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ABSTRACT 

Objective: This study aimed to elucidate the osteopathic manipulative correlates of the 
cholinergic and splanchnic anti-inflammatory pathways. The different branches of the vagus nerve, 
the sympathetic trunks, and splanchnic nerves were assessed through manual palpation and were 
rated for mobility (on a four-point Likert scale) and elicited pain (on a numeric rating scale from 
0 to 10). Visceral osteopathic tests for mobility, motility, and pain were applied to the spleen, liver, 
stomach, duodenum, kidneys, and heart. Neuro-immune and autonomic function was quantified 
by metrics of heart rate variability (HRV) collected through photoplethysmography (PPG). Forty-
four subjects were included in this study. 

Results: Pain during vagus nerve mobility testing was negatively correlated to quantitative 
autonomic measures, LF, SD2 in the Poincaré plot analysis, and fractal dimension of the RR-
interval time series. Likewise, pain during the rib raising manoeuvre for the sympathetic chains 
was negatively associated with SDNN, RMSSD, HF, SD1, SD2, DFA α2, and the PNS index, but 
positively to the sympathetic outflow quantified by the SNS index. Thus, pain elicited during rib 
raising is a potent manipulative indicator for autonomic dysfunction. Impaired rib raising or 
costovertebral mobility is associated with decreased parasympathetic tone and physiological signal 
complexity (self-similarity). Splenic, hepatic, and renal mobility and motility scores showed no 
significant association with any quantitative metrics, while stomach mobility and motility were 
only positively correlated to the fractal dimension of HRV data. In contrast, duodenal mobility and 
motility showed significant relationships with the PNS index, SDNN, LF, HF, SD1, and FD, and 
negative ones with the SNS index, DFA α2, and the Shannon entropy. 

Conclusions: The vagal and splanchnic anti-inflammatory pathways can be assessed via 
osteopathic manipulative techniques. Impaired mobility or pain are clearly associated with altered 
autonomic function and neuro-immune activity. Future research should elaborate on the role of the 
sacral nerves and their associated viscera in the anti-inflammatory pathways. 

Keywords: Cholinergic Anti-Inflammatory Pathway, Vagus Nerve, Splanchnic Nerves, 
Splenic Nerves, Chronic Inflammation, Visceral Osteopathy, Rib Raise, Neuro-Immune Axis, 
HRV, RMSSD, SDNN, Fractal Dimension, Shannon Entropy. 
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1. Introduction – Regulation of Inflammation 
 
Inflammation is a protective mechanism against pathogen invasion and tissue injury. This 
physiological process is characterised by augmented blood flow and vascular permeability, 
infiltration of lymphocytes, and sensitisation of primary afferent neutrons [1]. With the onset of 
the inflammatory response, pro-inflammatory cytokines such as interleukin-1β (IL-1β) and tumour 
necrosis factor α (TNFα), are released by immune cells, most prominently macrophages, to 
promote clearance of pathogens, eliminations of foreign particles, and tissue remodelling [2]. 
However, excessive cytokine release can lead to chronic inflammation and secondary tissue injury. 
To guard against excess inflammation, the autonomic nervous system (ANS) regulates 
inflammatory responses at a local and systemic level, keeping the magnitude of the inflammatory 
process within physiological ranges [1][2]. 

Humoral mechanisms to control inflammation involve the release of anti-inflammatory 
mediators, such as interleukin-10 (IL-10) and glucocorticoids, as well as lipoxins and resolvins [1]. 
IL-10 is a monocyte-derived cytokine with strong anti-inflammatory action that inhibits monocytic 
production of pro-inflammatory cytokines such as TNFα, whilst upregulating production of the 
anti-inflammatory cytokine IL-1 receptor antagonist (IL-1RA) [3][4]. Glucocorticoids released by 
the hypothalamic–pituitary–adrenal (HPA) axis, constitute another regulatory mechanism to 
moderate the strength of the inflammatory response when facing a pathogen threat or a tissue injury 
[5]. Lipoxins are a product of the arachidonic acid pathway and are secreted by immune cells such 
as neutrophils and macrophages [6] to aid in tissue healing [1]. Resolvins are derived from omega-
3 fatty acids and inhibit the production of pro-inflammatory cytokines whilst also regulating 
leukocyte migration and infiltration [7]. Whereas endocrine mediators regulating inflammation are 
released via the slower circulatory route and exhibit a systemic effect, neurotransmitters with anti-
inflammatory  action secreted by nerve terminals, such as norepinephrine (NE) and acetylcholine 
(Ach), can reach specific target tissue in a swifter manner [2]. 

These neural and neuroendocrine mechanisms modulating inflammatory processes are 
orchestrated by the central nervous system (CNS) which comprises the spinal cord, the brain stem, 
and higher cortical centres of the cerebral cortex. Key regulatory systems include the 
hypothalamic-pituitary–adrenal (HPA) axis and sympatho-adrenal (SA) axis, afferent nociceptive 
neurons (which include unmyelinated C-fibres and small diameter myelinated δ- fibres), the 
sympathetic-neural system, as well as vagal afferent neurons [1]. 
 
2. Neuro-Immune Interactions 
 
2.1 Organisation of the Nervous System 
The nervous system comprises the central nervous system (the brain and the spinal cord) and the 
peripheral nervous system. The latter consists of somatic and autonomic components. The somatic 
system has its origin in the CNS and innervates the musculoskeletal apparatus. The autonomic 
nervous system is comprised of the sympathetic, parasympathetic, and enteric nervous system 
(ENS) [8]. The sympathetic nervous system (SNS) includes two types of neurons: pre-ganglionic 
and post-ganglionic neurons. The pre-ganglionic sympathetic neurons originate in the lateral horns 
of each of the 12 thoracic segments as well as the first 2 to 3 lumbar segments of the spinal cord, 
whilst the post-ganglionic neurons arise in sympathetic ganglia (small aggregations of nerve cells) 
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and are paravertebral or prevertebral in nature. The pre-ganglionic axons of sympathetic neurons 
project either into paravertebral and prevertebral ganglia or in the chromaffin cells of the adrenal 
glands [9]. The relatively long post-ganglionic sympathetic fibres innervate blood vessels, 
lymphoid tissue and lymphoid organs, bone marrow, joints, and internal organs, such as spleen, 
lungs, gastrointestinal tract, liver, or kidneys [8]. Neurotransmission of ganglionic synapses is 
cholinergic in nature [8]. In contrast, post-ganglionic axons release norepinephrine (NE)  [9] and to 
a lesser degree other catecholamines such as epinephrine, dopamine, and neuropeptide Y [8]. These 
catecholamines then interact with G protein-coupled β- and α-adrenergic receptors, to allow 
sympathetic modulation of cardiac function (heart rate), blood pressure, pulmonary function, 
vasomotor tone, haematopoiesis, micturition, and other vital bodily processes [8]. 

The parasympathetic nervous system encompasses the left and right vagus nerve and the sacral 
nerves. The vagus nerve, the tenth cranial nerve (CNX), is the longest nerve in the human body 
and its nucleus is composed of four nuclei residing in the medulla oblongata: the dorsal motor 
nucleus (DMN), the nucleus ambiguus (NA), and the solitary nucleus (NTS) constitute the three 
main vagal nuclei. The fourth vagal nucleus, the spinal trigeminal nucleus (STN), only receives a 
minor input from the vagus nerve and its major input from the trigeminal nerve. These four vagal 
nuclei contribute to the sundry functions of the vagus nerve as well as the functions of other cranial 
nerves, such as the trigeminal nerve or the glossopharyngeal nerve. The vagal nuclei incorporate 
sensory, motor, and special sensory information from the vagus nerve as well as from the facial 
nerve, glossopharyngeal nerve, and cranial portions of the spinal accessory nerve. The nucleus 
tractus solitarius is the primary nuclear column for all visceral afferents [10]. The functions of the 
vagus nerve include motor function, sensory function, taste, and chemoreception of various organ 
systems, such as the cardiac system, the gastrointestinal tract, the renal system, the pancreas, the 
hepatic system, the pharynx, and the tongue [10]. The cholinergic efferent (motor) fibres of the 
vagus nerve, originating in the dorsal motor nucleus (DMN), project to these peripheral visceral 
sites to form synapses with the post-ganglionic neurons inside of these viscera or in their vicinity. 
The main neurotransmitter released from post-ganglionic fibres is acetylcholine. The latter 
interacts with G protein-coupled muscarinic acetylcholine receptors (mAChRs) that are involved 
in the modulation of many physiological processes, including cardiac function (i.e. heart rate), 
gastrointestinal function, or pancreatic exocrine and endocrine function [8]. 

The cholinergic neurons and their cell bodies (somata) localised in the sacral plexus form the 
other component of the parasympathetic nervous system [8]. These sacral preganglionic neurons 
and their synaptic targets in the pelvic ganglia, are involved in the control of large intestine and 
colonic function, rectal function, urinary bladder function, and genital function [11]. However, the 
parasympathetic classification of the sacral nerves has been questioned, and the suggestion has 
been put forward that the sacral autonomic outflow may be sympathetic in nature and not 
parasympathetic. This assertion is based murine research of phenotypic and ontogenetic features 
that sought to discriminate between pre‐ and post-ganglionic neurons of the cranial 
parasympathetic outflow and those of the thoracolumbar sympathetic outflow [11][12]. 

The third element of the autonomic system, the enteric nervous system (ENS), exhibits 
neuronal bodies and projections localised in the gastrointestinal tract, and controls gastrointestinal 
functions [8]. The ENS can either act independently or respond to external stimuli arising from 
sympathetic and parasympathetic nerves [13]. The ENS is composed of enteric ganglia, that form 
nerve fibres innervating target tissues such as the intestinal longitudinal and circular muscularis 
layer, enteric blood vessels, and pancreatic endocrine cells. The ENS is divided into the myenteric 
plexus (MP), also known as the Auerbach’s plexus, and the submucosal plexus (SMP), also termed 
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Meissner’s plexus. The MP is located between the longitudinal and circular layers of the tunica 
muscularis, while the SMP is found in the submucosa. The MP reaches from the oesophagus to 
the internal anal sphincter. The principal role of the MP is the control of digestive tract motility 
via the regulation of smooth muscle motor patterns such as peristalsis. The function of the SMP is 
that of sensing of the environment in the lumen, the regulation of reflexes like secretion and 
absorption, gastrointestinal blood flow, as well as the control of epithelial cell function [13][14]. 
The main neurotransmitter in the ENS is acetylcholine (ACh), which is also involved in the 
regulation of intestinal immunity. Besides ACh, crosstalk between the gastrointestinal system and 
the nervous system also implicate neuropeptides such as substance P (SP), calcitonin-gene related 
peptide (CGRP), neuropeptide Y (NPY), vasoactive intestinal polypeptide (VIP), serotonin, 
somatostatin, and corticotropin-releasing factor. These mediators originate from the dorsal root 
ganglia and are salient in multimodal neuronal communication. It is believed  that these molecules 
can act as messengers in the gut-brain axis [13]. 

The peripheral nervous system (PNS) consists of afferent (sensory) neurons that transmit 
information from peripheral tissues and viscera to the CNS. These sensory neurons, whose cell 
bodies reside outside of the CNS, are pseudo-unipolar cells and possess a single process forming 
a bidirectional axon. Afferent neurons, whose cell bodies are localised in the dorsal root ganglia, 
are of the somatosensory or visceral type. The peripheral axons of somatosensory neurons can be 
found in the skin, joints, or muscles. The peripheral axons of visceral neurons reside in tissues of 
the gastrointestinal tract, liver, pancreas, kidneys, lungs, heart, or spleen. Both somatosensory and 
visceral neurons project to the spinal cord via the dorsal horn, where they synapse with 
interneurons and relay neurons to transmit signals further to the brain [8]. Vagal sensory (visceral) 
neurons are localised in the nodose and jugular ganglia. These vagal neurons innervate viscera 
such as the heart, lungs, digestive tract, liver, kidneys, and pancreas and project centrally to two 
brainstem nuclei, the nucleus tractus solitarius (NTS) and the parabrachial nucleus, further to the 
ventral posteromedial nucleus of the thalamus, and on to the lateral post-central cortex [8][15]. 
Vagus afferent (sensory) neurons make up about 80% of the entirety of vagal neurons, while vagal 
efferent (motor) neurons count for 20% of vagal neurons. Both vagal afferent and efferent neurons 
run within the same nerve bundle. Vagal afferent neurons transmit peripheral signals monitoring 
alterations in metabolic homeostasis, including gastric peptide hormones such as ghrelin, leptin, 
cholecystokinin, motilin, or glucose-like peptide 1 (GLP-1) to the brain. The main neurotransmitter 
released by vagal nerve sensory neurons is glutamate [8]. 
 
2.2 Neural Reflex Organisation 
The regulation of physiological processes and homeostasis by the nervous system is mediated via 
neuronal reflexes. Sensory and motor reflex arcs that travel from the brain to the spinal cord and 
towards the viscera constitute an acute control mechanism to maintain homeostasis [8]. One such 
reflex is the Cushing response (CR), named after Harvey Cushing, an eminent neurosurgeon in the 
early twentieth Century. The definition of the CR is that a rise in intracranial tension (i.e. 
intracranial hypertension) is accompanied by systemic hypertension, bradycardia, and apnoea. In 
the classical belief, the CR is caused by sympathetic hyper-activity secondary brainstem 
ischaemia. An alternate explanation for the CR is that of a baroreflex attempting to maintain levels 
of cerebral perfusion in response to the intracranial hypertension or ischaemia of the brainstem 
[16]. Reflexes can range from simple to complex. An example of a simple reflex is the axon reflex, 
whereas a more complex reflex would involve sundry types of neurons with CNS integration. In 
the case of the axon reflex, sensory neurons both sense changes in the environment and react to 
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these changes. Activation of peripheral axonal endings results in an action potential being 
propagated in an orthodromic manner, towards the neuronal bodies, until they are redirected at a 
point of diversion, returning in an antidromic fashion, back towards the axonal terminals. This 
reflex leads to the release of neuropeptides that act on axon terminals, endothelium, and smooth 
muscles, to regulate vasodilation and other physiological phenomena [8]. In more complex 
reflexes, involving integration in the CNS, afferent (sensory) neurons send signals to interneurons 
in the CNS and the latter responds via efferent neural pathways. CNS-integrated reflexes include 
somatic (voluntary) reflexes and autonomic/visceral (involuntary) reflexes [8]. 

One example of an autonomic reflex associated with the vagus nerve is the baroreflex. This 
reflex is responsible for the maintenance of stable blood pressure when changing body positions 
(e.g. from supine to seated position). The baroreflex regulates blood pressure by altering the heart 
rate (under vagal modulation) and the level of total peripheral resistance (under adrenergic 
control). The sensitivity of the baroreflex is used to quantify the vagal component of the reflex 
[17]. Other vagal autonomic reflexes include reflexes regulating gastrointestinal function, hepatic 
metabolism, as well as feeding behaviour. An important brainstem hub for the integration and 
regulation of vagal reflexes is the dorsal vagal complex (DVC), which is formed by the NTS, the 
DMN, and the and area postrema [8]. 

Other axon reflexes involve nociceptive neurons. Activation of these types of neurons 
generates axon reflexes which result in the propagation of an action potential travelling from the 
periphery towards the CNS and inverse direction along collaterals of these nociceptive neurons. 
As these actions potentials propagate, sensory nerve terminals release a number of nociceptive 
mediators, such as somatostatin, glutamate, ATP, and potassium ions, as well as the neuropeptides 
calcitonin gene-related peptide (CGRP) and substance-P (SP). Calcitonin gene-related peptide and 
substance-P increase vascular permeability and vasodilation, hallmarks of ‘neurogenic 
inflammation’ [18]. Examples of protective reflexes involving afferent nociceptive fibres in the 
viscera are coughing and sneezing. Nociceptors in the lung parenchyma, mucosa, and  the 
intercellular spaces in the epithelium are able to detect the presence of noxious chemicals or 
mechanical irritants in the airways using so-called transient receptor potential (TRP) channels (e.g. 
TRPV1 and TRPA1), which belong to the superfamily of cation channels. These TRP proteins 
play a critical role in sensory (afferent) function, are involved in taste, olfaction, vision, hearing, 
touch, as well as  thermo-, chemo- and osmo-sensation. TRP channels allow individual cells to 
detect changes (stimuli) in their local environment and also act as signal integrators [19]. Upon 
activation of nociceptive fibres in the airways, TRP channels mediate a gamut of physiological 
responses, such as pain, irritation, increased mucus secretion, or coughing and sneezing to expel 
the mechanical or chemical irritants [17]. 
 
2.3 The Immune Defence 
The immune system defends the host against invading pathogens and tissue injury. It mounts 
responses to neutralise and eliminate these threats and forms an immunological memory for future 
recognition of similar threats [20]. Besides the defence against pathogenic microorganisms and the 
ability to discriminate between self and non-self, the immune system is involved in embryological 
development, tissue homeostasis, tissue repair [21], as well as  hippocampal neurogenesis [22] - 
which plays a role in cognition and memory formation. A typical immune response involves the 
migration of leukocytes, neutrophils, and monocytes to the site of injection or injury. Neutrophils 
and monocytes are 'early responders' and are both involved in phagocytosis. Monocytes mature as 
macrophages in the tissue [23]. Pattern recognition receptors on the cell surface or in the cytoplasm 
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of innate immune cells such as macrophages, include Toll-like receptor (TLRs) and NOD-like 
receptors (NLRs), which detect and interact with molecules released by pathogens and fragments 
from tissue injury. This exchange in turn triggers the activation of immune cells via the 
intracellular route, which then leads to the activation of transcription factors, such as nuclear factor 
κB (NF-κB), followed by the release of pro-inflammatory cytokines, such as tumor necrosis factor 
alpha (TNFα), Interleukin-1 beta (IL-1β), interleukin 6 (IL-6), and high mobility group box 1 
(HMGB1). Other inflammatory mediators include prostaglandins and leukotrienes [24]. Whilst the 
inflammatory response initiated by resident macrophages and dendritic cells belongs to the remit 
of the innate immune systems, these two types of immune cells are also antigen-presenting cells, 
which upon detection of an infection can trigger T-cells and then B-cells to become involved as 
part of the response of the adaptive immune system [23]. Unlike the innate immune system, which 
only forms short-term memory of a pathogen invasion, the adaptive immune system comprises 
lymphocytes that carry surface receptors, Igs (or antibodies) on B lymphocytes and T-cell 
receptors (TCRs) on T lymphocytes, and can recognise between self- and non-self-molecules 
(antigens) and as well as form a long-term immunological memory [25]. 

The initial inflammatory response to the pathogen invasion or tissue injury is mediated by pro-
inflammatory cytokines and resolved via anti-inflammatory cytokines and other mediators, such 
as resolvins and protectins, which inhibit the production of pro-inflammatory cytokines and curb 
the migration and infiltration of leukocytes towards the site of infection or injury [7] and rein in 
the activation of phagocytosis of pathogen fragments by macrophages [24]. 

In contrast to the rest of the body, inflammation in the brain, is primarily driven by microglia 
and astrocytes, the resident immune cells of the CNS. These cells also play a vital role in 
neurogenesis, synaptic formation, neuroplasticity, and remodelling of neural tissue through the 
release of neurotrophins. In addition, microglia and astrocytes also participate in 
neurotransmission through the release of gliotransmitter [24]. Moreover, astrocytes are also 
involved in the maintenance of the blood–brain barrier (BBB). Together with mural cells, immune 
cells, glial cells, and neural cells, astrocytes help maintain integrity of the BBB, which is formed 
by endothelial cells [26]. Immune defence in the brain is similar to immune response in the 
peripheral innate immune system. Microglia are responsible for immune surveillance in the brain. 
Brain infections or injury prompt microglial activation and pattern recognition receptors (e.g. 
TLRs), which signal the release of pro-inflammatory cytokines, such as TNFα, IL-1β, IL-6, 
reactive oxygen species (ROS), and other pro-inflammatory molecules. Astrocyte activation also 
contribute to neuro-inflammatory processes aiming to repair damaged tissue and restore neuronal 
function and integrity. If inflammation is left unchecked, this can lead to chronic neuro-
inflammation, resulting secondary neuronal tissue damage [24]. 
 
2.4 Molecular Crosstalk between the Nervous and the Immune System 
Similarities between the nervous system and the immune system include their ability to recognise, 
to learn, and to form memories. These two systems are in close interaction with each other: the 
nervous system provides a major source of input to immune function, while signals from the 
immune system greatly influence the nervous system. Interactions between these two systems is 
enabled by shared ‘molecular vehicles of communication' and the proximity of anatomical 
structures [8]. Afferent and efferent nerves innervate peripheral tissues such as viscera or the 
integumentary system, where sensory receptors detect pain, touch, pressure, and temperature. 
Sensory neurons also express molecules traditionally associated with the immune system, for 
example pattern recognition receptors (TRLs) or receptors for pro-inflammatory cytokines, such 
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as TNFα or IL-1β. Conversely, immune cells such as monocytes, macrophages, dendritic cells, 
endothelial cells, and T and B lymphocytes, exhibit receptors previously exclusively attributed to 
neural communication within the CNS, including muscarinic and nicotinic acetylcholine receptors 
and α- and β-adrenergic receptors. Moreover, these immune cells are not only sensitive to these 
neurotransmitters, but they are also able to synthesise the molecules of neural communication, 
including acetylcholine and catecholamines. Given that molecular sensors, such as patterns 
recognition receptors (e.g. TRLs) or receptors for pro-inflammatory cytokines (e.g. TNFα or IL-
6), are found on both neurons and immune cells, the immune system and nervous system can 
concurrently participate in inflammatory responses. Immune cells modulate the local 
inflammatory process in a paracrine fashion, then relay signals about the peripheral environment 
to the neural regulatory centres [8]. 

Pro-inflammatory cytokines, most notably TNFα and IL-1β, also serve as pain mediators 
through their ability to activate and sensitise nociceptors. Activated immune cells, responding to a 
pathogen invasion, releasing pro-inflammatory mediators, which are then detected by 
somatosensory neurons who mediate inflammatory pain [24]. These neurons release nociceptive 
mediators such as substance P or neuropeptides calcitonin gene-related peptide in an antidromic 
fashion, which leads to increased vascular permeability and vasodilation by acting on endothelial 
and smooth muscle cells [18] [24]. Moreover, nociceptive neurons also attract and activate immune 
cells, including dendritic cells, mast cells, and lymphocytes, to facilitate neurogenic inflammation 
and mediate integrated protective responses [24]. 

Pro-inflammatory chemokines, cytokines that are able to mediate directed chemotaxis to attract 
and activate immune cells, and control the migration of lymphocytes, can also act as pain mediators 
by acting directly on sensory neurons, through their ability to mobilise intracellular calcium. 
Chemokines and other immune mediators also exert algesic effects by increasing nociceptor 
excitability through the modulation of voltage- or ligand-gated channels such as transient receptor 
potential V1 (TRPV1). Other immune factors, particularly nerve growth factor (NGF), are also 
able to reshape the sensory phenotype and function of nociceptors via altered transcription of 
receptors, channels, and neurotransmitters [18]. 

However, there is also evidence that the immune and nervous system do not always react in 
tandem in response to a bacterial threat. For instance, the presence of the gram-positive bacterium 
Staphylococcus aureus (S. aureus) was found to activate sensory neurons directly without 
triggering the innate and adaptive immunity, no activation of immune cells, such as neutrophils, 
monocytes, or lymphocytes, taking place. Activation of neuroceptors by S. aureus is accomplished 
directly through the induction of calcium flux and action potentials. These sensory neurons can 
release neuropeptides that inhibit activation of the innate immune system via an axon-axon reflex 
mechanism. It is believed that these neuroceptive reflex mechanisms exert a tonic anti-
inflammatory effect that is lost in nociceptor ablation, which results in increased local 
inflammation and lymphadenopathy [24]. 
 
2.5 Neuro-Immune Pathways – Afferent Arm of the Inflammatory Reflex 
The "neuroimmune communicatome" comprises a number of salient neuro-immunomodulatory 
circuitry of which the vagus nerve-based "inflammatory reflex" is the most prominent [27][28]. This 
centrally integrated "inflammatory reflex" involves afferent vagal signalling, activated by pro-
inflammatory cytokines or pathogen-associated molecules, functionally coupled with an efferent 
vagus nerve (motor) output to regulate the level of pro-inflammatory mediators and inflammatory 
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processes [8][29]. The absence of this inflammatory reflex can result in an unrestrained response 
from the innate immune system, excessive inflammation, and cytokine toxicity [8]. 

Graph 1. Illustration of molecular crosstalk between the immune and nervous system in the cholinergic anti-
inflammatory pathway (CAP); adapted from Metz et al 2018 [27] and Pavlov et al [8]. 

 
Functional neuroanatomy of the cholinergic anti-inflammatory pathway and molecular crosstalk between the immune system and the autonomic 
nervous system. Efferent sympathetic output to the adrenal medulla leads the secretion of norepinephrine (NE) from the chromaffin cells. The 
efferent arm of the inflammatory reflex involves efferent signalling from the dorsal motor nucleus (DMN) of the vagus nerve and the nucleus 
ambiguus (NA) in the brainstem medulla oblongata. Sensory neurons originating in the dorsal root ganglia (DRG) innervate the skin, joints, and 
muscles, and viscera. ACh and NE regulate the release of cytokines by immune cells activated in response to tissue injury or pathogen invasion and 
the presence of pathogen- or damage-associated molecules. Acetylcholine binds to the α7-subunit nicotinic acetylcholine receptor (α7nAChR) 
expressed on immune cells, such as macrophages or Kupffer cells. This in turn activates intracellular signalling, suppressing NF-κB activity and 
activating the JAK2/STAT3 pathway, which leads to the suppression of pro-inflammatory mediator production. 
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The afferent branch in the classical model of the inflammatory reflex is represented by afferent 
vagus nerve fibres. These vagal afferent fibres innervate the periphery and viscera, and are able to 
detect changes in the environment, such as the presence of pro-inflammatory mediators, passing 
along the information to the brain. The vagus nerve therefore represents an important player in the 
immune-to-brain communication. Afferent vagus neurons reside in the nodose and jugular ganglia, 
and project chiefly to the nucleus tractus solitarius (NTS) in the medulla oblongata, the primary 
nucleus for all visceral afferents. The NTS relays these afferents signals to other brainstem nuclei, 
the hypothalamus, and forebrain regions, part of the “central autonomic network” (CAN) that is 
tasked with the integration of visceral sensory information and the coordination of autonomic 
function (see graph 3)  [20]. 

Glomus cells in the paraganglia adjacent to afferent vagal nerve endings, form chemosensory 
synapses with afferent fibres terminating in respiratory centres of the brainstem [30]. Both these 
chemosensory glomus cells and afferent vagus nerve fibres express IL-1β receptors and are thought 
to be involved in the detection of immune activation. In addition, prostaglandin-dependent 
mechanisms can increase levels of circulating IL-1β and cause activation of vagus nerve afferents 
and the splenic nerve activity. However, afferent vagus nerve endings relay information about 
immune function to the brain even when pro-inflammatory molecules are only present in lesser 
quantities. Peripheral immune stimulation through a substantial dose of circulating IL-1β gives 
rise to fever and sickness behaviour, bypassing the neural circuitry and acting directly via the brain 
circumventricular organs (part of the CAN), and other neuroendocrine mechanisms [20]. 
Endotoxins, such as lipopolysaccharide (LPS), a pathogen-associated molecular pattern found in 
the outer membrane of Gram-negative bacteria [31], and inflammatory mediators, can activate the 
Toll-like receptor 4 (TLR4) in the nodose ganglion. Hence, endotoxins and inflammatory 
molecules are able to trigger vagal afferents above their visceral endings in the periphery, which 
in turn activates the NTS and other brainstem nuclei, as well as other forebrain regions [20]. 

The vagus nerve contains A-, B-, and C-fibres (in the classification of Erlanger and Gasser). 
Large myelinated Aβ-fibres transmit predominantly somatic afferent and efferent information, 
while small myelinated Aδ-fibres carry visceral afferent signals [8][32]. However, most vagal 
afferent fibres (60-80%) are unmyelinated, slow-conducting C-fibres from the viscera, which can 
be activated through mechanical and chemical stimuli [32]. C-fibres innervating viscera, express 
voltage-gated sodium channels, such as Nav1.7, Nav1.8, and Nav1.9, and transient receptor 
potential ion channels, such as TRPV1 and TRPA1 (see graph 1) and serve as nociceptors [8][32]. 

Sensory neurons with cell bodies in the dorsal root ganglia (DRG) and central projections to 
the spinal cord, known as first-order neurons, also participate in the detection of immune- and 
pathogen-associated molecules. These afferent sensory neurons communicate with interneurons in 
the spinal cord and relay neurons that project to the brain. Nociceptors comprise the most important 
group of these neurons and specialise in the transmission of distinct types of pain, which is also a 
distinctive feature of inflammation [8]. Sensory neurons express several types of voltage-gated 
sodium channels (such as Nav1.7, Nav1.8, and Nav1.9) and transient receptor potential (TRP) ion 
channels (such as TRPV1, TRPM8, and TRPA1). These membrane proteins play an important role 
in the perception of thermal and chemical noxious stimuli [8][32]. Sensory neurons and nociceptors, 
also express receptors for inflammatory cytokines, lipids, and various growth factors. Molecules 
associated with commensal and pathogenic bacteria, inflammatory mediators (including TNFα, 
IL-1β, and IL-6), prostaglandins, and other molecules released from immune cells, such as 
macrophages, neutrophils, or mast cells, interact with sensory neurons through these receptors. 
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This can lead to increased sensitivity of nociceptive neurons to noxious stimuli through lowered 
threshold potential or direct activation of sensory neurons, resulting in hyperalgesia [8]. 

Besides sensing immune and pathogen-associates molecules, sensory neurons can also actively 
modulate immune responses and inflammatory processes. By releasing molecules such as 
substance P (SP), calcitonin gene-related peptide (CGRP), and vasoactive intestinal peptide (VIP), 
sensory neurons interact with immune cells in the vicinity of axon terminals (see graph 1) and are 
able to induce changes in the endothelium, including vasodilation and increased vascular 
permeability [8], both cardinal features on neurogenic inflammation.  

The twofold function of sensory neurons, both sensing immune molecules and modulating 
immune response, may work in an axon reflex-like manner [8]. Evidence for axon reflex-like 
regulation has been found a murine model of allergic inflammation and bronchial hyper-
responsiveness [33]. Nociceptive neurons in the lung release VIP to exacerbate pulmonary 
inflammation in response to chemical noxious stimuli such as capsaicin or pro-inflammatory 
cytokines such as IL-5 produced by activated immune cells. VIP in turn acts on resident group 2 
innate lymphoid cells (ILC2) and CD4+ T cells, which are associated with type 2 inflammatory 
responses [34], to stimulate cytokine production and promote inflammation. Selective blockade or 
genetic ablation of sodium channels in nociceptors suppresses immune cell infiltration and 
bronchial over-responsiveness in the experimental murine model, inhibiting the activation of 
nociceptive neurons and the subsequent release of VIP [8][33]. 

In addition to direct interaction with immune and pathogen-associated molecules, vagal 
afferent fibres are also able to respond to an inflammatory event via the neuroendocrine route. The 
vagus nerve is a key element of the neuroendocrine–immune axis which coordinates neural, 
behavioural, and endocrine responses as part of a first-line innate defence against infection [34]. 
Vagal afferents are equipped with IL-1β receptors at the paraganglia level that convey signals 
about environmental changes in the periphery to the NTS, where neurons, situated in the A2 
noradrenergic group, are activated. This information is projected onward to the parvo-cellular zone 
of the paraventricular nucleus of the hypothalamus (PVH) where a population of corticotrophin-
releasing-factor (CRF) neurons is found [34]. These hypothalamic CRF neurons then initiate the 
secretion of adreno-corticotrophin hormone (ACTH) by the anterior hypophysis which 
subsequently stimulates the release of glucocorticoids by the zona fasciculata of the adrenal cortex. 
By levering the neuroendocrine mechanism of the hypothalamic-pituitary-adrenal (HPA) axis, a 
dampening of the peripheral inflammation is achieved. Vagal afferent fibres are thus able to exert 
an anti-inflammatory effect through activation of the HPA axis. Experimental animal models have 
shown that this protective is abrogated in vagotomy or in animals with a blunted HPA axis response 
[34]. In addition to vagal afferent fibres, the HPA is also activated by circulating pro-inflammatory 
mediators in circumventricular organs which are located outside the blood–brain barrier (BBB), 
most notably the area postrema (AP), a vital hindbrain centre involved in the control of energy 
homeostasis [35]. AP neurons project to the NTS and the lateral parabrachial nucleus (LPBN) and 
when activated by circulating cytokines, can trigger downstream activation in the NTS, the PVH, 
CRF neurons, hypophysis, and adrenal glands [34][36]. 

The circumventricular organs, made of the area postrema (AP), the organum vasculosum of 
the lamina terminalis, and the subfornical organ, are able to detect the presence of circulating 
cytokines and endotoxins, as these organs possess a leaky blood-brain barrier (BBB) and are 
supplied by an extensive network of highly permeable capillaries. Along with activating the HPA 
axis through their projections to the NTS, the circumventricular organs can also switch on 
autonomic motor neurons in the brainstem connected to the spleen – an immune organ [37]. The 
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spleen is a secondary (peripheral) lymphoid organ that harbours half of the body's monocytes 
within its red pulp. These monocytes, upon migrating to injured tissues or sites of infection, then 
differentiate into dendritic cells (DCs) and macrophages to promote tissue healing [38]. Neural 
input to the spleen from the brainstem and coeliac ganglion determines magnitude of the innate 
immune system's response towards pathogen invasion or tissue injury. Reduced or absent neural 
input may result in excessive inflammatory responses and secondary tissue damage, whereas 
greater input to the spleen may cause inadequate immune defence. It follows that the “tone” of the 
neural input to the spleen, and therefore the immune system, may exert a major influence on host 
defence [37]. 

Even when levels of peripheral inflammatory mediators are too negligible to activate 
circumventricular organs, cytokine receptors on vagal afferents and glomus cells in the vicinity to 
vagal nerve endings are still able send signals about the immune status of the periphery to the brain 
[37]. Upon central integration, the central autonomic network (CAN) can in turn activate the HPA 
of the splenic pathway involving the coeliac ganglion and the splenic nerve. Similar to the 
circumventricular organs, afferent vagal nerves can modulate immune responses after integration 
in the brainstem and the CAN, via the HPA axis or the splenic pathway. Afferent vagus nerve 
fibres and the splenic nerve, a sympathetic nerve issued from the coeliac ganglion, form the vago-
splenic pathway. The spleen’s sympathetic innervation can modulate the cellular and humoral 
immune responses of this secondary lymphoid organ [39]. 

In the vago-splenic pathway, damage- and pathogen-associated molecular pattern bind to 
cytokine receptors expressed on peripheral afferent endings of the vagus nerve that transmits 
immune signals to the CNS and onward to the efferent vagus nerve and splenic nerve. This leads 
to the release of norepinephrine (NE) which binds to β2 receptors of T-lymphocytes in the white 
pulp of the spleen who then release acetylcholine (ACh). ACh links to α7 nicotinic acetylcholine 
receptors (α7nAChR) on macrophages, which inhibits the release of TNFα by macrophages. The 
white pulp of the spleen, and particularly its central region, receive dense noradrenergic 
innervation. The supra-spinal circuitry associated with the regulation of neural–immune 
interactions in the spleen controls splenic pre-ganglionic neurons in the thoracic and anterior 
lumbar spinal cord  [39]. 
2.6 Neuro-Immune Pathways – Efferent Arm of the Inflammatory Reflex 
Cholinergic Anti-Inflammatory Pathway (CAP) 
The efferent vagus nerve-centred arm of the inflammatory reflex is also termed the "cholinergic 
anti-inflammatory pathway" (CAP or CAIP). Efferent vagal cholinergic signalling is able to 
suppress local and serum pro-inflammatory cytokines through the release of acetylcholine (ACh), 
which inhibits the release of TNF, IL-1β, and IL-18 from macrophages. This efferent arm is under 
central regulation and its activation occurs in brain muscarinic acetylcholine receptor-dependent 
manner. In peripheral tissues and the viscera, the α7-subunit nicotinic acetylcholine receptor 
(α7nAChR) is vital for the modulation of anti-inflammatory signalling within the cholinergic anti-
inflammatory pathway. The α7nAChR is expressed in immune cells such as macrophages, 
monocytes, T cells, dendritic cells, as well as in endothelial and other type of cells (see graph 1). 
The expression of α7nAChRs on bone marrow-derived cells is indispensable for the functioning 
of the CAP, while expression on T cells and neuronal cells is not. The anti-inflammatory effect of 
α7nAChR causes a downregulation of TLR4 and CD14 expression in immune cells. Cholinergic 
suppression of the production of pro-inflammatory molecules, such as TNFα or IL-6, is facilitated 
downstream of α7nAChR through intracellular signalling pathways, such as the JAK-STAT 
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signalling pathway, which lead to the inhibition of NF-κβ nuclear translocation. Cholinergic 
stimulation of α7nAChR activates the tyrosine protein kinase Janus kinases 2 (JAK2) signalling 
pathway. When the transcription factor signal transducer and activator of transcription proteins 3 
(STAT3) is subsequently phosphorylated, the production of pro-inflammatory cytokines by 
intestinal macrophages is suppressed (see graph 1)  [20]. 

Graph 2. Illustration of the Cholinergic Anti-Inflammatory Pathway (Adapted from Pavlov and Tracey [24] and Bonaz 
et al [34]) and the parasympathetic nervous system (red line) and the sympathetic nervous system (blue line). 

 
Functional neuroanatomy of the cholinergic anti-inflammatory pathway (CAP). Sympathetic preganglionic fibres that originate in the spinal cord 
(blue line) terminate in the perivertebral and paravertebral ganglia releasing acetylcholine (ACh).  Postganglionic catecholaminergic fibres innervate 
the peripheral viscera and release norepinephrine (NE). Cholinergic preganglionic vagal efferent fibres (red line) innervate visceral organs and 
release acetylcholine (ACh) as main neurotransmitter. Preganglionic efferent vagus fibres terminate in the coeliac ganglia and the superior 
mesenteric ganglion (SMG), where the splenic nerve originates (blue line to spleen). 
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While the vagus nerve-based CAP relies on direct vagal efferent cholinergic signalling, the 
vago-splenic pathway depends on the intermediate of norepinephrine (NE) to bind to β2 receptors 
of T-lymphocytes in the spleen, who then release acetylcholine (ACh). The macrophages involved 
in the initial immune response to invading pathogens and circulating toxins reside in the viscera 
of the reticuloendothelial system, which includes the lungs, the liver, and the spleen. These 
macrophages secrete pro-inflammatory mediators in the presence of tissue damage-associated 
molecules or bacterial endotoxins, such as lipopolysaccharide (LPS). Pro-inflammatory cytokine 
TNFα production in the spleen is a primary source of elevated systemic TNFα concentrations . 
Splenectomy is found to significantly reduce levels of circulating TNFα in the experimental 
murine model of endotoxemia, confirming the importance of spleen in the production of TNFα 
[39][40]. This suggests that the spleen represents a vital interface in the brain-immune 
communicatome and the anti-inflammatory vagus nerve pathway. It is thought that the cholinergic 
signalling targets the spleen via the common coeliac branch of the abdominal vagus nerve. 
However, this link has been questioned due to the lack of markers of cholinergic signalling in the 
spleen found in neuroanatomical studies. Moreover, the common consensus is that the  spleen’s 
innervation is solely sympathetic in nature and its neural fibres emanating from the coeliac and 
superior mesenteric ganglia (SMG) are catecholaminergic [39]. While there may not be any direct 
cholinergic signalling inside the spleen itself, cholinergic signals can travel via the common 
coeliac vagal branches to synapse with catecholaminergic neurons in the coeliac ganglion and 
SMG before reaching the spleen [39]. For the CAP to modulate splenic cytokine production, 
catecholaminergic signalling is required, as the depletion of norepinephrine in the spleen abrogates 
the cytokine-inhibiting effects of vagal stimulation [38]. Hence, the crosstalk between the vagus 
and splenic nerve facilitates the regulatory effect of splenic pro-inflammatory cytokine production. 
Moreover, catecholaminergic, more specifically norepinephrine stimulation can release a signal 
via α7nAChRs on the surface of cytokine-producing macrophages to control of inflammatory 
processes. Lymphocytes, such as memory T lymphocytes, can synthesise and release ACh in 
response to stimulation with norepinephrine and thus regulate the production of pro-inflammatory 
mediators such as TNFα [38]. Apart from the regulation of pro-inflammatory cytokine synthesis, 
cholinergic signalling is also able to inhibit chemokine production [38]. Chemokines are a kind of 
cytokines that mediate sundry biological processes, including chemotaxis, haematopoiesis, and 
angiogenesis, and interact with cell surface G-protein-coupled receptors (GPCRs) [40]. 
Additionally, cholinergic stimulation can also suppress the expression of adhesion molecule on the 
surface of activated endothelial cells. This is accomplished by blocking TNFα-induced NF-kβ 
entry and activation of the Janus kinase (JAK)2/signal transducer and activator of transcription 
(STAT)3 signalling pathway. Endothelial cells express nicotinic ACh receptors and are thus able 
to regulate the production of pro-inflammatory cytokines [38]. 

While the classical cholinergic anti-inflammatory is centred on the efferent action of the vagus 
nerve or the splenic nerve, vagal afferents also exert an effect on sympathetic outflow to influence 
inflammatory processes. Vagal afferents terminate in the NTS, the primary nucleus for visceral 
afferents, and from there, activate the central autonomic network (CAN), which then targets vagal 
and sympathetic efferents at their source, the DMN and the tractus intermedio-lateralis in the spinal 
cord, respectively. The five brain nuclei of the CAN (i.e., PVH, the A5 noradrenergic group, the 
caudal raphe region, the rostral ventrolateral medulla, and the ventromedial medulla) innervate the 
preganglionic sympathetic neurons of the inter-mediolateral cell column of the spinal cord and 
thus modulate sympathetic outflow. Through the intermediary of the CAN, vagal afferents are able 
to induce an indirect anti-inflammatory action by enhancing the sympathetic outflow [41]. Certain 
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autonomic responses, especially cardiovascular, are mediated or facilitated by the C1 neurons 
residing the medulla oblongata of the brainstem [42]. This group of adrenergic neurons is involved 
in the protective effect in renal ischaemia-reperfusion injury (IRI) through modulating sympathetic 
rather than vagal outflow [38]. The PVH, a component of the CAN, is able to modulate the ANS 
through its efferent projections to the DMN of the vagus nerve and sympathetic preganglionic 
neurons in the spinal cord. When the CRF neurons of the PVH are activated by stress, the PVH 
can inhibit the DMN and downstream vagal efferent signalling in favour of sympathetic efferents. 
The A5 nucleus of the ventrolateral pons innervates chiefly the spinal intermediolateral column 
and is implicated in the control of visceral sympathetic tone. The noradrenergic A5 nucleus 
receives inputs from the adrenergic C1 neurons and is likely connected to multiple sympathetic 
targets [41]. Additional brain areas outside of the CAN innervating sympathetic preganglionic 
neurons include Barrington’s nucleus, which is exclusively involved in regulating parasympathetic 
outflow, the locus coeruleus (LC) which is implicated in the modulation the sympatho-adrenal 
activation stress responses, and several more vital brain areas, such as the periaqueductal grey 
(PAG), the lateral hypothalamus, the A7 region, the NTS, the Edinger-Westphal nucleus, the 
pedunculopontine tegmental nucleus, the C3 group, the caudal ventrolateral medulla, and the area 
postrema (AP) [41]. 
 
2.7 Neuro-Immune Pathways – Efferent Arm of the Inflammatory Reflex 
Effector organs of the CAP 
In addition to the spleen, other effectors organs may be involved in the cholinergic control of 
immune responses. The intestinal immune system is another target tissue of the CAP. Many 
intestinal immune cells express nicotinic receptors to react on the CAP and macrophages and 
dendritic cells are thought as the main effectors of this pathway [43]. The microenvironment in the 
enteric mucosa and submucosa plays a critical role in maintaining the equilibrium between 
tolerance of harmless antigens and appropriate immune response to pathogens. The loss of this 
delicate balance can lead to debilitating chronic inflammatory conditions such as irritable bowel 
disease (IBD). While molecular factors, including transforming growth factor-β (TGF-β), 
interleukin-10 (IL-10), retinoic acid, and short-chain fatty acids exert immunomodulatory actions 
in the intestine, the parasympathetic vagus nerve, plays a crucial role in regulating the enteric 
microenvironment, maintaining tissue homeostasis, and immune tolerance. Unlike the innervation 
to the spleen, there is direct vagal communication between the intestinal wall and the CNS. 
Efferent vagal nerve terminals synapse directly with post-ganglionic enteric neurons of the enteric 
nervous system (ENS), instead of interacting with neurons from the prevertebral ganglia, such as 
the coeliac ganglion. The distribution of vagal preganglionic innervation in the gastrointestinal 
(GI) tract follows a rostro-caudal gradient from densest (stomach) to the least dense (small 
intestine and colon). Not only does the vagus nerve keep the CNS informed on the immunological 
and nutritional status of the GI tract, but it also mediates signalling from the gut microbiota to the 
CNS, therefore linking the gut microbiome with limbic and cognitive centres of the brain. Central 
nervous disorders such as autism or anxiety-depressive behaviours have been associated with gut 
dysbiosis [43]. Vagal afferents form the intestinal visceral primarily targets the nucleus of the 
solitary tract (NTS). During intestinal inflammation both the NTS and the DMN of the vagus nerve 
are activated [43], supporting the notion of an 'enteric nervous system-vagal afferent-brainstem-
vagal efferent' cholinergic pathway. 
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Graph 3. Schematic diagram illustrating the 'central autonomic network’s (CAN) modulation of visceral activity 
according to Bonaz et al [34] in relation to the ‘autonomic regulation of nociceptive signalling’ according to Kolacz 
and Porges [44].  

 
The autonomic vago-vagal loop involves afferent visceral inputs to the nucleus of the solitary tract (NTS, red line) which projects the dorsal motor 
nucleus (DMN), to the rostral ventrolateral medullary (RVLM, green line) and to the intermediate lateral medulla (ILM, green line) to modulate 
sympatho-vagal activity. This autonomic vago-vagal loop is regulated by a forebrain autonomic loop, which involves crosstalk between the NTS 
and the hypothalamus, amygdala, cingulate cortex, insula, and prefrontal cortex (PFC). Interoceptive and exteroceptive information are constantly 
monitored and interact with neuroception to detect safety and threat cues. Interoceptive and exteroceptive signals are also used to regulate adaptive 
behavioural responses to the environment. Acute and chronic threat responses can alter neural feedback loops. The brainstem and cortical structures, 
vagal afferent signalling, spinal feedback loops, and the sympatho-adrenal system regulate nociceptive signalling cooperatively. The dorsal vagal 
complex (DVC) and sympathetic nervous system (SNS) regulate the gastrointestinal tract via actions on the enteric nervous system (ENS). 

The immune function of the liver is also the target of cholinergic modulation by the vagus 
nerve. Hepatic inflammation is facilitated by resident macrophages of the liver, known as Kupffer 
cells. These hepatic immune cells promote innate immune responses via Toll-like receptor (TLR) 
signalling [45]. However, over-activation of the hepatic innate immune system can lead to an 
excessive inflammatory response resulting in the pathogenesis of non-alcoholic steato hepatitis 
(NASH). Activated Kupffer cells promote liver injury by secreting pro-inflammatory mediators, 
such as IL-1β, IL-12, TNFα, and monocyte chemoattractant protein 1 (MCP-1) [45]. Hence, 
regulating resident Kupffer cell and acetylcholine-producing T-cell activity via the CAP to reduce 
hepatic inflammation may help slow down the progression of NASH. Vagal cholinergic 
stimulation was shown to attenuate LPS- and stearic acid induced hepatic TNF production in a 
murine experimental of model endotoxemia-related hypotension [27] and in a murine model of 
NASH pathology [45]. This suggests that the hepatic vagus nerve is a cardinal element in the 
modulation of inflammatory responses in Kupffer cells via the α7nAChRs on these immune cells. 
Efferent hepatic vagus nerve endings release ACh, acting on these α7nAChRs, to suppresses TNFα 
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production. Vagal cholinergic signalling is able to reduce hepatic and circulating levels of pro-
inflammatory cytokines such as TNFα and thereby exerts hepatoprotective and antiapoptotic 
effects [27]. Cholinergic dampening of hepatic TNFα production is facilitated intracellularly 
through activation of the activation of the JAK2-pathway and subsequent phosphorylation of 
STAT3, and inhibition of NF-κβ nuclear translocation [45]. 

The kidneys are innervated by sympathetic sensory afferent and sympathetic efferent neurons, 
which may be involved in the modulation of renal inflammation [46]. No vagal parasympathetic 
efferent innervation is thought to exist in the kidneys [47]. The entire renal vasculature is 
sympathetically innervated, with afferent renal arterioles exhibiting the highest density, while 
tubules are less densely innervated [46]. Norepinephrine (NE) released from sympathetic terminals 
acts the vasculature and tubules. Efferent renal sympathetic signalling is involved in the regulation 
of renin secretion and sodium excretion. An increase in efferent sympathetic renal activity 
stimulates β1-adrenergic receptors on juxtaglomerular granular cells and thereby enhances renin 
secretion. At the same time increased efferent sympathetic renal signalling stimulates α1A-
adrenergic receptors on renal arterial vessels to decrease blood flow, and α1B-adrenergic receptors 
on tubular epithelial cells to decrease sodium excretion in the urine. Unlike the wide sympathetic 
innervation to the kidneys, afferent sensory nerves in the kidneys are chiefly localised in the pelvic 
region. Renal sensory nerves run parallel to the renal artery, vein, and ureter when entering the 
pelvis and terminate as free nerve endings (FNE) in the pelvic wall. While the renal artery and 
vein receive some degree of sensory innervation, the renal parenchyma is only equipped with few 
sensory fibres. The cell bodies of these renal sensory nerves are located primarily in the DRG of 
the thoracic and lumbar spine. Renal sensory afferents are propagated to the DRG in the spinal 
cord and then to specific brain regions, including the NTS and the rostral ventrolateral medulla of 
the brainstem. Under physiological conditions, mechano-sensitive pelvic nerves are triggered by 
increased stretch of the pelvic wall or rising pelvic pressure. An increase in afferent renal/pelvic 
sensory signalling suppresses efferent sympathetic activity via the "inhibitory reno-renal reflex". 
An increase in afferent renal sensory activity is also able to modulate CNS-controlled sympathetic 
outflow to the periphery, in the same manner as vagal afferents. Conversely, increased efferent 
sympathetic renal signalling causes an increase in afferent sensory signalling via a synaptic 
connection between the sympathetic efferent and the sensory afferent nerves in the pelvic wall. 
This suggests that there is negative renal feedback system comprised of the sympathetic efferents 
and sensory afferents that differs from vagal sensory afferent-vagal efferent motor pathway. Under 
physiological conditions, an increase in efferent sympathetic activity in the kidneys  increases 
sensory renal afferents from the pelvis and renal parenchyma, while an increase in sensory renal 
afferent signalling results in a decrease renal sympathetic efferents. The physiological negative 
feedback mechanism of the "reno-renal reflex" is lost in pathologic conditions associated with 
sympathetic dominance, including hypertension, chronic kidney disease (CKD), and heart failure, 
leading to an “excitatory reno-renal reflex” instead [46]. There is some evidence that suggests that 
the “reno-renal reflex” is not purely sympathetic. Cell bodies of neurons in the inferior ganglion 
of the vagus nerve, i.e. the nodose ganglion, project to the kidneys, providing vagal afferents from 
the kidneys to the NTS [47]. Hence the reno-renal reflex could be a vagal-sympathetic renal 
afferent-brainstem-sympathetic reflex. 

The lungs receive vagal innervation and there is evidence that pulmonary tissue possesses its 
own functional cholinergic anti-inflammatory pathway (CAP) [48]. In addition to cholinergic vagus 
efferents, the lungs exhibit sensory vagal afferents, which are glutamatergic [47]. Selective 
activation of α7nAChRs was shown to reduce LPS-induced or mechanical ventilation-induced 
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release of TNFα and other cytokines in lungs of mice. However, other experiments have shown 
that targeting the vagal CAP does not succeed in reducing peritonitis-induced lung laesions and 
that biochemical stimulation of α7nAChRs via nicotine administration, even increases pulmonary 
damage and serum levels of pro-inflammatory cytokines. This suggest that the pulmonary CAP is 
not efficient at suppressing severe lung inflammation in contrast to other organs, such as spleen, 
kidney and liver. However, pulmonary CAP and vagal innervation are crucial in maintaining 
homeostasis in the lungs and are able to regulate less severe pulmonary inflammation [48]. It is 
possible that regulation of inflammation in the lung is governed by an entirely different 
mechanism. It is known that serotonin, also known as 5-hydroxytryptamin (5-HT) – a product of 
tryptophan metabolism, possesses immunomodulatory actions. Serotonin, or more specifically 
hypothalamic serotonin, is able to reduce systemic inflammation in endotoxin challenges, such as 
LPS [49]. Furthermore, serotonin can attenuate allergic lung inflammation by reducing antigen-
induced airway responsiveness, blood eosinophils, and pro-inflammatory cytokines or 
chemokines. 5HT also reduces TNFα-induced endothelial cell serotonylation and leukocyte 
transendothelial migration [50]. Hence, it is possible that afferent signalling to the hypothalamus 
could induce the release of serotonin into the bloodstream. Experimental data shows that serotonin 
injection into the lateral ventricle can increase splanchnic nerve activity, implying the functionality 
of a reflex loop based on these sympathetic nerves [49]. This reflex loop is described in the 
following section. 

2.8 Neuro-Immune Pathways – Efferent Arm of the Inflammatory Reflex 
Splanchnic Anti-Inflammatory Pathway (SAP) 
An alternate pathway has been proposed in addition to the classical cholinergic anti-inflammatory 
pathway involving vagal afferents and vagal efferent and/or splenic nerve signalling: the 
splanchnic anti-inflammatory pathway (SAP) whose efferent arm, is solely composed of 
sympathetic nerves and not parasympathetic ones. The preganglionic sympathetic fibres of the 
greater splanchnic nerve innervating the chromaffin cells of the adrenal glands and the 
postganglionic sympathetic neurons innervating spleen, liver, and gut, constitute the efferent arm 
of this splanchnic anti-inflammatory reflex  [51]. These sympathetic nerves are strongly activated 
in immune challenges, including endotoxins, such as LPS. In the splanchnic anti-inflammatory 
pathway, action potentials in the postganglionic splenic neurons are triggered not by excitatory 
postsynaptic potentials from the parasympathetic vagus nerve, but from preganglionic inputs of 
the sympathetic splanchnic nerves. Splenic sympathetic activity is hardly affected by vagotomy, 
as experiments have shown, but unilateral splanchnic nerve section is sufficient to restore 
sympathetic splenic nerve activity to its baseline. Moreover, severing the splanchnic nerve results 
in a drastic increase in LPS-induced splenic TNF-α release and other pro-inflammatory cytokines. 
This strongly suggests that the sympathetic greater splanchnic nerves and not the parasympathetic 
vagus nerves represent the efferent (motor) arm of the inflammatory reflex [51]. 

The target organs of the sympathetic splanchnic anti-inflammatory pathway are the abdominal 
viscera. The splanchnic nerves supply sympathetic nerve fibres to many organs in the abdomen, 
including stomach, intestines, adrenal gland, spleen, liver, and pancreas.  The spleen, a major 
immune organ which generates inflammatory cytokines including TNFα during immune 
responses, is both an effector organ in the classical vagus nerve-centred cholinergic anti-
inflammatory pathway and the alternative splanchnic anti-inflammatory pathway. This secondary 
lymphoid organ is innervated by sympathetic splenic nerve fibres that make close contact with 
splenic immune cells, including macrophages in the white pulp of the spleen. The splenic nerve is 
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activated via the splanchnic nerves during an immune challenge, such as circulating LPS or other 
pathogen-associated molecules [52]. Adrenal glands, which are the effector organs of the HPA axis 
and can be triggered by vagal afferents terminating in the NTS and projecting onward to various 
autonomic brain centres, are also innervated by the splanchnic nerves which control the release of 
stress hormones, such as adrenaline or noradrenaline, from the adrenal medulla. It is through the 
synergistic actions of adrenal medullary humoral response and direct sympathetic innervation by 
the splanchnic nerves that the adrenal glands are able to modulate the spleen's production of pro-
inflammatory cytokines in response to a systemic immune challenge [52]. Other abdominal organs 
receiving sympathetic innervation by the splanchnic nerves include the gut associated lymphoid 
tissues (GALT), including Peyer's patches, the pancreas, and the liver (see graph 2). The GALT 
embodies a highly efficient mucosal barrier, and a specialised multifaceted immune system, which 
made up of a large population of dispersed immune cells and structured lymphoid tissues [53]. This 
renders the GALT the ideal target for neural control of immune functions [52]. The liver is another 
crucial frontline immune tissue that is ideally situated to detect pathogens entering the body via 
the gastrointestinal tract. The liver engages in the detection, capture, and clearance of pathogens 
and macromolecules. It is the largest reservoir of phagocytic cells in the body and represents an 
important barrier between the host and the outside world. The liver’s default immune status 
appears to be anti-inflammatory or immuno-tolerant, however, the liver can switch and “mount a 
rapid and robust immune response” during immune challenges. Excessive inflammation is 
associated with hepatic tissue damage, while insufficient hepatic immune function can result in 
chronic infection or even cancer [54]. 

Taken together, the anti-inflammatory action of the sympathetic splanchnic nerve pathway is 
distributed across different viscera and tissues residing in the abdomen. The various abdominal 
organs actually play complementary roles in mediating the neural reflex modulation of 
inflammation. The splanchnic anti-inflammatory reflexive action includes a humoral component 
in the form of catecholamine release by the adrenal medulla as well as a direct neural activation of 
target tissues, including secondary lymphoid tissues receiving sympathetic innervation such as 
spleen, lymph nodes, or Peyer's patches, as well as hepatic and renal immune tissue [52]. 

2.9 Neuro-Immune Pathways – Morphology of the Vagus Nerve 
The apparent discrepancy in the specification of the efferent (motor) arm between the vagus nerve-
based cholinergic anti-inflammatory pathway and the splanchnic anti-inflammatory pathway may 
be down due to morphological peculiarities of vagus nerve. 

It is well known that vagal nerve fibres can form anastomoses or intertwine with fibres from 
other cranial nerves, including the trigeminal nerve with whom the vagus shares a brain nucleus, 
the facial nerve, glossopharyngeal nerve, and hypoglossal nerve within the trigeminal spinal tract 
of the rostral medulla . This anatomical interconnection between vagal and other cranial nerves is 
termed the "trigeminovagal complex" [55]. However, the vagus nerve may also be receiving 
"anastomosing and ‘hitchhiking’ branches" from areas outside of the trigeminovagal region of the 
brainstem, as supported by the fact the surface area of vagal intra-perineum nerve tissue at the right 
cervical region is exceeds that of the vagal tissue inside the right occipital area [56]. Indeed, the 
vagus nerve has been found to receive “anastomosing and hitchhiking branches” from the 
sympathetic chains. In a similar fashion, the abdominal vagus nerve could hitchhike the splenic 
nerve to innervate the spleen without synapsing in the coeliac ganglion fist [56]. Hence, the splenic 
nerve’s catecholaminergic release could originate directly from the vagus nerve, supporting the 
notion of a vago-vagal reflexive mechanism in the cholinergic anti-inflammatory pathway model. 
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There is also evidence that vagal fibres are involved in catecholaminergic neurotransmission and 
stimulation of the vagus nerve could lead to the release of dopamine and noradrenaline. The right 
cervical vagus nerve comprises twice the amount tyrosine hydroxylase (TH)-containing nerve 
fibres compared to the left vagus [56], with TH being the rate-limiting enzyme of catecholamine 
biosynthesis [57]. Furthermore, the surface area of nerve tissue strictly located within the 
perineurium of the right cervical vagus nerve is about 1.5 times larger than its left vagal 
counterpart. The majority of right vagal nerve fibres descend into the abdomen via the posterior 
trunk and run through the coeliac and superior mesenteric ganglia (SMG), and in this manner, 
supply most of the abdominal viscera. Hence, the posterior vagal trunk innervates more abdominal 
organs than the anterior trunk [56]. 

In summary, the vagus nerve may not be a purely parasympathetic and cholinergic 
morphological entity, but rather a chimaera composed of parasympathetic and sympathetic fibres 
and “anastomosing and hitchhiking branches” from cranial nerves in the trigeminovagal complex 
and sympathetic chains outside of the brainstem which give rise to the splanchnic sympathetic 
fibres. Activation of the vagus nerve could therefore result in both parasympathetic as well as 
sympathetic action with catecholaminergic effects [56]. This is consistent with both a 
parasympathetic cholinergic anti-inflammatory pathway and a sympathetic splanchnic anti-
inflammatory pathway.  

2.10 The Sacral Nerve-Vagus Nerve Anti-Inflammatory Pathway 
While the proximal 2/3 of the colon are innervated by the vagus nerve, the distal 1/3 and the rectum 
are chiefly innervated by the sacral plexus. Sacral afferents are able to reduce colonic inflammation 
through the ACh anti-inflammatory pathway. This pathway is the "sacral afferent-brainstem-vagal 
efferent pathway". Spinal afferents activate the neurons in the NTS, a brainstem nucleus associated 
with somato-visceral processing, who in turn activate the CRF neuron group of the PVH leading 
to an activation of the HPA axis [58]. The spinal afferent-vagal efferent pathway may also leverage 
nitric oxide (NO) mechanisms to modulate immune function on top of cholinergic and endocrine 
pathways [59]. NO is involved in the regulation of immune responses, particularly that of the 
adaptive immune system. The level of circulating NO can set the switch between different 
signalling pathways and T-cell polarities. While a low concentration of NO nudges the immune 
systems towards a Th1 response, a higher concentration NO blocks IL-2R signalling which 
suppress T-cell function.  Moreover, the NO radical is able to suppress the polarisation of the 
interleukin-17 (IL-17)-secreting T-helper (TH) cell, i.e. Th17, response, which is associated with 
chronic inflammatory processes [60]. 
 
3. Osteopathic Manipulative Treatment (OMT) of Neuro-Immune Axis 
 

3.1 The Lymphatic System and Immune Function  
Immune cells unremittingly monitor their environment for pathogen, pathogen-associated, or 
damage-associated molecular patterns, as they circulate from the bloodstream to the peripheral 
lymphoid tissues and secondary lymphoid organs to egress back into the bloodstream via 
lymphatic vessels [61]. Lymphatic vessels and lymphatic-like tissue have been identified in most 
internal organs, including the brain and eye [62]. Leukocytes, including macrophages, dendritic 
cells (DC), natural killer (NK) cells, granulocytes, and mast cells form the first line of defence 
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against pathogens and are part of the innate immune surveillance. Antigen-specific B and T 
lymphocytes provide the second line of defence with immunological memory through the adaptive 
immune system [61]. During an inflammatory response, pro-inflammatory cytokines, chemokines, 
and reactive oxygen species (ROS), and nitrogen species (RNS) are released into the blood and 
the lymph flow, creating an "inflammatory (tissue) gradient", which can be used by leukocytes to 
identify sites of tissue damage or infection. Recruited leukocytes can directly neutralise pathogens 
and release more pro-inflammatory mediators to alert other immune cells. When pathogen 
clearance is achieved, the inflammatory gradient as well as the concentration of immune cells and 
inflammatory molecules abates, as pathogens, proteins, immune cells, and antigens are removed 
from the interstitial space of affected tissue and distributed to regional lymph nodes [61]. The 
Lymphatic vasculature responsible to transporting immune cells and inflammatory molecules in 
the lymph fluid is also involved in the transport of dietary lipids [63]. 

The initiation of the immune response is mediated by lymph nodes that foster an environment 
in which lymphocytes can be activated by interacting with antigen-presenting cells. The majority 
of lymphocytes enter lymph nodes from bloodstream via specialised venules called "high 
endothelial venules", while antigen and antigen-presenting cells, and some lymphocytes reach the 
lymph nodes with the afferent lymph. This intersection of lymphocytes and antigen-presenting 
dendritic cells allows for a swift selection of antigen-specific lymphocytes from the vast flow of 
immune cells passing through the lymph node. Activated lymphocytes may further differentiate 
whereas cells not activated by specific antigens egress the lymph node via the efferent lymph and 
are transported to other lymph nodes where they could get activated by specific antigens [64]. The 
lymph flow is facilitated by an intrinsic as well as an extrinsic "lymphatic pump" or lymphatic 
propulsion. Lymphatic vessels collect and transport lymph from lymphatic capillaries to the blood 
circulation using "continuous zipper-like junctions" and "continuous basement membrane” and are 
surrounded by a layer of contracting and relaxing smooth muscle cells [63]. Intrinsic propulsion of 
the lymph is mediated by robust, spontaneous lymphatic smooth muscle contractions occurring in 
well-coordinated contractile waves over the length of a "lymphangion" ("the segment of a 
collecting lymphatic vessel containing two intraluminal valves comprising the elementary 
pumping unit"). Simultaneously, fluid backflow is minimised through unidirectional valves in the 
vessel lumen [62]. This mechanism constitutes the "intrinsic lymphatic pump". In addition, 
contractility of surrounding skeletal musculature, pulsation of heart and arteries, peristaltic 
movements of the digestive tract, respiratory motion of lungs, and skin compression are able to 
propel the fluid within lymphatic vessels. These physiological motions make up the “extrinsic 
lymphatic pump”.  For instance, postprandially enhanced intestinal motility can lead to increased 
lymph pressure and lymph flow. Likewise, intensified skeletal muscle contractions during exercise 
can amplify lymph flow, while the opposite is true for sleep [63]. Other extrinsic forces such as 
passive limb movement and manipulative techniques have also been shown to amplify lymph flow. 
Restriction of lymphatic circulation could potentially retard immune response to a pathogen 
invasion or tissue damage [61]. Therefore, improving lymphatic circulation to optimise immune 
function may be an indication of lymphatic osteopathic manipulative treatment. 

3.2 Lymphatic Osteopathic Manipulative Techniques: The Lymphatic Pump Technique (LPT) 
The father of osteopathy Dr Andrew Taylor Still called the lymphatics the “life giving centers and 
organs”, admonishing practitioners to be knowledgeable in the manipulation of these vessels [65]. 
The range of osteopathic manipulative techniques (OMT) that leverages lymphatic circulation to 
modulate immune function is collectively known as "lymphatic pump techniques (LPT)". LPT can 
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be administered to thorax, abdomen, and lower extremities (leg and feet)  [61]. Specific thoracic 
lymphatic pump manoeuvres include the clavicle pump, first rib pump, the pectoralis pump, the 
latissimus pump in prone position, the dorsoventral and the lateroventral sternal pump, the 
vertebral pump, the costal angle pump, and the diaphragm pump. Abdominal LPT include the 
liver, spleen, stomach, duodenal, and the kidney pump as well as the abdominal aorta/vena cava 
pump [66]. 

Clinical indications for LPT includes oedema and infection [61]. Lymphatic and splenic pump 
techniques were developed and applied specifically as an intervention for infectious diseases [67]. 
In the 1930s, osteopathic physicians Castillo and Ferris-Swift published two experimental studies 
that investigated the effect of the splenic LPT on erythrocyte and leukocyte counts and various 
other measures of immune function. Their experiments showed that splenic compression 
manoeuvres were able generate a modest increase in leukocytes and a decrease in erythrocytes. 
Moreover, the osteopathic researchers observed a decrease in the Arneth index (an index of the 
age of neutrophils), and an improvement in the phagocytic index (average number of bacteria 
ingested by phagocytes), opsonic index (the potency of serum to opsonise bacteria), serum 
agglutinative power (measure of red blood cells [RBCs] to agglutinise in response to a foreign 
body), and bacteriolytic power (measure of bacterial destruction) [68]. Recent (animal) studies 
show that abdominal LPT is able to trigger the release of leukocytes from lymph nodes into the 
lymphatic circulation, thereby increasing the concentration of immune cells in the lymph. Immune 
cell count from both the innate and adaptive immune systems, including monocytes, neutrophils, 
lymphocytes, CD4+ and CD8+ cells, as well as IgA+ and IgG+ B cell concentration increase 
equally [61][67]. Abdominal application of LPT may be able to mobilise leukocytes from the 
mesentery into the lymphatic circulation and the venous circulation. In addition to mobilising 
leukocytes towards target tissue via the lymphatic fluid, LPT may also assist in mobilising pro- 
and anti-inflammatory mediators, including TNFα, interferon-γ (IFN-γ), IL-2, IL-4, IL-6, and IL-
10,  monocyte chemoattractant protein 1 (MCP-1) keratinocyte chemoattractant (KC), superoxide 
dismutase (SOD), and nitrotyrosine (NT) [70]. The lymph redistributes these cytokines and 
chemokines from their mesenteric source to the peripheral viscera, all the while activating 
leukocytes and enhancing endothelial cell permeability. LPT is thought to be promoting this 
lymphatic redistribution process and therefore stimulate immune function [61]. By supporting 
recirculation of tissue fluid and lymph flow, LPT is able to help preserve tissue health [71]. 

While clinical intervention of LPT manages to increase the release of mature, activated 
lymphocytes into the lymphatic circulation that boost immune surveillance [61], while concurrently 
generating a greater lymphatic flux of pro-inflammatory cytokines and chemokines, LPT may also 
protect the body against excessive inflammation and prolonged oedema [71]. Normal thoracic duct 
lymph is able to suppress macrophage activity by a three-fold in vitro, thereby exerting an anti-
inflammatory effect. This effect is not achieved through damage of macrophages as their viability 
is preserved. Normal mesenteric lymph was shown to decrease the LPS-induced expression of cell 
adhesion molecule 1 on primary microvascular endothelial cells of human lung tissue. The 
transfusion of mesenteric lymph alleviated lung injury caused by LPS in vivo in a murine model 
[71]. Therefore, by promoting the circulation of thoracic duct and mesenteric lymph, LPT may 
generate inflammation-dampening effects. While LPT may increase the lymphatic flux of 
cytokines and chemokines, LPT does not increase the concentration of the inflammatory 
molecules. The flux of cytokines, chemokines, and protein is amplified by approximately tenfold 
through LPT, thus preventing and reliving venous and lymphatic stasis. Normal lymphatic and 
venous circulation are essential for tissue health [71]. Moreover, LPT can assist in removing pro-
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inflammatory mediators and mobilise anti-inflammatory molecules, such as IL-10, to the site of 
infection or injury. Other possible anti-inflammatory bioactive mediators in the lymph include 
"cell-free lipid/lipoprotein fraction" [71] or specific phospholipids such as choline plasmalogens 
which are not only circulated through the lymph like other lipids but readily absorbed into the 
lymphatic fluid [72]. Choline activates the α7nACh receptors on macrophages in the cholinergic 
anti-inflammatory pathway (CAP), thereby reducing their cytokine production [73]. Choline also 
possesses anti-nociceptive properties in inflammatory pain [74]. 

Through its ability to improve lymph flow and immune function through enhanced circulation 
of leukocytes, LPT is also applied as an adjunct in the treatment of infectious diseases, including 
pneumonia. LPT is also used to improve clearance of the tracheobronchial tree, augment sputum 
production, and lessen the duration of coughing in patients with lower respiratory tract disease [61]. 
In as double-blind RCT of 406 hospitalised elderly patients with pneumonia received OMT and 
LPT (on top of the standard treatment), compared to the standard of care only. OMT included 
thoracolumbar and cervical spine soft tissue release, myofascial release, rib raising, doming of the 
diaphragm, soft tissue, suboccipital decompression, and thoracic inlet, while LPT comprised 
thoracic LPT and pedal LPT [75]. The intervention of OMT (and LPT) plus conventional care 
decreased the length of hospital stay for on average 3.5 days, reduced the duration of intravenous 
antibiotics, respiratory failure or death in comparison to the conventional-only intervention. This 
result suggests that OMT and LPT exert protective effects against pneumonia if administered in a 
systematic fashion [75]. A smaller study of 25 subjects looked at the short-term effects of specific 
OMT and LPT techniques in chronic obstructive pulmonary disease (COPD): "minimal-touch 
control, thoracic lymphatic pump (TLP) with activation, TLP without activation, rib raising, and 
myofascial release". The study found adverse post-intervention changes in measures of pulmonary 
function (such as forced vital capacity [FVC], forced expiratory volume in 1 second [FEV1], 
FEV1/FVC ratio), where different techniques affected different outcome measures. Thoracic 
lymphatic pump (TLP) with activation (where the operator lets go of in thoracic rib cage swiftly 
at the end of the manoeuvre) increased post-intervention residual volume above baseline, but TLP 
without activation did not. Side effects of OMT and LPT were mild and included post-treatment 
soreness of the thorax. Yet, most subjects reported being able to breathe better after receiving OMT 
treatment [76]. 

The improvement in clinical outcomes in patients with infectious disease, such as pneumonia, 
could be due to enhanced lymphatic release of leukocytes, as the latter that have been shown to 
increase rapidly in blood circulation and pulmonary tissue in response to pneumococcal 
pneumonia. The redoubled presence of immune cells leads to more phagocytosis, which 
subsequently lowers bacterial numbers. Improved lymphatic flow also enhances bacterial 
clearance, which results in a lower bacteria count. In addition to immune cell-mediated protection, 
concentrations of pulmonary antimicrobial products including surfactant proteins, defensins, 
lysozyme, and lactoferrin may also be increased by LPT and promote bacterial clearance [61]. A 
recent animal study suggests that LPT could also improve gastro-intestinal dysfunctions, such as 
irritable bowel disease (IBD) [77]. However, the results of the study were not statistically 
significant. 

3.3 Visceral Osteopathy 

According to Rome III criteria 1, functional bowel disorder (FBD) is defined as a "recurrent 
abdominal pain or discomfort, at least 3 days per month in the past 3 months, associated with 2 or 
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more" symptoms including improvement with defecation, change in stool frequency, or altered 
appearance of stool [78]. Patients with IBD suffer from chronic inflammation in the gastrointestinal 
tract and can be subdivided into two types: superficial inflammation affecting the colon (e.g. 
ulcerative colitis) and transmural inflammation through the entire GI tract (e.g. Crohn’s Disease). 
IBD is associated with low vagal tone and increased plasma levels of TNFα, implying altered 
functioning of the cholinergic anti-inflammatory pathway (CAP) in patients with IBD [43]. While 
the benefit of LPT in IBD and other functional intestinal disorders remains putative, the effect of 
OMT on irritable bowel syndrome (IBS) finds some support  [79]. An RCT from 2007 assessing 
the effect of an osteopathic visceral intervention in IBD found that OMT could improve mean 
Functional Bowel Disorder Severity Index (FBDSI) scores after three and six months, while the 
standard of care group's symptom score remained the same. However, this result was not 
statistically significant. The reported quality of life of patients with IBD improved markedly in the 
group that received OMT and this change was statistically significant, while that in the standard 
of care group was not. Side-effects from OMT for IBD were not reported [80]. Another randomised 
sham-controlled trial on the efficacy of OMT in IBS found that OMT could reduce the severity of 
IBS symptoms in those patients as well as improve reported quality of life. These findings were 
statistically significant [81]. A different study with IBD sufferers found that OMT could yield 
improvements of diarrhoea, abdominal distension, and abdominal pain, but colonic transit times 
were not improved [82].  

Some preliminary evidence suggests that OMT may also be helpful in chronic constipation. A 
small study with six participants investigated the effect of visceral osteopathic mobilisation in 
patients with functional constipation and found improvements in the severity (Cleveland Score) 
and transit time (Bristol Stool Scale). Post-intervention mean colonic transit rose from a sub-
optimal 1.83 to an optimal score of 4 [83]. In another limited study, patients with cystic fibrosis 
reported an improvement in bowel movement after osteopathic treatment [84]. Functional 
constipation is associated with a marked change in the gut microbiota, namely a significant 
decrease in beneficial gut bacteria, such as bifidobacteria and lactobacilli [85]. While the 
administration of probiotic strains may be able to enhance intestinal motility [85], it is not clear 
whether it works in the opposite direction too, that is, whether improving peristalsis through 
visceral OMT will affect gut bacteria composition in favour of beneficial commensal bacteria, 
bifidobacteria and lactobacilli. However, the salient role of the gut microbiome in immunity has 
been established: the gut microbiota shapes systemic immune function, subsequently affecting 
other mucosal tissue, such as the lung mucosa. Additionally, changes in the gut microbiome may 
lead to alterations in the oropharyngeal and pulmonary microbiota [86]. Modifications in gut 
microbiota status are relayed to the CNS via the vagus nerve who informs the about the 
immunological and nutritional status of the GI tract and thus mediates signalling from the gut 
microbiota to the emotional, cognitive, and autonomic centres of the brain [43]. 

3.4 The Rib Raising Technique and Autonomic Nervous System 
While LPT for the lymphatic system and visceral OMT, especially the gut, are able to regulate 
immune function via the lymph and the peripheral viscera, there are additional methods in the 
armamentarium of the osteopathic practitioner to modulate autonomic nervous function. One 
osteopathic technique that is used to address restrictions in costal excursion and can also modulate 
sympathetic nervous system (SNS) activity is the ‘rib raising’ technique. The effect of rib raising 
on autonomic nervous system activity was investigated in a small comparative study between rib 
raising and light touch  [87]. In this pilot study, the osteopathic rib raising technique was able to 
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significantly decrease α-amylase activity immediately after the intervention and 10 minutes 
afterwards. These findings were statistically significant. Salivary α-amylase is regarded as a 
specific measure of SNS activity. In contrast, the changes in the placebo group were not significant. 
However, rib raising was not able to alter levels of salivary cortisol levels or flow rate, nor was the 
control intervention. Therefore, osteopathic rib raising is able to decrease sympathetic tone, but 
does not appear to influence the HPA axis [87]. Rib raising has been shown to be relatively well 
tolerated even in hospitalised patients with conditions including asthma, pneumonia, COPD, or 
congestive heart failure (CHF) [88]. The proposed mechanism of action of rib raising is thought to 
occur through the release of the costotransverse articulation, which modulates the anteriorly lying 
sympathetic chain ganglia arising from the segments T1-L2, that provide sympathetic innervation 
to the body [89]. 

3.5 Cranial Osteopathy and Autonomic Nervous System 
Osteopathy in the cranial field (OCF), also termed craniosacral therapy (CST), has been shown to 
ameliorate lower urinary tract symptoms of multiple sclerosis (MS) patients, as evidenced by a 
reduction in urinary frequency and  urinary urgency, and conversely, an improvement in the quality 
of life [90]. Hence, this suggests that OCF exerts a beneficial effect on micturition control. Whether 
OCF’s influence on bladder control occurs via peripheral sacral innervation or central pontine 
micturition centres, or whether OCF affects afferent or efferent signalling, or sympathetic or 
parasympathetic nerves [91] has still to be elucidated. OCF may also provide benefits for patients 
with fibromyalgia. A double-blind longitudinal clinical trial found improvements in anxiety, pain, 
quality of life, as well as higher scores in the Pittsburgh sleep quality index in the OCF intervention 
group compared to the placebo group (non-functional ultrasound) at 6-month follow-up. This 
beneficial effect was no longer detectable at the 1-year follow-up, safe for improvements in sleep 
quality [92]. It can be surmised that OCF may exert a positive effect on the autonomic function to 
alleviate symptoms, however, no measures of ANS function were provided in the aforementioned 
trial. Another study looked the effect of OCF on migraine symptoms. A crossover experimental 
experiment with twenty participants found immediate effects of OCF on the headache impact test-
6 (HIT-6) score that were still measurable at the 1-month follow-up [93], but the effect on 
autonomic function was not measured. A small study with cross-over design looked specifically 
at the influence of OCF on autonomic nervous function in patients with subjective discomfort and 
compared cranial osteopathy with rest. The study found OCF was able to increase subjects' heart 
rate variability (HRV) as computed by the standard deviation of RR-intervals as well as the total 
power of RR-interval variability. However, this change was not statistically significant. 
Nonetheless, this was the first study to look at parameters of autonomic nervous function under 
the influence of OCF. 

Prior studies have looked at the effect a specific technique from OCF, namely the compression 
of the fourth ventricle (CV-4). One small study from 2007 looked at the effect of the CV-4 
technique on ANS function compared to simple touch in asymptomatic individuals. The 
researchers found that application of CV-4 produced increases in vagal tone in some patients, but 
not in others and concluded that there were 'responders' and 'non-responders' to this technique [94]. 
In total, there were no statistically significant changes in autonomic nervous function after CV-4. 
Another study looked at the effect of CV-4 compared to non-therapeutic touch in forty healthy 
individuals. This research did not find any statistically significant physiological effects of the CV-
4 exclusive to the intervention. There were reductions of norepinephrine (NE), systolic blood 
pressure, and heart rate post-intervention, but both the CV-4 and the control (light sub-occipital 
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touch) group [95]. Yet, this suggests that CV-4 technique may be able to influence autonomic 
nervous function in a beneficial way. That the sham intervention, non-therapeutic sub-occipital 
touch also produced similar results is not that surprising given that non-noxious tactile stimuli, and 
more specifically skin-to-skin contact is known to activate the oxytocinergic system in the brain. 
Oxytocin reduces stress and pain levels and promotes vagal activity [96]. The CV-4 technique aims 
to normalise the rhythm of the primary respiratory mechanism (PRM), reduce (excess) sympathetic 
tone associated with stress, anxiety, and insomnia, as well as reduce tone of the entire connective 
tissue system [97]. A further study investigated the effect of the CV-4 technique in thirty 
hypertensive stage I and normotensive men. The data revealed that CV-4 was able to generate a 
reduction in blood pressure in the hypotensive group. Additionally, following CV-4 
parasympathetic activity was increased in both groups as evidenced by the increase of the high 
frequency (HF) spectrum and decrease in the low frequency (LF) spectrum. These results were 
statistically significant [98]. These combined findings suggest that CV-4 is able to modulate 
autonomic nervous function. 

In summary, osteopathic techniques are able to influence the immune system via the lymph 
(i.e. LPT) or via immune tissues in the viscera (i.e. visceral OMT), which includes the gut 
associated lymphoid tissue (GALT). Other techniques are able to modulate the sympathetic 
nervous system and reduce its activity (i.e. rib raising) or enhance the tone of the parasympathetic 
nervous system (i.e. OCF, CV-4). Thus, osteopathic practitioners have a number of manipulative 
techniques at their disposal to influence and modulate the neuro-immune axis and the associated 
anti-inflammatory pathways, that is the cholinergic anti-inflammatory pathway or the splanchnic 
anti-inflammatory pathway. 
 
4. Purpose 
 
This study aims to find the osteopathic manual correlates of the neuro-immune anti-inflammatory 
pathways. More precisely, this study uses osteopathic manual assessment of the anatomical 
structures that comprise the anti-inflammatory pathway, including the different branches of the 
vagus nerve, the sympathetic chain ganglia and nerve roots of the splanchnic nerves, and the 
viscera of the body, and examines the correlation between the anatomical and functional findings 
and autonomic nervous system function. Specifically, the heart rate variability (HRV), fractal 
dimension, and Shannon entropy are used to quantify the activity of the ANS. 

There has been many a study on the outcome of the application of OMT for a specific condition, 
yet there is a dearth of research assessing the anatomical and physiological correlates of specific 
osteopathic manual findings. For instance, what are the physiological and autonomic nervous 
concomitants of a reduced mobility or motility of the liver found during manual osteopathic 
assessment? What is the neuro-physiological concomitant of reduced rib mobility? This study 
intends to find the osteopathic manual correlates of the  neuro-immune axis and the associated 
anti-inflammatory pathways. 
 
5. Study Design and Methods 

5.1 Study design 
This pilot-study was designed as a single-group observational study. Participants were recruited 
from a private osteopathy and physiotherapy clinic in Zurich, Switzerland. This research was 
carried out in accordance with the Swiss Federal Act on Research involving Human Beings 
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(‘Human Research Act’, HRA) of 30 September 2011 [99]. All participants were informed about 
the research procedures and all participants signed an informed consent form prior to the start of 
the study (see appendix). 

5.2 Participants 
A convenience sample of forty-four participants was drawn into the study. No specific inclusion 
criteria had to be met. Exclusion criteria included known cardiac pathologies, pacemakers, use of 
beta-blockers, or other pharmacological interventions that could affect ANS function and 
potentially alter measurements. 

5.3 Quantitative Measures for Autonomic Nervous Function 
The following quantitative measurement was obtained for the autonomic nervous system function: 
The RR-interval data of the cardiac rhythm was sourced via photoplethysmography (PPG) of the 
earlobe or index finger with the subject in a seated position. Data from the PPG sensor was 
recorded using the ‘emWave Pro Plus’ software version 3.8.0.10685 from HeartMath Institute 
(Boulder Creek, California, USA) and used to compute the heart rate variability (HRV). 

While HRV is traditionally obtained from RR-interval time series of the cardiac QRS complex 
using electrocardiography (ECG), PPG may be a viable alternative as it also reflects cardiac 
rhythmic activity, owing to the fact that mechanical activity of the heart is linked to its electrical 
activity [100]. PPG is a non-invasive optical technology that allows monitoring of beat-to-beat 
changes of relative blood volume in the vasculature of peripheral tissues. The pulsatile waveform 
of PPG captures the fluctuations in blood volume changes and vasculature characteristics of the 
body part where measurements are taken (usually index finger, wrist, or earlobe). The 
characteristics of the pulsatile PPG waveform such as amplitude, baseline, and cycle period enable 
the study of autonomic regulation of the peripheral vascular tone. The physiological information 
derived from RR-interval data acquired through ECG can also be sourced from the pulse period of 
PPG, the PP-intervals, as the cyclical activity of blood volume pulse is directly coupled to cardiac 
activity. Cardiac electrical activity (captured through ECG) is succeeded by the propagation of a 
pulsatile wave of blood to the periphery [100]. PP-interval or pulse period variability of PPG signal 
was shown to be fairly accurate in comparison to RR-interval variability of ECG signal and is 
highly correlated to the latter [101]. This suggests that it is feasible to determine HRV parameters 
using PPG methodology.  

The RR-interval times series data were acquired via PPG in this study and exported and 
anonymised for quantitative analysis using the software ‘Kubios HRV Standard’ version 3.3.1 
(Kubios, Kuopio, Finland) [102]. Quantitative measures of autonomic function were computed for 
the following categories: (1) General overview of autonomic nervous system activity, (2) analysis 
of the time-domain, (3) analysis of the frequency domain (spectral analysis), and (4) non-linear 
analysis. Additionally, the statistical software package ‘R’ version 3.6.3. (The R Foundation for 
Statistical Computing, Vienna, Austria) [103] and the R-packages ‘fractaldim’ 0.8-4 [104] and 
‘entropy’ version 1.2.1 [105] including their associated dependencies were used to calculate further 
non-linear measures, the fractal dimension and Shannon entropy of the cardiac RR-interval time 
series. 
The following parameters provide an overview of autonomic sympathetic and parasympathetic, 
vagal activity [102]: 



 30 

(1) PNS Index: Is a measure of parasympathetic nervous activity and is composed of mean 
heart rate (HR), RMSSD, and SD1, compared to normal resting values [102]. 
(2) SNS Index: This measure quantifies sympathetic nervous system activity and is composed 
of mean HR, Stress Index, and SD2, compared to normal resting values [102]. 
(3) Stress Index (SI): This index is defined as the square root of Baevsky’s stress index [102]. 
The stress index by Baevsky is given by the amplitude of the mode divided in half times the 
mode times the variation range of the HRV [106]. 

The following parameters for the time-domain analysis of the HRV were computed [102]: 
(4) Mean HR: the mean heart rate, in beats-per-minute. 
(5) Mean RR-interval: the average RR-interval, in milliseconds (ms). 
(6) SDNN: Standard deviation of all RR-intervals, in ms. 
(7) RMSSD: Square root of the mean squared differences between successive RR intervals, in 
ms. 
(8) NN50: The number of successive RR-interval pairs that differ more than xx ms (default 
value: xx= 50), in beats. 
(9) pNN50: NN50 divided by the total number of RR-intervals, in %. 
(10) RR Triangular Index (RR TI): The integral of the RR-interval histogram divided by the 
height of the histogram. 
(11) TINN: Baseline width of the minimum square difference triangular interpolation of the 
highest peak of the RR-interval histogram [107]. 

Using the Fast Fourier Transform (FFT) algorithm, the following parameters were used in the 
frequency-domain analysis [107]: 

(12) ULF: The (absolute) power in the ultra-low frequency (ULF) range (f ≤ 0.003 Hz), in ms2. 
(13) VLF: The (absolute) power in very low frequency (VLF) range (0.003 ≤ f ≤ 0.04 Hz), in 
ms2. 
(14) LF: The (absolute) power in low frequency (LF) range (0.04 ≤ f ≤ 0.15 Hz), in ms2. 
(15) HF: The (absolute) power in high frequency (HF) range (0.15 ≤ f ≤ 0.4 Hz), in ms2. 
(16) ULF% The relative power of ultra-low frequency (ULF), ULF [%] = ULF [ms2]/total 
power [ms2] × 100%. 
(17) VLF%: The relative power of very-low frequency (VLF), VLF [%] = VLF [ms2]/total 
power [ms2] × 100%. 
(18) LF%: The relative power of low frequency (LF), LF [%] = LF [ms2]/total power [ms2] × 
100%. 
(19) HF%: The relative power of high frequency (HF), HF [%] = HF [ms2]/total power [ms2] 
× 100%. 
(20) Total Power: Variance of all RR-intervals (≈≤0.4 Hz), in ms2. 
(21) HF/LF: Ratio between the LF and HF band powers. 

The following parameters in the non-linear analysis were included [102]: 
(22) SD1: In the Poincaré plot, this denotes the standard deviation perpendicular to the line-of-
identity (crosswise), in ms2. 
(23) SD2: In the Poincaré plot, this is representative of the standard deviation along the line-
of-identity (lengthwise), in ms2. 
(24) SD1/SD2: The ratio between SD2 and SD1. 
(25) ApEn: The approximate entropy. 
(26) SampEn: The sample entropy. 
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(27) ShEn: The Shannon entropy H of the random variable Y estimated via the Chao-Shen 
method. 
(28) DFA ST α1: In the detrended fluctuation analysis, the short-term fluctuation slope. 
(29) DFA LT α2: In the detrended fluctuation analysis, the long-term fluctuation slope. 
 

Table 1. Summary of the main heart rate variability (HRV) parameters in the time-domain, frequency-domain, and 
non-linear indices, and their possible physiological origin [108]: 

 Parameter Description Physiological Origin 

ANS function PNS Index HR, SD1, RMSSD Parasympathetic nervous system 
 SNS Index HR, SD2, SI Sympathetic nervous system 
 Stress Index Square of Baevsky index Hypothalamic-pituitary-adrenal axis 
Time-domain Mean HR Mean heart rate Sympathetic tone 
 Mean RR-interval Mean RR-interval QRS-complex 
 SDNN SD of NN-intervals Cyclical component responsible for HRV 
 RMSSD Root mean square of the 

successive differences 
Vagal tone 

 NN50 Nr. of successive RRI 
pairs difference > 50 ms 

Vagal tone 

 pNN50 percentage of NN50 Vagal tone 
 RR Triangular Index Integral of RRI histogram 

divided by its height 
Unclear origin 

 TINN Baseline width of min. 
square differences 
triangular interpolation of 
highest peak of RRI 
histogram 

Unclear origin 

Frequency-domain ULF Ultra-low frequencies 
(f ≤ 0.003 Hz) 

Circadian oscillations, core body temperature, 
metabolism, and renin-angiotensin system 

 VLF Very-low frequencies 
(0.003 ≤ f ≤ 0.04 Hz) 

Long-term regulation mechanisms, thermal 
regulation, and hormonal regulation 

 LF Low frequencies 
(0.04 ≤ f ≤ 0.15 Hz) 

Interaction between sympathetic and para-
sympathetic activity, baroreflex activity 

 HF High frequencies 
(0.15 ≤ f ≤ 0.4 Hz) 

Vagal tone 

Non-linear indices SD1 Standard deviation 
crosswise 

Unclear origin; depicts rapid and high-frequency 
changes in HRV 

 SD2 Standard deviation 
lengthwise 

Unclear origin; depicts long-term changes in 
HRV 

 ApEn Approximate entropy Unclear origin 
 SampEn Sample entropy Unclear origin 
 ShEn Shannon entropy Unclear origin 
 DFA, α1short-term Short-term fluctuation 

slope 
Vagal and sympathetic outflow; describes the 
degree of short-term fractal heart rate patterns 

 DFA, α2 long-term Long-term fluctuation 
slope 

Vagal and sympathetic outflow; describes the 
degree of long-term fractal heart rate patterns 

ANS = autonomic nervous system; HR = Heart rate; PNS = parasympathetic nervous system; SNS = sympathetic nervous system; SI = stress index, 
the square of Baevsky’s stress index; SD1 = standard deviation crosswise in the Poincaré plot; SD2 = standard deviation lengthwise in the Poincaré 
plot; RRI= RR-interval. 
 
The first three parameters provide an overview of autonomic function, the PNS Index, the SNS 
Index, and the Stress Index. The first two are composite indices [102] and indicate whether the 
parasympathetic and sympathetic activity of an individual is below, above, or within normal 
values. The Baevsky (also spelled Baevskii) Stress Index has its roots in Russian space medicine 
and aims to describe the state of stress in an individual. It is also called the ‘tension index of 
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regulatory systems’ and is said to reflect the total activity of the sympatho-adrenal system or the 
hypothalamic-pituitary-adrenal (HPA) axis  [109]. Hence, this index can be seen as a quantitative 
measure of sympathetic outflow in the neuro-immune axis. The Baevsky Stress Index is computed 
as the amplitude of the mode divided by two multiplied by the mode times the variation range of 
the HRV [106]. 

In the time-domain analysis, the standard deviation of all RR-intervals (also termed normal-to-
normal RR-intervals, or NN-intervals [107]), SDNN, captures the cyclic components responsible 
for variability in the period of recording [108]. SDNN is negatively associated with markers of 
inflammation, specifically the pro-inflammatory cytokine IL-6, leukocyte count, and C-reactive 
protein [110]. The square root of the mean squared successive differences in RR-intervals 
(RMSSD) is a representation of vagal tone and is highly correlated with high-frequency (HF) 
component of HRV. This HRV measure is relatively free of respiratory influences, unlike the HF 
parameter of HRV [108]. The RMSSD and HF power are correlated with the percentage of 
successive normal sinus RR-intervals more than 50 ms (pNN50), which is also a marker of vagal 
tone. However, to quantify vagal activity, the RMSSD (as well as the HF component) are preferred 
as the typically provides a better assessment of vagal tone [108]. RMSSD is also decreased in 
inflammation and negatively associated with white blood cell (WBC) count, fibrinogen and C-
reactive protein levels [110]. 

In the frequency-domain analysis of HRV, the signal is filtered into different frequency bands. 
The Fast Fourier transform (FFT) and autoregressive based spectral analysis are two most 
commonly used approaches, while new techniques such as wavelet transform and trigonometric 
regressive spectral (TRS) have emerged [111]. Spectral analysis of HRV in this study was 
performed using the FFT algorithm, which is a relatively simple algorithm with low computational 
cost. Some disadvantages are that it requires stationary data segments and that the length of data 
segments can influence basic oscillation and frequency resolution of FFT analysis. Artificial 
interpolation is usually used to meet the requirement of equidistance, but this could potentially 
introduce biases [111]. The lowest band in the frequency analysis, the ultra-low frequencies (ULF) 
spectral band is located below 0.0033 Hz. It captures circadian oscillations, core body temperature, 
metabolism,  and activity of the renin-angiotensin system [108]. ULF are usually assessed with 24-
hour Holter monitoring. However, this study used two-minute recordings of RR-interval where 
ULF data was approximated by subtracting the VLF, LF, and HF component from the total power. 
The ULF data obtained by this method may not capture the circadian oscillations as adequately as 
a 24-hour recording but could still reflect physiological regulation of core body temperature, 
metabolism, and the renin-angiotensin system (see table 1). 

The very-low frequency (VLF) spectrum of HRV is located between 0.0033 and 0.04 Hz. This 
band measures long-term autonomic regulatory mechanisms, thermoregulation, and endocrine 
function [108]. The VLF power spectral density during orthostatic manoeuvres has been shown to 
be significantly higher than average in patients with irritable bowel syndrome (IBS). In supine 
position the VLF spectrum in IBS was significantly above normal, while the HF power band 
increased when patients changed from supine to standing [112]. This suggests that long-term 
autonomic regulation and endocrine control may be disturbed. In contrast, VLF is negatively 
associated with levels of the pro-inflammatory cytokine IL-6 [110]. 

The low-frequency (LF) band of HRV is found between 0.04 and 0.15 Hz [108]. This band 
reflects the interaction between sympathetic and vagal activity. During orthostatic testing the 
change from a supine to standing position, the LF drops as a sign increased sympathetic tone [112]. 
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During inflammation, LF power spectral density is negatively correlated to the pro-inflammatory 
mediator IL-6, WBC count, and C-reactive protein levels [110]. 

 
Figure 4. Spectral analysis of heart rate variability (HRV). 

 
The ultra-low frequency (ULF) power spectral density is reflects circadian oscillations, core body temperature, metabolism, and renin-angiotensin 
regulation. The very-low frequency power captures long-term regulation, thermal and hormonal mechanisms and is negatively correlated to IL-6. 
The low-frequency band measures the sympatho-vagal interaction and baroreflex activity and is negatively correlated to IL-6, WBC count, and 
CRP levels. The high-frequency band reflects vagal tone and is also negatively associated with IL-6, WBC count, and CRP levels. 

 
The high-frequency (HF) component of HRV is located between 0.15 and 0.40 Hz and reflects 

vagal parasympathetic tone. The HF band is also called the "respiratory band" as it corresponds to 
the variations in heart rate in relation to the breathing cycle. Respiratory rates between nine cycles 
per minute (0.15 Hz) and up to 24 cycles per minute (0.40 Hz) exert an influence over the HF of 
HRV. When breathing remains within this range (9-24 cycles per minute), HRV remains within 
the HF spectral band of 0.15-0.40 Hz, thus reflecting vagal tone [108]. The frequency bands may 
differ according to the population of interest. For instance, children and infants display higher 
respiratory rates which shifts the boundaries of the HF band from 0.15-0.40 Hz to 0.24–1.04 Hz at 
rest instead. Conversely, slower respiratory rates of athletes may interfere with measurement of 
the HF band. Therefore, the HF measure is usually coupled to other measures of vagal tone from 
the time-domain parameters to which they correlate strongly, for instance, the RMSSD which is 
supposedly less affected by respiratory influences [108]. In IBS sufferers, the HF power spectral 
density may increase during the supine-to-standing manoeuvre, while in healthy individuals it 
tends to remain constant [112]. Moreover, during deep breathing, which is strongly associated with 
vagal activity, the HF component of HRV in IBS appears static in contrast to healthy individuals 
whose HF band increases due to increased vagal tone. Hence, IBS patients exhibit diminished 
sympathetic influence on the cardiac period in response to orthostatic stress and reduced vagal 
modulation during deep breathing [112]. HF power spectral density was also shown to be reduced 
in patients with functional dyspepsia and concomitant delayed gastric emptying [113]. In contrast, 
HF was shown to be elevated in asthma patients when compared to healthy individuals and LF 
was diminished [114], suggesting increased vago-vagal reflex activation and vagal outflow 
associated with bronchospasm [115]. The HF-HRV is negatively correlated with inflammatory 
markers IL-6, leukocyte count, fibrinogen and CRP levels [110]. 
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The LF/HF ratio, the ratio between the LF and HF band powers, was traditionally considered 
reflecting cardiac sympatho-vagal balance, however this view has been contested [108]. This was 
based on the erroneous assumption that the LF component was solely under the influence of the 
sympathetic nervous system. According to the current literature, parasympathetic nerve activity 
contributes to at least 50% of the LF variability while sympathetic activity, at best, only contributes 
25%. The remainder of the variability in the LF spectrum may be the result of other unidentified 
physiological factors. In the same vein, sympathetic nervous activity could contribute up to an 
estimated 10% of the HF band variability. It follows that, the effects of dynamic sympathetic and 
parasympathetic activity on the LF/HF ratio are quite variable [116]. 
 
Table 2. Inflammatory markers, their physiological effects, and linear measures of heart rate variability (HRV) 
measures with significant association according to the meta-analysis by Williams et al [110]. Non-linear measures of 
HRV in relation to inflammatory marker according to cohort studies by Medenwald et al  [117] and Kop et al [118]. 

Inflammatory 
Marker 

Description HRV Measure Association 

TNFα Pro-inflammatory and pleiotropic cytokine DFA α1 Negative 
  SD1 Positive 
  SD2 Negative 
  SD1/ SD2 Negative 

IL-1 Pro-inflammatory and pleiotropic cytokine None None 

IL-6 Pro-inflammatory and pleiotropic cytokine Mean HR Positive 
  SDNN Negative 
  VLF Negative 
  LF Negative 
  HF Negative 
  SD2 Negative 
  DFA α1 Negative 
WBC White blood cells or leukocytes: cells of the 

immune system and Monocytes, lympho-
cytes, eosinophils, and basophils. 

SDNN Negative 
 RMSSD Negative 
 pNN50 Negative 
 LF Negative 
 HF Negative 
FIBR Fibrinogen, a protein and clotting factor in the 

blood produced in the liver 
RMSSD Negative 

 HF Negative 
CRP C-reactive protein, an annular, pentameric 

protein produced by the liver in response to 
inflammation. 

Mean HR Positive 
 SDNN Negative 
 RMSSD Negative 
 pNN50 Negative 
 LF Negative 
 HF Negative 
 SD1/ SD2 Positive 
 DFA α1 Negative 

TNFα = tumor necrosis factor α; IL-1 = interleukin 1; IL-6 = interleukin 6; WBC = white blood cells; FIBR = fibrinogen, CRP = C-reactive protein; 
DFA α1 = detrended fluctuation analysis short-term parameter; SD = standard deviation; HR = heart rate; SDNN = standard deviation of the NN-
intervals; RMSSD = square root of the mean squared differences between successive RR-intervals; pNN50 = percentage of successive differences 
of RRI pairs > 50 ms; VLF = very-low frequency, LF = low frequency; HF = high frequency. 

In the non-linear analysis of HRV, the parameters SD1 and SD2, i.e. the standard deviation 
crosswise and lengthwise respectively, are derived from Poincaré plot (also called Lorentz plot) 
analysis and are directly mathematically related to standard temporal HRV index SDNN. In the 
quantitative analysis of Poincaré plot, an ellipse is typically fitted to the cloud of points on the plot 
and its centre is the intersection between the two axes of SD1 and SD2. In the Poincaré plot, a new 
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axis is aligned with the line-of-identity, which is defined as a line that passes through the origin at 
45° angle formed with the x-axis (see graph 5). SD1 is the standard deviation of the cloud of points 
in the direction traverse to the line-of-identity and represents a measure of short-term (or 
‘instantaneous’) HRV. In contrast, SD2 is the standard deviation of the cloud of points in the 
direction of the line-of-identity and represents a measure of long-term (or ‘continuous’) HRV. 
Physiologically, SD1 represents the instantaneous beat-to-beat variability of the heart rate and is 
related to parasympathetic nervous activity, whereas SD2 reflects the continuous beat-to-beat 
variability of heart rate and the total variability [119]. The ratio of the two measures SD1/SD2 is 
termed SD12. The SD12 ratio is highly correlated with α1, a measure of short-term fluctuation in 
the detrended fluctuation analysis (DFA) [107]. In inflammation, the parameter SD1 is positively 
correlated with the pro-inflammatory cytokine TNFα, whereas SD2 is negatively associated with 
the former as well as with IL-6. The ratio SD1/ SD2 displays a negative relationship with TNFα 
and C-reactive protein (CRP) levels [117]. 

Figure 5. Poincaré plot analysis of heart rate variability (HRV) and detrended fluctuation analysis (DFA) plot 
(Annotated output from Kubios HRV Standard). 

 
SD1 is the standard deviation of RR-intervals crosswise to the line of identity, while SD2 is the standard deviation lengthwise in the Poincaré plot 
analysis. The ellipse around the intersection of both standard deviations in the Poincaré plot represents the confidence ellipse. 

 
The DFA methodology is used to estimate the fractal-like behaviour of HRV [107]. The term 

'fractal' is associated with geometric objects that display the characteristics of so-called self-
similarity but lack a 'characteristic smallest scale' [120]. Fractals and self-similarity were first 
studied in the 17th Century when a mathematician named Georg Cantor invented the Cantor set. 
The Cantor set is generated through iterative excising of the middle line from a line segment and 
is designated by a fractional (or fractal) dimension D that is smaller than 1 (D < 1), which is the 
topological dimension of time. Two additional line segments are obtained by removal of the middle 
line, and in turn removing the middle line of these newly created line segments, creates four line 
segments and so on. These subsequently generated line segments appear similar to the original line 
segment, but differ in scale, giving rise to the concept of self-similarity. This type of self-similarity 
can be observed in the human body, for instance, in the brachial tree all the way down to the 
bronchioles. The original pattern of the bronchus is iterated at a lesser scale in the bronchi and 
even smaller scale in the bronchiole with increasing levels of complexity and detail. The bronchial 
fractal pattern bears a striking resemblance to the ‘Hausdorff fractal’ [121], an organic, tree-like 
fractal. Temporal stochastic processes such as RR-interval times series from the cardiac QRS-
complex are said to be self-similar when their fluctuations on lesser time scales are statistically 
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equivalent to those on a greater time scale. RR-interval times series and time series data from other 
physiological processes are not found to be deterministic processes described by a linear 
mathematical equation but are thought to be generated by a random stochastic process [120], such 
as the toss of a coin. Mathematically, self-similarity or self-affinity is defined by the requirement: 

 x(t) and y(t) = sh∙x(t/s)      (1) 
That is, x(t) and y(t) must possess identical statistical properties within a given range of scales sh, 
where the real number h is the 'scaling exponent' which describes the self-similarity of the series 
x(t) [107]. Self-similar signals, such as RR-interval times series, exhibit a 'power-law spectral 
density' in the very low-frequency (VLF) range. The self-similarity scaling is measured by the 
exponent α of the 1/f pattern measures. The parameter α also describes the slope of the regression 
line applied in the log(power) and log(frequency) axes in the FFT-based power spectrum analysis. 
Self-similar or fractal physiological processes are also referred to as ‘long memory’ or ‘long-range 
dependence’ processes. Non-stationary fractal processes such as RR-interval time series exhibit a 
variance that increases with the length of the series. Detrended fluctuation analysis (DFA) can 
quantify this process by capturing how the variance is affected by the length of the RR-interval 
series [107]. Fractal, self-similar, measures are able to capture irregularities in physiologic signals, 
such as the RR-interval data. In contrast to spectral techniques of HRV, fractal analysis examines 
irregularities of RR-intervals time series under the assumption that they are not characterised by 
any fixed time scale. Unlike the time-domain and frequency-domain analysis of HRV (see table 
1), the main caveat of fractal analysis is the lack of direct physiological correspondence. Changes 
of the scaling exponent observed do not appear to be specific to any underlying physiologic our 
pathologic mechanism. The short-term DFA exponent α1, derived from fractal analysis, is suited 
for the processing of scale-invariant signals such as cardiac RR-intervals series. The properties of 
HRV differ between short as and long scales. Because the exponent α1 only estimates the degree 
of self-similarity of HRV on short scales, it does not describe the overall self-similarity 
characteristics of HRV. Nonetheless, the parameter α1 is able to quantify short-term changes 
caused by RR-interval oscillations modulated by the autonomic nervous system [107]. A short-term 
DFA value of α1= 0.5 indicates a random signal while α1= 1.5 describes perfectly correlated 
signals. Reduced DFA α1reflects a breakdown of fractal heart rate patterns that arise during 
activation of sympathetic and parasympathetic nervous system outflow [118]. Clinically, the short-
term DFA exponent α1 can be used to assess the mortality risk in cardiac pathologies, for instance, 
myocardial infarction (MI). A DFA α1 < 0.65 and α1 > 1.55 was shown to predict cardiac death in 
MI survivors. In congestive heart failure (CHF) a DFA α1 < 0.9 was shown to be an independent 
predictor for mortality and a power-law exponent of α1 ≥ 1.33 relates significantly to the extent of 
ventricular dysfunction [107]. The value of the short-term DFA exponent α1 should be close to 1 
and higher than the long-term metric α2 in healthy conditions [119]. The exponent α1 is also 
negatively correlated to the pro-inflammatory cytokines TNFα and IL-6, and CRP levels (see table 
2) [117], indicating that inflammation reduces short-term complexity and self-similar, fractal 
properties of physiological signals. 

In addition to the short- and long-term slopes of the detrended fluctuation analysis (DFA), 
another fractal metric, the fractal dimension (FD), was computed using the box-counting method, 
which can be visualised by plotting a physiological signal against time [122]. This plot is sometimes 
also called a ‘return map’ [123]. Simply speaking, the box-counting methodology determines how 
many boxes are minimally required to cover a specific signal, e.g. the RR-interval data, for boxes 
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that are progressively smaller (or changing the coarse grain level). For a given self-similar signal, 
the box size and the number of boxes required to cover the signal follows a power law: 

N(ε) ∝ ε–D       (2) 
Where N represents the number of boxes, ε indicates the box size, and D denotes the box-counting 
or fractal dimension. The FD of a physiological time series, such as RR-interval data, falls between 
1 and 2. The box-counting method has found been superior to other popular methods of FD 
estimation, such as the popular Katz method, and  comparable in accuracy to the Higuchi method, 
whilst being less computationally expensive [124]. More generally, the FD can be regarded as the 
minimum number of underlying variables that are needed to describe a given signal. The lower the 
FD, the less variables are required to explain it and the simpler the signal [125]. Physiologically, 
lower values of FD, i.e. decreased complexity of HRV, have been associated with an increase of 
vagal tone, for instance, during meditation [126]. In a study on post-influenza vaccination 
inflammatory response, the (Higuchi) FD was found increased in subjects with significant post-
vaccination response symptoms and decreased in the subjects without significant post-vaccination 
response symptoms, suggesting an increase in physiological signal complexity in the former and 
a decrease in complexity in the latter [127]. 

Another metric in the complexity analysis of the RR-interval data used in this study is entropy. 
The concept of entropy in statistical thermodynamics, simply put, describes the amount of disorder 
or uncertainty of particles in a given system [107]. Entropy in information theory relates to the 
probability density function of a variable and describes the average rate at which information is 
produced by a stochastic source of data [128], such as cardiac RR-interval times series. In signals 
containing low-probability values or events, events carry more "information value” than when the 
data generates high-probability values. Information entropy is the expected value of the amount of 
information borne by each event [128]. Shannon entropy (ShEn) quantifies the complexity of a 
sequence by describing its average information content. The rate of information entropy measures 
the increase of entropy of a given sequence when an extra data (or message) is added to it (or 
received). When the sequence grows, the rate of information drops, and the process is regular and 
predictable. In contrast, when the rate of information entropy is constant, each newly added data 
sample becomes unpredictable [107]. More formally, the Shannon entropy HS(X) is the expected 
value contained in each added data sample (or received message) given by: 

𝐻!(𝑋) = 	−∑ 𝑝(𝑥"
#!
"$% )log	(𝑥")		 (3) 

Where Xi is a component with MX possible states that each have an associated probability of p(xi), 
and where  xi = x1, …, xMa, denotes the average amount of information gained from the component 
Xi [129]. Measures of entropy have been widely used to quantify complexity in biomedical time 
series, including RR-interval data. Unlike linear HRV indices, entropy measures can be applied to 
non-stationary data and are more resistant to noise than the former [130]. Shannon entropy has been 
used to evaluate the distribution complexity of cardiac signal data. Other HRV entropy metrics 
able to quantify the entropy rate of short- to mid-length RR-interval series include approximate 
entropy (ApEn) and sample entropy (SampEn). For instance, ApEn and SampEn values obtained 
from major depressive disorder (MDD) patients were found to be significantly lower than those of 
healthy individuals [130], indicating a loss of complexity in in depressive disorders. HRV Shannon 
entropy was also found significantly reduced in MDD and bi-polar disorder patients [130], implying 
that depressive symptoms substantially impact entropy of physiological signals and reduce their 
average information content and the complexity of RR-interval data. Physiologically, the ANS 
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adapts the heart rate to varying incumbent needs as the body reacts to different external stressors. 
Hence, the RR-interval times series are bound to be irregular with a high level of entropy [107]. 
When the body's entropy is diminished and the RR-interval signal becomes more ‘ordered’ and 
predictable, the body tends to be less responsive to environmental stimuli. Highly ordered, i.e. low 
entropy, physiological signals are more predictable than low ordered ones, i.e. signals with high 
entropy. During short-term recordings, entropy metrics are particularly sensitive to transient 
irregularity and changes in heart rate variability. In addition, ApEn and SampEn also represent 
alternative measurements of sympatho-vagal balance as they were shown to decrease progressively 
during sympathetic activation induced by the gradual head-up tilt manoeuvre [107]. In the clinical 
setting, ApEn was found to diminish before the onset of an  arrhythmic event in individuals with 
no heart disease and prior history of paroxysmal atrial fibrillation (AF). Sample entropy was also 
found to be predict sepsis in prematurely born infants [107], suggesting that these two 
aforementioned conditions incur a loss of complexity and information value in physiological 
signals and a change in sympatho-vagal equilibrium. A study on artificially induced inflammation 
via LPS-endotoxin challenge suggests that entropy, or more specifically approximate entropy 
(ApEn) decreases in response to inflammation. However, the study did not provide any 
measurement of specific pro-inflammatory markers [131]. Another study used a multi-scale entropy 
(MSE) methodology to show a significant drop in entropy after the onset of endotoxin-caused 
inflammation [132]. These two studies suggest that entropy is negatively associated with 
inflammatory responses. 

In summary, selected numeric measures of heart rate variability (HRV) from the time-domain 
analysis, spectral analysis, and non-linear analysis were selected and utilised in this study to 
quantify the state of the neuro-immune axis. 

5.4 Manual osteopathic measures autonomic nervous function 
The objective of this study was to identify the osteopathic manual correlates of the neuro-immune 
pathways. The following anatomical structures were manual assessed for their involvement in the 
anti-inflammatory pathways: the viscera (effector organs), the vagus nerve, and the sympathetic 
chains and greater splanchnic nerves. 

In the visceral manual test procedure of the effector organs involved in the anti-inflammatory 
pathways, all organs were assessed for their mobility, motility, and pain perceived by the test 
subject during palpation. The mobility or the organs was rated by the operator on a four-point 
Likert scale from 0 to 3, with 0 describing no mobility, 1 little mobility, 2 some mobility, and 3 
normal mobility. The visceral mobility describes the passive motion that follows the movement of 
the respiratory diaphragm [133] or movement of the body in general. The movement is usually 
conducted in three planes of motions (sagittal, frontal, and transverse). Some organs may not 
present much movement in a certain direction or plane of motion due to restrictions of fascia or 
surrounding organs. The motility of an organ is the organ’s inherent motion, which also takes place 
over three planes of motions. The organs’ motility is believed to originate from their embryological 
development. During foetal growth organs are able to change their morphology and position in 
response to the forces that are being exerted upon them [134]. The assessment of visceral motility 
was performed by manually sensing the organ’s inherent movement, a procedure that has been 
termed ‘listening’ by Dr Rollin Becker, DO [133]. Motility of organs was rated in the same manner 
as their motility, on a scale from 0 to 3, with 0 showing that the assessed organ displayed no 
motility and 3, the organ possessed normal visceral motility. 

 



 39 

Table 3. Visceral Components of the cholinergic and splanchnic anti-inflammatory pathways according to the 
research literature  [34] and their osteopathic manual assessments. 

Anatomical 
structure 

Therapy Mechanism Osteopathic Manual Visceral Assessment References 

Duodenum 
Jejunum 
 

Dietary fat Fat-induced CCK release 
stimulate vagal afferent 
fibres, activating the CAP 
[135] 

1. Mobility of genu superior, D1, (hepato-
duodenal junction and omentum minus) in 
supine position 

Barral [136], p.126 

  2. Mobility of D2 (pancreato-biliary) in supine 
position 

idem, p. 127 

   3. Mobility of renal and vascular duodenum,  
D3, in supine position 

idem, p.128 

   4. Mobility of the duodenal-jejunal angle, D4,  
and musculus of Treitz in side-lying position 

idem, p. 129 

   5. Motility of the duodenum in supine position Barral & Mercier [133], 
p. 68  

Small 
Intestine 

Choline Precursor of ACh and 
α7nAChr agonist [74][134] 

4. Mobility of duodenal-jejunal angle, D4,  and 
musculus of Treitz in side-lying position 

Barral [136], p. 129 

Stomach 
 

Ghrelin Activation of the CAP [138] 6. Seated direct subcostal approach to the 
stomach 

Barral & Mercier [139] 
idem, p. 54 
idem, p. 73    7. Mobility of gastric fungus in right side-lying 

position 
   8. Motility of stomach in 3 planes in supine 

position 
idem, p. 95 

Kidneys Ultrasound 
Nicotine 

Activation of the CAP [140] 
Activation of the CAP [141] 

9. Mobility of kidney R/L in supine position 
according to Barral 

Hebgen [142], p. 145 
   10. Motility of kidney R/L in supine position Barral & Mercier [133], 

p. 144 
Liver Nicotine Activation of the CAP 

[45][140] 11. Mobility test the liver seated in frontal 
plane according to Barral 

Hebgen [142], p. 41 
  heme oxygenase-1 (HO-1) 

induction [143] 
12. Mobility test the liver seated in sagittal 
plane according to Barral 

p. 42 

   13. Mobility test the liver side-lying in 
transverse plane according to Barral 

p. 43 

   14. Motility of liver in all three planes in 
supine position 

Barral & Mercier [133], 
p. 72 

Heart Vagal 
stimulation 

Activation of the CAP [144] 15. Mobility of the heart: elevated heart test in 
supine position 

Chauffour, Prat, & 
Michaud [145], p. 77 
p. 77  (VNS)  16. Mobility of heart: descended heart test in 

supine position 
   17. Mobility of heart: manipulation for fibrous 

skeleton of heart 
Barral & Croibier [146] 
p. 102-103 
p. 102-103  

 
  18. Mobility of heart: double pressure 

manipulation for fibrous skeleton of heart 
   19. Motility of the heart Barral [147], p.92 
Spleen Ultrasound Stimulation of splenic 

nerve [148] 
20. Palpation of spleen (Side-lying) Barral [136], p.131 

  21. Test of phrenico-colic ligament (seated) Hebgen [142], p. 91 
   22. Test of gastro-splenic ligament (side-lying) p. 92 
   23. Motility test of the spleen in side-lying Barral [136], p. 131 

CCK = cholecystokinin; CAP = cholinergic anti-inflammatory pathway; VNS = vagus nerve stimulation; 
 

The duodenum and jejunum were assessed for their mobility, motility, and pain (measured with 
the numeric rating scale, NRS) during palpation using the method by Barral [136] (see table 3). The 
duodenum is approximately 25 cm or 12 fingers long, 4 cm in diameter [136], and affixed to the 
fascia of Treitz which is connected to the renal fascia and ureteral sheath [149]. The duodenum is 
comprised by the four anatomical divisions D1, D2, D3, and D4. The genus superius of the 
duodenum, D1, also called the hepato-duodenal junction or the bulbo-pyloric part of the 
duodenum, is approximately 5-6 cm long [136], located about 5 cm intraperitoneally, and extends 
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from the ventro-lateral side of the vertebrae T12 to L1 [142]. The mobile part of D1 is its bulbo-
duodenal aspect. The lesser omentum attaches to the cranial border of D1, whereas the greater 
omentum starts at its caudal border. D1 was tested in supine position with thumb of the inferior 
hand fixing the pylorus, while the superior hand stretches the ampulla in cranial-oblique direction 
[136]. D2, the descending, pancreato-biliary part of the duodenum is approximately 8-10 cm in 
length, is located in a secondary retro-peritoneal position, and runs in a cranio-caudal direction 
parallel to the vertebrae L1 to L3 (and sometimes L4). The excretory ducts of the gallbladder and 
pancreas usually enter D2 postero-medially through the major duodenal papilla (or ampulla of 
Vater) [142]. D2 was tested with the patient in supine position by holding the superior and inferior 
ends of D2 and assessing its mobility in different directions [136]. D3, the horizontal, ‘vascular’ 
duodenum is approximately 6-9 cm in length, ascends from the vertebral body of L3 toward L2, 
and passes anteriorly of the vena cava inferior and the aorta. Manual testing of D3 was performed 
supine, with the operator making contact with both thumbs or hypothenar eminences and assessing 
the mobility of the structure [136]. D4, the duodeno-jejunal angle, the terminal part of the 
duodenum, ascends slightly from L2 where it ends into the jejunum. To test D4 the patient was 
positioned in a side-lying position and the osteopath making contact with the duodeno-jejunal 
angle using two digits of each hand and bringing the structure in a right cranio-oblique direction 
towards the fibres of the fascia of Treitz  [136]. Motility was assessed in a supine position with the 
hand of the operator making contact with the target structure [133]. The palpating hand lied flat on 
the abdomen with the thumb resting on the sphincter of Oddi (approximately 4-6 cm crania-lateral 
of the navel) and tips of fingers pointing towards the 10th left costal cartilage [134]. The mobility 
of the small intestine (especially the jejunum) was tested via D4. The duodenum receives its 
sympathetic innervation from the spinal segments T9 to T12 via the lesser splanchnic nerves to the 
coeliac ganglion and superior mesenteric ganglion [142]. Parasympathetic innervation is provided 
through the vagus nerve. The duodenum and the stomach show the highest density of vagally 
innervated myenteric ganglia (up to 96% of myenteric ganglia in the duodenum and even 100% of 
gastric myenteric ganglia) [150].  

The stomach is composed of eight anatomical divisions: cardia (stomach entrance), fundus 
(cranial region, filled with air), corpus (body), antrum, pylorus, greater curvature, lesser curvature. 
Topographically, the greater curvature of the stomach projects to the left with intercostal space, 
the front of the cardia, the back of the cardia to the vertebra T11 on the left costa-vertebral joint, 
the lesser curvature reaches below the cardia at the level of the seventh left costochondral joint 
parallel to the spine up to T10-L1. The pylorus is aligned with L3 during standing and with L1-L2 
when lying down [142]. Manipulative osteopathic testing of the stomach is performed in seated 
position using the ‘direct approach’ by Barral and Mercier [139]. The gastric fundus was tested in 
side-lying position with the patient lying on their right side. Gastric motility was tested in supine 
position with the osteopathic operator applying one hand to the gastric area of the abdomen [139]. 
The stomach receives its parasympathetic innervation from the vagus nerve, which affects sundry 
gastric functions, including occlusion of the hiatal orifice, regulation of the inferior oesophageal 
sphincter, contraction of gastric musculature, relaxation of the pylorus, stimulation of intestinal 
peristalsis, and control of intragastric pressure during stomach filling [136]. 

The kidneys are bean-shaped organs that are approximately 12 cm long, 7 cm wide, and 3 cm 
thick. Posteriorly, the superior pole of the left kidney is found at the vertebra T11, its renal pelvis 
at L1, and the inferior pole at L3. Anteriorly, the superior pole of the left kidney is located at the 
9th rib and its inferior pole 1-2 cm above the umbilicus. The right kidney is situated 1-1.5 cm 
inferior to the left kidney and its superior pole is found at the 9th rib or the superior border the 10th 
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thoracic vertebra, T10,  while its lower pole is positioned at the navel [142]. Renal mobility was 
tested in supine position according to the method of Barral [142]. Renal motility was also tested 
supine, following the approach of Barral and Mercier [139]. The kidneys receive their sympathetic 
innervation from nerve roots of T10 to L1 via the lesser and least splanchnic nerves and the lumbar 
splanchnic nerves 1 and 2 via the coeliac plexus, aortico-renal ganglia, and the renal plexus. 
Parasympathetic innervation is provided from the sacral nerve roots S2-S4 via the superior 
hypogastric plexus to the renal plexus [142].  The “inhibitory reno-renal reflex” is activated when 
an increase in afferent renal/pelvic sensory signalling suppresses efferent sympathetic activity. 
Increased renal afferent sensory activity modulates CNS-controlled sympathetic outflow to the 
periphery, in the same manner as vagal afferents. In other words, stimulating renal (afferent) 
sensory nerves via osteopathic manipulative techniques for instance, reduces sympathetic outflow 
to the periphery. Correspondingly, increased efferent sympathetic renal signalling, e.g. from stress,  
results in an increase in afferent sensory signalling via a synaptic connection between the 
sympathetic efferent and the sensory afferent nerves in the pelvic wall [46]. 

The liver is divided into the right and the left lobe via the falciform ligament. The liver produces 
a large quantity of lymphatic fluid, approximately 1L per day, which corresponds to 30% to 50% 
of the entire lymph circulating in the thoracic ducts [136]. The liver is therefore involved in the 
lymphatic flux of pro-inflammatory cytokines and leukocytes and constitutes an important player 
in the immune system. Topographically, the anterior cranial boundary of the liver is found at the 
fifth intercostal space on the right to the sixth intercostal space on the left. The posterior cranial 
border is located at the vertebral bodies of T8-T9. The liver’s anterior caudal boundary is found the 
lower costal arch ascending from right to left, while its posterior caudal border is located at the 
vertebrae T11-T12. Hepatic sympathetic innervation is issued from the spinal segments T7 to T10 via 
the greater and lesser splanchnic nerves via the celiac plexus. Parasympathetic hepatic innervation 
is provided by the vagus nerve, while innervation to the liver capsule is facilitated by the phrenic 
nerve (C3-C5) [142]. Mobility of the liver was tested in the seated position for the sagittal and frontal 
plane and in side-lying position for the transverse method according the method of Barral [142]. 
The motility of the liver was assessed in supine position with the operator’s hand on the subject’s 
abdomen according to Barral and Mercier [133]. 

The heart inhabits the mediastinum and is nestled between the two pleural layers of the lungs. 
The aortic valve is found at the level of the 3rd intercostal space behind the left sternal border. The 
pulmonary valve is found at the left sternal border at the insertion of the 3rd rib. The tricuspid valve 
can be found at the 5th chondrosternal joint. The mitral valve lies at the left sternal border and the 
origin of the 4th rib. The right atrium forms a convex arc from the sternal insertion of the 3rd rib to 
the 6th rib. The right ventricle is a convex downward arc from the 6th costosternal joint to the 5th 
intercostal space and lies slightly medial to the medio-clavicular line. The left atrium and ventricle 
from a left convex arc from the 5th intercostal space slightly medial of the medio-clavicular line 
towards the lateral insertion of the left 3rd costosternal joint [134]. The motility of the heart was 
assessed supine position with the osteopath placing one hand on the sternal fascia and ‘listening’ 
fascial motion of the anterior thorax according to the approach of Barral [147]. The mobility was 
tested via the direct techniques on the sternum and the double compression technique through the 
sternum and lateral thorax after Barral and Croibier [151]. For the direct technique, the operator 
applies both palms to the subject’s sternum, one hand on top of the other, above the angle of the 
sternum. Compression of the sternum in a posterior and slightly caudal direction was applied while 
chondrosternal and chondrocostal elasticity was appreciated. The same manoeuvre was repeated 
below the sternal angle to detect chondrosternal fixations. For the double compression technique, 
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the operator places one palm against the lateral thorax and exerts pressure towards the sternum’s 
cephalad part and then toward its middle, and then its caudal part. The other palm applied an 
antero-posterior pressure at the sternum and anterior ribs, in direction of the other palm. The 
operator tested different directions and planes of pressure [151]. Two alternative mobility tests for 
the heart have been proposed: the “elevation of the heart test” and the “descended heart test” by 
Chauffour, Prat, and Michaud [145]. During the “elevation of the heart test” the practitioner places 
one palm on the sternum and the other hand on top of it. The heart is tractioned inferiorly to test 
whether it is fixated inferiorly. Conversely, the “descended heart test” tractions the heart superiorly 
to detect an inferior fixation [145]. 

Table 4. Osteopathic manual assessments of visceral mobility and motility: organ mobility during inspiration and 
organ motility during inspir according to Barral and Mercier  [134]. 

Organ Motility during inspiration Motility during inspir  

Duodenum Slight flexion of duodenojejunal flexure in crania-caudal 
direction 
Unrolling of duodenum and closing of flexure 
Lowering of pyloric-duodenal junction (about half a 
vertebra) 

Motility during expir: 
Clockwise movement 
Approximation of the median axis towards the spine 

(D1 and D2) 
 

Small 
intestine 

Diminished influence of respiratory diaphragm motion 
 

Clockwise rotation of entire small intestine bundle 
during expir 

   
Stomach Lowering 

Side-bending left 
Antero-flexion (fundus moves anterior, antrum posterior) 
Rotation towards right 
Approximation of greater and lesser curvature of stomach 

Similar to the mobility 
  
  

Kidneys Caudal translation Caudo-lateral translation 
 Deviation towards lateral Antero-flexion of superior pole 
 External rotation External rotation 
Liver Caudal translation of antero-inferior border towards 

postero-inferior 
Caudal translation of antero-inferior border towards 
postero-inferior 

 Clockwise rotation Clockwise rotation 
 Slight rotation towards the left Slight rotation towards the left 
Heart Torsion movement: 

Caudal translation 
Lemniscate movement of the cardiac valves: 
A figure eight in oblique anterior and left caudal 
inclination.  Extension 

 Slight rotation clockwise 
Spleen Caudal translation Cranial 
 Slight movement towards right Lateral translation 
 Slight side-bending towards right Internal rotation 

D1 = genu superior of duodenum, hepato-duodenal junction and omentum minus; D2 = pancreato-biliary part of duodenum. 

The spleen is a coffee bean-shaped organ which is approximately 4 cm thick, 7 cm wide, and 
11 cm long. The convex facies diaphragmatica is found below the left diaphragmatic dome. The 
concave fascies visceralis is divided into three parts: superior-ventral, the facies gastrica which 
abuts the stomach, inferior-ventral, the facies colica which lies adjacent to the colonic flexure, and 
inferior-dorsal, the facies renalis which is found next to the left kidney. The splenic hilum is found 
between the border of the facies gastrica and the facies renalis. The superior border of the spleen 
is found behind the left costal arch at the level of the 10th-11th rib and the inferior angle of the 
scapula. The lower splenic border lies slightly superior to the 12th rib at the level of the vertebra 
L1. The ventro-lateral border is found at 30° angle running ventro-caudally while the splenic 
inferior pole lies on the axillar line at the level of the 9th rib. The dorso-medial border lies lateral 
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of the angulus costalis of the 10th and 11th rib [134]. The mobility of the spleen was tested in side-
lying position. Whilst the operator pressed the ribs inferiorly, the fingers infiltrated below the ribs 
to test the splenic mobility. The spleen cannot be directly palpated unless its volume is doubled or 
tripled [136]. The phrenico-colic ligament was tested with the patient in a seated position. The 
practitioner placed the fingertips of both hands underneath the left costal arch and palpates past 
the transverse colon, following it in left lateral direction towards the colic flexure. The ligament is 
palpable slightly lateral to the flexure and runs towards the left diaphragm. The gastrosplenic 
ligament was tested in right side-lying position. With one hand on top of the 10th rib and the other 
above the spleen, the latter palpates the greater curvature of the stomach using the thenar. With the 
same hand the practitioner mobilised the stomach medially, whilst fixating the 10th rib to assess 
the mobility of the gastrosplenic ligament [142]. Splenic motility can only be tested indirectly 
through the thorax and is also tested in side-lying position. The practitioner’s hands were placed 
in the same position as with the mobility test in side-lying. 

In addition to the visceral, the neural components of the cholinergic and splanchnic anti-
inflammatory pathways (CAP and SAP) were assessed. The cholinergic anti-inflammatory 
pathway is centred around the vagus nerve one of twelve cranial nerves. The vagus nerve is the 
tenth cranial nerve (CNX), exits the cranium via the jugular foramen [152] and innervates structures 
in the head, neck, and also targets the thoracic and abdominal viscera [153]. French osteopathic 
practitioners Chauffour, Prat, and Michaud [145] have proposed to examine the different branches 
of the vagus nerve from its most cephalad to caudad aspect (see table 5). The cranial portion of the 
vagus nerve was assessed with the patient in supine position. The operator placed one thumb on 
the mastoid process and retracted the sternocleidomastoid (SCM) muscle posteriorly to make 
contact with the vagus nerve, which is then tractioned caudad whilst the patient’s head is laterally 
flexed in contralateral direction [145]. Furthermore, the elasticity of the cranial vagal aspect was 
tested at the jugular foramen using the method by Barral and Croibier [154]. With the patient in 
supine position, the operator placed on hand underneath the skull, the index inside of the external 
acoustic meatus, then drawing it anteriorly and medially. With the other supporting hand which is 
placed under the skull, the practitioner applied index and middle fingers on the jugular process of 
the occiput to draw it posteriorly and medially [146]. The cervical portion was assessed for its 
mobility using the method by Chauffour, Prat, and Michaud [145]. The vagus nerve was manually 
stabilised at the mastoid process with one hand, whilst the other hand found the percutaneous 
depression between the sternal and clavicular heads of the SCM muscles. Mobility was then tested 
by pulling apart both ends. Next, the pharyngeal plexus was examined for its mobility [145]. The 
operator stabilised the superior portion of the vagus nerve below the mastoid process, whilst the 
other hand made contact with the pharyngeal plexus above the hyoid bone, applying traction to it 
in anterior-caudal direction. The examination of the superior laryngeal nerve only differed in the 
placement of the caudal hand, which was positioned below the thyroid cartilage to exert an inferior-
anterior pull. For the mobility assessment of the cardiac plexus (right side), the cranial hand fixated 
the vagus nerve at its entrance of the thoracic cage, right above the right sterno-clavicular joint, 
whilst the caudal hand tractioned the heart in an inferior direction. The mobility test of the 
pulmonary plexus only differs in the position of the caudal hand: the practitioner tractioned the 
hilum of the lung in inferio-lateral direction. The mobility of the gastric nerves (as well as the 
oesophageal plexus) was tested with the operator fixating the vagus nerve on its left entrance to 
the thoracic cage with their cranial hand, whilst the caudal hand tractioned the stomach inferiorly. 
The examination of the coeliac plexus (right side) according to Chauffourd and colleagues was 
performed with the right vagus nerve being fixated at its entrance, whilst the coeliac plexus was 
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tractioned inferiorly. The superior mesenteric plexus (SMP) was tested with the left vagus nerve 
fixated at its thoracic entrance, above the medial left clavicula, whilst the SMP was pulled 
inferiorly. The test of the inferior mesenteric plexus (IMP) only differed in that the mobilising 
hand was positioned slightly more inferior to traction the IMP downward. Finally, the hypogastric 
plexus was tested by positioning both hands on the subject‘s abdomen with the fingers of the 
cephalad hand pointing in direction of the rectouterine pouch/ recto-vessical recess, whilst the 
caudal hand was placed on the hypogastric plexus. The superior hypogastric plexus was tractioned 
cephalad whilst the inferior hypogastric plexus was pulled in caudad direction [145]. Mobility of 
vagus nerve branches was rated on a Likert mobility scale from 0 to 3, similar to the rating of 
visceral mobility. 

Table 5. Proposed osteopathic manual assessments of neural components of the cholinergic and splanchnic anti-
inflammatory pathways: manual assessment of the branches of the vagus nerve, the sympathetic ganglia, and the 
greater splanchnic nerves. 

Anatomical Structure Osteopathic Assessment Reference 

I. Vagus nerve 10. Cranial aspect L and R Chauffour, Prat, & Michaud [145], p. 207 
 11. Foramen jugulare L and R Barral & Croibier [154], p. 154 
 12. Cervical portion L and R Chauffour, Prat, & Michaud [141], p. 209 
 13. Pharyngeal plexus L and R p. 211 
 14. Superior laryngeal nerve L and R p. 213 
 15. Inferior laryngeal nerve L and R p. 215 
 16. Cardiac plexus right side  p. 217 
 17. Pulmonary plexus right side p. 219 
 18. Gastric branch left side p. 221 
 19. Coeliac plexus right side p. 223 
 20. Superior Mesenteric plexus left p. 225 
 21. Inferior Mesenteric plexus left p. 227 

I.I Rib Joints (costovertebral and 
costo-transverse joints): 
Sympathetic chains and roots of 
greater splanchnic nerves 

1. Costovertebral joints in seated position T5 L/R Greenman [155], p. 132 
2. Costovertebral joints in seated position T6 L/R p. 132 
3. Costovertebral joints in seated position T7 L/R p. 132 
4. Costovertebral joints in seated position T8 L/R p. 132 

 5. Costovertebral joints in seated position T9 L/R p. 132 
 6. Costovertebral joints in seated position T10 L/R p. 132 
 8. Rib Raise in supine position L [87] 

 9. Rib Raise in supine position R  

 
The main component of the splanchnic anti-inflammatory pathway are the sympathetic 

splanchnic nerves [51]. The sympathetic chains consist of strings of vertically arranged sympathetic 
ganglia running parallel to the spine. The sympathetic chain ganglia are located in the proximal 
intercostal spaces of the inner thoracic wall or overlie the proximal heads of the rib and receive 
input from the thoracic and lumbar pre-ganglionic nerve fibres issued from the levels T1 to L3 of 
the spinal cord [156]. These lateral chain ganglia are tightly fastened to the posterior thoracic wall 
by fascia [155]. Due to this tight fascial fixation, according to the late Dr Greenman, DO, it is 
hypothesised that “altered mechanics of the costovertebral articulations could mechanically 
influence the lateral chain ganglia” [155]. In other words, impaired mobility of costovertebral joints 
could affect autonomic sympathetic function. The present study sought to determine what the 
effect of reduced costovertebral and costotransverse mobility is on autonomic function. 
Postganglionic noradrenergic nerve fibres from the sympathetic chain ganglia innervate peripheral 
effector tissue. However, some preganglionic nerve fibres travel through the sympathetic chain 
without synapsing, running along the splanchnic nerves to synapse in the collateral ganglia, which 
supply noradrenergic innervation to the viscera. The sympathetic paravertebral ganglia extend 
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from the neck to the pelvis, whereas the collateral prevertebral ganglia run along the great vessels 
and spread out towards target organs. These ganglia are supplied by preganglionic cholinergic 
fibres from the T1-L2 intermediolateral cell column (lateral horn). While the chain ganglia receive 
their supply via white rami communicans the collateral ganglia are supplied via greater, lesser, and 
least splanchnic nerves [156]. 

Mobility of the left and right costovertebral joints was assessed in a seated position for the 
thoracic vertebrae T5 to T10 [155] to assess the mobility of the greater splanchnic nerves implicated 
in the splanchnic nerve based inflammatory reflex proposed by Martelli et al [51]. The mobility 
was rated on a scale from 0 to 3, in the same manner as visceral and vagal mobility was rated. 
Moreover, costal mobility was also assessed via the rib raising manoeuvre with the subject in 
supine position [87]. The rib lifting motion was performed for the groups of the first four thoracic 
ribs, T1-T4, then for T5-T8, and finally T9-T12. The lowest mobility score of the three groups was 
noted. Additionally, the highest NRS pain score for the rib raising manoeuvre was recorded. 

The final osteopathic manual parameter, the ‘cranial rhythmic impulse’ (CRI), was assessed 
via cranial palpation according to Sutherland with the subject in supine position [97]. The CRI is 
the palpable aspect of the primary respiratory mechanism (PRM) in cranial osteopathy [97][155]. It 
describes the physiological, involuntary rhythmic expansion and retraction of the cranium, which 
is believed to occur at 10-14 cycles per minute (cpm). The palpatory CRI measurement was tested 
as an osteopathic physiological correlate against the osteopathic manual parameters of the 
components cholinergic and splanchnic anti-inflammatory pathways. According to Sutherland, the 
notion of the PRM is based on five components [97][155]: 

1. The inherent motility of the brain and the spinal cord 
2. The fluctuation of the cerebrospinal fluid (CSF) 
3. The mobility of the intracranial and intraspinal membranes. 
4. Mobility of the cranial bones 
5. Involuntary mobility of the sacrum which is synchronous with the cranial motion 

The PRM is called ‘primary’ because it is thought to be derived from the tissue respiration of the 
central nervous system (CNS) [97]. 

5.5 Statistical Analysis 
Statistical analysis in this observational study was performed with the software ‘IBM® SPSS® 
Statistics Subscription’ build 1.0.0.1347 (IBM Corporation, Armonk, New York, USA) and JASP 
version 0.11.1(University of Amsterdam, Amsterdam, Netherlands) [158]. Additional tests were 
carried out in the statistical software package ‘R’ version 3.6.3. (The R Foundation for Statistical 
Computing, Vienna Austria) [103]. 

To investigate the relationship between the quantitative measures of autonomic function, such 
as SDNN, RMSSD, or HF and osteopathic manual findings obtained through palpation, the non-
parametric Kendall tau-b (τb) statistic, also known as Kendall rank correlation, was employed. This 
test statistic was used as a proxy for Pearson’s product-moment correlation r due to the limited 
sample size in this study (n = 44) [159]. Kendall's tau-b statistic can be interpreted as a simple 
function of the probability that as autonomic function metric x increases (or decreases), visceral 
function score y (obtained via manual palpation) increase too (or decreases) [160]. This probability 
is rescaled to range from −1 to 1. If all observations in this study were arranged in ascending order, 
from the smallest to largest based on a given HRV metric x (e.g. SDNN), tau is the simple function 
of the likelihood that any two subjects' visceral function scores y are also ordered in the same 
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direction. A perfect tau implies that the HRV metric x ordering is identical or exactly the opposite 
to the visceral function score y. Unlike Spearman r, tau seems to provide adequate protection 
against type I errors even under severe conditions, whilst being more stable and accurate [160]. The 
tau-b statistic was preferred to the tau-a measure as it makes adjustments for ties in ranks. More 
formally, for two variables x (e.g. HRV metrics) and y (e.g. visceral function score), sampled 
jointly from a bivariate distribution, Kendall's τb is expressed as [159]: 

𝜏& =
'()

*(*(%)/.
          (4) 

Where C is the number of concordant pairs (x2 − x1), D the number of discordant pairs (y2 − y1), 
and n the sample size. A pair of observations is considered is considered concordant if (y2 − y1) 
and (x2 − x1) have the same sign, i.e. they are ordered in the same manner. Conversely, a pair of 
observation is regarded as discordant when (y2 − y1) and (x2 − x1) are of opposite sign. 

A second analysis was performed to examine the effect of chronic inflammation on quantitative 
measures of autonomic function (HRV) and the manual osteopathic correlates in the palpation of 
the vagus nerve, the sympathetic trunk and splanchnic nerves, and the viscera. Because no markers 
of chronic inflammation were available for the sample, chronic pain was used as proxy. Chronic 
pain is defined as pain as that which lasts for longer than 3 months according to the International 
Association for the Study of Pain (IASP) [161]. To test for difference between chronic and non-
chronic pain sufferers, the Wilcoxon Signed Rank Sum Test was applied to the samples of chronic 
and non-chronic pain suffers. The Wilcoxon-Mann-Whitney test was used to test the null 
hypothesis, that the unknown population medians of chronic pain sufferers and non-chronic pain 
sufferers are equal, that is M1 = M2, or, that one of the median is at least some multiple of the other 
population median, M1= c·M2 + k [162], where M1 denotes the median of chronic pain sufferers and 
M2 the median of the population of non-chronic pain sufferers. More formally, the Wilcoxon-
Mann-Whitney is given by [163]: 

𝑊/ =
"
#(0
1(01$)

!#
√𝑁   (5) 

Where Rij denotes the rank of a random variable Xij., N designates the sample size, and sN the 
standard deviation. Due to the continuity of the underlying distribution function ranks are uniquely 
determined. 

 
6. Results 

6.1 Descriptive Statistics 
Table 6 provides the basic descriptive statistics for the forty-four participants in this study. The 
participant’s age ranged from 17 to 74 years, with the average age in the sample being 
approximately 42 years. Subjective numeric rating of stress ranged from NRS 2 to 10/10, while 
the mean stress score in the sample was 6/10. Subjective numeric rating of pain ranged from 0 to 
10/10 with the average being 5.5/10. The minimum CRI obtained through palpatory assessment 
was 7 cpm and the maximum was elevated with 30. On average, the CRI in the sample was 19 
cpm. 

Quantitative indices of autonomic nervous function are described in table 7. The average PNS 
index value, indicative of parasympathetic tone, in the sample ranged from -1.58 to 7.82, while the 
mean was 1.02. The SNS index, measuring sympathetic activity, ranged from -1.93 to 2.47 with 
the mean value of 0.41. The mean heart rate (HR) in the sample was approximately 76 bmp, while 
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the minimum was 50 and the maximum 107. Mean RR-interval duration was 811 ms and ranged 
from 560 to 1190 ms. In the time-domain analysis of HRV, SDNN was 94.82 ms on average, while 
the minimum was 18 ms and the maximum 261.72 ms, indicating strongly decreased and elevated 
vagal tone, respectively. SDNN is negatively correlated with pro-inflammatory cytokine IL-6, 
leukocyte count, and C-reactive protein levels [110] (see table 2). Subjects with very high SDNN 
values are likely to exhibit low levels of these pro-inflammatory markers, while the converse may 
be true for individuals with low SDNN. The second HRV metric in the time-domain analysis, 
RMSSD was on average 94.82 ms and ranged from 22.50 to 350.91 ms. RMSSD is negatively 
associated with white blood cell (WBC) count, fibrinogen and C-reactive protein (CRP) levels 
[110] (see table 2). The NN50 is the number of differences between successive RR-interval pairs 
greater than 50 ms and represents vagal tone. Mean NN50 in the sample was 40.52 ms, minimum 
22.50 ms, and maximum 98 ms. The pNN50 is the percentage of NN50 and was 40.52%, 3%, and 
98% respectively. The RR Triangular Index (TI) is given by the integral of the RR-interval 
histogram divided by the height of the histogram. The physiological origin of the TI is not entirely 
clear [108]. The mean TINN in the sample was 441.89 ms, the minimum 89 ms, and the maximum 
1397 ms. The TINN is the baseline width of the minimum square difference triangular 
interpolation of the highest peak of the RR-interval histogram [107]. Its physiological 
correspondence is also unclear. The stress index, which the square of Baevsky’s stress index (SI) 
and represents sympatho-adrenal activity, was on average 8.58 ms and ranged from 2 ms to 20.2 
ms. An elevated SI metric would indicate high activity of the hypothalamic-pituitary-adrenal axis, 
while a low SI metric the converse. 

In the Fast Fourier Transform (FFT) spectral analysis of HRV (see table 8), the power of ultra-
low frequencies (ULF) as on average 49.95 ms2 and ranged from 0 to 722.6 ms2. ULF is driven by 
circadian oscillations, core body temperature, metabolism, and the regulation of the renin-
angiotensin system [108]. The power spectral density of very-low frequency (VLF) was 142.63 ms2 
on average, while the minimum was 0 ms2 and the maximum 722.6 ms2. VLF reflects the long-
term regulation mechanisms, thermal regulation, and hormonal regulation [108] and is negatively 
associated with the pro-inflammatory and pleiotropic cytokine IL-6 [110]. The mean LF-HRV 
power in the sample was 2949.11 ms2, the minimum 23 ms2, and the maximum 20,516 ms2. The 
LF band represents the interaction between sympathetic and para-sympathetic activity, baroreflex 
activity [108] and is negatively correlated to IL-6, WBC count, and CRP levels. The higher-
frequency (HF) power spectral density was 4,084 ms2 on average and ranged from 70 ms2 to 31,850 
ms2. The HRV-HF power band represents vagal tone [108] and is diminished when levels of the 
pro-inflammatory markers IL-6, WBC, fibrinogen, and C-reactive protein are elevated [110] (see 
table 2). 

In the non-linear analysis of HRV (see table 9), the mean SD1 in the sample was 67.27 ms2, the 
minimum 16 ms2, and the maximum 249 ms2. SD1 is the standard deviation crosswise in the 
Poincaré plot and captures rapid high-frequency changes in HRV [108]. SD1 is negatively 
correlated with the pro-inflammatory and pleiotropic cytokine TNFα (see table 2). SD2 in the 
sample was on average 86.56 ms2 and ranged from 15.5 ms2 and 267.3 ms2. SD2 is negatively 
correlated with IL-6 (see table 2). The mean ratio SD1/SD2 was 1.53, the minimum 0.71 and the 
maximum 3.76. Approximate entropy (ApEn) was on average 0.824 and ranged from 0.527 to 
1.065. Sample entropy (SampEn) was on average 1.498, while its minimum was 0.527 and its 
maximum 2.375. The short-term DFA exponent α1 was found to be 0.893 on average, with a 
minimum of 0.38 and a maximum of 1.829. DFA α1 is negatively correlated with TNFα, IL-6, and 
C-reactive protein (see table 2) [110] and describes the fractal-like behaviour of the HRV [107]. A 
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short-term DFA value of α1= 0.5 indicates a random signal while α1= 1.5 describes perfectly 
correlated signals. The average RRI signal in the sample of α1 = 0.893 lied within these boundaries. 
The reduced DFA α1 minimum value of 0.38 indicates a breakdown of the fractal heart rate 
patterns of that subject occurring due to increased activation of sympathetic and parasympathetic 
nervous system outflow [118]. The exponent α1 is also negatively correlated to the pro-
inflammatory cytokines TNFα and IL-6, and to CRP levels (see table 2), suggesting that the 
individual had elevated levels of these pro-inflammatory molecules. The value of short-term 
exponent α1 usually exceeds that the long-term exponent α2 in healthy conditions, meaning that 
the self-similarity of short-term RRI signals is higher than those describing long-term effects [119]. 
The mean long-term DFA exponent α2 in the sample was 0.325, which is lower than α1, its 
minimum 0.02, and maximum 1.029 (see table 9). The average fractal dimension (box count 
method) in the sample was 1.530, the minimum 1.340, and the maximum 1.7. Additional fractal 
dimension metrics computed via the Hall-Wood and the Wavelet estimation method were also 
provided. 

Table 6. Descriptive statistics of participants (n = 44) 

Statistic Age NRS Stress NRS Pain CRI 
Mean 41.64 6 5.5 18.8 
Minimum 17 2 0 7 
Maximum 74 10 10 30 
St. Dev. 13.07 2.05 2.40 5.56 

Abbreviations: Std. Dev. = standard deviation; NRS = numeric rating scale; CIR = cranial respiratory rhythm. 
 
Table 7. Descriptive statistics of parameters in the time-domain analysis 

Statistic PNS 
Index 

SNS 
Index 

Mean 
HR 

Mean 
RR SDNN RMSSD NN50 pNN50 RR TI TINN Stress 

Index 
Mean 1.02 0.41 75.69 811.14 79.24 94.82 40.52 28.04 10.98 441.89 8.58 
Minimum -1.58 -1.93 50 560 18.00 22.50 3.00 1.99 4.78 89.00 2.00 
Maximum 7.82 2.47 107 1190 261.72 350.91 98.00 75.83 21.71 1397.00 20.20 
Std. Dev. 2.32 1.14 11.65 124.65 55.04 80.17 24.71 19.05 4.26 326.51 4.61 

Abbreviations: Std. Dev. = standard deviation; PNS = parasympathetic nervous system; SNS = sympathetic nervous system; HR = heart rate; RR 
= RR interval from cardiac the QRS complex; SDNN = standard deviation of NN/RR intervals, RMSSD = root Mean square of the successive 
differences; NN50 = number of successive RRI pairs difference > 50 ms; pNN50 =  percentage of NN50, RR TI = triangular index, integral of RRI 
histogram divided by its height, TINN = baseline width of minimum square differences triangular interpolation of highest peak of RRI histogram; 
SI = the square of Baevsky’s stress index. 
 
Table 8. Descriptive statistics of parameters in the frequency-domain analysis 

Statistic ULF VLF LF HF ULF% VLF% LF% HF% Total 
Power HF/LF 

Mean 42.95 142.63 2949.11 4084 0.29 3.97 45.15 50.60 7196.70 2.54 
Minimum 0 1 23 70 0 0.18 10.8 4.31 94 0.13 
Maximum 722.6 1331 20516 31850 4.28 21.6 94.8 84.9 53734 22.01 

Std. Dev. 118.80 258.49 4980.22 7794.41 0.68 4.63 24.37 23.91 12137.5
4 4.75 

Abbreviations: Std. Dev. = standard deviation, uLF = ultra-low frequency, vLF = very low frequency, LF = low frequency, HF = high frequency. 
 
The descriptive statistics of the visceral manual assessment are found in tables 10-14. The 

average mobility in the sample was 1.2 for the phrenico-splenic ligament and 1.3 for the gastro-
splenic ligament, where 0 indicates no mobility and 3 normal mobility. Splenic mobility was 1.2 
on average and motility 1.2. Average pain was NRS 5.1/10. This implies that very many subjects 



 49 

in the sample suffered from reduced mobility of the spleen. This immune organ is a vital 
component in the cholinergic anti-inflammatory pathway, and the locus where norepinephrine 
(NE) binds to β2 receptors of T-lymphocytes in the white pulp in order to release acetylcholine 
(ACh). The latter links to α7 nicotinic acetylcholine receptors (α7 nAChR) on macrophages to 
inhibit the release of TNFα by macrophages [39]. Reduced splenic mobility suggests abnormal 
splenic activity and possibly reduced or increased anti-inflammatory activity of the CAP. Stomach 
mobility in the sample was also diminished on average 1.8 for the subcostal and gastric fundus 
palpation, and similar scores for gastric mobility and motility. Pain during stomach palpation was 
4.2/10 on average. Likewise, reduced mobility of the stomach indicates abnormal gastric function, 
however, without addition data, such as from electrogastrography (EGG) recording, it is unclear 
how vagal afferent and efferent signalling is affected. Duodenal mobility (see table 11) scored the 
same as the stomach with 1.8 on average, which may be explained by the anatomical proximity in 
the gastro-intestinal tract. Duodenal pain elicited during manual palpation was slightly lower than 
the stomach with 3.9. Mean hepatic mobility (see table 12) was even further reduced with a score 
of 1.2 and a motility of 1.1, indicating only little mobility and motility. The average pain for the 
liver palpation was 5/10. Taken together, this could indicate altered hepatic function and possibly 
also altered immune activity of Kupffer cells. Average mobility and motility of the liver was 1.3 
for the left kidney and 1.1 for the right kidney (see table 13), indicating that the mobility for the 
right, ‘gastro-intestinal kidney’ was further impaired than the left ‘urogenital kidney’ [134]. – in 
reference to their diverging roles in human physiology. Average pain during renal osteopathic 
manual evaluation was 5.1 and 5.5 respectively. An overall score for renal mobility, motility, and 
pain was also provided with the lowest mobility and motility score being noted and the highest for 
pain. Altered renal mobility may result in an “excitatory reno-reflex” with augmented renal 
efferents instead of the physiological inhibitory reflex where increased renal afferent signalling 
results in an inhibition of renal efferents [46]. Efferent renal signalling increases renin secretion 
rate via stimulation of ß1-adrenergic receptors on juxtaglomerular granular cells. Renin-
angiotensin regulation is captured in the ULF-HRV power band as well as in the LF power band, 
which is associated with baroreflex control (see table 1). Finally, average mobility and motility for 
the heart was also markedly reduced with 1.3 for both (see table 14). Pain during cardiac thoracic 
mobility testing was 4.7 on average. 

Table 9. Descriptive statistics of parameters of the non-linear analysis. 

Statistic SD1 SD2 SD1/SD2 
Approx. 
Entropy 

Sample 
Entropy 

Shannon 
Entropy 

DFA 
ST 

DFA 
LT 

FD RR 
Wavelet 

FD RR 
HW 

FD RR 
BC 

Mean 67.28 86.56 1.53 0.824 1.498 5.024 0.893 0.325 2.175 1.872 1.530 
Minimum 16 15.5 0.71 0.527 0.543 4.639 0.380 0.020 1.789 1.342 1.340 
Maximum 249 267.3 3.76 1.065 2.375 5.375 1.829 1.029 2.584 2.146 1.700 
Std. Dev. 56.88 54.26 0.68 0.12 0.43 0.16 0.34 0.19 0.20 0.17 0.08 

Abbreviations: Std. Dev. = standard deviation, SD1 = standard deviation, SD2 = standard deviation, Approx. Entropy = approximate entropy, DFA 
ST α1= detrended fluctuation analysis short-term slope,  DFA LT α2 = detrended fluctuation analysis long-term slope, FD RR Wavelet = fractal 
dimension of cardiac RR-time-series estimated via the wavelet method, FD RR HW = fractal dimension of cardiac RR-time-series estimated via 
the Hall-Wood method, FD RR BC = fractal dimension of cardiac RR-time-series estimated via the Box-Count method. 

Overall, average visceral mobility in the sample was strongly reduced. The clustered bar plots 
(graphs 1-10) illustrate the proportion of study participants with impaired visceral mobility. 
Almost twice as much subjects suffered from impaired splenic mobility and motility compared to 
those with normal mobility and motility (see graph 1),  while the proportion of subjects with 
reduced gastric mobility and motility was almost balanced (see graph 2). Duodenal mobility and 
motility were reduced in roughly half of the study participants, however almost twice as much 
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subjects had reduced mobility in D3, the ‘vascular’ horizontal component of the duodenum and 
D4, the duodeno-jejunal angle and terminal aspect of the duodenum (see graph 3). In contrast, 
impaired mobility and motility of D1 and D2, the hepato-duodenal junction and the pancreato-
biliary part of the duodenum respectively, occurred in about half of the participants. Almost three 
times as many subjects displayed worsened hepatic mobility and motility than those who did not 
(graph 4). Similar proportions were observed for renal and cardiac mobility and motility (tables 5 
and 6) 

Table 10. Descriptive statistics of parameters of the visceral osteopathic assessment: Spleen and stomach. 

Statistic SP Phr-
Sp Lig 

SP Gast-
Sp Lig 

SP 
Mob 

SP 
Mot 

SP 
Pain 

ST Sub-
Cost Mob 

ST Fund 
Mob ST Mob ST Mot ST Pain 

Mean 1.2 1.3 1.2 1.2 5.1 1.8 1.8 1.8 1.8 4.2 
Minimum 0 0 0 0 0 0 0 0 0 0 
Maximum 3 3 3 3 10 3 3 3 3 10 
Std. Dev. 1.4 1.4 1.4 1.4 3.4 1.4 1.4 1.4 1.4 3.6 

Abbreviations: Std. Dev. = standard deviation, SP = spleen, Phr-Spl Lig = phrenico-splenic ligament, Gast-Sp Lig = gastro-splenic ligament, Mob 
= mobility, Mot = motility, ST = stomach, Sub-Cost = sub-costal, Fund = fundus. 
 
Table 11. Descriptive statistics of parameters of the visceral osteopathic assessment: Duodenum. 

Stat Duo1 Mob Duo2 Mob Duo3 Mob Duo4 Mob Duo Mob Duo Mot Duo Pain 
Mean 1.8 1.8 1.8 1.8 1.8 1.8 3.9 
Minimum 0 0 0 0 0 0 0 
Maximum 3 3 3 3 3 3 10 
Std. Dev. 1.3 1.3 1.3 1.3 1.3 1.3 3.4 

Abbreviations: Std. Dev. = standard deviation, Duo = duodenum, Duo1 = duodenum1, Duo2 = duodenum2, Duo3 = duodenum3, Duo4 = 
duodenum4, Mob = mobility, Mot = motility. 
 

In the assessment of neural structures of the cholinergic and splanchnic anti-inflammatory 
pathways, the mean mobility of the cranial aspect of the vagus nerve, palpated according to the 
method of Chauffour et al [145] was 1.7 for both sides (see table 15). Pain elicited during 
assessment of this portion of the vagus nerve was very low with 1.6 or 1.7 for the left and right 
vagii, respectively. Mobility of the vagal portion at the jugular foramen was more reduced for the 
left side with 1.5 than the right side with 2.1 (with 3 being the maximum score, i.e. normal 
mobility). The cervical portion of the vagus nerve was reduced in mobility on the left with 1.7 and 
1.9 on the right, while average pain was 2.1 and 1.9 respectively. Mobility of the superior 
pharyngeal plexus was less reduced with scores of 2.2 for the left side and 2.3 for the right side 
(see table 17). Mean pain scores were low with 0.7 and 0.8 respectively. Mobility of the laryngeal 
nerve was similar with scores of 2.2 on the left and 2.4 on the right and low corresponding pain 
scores of 0.9 and 0.8. Mobility of the cardiac plexus (see table 18) was strongly reduced on 
average, echoing the previous finding in the manual visceral assessment of the heart,  and palpation 
elicited more pain with 5.7. Mean mobility of the pulmonary plexus was slightly better with 1.3 
and lower pain score of 4.7. Mobility of the gastric branch of the vagus nerve was diminished 1.4 
on average and palpation provoked pain with NRS 4.2/10. The adjacent coeliac branch’s mobility 
was also reduced with 1.2 and pain of 4.6/10. The mean mobility of the superior mesenteric plexus 
was even further reduced with a score of 0.5 and increased pain of 6.6-10, while the inferior 
mesenteric plexus’ mobility was scored with 0.8 and pain during palpation 5.9/10. Table 20 also 
provides scores for overall vagal mobility (markedly reduced with 0.3) and pain 7.3. Further scores 
were provided for different anatomical sections of the vagus nerve (cranio-cervical, thoracic, and 
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abdominal). The mobility of the vagus nerve in the sample was the most impaired in the abdominal 
area with 0.6, followed by the thoracic component with 0.7. In contrast, average cranio-cervical 
vagal mobility scored at 1.5. Pain was also the highest for abdominal vagal palpation with 6.6 
compared to only 2.4/10 for the cranio-cervical aspect. This can be explained by the fact that vagal 
innervation of the gastro-intestinal tract in the abdomen is very dense, especially that of the 
stomach and the duodenum [43]. 

Table 12. Descriptive statistics of parameters of the visceral osteopathic assessment: Liver. 
 LIV Mob Front LIV Mob Sag LIV Mob Trans LIV Mob LIV Mot LIV Pain 
Mean 1.2 1.2 1.2 1.2 1.1 5 
Minimum 0 0 0 0 0 0 
Maximum 3 3 3 3 3 10 
Std. Dev. 1.3 1.3 1.3 1.3 1.3 3.1 

Abbreviations: Std. Dev. = standard deviation, LIV = liver, Mob = mobility, Mot = motility, Front = frontal, Sag = sagittal, Trans = transverse. 
 
Table 13. Descriptive statistics of parameters of the visceral osteopathic assessment: Kidneys 

Statistic KI Mob 
Left 

KI Mob 
Right 

KI Mot 
Left 

KI Mot 
Right 

KI Pain 
Left 

KI Pain 
Right KI Mob KI Mot KI Pain 

Mean 1.3 1.1 1.3 1.1 5.1 5.5 0.9 1.0 5.9 
Minimum 0 0 0 0 0 0 0 0 0 
Maximum 3 3 3 3 9 9 3 3 9 
Std. Dev. 1.4 1.3 1.4 1.3 3.5 3.2 1.3 1.3 3.1 

Abbreviations: Std. Dev. = standard deviation, KI = kidney, Mob = mobility, Mot = motility. 
 
Table 14. Descriptive statistics of parameters of the visceral osteopathic assessment: Heart and fibrous skeleton of the 
heart according to according to Chauffour, Prat, and Michaud, and Barral and Mercier respectively. 

Statistic HE Mob 
Sup 

HE Mob 
Inf 

HE Fib Skel 
Mob 

HE Fib Skel 
Mob DP HE Mob HE Mot HE Pain 

Mean 1.3 1.4 1.3 1.3 1.3 1.3 4.7 
Minimum 0 0 0 0 0 0 0 
Maximum 3 3 3 3 3 3 9 
Std. Dev. 1.3 1.3 1.3 1.3 1.3 1.3 3.2 

Abbreviations: Std. Dev. = standard deviation, HE = heart, Fib = fibrous, Skel = skeleton, DP = double pressure, Mob = mobility, Mot = motility. 

Tables 9 and 10 illustrate the proportion of study participants with impaired vagal mobility. 
There were almost three times as many subjects with intact mobility and motility in the superior 
laryngeal and the pharyngeal plexus, almost half had impaired cervical and cranial vagal mobility. 
Moreover, there were almost twice as many subjects with decreased vagal mobility at the jugular 
foramen. 

Costovertebral joint mobility in the sample was also impaired with average scores of 0.9 and 
1.0 (of a maximum of 3 for normal mobility) for the vertebra T5 on the left side and the right side 
respectively. Mobility for T6 was 0.9 for both sides. Mobility for T7 was 1.0 for both sides. Mobility 
for T8, T9, and T10 were 1.1, 1.2, and 1.3 for both sides, respectively. Average costal mobility for 
the segments T5-T10 was reduced with 0.7 and provoked a pain score of NRS 6.7/10. The rib raising 
assessment manoeuvre found similar diminished mobility of 0.7 and pain of 6.3/10. There were 
no significant differences between left and right sides. The impaired mobility of costovertebral 
joints may be associated with altered autonomic sympathetic function. 
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Table 15. Descriptive statistics of parameters of the visceral osteopathic assessment: Cranial aspect of the vagus nerve 
according to Chauffour, Prat, and Michaud. 

Statistics Mob Cran 
Vag L 

Mob Cran 
Vag R 

Pain Cran 
Vag L 

Pain Cran 
Vag R 

Mob Vag 
For Jug L 

Mob Vag 
For Jug R 

Pain Vag 
For Jug L 

Pain Vag 
For Jug R 

Mean 1.7 1.7 1.6 1.7 1.9 2.1 1.5 1.6 
Minimum 0 0 0 0 0 0 0 0 
Maximum 3 3 9 9 3 3 9 9 
Std. Dev. 1.4 1.4 2.7 2.7 1.4 1.3 2.8 2.8 

Abbreviations: Std. Dev. = standard deviation, Cran = cranial, Vag= vagus nerve, For Jug = foramen jugulare, Mob = mobility. 
 
Table 16. Descriptive statistics of parameters of the visceral osteopathic assessment: Cervical aspect of the vagus 
nerve according to Chauffour, Prat, and Michaud. 

Statistics Mob Cerv Vag L Mob Cerv Vag R Pain Cerv Vag L Pain Cerv Vag R 
Mean 1.7 1.9 2.1 1.9 
Minimum 0 0 0 0 
Maximum 3 3 10 10 
Std. Dev. 1.4 1.4 3.1 3.0 

Abbreviations: Std. Dev. = standard deviation, Cerv = cervical, Vag = vagus nerve, Mob = mobility. 
 
Table 17. Descriptive statistics of parameters of the visceral osteopathic assessment: Pharyngeal plexus and superior 
laryngeal nerve according to Chauffour, Prat, and Michaud. 

 Mob Phar 
Plex L 

Mob Phar 
Plex R 

Pain Phar 
Plex L 

Pain Phar 
Plex R 

Mob Sup 
Laryng L 

Mob Sup 
Laryng R 

Pain Sup 
Laryng L 

Pain Sup 
Laryng R 

Mean 2.2 2.3 0.8 0.7 2.2 2.4 0.9 0.8 
Minimum 0 0 0 0 0 0 0 0 
Maximum 3 3 7 7 3 3 8 8 
Std. Dev. 1.3 1.2 1.9 1.8 1.3 1.2 2.1 2.0 

Abbreviations: Std. Dev. = standard deviation, Phar Plex = pharyngeal plexus, Sup Laryng = superior laryngeal nerve, Mob = mobility. 
 
Table 18. Descriptive statistics of parameters of the visceral osteopathic assessment: Cardiac and pulmonary plexus 
according to Chauffour, Prat, and Michaud. 

Statistic Mob Card Plex R Pain Card Plex R Mob Pulm Plex R Pain Pulm Plex R 
Mean 0.7 5.7 1.3 4.7 
Minimum 0 0 0 0 
Maximum 3 9 3 9 
Std. Dev. 1.0 2.4 1.3 3.0 

Abbreviations: Std. Dev. = standard deviation, Card Plex = cardiac plexus, Pulm Plex = pulmonary plexus, Mob = mobility. 
 
Table 19. Descriptive statistics of parameters of the visceral osteopathic assessment: Gastric branch of the vagus 
nerve, coeliac plexus, superior mesenteric plexus, and inferior mesenteric plexus according to Chauffour, Prat, and 
Michaud. 

Statistic Mob Gast 
Vag L 

Pain Gast 
Vag L 

Mob Coel 
Plex R 

Pain Coel 
Plex R 

Mob Sup 
Mes Plex 
L 

Pain Sup 
Mes Plex 
L 

Mob Inf 
Mes Plex 
L 

Pain Inf 
Mes Plex 
L 

Mean 1.4 4.2 1.2 4.6 0.5 6.6 0.8 5.9 
Minimum 0 0 0 0 0 0 0 0 
Maximum 3 8 3 8 3 10 3 10 
Std. Dev. 1.3 2.9 1.2 3.0 0.9 2.9 1.1 3.0 

Abbreviations: Std. Dev. = standard deviation, L = left, R = right, Gast Vag = gastric branch of the vagus nerve, Coel Plex = coeliac plexus, Sup 
Mes Plex = superior mesenteric plexus, Inf Mes Plex = inferior mesenteric plexus, Mob = mobility. 
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Table 20. Descriptive statistics of parameters of the visceral osteopathic assessment: Overall mobility and pain 
vagus nerve, mobility and pain divided into anatomical regions. 

Statistics Vag Mob Vag Pain Cran-Cerv 
Vag Mob 

Cran-Cerv 
Vag Pain 

Thor Vag 
Mob 

Thor Vag 
Pain 

Abd Vag 
Mob 

Abd Vag 
Pain 

Mean 0.3 7.3 1.5 2.4 0.7 5.8 0.4 6.6 
Minimum 0 0 0 0 0 0 0 0 
Maximum 3 10 3 10 3 9 3 10 
Std. Dev. 0.7 2.1 1.4 3.1 1.0 2.5 0.9 2.9 

Abbreviations: Std. Dev. = standard deviation, Vag = vagus nerve, Mob = mobility, Cran-Cerv = cranio-cervical, Thor = thoracic, Abd = abdominal. 
 
Table 21. Descriptive statistics of parameters of the manual osteopathic assessment: Costo-vertebral joint mobility 
left and right side. 

Statistics Cost 
T5 R 

Cost 
T5 L 

Cost 
T6 R 

Cost 
T6 L 

Cost 
T7 R 

Cost 
T7 L 

Cost 
T8 R 

Cost 
T8 L 

Cost 
T9 R 

Cost 
T9 L 

Cost 
T10 R 

Cost 
T10 L 

Cost 
Mob 

Cost 
Pain 

Mean 0.9 1.0 0.9 0.9 1.0 1.0 1.1 1.1 1.2 1.2 1.3 1.3 0.7 6.7 
Minimum 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
Maximum 3 3 3 3 3 3 3 3 3 3 3 3 3 10 
Std. Dev. 1.3 1.3 1.3 1.3 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.2 3.1 

Abbreviations: Std. Dev. = standard deviation, Cost = costo-vertebral, L = left, R = right, Mob = mobility. 
 
Table 22. Descriptive statistics of parameters of the manual osteopathic assessment: Rib Raise left and right side. 

Statistics Mob Rib 
Raise L 

Mob Rib 
Raise R 

Pain Rib 
Raise L 

Pain Rib 
Raise L 

Mob Rib 
Raise 

Pain Rib 
Raise 

Mean 0.7 0.7 6.3 6.3 0.7 6.3 
Minimum 0 0 0 0 0 0 
Maximum 3 3 10 10 3 10 
Std. Dev. 1.2 1.2 3.0 3.0 1.2 3.0 

Abbreviations: Std. Dev. = standard deviation, Mob = mobility, L = left, R = right. 

The clustered bar plots (see graph 7 and 8) illustrate the proportion of subjects with loss of 
costovertebral mobility and reduced mobility during the rib raising manoeuvre. Loss of 
costovertebral mobility was exacerbated in the 5th and 6th thoracic vertebrae (graph 7) and subjects 
with decreased rib raising mobility outnumbered those with normal mobility more than four and 
half times, suggesting altered tone of the sympathetic chains and splanchnic nerves. 
 
Graphs 6-10. Clustered bar plots of osteopathic manual findings in the sample: Splenic mobility and motility, gastric 
mobility and motility, and hepatic mobility and motility. 
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6.2 Results Correlation Analysis 
 
Table 23. Correlation analysis (Kendall’s tau-b) between NRS Pain, NRS Stress, PRM and osteopathic manual 
correlates of the vagus nerve and costo-vertebral joints. 

 
NRS 
Pain 

NRS 
Stress 

PRM CC Vag 
Mob 

CC Vag 
Pain 

Th Vag 
Mob 

Th Vag 
Pain 

Ab Vag 
Mob 

Ab Vag 
Pain 

RibR 
Mob 

RibR 
Pain 

NRS 
Pain 

1           
.           

NRS 
Stress 

.258* 1          
0.026 .          

PRM .301** .514** 1         
 0.007 0 .         
CC Vag 
Mob 

-0.248 -.314* -.255* 1        
0.052 0.014 0.039 .        

CC Vag 
Pain 

.291* .348** .325** -.574** 1       
0.017 0.004 0.006 0 .       

Th Vag 
Mob 

-0.125 -.273* -0.152 .434** -0.197 1      
0.322 0.03 0.213 0.002 0.139 .      

Th Vag 
Pain 

.236* .329** .407** -.477** .370** -.538** 1     
0.043 0.005 0 0 0.003 0 .     

Ab Vag 
Mob 

-.253* -.263* -0.172 .439** -.272* .419** -0.247 1    
0.05 0.04 0.168 0.002 0.045 0.003 0.057 .    

Ab Vag 
Pain 

.466** .436** .413** -.473** .405** -0.211 .422** -.479** 1   
0 0 0 0 .001 .101 0 0 .   

RibR 
Mob 

-0.086 -.377** -0.135 0.189 -0.153 .387** -.266* .544** -.275* 1  
0.502 0.003 0.278 0.183 0.26 0.006 0.041 0 0.036 .  

RibR 
Pain 

0.187 .454** .297** -.314* 0.238 -.458** .511** -.408** .406** -.647** 1 
0.108 0 0.008 0.014 0.053 0 0 0.002 0.001 0 . 

Abbreviations: Std. Dev. = standard deviation, CC = cranio-cervical portion, Vag = vagus nerve, Th = thoracic, Mob = mobility, RibR = rib raise, 
Ab = abdominal; * = significant at the 0.05 level; ** = significant at the 0.005 level. 

For the correlation analysis, the non-parametric Kendall’s tau-b (τb) test was employed due to the 
non-stationarity and non-normality of the distribution of the data (see appendix). Table 23 
illustrates the relation between subjective ratings of pain and stress and the vagal and costo-
vertebral mobility. NRS pain for the subject’s main complaints exhibits a significant and weak 
positive relationship with pain during cranio-cervical vagus nerve palpation (CC Vag Pain, τb = 
.291 and P = .017) as well as with pain during thoracic vagal palpation (Th Vag Pain, τb = .236 
and P = .043). NRS pain also showed a moderate positive association with pain during abdominal 
vagus nerve palpation (Abd Vag Pain, τb = .466 and P = .000), which was statistically significant 
at the .005 level. Conversely, NRS pain showed a negative weak relationship with mobility of the 
abdominal part of the vagus nerve (Abd Mob Vag, τb = -.253 and P = .05). 

The subjective rating for stress, NRS Stress, was positively and moderately associated with 
cranial rhythmic impulse (PRM, τb = .514 and P = .000), suggesting the more participants were 
stressed, the higher their CRI. There were significant and negative moderate relationships between 
stress rating and subjective pain during manual testing of cranio-cervical, thoracic, and abdominal 
vagus nerves, as well as during the rib raising manoeuvre, for the sympathetic chains and 
splanchnic nerves (with τb = .348 and P = .004, τb = .329 and P = .005, τb = .436 and P = .000, and 
τb = .454 and P = .000 respectively). The converse was true for mobility during vagal palpation 
and rib raising, where NRS stress exhibited a significant and negative weak to moderate 
relationship (τb = -.314 and P = .0014, τb = -.273 and P = .03, τb = -.263 and P = .04, and τb = -.377 
and P = .003 for cranio-cervical, thoracic, and abdominal vagal mobility, and rib raising mobility 
respectively). This implies that subjective stress is mirrored in decreased mobility of vagal and 
proximal splanchnic structures as well an increased sensation of pain of these autonomic nervous 
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structures. The CRI which was palpated according to Sutherland was negatively and weakly 
associated with mobility of the cranio-cervical aspects of the vagus nerve (τb = -.255 and P = .039), 
meaning elevated CRI reflects a loss of vagal mobility in the cranio-cervical region, but not 
necessarily in other areas of the innervation of the vagus nerve. CRI showed a positive moderate 
relationship with subjective during palpation of the cranio-cervical, thoracic, and abdominal vagus 
nerve, and pain during rib raising (τb = .325 and P = .006, τb = .407 and P = .000, τb = .413 and P 
= .000, and τb = .297 and P = .008  respectively). Hence, an ergotropic CRI finding is associated 
with increased palpatory pain findings. It been shown that manual palpation by some practitioners 
tended to yield a CRI much lower than that of an instrumentally measured CRI (e.g. through laser-
Doppler flowmetry) [164]. However, the mean CRI observed was approximately 18 cpm, which is 
in agreement with the objective, higher CRI measures. 

Vagal cranio-cervical mobility was positively related to thoracic and abdominal vagal mobility 
(τb = .434 and τb = .349, both P = .000, respectively) and negatively to pain during thoracic and 
abdominal vagal palpation (τb = -.477 and τb = -.473, both P = .000, respectively). Vagal cranio-
cervical mobility also showed a negative and moderate relationship with pain during rib raising (τb 
= -.314 and P = .014). Vagal mobility in general showed a negative association with pain during 
vagal palpation. Rib raising mobility was positively correlated to thoracic and abdominal vagal 
mobility (τb = .387 and P = .006,  τb = .544, P = .006, respectively), but negatively and weakly to 
pain in the thoracic and abdominal vagus palpation (τb = -.266 and P = .041,  τb = -.275, P = .036, 
respectively). 

Table 24 illustrates the association autonomic quantitative measures, the PNS and SNS index, 
and palpatory findings of vagal mobility and costovertebral joints. The PNS index measures 
parasympathetic activity while the SNS index, shows sympathetic nervous activity. As expected, 
there was a moderate, almost strong, negative correlation between the PNS and the SNS index (τb 
= -.673 and P = .000). The PNS index is exhibited a significant and positively weak association 
with thoracic vagal mobility, that is mobility of the cardiac and pulmonary plexi (τb = .265 and P 
= .027). Additionally, the PNS index showed a weak correlation with pain elicited during the rib 
raising manoeuvre, which also pertains to the thoracic region (τb = -.237 and P = .032), highlighting 
the importance of normal thoracic mobility of both vagal components and costo-vertebral joints 
for normal parasympathetic nervous activity. One should also remember that the vagus nerve and 
the sympathetic splanchnic nerves are not two totally separate anatomical entities, because the 
vagus nerve receives "anastomosing and ‘hitchhiking’ branches" from the sympathetic chains [56]. 
The SNS index is negatively and moderately correlated with mobility of the vagus nerve in the 
cranio-cervical and thoracic regions (τb = -.384 and P = .001, and τb = -.463 and P = .000 
respectively) and weakly negatively correlated with vagal mobility in the abdomen (τb = -.252 and 
P = .039). This implies that as sympathetic outflow is increased, the mobility in the vagus nerve is 
reduced greatest in the cranial, cervical, and thoracic areas, and to a lesser extent in the abdomen. 
The SNS index on the other hand, was positively weakly and associated with rib raising mobility 
(τb = .237 and P = .032). Thus, mobility of the sympathetic chains and the splanchnic nerves may 
be essential for sympathetic nervous activity in the same way that vagal mobility may be required 
for optimal parasympathetic function. It should further be remarked that the rib raising manoeuvre 
applied in this study was not performed rhythmically as an intervention, but as a mobility 
assessment similar to a single-iteration range of motion test. It was previously shown that repeated 
rib raising was able to decrease salivary α-amylase activity, a surrogate for sympathetic nervous 
function, by decreasing SNS tone [87]. 
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Table 24 further illustrates the relationship (Kendall’s tau-b) between the two linear HRV 
indices SDNN (the cyclical component of HRV) and RMSSD (vagal tone) and the vagal and 
costovertebral mobility and pain. SDNN and RMSSD were positively and strongly correlated (τb 
= .772 and P = .000). However, SDNN, did not appear to have any significant association with 
vagal mobility, unlike the PNS index. In contrast, the costovertebral pain was weakly and 
negatively associated with SDNN (τb = -.252 and P = .023), similar to the PNS index. RMSSD 
which captures vagal influences, did also not exhibit any significant relationship with vagal 
mobility or pain and only showed a weak and negative association with costovertebral pain (τb = -
.225 and P = .041). 

Table 24 also shows the relationship between the ULF and VLF HRV powers, which were 
positively and moderately correlated with each other (τb = .414 and P = .000). ULF captures 
circadian oscillations, core body temperature, metabolism, and renin-angiotensin system while 
VLF measures long-term regulation mechanisms, thermal regulation, and hormonal regulation (see 
table 1). It appears that these measures did not exhibit any significant relationship with vagal and 
splanchnic mobility or pain. 

Table 24. Correlation analysis (Kendall’s tau-b) between linear indices of HRV (SDNN and RMSSD) and osteopathic 
manual correlates of the vagus nerve and costo-vertebral joints. 

 
SD 
NN 

RM 
SSD 

ULF VLF LF HF SD1 SD2 DFA 
α 1 

DFA 
α 2 

PNS  SNS  FD ShEn 

CCV 
Mob 

.193 0126 .069 .114 .308* .22 .126 .231 -.097 .12 .196 -.384** .293* -.38** 

.11 .298 .568 .348 .011 .068 .298 .056 .405 03 .105 .001 .015 .002 
CCV 
Pain 

-.227 -.12 -.012 -.171 -.270* -.094 -.120 -.269* -.123 -.164 -.106 .208 -.298* .157 
.05 .3 .919 .14 .02 .418 .300 .020 .305 .172 .362 .073 .01 .177 

ThV 
Mob 

.222 .217 .049 .141 .131 .326** .217 .219 -.051 .186 .265* -.463** .086 -.358** 

.063 .07 .682 .241 .274 .006 .070 .067 .643 .094 .027 0 .473 .003 
ThV 
Pain 

-.137 -.116 .07 -.084 -.17 -.126 -.116 -.155 -.051 -.107 -.129 .220* -.107 .187 
.217 .299 .53 .453 .125 .258 .299 .162 .677 .382 .245 .048 .333 .092 

AbV 
Mob 

.201 .183 .082 .239 .193 .303* .183 .232 .039 .102 .192 -.252* .198 -.113 

.099 .134 .505 .051 .114 .013 .134 .057 .725 .363 .117 .039 .105 .353 
AbV 
Pain 

-.124 -.124 -.024 -.043 -.148 -.147 -.124 -.147 -.078 .051 -.138 .208 -.131 .145 
.269 .269 .828 .702 .186 .189 .269 .189 .524 .677 .219 .064 .243 .196 

RibR 
Mob 

.105 .086 .018 .095 .003 .143 .086 .117 .112 .121 .081 -.086 .095 .006 

.39 .482 .886 .435 .979 .242 .482 .336 .31 .272 .507 .482 .435 .958 
RibR 
Pain 

-.251* -.225* -.102 -.167 -.143 -.253* -.225* -.256* .104 -.264* -.237* .237* -.079 .091 
.023 .041 .356 .132 .196 .022 .041 .020 .389 .029 .032 .032 .473 .412 

Abbreviations: CC = cranio-cervical portion, V = vagus nerve, Th = thoracic, Mob = mobility, RibR = rib raise, Ab = abdominal; SDNN = SD of 
NN-intervals; RMSSD = Root mean square of the successive differences; ULF = ultra-low frequency; VLF = very-low frequency; LF = low 
frequency, HF = high frequency; DFA = detrended fluctuation analysis; FD = fractal dimension, ShEn = Shannon entropy; * = significant at the 
0.05 level; ** = significant at the 0.005 level. 

The relationship between the LF and HF powers and vagal and splanchnic mobility or pain are 
shown in table 24. LF and HF were positively and moderately correlated (τb = .462 and P = .000). 
LF, which represents the interaction between sympathetic and para-sympathetic activity and 
baroreflex activity, as positively and moderately associated with cranio-cervical vagal mobility (τb 
= .308 and P = .000) and negatively and weakly with cranio-cervical vagal pain during palpation 
(τb = -.270 and P = .02). The high-frequency component of HRV, which measures vagal tone, was 
positively and moderately associated with vagal mobility in the thoracic and abdominal area (τb = 
.326 and P = .006 and τb = .303 and P = .013, respectively) but negatively and weakly with rib 
raising pain (τb = -.253 and P = .022). Rib raising may not only stretch splanchnic and sympathetic 
fibres, but also vagal fibres anastomosing with the latter [56]. When pain is provoked during the 
rib-raising manoeuvre, this appears to impair vagal function (HF, SDNN, and RMSSD) and 
increase sympathetic outflow (SNS index). 
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Table 24 further illustrates the relationship between the standard deviations from the Poincaré 
plot analysis, SD1 and SD2 and vagal and splanchnic mobility and pain during palpation. SD1 
which reflects high-frequency  and rapid changes in HRV, and SD2 which measures long-term 
changes in HRV (see table 1) correlated positively and moderately (τb = .677 and P = <.001). 
Hence, rapid changes in HRV may affect long-term changes in HRV, and vice-versa. Both 
measures were negatively and weakly correlated to pain during the rib raising manoeuvre (τb = -
.225 and P = <.041 and τb = -.256 and P = .020, respectively). This suggests that short-term rapid 
changes and long-term fluctuations in HRV are reduced in the presence of pain during the rib raise 
manoeuvre. 

Table 24 shows the relationship between the short-term and the long-term parameters from the 
detrended fluctuation analysis (DFA) and vagal and splanchnic mobility and palpatory pain. The 
DFA α1 parameter measures vagal and sympathetic outflow and describes the degree of short-term 
fractal heart rate patterns, while the DFA α2 metric measures vagal and sympathetic outflow and 
describes the degree of long-term fractal heart rate patterns (see table 1). DFA α1 and α2 were 
negatively and weakly related (τb = -.235 and P = .025), implying that as short-term fluctuations 
increase, long-term fluctuation diminish by almost a fifth. The short-term parameter α1 did not 
appear to be significantly associated with vagal or splanchnic mobility or palpatory pain findings. 
However, the long-term parameter α2 showed a negative association with rib raising-elicited pain 
(τb = -.264 and P = .029), implying that as pain during rib raising is increased by one unit, the 
degree of long-term fractal heart rate patterns is diminished by almost a fifth. 

Table 25. Correlation analysis between indices from the time domain analysis, spectral frequency analysis, and non-
linear indices of HRV. 

 
PNS SNS SD 

NN 
RM 
SSD 

ULF VLF LF HF SD1 SD2 DFA 
ST 

DFA 
LT 

ShEn FD 

PNS 1              
 .              
SNS -.673** 1             
  .001 .             
SD 
NN 

.685** -.523** 1            
 .001  .001 .            

RM 
SSD 

.829** -0.55** .772** 1           
 .001  .001  .001 .           

ULF .542** -.363** .477** .539** 1          
  .001  .001  .001  .001 .          
VLF .451** -.314** .525** .466** .414** 1         
  .001 .003  .001  .001  .001 .         
LF .311** -.331** .54** .354** .292** .357** 1        
 .003 .002  .001  .001 .005  .001 .        
HF .615** -.521** .624** .662** .49** .456** .462** 1       
  .001  .001  .001  .001  .001  .001  .001 .       
SD1 .829** -.55** .772** 1** .539** .466** .354** .662** 1      
  .001  .001  .001  .001  .001  .001  .001  .001 .      
SD2 .607** -.504** .905** .677** .433** .523** .61** .571** .677** 1     
  .001  .001  .001  .001  .001  .001  .001  .001  .001 .     
DFA
ST 

-.477** .272** -.242* -.458** .343** -.124 .055 -.344** -.458** -.155 1    
 .001 .009 .021  .001 .001 .237 .599 .001  .001 .137 .    

DFA
LT 

0 .215** -.113 .006 .135 .12 -.214 -.109 .006 -.153 -.235 1   
1 .04 .279 .952 .199 .253 .041 .297 .952 .142 .025 .   

ShEn -.319** .576** -.165 -.158 -.057 -.064 -.151 -.228* -.158 -.175 .069 .301** 1  
 .002  .001 .117 .132 .585 .544 .148* .029 .132 .095 .511 .004 .  
FD -.204 .047 -.142 -.238* -.233* -.161 .043 -.082 -.238* -.106 .12 -0.28* -.055 1 

 .051 .656 .18 .023 .026 .124 .678 .438 .023 .319 .253 .007 .608 . 

Abbreviations: PNS = parasympathetic nervous system index, SNS = sympathetic nervous system index; RMSSD = root mean squared of the 
successive differences in RR-intervals, SDNN = standard deviation of the NN-intervals, ULF = ultra-low frequency, VLF = very low frequency, 
LF = low frequency, HF = high frequency; SD = standard deviation; DFA = detrended fluctuation analysis; ST = short-term; LT = long-term 
analysis; FD = fractal dimension, ShEn = Shannon entropy; * = significant at the 0.05 level; ** = significant at the 0.005 level. 
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Table 26. Correlation analysis (Kendall’s tau-b) between NRS stress, NRS Pain, and CIR/PRM and osteopathic 
manual correlates of the CAP and SAP (spleen, liver, and stomach).  

NRS 
Stress 

NRS 
Pain 

PRM SP 
Mob 

SP Mot Sp Pain  Liv 
Mob 

 Liv 
Mot 

Liv 
Pain 

St Mob  St Mot St Pain 

NRS 
Stress 

1            
.            

NRS 
Pain 

.258 1           
0.026 .           

PRM 0.302* 0.513 1          
 0.007 < .001 .          
Sp 
Mob 

-0.204 -0.2 -0.34 1         
0.106 0.113 0.005 .         

Sp 
Mot 

-0.204 -0.2 -0.34** 1** 1        
0.106 0.113 0.005 < .001 .        

Sp 
Pain 

0.267* 0.289 0.36** -0.76** -0.76** 1       
0.022 0.013 0.001 < .001 < .001 .       

 Liv 
Mob 

-0.148 -.557** -0.226* 0.179 0.179 -0.214 1      
0.232 < .001 0.06 0.185 0.185 0.085 .      

 Liv 
Mot 

-0.187 -.524** -.197 0.148 0.148 -0.2 0.978** 1     
0.133 < .001 0.103 0.273 0.273 0.109 < .001 .     

Liv 
Pain 

0.242* 0.502** 0.275* -0.197 -0.197 0.25* -.798** -.798** 1    
0.037 < .001 0.015 0.12 0.12 0.032 < .001 < .001 .    

St 
Mob 

-0.237 -.401** -0.34** 0.288* 0.288* -0.39** 0.364* 0.341* -0.393 1   
0.058 0.001 0.005 0.035 0.035 0.002 0.007 0.011 0.002 .   

 St 
Mot 

-0.237 -.401** -0.34** 0.288* 0.288* -0.39** 0.364* 0.341* -.393** 1 1  
0.058 0.001 0.005 0.035 0.035 0.002 0.007 0.011 0.002 < .001 .  

St 
Pain 

0.309* 0.369** 0.367** -0.303* -0.303* 0.465** -.351** -.338* 0.374** -.839** -.839** 1 
0.008 0.001 0.001 0.016 0.016 < .001 0.005 0.006 0.001 < .001 < .001 . 

Sp = Spleen; Liv = liver; St = stomach; Mob = mobility; Mot = motility; NRS = numeric rating scale; PRM = primary respiratory mechanism; * = 
significant at the 0.05 level; ** = significant at the 0.005 level. 

Table 27. Correlation analysis (Kendall’s tau-b) between linear indices of HRV (SDNN and RMSSD), frequency 
analysis metrics, and non-linear measures and osteopathic manual correlates of the CAP and SAP (spleen, liver, and 
stomach). 

 
PNS 
Index 

SNS 
Index 

SD 
NN 

RM 
SSD 

ULF VLF LF HF SD1 SD2 DFA 
α 1 

DFA 
α 2 

FD  ShEn  

Sp 
Mob 

.072 -.159 .119 .042 -.048 -.04 .173 .135 .042 .167 .126 -.134 .183 -.194 

.546 .183 .319 .729 .687 .737 .149 .259 .729 .162 .293 .263 .125 .105 
Sp 
Mot 

.072 -.159 .119 .042 -.048 -.04 .173 .135 .042 .167 .126 -.134 .183 -.194 

.546 .183 .319 .729 .687 .737 .149 .259 .729 .162 .293 .263 .125 .105 
Sp 
Pain 

-.212 .333** -.238* -.152 -.053 -.083 -.256* -.201 -.152 -.283* -.051 .157 -.156 .319** 
.055 .003 .031 .169 .63 .454 .02 .068 .169 .01 .644 .154 .157 .004 

Liv 
Mob 

.138 -.163 .175 .126 .023 .171 .108 .139 .126 .187 -.073 -.076 .106 -.108 

.242 .165 .138 .283 .845 .146 .357 .238 .283 .111 .537 .516 .368 .357 
Liv 
Mot 

.171 -.183 .171 .148 .057 .184 .086 .168 .148 .179 -.109 -.059 .102 -.132 

.147 .121 .147 .209 .631 .119 .465 .153 .209 .129 .354 .616 .389 .261 
Liv 
Pain 

-.188 .171 -.215 -.165 -.055 -.19 -.108 -.16 -.165 -.224 .082 .066 -.103 .078 
.09 .123 .052 .136 .621 .086 .328 .147 .136 .043 .459 .551 .349 .478 

St 
Mob 

.109 -.228 .195 .103 -.061 .068 .201 .081 .103 .223 .06 -.221 .321** -.168 

.358 .056 .101 .388 .611 .565 .09 .493 .388 0.06 .611 .063 .007 .157 
St 
Mot 

.109 -.228 .195 .103 -.061 .068 .201 .081 .103 .223 .06 -.221 .321** -.168 

.358 .056 .101 .388 .611 .565 .09 .493 .388 .06 .611 .063 .007 .157 
St 
Pain 

-.135 .288** -.185 -.104 .057 -.077 -.225* -.135 -.104 -.217 -.037 .193 -.239* .262* 
.222 .009 .092 .345 .607 .485 .041 .218 .345 .049 .735 .079 .029 .017 

Abbreviations: Sp = Spleen; Liv = liver; St = stomach; Mob = mobility; Mot = motility; RibR = rib raise, Ab = abdominal; SDNN = SD of NN-
intervals; RMSSD = Root mean square of the successive differences; ULF = ultra-low frequency; VLF = very-low frequency; LF = low frequency, 
HF = high frequency; DFA = detrended fluctuation analysis; * = significant at the 0.05 level; ** = significant at the 0.005 level. 

The relationship between the fractal dimension computed via the box-count method, Shannon 
entropy, and the mobility and pain scores during manual osteopathic assessment of the vagus 
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nerve’s branches and the sympathetic trunk are illustrated in the last rows of table 24. FD was 
positively and weakly correlated to cranio-cervical mobility of the vagus nerve (τb = .293 and P = 
.015), but negatively and weakly correlated to cranio-cervical vagal pain (τb = -.298 and P = .01). 
This suggests that fractal dimension, i.e. the degree of self-similarity of RR-interval times series 
is increased when vagal mobility is higher and pain during vagal palpation reduced. In contrast, 
the Shannon entropy was negatively associated with cranio-cervical vagal mobility (τb = -.380 and 
P = .002) as well as with thoracic vagal mobility (τb = -.358 and P = .003). This implies that 
increased cranio-cervical and thoracic vagal mobility reduce the complexity of the RRI times series 
or conversely, increased entropy is positively associated with a reduction in cranio-cervical and 
thoracic vagal mobility. 

Table 28. Correlation analysis (Kendall’s tau-b) between NRS stress, NRS Pain, and CIR/PRM and osteopathic 
manual correlates of the CAP and SAP (duodenum, kidneys, heart).  

NRS 
Stress 

NRS 
Pain 

PRM Duo 
Mob 

Duo 
Mot 

Duo 
Pain 

Kidney 
Mob 

Kidney 
Mot 

Kidney 
Pain 

Heart  
Mob 

Heart  
Mot 

Heart  
Pain 

NRS 
Stress 

1            
.            

NRS 
Pain 

0.258* 1           
0.026 .           

PRM 0.302** 0.513** 1          
 0.007 < .001 .          
Du 
Mob 

-0.139 -.337** -.431** 1         
0.264 0.007 < .001 .         

Du 
Mot 

-0.139 -.337** -.431** 1** 1        
0.264 0.007 < .001 < .001 .        

Du 
Pain 

0.235 0.368** 0.433** -.836** -.836** 1       
0.043 0.001 < .001 < .001 < .001 .       

 Ki 
Mob 

-0.015 -0.258* -0.131 0.151 0.151 -0.144 1      
0.907 0.041 0.283 0.265 0.265 0.253 .      

 Ki 
Mot 

0.013 -0.287* -0.153 0.17 0.17 -0.15 0.979** 1     
0.916 0.023 0.212 0.21 0.21 0.233 < .001 .     

Ki 
Pain 

0.114 0.295* 0.178 -0.265* -0.265* 0.278* -.656** -.647** 1    
0.331 0.012 0.118 0.035 0.035 0.017 < .001 < .001 .    

He 
Mob 

-0.099 -0.281* -0.179 0.416** 0.416** -.433** 0.499** 0.47** -0.32* 1   
0.422 0.023 0.134 0.002 0.002 < .001 < .001 < .001 0.01 .   

 He 
Mot 

-0.099 -0.281* -0.179 0.416** 0.416** -.433** 0.499** 0.47** -0.32* 1 1  
0.422 0.023 0.134 0.002 0.002 < .001 < .001 < .001 0.01 < .001 .  

He 
Pain 

0.109 0.276* 0.274* -.351** -.351** 0.372** -.415** -.391** 0.295** -.786** -.786** 1 
0.35 0.017 0.015 0.005 0.005 0.001 0.001 0.002 0.012 < .001 < .001 . 

Du = duodenum; Duo = duodenum; Ki = kidney; He = heart; Mob = mobility; Mot = motility; NRS = numeric rating scale; PRM = primary 
respiratory mechanism; * = significant at the 0.05 level; ** = significant at the 0.005 level. 

Next, the relationships between the subjective ratings for stress, pain, and CRI (PRM) and the 
visceral mobility for the spleen (Sp), liver (Liv), and the stomach (St) were examined (see table 
26). Pain during splenic palpation and pain during hepatic palpation was positively and weakly 
associated with subjects’ stress rating (τb = .267 and P = .022, and τb = .242 and P = .037, 
respectively). Pain during stomach palpation was also positively and moderately associated with 
subjective stress levels (τb = .309 and P = .008). This suggests that increased subjective stress 
ratings are associated with increased nociception and pain in the viscera (spleen, liver, and 
stomach). Liver mobility and motility was negatively and moderately correlated with subjective 
pain pertaining the subjects’ main complaint (τb = -.557 and P = <.001, and τb = -.524 and P = 
<.001, respectively). Likewise, stomach mobility and motility were negatively and moderately 
correlated to subjective pain (τb = -.401 and P = .001 for both), while pain during stomach palpation 
was positively correlated with it (τb = .369 and P = .001). 
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Table 27 shows the correlation analysis between visceral assessment scores and quantitative 
measures of HRV. Pain during splenic manual osteopathic palpation was positively and 
moderately associated with the SNS index (τb = .333 and P = .003). Pain during gastric palpation 
was positively and weakly correlated with the SNS index (τb = .288 and P = .009). This suggests 
that sympathetic nervous activity is associated with increased gastric and splenic nociception. 
Splenic pain during palpation was also negatively correlated with the SDNN metric (τb = -.238 and 
P = .031). No significant association was found between visceral mobility, motility, and pain and 
the PNS index or RMSSD, both measuring parasympathetic or vagal tone. Also, no significant 
relationship was found with the ULF and VLF spectral density powers. However, pain during 
splenic and gastric palpation was negatively and weakly correlated with LF (τb = -.256 and P = .02 
and τb = -.225 and P = .04, respectively). The LF spectral density power itself is negatively 
associated IL-6, WBC count, and CRP levels (confer table 2), suggesting that splenic and gastric 
pain could potentially also be positively associated with these inflammatory markers. However, 
this is not assured, as correlation is non-transitive [165]. Pain elicited during splenic palpation was 
further negatively and weakly correlated to the SD1 parameter from the Poincaré plot analysis (τb 
= -.283 and P = .01). Pain during gastric visceral assessment was also negatively correlated to the 
fractal dimension (FD) of the RR-interval times series (τb = -.239 and P = .029) implying that with 
increasing pain, the fractal-like properties of the RRI data decreases. Gastric mobility and motility 
were both positively and moderately associated with FD (τb = -.321 and P = .007) indicating that 
that normal gastric mobility and motility are associated with more complexity of the RRI signals. 
Splenic and gastric pain during palpation were positively associated with Shannon entropy (τb = -
.319 and P = .004 and τb = .262 and P = .017, respectively). Taken together, this shows that the 
splenic pain (a proxy for splenic nerve activity) parameter was significantly associated with five 
physiological metrics, while the gastric pain was associated to four metrics. 

Table 29. Correlation analysis (Kendall’s tau-b) between indices of HRV (linear metrics, frequency analysis metrics, 
and non-linear measures and osteopathic manual correlates of the CAP and SAP (duodenum, kidneys, and heart). 

 
PNS 
Index 

SNS 
Index 

SD 
NN 

RM 
SSD 

ULF VLF LF HF SD1 SD2 DFA 
α 1 

DFA 
α 2 

FD  ShEn  

Du 
Mob 

.247* -.364** .283* .203 .004 .137 .375** .273* 0.203 .317** .048 -.262* .332** -.280* 

.037 .002 .017 .086 .974 .247 .002 .021 .086 .007 .686 .027 .005 .018 
Du 
Mot 

.247* -.364** .283* .203 .004 .137 .375** .273* .203 .317** .048 -.262* .332** -.280* 

.037 .002 .017 .086 .974 .247 .002 .021 .086 .007 .686 .027 .005 .018 
Du 
Pain 

-.258* .367** -.300** -.228* -.08 -.199 -.362** -.311** -.228* -.33** -.026 .202 -.262* .298** 
.019 .001 .006 .038 .466 .071 .001 .005 .038 .003 .813 .066 .017 0007 

 Ki 
Mob 

.032 -.145 .161 .046 -.021 .015 .207 .09 .069 .212 .085 -.038 .001 -.134 

.791 .226 .178 .704 .863 .899 .084 .454 .565 .077 .476 .747 .991 .264 
 Ki 
Mot 

.058 -.168 .168 .069 .004 .028 .191 .113 .046 .206 .112 -.051 -.005 -.157 

.629 .161 .161 .565 .972 .818 .11 .346 .704 .086 .351 .67 0.963 0.19 
Ki 
Pain 

-.157 .215 -.194 -.115 -.045 -.08 -.106 -.148 -.115 -.21 -.006 .032 -.049 .169 
.157 .054 .081 .302 .687 .47 .342 .183 .302 .059 .959 .773 .657 .129 

He 
Mob 

.211 -.335** .245* .214 .055 .142 .19 .260* 0.214 .257* -.038 -.063 .114 -.315** 

.071 .004 .036 .068 .637 .225 .105 .026 .068 .028 .747 .592 .329 .007 
 He 
Mot 

.211 -.335** .245* .214 .055 .142 .19 .260* .214 .257* -.038 -.063 .114 -.315** 

.071 .004 .036 .068 .637 .225 .105 .026 .068 .028 .747 .592 .329 .007 
He 
Pain 

-.163 .294** -.19 -.155 -.018 -.095 -0.13 -.217* -.155 -.199 .053 .083 -.133 .301** 
.14 .008 .085 .16 .87 .389 .238 .049 .16 .071 .63 .454 .226 .006 

Abbreviations: Du = Duodenum; Ki = Kidney; He = heart; Mob = mobility; Mot = motility; RibR = rib raise, Ab = abdominal; SDNN = SD of NN-
intervals; RMSSD = Root mean square of the successive differences; ULF = ultra-low frequency; VLF = very-low frequency; LF = low frequency, 
HF = high frequency; DFA = detrended fluctuation analysis; * = significant at the 0.05 level; ** = significant at the 0.005 level. 

Table 28 shows the correlation coefficients for NRS stress, NRS pain, CRI, and visceral 
mobility, motility, and pain during palpation for the duodenum, kidneys, and the heart. Visceral 
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palpatory findings for the duodenum, kidneys, and heart did not exhibit any significant 
relationships with subjective stress ratings unlike for the spleen, liver, and stomach. However, 
NRS pain showed a significant relationship with duodenal mobility, motility, and pain (τb = -.337 
and P = .007, τb = -.337 and P = .007, and τb = .368 and P = .001, respectively). The kidneys 
showed a similar, but slightly weaker, relationship (τb = -.258 and P = .041, τb = -.287 and P = 
.023, and τb = .295 and P = .012, for mobility, motility, and pain respectively) as did the heart (τb 
= -.281 and P = .023, τb = -.281 and P = .023, and τb = .276 and P = .017, for cardiac mobility, 
motility, and pain during palpation respectively). Mobility and motility of the duodenum were 
negatively correlated to the CRI (τb = -.431 and P = <.001 for both), while duodenal pain is 
positively and moderately correlated with CRI (τb = .433 and P = <.001). Hence, subjects with 
pain elicited during duodenal palpation may have elevated CRIs. 

Table 31. Correlation analysis (Kendall’s tau-b) between osteopathic manual correlates of the CAP and SAP (vagal, 
visceral, and costovertebral joint mobility and elicited pain during palpation). 

 

CCV 
Mob 

CCV 
Pain 

ThV 
Mob 

ThV 
Pain 

AbdV 
Mob 

AbdV 
Pain 

Spleen 
Mob 

Spleen 
Mot 

Spleen 
Pain 

Liver 
Mob 

Liver 
Mot 

Liver 
Pain 

T5R 0.36* -0.25 0.61** -0.41** 0.56** -0.33* 0.42** 0.42** -0.35* 0.58** 0.59** -0.51** 
 0.01 0.06 < .001 0.00 < .001 0.01 0.00 0.00 0.01 < .001 < .001 < .001 
T5L 0.39* -0.25 0.58** -0.45** 0.54** -0.38** 0.46** 0.46** -0.38** 0.54** 0.55** -0.47** 
 0.01 0.06 < .001 < .001 < .001 0.00 < .001 < .001 0.00 < .001 < .001 < .001 
T6R 0.32* -0.22 0.54** -0.34** 0.50** -0.32* 0.36* 0.36* -0.30* 0.58** 0.60** -0.50** 
 0.02 0.11 < .001 0.01 < .001 0.01 0.01 0.01 0.02 < .001 < .001 < .001 
T6L 0.32* -0.22 0.54** -0.34** 0.50** -0.32* 0.36* 0.36* -0.30* 0.58** 0.60** -0.50** 
 0.02 0.11 < .001 0.01 < .001 0.01 0.01 0.01 0.02 < .001 < .001 < .001 
T7R 0.31* -0.19 0.44** -0.37** 0.44** -0.35* 0.47** 0.47** -0.35* 0.53** 0.50** -0.42** 
 0.03 0.17 0.00 0.00 0.00 0.01 < .001 < .001 0.01 < .001 < .001 0.00 
T7L 0.31* -0.19 0.44** -0.37** 0.44** -0.35* 0.47** 0.47** -0.35* 0.53** 0.50** -0.42** 
 0.03 0.17 0.00 0.00 0.00 0.01 < .001 < .001 0.01 < .001 < .001 0.00 
T8R 0.25 -0.17 0.18 -0.28* 0.36* -0.40** 0.30* 0.30* -0.24 0.74** 0.71** -0.60** 
 0.08 0.22 0.21 0.03 0.01 0.00 0.03 0.03 0.06 < .001 < .001 < .001 
T8L 0.25 -0.17 0.18 -0.28* 0.36* -0.40** 0.30* 0.30* -0.24 0.74** 0.71** -0.60** 
 0.08 0.22 0.21 0.03 0.01 0.00 0.03 0.03 0.06 < .001 < .001 < .001 
T9R 0.25 -0.11 0.27* -0.36* 0.32* -0.38** 0.23 0.23 -0.21 0.70** 0.66** -0.54** 
 0.08 0.41 0.05 0.01 0.02 0.00 0.10 0.10 0.10 < .001 < .001 < .001 
T9L 0.25 -0.11 0.27* -0.36* 0.32* -0.38** 0.23 0.23 -0.21 0.70** 0.66** -0.54** 
 0.08 0.41 0.05 0.01 0.02 0.00 0.10 0.10 0.10 < .001 < .001 < .001 
T10R 0.28* -0.12 0.24 -0.32* 0.29* -0.35* 0.27 0.27 -0.24 0.64** 0.61** -0.52** 
 0.04 0.38 0.09 0.01 0.04 0.01 0.06 0.06 0.06 < .001 < .001 < .001 
T10L 0.28* -0.12 0.24 -0.32* 0.29* -0.35* 0.27 0.27 -0.24 0.64** 0.61** -0.52** 
 0.04 0.38 0.09 0.01 0.04 0.01 0.06 0.06 0.06 < .001 < .001 < .001 
CV  0.22 -0.18 0.41** -0.26* 0.52** -0.28* 0.34* 0.34* -0.23 0.65** 0.66** -0.56** 
Mob 0.12 0.19 0.00 0.04 < .001 0.03 0.02 0.02 0.08 < .001 < .001 < .001 
CV  -0.33* 0.36** -0.39** 0.43** -0.41** 0.44** -0.31* -0.31* 0.30 -0.66** -0.65** 0.64** 
Pain 0.01 0.00 0.00 < .001 0.00 < .001 0.02 0.02 0.01 < .001 < .001 < .001 

Abbreviations: CV = costovertebral; Mob = mobility; CC= cranio-cervical; V = vagus; Th = thoracic; Abd = abdominal; * = significant at the 0.05 
level; ** = significant at the 0.005 level. 

Table 29 examines the relationship between the visceral osteopathic findings for the 
duodenum, kidneys, and the heart with the different metrics of HRV. Duodenal mobility and 
motility exhibited significant relationships with sundry HRV metrics: PNS Index, SNS Index, 
SDNN, LF, HF, SD2, DFA α 2, FD, and ShEn. The duodenum was positively correlated with the 
PNS index, SDNN, LF, HF, SD2, and FD (τb = .247 and P = .037, τb = .283 and P = .017, τb = .375 
and P = .002, τb = .273 and P = .021, τb = .317 and P = .007, and τb = .332 and P = .005, respectively 
for both mobility and motility). In contrast, duodenal mobility and motility were negatively 
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associated with sympathetic activity, represented by the SNS index, the long-term exponent in the 
DFA analysis α2, and Shannon entropy (τb = -.364 and P = .002, τb = -.262 and P = .027, and τb = 
-.280 and P = .018, respectively). Duodenal pain during visceral palpation displayed the opposite 
propensity: duodenal pain scores are positively and moderately correlated to the SNS index and 
entropy (τb = .367 and P = .001 and τb = .298 and P = .0087 respectively). Duodenal pain was 
negatively associated with the PNS index, SDNN, RMSSD, VLF, LF, SD1, SD2, and fractal 
dimension (τb = -.258 and P = .019, τb = -.300 and P = .006 τb = -.228 and P = .038, τb = -.362 and 
P = .001, τb = -.311 and P = .005, τb = -.228 and P = .038, τb = -.33 and P = .003, and τb = -.262 
and P = .017, respectively). This renders duodenal pain the strongest indicator for autonomic 
dysfunction due to its significant relationship with eight HRV metrics. This could be explained by 
the duodenum’s extensive vagal innervation [43]. Most visceral vagal afferent fibres are 
unmyelinated, slow-conducting C-fibres which can be activated through mechanical and chemical 
stimuli. These fibres express voltage-gated sodium channels, such as Nav1.7, Nav1.8, and Nav1.9, 
and transient receptor potential ion channels, such as TRPV1 and TRPA1 and serve as nociceptors. 
Increased nociceptive activity (and therefore subjective pain during visceral palpation) leads to 
increased afferent signalling to the brainstem and centres of the autonomic network [32][8]. 
Afferent nociceptive sensory neurons, whose cell bodies reside in the dorsal root ganglia (DRG) 
and project to the spinal cord, participate in the detection of immune and pathogen-associated 
molecules [8]. Hence, increased nociception may also be indicative of increased immune activity 
and inflammation. Renal mobility, motility, and palpatory pain were not significantly associated 
with quantitative metrics of autonomic function. Moreover, the magnitude of the correlation 
coefficient tended to be low. Mobility and motility of the heart displayed a positive and weak 
correlation with SDNN, the cyclical component of the heart rhythm, HF, a measure for vagal tone, 
and SD2, the standard deviation lengthwise in the Poincaré plot analysis (τb = .245 and P = .036, 
τb = .260 and P = .026, τb = .257 and P = .028, respectively). Cardiac mobility and motility were 
negatively and moderately correlated to sympathetic activity, as measured by the SNS index, and 
Shannon entropy (τb = -.335 and P = .004 and τb = -.315 and P = .007, respectively). Increased 
sympathetic activity is associated with a higher heart rate (HR). Therefore, if the HR increases due 
to increased sympathetic influence, the stiffness of thoracic structures increases and the palpation 
for the ‘fibrous skeleton of the heart’ and the ‘double compression manipulation’ according to 
Barral and Croiber (see table 3) yields a lower mobility score. Cardiac motility is also decreased. 
Motility (in osteopathic medicine) is distinct from the contractile movements of the myocardium. 
Motility according to Wagner refers to movements describing a lemniscate shape occurring the 
plane of the mitral and tricuspid valve. During inspir the apex of the heart rotates anti-clockwise. 
The motility of the heart is overlapped by the beating of the heart, rendering it difficult to perceive 
through palpation [134]. Pain during cardiac osteopathic manual assessment was negatively and 
weakly associated with the vagal tone indicator HF (τb = -.217 and P = .049) and positively and 
moderately with the SNS index and Shannon entropy (τb = .294 and P = .008 and τb = .301 and P 
= .006, respectively). 

Table 31 and 32 examine the relationship between costovertebral joint mobility (T5-T10 left 
and right) and parameters of visceral manipulative testing. The costovertebral joints from T5 to T7 
are significantly and positively correlated with vagal and visceral mobility (moderate association 
τb ranging from .36 to .61). Costovertebral joint mobility from T5 to T7 shows the strongest positive 
relationship with mobility of the thoracic vagus nerve, which underlines their anatomical 
relationship in the thoracic region. The second strongest positive association between the mobility 
of T5 to T7 appears to be with mobility of the abdominal vagus nerve (τb = .61 for T5 to τb = .44 for 
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T7) and hepatic mobility (τb = .58 for T5 to τb = .53 for T7). Note that the liver mobility exhibits a 
strong positive correlation for costovertebral joint mobility of T8 and T9 (τb = .74 and τb = .70, 
respectively) and a moderate correlation for that of T9 and T10 (τb = .70 and τb = .64, respectively). 
The liver receives its sympathetic innervation from the nerve roots of T7-T10 [142] via the greater 
and lesser splanchnic nerves. Hepatic visceral mobility and motility is linked to costovertebral 
mobility via viscero-somatic reflexes and the splanchnic nerves. Pain during hepatic palpation is 
negatively associated with mobility of all costovertebral joints from T5 and T10, with Kendall’s tau 
ranging from τb = -.51 and τb = -.52 and τb = -.56 for overall costovertebral joint mobility. A hepatic 
palpatory pain finding may be associated with increased activity of the sympathetic trunks, which 
reduces costovertebral mobility. However, in the previous analysis between hepatic pain and HRV 
metrics for sympathetic activity, no significant association was found (see table 27). Hepatic pain 
during visceral osteopathic palpation was positively associated with pain during costo-vertebral 
pain (τb = .64). Splenic mobility and motility were positively associated with costovertebral joint 
mobility of T5 and T8. The spleen receives its sympathetic innervation from the nerve roots of T5 
and T9 via the splanchnic nerves and the coeliac ganglion [142]. 

Table 32. Correlation analysis (Kendall’s tau-b) between osteopathic manual correlates of the CAP and SAP (vagal, 
visceral, and costovertebral joint mobility and elicited pain during palpation). 

 

St Mob St Mot St Pain Duo 
Mob 

Duo 
Mot 

Duo 
Pain 

Ki Mob Ki Mot Ki Pain He 
Mob 

He Mot He Pain 

T5R 0.29* 0.29* -0.28* 0.28* 0.28* -0.30* 0.60** 0.62** -0.45** 0.56** 0.56** -0.46** 
 0.03 0.03 0.03 0.04 0.04 0.02 < .001 < .001 < .001 < .001 < .001 < .001 
T5L 0.25 0.25 -0.23 0.32* 0.32* -0.33* 0.56** 0.59** -0.43** 0.52** 0.52** -0.46** 
 0.07 0.07 0.07 0.02 0.02 0.01 < .001 < .001 < .001 < .001 < .001 < .001 
T6R 0.25 0.25 -0.23 0.24 0.24 -0.25 0.54** 0.56** -0.41** 0.51** 0.51** -0.41** 
 0.07 0.07 0.07 0.08 0.08 0.05 < .001 < .001 0.00 < .001 < .001 0.00 
T6L 0.25 0.25 -0.23 0.24 0.24 -0.25 0.54** 0.56** -0.41** 0.51** 0.51** -0.41** 
 0.07 0.07 0.07 0.08 0.08 0.05 < .001 < .001 0.00 < .001 < .001 0.00 
T7R 0.24 0.24 -0.19 0.31* 0.31* -0.28* 0.56** 0.54** -0.41** 0.39** 0.39** -0.36* 
 0.08 0.08 0.14 0.02 0.02 0.03 < .001 < .001 0.00 0.00 0.00 0.01 
T7L 0.24 0.24 -0.19 0.31* 0.31* -0.28* 0.56** 0.54** -0.41** 0.39** 0.39** -0.36* 
 0.08 0.08 0.14 0.02 0.02 0.03 < .001 < .001 0.00 0.00 0.00 0.01 
T8R 0.29* 0.29* -0.23 0.20 0.20 -0.15 0.39* 0.36* -0.24 0.18 0.18 -0.20 
 0.04 0.04 0.07 0.14 0.14 0.25 0.01 0.01 0.06 0.18 0.18 0.12 
T8L 0.29* 0.29* -0.23 0.20 0.20 -0.15 0.39* 0.36* -0.24 0.18 0.18 -0.20 
 0.04 0.04 0.07 0.14 0.14 0.25 0.01 0.01 0.06 0.18 0.18 0.12 
T9R 0.32* 0.32* -0.25* 0.23 0.23 -0.16 0.31* 0.29* -0.24 0.24 0.24 -0.25 
 0.02 0.02 0.05 0.10 0.10 0.20 0.03 0.04 0.06 0.08 0.08 0.05 
T9L 0.32* 0.32* -0.25* 0.23 0.23 -0.16 0.31* 0.29* -0.24 0.24 0.24 -0.25 
 0.02 0.02 0.05 0.10 0.10 0.20 0.03 0.04 0.06 0.08 0.08 0.05 
T10R 0.36* 0.36* -0.26* 0.28* 0.28* -0.20 0.27* 0.26 -0.20 0.21 0.21 -0.19 
 0.01 0.01 0.05 0.04 0.04 0.13 0.05 0.07 0.13 0.12 0.12 0.14 
T10L 0.36* 0.36* -0.26* 0.28* 0.28* -0.20 0.27* 0.26 -0.20 0.21 0.21 -0.19 
 0.01 0.01 0.05 0.04 0.04 0.13 0.05 0.07 0.13 0.12 0.12 0.14 
CV  0.18 0.18 -0.18 0.15 0.15 -0.18 0.51** 0.53** -0.32* 0.48** 0.48** -0.38** 
Mob 0.19 0.19 0.16 0.28 0.28 0.17 < .001 < .001 0.01 < .001 < .001 0.00 
CV  -0.40** -0.40** 0.38** -0.35* -0.35* 0.34** -0.37** -0.38** 0.35** -0.38** -0.38** 0.36** 
Pain 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

Abbreviations: CV = costovertebral; Mob = mobility; Mot = motility; St = stomach; Duo = duodenum; Ki = kidney; He = heart; * = significant at 
the 0.05 level; ** = significant at the 0.005 level. 

Table 32 shows the relationship between the costovertebral joint mobility and pain from T5-
T10 and mobility, motility, and pain during palpation of the stomach, duodenum, kidneys, and 
heart. Stomach mobility and motility exhibited a weak positive correlation with the costovertebral 
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joints T5 (on the right side) and T8 (τb = .29 for both), and moderate positive correlation with 
mobility of T9 and T10 (τb = .32 and τb = .36, respectively). The relationship was the inverse for 
stomach pain during palpation. Duodenal mobility and motility exhibit positive associations with 
the joints of T5, T7, and T10. The duodenum receives its sympathetic innervation from the nerve 
roots of T9-T12 via the minor splanchnic nerves, the coeliac plexus, and the superior mesenteric 
plexus [142]. Pain during duodenal palpation is negatively and weakly associated with mobility of  
T5 and T7. Renal mobility and motility showed positive associations with all costovertebral joints, 
T5 to T10, with T5 displaying the strongest association (τb = .60 and τb = .62, respectively). Pain 
during renal palpation was negatively associated with mobility of T5 to T7. The kidneys are 
sympathetically innervated from T10 to L1 via the lesser, least, and lumbar splanchnic nerves 1 and 
2 and via the celiac plexus, the aortico-renal ganglion, the renal plexus, and the posterior renal 
ganglion. Parasympathetic innervation is provided by the vagus nerve through the coeliac plexus 
[142]. Cardiac mobility and motility were positively associated with costovertebral joint mobility 
of T5 to T7 ( τb = .56 and τb = .39, respectively). The relationship was reversed with pain during 
cardiac osteopathic palpation. The heart is structurally related to the vertebrae T1-T5, ribs 1-5, and 
costovertebral joints 1-7 bilaterally. The heart receives its sympathetic innervation from the nerve 
roots of T1-T4 [142], or T1-T6 [166] and parasympathetically via the vagus nerve (cardiac plexus). 

Table 33. Correlation analysis (Kendall’s tau-b) between costovertebral joint mobility and quantitative HRV metrics.  
 

PNS 
Index 

SNS 
Index 

SD 
NN 

RM 
SSD 

ULF VLF LF HF SD1 SD2 DFA 
α 1 

DFA 
α 2 

FD  ShEn  

T5R .29* -.34** .29* .27* 0.19 0.16 0.15 .32** -0.17 -0.11 -0.17 -0.11 0.16 -0.22 
 0.02 0.01 0.02 0.02 0.11 0.2 0.22 0.01 0.15 0.36 0.15 0.36 0.18 0.06 
T5L .28* -.34** .25* .25* 0.17 0.11 0.13 .29* -0.15 -0.13 -0.15 -0.13 0.16 -.24* 
 0.02 0 0.03 0.03 0.17 0.35 0.28 0.01 0.21 0.27 0.21 0.27 0.17 0.04 
T6R .24* -.28* .24* 0.23 0.2 0.14 0.09 .29* -0.16 -0.05 -0.16 -0.05 0.1 -0.17 
 0.04 0.02 0.05 0.06 0.1 0.23 0.48 0.02 0.18 0.67 0.18 0.67 0.39 0.16 
T6L .24* -.28* .24* 0.23 0.2 0.14 0.09 .29* -0.16 -0.05 -0.16 -0.05 0.1 -0.17 
 0.04 0.02 0.05 0.06 0.1 0.23 0.48 0.02 0.18 0.67 0.18 0.67 0.39 0.16 
T7R 0.16 -0.24 0.19 0.15 0.09 0.08 0.09 0.2 -0.06 -0.10 -0.06 -0.10 0.11 -0.14 
 0.17 0.05 0.12 0.21 0.44 0.53 0.45 0.11 0.63 0.41 0.63 0.41 0.38 0.25 
T7L 0.16 -0.24 0.19 0.15 0.09 0.08 0.09 0.2 -0.06 -0.10 -0.06 -0.10 0.11 -0.14 
 0.17 0.05 0.12 0.21 0.44 0.53 0.45 0.11 0.63 0.41 0.63 0.41 0.38 0.25 
T8R 0.05 -0.07 0.09 0.03 -0.05 0.02 0.08 0.04 -0.02 -0.06 -0.02 -0.06 0.13 0.02 
 0.66 0.54 0.48 0.79 0.67 0.89 0.54 0.77 0.84 0.62 0.84 0.62 0.3 0.9 
T8L 0.05 -0.07 0.09 0.03 -0.05 0.02 0.08 0.04 -0.02 -0.06 -0.02 -0.06 0.13 0.02 
 0.66 0.54 0.48 0.79 0.67 0.89 0.54 0.77 0.84 0.62 0.84 0.62 0.3 0.9 
T9R 0.06 -0.08 0.05 0.03 -0.05 0 0.02 0.02 -0.05 -0.05 -0.05 -0.05 0.09 0.02 
 0.62 0.5 0.71 0.83 0.67 0.99 0.9 0.9 0.71 0.67 0.71 0.67 0.45 0.86 
T9L 0.06 -0.08 0.05 0.03 -0.05 0 0.02 0.02 -0.05 -0.05 -0.05 -0.05 0.09 0.02 
 0.62 0.5 0.71 0.83 0.67 0.99 0.9 0.9 0.71 0.67 0.71 0.67 0.45 0.86 
T10R 0.02 -0.04 -0.01 -0.02 -0.08 -0.04 -0.03 -0.04 -0.01 -0.06 -0.01 -0.06 0.12 0.03 
 0.86 0.72 0.95 0.85 0.5 0.72 0.83 0.76 0.94 0.65 0.94 0.65 0.31 0.83 
T10L 0.02 -0.04 -0.01 -0.02 -0.08 -0.04 -0.03 -0.04 -0.01 -0.06 -0.01 -0.06 0.12 0.03 
 0.86 0.72 0.95 0.85 0.5 0.72 0.83 0.76 0.94 0.65 0.94 0.65 0.31 0.83 
CV  0.11 -0.13 0.14 0.11 0.03 0.07 0.02 0.18 -0.10 0.01 -0.10 0.01 0.14 -0.04 
Mob 0.35 0.28 0.26 0.36 0.8 0.58 0.85 0.14 0.39 0.93 0.39 0.93 0.25 0.75 
CV  -0.18 0.19 -0.21 -0.17 -0.04 -0.11 -0.1 -0.16 0.05 0.11 0.05 0.11 -0.14 0.09 
Pain 0.11 0.1 0.06 0.14 0.69 0.32 0.37 0.14 0.67 0.33 0.67 0.33 0.21 0.42 

Abbreviations: CV = costovertebral; Mob = mobility; SDNN = SD of NN-intervals; RMSSD = Root mean square of the successive differences; 
ULF = ultra-low frequency; VLF = very-low frequency; LF = low frequency, HF = high frequency; DFA = detrended fluctuation analysis. 

Table 33 shows the relationship between costovertebral joint mobility and quantitative HRV 
metrics. Mobility of the costovertebral joints of T5 displayed a weak positive relationship with the 
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PNS index, SDNN, and RMSSD (τb = .29, τb = .29 and τb = .27, respectively). The relationship 
with HF was positive and moderate (τb = .32 on the right, and τb = .29 on the left). T5 mobility was 
negatively associated with activity of the SNS index (τb = .56). The right costovertebral joint 
mobility of T5, was negatively correlated to Shannon entropy (τb = -.24). T6 showed positive 
association with PNS index, SDNN, and HF (τb = .24, τb = .24 and τb = .29, respectively) and a 
negative one with the SNS index (τb = -.28). No other costovertebral joint parameters exhibited 
any significant association with HRV metrics. The significant association of T5 costovertebral 
mobility may be related to the origin of sympathetic innervation from the spinal segments of T1-
T6 via the sympathetic trunks. 

6.3 Comparison between Chronic and Non-Chronic Pain Sufferers 
 
To investigate the effect of chronic inflammation on quantitative measures of HRV and the 
mobility scores of vagus nerve, sympathetic trunk, and viscera the participants were either 
classified as chronic (when their complaints lasted longer than three months) or non-chronic (no 
more than three months). 

Table 34. Independent t-test between non-chronic and chronic pain sufferers: Mann-Whitney test statistic W and P-
value. 

Variable W P Variable W P 

NRS Stress 121** 0.005    
NRS Pain 39.5** < .001 SpMob 315.5* 0.043 
PRM 100.5** 0.001 SpMot 315.5* 0.043 
PNS Index 289.5 0.222 SpPain 126.5* 0.008 
SNS Index 126** 0.009 StMob 377.5** < .001 
SDNN 300 0.143 StMot 377.5** < .001 
RMSSD 277 0.355 StPain 80** < .001 
ULF 253 0.722 DuoMob 352** 0.004 
VLF 268.5 0.47 DuoMot 352** 0.004 
LF 295.5 0.173 DuoPain 94** < .001 
HF 313 0.075 LivMob 403** < .001 
SD1 277 0.355 LivMot 392** < .001 
SD2 307 0.102 LivPain 68** < .001 
DFA short-term 215.5 0.61 KiMot 342.5** 0.005 
DFA long-term 187.5 0.241 KiMob 346** 0.004 
Shannon Entropy 138* 0.018 KiPain 87.5** < .001 
Fractal Dimension 314 0.071 HeMob 335.5* 0.015 
CranCerVagMob 341.5* 0.007 HeMot 335.5* 0.015 
CranCerVagPain 133.5* 0.007 HePain 121.5* 0.006 
ThorVagMob 353.5** 0.002 CostMob 341.5** 0.002 
ThorVagPain 142* 0.022 PainCost 83** < .001 
AbdVagMob 318* 0.01 VagMob 316.5* .006 
AbdVagPain 72** < .001 VagPain 85** <.001 

Abbreviations: NRS = numeric rating scale; PRM = primary respiratory mechanism; PNS = parasympathetic nervous system; SNS = sympathetic 
nervous system; SDNN = standard deviation of NN-intervals; RMSSD = root mean squared of successive differences of standard deviations; ULF 
= ultra-low frequency; VLF = very-low frequency; LF = low frequency, HF = high frequency; DFA = detrended fluctuation analysis; CranCer = 
cranio-cervical; Vag = vagus; Mob = mobility; Thor = thoracic; Abd = abdominal; Sp = spleen; Mot = motility; Duo = duodenum; Liv = liver; Ki 
= kidney; He = heart; Cost = costovertebral. 
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Table 35. Independent t-test between non-chronic and chronic pain sufferers: Mann-Whitney test statistic W and P-
values. 

 
Chronic N Mean SD SE  Chronic N Mean SD SE 

NRS Stress 0 19 5.263 2.023 0.464       
 1 25 6.92 1.801 0.36       

NRS Pain 0 19 3.632 1.571 0.36 SpMob 0 19 1.737 1.408 0.323 
 1 25 6.92 1.891 0.378  1 25 0.84 1.248 0.25 

PRM 0 19 15.789 4.614 1.058 SpMot 0 19 1.737 1.408 0.323 
 1 25 21.12 5.142 1.028  1 25 0.84 1.248 0.25 

PNS Index 0 19 1.611 2.682 0.615 SpPain 0 19 3.737 3.263 0.749 
 1 25 0.571 1.941 0.388  1 25 6.16 3.118 0.624 

SNS Index 0 19 -0.131 1.092 0.251 StMob 0 19 2.632 0.831 0.191 
 1 25 0.821 1.013 0.203  1 25 1.12 1.333 0.267 

SDNN 0 19 91.817 63.713 14.617 StMot 0 19 2.632 0.831 0.191 
 1 25 69.676 46.495 9.299  1 25 1.12 1.333 0.267 

RMSSD 0 19 106.643 92.497 21.22 StPain 0 19 1.895 2.601 0.597 
 1 25 85.828 70.026 14.005  1 25 5.92 3.252 0.65 

ULF 0 19 38.293 73.801 16.931 DuoMob 0 19 2.421 0.902 0.207 
 1 25 46.484 145.511 29.102  1 25 1.32 1.282 0.256 

VLF 0 19 112.242 122.548 28.114 DuoMot 0 19 2.421 0.902 0.207 
 1 25 165.72 327.362 65.472  1 25 1.32 1.282 0.256 

LF 0 19 2849.421 4139.586 949.686 DuoPain 0 19 2.053 2.758 0.633 
 1 25 3024.88 5618.889 1123.778  1 25 5.36 3.239 0.648 

HF 0 19 4342.789 6807.124 1561.661 LivMob 0 19 2.053 1.129 0.259 
 1 25 3887.32 8602.495 1720.499  1 25 0.48 0.918 0.184 

SD1 0 19 75.684 65.652 15.061 LivMot 0 19 2 1.202 0.276 
 1 25 60.888 49.662 9.932  1 25 0.48 0.918 0.184 

SD2 0 19 101.7 61.777 14.173 LivPain 0 19 3.368 2.813 0.645 
 1 25 75.052 45.75 9.15  1 25 6.96 2.318 0.464 

DFAST 0 19 0.868 0.366 0.084 KiMot 0 19 1.526 1.389 0.319 
 1 25 0.912 0.334 0.067  1 25 0.44 0.917 0.183 

DFALT 0 19 0.281 0.132 0.03 KiMob 0 19 1.632 1.422 0.326 
 1 25 0.358 0.215 0.043  1 25 0.44 0.917 0.183 

ShEn 0 19 4.955 0.135 0.031 KiPain 0 19 4.053 3.24 0.743 
 1 25 5.075 0.16 0.032  1 25 7.32 2.155 0.431 

FD 0 19 1.559 0.069 0.016 HeMob 0 19 1.895 1.243 0.285 
 1 25 1.508 0.079 0.016  1 25 0.92 1.222 0.244 

CCMob 0 19 2.158 1.302 0.299 HeMot 0 19 1.895 1.243 0.285 
 1 25 1 1.354 0.271  1 25 0.92 1.222 0.244 

CCPain 0 19 0.947 1.957 0.449 HePain 0 19 3.316 2.849 0.654 
 1 25 3.48 3.38 0.676  1 25 5.8 3.028 0.606 

ThVMob 0 19 1.211 1.134 0.26 CostMob 0 19 1.368 1.422 0.326 
 1 25 0.32 0.69 0.138  1 25 0.2 0.645 0.129 

ThVPain 0 19 4.737 2.725 0.625 CostPain 0 19 4.895 3.414 0.783 
 1 25 6.6 1.979 0.396  1 25 8.12 1.986 0.397 

AbdVMob 0 19 0.789 1.134 0.26 VagMob 0 19 0.597 0.961 0.221 
 1 25 0.16 0.624 0.125  1 25 0.040 0.200 0.040 

AbdVPain 0 19 5.158 2.892 0.663 VagPain 0 19 6.105 2.355 0.540 

 1 25 7.64 2.447 0.489  1 25 8.120 1.333 0.267 

Abbreviations: NRS = numeric rating scale; PRM = primary respiratory mechanism; PNS = parasympathetic nervous system; SNS = sympathetic 
nervous system; SDNN = standard deviation of NN-intervals; RMSSD = root mean squared of successive differences of standard deviations; ULF 
= ultra-low frequency; VLF = very-low frequency; LF = low frequency, HF = high frequency; DFA = detrended fluctuation analysis; CranCer = 
cranio-cervical; Vag = vagus; Mob = mobility; Thor = thoracic; Abd = abdominal; Sp = spleen; Mot = motility; Duo = duodenum; Liv = liver; Ki 
= kidney; He = heart; Cost = costovertebral. 

Table 34 displays the results of the Wilcoxon-Mann-Whitney W test statistic and the associated 
P-value for non-chronic pain sufferers (n = 19) and chronic pain sufferers (n = 25) in the study. 
The two subjective measures of stress and pain were significantly different in chronic and non-
chronic pain subjects. Pain scores were higher by more than one point on the pain scale (6.92/10 
vs 5.26/10). Stress scores were twice as high in chronic pain sufferers (6.92/10 vs 3.63/10). The 
CRI (PRM) was also markedly higher in chronic pain (21.12 cpm vs 15.79 cpm). The quantitative 
metrics of HRV did not differ significantly between chronic and non-chronic pain, safe for the 
Shannon entropy (5.075 vs 4.955), indicating that physiological signals were more complex in 
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chronic pain conditions. In the osteopathic manual assessment of the vagus nerve, vagal mobility 
and pain during palpation differed significantly between chronic and non-chronic states: cranio-
cervical vagal mobility (1.00 vs 2.16) and pain (3.48 vs 0.947/10), thoracic vagal mobility (0.32 
vs 1.21) and pain (6.6 vs 4.74/10), abdominal vagal mobility (0.16 vs 0.79) and pain (7.64 vs 
5.16/10) all showed strong differences in mobility and pain scores. In the assessment of visceral 
mobility, motility, and pain during palpation, all involved organs showed significant differences 
between chronic and non-chronic pain sufferers with all visceral mobility and motility scores (on 
a 4-point Likert scale, where 0 is no mobility/motility and 3 is normal mobility/motility) being 
lower in the chronic condition. Conversely, all pain scores of visceral pain palpation were higher 
in the chronic group. Pain during splenic palpation in the chronic condition was on average 6.16/10 
compared to  3.77/10 in the non-chronic condition. Pain during stomach palpation was on average 
5.92 in chronic pain compared to 1.90 to non-chronic pain. Pain during duodenal palpation was 
5.36 compared to 2.05. Pain during hepatic visceral examination was 6.96 compared to 3.37. Pain 
during renal palpation was 7.32 vs 4.05. And pain during cardiac palpation according to Barral 
and Croibier was 5.8 compared to 3.32 in non-chronic pain sufferers. Taken together, this shows 
that chronic pain sufferers display distinct deficits in visceral and neural mobility and motility 
during osteopathic manipulative assessment concomitant with increased Shannon entropy of 
physiological signals. 

Graphs 17-24. Box plots of pain during osteopathic visceral assessment of stomach, liver, spleen, duodenum, heart, 
and palpation of the vagus nerve according to chronic pain status. 

  
Graph 17. The box plot displays the mean pain score during 
visceral manual assessment of the stomach: 1.90/10 for non-
chronic pain and 5.92/10 for chronic pain. 

Graph 18. The box plot displays the mean pain score during 
visceral manual assessment of the spleen: 3.74/10 for non-
chronic pain and 6.16/10 for chronic pain. 

  
Graph 19. The box plot displays the mean pain score during 
visceral manual assessment of the liver: 3.37/10 for non-chronic 
pain and 6.96/10 for chronic pain. 

Graph 20. The box plot displays the mean pain score during 
visceral manual assessment of both kidneys:  4.03/10 for non-
chronic pain and 7.32/10 for chronic pain. 
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Graph 21. The box plot displays the mean pain score during 
visceral manual assessment of the duodenum in non-chronic 
pain sufferers compared to subjects suffering of chronic pain: 
the average pain score is 2.05/10 for the former and 5.36/10 for 
the latter. 

Graph 22. The box plot displays the mean pain score during 
visceral manual assessment of the heart in non-chronic pain 
sufferers compared to subjects suffering of chronic pain: the 
average pain score is 3.12/10 for the former and 5.8/10 for 
the latter. 

  
Graph 23. The box plot displays the mean pain score during 
manual assessment of the vagus nerve in non-chronic pain 
sufferers compared to subjects suffering of chronic pain: the 
average pain score is 6.11/10 for the former and 8.12/10 for the 
latter. 

Graph 24. The box plot displays the mean pain score during 
the rib raise maneuver in non-chronic pain sufferers 
compared to subjects suffering of chronic pain: the average 
pain score is 4.53/10 for the former and 7.68/10 for the latter.  

 
7. Discussion 

7.1 Discussion of Main Results of this Study 
This pilot-study investigated the osteopathic manual correlates of the cholinergic and splanchnic 
anti-inflammatory pathways. To the best of our knowledge, no research on this topic has been 
undertaken thus far. Neural autonomic structures were assessed for mobility and pain, while 
viscera were tested for mobility, motility, and pain. Mobility and motility were scored on a four-
point Likert scale were 0 indicated no mobility and 3 normal mobility. Subjective pain scores on 
a numeric rating scale from 0 to 10 were provided by study participants during osteopathic 
palpatory manoeuvres. The main neural component of the cholinergic anti-inflammatory pathway, 
the vagus nerve, was tested according to the method of Chauffour, Prat, and Michaud [145], while 
the sympathetic trunks with the splanchnic nerves were tested via costotransverse mobility 
assessment described by Greenman [155] and the rib raising manoeuvre. Visceral mobility and 
motility were examined according to the approach by Barral and Mercier [139]. 

Pain during vagal manual assessment correlated positively with the pain rating of the 
participants’ main complaint (see table 23). Pain during vagal and splanchnic osteopathic 
examination was positively associated with stress ratings, while mobility exhibited the inverse 
relationship. Positive pain provocation of vagus and splanchnic nerves was also significantly 
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associated with an increased CRI during cranial palpation. Pain during vagus nerve mobility 
testing was negatively correlated to quantitative autonomic measures, LF, SD2 in the Poincaré plot 
analysis, and fractal dimension of the RR-interval time series (see table 24). Both LF and SD2 are 
inversely related to the pro-inflammatory cytokine IL-6 (see table 2). Likewise, pain during the rib 
raising manoeuvre for the sympathetic chains was negatively associated with SDNN, RMSSD, 
HF, SD1, SD2, DFA α2, and the PNS index, but positively to the sympathetic outflow quantified 
by the SNS index. SDNN, HF, and SD2, were shown to possess an inverse relationship with 
inflammation mediated by IL-6. This renders the rib raising test a strong manipulative indicator 
for autonomic dysfunction and indirectly for inflammatory processes, for it is significantly 
associated with seven quantitative metrics. Impaired rib raising mobility is associated with 
decreased parasympathetic tone and physiological signal complexity (self-similarity). 

The association between visceral mobility, motility, and pain, and the numeric measures of 
autonomic function differed between organs (tables 27-29). Splenic, hepatic, and renal manual 
mobility and motility scores showed no significant association with any quantitative metrics, while 
stomach mobility and motility were only positively correlated to the fractal dimension of HRV 
data. In contrast, duodenal mobility and motility showed significant relationships with the PNS 
index, SDNN, LF, HF, SD1, and FD, and negative ones with the SNS index, DFA α2, and the 
Shannon entropy. SDNN, LF, and HF, are negatively correlated with IL-6. This is plausible, since 
the duodenum is involved in digestive processes and peristalsis which are driven by vago-vagal 
reflexes, involving the nucleus ambiguus and lower vagal motor neurons. Moreover, the duodenum 
receives the second densest vagal preganglionic innervation after the stomach (100% and 96%, 
respectively) [150]. Pain during duodenal palpation, involving vagal sensory afferents, exhibited a 
negative correlation with seven HRV metrics (PNS index, SDNN, RMSSD, LF, HF, SD1, SD2, 
and FD) and a positive one with the SNS index and Shannon entropy. Thus, duodenal pain 
palpation is an equally strong indicator of autonomic (dys)function as the rib-raising manoeuvre 
for pain provocation. However, it is not clear why the stomach with the densest vagal innervation 
topographic proximity to the coeliac and the superior mesenteric ganglion did not exhibit any 
significant relationships with measures of autonomic function. Mobility of the heart was positively 
associated with SDNN, HF (indicator of vagal tone), and SD2, the long-term changes in HRV, and 
negatively with the SNS index and the Shannon entropy (see table 29). Conversely, pain during 
cardiac osteopathic palpation was positively associated with sympathetic activity (SNS index) and 
Shannon entropy. 

 The costovertebral joints T5-T6, showed positive association with quantitative indicators of 
vagal tone, PNS index, HF, and RMSSD. This turns costovertebral of T5-T6 mobility into a 
potential osteopathic indicator for vagal tone. 

In the analysis of differences between chronic pain and non-chronic conditions, mobility and 
pain provocation for neural structures showed significant differences, i.e. less mobility and 
increased pain the chronic pain group. Visceral mobility and motility were all reduced in 
participants with chronic pain, and pain during visceral palpation was increased in comparison to 
non-chronic pain sufferers (see table 34). Sympathetic activity was also significantly raised in the 
chronic pain group, possibly affecting the mobility and motility of the effector organs of the 
cholinergic anti-inflammatory pathway. However, other HRV metrics were not affected. These 
findings imply that chronic pain translates into a loss of visceral mobility and motility concurrent 
with a rise in visceral pain. 

In summary, the results in this study show that autonomic function and the neuro-immune 
pathways can be assessed via osteopathic manipulative techniques, and that mobility and motility 
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are associated with vagal tone and physiological signal complexity, while pain reflects increased 
sympathetic nervous activity and higher entropy (information content of physiological signals). 

7.2 Limitation of this Study 
This pilot study has several limitations. Firstly, the limited sample size of forty-four participants 
may not have allowed to capture all relationships between visceral parameters and quantitative 
autonomic metrics. Secondly, this observational study was only carried out on individuals with 
physical complaints, drawn from a convenience sample in an osteopathic clinic, and not in healthy 
individuals (with the exception of two subjects). Thirdly, only a single assessor was available for 
osteopathic manual testing, potentially creating measurement bias in the osteopathic manual 
testing. 

Other limitations were of technical nature. Due to time constraint, only one two-minute RR-
interval data segment was recorded with PPG for each participant. Although it is possible to 
execute FFT spectral analyses with this data length, five-minute recordings are preferable  [111]. 
Furthermore, the values for ULF were not obtained from 24-hour ECG recording, but by 
subtracting the VLF, LF, and LF power spectral density from the total power. Hence, ULF used in 
this study may not capture circadian oscillations adequately. Additionally, entropy measures may 
provide more reliable results from short-term HRV analysis than other nonlinear HRV metrics, 
such as FD and DFA [130]. 

Lastly, not all organs were tested: pancreas, urinary bladder, adrenal glands, uterus, prostate 
were omitted as the they were not covered in the CAP literature. Sacral nerves were also omitted 
from the testing protocol, but preliminary research on (electrical) sacral nerve stimulation 
implicates these nerves in an afferent sacral-efferent vagal nerve anti-inflammatory pathway [12]. 
This could be the subject of future osteopathic research. 
 
8. Conclusion 
 
To our knowledge, this is the first study to elucidate the osteopathic manipulative correlates of the 
cholinergic and splanchnic anti-inflammatory pathways. The rib raising manoeuvre for 
costovertebral pain provocation proved to be strongest osteopathic indicator for autonomic and 
neuro-immune function. This seems to support the notion that the inflammatory reflex is primarily 
centred on the sympathetic splanchnic nerves, as posited by Martelli et al [51][167]. The second 
strongest osteopathic indicator is visceral pain palpation of the duodenum. This supports the notion 
of both the splanchnic-based anti-inflammatory pathway and the vagus-centred cholinergic anti-
inflammatory pathway. Another interesting insight of this study is that chronic pain (as a proxy for 
chronic inflammation) is a visceral phenomenon involving the loss of organ mobility, motility, and 
the amplification of visceral pain during palpation. In the splanchnic anti-inflammatory pathway, 
the anti-inflammatory effect is distributed across splanchnic effector organs in the abdomen and is 
only abolished when, not one or two organs, but all abdominal organs are excised [52]. 

Due to the salience of the anti-inflammatory pathways, more research should be undertaken on 
the osteopathic application of these neuro-immune pathways. 
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11. Appendix 
 
Table 35. QQ-Plots of and histograms for the variables NRS Stress, NRS Pain, PRM, and PNS Index, SNS Index, 
and SDNN. 
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Table 36. QQ-Plots of and histograms for the variables RMSSD, ULF, VLF, LF, HF, and Shannon entropy. 
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Table 37. QQ-Plots of and histograms for the variables fractal dimension (box-count), spleen phrenico-splenic 
ligamentous mobility, spleen phrenico-splenic ligamentous mobility, spleen gastro-splenic mobility, spleen mobility, 
spleen motility, spleen pain. 
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Table 38. QQ-Plots of and histograms for the variables stomach mobility sub-costal, stomach mobility gastric fundus, 
stomach mobility, stomach motility, stomach pain, and duodenum 1 mobility. 
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Table 39. QQ-Plots of and histograms for the variables duodenum 2 mobility, duodenum 3 mobility, duodenum 4 
mobility, duodenum mobility, duodenum motility, duodenum pain. 
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Table 40. QQ-Plots of and histograms for the variables liver mobility in frontal plane, liver mobility in sagittal plane, 
liver mobility in transverse plane, liver mobility, liver motility, land liver pain. 
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Table 41. QQ-Plots of and histograms for the variables kidney mobility left, kidney mobility right, kidney motility 
left, kidney motility right, kidney pain left, kidney pain right. 
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Table 42. QQ-Plots of and histograms for the variables kidney motility (overall), kidney mobility (overall), kidney 
(overall), heart mobility superior, heart mobility inferior, and heart muscular skeleton mobility. 
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Table 43. QQ-Plots of and histograms for the variables heart muscular skeleton mobility (double pressure technique), 
heart mobility, heart motility, heart pain, costo-vertebral joint mobility T5 R, and costo-vertebral joint mobility T5 L. 
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Table 44. QQ-Plots of and histograms for the variables costo-vertebral joint mobility T5 R, T5L, T6R, T6L, T7R, T7L, 
T8R, and T8L respectively. 
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Table 45. QQ-Plots of and histograms for the variables costo-vertebral joint mobility T9R, T9L, T10R, T10L, costo-
vertebral joint mobility, and costo-vertebral joint pain. 
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Table 46. QQ-Plots of and histograms for the variables mobility rib raise left, mobility rib raise right, pain rib raise 
left, pain rib raise right, mobility rib raise (overall), mobility rib raise  (overall). 
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Table 47. QQ-Plots of and histograms for the variables mobility cranial vagus nerve L, mobility cranial vagus nerve 
R, pain cranial vagus nerve L, pain cranial vagus nerve R, mobility vagus nerve foramen jugulare L, and mobility 
vagus nerve foramen jugulare R. 
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Table 48. QQ-Plots of and histograms for the variables pain vagus nerve foramen jugulare R, pain vagus nerve 
foramen jugulare R, mobility cranial vagus nerve L, mobility cranial vagus nerve R, pain cranial vagus nerve L, and 
pain cranial vagus nerve R. 
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Table 49. QQ-Plots of and histograms for the variables mobility pharyngeal plexus L, mobility pharyngeal plexus R, 
pain pharyngeal plexus L, pain pharyngeal plexus R, mobility superior laryngeal nerve L, mobility superior laryngeal 
nerve R, pain superior laryngeal nerve L, and pain superior laryngeal nerve R. 
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Table 50. QQ-Plots of and histograms for the variables pain superior laryngeal nerve L, pain superior laryngeal nerve 
R, mobility cardiac plexus R, pain cardiac plexus R, mobility pulmonary plexus R, pain pulmonary plexus R. 
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Table 51. QQ-Plots of and histograms for the variables mobility gastric vagus nerve L, pain gastric vagus nerve L, 
mobility coeliac plexus R, pain coeliac plexus R, mobility superior mesenteric plexus R, and pain superior mesenteric 
plexus R. 
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Table 52. QQ-Plots of and histograms for the variables mobility inferior mesenteric plexus L, pain inferior mesenteric 
plexus L, vagus nerve mobility (overall), vagus nerve pain (overall), and cranio-cervical vagus nerve mobility, cranio-
cervical vagus nerve pain. 

  

  

  

  

  

  
 
 



 99 

Table 53. QQ-Plots of and histograms for the variables thoracic vagus nerve mobility, thoracic vagus nerve pain, 
abdominal vagus nerve mobility, and abdominal vagus nerve pain. 
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Exhibit 1. The following informed consent form was used for the study. It was translated into German. 
 
 

Informed Consent Form 
to Participate in Research Study Conducted by Michel Pham 

 

 

A. PURPOSE AND BACKGROUND 

Michel Pham studying at the National University of Medical Sciences (NUMSS) USA, Naples, Florida, USA, is 
conducting research on heart rate variability (HRV) and manual osteopathic assessment of mobility, motility, and 
pain. 

 

B. PROCEDURES 

If you agree to participate in this research study, the following will occur: Your will be assessed as usual using heart 
rate sensors using a photo-sensor and manual palpation. Your data will be anonymised and used for clinical research. 

C. RISKS 

There are no known risks to measuring the heart rate with a photo-sensor or manual palpation. However, if you suffer 
from electro-hypersensitivity, or have recently undergone surgery, please indicate so. 

 

D. CONFIDENTIALITY 

The data from this study will be kept as confidential as possible. No identifiable data will be used in any reports or 
publications resulting from the study. No identifiable data will be shared with third any parties. No other personal than 
the principle researcher, Michel Pham, will have access to the collected data. 

 

E. BENEFITS OF PARTICIPATION 

The anticipated benefit of your participation in this study is additional insights about your physiology and health. 

 

F. VOLUNTARY PARTICIPATION 

The decision whether or not to participate in this study is voluntary and will not affect your relationship with your 
care provider, Michel Pham. You can withdraw your consent at any time without prejudice. 

 

G. QUESTIONS 

If you have any questions about this study, please contact Michel Pham. 

 

Signature of participant, name of participant, date 

 

Adapted from: 

https://www.si.edu/osp/policies/Compliance/Human%20Subjects%20in%20Research/Consent%20sample.pdf 


