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Prolonged exposure to spaceflight conditions results in a battery of physiological changes, some of which contribute 
to sensorimotor and neurovestibular deficits. Upon return to Earth, functional performance changes are tested using 
the Functional Task Test (FTT), which includes an obstacle course to observe post-flight balance and postural 
stability, specifically during turning. The goal of this study was to quantify changes in movement strategies during 
turning events by observing the latency between head-and-trunk coordinated movements. It was hypothesized that 
subjects experiencing neurovestibular adaptations would exhibit head-to-trunk locking (‘en bloc’ movement) during 
turning, exhibited by a decrease in latency between head and trunk movement. FTT data samples were collected 
from 13 ISS astronauts and 26 male 70-day head down tilt bed rest subjects, including bed rest controls (10 BRC) 
and bed rest exercisers (16 BRE). Samples were analyzed three times pre-exposure, immediately post-exposure (0 or 
1 day post) and 2-to-3 times during recovery from the unloading environment. Two 3D inertial measurements units 
(XSens MTx) were attached to subjects, one on the head and one on the upper back. This study focused primarily on 
the yaw movements about the subject’s center of rotation. Time differences (latency) between head and trunk 
movement were averaged across a slalom obstacle portion, consisting of three turns (approximately three 60⁰ turns). 
All participants were grouped as ‘decreaser’ or ‘increaser,’ relating to their change in head-to-trunk movement 
latency between pre- and post- environmental adaptation measures. Space flight unloading (ISS) showed a bimodal 
response between the ‘increaser’ and ‘decreaser’ group, while both bed rest control (BRC) and bed rest exercise 
(BRE) populations showed increased preference towards a ‘decreaser’ categorization, displaying greater head-trunk 
locking. It is clear that changes in movement strategies are adopted during exposure to an unloading environment. 
These results further the understanding of vestibular-somatosensory convergence and support the use of bed rest as 
an exclusionary model to better understand sensorimotor changes in space flight.   

 

I. INTRODUCTION 

Adaptation to the microgravity environment 
experienced by astronauts during long-duration space 
flight (6-month missions aboard the International Space 
Station) has a number of deleterious effects on the 
body, affecting mainly those physiological systems 
reliant on Earth’s constant 1g acceleration for normal 
functioning. These changes include musculoskeletal 
deconditioning[1–3], decreased cardiovascular 
function[4,5], often characterized by orthostatic 
intolerance[6,7], and adaptive modification of 
sensorimotor systems leading to postural and locomotor 
disturbances[8–12]. Gravity is sensed by the vestibular 
organs, particularly the otoliths, and is detected by 
proprioceptive and somatosensory systems due to 
gravitational forces[10]. Visual information, 

specifically the orientation of our environment and 
affordances[13] from objects in the environment, 
provide directional cues associated with gravity, 
enhancing one’s perception of internal orientation and 
defining their position in space[8]. Previous studies 
have shown that sensorimotor adaptation and afferent 
signal reweighting during space flight manifests itself 
as changes to static balance stability[12] and dynamic 
stability during locomotion[10,14,15]. Gaze 
stabilization and dynamic visual acuity changes are also 
observed, and have been associated with vestibular 
changes in the vestibular-ocular reflex (VOR)[16] and 
locomotor head-trunk coordination[14,15,17] upon 
return to Earth.  

The Functional Task Test (FTT) is a set of seven 
functional activities used to assess astronaut 
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performance that is coupled to a set of interdisciplinary 
physiological measurements to identify factors which 
contribute to functional decrements, for use in 
countermeasure design. Some of these FTT activities 
and their focuses include: seat egress and walk 
(coordinated movement time), recovery from fall-to-
stand (postural stability, orthostatic intolerance), 
open/close a hatch (torque generation) and ladder 
climb. The seat egress and walk task, the focus of this 
study, requires musculoskeletal strength and balance, as 
well as coordinated head-and-trunk movement to 
successfully navigate an obstacle course, and is 
measured in time to complete the course.  During the 
slalom portion of the obstacle course, participants are 
required to make three turns (approximately 60°) 
around upright pillars as quickly as possible, without 
running or colliding with the obstacles. The 
quantification of whole body turns while walking 
around corners (changing direction by 90°) show the 
systemic movement of the head and eyes towards the 
new trajectory, followed by the torso and feet during 
steering locomotion[18,19]. Hollands et al.[20] 
extended this research isolating the relationship 
between head and trunk turning in increments of 30° 
and 60° during normal steering and trajectory planning, 
as well as an experimentally controlled head-to-trunk 
locked body posture. These authors found that when 
natural head-to-trunk movement was compromised, 
both control of trunk reorientation and control of body 
center of mass (COM) translation were significantly 
affected.  

Head-to-trunk locking, or ‘en bloc’ movement of the 
head and trunk during locomotion, has been shown to 
relate in adulthood to ambulation in an increasingly 
difficult environment (unfamiliar or unstable)[21], or to 
systemic impairments as a result of pathology, such as 
vestibular impairment[15] or Parkinson’s 
disease[22,23]. Individuals experiencing chronic 
vestibular loss (bilateral labyrinth deficiencies) have 
also been shown to reduce their head pitch amplitude 
and adopt a head-trunk locking strategy when compared 
to normal subjects[15].  Various mechanisms have been 
described to contribute to changes in head trunk 
coordination strategies, such as a gaze focused feed-
forward system[24], a feed-back systems grounded in 
the vestibular-ocular reflex (VOR) and vestribulo-collic 
reflex (VCO)[25], or simply a vestibular input mediated 
response to provide head stabilization in space[26]. 
Parkinsonians, specifically, show the appropriate 
control strategy, however demonstrate decreased head-
to-trunk movement latencies as well as decreased head 

and trunk movement velocity during walking turns. 
Akram et al.[27] also showed increased ‘en bloc’ 
movement in elderly populations during walking 90° 
turns when visual information was limited, such as an 
eyes-closed condition. Evidence of the influence of 
microgravity on head-trunk coordination has been 
shown as an increase in head-pitch-to-trunk locking 
while treadmill walking during a gaze stabilization task, 
upon return to Earth[14,15,17].  

To better understand how microgravity impacts 
physiology and performance, six-degree head down tilt 
(HDT) bed rest campaigns have been used as a ground 
based analog to space flight, and have been shown to 
successfully reproduce muscular and cardiovascular 
deconditioning[28,29]. In a corresponding study 
(CFT70), participants were tested using the FTT 
protocol before and after 70 days of 6° head-down bed-
rest as an analog for space flight. Bed-rest provides the 
opportunity to investigate the role of prolonged axial 
body unloading in isolation from the other 
physiological effects produced by exposure to the 
microgravity environment of space flight. In this way, 
bed rest allows us to investigate the impact of body 
unloading on both functional, mission related, tasks and 
on the underlying physiological changes that lead to 
decrements in performance, allowing comparison  with 
results obtained during space flight studies 

The purpose of this study was to investigate the effects 
of microgravity exposure and 70-day HDT bed rest 
unloading on the head-trunk coordination of 
participants during over-ground locomotion through an 
obstacle course. We hypothesized that, given the 
potential influence of the vestibular system in such a 
control strategy, long duration exposure to microgravity 
would result in a profound neuro-vestibular adaptation 
exhibited by head-to-trunk locking during walking turns 
and obstacle avoidance. This ‘en bloc’ movement 
would be characterized by a decrease in the latency 
between head and trunk movements. Long duration 
bed-rest participants, however, would not experience a 
shift in their head-to-trunk locking strategy, due to their 
consistent exposure to Earth’s gravitational vector. 
Decrements to head-trunk coordination during 
ambulation in astronauts returning to a gravity 
environment represents a deviation from the nominal 
movement strategy and may pose a risk to astronaut 
safety, especially in an unfamiliar, low visibility or 
unstable environment.  
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II. METHODS 

II.I Subjects 

Data collected from thirteen astronauts who participated 
in long-duration missions (6 months) aboard the 
International Space Station (ISS) are presented in this 
study. This sample includes 13 astronaut participants. 
Participants performed the Functional Task Test (FTT) 
battery near or at 30 (L-30), 60 (L-60) and 180 (L-180) 
days before launch, as well as 1 (R+1), 6 (R+6) and 30 
(R+30) days after return from space flight. This test 
battery included seven functional tests, designed to 
mimic functional activities performed by astronauts 
during the course of a mission. A subset of collected 
crewmember data is presented in this study, including 
one pre-flight (L-30) and one post-flight (R+1) 
measurement to highlight acute changes due to 
microgravity exposure. All subjects gave informed 
consent according to the requirements of the 
Institutional Review Board at NASA Johnson Space 
Center.  

Data collected from 26 subjects who participated in a 
70-day 6 degree head down tilt (HDT) bed-rest cohort 
are presented as a ground-based space flight analog in 
this study. This sample included 26 male participants, 
16 of which were assigned to an exercise group (BRE) 
and 10 who were control subjects (BRC), participating 
in no exercise during their bed-rest. BRE participants 
performed resistance, interval aerobic and continuous 
aerobic exercises while maintaining 6 degree HDT on 
specially designed exercise equipment, such as a 
horizontal squat machine, a horizontal cycle ergometer 
and horizontal treadmill. Participants performed the 
same Functional Task Test battery 1 (BR-1), 7 (BR-7) 
and 12 (BR-12) days before entering bed-rest and 0 
(immediately out of bed, R+0), 1 (R+1), 6 (R+6) and 12 
(R+12) days following the completion of the bed-rest 
protocol. A subset of collected bed-rest data is 
presented in this study, including one pre-bed-rest (BR-
1) and one post-bed-rest (BR+0) measurement to 
highlight acute changes due to bed-rest deconditioning. 
All subjects gave informed consent according to the 
requirements of the Institutional Review Board at 
NASA Johnson Space Center. 

II.II Data Collection 

The Seat Egress and Walk Test, a component of the 
FTT (Figure 1), involved the unbuckling of a four-point 
harness from a seated position, the completion of an 
obstacle course including an over-under ‘portal’, 
followed by a four pillar slalom and an elevated ramp, 

at the end of which a button was pressed. A final trigger 
was activated when the participant returned down the 
ramp to complete the trial.  

 

Fig. 1: The Seat Egress and Walk Test, one of seven 
functional activities used to assess performance after 
exposure to unloading, either microgravity or bed 
rest. 

Participants were instructed to complete the obstacle 
course as quickly as possible, without running, while 
minimizing interaction with the obstacles. Head and 
trunk movement kinematics were recorded using XSens 
MTx 6 degree-of-freedom inertial measurement units 
(XSens Technologies B.V., Enschede, Netherlands) 
attached to the head and upper back, and were sampled 
at 50 Hz.  For the purposes of this study, only data 
collected during the slalom portion of the obstacle 
course is presented. Pillars in this segment were equally 
spaced, staggered out of phase, approximately 45° from 
one another, spanning a distance of approximately 4 m. 
Navigation of this slalom portion results in three turns 
(approximately 60° each). Light-gates and pressure 
switches were used to produce trigger events to 
accurately identify the initiation and completion of the 
slalom section of the obstacle course. 

II.III Data Analysis 

The kinematic data were processed off-line using 
custom Matlab scripts (Mathworks Inc., Massachusetts, 
USA). For the purposes of this analysis, only yaw 
rotation data, measured in degrees, was observed to 
describe movement of the head and torso about the long 
axis of the body (Z-axis). Rotation data was low pass 
filtered at 5 Hz using a zero-lag 2nd order Butterworth 
filter. A 5 Hz low-pass filtering frequency was selected 
in accordance with Nyquist frequency theory[30], such 
that the filtering frequency was at least twice that of the 
peak frequency bandwidth. Two minimum and 
maximum rotational extrema were identified to describe 
the turning trajectories during obstacle avoidance, for 
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both the head and trunk mounted IMUs (Figure 2). 
Head-to-trunk yaw latency was used as a metric to 
characterize changes in head trunk coordination. Head-
to-trunk turning latency (τ) is defined as the absolute 
value of the average time delay (sinusoidal phase shift) 
between head and trunk extrema (Eq. 1) 

 𝜏𝜏𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =

�
∑ �𝑙𝑙𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�𝜃𝜃ℎ�𝑚𝑚
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where 𝑡𝑡𝑚𝑚𝑙𝑙𝑚𝑚𝑖𝑖 and 𝑡𝑡𝑚𝑚𝑖𝑖𝑙𝑙𝑖𝑖 represent the time at which 
maxima (i) or minima (j) were observed for either the 
rotation of the head (ϴh) or the torso (ϴt) observed 
during the slalom section. Figure 2 shows a sample of 
maxima and minima differences identified to determine 
head-to-trunk movement latency. A decrease in head-
to-trunk movement latency represented a shift towards 
head-and-trunk locked, or ‘en bloc’ movement, while 
an increase in latency describeed a shift to more 
independent head-and-trunk movement. 

Head-to-trunk latency was compared between L-30 and 
R+1 in space flight participants (Figure 2), as well as 
BR-1 and BR+0 in bed rest participants, for both 
control and exercise groups. All participants were 
grouped as ‘decreaser’ or ‘increaser,’ relating to their 
change in head-to-trunk movement latency between 
pre- and post- environmental adaptation measures.  

 

Fig. 2: A: Head and trunk yaw rotation angles for 
slalom section of obstacle course with maxima and 
minima differences highlighted in a single Pre-flight 
(L-30) astronaut subject. B: Post-flight (R+1) results 

for the same subject showing decreased latency 
between head-and-trunk movement. 

II.IV Statistics 

For the space flight analysis and bed rest participants 
(control and exercise groups), subject’s data collected 
prior to unloading (‘pre-’ flight or bed rest) was 
compared to their corresponding data collected after 
unloading (‘post-’ flight or bed rest). Paired t-tests were 
performed for each group (ISS, BRE and BRC) to 
characterize the average adaptation change in head-
trunk latency. Statistical significance was defined at 
alpha < 0.05 for all tests. 

III. RESULTS 

Participants in each group (ISS, BRE and BRC) were 
further stratified based on their performance during the 
Seat Egress and Walk Test: those who experienced an 
increase in head-to-trunk latency after exposure to 
unloading (‘increaser’) and those who showed a 
decrease in head-to-trunk latency (or increased head-to-
trunk locking) during movement (‘decreaser’). 

III.I Space Flight Participants (ISS) 

Astronauts who experienced six months of microgravity 
exposure aboard the International Space Station showed 
a bimodal response in head-trunk coordination, where 6 
out of 13 (46.2%) of participants were labelled 
“increaser,” showing an increased latency in head-to-
trunk movement during the slalom movement. The rest 
(7 of 13, or 53.8% of participants) showed an increase 
in head-to-trunk locking (‘decreaser’ in latency) during 
60° turns in the Seat Egress and Walk test (Figure 3). 
Both the increaser (t(6)=9.16, p<0.05) and decreaser 
(t(5)=6.24, p<0.05) groups experienced significant 
changes in head-to-trunk coordination between pre- and 
post- microgravity exposure measurements. 
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Fig. 3: A: Individual responses pre- and post- 6 month 
microgravity (ISS) exposure highlighting bimodal 
‘increaser’ and ‘decreaser’ response. B: Statistically 
significant mean differences in both groups after 
long duration space flight. 

III.II Bed Rest Control Group (BRC) 

Bed rest participants who did not take part in aerobic or 
resistive exercise during their 70-day head down bed 
rest unloading exposure (bed rest controls) appeared to 
favor an increased head-to-trunk locking strategy while 
navigating obstacles in the slalom portion of the 
obstacle course (Figure 4). Of the 10 BRC participants, 
80% showed significantly decreased head-to-trunk 
latency (t(7)=4.29, p<0.05), while the final two showed 
a minimal increase in head-to-trunk latency, which was 
not significantly different between pre- and post- bed 
rest measurements (t(1)=-2.31, p>0.05).  

 

Fig. 4: A: Individual responses pre- and post- 70-day 
head down tilt bed rest for controls (BRC) receiving 
no exercise. B: Significantly different response in 
‘decreaser’ group when compared to baseline 
measures. 

III.III Bed Rest Exercise Group (BRE) 

Bed rest participants who adhered to a strict regimen of 
high and low intensity aerobic, as well as resistance, 
exercise showed similar responses to those who took 
part in no exercise. BRE participants also tended to 
favor an increased head-to-trunk locking strategy 
during the Seat Egress and Walk test (Figure 5). Of the 
16 BRE participants, 81.3% showed significantly 
decreased head-to-trunk latency (identified as 
“decreasers”, t(12)=6.16, p<0.05), while the remaining 
3 participants (identified as “increasers”) showed no 
significant differences between their pre- and post- bed 
rest measurements (t(2)=-1.44, p>0.05). 

 

Fig. 5: A: Individual responses pre- and post- 70-day 
head down tilt bed rest for those who exercised 
regularly. B: Significantly different response in 
‘decreaser’ group when compared to baseline 
measures. 

IV. DISCUSSION 

The purpose of this study was to identify changes in 
head-to-trunk coordination after exposure to unloading 
via long duration space flight (microgravity exposure 
aboard the International Space Station) or long duration 
6° head-down bed rest. Kinematic data of head and 
trunk movement during the Seat Egress and Walk Test 
were collected in all groups of participants pre- and 
post- unloading. Using the yaw rotation data collected 
about the long axis of the body (Z axis), the latency 
(msec) between head and trunk movement (τ) was 
calculated while traversing the slalom portion of the 
Seat Egress and Walk Test (approximately four 60° 
turns). Results showed varying responses between 
participants in all groups, where some were observed to 
increase the latency between head and trunk movement 
(‘increaser’ group), while others decreased their 
movement latency (‘decreaser’ group), adopting a head-
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locking, or ‘en bloc,’ movement strategy. Space flight 
unloading (ISS) showed the greatest divergence 
between the ‘increaser’ and ‘decreaser’ group, while 
both bed rest control (BRC) and bed rest exercise 
(BRE) populations showed increased preference 
towards a ‘decreaser’ categorization, displaying greater 
head-trunk locking.  

IV.I Effects of space flight on head-trunk coordination 
during ambulation and obstacle avoidance 

A bimodal relationship was observed during 
stratification of astronaut participants into groups of 
‘increaser’ or ‘decreaser’ latency, such that the 
population was split almost evenly. Each group also 
exhibited significant changes in latency during whole-
body turns: ‘increasers’ showed more head-to-trunk 
movement, while ‘decreasers’ showed more head-to-
trunk locking. It is interesting to observe two distinct 
responses, both significantly changed from baseline 
values. These results reinforce previous findings 
observing changes in head-and-trunk coordination 
(pitch plane) after microgravity exposure[15,17], where 
participants were also observed to display a diverse 
response of ‘increasers’ and ‘decreasers.’ We interpret 
these results to suggest an individualized strategy of 
sensorimotor reweighting during the transitory period 
upon return to Earth. Individuals who adopt a strategy 
of down-regulating vestibular afferent feedback during 
microgravity, depending primarily on visual 
information for spatial orientation, may be more 
susceptible to vestibular inputs upon return to Earth. 
This response explains the increase in head-locking of 
the ‘decreaser’ group, as they attempt to minimize 
vestibular inputs. Although head rotations observed in 
this study are primarily characterized by semicircular 
canal (rotational) afferent information, the movement 
vectors imposed by ambulation likely impart otolith 
stimulation as well. Investigation of the adaptation of 
vestibular organs to microgravity in animal models 
have shown marked increases in nerve afferents from 
otolith organs in toadfish[31], resulting in enhanced 
sensitivity. Individuals who adopt a strategy of 
increased head-trunk latency (‘increaser’ group) may 
have a greater dependency on vestibular inputs, making 
them more susceptible to uncontrolled movement 
during the microgravity to 1g transition. Individualized 
and varied adaptation strategies have become a 
reoccurring theme in recent space flight research, 
observing the influence of visual versus somatosensory 
dominance during sensorimotor integration for spatial 
orientation and motor performance[32,33].  

A distinct limitation in this population includes the fact 
that astronauts are tested after 24-36 hours of exposure 
to Earth gravity. This delay represents the time between 
re-entry, occurring in Russia, and testing at the Johnson 
Space Center in Houston, Texas. Sensorimotor re-
adaptation to Earth gravity is expected to begin as soon 
as one returns to the surface of the Earth, and provides a 
presently unavoidable confounding factor to our 
observations. Individuals who are rapid or experienced 
re-adaptors, due to flexibility or generalizability of their 
motor learning systems[34] may show inherently 
improved performance on functional tests compared to 
slower adaptors.  

IV.II Results of prolonged axial body unloading in head 
down bed rest on head-trunk coordination 

Six degree head down tilt bed rest campaigns have been 
used for many years as an analog to simulate the 
deleterious effects of microgravity exposure[29], and 
remains a consistently used protocol for better 
understanding and mitigating these physiological 
problems. Bed rest traditionally provides a good 
representative model of cardiovascular and 
musculoskeletal deconditioning, and recently has been 
determined to serve as an exclusionary analog[35] to 
better observe changes unique to body unloading and 
associated changes in the vestibulo-spinal system. In 
groups of bed rest participants who exercised (BRE) 
and those who were experimental controls (BRC), a 
predominant shift towards a decrease in head-to-trunk 
latency (‘en bloc’ movement) was observed when 
comparing baseline measures to ambulation 
immediately upon exiting bed rest (BR+0). Individuals 
experiencing bed rest, unlike those on the ISS, 
consistently receive the Earth’s 1g of loading 
throughout their body; however due to their 
reorientation, they are not receiving the axial 
somatosensory body loading we, as humans, have 
evolved to expect. Participants newly out of bed rest 
often remark of plantar discomfort or soreness, 
primarily due to disuse. This skin sensitivity resembles 
changes observed in short-duration space flight 
participants and may contribute to changes in 
movement strategy[36]. It is possible, however, that due 
to abnormal and inconsistent somatosensory unloading, 
despite periodic bouts of exercise and loading in some 
individuals, vestibular adaptations may be have 
occurred. 

Recent evidence supporting vestibular-somatosensory 
convergence through the observation of vestibularly 
mediated head movement control[15] has further 
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confirmed this mechanism. Healthy, body unloaded, 
individuals, returning astronauts and individuals with 
bilateral vestibular deficiencies were observed to 
produce adaptive changes in head movement control 
during treadmill locomotion. In this study, angular head 
pitch and trunk vertical translation movement were 
recorded during treadmill walking while performing a 
gaze stabilization task. Adaptation to whole body 
unloading while walking caused a significant increase 
in head pitch movements in normal participants.. In 
contrast, subjects with bilateral vestibular deficits 
showed a decrease in compensatory pitch head 
movements. Astronauts measured in this way showed 
the aforementioned bimodal response: some increased 
in head pitch, like the body unloaded subjects, while 
others decreased, like subjects with vestibular 
deficits[15]. Previous work in animals by Jian et al.[37] 
have shown that non-labyrinthine inputs from the limbs 
of cats modulate signals from the vestibular nuclei, and 
suggest that it is likely that a similar mechanism exists 
in all mammals. A corresponding study of Russian 
cosmonauts, observing the influence of support 
afferentation by providing foot pressure during space 
flight, provides further support for vestibular 
modulation via somatosensory stimuli. Cosmonauts 
who received support afferentation demonstrated 
improved eye-head coordination performance over 
those who perform only vestibular countermeasures 
(active head rotations) and those who performed no 
countermeasures (free floating)[38]. Finally, recent 
neuro imaging studies have shown the vestibular 
system to be multisensory in nature, where vestibular 
stimulation activates somatosensory areas in the brains 
of primates. Specific evoked potentials (N80) were 
observed under experimental conditions, suggesting 
that vestibular stimulation modulates somatosensory 
cortical processing[39]. These results provide 
preliminary mechanistic evidence supporting an 
interaction between vestibular and somatosensory 
systems, required for vestibular-somatosensory 
convergence during sensorimotor integration.  

The goal of this study was to identify changes in head-
to-trunk coordination during ambulation of an obstacle 
course after exposure to long duration body weight 
unloading. Results obtained from astronauts who 
participated in 6 months of microgravity exposure 
aboard the International Space Station showed a 
bimodal response to head-trunk coordination changes. 
Some experienced increases in head-to-trunk movement 
latency, while others experienced a decrease in latency, 
also known as ‘en bloc’ movement of the head-and-

trunk, during obstacle avoidance. Individualized 
responses to microgravity adaptations have been 
observed in other measures of head-trunk coordination 
and gaze stabilization [15–17], and are consistent in this 
study. Results obtained from participants who 
experienced 70 days of head down tilt bed rest showed 
a predominant shift towards head-to-trunk locking 
strategies during ambulation of the same obstacle 
course. These results were mirrored in both the control 
and exercise groups of bed rest participants, suggesting 
no effects of exercise on head-trunk coordination after 
bed rest unloading. These results provide further 
support for the concept of vestibular-somatosensory 
convergence, such that extended body weight unloading 
with minimized afferent proprioceptive feedback results 
in changes to vestibular-somatosensory integration in 
the sensorimotor cortex. These results provide key 
insights for the future of individualized training 
programs and microgravity countermeasures, 
supporting the notion that only a set of integrated 
countermeasures – the simultaneous stressing multiple 
physiological systems – will be successful in mitigating 
the effects of microgravity unloading during space 
flight. 
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