]

Taylor, J.A.; Myers, CW.; Halliwill, J.R.; Seidel, H.; Eckberg, D.L. Sympathetic restraint of respiratory sinus arrhythmia:
Implications for vagal-cardiac tone assessment in humans. Am. J. Physiol. Hear. Circ. Physiol. 2001, 280, H2804-H2814. [CrossRef]
Cohen, M.; Taylor, J.A. Short-term cardiovascular oscillations in man: Measuring and modeling the physiologies. J. Physiol. 2002,
542, 669-683. [CrossRef]


https://papimi-therapie.eu/
http://doi.org/10.2165/00007256-200333120-00003
http://doi.org/10.1016/S0735-1097(97)00554-8
http://doi.org/10.1371/journal.pone.0260642
http://doi.org/10.1111/j.1469-8986.1997.tb02140.x
http://doi.org/10.1111/j.1542-474X.2005.10101.x
http://doi.org/10.1113/expphysiol.2010.056259
http://doi.org/10.3389/fphys.2014.00177
http://doi.org/10.1038/tp.2016.73
http://www.ncbi.nlm.nih.gov/pubmed/27163204
http://doi.org/10.1088/0967-3334/32/11/S05
http://www.ncbi.nlm.nih.gov/pubmed/22027399
http://doi.org/10.1016/j.biopha.2020.110767
http://www.ncbi.nlm.nih.gov/pubmed/33152929
http://doi.org/10.1111/epi.14587
http://www.ncbi.nlm.nih.gov/pubmed/30345509
http://doi.org/10.3389/fcvm.2022.862001
http://doi.org/10.1016/j.csm.2007.10.006
http://doi.org/10.1016/j.compbiomed.2021.104587
http://doi.org/10.1371/journal.pone.0169318
http://doi.org/10.3390/diagnostics11122226
http://doi.org/10.1007/s00421-012-2322-z
http://doi.org/10.1007/s12160-009-9101-z
http://doi.org/10.3389/fpsyg.2015.00261
http://www.ncbi.nlm.nih.gov/pubmed/25806017
http://doi.org/10.3389/fnins.2018.00228
http://www.ncbi.nlm.nih.gov/pubmed/29681793
http://doi.org/10.1152/ajpheart.1990.258.3.H896
http://www.ncbi.nlm.nih.gov/pubmed/1969240
http://doi.org/10.1152/ajpheart.00534.2009
http://www.ncbi.nlm.nih.gov/pubmed/19684184
http://doi.org/10.3389/fphys.2011.00086
http://doi.org/10.3389/fphys.2013.00026
http://doi.org/10.3389/fphys.2015.00055
http://doi.org/10.1152/ajpheart.2001.280.6.H2804
http://doi.org/10.1113/jphysiol.2002.017483

Int. |. Environ. Res. Public Health 2023, 20, 3934 14 of 14

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.

90.

Malik, M.; Xia, R.; Odemuyiwa, O.; Staunton, A.; Poloniecki, J.; Camm, A.]J. Influence of the recognition artefact in the automatic
analysis of long-term electrocardiograms on time domain measurements of heart rate variability. Med. Biol. Eng. Comput. 1993, 31,
539-544. [CrossRef] [PubMed]

Flynn, D.M. Chronic Musculoskeletal Pain: Nonpharmacologic, Noninvasive Treatments. Am. Fam. Physician 2020, 102, 465-477.
[PubMed]

Dersh, J.; Polatin, P.B.M.; Gatchel, R.J. Chronic Pain and Psychopathology: Research Findings and Theoretical Considerations.
Psychosom. Med. 2002, 64, 773-786. [PubMed]

Means-Christensen, A.J.; Roy-Byrne, PP,; Sherbourne, C.D.; Craske, M.G.; Stein, M.B. Relationships among pain, anxiety, and
depression in primary care. Depress. Anxiety 2008, 25, 593-600. [CrossRef]

Woo, A K. Depression and Anxiety in Pain. Rev. Pain 2010, 4, 8-12. [CrossRef]

Gerrits, M.M.].G.; Vogelzangs, N.; van Oppen, P.; van Marwijk, HW].; van der Horst, H.; Penninx, B.W.J.H. Impact of pain on the
course of depressive and anxiety disorders. Pain 2012, 153, 429-436. [CrossRef]

Giovannini, S.; Macchi, C.; Liperoti, R.; Laudisio, A.; Coraci, D.; Loreti, C.; Vannetti, F.; Onder, G.; Padua, L.; Mugello Study
Working Group. Association of Body Fat with Health-Related Quality of Life and Depression in Nonagenarians: The Mugello
Study. J. Am. Med. Dir. Assoc. 2019, 20, 564-568. [CrossRef]

Kanbara, K.; Fukunaga, M. Links among emotional awareness, somatic awareness and autonomic homeostatic processing.
Biopsychosoc. Med. 2016, 10, 16. [CrossRef]

Kremer, M.; Becker, L.J.; Barrot, M.; Yalcin, I. How to study anxiety and depression in rodent models of chronic pain? Eur. J.
Neurosci. 2021, 53, 236-270. [CrossRef]

Laudisio, A.; Incalzi, R.A.; Gemma, A.; Giovannini, S.; Monaco, M.R.L.; Vetrano, D.L.; Padua, L.; Bernabei, R.; Zuccala, G. Use of
proton-pump inhibitors is associated with depression: A population-based study. Int. Psychogeriatr. 2017, 30, 153-159. [CrossRef]
[PubMed]

Levenson, R.-W. The Autonomic Nervous System and Emotion. Emot. Rev. 2014, 6, 100-112. [CrossRef]

Meda, R.T.; Nuguru, S.P,; Rachakonda, S.; Sripathi, S.; Khan, M.IL; Patel, N. Chronic Pain-Induced Depression: A Review of
Prevalence and Management. Cureus 2022, 14, e28416. [CrossRef]

Ru, Q.; Lu, Y,; Saifullah, A.B.; Blanco, FA.; Yao, C.; Cata, ].P; Li, D.P; Tolias, K.F; Li, L. TTAM1-mediated synaptic plasticity
underlies comorbid depression-like and ketamine antidepressant-like actions in chronic pain. J. Clin. Investig. 2022, 132, €158545.
[CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/BF02441992
http://www.ncbi.nlm.nih.gov/pubmed/8295446
http://www.ncbi.nlm.nih.gov/pubmed/33064421
http://www.ncbi.nlm.nih.gov/pubmed/12271108
http://doi.org/10.1002/da.20342
http://doi.org/10.1177/204946371000400103
http://doi.org/10.1016/j.pain.2011.11.001
http://doi.org/10.1016/j.jamda.2019.01.128
http://doi.org/10.1186/s13030-016-0059-3
http://doi.org/10.1111/ejn.14686
http://doi.org/10.1017/S1041610217001715
http://www.ncbi.nlm.nih.gov/pubmed/28899441
http://doi.org/10.1177/1754073913512003
http://doi.org/10.7759/cureus.28416
http://doi.org/10.1172/JCI158545
http://www.ncbi.nlm.nih.gov/pubmed/36519542

	Introduction 
	Materials and Methods 
	Participants 
	Experimental Procedure 
	Interventions 
	PAPIMI Intervention 
	Sham (Control) Papimi Intervention 

	Data Collection Measurements 
	Outcome Measures 
	Statistical Analysis 

	Results 
	Sample Characteristics and HRV Pre-Intervention Scores 
	HRV Post-Intervention Scores 
	SDNN 
	RMSSD 
	NN50 
	pNN50 
	HF 


	Discussion 
	Conclusions 
	References

