
References and Notes ties Annual Meeting, St .  John's, Newfoundland, the two subjects who were tested on the 
evening of the return performed very 
accurately using only nonvisual cues. 
Their performance far exceeded that be- 
fore flight and approached their accuracy 
for the task with full visual cues. This 
ability decayed gradually over the week 
of postflight testing. Dynamic ocular 
counterrolling, measured during lateral 
sinusoidal oscillation at  0.6 g (0.42 and 
0.83 Hz), appeared to be reduced in gain 
on R + 0. 

Discussion. The preliminary nature of 
these findings makes discussion neces- 
sarily speculative. Nevertheless, all of 
the major findings are consistent with the 
principal hypothesis: during adaptation 
to weightlessness the nervous system 
reinterprets signals from the gravicep- 
tors (primarily the otolith organs) to rep- 
resent fore-aft or left-right linear accel- 
eration, rather than pitch or roll of the 
head with respect to the vertical. Mainte- 
nance of this reinterpretation during the 
postflight period is maladaptive, result- 
ing in postural instability with eye? 
closed, increased reliance on visual in- 
formation for orientation, and improved 
ability to  null lateral linear motion. 

Independent refinement of the otolith 
reinterpretation hypothesis was pro- 
posed by Parker et al. (26) to explain 
their findings with STS-8 and STS-11 
astronauts. Self-motion reports and eye 
reflexes during roll motion showed pri- 
marily linear translation and reduced oc- 
ular counterrolling after flight, relative to  
before launch. The adaptation is presum- 
ably not reflected at  the more peripheral 
end organ responses o r  in fast reflex 
loops such as the otolith-spinal reflex. 
One consequence of the presumed linear 
acceleration sensor reinterpretation in 
flight is the increased use of local visual 
cues for spatial orientation and, a t  least 
early in the flight, increased attention to 
tactile and proprioceptive information on 
both body orientation and sense of body 
movement. 
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Effects of Rectilinear Acceleration and Optokinetic and 

Caloric Stimulations in Space 

Abstract. During the flight of Spacelab I the crew performed a number of 
experiments to  explore changes in vestibular function and visual-vestibular interac- 
tions on exposure to microgravity. Measurements were made on the threshold for 
detection of linear oscillation, vestibulo-ocular reflexes elicited by angular and linear 
movements, oculonzotor and posture responses to optokinetic stimulations, and 
responses to caloric stimulation. Tests were also conducted on the ground, during 
the 4 months before and on  days I to 6 after flight. The most significant result was 
that caloric nystagmus of the same direction as on the earth could also be evoked in 
the weightless environment. 

During the European vestibular ex- 
periments on the Spacelab 1 mission 
(experiment 1ES201) crew members per- 
formed experiments to explore the ef- 
fects of exposure to  microgravity on 
vestibular function and visual-vestibular 
interaction. Tests were also conducted 
on the ground during the 4 months before 
and on days 1 to  6 after the flight. 

The flight hardware included the ves- 

tibular helmet and a collapsible seat and 
backrest, the body restraint system 
(BRS) in which the subject was secured 
by a harness in the yogi position. The 
helmet was equipped with electro- 
oculography (EOG) amplifiers and a CCD 
camera with infrared illumination 
(EMIR) in front of the right eye. The 
EMIR device allowed eye movements to  
be computed in real time for an x-y 
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display on the ground. A television mon- 
itor in front of the left eye could be used 
to provide optokinetic stimuli as well as 
a movable target cross, which was also 
used for EOG and EMIR calibration. 
Caloric stimulation of both ears was pro- 
vided by insufflation of heated or  cooled 
air a t  a preselected and controlled tem- 
perature. 

Caloric nystagmus in rnicrogravity. 
Since the last century it has been known 
that irrigation of the ear canals with 
water a t  a temperature lower or higher 
than body temperature causes nystag- 
mus-involuntary rapid eye movements 
(I). According to Barany ( 2 ) ,  the tem- 
perature change in the temporal bone 
causes circulation of the fluid within the 
membranous labyrinth by thermal con- 
vection. This circulation of endolymph 
in the semicircular canals in turn deflects 
the cupulae and thus stimulates the sen- 
sory cells in the ampullae. 

Several authors doubted that thermal 
convection is sufficient to  explain caloric 
nystagmus, citing (i) a less than satis- 
factory relation between nystagmus 
strength and position of the canals (3),  
(ii) maintenance of a response even after 
experimental plugging of the canals o r  
after labyrinthectomy ( 4 ) ,  or (iil) insuffi- 
cient pressure differences on both sides 
of the cupula (5). With the microgravity 
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in space it is possible to  test the convec- 
tion hypothesis directly, since in weight- 
lessness thermal convection cannot take 
place. 

Caloric tests were performed on astro- 
nauts C and D during flight as well as 
before and after flight. Each test consist- 
ed of static and dynamic (linear oscilla- 
tions of the subject in the x-axis, 0 .2 g ,  
0.3 Hz) phases. The stimulus conditions 
(6) involved simultaneous cooling of one 
ear and heating of the other. 

On mission days 0 and 2, caloric nys- 
tagmus of both tested crew members was 
detectable but insufficient to  be evaluat- 
ed quantitatively. On mission days 7 and 
8, a well-defined nystagmus slow-phase 
velocity of 19" per second for D and 5" 
per second for C was elicited, with the 
direction of the quick phase toward the 
warmer ear (Fig. 1). When the thermal 
stimulus was reversed, the direction of 
nystagmus for both subjects reversed 
within a few seconds. It is noteworthy 
that the response evoked in flight for 
different temperature settings did not dif- 
fer significantly in magnitude from those 
before and after flight (Fig. 2), although 
the head position on the sled in the 
ground tests was not conventional for 
maximal response. 

The presence of caloric nystagmus in 
microgravity demonstrates that mecha- 

nisms other than thermal convection 
must be responsible. It appears possible 
that caloric nystagmus on the ground is 
partially or fully caused by the same 
mechanisms (that IS, without thermal 
convection). Further experimentation is 
needed to resolve this important ques- 
tion. The identity of nystagmus direction 
(toward the warmer ear), and the similar- 
ity of nystagmus strength at different 
temperature settings in orbit and before 
and after flight on the ground, suggest a 
common mechanism for caloric nystag- 
mus. However, any common explana- 
tion must account for the observation 
that the direction of caloric nystagmus 
reverses with head inversion. The sup- 
pression of caloric nystagmus during the 
early phase of spaceflight is well corre- 
lated with its suppression in parabolic 
weightless flight. Although this could 
also have been caused by the drug taken 
by one of our two subjects to  prevent 
motion sickness, suppression both early 
in microgravity and at certain positions 
on the ground as well as reversal in an 
upside-down position could be caused by 
changes in otolith act iv~ty.  

Threshold. Threshold measurements 
for linear oscillatory motion at 0.3 H z  in 
the x, y ,  and z body axes were made both 
in flight and on the ground. For  pre- and 
postflight tests, we used a small horizon- 
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Fig. 1. Effect of inflight caloric stimulation of subject C on day 7. 
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tal linear oscillator with air bearings to  
minimize adventitious motion cues. The 
continuous oscillatory stimulus in- 
creased or  decreased in intensity by 0.5 
dB per half cycle according to the sub- 
ject's responses. Two test procedures 
were employed. In mode 1 the subject 
indicated, by means of a key switch, 
when he could detect the oscillatory mo- 
tion; in mode 2 he had to signal the 
direction of the perceived motion. In 
flight an attempt was made to replicate 
the ground-based procedure by the use 
of the body restraint system. The subject 
was moved in an approximately sinusoi- 
dal manner at  0.3 H z  by the other crew 
member. 

Baseline measures were reasonably 
stable, with z-axis thresholds (subject 
lying on his back) consistently 
( P  < 0.001) higher than those obtained 
with x- and y-axis stimuli. The mean 
thresholds of all four subjects before and 
after flight are shown in Fig. 3. Note the 
strong reduction in the z-axis on day 
R + 1. Analysis of variance indicated 
that the responses of subjects C and D 
differed significantly from those of A and 
B (who were on a different shift), partic- 
ularly in the immedate postflight period. 
Significant findings in C and D are an 
elevation ( P  < 0.05) of x- and y-axis 
thresholds on day R + 1 (tested 14 hours 
after landing) with return to  preflight 
levels by R + 2, and no change in z 
threshold. In contrast, A and B exhibited 
a reduction ( P  = 0.01) in y- and z-axis 
thresholds on R + 1 with return to base- 
line on R + 2 and P + 6, while z-axis 
threshold were elevated ( P  = 0.05) on 
R + 4. The data obtained with proce- 
dure 2 were used to assemble frequency 
of detection ogives, from which thresh- 
olds were computed. The z-axis thresh- 
olds exceeded those for x and y (7) .  In 
general, these values were correlated 
with those obtained by procedure 1 and, 
in particular, confirmed the reduction of 
z-axis threshold in A and B on R + 1. 

The inflight threshold data are at pres- 
ent fragmentary. Preliminary values ob- 
tained with procedure 1 on days 4 and 6 
are: x-axis: 6.8, 4.7, and 3.5; y-axis: 8.3, 
5.9, and 7.0; and z-axis: 9.1 x mi 
sec2. Each of these values is higher than 
those obtained before flight. The eleva- 
tion of threshold in flight and immediate- 
ly after flight is in accord with data 
obtained after flight for one member of 
the crew of STS-8 ( 8 )  and indicates that 
one facet of the adaptation to micrograv- 
ity is a reduction in the gain of the 
sensory system processing signals from 
vestibular and somesthetic gravirecep- 
tors. 

Angular vestibule-ocular reflex. Angu- 
lar stimulation was achieved with a 
hand-driven oscillation of the test sub- 
ject a t  approximately 0.3 and 1 Hz .  The 
x- and y-axis of his head was aligned with 
the rotation axis, which was either coaxi- 
al with the head (centric mode) or 1 m 
distant (eccentric mode). In the latter 
orientation the vestibular stimulus was 
not only a changing angular acceleration 
but also a changing tangential and radial 
acceleration. Further tests were con- 
ducted in the z eccentric mode with the 
subject fixating on a head-fixed visual 
target. Eye movements were recorded in 
darkness by EMIR, closed circuit televi- 
sion, and two-channel EOG. Turntable 
angular velocity was also recorded. 

Data obtained during the preflight test 
sessions (120, 64, 43, and 11 days before 
flight) failed to show any significant dif- 
ference between the vestibulo-ocular re- 
flex (VOR) responses evoked by centric 
and eccentric oscillation in darkness, al- 
though, as  was to be expected (9), the 
VOR gain at  1 H z  (mean, 0.65; range, 
0.51 to 0.79) was higher than at  0.3 H z  
(mean, 0.33; range, 0.20 to 0.46). The 
values obtained 1, 2, 4, and 6 days after 
flight were comparable to  the preflight 
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Fig. 2. Slow-phase velocity of caloric nystag- 
mus before, during, and after flight for crew 
members C and D at different temperature 
settings. [Inflight tests on mission day 1 (for 
D) and mission day 2 (for C) produced only 
inconsistent nystagmus and are not included 
on the figure.] 

measures, the mean VOR gain being 0.58 
(range, 0.50 to 0.62) at 1 H z  and 0.32 
(range, 0.22 to 0.55) at 0.3 Hz .  The 
responses obtained in darkness on the 
first day after flight were within the 
range of preflight values. In contrast, the 
gain of the VOR at 1 Hz,  when reduced 
by the presence of a single collimated 
fixation target (subtending approximate- 
ly 5 mrad at the subject's right eye), was 
significantly ( P  < 0.05) lower on R + 1 
than on any other pre- or postflight day. 
The mean suppressed VOR gain before 
flight was 0.38 (range, 0.32 to 0.44) and 
after flight was 0.23, 0.37, 0.37, and 0.36 
on days R + 1, 2, 4, and 6, respectively 
(10). 

If this observation is confirmed by 
future experiments, it suggests that one 
aspect of adaptation to microgravity is 
an increased dependence on visual as  
opposed to vestibular mechanisms in the 
stabilization of the retinal image during 
head movement. 

It is extremely difficult on the ground 
to assess the exact contribution of the 
otoliths to the vertical VOR. However, 
microgravity is a privileged situation be- 
cause the static otolithic component is 
absent. The hypothesis is that in space 
the gain will be lower and phase will be 
changed. On Spacelab 1 this experiment 
was conducted during the oscillopsia 
test. The subject was asked to shake his 
head, with eyes open, a t  1 H z  in pitch, 
roll, and yaw successively. Head move- 
ment was measured with linear acceler- 
ometers and eye movements recorded by 
EOG and EMIR. When the subject re- 
ported no oscillopsia with his eyes open, 
it was assumed that head and eye move- 
ments were nearly the same (gain of 
VOR -1). Head oscillation was then 
repeated at  the oscillopsia threshold with 
the eyes closed. By comparing the val- 
ues of eye movements for eyes open and 
eyes closed during similar head move- 
ments, we obtained an approximate val- 
ue for the VOR gain in microgravity. 

The subject was asked to imagine the 
target fixed to the Spacelab wall. Two 
methods of analysis were used to deter- 
mine the VOR gain: (i) the peak-to-peak 
values of the EOG were compared be- 
tween head oscillations of comparable 
amplitude and frequency, and (ii) the 
amplitudes of the eye displacements 
were computed from the reconstructed 
sinusoidal component for 20 cycles after 
elimination of saccades. Both methods 
showed a significant difference in the 
gain of the pitch VOR between ground 
tests [gain, 0.9; standard deviation 
(S.D.), 0.11 and tests in flight on days 5 
and 7 (gain, 0.75; S.D., 0.15) for subjects 
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C and D. The phase analysis corrobo- Ocular counterrolling tests. Two color 
rates this apparent otolithic contribution photographs of the subject's left eye 
to the vertical VOR. Whereas on the were made 15 and 20 seconds after posi- 
ground the phase error was small (mean, tioning during all pre- and postflight test 
lo;  S.D. ,  0.3"), in microgravity compen- sessions at  body tilt angles ranging from 
satory eye movement caused remarkable 0" (upright position) to 90" left and right. 
phase lag (mean, 20"; S.D. ,  8"). The angular deviation of the eye in roll, 

These preliminary results suggest that relative to the canthi, was determined 
on the ground, the otoliths make a signif- from the projected image of the color 
icant contribution to the gain of the VOR transparencies. After flight, subjects B,  
in the pitch axis. The observation, in C, and D showed significantly less tor- 
space, that head movements in pitch are sion than before flight when tilted to the 
particularly nauseating may be explained left (Fig. 4). There was also increased 
by the lack of gravity-related otolithic asymmetry between left and right tilt 
components which normally contribute after flight. These findings seem to agree 
to  the visual vestibular stabilization of with counterrotation data after the STS-8 
gaze in this axis. flight (9). Measurements on A did not 

Fig. 3 .  Mean thresh- 
olds of four subjects 
for detection of hori- 
zontal linear oscilla- 
tion at 0.3 Hz, mode 

y-axis 1: detection of mo- 
tion, mean of upper 
and lower values. 

n n9 
D ~ F  F-120  F-90 F -64  F-43 F-11 R + 1  R + 2  R + 4  R + 6  

W- Preflight - Postflight -4 

Fig. 4. Mean values of 
ocular counterrolling 
plotted against body 
tilt for four crew 
members before and 
after flight. 

v Preflight 
0 Postflight 

reveal major differences between pre- 
and postflight values. The average stan- 
dard error for all measurements is 
i0 .55",  using twice the standard devi- 
ation, with a mean of 1.71". 

Luminous line test. Luminous line 
tests were performed before and after 
flight tests by comparing the indicated 
subjective vertical (SV) with the true 
vertical at different tilt angles of the 
body. The most significant change oc- 
curred in subject A, whose deviation of 
the SV from the true vertical a t  45" body 
tilt was almost 20" after flight. In addi- 
tion, all subjects exhibited considerably 
more bilateral asymmetry when compar- 
ing SV at left and right body tilts. 
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Vestibulospinal Reflexes as a Function of Microgravity 

Abstract. The idea that sustained microgravity will result in altered otolith input 
requiring a modification of postural control was explored by using the pathway that 
links the otolith organs and spinal motoneurons. Two related methods were used. 
First, the Hoffmann reflex was used to measure at specific times the excitability of 
the soleus-spinal motoneuron pool during a brief unexpected linear acceleration. 
Second, extensive dynamic postural testing with a moving platform was done before 
and after flight. The Hoffmann reflex amplitude, rejecting otolith-modulated 
motoneuron sensitivity, was low in flight after adaptation, and its postjight 
potentiation may have been dependent on rate of adaptation. The strength of inflight 
motion sickness symptoms was related to postflight Hoffmann reflex amplitude. 
Dynamic posture tests showed significant deviations from the results obtained before 
flight. The strategy used for balance on the moving platform was modified, and the 
behavior of the subjects suggested a decrease in awareness of the direction and 
magnitilde of the motion. 

Data from previous manned space- 
flights suggest that significant alterations 
occur in vestibular, neuromuscular, and 
related sensory system function on expo- 
sure to  microgravity (1). The observed 
changes may be a function of adaptation 
induced by altered otolith input. The 
purpose of this Spacelab 1 experiment 
was to investigate this adaptation as it 
occurred in flight and after flight, and to 
relate the observed changes to mecha- 
nisms underlying space motion sickness. 

To  explore this concept, we used the 
anatomic pathway that links the otolith 
organs and spinal motoneurons. The 
overall sensitivity of the spinal motoneu- 
rons was tested by two related methods: 
(i) electrical excitation of neural tissue 
and recording of vestibulospinal reflexes 
in conjunction with a brief linear accel- 
eration (2) and (ii) measurements of dy- 
namic postural ataxia. 

Vestibulospinal reflex mechanisms. 
Excitation of the neural tissue was ac- 
complished by the classical Hoffmann 
reflex or  H reflex technique (3). The H 
reflex was obtained through elicitation of 
a monosynaptic reflex recorded from the 
soleus muscle by electrical stimulation of 
large group I afferent fibers in the poplit- 
eal nerve. A needle electrode, which 
served as  the cathode, was inserted in 
the popliteal fossa at a permanently 
marked (tattoo) location on the right leg. 
The anode, a plate electrode, was se- 
cured over the patella. A 1-msec con- 
stant current pulse limited to a maximum 
of 20 mA was delivered through an isola- 

tion unit under computer control. A dif- 
ferential bipolar electrode configuration 
was used to record the reflex from the 
soleus muscle. The reflex was a two-part 
response: a direct orthodromic muscle 
response (M wave) with a latency of 5 to 
10 msec that was followed 15 to 20 msec 
later by the monosynaptic H reflex. Be- 
cause the M wave represented a direct 
muscle response, it was used as a control 
during vestibular stimulation. The H re- 
flex amplitude reflected the sensitivity of 
the spinal motoneurons as  set by the 
descending postural control signals. 

Vestibular stimulation during preflight 
and postflight testing was provided by 
dropping the subject over a short dis- 
tance (10 to 14 cm), using a quick-release 
helicopter cargo hook. In flight, we used 
the Canadian "hop and drop station" (4) 
and calibrated bungee cords to pull the 
subject to the floor of Spacelab. All 
drops were under computer control (5). 

For each drop, the subject was 
shocked three times. The first shock, 
used to condition the neural tissue, was 
followed 3 seconds later by a shock that 
elicited a control response, and the third 
(3 to 5 seconds later) was delivered at  
predetermined delay times during the 
drop. Before and after flight these drop- 
to-shock delay times ranged in 10-msec 
increments from a shock that was coinci- 
dent with the computer command to 
drop, to a shock that was delayed 80 
msec. In flight, eight shock-to-drop de- 
lays ranging from 0 to 70 msec in 10- 
msec increments were used. Approxi- 

mately four responses (6) were ccllected 
at  each viewpoint during each test period 
(that is, on F - 10, F + 24 hours, 
R + 0, and so on). This method permit- 
ted tracking of the H wave amplitude as  
a function of both time (shock delay) and 
acceleration across test days. 

For analysis, the H reflex response to 
each drop was normalized as  a difference 
percentage with respect to the control H 
reflex. To obtain a stable reference re- 
sponse, the control H reflex responses 
were averaged for each crew member for 
all preflight, inflight, and postflight test 
periods. The preflight drop H reflex re- 
sponses for each drop-to-shock delay 
were then averaged (N = 180) for each 
crew member. 

The H reflex results for a single crew 
member (subject A) are presented in Fig. 
1. Drop H reflex amplitude expressed as  
a difference from the control H reflex is 
plotted as a function of drop-to-shock 
delay and test period. The drop-to-shock 
delay times were adjusted to account for 
a 20-msec delay between the computer 
command to drop and the time of the 
actual fall. Data for this crew member 
are representive of general trends found 
with the shape of the drop-to-shock H 
reflex potentiation curve but not of peak 
amplitude changes found between sub- 
jects. Before flight there was an initial 
potentiation of the H reflex in response 
to the drop for shocks delayed 20 to 40 
msec. Peak amplitudes for this subject 
occurred with drop-to-shock delays of 80 
msec. Inflight H reflex peak amplitudes 
recorded at a mission elapsed time of 24 
hours showed a gain analogous to the 
preflight values. By mission day (MD) 7, 
the H reflex amplitude was low and 
showed little o r  no change as  a function 
of drop-to-shock delay times. 

After flight, a general potentiation was 
recorded. The amplitude for subject A 
on R + 0 showed an approximately 30- 
fold gain. The R + 1 and R + 2 values 
indicated amplitudes lower than that ob- 
tained on R + 0. However, on R + 4 
and R + 6 a potentiation greater than 
that recorded on R + 0 occurred. This 
observation may have been due to an 
intervening parabolic flight on R + 3. A 
two-way analysis of variance for repeat- 
ed measures on these data showed a 
significant difference as  a function of test 
day ( P  < 0.001). The M wave amplitude 
changes were not significant when sub- 
jected to the same two-way analysis of 
variance ( P  < 0.50), confirming that a 
constant electrical stimulus was applied 
and that H reflex amplitude changes rep- 
resent the state of excitement within the 
spinal motoneuron pool. 
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