
Fighter pilots are routinely exposed to high levels of
repetitive +Gz acceleration (ie, acceleration equivalent
to more than the force of gravity).1 The adverse car-

diovascular and neural consequences of exposure to the high
+Gz environment are well known, with G-induced loss of con-
sciousness (G-LOC) the most significant of these.2-9 High
levels of applied +Gz challenge the body’s ability to maintain
the appropriate arterial blood pressure. The physiological
countermeasures to these adverse +Gz effects include acti-
vation of the arterial baroreflexes.2,10 There is now evidence
suggesting that these reflex arcs develop a degree of adapta-
tion, reflected in improved cardiovascular performance, as a
result of repetitive exposure to the high +Gz stimulus.11-13

There is also an emerging body of research that suggests a
link between the vestibular system and the regulation of
arterial pressure, known as the vestibulosympathetic reflex.14

This reflex has potential implications for the pilot of a high
performance fighter aircraft operating in the high +Gz envi-
ronment.

This article examines the role of the vestibulosympathetic
reflex in the regulation of arterial pressure, and its possible
involvement in cardiovascular adaptation to the high +Gz
environment. I begin by reviewing the essential elements of
cardiovascular regulation of arterial pressure, then examine the
vestibular system, its neural connections and primary func-
tions in some detail. This is followed by a consideration of the
evidence linking the vestibular system with cardiovascular
control. Finally I present a theoretical case for the vestibu-
losympathetic reflex’s role in adaptation to the high +Gz envi-
ronment. 

Cardiovascular regulation of arterial
pressure

When a fighter pilot is exposed to +Gz acceleration, the
sudden increase in hydrostatic force leads to a fall in mean
arterial pressure. As mean arterial pressure is the key regulated
variable of the cardiovascular system, various physiological
countermeasures are activated to restore it to its previous
level.15 Perhaps the most significant and well-studied of these
are the baroreflexes. These consist of the arterial baroreflexes
on the high-pressure side of the circulation, and the car-
diopulmonary baroreflexes on the low-pressure side.

A negative-feedback control system

The application of engineering control theory to physiologi-
cal research has led to the baroreflexes being considered as a
closed-loop negative feedback control system, the sole pur-
pose of which is to control mean arterial pressure within a spe-
cific range. The human baroreflex system is designed to
maintain blood pressure at an optimum functional level. It
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does this by using any deviation from normal
values as a mismatch or error signal with which
to drive the control loop towards restoration of
the optimum level.16 The error signal is propor-
tional to the difference between the actual and
the desired value, and the goal of the baroreflex
system is to eliminate this difference. Cerebral
perfusion is therefore maintained, and loss of
consciousness is prevented. The system is
expressly designed to ensure that all organ sys-
tems of the body are adequately perfused
despite any postural alterations, such as in going
from a lying to a standing position, or when
experiencing high +Gz loads.2,7,10,12,17,18

The operation of the baroreflexes is relatively
simple. Increases in perfusing pressure cause a
stretching of the walls of the major arteries and
the cardiac chambers, which stimulates stretch
receptors within these structures. These stretch
receptors (or mechanoreceptors) transmit elec-
trical signals to the vasomotor centre in the
medulla oblongata region of the brainstem. In
accordance with the normal operation of such
reflex arcs, signals are then transmitted via effector nerves to
the heart (to decrease heart rate) and blood vessels (to vasodi-
late), which eventually results in a lowering of arterial pres-
sure. The converse applies when pressure decreases. This
reflex is physiologically very important, as it produces a gen-
erally stable arterial pressure level despite wide-ranging exter-
nal influences.2,10

Arterial baroreflexes

The arterial baroreflexes have been the most widely studied.
Details of their role and function began to emerge in 1900
through the work of two Italian physiologists, Pagano and
Siciliano, who discovered that the pressor effect of common
carotid artery occlusion in dogs depended on certain nervous
structures within the neck.10 In the 1920s, the German phys-
iologists Hering and Koch discovered that these structures
were branches of the glossopharyngeal nerve.10 Research since
then has established that these reflexes are of paramount
importance in the regulation of the human circulatory
system.

There are two principal arterial baroreflex arcs, named after
the anatomical locations of their receptors: the carotid sinus
baroreflex and the aortic baroreflex. The carotid sinus is a seg-
mental fusiform dilatation of the upper part of the common
carotid and the adjacent part of the internal carotid arteries.
The walls of the sinus are very elastic, largely because of the
significantly higher collagen and elastin content of the sinus
wall compared with that of adjoining segments of the carotid
system.19 Within the walls of the carotid sinus are a multitude
of spray-type nerve endings that function as stretch receptors.
These receptors are located predominantly in the adventitia
of the sinus wall next to the media. The nerve terminals or

sensory fibres are unmyelinated, 2–4 µm in size, and morpho-
logically quite variable.19 

The aortic baroreceptors are located in the arch of the aorta,
and consist of the same form of spray-type stretch receptor
nerve endings, located within the artery walls at the
medial–adventitial interface in great numbers. There is less
morphological variation in the nerve endings in the aortic
receptors than in the carotid receptors.19

Cardiopulmonary baroreflexes

The cardiopulmonary baroreflexes have not been as exten-
sively investigated owing to significant methodological and
practical limitations.20 These mechanoreceptors are func-
tionally and morphologically similar to the high-pressure arte-
rial receptors.21 They are concentrated within the walls of the
pulmonary arteries, near the bifurcation of the main pulmonary
artery into right and left branches, and in the subendocardial
part of the atria near the venoatrial junctions.

Operation of the baroreflexes

Afferent impulses are transmitted from the various barore-
ceptors to the nucleus of the tractus solitarius in the postero-
lateral medulla and lower pons.21 The carotid sinus impulses
are transmitted along a small branch of the glossopharyngeal
nerve (cranial nerve IX) known as the sinus nerve (or Hering’s
nerve), while afferent impulses from the remaining barore-
ceptors travel via the vagus nerves.19 From the nucleus of the
tractus solitarius, secondary fibres communicate with
vasodilator and vasoconstrictor areas in the anterolateral
medulla. These three areas constitute the vasomotor centre,21

which lies close to the dorsal motor nucleus of the vagus (the
vagal centre). Secondary impulses from the tractus solitarius
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Worldview from an F/A-18 Hornet. Pilots who fly such fighter aircraft
develop an adaptation to the high G forces involved. The mechanisms
underlying this adaptation are the subject of much research. 
(Photograph courtesy Squadron Leader David Newman.)



also travel to the vagal centre. Efferent sympathetic impulses
from the vasomotor centre are then transmitted to the heart and
blood vessels via the paravertebral sympathetic chain, while
efferent parasympathetic impulses are conducted along the
vagus nerves (cranial nerve X) via the vagal centre. The vaso-
motor centre thus receives afferent inputs from several sources
and integrates this information before dispatching the appro-
priate efferent impulses via common output arms.

Baroreceptor inputs maintain both a tonic inhibitory influ-
ence on the vasomotor centre, which tends to limit vasocon-
striction, and a tonic excitatory influence on the vagal centre,
which tends to produce the parasympathetically mediated
decreases in heart rate and cardiac contractility. This set of cir-
cumstances represents the normal balance between sympa-
thetic and parasympathetic tone in the cardiovascular system,
and results in a certain resting heart rate and resting arterial
blood pressure in a given individual.10,21

If arterial pressure falls, the arterial baroreceptor input
decreases. It loses its normal inhibitory effect on the
medullary vasomotor centre, allowing this centre to produce
a degree of peripheral vasoconstriction mediated by the sym-
pathetic nervous system. The reduced excitation of the vagal
centre results in less parasympathetic influence, leading to an
increase in both heart rate and cardiac contractility. The tone
of the circulatory system thus shifts in favour of the sympa-
thetic system. These measures tend to return arterial pressure
to its normal level.19

Conversely, any increase in arterial pressure will cause acti-
vation of the baroreceptors and an increase in the degree of
vasomotor inhibition and vagal excitation. The parasympa-
thetic system becomes dominant. This will lead to vasodi-
latation, bradycardia and a relative reduction in cardiac
contractility, resulting in a reduction in arterial pressure until
the normal blood pressure level is restored.

The reflexes produced by the cardiopulmonary barorecep-
tors are in parallel with those of the arterial baroreceptors.
Although they do not detect systemic pressure, they respond
to small pressure differences in the low-pressure side of the
circulation, thereby minimising the effect of central blood
volume changes (due to postural changes, for example). The
combination of high- and low-pressure baroreceptors results
in a significantly more powerful system for regulation of arte-
rial pressure.21 This is well illustrated by an experiment in
which dogs were infused with a bolus of 300 mL of blood.
With all reflexes intact, arterial pressure rose by 15 mmHg.
With the arterial baroreceptors denervated, pressure rose by
50mmHg, but with denervation of the cardiopulmonary recep-
tors as well it rose by 120 mmHg.21

Thus, any deviation in arterial pressure from the normal
level will be detected by the baroreceptors, and attempts made
to return pressure to normal values via the activation or deac-
tivation of the baroreflex mechanisms. However, the arterial
baroreflexes tend to be more effective at preventing a fall in
blood pressure than a rise.10,19

The vestibular system and its neural
connections

The vestibular system, composed of the semicircular canals
and the otolith organs, is a complex arrangement of sensory
receptors and neural projections. A comprehensive review of
the anatomy and physiology of the semicircular canals and the
otoliths is beyond the scope of this article; what concerns us
here are the neural connections and projections between these
vestibular end-organs and the central nervous system. Read-
ers with an interest in more detailed information regarding
end-organ function in terms of basic orientation mechanisms
are directed to the relevant articles.22-24

Afferent traffic from the mechanoreceptive sensory hair
cells in the canals and otoliths is transmitted via the vestibu-
loacoustic nerve (cranial nerve VIII).25,26 This is composed of
three ampullary nerves (from the canals), the utricular nerve
and the two saccular nerves (from the otoliths), and the nerve
bundles from the acoustic end-organs.23-27 Scarpa’s ganglion,
located at the internal auditory meatus, consists of the cell
bodies of the bipolar vestibular neurons, and lies within the
nerve.24-26 Neuronal dendrites terminate within the labyrinthine
architecture, attaching to the sensory hair cells of the cristae
and maculae of the canals and otoliths, respectively.

An idea of the complexity of the vestibular system can be
derived by the diverse array of destinations for this afferent
traffic within the central nervous system. The axons enter the
brainstem at the junction of the pons and medulla, and bifur-
cate before terminating in the vestibular nuclear complex. This
complex consists of four histologically defined vestibular
nuclei in the rostral part of the medulla and caudal part of the
pons: the superior, inferior, medial and lateral (or Deiters’)
nuclei.14,24-28 The vestibular nuclei project via several sec-
ondary vestibular tracts to various centres throughout the brain
and spinal cord. As the two complexes normally act as a coor-
dinated pair, there are extensive connections between the
vestibular nuclei on both sides. There are even efferent fibres
which travel back to the vestibular end-organs. These are
thought to be involved with a feedback function, but their role
is poorly understood.26

The cerebellum receives a number of nerve fibres directly
from the vestibular nerve, as well as a substantial number of
interneuronal fibres from the vestibular nuclei. These fibres
enter the cerebellum via the inferior cerebellar peduncle to ter-
minate in the fastigial nucleus, the flocculonodular lobe and
the adjacent region of the inferior vermis.24-26 The efferent con-
nections of the vestibulocerebellum are concerned with influ-
encing muscle tone in relation to postural changes and
locomotion.

The ascending medial longitudinal fasciculus carries
vestibular nuclei projections to the motor nuclei of the ocu-
lomotor, trochlear and abducens nerves, and the accessory
oculomotor nuclei of the midbrain, which together control the
function of the extra-ocular muscles. This arrangement forms
the basis of the vestibulo-ocular reflex.24-28 The vestibulo-
ocular reflex is designed to stabilise the retinal image despite

26 ADF Health Vol 1 25 November 1999



any head movements or postural changes. It facilitates con-
jugate eye movement, coordinated with head movement, to
maintain visual fixation. The eyes will turn in the opposite
direction to that of the head movement to prevent smearing of
the visual image across the retina. Indeed, without this reflex,
an individual would not be able to resolve fine detail and
maintain normal visual acuity when walking, running or when
exposed to vibration.22 It is a fundamentally important com-
ponent of the normal process of acquiring and maintaining a
correct sense of spatial orientation.

Descending efferent fibres from the vestibular nuclei are
carried in the lateral vestibulospinal tract and descending
medial longitudinal fasciculus.24-26,28 Fibres in the lateral
vestibulospinal tract originate in Deiters’ nucleus and
descend throughout the spinal cord, subserving the critical
function of regulating axial muscle tone to maintain equilib-
rium and balance, particularly in the face of postural
changes. Fibres in the descending medial longitudinal fasci-
culus (also known as the medial vestibulospinal tract) origi-
nate in the medial vestibular nucleus and descend into the
cervical spinal cord. These fibres are primarily involved with
the vestibulocollic reflex, which is concerned with maintain-
ing stability of the head in space. The vestibulocollic reflex
results in a pattern of neck muscle activation designed to coun-
teract any head movement detected by the vestibular end-
organs.29

The vestibular system has a crucial role to play in human
spatial orientation. The neural integration of angular and linear
acceleration information into commands for the regulation of
postural muscle tone and conjugate eye movement serves to
maintain balance and orientation with respect to the coordi-
nate reference system of the horizon and the gravitational
force environment.

Evidence supporting the existence of a
vestibulosympathetic reflex

It would appear from the foregoing that regulation of mean
arterial pressure is the function of the cardiovascular system
(mediated largely by the sympathetic branch of the autonomic
nervous system), while balance and orientation are the func-
tions of the vestibular system, with the two systems being
unrelated. However, an emerging body of evidence supports
the notion of a vestibulosympathetic reflex, effectively a
neural control link between the vestibular and cardio-
vascular systems.

Theoretical analysis

There are good theoretical grounds for postulating the exis-
tence of a vestibulosympathetic reflex. Postural changes
invoke a series of physiological events in both the cardio-
vascular and vestibular systems. The cardiovascular system is
exposed to a changing hydrostatic force environment when
going from the supine to the fully upright position, and this
leads to activation of the baroreflex mechanisms. This same

change in body position is accurately transduced by the
vestibular system to derive an accurate internal model of spa-
tial orientation, and to maintain balance. 

The regulation of arterial pressure involves responding to
inputs from both arterial and cardiopulmonary baroreceptors
that register the alteration in applied hydrostatic force (which
is due to a changing gravitational force vector, particularly
when experiencing high +Gz). This change in gravitational
vector is registered by the otolith organs, which, as linear
accelerometers, signal the static position of the head with
respect to gravity.24 Why not also use this otolithic informa-
tion in the integration of information pertaining to postural
change and the maintenance of an adequate cerebral perfus-
ing pressure? After all, one determinant of consciousness is
an adequate level of cerebral perfusion. Although maintain-
ing this cerebral perfusion is an essential role of the postural
baroreflexes, the information provided by the otoliths would
be similarly useful in determining the magnitude of the
required cardiovascular response to a changing hydrostatic
force environment.

The problem with negative feedback systems, such as the
baroreflexes, is that their drive relies on an error signal; they
only act once homeostasis has been disturbed.30 In the face of
deteriorating conditions, these reflexes must restore the status
quo. Owing to the inherent inertia in their activity, they are not
always able to do so. The G-LOC phenomenon is a perfect
example of this baroreflex overload situation. With the
increasing +Gz level, the hydrostatic force drives blood to the
lower limbs, reducing venous return, stroke volume and mean
arterial pressure. This scenario is a magnified version of what
happens in going from the supine to the upright position.15,31

If the application of +Gz is sufficiently rapid and/or main-
tained for long enough, the baroreflexes will not be able to
correct the adverse circulatory state before cerebral perfusion
is affected and unconsciousness supervenes. To prevent this
from occurring, it makes sense for the vestibular system to
play some role in maintaining a stable mean arterial pressure
in the face of rapid postural changes by mediating cardio-
vascular adjustments before homeostasis is disturbed.30

The vestibular system may have a role as a feed-forward
mechanism in the regulation of arterial pressure. Researchers
have commented on the likelihood that vestibular signals
could provide feed-forward adjustment of arterial pressure
during unexpected postural change.32 Ray et al postulated that
the vestibular system could signal postural changes (and the
attendant cardiovascular consequences) before the barore-
flexes become active.33

Experimental evidence

The notion of a vestibulosympathetic reflex does have some
experimental support. Some of the earliest work was per-
formed by Spiegel and Demetriades in the 1900s.14 Using both
electrical and caloric stimulation of vestibular afferents, they
demonstrated increases in blood pressure in a variety of ani-
mals such as cats and dogs. Subsequent experiments have
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determined that vestibular stimulation results in increased
sympathetic activity, and that this mediates the cardiovascu-
lar changes.34 Furthermore, this increase in sympathetic out-
flow can be abolished by experimental lesions in the
vestibular nuclei.14 Woodring et al demonstrated increased
sympathetic nervous system activity and a consequent pres-
sor response following nose-up vestibular stimulation in cats.32

This response was abolished in cats with transected vestibu-
lar nerves, a phenomenon also demonstrated by Doba and
Reis,35 who found that cats with bilaterally transected
vestibular nerves were unable to compensate for the ortho-
static hypotension produced by head-up tilt, whereas normal
cats with intact vestibular nerves fared much better.

Studies in humans have also pointed to the existence of a
link between the vestibular system and cardiovascular control.
Shortt and Ray found that head-down neck flexion in human
subjects resulted in increased muscle sympathetic nerve activ-
ity and subsequent rises in calf vascular resistance.36 Essan-
doh et al demonstrated similar increases in forearm and calf
vascular resistance.37 Skin sympathetic nerve activity does not
seem to be affected by head-down neck flexion,33 whereas
reduced baroreceptor stimulation leads to forearm vasocon-
striction in both skin and muscle circulations.38 Interestingly,
while peripheral vascular resistance increases have been uni-
versally observed, heart rate has been variously reported as
undergoing no change or as increasing.32,33,36

Finally, there is evidence to suggest that the vestibulosym-
pathetic reflex is indeed primarily the result of otolith acti-
vation, as the changes in sympathetic outflow are limited to
pitch inputs rather than roll or yaw.14,30,38 Furthermore, the
response characteristics and gain of the vestibulosympathetic
reflex to sinusoidal pitch inputs are similar to otolith affer-
ents.14,38 Researchers have concluded that a specific group of
vestibular receptors (otolithic pitch responders) is responsible
for vestibulosympathetic responses, and that these responses
are appropriate to offset hydrostatic challenges to the circu-
lation, such as postural changes and exposure to the high +Gz
environment.14,38 It has also been suggested that the central site
of the vestibulosympathetic reflex is the caudal ventrolateral
medullary reticular formation.39

The implications for adaptation to +Gz in
fighter pilots

Baroreflex adaptation to altered gravitational force environ-
ments has been well documented, at least in terms of the
orthostatic hypotension associated with microgravity and its
ground-based analogues.40-48 My colleagues and I have
demonstrated adaptation of the baroreflexes to repetitive occu-
pational exposure to high +Gz forces in fighter pilots.11-13 Our
research suggested that +Gz-adapted fighter pilots were able
to activate their baroreflexes more quickly and to a more sig-
nificant extent than non-pilots, reflecting their enhanced abil-
ity to shift the autonomic balance in favour of the sympathetic
system.

A case could be made on the basis of the arguments pre-

sented here for the repetitive exposure of fighter pilots to the
high +Gz environment (and its cardiovascular effects) to lead
to an augmented and enhanced vestibular feed-forward mech-
anism to better protect the pilot from the potential for +Gz-
induced circulatory compromise. If the gain of the arterial
baroreflex arc can be increased by repetitive exposure to a
challenging environment, why should the vestibulosympa-
thetic reflex not experience a similar training effect if exposed
to the same stimulus?

In normal individuals exposed to a terrestrial +1 Gz envi-
ronment, the vestibulosympathetic reflex maintains mean arte-
rial pressure despite the normal hydrostatic perturbations that
result from ambulatory movement and postural changes. The
vestibulosympathetic reflex of a fighter pilot, regularly and
repetitively exposed to high +Gz levels, may well develop an
enhanced functional state. As soon as the otoliths begin to reg-
ister an increase in the applied +Gz level, activation of the
enhanced vestibulosympathetic reflex could result in earlier
activation of the +Gz-adapted efferent arm of the baroreflexes.
This could prevent the precipitous and potentially disastrous
fall in mean arterial pressure that would normally be
required to trigger the baroreflexes. Clearly, this would be
advantageous in the fighter pilot operating in a high +Gz envi-
ronment, as it would protect against G-LOC.

This theoretical role of the vestibulosympathetic reflex in
the cardiovascular adaptation to high +Gz warrants further
research. My colleagues and I plan to investigate this by exam-
ining the responses to head-down neck flexion in fighter pilots
compared with non-pilots. Vestibulosympathetic reflex adap-
tation to +Gz would be elegantly and simply demonstrated by
the finding that increases in peripheral vascular resistance due
to head-down neck flexion were more marked in fighter pilots
than non-pilots. Such a finding would show that the vestibu-
losympathetic reflex had developed an enhanced level of func-
tioning due to repetitive exposure to the high +Gz
environment.

Conclusion

I have discussed the roles of the vestibular system in cardio-
vascular control in general and in adaptation to +Gz in par-
ticular. It seems logical that regulation of arterial pressure
would be achieved via the neural integration of all available
information concerning postural or +Gz-induced challenges
with their attendant hydrostatic penalties. Such integrated
information would clearly include that provided by the otoliths
via the vestibulosympathetic reflex. It is quite possible that the
vestibulosympathetic reflex also adapts to frequent exposure
to high +Gz, by enhancing its normal feed-forward action.
This certainly warrants further research attention. In this way
we may better understand the complex and intricate mecha-
nisms responsible for regulation of the circulatory system.
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