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Rapid onset and prolonged/sustained accelerations are often encountered in military 
aviation. The centrifugal force causes blood mass volume displacements. The pilot co-
unters this phenomenon by means of anti-G straining manoeuvres (AGSM). However, 
the physiology of such prolonged manoeuvres is not clear. Here we have evaluated the 
eff ects of 4G and 6G accelerations lasting 10s from 1.41Gz baseline on stroke volume 
(SV) and cardiac output (CO) and data quality,  as well as changes in frontal brain oxy-
genation (OX) as a function of duration of the acceleration. We further compared the 
pilots’ physiological responses to 4G and 6G.

Ten military pilots (six active, with various amount of fl ight experience) performed the 
rapid onset rate (ROR) profi le characterized by rapid onsets of Gz to 4G and 6G that 
lasted for 10 seconds, each without Anti-G trousers. The pilots’ SV, CO were evaluated 
with bioimpedance cardiography, while their OX - with near infrared spectroscopy. ECG 
was constantly monitored. 
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INTRODUCTION

We have previously evaluated the eff ects 
of gradual onset of +Gz on stroke volume (SV), 
cardiac output (CO) using impedance cardiography, 
and oxygenation saturation (OX) of frontal lobe 
using near infrared spectroscopy (NIRS) [1]. Rapid 
onset, prolonged/sustained accelerations are 
often encountered in military aviation. The pilot 
counters the blood mass volume displacements 
by means of anti-G straining manoeuvres (AGSM). 
The 4G acceleration (without Anti-G trousers) 
in general does not require the use of AGSM, 
whereas 6G most certainly does. However, it 
is not clear how long lasting accelerations aff ect 
the pilots’ physiology. Here we have evaluated 
the eff ects of 4G and 6G accelerations lasting 
10s on SV, CO, and the quality of these measures, 
as well as changes in frontal brain oxygenation 
as a function of the duration of the acceleration. 

METHODS

Subjects
Ten male military pilots (age: 34.8±8.2 years; 24-

47 years), with various amount of fl ight experience 
participated in the study. All subjects held a current 
fi tness to fl y certifi cate issued by the Aeromedi-
cal Board (i.e., they were healthy). All of them had 
normal or corrected-to-normal vision. The study 
protocol was approved in advance by the Bioethi-
cal Committee of the Military Institute of Aviation 
Medicine in Warsaw (Decision no 04/2014). Each 
subject provided written informed consent before 
participating and they were compensated for tak-
ing part in the experiment. 

Equipment
A human centrifuge HTC07 (AMST, Braunau, 

Austria) was used to produce the Gz. It was previ-
ously described in detail [1]. Mean blood oxygena-

tion (both oxygenated and de-oxygenated blood) 
of the frontal lobe of the brain (OX) was measured 
using near infrared spectroscopy (NIRS; NellcorTM 
Pulse Oximetry, Covidien-Medtronic, Dublin, Ire-
land). OX was averaged in 4s intervals. The opto-
electronic detector (optode) was attached to the 
right side of the forehead of the pilot. Stroke vol-
ume (SV) and cardiac output (CO) were measured 
using electrical bioimpedance. A  3-channel ex-
perimental module ReoWir (ITAM, Zabrze, Poland) 
was used to measure electrical bioimpedance 
simultaneously in the thorax and in the neck [1]. 
Metrological parameters of the module were veri-
fi ed by using a dedicated simulator of resistive pa-
rameters of the tissues – ReoTester [2].

Fig. 1.  Location of electrodes: Current electrodes: 
l1 placed on temples (gel electrodes), I2 placed 
on thorax (spring electrode), receiver electrodes 
Hl+ and HR+ - behind the ears (gel electrode), 
N placed on the bottom of the neck (stainless 
wire spring electrode).

The location of electrodes on the pilot is de-
picted in fi gure 1. The bioimpedance signal from 
the thorax is collected using a standard electrode 

SV and CO were generally decreasing with time, whereas HR was increasing. On average, 
SV was not diff erent between 4G and 6G. However, CO and HR were signifi cantly higher 
at 4G than at baseline (p<0.02), as well as they were higher at 6G than at 4G and base-
line (p<0.005). Despite that OX on average was lower at 6G than at 4G than at baseline 
(p<0.03). The data was of poorer quality and less of them were included in the numerical 
analyses for 6G than for 4G, most likely due to the performed AGSM.

Rapid onset acceleration leads to physiological adaptations that are more pronounced 
at 6G than at 4G. There is some variability in the results due to the use of AGSM, which 
has a degrading eff ect on data quality.

Hemodynamics, bioimpedance cardiography, +Gz, monitoring, brain oxygenationKeywords:
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paired t-tests were utilized to evaluate the statisti-
cal signifi cance of observed changes. We acknowl-
edge that the bioimpedance signals were aff ected 
by artefacts created by the subject’s breathing; 
however, these artefacts were added to the vari-
ability of measures obtained at particular condi-
tions. All tests were performed with Statistica 13.1 
software (Dell, Round Rock, TX,  USA).

RESULTS

Fig. 3 – Fig. 10 illustrates the SV, CO, OX, and HR 
changes as a function of acceleration’s duration 
at 4G and 6G. Interpersonal variability is likely due 
to the use of AGSM that visibly deteriorates the sig-
nal, making it near impossible to reliably trace it. 
AGSM is used more at 6G than at 4G, thus data for 
fewer pilots is available at the higher acceleration.

Fig. 3.  Stroke volume changes with time at 4G. R008 
– R020 indicate the consecutive pilots. Smaller 
numbers of measurements presented in some 
fi gures refl ect lower quality of that data (need 
to exclude some measurements).

Fig. 4.  Stroke volume changes with time at 6G. The 
lower number of data points (than at 4G) 
refl ects poorer data quality. Please note that 
in some cases all data points had to be removed 
due to poor quality.

arrangement, as in Kubicek’s method [3], but the 
location of the electrodes on the head is an origi-
nal arrangement. Both NIRS and ReoWir were con-
nected to the  centrifuge system, thus the OX and 
bioimpedance signals were recorded synchro-
nously with ECG, heart rate, Gz and saved in the 
centrifuge’s data storing system. Then, all data 
were anonymized and exported for further pro-
cessing on an external data processing station.

Procedure
The subjects were briefed on the study and its 

aims. Then ECG and bioimpedance leads were con-
nected, and the NIRS optoelectronic detector was at-
tached to the right side of the forehead. A Rapid Onset 
Rate (ROR) profi le was selected, lasting 10 sec each.

Calculation of stroke volume
Stroke volume (SV) of the heart was calculated 

based on Kubicek’s formula [4],  

where Z0 is the base impedance measured direct-
ly during the experiment. 

The Z0 values measured at the beginning 
of LVET were used for calculations. The left-
ventricular ejection time (LVET) and (dZ/dt)max 
were traced manually by two independent raters, 
trained and supervised by LP, who has extensive 
expertise in bioimpedance methods, as described 
previouisly [1]. Identifi ed artefacts were excluded 
from analyses. SV and CO were calculated.

For the neck, only (dZ/dt)max was marked; it can 
be interpreted as the fl ow index in the carotid arter-
ies [5,6]. The interclass correlation coeffi  cient was 
higher than 0.7 for individual pilots. This result attests 
to good and very good reliability of the results. Similar 
results were obtained for CO calculated as SV·HR. 

Statistical Analysis
The normality of distributions was evaluated 

automatically with appropriate tests. Student 
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Fig. 2.  Acceleration profi le. 
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Fig. 9.  Heart rate changes with time at 4G.
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Fig. 10.  Heart rate changes with time at 6G.

Table 1 shows the changes in mean SV, CO, OX, 
and HR between the baseline, 4G, and 6G. 

Tab. 1.  Changes in parameters induced by increases 
of accelerations; a) from baseline 1,4G to 4G, 
b) from 1,4G to 6G, c) from 4G to 6G.

*ns - stastistically non signifi cant.

DISCUSSION

In this study, we have demonstrated that the 
physiological response to rapid onset accelera-
tions changes with time. However, the picture 
is distorted by the use of AGSM. Higher value 
of the acceleration leads to larger mean changes 
in stroke volume, cardiac output, brain oxygena-
tion and heart rate. No signifi cant changes in fl ow 
index were found.
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Fig. 5. Cardiac output changes with time at 4G. 
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Fig. 6.  Cardiac output changes with time at 6G.
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Fig. 7. Blood oxygenation (OX) changes with time 
at 4G.
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Fig. 8.  Blood oxygenation (OX) changes with time 
at 6G.

Change in [%]
Change between [%], and signifi cance level, p

Baseline and 4G Baseline and 6G 4G and 6G

Stroke Volume 

(SV)

9±25, ns* 16±34, ns* 7±20, ns*

Cardiac Output 

(CO)

22±24, p=0.02 41±23, p=0.003 16±10, p=0.001

Heart Rate (HR) 14±12, p=0.001 26±14, p=0.005 9±14, p=005

Blood Oxygena-

tion (OX)

-1±2, p=0.03 -4±3, p=0.003 -2±3, p=0.04

Flow Index -12±34, ns 12±39, ns 21±34, ns
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surrounding tissues, which can contribute to a de-
crease in the Ox results registered.

The above mentioned phenomena could be re-
sponsible for the small drop in brain oxygenation 
in our participants, despite signifi cantly larger car-
diac outputs at 6G than at 4G. 

We did not evaluate changes in arterial pres-
sure and its relationship to the measured parame-
ters. As it is known that Z0 increases with bleeding 
induced hypotension in pigs [13], it is likely that 
changes in blood pressure would explain some 
variance in SV, CO, and OX.

Our results may help understand the physio-
logical adaptations to hypergravity in commercial 
space fl ights, where the accelerations do not ex-
ceed 6G and the age of the prospective space trav-
ellers spans a wide range from 22 to 80 years [14]. 
Although the G loads in these voyages are not ex-
pected to exceed 4G, one should remember that 
military pilots are selected based on endurance 
and fi tness. Thus, the physiological processes de-
scribed in our study may take place at much lower 
accelerations in the general population. The non-
zero resistance of the current electrodes applied 
in our study led to some limitations in the results, 
as it caused a slight overestimation of baseline 
impedances, but, it resulted in a  slight underes-
timation of the reported changes in SV and CO. 
Similarly, the breathing artefacts had detrimental 
eff ects on fi tting quality; however, it is unlikely it 
biased the regression results. 

The conclusions are limited by the fact that the 
pilots performed straining at the onset of the ac-
celeration and at various times of the overload. 

CONCLUSIONS

Rapid onset acceleration led to physiological 
adaptations that are more pronounced at 6G than 
at 4G. There is some variability in the results due 
to the use of AGSM that has a degrading eff ect on 
data quality.

However, la rger G loads resulted in statistically 
signifi cant decreases of brain frontal lobe oxy-
genation, most likely due to redistribution of the 
blood in the thorax; i.e. less blood ended up in the 
brain due to a larger gravitational fi eld in the cen-
trifuge. The additional +Gz eff ect that must be 
taken into consideration is air-blood mismatch 
in lungs under Gz [7-9]. 

All examined pilots were neither instructed 
to perform or withdraw from performing AGSM. 
However they performed the muscular compo-
nent of AGSM without the breathing component. 
The breathing component of AGSM relies on in-
termittent increase of airway pressure which can 
at least partially alleviate Gz eff ects on the lungs. 
Rohdin et al. [10] also demonstrated decreased 
lung diff usion capacity in hypergravity. On the 
other hand, increases in base impedance of the 
neck with increasing Gz could be interpreted 
as decrease of the blood volume in the neck. How-
ever, the cranium acts as a rigid container of the 
brain, the cerebro-spinal fl uid, and blood, which 
are virtually incompressible [11], thus the amount 
of blood in the brain is likely constant during the 
+Gz accelerations used in our study. Moreover, 
the cerebral autoregulation maintains a relatively 
constant cerebral blood fl ow within the range ar-
terial blood pressure from about 60 to 150 mmHg 
[11,12]. In our experience, arterial blood pressure 
may decrease below 60 mmHg at +6G, thus small-
er cerebral blood fl ow may contribute to decreas-
es of OX with increasing +Gz. 

Another thing worth consideration is venous re-
turn from brain. Under the +Gz load, blood tends 
to be pooled in the venous system of the lower ex-
tremities and the lower part of the abdomen. This 
othostatic eff ect may cause blood pressure in jugu-
lar veins to be lowered to almost zero, which may 
cause jugular veins to collapse and eff ectively stop 
the venous outfl ow from the brain. Some portions 
of blood “trapped” in parts of the brain may be fur-
ther deoxygenated through the metabolism of the 
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