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1. Abstract

Autonomic regulation is often described through simplified constructs such as sympathetic versus
parasympathetic activity, vagal tone, autonomic balance, or changes in individual biomarkers.
Human physiology supports a more complex model. Autonomic control is distributed, state-
dependent, regionally differentiated, and effector-specific, integrating visceral afferent information
with central processing and organ-specific sympathetic and parasympathetic outputs. The vagus
nerve is an important component of this system, but its sensory and motor pathways are
anatomically and functionally heterogeneous; cardiac vagal influence therefore cannot be assumed
to represent whole-vagus or whole-body parasympathetic activity.

This review examines the physiological basis of autonomic and vagal regulation, the hierarchy of
evidence available for measuring these processes, and the limits of commonly used autonomic
biomarkers. Direct neural recording provides the closest available measurement of activity in a
specified peripheral pathway, while selective pharmacological blockade, controlled physiological
perturbation, regional neurotransmitter kinetics, and validated downstream effector measures
provide progressively more indirect but complementary evidence. No method is universally superior;
evidentiary strength depends on whether the measurement directly addresses the pathway, organ,
or mechanism being claimed.

Heart rate variability, including RMSSD and respiratory-linked HRV, can provide useful information
about cardiac parasympathetic modulation under appropriately characterized conditions, but it is not
a direct measure of vagal nerve activity or global autonomic health. Respiration, mean heart rate,
posture, age, recording duration, behavioral state, and analytical method constrain interpretation.
Other practical measures, including electrodermal activity, pre-ejection period, pupillometry,



catecholamines, blood pressure, skin blood flow, and heart rate, similarly reflect specific downstream
physiological processes rather than interchangeable measurements of a unitary autonomic state.
Multimodal measurement can strengthen inference through convergent and divergent patterns
across non-equivalent channels, but statistical integration does not by itself create a valid measure
of “autonomic balance,” “autonomic coherence,” or global regulation.

Controlled vagus nerve stimulation further illustrates the distinction between pathway recruitment
and endogenous physiology. Demonstrating electrically evoked vagal recruitment establishes that
particular neural elements can be engaged under specified stimulation conditions; it does not
establish a scalar vagal tone, whole-vagus activation, or the mechanism responsible for a clinical
effect. Likewise, commonly used concepts including sympathovagal balance, parasympathetic
dominance, unqualified vagal tone, and Polyvagal-derived ventral/dorsal state mappings exceed the
evidence when presented as established global physiological states.

Finally, physiological change and physiological improvement are not equivalent. Regulatory quality
must be evaluated dynamically across baseline state, challenge, response, within-exposure
behavior, recovery or reconfiguration, and repeated exposure. Both exaggerated and blunted
responses can be maladaptive depending on context, and neither higher HRV, lower sympathetic-
effector activity, smaller reactivity, faster recovery, habituation, nor greater cross-signal concordance
is intrinsically beneficial. A claim of improved autonomic regulation requires evidence that the
response is appropriate to the physiological demand, reproducible under comparable conditions,
tolerable, and associated with meaningful functional or clinical benefit.

For SeaKing Solace, these findings establish a deliberately bounded Phase 1 interpretation.
Synchronized physiological measurements collected during controlled natural-motion exposure may
identify reproducible multidimensional baseline-exposure-recovery and repeated-session response
phenotypes. Such findings would constitute physiological discovery rather than proof of a specific
vagal, sympathetic, or central mechanism and would not, by themselves, establish improved
autonomic regulation. Mechanistic attribution and therapeutic benefit require subsequent controlled
validation. This framework provides the evidentiary foundation for investigating motion-associated
autonomic physiology while preserving the distinction between measured response, inferred
mechanism, and demonstrated benefit.

2. Purpose and Scope

This scientific white paper examines autonomic and vagal regulation as the physiological framework
necessary for interpreting measurable responses to motion. Its purpose is not to establish that
motion or vestibular stimulation can influence autonomic physiology. That question is addressed
separately within the preceding SeaKing Solace scientific reviews. Instead, the present paper asks a
downstream question: when autonomic physiology changes, what has actually changed, how can it
be measured, and what evidence is required before that change can be assigned mechanistic or
functional meaning?

This distinction defines the paper's place within the broader SeaKing Solace scientific framework.
Scientific Review 01 addresses the physical-input problem: how natural motion produces structured,
multidimensional, head-centered vestibular stimulation. Scientific Review 02 addresses vestibular-
autonomic interaction: the evidence that vestibular input can influence autonomic physiology, the
dependence of those responses on stimulus characteristics and physiological state, and the
boundaries of what such observations can establish. Review 03 begins from that interface rather
than re-establishing it. Its subject is the autonomic system itself: its organization, the role and limits
of vagal influence, the dynamics of regulation, the validity of available measurements, and the
evidentiary distinction between physiological response, causal mechanism, and demonstrated
benefit.

The foundation carried forward from Review 02 is mechanistic rather than merely anatomical: direct
human microneurography demonstrates that vestibular perturbation can modify both muscle



sympathetic nerve activity (MSNA) and skin sympathetic nerve activity (SSNA). Those responses
are not uniform; they vary with the stimulus, the effector being measured, and physiological state.
Review 03 therefore begins from an established vestibulo-autonomic interaction and asks how
autonomic and vagal physiology should be understood and measured once that interaction is
granted.

A central concern is the tendency to describe autonomic physiology using global constructs that
exceed what was actually measured. Terms such as vagal tone, sympathetic tone, autonomic
balance, and parasympathetic dominance can imply unitary physiological quantities even though
autonomic control is distributed across anatomically and functionally differentiated pathways and
effectors. Likewise, heart rate variability, electrodermal activity, pupil dynamics, blood pressure, pre-
ejection period, catecholamines, respiration, and related measures each arise from particular
physiological processes and cannot be assumed to provide interchangeable estimates of a single
autonomic state. This paper therefore evaluates autonomic claims at the level supported by the
measurement and experimental method used to generate them. [1-6]

The review follows an explicit hierarchy of mechanistic proximity. Direct neural recording provides
the closest evidence of activity within a specified neural pathway. Selective pharmacological
blockade, ganglionic or controlled physiological perturbation, regional neurotransmitter kinetics, and
validated downstream organ or effector measurements provide complementary but progressively
more indirect evidence. This hierarchy does not imply that the most invasive study is universally the
best study. Rather, the strongest evidence for a particular autonomic claim is the most direct valid
measurement of the pathway or effector being claimed, ideally supported by convergent evidence
from non-equivalent methods. [7-9]

Regulation is also treated as a dynamic process rather than a preferred resting value. The relevant
sequence includes baseline state, challenge or exposure, response magnitude and pattern, within-
exposure dynamics, recovery or reconfiguration, and change across repeated exposures. Neither
greater nor smaller reactivity is presumed beneficial in isolation. Similarly, higher HRV, lower heart
rate, reduced sympathetic-effector activity, faster recovery, habituation, or greater agreement among
biomarkers does not independently establish improved autonomic regulation. Such an interpretation
requires evidence that the physiological response is appropriate to the demand and participant state,
reproducible under comparable conditions, tolerable, and ultimately related to meaningful function or
clinical outcome. [2, 10-14]

The scope of this paper is evidentiary rather than therapeutic. It does not establish that a particular
motion exposure treats autism, POTS, anxiety, or any other clinical condition. It does not assume
that a physiological response to motion is vagally mediated, nor that a response resembling one
produced by vagus nerve stimulation shares the same mechanism. It does not treat biomarker
movement as proof of therapeutic efficacy. Disease-specific efficacy, dose optimization, mechanism
validation, and clinical endpoints require separate empirical study.

For SeaKing Solace, the immediate relevance is methodological. Phase 1 is designed as a
discovery program in which synchronized physiological measurements are collected during
controlled natural-motion exposure. Within the boundaries developed in this paper, those
measurements may identify reproducible multidimensional response phenotypes across baseline,
exposure, recovery, and repeated sessions. They can reveal candidate relationships among motion
characteristics and physiological responses and can generate hypotheses for later controlled testing.
They cannot, without additional validation, establish a specific vagal, sympathetic, or central
mechanism or demonstrate that an observed physiological pattern represents improved autonomic
regulation.

The objective of this white paper is specific: to establish the physiological vocabulary, measurement
hierarchy, and evidentiary rules necessary to describe what Phase 1 observes without claiming more
than the data can support. The sections that follow move from autonomic architecture and vagal
physiology through dynamic regulation and measurement, then examine common interpretive



shortcuts and conclude with the evidence that would be required to progress from observed
physiological change to a defensible claim of improved regulation.

3. What Is Autonomic Regulation?

3.1 Beyond the Sympathetic-Parasympathetic Seesaw

Autonomic regulation is not the maintenance of a single preferred physiological state. It is the
context-dependent adjustment of physiological function as internal conditions, environmental
demands, behavior, and anticipated needs change. Effective regulation may therefore require
substantial changes in cardiovascular, respiratory, thermoregulatory, metabolic, or other
autonomically influenced functions rather than preservation of a resting value. [15-17]

Homeostasis provides one foundation for this model. Rather than implying literal constancy,
homeostatic regulation uses interacting feedback processes to preserve physiologically viable
conditions despite disturbance. Allostatic frameworks emphasize a complementary feature:
coordinated physiological and behavioral change, including anticipatory adjustment in predictive
formulations, in relation to expected demand. These concepts need not be treated as competing
explanations. Both support a view in which regulation depends on the relationship between
physiological response and physiological need, rather than movement toward one universally
preferred autonomic state. [15-17]

The familiar representation of sympathetic and parasympathetic activity as opposite ends of a single
balance is physiologically incomplete. At dually innervated cardiac targets, reciprocal control is
important, but it is not obligatory. Experimental evidence supports partially independent sympathetic
and parasympathetic dimensions capable of reciprocal change, coactivation, coinhibition, or change
in one branch without a corresponding change in the other. [2, 18-21]

For descriptive purposes, cardiac autonomic control can therefore be represented by six broad
modes: reciprocal sympathetic activation, in which sympathetic influence increases while
parasympathetic influence decreases; reciprocal parasympathetic activation, with the opposite
pattern; coactivation, in which both increase; coinhibition, in which both decrease; uncoupled
sympathetic change; and uncoupled parasympathetic change. These are physiological
configurations, not rankings of regulatory quality. The evidence does not establish coactivation as
inherently healthier than reciprocal control, nor coinhibition as inherently pathological. [2, 18, 19]

This distinction also limits what can be inferred from an end-organ response. Heart rate and heart
period reflect the net behavior of the cardiac effector, not direct measurements of the neural inputs
producing that behavior. Similar heart-rate changes can arise from different underlying combinations
of sympathetic and parasympathetic influence, and branch interactions can be nonlinear.
Tachycardia, bradycardia, or an unchanged heart rate therefore cannot by themselves identify which
autonomic configuration produced the observed response. [21-23]

Human evidence adds another caution. Group averages can produce an apparent reciprocal pattern
even when sympathetic and parasympathetic responses are not correlated in the same way within
individuals. Population-level association and within-person autonomic coordination are therefore not
interchangeable forms of evidence. [24]

The six-mode framework is intentionally cardiac and illustrative. It demonstrates why obligatory
reciprocity and a one-dimensional “balance” model are inadequate, but it should not be expanded
into a two-variable model of the entire autonomic nervous system. Autonomic output is regionally
and effector-specific, and cardiac branch dynamics cannot establish global sympathetic,
parasympathetic, or vagal activity elsewhere in the body. [1, 22, 23, 25] The anatomical basis for that
distributed organization is addressed in Section 4, while cardiac vagal and regional sympathetic
physiology are treated separately in Sections 6 and 8.



3.2 Regulation Is a Trajectory

A resting measurement captures only one interval in an ongoing regulatory process. A more
informative description asks what the physiological state was before a demand, what challenge or
exposure occurred, how the system responded, what happened while the demand continued, how
physiology reconfigured afterward, and what changed when comparable exposures were repeated.
The relevant sequence is therefore: baseline — challenge/exposure — reactivity — within-exposure
dynamics — recovery/reconfiguration — repeated exposure. [26—29]

Reactivity is the change in a specified physiological variable from a defined baseline during a
defined challenge. Its direction and magnitude depend on the variable being measured, the nature
and intensity of the challenge, posture, participant state, and the analytical window. Greater task
demand can itself produce greater autonomic response, demonstrating why response magnitude
cannot be interpreted independently of the demand that elicited it. [29]

Nor does the evidence support the assumption that smaller reactivity is universally preferable.
Prospective studies have associated exaggerated physiological stress responses with adverse
outcomes, but blunted responses have also predicted distinct adverse outcomes. A context-
appropriate response may therefore involve substantial activation, withdrawal, coactivation, or
relatively little change depending on the physiological system and demand. [10, 30-32]

Recovery is similarly a trajectory rather than simply “the value after the task.” Its interpretation
depends on when measurement begins, whether the challenge has actually ended, what the
participant is doing during recovery, and which physiological system is being observed. Different
effectors can recover over different timescales, and return toward the preceding baseline is not
necessarily equivalent to restoration of function when the organism or environment has entered a
new state. [11, 12, 26-28]

Repeated exposure adds another dimension. Responses may reproduce, diminish, increase, drift, or
reorganize across comparable exposures. Habituation describes reduced responding with repeated
sufficiently similar stimulation, but the observation of a smaller response does not itself establish
beneficial adaptation. Changes across sessions can also reflect altered baseline state, anticipation,
learning, fatigue, exposure differences, or measurement effects. Repeated-exposure trajectories
should therefore be described before they are assigned functional meaning. [13, 33-35]

Within this framework, autonomic flexibility is best used descriptively for the capacity to alter
physiological configuration as demands change and to reconfigure again when those demands
change. It is not synonymous with high resting HRV, greater reactivity, faster recovery, or frequent
switching among physiological states. No single practical biomarker has been established as a
general measure of this capacity. [26—28]

The same regulatory systems that are adaptive during an acute demand can become biologically
costly when activation is frequent or prolonged, adaptation fails, recovery is delayed, or an
inadequate response requires compensatory activity elsewhere. The concept of allostatic load was
developed to describe this cumulative burden across interacting physiological systems. [36]

Empirical allostatic-load indices have shown prospective relationships with later health and
functional outcomes, supporting the importance of cumulative multisystem physiology. However,
studies vary substantially in the biomarkers selected, thresholds applied, and algorithms used to
construct these indices. Allostatic load is therefore useful here as a framework for cumulative
physiological burden, not as evidence that autonomic regulation itself can be represented by a single
universal composite score. [37-39]

Taken together, autonomic regulation is best understood as distributed, context-dependent, dynamic
control rather than movement toward one preferred autonomic state. Characterizing it requires
identifying the demand, the physiological systems involved, their response trajectories, their
recovery or reconfiguration, and their behavior across repeated exposure. Whether a particular



trajectory represents improved regulation is a separate evidentiary question. That judgment requires
functional meaning and outcome evidence and is reserved for Section 17. [10, 11, 14, 40]

4. Functional Architecture of the Autonomic Nervous System

The autonomic nervous system is often introduced through its sympathetic and parasympathetic
efferent divisions. That organization is useful, but incomplete. Autonomic regulation begins with
information about the internal environment, integrates that information with central and local
physiological state, and produces differentiated output through peripheral pathways and organ-
specific effectors. A more complete functional architecture therefore includes visceral sensory input,
central integration, sympathetic and parasympathetic efferent pathways, peripheral ganglia and local
circuits, target-organ effectors, and enteric circuitry. [41-44]

This architecture is better understood as a set of interacting control loops than as a one-way
command system. Visceral signals continuously ascend toward the central nervous system, central
and peripheral circuits integrate those signals with other information, and autonomic outputs alter
organ function. Those changes in turn modify subsequent sensory input. Local reflexes and enteric
circuits can also regulate function without requiring every adjustment to originate from a higher
central command. [25, 43]

4.1 Visceral Sensory Input

Regulation requires information about the physiological state being regulated. Visceral afferent
pathways convey information from cardiovascular, respiratory, gastrointestinal, and other internal
systems toward the central nervous system. Vagal visceral afferents project prominently to the
nucleus tractus solitarius in the brainstem, while spinal visceral afferents enter through dorsal-root
pathways and project into the spinal dorsal horn. [43]

These afferent systems make the autonomic nervous system fundamentally sensory as well as
motor. Internal mechanical and chemical conditions can therefore participate in ongoing regulatory
loops rather than autonomic function consisting simply of motor commands sent outward from the
brain. The relative contribution of vagal and spinal afferent pathways varies by organ, stimulus, and
physiological function; the detailed organization of the vagus itself is addressed in Section 5. [25, 43]

4.2 Distributed Central Integration

Visceral information does not converge on a single autonomic command center. Autonomic control is
distributed across interconnected regions of the brainstem, hypothalamus, limbic system, and
cerebral cortex. The central autonomic network framework was developed to describe this
distributed organization and its reciprocal, parallel, and state-dependent interactions. [42, 45] Human
neuroimaging provides additional evidence for distributed central autonomic processing. Meta-
analytic findings identify overlapping but task- and division-dependent associations among cortical
and subcortical regions during autonomically relevant conditions rather than one monolithic cortical
autonomic network. [46]

The anatomical boundaries and functional membership of a “central autonomic network,” however,
are not fixed. Human functional imaging measures neural correlates rather than peripheral
autonomic nerve traffic, and many detailed circuit assignments derive from animal neuroanatomical
and physiological studies. The CAN is therefore useful as an organizing framework for distributed
central integration, not as a single anatomically closed structure whose activation can be inferred
from a peripheral biomarker. [42, 45, 46] Its detailed state-dependent organization is considered in
Section 11.

4.3 Peripheral Efferent Organization

The conventional sympathetic and parasympathetic divisions describe major peripheral efferent
pathways through which central and reflex control reaches target tissues. Both use preganglionic
neurons whose axons leave the central nervous system and communicate through peripheral



autonomic ganglia before postganglionic signaling reaches many target organs. Their anatomical
origins, ganglionic organization, neurotransmitters, and target distributions differ, and
parasympathetic pathways include important cranial as well as sacral outflow. [41, 44] Figure 1
summarizes this conventional peripheral efferent architecture; it should be read as an organizational
schematic rather than as a model of two unitary whole-body autonomic states.
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Figure 1. Conventional peripheral efferent organization of the autonomic nervous system. Simplified
schematic of major sympathetic and parasympathetic pathways, ganglionic organization, principal
neurotransmitters, and representative target effects. The diagram is organizational and should not
be interpreted as evidence that sympathetic or parasympathetic outflow behaves as a single whole-
body state. [41,44]

This classification should not be mistaken for two unitary whole-body output channels. Peripheral
autonomic pathways are organized according to target and function. Experimental evidence
supports organ- and tissue-specific reflex patterns, particularly within sympathetic outflow, rather
than obligatory parallel activation of every sympathetic effector. [1] The regional organization of
sympathetic physiology is examined in Section 8.

The same caution applies to parasympathetic physiology. The vagus is a major parasympathetic
pathway to thoracic and abdominal viscera, but “parasympathetic” and “vagal” are not
interchangeable descriptions of the entire division. Nor does activity directed toward one vagally
innervated organ establish activity at another. The anatomical and functional heterogeneity of the
vagus is therefore treated separately in Sections 5-7 rather than collapsed into the present macro-
architecture. [25, 41, 44]



4.4 Ganglia, Local Circuits, and the Enteric Nervous System

Peripheral autonomic ganglia are not merely anatomical relay points in a diagram from brain to
organ. They participate in the organization and transmission of autonomic output, while additional
local neural circuits can shape organ function closer to the target. This becomes particularly
apparent in the gastrointestinal tract, where extensive enteric circuitry supports local sensory
processing, interneuronal integration, and motor control while remaining functionally connected with
extrinsic sympathetic and parasympathetic pathways. [25, 41, 44]

For this reason, the enteric nervous system is commonly discussed alongside the sympathetic and
parasympathetic divisions, but the three-part taxonomy should not be interpreted as evidence that
the body occupies discrete global “sympathetic,” “parasympathetic,” or “enteric” states. The labels
describe useful anatomical and functional organization; they do not define mutually exclusive whole-
organism modes. [41, 44, 47]

Taken together, autonomic architecture can be represented schematically as:

visceral state — afferent sensing — distributed integration — differentiated efferent output —
ganglionic/local processing — organ-specific effectors — altered visceral state

The arrows should not be interpreted as a strictly linear hierarchy. Autonomic organization includes
recurrent feedback, local processing, reflex circuitry, and interactions between central state and
peripheral physiology. The literature does not support reducing that organization to exclusively “top-
down” or “bottom-up” control. [25, 43]

This architecture explains why the physiological specificity established in Section 3 is necessary. A
change measured at one effector occupies only one location within a larger distributed system. It
may provide valid information about that effector or a validated pathway contributing to it, but it
cannot automatically identify the state of the entire autonomic nervous system. Likewise, observing a
peripheral response does not by itself establish which central circuit generated it. [1, 25, 46]

The conventional autonomic vocabulary remains useful when applied at the appropriate anatomical
scale. Recent scholarship has challenged aspects of the historical “autonomic,” “sympathetic,” and
“parasympathetic” taxonomy and proposed alternative visceral-neural formulations. [47] Those
critiques reinforce the importance of anatomical and functional specificity, but they do not require
abandoning conventional terminology for this paper. Here, sympathetic, parasympathetic, vagal,
enteric, afferent, and efferent labels are retained where they identify defined pathways or functions
rather than presumed global physiological states.

The resulting model is therefore neither a two-branch seesaw nor a single central controller. It is a
distributed, recurrent sensor-integrator-effector system whose outputs are differentiated by pathway,
organ, and physiological demand. That architecture provides the necessary context for the next
question: what exactly is meant by the vagus nerve, and which parts of autonomic physiology can
legitimately be attributed to it?

5. The Vagus Nerve: Anatomy, Afferent-Efferent Organization, and

Functional Scope

The vagus nerve is frequently described as the principal parasympathetic nerve, but that shorthand
can obscure its actual anatomy. The vagus is a mixed cranial nerve containing sensory afferent
fibers, branchiomotor fibers, and visceral efferent fibers. Only the visceral efferent component is
appropriately described as parasympathetic. The physical nerve therefore carries information in both
directions and serves multiple functions rather than constituting a single parasympathetic output
channel. [48, 49]

This distinction is foundational for interpreting vagal physiology. A change associated with one vagal
pathway does not establish that all components of the nerve changed similarly. “Vagal activity” is



consequently incomplete as a mechanistic description unless the direction of signaling, relevant
pathway or target, and physiological domain are specified.

5.1 Vagal Afferents: Multiple Sensory Channels

Vagal sensory neuron cell bodies are located primarily in the superior, or jugular, and inferior, or
nodose, sensory ganglia. These populations have different embryological origins and, particularly in
experimental models, exhibit substantial molecular and functional specialization. [49-51]

Their peripheral endings sample a wide range of internal conditions. Cardiopulmonary and
gastrointestinal vagal afferents can respond to mechanical deformation, pressure, distension,
nutrients, chemical signals, and other organ-specific events. These fibers should therefore not be
conceptualized as one homogeneous stream carrying a generic measure of internal state. Different
sensory populations encode different physiological variables and project through partially
differentiated pathways. [50, 52, 53]

The nucleus tractus solitarius (NTS) is the major medullary recipient of visceral vagal afferent traffic,
but it is not the exclusive termination site. Selected vagal sensory populations also project to
paratrigeminal and spinal trigeminal regions and other medullary targets. [49, 54] The common
diagram of “vagus — NTS” is therefore useful as a first approximation, but it should not be mistaken
for a complete map of vagal sensory processing.

At the level needed for this paper, the afferent pathway can be summarized as:

organ-specific physiological event — specialized vagal sensory ending — jugular/nodose sensory
neuron — NTS and/or additional medullary sensory-processing pathways

This sensory architecture is important because an intervention capable of influencing vagal afferent
traffic would not necessarily be equivalent to one directly changing parasympathetic efferent output.
Afferent engagement and efferent parasympathetic action are anatomically different propositions.
Figure 2 places this afferent pathway alongside the distinct parasympathetic efferent pathway to
show why neither can be treated as a scalar measure of the whole vagus.

Bidirectional and Target-Specific Organization of the Vagus Nerve

Brainstem integration Heart
NTS and additional sensory targets Cardiac parasympathetic
Nucleus ambiguus + dorsal motor nucleus 3 nedilation
A
q - i ostganglionic 3
Peripheral sensory endings | gfferent Jugular / n.odose ascending / Rosgang, ‘1 Airways / lung
Cardicnul Gl 5 ganglia recurrent > m % Bronchomotor and
ardiopulmonary faiway, Vagal sansory, integration < secretory effects
lechanical « chemical « nutrient signal: ?

neuron cell bodies y

Peripheral /
preganglionic | intramural ganglia

Stomach / gut
Motility, secretion,
visceral reflexes

Cervical vagus

i\ Mg

Y

&

Near or within
target organs G

Mixed fascicles
Afferent + efferent fibers
Substantial fascicular mixing

Other visceral targets
Organ-specific
parasympathetic effects

Key interpretive boundary

'
‘

o\

Afferent engagement # parasympathetic efferent output
Cardiac vagal modulation # whole-vagus activity

@
@

One organ response # equivalent activity in other vagal domains

Organ-specific sensory and motor pathways share the physical vagus nerve but do not constitute one scalar physiological signal.



Figure 2. Bidirectional and target-specific organization of the vagus nerve. Vagal afferents arise from
organ-specific sensory endings with cell bodies in jugular and nodose ganglia and project principally
to the NTS and additional medullary sensory targets. Parasympathetic efferents arise from defined
brainstem motor populations, travel through vagal pathways, and relay in peripheral or intramural
ganglia before reaching target organs. The schematic emphasizes that afferent engagement, cardiac
parasympathetic modulation, and whole-vagus activity are not interchangeable constructs. [48-56]

5.2 Vagal Efferents: Parasympathetic Output Is Target Specific

Preganglionic vagal motor neurons arise principally from the nucleus ambiguus and the dorsal motor
nucleus of the vagus. Efferent vagal control is therefore heterogeneous even at its central origin
rather than being generated by one generic “vagal center.” [48, 55, 56] These neurons send
preganglionic axons through vagal pathways toward peripheral or intramural ganglia located near or
within target organs. Postganglionic neurons then provide the final neural connection to many
visceral effectors. Vagal parasympathetic control is consequently not a simple one-neuron projection
from brainstem to organ. [48, 49]

Different vagal motor populations contribute to different physiological functions. Cardiac vagal
neurons are represented in both nucleus ambiguus and dorsal motor nucleus populations, although
their relative contributions and subtype organization remain areas of active investigation. [55, 56]
Gastrointestinal and other visceral vagal outputs have their own patterns of preganglionic
organization and peripheral integration.

The appropriate anatomical hierarchy is therefore:

central integrative circuitry — defined vagal preganglionic population — vagal trunk/branch —
peripheral or intramural ganglion — target-organ effector

This hierarchy matters because a demonstrated change at one target does not establish equivalent
efferent activity at another. Cardiac vagal control is developed in Section 6, while representative
noncardiac vagal functions are examined in Section 7.

5.3 The Human Vagus Is Not a Uniform Cable

The physical organization of the human vagus further argues against treating it as a unitary signal.
Human cervical and abdominal vagus nerves contain multiple fascicles composed of mixtures of
myelinated and unmyelinated axons, with substantial variation across anatomical level and between
individuals. [57, 58] Nor do human cervical fascicles appear to behave as fixed parallel cables
running unchanged from one end of the neck to the other. Microstructural studies show repeated
splitting and merging over relatively short distances. Recent human microCT tracing supports partial
organ-related organization near some branch points while also demonstrating substantial mixing
elsewhere along the nerve. [59, 60]

This has two important consequences. First, a simple fixed fascicular map cannot presently be
assumed to apply throughout the human cervical vagus or across individuals. Second, stimulation or
recording at one cervical location cannot be presumed anatomically selective for one organ or
function merely because some degree of organ-related fascicular organization exists elsewhere.

The cervical vagus is also not necessarily a chemically pure parasympathetic bundle. Human
anatomical studies have identified tyrosine-hydroxylase-positive fibers within cervical vagal fascicles,
with evidence that at least some originate from sympathetic structures. [61] Although this does not
provide a complete functional map of sympathetic signaling within the vagus, it establishes an
important anatomical boundary: the physical cervical nerve trunk should not be equated with a pure
collection of parasympathetic fibers.

The statement that most vagal fibers are afferent is widely used as a teaching approximation and
captures an important feature of vagal organization: sensory traffic constitutes a major component of
the nerve. However, a fixed numerical ratio should not be treated as a universal human constant.
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Human vagal morphology varies by cervical, thoracic, and abdominal level, and available structural
methods do not assign every axon unambiguously by direction, target, and function. Fiber
composition can also change as branches leave or join the nerve. [48, 57, 58] For this reason,
statements such as “the vagus is 80% afferent and 20% efferent” are better understood as broad
teaching shorthand than as a precise anatomical property applicable to every human vagal segment.

The scientifically important conclusion does not depend on an exact percentage: the vagus carries
substantial sensory as well as motor traffic, and those components must be distinguished when
interpreting physiological measurements or stimulation effects.

5.4 From Anatomy to Evidentiary Language

The anatomy establishes several limits on what can legitimately be called “vagal engagement.” A
change in heart rate or heart-rate variability cannot establish total vagal activity. Stimulation of the
cervical vagus cannot be assumed to selectively recruit one direction of signaling, one fiber class,
one organ pathway, or one brainstem target without additional evidence. Likewise, activity in one
vagally mediated organ system cannot establish equivalent activity elsewhere. [48, 57, 59, 60]

Accordingly, mechanistic language should identify the anatomical level actually supported by the
evidence. Depending on the experiment, defensible descriptions might include vagal afferent
signaling, cardiac parasympathetic modulation, vagal preganglionic output to a specified organ, or
electrically evoked cervical vagal recruitment. The unqualified phrase “increased vagal activity”
collapses anatomically distinct processes and should be avoided when the measurement does not
distinguish among them.

This distinction becomes particularly important for biomarkers. A cardiac measurement may provide
information about cardiac parasympathetic modulation under validated conditions, but cardiovagal
physiology represents only one subset of vagal function. It cannot be promoted into a measure of the
entire vagus. [48, 49] The validity and limitations of cardiac autonomic biomarkers are examined
later in this paper.

The vagus should therefore be understood as a shared anatomical conduit containing multiple
directions of information flow, fiber classes, central origins and destinations, peripheral branches,
and organ-specific functions. Its anatomy does not support a single scalar quantity called “vagal
activity” that rises or falls uniformly throughout the organism. Instead, every vagal claim should
answer three questions:

Which direction? Which target? Which physiological function?

Those questions provide the anatomical boundary for the sections that follow. Section 6 examines
the specific domain of cardiac vagal control, while Section 7 demonstrates why physiology at other
vagally influenced organs cannot be inferred from the cardiac domain.

6. Cardiac Vagal Control and Parasympathetic Modulation

Cardiac vagal control is one of the best-characterized parasympathetic efferent domains, but it is
also one of the most common sources of overly broad vagal inference. The relevant physiology is
specific: defined vagal efferent pathways influence cardiac targets and thereby alter cardiac timing
and conduction. This is cardiac parasympathetic control, not a measurement of activity throughout
the vagus nerve. [55, 56]

At a useful mechanistic level, the pathway can be represented as:
central/reflex input — cardiac vagal preganglionic neurons — vagal cardiac pathways — peripheral

cardiac ganglia — postganglionic acetylcholine release — muscarinic action at cardiac targets —
altered nodal timing and conduction
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The strongest established effects occur at the sinoatrial and atrioventricular nodes. Parasympathetic
postganglionic signaling is cholinergic, with acetylcholine acting through muscarinic mechanisms to
slow sinoatrial pacemaker rate and atrioventricular conduction. [48] More detailed claims about
ventricular vagal effects or individual receptor and ion-channel mechanisms require narrower
evidence and are not necessary for the present framework.

6.1 Tonic Cardiac Parasympathetic Influence

The resting heart is not simply operating at an intrinsic pacemaker rate until autonomic input is
recruited by a challenge. Heart rate at any moment reflects intrinsic sinoatrial activity together with
ongoing autonomic influences. Human pharmacological blockade provides particularly important
evidence for this point. Removal of cardiac parasympathetic influence produces substantial changes
in resting heart rate, demonstrating meaningful tonic parasympathetic restraint of cardiac
chronotropy under resting conditions. [62]

This provides a legitimate, target-specific meaning for tonic cardiac parasympathetic influence. It
does not establish a corresponding amount of activity elsewhere in the vagus, nor does resting heart
rate alone quantify that influence. The observed heart rate remains the net result of intrinsic
pacemaker activity, sympathetic influence, parasympathetic influence, and their interactions. For that
reason, a lower resting heart rate cannot by itself be interpreted as greater cardiac vagal activity. The
same endpoint could result from reduced sympathetic drive, altered intrinsic pacemaker behavior,
mixed branch changes, or increased parasympathetic influence. [22, 23]

A defining feature of cardiac parasympathetic control is its rapid temporal action. Changes in vagal
influence can alter cardiac timing substantially faster than changes in cardiac sympathetic influence,
whose effector kinetics generally develop more slowly. [63] This difference matters because the two
branches can contribute to the same cardiac endpoint while operating on different timescales. Rapid
vagal modulation can shape individual cardiac intervals and beat-to-beat heart-period variability,
whereas slower sympathetic effects may be less visible in very short temporal fluctuations. [63]

The temporal distinction also creates a measurement problem. Averaging physiology over long
intervals can obscure brief cardiovagal changes, while very short measurements can become
vulnerable to respiratory timing, transient state, ectopy, movement, and other sources of variability.
Measurement windows therefore cannot be interpreted independently of the kinetics of the
physiological process being studied. Fast vagal action should not, however, be equated with better
regulation. A rapid parasympathetic response is first a physiological observation. Whether its
magnitude, timing, persistence, or recovery is appropriate depends on the challenge and functional
context established in Sections 3 and 17.

6.2 Respiratory Modulation of Cardiac Vagal Output

Cardiac vagal influence is not constant across the respiratory cycle. Respiration phasically
modulates cardiac parasympathetic outflow, contributing substantially to respiratory-linked oscillation
in heart period. This phenomenon underlies respiratory sinus arrhythmia and much of the
respiratory-frequency variability observable in cardiac timing. [64—66]

The presence of respiratory-linked cardiac variability therefore provides physiologically meaningful
information about cardiac parasympathetic modulation under appropriate conditions. But respiration
is not merely a nuisance variable superimposed on an otherwise pure vagal signal. Breathing rate,
depth, mechanical effects, and physiological state participate in generating the observed pattern.
[64—66]

This distinction becomes especially important in experimental work in which the exposure itself may
alter respiration. If breathing changes during motion, the resulting change in respiratory-linked heart-
period variability cannot be interpreted without measuring the respiratory change as well. Respiration
should therefore be treated as part of the physiology rather than simply corrected away statistically.
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Section 10 examines respiratory-autonomic coupling in detail, and Section 14 addresses the validity
and limitations of RSA, HF-HRV, RMSSD, and related measures. The purpose here is narrower: to
establish why rapid respiratory-linked variability can contain real information about cardiac
parasympathetic modulation without being equivalent to a direct recording of vagal nerve activity.

6.3 Cardiac Vagal and Sympathetic Influences Interact

As established in Section 3, cardiac sympathetic and parasympathetic influences are not required to
behave as opposite ends of a seesaw. The cardiac vagal literature adds an additional layer: their
effects can interact nonlinearly at the heart. [20, 21] One well-described example is accentuated
antagonism, in which the cardiac effect of vagal activity can depend on the concurrent level of
sympathetic drive rather than representing a fixed amount that can simply be subtracted from
sympathetic influence. [21] This is another reason why heart rate cannot be decomposed reliably
into a simple numerical quantity of 'sympathetic minus parasympathetic' activity.

Reflex context can also produce different relationships between the branches. Reciprocal responses
are physiologically important, but coactivation and uncoupled branch changes are also possible. [20,
21] Section 3 established those multiple modes conceptually; they need not be reclassified here. The
practical implication is that cardiac vagal influence must be interpreted in the context of concurrent
cardiac physiology. The same apparent parasympathetic change can have different cardiac
consequences depending on sympathetic state, intrinsic cardiac properties, respiration, and the
timing of observation.

This physiology creates a critical distinction between the underlying neural pathway and the
measurable cardiac result.

The causal sequence contains several steps:

vagal neural traffic — cardiac ganglionic transmission — acetylcholine release — muscarinic action
— sinoatrial/atrioventricular response — measurable cardiac timing

Heart rate, heart period, RSA, RMSSD, and HF-HRYV therefore sit downstream of the neural activity
that contributes to them. They may contain valid information about cardiac parasympathetic
modulation, but they are not interchangeable with the underlying neural signal.

Pharmacological blockade is valuable precisely because it helps establish how much a downstream
cardiac measure depends on parasympathetic contribution. Even with such validation, however, the
relationship is not one-to-one, because respiration, intrinsic cardiac behavior, branch interaction, and
measurement conditions also shape the observed signal. [62, 64—67] Accordingly, cardiac
parasympathetic modulation is generally more precise than the unqualified phrase vagal activity
when the evidence comes from cardiac timing. Higher RSA, RMSSD, or HF-HRYV does not
demonstrate globally increased activity throughout cranial nerve X, and slower heart rate does not
establish increased vagal firing.

The distinction is anatomical as well as methodological. Cardiac vagal physiology is one specific
subset of the heterogeneous system described in Section 5. Evidence of increased cardiac
parasympathetic influence therefore cannot establish increased vagal activity in gastrointestinal,
pulmonary, inflammatory, or other vagally influenced pathways. [48, 49] Cardiac vagal control is
consequently best understood as a rapid, target-specific parasympathetic efferent process that
modulates cardiac timing and conduction through cholinergic muscarinic mechanisms while
interacting dynamically with intrinsic cardiac and sympathetic influences.

That precision is important because cardiovagal physiology gives us a particularly measurable
autonomic domain without giving us a scalar measure of the entire vagus. The next section makes
that distinction concrete by examining vagal physiology outside the heart and asking whether
different vagal organ systems necessarily change together.
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7. Non-Cardiac Vagal Physiology

The cardiac domain provides unusually accessible evidence of parasympathetic modulation, but it
represents only one subset of vagal physiology. Outside the heart, vagal pathways participate in
sensory and efferent functions involving the airways, gastrointestinal tract, pancreas, metabolic
regulation, and neuroimmune signaling. These functions are organized through distinct organ-
specific circuits rather than one shared output that rises and falls uniformly throughout the body. [48,
49, 68] Figure 3 summarizes these organ-specific vagal domains.

One Vagus, Multiple Physiological Domains
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Figure 3. One vagus, multiple physiological domains. The vagus contains afferent and efferent
pathways serving distinct organ systems, including cardiac, pulmonary, gastrointestinal, and
pancreatic domains. Organ-specific pathways and effects should not be collapsed into a single
scalar measure of whole-vagus activity; neuroimmune signaling is shown as conditional and context-

dependent.

This distinction is empirically important. If the vagus behaved as one global physiological variable,
measures of vagal control at different organs should covary consistently. Human experiments
demonstrate that they need not. Similarly, a single stimulus associated with vagal activation can alter
one noncardiac output while leaving another unchanged. The relevant physiological unit is therefore
the specified pathway and target, not an assumed whole-vagus state.

7.1 Airway Vagal Physiology

The respiratory system illustrates both sides of vagal organization: specialized sensory afference
and organ-specific parasympathetic efferent control. Airway vagal afferents comprise heterogeneous
sensory populations responsive to mechanical and chemical events within the airways and lungs.
These pathways participate in respiratory regulation and protective reflexes such as cough. [69]
Their activity reflects airway-specific information and cannot be inferred from cardiac vagal output.
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On the efferent side, parasympathetic pathways are a major autonomic influence on human airway
smooth muscle and secretory function. [70] Bronchial cholinergic control is therefore a genuine
vagally mediated physiological domain, but it is mechanistically distinct from vagal chronotropic
control at the sinoatrial node.

Direct human evidence makes this distinction unusually clear. In healthy participants studied with
cholinergic blockade, both resting bronchial cholinergic control and cardiac vagal control varied
substantially between individuals, yet the two measures were not significantly correlated. [71] A
person with greater cardiac parasympathetic influence therefore did not necessarily have
proportionally greater bronchial vagal influence.

That experiment provides direct evidence against treating vagal control as one organism-wide
scalar. It also establishes a practical boundary for cardiac biomarkers: respiratory sinus arrhythmia
or other cardiovagal measures cannot be assumed to report vagal control of airway caliber or
secretion. [71, 72]

7.2 Gastrointestinal Vagal Control and Sensory Signaling

The gastrointestinal system provides another example of highly differentiated vagal function. Upper
gastrointestinal vagal circuits participate in gastric motility and accommodation through vagovagal
loops that combine visceral afferent information, brainstem integration, efferent output, enteric
circuitry, and local organ mechanisms. [73, 74] Gut vagal afferents also encode multiple categories
of meal-related information, including mechanical stretch, nutrient content, and metabolic state. [75]
These sensory channels reinforce the anatomical point established in Section 5: visceral vagal
afference is not one generic stream reporting a single degree of bodily calm or parasympathetic
activity.

Human cephalic-phase experiments provide functional evidence of vagal involvement in
gastrointestinal secretion. Sham feeding can increase gastric acid and bicarbonate secretion, and
atropine substantially inhibits those responses, supporting cholinergically mediated vagal control.
[76] Yet even within the gastrointestinal domain, “vagal activation” is not sufficient as a complete
mechanistic description. Gastric motility, accommodation, secretion, sensory signaling, and
downstream metabolic responses involve different pathways and local circuits. Evidence that one
gastric function changes therefore should not be assumed to establish a parallel change in every
gastrointestinal vagal output.

7.3 Pancreatic and Metabolic Responses

Pancreatic physiology provides an especially useful demonstration of why a single vagal stimulus
need not produce uniform downstream responses. Vagal regulation of pancreatic function operates
through dedicated vagovagal circuits interacting with local neural, endocrine, and metabolic
mechanisms. [77, 78] More broadly, autonomic metabolic regulation involves organ-specific afferent
and efferent circuits linking gut, brain, liver, pancreas, and other tissues rather than one common
parasympathetic command. [79]

Pancreatic polypeptide has often been used experimentally as an indirect marker of vagal-
cholinergic activation. Human sham-feeding studies support a genuine cholinergic contribution:
modified sham feeding increases pancreatic-polypeptide release, and atropine can abolish that
response. Yet adrenergic blockade can also modify part of the response, demonstrating that even
this commonly used organ-specific vagal-associated marker can reflect mixed autonomic physiology.
[80]

More importantly, the same cephalic-vagal stimulus does not necessarily move different endocrine
outputs together. In healthy humans, sham feeding increased pancreatic polypeptide but did not
significantly increase insulin or GIP in the same experiment. [77] Vagal influence on insulin secretion
under other physiological conditions remains possible; the narrower point for this review is that one
vagally associated stimulus did not generate one uniform pancreatic or endocrine response.
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Pancreatic polypeptide therefore cannot serve as a measure of whole-vagus activity any more than
HRV can. Each is an organ- and mechanism-constrained downstream signal.

7.4 Neuroimmune Signaling Requires Particular Caution

Vagal involvement in inflammatory regulation has generated substantial experimental and
therapeutic interest, but this domain also illustrates why functional effect and anatomical mechanism
must be separated carefully. Experimental vagus nerve stimulation can alter inflammatory
responses, and vagally associated pathways can participate in neuroimmune regulation. However,
those observations do not establish a single simple efferent pathway running directly from the brain
through the vagus to every immune target. [81-83]

The spleen is the clearest boundary case. Direct vagal innervation of splenic parenchyma should not
be presented as established. Contemporary anatomical evidence attributes labeled intrasplenic
fibers to sympathetic rather than direct vagal origin in the studied model, while leaving open indirect
multisynaptic, immune-cell, enteric, sympathetic-relay, and other routes through which vagal
stimulation may influence inflammatory physiology. [84, 85]

This distinction matters methodologically. Demonstrating that VNS suppresses an inflammatory
response establishes a functional effect of the intervention. It does not by itself identify whether the
relevant pathway was afferent, efferent, sympathetic-relay mediated, endocrine, immune-cell
mediated, enteric, or some combination of these. The endogenous inflammatory reflex and the
mechanism of electrically evoked VNS effects are related scientific questions, but they are not
automatically the same question.

For this reason, statements such as “greater vagal tone reduces inflammation” compress multiple
disputed anatomical and physiological propositions into one phrase. A defensible neuroimmune
claim should instead identify the stimulus, measured inflammatory endpoint, demonstrated neural
pathway, and degree to which that pathway was causally established.

Across these representative systems, the common result is not that vagal functions are unrelated.
They are integrated within broader autonomic and central regulatory networks. The important result
is that integration does not imply uniformity.

Cardiac and bronchial vagal control can dissociate within the same individuals. [71] A single
cephalic-vagal challenge can change pancreatic polypeptide without changing insulin or GIP. [77]
Airway afferents encode respiratory mechanical and chemical events, while gastrointestinal afferents
encode stretch, nutrients, and metabolic state through different sensory populations. [69, 75]
Neuroimmune effects can involve pathways whose anatomical organization differs still further.

There is consequently no single practical measurement that simultaneously quantifies vagal outflow
to the heart, airways, stomach, pancreas, intestinal circuits, and immune interfaces. Cardiac timing
measures such as RSA or HRV cannot validate noncardiac vagal engagement, just as pancreatic
polypeptide cannot validate cardiac or whole-vagus engagement.

This provides the physiological counterpart to the anatomical boundary established in Section 5. The
phrase vagal activity should be replaced, wherever the evidence permits, by a statement naming the
relevant direction and target: cardiac parasympathetic modulation, airway vagal afference, bronchial
cholinergic control, gastric vagovagal regulation, pancreatic vagal-associated response, or another
defined domain.

Noncardiac vagal physiology therefore confirms that the vagus is not a unitary whole-body regulatory
variable. Airway, gastrointestinal, pancreatic, metabolic, and neuroimmune functions are carried
through distinct sensory, motor, and reflex circuits whose outputs can dissociate. Cardiovagal
measures characterize the cardiac vagal domain; they cannot be promoted into evidence of global
vagal engagement or regulation.
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8. Sympathetic Regulation Is Regional, Not Unitary

The phrase sympathetic activation is often used as though the sympathetic nervous system were a
single output channel whose activity rises or falls throughout the body. Human physiology does not
support that model. Sympathetic efferent traffic is organized into differentiated pathways serving
specific tissues and organs, and those pathways can be recruited in different magnitudes or even
different directions during the same physiological state or challenge. [86—88]

Shared central drives and reflexes can produce parallel sympathetic activation across multiple
regions; the evidentiary requirement is that parallel recruitment must be demonstrated rather than
presumed. [89]

Accordingly, the scientifically meaningful question is generally not “Did sympathetic activity
increase?” but rather:

Which sympathetic outflow changed, toward which effector, under what physiological condition?

8.1 Muscle Sympathetic Nerve Activity

Microneurography permits direct recording of postganglionic sympathetic neural traffic from
accessible peripheral nerves in awake humans. One of its most established applications is muscle
sympathetic nerve activity (MSNA), recorded from sympathetic fibers directed primarily toward
skeletal-muscle vascular beds. [86, 90] MSNA is strongly linked to vascular resistance and arterial-
pressure regulation and exhibits prominent cardiac rhythmicity and baroreflex modulation. It is
therefore an unusually direct and valuable human measure of sympathetic vasoconstrictor traffic to
skeletal muscle. [86, 90]

Its directness does not make it global. An electrode recording MSNA from an accessible peripheral
nerve measures activity within that local neural population. It does not directly record sympathetic
traffic to the skin, heart, kidney, gastrointestinal organs, adrenal medulla, or other sympathetic
targets. [86, 90] Even MSNA itself is not completely homogeneous. Analysis of action potentials
within human muscle sympathetic bursts demonstrates neuronal subpopulations with different
recruitment thresholds and degrees of baroreflex control. [91] Regional specificity therefore persists
even within a commonly treated sympathetic domain.

8.2 Skin Sympathetic Nerve Activity

Skin sympathetic nerve activity (SSNA) is a different postganglionic signal. It contains neural activity
related to cutaneous vasomotor and sudomotor control and is influenced strongly by
thermoregulation, emotional arousal, and other nonbaroreflex inputs. [92] This functional
organization differs materially from MSNA. Cutaneous sympathetic pathways can contribute to
vasoconstriction during cold exposure, sweating during heat or arousal, and specialized active
vasodilator responses during heat stress. These are all sympathetic functions, but they are not
physiologically interchangeable.

Human exercise studies demonstrate the distinction directly. Central command and muscle-afferent
feedback can contribute differently to skin and muscle sympathetic responses during the same
exercise challenge. [93, 94] SSNA therefore cannot be used as a surrogate for MSNA, and MSNA
cannot be used as a surrogate for SSNA. A change in sweating or electrodermal activity likewise
does not establish a corresponding change in muscle vasoconstrictor or visceral sympathetic traffic.
[92, 95, 96]

This becomes particularly important for practical experiments because electrodermal activity is
relatively easy to measure. Its accessibility does not expand its physiological domain. Section 15
addresses electrodermal measurement specifically; here the relevant point is simply that sudomotor
sympathetic activity is one sympathetic effector pathway, not a meter of the entire sympathetic
nervous system.
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8.3 Visceral Sympathetic Outflows

Sympathetic regionalization extends beyond accessible peripheral nerves. The heart, kidneys, and
hepatosplanchnic organs receive functionally differentiated sympathetic inputs that cannot routinely
be measured through standard peripheral microneurography. Regional norepinephrine-spillover
methods provide one important window into these internal organs. By combining tracer kinetics with
regional sampling, spillover approaches can estimate sympathetic neurotransmitter release from
particular vascular beds and reveal preferential organ activation that may be obscured in peripheral
venous catecholamine concentrations. [87, 88]

These measurements have demonstrated that cardiac, renal, muscle, and other sympathetic
responses do not necessarily move together. Cardiac sympathetic activity and MSNA may show
some association at rest yet exhibit different relative changes during handgrip and mental stress.
[89] During mental arithmetic, cardiac norepinephrine spillover can increase substantially even when
antecubital venous norepinephrine changes little. [97] Conversely, after a large meal, renal
norepinephrine spillover and MSNA can increase while cardiac norepinephrine spillover remains
essentially unchanged. [98]

These examples are difficult to reconcile with a single scalar quantity called “sympathetic tone.” They
are readily explained by differentiated recruitment of organ-specific sympathetic pathways. Regional
spillover nevertheless remains downstream of neural firing. It reflects neurotransmitter release into
plasma together with reuptake, blood flow, clearance, and tracer assumptions. It is therefore
mechanistically closer to an organ-specific sympathetic process than peripheral venous
norepinephrine concentration, but it is not equivalent to a direct nerve recording. [88]

8.4 Human Dissociation Is Observable Across States

Regional differentiation is not merely a theoretical possibility inferred from anatomy. It appears in
human experimental physiology, aging, and disease. Across age groups, MSNA can increase while
SSNA decreases, with selective impairment of thermoregulatory skin sympathetic responses. [95] In
chronic renal failure, markedly elevated MSNA has been observed alongside SSNA and arousal-
related SSNA responses that did not differ comparably from controls. [96] These findings do not
mean that aging or renal disease produces a universal pattern that should be expected in healthy
individuals. Their importance is narrower: they demonstrate directly that sympathetic outflows within
the same person or population can dissociate substantially. Figure 4 summarizes this differentiated-
output architecture.
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Sympathetic Regulation Is a Set of Differentiated Output Channels
Not a Single “Sympathetic Tone” Gauge
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Figure 4. Sympathetic regulation is a set of differentiated output channels. Sympathetic neural traffic
is organized into target-specific outflows serving skeletal muscle, skin, heart, kidney, and
hepatosplanchnic organs. These channels may covary under some conditions but can also
dissociate; activity in one regional effector should therefore not be treated as a single body-wide
measure of sympathetic tone.

The same principle appears during acute challenges. Mental stress may preferentially recruit cardiac
sympathetic activity. [97] Feeding may recruit renal and muscle sympathetic pathways without
comparable cardiac activation. [98] Exercise can engage skin and muscle sympathetic pathways
through different combinations of central command and peripheral reflex input. [93] Thus, both
chronic physiological state and acute context can alter the pattern of sympathetic recruitment rather
than merely changing the amplitude of one global sympathetic signal.

8.5 What a Sympathetic Measurement Can and Cannot Establish
The measurement hierarchy introduced later in Section 13 becomes especially important for
sympathetic physiology because measures differ substantially in mechanistic proximity.

Direct MSNA provides strong evidence about postganglionic sympathetic neural traffic to skeletal-
muscle vasculature. Direct SSNA provides information about cutaneous sympathetic neural traffic,
although its mixed vasomotor and sudomotor composition can make quantitative interpretation more
context dependent. Regional norepinephrine spillover provides organ-specific information about
sympathetic neurotransmission where direct neural recording is usually unavailable. Peripheral
plasma catecholamines, heart rate, arterial pressure, skin conductance, and other practical signals
are progressively more integrated downstream observations.

None of those measurements becomes more global simply because it is convenient. A rise in MSNA
does not establish increased SSNA, cardiac sympathetic activity, renal sympathetic activity, or
adrenal catecholamine secretion. [86, 95, 96] A rise in SSNA or electrodermal activity does not
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establish increased muscle or visceral sympathetic traffic. [92, 95, 96] Peripheral venous
norepinephrine concentration cannot identify reliably which organ-specific sympathetic outflow
changed and may miss selective regional activation. [88, 97]

Heart rate and arterial pressure are even more integrated endpoints. Both can change through
combinations of sympathetic, parasympathetic, vascular, mechanical, endocrine, metabolic, and
intrinsic cardiac mechanisms. Their direction alone cannot specify which sympathetic efferent
pathway changed. The correct terminology should therefore follow the measurement. Where the
evidence supports it, terms such as muscle sympathetic nerve activity, cutaneous sympathetic
activity, sudomotor sympathetic response, cardiac sympathetic activation, or renal sympathetic
activation are preferable to the unqualified phrase sympathetic tone.

Regional sympathetic physiology also prevents a second common error: assuming that less
sympathetic activity necessarily means better regulation. Sympathetic activation performs essential
physiological functions. Vasoconstrictor traffic contributes to maintenance of arterial pressure;
cardiac sympathetic activation can support increased circulatory demand; renal sympathetic
pathways participate in renal and volume regulation; cutaneous pathways support thermoregulation;
and sudomotor activity supports heat dissipation.

The existence of differentiated sympathetic patterns therefore does not establish one preferred
pattern for all contexts. An increase in a particular outflow can be appropriate or maladaptive
depending on the demand, magnitude, duration, recovery, and functional consequence. Conversely,
an absent or blunted response can itself be inappropriate when the physiological situation requires
activation. Section 17 owns the evidentiary question of when a physiological trajectory can be called
improved regulation. For the present section, the conclusion is deliberately narrower.

Human sympathetic physiology is organized as differentiated neural outflows to specific effectors
and organs, not as a single body-wide sympathetic state. MSNA, SSNA, cardiac sympathetic activity,
renal sympathetic activity, and other visceral outflows can covary under some conditions and
dissociate markedly under others. Even within an individual sympathetic outflow, neuronal
recruitment can be heterogeneous. [89, 91, 95, 96]

Sympathetic interpretation should therefore begin by naming the effector or organ actually
measured. A change in one sympathetic domain cannot automatically be generalized to the
sympathetic nervous system as a whole.

9. Baroreflex Physiology and Cardiovascular Regulation

The arterial baroreflex is a rapid negative-feedback system that helps stabilize arterial pressure
during ongoing physiological change. Stretch-sensitive receptors in the carotid sinus and aortic arch
respond to pressure-related deformation of the arterial wall and transmit afferent information through
glossopharyngeal and vagal pathways to brainstem integrative circuits. [45, 49, 99] Figure 5
summarizes the baroreflex as a closed-loop, multi-effector feedback system with nonlinear, state-
dependent operating characteristics.
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Figure 5. The baroreflex is a feedback system, not one number. Arterial pressure is sensed at carotid
and aortic baroreceptors and integrated centrally before influencing distinct cardiovagal and
sympathetic efferent arms. Baroreflex behavior is nonlinear and depends on operating point and
physiological state; resetting can shift the pressure-response relationship without reducing the
system to a single scalar measure.

Arise in arterial pressure generally increases baroreceptor afferent signaling and favors greater
cardiovagal influence together with reduced sympathetic vasoconstrictor outflow. A fall in pressure
produces the opposite compensatory tendency. The resulting changes in cardiac timing, cardiac
sympathetic influence, vascular resistance, and arterial pressure alter the stimulus presented to the
baroreceptors, completing the feedback loop.

At a functional level, the system can be represented as:

arterial pressure — carotid/aortic wall deformation — baroreceptor afference — brainstem
integration — cardiac-vagal and sympathetic efferent responses — cardiac/vascular effects —
arterial pressure

No single measurement within that sequence represents the entire reflex.

9.1 One Reflex, Multiple Efferent Arms

The baroreflex is sometimes discussed primarily as a heart-rate reflex, but pressure regulation
requires more than cardiovagal control. The cardiovagal arm alters sinoatrial and atrioventricular
timing through the cardiac parasympathetic pathways described in Section 6. Changes in this arm
can be observed as changes in R-R interval or heart rate. A sympathetic cardiac arm can alter
cardiac sympathetic drive and thereby influence chronotropy, conduction, and contractile
performance. A sympathetic vasomotor arm alters regional vascular resistance, including through
baroreflex control of muscle sympathetic nerve activity. [86, 90]
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These branches need not possess identical sensitivity. Human studies demonstrate that cardiovagal
baroreflex sensitivity and MSNA-based sympathetic baroreflex sensitivity can dissociate
substantially. In a large healthy young cohort, cardiac BRS did not predict sympathetic MSNA BRS.
[100] Spontaneous cardiac and sympathetic BRS likewise show only modest correspondence
overall, with some relationships differing by sex. [101]

Thus, the phrase baroreflex sensitivity is incomplete unless the reflex output being measured is
identified. Cardiovagal BRS and sympathetic BRS are related physiological quantities, but they are
not interchangeable measures of one underlying number.

9.2 Baroreflex Sensitivity Is a Gain, Not the Reflex Itself

Baroreflex sensitivity, or BRS, describes the responsiveness of a specified reflex output to a
specified pressure input under defined conditions. In general terms, it is a gain: how much the
selected output changes for a given change in arterial-pressure stimulus. The conventional
phenylephrine or Oxford cardiovagal approach relates changes in systolic pressure to changes in R-
R interval. It therefore measures a cardiac branch of the baroreflex rather than all baroreflex
function. [102] Sympathetic BRS can instead relate changes in diastolic pressure to MSNA burst
probability or activity, quantifying a muscle-vasoconstrictor sympathetic component. [100, 101]

A BRS value is therefore physiologically interpretable only when several things are known:

pressure input — selected output — participant state — perturbation or analytic method — operating
region

Two values both called “BRS” may represent different parts of the feedback system.

This is not merely a semantic concern. Different baroreflex-testing techniques applied to the same
individuals show only modest intercorrelation, demonstrating that method-specific physiology can be
concealed by referring to all results as “the BRS.” [103]

9.3 The Baroreflex Is Nonlinear

The full relationship between arterial-pressure stimulus and reflex output is not adequately described
by one linear slope across all pressures. Baroreflex stimulus-response curves are generally
conceptualized as nonlinear, with regions of low response at the extremes and a steeper region of
higher gain between them. This creates several distinct concepts: threshold, below which further
pressure change may produce little additional response; saturation, beyond which additional
pressure change likewise produces little additional response; maximal gain, representing the
steepest portion of the stimulus-response relationship; and the operating point, the location on that
curve around which the system is functioning under the current physiological state.

The distinction matters because a locally measured slope depends partly on where the person is
operating on the curve. A different local slope does not necessarily mean that the reflex's maximum
possible responsiveness has changed. [104] This is one reason a single BRS number should not be
treated as an intrinsic permanent property of an individual.

9.4 State Dependence and Baroreflex Resetting

The baroreflex does not operate around one immutable pressure set point. Its operating point
changes with posture, exercise, central command, muscle-afferent input, cardiopulmonary loading,
and other physiological states. [105, 106] Exercise provides a particularly clear demonstration. As
arterial pressure rises to support increased metabolic demand, the baroreflex does not simply switch
off. Instead, the stimulus-response relationship can reset upward and rightward, allowing the system
to regulate pressure around a higher operating range while retaining substantial reflex sensitivity.
[105, 106]

This distinction prevents an important interpretive error. A higher arterial pressure during a challenge
does not necessarily indicate loss of baroreflex control, just as a lower local BRS value in a new
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state does not necessarily indicate global reflex impairment. The operating point may simply have
moved to a different portion of a reset response curve. [104] Cardiovagal response latency is state
dependent as well. Human carotid-stimulation experiments show that vagally mediated response
delay changes with posture and autonomic state. [107] In synchronized physiological recordings,
temporal relationships should therefore be estimated rather than assumed to remain fixed across
baseline and challenge.

Resetting is a physiological property, not automatically evidence of adaptation or benefit. Whether a
state-dependent change represents appropriate regulation is a separate question reserved for
Sections 12 and 17.

9.5 Perturbation-Based Baroreflex Measurement

Different experimental methods interrogate different portions of the baroreflex. The classic
phenylephrine/Oxford method pharmacologically raises arterial pressure and relates the pressure
change to reflex R-R interval prolongation. It has historically provided a strong perturbational
measure of cardiovagal BRS. [102] The modified Oxford method uses sequential vasodilator and
vasoconstrictor perturbations to create a wider pressure range. This allows broader characterization
of cardiac and sympathetic pressure-response relationships than a narrow spontaneous fluctuation
may provide. [100, 104]

Neck pressure and suction manipulate carotid sinus transmural pressure more selectively and can
map carotid-cardiac and carotid-vasomotor stimulus-response curves, including threshold,
saturation, operating point, and maximal gain. [103, 105, 108] These methods, however, primarily
manipulate carotid baroreceptor loading and do not reproduce aortic stimulation in the same way as
systemic blood-pressure perturbation.

The Valsalva maneuver creates endogenous phase-dependent pressure changes and is clinically
useful, but it simultaneously alters respiration, intrathoracic pressure, venous return, and multiple
autonomic inputs. BRS estimates derived from it are consequently not physiologically identical to
those produced by pharmacological or neck-chamber methods. [103] These methods are not
competing attempts to measure one perfectly method-independent number. They probe overlapping
but non-identical parts of a dynamic feedback system.

9.6 Spontaneous Baroreflex Sensitivity

Natural beat-to-beat fluctuations in arterial pressure and cardiac timing also permit estimation of
baroreflex-related coupling without deliberately perturbing the participant. Sequence methods
identify spontaneous runs in which systolic pressure rises or falls and is followed by concordant
changes in R-R interval. The pressure-R-R slope across those sequences provides an estimate of
local cardiovagal coupling. Transfer-function, spectral, and alpha-index approaches quantify
frequency-domain relationships between spontaneous arterial-pressure and heart-period
oscillations.

Comparative studies show that several common spontaneous methods can correlate under ordinary
conditions, although their estimates depend on algorithmic choices and may become unreliable in
recordings with very low apparent BRS. [109] The physiological interpretation should remain narrow.
Spontaneous cardiovagal BRS primarily samples local gain near the person's current operating
point. During upright tilt, for example, spontaneous estimates can reflect a lower local slope even
while the maximal gain of the reset full baroreflex curve remains substantially higher. [104]

Spontaneous methods are therefore valuable for repeated and naturalistic measurement, but they
do not reconstruct the complete baroreflex stimulus-response curve and do not directly record
baroreceptor afferent firing or all efferent branches. [104, 110] Natural pressure-heart-period
coupling can also contain contributions from respiration and common central drives. Temporal
sequence and coherence strengthen the interpretation that the signals are coupled, but they do not
transform the measurement into a direct recording of one-way baroreceptor causality. [109, 110]

23



9.7 BRS, HRV, and Blood-Pressure Variability Are Not Equivalent

The baroreflex influences cardiac timing, and cardiac parasympathetic activity contributes to both
HRV and cardiovagal BRS. The measures are therefore related, but they are not the same
physiological quantity. A change in HRV does not prove that baroreflex sensitivity changed. Resting
cardiac vagal influence also contains baroreflex-independent components. [111] Similarly, BRS
contributes to short-term blood-pressure buffering, but it does not uniquely determine spontaneous
blood-pressure or heart-rate variability because numerous other physiological processes contribute
to those signals. [112]

This distinction will become important when HRV is treated directly in Section 14. Section 9 requires
only the conceptual boundary: HRV describes variation in cardiac timing, whereas cardiovagal BRS
describes the relationship between a pressure input and a cardiac timing response under specified
conditions.

The arterial baroreflex is best understood as a rapid, multi-effector, state-dependent cardiovascular
feedback system, not a single cardiovagal reflex or scalar autonomic variable. Cardiac and
sympathetic baroreflex gains can dissociate, and the full stimulus-response relationship is nonlinear
and capable of resetting around different operating pressures. This places several boundaries on
interpretation.

A cardiovagal BRS value cannot establish sympathetic baroreflex function. An MSNA-based
sympathetic BRS value cannot establish baroreflex control of every sympathetic organ. A
spontaneous pressure-R-R slope cannot be treated as a direct measure of baroreceptor afference or
the complete reflex. And neither higher nor lower BRS is intrinsically evidence of better or worse
autonomic regulation without consideration of physiological state, operating point, method, repeated
measurement, and functional meaning.

For a naturalistic study such as SeaKing Phase 1, synchronized beat-to-beat arterial pressure and
ECG could support (see Phase 1 Protocol, Section X) analyses of pressure-heart-period coupling
and its trajectory across baseline, exposure, and recovery. The defensible claim would remain
method-specific: an observed change could indicate altered local cardiovagal baroreflex coupling
under the measured condition. It could not by itself establish global baroreflex improvement, a
specific vestibulo-baroreflex mechanism, or improved autonomic regulation.

That is the level at which BRS becomes useful: not as another global autonomic score, but as a
defined property of a specific pressure-response relationship.

10. Respiration as an Autonomic Modulator and Measurement

Confound

Respiration is often treated in autonomic research as a variable that must be controlled so that the
“real” autonomic signal can be observed. That framing is incomplete. Breathing is itself an active
component of cardiovascular and autonomic physiology. Across each respiratory cycle, neural
respiratory activity, pulmonary afferent feedback, intrathoracic-pressure changes, cardiac filling,
arterial pressure, baroreflex input, cardiac parasympathetic modulation, and sympathetic neural
traffic interact dynamically. [113, 114] Figure 6 summarizes respiration as both an input to and an
output of integrated autonomic and cardiovascular regulation.
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Respiration Is Both Input and Output

Respiratory Influences on, and Responses from, Autonomic and Cardiovascular Regulation
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Figure 6. Respiration is both input and output. Respiratory sensory inputs and central respiratory
pattern generation interact with cardiovagal timing, regional sympathetic outflow, cardiovascular
mechanics, baroreflex function, and pulmonary feedback. Because breathing both shapes and
responds to these processes, respiratory state must be retained when interpreting synchronized
autonomic and cardiovascular measurements.

Respiration should therefore be understood as both input and output within the regulatory system.
Autonomic and behavioral state can change breathing, while the resulting respiratory pattern can in
turn alter downstream cardiovascular and autonomic measurements. This distinction is especially
important in an experimental exposure capable of changing comfort, arousal, posture, speech,
nausea, effort, or breathing itself. A physiological change observed during that exposure may be
partly mediated through respiration rather than occurring independently of it.

10.1 Respiratory Heart Rate Variability

Heart rate normally varies across the respiratory cycle. This phenomenon has historically been
termed respiratory sinus arrhythmia (RSA). Following recent international expert recommendations,
this paper uses the more descriptive term respiratory heart rate variability (RespHRV), retaining RSA
when discussing historical literature or established metric names. [115] RespHRY reflects
respiratory-linked variation in sinoatrial timing. In intact humans, cardiac parasympathetic modulation
contributes strongly to this oscillation, which is why respiratory-frequency HRV can provide useful
information about cardiovagal physiology. [64, 65, 116]

The oscillation, however, is not determined by cardiac parasympathetic influence alone. lts
amplitude depends materially on the respiratory stimulus itself. Breathing frequency and tidal volume
alter the magnitude of RespHRYV, and the respiration-to-heart-rate relationship changes in both
magnitude and phase as breathing frequency changes. [116, 117]
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Accordingly:

larger RespHRYV # proportionally greater vagal neural firing

RespHRYV is better understood as the cardiac result of respiratory modulation acting through
interacting neural, reflex, afferent, and mechanical pathways.

Several mechanisms contribute to respiratory-linked cardiovascular oscillation, and their relative
importance can change with breathing pattern and physiological state. Central respiratory-autonomic
coupling provides one route. Respiratory rhythm-generating networks interact with neural circuits
influencing cardiac vagal and sympathetic output, allowing respiratory timing to shape autonomic
discharge.

Pulmonary and cardiopulmonary afferent feedback provides another. Lung inflation and associated
mechanical events generate sensory information that can modify respiratory-linked autonomic
responses. Human lung-denervation evidence supports a meaningful contribution from pulmonary
vagal afference: after lung transplantation, the normal relationships among tidal volume, respiratory
effort, breathing frequency, and RespHRYV are substantially altered. [118]

Mechanical and hemodynamic coupling adds another pathway. Inspiration changes intrathoracic
pressure, venous return, cardiac filling, stroke volume, and arterial pressure. These mechanical
changes can influence subsequent cardiac timing through cardiovascular reflexes, including the
baroreflex. The contribution of neural autonomic pathways is nevertheless substantial. Human total
cardiac autonomic blockade causes respiration-to-heart-rate and pressure-to-heart-rate impulse
responses to nearly disappear, demonstrating major autonomic mediation of these relationships.
[119]

Yet autonomic mediation is not exclusive. Respiratory-frequency heart-rate oscillations can persist at
reduced magnitude in denervated transplanted hearts. [120] The mere presence of a respiratory
cardiac oscillation therefore does not prove intact cardiac vagal innervation or identify a single neural
mechanism.

The appropriate model is not “RSA equals vagal activity.” It is:

respiratory pattern — central + afferent + mechanical interactions — cardiac-autonomic modulation
— measurable respiratory variation in cardiac timing

10.2 Respiration Also Modulates Sympathetic Outflow

Respiratory coupling is not confined to the parasympathetic cardiac domain. Direct human
microneurographic recordings demonstrate pronounced within-breath modulation of muscle
sympathetic nerve activity. MSNA is generally inhibited around inspiration and postinspiration and
becomes more prominent toward expiration, although the exact pattern depends on physiological
conditions. [121, 122] Respiratory phase can also modify reflex responsiveness. Carotid-
baroreceptor perturbation produces different sympathetic responses depending on the phase of
breathing in which the perturbation occurs. [121]

These findings prevent another overly simple inference. Greater cardiorespiratory coupling cannot
automatically be interpreted as “more parasympathetic.” Breathing can simultaneously organize
cardiac parasympathetic timing, sympathetic neural traffic, mechanical cardiovascular oscillations,
and baroreflex expression. As established in Section 8, the sympathetic effect must also retain its
effector identity. Respiratory modulation of MSNA demonstrates respiratory-sympathetic coupling in
the skeletal-muscle vascular domain; it does not establish identical respiratory modulation of every
sympathetic organ.

10.3 Rate Alone Is Not Enough
Breathing frequency is important, but it is not an adequate description of respiratory state.
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At minimum, several respiratory dimensions can influence autonomic interpretation: frequency
determines how rapidly the respiratory cycle repeats and influences where respiratory-linked cardiac
variability appears in the frequency spectrum; depth or tidal volume alters pulmonary stretch,
mechanical cardiovascular effects, and RespHRV amplitude; inspiratory-to-expiratory timing
changes respiratory-autonomic coupling even when nominal breathing frequency is held constant;
respiratory phase influences the instantaneous pattern of cardiac and sympathetic neural activity;
effort and mode differ between spontaneous, voluntarily paced, resisted, assisted, and passive
ventilation; and ventilation and carbon dioxide can change when depth and rate change, potentially
recruiting chemoreflex and vascular mechanisms. [116, 117, 123]

Human experiments demonstrate that changing inspiratory and expiratory timing can alter both HRV
and spontaneous baroreflex estimates despite an unchanged nominal breathing frequency. [123]
Recording only breaths per minute can therefore miss physiologically meaningful changes in
respiratory waveform. Posture and behavioral state add further context because they change the
autonomic background against which respiration operates.

10.4 Slow Breathing and Cardiovascular Resonance

Slow breathing provides one of the clearest demonstrations that respiratory manipulation can
produce large cardiovascular oscillations without corresponding to a simple increase in one
autonomic branch. At breathing frequencies near approximately 0.1 Hz, respiratory forcing can
interact strongly with cardiovascular and baroreflex dynamics. Heart-rate and arterial-pressure
oscillations can become unusually large as the systems approach a resonant relationship. [104, 105,
124] Slow breathing frequently increases cardiac HRV measures commonly interpreted as
cardiovagally sensitive, and meta-analysis supports increases during slow breathing, immediately
afterward, and following multisession interventions. [125]

Those findings are physiologically meaningful. They should not, however, be described as evidence
that slow breathing simply delivers a larger “vagal dose.” Resonance, altered respiratory mechanics,
cardiac parasympathetic modulation, and baroreflex interaction all contribute to the observed
response. [124—126] Nor is approximately six breaths per minute a universal optimum. Individual
resonance characteristics and cardiorespiratory phase relationships vary with person and state.
Most importantly for interpretation, a larger oscillation created by respiratory resonance is not
automatically evidence of greater baseline autonomic capacity, improved regulation, or therapeutic
benefit.

10.5 Respiration Can Move Vagal HRV Into the LF Band

Slow breathing exposes a fundamental problem with assigning fixed autonomic branches to fixed
HRV frequency bands. Under ordinary adult resting breathing rates, much respiratory-linked cardiac
variability commonly appears within the conventional high-frequency range. When breathing slows,
however, the respiratory oscillation itself can move below approximately 0.15 Hz and into the
conventional low-frequency band. Human pharmacological-blockade evidence demonstrates that LF
heart-rate variability generated during slow breathing can remain predominantly vagally mediated.
[126]

Therefore:
LF power # sympathetic activity
and

HF power # the only location of respiratory cardiovagal modulation

The physiological location of the respiratory peak must be determined from the person's actual
breathing rather than assumed from a fixed spectral band. Current expert recommendations
explicitly recognize that RespHRYV can occupy conventional LF or HF ranges depending on
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respiratory frequency. [115] The detailed validity of HF-HRV, RMSSD, RespHRYV, LF power, and
related HRV metrics belongs to Section 14. The narrower conclusion here is that respiration itself
can move autonomically mediated cardiac variability across conventional frequency boundaries.

Respiratory and cardiovascular signals can display coherence, phase locking, and other forms of
synchronization. Such relationships can provide useful information about physiological coupling, but
they should not be promoted automatically into proof of a specific neural pathway. Cardiorespiratory
phase synchronization is intermittent, and apparent synchronization has also been demonstrated in
surrogate data and in heart-transplant physiology. [127]

The evidentiary ceiling is nevertheless clear: correlation, coherence, spectral overlap, or phase
locking demonstrate statistical relationships between signals. They do not independently identify
whether the coupling arose from central respiratory drive, vagal afference, cardiac vagal efference,
baroreflex interaction, mechanical coupling, or a shared upstream influence.

The same principle applies to motion-associated physiological synchronization. Temporal alignment
between motion, respiration, heart rate, HRV, or pressure may generate mechanistic hypotheses,
but temporal correspondence alone cannot identify the causal pathway.

10.6 Respiration Must Be Measured, Not Assumed

Because respiration changes both autonomic physiology and the signals used to infer it, rigorous
interpretation requires respiratory measurement alongside cardiac and pressure measurements.
Respiratory rate alone may be insufficient when depth, inspiratory-to-expiratory ratio, waveform,
effort, or ventilation changes. Chest or abdominal effort bands can provide useful information about
respiratory phase, rate, and relative amplitude, although they do not provide absolute tidal volume
without appropriate calibration.

Continuous respiratory measurement becomes particularly important when the experimental
environment can alter breathing spontaneously. Speech, sighs, breath holds, coughing, swallowing,
exertion, nausea, discomfort, and motion sickness can all modify respiratory pattern and thereby
alter downstream HRYV and blood-pressure measurements. Measurement duration matters as well.
Long averaging windows can obscure within-breath and short-latency interactions, whereas very
short windows may provide unstable spectral estimates. If an analysis requires distinguishing
changes in ventilation or chemoreflex state rather than simply tracking respiratory timing, end-tidal
carbon dioxide may also become relevant.

The general rule is straightforward:
If respiratory-linked cardiac variability or spontaneous pressure-heart-period coupling is being
interpreted, respiration should be measured continuously (see Phase 1 Protocol, Section X).

For SeaKing Phase 1, respiration has a particularly important interpretive status. Natural motion may
coincide with changes in breathing. Those changes could occur through numerous pathways,
including altered arousal, vestibular or visceral experience, posture, relaxation, nausea, behavioral
state, speech, or other responses to the environment. The present evidence does not allow those
initiating pathways to be identified from respiratory or cardiac signals alone.

If breathing changes and HRV changes at the same time, at least several interpretations remain
possible:

motion — cardiac-autonomic pathway — HRV change
motion — respiratory change — cardiac-autonomic/mechanical coupling — HRV change
motion — shared upstream state change — respiratory + cardiac changes

or combinations of these pathways.

28



Respiration is therefore not simply a confound to be statistically removed. It may be part of the
physiological response itself. The same logic applies to baroreflex-related measurements.
Respiratory mechanics alter arterial pressure and respiratory phase alters reflex responsiveness, so
a motion-associated change in spontaneous BRS cannot be interpreted independently of the
respiratory context in which it occurred.

For discovery-phase research, the appropriate objective is therefore to preserve the coupled
trajectories (see Phase 1 Protocol, Section X):

motion exposure — respiration — cardiac timing — arterial pressure — other autonomic effectors

while avoiding premature assignment of one causal pathway.

Respiration is best understood as a rhythmic physiological input and output that modifies cardiac
parasympathetic timing, sympathetic neural traffic, cardiovascular mechanics, and baroreflex
expression while itself changing with behavior and experimental state. RespHRV is consequently a
coupled cardiac phenomenon whose amplitude depends on both autonomic modulation and the
breathing pattern that helps generate it. For SeaKing, that means an HRV change cannot be
assigned to vagal regulation independently of respiration. Breathing must be measured and modeled
as a potential response, mediator, measurement context, and competing mechanistic pathway.

11. Central Autonomic Network and State Integration

Peripheral autonomic pathways do not operate independently of the brain state in which they are
embedded. Visceral sensory information ascends into central circuits, cardiovascular and respiratory
reflexes are integrated within the brainstem, and autonomic output is continuously influenced by
hypothalamic, midbrain, limbic, insular, cingulate, and prefrontal systems. The resulting organization
is better understood as a distributed and recurrent network than as a single autonomic control
center. [42, 45, 46, 128]

The term central autonomic network (CAN) is useful for describing this interacting organization, but it
should not be interpreted as a sharply bounded anatomical organ. Different formulations include
somewhat different regions depending on the physiological function, task, and method being studied.
[128] The common principle is more important than any one fixed map: central autonomic regulation
emerges through coordinated interactions among systems that receive bodily information, evaluate
internal and external demands, organize behavior, and influence peripheral autonomic effectors.

11.1 Brainstem Infrastructure for Autonomic Integration

The brainstem contains essential circuitry for rapid autonomic reflexes and patterned visceral
control. The nucleus tractus solitarius receives major visceral afferent input, while ventrolateral
medullary regions, the nucleus ambiguus, dorsal motor nucleus of the vagus, and interconnected
brainstem systems contribute to cardiovascular and visceral efferent organization. These structures
should not be understood simply as a linear chain from sensory input to motor output. They interact
reciprocally with one another and with higher central systems, allowing reflex responses to be
modified by physiological and behavioral state.

Human imaging combined with controlled physiological perturbation provides direct support for this
organization. During pharmacologically manipulated baroreflex conditions, brainstem fMRI
responses have been identified in regions corresponding to classical baroreflex circuitry, including
the NTS, ventrolateral medulla, nucleus ambiguus, and dorsal motor nucleus. [129]

This type of evidence is particularly useful because the physiological input is experimentally
manipulated while central responses are measured. Even then, however, a BOLD response is not a
direct recording of neural firing or autonomic efferent traffic. It establishes involvement of a region
within the manipulated physiological process, not exclusive ownership of the process by that region.
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The nervous system continuously receives information about internal bodily conditions.
Cardiovascular pressure, cardiac timing, respiratory state, gastrointestinal distension and nutrients,
metabolic signals, and other visceral events provide afferent input that can alter central processing.

This creates a recurrent relationship:

visceral physiology — afferent signaling — central representation/integration — autonomic and
behavioral response — altered visceral physiology

Visceral information therefore does more than support unconscious homeostatic reflexes. Human
and experimental evidence indicates that bodily signals can influence perception, emotion, cognition,
motivation, and behavior. [130-132] This relationship is often discussed under the broader concept
of interoception, the sensing and representation of internal bodily state. Human heartbeat-detection
experiments, for example, associate interoceptive awareness with activity in insular and cingulate
regions. [131]

Interoception should nevertheless be distinguished from autonomic regulation itself. Greater
awareness of a bodily signal does not establish that the physiological state being sensed is better
regulated, healthier, or more adaptive. A person may perceive an exaggerated, blunted, or otherwise
maladaptive physiological response accurately. [131, 132]

Thus:

awareness of physiological state # quality of physiological regulation

That distinction becomes important whenever subjective experience and autonomic measurements
change together.

11.2 Context Can Modify Autonomic Output

The recurrent architecture also operates in the opposite direction. Central state can modify how
peripheral autonomic systems respond to the same or similar sensory input. Hypothalamic, midbrain,
amygdalar, insular, cingulate, and prefrontal systems participate in integrating visceral information
with environmental context, salience, effort, motivation, cognition, and behavioral demands. [128]

This helps explain why autonomic responses cannot be interpreted solely from the physical stimulus.
The physiological significance of standing, exercise, threat, anticipation, cognitive effort, pain, social
interaction, nausea, or a familiar repeated exposure differs even when some peripheral sensory
inputs overlap. Central integration contributes to organizing the response appropriate to that broader
state. The relationship should not be reduced to a simple “top-down” model, however. Central state
changes peripheral physiology, but altered peripheral physiology also changes subsequent central
input. The system is recurrent rather than hierarchical in only one direction.

For experimental interpretation, central state can therefore function as a mediator or modifier
between an exposure and the observed peripheral response.

A simplified model is:
stimulus/exposure — central-state change — peripheral autonomic response
but an equally relevant pathway is:

stimulus/exposure — peripheral/visceral change — central-state change — further peripheral and
behavioral change

and in normal physiology, both can operate simultaneously.
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11.3 Human Evidence for Causal Cortical Access

Neuroimaging associations alone cannot establish that a cortical region causes an autonomic
response. Human lesion and intracranial-stimulation evidence therefore provides an important
additional level of inference. Studies involving cingulate and insular lesions demonstrate that
damage to particular cortical regions can alter autonomic responses to behavioral or cognitive
challenges. Intracranial electrical stimulation likewise shows that stimulation within insular and
cingulate regions can produce changes in heart rate, blood pressure, and related cardiovascular
outputs. [133-137]

These findings establish an important principle: higher cortical regions do not merely correlate with
autonomic activity. They have causal access to cardiovascular autonomic output. The sign and
magnitude of those effects, however, depend on stimulation location, cortical subregion, participant
state, and other conditions. A given cortical structure therefore should not be assigned one fixed
autonomic function. Human cortical causality supports distributed integration, not a simple map in
which one cortical area is the sympathetic center and another is the parasympathetic center.

Early interpretations of insular-autonomic physiology sometimes proposed a relatively simple
lateralization, with the right insula characterized as predominantly sympathetic and the left as
predominantly parasympathetic. The broader human evidence does not support that formulation as
an absolute rule. Later stimulation and lesion studies demonstrate bilateral involvement and
substantial subregional complexity. [134, 135, 138]

Lateralization may exist for particular functions, tasks, or anatomical subregions. What is not justified
is converting those findings into a global rule such as:

right hemisphere = sympathetic

left hemisphere = parasympathetic

Central autonomic organization is more topographically and functionally differentiated than that. This
mirrors the pattern already established in the peripheral nervous system. Just as “the sympathetic
system” is not one homogeneous peripheral channel and “the vagus” is not one homogeneous
parasympathetic signal, the brain does not appear to contain two global cortical controllers
corresponding neatly to those labels.

11.4 HRV-Brain Associations Are Associations

A substantial literature has related HRV to activity within cortical and subcortical regions associated
with central autonomic regulation. Meta-analytic and systematic-review evidence supports
meaningful brain-heart covariation across distributed regions. [139-141] Those findings are useful.
They provide evidence that cardiac timing varies in relation to central neural state and are consistent
with recurrent brain-body integration. They do not establish that HRV is a direct measurement of
CAN activity.

Several causal arrangements remain possible when HRV and brain activity covary:
central activity — cardiac autonomic change — HRV

peripheral physiological change — afferent feedback — central activity

shared upstream state — both brain and cardiac change

or recurrent combinations of all three.

BOLD imaging and HRV are also measurements at different physiological levels. BOLD reflects
regional hemodynamic correlates of neural activity, while HRV reflects beat-to-beat timing at the
sinoatrial effector. Correlation between them does not collapse those levels into one measure.
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Modern systematic review also shows substantial heterogeneity across HRV-neuroimaging studies,
reinforcing the need to avoid treating one HRV value as a direct readout of a fixed central network.
[139-141]

Section 14 owns the detailed validity of HRV. The boundary needed here is simply:

HRV can participate in evidence of brain-heart coupling; it cannot identify the CNS mechanism that
produced it.

11.5 “CAN Activation” Is Too Broad Without Specification

The phrase CAN activation creates many of the same problems as “vagal activation” or “sympathetic
activation.” A distributed network does not have to increase or decrease uniformly. Different regions
may change in different directions, at different times, and for different reasons. A baroreflex
perturbation, cognitive challenge, emotional stimulus, exercise condition, visceral event, or
respiratory manipulation may recruit overlapping but non-identical central patterns. The CAN concept
therefore identifies an organizational framework, not a scalar variable.

A scientifically precise central-autonomic claim should specify, where evidence permits, the
measured region or network, experimental condition, measurement modality, peripheral
physiological relationship, and whether the evidence is correlational, perturbational, lesion-based, or
stimulation-based. Even direct evidence that a region contributes causally to cardiovascular output
does not establish that its activation is beneficial. Central-state change is first a physiological
observation.

The central-autonomic literature reinforces the dynamic model established earlier in this paper.
Autonomic output is conditioned by what the organism is doing and what the situation requires. The
same peripheral value can therefore have different meanings in different central and behavioral
states. A heart rate appropriate during exertion may be inappropriate at rest. A sympathetic vascular
response necessary during standing may look very different from one occurring during psychological
threat. Respiratory and cardiac coupling may change during voluntary slow breathing for reasons
different from those producing similar numerical changes during spontaneous rest.

Central integration is one reason physiological context cannot be stripped away when interpreting
biomarkers. Accordingly, no central configuration can be labeled intrinsically calm, safe, adaptive,
regulated, or therapeutic from state-integration evidence alone. The CAN-STATE evidence does not
establish one optimal brain-autonomic pattern. The question of regulatory quality remains dependent
on demand, trajectory, recovery, reproducibility, tolerability, and functional meaning, which are
treated in Sections 12 and 17.

For Phase 1, peripheral physiological measurements can establish response patterns but cannot
localize those patterns to a specific central-autonomic region or network state. Central mechanisms
remain hypotheses for later targeted validation. [129, 131]

12. Dynamic Regulation: Baseline, Reactivity, Recovery, and Repeated

Exposure

Autonomic regulation cannot be determined adequately from a single physiological value measured
at one moment. Regulation is expressed through how physiological systems maintain viable
conditions, respond when demands change, reorganize during the demand, and reconfigure
afterward. This requires a temporal framework: baseline — challenge — response — within-
exposure dynamics — recovery — repeated exposure — functional meaning

Each stage contains information that can be lost when physiology is reduced to a resting value, a
simple pre-versus-post difference, or a single average across an exposure. The central question is
therefore not merely whether a physiological variable increased or decreased. It is whether the
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observed trajectory was appropriate to the physiological demand and what happened when that
demand changed.

12.1 Homeostasis and Allostasis

Homeostasis is sometimes described too narrowly as maintenance of physiological constancy.
Biological homeostasis is better understood as the use of interacting feedback processes to
preserve viable internal conditions despite ongoing disturbance. [15] That objective does not require
every physiological variable to remain fixed. Standing requires cardiovascular changes that would be
unnecessary while supine. Exercise requires substantial alterations in heart rate, cardiac output,
ventilation, vascular distribution, and metabolic activity. A challenge that appropriately changes
physiology is therefore not evidence that homeostasis has failed. Change can be part of regulation.

Allostasis emphasizes this point from another direction. In allostatic and predictive formulations,
physiological and behavioral systems can adjust in anticipation of expected demand rather than
waiting for every regulated variable to depart from a desired range before responding. [15-17]
Homeostasis and allostasis therefore need not be treated as competing theories. They emphasize
complementary aspects of regulation: feedback processes that preserve physiological viability and
coordinated adjustment that allows the organism to meet changing or anticipated demands.

Neither term identifies one directly measurable autonomic variable. There is no singular
“‘homeostasis level” or “allostasis level” that can be read from HRV, heart rate, blood pressure,
electrodermal activity, pupil size, or another peripheral signal.

12.2 Baseline Is a State, Not a Universal Zero

Every response measurement begins somewhere. That starting condition matters. A baseline should
characterize the physiological and behavioral state immediately relevant to the subsequent
challenge. It is not necessarily a universal representation of the individual's normal physiology.
Posture, respiration, recent activity, anticipation, circadian timing, hydration, temperature,
medications, food intake, emotional state, illness, sleep, and prior exposures can all influence the
state from which a response begins. This creates an important measurement problem. Reactivity is
usually calculated relative to baseline, so an altered baseline can change the apparent size of a
response even when the challenge-period value itself is similar.

Anticipatory activation can be particularly important. If physiology begins changing before the
formally defined exposure starts, the measured “baseline” may already contain part of the response.
Regression to the mean can create additional distortion when participants are selected or classified
partly because of an unusually high or low initial value. Baseline should therefore be treated as the
first measured state in a trajectory, not as a physiological zero against which all subsequent values
automatically acquire meaning.

12.3 Reactivity Is Context Dependent

Reactivity describes the change in a specified physiological variable from a defined baseline to a
defined challenge period. That definition is intentionally neutral. A larger response is not inherently
worse, and a smaller response is not inherently better. Response magnitude depends partly on what
the organism is being asked to do. Greater task demand can produce greater cardiovagal HRV
reactivity, demonstrating that the size of a response can reflect properties of the challenge rather
than a stable person-level quality. [29]

The same principle applies across autonomic domains. A substantial sympathetic vasoconstrictor
response may be appropriate during orthostatic challenge. Increased heart rate may be necessary
during exercise. Respiratory and cardiovascular oscillations may become larger during slow
breathing near cardiovascular resonance. The fact that physiology moved farther from its resting
value does not establish dysregulation. Conversely, failure to change can be abnormal when the
demand requires a response.
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Prospective stress literature provides an important boundary. Both exaggerated and blunted stress
responses have been associated with adverse later outcomes. [31] Greater cardiovascular reactivity
has been associated with cardiovascular risk, but favorable psychological characteristics do not
uniformly predict smaller responses; optimism, for example, has been associated with greater
cardiac reactivity during cognitive stress. [30, 142]

There is therefore no defensible universal rule that: smaller response = better regulation or that:
larger response = worse regulation The relevant question is whether the magnitude, direction,
latency, and duration of the response are appropriate for the specific physiological system and
demand.

A response rarely consists of one instantaneous change that remains constant until an exposure
ends. Physiology can rise rapidly and stabilize, continue drifting, oscillate, partially recover while the
exposure continues, escalate over time, or show different temporal patterns across different
effectors. Two participants can therefore have the same average value during an exposure while
having very different physiological trajectories. For example, one signal might change sharply during
the first minutes and then return toward its initial state despite continued exposure. Another might
change gradually and reach its largest deviation near the end. A third might oscillate around its
starting value.

Collapsing each of those responses into one exposure mean would obscure potentially important
regulatory information. Different physiological systems also operate on different timescales. Heart
rate, arterial pressure, RespHRYV, electrodermal activity, pupil dynamics, endocrine responses, and
other measures should not be expected to peak simultaneously. Multimodal dissociation can
therefore be compatible with coordinated regulation. Different effectors can change in different
directions and at different times while participating in the same organism-level response. This is one
reason synchronization across measurement channels is informative but not mandatory evidence of
regulation.

12.4 Recovery Is a Trajectory

Recovery is not simply “the value after the task.” It is the trajectory that follows a defined challenge
under defined postchallenge conditions. That trajectory can include rapid return, gradual return,
overshoot, persistent displacement, oscillation, or different recovery rates across physiological
systems. Recovery also contains information that peak reactivity does not. Delayed cardiovascular
recovery has been associated with cardiovascular risk factors and prospectively with adverse
cardiovascular outcomes, supporting recovery as a physiologically separable dimension. [27, 30]

Cardiac vagal recovery research similarly supports the importance of postchallenge dynamics, while
also demonstrating substantial methodological heterogeneity in recovery windows, posture, and
experimental conditions. [28] Consequently, the statement that someone “recovered faster” is
incomplete unless the physiological variable, beginning of the recovery interval, observation
duration, posture, activity, and persistence or termination of the challenge are defined. Nor must
successful recovery always mean returning precisely to the prestimulus value.

If the physiological or environmental context has changed, the appropriate postchallenge operating
state may differ from the original baseline. Baroreflex resetting during exercise, discussed in Section
9, provides one example of why regulation can remain functional around a changed operating point.
Recovery should therefore be described before it is judged.

12.5 Repeated Exposure: Reproducibility, Habituation, and Sensitization

A single exposure reveals an acute response. Repeated exposures reveal whether that response is
stable or changes with experience. Several longitudinal patterns are possible: reproducibility, in
which a broadly similar response recurs; habituation, in which response magnitude decreases
across sufficiently comparable repeated exposures; sensitization, in which response magnitude
increases; drift, in which baseline or response characteristics change without a clear stimulus-
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specific pattern; or more complex adaptation in which timing, recovery, or cross-system organization
changes even when peak magnitude does not.

Habituation has a specific meaning. It describes decreased responsiveness to a sufficiently
comparable repeated stimulus and is dependent on stimulus identity and exposure history. [33]
Human cardiovascular responses can habituate across repeated acute-stress exposures, and
individuals differ in those longitudinal patterns. [34] A smaller response on a later exposure, however,
is not automatically evidence of beneficial habituation. Altered baseline state, anticipation, fatigue,
learning, sickness adaptation, different received exposure, measurement drift, or loss of
physiological responsiveness can all produce apparent response decrement. [33]

Even genuine habituation is not inherently beneficial. Reducing an unnecessary response to a
familiar, harmless stimulus may reduce physiological cost. Losing a response that remains
necessary to meet physiological demand may instead be maladaptive. Repeated exposure therefore
adds information, but it does not eliminate the need for context and functional validation.

The term autonomic flexibility can be useful if it is defined precisely. For this paper, autonomic
flexibility means: the capacity to alter physiological configuration in relation to changing demand and
subsequently reconfigure when the demand changes again. This is a systems-level description, not
a biomarker. Flexibility is therefore not synonymous with high resting HRV. Recent human evidence
found that resting RMSSD predicted RMSSD reactivity and recovery but did not predict heart-rate
reactivity or recovery, subjective stress, psychological distress, or emotion-regulation strategies. [35]

Nor is flexibility synonymous with large reactivity. As already established, both exaggerated and
blunted responses can be associated with adverse outcomes depending on context. [31] A
meaningful claim about autonomic flexibility therefore requires, at minimum, specification of the
stimulus, physiological domain, direction and magnitude of response, timing, recovery, and
reproducibility. This definition also permits different physiological channels to behave differently.
Flexibility does not require every measured variable to move together, nor does it require
sympathetic and parasympathetic outputs to behave reciprocally. It requires context-appropriate
reconfiguration, not movement toward one preferred scalar state.

12.6 Allostatic Load Is Cumulative, Not Momentary

The concept of allostatic load addresses a different temporal scale. Physiological mediators that are
useful during an acute demand can become costly when activation is too frequent, prolonged,
inadequately terminated, poorly adapted, or compensated for repeatedly by other systems. [36]
Allostatic load provides a conceptual framework for this cumulative biological cost. Multisystem
allostatic-load scores have predicted later mortality and functional decline in longitudinal cohorts,
supporting the broader construct's relevance to long-term health. [37]

The operationalization of allostatic load, however, remains heterogeneous. Contemporary reviews
document substantial differences in biomarker selection, cutoffs, scoring methods, and algorithms,
with no universally accepted individual-level allostatic-load meter. [38, 39] Review 03 therefore uses
allostatic load as a conceptual model of cumulative dysregulation, not as permission to create a new
SeaKing score by combining whatever biomarkers happen to be available. HRV, blood pressure,
electrodermal activity, pupil dynamics, respiration, or other signals cannot simply be normalized,
summed, and labeled “allostatic load” or “autonomic regulation.” Acute dynamic regulation and
cumulative allostatic load answer different questions.

12.7 Regulation Is a Trajectory, Not a Direction

The preceding evidence supports a useful way to organize dynamic autonomic responses. The
seven-stage trajectory used here is a literature-informed organizing framework for preserving
temporally distinct features of response; it is not a validated biological decomposition of autonomic
regulation. A physiological response can be characterized across the following stages:

1. Baseline state: What was the physiological and behavioral condition before the challenge?
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2. Challenge or exposure: What stimulus was actually received, at what magnitude and duration,
and under what participant state?

3. Reactivity: Which physiological domains changed, in what direction, by how much, and with what
latency?

4. Within-exposure dynamics: Did those responses persist, stabilize, oscillate, escalate, or adapt
while the exposure continued?

5. Recovery: What happened after the challenge, over what time course, and under what
postchallenge conditions?

6. Repeated exposure: Did the trajectory reproduce, habituate, sensitize, drift, or otherwise change
with exposure history?

7. Functional meaning: Only after the preceding trajectory is established should the response be
related to tolerability, symptoms, function, or later clinical benefit. This sequence is the core dynamic-
regulation framework for the remainder of this paper. It also makes clear why a single arrow is
insufficient. An increase can be appropriate or inappropriate. A decrease can be appropriate or
inappropriate. No change can be appropriate or inappropriate. Even rapid recovery can be
appropriate or inappropriate depending on whether the physiological demand has actually ended.
Direction alone is not a value judgment. Figure 7 summarizes this dynamic-regulation framework.
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Direction alone is not a value judgment.

Increase, decrease, no change, rapid recovery, or habituation can each be appropriate or
inappropriate depending on demand and outcome.

Figure 7. Dynamic regulation is a trajectory, not a direction. Physiological interpretation proceeds
from baseline state through the received challenge, reactivity, within-exposure dynamics, recovery,
repeated exposure, and functional meaning. Direction or magnitude alone does not determine
whether a response is adaptive or maladaptive; that judgment depends on the physiological
demand, trajectory, reproducibility, tolerability, and outcome. [31, 33, 35]

36



Phase 1 should preserve continuous synchronized trajectories across baseline, motion onset,
sustained exposure, motion cessation, recovery, and repeated sessions while retaining the received
motion dose (see Phase 1 Protocol, Section X). The seven-stage framework can organize
interpretation, but the underlying time series should remain continuous and findings should be tested
for robustness to prospectively specified alternative window definitions rather than assuming that the
proposed stages are fixed physiological states. Different channels may show different latencies and
directions. The appropriate discovery output is a set of reproducible response trajectories, not an
unvalidated “autonomic regulation score.” Whether any trajectory represents improvement is
reserved for Section 17. [31, 33, 35]

13. Evidence Hierarchy for Autonomic Mechanistic Claims

Autonomic physiology can be measured at several levels between neural activity and the observable
behavior of an organ. Those levels are not interchangeable. A heart-rate change, sweat response,
neurotransmitter concentration, pharmacological-blockade effect, and direct neural recording may all
provide legitimate autonomic information, but they answer different questions. For this paper,
mechanistic evidence is organized by proximity to the specific pathway or effector being claimed:

1. Direct neural recording

2. Selective pharmacological blockade

3. Ganglionic or controlled physiological perturbation
4. Regional neurotransmitter kinetics

5. Validated downstream organ or effector measures

This five-tier hierarchy is an evidentiary framework used in Review 03 to organize methods by
mechanistic proximity; it is not an empirically validated taxonomy of autonomic measurement or
universal study quality. A highly controlled downstream measurement may be better suited to a
naturalistic longitudinal question than an invasive neural recording that samples the wrong pathway
or materially alters the experimental environment. [7-9] There is therefore no single universal
autonomic “gold standard.” The strongest evidence for a claim is the most direct valid measurement
of the specific neural pathway, organ, or effector being claimed, ideally triangulated with non-
equivalent methods.

13.1 Tier 1: Direct Neural Recording

Direct neural recording provides the closest practical observation of autonomic neural traffic in
humans. Microneurography allows action potentials or multiunit activity to be recorded from identified
peripheral autonomic pathways in awake participants. Human sympathetic microneurography is well
established, including direct recordings of muscle sympathetic nerve activity and skin sympathetic
nerve activity. [7, 86, 92]

Its directness remains local. An MSNA recording provides strong evidence that sympathetic neural
traffic directed toward skeletal-muscle vascular beds changed. It does not establish simultaneous
sympathetic activity at the heart, kidney, skin, adrenal medulla, or another organ. Likewise, SSNA
directly samples cutaneous sympathetic traffic rather than total-body sympathetic activity. [86, 92]
Even within a named sympathetic outflow, single-unit recordings demonstrate heterogeneous
neuronal recruitment. [90] Direct recording therefore solves one inferential problem while preserving
another: direct measurement of a pathway # measurement of the entire autonomic nervous system.

Direct human cervical-vagus recording has recently become technically feasible. Ultrasound-guided
microneurography has recorded axonal activity directly from the cervical vagus in awake humans.
[143] Subsequent multiunit work demonstrated cardiac and respiratory modulation across vagal
recording sites, while single-unit analysis has isolated myelinated and unmyelinated axons with
cardiac-rhythmic firing characteristics, including a subset compatible with cardioinhibitory efferent
function. [144, 145] These studies materially advance human vagal physiology because they move
measurement upstream from organ-level cardiac timing toward the nerve itself. They do not create a
global vagal meter.
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As Section 5 established, the cervical vagus is a mixed nerve. Recording an action potential within it
does not automatically identify whether that axon is afferent or efferent, cardiac or pulmonary,
gastrointestinal or laryngeal, or what physiological effect its activity produces. Functional identity still
requires anatomical, temporal, physiological, or other convergent evidence. [143—-145]

Human cervical-vagus microneurography should therefore be regarded as an emerging high-
directness method, not a routine measurement of whole-body “vagal tone.”

13.2 Tier 2: Selective Pharmacological Blockade

Direct recording asks what a neural pathway is doing. Pharmacological blockade asks a different
causal question: What part of an observed response remains when a defined autonomic contribution
is removed? In cardiac physiology, muscarinic blockade with atropine can remove major
parasympathetic chronotropic influence, while beta-adrenergic blockade can remove major
sympathetic cardiac influence. Combined blockade can reveal cardiac behavior after both major
autonomic chronotropic inputs have been substantially suppressed. [8, 62, 146, 147]

These experiments are powerful because they can validate downstream measures mechanistically.
If a cardiac signal changes substantially when muscarinic influence is removed, that provides causal
evidence that parasympathetic signaling contributes to the intact signal. It does not make the
downstream signal identical to neural firing. For example, respiratory-linked HRV is strongly
attenuated by parasympathetic blockade, supporting its sensitivity to cardiac parasympathetic
modulation. Yet it does not proportionally rank cardiac vagal influence across individuals without
accounting for respiratory and other determinants. [146]

Blockade also has its own inferential limitations. Drugs differ in specificity and completeness,
branches interact, and removing one component can alter reflex and compensatory activity
elsewhere. [8] Combined blockade creates an experimentally altered physiological state rather than
directly revealing normal autonomic traffic. [147] The defensible inference is therefore: blockade can
establish causal contribution without converting a downstream biomarker into a direct neural
measurement.

13.3 Tier 3: Ganglionic and Controlled Physiological Perturbation

Ganglionic blockade provides a broader intervention. By interrupting transmission through autonomic
ganglia, agents such as trimethaphan can markedly suppress autonomically mediated
cardiovascular reflexes and HRV. [148] This provides strong evidence that autonomic neural
transmission contributes to an observed process. Its breadth is also its limitation. Sympathetic and
parasympathetic pathways are interrupted together, so ganglionic blockade cannot by itself identify
which branch produced a particular response. [148] Controlled physiological perturbations provide
another form of causal evidence. Rather than removing a pathway, they manipulate a defined input
and measure the resulting output.

The baroreflex methods discussed in Section 9 illustrate this approach. Pharmacological pressure
perturbation or carotid neck pressure/suction alters a specified cardiovascular input while cardiac or
sympathetic responses are measured. [100, 102, 108] Such experiments provide stronger evidence
of input-output structure, timing, and gain than spontaneous correlation alone. Their conclusions
remain bounded by the reflex arm measured, stimulus range, operating point, and experimental
method.

13.4 Tier 4: Regional Neurotransmitter Kinetics

Some important autonomic organs cannot be accessed routinely through direct neural recording.
Regional norepinephrine-spillover methods partially bridge that gap by estimating sympathetic
neurotransmitter release in defined organ territories, including cardiac, renal, and hepatosplanchnic
circulations. [88] This makes regional spillover substantially more informative about organ-specific
sympathetic physiology than a peripheral venous norepinephrine concentration. It nevertheless
remains downstream of neural firing.
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Measured norepinephrine spillover reflects not only neural release but also neuronal reuptake, local
blood flow, clearance, and tracer kinetics. [88] Simultaneous MSNA and cardiac-spillover studies
show why maintaining that distinction matters: different regional sympathetic domains can exhibit
both shared and divergent recruitment during the same challenge. [89] Regional neurotransmitter
kinetics therefore provide organ-specific evidence of sympathetic neurotransmission, not a count of
sympathetic action potentials and not a biochemical measure of global sympathetic activity.

13.5 Tier 5: Validated Downstream Effector Measures

Most practical human autonomic research occurs at the downstream end of the hierarchy. Heart-
period variability, pre-ejection period, electrodermal activity, sweating, arterial pressure, pupil
dynamics, respiration, heart rate, and related signals are attractive because they can be measured
repeatedly, noninvasively, and under naturalistic conditions. Their scientific validity does not require
pretending they are direct neural recordings. A downstream measure becomes mechanistically
useful when experimental validation establishes a reproducible relationship between that signal and
a defined autonomic pathway or effector under specified conditions.

Human sudomotor research provides a particularly clear example. Direct SSNA bursts precede
measurable sweat expulsions by seconds, and neural burst magnitude relates to subsequent sweat
output. [9] That evidence validates sweating and electrodermal physiology as measures of a
cutaneous sympathetic-sudomotor effector domain. It simultaneously establishes the limitation: the
measurable sweat response occurs downstream of neural activity, has a neural-to-effector latency,
and does not represent global sympathetic activity.

Cardiac blockade studies provide an analogous framework for selected cardiac measures.
Parasympathetic- and sympathetic-sensitive cardiac signals can be validated against selective
blockade without becoming direct recordings of those nerves. [62] The inferential chain should
therefore remain explicit: measured signal — validated organ/effector process — supported
autonomic contribution under defined conditions It should stop there unless additional evidence
justifies another mechanistic step.

A methodological hierarchy can be misused if “more direct” is interpreted as “better for every
research question.” That is not the purpose of this framework. Microneurography may provide
exceptionally direct information about one neural pathway while being unsuitable for long-duration
repeated naturalistic exposure. A wearable downstream measure may be mechanistically less direct
while providing thousands of synchronized observations across baseline, exposure, recovery, and
repeated sessions. A biomarker can also be highly reproducible or clinically useful without being a
direct measure of mechanism. Conversely, an invasive neural measurement can be extremely direct
but narrow in anatomical scope.

The relevant methodological question is therefore: Is this measurement valid for the claim being
made? rather than: Is this the most invasive measurement available?

13.6 Triangulation Across Non-Equivalent Methods

The strongest mechanistic inference often arises when different methods converge. Direct recording
can establish that target-specific neural traffic changed. Selective blockade can test whether a
particular receptor or branch contribution is necessary for a downstream response. Controlled
perturbation can establish input-output timing and gain. Regional transmitter kinetics can extend
organ-specific inference to sites inaccessible to direct neural recording. Validated noninvasive
measures can then characterize how the relevant effector behaves repeatedly under realistic
conditions. When these non-equivalent methods point toward the same physiological model,
mechanistic confidence increases. Disagreement is equally important.

If a downstream biomarker changes while the relevant direct neural measure does not, or if
pharmacological blockade fails to alter a presumed branch-specific signal, that discrepancy should
refine the model rather than be averaged away. [7—9] Triangulation therefore means convergence
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among measurements with different inferential weaknesses, not repetition of several versions of the
same downstream signal.

13.7 The Evidence Ladder
For Review 03, the hierarchy can be summarized as:

1. Direct neural recording; 2. Selective pharmacological blockade; 3. Ganglionic or controlled
physiological perturbation; 4. Regional neurotransmitter kinetics; 5. Validated downstream organ/
effector measures.

The downward progression represents increasing distance between the measured variable and
neural activity. It does not represent decreasing scientific value. Every level remains anatomically
and functionally bounded. A direct MSNA recording is still muscle-vascular sympathetic activity, not
whole-body sympathetic activity. A cervical-vagus recording remains local neural traffic whose
functional identity may require additional evidence. Atropine-sensitive HRV remains downstream
cardiac physiology rather than vagal firing. Regional norepinephrine spillover remains transmitter
kinetics rather than nerve traffic. Electrodermal activity remains a cutaneous sudomotor effector
measure rather than “sympathetic tone.”

The hierarchy therefore prevents a common inferential error: measurement precision does not
authorize expansion beyond the physiological domain actually measured.

Phase 1 appropriately emphasizes scalable downstream physiological measurements during natural
motion. These can characterize reproducible response phenotypes and generate mechanistic
hypotheses, but they cannot by themselves establish direct vagal activation, global sympathetic
suppression, or a specific central mechanism. Later studies can move upward in mechanistic
proximity using methods matched to the hypothesis. [7-9, 148]

14. Heart Rate Variability as a Cardiac Autonomic Measure

Heart rate variability (HRV) describes variation in the timing between successive heartbeats. When
derived appropriately from normal sinus beats, short-term HRV can provide useful information about
modulation of sinoatrial timing, including an important contribution from cardiac parasympathetic
influence. It is therefore a valuable autonomic measurement. It is not a direct recording of the vagus
nerve.

As established by the evidence hierarchy in Section 13, HRV is a downstream cardiac-effector
signal. Neural traffic, ganglionic transmission, neurotransmitter action, sinoatrial-node physiology,
respiration, hemodynamics, and intrinsic cardiac properties all intervene between autonomic neural
activity and the R-R intervals from which HRV is calculated. [3, 8, 146] The appropriate question is
not whether HRV is “vagal” or “not vagal.” The more useful question is: Under what conditions does
a particular HRV measure provide valid information about cardiac parasympathetic modulation, and
where must that inference stop?

14.1 Pharmacological Validation

Selective pharmacological blockade provides the strongest causal validation for cardiovagal
interpretations of short-term HRV. Muscarinic blockade markedly reduces respiratory-linked and
short-term beat-to-beat heart-period variability, demonstrating that cardiac parasympathetic influence
contributes substantially to those signals under appropriate conditions. [3, 8, 62, 146] This supports
a legitimate inference: selected short-term HRV measures are sensitive to cardiac parasympathetic
modulation. It does not support a stronger identity statement: HRV = vagal nerve activity.

Blockade establishes contribution rather than equivalence. The measured HRV signal remains the
downstream behavior of the sinoatrial effector after several physiological transformations. This
distinction also separates tonic cardiac parasympathetic influence from temporal cardiac
parasympathetic modulation. Pharmacological removal of muscarinic influence can estimate the
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tonic parasympathetic contribution to resting cardiac rate, whereas HRV primarily describes temporal
variation in cardiac timing. Those quantities overlap physiologically but are not interchangeable. [64,
146] Accordingly, a person with greater resting HRV does not necessarily have proportionally greater
atropine-defined tonic cardiac parasympathetic control.

The root mean square of successive differences, or RMSSD, quantifies short-term variation between
successive normal R-R intervals. Because cardiac parasympathetic effects operate rapidly, RMSSD
is commonly sensitive to rapid cardiovagal modulation and is one of the more useful short-term time-
domain HRV measures. [63, 67, 149] RMSSD also avoids one problem inherent in fixed frequency
bands: it does not require respiratory-linked variability to fall inside a predetermined spectral range.
That does not make RMSSD respiration independent.

Changes in breathing can alter successive beat-to-beat timing, and RMSSD remains influenced by
mean heart rate, rhythm, ectopy, artifact, measurement duration, posture, and physiological state.
[150, 151] The most defensible wording is therefore: RMSSD provides a downstream index sensitive
to short-term cardiac parasympathetic modulation under defined conditions. It should not be
described as a direct quantitative measure of vagal firing or total parasympathetic activity.

14.2 HF-HRV and RespHRV

High-frequency HRYV is often interpreted as a cardiovagal measure because, during ordinary resting
breathing, respiratory-linked cardiac variability commonly occupies the conventional HF frequency
range. That interpretation is strongest when three conditions are satisfied: the cardiac rhythm is
suitable for sinus-node HRV analysis; respiratory-linked variability is actually present within the
analyzed band; and respiration is measured sufficiently to establish where the respiratory oscillation
lies. [3, 115, 126] When those conditions are met, respiratory-frequency HF-HRYV can provide
meaningful information about cardiac parasympathetic modulation. The respiratory dependence is
not incidental.

As established in Section 10, respiratory frequency and tidal volume can change the magnitude of
respiratory cardiac variability substantially. Blockade studies show that adding information about
respiratory cycle length and tidal volume can materially improve the relationship between RSA and
pharmacologically defined cardiac parasympathetic control. [64, 146] Respiratory heart rate
variability, or RespHRY, is therefore best interpreted as respiratory modulation of cardiac timing with
a substantial cardiovagal contribution, rather than as a direct measure of tonic vagal output.

A larger respiratory oscillation does not necessarily mean a proportionally larger amount of tonic
cardiac parasympathetic activity. Increasing respiratory interval can increase HF-HRV substantially
even when mean R-R interval changes little. [152] Similarly, changing respiratory rate or tidal volume
can substantially alter spectral HRV while average heart period remains comparatively stable. [153]
The respiration-linked signal is real. Its amplitude simply cannot be assigned to neural drive alone.

14.3 LF Power and LF/HF

The low-frequency band has historically been assigned a sympathetic interpretation in some HRV
frameworks. The evidence does not support that simplification. Human pharmacological and postural
experiments demonstrate that LF cardiac variability can contain substantial parasympathetic
contribution. Its branch composition changes with physiological state, and during slow breathing
respiratory-linked, predominantly vagally mediated cardiac oscillation can move directly into the
conventional LF band. [3, 126] Therefore: LF power is not a pure measure of sympathetic activity.

For the same reason, dividing LF power by HF power does not transform two mixed, context-
dependent cardiac frequency measures into a quantitative measure of reciprocal sympathetic-
versus-parasympathetic control. LF/HF does not measure sympathovagal balance. [154] Review 03
should therefore not use LF/HF as a mechanistic or regulatory endpoint. This does not make LF
power physiologically meaningless. It means its interpretation must remain tied to the actual
oscillatory processes, respiratory frequency, posture, baroreflex conditions, and measurement
context rather than being assigned to one autonomic branch by definition.
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HRV magnitude is strongly related to mean heart rate and heart period. Part of this relationship is
mathematical: the same absolute timing change has different proportional consequences at different
baseline R-R intervals. Part is physiological. Experimental evidence, including isolated cardiac
preparations and sinoatrial-node studies, shows that intrinsic pacemaker properties contribute to
variability even when normal autonomic innervation is absent. [150, 151] HRV amplitude therefore
cannot be treated as though it were determined solely by the amount of autonomic neural traffic
reaching the heart. This has practical implications for comparison.

If one condition produces both a slower mean heart rate and a higher RMSSD, some of the HRV
change may reflect the altered cardiac operating rate itself rather than a proportional increase in
parasympathetic neural modulation. Mathematical correction for mean heart rate can reduce some
of this dependence, but correction also changes the physiological quantity being analyzed. [150,
151] Mean heart rate should therefore be reported and modeled, not automatically normalized away.

14.4 Posture, Age, and Between-Person Comparison

HRV is also state dependent. Posture changes cardiac loading, sympathetic and parasympathetic
influence, baroreflex conditions, and the branch composition of spectral power. Supine, seated,
standing, and moving recordings are therefore not interchangeable reference states. [3, 62] Age
produces substantial shifts in population HRV distributions, and sex can influence some metrics.
[155] This limits universal cut points and simple between-person ranking. A raw RMSSD of one value
cannot be interpreted identically across individuals of different ages, heart rates, respiratory patterns,
postures, rhythms, medications, and intrinsic cardiac characteristics.

The problem is especially clear in pharmacological validation studies. Across individuals, resting
RSA only moderately tracks atropine-defined cardiac parasympathetic control, and RSA alone does
not reliably rank individuals according to tonic cardiac vagal influence. [64, 146] For discovery
research, within-person change under comparable conditions is therefore a narrower and generally
more defensible inference than assigning physiological meaning to one person's HRV relative to
another person's value. This does not eliminate between-person analysis. It means such analysis
requires substantially more contextual adjustment and should not be interpreted as though HRV
were a direct person-level quantity of “vagal capacity.”

14.5 Recording Duration and Dynamic Measurement

HRV estimates depend on the duration and temporal characteristics of the recording. Conventional
short-term HRV is often characterized using approximately five-minute stationary segments. Some
studies demonstrate that substantially shorter recordings can provide acceptable agreement for
RMSSD in static resting conditions, while other metrics, particularly frequency-domain measures,
require longer or metric-specific windows. [156, 157] Evidence validating ultra-short resting RMSSD
does not automatically validate ultra-short spectral analysis during a dynamic challenge. This
distinction matters for SeaKing because the scientifically interesting signal may not be stationary.

Motion onset, physiological adaptation during exposure, motion cessation, and recovery can all
produce changing cardiovascular states. Conventional spectral methods assume sufficient
stationarity within the analyzed interval; that assumption can fail when the underlying physiology is
changing rapidly. Dynamic HRV analysis should therefore be understood as a sequence of local
temporal estimates, not as though an entire exposure represented one homogeneous autonomic
state. Window length should be selected according to the metric and physiological question before
examining the result rather than being optimized retrospectively for the largest apparent effect.

14.6 Rhythm, Artifact, and Motion

HRYV depends fundamentally on identifying the timing of normal sinus beats accurately. Ectopic
beats, missed detections, false detections, pacing, atrial arrhythmias, and motion artifact can
produce large artificial changes in successive-difference and spectral measures. ECG-derived
normal-to-normal intervals are therefore preferred when HRV is being used for mechanistic
interpretation. This issue is particularly important during vessel motion. Movement can introduce
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signal artifact precisely during the period in which the physiological response is of greatest interest.
Artifact rejection cannot therefore be treated simply as generic data cleaning. Excessive or state-
dependent artifact can create systematic missingness or apparent physiological change.

Any pulse-derived variability measure used as a backup should be identified as pulse-rate variability
rather than assumed to be interchangeable with ECG-derived HRV unless it has been validated
under the relevant motion conditions. Protocol-specific artifact thresholds and exclusion rules belong
in the Phase 1 methods plan rather than this physiology review, but the epistemic requirement is
clear: the validity of an HRV inference begins with the validity of the beat series from which it was
calculated.

Nonlinear HRV measures can characterize aspects of temporal organization that conventional time-
and frequency-domain metrics do not capture. That mathematical richness can be useful. It does not
confer additional autonomic specificity by itself. Entropy measures, Poincare-derived metrics, fractal
measures, proprietary composites, or machine-derived HRV features remain downstream
descriptions unless the specific metric has been independently validated against the mechanism
being claimed. [149] A more complex HRV algorithm does not move upward on the evidence
hierarchy simply because it extracts additional structure from the same R-R series.

Accordingly, nonlinear HRV should be treated as additional cardiac time-series information, not
automatically as a superior measure of vagal activity, autonomic flexibility, or regulation.

14.7 What HRV Can Legitimately Tell Us

The HRV evidence therefore supports a narrow but valuable conclusion. Under appropriate
conditions, RMSSD, respiratory-frequency HF-HRV, and RespHRV can provide validated
downstream information sensitive to cardiac parasympathetic modulation at the sinoatrial effector.
Pharmacological blockade provides causal support for that interpretation. The inference becomes
stronger when sinus rhythm and beat detection are valid; respiration is recorded and incorporated
into interpretation; mean heart rate is reported; posture and activity are defined; measurement
duration matches the metric; within-person conditions are comparable; and the HRV result is
considered alongside non-equivalent physiological measures.

The evidence does not support using HRV as a direct recording of vagal nerve activity; a quantitative
measure of the entire vagus or parasympathetic nervous system; a measure of global autonomic
balance; a stand-alone measure of autonomic flexibility; or evidence that regulation improved.
Higher HRYV is therefore not intrinsically better, calmer, healthier, or more parasympathetically
“‘dominant.”

For Phase 1, HRV is most useful as a within-person cardiac response measure embedded in a
synchronized trajectory. ECG-derived normal-to-normal intervals, respiration, mean heart rate,
posture/activity, exposure timing, recovery, and repeated-session context should be retained (see
Phase 1 Protocol, Section X). Reproducible changes in RMSSD or respiration-informed HRV can
support altered cardiac parasympathetic modulation under defined conditions; they do not establish
whole-vagus activation, improved regulation, or therapeutic benefit. [3, 146, 150, 156]

15. Multimodal Autonomic Measurement and Triangulation

No practical noninvasive biomarker provides a direct measurement of the autonomic nervous system
as a whole. Instead, commonly used autonomic measures sample different downstream
physiological domains. Electrodermal activity reflects cutaneous sudomotor physiology. Pre-ejection
period reflects cardiac electromechanical behavior with conditional sensitivity to beta-adrenergic
influence. Pupil dynamics reflect interacting ocular sympathetic and parasympathetic control. Blood
pressure reflects the integrated hemodynamic result of cardiac, vascular, neural, mechanical, and
local influences. Respiration is both an autonomic context and physiological response. Heart rate is
a final cardiac output influenced by multiple pathways. [4, 5, 158, 159]
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Their scientific value lies precisely in this non-equivalence. Multiple measurements can reveal
whether an exposure produces a reproducible physiological response across several domains. They
should not be treated as interchangeable estimates of one hidden quantity called "autonomic
activity." The frozen biomarker review therefore concludes that practical autonomic measures are
useful because they measure different downstream effectors, not because they provide multiple
versions of the same signal. [4, 158—-160]

15.1 Electrodermal Activity

Electrodermal activity (EDA) measures changes in the electrical properties of skin associated
primarily with eccrine sweat-gland activity. As established in Section 13, direct sympathetic
recordings provide unusually strong validation for this relationship. Cutaneous sympathetic
sudomotor bursts precede measurable sweat responses, linking the downstream skin signal to a
defined sympathetic effector pathway. EDA can support a specific inference: change in cutaneous
sympathetic-sudomotor effector activity under defined recording conditions. It should not be
promoted into a measure of whole-body sympathetic activity. [4, 9]

Sweat-gland distribution also matters. Palmar and plantar surfaces contain dense eccrine
innervation and are not necessarily interchangeable with wrist or other wearable recording sites. [4]
Temperature, humidity, electrode contact, skin properties, movement, and thermoregulatory sweating
can further alter the measured signal. Increased or decreased EDA should therefore be interpreted
within the cutaneous sympathetic-sudomotor domain rather than as evidence of global sympathetic
activation or withdrawal. The signal is physiologically meaningful because its effector is specific.

15.2 Pre-Ejection Period

Pre-ejection period (PEP) is the interval between ventricular electrical activation and opening of the
aortic valve. It is commonly estimated using ECG and impedance cardiography. Experimental
validation supports sensitivity of PEP to cardiac beta-adrenergic influence, making it useful as a
conditional cardiac sympathetic-sensitive measure. [158, 161] The word conditional is important.
PEP is an electromechanical interval rather than a neural recording. Ventricular preload, afterload,
contractile state, posture, respiration, ventricular function, and identification of impedance landmarks
can change the measured interval independently of a simple change in sympathetic nerve firing.
[158, 161]

A shortening of PEP under controlled conditions can support increased cardiac beta-adrenergic
influence. It cannot establish global sympathetic activation or even necessarily increased
sympathetic nerve firing to the heart without additional evidence. This distinction is particularly
important during motion, where posture, thoracic mechanics, electrode movement, and impedance
morphology may change simultaneously.

15.3 Catecholamines

Catecholamine measurements occupy a different level of the evidence hierarchy. As Section 13
established, regional norepinephrine spillover can provide meaningful information about sympathetic
neurotransmitter release within defined organ territories. Static plasma norepinephrine concentration
is considerably less specific. The measured concentration reflects not simply release but the balance
among release, neuronal reuptake, vascular distribution, metabolism, blood flow, and clearance.
Sampling location also matters. [88] Epinephrine requires an additional distinction because
circulating epinephrine has a major adrenal source and therefore should not be treated as a direct
measure of peripheral sympathetic nerve traffic.

Plasma norepinephrine and epinephrine provide useful biochemical information, but neither is a
direct measure of sympathetic nerve firing or a body-wide readout of peripheral sympathetic neural
activity. Their mechanistic meaning depends strongly on sampling and kinetic method.
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15.4 Pupil Dynamics

The pupil is controlled through interacting sympathetic and parasympathetic ocular pathways.
Parasympathetic activity contributes strongly to pupillary constriction, while sympathetic pathways
contribute to dilation. This makes pupil diameter and pupillary reflex dynamics potentially useful
autonomic-effector measures. The measured pupil, however, is not a branch-specific autonomic
meter. Luminance, accommodation and near response, gaze angle, baseline pupil diameter, age,
ocular disease, medications, cognitive effort, attention, arousal, and other state variables can
materially influence pupil behavior. [159, 162, 163]

The relative contribution of sympathetic and parasympathetic pathways can also vary across
experimental conditions. Pupil dilation cannot be assigned uniquely to sympathetic activation, nor
constriction to parasympathetic dominance. Pupillometry can support a claim that an ocular
autonomic-effector response occurred when visual conditions and relevant context are controlled,
but it cannot by itself identify whole-body sympathetic or parasympathetic state. Nor should pupil
behavior be converted into a direct measurement of the central autonomic network or locus
coeruleus. Section 11 established why central inference requires separate evidence.

15.5 Blood Pressure, Heart Rate, Respiration, and Skin Blood Flow

Several additional measures are highly informative even though they have relatively low branch
specificity when interpreted alone. Blood pressure is a regulated cardiovascular output produced
through interactions among cardiac output, vascular resistance, arterial mechanics, autonomic
reflexes, local vascular control, respiration, posture, and other determinants. Baroreflex sensitivity
can provide more specific information about defined reflex relationships, but as Section 9
established, different BRS methods characterize different components and should not be collapsed
into one autonomic score. [99, 108]

Heart rate is similarly valuable as an outcome while remaining mechanistically nonspecific.
Sympathetic and parasympathetic cardiac influences, intrinsic sinoatrial behavior, respiration,
temperature, activity, circulating mediators, and other factors can all change heart rate. Respiration
is especially important because, as Section 10 established, it can simultaneously function as
physiological response, mediator, mechanical input, and autonomic measurement context. Skin
blood flow provides information about a peripheral vascular effector, but local temperature,
endothelial and metabolic regulation, probe location and pressure, and thermoregulatory state can
substantially modify the signal. [160]

These measurements should be preserved because each describes a different part of the
physiological response. Their limited branch specificity is not a reason to discard them. It is a reason
to name them correctly.

If every autonomic biomarker measured the same underlying quantity, strong correlation among
them should be expected. That is not what human physiology shows. Different autonomic effectors
can respond differently to the same challenge. Regional sympathetic outflows can dissociate.
Cardiac parasympathetic modulation can change without an equivalent change in cutaneous
sudomotor activity. Pupil behavior can change under cognitive or visual conditions that produce
different cardiovascular effects. Different channels also have different latencies and recovery
kinetics. This phenomenon is sometimes described as response fractionation. It is not necessarily
measurement failure. [5, 164, 165]

Divergence may reflect different autonomic branches; different organs or effectors; regional
sympathetic specialization; different central control relationships; different response latencies; or
different nonautonomic influences on the measured signal. The frozen multimodal review specifically
finds partial coherence, output-specific central associations, individual and situational patterning, and
time-varying relationships among cardiac, electrodermal, respiratory, pupillary, and other
physiological signals. [5, 164—166] A useful multimodal framework must preserve that disagreement
rather than force all channels to agree.
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15.6 Triangulation Across Non-Equivalent Channels

Multimodal measurement becomes most powerful when the channels retain their physiological
identities. Suppose a defined exposure is followed reproducibly by changes in respiratory pattern,
RMSSD, EDA, pupil dynamics, and blood pressure. The correct interpretation is not: five biomarkers
show autonomic activation. Instead, each signal contributes a separate observation: cardiac
parasympathetic-sensitive timing changed; respiration changed; cutaneous sudomotor output
changed; ocular autonomic-effector behavior changed; hemodynamic state changed. If those
changes repeatedly occur with a defined temporal relationship to the same exposure, confidence
increases that the exposure is associated with a real multidomain physiological response.

That is triangulation. Its strength comes from convergence among non-equivalent measurements
with different physiological generators and different inferential weaknesses. This is the same
principle established in Section 13, now applied to practical discovery measurement.

Multimodal inference should not require every signal to change in the same direction or at the same
time. A physiologically coherent response may contain increased cardiac parasympathetic-sensitive
HRV; transiently increased EDA,; little change in heart rate; a delayed pupil response; and a
respiratory change that precedes the cardiac response. Whether that pattern is plausible depends
on context and reproducibility, not on whether every signal points toward one imagined autonomic
axis. Likewise, two signals may initially move together and later separate during sustained exposure
or recovery. That divergence can itself reveal structure.

Section 12 established that regulation unfolds across time. Multimodal analysis extends that
principle by asking whether different physiological channels have distinct but reproducible
trajectories across the same exposure. Therefore: cross-signal agreement strengthens evidence of
convergence; cross-signal disagreement can contain mechanistic information. Neither alone
establishes whether the response is beneficial.

15.7 Multivariate Pattern Discovery

Multimodal datasets also permit analyses that cannot be performed with one biomarker at a time.
Principal components, clustering, latent-variable models, classifiers, machine-learning embeddings,
and other multivariate approaches can identify recurring structure across many physiological
channels. Such methods may be particularly useful in discovery research when the physiological
response is multidimensional and not known in advance. But statistical structure does not
automatically acquire physiological identity. A principal component that explains substantial variance
across HRV, EDA, respiration, pupil, and blood pressure is still a statistical component. A classifier
that distinguishes motion from baseline with high accuracy is a predictive model. [167-169]

A cluster separating participants into different response phenotypes is a data-derived grouping. None
can automatically be renamed autonomic state, vagal state, sympathetic state, autonomic balance,
or regulatory quality without independent physiological validation against that construct. [167—170]
Prediction and mechanism are different scientific questions.

15.8 Why a Global Autonomic Score Is Not Justified

The temptation to combine multiple measurements into one number is understandable. A single
score is easier to display, compare, optimize, and eventually feed into a closed-loop controller.
Physiological validity still requires justification. Combining HRV, EDA, pupil diameter, heart rate,
respiration, blood pressure, or PEP requires decisions about scaling, weighting, direction, temporal
alignment, and the meaning assigned to each component. Those decisions implicitly assume that
the measures contribute to one common construct. The evidence reviewed here does not establish
such a construct.

For example, why should increased RMSSD and decreased EDA both receive a positive value?
Under what physiological demand should that combination be considered preferable? How should a
necessary increase in sympathetic vascular support be scored? What happens when pupil and
cardiac signals diverge appropriately? Without external validation, the resulting number would
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primarily encode the designer's assumptions. SeaKing Phase 1 should not create an ad hoc
autonomic score, regulation score, balance score, or coherence score by mathematically combining
available biomarkers. A future composite could become valid if it were prospectively defined and
independently validated against a specific physiological or clinically meaningful endpoint.

Phase 1 should preserve each channel as a named physiological measure with its own signal-quality
rules and align all channels to the same motion timeline (see Phase 1 Protocol, Section X). Analyses
can examine channel-specific trajectories, within-person reproducibility, time-lagged relationships,
and exploratory multivariate phenotypes. Data-derived components, clusters, or classifiers should
remain statistical constructs until independently validated; the study should not manufacture an ad
hoc global autonomic score. [4, 5, 160, 171]

16. Terminology and Epistemic Boundaries

Scientific precision depends not only on what is measured, but on what the measurement is called.
Autonomic terminology frequently compresses complex, pathway-specific physiology into convenient
scalar labels: “vagal tone,” “sympathetic tone,” “autonomic balance,” “parasympathetic dominance,”
“CAN activation,” or “improved autonomic regulation.” Such language can be useful shorthand when
a construct has been narrowly defined and validated. Without that definition, however, the
terminology can imply substantially more than the underlying evidence establishes. [6, 172, 173]

The governing rule for this paper is simple:

Name the measured physiological domain first. Expand the interpretation only as far as independent
evidence permits.

A biomarker should not acquire the identity of the nerve, autonomic branch, central network,
mechanism, or regulatory quality that may contribute to it. This boundary is carried forward across
the entire Review 03 research record.

16.1 “Vagal Tone”

The phrase vagal tone is particularly vulnerable to overextension because the vagus is not one
homogeneous efferent signal. As Sections 5-7 established, it contains sensory afferents,
branchiomotor fibers, and parasympathetic efferents serving different organs. Cardiac
parasympathetic modulation is consequently specific to the cardiac domain unless independent
evidence supports extension to pulmonary, gastrointestinal, inflammatory, or broader vagal activity.
[48, 49, 71]

For that reason, this paper preferentially uses cardiac parasympathetic influence or cardiac vagal
modulation when the evidence concerns sinoatrial cardiac control. The phrase cardiac vagal tone
may be defensible when it is explicitly defined as tonic parasympathetic influence on the heart and
supported by an appropriate method, such as selective pharmacological blockade. [62, 146]

HRV alone does not establish that quantity. Higher RMSSD or greater RespHRYV can support
changes in cardiac parasympathetic modulation under appropriate conditions, but neither quantifies
whole-body vagal tone or total vagal nerve activity. Cardiac vagal modulation should likewise remain
a cardiac-domain inference unless separate evidence supports broader vagal recruitment. The
narrower terminology is not semantic caution for its own sake. It identifies the physiology the
measurement can actually support. [3, 48]

16.2 “Sympathetic Tone”

The same problem applies to sympathetic tone. Section 8 established that sympathetic outflow is
regionally differentiated. Muscle sympathetic nerve activity, cutaneous sympathetic activity, cardiac
sympathetic influence, renal sympathetic activity, adrenal output, and other sympathetic effectors
can change differently during the same physiological challenge. [86, 89, 95] A measure from one
domain should retain that domain in its name. Examples include muscle sympathetic nerve activity,
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cutaneous sympathetic-sudomotor activity, cardiac beta-adrenergic influence, or regional
norepinephrine spillover rather than simply sympathetic tone.

The phrase “sympathetic activation” is acceptable only when the activated pathway or effector is
specified or when unusually broad evidence genuinely supports a system-level inference. EDA, PEP,
plasma catecholamines, blood pressure, or pupil diameter alone cannot establish global sympathetic
tone. [4, 88, 158, 159]

16.3 “Autonomic Balance”

The sympathetic and parasympathetic systems are often presented as opposite ends of one
physiological axis. Section 3 established why that model is inadequate. Sympathetic and
parasympathetic cardiac influences can change reciprocally, independently, or together. Regional
sympathetic outputs can also dissociate from one another. [2, 18, 19, 89] There is no universal
scalar quantity corresponding to sympathetic «— autonomic balance — parasympathetic. This is also
why LF/HF should not be interpreted as a quantitative measure of “sympathovagal balance.” Section
14 established that LF and HF power do not map uniquely onto sympathetic and parasympathetic
branches. [126, 154]

Review 03 does not use autonomic balance, sympathovagal balance, parasympathetic dominance,
or sympathetic dominance as global physiological states unless a specific validated construct is
explicitly defined. When multiple autonomic outputs change, those changes should be described
rather than compressed into an assumed balance axis. [172, 173]

The term autonomic coherence creates a related problem. Different physiological channels can
become correlated or synchronized, but Section 15 established that cross-channel concordance is
evidence of convergence, not evidence that the channels have become one physiological process.
Divergence can also be physiologically appropriate. [5, 174] Synchronized changes in HRV,
respiration, pupil dynamics, EDA, blood pressure, or other signals are better described literally as
multimodal convergence, cross-channel coupling, or synchronized physiological change. They
should not automatically be labeled “autonomic coherence.”

A proprietary composite or latent variable derived from multiple channels likewise does not become
a physiological mechanism merely because it receives a physiological-sounding name. [171]

16.4 “CAN Activation”

The central autonomic network is a distributed and recurrent organization, not a scalar central
autonomic variable. Section 11 established that different central regions contribute differently across
tasks, physiological states, and experimental conditions. [128, 139, 140] Peripheral changes in HRV,
pupil dynamics, EDA, blood pressure, or respiration may be compatible with altered central-
autonomic processing, but they do not identify the participating regions, the direction of their activity,
or the pathway involved.

Even neuroimaging requires region-, task-, and method-specific interpretation. For SeaKing Phase
1, a peripheral physiological response may be compatible with central-autonomic involvement but
does not demonstrate CAN activation. Localization and causal attribution require appropriate central
measurement or perturbation.

16.5 “Autonomic Flexibility”

Section 12 defined autonomic flexibility narrowly as the capacity to alter physiological configuration
in relation to changing demand and subsequently reconfigure when that demand changes again.
That is a dynamic systems property, not a synonym for one biomarker. [35]

No single feature establishes autonomic flexibility. High resting HRV, large reactivity, rapid recovery,
and multimodal variability each describe only part of a dynamic response. Flexibility requires
evidence that physiological configuration changes appropriately with demand and reconfigures as
that demand changes.
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Any claim of flexibility must identify the demand, physiological domain, response trajectory, recovery
or reconfiguration, and relevant repeated-exposure context. The term is useful only when the
dynamic behavior it describes is visible.

The phrase autonomic dysregulation is legitimate when the abnormality is specified and supported.
Used alone, however, it can become an explanation rather than a description. A scientifically useful
statement should identify the feature at issue, for example: exaggerated orthostatic tachycardia;
blunted cardiovagal baroreflex response; delayed cardiovascular recovery after challenge; abnormal
regional sympathetic recruitment; or another defined physiological abnormality.

Only after that abnormal feature has been established should the broader label “autonomic
dysregulation” be applied. This prevents a circular inference in which an unusual biomarker is called
dysregulation and then “dysregulation” is used to explain the unusual biomarker. [6, 30, 31]

16.6 “Improved Autonomic Regulation”

The strongest value judgment is improved autonomic regulation, and no single direction of
physiological change is sufficient to establish it. Higher HRV, lower EDA, slower heart rate, smaller
reactivity, faster recovery, or greater cross-channel convergence may each be meaningful in context,
but none is intrinsically evidence of improvement. [5, 30, 31] Sections 12 and 15 established why:
exaggerated and blunted responses can both be maladaptive, different effectors can legitimately
diverge, and regulation unfolds across baseline, challenge, response, within-exposure dynamics,
recovery, and repeated exposure.

Whether a physiological trajectory can legitimately be called improved requires another evidentiary
step. Section 17 owns that threshold. Until then, the correct terminology is descriptive: increased,
decreased, attenuated, augmented, faster, slower, more reproducible, habituated, sensitized,
convergent, divergent, or changed, followed by the specific physiological variable and experimental
context. Description should precede judgment.

Terminological discipline also applies to stimulation studies. Vagus nerve stimulation is a controlled
perturbation, not a direct measurement of endogenous vagal physiology. Electrode placement near a
nerve does not by itself prove which fibers were recruited. Demonstrated evoked recruitment does
not establish that the same fibers participate in an endogenous physiological state. A clinical effect
following stimulation does not independently establish the pathway through which that effect
occurred. [175-177]

The frozen project guardrails therefore keep three distinctions explicit: electrode location does not by
itself establish target engagement; evoked recruitment does not establish that the same fibers
participate in endogenous vagal physiology; and clinical efficacy does not by itself identify the
mechanism responsible for benefit.

This is important for SeaKing because stimulation literature can provide evidence that perturbing a
pathway is capable of producing an effect. It cannot automatically establish that natural motion
recruits the same pathway. That mechanistic bridge must be demonstrated rather than assumed.

The same principle applies to computational analysis. A machine-learning classifier may distinguish
two exposure conditions accurately. A clustering algorithm may identify reproducible participant
groups. A latent-variable model may identify a component shared across several physiological
signals. A composite score may predict an outcome.

Those results can be scientifically valuable without automatically acquiring mechanistic meaning.
Prediction does not identify mechanism; a cluster does not by itself identify a physiological pathway;
and latent factors or composite scores remain statistical constructs unless independently validated
against the physiological or functional meaning assigned to them. [164, 171]

Naming is not validation. This boundary becomes especially important in high-dimensional Phase 1
data, where sophisticated analyses may discover patterns that are statistically robust before their
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biological meaning is known. The appropriate initial description is a data-derived response
phenotype or pattern, followed by subsequent validation.

16.7 A Claim Ladder for SeaKing
The terminology rules can be reduced to a practical claim ladder.

Level 1: Observation
A measured signal changed.

Example: RMSSD increased during a defined motion exposure.

Level 2: Validated physiological inference
External validation supports interpretation of that signal within a defined physiological domain.

Example: The change is consistent with altered cardiac parasympathetic modulation under the
measured respiratory and cardiac conditions.

Level 3: Multimodal physiological inference
Non-equivalent measurements converge on a reproducible physiological response.

Example: The exposure was associated with a reproducible multidomain physiological response
involving cardiac, respiratory, sudomotor, and pupillary effectors.

Level 4: Mechanistic inference
Controlled validation demonstrates that a specified pathway causally contributes to the response.

Example: A defined neural or reflex pathway contributes causally to the observed physiological
response.

Level 5: Regulatory or functional inference

The physiological trajectory is shown to correspond to context-appropriate regulation, meaningful
function, symptom improvement, or another validated outcome.

Each level requires additional evidence. A finding at Level 1 cannot be promoted directly to Level 4
or Level 5 because the interpretation is attractive. This is the epistemic structure that separates
observation, physiological inference, mechanism, and benefit.

SeaKing should use the most specific language its measurements permit: cardiac, respiratory,
sudomotor, pupillary, hemodynamic, multimodal, and within-person response descriptions first;
broader autonomic or mechanistic labels only after separate validation. Phase 1 should not claim
increased “vagal tone,” reduced “sympathetic tone,” restored “autonomic balance,” “CAN activation,”
“autonomic coherence,” or “improved autonomic regulation” from discovery biomarkers alone. [6,
154,171, 172]

17. When Can Autonomic Regulation Be Called Improved?

A physiological change is not automatically a physiological improvement. This distinction is
fundamental to autonomic research because many variables commonly assigned positive or
negative meaning are inherently context dependent. Higher HRV may be appropriate in one state
and uninformative in another. Reduced cardiovascular reactivity may represent efficient regulation or
an inadequate response to demand. Faster recovery may be favorable after one challenge while
premature withdrawal of support may be inappropriate during another. Habituation can reflect useful
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adaptation, but reduced response across repeated exposures can arise through several
mechanisms. Therefore, improved autonomic regulation is not a direction on a biomarker scale. [10,
11, 32]

It is a higher-order inference about whether physiological systems respond appropriately to a defined
demand, reconfigure appropriately as that demand changes or ends, reproduce that behavior under
comparable conditions, remain tolerable, and ultimately support meaningful function or clinical
outcome. [10, 11, 32]

17.1 Measurement Validity and Benefit Are Different Questions

A biomarker can be valid without being beneficial. RMSSD can validly provide information sensitive
to cardiac parasympathetic modulation without higher RMSSD necessarily representing better
health. EDA can validly reflect cutaneous sympathetic-sudomotor activity without lower EDA
necessarily representing improved regulation. PEP can contain valid information about cardiac beta-
adrenergic influence without a longer or shorter PEP necessarily being preferable.

The first question is: What physiological process does this measurement validly reflect? The second
is: What happened to that process under the defined condition? Only then comes the separate
question: Was that response functionally appropriate or beneficial? Collapsing these questions
creates a common inferential error: validated biomarker — observed direction — assumed benefit.
The middle observation does not supply the final value judgment.

17.2 Direction Alone Cannot Define Improvement

Section 12 established that both exaggerated and blunted physiological responses can be
maladaptive depending on the demand. Prospective human evidence reinforces this boundary.
Greater stress reactivity has been associated with adverse outcomes in some contexts, while
unusually small or blunted responses have also predicted adverse outcomes in others. [10, 32]
There is therefore no universal rule such as: less sympathetic response = better; more
parasympathetic response = better; lower heart rate = better; higher HRV = better; lower EDA =
better; or smaller reactivity = better.

The appropriate response depends on what the organism is being asked to do. Standing requires
cardiovascular compensation against gravity. Exercise requires increased cardiac output. Thermal
stress may require sympathetic sudomotor and vascular responses. Cognitive or emotional
challenge may appropriately produce transient physiological mobilization. Suppressing a necessary
response would not constitute improved regulation merely because the resulting biomarker appears
“calmer.” Conversely, a large response is not inherently pathological if the demand requires it and
the system reconfigures appropriately afterward. Improvement must be judged relative to demand,
not relative to a preferred direction on a graph.

17.3 Baseline Is a Reference, Not Necessarily a Target

Baseline measurements are essential because they establish the physiological state from which a
response begins. They should not automatically be treated as the state to which the system must
return as rapidly as possible. The post-challenge physiological environment may differ from the pre-
challenge environment. Metabolic demand, circulating mediators, temperature, fluid distribution,
emotional state, respiratory pattern, and other variables may remain altered after the nominal
stimulus ends. Recovery is better understood as appropriate reconfiguration after demand, rather
than compulsory restoration of every variable to its original value. This also prevents another
common assumption: closer to a population mean = healthier. [27, 28, 30]

Population reference distributions can identify unusual physiology. They do not establish the optimal
state for every individual under every condition. For within-person discovery research, an individual's
own comparable baseline is often the more informative reference for characterizing change.
Whether movement toward or away from that baseline represents improvement requires additional
functional evidence.
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17.4 Recovery Adds Information Beyond Peak Response

Peak reactivity captures only one part of a physiological trajectory. Two individuals can exhibit similar
peak responses while differing substantially in how long the response persists, whether different
effectors recover together, and whether the system reconfigures appropriately after the challenge.
Prospective evidence indicates that delayed cardiovascular recovery can carry information beyond
peak reactivity itself. [11] This makes recovery scientifically important. But the same interpretive rule
applies: faster recovery is not universally better simply because it is faster.

The relevant question is whether recovery timing is appropriate for the preceding demand and
associated with favorable functional consequences. A response that disappears before physiological
support is no longer required may be inadequate. A response that remains elevated long after the
demand has ended may represent inefficient or prolonged activation. What matters is the shape and
context of the recovery trajectory, not simply its slope.

17.5 Reproducibility Is Necessary Before Value Judgment

One favorable-looking response during one exposure is weak evidence of improved regulation.
Physiology varies naturally from day to day and moment to moment. Sleep, hydration, meals,
medications, posture, prior activity, circadian timing, respiration, emotional state, illness,
environmental conditions, and measurement noise can all influence autonomic signals. Before a
response phenotype is assigned functional meaning, it should therefore demonstrate reasonable
within-person reproducibility under comparable conditions. That does not require identical
waveforms. Biological regulation is not mechanical repetition. [33, 34]

It means that the important characteristics of the response recur sufficiently to distinguish a
participant-specific pattern from transient noise or uncontrolled context. Repeated measurement is
not merely a way to increase sample size. It is part of the evidence required to determine whether
the observed response represents a stable physiological characteristic.

17.6 Repeated Exposure: Adaptation Is Not Automatically Improvement

Repeated exposure adds another level of inference. A physiological response may become smaller,
larger, faster, slower, or differently coordinated across sessions. Those changes can represent
habituation, sensitization, learning, altered expectation, physiological adaptation, changing
tolerance, or other processes. A smaller repeated response should not automatically be labeled
beneficial habituation, nor a larger repeated response harmful sensitization, without context. [33, 34]

A reduced response may indicate efficient adaptation to a familiar benign stimulus. It may also reflect
fatigue, reduced engagement, altered measurement conditions, or inadequate physiological
recruitment. Similarly, persistence of a response across sessions is not necessarily failure to adapt if
the response remains appropriate to the recurring demand. Repeated-exposure change becomes
more informative when it is stimulus specific, reproducible, compatible with maintained physiological
function, and associated with stable or improved tolerance and meaningful outcomes. The direction
of the adaptation alone does not establish its value.

17.7 Tolerability Is Part of the Evidence

A physiological trajectory should not be labeled improved while ignoring whether the exposure
producing it is tolerable. This is particularly important for motion. A motion profile might produce a
highly reproducible cardiovascular or respiratory response while simultaneously producing nausea,
dizziness, distress, disequilibrium, fatigue, or another adverse experience. The physiological pattern
would remain scientifically interesting. It would not thereby become beneficial. Tolerability provides a
necessary boundary condition between measurable physiological response and candidate beneficial
response. This does not mean subjective comfort alone establishes improved regulation.
Pleasantness and physiological benefit are also not identical.
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Rather, an intervention that consistently produces unacceptable adverse effects cannot be
considered favorably regulated simply because selected biomarkers move in a theoretically
desirable direction.

17.8 Multimodal Convergence Strengthens the Response Claim, Not the Benefit
Claim

Section 15 established that convergence among non-equivalent physiological channels can
strengthen confidence that a real multidomain response occurred. It does not establish that the
response is beneficial. Suppose motion produces a reproducible pattern involving respiration,
cardiac variability, EDA, pupil dynamics, and blood pressure. That convergence can substantially
strengthen the conclusion that the exposure produced a coordinated physiological response. It still
does not answer whether that response improved regulation, reduced symptoms, improved function,
or produced therapeutic benefit. Likewise, divergence among channels does not establish
dysregulation.

Multimodal measurement improves description and physiological inference. Functional meaning
remains a separate evidentiary step.

17.9 Association With Meaningful Function

The claim of improvement becomes substantially stronger when a reproducible physiological
trajectory is associated with a meaningful functional outcome. Depending on the population and
research question, such outcomes might include validated measures of symptoms, task
performance, tolerance, daily function, behavior, quality of life, or another prespecified clinically
meaningful endpoint. The specific endpoint must be appropriate to the condition being studied. This
is where the word improved begins to acquire empirical meaning. If a physiological pattern
repeatedly occurs alongside better function, greater tolerance, reduced symptom burden, or another
validated outcome, the pattern becomes a candidate marker of beneficial regulation. [12, 40]

Even then, association does not establish causation. The physiological response may contribute to
the functional improvement, accompany it, or arise from another process that produces both.
Mechanistic validation remains a separate question.

17.10 Biomarkers Are Not Automatically Surrogate Endpoints

A biomarker can correlate with clinical outcome without becoming a validated substitute for that
outcome. Suppose a particular Phase 1 physiological phenotype later predicts symptom
improvement in a clinical population. That would make the phenotype potentially useful as a
predictive or prognostic biomarker. It would not automatically establish that changing the biomarker
causes the clinical improvement or that the biomarker can replace the clinical endpoint in an
intervention trial. A surrogate endpoint requires stronger evidence: changes in the surrogate must
reliably capture the relevant effect of intervention on the meaningful outcome across appropriate
validation settings. [12, 40]

Biomarker association, surrogate validation, and mechanism are separate inferential steps. Review
03 need not resolve future surrogate-endpoint methodology. The important boundary is that a
physiologically attractive marker should not be promoted into a therapeutic endpoint merely because
it predicts outcome once.

17.11 An Evidence Ladder for Improvement
The evidence required to call a physiological response beneficial can therefore be represented as a
progression:

1. Observed physiological change: A valid measurement changes during or after a defined exposure.

2. Reproducible context-specific response: The important response characteristics recur within the
individual under comparable conditions.
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3. Appropriate recovery or reconfiguration: The response evolves after the demand in a manner
consistent with the physiological context.

4. Repeated-session stability or adaptation: The trajectory remains interpretable across repeated
exposures, including any habituation, sensitization, or other adaptation.

5. Tolerability: The exposure and resulting physiological response occur without unacceptable
adverse effects.

6. Association with meaningful function or clinical outcome: The physiological phenotype
corresponds to prespecified functional, symptomatic, behavioral, or clinical benefit.

7. Validated intervention benefit: Controlled evidence demonstrates that the intervention produces
meaningful benefit and establishes the role, if any, of the physiological phenotype as mediator,
predictor, or validated surrogate.

Each step answers a different question. Skipping steps does not make the conclusion more
ambitious. It makes it less defensible.

17.12 What Phase 1 Can Establish

Phase 1 can establish measurable physiological change, within-person trajectories, recovery
patterns, multimodal convergence or divergence, reproducibility, repeated-session adaptation, and
tolerability. Those findings can define candidate response phenotypes. Discovery measurements
alone cannot establish improved autonomic regulation, therapeutic efficacy, a validated surrogate
endpoint, or a specific vagal, sympathetic, or central causal mechanism. [10-12]

17.13 What Later Phases Must Add

Later controlled studies must test causal mechanisms, while clinical studies determine whether a
discovered phenotype is associated with meaningful improvement and whether deliberately
producing it changes functional or clinical outcomes. The sequence is: discover the response, test its
mechanism, establish whether it matters, and only then evaluate it as an intervention target or
surrogate. [12, 40]

17.14 The Standard for “Improved Regulation”

Review 03 therefore uses a demanding standard: improved autonomic regulation requires a
response appropriate to a defined demand, appropriate recovery or reconfiguration, reproducibility
under comparable conditions, tolerability, and association with meaningful functional or clinical
benefit. Stronger causal language requires evidence that the intervention produced the benefit and
that the physiological response contributes to it. No single biomarker direction, global score, or
multimodal concordance satisfies this standard by itself. [10, 11, 32, 40]

18. Implications for SeaKing Solace

The evidence reviewed in this paper supports a clear scientific opportunity, but not yet a therapeutic
conclusion. Human autonomic physiology is dynamic, regional, multimodal, and strongly dependent
on context. Cardiac parasympathetic activity, regional sympathetic outflows, respiration, baroreflex
function, central integration, pupil dynamics, sudomotor activity, hemodynamics, and other
physiological processes interact without collapsing into one universal autonomic state. [2, 5, 26, 86]
Natural motion introduces a similarly multidimensional exposure.

The first scientific question is not:

Does natural motion improve the autonomic nervous system?
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Itis:

Does defined natural motion produce reproducible, dose-related physiological response phenotypes
in humans, and if so, what are their temporal and multimodal characteristics?

That is the appropriate question for SeaKing Phase 1. [13]

18.1 Natural Motion as an Experimental Exposure

Natural vessel motion is a multidimensional, time-varying exposure involving combinations of heave,
pitch, roll, sway, surge, yaw, acceleration, frequency, amplitude, direction, and duration. Received
exposure also varies with vessel location, posture, participant movement, visual environment, and
sea state. Phase 1 should analyze time-resolved motion rather than reduce the exposure to “boat
versus no boat,” aligning motion with baseline, response, within-exposure dynamics, and recovery.

18.2 Phase 1 Is a Discovery Study

The principal Phase 1 objective is phenotype discovery: identifying reproducible patterns linking
measured motion to cardiac, respiratory, pupillary, sudomotor, hemodynamic, and other physiological
trajectories. A phenotype is a description, not a diagnosis, mechanism, or treatment effect. Its value
lies in defining what repeatedly occurs, when it occurs, and how it changes across sessions. To
prevent a rich multichannel dataset from becoming a post hoc search for whichever signal appears
favorable, the Phase 1 protocol and statistical analysis plan should prospectively distinguish the
primary endpoint or primary endpoint family from secondary and exploratory channels, with
multiplicity handled accordingly (see Phase 1 Protocol/SAP, Section X). [5, 10]

18.3 Motion Must Be Measured With the Physiology

Physiological differences between sessions are uninterpretable without the received motion dose.
Synchronized motion and physiology allow testing of exposure-response relationships, thresholds or
nonlinearities, latency, reproducibility, and whether recovery begins when motion ends or while
exposure continues. These are discovery questions and do not presume that any motion profile is
beneficial.

18.4 Within-Person Structure Is Central

Because autonomic measurements vary with age, posture, respiration, heart rate, medication, sleep,
hydration, prior activity, and baseline state, Phase 1 should emphasize within-person comparisons
across comparable exposures. Between-person analyses remain useful for heterogeneity and
candidate responder phenotypes, but universal biomarker thresholds should not be invented before
population-specific validation. [29, 150, 155]

18.5 Multimodal Measurement Should Remain Multimodal

Each physiological channel should retain its identity. HRV, EDA, pupil dynamics, respiration, heart
rate, blood pressure, and other measures provide non-equivalent information; convergence
strengthens evidence of a multidomain response, while divergence can itself be informative. Phase 1
should seek reproducible configurations rather than average the channels into an unvalidated global
autonomic score. [4, 5, 159, 171]

18.6 Phase 1 Can Generate Mechanistic Hypotheses

Discovery can generate targeted mechanistic hypotheses without presuming them. A reproducible
cardiac-respiratory phenotype might justify selective cardiovagal testing; vascular or sudomotor
phenotypes might motivate sympathetic or reflex studies; other patterns may justify central
investigation. The sequence is discover — characterize — hypothesize — perturb — validate, using
the evidence hierarchy from Section 13.
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18.7 Phase 1 Does Not Need to Prove a Vagal Mechanism

The vagus remains relevant to the SeaKing hypothesis, but Phase 1 does not need to demonstrate
direct vagal activation to succeed. Respiration-informed cardiac parasympathetic modulation would
be meaningful without establishing whole-vagus activation; likewise, sympathetic-sensitive or
central-compatible patterns remain bounded to the domains actually measured. [64, 129, 146]

18.8 Phase 1 Does Not Need to Prove Benefit

A successful Phase 1 result may be a reproducible, dose-related, temporally structured, well-
tolerated physiological phenotype whose mechanism and functional significance remain unknown.
Section 17 establishes why that result cannot yet be called improved autonomic regulation or
therapeutic efficacy. [10, 40] Whether the primary Phase 1 premise is supported should be
determined prospectively rather than by selecting the most favorable channel or analysis after data
collection. The protocol and statistical analysis plan should therefore define, before enrollment or
unblinded analysis, the primary endpoint structure, reproducibility criterion, and channel-specific
smallest effect size of scientific interest (SESOI) where an independently defensible threshold can
be derived from external reliability, test-retest, measurement-error, reliable-change, or other relevant
literature. Where no defensible SESOI exists, the endpoint should remain exploratory rather than
receive an arbitrary threshold (see Phase 1 Protocol/SAP, Section X).

18.9 Prospective Outcomes: Supportive, Inconclusive, and Non-Supportive
Falsifiability requires all three outcomes to be reachable in practice. For the prospectively defined
primary endpoint or endpoint family, a supportive result should require an effect that meets the
prespecified scientific threshold and reproducibility criteria with adequate precision. An inconclusive
result should be reserved for estimates whose uncertainty still spans both scientifically meaningful
and negligible effects, or for prespecified failures of data quality or exposure adequacy that prevent a
valid decision. A non-supportive result should be reachable when the study achieves the

prespecified measurement and exposure conditions and the resulting precision excludes effects at or
above the independently justified SESOI. Failure to reject a conventional null hypothesis is not, by
itself, evidence of no meaningful effect.

Because Phase 1 contains repeated sessions, time-varying motion dose, multiple physiological
channels, and potentially position-dependent exposure, these decision rules require a mixed-effects
or hierarchical analysis that respects the nested data structure. Power and precision should be
justified by simulation using the actual participant x session x exposure x channel design rather than
by treating repeated observations as independent. The statistical analysis plan should also
prespecify primary analysis windows, alternative sensitivity windows, and a concordance rule
defining what constitutes robustness across reasonable segmentation choices (see Phase 1
Protocol/SAP, Section X). These specifications belong in the protocol/SAP; Review 03 establishes
the evidentiary requirement rather than choosing numerical thresholds in advance of that statistical
work.

18.10 From Natural Motion to Controlled Stimulation

If reproducible motion-response relationships emerge, later phases can reproduce candidate motion
characteristics under controlled conditions to determine which axes, frequencies, amplitudes,
durations, or temporal patterns are necessary. This progression from ecological discovery to
experimental control can separate motion effects from the broader vessel experience.

18.11 From Controlled Response to Closed-Loop Investigation

Closed-loop control requires a validated target. Candidate phenotypes must first be reproducible
under controlled conditions, linked to meaningful function or clinical outcome, and tested to
determine whether deliberately producing them improves that outcome. Only then should they be
considered closed-loop targets. [12, 40]
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18.12 The Scientific Opportunity

The literature establishes a testable physiological question rather than an autonomic therapy: motion
can be quantified, autonomic effectors can be measured synchronously, within-person trajectories
can be followed, mechanistic hypotheses can later be tested with more direct methods, and clinical
significance can be evaluated in subsequent populations.

18.13 Current Evidentiary Position

Natural motion is a plausible multidimensional physiological exposure whose autonomic effects in
humans warrant synchronized, dose-resolved study. The unresolved questions are substantive: the
optimal motion profile, whether any response phenotype is beneficial, whether particular effects are
vagally or sympathetically mediated, which central mechanisms participate, and whether the findings
ultimately have therapeutic relevance for autism, POTS, or another condition. [10, 40, 172]

18.14 Conclusion

Autonomic physiology is dynamic, distributed, and context dependent. SeaKing Phase 1 can pair
quantified natural motion with synchronized, non-equivalent physiological measurements to
determine whether reproducible exposure-response phenotypes exist. If they do, later studies can
test mechanism and functional significance. The scientific progression is: measure the motion —
measure the physiology — discover the response — test the mechanism — establish functional
meaning — determine whether deliberate control can produce benefit. The first step is discovery. If
the prospectively defined primary analysis can, with adequate precision, exclude a scientifically
meaningful motion-linked response under the tested conditions, the premise required for progression
is not supported and subsequent development should be redirected rather than advanced on the
present hypothesis.
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