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Abstract
Context: The parasympathetic-mediated inflammatory reflex inhibits excessive proinflammatory cytokine production. Noninvasive techniques, including occipitoatlantal
decompression (OA-D) and transcutaneous auricular vagus
nerve stimulation (taVNS), have been demonstrated to increase parasympathetic tone.
Objectives: To test the hypothesis that OA-D and taVNS
increase parasympathetic nervous system activity and
inhibit proinflammatory cytokine mobilization and/or
production.
Methods: Healthy adult participants were randomized to
receive OA-D (5 min of OA-D followed by 10 min of rest;
n=8), taVNS (15 min; n=9), or no intervention (15 min, time
control; n=10) on three consecutive days. Before and after
these interventions, saliva samples were collected for
determination of the cytokines interleukin-1β (IL-1β),
interleukin-6 (IL-6), interleukin-8 (IL-8), and tumor necrosis factor α (TNF-α). Arterial blood pressure and the
electrocardiogram were recorded for a 30-min baseline,
throughout the intervention, and during a 30-min recovery
period to derive heart rate and blood pressure variability
markers as indices of vagal and sympathetic control.
Results: OA-D and taVNS increased root mean square of
successive RR interval differences (RMSSD) and high frequency heart rate variability, which are established markers
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for parasympathetic modulation of cardiac function. In all
three groups, the experimental protocol was associated with
a significant increase in salivary cytokine concentrations.
However, the increase in IL-1β was significantly less in the
taVNS group (+66 ± 13 pg/mL; p<0.05) than in the time
control group (+142 ± 24 pg/mL). A similar trend was
observed in the taVNS group for TNF-α (+1.7 ± 0.3 pg/mL vs.
4.1 ± 1.3 pg/mL; p<0.10). In the OA-D group baseline IL-6,
IL-8, and TNF-α levels on the third study day were signiﬁcantly lower than on the ﬁrst study day (IL-6: 2.3 ± 0.4 vs.
3.2 ± 0.6 pg/mL, p<0.05; IL-8: 190 ± 61 vs. 483 ± 125 pg/mL, p
<0.05; TNF-α: 1.2 ± 0.3 vs. 2.3 ± 0.4 pg/mL, p<0.05). OA-D
decreased mean blood pressure from the ﬁrst (100 ± 8 mmHg)
to the second (92 ± 6 mmHg; p<0.05) and third (93 ± 8 mmHg;
p<0.05) study days and reduced low frequency spectral power of systolic blood pressure variability (19 ± 3 mmHg2 after
OA-D vs. 28 ± 5 mmHg2 before OA-D; p<0.05), a marker of
sympathetic modulation of vascular tone. OA-D also
increased baroreceptor-heart rate reﬂex sensitivity from the
ﬁrst (13.7 ± 3.0 ms/mmHg) to the second (18.4 ± 4.3 ms/
mmHg; p<0.05) and third (16.9 ± 4.2 ms/mmHg; p<0.05)
study days.
Conclusions: Both OA-D and taVNS elicited antiinflammatory responses that were associated with increases
in heart rate variability-derived markers for parasympathetic function. These findings suggest that OA-D
and taVNS activate the parasympathetic antiinflammatory
reflex. Furthermore, an antihypertensive effect was
observed with OA-D that may be mediated by reduced
sympathetic modulation of vascular tone and/or increased
baroreceptor reflex sensitivity.
Keywords: blood pressure variability; cytokines; heart rate
variability; hypertension; saliva.
Biological antiinflammatory drugs, such as tumor necrosis
factor-α (TNF-α) antagonists, have revolutionized treatment of chronic inflammatory diseases and largely
improved prognosis and quality of life for affected patients
[1, 2]. However, the high cost of these agents [3] and
This work is licensed under the Creative Commons Attribution 4.0
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potential adverse effects [4] and associated contraindications are prohibitive for a large number of patients. Thus,
there is a need for affordable and effective alternative or
supplemental treatment strategies. Activation of the
cholinergic antiinﬂammatory pathway [5] within the inﬂammatory reﬂex [6] through osteopathic manipulative
treatment (OMT) or through direct vagus nerve stimulation
may offer an adjunctive therapeutic approach that could
allow for lower dosing of biological antiinﬂammatory
drugs, therefore reducing the cost and potential adverse
effects of such treatments. The inﬂammatory reﬂex is an
endogenous mechanism that prevents excessive responses
to acute and chronic proinﬂammatory stimuli such as local
tissue damage, invading pathogens, and rheumatoid or
autoimmune disorders [5, 6]. This reﬂex is activated by
local inﬂammatory mediators such as cytokines or
pathogen-derived products that are sensed by afferent
vagal nerve ﬁbers that project to the central nervous system. This afferent pathway activates the efferent reﬂex arc
that utilizes efferent vagal nerve ﬁbers to inhibit cytokine
production in reticular organs, such as the spleen via
pathways that may depend on the sympathetic splenic
nerve [7] and nicotinic α7 subtype acetylcholine receptors
[8]. However, the exact neuronal pathways mediating the
efferent reﬂex response are still a matter of debate [9].
Central nervous system processing of the afferent proinﬂammatory signals involves activation of postsynaptic
M1-muscarinic receptors because it has been demonstrated
that intracerebroventricular administration of the M1-muscarinic receptor agonist McN-A-343 decreases serum
tumor necrosis factor (TNF) levels during endotoxemia
[10]. This M1-muscarinic receptor-mediated pathway can
be augmented by inhibition of presynaptic M2-muscarinic
receptors that normally inhibit neuronal acetylcholine
release [10]. Interestingly, intracerebroventricular administration of the M2-muscarinic antagonist methoctramine
not only inhibited the TNF response to endotoxemia but
also increased high frequency heart rate variability (HRV)
[10], a measure of parasympathetic modulation of cardiac
function [11]. Thus, HRV analysis can be utilized as an indirect measure of the activation of the efferent antiinﬂammatory arc of the inﬂammatory reﬂex.
Some OMT techniques have been demonstrated to increase parasympathetic nervous system activity, as
assessed by HRV analysis. Ruffini et al. [12] found that OMT
signiﬁcantly increased high frequency HRV. In that study,
the OMT techniques were left at the discretion of the operator but were limited to balanced ligamentous/membranous
tension techniques and craniosacral techniques [12]. Fornari
et al. [13] found that high frequency HRV was elevated
during an arithmetic stress test in subjects who received

craniosacral OMT compared to control subjects. Likewise, a
study by Henley et al. [14] found less tachycardia and higher
high frequency HRV during an orthostatic challenge in
subjects receiving OMT as compared to subjects receiving
sham or no treatment. In that study, cervical myofascial
release techniques were used [14]. Giles et al. [15] demonstrated that cervical OMT signiﬁcantly increased overall
HRV (standard deviation of normal-to-normal intervals) and
high frequency HRV and, consequently, concluded that
those OMT techniques modulate cardiac parasympathetic
nervous system function. The OMT technique used in that
study involved cervical soft tissue kneading and stretching
followed by suboccipital decompression [15]. Finally, Curi
et al. [16] demonstrated that fourth ventricular compression
reduced blood pressure in hypertensive patients and that
this antihypertensive effect was associated with an increase
in high frequency HRV and a shift in autonomic balance to
parasympathetic dominance as indicated by a reduction in
the low frequency to high frequency ratio of HRV. Taken
together, several OMT techniques have been demonstrated
to increase parasympathetic activity. However, it is not
known whether OMT-induced elevation of parasympathetic
nervous system activity also results in activation of the
antiinﬂammatory efferent arc of the inﬂammatory reﬂex. If
that were the case, OMT techniques could potentially be
developed to treat inﬂammatory conditions.
An alternative noninvasive approach to potentially
activate the cholinergic antiinflammatory pathway is
transcutaneous auricular vagus nerve stimulation (taVNS)
[17, 18]. Evidence for an activation of the parasympathetic
nervous system by taVNS comes from studies that utilized
HRV analysis, microneurography, and baroreceptor reﬂex
analysis [19–22]. Thus, as with OMT, there is a possibility
that taVNS may potentially be useful in the treatment of
inﬂammatory conditions. Indeed, taVNS has been suggested to elicit antiinﬂammatory responses in depression
[23], postoperative ileus and endotoxemia [24], and in Parkinson’s disease [25]. In a recent metaanalysis of OMT
techniques in inﬂammatory diseases [26], only two of 10
included studies utilized techniques (balanced ligamentous
tension in the occipitoatlantoid and cervicothoracic junctions, and suboccipital decompression) that have been
demonstrated to increase parasympathetic tone, while the
other eight studies relied on rib raising, visceral, sacral, and
lymphatic pump techniques. Overall, the results of the
metaanalysis were inconsistent [26], which may be related
to the fact that the majority of included studies did not utilize OMT techniques that have the potential to activate the
antiinﬂammatory efferent arc of the inﬂammatory reﬂex.
Thus, the hypothesis of our study was that the OMT
technique of decompression of the occipitoatlantal (OA-D)
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junction and noninvasive taVNS, both of which have been
demonstrated to increase parasympathetic activity [12–16,
19–22] would also elicit an antiinﬂammatory response as
indicated by a reduction in proinﬂammatory cytokines. Our
rationale for selecting OA-D technique and taVNS is that
these techniques are known to increase parasympathetic
tone and therefore have the potential to activate the
cholinergic antiinﬂammatory reﬂex. Importantly, it has
been demonstrated that chronic inﬂammatory diseases like
lupus are associated with reduced heart rate variability
markers of parasympathetic tone, even in the absence of overt
cardiac involvement and symptoms [27]. Thus, it has been
suggested that interventions that increase parasympathetic
tone also reduce inﬂammation in chronic inﬂammatory disorders [28]. Several OMT techniques have been demonstrated
to increase parasympathetic tone. Curi et al. [16] demonstrated that the technique of fourth ventricle compression is
associated with an increase in high-frequency HRV and a shift
in autonomic balance to parasympathetic dominance. Likewise, Giles et al. [15] demonstrated a marked increase in high
frequency HRV when performing suboccipital decompression, also suggesting increased parasympathetic tone. To our
knowledge, there has been no prior study comparing the
effectiveness of different OMT techniques in activating the
parasympathetic nervous system. We elected to utilize the
OA-D technique vs. the fourth ventricle compression technique because the fourth ventricle compression technique is
considered a more advanced technique compared to OA-D,
which could be utilized by any osteopathic physician as it is
included in the curriculum at all colleges of osteopathic
medicine. As an experimental approach, we applied OA-D or
taVNS to healthy study participants on three consecutive
days. The effect of these interventions on parasympathetic
modulation of cardiac function assessed by HRV and on
inﬂammation assessed by salivary cytokine content was
compared to the responses in participants who underwent a
time control without OA-D or taVNS application.
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of $20.00 per study day, for a total amount of $60.00 for all three study
days.
The study design and experimental protocol is shown in Figure 1.
The study consisted of three experimental groups: (1) OA-D; (2) taVNS;
and (3) time control (no intervention). After written consent was obtained, subjects were randomly assigned to a study group. For
randomization into the three study groups, a six-sided die was rolled
and numbers of one or two corresponded to the control group,
numbers of three or four corresponded to the OA-D group, and
numbers of ﬁve or six corresponded to the taVNS group. All subjects
participated in three consecutive study days. At the beginning of the
ﬁrst study day, body weight and height were determined and on all
three study days, upper-arm blood pressure (Omron 10 Series; Omron
Healthcare, Inc.) was measured. Saliva samples were collected (Saliva
Collection Aid; Salimetrics, LLC) at the beginning and end of the experiments on each study day for determination of salivary cytokines.
On each of the three study days, subjects were instrumented with
electrocardiogram (ECG) electrodes and an inﬂatable ﬁnger cuff for
noninvasive continuous blood pressure monitoring (Finapres Finometer Pro; Finapres Medical Systems). During the protocol, subjects
rested in the supine position on OMT examination tables and were
instructed to avoid unnecessary movements to ensure high quality
ECG and blood pressure signals. Initially, a baseline recording of the
ECG and arterial blood pressure was obtained for 30 min. Then OA-D
(Group 1: 5 min of OA-D followed by 10 min of rest), taVNS (Group 2:
15 min of taVNS), or no intervention (Group 3: 15 min of rest) were
applied, after which a ﬁnal recovery recording of the ECG and arterial
blood pressure was obtained for another 30 min. Following the
baseline recording and following the 15-min intervention, the ﬁnger
cuff was deﬂated for 2–3 min and study participants were allowed to sit
up or move their extremities.

Subjects
The study was conducted in healthy, adult (minimum age, 18 years)
subjects of both genders. Exclusion criteria included: pregnancy; any
medication that interferes with the autonomic nervous system or the
immune system (e.g., beta-blockers, steroids, TNF-α inhibitors); any
medical condition that affects the autonomic nervous system or the
immune system (e.g., autonomic neuropathy, pure autonomic failure,
rheumatic or autoimmune diseases, acquired autoimmune deficiency
syndrome); diabetes; and current drug or alcohol abuse.

OMT intervention

Methods
Study design
The experiments of this study were conducted as part of the Burrell
College medical student summer research program in 2019 (June 2019 to
September 2019). While this particular study was not publicly registered, an ongoing follow-up study is registered with ClinicalTrials.gov
(NCT04177264). The study was approved by the Institutional Review
Board at Burrell College of Osteopathic Medicine (IRB# 0046_2019) and
all study participants provided written informed consent. Subjects were
compensated for their time and effort with VISA gift cards in the amount

The overall premise of the study was that OMT techniques that increase parasympathetic nervous system activity would also activate
the cholinergic antiinflammatory reflex. OA-D is an osteopathic
technique that focuses on treating an articular compression between
the occiput and the atlas, which may improve conditions relating to
the path of the vagus nerve as it exits the skull. This technique has
been demonstrated to markedly increase high frequency HRV, suggesting increased cardiac parasympathetic modulation [15]. For OA-D,
the subjects were lying in the supine position on an OMT examination
table, while the investigator cradled the subjects’ heads with their
hands and ﬁnger pads along the inferior aspect of inion, reaching
toward the occipitoatlantal joint. The investigator then applied gentle
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Figure 1: Experimental protocol. The study consisted of three study days. At the beginning of the first study day, written consent was
obtained, potential exclusion criteria were assessed through a questionnaire, and height, weight, and arm cuff blood pressure were
measured. On each study, day saliva samples were collected at the beginning and end of the study day, for a total of six saliva samples from
each participant. Hemodynamic recordings of arterial blood pressure (finger plethysmography) and heart rate (ECG) were obtained on each
study day. The experimental protocol during the hemodynamic recordings on each study day consisted of a 30 min baseline recording, a 15 min
intervention, and a 30 min recovery recording. In three experimental groups, the interventions consisted of either 5 min of occipitoatlantal
decompression (OA-D) followed by 10 min of rest (OA-D group), or 15 min of transcutaneous auricular vagus nerve stimulation (taVNS group), or
15 min of rest (control group). The shown example of the hemodynamic recording is from a participant in the OA-D group.

anterior and cephalad traction to the occiput, while bringing the elbows together. This motion resulted in supination of the hands and
separation of the ﬁngers, creating an anterolateral force vector to
either side of the foramen magnum [29]. The gentle anterior and
cephalad traction was then maintained for 5 min. All investigators
performing OA-D (K.N.W., A.P.K., M.L.O., and J.N.O.) had practiced
modulating their palpatory efforts, speciﬁcally in light palpation,
while applying the technique of OA-D such that there was no difference among their application of OA-D when evaluated by a of senior
investigators with many years of experience in OMT (A.M.K.).

500 µs resulted in the greatest bradycardic effect. Since the longest
pulse width of the EMS 7500 device is 300 µs, we used a combination
of 10 Hz stimulation frequency and 300 µs pulse width for the current
study. The stimulation current was determined individually for each
subject by slowly increasing the stimulation current until the subjects
felt a mild tingling sensation at the site of the electrode. Then the
current was gradually reduced until the tingling sensation disappeared or was just barely felt. This current was then used for 15 min
of taVNS.

Baroreceptor-heart rate reflex analysis
Transcutaneous auricular vagus nerve stimulation
(taVNS)
Current literature [19–22] strongly suggest that taVNS increases cardiac parasympathetic tone and therefore may also activate the
cholinergic antiinﬂammatory reﬂex [10]. A bipolar clip electrode
connected to a transcutaneous electrical nerve stimulator (EMS 7500;
Current Solutions, LLC) was applied to the cymba conchae that is
innervated by the auricular branch of the vagus nerve (Arnold’s nerve)
[30]. The clip electrode was applied to the ear lobe such that the
cathode was placed at the cavum of the concha and the anode was
placed at the opposing site of the back of the auricle that is also
innervated by the vagus nerve. Badran et al. [31] studied different
stimulation frequencies (1, 10, and 25 Hz) and stimulation pulse widths
(100, 200, and 500 µs) and found that the combination of 10 Hz and

The baroreceptor–heart rate reflex sensitivity was calculated using the
sequence technique as first described by Bertinieri et al. [32]. Brieﬂy,
the freely available HemoLab software [33] was used to identify
spontaneously occurring sequences of four or more consecutive heart
beats, where systolic blood pressure and pulse interval change in the
same direction. The average of the slopes of all identiﬁed sequences
(changes in pulse interval on y-axis; changes in systolic blood pressure on x-axis) is a measure of the baroreceptor–heart rate reﬂex
sensitivity. This technique has been found to be reliable [34] when
compared to the gold standard of the Oxford method [35]. The premise
of this study is that activation of the parasympathetic nervous system
by OA-D or taVNS elicits an antiinﬂammatory response; thus, we were
primarily interested in parasympathetic baroreﬂex control. Since the
parasympathetic nervous system – other than the sympathetic
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nervous system – can affect heart rate rapidly within one heartbeat, we
did not use a time delay between the blood pressure and heart rate
time series when identifying baroreﬂex sequences.

Parasympathetic modulation of cardiac function
Parasympathetic modulation of cardiac function was assessed by HRV
analysis. Specifically, the time-domain HRV parameter of the root
mean square of successive RR interval differences (RMSSD) and the
frequency-domain HRV parameter of high frequency spectral power
were determined. These two HRV parameters are well-established
measures of parasympathetic modulation of cardiac function [11].
First, all RR intervals were derived from the ECG recordings (sample
rate 1,000 Hz) for the 30 min of baseline recording, the recordings
during the interventions (15 min for control and taVNS and 5 min for
OA-D), and for the 30 min of recovery recording that followed the
intervention. For RMSSD, these beat-by-beat RR intervals were
segmented into 5 min segments with 50% overlap. From these segments, RMSSD was calculated using the HemoLab software [33]. The
RMSSD values from all overlapping segments within the baseline,
intervention, and recovery periods were averaged for statistical
analysis. For frequency domain HRV analysis, beat-by-beat heart rate
values were derived for the three sections of the experimental protocol
(baseline, intervention, recovery). These beat-by-beat heart rate time
series were spline interpolated and resampled at an equidistant
sampling rate of 25 Hz. From these 25 Hz time series, power spectra
were calculated for overlapping segments (50% overlap, 4,096 data
points, 164 s). The power spectra of the overlapping segments for each
subject and each experimental condition (baseline, intervention, recovery) were averaged for statistical analysis. High frequency spectral
power was calculated as the area under the curve of the power spectra
in the frequency band of 0.15–0.4 Hz.

Sympathetic modulation of vascular tone
Analysis of sympathetic modulation of vascular tone was also
performed using the HemoLab software [33]. Using the blood
pressure waveforms obtained from the Finapres device (1,000 Hz
sampling rate), beat-by-beat systolic blood pressure values were
derived for the three sections of the experimental protocol (baseline, intervention, recovery). These beat-by-beat time series were
spline interpolated and resampled at an equidistant sampling rate
of 25 Hz. From these 25 Hz time series, power spectra were calculated for overlapping segments (50% overlap, 4,096 data points,
164 s). The power spectra of the overlapping segments of each
subject and each experimental condition (baseline, intervention,
recovery) were averaged for statistical analysis. Low frequency
spectral power of systolic blood pressure variability (LFSYS), a
measure of sympathetic modulation of vascular tone [36, 37], was
calculated as the area under the curve of the power spectra in the
frequency range of 0.04–0.15 Hz.

Determination of salivary cytokines
Saliva samples were collected before and after the experiments on
all three study days using the SalivaBio Saliva Collection Aid
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(Salimetrics, LLC; Carlsbad, CA). Saliva flow rate was determined as
the ratio of the saliva volume produced to the time needed to produce that volume. All saliva samples were stored at −80 °C. Upon
completion of the study, the saliva samples were shipped to Salimetrics for analysis (Salivary Cytokine Panel; Salimetrics, LLC). The
cytokine panel included interleukin-1β (IL-1β, detection range:
0.05–2,256 pg/mL), interleukin-6 (IL-6, detection range: 0.06–
3,068 pg/mL), interleukin-8 (IL-8, detection range: 0.07–2,336 pg/mL),
and TNF-α (detection range: 0.04–1,360 pg/mL) and were determined by enzyme-linked immunosorbent assay. All measured
cytokine levels were within the detection range of the assays.

Statistical analyses
All data are shown as means ± standard error of the mean (SEM). For
statistical comparison between groups, a one-way analysis of variance
(ANOVA) for independent measures was used. Post-hoc Fisher tests were
used if the ANOVA revealed statistical signiﬁcance to identify differences
between individual groups. For statistical comparison between data obtained on the three study days, repeated-measures one-way ANOVA was
used. In case of statistical signiﬁcance in the ANOVA, post-hoc Fisher tests
were used to identify signiﬁcant differences between individual study
days. For statistical comparison between different phases of the experimental protocol within a study day (i.e., baseline recording, intervention,
or recovery recording) repeated-measures ANOVA was used. In case of
statistical signiﬁcance in the ANOVA, post-hoc Fisher tests were used to
identify signiﬁcant differences between the phases of the experimental
protocolInstead of a comprehensive power analysis for all parameters and
for all statistical comparisons made, we present the power analysis for the
comparison for the IL-1β responses among the three experimental groups
as a representative example. We chose this cytokine because our conclusion of an antiinﬂammatory effect of taVNS is primarily based on the IL-1β
responses. The power analysis was performed using the power.anova.test
function in the R statistical analysis software [38] according to Cohen [39].
The power analysis showed that the statistical power for comparing the
IL-1β response between the three experimental groups was 59.4% at the
p=0.05 level and 71.5% at the p=0.10 level. As with all statistical tests, there
is a tradeoff between the p value (alpha error) and the statistical power
(1-beta error). To obtain acceptable powers, we chose to present statistical
results at both the p=0.05 and p=0.10 levels as appropriate. We chose to
use the terms “trend” or “tended” for results that only provided an
acceptable statistical power (>70%) at the p=0.10 level.

Results
Participant characteristics
A total of 27 study participants were enrolled in the study
(n=10 for control; n=8 for OA-D; n=9 for taVNS). Two participants (1 from the OA-D group and one from the taVNS group)
were excluded from hemodynamic analyses because the ECG
revealed sick sinus syndrome or atrial ﬁbrillation, respectively. Two additional subjects (both from the control group)
did not complete all three study days.
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Table : Participant characteristics.
Parameter

Control (n=)

Sex
 women/ men
Age in years*  ±  (–)
BMI in kg/m* . ± .
(.–.)

OA-D (n=)

taVNS (n=)

 women/ men
 ±  (–)
. ± .
(.–.)

 women/ men
 ±  (–)
. ± .
(.–.)†

*Values are presented as mean ± standard error of the mean (range);
†: p<. vs. control group. BMI, body mass index; OA-D,
occipitoatlantal decompression; taVNS, transcutaneous auricular
vagus nerve stimulation.

The age, gender distribution, and BMI of the subjects in
the three experimental groups are provided in Table 1. There
were more women (20) than men (7). The age of the participants (mean, 52.7 ± 3.8 years) was not statistically different
between the three groups. However, body mass index (BMI)
was higher in the taVNS group (mean, 31.0 ± 2.4 kg/m2;
p<0.05) compared with the control group (mean, 24.5 ± 1.2 kg/
m2). BMI of the subjects in the OA-D group (mean,
27.0 ± 1.4 kg/m2) was not different from the BMI of the subjects in the two other groups.

group, but not in the taVNS group (Figure 2). While there
was no change in MAP throughout the experimental protocol on individual study days in the control group, MAP
increased toward the end of the experimental protocol in
the OA-D and taVNS groups (pooled data, Figure 2). The
antihypertensive effect of OA-D observed during the
baseline recordings on the second and third study days
compared with the baseline recording on the ﬁrst study day
was conﬁrmed by the blood pressure readings obtained at
the beginning of each study day using an arm cuff-based
blood pressure monitor. These blood pressure readings
showed statistically lower diastolic blood pressure values
on the second (mean, 80 ± 4 mmHg; p<0.05) and third
(mean, 79 ± 5 mmHg; p<0.05) study days compared with
the ﬁrst study day (mean, 84 ± 5 mmHg) in the OA-D group,
but not in the time control or taVNS groups. Heart rate
generally decreased during the time course of the experimental protocol in all three groups and on all three study
days with no signiﬁcant differences between groups.

Effects of OA-D and taVNS on baroreceptorheart rate reflex sensitivity
Hemodynamic effects of OA-D and taVNS
In the time control group, baseline mean arterial blood
pressure (MAP) was similar on all three study days. In
contrast, baseline MAP was lower on the second and third
study day compared to the first study day in the OA-D

In the time control and taVNS groups, baroreceptor-heart
rate reflex sensitivity (BRS) did not change significantly
throughout the three study days or during the experimental
protocol on each study day (Figure 3). In contrast, BRS
baseline values increased signiﬁcantly from the ﬁrst to the

Figure 2: Effect of the control intervention
(CTR, top), occipitoatlantal decompression
(OA-D, middle), and transcutaneous auricular vagus nerve stimulation (taVNS, bottom) on mean arterial blood pressure (MAP)
on each of the three study days and for the
data from all three study days pooled.
Changes (Δ) from the baseline values on
the first study day are shown. The numbers
next to the baseline values of each study
day are the absolute baseline MAP
values ± SEM (in mmHg) and number of
participants (or number of experiments for
the pooled data), respectively. Data are
shown as means ± standard error of the
mean (SEM). †: p<0.05 vs. baseline MAP
value on the ﬁrst study day; ‡: p<0.05 vs.
baseline MAP value on the same study day.
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Figure 3: Effect of the control intervention
(CTR, top), occipitoatlantal decompression
(OA-D, middle), and transcutaneous auricular vagus nerve stimulation (taVNS, bottom) on baroreceptor-heart rate reflex
sensitivity (BRS) on each of the three study
days and for the data from all three study
days pooled. Changes (Δ) from the baseline
values on the first study day are shown. The
numbers next to the baseline values of
each study day are the absolute baseline
BRS values ± SEM (in ms/mmHg) and
number of participants (or number of experiments for the pooled data). Data are
shown as means ± standard error of the
mean (SEM). †: p<0.05 vs. baseline BRS
value on the ﬁrst study day; ‡: p<0.05 vs.
baseline BRS value on the same study day.

second and third study days in the OA-D group. Furthermore, pooling the data from all three study days revealed
that BRS increased signiﬁcantly during the acute OA-D
intervention, but not during taVNS or during the control
intervention.

Cardiac autonomic responses to OA-D and
taVNS
In the time control group, there were no significant differences for RMSSD (Figure 4) or high frequency spectral power
of HRV (Figure 5) between the baseline values on the three
experimental days or throughout the experimental protocol
(baseline, intervention, recovery) on each individual study
day. In contrast, OA-D caused a signiﬁcant increase in
baseline RMSSD (mean ± standard error of the mean
SEM,+19 ± 10 ms; p<0.05) on the second compared to the
ﬁrst study day (Figure 4) and trends for higher high frequency spectral power of HRV on the second (mean ±
SEM,+2.2 ± 1.6 bpm2; p=0.08) and third (mean ±
SEM,+2.0 ± 1.1 bpm2; p=0.11) study days (Figure 5). These
ﬁndings suggest that OA-D increases parasympathetic
modulation of cardiac function and that this effect persists
into the following day. In the taVNS group, RMSSD
increased signiﬁcantly during the recovery period compared
to the baseline recording on the second study day (Figure 4).
Pooling the data from all three study days conﬁrmed this

increase in RMSSD (mean ± SEM, +5.0 ± 1.6 ms; p<0.05) at
the end compared to the beginning of the experimental
protocol in the taVNS group. Consistent with these RMSSD
responses to taVNS, pooling the data from all three study
days revealed that taVNS increased high frequency spectral
power of HRV during the recovery period at the end of the
experimental protocol compared to the baseline recording
at the beginning of the experimental protocol (mean ±
SEM,+0.65 ± 0.34 bpm2; p<0.05; Figure 5). These ﬁndings
suggest that taVNS increases cardiac parasympathetic tone.
However, this cardiac autonomic effect of taVNS did not last
into the next day because no signiﬁcant changes in RMSSD
or high frequency spectral power of HRV were observed
during the baseline recordings of the second and third study
days compared to the ﬁrst study day. While OA-D appears to
have had a more chronic effect on parasympathetic tone that
lasted into the next study day, taVNS appeared to elicit a
more acute effect because it was most apparent during the
recovery period and did not persist into the following study
day.

Effects of OA-D and taVNS on sympathetic
modulation of vascular tone
Low frequency systolic blood pressure variability (LFSYS)
has been demonstrated to be modulated by ﬂuctuations
in sympathetic-medicated vasomotor tone [40, 41]. In the
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Figure 4: Effect of the control intervention
(CTR, top), occipitoatlantal decompression
(OA-D, middle), and transcutaneous auricular vagus nerve stimulation (taVNS, bottom) on root mean square of successive
differences (RMSSD) on each of the three
study days and for the data from all three
study days pooled. Changes (Δ) from the
baseline values on the first study day are
shown. The numbers next to the baseline
values of each study day are the absolute
baseline RMSSD values ± SEM (in ms) and
number of participants (or number of experiments for the pooled data). Data are
shown as means ± standard error of the
mean (SEM). †: p<0.05 vs. baseline values
on the ﬁrst study day; ‡: p<0.05 vs. baseline
values on the same study day.

time control group and taVNS groups, no statistically
signiﬁcant changes in LFSYS were observed throughout
the experimental protocol or between individual study days
(Figure 6). However, in the OA-D group, a marked decrease
in LFSYS was apparent during the application of OA-D and
during the recovery period at the end of the experimental
protocol. This reduction in sympathetic modulation of
vascular tone in the OA-D group did not persist into the next
study day because the baseline values on the second and
third study days were not different from the baseline values
on the ﬁrst study day. This ﬁnding suggests that OA-D
acutely reduces sympathetic vascular tone.

Glandular autonomic responses to OA-D and
taVNS
Parasympathetic innervation of the salivary glands increases
salivary flow rate primarily through M3-muscarinic receptor
stimulation [42]. In all three study groups, saliva ﬂow rate did
not differ before and after the experimental protocol on any
study day. Only in the time control group saliva ﬂow rate
increased from the ﬁrst to the second (mean ± SEM,
+0.23 ± 0.09 mL/min; p<0.05) study day. No signiﬁcant
changes in saliva ﬂow rate from the ﬁrst to subsequent study
days were observed in the OA-D or taVNS groups.

Figure 5: Effect of the control intervention
(CTR, top), occipitoatlantal decompression
(OA-D, middle), and transcutaneous auricular vagus nerve stimulation (taVNS, bottom) on high frequency (HF) heart rate (HR)
variability on each of the three study days
and for the data from all three study days
pooled. Changes (Δ) from the baseline
values on the first study day are shown. The
numbers next to the baseline values are
absolute baseline values for HF spectral
power ± SEM (units as on y-axes) and
number of participants (or number of experiments for the pooled data). Data are
shown as means ± standard error of the
mean (SEM). (†): p<0.10 vs. baseline values
on the ﬁrst study day; ‡: p<0.05 vs. baseline
values; (‡): p<0.1 vs. baseline values.
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Figure 6: Effect of the control intervention
(CTR, top), occipitoatlantal decompression
(OA-D, middle), and transcutaneous auricular vagus nerve stimulation (taVNS, bottom) on low frequency systolic blood
pressure variability (LFSYS) on each of the
three study days and for the data from all
three study days pooled. Changes (Δ) from
the baseline values on the ﬁrst study day
are shown. The numbers below the baseline values are absolute baseline values for
LFSYS ± SEM (in mmHg2) and number of
participants (or number of experiments for
the pooled data). Data are shown as
means ± standard error of the mean (SEM).
‡: p<0.05 vs. baseline values on the same
study day.

Effects of OA-D and taVNS on salivary
cytokines
In some study participants, salivary cytokine plasma levels were
excessively high. Markedly elevated salivary cytokine levels
have been reported in patients with periodontal diseases [43, 44].
Since we did not assess oral health status, we deﬁned outliers as

cytokine values that were higher than 2 standard deviations
above the mean of the respective baseline cytokine levels on the
ﬁrst study day (before any interventions were done). Outliers
deﬁned by this criterion were excluded from data analysis.
The baseline concentrations of all four salivary cytokines
(IL-1β, IL-6, IL-8, and TNF-α) on each of the three study days
and for the three study days pooled are listed in Table 2.

Table : Baseline salivary cytokine concentrationsa.
Study day

Control (n=–)

Interleukin-β (IL-β) in pg/mL (detection range: .–, pg/mL)

. ± .

. ± .

. ± .
– pooled
. ± .
Interleukin- (IL-) in pg/mL (detection range: .–, pg/mL)

. ± .

. ± .

. ± .
– pooled
. ± .
Interleukin- (IL-) in pg/mL (detection range: .–, pg/mL)

 ± 

 ±  (†)

 ± 
– pooled
 ± 
Tumor necrosis factor-α (TNF-α) in pg/mL (detection range: .–, pg/mL)

. ± .

. ± .

. ± .
– pooled
. ± .

OA-D (n=–)

taVNS (n=–)

. ± . (*)
. ± .
. ± .
. ± .

. ± . (*)
. ± . (*)
. ± .
. ± .*

. ± .
. ± . (†)
. ± . †
. ± .

. ± .
. ± .
. ± .
. ± .

 ± 
 ± 
 ±  †
 ± 

 ± 
 ± 
 ±  (†)
 ± 

. ± .
. ± .
. ± . †
. ± .

. ± .
. ± .
. ± .
. ± . (*)

Values are presented as mean ± standard error of the mean (range); *: p<. vs. control group; (*): p<. vs. control group. †: P<. vs. day
; (†): P<. vs. day . OA-D, occipitoatlantal decompression; taVNS, transcutaneous auricular vagus nerve stimulation.
a
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Figure 7: Effect of the control intervention
(left), occipitoatlantal decompression
(OA-D, middle), and transcutaneous auricular vagus nerve stimulation (taVNS, right)
on inflammatory salivary cytokines interleukin-1β (IL-1β), interleukin-6 (IL-6),
interleukin-8 (IL-8), and tumor necrosis
factor-α (TNF-α) on each of the three study
days and for the data from all three study
days pooled (bars). Differences (Δ) between
the cytokine levels following the experimental protocol minus the cytokine levels
before the experimental protocol are
shown. Data are shown as means ± standard error of the mean (SEM). *: p<0.05 vs.
control group; (*): p<0.10 vs. control group.

Baseline cytokine levels on individual study days did not
differ signiﬁcantly (p<0.05) between groups (Table 2).
However, when the data from all three study days were
pooled baseline IL-1β (p<0.05) and TNF-α (p<0.10) levels
were lower in the taVNS group than in the time control
group. Importantly, in the OA-D group, baseline salivary
IL-6, IL-8, and TNF-α concentrations were signiﬁcantly
(p<0.05) less on the third study day compared to the ﬁrst
study day (Table 2), suggesting that successive OA-D applications elicited an antiinﬂammatory effect during the
3-day protocol.
Figure 7 shows the changes (Δ values) in salivary cytokine levels from the beginning to the end of each study day as
well as for the data from all three study days pooled for the
three experimental groups. Generally, salivary cytokines
levels (IL-1β, IL-6, IL-8, TNF-α) increased from the beginning
to the end of the experimental protocol on each study day
(i.e., all Δ values in Figure 7 are positive). Speciﬁcally, when
the data from all three study days were pooled, all four cytokines increased signiﬁcantly (p<0.05) from the beginning to
the end of the protocol in all three experimental groups. This
ﬁnding suggests that the experimental protocol elicited a
proinﬂammatory response. However, pooling the data from
all three study days also revealed that the increase in salivary
cytokines elicited by the experimental protocol differed
among groups. In the taVNS group, the increase in salivary
IL-1β was signiﬁcantly (p<0.05) less than in the control group.
A similar trend (p<0.1) was observed for TNF-α in the taVNS
group. IL-6 and IL-8 increased similarly in all three

experimental groups. These ﬁndings indicate that the
experimental protocol was associated with a proinﬂammatory response that was blunted to some extent by
taVNS. There were no signiﬁcant differences in the increases
in cytokine levels between the three study days in any group,
suggesting that the proinﬂammatory effect of the experimental protocol was consistent on all three study days.

Discussion
The major finding of this study is that both noninvasive taVNS
and OA-D, an OMT technique known to increase parasympathetic tone, elicited changes in salivary cytokines
consistent with antiinflammatory actions. Specifically, taVNS
blunted the increase in salivary interleukin-1β (IL-1β) that was
associated with the experimental protocol (Figure 7) and
successive applications of OA-D on three consecutive days
reduced salivary IL-6, IL8, and TNF-α baseline levels on the
third compared to the ﬁrst study day (Table 2). A secondary
ﬁnding was that OA-D lowered diastolic and mean (Figure 2)
blood pressure at the beginning of the second and third study
day compared to the ﬁrst study day.
Interestingly, in all three study groups, salivary concentrations of the inflammatory cytokines IL-1β, IL-6, IL-8, and
TNF-α had significantly increased at the end of the experimental protocol compared to before the experimental protocol (positive Δ values in Figure 7). This increase in
inﬂammatory cytokines in response to the experimental
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protocol was highly robust and consistently observed in all
study participants. It has been demonstrated that acute stress
[45], including mental stress [46], increases salivary IL-1β,
IL-6, and TNF-α concentrations. Thus, it is not surprising that
these salivary cytokines increased in response to our experimental protocol, which presumably was perceived as a
stressful situation by most study participants. The increase in
proinﬂammatory cytokines in response to the experimental
protocol may be related to mobilization of preexisting cytokine pools rather than de novo synthesis because the time
between saliva sampling was less than 2 h and because
baseline levels on the second and third study days were not
elevated compared with the ﬁrst study day in any group.
However, the lower baseline IL-6, IL-8, and TNF-α cytokine
levels at the third study day compared with the ﬁrst study day
in the OA-D group may potentially be mediated by inhibition
of cytokine de novo synthesis.
The hypothesis of this study was that noninvasive and
nonpharmacologic interventions that have been suggested to
increase parasympathetic tone [12–16, 19–22] also activate the
cholinergic antiinﬂammatory pathway [5, 6]. To test this hypothesis, we assessed autonomic function by HRV analysis
and the immune response to OA-D and taVNS by determining
salivary cytokine concentrations. RMSSD is a time-domain
HRV parameter that has been considered a speciﬁc marker of
parasympathetic modulation of sinus node function [11]. Only
in the taVNS group, RMSSD increased signiﬁcantly toward
the end of the experimental protocol (pooled data in Figure 4),
suggesting that taVNS increases cardiac parasympathetic
tone. This ﬁnding is even more remarkable considering that
BMI was higher in the taVNS group than in the time control
group (Table 1) and that BMI is inversely correlated with
RMSSD [47, 48]. Interestingly, OA-D but not taVNS application on the ﬁrst study day resulted in elevated RMSSD during
the initial baseline recording on the second study day
(Figure 4). These ﬁndings suggest that OA-D has a delayed but
prolonged effect on cardiac parasympathetic tone, while
taVNS has a more immediate effect of shorter duration. This
suggestion is supported by frequency-domain HRV analysis
that demonstrated that high frequency spectral power of
HRV, another speciﬁc measure of parasympathetic modulation of cardiac function [11], was elevated during the recovery
recording at the end of the experimental protocol compared to
the baseline recording only in the taVNS group (pooled data
in Figure 5). In line with the ﬁnding for RMSSD, high frequency spectral power of HRV tended (p<0.10) to be elevated
on the second and third study day compared to the ﬁrst study
day only in the OA-D group (Figure 5). Thus, the results of the
HRV analysis is aligned with the notion that OA-D has a
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delayed but prolonged effect on parasympathetic tone, while
taVNS exerts a more immediate effect of shorter duration.
The HRV analysis of our data confirms previous studies by
others [12–16, 19–22] suggesting that OA-D and taVNS increases
parasympathetic modulation of cardiac function, although the
time course of this effect seems to differ for OA-D and taVNS.
Based on this ﬁnding, we addressed the question of whether
this increased parasympathetic tone is associated with activation of the cholinergic antiinﬂammatory pathway [5, 6]. To
address this question, we determined salivary cytokine concentrations before and after the experimental protocol on all
three study days. Interestingly, the differential time courses of
parasympathetic activation with OA-D and taVNS are in line
with the time courses of the antiinﬂammatory effects of OA-D
and taVNS. OA-D elicited delayed and prolonged effects on
both the parasympathetic nervous system and salivary IL6,
IL-8, and TNF-α levels that were only signiﬁcant when the
baseline cytokine levels on the third study day were compared
with those from the ﬁrst study day. In contrast, the effects of
taVNS on parasympathetic function and on salivary cytokine
levels were more acute. The effects of taVNS on IL-1β and its
trend on TNF-α were only apparent as a blunted increase in
cytokine levels in response to the acute experimental protocol
(Figure 7). In addition, this effect of taVNS did not last into the
next study day, because the baseline levels on the three study
days did not differ in the taVNS group (Table 2). The consistent
time courses of the parasympathetic and antiinﬂammatory
responses, with delayed responses in the OA-D group and more
acute responses in the taVNS group, further suggest that the
antiinﬂammatory effects of OA-D and taVNS are linked to the
activation of the parasympathetic nervous system and mediated through the cholinergic antiinﬂammatory pathway [5, 6].
While taVNS significantly (p<0.05) blunted the IL-1β
response to the experimental protocol, there was only a
trend (p<0.10) for reduced TNF-α responses with taVNS. It
is generally assumed that an increase in IL-1β precedes the
subsequent TNF-α response. It has been suggested that
IL-1β induces TNF-α gene expression [49] and an increase
in IL-1β plasma levels preceded TNF-α plasma levels in rats
following a surgical intervention [50]. These different time
courses for the IL-1β and TNF-α responses to proinﬂammatory stimuli may explain why the effect of taVNS on
salivary IL-1β was statistically signiﬁcant, while there was
only a trend for the effect of taVNS on TNF-α.
Plasma levels of proinflammatory cytokines have been
reported to be markedly elevated in patients with chronic
inflammatory diseases, including rheumatoid arthritis
[51, 52] and lupus [53]. Furthermore, it has been suggested
that cytokine levels correlate with disease severity [52].
There is also data suggesting that cytokine levels in plasma

412

Kania et al.: Antiinflammatory reflex activation by OA-D and taVNS

correlate with those in saliva [54, 55]. Thus, it is reasonable
to assume that salivary cytokine levels also correlate with
clinical disease severity. Our ﬁnding that both OA-D and
taVNS reduced salivary cytokines offers the possibility that
these techniques may also reduce the markedly elevated
plasma cytokine levels in patients with chronic inﬂammatory diseases, which may translate into less disease
severity. While the results of our study are insufﬁcient for
this conclusion, they provide a rationale for a clinical
follow-up study to test this hypothesis.
A secondary finding of this study was that OA-D performed on the first and second study days reduced mean
(Figure 2) and diastolic blood pressure on the following study
days, an effect that was not observed in the time control or
taVNS groups. This antihypertensive effect of OA-D is
consistent with ﬁndings by Curi et al. [16], who reported that
the OMT technique of fourth ventricle compression decreased
systolic and diastolic blood pressure in hypertensive study
participants. In our study, the OMT technique of OA-D acutely
reduced low frequency spectral power of systolic blood
pressure, a measure of sympathetic modulation of vascular
tone. Although this sympatholytic effect did not persist into
the following study day, the acute reduction in vascular
sympathetic tone may still have triggered an antihypertensive
response through activation of local vasodilator mechanisms,
such as the endothelial nitric oxide system or other mechanisms that persisted into the following day. Furthermore, OA-D
increased baroreceptor-heart rate reﬂex sensitivity, an effect
that persisted into the following study day. It is well established that an increase in baroreceptor reﬂex sensitivity can
elicit antihypertensive effects [56–59]. In fact, stimulating
baroreﬂex afferents has recently been suggested as a therapeutic approach for treatment-resistant hypertension [60, 61].
Thus, the antihypertensive effect of OA-D may be the result of a
combination of acutely reduced vascular sympathetic tone and
chronically augmented baroreﬂex sensitivity.

Limitations
This study enrolled relatively healthy subjects who did not
have known autoimmune illnesses or other diseases associated with a high degree of inflammation such as diabetes
mellitus. Thus, this serves as a baseline study with which
future studies can compare results to determine the efficacy
of OA-D and/or taVNS in various disease states. Salivary
instead of plasma cytokines were used to investigate the
immune system response to OA-D or taVNS. The rationale for
using salivary instead of plasma cytokine levels was that we
wanted to assess the temporal pattern of cytokine levels over
the three study days and the effect of our interventions on

each study day. This would have required two blood draws on
each of the three study days for a total of six blood draws per
study participants. Such a protocol might have limited the
willingness of volunteers to participate in the study. While we
acknowledge that plasma cytokine levels would have been
ideal, there are data demonstrating correlations between
serum and salivary cytokine concentrations not only in conditions affecting the oral cavity [62] but also in response to
systemic conditions, such as pediatric obesity [55] and sociocognitive stress [54]. Another limitation related is that
salivary cytokine levels can increase substantially in patients with oral health issues [43, 44]. Some excessively
high salivary cytokine levels were observed and subsequently identiﬁed as outliers and excluded from data
analysis. While we did not assess oral health, it is possible
that these outliers originated from study participants with
oral health issues.

Conclusions
The results of this study suggest that the osteopathic technique
of OA-D as well as non-invasive taVNS elicit antiinflammatory
effects as indicated by a significantly blunted salivary IL-1β
response to the experimental protocol in the taVNS group
compared to the time-control group and by significantly
reduced baseline levels of salivary IL-6, IL-8, and TNF-α on the
third compared to the first study day in the OA-D group. It is
reasonable to assume that these antiinflammatory effects
of OA-D and taVNS are mediated through activation of
the cholinergic antiinﬂammatory pathway, because both
techniques were associated with increased time- and
frequency-domain HRV parameters that reﬂect parasympathetic modulation of cardiac function. Furthermore,
OA-D elicited an anti-hypertensive response that was reﬂected
in a signiﬁcant decrease in baseline mean and diastolic blood
pressure on the second and third study days compared to the
ﬁrst study day. This antihypertensive effect of OA-D may be
mediated by an acute inhibition of vascular sympathetic tone
and/or chronic augmentation of baroreceptor reﬂex function.
Taken together, the results of this study provide a rationale for
conducting clinical studies that incorporate OMT techniques
that elevate parasympathetic tone into the treatment plan for
chronic inﬂammatory conditions, such as rheumatoid diseases or autoimmune disorders. Furthermore, the antihypertensive effect of OA-D observed in this study may be
utilized as supplemental treatment in patients with hypertension. It appears important to conduct follow-up
studies investigating the effects of OA-D and/or taVNS in
patients with inﬂammatory or auto-immune diseases or
in hypertensive patients, to test if the results obtained in
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this preliminary study in healthy participants translates
into improved clinical outcomes in patients.
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