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Abstract
Artificial Gravity generated by Short Arm Human Centrifuges is a promising multi-system countermeasure for physiological
deconditioning during long duration space flights. To allow a continuous assessment of cardiovascular hemodynamics during
centrifugation, a telerobotic robotic system holding an ultrasound probe has been installed on a Short Arm Human Centrifuge. A
feasibility study was conducted to define the use capabilities and limitations of such a novel method. The objective of this study is
to estimate the reproducibility and precision of remotely controlled vascular ultrasound assessment under centrifugation by
assessing peripheral vascular diameter and wall distension. Four repeated centrifugation runs of 5 min, with 2.4 g at feet level,
were performed including a 15 min rest between each run for a group of eight healthy male volunteers. Vascular diameter and
distention were assessed for the common carotid artery (CCA) and the femoral artery (FA) by ultrasound imaging using a
10 MHz linear array probe (Mylab1, Esaote). Ultrasound measurements were consecutively performed: a) by an expert user in
hand-held mode in standing as well as supine position, b) using the telerobotic armwithout centrifugation as baseline and c) using
the telerobotic arm during centrifugation. Vascular responses were compared between baseline and under centrifugation. Inter-,
intra-registration and group variability have been assessed for hand-held and remotely controlled examination. The results show
that intra-registration variability, σh , was always smaller than inter-registration variability, σm, that is in turned smaller than the
inter-subject variability σg (σh < σm < σg). Centrifugation caused no significant changes in CCA diameter but a lower carotid
distension compared to manual and robotic ultrasound in supine position (p < 0.05). Femoral diameter was significantly de-
creased in hypergravity compared to robotic sonography without centrifugation. A good reproducibility and precision of the
remotely controlled vascular ultrasound assessment under centrifugation could be demonstrated. In conclusion, arterial wall
dynamics can be precisely assessed for the CCA and femoral artery during centrifugation using a telerobotic ultrasound mea-
surement system. Potential improvements to further enhance reproducibility and safety of the system are discussed.
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Introduction

In preparation for the next phase ofmanned long term spaceflight
exploration a more profound understanding of cardiovascular
responses to gravitational load is crucial. While standing upright
on Earth, a head-to-foot gravitational force results in regular fluid

shifts to and from the head. In microgravity this process alters
and elicits a decrease in cardiac output that can induce post-
spaceflight orthostatic intolerance which remains a major issue
for astronauts (Lee et al. 2015; Gunga et al. 2016).

Artificial Gravity generated by short arm centrifugation is
considered to counteract space flight-induced cardiovascular
deconditioning as it induces a hydrostatic pressure column
along the body long axis to simulate Earth’s gravity (Stenger
et al. 2012; Clément and Pavy-Le Traon 2004; Iwase et al.
2007; Linnarsson et al. 2015). Recent design models recom-
mend intermittent short-radius centrifugation (radius < 10 m)
for exercise activities during long term missions that will re-
sult in a significant gravity gradient along the body longitudi-
nal axis (Clement 2017; Simón et al. n.d.). A better knowledge
on cardiovascular responses to a steep gravity gradient is
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essential to develop future countermeasures based on acritical
gravity.

Using functional ultrasound imaging, it is possible to assess
non-invasively and in real time, arterial diameter and wall
distension at peripheral arteries as the Common Carotid
Artery (CCA) or the femoral artery (FA). These methods,
based on radio-frequency signal techniques, are recognized
as the gold standard in arterial wall dynamics measurement.
The automatic detection of the artery wall directly from radio-
frequency signals has the advantage of being more reproduc-
ible and user-independent than manual detection by the end
user (Leguy et al. 2009; Meinders and Hoeks 2004; Brands
et al. 1999). An accurate and stable probe positioning is cru-
cial for suchmeasurements and must be continuously adjusted
by the sonographer. During centrifugation, the sonographer
must remain remote from the subject in the control room.
Therefore, only a telerobotic system can allow such measure-
ments. While telerobotic systems have been developed for
various clinical applications (Dogangil et al. 2010;
Marescaux and Rubino 2003; Evans et al. 2018) their employ-
ment on a human centrifuge requires specific safety measures.
For this purpose, a telerobotic ultrasound system for vascular
sonography has been built on the DLR Short Arm Human
Centrifuge (Frett et al. 2014a) that can be used in hypergravity
conditions up to +6 g. The objective of the study is to estimate
the reproducibility and precision of a remotely controlled real-
time assessment of arterial diameter and wall distension dur-
ing centrifugation using functional telerobotic ultrasound im-
aging. To our knowledge, haemodynamic measurements
using ultrasound functional imaging during centrifugation
were never been performed on humans. We compared mea-
surements of carotid and femoral diameter during centrifuga-
tion using the telerobotic ultrasound system with hand-held
and telerobotic measurements before centrifugation. Results
were analyzed for inter-subject in terms of inter-registration
variability as well as intra-measurement variability.

Methods

Study Subjects In accordance with the ethical committee
North Rhine, Germany (Communications Reference
Number 2014258) 9 healthy and non-smoking male subjects
were recruited. Their average age was 30 ± 5 years, their av-
erage weight 80 ± 9.2 kg, and their average height 182 ± 4 cm.
All subjects passed standard medical screening for the centri-
fuge experiments and having provided written informed
consent.

Telerobotic Ultrasound Ultrasound measurements were re-
corded while subjects lying supine on DLR’s Short Arm
Human Centrifuge (SAHC) (Frett et al. 2016; Frett et al.
2014a; Frett et al. 2014b). A point-of-care ultrasound system

(ESAOTE MyLabOne, Italy) equipped with a 10 Mhz vascu-
lar probe was customized by the manufacturer to be remotely
controllable from the centrifuge control room and fixed safely
on the centrifuge.

The ultrasound scanner settings are remotely controllable
from the sonographer and a 1:1 reproduction of the normal
scanner display was carried to a monitor in the control room.
The ultrasound probe is mounted on the tip of the telerobotic
arm that was first positioned above the subject (see Figs. 1 and
2). By using a control panel in the centrifuge control room, the
sonographer can adjust the probe position in all 6 degrees of
freedom within safety limits also while the centrifuge is spin-
ning. The robotic arm has a position accuracy of ±1 mm.
Pressure on the subject’s skin is controlled by a pressure sys-
tem that limit the contact pressure from 1 to a maximum of
100 N. This pressure was carefully adjusted depending on the
probe position and overall limited to 20 N (Frett et al. 2014a).
During centrifugation, the current probe position was moni-
tored by two video cameras on different angles.

On the centrifuge, subjects were secured wearing a 6-point
safety belt (Schroth, Germany) and non- invasively monitored
by an attending physician (electrocardiogram, manual blood
pressure and oxygen saturation). Subjects were told not to
move during the measurement and were blindfolded to reduce
the risk of motion sickness symptoms.

Protocol All subjects participated in one experiment session
on the Short-Arm Human Centrifuge at the DLR Institute of
Aerospace Medicine, Cologne (Germany). An anamnesis and
familiarization with the centrifuge´ robotic arm were per-
formed prior to the experiment. Baseline measurements in-
cluded height, body weight, distance head (apex) to CCA
(around 2 cm below chin) were assessed.

Fig. 1 Remotely controlled robotic system with vascular probe mounted
at the tip (arrow)
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Before centrifugation optimal probe position for sonogra-
phy of CCA and FA were marked on the subject’s skin with
medical tape. Baseline measurements of the carotid and fem-
oral mean diameter D and vessel wall distension, ΔD (differ-
ence between systolic and diastolic diameter), were recorded
in randomized order (Fig. 3):

& by hand in supine position, condition: ‘hand-supine’,
& with the ultrasound probe attached at the robotic arm from

supine position without centrifugation, condition: ‘robot-
ic-static’, and,

& with the remotely controlled robotic arm during centrifu-
gation at +2.4Gz at feet : condit ion: ‘robotic-
centrifugation’.

Centrifuge speed and subject axis position was calculated
for a g-load of +2.4 Gz at feet level and + 1.0 Gz at the heart
level. Resulting +Gz-load at heart and carotid level were re-
corded depending on subject’s body height and measured dis-
tances CCA-Apex and CCA-heart. The centrifuge profile
consisted of four hyper-G phases with constant individual
RPM (rotation per minute). Mean spin rate of the centrifuge
was therefore 29 ± 0.4 rpm with +0.9Gz at Carotis, +1.0Gz at
heart and + 2.4 Gz at feet. To ensure subjects orthostatic sta-
bility at the combined high g-load and steep gradient, each
centrifuge run was limited to 5 min. Assessment of arterial

diameter and wall distention from carotid and femoral artery
were randomized between the subjects Fig. 4.

Statistical Analysis

The variability of the assessed vessel diameter and wall dis-
tension was investigated under the different conditions. We
differentiated, for each condition, among the

& intra-registration variability, σh, between the consecutive
heartbeats within single measurements, (Eq. 1),

& inter-registration variability σm between repeated mea-
surements, (Eq. 2), and,

& inter-subject variability σg within the volunteer of the
group (Eq. 3).

The intra-registration variability σh is defined as:

σh ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑v∑m∑b X v;m;b−X v;m

� �2

∑v∑m bv;m
� �

−nm

v

u

u

u
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with Xv, m, b a parameter representing either the assessed av-
erage diameter (D) or the vessel wall distension (ΔD) for the
volunteer v, in measurement m at heart-beat b. The average
parameter for the measurement m of volunteer v is given by

Fig. 2 Remote control panel for
the robotic ultrasound system. a
Safety button b Slide control to
adjust probe pressure on subject’s
skin. Maximal applicable
pressure with the slide control can
be limited in the software between
1 and 100 N) c 2-dimensional
linear axes joystick d 3-
dimensional rotatory control
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Fig. 3 Measurement during all
four study conditions: manual
sonography standing and in
supine position, robotic
sonography with and without
centrifugation in supine position

Microgravity Sci. Technol. (2021) 33: 14 Page 3 of 9 14



X v;m. The number of beats for a measurement m for the vol-
unteer v is given by bv, m and the total number of measure-
ments by nm.

The inter-measurement variability σm is defined as:

σm ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑v∑m X v;m−X v

� �2

∑v mvð Þ−v

v

u

u

t ð2Þ

with Xv, m the parameter value for the volunteer v and mea-

surementm, X v the average parameter for the volunteer v. The
number of measurements for a volunteer v is given bymv, and,
the number of volunteers by v.

The group-variability (or inter-subject variability) σg is giv-
en by:

σg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

∑v X v−X
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v

u
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with Xv the parameter average for the volunteer v and X the
group average.

Results for each condition were analyzed using paired t-
tests to compare each condition. Mean values were reported
with standard deviation. All statistical tests were conducted

using IBM SPSS version 21 (IBM Corp., USA) with α <
0.05 indicating significance.

Results

Two subjects were excluded, one due to pre-syncopal symp-
toms during centrifugation, and one other because of technical
problems. From the remaining seven subjects, complete data-
sets (with valid ultrasound hemodynamic measurements dur-
ing centrifugation) have been obtained from six subjects for
the carotid artery with a success rate of 71%, and, four for the
femoral artery with a success rate of 57%.

Mean values for heart rate, systolic and diastolic blood
pressure are 74 ± 20.17 bpm, 119.4 ± 9.27 mmHg and 69.4
± 9.0 mmHg before centrifugation (rest supine), and, 68 ±
18.0 bpm, 122.6 ± 5.9 mmHg and 69.1 ± 7.5 mmHg after cen-
trifugation (recovery), with no significant differences. During
centrifugation, mean values are 95 ± 15 bpm for heart rate,
126.4 ± 5 mmHg for systolic and 83.8 ± 8.6 mmHg for dia-
stolic blood pressure (Figs. 5, 6 and 7) with significant in-
crease of heart rate, systolic and diastolic blood pressure
(p < 0.05). No significant differences for heart rate and blood
pressure are obtained between the four centrifuge runs.

The measured CCA average diameter (DCCA) for manual
ultrasound in supine position are 7.1 ± 0.2 mm, the vessel wall
distension (ΔDCCA) 565 ± 134 μm. For robotic sonography
without centrifugation DCCA are 6.9 ± 0.3 mm and ΔDCCA

493 ± 120 μm and 6.7 ± 0.6 mm and 334 ± 87 μm for robotic
sonography during centrifugation (Figs. 8 and 9).
Centrifugation induces no significant difference in carotid di-
ameter for all three conditions. However, the carotid disten-
sion is significantly lower during centrifugation compared to
manual, and, robotic (p < 0.05) sonography in supine position
without centrifugation (p < 0.05).

For femoral artery average measured diameter (DFA) and
distension (ΔDFA) are 7,2 ± 0.6 mm and 168 ± 22 μm for
manual ultrasound in supine position, 7.2 ± 0.4 mm and 158
± 27 μm for robotic sonography without centrifugation, and,
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Fig. 4 Centrifuge profile with four sessions of artificial gravity at +2.7Gz
@ heart level
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Fig. 5 Average values for heart
rate, systolic and diastolic blood
pressure with standard deviation
during centrifugation. Baseline
measurements were taken before
centrifugation (pre) and during
the experiment including breaks
between centrifuge runs until end
of protocol (post)
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6.3 ± 0.6 mm and 159 ± 67 μm for robotic sonography during
centrifugation (Figs. 10 and 11). The decrease in diameter
during centrifugation is significant compared with robotic so-
nography, however it does not reach significance with manual
ultrasound in supine without centrifugation (p = 0.1). No sig-
nificant difference in distension could be measured in any
condition Figs. 12 and 13.

For both the DCCA, and for DFA, the intra-registration var-
iability, σh, is smaller than the inter-registration variability σm,
that is in turned smaller than the inter-subject variability σg
(σh < σm < σg) for the 3 conditions: hand-held, remotely con-
trolled without and with centrifugation (Tables 1 and 2).
Furthermore, the results show that for both the DCCA and the
DFA the intra-measurement variability are not increased be-
tween hand-held and remotely controlled measurements with-
out and with centrifugation (Tables 1 and 2).

For the carotid distensibility, ΔDCCA, the intra-registration
variability, σh, is smaller than the inter-registration variability
σm, that is in turned smaller or equal to the inter-subject variabil-
ity σg (σh < σm ≤ σg) for the 3 conditions: hand-held, remotely
controlled without and with centrifugation (Table 3). The disten-
sibility measurement at the femoral, ΔDFA, do not show a con-
sistent order among the three measures of variability (Table 4).

Discussion

In this study, a quantitative evaluation of a telerobotic system
for vascular ultrasound measurement on a short arm human

centrifuge was investigated. To the author’s knowledge, he-
modynamic measurements using remotely controlled ultra-
sound functional imaging during centrifugation were never
been performed on humans. Repeated assessment of the ves-
sel means diameter and wall distension of carotid and femoral
artery showed a good feasibility under static condition, as well
as under, hypergravity conditions (with +2.4 Gz at feet level)
on a Short Arm Human Centrifuge. No significantly differ-
ences were obtained between the reference hand-held mea-
surements and the one obtained using the robotic-arm in static
conditions. The success rate at the carotid and femoral arteries
were 71% and 43% during centrifugation. Specificity of the
measurements during centrifugation could be demonstrated
by the intra-measurements variability that are lower than the
inter-measurement variability.

The comparison of heart rate and blood pressure values
during supine baseline and centrifugation showed a significant
increase due to g-load. During centrifugation increased femo-
ral diameter were expected as a result of fluid shifts toward
lower extremities. Recent findings (Verma et al. 2018;
Goswami et al. 2015) indicating that centrifugation with +2
Gz at feet result in analogue responses of cardiovascular sys-
tem and autonomic blood pressure control to standing in
Earth’s gravity. The ultrasound measurements considered in
this study correspond to values find in literature. In Leguy
et al. 2009 (3), an average femoral diameter (at rest in supine)
on a similar subject group (6 healthy young male) of 4.1 ±
0.5 mm is reported, while in this study this parameter equals
6.6 ± 1.0 mm. The higher average diameter and group
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Fig. 7 Average values for heart
rate, systolic and diastolic blood
pressure with standard deviation
during centrifugation. Baseline
measurements were taken before
centrifugation (pre) and during
the experiment including breaks
between centrifuge runs until end
of protocol (post)
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during centrifugation. Baseline
measurements were taken before
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the experiment including breaks
between centrifuge runs until end
of protocol (post)
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variability for this study could be explained by a slightly dif-
ference in the measurement position (probably more proxi-
mal) and by the small sample size of the groups. The ultra-
sound measurement reproducibility is similar with an intra-
measurement’s variability of 0.2 mm and an inter-
measurement variability equals 60 μm in both studies. If
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Fig. 10 Femoral diameter (DFA) for all four conditions (hand supine,
robotic static, hand vertical, robotic centrifugation)
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Fig. 9 Carotid distention (ΔDCCA) for all four conditions (hand supine,
robotic static, hand vertical, robotic centrifugation)
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converted to percentage of the diameter, the distension values
for the femoral are also matching with 2.3 ± 0.2% and 2.7 ±
1.4% in this study, and, in Leguy et al., respectively.

A good reproducibility and precision of the remotely con-
trolled vascular ultrasound assessment under centrifugation
could be demonstrated. No significant differences between
the measurements performed by hand in supine position and
the ones obtained with the ultrasound probe attached at the

robotic arm in supine position without centrifugation were
found. These results demonstrate that a good positioning of
the probe could be reached using the robotic arm, and, that the
pressure applied to the subject skin by the probe (limited to 20
Newton) did not disturb the quality of the ultrasoundmeasure-
ments. Considering the inter-measurement variability σh as a
metric for the precision of the measurements, our results show
that the measurements performed with the robotic arm during

a b

0 50 100 150
DCCA [ m]

Group-variability σg

Inter-registration variability σm

Intra-measurement variability σh

0 200 400 600 800

Hand supine

Robotic static

Robotic centrifugation

DCCA [mm] 
Fig. 12 Variability of a: carotid diameter measurements (DCCA) [mm] and b: carotid distension (ΔDCCA) [μm] for the three different measurement
conditions
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Fig. 13 Variability of a: femoral diameter measurements (DFA) [mm] and b: femoral distension (ΔDFA) [μm] for the three different measurement
conditions

Table 1 Variability of carotid
diameter measurements (in μm)
for the three different
measurement conditions

Hand supine Robotic static Robotic centrifugation

Mean Diameter 7132 6876 6714

Group-variability, σg ±224 ±326 ±601

Inter-registration variability, σm ±156 ±229 ±118

Intra-measurement variability, σh ±133 ±130 ±103
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centrifugation are as precise as the measurements obtained
under non-moving conditions. Furthermore, a good reproduc-
ibility is reflected by the low inter-measurement variability σm
between the repeated centrifugal runs. Overall, the expected
relationship between the variability parameters, σh < σm < σg,
is met except for distension at the femoral artery (for which the
capacity of functional ultrasound detection is nearly reached).

The vascular parameters could be quantitatively assessed
using the robotic-arm in supine position with and without
centrifugation, and, demonstrate physiological behaviour.
The diameter of the carotid artery was maintained during cen-
trifugation, that can be explained by the autoregulation of
blood flow to the brain and the shear-stress regulated CCA
diameter regulation. As expected, the distention of the carotid
artery decreased during centrifugation following the course of
the decreased pulse-pressure (the carotid artery being
characterised by mainly linear-elastic walls). Furthermore,
the obtained decrease in the femoral diameter during centrifu-
gation might be explained by the vasoconstriction induced by
blood pooling towards the lower extremity, as during standing
(19, 20). Due to the limited sample size and short exposure to
g-load these findings require further evaluation in order to rich
higher level of statistical significances.

From 9 subjects that we tested in this pilot trial, one subject
showed pre-syncope symptoms during centrifugation. This
pre-syncope may have been caused by a vasovagal reaction

that could be triggered by some additional pressure applied on
the baroreceptor of the carotid artery by the remotely con-
trolled robotic system. Being aware of this potential risk, each
subject had been tested for a potential drop of heart rate when
pressure is applied by the ultrasound probe at the carotid artery
(close to the carotid sinus) under supine position. No subjects
presented with an increased heart-rate. However, these tests
could not be performed during the centrifugation (for techni-
cal as well as safety reason) therefore such a risk for pre-
syncope could not be avoided. Although limited in maximal
applicable pressure, the visual control alone using cameras
during centrifugation is not optimal. A special attention to
the first minute of centrifugation while the robotic arm is used
at the carotid level is being recommended.

Potential steps to optimize a robotic controlled ultrasound
system are a) distance measurement between probe and par-
ticipant’s skin b) a 3-dimensional visualisation of the robotic
arm (e.g. using virtual reality googles) to increase accuracy of
probe positioning and c) a haptic feedback system to precisely
control the applied pressure of the probe. Such technical de-
velopments would allow the imaging of internal organs (e.g.
heart), which requires a dynamic and precise control of probe
position and pressure during centrifugation.

We conclude that with the current state-of-the-art robotic
systems ultrasound measurements during centrifugation are
feasible by trained examiners for peripheral arteries as the

Table 2 Variability of femoral
diameter measurements (in μm)
for the three different
measurement conditions

Hand supine Robotic static Robotic centrifugation

Mean Diameter 7180 7181 6334

Group- variability, σg ±648 ±383 ±586

Inter-registration variability, σm ±101 ±183 ±399

Intra-measurement variability, σh ±58 ±49 ±56

Table 3 Variability of carotid
distention measurements (in μm)
for the three different
measurement conditions

Hand supine Robotic static Robotic centrifugation

Mean Distension 565 493 334

Group- variability, σg ±134 ±120 ±87

Inter-registration variability, σm ±82 ±66 ±51

Intra-measurement variability, σh ±73 ±63 ±51

Table 4 Variability of femoral
distention measurements (in μm)
for the three different
measurement conditions

Hand supine Robotic static Robotic centrifugation

Mean Distension 168 158 159

Group-variability, σg ±22 ±27 ±67

Inter-registration variability, σm ±24 ±60 ±64

Intra-measurement variability, σh ±12 ±11 ±22
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carotid artery and femoral artery. Furthermore, the successful
measurements during centrifugation demonstrated reproduc-
ibility and precision that are as good as under static conditions.
A better measurement success ratio during centrifugation
could be achieved by better manipulator feedback.
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