
1 3

Eur J Appl Physiol (2016) 116:57–65
DOI 10.1007/s00421-015-3241-6

ORIGINAL ARTICLE

Microvascular responses to (hyper‑)gravitational stress 
by short‑arm human centrifuge: arteriolar vasoconstriction 
and venous pooling

H. Habazettl1,2,3 · Alexander Stahn1,3 · Andrea Nitsche4 · Michael Nordine1,3 · 
A. R. Pries1,5 · H. ‑C. Gunga1,3 · O. Opatz1,3 

Received: 22 December 2014 / Accepted: 8 August 2015 / Published online: 18 August 2015 
© Springer-Verlag Berlin Heidelberg 2015

+2Gz, respectively. The dynamics of Hb increase suggests 
a fast and a slow component.
Conclusion  Despite transmural pressures well beyond 
the upper myogenic control limit, intact lower body resist-
ance vessels withstand these pressures up to +2Gz, sug-
gesting that myogenic control may contribute only little 
to increased vascular resistance. The fast component of 
increasing total Hb indicates microvascular blood pool-
ing contributing to soft tissue capacitance. Future research 
will have to address possible alterations of these acute 
adaptations to gravity after deconditioning by exposure to 
micro-g.

Keywords  Hypergravitation · Microcirculation · Skin 
perfusion · Near-infrared spectroscopy · Laser Doppler 
imaging

Introduction

Humans are generally well adapted to the upright posture 
which started approximately 4.5 million years ago (Tat-
tersall and Matternes 1992). Yet, orthostatic cardiovascu-
lar dysfunction occurs in a number of disease conditions 
(Groothuis et al. 2010, 2011a, b; Verheyden et al. 2008) in 
patients after prolonged confinement to bed rest (Wieser 
et  al. 2014) and in astronauts after prolonged exposure to 
microgravity (Fritsch-Yelle et  al. 1994, 1996) and is not 
uncommon even in healthy individuals (Fu et  al. 2012; 
Ganzeboom et al. 2003; Serletis et al. 2006).

The focus of previous studies concerning cardiovascular 
deconditioning after bed rest or exposure to microgravity 
has been primarily directed at studying changes in blood 
volume (Maillet et  al. 1996; Millet et  al. 2001), a puta-
tive reduction of the baroreceptor reflex sensitivity (Adami 
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et al. 2013; Robertson et al. 1994; Shoemaker et al. 2003), 
and the activity of sympathetic efferent fibres to peripheral, 
mostly muscle, blood vessels (Kamiya et  al. 1999, 2000; 
Shoemaker et  al. 1999). Also, an increase in venous and 
soft tissue capacitance has been associated with orthostatic 
intolerance after bed rest (Arbeille et al. 2008, 2012; Capri 
et al. 2004; Kerbeci et al. 2007). However, the sum of the 
observed alterations does not seem to suffice to explain 
the marked orthostatic intolerance after exposure to micro-
g or head-down bed rest (HDBR). Only few studies have 
focused on the possibility of altered resistance vessel reac-
tivity to sympathetic or other vasoactive stimuli. In these 
studies, the α-adrenergic receptor-mediated constriction of 
cutaneous resistance vessels seems to be maintained after 
HDBR (Kamiya et al. 2004), while flow-induced vasodila-
tion of the radial and femoral artery was increased (Bonnin 
et al. 2001; van Duijnhoven et al. 2010).

A different challenge to the cardiovascular system 
occurs in jet fighter pilots, who are exposed to transient 
periods of hypergravity, which may exceed the counter-
regulatory capacity of the cardiovascular system. This 
may result in a fall of central arterial blood pressure, com-
promising cerebral perfusion (Siitonen et  al. 2003) to an 
extent, such that blur of vision and loss of consciousness 
occur (Sevilla and Gardner 2005). Repetitive exposure to 
hypergravity, as in the case of fighter pilots, during simu-
lated air combat manoeuvres or centrifuge exposition, 
seems to stimulate adaptive responses, which enhance the 
tolerance of the cardiovascular system during gravitational 
stress (Convertino 1998; Lalande and Buick 2009; New-
man and Callister 2008; Newman et al. 1998). To date, this 
adaptation is attributed to an increased baroreceptor reflex 
sensitivity (Newman et  al. 1998). Whether an increased 
vasoconstrictor capacity of lower body microvasculature 
may contribute to this increased tolerance to hypergravity 
has not been investigated.

Thus, despite the indispensible contribution of resist-
ance vessels to the maintenance of blood pressure during 
gravitational challenges, detailed knowledge about altered 
microvascular responsiveness after cardiovascular decondi-
tioning and possible limits of their ability to withstand the 
unphysiologically high transmural pressures during expo-
sure to hypergravity is lacking. The aim of this study, there-
fore, was to comprehensively characterize the acute micro-
vascular responses to gravity and hypergravity induced by 
a short-arm human centrifuge (SAHC) in healthy young 
human subjects. The focus was on lower body microvessels 
which are particularly challenged by markedly increased 
transmural pressures on both the arterial and venous 
branches of the vasculature. Arterial resistance vessels are 
known to respond to this increased pressure load by vaso-
constriction mediated by a combination of local myogenic 
and systemic sympathetic mechanisms. However, the upper 

pressure limit of myogenic perfusion control is limited to 
about 160 mmHg (Bullivant 1978; Strandgaard et al. 1974) 
and the pressures induced by hypergravity well exceed 
this upper limit (Watenpaugh et  al. 2004). We, therefore, 
hypothesized that constriction of lower body resistance 
vessels would suffice to maintain or even decrease skin per-
fusion during exposure to normal gravity, but would fail to 
withstand the high transmural pressures during hypergravi-
tation, resulting in an increase of skin perfusion. To test this 
hypothesis, we measured the pretibial skin perfusion by 
laser Doppler imaging and combined this with iontopho-
retic drug application to appreciate the difference between 
intact resistance vessels actively responding to the orthos-
tatic challenge with paralysed vessels which would distend 
passively due to increased transmural pressure.

Lower body veins serve as capacitance vessels and are 
responsible for the blood pooling during orthostatic chal-
lenge. However, previous studies also identified increased 
fluid accumulation in soft tissue as a risk factor for ortho-
static intolerance (Arbeille et  al. 2008). We hypothesized 
that this soft tissue capacitance is at least partly due to 
blood pooling in venous microvessels, which would be 
obvious from increased tissue haemoglobin concentration. 
This was quantified by measuring changes in muscle hae-
moglobin concentration using near-infrared spectroscopy 
(NIRS).

Methods

In performing this experiment, 12 civilian volunteers (7 
females, 5 males) without a history of cardiovascular or 
metabolic disease were recruited. Written informed consent 
was obtained from all subjects before participating in this 
study. The study procedures were approved by the Ethics 
Committee of the Medical Council North Rhine and all 
experiments were performed in accordance with the Decla-
ration of Helsinki. The age of the subjects ranged between 
21 and 36 years (mean ±  standard deviation 28.4 ± 3.9). 
The mean height was 176 ±  6  cm and mean weight was 
72 ± 7 kg.

Subjects were screened by an independent physician 
who was not involved in the study. Screening comprised 
resting ECG, Schellong test, blood test and cycle ergometry 
as well as a medical questionnaire/examination to deter-
mine whether medical reasons, such as arrhythmia, syn-
cope or other orthostatic abnormalities precluded participa-
tion in the study. Tests and exclusion criteria followed the 
guidelines of the German Aerospace Agency as applied for 
determination of aviation fitness required for private pilots. 
All subjects were cleared for centrifuge testing.

Experiments were performed at the facilities of the Ger-
man Aerospace Center (Deutsches Zentrum für Luft- und 
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Raumfahrt, DLR) in Cologne, Germany. Prior to the exper-
iments, a final health examination was undertaken by an 
independent physician to ensure that no subject was show-
ing any evidence of disease.

Haemodynamic monitoring

Non-invasive continuous cardiovascular monitoring and 
data storage were performed during the entirety of the 
experiment using a Portapres monitor via Beatscope soft-
ware (BMI-TNO, Amsterdam, The Netherlands). The 
recorded parameters (sampling rate 2000  Hz) included 
heart rate (HR) by electrocardiogram (ECG), blood pres-
sure (systolic (SBP), diastolic (DBP) and mean (MAP) 
by finger plethysmography and at 5  min intervals by an 
automatically inflated upper arm oscillometric pressure 
cuff to adjust the output from the plethysmographic meas-
urements. The hand carrying the plethysmographic finger 
cuff was fixed in a sling at the assumed plane of orthos-
tatic indifference at the base of the heart (Watenpaugh 
et al. 2004). Stroke volume (SV) was assessed by thoracic 
impedance technology (NICO100C, Biopac Systems, 
Goleta, CA, USA). From these parameters, cardiac output 
(CO) and total peripheral resistance (TPR) were derived at 
beat to beat frequency.

Near‑infrared spectroscopy (NIRS)

Microvascular blood pooling was determined in the right 
gastrocnemius muscle by near-infrared spectroscopy 
(NIRO 200, Hamamatsu Instruments, Hamamatsu, Japan). 
To this end, a pair of optodes (emitter and detector) was 
fixed to the lateral head of the gastrocnemius muscle by a 
black rubber scaffold which ensured a constant distance 
of 4 cm between both optodes by means of a double-sided 
adhesive disc. The differential path length factor was set at 
4.5, resulting in an assumed path length of 18 cm. The con-
centration changes of oxygenated (O2Hb) and deoxygen-
ated haemoglobin (deoxyHb) as well as regional oxygen 
saturation (rSO2) were continuously recorded at a sampling 
rate of 1 Hz. Changes in total haemoglobin concentration 
were calculated (O2Hb + deoxyHb) off-line. A second pair 
of optodes was placed on the distal biceps muscle, close to 
the plane of orthostatic indifference and served as control.

Laser Doppler imaging and iontophoresis

Pretibial skin perfusion approximately 25  cm proximal to 
the ankle was measured by laser Doppler imaging (Periscan 
PIM3, Perimed, Uppsala, Sweden). The observation area 
was shaved and defatted with alcoholic disinfectant. The 
scanner was mounted to the centrifuge platform to ensure 
optimal stability. The scanned area was 10.3 ± 0.1 cm long 

and 1.9 ±  0.1  cm wide. The average duration of a com-
plete scan was 12.7 ± 0.7 s, resulting in a temporal resolu-
tion of 4.9 ± 0.3 scans per min. In the centre of the area, 
an iontophoresis chamber was fixed with a double-sided 
adhesive disc and filled with 1  % solution of freshly dis-
solved sodium nitroprusside (Nipruss, Schwarz Pharma, 
Monheim, Germany). An adhesive reference electrode was 
placed about 20 cm distally to the chamber. Iontophoresis 
with 100 µA was started 20 min prior to centrifugation and 
continued throughout the duration of the protocol. For data 
analysis, three regions of interest (ROI) were defined: one 
within the iontophoresis chamber and one each at the dis-
tal and proximal ends of the scanned area. No differences 
between the proximal and distal control areas were detected 
and the values were averaged. Since centrifugation induced 
a distal movement of the legs, the three ROIs were moved 
simultaneously such that the central ROI always covered 
the whole iontophoretic chamber area. Mean laser Doppler 
flux from each of the ROIs was averaged over the last four 
to five scans (about 1 min) during each experimental phase.

Short‑arm human centrifuge

The short-arm human centrifuge (SAHC-TN-007-VE, 
QinetiQ Company, Antwerp, Belgium) can generate accel-
eration forces from +0.1Gz to +5Gz, where Gz repre-
sents the artificial gravitational force acting on the test 
subject along the selected body axis. It has a maximum 
swing radius of 2.82 m and a maximum angular velocity of 
40 RPM. The maximal G-acceleration rate is 0.25 G/s. For 
our protocol, the test subjects assumed a supine position 
while undergoing acceleration, such that the resulting vec-
tor of gravitational force was along the longitudinal z-axis, 
or from head to foot. Ambient temperature in the SAHC 
testing chamber was maintained at 23–25  °C. To prevent 
convective cooling, transparent air flow shields were placed 
on either side of the centrifuge table and additionally cov-
ered with transparent polymer foil fixed to the shields with 
adhesive tape. Thus, subjects were fully encased and pro-
tected from air flow due to centrifugation. The head of the 
subjects was placed within a light tight chamber to elimi-
nate external visual stimuli. This chamber was equipped 
with a light source and infrared camera, and subjects were 
equipped with a microphone headset, allowing for continu-
ous communication with the independent physician. Addi-
tionally a “panic button” was made readily accessible to 
each subject.

The independent physician monitored the subjects’ con-
dition by camera view of their faces, continuous display of 
haemodynamic variables and by direct verbal communica-
tion. Centrifugation runs were immediately terminated on 
the decision of this physician based on request by the sub-
jects, facial sweating or haemodynamic instability.
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Each subject was placed in the SAHC with the heels 
against the foot plate, securely restrained via safety harness 
and then instrumented with all monitoring and measuring 
devices. Subjects were instructed to relax their leg muscles 
throughout the baseline and centrifugation periods so as not 
to interfere with the NIRS measurements. After the final 
uplink and safety check was completed by the command 
team before leaving the centrifuge area, an “all clear” sig-
nal was given and the subjects verbalized their readiness, 
the experiment could begin.

Experimental protocol

The protocol started with 20  min at +0Gz for stabiliza-
tion. Then the SAHC was accelerated by +1Gz, +2Gz and 
+1Gz, all at the subject’s foot level for 4 min each and then 
decelerated to 0Gz. The shifts between Gz phases lasted 
about 10 s.

Data analyses and statistics

Data were averaged over the last 30  s of each acceleration 
phase unless stated otherwise. Statistical analyses were per-
formed with SigmaStat (Systat Software, Inc., San Jose, 
CA). Data are presented as mean ± standard error. Data were 
tested for normality prior to statistical comparisons by Kol-
mogorov–Smirnov test and analysed by one-way repeated 
measures ANOVA followed by Holm–Sidak post hoc test. 
p < 0.05 was considered to be statistically significant.

Results

Haemodynamics

The effects of gravitation on macro-haemodynamic param-
eters are listed in Table 1. Heart rate increased significantly 

only at +2Gz. Arterial pressure was maintained at or above 
baseline throughout the protocol. Stroke volume and car-
diac output decreased with increasing acceleration. A sig-
nificant increase in total peripheral resistance was observed 
only during the +2Gz phase.

Near‑infrared spectroscopy (NIRS)

In the control area in the biceps, centrifugation induced a 
gravitation-dependent increase in deoxygenated Hb (deoxy 
Hb) concentration, mirrored by a similar decrease in the 
concentration of oxygenated Hb (O2Hb) (Fig. 1). Total Hb 
(tHb) concentration was only minimally affected, while 
regional oxygen saturation (rSO2) decreased according to 
the gravitational stimulus. After return to +0Gz, all val-
ues returned to baseline. In the gastrocnemius, O2Hb only 
increased slightly at +2Gz. Deoxy Hb increased moder-
ately at +1Gz by 7.4 ±  1.0 µM and more pronounced to 
23.4 ± 1.7 µM at +2Gz. After return to +1Gz, deoxy Hb 
decreased only slightly to 18.9 ±  1.4  µM but returned to 
baseline after 5  min of rest at +0Gz. Accordingly, tHb 
increased by 7.5 ± 1.4 µM at +1Gz, further to 26.6 µM at 
+2Gz and decreased only moderately after return to +1Gz 
to 18.8  ±  1.8  µM. Gastrocnemius rSO2 decreased only 
minimally at +1Gz, but markedly at +2Gz and remained 
low after return to +1Gz.

To analyse the dynamics of muscle microvascular blood 
pooling, tHb concentration changes were normalized to 
peak value at the end of the +2Gz phase and averaged in 
30 s intervals (Fig. 2, upper panel). After onset of +1Gz, a 
rapid accumulation of tHb in muscle tissue within the first 
30 s was obvious. This was followed by a slow incremen-
tal increase, which does not reach a steady state until the 
end of the 4  min centrifugation phase. After acceleration 
to +2Gz, a steady but more pronounced increase of tHb 
can be observed, which again does not reach a steady state 
within the 4  min time interval. Reduction of acceleration 

Table 1   Haemodynamic 
changes during centrifugation

All data are mean ± SE

HR heart rate, MAP mean arterial pressure, APsys systolic arterial pressure, APdiast diastolic arterial pres-
sure, SV stroke volume, CO cardiac output, TPR total peripheral resistance

* p < 0.05 versus initial +0Gz; # p < 0.05 versus first +1Gz phase

+0Gz +1Gz +2Gz +1Gz +0Gz

HR (bpm) 73 ± 5 78 ± 4 101 ± 5*, # 75 ± 5 67 ± 4

MAP (mmHg) 93 ± 5 100 ± 5 100 ± 8 96 ± 7 93 ± 5

APsys (mmHg) 144 ± 6 149 ± 8 136 ± 11 140 ± 9 142 ± 6

APdiast (mmHg) 73 ± 4 82 ± 5 87 ± 8* 80 ± 6 73 ± 4

SV (mL) 95 ± 5 72 ± 6* 48 ± 5*, # 67 ± 5 94 ± 5

CO (L/min) 6.8 ± 0.5 5.7 ± 0.6* 4.8 ± 0.5*, # 5.1 ± 0.5 6.2 ± 0.4

TPR (dyn/s/cm5) 1150 ± 89 1594 ± 205 1932 ± 344* 1704 ± 209 1236 ± 87
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from +2Gz to +1Gz induces a quick drop in muscle tHb, 
which plateaus at more than twice the value of the initial 
+1Gz phase. After return to +0Gz, tHb quickly drops to 
near baseline values.

To estimate the time course of tHb increase beyond the 
4  min observation period, curves assuming a bi-exponen-
tial rise to maximum were fitted to the data (Fig. 2, lower 
panel) (Uhlig and von Bethmann 1997). This two-compo-
nent model was chosen to reflect both the fast initial and 
the slower delayed increase in tHb and provided R > 0.999 
for both +1Gz and +2Gz. Interestingly, the maximum rela-
tive tHb concentration estimated for +1Gz of 0.70 coin-
cided with the plateau values measured after reduction 
from +2Gz to +1Gz of also 0.70.

Skin perfusion by laser Doppler imaging 
and iontophoresis

Iontophoresis of sodium nitroprusside induced a 4.4-fold 
increase in skin perfusion from 38 ±  2 to 168 ±  11 per-
fusion units (PU), while perfusion in the untreated control 
areas remained essentially unchanged (Fig. 3). Application 

of +1Gz increased perfusion in the dilated area further to 
208 ± 14 PU. In contrast, control area perfusion decreased 
by 19  % from 58  ±  5 to 47  ±  3  PU. Acceleration to 
+2Gz further increased perfusion in the dilated area to 
226 ± 16 PU, while no further change occurred in the con-
trol areas. Return to +1Gz reduced perfusion in the dilated 
area to the level of the initial +1Gz phase, while again no 
change occurred in the control areas. After termination of 
+Gz acceleration, all perfusion values essentially returned 
to the initial +0Gz levels.

Discussion

The major results of this study, which investigated the 
microvascular responses to gravity and hypergravity using 
an SAHC were that: (1) constriction of resistance vessels in 
response to gravity can help withstand the high transmural 
pressures not only at +1Gz, but also at +2Gz for 4 min, 
and thus contributes to the maintenance of mean arterial 
pressure during exposure to moderate hypergravity; (2) 
microvascular blood pooling seems to contribute to soft 

Fig. 1   The results of the NIRS 
measurements are presented. a 
Biceps muscle deoxygenated 
haemoglobin concentration is 
(deoxy Hb) in blue and oxygen-
ated haemoglobin (O2Hb) con-
centration in red. b The same as 
in a for gastrocnemius muscle. 
c Total haemoglobin (tHb) 
concentration for gatrocnemius 
and biceps muscles. d Regional 
oxygen saturation (rSO2) for 
gastrocnemius and biceps mus-
cles. All data are mean ± SE. 
*p < 0.05 versus initial +0Gz, 
#p < 0.05 versus first +1Gz, 
$p < 0.05 versus +2Gz Acceleration [+Gz]
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tissue capacitance during orthostatic challenge and can be 
quantified with NIRS measurement of total tissue haemo-
globin concentration.

Numerous previous studies have elucidated the haemo-
dynamic responses to gravity and, fewer, to hypergravity. It 
is well understood that gravitational forces along the body 
axis lead to venous blood pooling in the lower body which 
reduces cardiac preload and thus stroke volume. Barore-
ceptor reflex activity counteracts the resulting decrease in 
arterial pressure by increasing heart rate and total periph-
eral resistance to maintain arterial pressure. The haemody-
namic responses correspond to the well-known physiology 

of cardiovascular adaptation to gravity and were much 
more pronounced after the shift from +1Gz to +2Gz as 
compared to the changes from 0Gz to +1Gz. Namely, heart 
rate increased only slightly by 5 bpm during +1Gz, but was 
much more pronounced by a further 23 bpm after accelera-
tion from +1Gz to +2Gz. This moderate sympathetic acti-
vation is certainly due to the use of the SAHC where the 
respective G+ levels were achieved at foot level and gravi-
tational forces were much lower at more proximal body 
parts. Accordingly, the heart rate increased considerably 
more during exposure to +1Gz on a long-arm centrifuge or 
during tilt table testing as compared to SAHC (Watenpaugh 
et al. 2004). Non-linear dynamics of gravitation-dependent 
haemodynamic changes similar to those given in Table  1 
have also been reported for long-arm centrifuges (Bonjour 
et al. 2011).

The focus of this study, however, was on microvascular 
responses, namely in the lower body, in which blood ves-
sels are exposed to dramatically increased transmural pres-
sures as a result of the effect of gravity on the intravascular 
blood volume. It has been suggested that resistance ves-
sels would respond by vasoconstriction through the com-
bined effects of two mechanisms: local myogenic response 
to increased transmural pressure (Groothuis et  al. 2011b) 
and a systemic α-adrenergic receptor-mediated constric-
tion due to baroreceptor reflex-induced sympathetic acti-
vation (Shoemaker et  al. 1999). Such constriction should 
result in parallel decrease of perfusion, because the arterial 
to venous pressure gradient is only minimally affected by 
gravity. Accordingly, during +1Gz, we detected a decrease 
of pretibial skin perfusion by 19 %, indicating substantial 
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resistance vessel constriction. This is considerably less than 
the almost 40  % decrease observed by Watenpaugh et  al. 
(2004) under similar conditions. Whether a different tech-
nique of measuring skin perfusion, laser Doppler flux ver-
sus laser Doppler imaging, or a different centrifugation pro-
tocol suffices to explain this discrepancy remains unclear.

Increasing the acceleration to +2Gz induced no further 
change in skin perfusion, indicating that resistance vessels 
were able to maintain their diameters against the increased 
transmural pressure, but did not constrict further despite 
that both constrictive stimuli, that is transmural pressure 
and sympathetic activation, as evident from the increase 
in heart rate, increased markedly. However, at +2Gz, with 
a mean arterial pressure of 100  mmHg at heart level, the 
local arterial pressure at the pretibial skin well exceeded 
200 mmHg (Watenpaugh et al. 2004) and was thus above 
the upper limit of myogenic autoregulation, beyond which 
even renal or cerebral perfusion increases with pressure 
(Bullivant 1978; Strandgaard et al. 1974). Either myogenic 
control contributes only little to the maintenance of vessel 
tone in skin or increased sympathetic vasoconstriction was 
able to maintain flow resistance beyond this autoregulatory 
pressure range.

To better appreciate the ability of resistance vessels to 
withstand increasing transmural pressure, skin perfusion 
was also measured in areas treated with iontophoretic 
application of the potent vasodilator sodium nitroprusside. 
As expected, the gravitational-induced rise of transmural 
pressure in resistance vessels increased skin perfusion by 
24 % at +1Gz and by an additional 9 % at +2Gz versus 
+1Gz, indicating passive distension of vessels. The striking 
difference between these relative increases during identical 
increments of transmural pressure may be explained by the 
nonlinear pressure–diameter relationship of dilated resist-
ance vessels. (Cornelissen et al. 2000). The expected diam-
eter increases correspond well to the observed increases in 
skin perfusion.

NIRS measurement of haemoglobin concentration has 
been used previously during tilt table testing to determine 
the pressure–volume relationship of calf muscle microvas-
culature (Binzoni et al. 2000). For a reference control area, 
a second probe was placed on the distal aspect of the biceps 
muscle that is roughly at the hydrostatic indifference level 
and should thus not be exposed to local pressure changes 
during acceleration. The observed alterations, decrease in 
total haemoglobin and O2Hb concentration while deoxy 
Hb concentration increase, are best explained by increased 
oxygen extraction due to a reduction of perfusion via sym-
pathetic vasoconstriction of skeletal muscle resistance ves-
sels. In contrast, the gastrocnemius muscle total Hb con-
centration increased markedly by 7.5 and 26.6 µmol/L at, 
respectively, +1 and +2Gz, thereby reflecting microvas-
cular blood pooling. Obviously, the bulk of blood pooling 

occurs in large veins and the microvascular increase of hae-
moglobin concentration by 26.6 µmol/L at +2Gz equalizes 
to only 11.4 ml of blood pooling within a volume of 1 L 
muscle tissue when assuming a mean blood haemoglobin 
concentration of 15 g/100 mL (Binzoni et al. 2000). Never-
theless, by combining NIRS with the conventional plethys-
mographic techniques, which reflect total blood pooling, 
differential effects of interventions such as longtime bed 
rest or exposure to micro-g on large vein versus microvas-
cular blood pooling might be identified in future studies. 
The differential changes in deoxy Hb, O2Hb and rSO2 are 
consistent with the notion that microvascular blood pooling 
occurs mostly in venules.

A surprising observation was the marked difference 
between total Hb concentration at +1Gz before and after 
exposure to +2Gz. The individual courses of haemoglobin 
concentration changes (not shown) indicated that a steady 
state was not be reached within the 4  min observation 
period. Therefore, the dynamics of total Hb concentration 
changes was analysed at 30 s intervals using normalized Hb 
values. Total Hb concentrations were still rising at the end 
of the +1Gz and +2Gz exposure periods of 4 min, but had 
reached a plateau at about 2  min after deceleration from 
+2Gz to +1Gz (Fig. 3, upper panel). Since the shapes of 
these and the individual continuously recorded curves sug-
gest the presence of a fast and a slow filling compartment, 
a bi-exponential fit was applied to the data. This is analo-
gous to the well-established technique of venous occlusion 
plethysmography where the fast component represents limb 
volume increase by venous filling and the slow component 
volume increase by transvascular fluid filtration. Although 
the extrapolations from these curves should be interpreted 
with care, because they are based on only nine data points 
obtained within 4 min, the fast component of haemoglobin 
concentration increase in muscle tissue is easily explained 
by venous filling. The origin of the slow component is less 
clear. A possible explanation might be a slow increase in 
muscle microvascular haemoglobin concentration resulting 
from increased capillary fluid filtration, which would tend 
to increase blood haemoglobin concentration at the venu-
lar end of capillaries. At low venular blood flow velocity 
due to the combined effects of precapillary vasoconstric-
tion and venular pressure-induced distension, blood in the 
venules would be slowly replaced by capillary outflow with 
higher haemoglobin concentration. Indeed, the haemocon-
centration of venous blood from the foot has been reported 
as a response to gravitational pressure increase (Moyses 
et al. 1987). Simultaneous measurement of limb volume by 
plethysmography and muscle haemoglobin concentration 
by NIRS might allow further insights into these events.

In conclusion, lower body resistance vessel smooth mus-
cle tone increased during exposure to gravity and, contrary 
to our hypothesis, withstood the high transmural pressures 
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even during hypergravitation of +2Gz. As expected, micro-
vascular blood pooling in calf muscle was found to be 
biphasic with a fast component due to venular filling and a 
slow component, possibly reflecting either capillary recruit-
ment or enhanced fluid filtration and pooling of blood with 
higher haemoglobin concentration. We propose that assess-
ment of putative alterations of these acute microvascular 
adaptations to gravity by long-term exposure to micrograv-
ity or its analogue, head-down tilt bed rest, might allow for 
new insights into the mechanisms of orthostatic dysfunction 
of astronauts undertaking prolonged spaceflights.
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