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Abstract We studied spatial orientation before and after
21 days of 6° head-down bed rest in 15 subjects. During
bed rest, 8 subjects were treated daily with 1 h Gz centrifu-
gation (artiWcial gravity) (2.5 g at the feet; 1.0 g at the
heart), with 7 subjects serving as controls. Ocular counter-
rolling and subjective visual vertical were assessed during
90° whole body roll tilt to the left and right. Ocular counter-
rolling was unaVected by bed rest and bed rest + artiWcial
gravity. Performance on the subjective visual vertical task
was unchanged in the control group, but exhibited a signiW-
cant increase in error for 48 h after bed rest in the treatment
(artiWcial gravity) group. Intermittent application of linear
acceleration along the long body axis may have increased
the weighting of the idiotropic vector, resulting in an
increased bias of the subjective visual vertical toward the
long body axis during 90° roll tilt.

Keywords ArtiWcial gravity · Spatial orientation · 
Vestibular · Centrifuge · Microgravity

Introduction

Exposure to microgravity adversely aVects bone, muscle,
cardiovascular, and sensorimotor function. Up to 9% of
bone mineral is lost on Xights of 4–6 months duration
(Sibonga et al. 2007); decrements in skeletal muscle per-
formance and morphological changes occur on Xights as
short as 5 days (Greenisen et al. 1999); cardiovascular
eVects range from post-Xight orthostatic tachycardia to
cardiac rhythm disturbances during extra-vehicular activi-
ties (EVA) (Charles et al. 1999); and post-Xight sensori-
motor dysfunction impairs gait (Bloomberg et al. 1999),
gaze (Moore et al. 2001, 2005), and pilot performance
(Moore et al. 2008). ArtiWcial gravity (AG) is a potential
countermeasure to bone, muscle, and cardiovascular
deconditioning. Two basic approaches have been proposed: a
large radius, low-angular velocity rotation of the space-
craft (von Braun 1952) and small radius, high angular
velocity intermittent rotation on a centrifuge. Both techniques
generate linear (centripetal) acceleration in the radial
direction to replicate the gravitational load experienced on
Earth.

We participated in a multi-system investigation into the
eYcacy of one particular intermittent AG prescription in
mitigating bone, muscle, and cardiovascular deconditioning
associated with 21 days of 6° head-down bed rest. Bed rest
has been used extensively to simulate aspects of the physio-
logical deconditioning associated with spaceXight (Pavy-Le
Traon et al. 2007), reducing mechanical loading along the
long-body axis, eliminating the need for coordinated con-
tractions of the anti-gravity muscles, and causing cephalad
Xuid shifts and relative hypovolemia. Bed rest is eVective at
simulating (at least qualitatively) the deconditioning eVects
of spaceXight on bone, muscle, and cardiovascular system
function. The primary aim of our portion of the study was
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to evaluate whether the intermittent AG protocol had any
adverse eVects on central processing of spatial orientation.
The unusual gravito-inertial stimuli presented by this high-
angular velocity (»30 rpm), high G-gradient (2.5 g at the
feet; 1.0 g at the heart) countermeasure paradigm, with its
attendant potential for Coriolis and cross-coupled stimuli,
may have untoward eVects on sensorimotor function. An
ancillary aim was to objectively assess the eVects of bed
rest on spatial orientation. Presumably, the vestibular sys-
tem is well adapted to a condition it experiences approxi-
mately 8 h each day, so head-down bed rest has not been
considered a realistic analog of vestibular adaptation to
microgravity exposure.

We utilized two measures of spatial orientation: ocular
counter-rolling (OCR) and perception of the subjective
visual vertical (SVV). OCR, an otolith-ocular reXex that
generates rotation about the line of sight toward the gravi-
tational vertical when the head tilts laterally, provides a
direct measure of otolith function (Diamond and Markham
1983). OCR responses are sustained during static roll head
tilts with a gain of approximately 0.1, which is reduced by
30–50% in a number of astronauts tested following space-
Xight (Young and Sinha 1998; Clarke and Kornilova
2007). We found no change in OCR gain in response to in-
Xight and post-Xight centrifugation on a short duration
(17 days) shuttle mission, but one subject developed a
marked asymmetry in OCR response to leftward and right-
ward gravito-inertial acceleration (GIA) tilts (Moore et al.
2001) as previously observed post-Xight (Young and Sinha
1998), possibly due to unmasking of an inherent asymme-
try in aVerent otolith information in microgravity (von
Baumgarten and Thumler 1979). Perception of the body
vertical also changes during spaceXight (Clement et al.
2001). SVV is a measure of the ability to judge the spatial
vertical that depends on input from the visual, vestibular,
and somatosensory systems (see (Howard 1982) for an
extensive review), used clinically to assess lesions of the
CNS and vestibular function. Healthy subjects can typi-
cally set a luminous line to Earth-vertical with a standard
deviation of 1.1° when upright in an otherwise dark envi-
ronment (Kingma 2006). As the body is tilted in roll
beyond 60°, large systematic errors in SVV develop
toward the long-body axis. This Aubert- or A-eVect
(Aubert 1861), which has been modeled using an estimate
of tilt from the otoliths combined with an internal signal
representing the long-body axis (idiotropic) vector
(Mittelstaedt 1983), causes a bias of the percept of verti-
cality toward the long-body axis at large roll tilts.

In the current study, we tested the hypothesis that bed
rest adapted subjects treated with an intermittent AG pre-
scription (N = 8) would exhibit no signiWcant diVerences in
spatial orientation function when compared to control sub-
jects (N = 7) receiving no countermeasure. An ancillary

hypothesis, that head-down bed rest does not aVect spatial
orientation, was also assessed.

 Materials and methods

Subjects

Fifteen male subjects (age: 26–38 years, height: 172–
189 cm, weight: 67–95 kg) participated in this study, which
was performed at the General Clinical Research Center
(GCRC) at the University of Texas Medical Branch
(UTMB) in Galveston, TX. The protocol was approved in
advance by the Johnson Space Center Committee for the
Protection of Human Subjects, the UTMB Institutional
Review Board and GCRC Advisory Committee, and the
Mount Sinai School of Medicine Institutional Review
Board. Each subject provided written informed consent
before being enrolled in the study.

Subject screening

All subjects were required to have normal vestibular func-
tion, similar to that of the US astronaut corps. Each passed
a clinical vestibular examination and scored within the nor-
mal range (5th–95th percentile) of astronaut performance
on a standard battery of computerized dynamic posturogra-
phy sensory organization tests of balance control (Paloski
et al. 1999). Subjects were also screened for motion sick-
ness susceptibility (Golding 1998) to eliminate potential
recruits with a high sensitivity to Coriolis and cross-coupled
stimuli during rotation. Prior to enrollment, all subjects
demonstrated centrifuge tolerance by completing a 90-min
spin under the planned study conditions. Subjects who
passed the screening tests were assigned randomly to either
the control group or the treatment (centrifugation) group.

Study schedule

Subjects remained ambulatory for the Wrst 11 days of the
study, during which they acclimated physiologically and
psychologically to the GCRC bed rest facility, the study diet
regimen, and the circadian cycle regulation. Two pre-bed
rest test sessions (»10 and 3 days before bed rest) were
scheduled for each subject during this phase to establish a
baseline for OCR and SVV performance. Subjects began the
21-day bed rest phase on the 12th day of the study, through-
out which they were conWned to strict 6° head-down bed
rest. Test subject monitors (one for every two bed rest sub-
jects) were present 24/7 to ensure compliance with standard
experimental conditions, and each subject was continuously
observed by remote video cameras. All subjects were trans-
ported daily to the centrifuge, where the treatment group,
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but not the control group, received 1-h AG exposures. Fol-
lowing the bed rest phase, subjects began an 8-day recovery
phase during which they remained in the bed rest facility but
returned to ambulation. Each subject completed Wve post-
bed rest (BR) test sessions beginning on the Wrst day of
return to ambulation (BR+0) and 1, 2, 4, and 8 days thereaf-
ter (BR+1, BR+2, BR+4 and BR+8).

Centrifuge protocol

Each subject was transferred to the centrifuge facility daily
by a short (5–10 min), 6° head-down gurney ride. After the
placement of electrodes for physiological monitoring, the
subject was transferred to the centrifuge and secured to the
subject station in the supine position (6° head-down) using a
5-point harness system. The subject was oriented radially
(feet out) with the feet placed against a support surface con-
taining a force plate for monitoring ‘ground’ reaction forces.
After verifying physiological signals and safety controls, the
1-h centrifugation period began for the treatment subjects.
Control subjects were placed on the centrifuge for 1 h in the
same manner as for treatment subjects but without rotation.
Loading was standardized for treatment subjects of varying
body heights by adjusting the radial distance of the feet sup-
port surface from the center of rotation (218–229 cm) and
the angular velocity of the centrifuge arm (30.7–32.1 rpm)
to achieve long-body axis loading of 2.5 g at the feet and
1.0 g at the (estimated) level of the heart (approximately
0.6 g at the level of the otolith organs). Angular accelera-
tions during spin-up and spin-down were limited to <5°/s2 to
minimize potential motion sickness symptoms.

The padded subject station extended from above the sub-
ject’s head to just below the hips and was designed to glide
freely in the radial direction over a range of 10 cm on a set
of low-friction bearings. This ensured that the full AG load
would be borne by the subjects’ feet and legs, and it allowed
the subjects to perform anti-orthostatic maneuvers (ad lib.
heel raises and shallow knee bends) while spinning. A coun-
terweight system minimized (<4 kg) the loading added to
the subject by the moving components of the subject station.

Subjects were centrifuged with the room lights switched
oV. A centrifuge-mounted overhead light was used to illu-
minate the subject’s face for medical monitoring purposes,
and the subjects watched videos on a monitor Wxed approx-
imately 1 m above their faces throughout each spin. Head
movements about any axis were found to be provocative in
preliminary evaluations, and subjects were instructed to
minimize head movements during rotation.

Spatial orientation evaluation

OCR was determined from images of the left eye acquired
at a rate of 30 Hz by a digital Wrewire video camera

mounted on lightweight swimming goggles (MacDougall
and Moore 2005). Baseline torsional eye position was
obtained from 10 s of video data acquired while subjects sat
upright on a bed in a lighted room while visually Wxating an
imaginary point on a blank wall approximately 3 m distant.
Subjects then lay on their right side (right ear down; RED).
After a period of 60 s (to allow semicircular canal activity
to diminish), 10 s of video data were acquired as subjects
again Wxated an imaginary target. This process was then
repeated with subjects lying on their left side (left ear
down; LED). Torsional eye position was calculated from
the digital video records using polar cross-correlation to
compute the relative rotation about the line of sight
between sequential images (Moore et al. 1996). OCR was
characterized by the amount of ocular torsion in the RED or
LED position relative to upright. Following the right-hand
rule, clockwise roll motions of the body or eyes (from the
subject’s point of view) were considered positive (e.g., the
RED position was designated +90°, and the counter-clock-
wise rotation of the eye back toward the spatial vertical
[from the subject’s point of view] was negative in sign).

SVV was measured following removal of the video gog-
gles. Subjects were placed within a shroud that eliminated
ambient light and asked to adjust the orientation of a lumi-
nous line displayed on a laptop computer screen visible
through a circular cut-out in the shroud (to minimize orien-
tation cues). Baseline measures were acquired while seated
on a bed with the head in the upright position; subjects set
the luminous line to the perceived vertical from start posi-
tions randomly oVset (up to 15°) either side of Earth-verti-
cal. The angular orientation of the luminous line was
controlled using a three-button mouse held by the subject.
The left button rotated the luminous line counter-clockwise,
the right rotated it clockwise, and the center button was
used to indicate when the subject perceived that the line
was oriented vertically. Ten measures were acquired in the
upright position. SVV measures (10) were then obtained
with the subject lying in the RED position (after allowing
60 s for semicircular canal activity to diminish) and again
with the subject lying in the LED position.

Results

The magnitude and symmetry of the OCR response to §90°
roll body tilts (RED/LED) were unchanged by bed rest
alone (Fig. 1a) or bed rest with intermittent AG (Fig. 1b).
There was no eVect of test day on OCR magnitude in either
the control group (Fig. 1a) (ANOVA; LED P = 0.47; RED
P = 0.63) or the treatment group (Fig. 1b) (LED P = 0.99;
RED P = 0.93). Pre-bed rest OCR magnitude (median and
semi-interquartile range of two pre-BR test sessions) for
control subjects (N = 6; video images from one subject
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were unable to be processed due to an excessively droopy
eyelid) were 5.5° (1.5) in the LED position and ¡6.3° (1.0)
in the RED position; post-bed rest values (median and
semi-interquartile range of bed rest + 0, 1, 2, 4, 8 days)
were LED 4.5° (1.4) and RED ¡6.6° (1.4). Although there
was an apparent increase in OCR on the last day of testing
(BR+8 days; Fig. 1a) this was not signiWcant when com-
pared to the previous (BR+4 days) data point (Wilcoxon
Signed Rank Test; LED P = 0.44; RED P = 0.15). Simi-
larly, median pre-bed rest OCR (4.8° [1.2] LED; ¡5.8°
[1.5] RED) did not diVer signiWcantly from post-bed rest
(5.2° [1.4] LED; ¡6.3° [0.6] RED) for the treatment
subjects (N = 8).

There was a baseline disparity in performance on the
SVV task between the control (N = 7) and treatment (N = 8)
groups. Pre-bed rest error (median and semiquartile range)

when setting the bar to the visual vertical in the LED posi-
tion was ¡15.6° (4.1) for controls and ¡8.4° (4.2) for treat-
ment subjects (Wilcoxon Signed Rank Test; P < 0.001);
when RED 12.3° (6.3) for controls and 4.3° (3.1) for the
treatment group (Wilcoxon Signed Rank Test; P < 0.001).
There was no signiWcant diVerence in SVV error when
upright (controls ¡0.8° [0.9]; treatment ¡1.8° [1.0]). Due
to this performance diVerence between groups, each subject
served as their own control, and the diVerence in SVV error
post-bed rest was calculated relative to each subject’s own
pre-bed rest baseline (Fig. 1c, d). Day of testing had no
eVect on the relative SVV error for the control group
(ANOVA; LED P = 0.10; RED P = 0.43) (Fig. 1c), but
there was a signiWcant eVect for the treatment group. SVV
error increased toward the body vertical during roll tilt for
up to 48 h after bed rest in subjects receiving AG treatment
(Fig. 1d). When RED, SVV error (median and semiquartile
range) increased signiWcantly relative to pre-bed rest 24 h
after return to ambulation (Wilcoxon Signed Rank Test;
BR+0: +9.2° [4.9] P < 0.001) was still higher (but not sig-
niWcantly so) on BR+1 (+1.7° [2.4] P = 0.31), recovering to
baseline on BR+2 (+0.9° [1.9] P = NS). Similarly, SVV
error when LED signiWcantly increased relative to baseline
on BR+0 (¡1.7° [4.0] P = 0.04) and BR+1 (¡7.6° [3.9]
P < 0.001), recovering by R+2 (+0.6° [3.1] P = NS).

Discussion

In this centrifuge and bed rest study, we found that 21 days
of 6° head-down bed rest had no eVect on spatial orienta-
tion as assessed by ocular counter-rolling and the subjective
visual vertical. Application of the daily 1 h rotational AG
prescription to bed rested subjects (treatment group) had no
signiWcant eVects on ocular counter-rolling, but caused a
transient impairment in the perception of the visual vertical
for 48 h after bed rest.

Despite the frequent use of head-down bed rest as a
model for spaceXight deconditioning, little is known about
the vestibular eVects of long duration partial unloading of
the otolith organs due to the 6° downward pitch of the head.
Our Wnding that OCR was unchanged by bed rest alone
suggests that head-down bed rest does not aVect otolith sen-
sitivity or symmetry to tilts of the GIA vector as observed
in some astronauts following spaceXight. Our Wnding that
OCR was also unchanged by the intermittent AG prescrip-
tion suggests no untoward aVects of intermittent Gz stimu-
lation on otolith sensitivity.

Subjective visual vertical was used in the current study
as an integrated measure of the eVects of bed rest and cen-
trifugation on the perception of the spatial vertical. We
found that SVV was unchanged by 21 days of 6° head-
down bed rest. This is in contrast to a Soviet-era study

Fig. 1 Ocular counter-rolling (OCR) pre- and post-bed rest (median
and semi quartile range) during 90° roll-body tilts to the left (LED) and
right (RED). a Control group (N = 6). b Treatment (centrifuged) group
(N = 8). OCR was not aVected by bed rest alone or bed rest + AG. Sub-
jective visual vertical (SVV) error relative to pre-bed rest baseline
when upright and during LED and RED body tilts. c Control group
(N = 7). d Treatment group (N = 8). SVV was unaVected by bed rest
alone, but subjects in the treatment group exhibited a signiWcant post-
bed rest increase in SVV error relative to pre-bed rest baseline during
roll tilt that persisted for 48 h after resuming ambulation
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(Yakovleva et al. 1976) reporting an increase in SVV error
of up to 15° immediately after 30 days 6° head-down bed
rest that did not return to baseline over 16 days of post-bed
rest testing. However, the latter result must be interpreted
with caution, as no details were provided for the SVV pro-
cedure, number of subjects tested or variance of the SVV
measures, and no statistical testing was performed.

SVV error increased after bed rest in the treatment
group, who received intermittent centrifugation during the
bed rest period. A possible explanation is that periodic
application of linear acceleration increased weighting of the
idiotropic vector (Mittelstaedt 1983), increasing the bias
(A-eVect) toward the body vertical when tilted laterally.
There was some evidence for this hypothesis from body
pitch perception during the centrifuge runs (Jarchow and
Young 2009). Perceived head-up tilt was essentially veridi-
cal at 30° (corresponding to the 31° tilt of the GIA at the
level of the otoliths due to the 0.6 g imparted by the centri-
fuge) during the tolerance runs prior to entering the study.
Over the Wrst week of bed rest, there was a small (»5°)
decrease in perceived pitch orientation during centrifuga-
tion (Jarchow and Young 2009), consistent with the
hypothesis of an increased weighting of the body vertical.
Our perception studies aboard the STS-90 (Neurolab) Spac-
elab mission found that the idiotropic vector was more
heavily weighted during the Wrst week of weightlessness
than on Earth in astronauts exposed to intermittent in-Xight
centrifugation (Clement et al. 2001). The question remains
of whether this adaptation is due to a unique combination of
bed rest (or spaceXight) + centrifugation or due to centrifu-
gation alone. That is, does unloading of the otoliths, either
partial (bed rest) or near total (microgravity), render the idi-
otropic vector more amenable to adaptation? There is some
evidence that centrifugation alone can induce adaptation;
prolonged (90 min) 3Gx centrifugation (3 g linear accelera-
tion parallel with the naso-occipital axis when supine)
impaired subjective estimates of the body vertical for 2–
3 min post-rotation (Bles and De Graaf 1993) (although
motion sickness and postural eVects lasted up to 6 h in
some individuals (Bles and De Graaf 1993; De Graaf and
De Roo 1996)). However, in the current study, perception
of the subjective vertical was impaired more than 48 h after
the Wnal centrifuge run.

The control group exhibited a larger median baseline
error in SVV (by approximately 8°) relative to the treatment
group in both the LED and RED orientations. Yakovleva
et al. (1976) reported a similar disparity (8°) between sub-
ject groups with mean error ranging from 8° to 16°. This
may reXect a high inter-subject variability in SVV error at
large roll tilt angles in the population at large (as opposed to
the Wnely tuned response in the upright position (Kingma
2006)), resulting in signiWcant diVerences when sampling
small groups. However, the SVV error in the current study

demonstrated consistency within each group across the
39 days of testing. Median LED and RED SVV error for
both control and treatment groups on day 39 (BR+8 days)
was within 2° of the Wrst test session (10 days pre-bed rest).

The results of this study suggest that 6° head-down bed
rest is not an eVective analog of vestibular deconditioning
during spaceXight, and that AG generated by intermittent
centrifugation can produce undesirable eVects on percep-
tion of the spatial vertical. The functional impact (if any) of
the observed decrement in the SVV response is unknown,
and further investigation is warranted to determine possible
side eVects of long-term artiWcial gravity on spatial orienta-
tion and operator proWciency.
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