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Abstract Gravity, like any acceleration, causes a hydro-

static pressure gradient in fluid-filled bodily compartments.

At a force of 1G, this pressure gradient amounts to 10

kPa/m. Postural changes alter the distribution of hydrostatic

pressure patterns according to the body’s alignment to the

acceleration field. At a certain location—referred to as

hydrostatically indifferent—within any given fluid com-

partment, pressure remains constant during a given change

of position relative to the acceleration force acting upon the

body. At this specific location, there is probably little

change in vessel volume, wall tension, and the balance of

Starling forces after a positional manoeuvre. In terms of

cardiac function, this is important because arterial and

venous hydrostatic indifference locations determine

postural cardiac preload and afterload changes. Barore-

ceptors pick up pressure signals that depend on their

respective distance to hydrostatic indifference locations

with any change of body position. Vascular shape, filling

volume, and compliance, as well as temperature, nervous

and endocrine factors, drugs, and time all influence hydro-

static indifference locations. This paper reviews the physi-

ology of pressure gradients in the cardiovascular system

that are operational in a gravitational/acceleration field,

offers a broadened hydrostatic indifference concept, and

discusses implications that are relevant in physiological and

clinical terms.

Keywords Hemodynamics � Baroreflex �
Cardiac preload � Orthostasis

Introduction

The influence of gravity, or any acceleration force, which

acts upon a fluid-filled bodily compartment such as the

arterial system dictates hydrostatic pressure differences

within this compartment. With a given force (gravity on

Earth 9.8 m/s2) and fluid density (at body temperature, about

993 g/l for pure water, 1,000–1,020 g/l for iso-osmotic

extracellular fluid depending on protein concentration,

1,035–1,055 g/l for blood depending on haemoglobin con-

tent, Hinghofer-Szalkay 1986), the pressure gradient is

&10 kPa/m (or 75 mmHg/m), a significant quantity partic-

ularly in tall organisms.

The significance of hydrostatic pressure gradients in the

circulation has been recognized since the time of Stephen

Hales in the early eighteenth century. Blumberg (1885) and

Wagner (1886) addressed the question if a ‘hydrostatic

indifference point’ would best serve as a natural pressure

reference in the circulation. Similarly, Hill (1895) and Hill

and Barnard (1897) observed that intravascular pressure

drops in headward but increases in footward vessels when

the body is tilted to a head-up position. In Clark et al.

(1934), reported venous pressure measurements in live and

dead dogs and in cats, which were tilted between head-

down and head-up positions, and found that ‘‘…the heart is

not the point from which the hydrostatic factor in venous

pressure is measured’’. They also observed that the location

of this hydrostatic reference depends on the condition of

the venous system, since it was different in living (two

reference points with a functionally subdivided venous

system) and dead animals (‘unbroken column from head to
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tail’), respectively. Edholm 1940 made similar observa-

tions from experiments in cats, and Guyton and Greganti

(1956) reported on a ‘physiological reference point’ to

characterize circulatory pressures in the dog.

In Gauer and Thron (1965) summarized findings from

animal and human experiments, and presented simple

physical models of the hydrostatic indifference concept.

They identified various factors influencing hydrostatic

pressure effects with postural change, such as hydrostatic

column height, blood volume and vascular tone. More

recently, invasive pressure determinations were made in

postnatal swine, and hydrostatic indifference locations

were identified as a function of age, indicating postnatal

orthostatic adaptation and also some dependency on the

particular tilt angles employed (Buckner et al. 1999).

Magnaes (1976) evaluated the importance of identifying

hydrostatic indifference points in the cerebrospinal fluid

compartment. Neurologists are confronted with the prob-

lem of meaningful cerebrospinal fluid pressure measure-

ments in patients who might assume various body

positions, and in whom such measurements might be

affected by pathophysiological conditions. Lateral and

sitting positions were compared and the cerebrospinal fluid

hydrostatic indifference point was found in the upper tho-

racic region in control patients. The ‘zero’ pressure point

was located at the upper neck level, mostly below the

occipital protuberance. Magnaes (1976) also showed that

hydrostatic indifference locations change due to clinical

abnormalities.

Another development dealt with the possibility of non-

invasive determinations of hydrostatic indifference loca-

tions. Hydrostatic indifference points can be assessed using

ultrasonic tissue thickness assessment (Kirsch et al. 1980)

as well as (‘bio’-) electric impedance changes with postural

manoeuvres, assuming such changes mainly mirror blood

shifts in venous vessels (Perko et al. 1993, 1995, Jarvis and

Pawelczyk 2009). The major advantage of these approa-

ches is that no invasive pressure determinations are

required; the flip side is a lack of specificity.

The advance of novel measurement techniques should

allow investigations into the dynamics of hydrostatic

pressure changes by detailed studies of physiological and

clinical influence on various body fluid compartments of

relevance for orthostatic intolerance and fainting.

The hydrostatic indifference location

Consider a quietly standing person whose mean arterial

pressure at heart level is &100 mmHg and central venous

pressure &0 mmHg (relative to ambient pressure; Fig. 1).

In the lower legs, arterial and venous pressures are &200

and &100 mmHg, respectively. At brain level, arterial

pressure is about 75 mmHg and venous equals ambient

pressure when the neck veins are collapsed. No siphon

effect facilitates blood flow in the human jugular vein

(Patterson and Warren 1952; Badeer and Hicks 1992;

Seymour et al. 1993; Dawson et al. 2004). Hydrostatic

pressure gradients in human leg veins do not deviate from

calculated values with various degrees of head up tilt

(Groothuis et al. 2008), neither seems the venous pump to

influence the venous supine-to-upright hydrostatic indif-

ference location (Perko et al. 1995).

Postural changes alter hydrostatic pressure patterns

throughout fluid-filled cavities according to the body’s

alignment to gravity. In the cardiovascular system, pressure

changes within veins and related capillaries go hand in

hand (Levick and Michel 1978). For a certain postural

change, the venous hydrostatic indifference location also

indicates the place where capillary filtration remains

unaltered. In the human body, the intensity of outward

filtration below the venous hydrostatic indifference loca-

tion for a change from supine to upright exceeds opposite

filtration effects above that location, and therefore an

upright tilt causes a decrease in blood volume (Hagan et al.

1978; Harrison 1985; Hinghofer-Szalkay and Greenleaf

1987).

Almost 4/5 of the blood volume that is transferred to

dependent parts of the body with assumption of the erect

posture comes from the intrathoracic compartment

(Sjöstrand 1953) and that explains central hypovolaemia

and hence reduced diastolic filling and decreased cardiac

Fig. 1 Hydrostatic pressure patterns within the arterial and venous

systems in a standing human. Distance from heart to foot is 1.33 m,

resulting in a 100 mmHg pressure gradient. 0 = ambient pressure
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output that develops instantaneously in that situation. At a

certain ‘pressure neutral’ location, referred to as the place

of hydrostatic indifference, pressure remains constant with

a postural change—at least for some time, before regula-

tory events alter biophysical features of the corresponding

vascular compartment (Wilkins et al. 1950; Smith and

Guyton 1963). Here, little change in vascular volume and

wall tension occurs following a respective positional

manoeuvre. By definition, pressure decreases above, and

increases below that place, and for any given postural

change, the hydrostatic indifference location can be con-

sidered a natural reference point.

Postural changes—particularly between supine and

upright—directly influence cardiac preload (diastolic fill-

ing) and afterload (systolic activity against arterial pres-

sure). In a healthy human, passive movement from supine

to upright on a tilt table causes right ventricular diastolic

pressure to decrease by 0.5–1 kPa (about 5 mmHg), stroke

volume to drop by up to 50%, and cardiac output to drop by

about one-third (Blomqvist and Stone 1983; Smith and

Ebert 1990; Matzen et al. 1991; Rowell 1993; Cai et al.

2000; Truijen et al. 2010). Head-up tilt instantaneously

affects brain perfusion; the larger the difference between

pressure at heart and brain level, the larger the impact on

brain perfusion will become. Other organs are located quite

close to the position of hydrostatic indifference, and that

protects them from large pressure oscillations with postural

changes, as exemplified by the liver and the spleen.

Being separated from the ‘large’ circulation by the right

and left heart, respectively, the lungs constitute an isolated

hydrostatic compartment that encompasses most of the

‘central blood volume’. Since pulmonary vessels mostly

follow pressure changes in a passive fashion, hydrostatic

indifference is a particularly relevant concept when con-

sidering postural changes within the pulmonary circulation.

Postural changes directly influence ventilation/perfusion

ratios because the axis of hydrostatic indifference is the

place where pulmonary vessels retain their diameter (and,

hence, resistance) with that postural change.

Postural changes affect baroreflex function, which

results in altered sympathetic activity with resulting chro-

notropic and inotropic effects, instantaneous effects on

circulating noradrenaline and, with some delay, additional

endocrine changes (renin, angiotensin, aldosterone, natri-

uretic peptides, vasopressin, adrenomedullin, galanin,

endothelin, calcitonin gene-related peptide—Sander-Jensen

et al. 1986; Matzen et al. 1990, 1992; Yndgaard et al. 1991;

Laszlo et al. 2001; Kamegai et al. 1992; Perko et al. 1994;

Hinghofer-Szalkay et al. 1996, 2006; Jacob et al. 1998;

Rössler et al. 1999; Geelen et al. 2002; Goswami et al.

2009).

Hydrostatic indifference locations depend on factors

such as the respective compartment’s physics (filling

volume, wall structure, compliance, temperature), physi-

ology (nervous and endocrine factors, vascular tone),

pharmacology (drugs) and time (delayed compliance,

adaptation, counterregulatory events). Further, the location

of hydrostatic indifference depends on the particular pos-

tural change considered; for example, going from supine to

upright involves a different hydrostatic indifference point

than doing so from supine to head-down. The specific

definition of a postural manoeuvre is therefore important to

appreciate its effects on hemodynamics, baroreceptor

function, and corresponding regulatory adjustments.

Changes of blood volume and volume distribution affect

vascular distension patterns, compliance, and the corre-

sponding location of hydrostatic indifference, which then

influences vascular mechanoreceptors. These interdepen-

dencies explain how volume regulation interacts with

pressure regulation.

Gravity and acceleration

The concept of hydrostatic indifference supposes the

presence of a translational force acting upon the body—

without such a force (e.g. during the weightlessness of

spaceflight) there is no hydrostatic gradient, and no

hydrostatic indifference point applies. Such a translational

force can either be gravity or an acceleration that alters the

body’s position. Gravity and the sensation of weight are

both felt as acting towards the centre of the Earth—the

gravitational force and its physiological effect are oriented

in the same direction. In contrast, acceleration creates a

force vector of opposite direction to the velocity that is

changed—e.g., when a car is accelerated forward, there is a

sensation of weight (inertial effect) that moves the organs

backwards.

What counts in terms of physiological significance is the

resulting effect on the inner organs (including the otoliths)

and fluid-filled spaces. To specify the direction, anatomical

body axes serve as frame of reference: X (sagittal),

Y (lateral) and Z (longitudinal), respectively. Any force

moving the inner organs down (footward weight sensation,

‘eyeballs down’) is referred to as ?Gz, either when the

Earth is in that direction (standing upright), or because a

headward acceleration acts upon the body (such as when an

elevator starts moving up). -Gz refers to the opposite

direction (‘eyeballs up’). Similarly, ?Gy characterizes an

‘eyeballs left’ and -Gy an ‘eyeballs right’ effect, ?Gx an

‘eyeballs in’ and -Gx an ‘eyeballs out’ effect (Green 2006).

Thus, gravitation/acceleration forces cause hydrostatic

pressure gradients within fluid-filled compartments of a

body subjected to them. The hydrostatic pressure differ-

ence (Dp) between two given points within any such

compartment depends on the fluid’s density (D), the
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magnitude of the force imposed onto the system (f), the

distance (d) between the points of interest, and the direc-

tion of the gravitational field/acceleration relative to the

line connecting those points. With a designating the angle

between the two points, the pressure effect is proportional

to cos a, and

Dp ¼ D� f � d � cos a ð1Þ

Thus with a perfect alignment of those points to the

direction of the respective force, the pressure gradient

acquires full magnitude (cos 0� = 1). For example, for a

person on a tilt table which is brought to 70� inclination to the

ground, the resulting hydrostatic effect is 94% of standing

upright since cos 20� = 0.94. There is a pressure gradient of

about 10 kPa/m (75 mmHg/m) along continuously filled

(non-collapsed) blood vessels.

Hydrostatic gradients may be functional along any axis,

corresponding to the direction of force acting upon the

body. The hydrostatic indifference point always depends

on the body positions between which a postural change

takes place. For example, hydrostatic pressure is higher in

the left than in the right lung in a left lateral position. With

a head-up tilt, if the venous supine-to-upright hydrostatic

indifference point is, e.g., 5 cm below the heart, right

ventricular filling pressure drops by 0.5 kPa. On the other

hand, employing partial head-down tilt, a venous hydro-

static indifference point approximately at a level at, or just

headward of, the right atrium has been deduced (Wilkins

et al. 1950; Gauer and Henry 1964). In this position, most

leg veins collapse, the hydrostatically effective column

shortens in the lower body parts, whereas it gets filled in

the cranial region. As a result, the hydrostatic indifference

point shifts headward, and postural changes between

supine and head-down produce only little if any ventricular

preload effect. It follows that the maximum hydrostatic

filling pressure (preload, diastolic volume) occurs at the

recumbent or slightly head-down position (Gauer and

Thron 1965). Interestingly, slight (-6�) head-down tilt also

serves as the generally accepted reference position for

simulating cardiovascular effects of weightlessness (Fort-

ney et al. 1996).

Physical models

Gauer and Thron (1965) presented a mechanical model to

clarify basic principles of hydrostatic indifference that was

proposed by Clark et al. (1934). Consider a fluid-filled glass

tube that is open on one side and closed at the opposite end.

When the tube is tilted ‘upright’ (Fig. 2a), pressure at the

top is equal to ambient (reference) pressure, whereas pres-

sure at the bottom—on which the fluid column rests—

equals D 9 f 9 d (simplified case of Eq. 1 because cos

0� = 1). D = fluid density, f = 9.81 m/s2 and d = length

of the tube (with water, the resulting pressure gradient is

1 kPa/dm). If the tube is turned upside down, the fluid

column is suspended from the rigid ‘ceiling’, on which it

exerts suction (Fig. 2b), the open end, now pointing down,

again at ambient pressure (assuming that surface tension at

the open end suffices to hold the fluid column in shape).

Pressure did not change at the ‘open’ (‘flaccid’) end of

the tube; by definition, this is the hydrostatic indifference

point.

Now imagine the tube closed at both ends: tilting

induces a hydrostatic indifference point in the middle of the

tube (Fig. 3c) because the tube’s ‘ceiling’ and ‘bottom’

bear half of the fluid column’s weight—mechanical

‘symmetry’ is given along the length axis.

To carry the model further, the tube could be covered

with compliant membranes at both ends (this comes with

the additional advantage that the fluid cannot escape when

the ‘open’ end points downwards). If the two membranes’

Fig. 2 Fluid-filled rigid tube model. Arrows indicate place of

hydrostatic indifference, i.e. the location of constant pressure with a

180� tilt of the tube. a open (compliant) top, closed (rigid) bottom;

b open bottom, rigid top; c and d seals at both ends have identical

elasticity (c both ends are rigid; d both are compliant); e seal at top is

more compliant than seal at bottom. In the symmetrical system (c, d),

hydrostatic indifference is observed at the middle of the tube. If the

mechanical properties of the ends differ, the hydrostatic indifference

point is close to the more compliant (‘softer’) pole

Fig. 3 Schematic representation of bodily hydrostatic indifference

axes with postural changes. Axis is transversal (‘Y’) with pitch

(left)—supine as reference position, location is different between

head-up and head-down—and longitudinal (‘Z’) with yaw (right).
With a roll movement, hydrostatic indifference axis would coincide

with sagittal ‘X’ (not shown)
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compliance or elasticity is identical, the hydrostatic indif-

ference point again rests in the middle of the tube

(Fig. 2d)—a small downward displacement following the

slight movement of the membranes not considered—since

both ends share half of the burden.

However, if one membrane is more flaccid than the

other, the model is ‘asymmetric’, and the hydrostatic

indifference point moves toward the more compliant end

because it can shoulder a smaller part of the fluid column’s

weight (Fig. 2e). This would be a condition between

the extremes considered in a/b (totally asymmetric) and

c/d (perfectly symmetric situation), respectively. Tilting

the tube 180� would not change the hydrostatic indiffer-

ence point assuming the membrane’s elasticities stay

unaltered.

If, however, the pressure–volume characteristics of the

non-rigid parts are non-linear—as they are in the circula-

tory system—tilting the model tube would alter membrane

compliances at the two ends in different ways, and this

results in a corresponding displacement of the hydrostatic

indifference point towards the respective softer end. Such

non-linear compliance changes explain—even in a simple

tube and rubber bulb model—why hydrostatic indifference

locations shift with different positional changes, as is the

case in the body.

Introducing a pump (heart) in the model system adds

kinetic pressures (‘arterial’, ‘venous’) but does not alter

locations of the hydrostatic indifference point (‘hydro-

static’ and ‘dynamic moment’, Hermann et al. 1886). What

is important is the pattern of vascular compliances along

the axis of acceleration (Gauer and Thron 1965). There-

fore, changes in cardiac output per se do not shift the

hydrostatic indifference point.

Compliant parts within the cardiovascular tree are not

only represented at its cranial and caudal end; rather they

are distributed along the entire system in complex ways.

Moreover, neither in an upright nor in a head-down

position is the venous system entirely filled with blood.

In a standing person, neck veins are collapsed, subdi-

viding the venous blood column and obstructing hydro-

static continuity, while with head-down tilt of a higher

degree, the blood column is shortened because the leg

veins are collapsed, and the hydrostatic indifference

point slides headward. From the venous pressure–volume

non-linearity (Kidd and Lyons 1958) it follows that

hydrostatic indifference locations depend on vascular

filling patterns. Thus the hydrostatic indifference point is

close to the more compliant (flaccid) part of the system

and distant from vessels that are relatively non-compliant

(rigid). The hydrostatic indifference point is in the

vicinity of the vascular portions that provide or ‘take’

the most when volume is distributed from or to those

areas.

Point, axis, or plane?

What is the geometry of a hydrostatic indifference loca-

tion? In the tube-and-membrane model addressed, only the

length dimension has been considered, resulting in a zero-

dimensional (hydrostatic indifference point) concept

(Gauer and Thron 1965). A hydrostatic indifference point

applies if the body is rotated in a complex manner and only

one point in space remains hydrostatically indifferent. With

a rotation along a defined axis in space, however, a one-

dimensional place of hydrostatic indifference (a line)

applies whenever the anatomical design of interest has a

significant extent within all three dimensions, which

applies to organs including the lungs (Weissler et al. 1959;

West 2010).

The rigid tube model is a simplification of postural

effects on the body. Consider as a model a fluid-filled

sphere like a drop of water, held in shape by surface ten-

sion. Imagine this drop of water rotated, e.g., by 90�. Given

the geometry, the hydrostatic indifference location is a line

that coincides with the axis of rotation. Along that axis,

hydrostatic pressure remains constant, whereas pressure

rises at places moving below, and decreases at places

moving above that line.

A pitch movement of the body (such as supine to

upright) is exerted around a hydrostatic axis that coincides

with a bodily Y axis (Fig. 3 left). Similarly, if a human

exerts a yaw movement—for instance, when moving from

the left to the right side and thereby favouring right over

left lung perfusion, the relevant hydrostatic indifference

axis coincides with the body’s length (Z) axis (Fig. 3

right). Experimental observations on hydrostatic indiffer-

ence axes are lacking, but it is reasonable to assume that

due to biomechanical complexity (tissue force patterns),

such ‘axes’ might constitute somewhat bent rather than

straight lines. The hydrostatic indifference ‘point’ concept

(Guyton and Greganti 1956; Gauer and Thron 1965; Perko

et al. 1993; Rowell 1993; Buckner et al. 1999; Grubb

et al. 2008; Jarvis and Pawelczyk 2009) is usually a zero-

dimensional simplification, adequate for purposes where

other than cranio-caudal hydrostatic changes may be

ignored—such as when considering the effect on cardiac

pre- and afterload with postural changes, or when the

postural change takes place along more than one axis of

rotation.

It might be assumed that in weightlessness, due to the

absence of gravitational pull acting upon lung tissue there

would be no perfusion inhomogeneities within the pul-

monary circulation; but there is evidence to indicate that

that is not the case (Prisk et al. 1994; Montmerle et al.

2005). In any case on Earth, local lung perfusion depends

on posture, and any rotation in the gravitational field (such

as yaw, roll, or pitch) is accompanied by pressure changes
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around hydrostatic indifference axes. In the lungs, intra-

vascular pressure differences between up and down loca-

tions and, consequently, postural hydrostatic pressure

changes are in the kPa (dmH2O) order of magnitude,

exerting significant impact on regional ventilation-perfu-

sion-ratios and blood oxygenation, respectively (West

2010).

Some textbooks offer a hydrostatic indifference ‘plane’

concept (‘hydrostatische Indifferenzebene’—Ehmke 2010;

Grissmer 2010; Petersen 2010). However, there cannot be a

‘plane’ (two dimensions) where hydrostatic pressures

remain unaltered with rotation in an acceleration field—

only a hydrostatic indifference point or, more likely, axis.

Further, in the absence of any postural manoeuvre, no

hydrostatic pressure changes occur and no hydrostatic

indifference concept applies. Consequently, a ‘hydrostatic

indifference point for supine’ and a different one ‘for or-

thostasis’ (Neto 2006) cannot exist.

Physiological dynamics within vascular compartments

The distribution of vessel wall properties is complex. To

compute an individual’s actual hydrostatic indifference

point from his/her venous system’s biomechanical features

and physiological state has not been carried out. However,

there is evidence that hydrostatic indifference locations can

change due to physiological conditions. Infusion of 500 ml

plasma expander causes an intensified (?0.23 kPa) central

venous pressure drop upon a 45� tilt (Liebenschütz et al.

1976), conceivably due to increased volume compliance of

the more extended infradiaphragmatic veins. This means

hypervolemia moves the venous supine-to-upright hydro-

static indifference point footward. On the other hand, a

&15% blood volume loss produced virtually no postural

change of central venous pressure (Sjöstrand 1976), indi-

cating a headward shift of the venous supine-to-upright

hydrostatic indifference point.

Leg muscle contraction also pushes the venous supine-

to-upright hydrostatic indifference point closer to the heart

because blood is being moved from caudal to upper body

positions (Grubb et al. 2008). Similar effects on hydrostatic

indifference can be assumed for the influence of body

cooling or heating (Cui et al. 2005). Both central and

splanchnic blood volume decrease with whole-body heat-

ing, suggesting a volume shift to skin vessels (Crandall

et al. 2008). Taken together, these observations suggest a

‘sliding’ hydrostatic indifference point. With central hyp-

ovolemia, the right heart is not in a position to afford great

swings in preload with postural changes, whereas in a

hypervolaemic situation, larger decreases in central venous

pressure upon assumption of the erect posture can more

easily be tolerated without jeopardizing cardiac output

(Hinghofer-Szalkay 1982). Hydrostatic indifference loca-

tions depend of the hemodynamic pattern within a given

vascular compartment (Jarvis and Pawelczyk 2009) and on

the respective postural change considered. The fact that the

venous supine-to-upright hydrostatic indifference point is

below the diaphragm, whereas it resides at the height of the

auricle for a change between supine and head-down reflects

posture-dependent filling patterns in the venous system.

Exposure to low temperature leads to vasoconstriction in

the extremities (Stocks et al. 2004). Consequently, venous

compliance in the legs will be lowered and it is conceivable

to expect a headward shift of the hydrostatic indifference

point under such circumstances. Experimental confirmation

of this assumption is lacking, however. The opposite

should also be true: Exposure to heat can be expected to

shift the venous supine-to-upright hydrostatic indifference

point downward. This would contribute to orthostatic

problems because not only cardiac preload is decreased due

to peripheral blood pooling in the skin, but also because an

increase of the distance between hydrostatic indifference

and the heart aggravates the drop of right cardiac preload

upon assuming the upright posture. Both central venous

and pulmonary capillary wedged pressures are raised with

skin-surface cooling—increasing orthostatic tolerance—

and decrease with body heating, worsening orthostatic

capacity (Cui et al. 2005). Corresponding shifts of the

hydrostatic indifference point would fit into this conceptual

frame. Similarly, drugs that affect vascular tone (Pang

2001) affect gravitational readjustments whenever posi-

tional changes occur.

Hydrostatic indifference locations need to be specified:

What compartment is considered (e.g., arterial, venous,

cerebrospinal), between which body positions does the

change occur? Do we address pressure patterns immediately

after a postural manoeuvre, or was there time for adaptive

alterations to occur (delayed compliance, regulatory

adjustments)? The hydrostatic indifference location depends

on factors such as sympathetic activity, hormones, drugs,

temperature, receptor up/down-regulation (Gauer and Thron

1965; Blomqvist 1983; Rowell 1993; Streeten and Anderson

1996; Jorfeldt et al. 2003; Broskey and Sharp 2007).

Non-invasive determination of hydrostatic indifference

locations?

The ‘classical’ determination of hydrostatic indifference

locations requires pressure measurements along a fluid

filled compartment (e.g., the venous system) in various

(e.g., supine and upright) postures. This calls for an inva-

sive procedure, which limits the utility. Is it possible to

pinpoint hydrostatic indifference locations by non-invasive

means, avoiding pressure measurements altogether?
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One possibility is to quantify regional tissue thickness

variations with changed body position. Using a surface

plethysmographic approach which measures the distance

between skin surface and underlying bone via ultrasound,

Kirsch et al. (1980) found a ‘volume indifference’ point

between the apex of the heart and level of the upper third of

the abdominal aorta. The technology has also been used

during spaceflight (Kirsch et al. 1984).

Another option is ‘bioelectric’ impedance monitoring:

Perko et al. (1993, 1995) determined postural impedance

changes across several body sections, ranging from the

sternocleidomastoid to the leg malleolar level. They

observed a rise of electrical impedance in the upper tho-

racic, no change in the upper abdominal, and a decrease in

the lower body segments with up to 60� head-up tilt. This

led them to propose a ‘volume indifference point’ between

the umbilicus and iliac crest, which coincides with findings

from venous pressure measurements. Jarvis and Pawelczyk

(2009) also determined an ‘indifferent point for volume’ by

means of segmental impedance measurements during gra-

ded head up tilt. They indicated the indifference point to be

located at 65 ± 3% of a person’s height. The position was

well reproducible for any given individual.

Non-invasive approaches can get only so far: There is no

substitute for data collection (pressure/volume measure-

ment) from the depth of fluid-filled structures when it

comes to determinations of hydrostatic indifference in

well-defined compartments. Ultrasound could be used to

determine vessel size. When using non-invasive approa-

ches, arterial, venous, and other fluid components may send

overlapping signals to the surface. Impedance methodolo-

gies do not allow for reliable distinction of signals caused

by fluid shifts within (intravascular), outside of (extravas-

cular), or between (filtration) extracellular fluid spaces

(Segal et al. 1991; Lozano-Nieto and Turner 2001;

Scharfetter et al. 2005). Developments in mini-invasive

pressure monitoring (Della Rocca et al. 2008) may offer

future paths for experimental observations into the

dynamics of hydrostatic indifference locations in humans.

Physiological and clinical relevance of the hydrostatic

indifference concept

Postural changes and cardiovascular resilience

Frequent postural changes are crucial for cardiovascular

fitness. Repeated preload changes trigger neuronal and

humoral blood pressure stabilizing reflexes, thereby

boosting cardiovascular resilience. On the other hand, bed

rest, immobilization, or absence of gravitational pull (space

flight) rapidly lead to a deterioration of orthostatic stability

(‘cardiovascular deconditioning’, ‘astronaut syndrome’).

People who—for whatever reason—stay in bed for any

extended period of time experience orthostatic instability

and may faint when standing up.

For the cardiologist who is confronted with patients

suffering from orthostatic hypotension, it is salient to

understand the dynamics of immediate hydrostatic pressure

changes with posture, their effects on cardiac pre- and

afterload, and impact on high pressure (arterial) and low

pressure (cardiopulmonary) mechanoreceptors. Moreover,

there is indirect evidence to support that patients with

postural orthostatic tachycardia syndrome (POTS) have

excessive blood pooling in their splanchnic circulation,

suggesting a more caudal supine-to-upright hydrostatic

indifference point (Stewart et al. 2006).

Baroreflex pattern

Standing up leads carotid baroreceptors to sense a pressure

drop because they are positioned above the arterial supine-

to-upright hydrostatic indifference area (Fig. 4). The carotid

receptors are located close to the brain, which makes them

suited to guard central nervous system perfusion. In contrast,

aortic baroreceptors are close to the corresponding hydro-

static indifference point, their signal represents systemic

pressure changes largely independent from posture. Last but

not least, cardiopulmonary receptors sense a pressure drop

upon head up tilt because, again, there is a marked distance

to the venous hydrostatic indifference point.

A change to upright lowers the firing rate of afferent

neurons from carotid and cardiopulmonary baroreceptors.

Their activity inhibits cardiovascular centres in the

medulla, primarily the nucleus tractus solitarii; this area, in

turn, inhibits sympathoexcitatory neurons of the rostral

ventrolateral medulla and stimulates parasympathoexcit-

atory cells in the dorsal vagal nucleus and nucleus

ambiguus. The heart rate response to head-up tilt may

initially be by vagal withdrawal, arterial pressure is

Fig. 4 Sketch of approximate receptor and hydrostatic indifference

locations for a tilt between supine and head-up. Locations of

hydrostatic indifference and of corresponding receptors do not

coincide. Therefore, a postural change induces receptor loading/

unloading and cardiovascular reflex effects
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stabilized by increased sympathetic activity (Ogoh et al.

2006). The sine of the tilt angle translates into the corre-

sponding hydrostatic pressure gradient, and it determines

cardiac baroreflex sensitivity as determined by time-

domain signal analysis (Westerhof et al. 2006).

Postural reflexes occur because arterial/venous hydro-

static indifference locations are below those of corre-

sponding baroreceptors. Increased sympathetic activity,

positive chronotropic and inotropic effects, and an instant

rise in blood norepinephrine, followed by a multitude of

endocrine changes that are aimed at stabilizing central blood

volume (Sander-Jensen et al. 1986; Kamegai et al. 1992;

Hinghofer-Szalkay et al. 1996, 2006; Jacob et al. 1998;

Rössler et al. 1999; Laszlo et al. 2001; Grasser et al. 2009).

Brain perfusion

When the head moves upward, cerebral perfusion decrea-

ses by up to &20% despite immediate counter-regulation

(Patterson and Warren 1952), and blood flow to the brain

primarily depends on arterial perfusion pressure (van

Lieshout et al. 2003). For a change between supine and

standing, the arterial hydrostatic indifference point is

located slightly above heart level (Gauer and Thron 1965;

Blomqvist and Stone 1983; Rowell 1993). The carotid

baroreceptor resides in a privileged position to buffer

cerebral perfusion swings with orthostatic stress via baro-

reflex-driven blood pressure regulation. For example, with

35 cm distance between heart and brain, arterial pressure

would drop by 3.5 kPa, or approximately 25 mmHg. The

link to orthostatic resilience and the syncope problem is

evident: With a postural change to upright, cerebral blood

flow is particularly jeopardized; loss of consciousness

occurs when brain perfusion drops &50% below supine

control values (Han et al. 2009).

Such a critical orthostatic decrease in brain perfusion

may occur with compromised capability of blood pressure

regulation, as with diabetic neuropathy (Sundkvist et al.

1981; Spallone et al. 1995) or increased acceleration, as

with hypergravity (aviation and spaceflight medicine:

human centrifuge, Rohdin et al. 2003). Extreme cardio-

vascular stress can also be achieved with a combination of

head up tilt and lower body ‘negative’ pressure (El-Bedawi

and Hainsworth 1994; Hinghofer-Szalkay et al. 2006;

Goswami et al. 2009). This model provides easy access to

data mirroring individual features of neuronal and endo-

crine blood pressure defence during circumstances of

critical central hypovolemia.

Cerebrospinal fluid pressure

A hydrostatic indifference point also exists in the cere-

brospinal fluid compartment. When a patient is tilted from

the supine or lateral to the upright position, the pressure

above this point falls, and rises below it. This cerebrospinal

fluid hydrostatic indifference point seems to be localised at

the level between C-6 and T-5, which is below the ‘zero’

pressure point at the upper neck level. The hydrostatic

indifference point has been found to change due to clinical

abnormalities; for instance, in hydrocephalic patients with

a complete cervical subarachnoid block a ‘double set’ of

fluid compartments develops, with caudal displacement of

pressure reference points in the lower compartment, which

is readily accessible for lumbar puncture (Magnaes 1976).

Splanchnic region

Because of its high volume capacity and regulatory

accessibility, the splanchnic region plays a major role for

the venous hydrostatic indifference points. It contains

about 30% of the total blood volume (Greenway 1984;

Rowell 1993), which can be mobilized to a large part in

case of volume need, such as haemorrhage or postural

manoeuvres. Orthostatic hypotension can effectively be

fought by compression of the lower abdomen, not of the

calves and thighs (Smit et al. 2004). Haemorrhage of up to

20% of total blood volume reduces splanchnic blood

volume by about 40% without compromising cardiac

output or arterial pressure in healthy humans (Price et al.

1966). It appears that the splanchnic region can exert a

large effect on mean circulatory filling pressure (Gelman

2008). It would be reasonable to expect major changes in

unstressed volume to result in an altered hydrostatic

indifference point as well, due to the effects on mechan-

ical features of corresponding vascular beds. In fact,

vascular capacity and stressed/unstressed volume balance

are to a large extent regulated in the splanchnic area (Pang

2001). Intestinal venular contraction seems to account for

the lion share of baroreflex-driven microcirculatory vol-

ume change (Haase and Shoukas 1992). In contrast,

skeletal muscle capacitance vessels are only sparsely

innervated.

Also, increased vagal activity with a cholinergic element

(Perko et al. 1999) dilates mesenteric blood vessels during

central hypovolemia following head-up tilt (Sander-Jensen

et al. 1986) close to the venous supine-to-upright location

of hydrostatic indifference. The splanchnic vasculature

might be expected to remain practically unaffected by

direct hydrostatic postural pressure changes (Gauer and

Thron 1965). In addition, abdominal vessels are protected

from pressure changes because the abdominal viscera

function like an external fluid-filled cuff system that

extends from the pelvic floor to the diaphragm and has a

hydrostatic indifference point almost identical to the

venous. By this mechanism, intravascular pressure are

largely compensated by extravascular pressure shifts,
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resulting in remarkable ‘passive’ volume stability in the

splanchnic region (Rushmer 1947).

However, indirect evidence suggests that splanchnic

volume progressively increases with angle of tilt despite

decreased blood flow, both in control and postural

tachycardia patients (Stewart et al. 2006). On the other

hand, the splanchnic vasculature’s contribution to car-

diovascular resilience is large because of the significant

redistribution of blood volume from abdominal to tho-

racic vessels in times of need, thereby bolstering cardiac

filling and ultimately blood pressure stability. After

release of central hypovolemia as caused by lower body

negative pressure, immediate reactive hyperaemia seems

to occur in the human liver (Hinghofer-Szalkay et al.

2008). Reflex mechanisms are induced by orthostatic

manoeuvres because the locations of pressure sensors do

not coincide with those of corresponding hydrostatic

indifference.

Overall, the fact that the venous supine-to-upright

hydrostatic indifference zone is found in the splanchnic

area is not surprising, given that hydrostatic indifference

locations are found in the most compliant region of a

hydrostatic system. Neither is the fact that organs of par-

ticularly high capillary permeability (spleen, liver; non-

continuous sinusoid walls) reside in this area because in a

hydrostatically ‘quiet’ location the least disturbances by

capillary filtration can be expected. In contrast, at the most

exposed parts along the body’s Z axis, capillaries are of a

‘closed’ type (continuous basal membrane, tight junc-

tions—legs, brain, Zweifach 1973; Wissig and Charonig

1984) and if not, they are encased in rigid structures

(capillaries of the bone marrow).

Capillary filtration

There is an additional aspect to microvessel permeability

within the frame of a hydrostatic indifference concept.

Changing from supine to upright leads to an increase of

both systemic haematocrit and plasma protein concentra-

tion (Thompson et al. 1928; Hagan et al. 1978; Hinghofer-

Szalkay et al. 1995; Bjerkhoel et al. 1995). This means that

below the location of hydrostatic indifference, where cap-

illary pressures rise after assumption of an erect position,

the extent of filtration out of the microvascular bed exceeds

the inward fluid movement that, at the same time, occurs in

capillaries above the hydrostatic indifference level. In other

words, ‘hydrostatic indifference’ does not translate into

‘filtration balance’ because the capacity for fluid loss to the

lower body parts is greater than the capacity to gain tissue

fluid via inward filtration in the upper. While the genera-

tion of tissue fluid by capillary filtration takes place

instantly, lymphatic reclamation of fluid from the extra-

vascular space that has been ‘lost’ from the bloodstream

via filtration happens with delay (Perl 1975; Olszewski

et al. 1977; Renkin and Crone 1996).

On the other hand, filtration takes much longer than the

pressure changes that occur with postural manoeuvres

(Hinghofer-Szalkay and Greenleaf 1987) and during that

time, it is likely that adaptive changes occur and this might

clearly shift locations of hydrostatic indifference. In any

case, methods that do not distinguish intravascular fluid

shifts from those involving extravascular compartments

cannot give accurate indication of hydrostatic indifference

locations in clearly defined compartments.

Varying G-load

In an everyday situation, constant gravitational acceleration

is taken for granted. However, environments of aviation and

spaceflight operate with altered G-forces, and there are

strong adaptive changes throughout the cardiovascular

system with prolonged bed rest as well as spaceflight con-

ditions (Truijen et al. 2010). Under such circumstances,

blood volume is decreased; perhaps systemic pressure is

also altered. This results in attenuated orthostatic tolerance

once the body is re-exposed to the influence of gravity. With

acceleration forces other than 9.81 m/s2, the pattern of

hydrostatic pressure gradients, and conceivably also

hydrostatic indifference locations, would be altered. Such

effects may come into play for short time periods, such as in

parabolic flight (Caiani et al. 2007), and for micro-, hypo-,

or hypergravity conditions of longer duration. Moreover,

experimental data on pertinent hydrostatic indifference

point changes have not been gathered.

Conclusions

To summarize, there is evidence that (1) for any specific

postural change there are certain hydrostatic indifference

locations, which (2) are different for specific compart-

ments, such as arterial and venous vascular beds, (3)

hydrostatic indifference locations also depend on the filling

volume of the respective compartment, as well as (4) on

vascular compliance within the compartment considered.

Volume compliance is influenced by factors such as tem-

perature, local reflexes, sympathetic activity, metabolites,

and hormone levels. Postural changes alter vascular filling

and vessel wall stretch whenever the point of observation

does not coincide with the corresponding hydrostatic

indifference point.

The concept of hydrostatic indifference is useful in both

a theoretical and practical context. It deepens the under-

standing of how postural changes affect blood pressure,

volume distribution, baroreceptor activity, capillary fluid

filtration, and cardiovascular regulation. The concept
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provides mechanistic explanations of how perfusion of

certain organs, such as the brain, and perfusion patterns,

such as in the lungs, are immediately affected by postural

changes. In a clinical setting, the notion of hydrostatic

indifference assists the cardiologist to appreciate the

physical foundation of how postural changes affect cardiac

preload, and prompts to consider the influence of those

phenomena. The neurologist will find the concept helpful

to relate postural changes to effects on the cerebral perfu-

sion as well as to altered input from cardiovascular

receptors, but also because it supports decisions concerning

cerebrospinal fluid pressure determinations. The hydro-

static indifference concept has implications for the balance

of capillary filtration because below venous hydrostatic

indifference locations, fluid is filtered into the interstitial

space (eventually causing oedema), while above this point

fluid is retained in the microvascular compartment.

The use of the hydrostatic indifference concept will help

to more fully serve its purpose. For postural changes

around a defined axis, such as pitch or yaw, the corre-

sponding hydrostatic indifference location is a line the

orientation of which coincides with the relevant body axis

(transversal, cranio-caudal), whereas the hydrostatic indif-

ference location shrinks to a point in case of complex

postural changes. Locations of hydrostatic indifference

apply for certain positional manoeuvres in a certain fluid

compartment under certain frame conditions only. There-

fore, it is appropriate to use a terminology that is more

precise than yet customary, such as referring to a ‘venous

supine-to-upright hydrostatic indifference location’ under

specified conditions rather than ‘the hydrostatic indiffer-

ence point’. Such a terminology should also include iden-

tification of observation times, in order to avoid confusion

about effects of delayed compliance, fluid filtration/reab-

sorption, and active (neuronal, hormonal) cardiovascular

adaptation occurring due to regulatory changes.

Supporting methods such as determination of tissue

thickness using ultrasonic pulse echo travelling time, or

fluid shift assessments with electrical impedance yield

useful observations on hydrostatic indifference locations in

the human body. However, these approaches only provide

approximate hints related to volume changes and lack

specificity in terms of pressure or volume effects in ana-

tomically defined spaces. Future studies may take advan-

tage of approaches to determine intravascular volume,

vessel diameter, and pressure dynamics in order to quantify

hydrostatic effects of postural changes in the circulation.
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