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Abstract

The evolution of the autonomic nervous system provides an organizing principle to interpret the adaptive
significance of physiological responses in promoting social behavior. According to the polyvagal theory, the
well-documented phylogenetic shift in neural regulation of the autonomic nervous system passes through three
global stages, each with an associated behavioral strategy. The first stage is characterized by a primitive unmyelinated
visceral vagus that fosters digestion and responds to threat by depressing metabolic activity. Behaviorally, the first
stage is associated with immobilization behaviors. The second stage is characterized by the sympathetic nervous
system that is capable of increasing metabolic output and inhibiting the visceral vagus to foster mobilization
behaviors necessary for ‘fight or flight’. The third stage, unique to mammals, is characterized by a myelinated vagus
that can rapidly regulate cardiac output to foster engagement and disengagement with the environment. The
mammalian vagus is neuroanatomically linked to the cranial nerves that regulate social engagement via facial
expression and vocalization. As the autonomic nervous system changed through the process of evolution, so did the
interplay between the autonomic nervous system and the other physiological systems that respond to stress, including
the cortex, the hypothalamic!pituitary!adrenal axis, the neuropeptides of oxytocin and vasopressin, and the immune
system. From this phylogenetic orientation, the polyvagal theory proposes a biological basis for social behavior and
an intervention strategy to enhance positive social behavior. ! 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Embedded in the mammalian nervous system
are neuroanatomical structures related to the ex-

pression and experience of social and emotional
behavior. Several of these structures are shared
with other vertebrates and represent the product
of phylogenetic development. Comparative re-
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search across vertebrate classes provides evidence
that mammalian stress and coping response
strategies are hierarchically ordered according to

Ž .a phylogenetic stage Porges, 1997, 1998 . Al-
though research has demonstrated the relevance
of neuroanatomical structures and neurophysio-
logical processes to the expression of emotion
and the regulation of social behavior, contem-
porary theories have not incorporated an ‘evolu-
tion’ perspective.

2. Evolution as an organizing principle

Evolutionary forces have molded both contem-
porary physiology and behavior. The mammalian
nervous system is a product of evolution. Via
evolutionary processes, the mammalian nervous
system has emerged with specific features that
react to challenge in order to maintain visceral
homeostasis. These reactions change physiologi-
cal state and, in mammals, limit sensory aware-
ness, motor behaviors, and cognitive potentials.
We can intuitively grasp the limitations of behav-
ior when described in terms such as dexterity,
speed and strength. However, we have difficulties
when the limitations are manifested in the neural
regulation of physiological state. The regulation
of visceral state is an important substrate of be-
havior that has been both a product of and con-
tributor to our evolutionary adaptive success. The
phylogeny of vertebrates illustrates a progressive
increase in the complexity of the neural mecha-
nisms available to regulate neurobehavioral state
to deal with the challenges along a continuum,
defined by survival on one end, and positive so-
cial-emotional experiences on the other.

To survive, mammals must determine friend
from foe, evaluate whether the environment is
safe, and communicate with their social unit.
These survival-related behaviors are associated
with specific neurobehavioral states that limit the
extent to which a mammal can be physically ap-
proached and whether the mammal can commu-
nicate or establish new coalitions. Thus, environ-
mental context can influence neurobehavioral
state, and neurobehavioral state can limit a mam-
mal’s ability to deal with the environmental chal-

lenge. This knowledge of how the mammalian
nervous system changes neurobehavioral states to
adapt to challenge provides us with an opportu-
nity to design living environments, which may
foster both the expression of positive social be-
havior and physical health.

3. The social engagement system

Through stages of phylogeny mammals and es-
pecially primates have evolved a functional neural
organization that regulates visceral state to sup-
port social behavior. A social engagement system,
which focuses only on the neural regulation of
the striated muscles of the face and head and the
specific autonomic functions mediated by the
myelinated vagus, has been proposed as part of a
more global social nervous system. Although other
neural systems and behaviors are involved in so-
cial behavior, such as signaling with trunk and
limbs, the proposed social engagement system is
conceptualized to emphasize a system that has a
common neural substrate composed of several
cranial nerves that develop embryologically

Ž .together see Porges, 1998 .
The social engagement system has a control

Ž .component in the cortex upper motor neurons
Žthat regulates brainstem nuclei i.e. lower motor

neurons controlling special visceral efferent path-
. Ž .ways to control: eyelid opening e.g. looking ;

Ž .facial muscles e.g. emotional expression ; mid-
Ždle-ear muscles e.g. extracting human voice from
. Žbackground noise ; muscles of mastication e.g.

. Žingestion ; laryngeal and pharyngeal muscles e.g.
.vocalization and language ; and head-turning

Ž .muscles e.g. social gesture and orientation . Col-
lectively, these muscles both regulate social en-
gagement and modulate the sensory features of
the environment. The neural control of these
muscles contributes to the richness of both social
expressions and social experiences. Important to
a psychophysiological perspective, the source nu-
clei of these nerves located in the brainstem
communicate directly with the visceromotor por-
tion of the nucleus ambiguus. Functionally, the
visceromotor portion of the nucleus ambiguus
provides the source nuclei for an inhibitory com-
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ponent of the autonomic nervous system, which
communicates via the myelinated vagal efferents
to target peripheral organs, including the sino-
atrial node. This inhibitory system promotes calm
states consistent with the metabolic demands of
growth and restoration by slowing heart rate,
lowering blood pressure, and inhibiting sympa-
thetic activation at the level of the heart.

The social engagement system is intimately re-
lated to stress reactivity. In addition, the anatomi-
cal structures involved in the social engagement
system have neurophysiological interactions with

Ž .the hypothalamic!pituitary!adrenal HPA axis,
the neuropeptides of oxytocin and vasopressin,
and the immune system. Thus, the social nervous
system provides a theoretical model to explain the
interactive and stress-related functions of several
physiological systems that have central regulatory
components, but are expressed in the periphery.

The social nervous system functions from birth
and rapidly develops to support communication
with the environment. For example, when a
healthy infant encounters the caregiver’s face, the
infant will attempt to engage via facial expression
and vocalizations. The infant may use vocaliza-

Ž . Ž .tions cry and facial expressions grimace to
signal negative states to the caregiver. Or, to
signal more positive states, a wide-eyed, smiling
infant would attempt to elicit positive vocaliza-
tions and smiles from the caregiver. Even in the
young infant, the social engagement system ex-
pects face-to-face interactions, with contingent

Žfacial expressions and vocalizations. Studies e.g.
.Bazhenova et al., in press have demonstrated

that when the face of the caregiver is not respon-
sive, the infant will initially attempt to socially

Žengage the caregiver with display behaviors e.g.
.vocalizations, facial expressions . If the infant is

unsuccessful in engaging the caregiver, the infant
will become agitated and may, in the case of
having a depressed mother, exhibit symptoms of
depression.

4. Neurophysiology of stress: limitations of
arousal theory

For over a century, researchers have measured

Žautonomic variables e.g. heart rate, palmar
.sweat-gland activity as indicators of emotional

Žstate related to perceived stress e.g. fear, mental
.effort, workload, anxiety . Interest in measuring

heart rate and sweat gland activity was theoreti-
cally supported by acceptance of the arousal the-
ory. Arousal theory made the assumption that
peripheral physiological measures regulated by
the sympathetic branch of the autonomic nervous
system provided sensitive indicators of brain
arousal or activation. This view was based on a
rudimentary understanding of the autonomic ner-
vous system, in which changes in easily measured

Ž .peripheral organs e.g. sweat glands, heart were
assumed to be accurate indicators of how the
brain is processing emotional stimuli. Usually, the
emotional states were associated with fight!flight
behaviors and the sympathetic-adrenal system
Že.g. increases in heart rate, sweat gland activity,

.and circulating catecholamines as described by
Ž .Cannon 1928 . The current emphasis on cortisol

as a dependent variable in stress research is con-
sistent with historical views of stress-related
arousal involving the adrenal gland.

Such measures, due in part to their availability
and their neuroanatomical association with the
target organs of the sympathetic nervous system
Ž .sweat glands, heart rate and with secretions

Žfrom the adrenal medulla epinephrine and nore-
. Ž .pinephrine and the adrenal cortex cortisol , have

become the primary variables used to assess phys-
iological reactivity. Not by plan, but by default, an
arousal-theory emphasis created a research envi-
ronment that minimized the importance of neuro-

Ž .physiological processes e.g. feedback and neu-
Ž .roanatomical structures e.g. brain in the regula-

tion of autonomic function. Thus, there was little
interest in several important research questions,
including evolution of the neuroregulation of au-
tonomic function and how the autonomic nervous
system interacted with the immune system, the
HPA axis, and the neuropeptides, oxytocin and
vasopressin.

An emphasis on a global construct of ‘arousal’
still abides within various sub-disciplines of psy-
chology, psychiatry and physiology. This outdated
view of ‘arousal’ may restrict an understanding of
how the autonomic nervous system interfaces with
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the environment and the contribution of the au-
tonomic nervous system to psychological and be-
havioral processes. In contrast, more recent neu-
rophysiological data promote a more integrative
view of the autonomic nervous system.

The flexibility and variability of autonomic ner-
vous system function is totally dependent upon
the structure of the nervous system. By mapping
the phylogenetic development of the structures
regulating autonomic function, it is possible to
observe the dependence of autonomic reactivity
on the evolution of the underlying structure of
the nervous system, and consequently the depen-
dence of social behavior on autonomic reactivity.
The phylogenetic approach highlights a shift in
brainstem and cranial nerve morphology, and
functions from a digestive and cardiopulmonary
system to a system that integrates the regulation
of facial muscles, cardiac output and the vocal
apparatus for affective communication.

5. The evolution of the autonomic nervous system:
emergent structures and the expression of
emotions

Although there is an acceptance that the au-
tonomic nervous system and the face play a role
in emotional expression and social behavior, there
is great uncertainty regarding the autonomic sig-
nature of specific or discrete emotions and the
function of the autonomic nervous system in reg-
ulating social behavior. Most researchers evaluat-
ing autonomic responses during affective experi-
ences, assumed, as did Cannon, that the sympa-
thetic nervous system was the determinant of
emotion, or at least the primary physiological
covariate of emotion and an index of stress. This,
of course, neglects the potential role of the
parasympathetic nervous system and its neuro-
physiological affinity to structures of the face and
head that regulate facial expression, eye move-
ments, pupil dilation, salivation, swallowing, vo-
calizing, hearing and breathing. By investigating
the evolution of the autonomic nervous system,
we may gain insight into the interface between
autonomic function and facial expression. In the
following sections, the phylogenetic development

of the autonomic nervous system will be used as
an organizing principle to categorize affective ex-
periences.

The polyvagal theory is derived from investiga-
tions of the evolution of the autonomic nervous
system. The theory includes assumptions that im-
pact on psychological, behavioral and physiologi-
cal processes associated with emotional regula-
tion and social behavior. Thus, consistent with the
polyvagal theory, behavioral and autonomic re-
sponses associated with emotional regulation and
social behavior reflect adaptive strategies emer-
gent from the phylogeny of the mammalian ner-
vous system.

1. Evolution has modified the structures of the
autonomic nervous system.

2. The mammalian autonomic nervous system
retains vestiges of phylogenetically older au-
tonomic nervous systems.

3. Emotional regulation and social behavior are
functional derivatives of structural changes in
the autonomic nervous system due to evolu-
tionary processes.

4. In mammals, the autonomic nervous system
response strategy to challenge follows a phy-
logenetic hierarchy, starting with the newest
structures and, when all else fails, reverting to
the most primitive structural system.

5. The phylogenetic stage of the autonomic ner-
vous system determines affective states and
the range of social behavior.

6. Polyvagal theory: three phylogenetic systems

Ž .The polyvagal theory Porges, 1995, 1997, 1998
emphasizes the phylogenetic origins of brain
structures that regulate social and adaptive sur-
vival-oriented defensive behaviors. The polyvagal
theory proposes that the evolution of the mam-
malian autonomic nervous system provides the
neurophysiological substrates for the emotional
experiences and affective processes that are ma-
jor components of social behavior. The theory
proposes that physiological state limits the range
of behavior and psychological experience. In this
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context, the evolution of the nervous system de-
termines the range of emotional expression, qual-
ity of communication, and the ability to regulate
bodily and behavioral state. The polyvagal theory
links the evolution of the autonomic nervous sys-
tem to affective experience, emotional expression,
facial gestures, vocal communication and contin-
gent social behavior. Thus, the theory provides a
plausible explanation of social, emotional and
communication behaviors and disorders. The the-
ory also provides an explanation of stress-related
responses.

The polyvagal construct was introduced to em-
phasize and document the neurophysiological and
neuroanatomical distinction between two

Ž .branches of the tenth cranial nerve vagus and to
propose that each vagal branch was associated
with a different adaptive behavioral strategy. The
vagus nerve, a primary component of the au-
tonomic nervous system, exits the brainstem and
has branches that regulate the striated muscles of

Žthe head and face e.g. facial muscles, eyelids,
middle-ear muscles, larynx, pharynx, muscles of

. Žmastication and in several visceral organs e.g.
.heart, gut . The theory proposes that the different

branches are related to unique, adaptive behav-
ioral strategies and articulates three phylogenetic
stages of the development of the mammalian

Ž .autonomic nervous system see Table 1 . These
stages reflect the emergence of three distinct
subsystems, which are phylogenetically ordered

Žand behaviorally linked to communication e.g.
.facial expression, vocalization, listening ,

Ž .mobilization e.g. fight!flight behaviors and im-
Žmobilization e.g. feigning death, behavioral

.‘shutdown’ and syncope . The mobilization system

is dependent on the functioning of the sympa-
thetic nervous system. The most phylogenetically
primitive component, the immobilization system,
is dependent on the unmyelinated or ‘vegetative’
vagus, which is shared with most vertebrates. With
increased neural complexity due to phylogenetic
development, the organism’s behavioral and af-
fective repertoire is enriched. The current paper
expands the polyvagal theory to include response
systems that interact with the autonomic nervous

Žsystem i.e. neuropeptides, HPA axis and the im-
.mune system to mediate physiological state in

order to promote or limit social behavior.
Table 2 illustrates the phylogenetic differences

in the structures that regulate the heart in verte-
Žbrates Taylor, 1992; Morris and Nilsson, 1994;

.Santer, 1994 . The heart is selected, because regu-
lation of the heart determines the availability of
the metabolic resources required for mobiliza-
tion, as well as for growth and restoration. For
example, cardiac output must be regulated to
remain calm in safe environments, to mobilize for
fight or flight behaviors, or to immobilize for
feigning death or avoidance behaviors. To regu-
late cardiac output, several efferent structures
have evolved. These structures represent two
global, and often opposing, systems: one, a sym-
pathetic-catecholamine system, including cate-
cholamine-secreting chromaffin tissue and spinal
sympathetic nerves; and secondly, a vagal system
Ža component of the parasympathetic nervous sys-

.tem with branches originating in medullary
Žsource nuclei i.e. dorsal motor nucleus of the

.vagus and nucleus ambiguus .
In the jawless fish, neural control of the heart

is very primitive. Some jawless fish, such as hag-

Table 1
The three phylogenetic stages of the neural control of the heart proposed by the polyvagal theory

Phylogenetic ANS component Behavioral function Lower motor neurons
stage

III Myelinated vagus Social communication, self- Nucleus ambiguus
soothing and calming, inhibit
sympathetic-adrenal influences

Ž .II Sympathetic-adrenal Mobilization active avoidance Spinal cord
ŽI Unmyelinated vagus Immobilization feigning death, Dorsal motor nucleus

.passive avoidance of the vagus

John Torday
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Table 2
Neural regulation of the heart as a function of vertebrate
phylogeny

Group CHM DVC SNS AD"m VVC

Ž .Jawless fish X# X#
Cartilaginous fish X# X$
Bony fish X# X$ X#
Amphibians X# X$ X#
Reptiles X# X$ X# X#
Mammals X# X$ X# X# X$

Abbre!iations: CHM, chromaffin tissue; DVC, dorsal vagal
complex with vagal efferent pathways originating in the dorsal
motor nucleus of the vagus and vagal afferents terminating in

Ž .the nucleus of the solitary tract NTS ; SNS, spinal sympa-
thetic nervous system; AD"m, adrenal medulla; and VVC,
ventral vagal complex with efferent pathways originating in

Žthe nucleus ambiguus that regulate visceral structures heart,
.bronchi, thymus and striated muscles via special visceral

efferents and afferents via the solitary tract, trigeminal and
Žfacial nerve. X# indicates a cardioexcitatory influence e.g.

.increases in heart rate . X$ indicates a cardioinhibitory in-
Ž .fluence e.g. decreases in heart rate .

fish, rely on circulating catecholamines from dif-
fuse chromaffin tissue to provide excitatory in-
fluences on the heart. Other jawless fish, such as
lampreys, have a cardiac vagus. However, in con-
trast to all other vertebrates, which have a
cardio-inhibitory vagus that acts via muscarinic
cholinoceptors, the lamprey vagus is cardio-exci-
tatory and acts via nicotinic receptors.

The cartilaginous fish, such as the sharks, rays
and skates, have an unmyelinated cardio-inhibi-
tory vagus. Similar to the more recent verte-
brates, the vagus has cells of origin in the dorsal
motor nucleus of the vagus located in the medulla.
The vagus in these fish is inhibitory and the

Žcholinoceptors the primary neurotransmitter of
.the vagus in all vertebrates is acetylcholine on

the heart are muscarinic, as they are in other
vertebrates. The cardioinhibitory vagus is functio-
nal in the cartilaginous fish. In conditions of
hypoxia, the metabolic output is adjusted by low-
ering heart rate. This modification of neural regu-
lation may provide a mechanism to enable the
cartilaginous fish to increase their territorial
range, by providing a neural mechanism that ad-
justs metabolic output to deal with changes in

water temperature and oxygen availability. How-
ever, unlike the phylogenetically more recent bony
fish and tetrapods, the cartilaginous fish do not
have direct sympathetic input to the heart. In-
stead, cardiac acceleration and increases in con-
tractility are mediated via "-adrenergic receptors
stimulated by circulating catecholamines released
from chromaffin tissue. Thus, since activation of
metabolic output is driven by circulating cate-
cholamines, and not by direct neural innervation,
once the excitatory system is triggered, the ability
to self-soothe or calm is limited.

The bony fish are phylogenetically the first
group of vertebrates in which the heart is regu-
lated by both sympathetic and parasympathetic
neural pathways. With opposing neural mecha-
nisms from sympathetic and vagal pathways, rapid
transitory changes in metabolic output are possi-
ble to support immediate changes in behavior
from mobilization to immobilization. In bony fish,
this is observed as darting and freezing, with
direct neural components from the spinal cord via
the sympathetic chain producing increases in heart
rate and contractility, and direct neural pathways
from the brainstem via the vagus producing car-
dio-inhibitory actions.

Amphibians, similar to the bony fish, have dual
innervation of the heart via systems, with direct
neural components from the spinal cord via the
sympathetic chain producing increases in heart
rate and contractility, and direct neural pathways
from the brainstem via the vagus producing car-
dioinhibitory actions.

A distinct adrenal medulla formed of chro-
Ž .maffin tissue is present in reptiles Santer, 1994 .

The medulla is of ectodermal origin, from which
the epidermis, nervous tissue and, in vertebrates,
sense organs develop. Neural regulation by sym-
pathetic nerves of the adrenal medulla provides a
mechanism for rapid and controlled release of
epinephrine and norepinephrine to increase car-
diac output to match the metabolic demands of
mobilization behaviors. In bony fish, chromaffin
tissue is primarily found in parts of the cardiovas-
cular system, although there is also chromaffin
tissue associated with the kidney. In amphibians,
chromaffin tissue is primarily associated with the
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kidney, and there are substantial aggregations of
chromaffin cells located along the sympathetic
chain ganglia.

In mammals, the morphology of the vagus
changes. Unlike other vertebrates with a cardioin-
hibitory vagus, the mammalian vagus contains two
branches. One branch originates in the dorsal
motor nucleus of the vagus and provides the
primary neural regulation of subdiaphragmatic
organs, such as the digestive tract. However, at
the level of the heart, the dorsal motor nucleus of
the vagus does not play a major role in the
normal dynamic regulation of cardiac output.
Rather, during embryological development in
mammals, cells from the dorsal motor nucleus of
vagus migrate ventrally and laterally to the nu-

Ž .cleus ambiguus Schwaber, 1986 . There they form
the cell bodies for visceromotor myelinated axons
that provide potent inhibition of the sinoatrial
node, the pacemaker for the heart. Three phylo-
genetic principles can be extracted from Table 2.
First, there is a phylogenetic shift in the regula-
tion of the heart from endocrine communication
to unmyelinated nerves, and finally to myelinated
nerves. Second, there is a development of oppos-
ing neural mechanisms of excitation and inhibi-
tion to provide rapid regulation of graded
metabolic output. Third, with increased cortical
development, the cortex exhibits greater control

Ž .over the brainstem via direct e.g. corticobulbar
Ž .and indirect e.g. corticoreticular neural path-

ways, originating in motor cortex and terminating
in the source nuclei of the myelinated motor

Žnerves emerging from the brainstem e.g. specific
visceral neural pathways embedded within cranial

.nerves V, VII, IX, X and XI .
These phylogenetic principles provide a basis

for speculations regarding the behavioral and
physiological responses associated with mam-
malian social and emotional behavior, which is
neurophysiologically and behaviorally linked to
adaptive stress and coping strategies. In general,
phylogenetic development results in increased
neural control of the heart via the myelinated
mammalian vagal system, which can promote
transitory mobilization and the expression of sym-
pathetic tone without requiring sympathetic or

adrenal activation. With this new vagal system,
transitory incursions into the environment or
withdrawals from a potential predator can be
initiated without the severe biological cost of the
metabolic excitation associated with sympathetic-
adrenal activation. Paralleling this change in neu-
ral control of the heart is an enhanced neural
control of the face, larynx, and pharynx that en-
ables complex facial gestures and vocalizations.
This phylogenetic course results in greater central
nervous system regulation of behavior, especially
behaviors needed to engage and disengage with
environmental challenges. Birds are conspicu-
ously missing from Table 2, since Table 2 includes
the phylogenetic stage preceding mammals. Al-
though mammals and birds are phylogenetic de-
scendants of reptiles, mammals are not ‘direct’
phylogenetic descendants of birds.

By transitory down-regulation of the cardioin-
Žhibitory vagal tone to the heart i.e. removing the

.!agal brake , the mammal is capable of rapid
increases in cardiac output without activating the
sympathetic-adrenal system. By engaging this sys-
tem, rather than the sympathetic-adrenal system,
mammals have the opportunity to rapidly increase
metabolic output for immediate mobilization. Un-
der prolonged challenge, the sympathetic system
may also be activated. However, by rapidly re-en-
gaging the vagal system, mammals have the ca-
pacity to inhibit sympathetic input to the heart
Ž .Vanhoutte and Levy, 1979 and rapidly decrease
metabolic output to self-soothe and calm.

7. The vagal brake

The myelinated mammalian vagus is actively
inhibitory of the sympathetic nervous system at
the level of the heart. The mammalian vagus may

Žfunction as an active !agal brake see Porges et
.al., 1996 in which rapid inhibition and disinhibi-

tion of the vagal tone to the heart can rapidly
mobilize or calm an individual. In addition, since
the mammalian vagus has distinct pathways in-
volved in the !oluntary regulation of the striated

Žmuscles e.g. corticobulbar pathways, afferents
from face and mouth, efferents to larynx and
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.pharynx , the regulation of heart rate is neu-
roanatomically and neurophysiologically linked to
the function of the special visceral efferents.

Due to the tonic vagal influences to the sinoa-
Ž .trial node the heart’s pacemaker , resting heart

rate is substantially lower than the intrinsic rate
of the pacemaker. When the vagal tone to the
pacemaker is high, the vagus acts as a brake on
the rate at which the heart is beating. When vagal
tone to the pacemaker is low, there is little or no
inhibition of the pacemaker. Thus, the vagal brake
may be used as a construct to describe the func-
tional modulation of heart rate by the myelinated
vagal efferent pathways. The vagal brake provides
a neural mechanism to rapidly change visceral
state by slowing or speeding the heart rate. Con-
sistent with the assumptions of the polyvagal the-
ory, the vagal brake contributes to the modula-
tion of cardiac output by decreasing the inhibitory
vagal control of the heart to speed heart rate and
by increasing the inhibitory vagal control of the
heart to slow heart rate. Thus, neurophysiologi-
cally, the vagal brake provides a mechanism to
support the metabolic requirements for mobiliza-
tion and communication behaviors. Functionally,
the vagal brake , by modulating visceral state,
enables the individual to rapidly engage and dis-
engage objects and other individuals and to pro-
mote self-soothing behaviors and calm behavioral
states.

Difficulties in regulating the vagal brake result
in the recruitment of other neural mechanisms
Ž .e.g. sympathetic regulation of the heart and

Žneural chemical mechanisms e.g. stimulation of
.the HPA axis to regulate physiological state.

Thus, consistent with the polyvagal theory, if the
vagal brake is not functioning or will not serve
the survival needs of the organism, the phyloge-

Žnetically older systems e.g. the sympathetic-
.adrenal system will be recruited to regulate

metabolic output to deal with environmental chal-
lenges. For example, if the vagal brake is not
functioning, there is the potential for greater
dependence on the sympathetic excitation of the
cardiovascular system with the associated health-

Ž . Žrelated e.g. hypertension and behavioral e.g.
.irritable and reactive costs.

8. Evolution and dissolution: a hierarchical
response strategy

The evolution of the autonomic nervous system
provides substrates for the emergence of three
adaptive stress and coping subsystems, each linked
to structures that evolved during identifiable phy-
logenetic stages. The polyvagal theory proposes
that during danger or threat the older, less social
systems are recruited. The older systems, al-
though functional in the short term, may result in
damage to the mammalian nervous system when
expressed for prolonged periods. Thus, the stress
and coping neurophysiological strategies that are

Žadaptive for reptiles e.g. apnea, bradycardia, im-
.mobilization may be lethal for mammals.

Rather than describing the autonomic nervous
system as a linear ‘arousal’ system focused on the
sympathetic nervous system, or a balance system
focused on the opposing influences of the sympa-
thetic and parasympathetic pathways, the func-
tion of the autonomic nervous system is hierarchi-
cally organized. As emphasized above, the hierar-
chical organization is phylogenetically determined
and can be summarized as the following three
sequential functional subsystems:

Ž .1. The ventral vagal complex VVC : a mam-
malian signaling system for motion, emotion,
and communication.

Ž .2. The sympathetic nervous system SNS : an
adaptive mobilization system supporting fight
or flight behaviors.

Ž .3. The dorsal vagal complex DVC : a vestigial
immobilization system.

Each of these three neural constructs is linked
with a specific response strategy observable in
humans. Each strategy is manifested via differen-
tiated motor output from the central nervous
system to perform specific adaptive functions: to
immobilize and conserve metabolic resources
Ž .DVC , to mobilize in order to obtain metabolic

Ž .resources SNS , or to signal with minimal energy
Ž .expense VVC . The constituent responses associ-

ated with each subsystem are listed in Table 1.

John Torday

John Torday









( )S.W. Porges " International Journal of Psychophysiology 42 2001 123!146 131

( )8.1. The !entral !agal complex VVC

The primary efferent fibers of the VVC origi-
nate in the nucleus ambiguus. The primary af-
ferent fibers of the VVC terminate in the source
nuclei of the facial and trigeminal nerves. The
VVC has the primary control of supradiaphrag-
matic visceral organs, including the larynx, phar-
ynx, bronchi, esophagus, and heart. Motor path-

Žways from the VVC to visceromotor organs e.g.
.heart and bronchi and somatomotor structures

Ž .e.g. larynx, pharynx, esophagus are myelinated
to provide tight control and speed in responding.
In mammals, the visceromotor fibers to the heart
express high levels of tonic control and are capa-
ble of rapid shifts in cardioinhibitory tone to
provide dynamic changes in metabolic output to
match environmental challenges. This rapid regu-
lation characterizes the qualities of the mam-
malian vagal brake that enable rapid engagement
and disengagement in the environment without
mobilizing the sympathetic nervous system.

A major characteristic of the VVC is the fact
that the neural fibers regulating somatomotor
structures are derived from the branchial or
primitive gill arches that evolved to form cranial
nerves V, VII, IX, X and XI. Somatomotor fibers
originating in these cranial nerves control the
branchiomeric muscles, including those of the
face, mastication, neck, larynx, pharynx, esopha-
gus, and middle ear. Visceromotor efferent fibers
control salivary and lachrymal glands, as well as
the heart and bronchi. The primary afferents to
the VVC come from facial and oral afferents
traveling through the facial and trigeminal nerves
and the visceral afferents terminating in the nu-

Ž .cleus of the solitary tract NTS . The VVC is
involved in the control and coordination of suck-
ing, swallowing, and vocalizing with breathing.

( )8.2. The sympathetic ner!ous system SNS

The sympathetic nervous system is primarily a
system of mobilization. It prepares the body for
emergency by increasing cardiac output, stimulat-
ing sweat glands to protect and lubricate the skin,
and by inhibiting the metabolically costly gas-
trointestinal tract. The evolution of the sympa-

thetic nervous system follows the segmentation of
the spinal cord, with cell bodies of the pregan-
glionic sympathetic motor neurons located in the
lateral horn of the spinal cord. The sympathetic
nervous system has long been associated with
emotion and stress. The label sympathetic reflects
the historical identity of this system as a nervous
system with feelings and contrasts it with the
parasympathetic nervous system, a label that re-
flects a nervous system that guards against feel-
ings.

( )8.3. The dorsal !agal complex DVC

Ž .The dorsal vagal complex DVC is primarily
associated with digestive, taste, and hypoxic re-
sponses in mammals. It includes the nucleus of

Ž .the solitary tract NTS and the interneuronal
communication between the NTS and dorsal mo-

Ž .tor nucleus of the vagus DMX . The efferents for
the DVC originate in the DMX and primary vagal
afferents terminate in the NTS. The DVC pro-
vides the primary neural control of subdiaphrag-
matic visceral organs. It provides low tonic influ-
ences on the heart and bronchi. This low tonic
influence is the vestige from the reptilian vagal
control of the heart and lung. In contrast to
reptiles, mammals have a great demand for oxy-
gen and are vulnerable to any depletion in oxygen
resources.

The DVC provides inhibitory input to the
sinoatrial node of the heart via unmyelinated
fibers, and thus is less tightly controlled than the
myelinated fibers from the VVC. Hypoxia or per-
ceived losses of oxygen resources appear to be the
main stimuli that trigger the DVC. This response
strategy is observed in the hypoxic human fetus.
Although adaptive for the reptile, the hypoxic
triggering of this system may be lethal for mam-
mals. In addition, it is important to note that the
DVC has beneficial functions in humans. Under
most normal conditions, the DVC maintains tone
to the gut and promotes digestive processes.
However, if up-regulated, the DVC contributes to
pathophysiological conditions including the for-
mation of ulcers via excess gastric secretion and
colitis. Recent research supports the importance
of the unmyelinated vagal fibers in bradycardia
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Ž .Cheng and Powley, 2000 and suggests the possi-
bility that massive bradycardia may be de-
termined by the unmyelinated vagal fibers associ-
ated with the DVC recruiting myelinated vagal
fibers to maximize the final vagal surge on the

Ž .heart Jones et al., 1995 .

8.4. Dissolution

The polyvagal theory proposes a hierarchical
response strategy to environmental challenges,
with the most recent modifications employed first
and the most primitive last. However, the re-
sponse strategy is not all-or-none, and may in-
clude transitional blends between the boundaries
of the three hierarchical stages. These transition-
al blends may be determined by both visceral

Žfeedback and higher brain structures including
the HPA axis and vasopressinergic and oxytocin-
ergic pathways that communicate between the

.hypothalamus and the DVC . Thus, the neuro-
physiological substrate of specific behavioral states
and coping strategies may incorporate activation
of a sequence of response systems representing
more than one phylogenetic stage.

This phylogenetically based hierarchical re-
sponse strategy is consistent with the concept of
dissolution proposed by John Hughlings Jackson
Ž .1958 to explain disease of the nervous system.
Jackson proposed that:

Ž .The higher nervous arrangements inhibit or control
the lower, and thus, when the higher are suddenly
rendered functionless, the lower rise in activity.

Ž .The polyvagal theory Porges, 1995, 1997, 1998
proposes dissolution, not in response to disease
or brain trauma, but as an adaptive biobehavioral

Žresponse strategy to differential challenges i.e.
.threats to survival . Although reminiscent of the

Ž .triune brain proposed by MacLean 1990 , the
polyvagal theory emphasizes that even the phylo-
genetically more primitive structures have
changed in structure and function. This phyloge-
netic adjustment of the autonomic nervous sys-

Žtem represents an exaptation i.e. a shift in func-
.tion of structures to express emotions and to

adapt to the complex environment.

Expanding the Jacksonian construct of dissolu-
tion from disease and trauma, the polyvagal the-
ory proposes that adaptive response strategies to
survival challenges follow a phylogenetically de-
fined hierarchy. The VVC, with its mechanisms of
signaling and communication, provides the initial
response to the environment. The VVC inhibits,
at the level of the heart, the strong mobilization
responses of the sympathetic nervous system.
Withdrawal of VVC, consistent with Jackson’s
model, results in a disinhibition of the sympa-
thetic control of the heart. Similarly, withdrawal
of sympathetic tone results in a disinhibition of
the DVC control of the gastrointestinal tract and
vulnerability of the bronchi and heart. There are
several clinical consequences to unopposed DVC
control including: defecation, due to a relaxation
of the sphincter muscles and increased motility of
the digestive tract; apnea, due to constriction of
the bronchi; and bradycardia, due to stimulation
of the sinoatrial node. Thus, when all else fails,
the nervous system elects a metabolically conser-
vative course that is adaptive for primitive verte-
brates. For mammals, this strategy may be adap-
tive in the short term, but lethal if maintained.
Consistent with the Jacksonian principle of disso-
lution, specific psychopathologies defined by af-
fective dysfunction may be associated with au-
tonomic correlates consistent with the three phy-
logenetic levels of autonomic regulation. The
three levels do not function in an all-or-none
fashion; rather, they exhibit gradations of control
determined by both visceral feedback and higher
brain structures.

9. The social engagement system: an emergent
property of the ventral vagal complex

Phylogenetically, the ventral vagal complex
Ž .VVC is the most recent neurophysiological af-
fect system. The VVC is composed of a somato-
motor component, consisting of the special vis-
ceral efferent pathways, and a visceromotor com-
ponent, consisting of the myelinated vagal path-
ways from the nucleus ambiguus to the sinoatrial
node of the heart and the bronchi. As illustrated
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Fig. 1. The social engagement system: social communication is determined by the cortical regulation of medullary nuclei via
Žcorticobulbar pathways. The social engagement system consists of a somatomotor component i.e. special visceral efferent pathways

. Žthat regulate the muscles of the head and face and a visceromotor component i.e. the myelinated vagus that regulates the heart
.and bronchi . Solid arrows indicate the somatomotor component. Dashed arrows indicate the visceromotor component.

in Fig. 1, the special visceral efferents and the
vagal brake collectively constitute an emergent
social engagement system. The somatomotor com-
ponents of the VVC contribute to the regulation
of behaviors involved in exploration of the social

Ž .environment e.g. looking, listening, ingesting and
behaviors involved in acknowledging social con-

Ž .tact e.g. facial and head gestures, vocalizing .
More specifically, the somatomotor components

Žof the VVC are involved in head-turning via
. Ž .cranial nerve XI , vocalizations IX, X , facial

Ž .expression VII, V , the filtering of low-frequency
sounds via the middle-ear muscles to extract hu-

Ž .man voice from background sounds VII , and
Ž .mastication V . The visceromotor components of

the VVC contribute to the rapid modulation of
Ž .vagal X control of the heart and the bronchi

Ž .X , which provides metabolic resources to en-
gage and disengage in a social setting.

Three important features define the social en-
gagement system. First, the efferent pathways that
regulate the social engagement system originate

Žin medullary structures i.e. nucleus of cranial
nerve V, nucleus of cranial nerve VII, nucleus

.ambiguus . Second, corticobulbar pathways, which
Žoriginate in frontal cortex i.e. upper motor neu-

.rons , enable the possibility of efficient cortical
Žregulation of these medullary source nuclei i.e.

.lower motor neurons . Third, on the medullary
level, the structures that regulate the efferent
regulation of social-communication behaviors
neuroanatomically communicate with structures

Žthat regulate ingestion e.g. sucking, swallowing,
.salivation and cardiac output. Thus, modulation

of the vagal brake may either promote calming
Žand self-soothing states i.e. attenuate the influ-

ence of the sympathetic nervous system on the
. Žheart or support mobilization i.e. potentiate the

influence of the sympathetic nervous system on
.the heart .

Consistent with the polyvagal theory, difficul-
ties in regulating the !agal brake may result in the

Žphylogenetically older systems i.e. neural regula-
tion of the adrenal and the sympathetic nervous

.system being recruited to regulate metabolic out-
put to deal with environmental challenges. Thus,
the polyvagal theory would predict that during
states of mobilization, characterized by classic
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‘fight!flight’ behaviors and sympathetic excita-
tion, both the !agal brake and the behavioral
components of the social engagement system would
not be easily accessible.

10. Measurement

In the psychophysiological literature, there is
an assumption that respiratory sinus arrhythmia
is an index of vagal influences to the heart. The
polyvagal theory distinguishes between the
rhythmic beat-to-beat changes in heart rate, me-
diated via the myelinated vagal pathways that
originate in the nucleus ambiguus, and the con-
servative responses of bradycardia, mediated via
the unmyelinated vagal pathways that originate in
the dorsal motor nucleus of the vagus.

The nucleus ambiguus is a component of a
network of structures that generate a respiratory
rhythm to foster coordination among cardiac and

Ž .respiratory processes Richter and Spyer, 1990 .
In support of this model, vagal fibers originating
from the nucleus ambiguus and terminating in

Ž .both the bronchi Haselton et al., 1992 and the
Ž .sinoatrial node Spyer and Jordan, 1987 have a

respiratory rhythm. In contrast, vagal fibers origi-
nating from the dorsal motor nucleus of the vagus
do not have a respiratory rhythm.

Ž .Recent work by Jones et al. 1995 provides
support for this model. They note that the pre-
ganglionic unmyelinated vagal fibers originating
in the dorsal motor nucleus of the vagus do not
have an obvious input from peripheral or central
respiratory or cardiac related inputs, but are acti-
vated by stimulation of pulmonary unmyelinated
afferent fibers. Convergent support comes from

Ž .Paton 1998 , who reported that stimulation of
unmyelinated vagal afferents produces reflex
bradycardia and depresses central respiratory ac-
tivity, consistent with an adaptive shutdown sys-
tem as proposed by the polyvagal theory. Thus,
the vagal responses mediated by the unmyeli-
nated vagus, being part of an ancient conserva-
tion system, are reflected in mammals as adaptive
responses triggered by life-threatening events,

Ž .such as hypoxia see Potter and McCloskey, 1986 ,

and can be observed as clinical bradycardia in the
Ž .fetus Reed et al., 1999 .

Neuroanatomical confirmation that the two va-
gal pathways in mammals have different function-

Žal impact on the heart i.e. beat-to-beat variability
. Žand level has been confirmed Jones et al., 1995;

.Cheng and Powley, 2000 . However, the functions
of the unmyelinated fibers are not totally under-
stood. For example, the myelinated and unmyeli-
nated fibers differentially respond to rates of
stimulation, suggesting different functional

Ž .properties Fan and Andresen, 1998 . Although
stimulation of the unmyelinated fibers originating
in the dorsal motor nucleus of the vagus can
produce heart-rate slowing and an attenuation of

Ž .contractility see Cheng et al., 1999 , whether the
unmyelinated fibers are responsible for clinical

Žbradycardia has been contested see Jones et al.,
.1995; Hopkins et al., 1996 .

Alternative explanations might be considered.
For example, it is possible that the myelinated
vagal fibers originating in the nucleus ambiguus
might contribute to clinical bradycardia. This ex-
planation would suggest that the myelinated vagal
pathways might, under different conditions, re-
spond to two regulatory systems. During condi-
tions when blood gases are within normal range,
part of a rhythmic vagal system may produce a
coordinated respiratory rhythm in heart rate and
bronchial activity to facilitate oxygen diffusion.
However, during conditions of compromise when
blood gas status threatens survival, both RSA and
respiratory drive would be suppressed. In the
absence of the rhythmic vagal system, a tonic
vagal system may drop heart rate level to reduce
metabolic demands. Perhaps during fetal distress,
a tonic increase in the influence of the myelin-

Žated vagal fibers to the heart i.e. producing
.bradycardia is paralleled by the increase in the

tonic influence of the unmyelinated vagal fibers
Ž .to the gut i.e. producing meconium . Consistent

with this premise, there are reports that selective
stimulation of the myelinated vagal fibers induce
bronchoconstriction and potentiate the recruit-

Ž .ment of non-myelinated fibers Lama et al., 1988 .
Based on the above neurophysiological evi-

dence, the functional impact of the myelinated
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vagus on the heart is easily calibrated by quantify-
ing the amplitude of respiratory sinus arrhythmia
Ži.e. the rhythmic increase and decrease in heart
rate observed at the frequency of spontaneous

.breathing . In addition, the period of the oscilla-
Ž .tions in heart rate the period of RSA would

provide a valid index of the output frequency of
the cardiopulmonary oscillator. In addition, since
the brainstem nuclei that regulate the myelinated
vagal pathways to the heart are neuroanatomi-
cally and neurophysiologically linked to the brain-
stem source nuclei of the special visceral effer-
ents that regulate facial expression, monitoring

Ždynamic changes in RSA and heart rate i.e. the
.!agal brake provides an efficient and non-invasive

method of assessing the status of the social en-
gagement system.

11. Voodoo or vagus death: a test of the polyvagal
theory

The polyvagal theory provides a theoretical
framework to interpret the phenomenon of Voo-

Ž .doo or fright death described by Cannon 1957
Ž .and Richter 1957 . Cannon believed that ex-

treme emotional stress, regardless of the specific
behavioral manifestation, could be explained in
terms of degree of sympathetic-adrenal excita-
tion. Voodoo death was assumed to be directly
attributable to emotional stress. Being wed to a
sympatho-adrenal model of emotional experience
Ž .see above , Cannon assumed that Voodoo death
would be the consequence of the state of shock
produced by the continuous outpouring of
epinephrine via excitation of the sympathetic ner-
vous system. According to the Cannon model, the
victim would be expected to breathe very rapidly
and have a rapid pulse. The heart would beat fast
and gradually lead to a state of constant contrac-
tion, and ultimately, to death in systole. Since his
speculations were not empirically based, he of-
fered the following challenge to test his model of
Voodoo death:

If in the future, however, any observer has opportunity
to see an instance of voodoo death, it is to be hoped
that he will conduct the simpler tests before the victim’s
last gasp.

Ž .Curt Richter 1957 responded to Cannon’s
challenge with an animal model. Rats were pre-
stressed, placed in a closed, turbulent water tank,
and the latency to drowning was recorded. Most
domestic laboratory rats lasted for several hours,
while, unexpectedly, all of the wild rats died within
15 min. In fact, several wild rats dived to the
bottom, and without coming to the surface, died.
To test Cannon’s hypothesis, that stress-induced
sudden death was sympathetic, Richter monitored
heart rate and determined whether the heart was
in systole or diastole after death. He assumed,
based upon Cannon’s speculations, that tachycar-
dia would precede death, and that at death, the
heart would be in a state of systole, reflecting the
potent effects of sympathetic excitation on the
pacemaker and the myocardium. However,
Richter’s data contradicted the Cannon model.
Heart rate slowed prior to death, and at death the
heart was engorged with blood, reflecting a state
of diastole. Richter interpreted the data as de-
monstrating that the rats died a vagus death, the
result of over-stimulation of the parasympathetic
system, rather than of the sympathico-adrenal
system. However, Richter provided no physiologi-
cal explanation, except the speculation that the
lethal vagal effect was related to a psychological
state of hopelessness.

The immediate and reliable death of the wild
rats in Richter’s experiment may represent a more
global immobilization strategy. Sudden prolonged
immobility or feigned death is an adaptive re-
sponse exhibited by many mammalian species.

Ž .Hofer 1970 demonstrated that several rodent
species when threatened exhibited an immobility
that was accompanied by very low heart rate. For
some of the rodents, heart rate during immobility
was less than 50% of the basal rate. During the
prolonged immobility, respiration became so shal-
low that it was difficult to observe, although the
rate greatly accelerated. Although physiologically
similar, Hofer distinguished between prolonged
immobility and feigned death. The onset of
feigned death, unlike the behavior of ‘hopeless-
ness’ described by Richter, occurred suddenly with
an apparent motor collapse during active strug-
gling. Similar to Richter, Hofer interpreted this
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fear-induced slowing of heart rate as a vagal
phenomenon. In support of this interpretation, he
noted that of the four species that exhibited pro-
longed immobility, 71% of the subjects had car-
diac arrhythmias of vagal origin; in contrast, in
the two species that did not exhibit immobility
behaviors, only 17% exhibited cardiac ar-
rhythmias of vagal origin.

The polyvagal theory places Richter’s and
Hofer’s observations in perspective. Following the
Jacksonian principle of dissolution, the rodents
would exhibit the following sequence of response

Ž . Ž .strategies: 1 removal of VVC tone; 2 increase
Ž .in sympathetic tone; and 3 a surge in DVC tone.

It appears that the more docile domestic rats in
Richter’s experiment progressed from a removal
of VVC tone, to an increase in sympathetic tone,
and then died via exhaustion. However, the pro-
file of the wild rats was different. Being totally
unaccustomed to enclosures and handling, and
also having their vibrissae cut, a mobilization
strategy driven by increased sympathetic tone was
not functional. Instead, these rats reverted to
their most primitive system to conserve metabolic
resources via DVC. This strategy promoted an
immobilization response characterized by reduced
motor activity, apnea, and bradycardia. Unfortu-
nately, this mode of responding, although adap-
tive for reptiles, is lethal for mammals. Similarly,
the onset of feigned death, as described by Hofer,
illustrates the sudden and rapid transition from
an unsuccessful strategy of struggling, requiring
massive sympathetic activation, to the metaboli-
cally conservative immobilized state, mimicking
death, associated with the DVC.

These data suggest that the vagus contributes
to severe emotion states and may be related to
emotional states of immobilization, such as ex-
treme terror. Application of the polyvagal ap-
proach enables the dissection of vagal processes

Ž .into three strategic programs: 1 when tone of
the VVC is high, there is an ability to communi-
cate via facial expressions, vocalizations, and ges-

Ž .tures; 2 when tone of the VVC is low, the
sympathetic nervous system is unopposed and
easily expressed to support mobilization, such as

Ž .fight or flight behaviors; and 3 when tone from
DVC is high, there is immobilization and poten-

tially life-threatening bradycardia, apnea, and car-
diac arrhythmias.

12. How does the polyvagal theory provide a
theoretical platform to understand the functional
interactions of the HPA axis, the neuropeptides of
oxytocin, and vasopressin with the autonomic
nervous system?

12.1. Structures and functions of the adrenal gland

The adrenal gland exhibits phylogenetic
changes in structure and function. Above, be-
cause of its complimentary function to the sympa-
thetic nervous system, the adrenal medulla was
discussed. However, since the adrenal cortex is
treated as an endocrine organ and part of the
HPA axis, it is traditionally studied and discussed
independently of the adrenal medulla and the
autonomic nervous system. Unlike the medulla,
which is of ectodermal origin, the cortex is of
mesodermal origin. The adrenal cortex secretes
cortisol, which is frequently used to index stress.

All vertebrates produce corticosteroids and cat-
echolamines. However, the structures that pro-
duce these secretions follow a phylogenetic trend
that results in two anatomical changes. First, the
chromaffin tissue and the adrenocortical cells,
which are scattered through the viscera in the
primitive vertebrates, cluster together to form
functional structures. Second, these structures es-

Ž .tablish a close anatomical relation the adrenal
with communication between the secretions of
the two components of the adrenal, and only in
mammals does the adrenal have its own vascular
supply and venous drainage.

Only mammals have adrenocortical cells clus-
tered as a cortex of the adrenal. Interestingly,

Ž .several reptiles e.g. lizards and some snakes that
have a functioning adrenal medulla have the
adrenocortical cells partially encapsulated by the

Žchromaffin cells. In the more primitive fish jaw-
.less and cartilaginous , the chromaffin and

adrenocortical cells are entirely separate. In the
bony fish, both the adrenocortical cells and chro-
maffin tissue are scattered as independent groups
within the ‘head’ kidney. In amphibians, the chro-
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maffin and adrenocortical tissues are scattered
over the ventral surfaces of the kidney. In rep-
tiles, the chromaffin and adrenocortical tissues
become consolidated into distinct adrenal glands.
Reptiles provide a phylogenetic marker, in which
the interrenals have an independent vascular sup-

Žply and venous drainage and no longer as in
.amphibians and bony fish rely on the kidney and

a renal portal system for the distribution of secr-
etory products.

Several investigators have explored the adapt-
ive function of the close proximity of the cor-

Žtisol-secreting adrenocortical cells that subs-
.equently form the adrenal cortex and the cat-

Žecholamine-secreting chromaffin tissue that sub-
. Žsequently forms the adrenal medulla Norris,

.1997 . The medulla receives large quantities of
corticosteroids through the adrenal vascular sys-
tem, and these hormones activate the enzyme
system for converting norepinephrine into
epinephrine. This effect would support sympa-
thetic-adrenal medulla functions associated with
mobilization and increased metabolic activity.
Epinephrine has a potent effect on the elevation
of blood glucose, convergent with the influences
of some of the adrenal steroids. Additionally,
cortisol may directly enhance mobilization by
converting lactate to glucose via gluconeogenesis
in the liver. This process would contribute to the
metabolic demands of mobilization by increasing
the availability of glucose, and also by reducing
oxygen debt due to the accumulation of lactate.

Vagal activity has been implicated in the func-
tion of the adrenal cortex. Reports suggest that
afferents originating in the subdiaphragmatic va-

Ž .gus i.e. DVC exhibit an inhibitory influence on
Žthe HPA axis and reduce cortisol secretion e.g.

.Bueno et al., 1989; Miao et al., 1997 . Other
research has demonstrated a covariation between
increases in cortisol and decreases in cardiac va-

Ž .gal tone measured via RSA Gunnar et al., 1995 ,
which, consistent with the removal of the vagal
brake and the stimulation of the sympathetic ner-
vous system, would promote mobilization. Simi-
larly, psychological stressors, which reduce car-
diac vagal tone, increase cortisol plasma level
Ž .e.g. Cacioppo et al., 1995 . Thus, in several situa-
tions there appears to be a coordinated response

that functions to promote metabolic activity and
mobilization behaviors by withdrawal of VVC tone
and increasing both SNS activity and activation of
the HPA axis.

In general, functioning of the adrenal cortex
and the secretion of cortisol appear to be inte-
grated into the mobilization function of the au-
tonomic nervous system by increasing sympa-
thetic activation and circulating catecholamines.
These effects suggest that, consistent with the
phylogenetic approach described in the polyvagal
theory, cortisol secretion may be related to main-

Žtenance of mobilization i.e. the conversion of
.norepinephrine into epinephrine for fight!flight

behaviors, and recovery from the lactate build-up
that may contribute to a functional oxygen debt
Ž .i.e. gluconeogenesis .

In addition, the reports of dysregulation of the
HPA axis, low cortisol or low cortisol reactivity in
social and affective disorders, such as schizophre-

Ž .nia Jansen et al., 2000 , posttraumatic stress dis-
Ž .order Yehuda et al., 1996 and the consequences

Žof neglect and abuse in children De Bellis et al.,
.1994 , may be explained within the context of the

polyvagal theory. According to the theory, when
Ž .mobilization strategies fight!flight behaviors are

ineffective in removing the individual from the
stressor and modulating stress, then the nervous
system may degrade to a phylogenetically earlier
level of organization. Thus, low cortisol or a hy-
poresponsive HPA axis may reflect a neural strat-

Žegy associated with immobilization e.g. passive
.avoidance, death feigning, dissociative states that

would require a reduction in energy resources.

12.2. Oxytocin"!asopressin

Phylogenetically, although all vertebrates have
peptides similar in structure to both oxytocin and
vasopressin, only mammals have the specific re-
ceptors for both peptides. Oxytocin and vaso-
pressin are synthesized primarily in the paraven-
tricular and supraoptic nuclei of the hypothala-
mus and released centrally via parvocellular neu-
rons and systemically via magnocellular neurons
Ž .Swanson and Sawchenko, 1977 . The central and
systemic effects of these neuropeptides are dif-
ferent. Central release of oxytocin regulates the
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output of the dorsal motor nucleus of the vagus,
usually maintaining output within levels optimal
to support homeostasis and providing a proposed

Ž .‘anti-stress’ function see Carter, 1998 . Periph-
eral release of oxytocin is related to milk ejection,
uterine contractions and ejaculation. Central re-
lease of vasopressin appears to modulate afferent
feedback from the viscera and to shift set-points,
independent of sensitivity, for vagal reflexes, such

Ž .as the baroreceptor reflex Michelini, 1994 . The
raising of the baroreceptor set-point, by increas-
ing cardiac output, potentiates fight!flight behav-
iors and allows sympathetic excitation of the heart
to be unopposed by homeostatic vagal reflexes.
Thus, central levels of oxytocin have been as-
sumed to be associated with vagal processes, and
central levels of vasopressin have been assumed
to be associated with sympathetic processes
Ž .Uvnas-Moberg, 1997 .

Because the peripheral influences of oxytocin
and vasopressin function through feedback, pri-
marily via the sensory component of the DVC,
the peripheral effects of these peptides are less
clear and may be level-dependent, or differ as a
function of acute versus chronic exposure. For
example, it is possible that peripheral vasopressin
may, by stimulating vagal afferents, trigger mas-
sive vagal responses via the dorsal motor nucleus
of the vagus. In support of this speculation, it is
known that in humans, peripheral vasopressin,
and not oxytocin, is related to the nausea experi-

Ž .enced during motion sickness Koch et al., 1990 .
In addition, systemic vasopressin may induce a
baroreceptor-mediated bradycardia and a fall in

Žplasma concentration of norepinephrine Buwalda
.et al., 1992; Michelini, 1994 .

Oxytocin may be part of a complex response
profile related to the perception of the environ-

Ž .ment as safe see Fig. 2 . Consistent with this
Ž .view, Uvnas-Moberg 1997 and Carter and Alte-

Ž .mus 1997 propose that oxytocin promotes states
Ž .resistant to stress i.e. anti-stress . In contrast,

vasopressin may be part of a complex response
profile related to the perception that the environ-

Ž .ment is challenging or unsafe see Fig. 3 . In fact,
central vasopressin could potentiate mobilization
responses via sympathetic excitation, while high
levels of systemic vasopressin may potentiate a

Fig. 2. Neural and neuropeptide regulation of the dorsal vagal
Ž .complex DVC in a safe environment. The DVC includes

Ž .sensory nuclei in the nucleus of the solitary tract NTS and
area postrema, and motor nuclei in the dorsal motor nucleus

Ž .of the vagus DMX . During states when the individual per-
Ž .ceives the environment as safe, oxytocin OT is released

centrally to the sensory and motor portions of the DVC and
systemically to the visceral organs. Functionally, OT fosters a
calm immobilization or ‘anti-stress’ state.

Žphysiological shutdown associated with fear e.g.
.bradycardia via feedback to the dorsal motor

nucleus and inhibition of sympathetic outflow
Ž .Ferguson and Lowes, 1994 . In addition, lesions
of vagal afferents, which functionally block the
visceral input to the sensory component of the

Ž .DVC areas sensitive to vasopressin , attenuate or
abolish specific, conditioned taste aversions
Ž .Andrews and Lawes, 1992 .

Paralleling the phylogenetic shift in the cells of
origin and the myelination of the vagus, empha-
sized in the polyvagal theory, is a modification of
the hypothalamic regulation of the DVC via both
oxytocin and vasopressin. In mammals, the advent
of specific receptors for oxytocin and vasopressin
increases the range of adaptive functions involv-
ing the DVC. In mammals, the dorsal motor
nucleus of the vagus, the motor component of the

John Torday
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Fig. 3. Neural and neuropeptide regulation of the dorsal vagal
Ž .complex DVC in an unsafe environment. During perceived

danger, when mobilization is adaptive, central vasopressiner-
Ž .gic pathways AVP communicate between the hypothalamus

and both NTS and area postrema to change the set-point of
Ž .vagal reflexes e.g. baroreceptor reflex to facilitate sympa-

thetic excitation.

DVC, is sensitive to oxytocin and insensitive to
vasopressin. In contrast, the sensory components
of the DVC, nucleus of the solitary tract and area
postrema, are most sensitive to vasopressin. Area
postrema, a medullary structure, interacts with
vagal afferents and communicates with the nu-
cleus of the solitary tract. Area postrema is a
circumventricular organ, which has a rich capil-
lary plexus and lacks a blood brain barrier. Area
postrema plays a major role in vasopressin syn-

Ž .thesis and release Arima et al., 1998 . Since area
postrema lacks a blood brain barrier, it provides a
portal for circulating peptides such as vasopressin
to influence brain function. Research has demon-
strated that activation of the neurons in area
postrema augments the NTS-mediated arterial
baroreflex via vasopressin administered, either by
direct microinjection into area postrema, or via

Ž .venous infusion Qu et al., 1997 . Although the
nucleus of the solitary tract has receptors for

Ž .oxytocin Landgraf et al., 1990 , area postrema
may not be directly influenced by oxytocin
Ž .Carpenter, 1990 . The differential sensitivity of
specific components of the DVC to these two

Žneuropeptides the differential effects of central
and systemic release on visceral function and a

.potential level dependency results in a wider
range of response options, including maximizing
mobilization behaviors and co-opting of the
primitive vagal system associated with im-
mobilization to support ‘anti-stress’ functions,
such as social engagement and growth and

Ž .restoration see Porges, 1998 . In support of this
model, it has been reported that oxytocinergic
projections to the DVC restrain exercise-induced

Ž .tachycardia Braga et al., 2000 .
Although the polyvagal theory has emphasized

the potentially lethal shutdown behaviors associ-
ated with massive surges from the dorsal motor
nucleus of the vagus, the DVC is involved in
other functions. The DVC, with motor fibers orig-
inating in the dorsal motor nucleus of the vagus
and afferent fibers terminating in the nucleus of
the solitary tract and area postrema, has been
assumed to be involved primarily in homeostatic

Ž .functions Leslie, 1985 . The DVC promotes ana-
bolic activities related to the restoration and con-
servation of bodily energy and the resting of vital
organs. The DVC regulates digestion by modulat-
ing digestive polypeptides and gastric motility
Ž .Rogers and Hermann, 1992 . In addition,

Ž .Uvnas-Moberg 1989, 1994 has proposed a paral-
lel between DVC regulation of gastrointestinal
hormones and the regulation of visceral states,
including stress, hunger and satiety. Without ex-
ternal challenges, the DVC optimizes the func-
tion of the internal viscera. In contrast, by in-
creasing metabolic output to deal directly with
external challenges, the SNS attempts to optimize
the organism’s relationship with the environment.
Thus, increases in ambient temperature, noise,
pain and pyrogenic agents produce not only in-
creased sympathetic activity, but also an active

Žinhibition of DVC actions on the gut Uvnas-Mo-
.berg, 1987 .

The paraventricular nucleus of the hypothala-
mus is an important regulator of the DVC. Neu-
ral communication between the paraventricular
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nucleus and the DVC is involved in responses
that are not only homeostatic, but also protective

Žand defensive e.g. nausea and vomiting, condi-
. Žtioned taste aversion, behavioral defense Lawes,

.1990 . Communication between the paraventricu-
lar nucleus and the DVC changes with experi-
ence, and thus may exhibit a type of learning or
memory. Associations may be established rapidly
between environmental features or experiences
and visceromotor responses. Perhaps, as in condi-
tioned taste aversion, this memory is expressed as
a learned association between a specific environ-
mental feature and nausea. Once the association
is made, subsequent exposure to the environmen-
tal feature may result in immediate nausea and
defensive avoidance behaviors. These specula-
tions regarding the changing communication
between the paraventricular nucleus and the DVC
with experience are consistent with general theo-

Ž .ries of aversion learning Garcia et al., 1985 .
The paraventricular nucleus regulation of the

DVC evolved in phylogenetically older verte-
brates, in which escape and avoidance behaviors
contributed to the maintenance of visceral

Ž .homeostasis Lawes, 1990 . Because the early ver-
tebrates lacked an elaborate nervous system to
control their viscera, behavior was a primary
mechanism for the maintenance of homeostasis
Že.g. moving to regulate thermoregulatory and

.oxygen requirements . As the nervous system
evolved, an autonomic nervous system and neu-
roendocrine mechanisms emerged and displaced
the need to use behavior to regulate internal
state. The neural and neuroendocrine regulation
of internal state allowed behavioral processes to
be directed toward environmental challenges.
However, the brain structures, specifically the
paraventricular nucleus, that govern the
homeostatically driven behaviors in the phyloge-
netically older species evolved into the structures
responsible for regulating internal homeostatic
functions in the phylogenetically newer species
Ž .Leslie et al., 1992 .

The role of the paraventricular nucleus in the
regulation of the DVC in modern vertebrates
retains phylogenetically older functions and cont-
inues to respond to life-threatening situations by
contributing to visceral and endocrine responses

Fig. 4. Neural and neuropeptide regulation of the dorsal vagal
Ž .complex DVC in a life-threatening environment. During

life-threatening events when fight!flight behaviors are not an
option, immobilized fear responses are elicited. Immobilized
fear is fostered by vagal surges from the DMX to visceral
organs, which are potentiated by systemic AVP. Systemic AVP
triggers increased DMX output by stimulating visceral affer-
ents via NTS and area postrema.

Ž .see Fig. 4 . However, this phylogenetic organiza-
tion results in vulnerabilities, because perceived
challenges to survival, whether or not truly life-
threatening, may elicit visceral and endocrine re-
actions that compromise normal physiological
function.

The phylogenetic approach of the polyvagal
theory emphasizes that defense and avoidance
behaviors have a vagal component manifested
through the DVC. For example, a physiological
shutdown mediated by the DVC would support
avoidance behaviors, such as feigning death or

Ž .freezing see Fig. 4 . However, the evolution of
hypothalamic regulation of the DVC provides re-
sponse alternatives. Specifically, in mammals, the
paraventricular nucleus produces two neuropep-
tides, oxytocin and vasopressin, that differentially
communicate with the sensory and motor por-
tions of the DVC. Using the push!pull perfusion
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Ž .technique, Landgraf et al. 1990 demonstrated
that both oxytocin and vasopressin are released in
the DVC. Binding sites for vasopressin are preva-
lent in the sensory component, but are not repre-

Ž .sented in the motor component Fuxe et al., 1994 .
In contrast, oxytocin appears to provide a primary
pathway from the paraventricular nucleus to the
dorsal motor nucleus of the vagus, with oxytocin
injections into the DVC mimicking the vagal re-
sponses normally observed immediately following

Ž .feeding Rogers and Hermann, 1992 . Direct
pathways from the nucleus of the solitary tract to
the paraventricular nucleus provide a potential
source of feedback for hypothalamic influences

Žon visceromotor functions Sawchenko and Swan-
.son, 1982 . Communication between the DVC

and the paraventricular nucleus appears to modu-
late specific visceromotor reflexes involving car-

Ž .diovascular Nissen et al., 1993 and gastrointesti-
Ž .nal systems Bray, 1985 .

13. A phylogenetic approach to the study of
emotion, stress, and social behavior

The phylogenetic orientation focuses our inter-
est on the neural structures and neurobehavioral
systems that we share with, or have adapted from,
our phylogenetic ancestry. First, the three re-
sponse systems proposed in the polyvagal theory
Ži.e. the cranial nerve regulation of the striated
muscles of the face coordinated with a myelinated
vagus that inhibits sympathetic activity at the
level of the heart, a sympathetic-adrenal system
to increase metabolic output, and an inhibitory
vagal system to decrease metabolic output and

.promote freezing and immobilization behaviors
are the products of distinct neurophysiological
systems. Second, these distinct neurophysiological
systems represent a phylogenetically dependent
hierarchy, with the use of cranial nerves to regu-
late facial expression emerging in mammals
Ž .well-developed in primates , the sympathetic-
adrenal system shared with other vertebrates, in-
cluding reptiles, and the inhibitory vagal system
shared with more primitive vertebrates, including

Žamphibians, and bony and cartilaginous fish see
.Porges, 1997, 1998 . The three systems, which

have been frequently studied in emotion re-
search, represent different phylogenetic stages of
neural development. This phylogenetic develop-
ment starts with a primitive behavioral inhibition
system, progresses to a fight!flight system, and in

Ž .humans and other primates , culminates in a
complex facial gesture and vocalization system.
Thus, from a phylogenetic perspective, the ner-
vous system of vertebrates evolved to support a
greater range of behaviors and physiological
states, including states that we often associate
with stress, as well as positive social behavior.

Even if we focus on stress, the physiological
responses of mammals do not fit concisely into a
single neurophysiological system. Although corti-
sol has often been labeled as the ‘stress’ hor-
mone, other neurally mediated systems clearly
respond to stress. Moreover, there are situations
of severe stress in which cortisol is neither re-
sponsive, nor at a high level. By expanding the
phylogenetic model proposed in the polyvagal
theory to include the HPA axis, the hyporespon-
sive HPA can be interpreted as reflecting a primi-
tive passive avoidance system. The view that the
adrenal cortex is the sole stress system at the
periphery limits scientific inquiry into the mecha-
nisms and adaptive functions of several interac-
tive and complex stress response patterns. Other
systems, including the neuropeptides oxytocin and
vasopressin, influence the regulation of
homeostasis, growth and restoration, metabolism
and mobilization. These systems form a complex
set of mutually interacting neurophysiological
pathways that communicate via nerves and neu-

Žrally active chemicals e.g. neurotransmitters,
.neuropeptides, hormones to cope with survival

challenges. This paper has attempted to employ
phylogeny as an organizing principle to illustrate
the interactive and adaptive nature of several
physiological systems that respond to stress and
contribute to the expression of positive social
behavior.

14. Clinical applications of the polyvagal theory

The polyvagal theory, by describing both the
phylogenetically based hierarchy of autonomic
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states and the specific triggers that cause a disso-
lution of this hierarchy, provides a new way of
investigating atypical behavior. The theory em-
phasizes that the mammalian nervous system is
not only sensitive to environmental demands and
perceived stresses and threats, but that the mam-
malian nervous system will, in a predictable or-
der, also rapidly reorganize to different neural-
mediated states. Unlike models of psychopharma-
cology that also emphasize the importance of
state in regulating behavior, the polyvagal theory
emphasizes neural mechanisms that regulate
state, and the order in which these neural mecha-
nisms are elicited. The polyvagal theory empha-
sizes the flexibility of the nervous system in modu-
lating autonomic state. This view contrasts with
pharmacological strategies that are effective in
changing autonomic state without engaging the
nervous system.

A new paradigm based on the polyvagal theory
has been tested. This new paradigm assumes that
state can be changed in a predictable manner and
that specific state changes would be associated
with potentiating or limiting the range of specific
behaviors. This new paradigm distinguishes
between state changes associated with shifts in
the neural regulation of the autonomic nervous
system and specific responses elicited by quanti-

Ž .fiable stimuli. The paradigm enables: 1 the ma-
nipulation and evaluation of autonomic state; and
Ž .2 the manipulation and evaluation of learning,
social behavior, and other mental processes. This
paradigm should enable the demonstration that

Žthe range of observable behaviors including phys-
.iological reactions will change in a predictable

Ž .manner as the context i.e. perceived safety driv-
ing the neural regulation of the autonomic ner-
vous system is manipulated. By applying this
paradigm, we can evaluate the influence of speci-
fic contexts on neural regulation of the autonomic
state. Some contexts may promote states related

Ž .to antisocial behavior i.e. aggression and health
vulnerability, while other contexts may promote
states related to positive social behavior, health
and development. Thus, unless the design fea-
tures of the nervous system are understood within
the context of the organism’s interaction with the
environment, an individual may be interacting in

an environment that is not only inefficient in
stimulating social behavior and intellectual
growth, but may also be harmful to both mental
and physical health.

The polyvagal theory forces us to interpret
compromised social behavior from a different
perspective. The theory emphasizes that the range
of social behavior is limited by physiological state.
The theory also emphasizes that mobilization and
immobilization behaviors may be adaptive strate-

Ž .gies to a challenged i.e. frightened individual.
Thus, it may be possible that creating states of
calmness and exercising the neural regulation of
brainstem structures may potentiate positive so-
cial behavior by stimulating and exercising the
neural regulation of the social engagement sys-
tem. This perspective or intervention paradigm,
which focuses on biologically based behaviors,
might be viewed as a fourth paradigm or ap-
proach to modify behavior in contrast to behav-

Ž . Žioral i.e. learning theory-based , biochemical i.e.
. Žpharmacological , and psychotherapeutic i.e. in-

.cluding psychoanalysis and cognitive therapies
intervention strategies.

We developed a biologically based behavioral
intervention that uses acoustic stimulation to im-
prove social behavior, and tested the approach
with children diagnosed with autism. The inter-
vention was based on several principles derived
from the polyvagal theory. First, the area of the

Ž .brainstem nucleus ambiguus that regulates the
Ž .heart i.e. via the myelinated vagus also regulates

the muscles of the head, including those of the
face, middle ear, mouth, larynx, and pharynx.
Collectively, these muscles function as an inte-
grated social engagement system that controls
looking, listening, vocalizing, and facial gesturing.
If the neural regulation of this group of muscles

Žis dysfunctional, the face will not work e.g. lack
of facial expressiveness, eyelid opening, prosody

.and listening . Interestingly, these facial features
reflect common behavioral symptoms that have
been used to describe several psychopathologies
Že.g. autism, depression, aggressive disorders, and

.posttraumatic stress disorders , emotional states
Žduring severe challenge e.g. grief, rage, anger,

. Žloneliness or medical illness e.g. senility, AIDS,
.fever .

John Torday
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Second, the middle-ear muscles play an impor-
tant role in extracting human voice from our
complex acoustic environment. When neural tone
to the middle-ear muscles is low, the middle-ear
structures do not actively filter out the low-
frequency sounds that dominate the acoustic en-
vironment of our modern industrial world and do
not amplify the frequencies associated with the
human voice. This difficulty in listening to the
human voice might even occur in an individual

Žwho has normal hearing i.e. normal function of
the cochlea, auditory nerve, and the brain areas

.processing acoustic information .
Third, neural regulation of the middle-ear mus-

cles is linked to that of the other muscles of the
face, which control facial expression and vocal
intonation. Thus, stimulation to improve neural
regulation of the middle-ear muscles should inte-
grate and stimulate neural regulation of facial
expression, looking, listening and vocalizing.

The area of the brain that contains the lower
motor neurons for the social engagement system
is near the lower portion of the brainstem. Dur-
ing periods of appropriate social communication
Ž .e.g. facial expressiveness, vocal intonation , the
lower motor neurons are regulated by the upper
motor neurons in the frontal cortex. During peri-
ods characterized by fight!flight behaviors and
fear-induced shut-down or immobilization, the
theory proposes that cortical regulation of these
lower motor neurons is displaced by phylogeneti-
cally more primitive systems. The more primitive
systems are dependent on subcortical structures
that evolved to negotiate survival by managing

Žmetabolic resources to promote mobilization i.e.
.fight!flight behaviors or to conserve metabolic

Žresources by immobilizing e.g. freezing or feign-
.ing death . Thus, a critical feature of whether an

individual appropriately communicates with the
social environment, or engages in a strategy of
fight!flight or freezing behaviors, is determined
by the individual’s perception of the environment.
Does the individual perceive the environment as
safe or dangerous? The theory states that there is
a degrading of the function of the social engage-
ment system when the individual perceives the
environment as dangerous. Conversely, if the in-
dividual perceives the environment as safe, there

is the neurophysiological possibility that the cor-
tex could regulate the lower motor neurons of the
social engagement system to promote communi-
cation and social behavior. Thus, the perception
of safety is the primary requirement for our inter-
vention.

The intervention was designed to recruit speci-
fically cortical regulation of the social engage-
ment system to promote the voluntary prosocial
behaviors that are lacking in autistic children.
The model is optimistic, because it assumes that
for many children with social behavior and com-
munication difficulties, the social engagement sys-
tem is neuroanatomically and neurophysiologi-
cally intact. The problem is conceptualized as a
functional deficit. To obtain the desired behavior,
the intervention must stimulate the cortical regu-
lation of the brainstem system that regulates the
muscles of the head. The theory predicts that
once the cortical regulation of this brainstem
system is engaged, social behavior and communi-
cation will spontaneously occur as the natural
emergent properties of this biological system.
Thus, the intervention is seen as stimulation and

Žexercise of a corticobulbar neural system i.e.
.nerves that connect the cortex to the brainstem

that regulates the muscles of the head.
The intervention is based on two primary prin-

Ž .ciples: 1 cortical control of listening and the
other components of the social engagement sys-
tem via the corticobulbar pathways requires the

Ž .environment to be perceived as safe; and 2
exposure to acoustic stimulation within the fre-
quency band of the human voice is capable of
stimulating and exercising the neural regulation
of the middle-ear muscles and other components
of the social engagement system. Thus, the inter-
vention attempts to engage the active cortical
control of the middle-ear muscles as a portal to
the social engagement system.

Our model emphasizes the importance of ex-
tracting the human voice in social settings via
cortical neural regulation of the middle-ear mus-
cles. The intervention uses a relatively narrow
frequency band that focuses on frequencies of the
human voice. The acoustic stimuli are computer-
altered by applying digital filters to extract speci-
fic frequencies. The filters are part of a complex
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algorithm that modulates the acoustic frequency
band and energy to exercise and stimulate the
neural regulation of the middle-ear muscles and,
hypothetically, to integrate the components of the
social engagement system. We focus on the hu-
man voice because processing of the human voice
is neurobiologically different from the processing
of other acoustic signals, and according to our
model, processing of the human voice is a compo-
nent of a human social communication system,
the social engagement system.

Our initial research protocol applied the inter-
vention to children between the ages of 3 and 5
years who had a diagnosis of autism. Computer-
altered acoustic stimulation was presented in a
45-min session, during which attempts were made
to maintain the child in a calm behavioral state.
The intervention consisted of five sessions pre-
sented on sequential days. Across the five ses-
sions, the width of the frequency band and the
total acoustic energy being presented to the child
varied.

We have tested more than 65 children in a
double-blind, randomized control experimental
design. Most children experienced noticeable im-
provements in social behavior and communica-
tion skills immediately following the intervention.
In addition, there were noticeable changes in
parental interaction styles with the children, with
the parents being less intrusive following the in-
tervention. The improvements in the children’s
behavior persisted when assessed during a 3-
month follow-up. We believe that although the
intervention was initially tested with children di-
agnosed with autism, it will be useful for other
populations with difficulties in listening, commu-
nicating and organizing social behavior.

15. Conclusions

The polyvagal theory provides a theoretical
platform to interpret social behavior within a
neurophysiological context. The emphasis on phy-
logeny provides an organizing principle to under-
stand the hierarchical sequence of adaptive re-
sponses. The social engagement system not only
provides direct social contact with others, but also

modulates physiological state to support positive
social behavior by exerting an inhibitory effect on
the sympathetic nervous system. From the polyva-
gal theory perspective, social behavior is an emer-
gent property of the phylogenetic development of
the autonomic nervous system. Consistent with
this hierarchical model, perceived challenges to
survival often result in a neural dissolution from
the more recent systems of positive social behav-
ior and social communication to the more primi-
tive fight!flight and avoidance systems. The the-
ory leads not only to the explanation of the
pathophysiological states associated with various
clinical disorders, but also supports the introduc-
tion of a new paradigm that may have general
applications for individuals with difficulties in so-
cial behavior.
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