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Orthostatic intolerance and related functional impairment remain a common problem for 
astronauts upon return from space. Despite considerable effort to develop 
countermeasures for this problem. afundamental q~estion rem~ins unanswered: What is 
the cause of orthostatic intolera~?Po$t;-<ftJs,.tsy"",:p~v." ,.d.~el1Jde both 
vestibular and orthostatic intoler&nce~nifi .........•.... >'Th'!(~>C)~ ....... ·'.rsi$turbances 
in orthostatic intolerance is unkn(lwn.Altho. itis ikJaowftl\l4at"'eiibu· project 
to the vasomotor centers of the brainstem in cats, there·~$b_'~p study 
of vestibular system effects on blood pressure con .... ~sdltJ .. .......... . . ..... ....... ..... .. ... .. ... ..orthostatic 
tolerance in humans. Most fundamental, it remains·t.J.n~Wh~ther.()tUl!fputs play 
an important role in the cardiovascular adjustmentsittl.'.iu,righ.~ttip~i~tlt;fmans. 
The altered vestibular function after spaceflight maY'iI~~9l1h"~~tolemftce 
indirectly (producing intolerable symptoms requirinflr'OU.lltpQ$kJre:JSrtdt.r~irectly 
(by affecting autonomic responses to orthostasis). di$it.iances are 
complex and probably include some involvement 0 . ..... .. . ._mj(j)j,.J nal 
inputs and related inputs. The purpose of this prop~~al~t~~-f()II~1lttJ .. . rmine 
the otolith contribution to the cardiovascular adjustmeAits<tCJthe<UiJi.lBght po&itfQn;2) to 
determi ne whether altering otolith or semicircular canal inputs affect blood pressure 
regulation during orthostasis; 3) to determine whether altering otolith or semicircular 
canal inputs affect orthostatic tolerance. 

Critical Path: These studies primarily address Critic.aJP:.IIlRO.dfllap~lsk#6. 
Diminished Cardiac and vascular Function, and in ".rtte.~"'q.EJe$tk>n.:w#mt are the 
physiological and environmetJ.talt"ctors by whichr;le8Yf1a$e,oHhostatic 
tolerance? However. they alS91:Udress the primary MrjUtJh$l~k",ess. The 
studies address potential meQtu.«'*Jsms of interactio.H~n veatibulwinpuk$ (which 
contribute to motion sickness:land cardiovascular oo.ntfmt'T'h~_~afSW'te\,met by 
addressing the following speelfieaims. 

Aim 1: To determine the role of otolith input in me<liaiAsl1e~fdiQVa~ktradjustments 
to the upright position. 
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Hypothesis 1: The change in otolith orientation with assuming the upright position 
contributes significantly to the pressor responses to orthostasis. 

Aim 2: To determine how otolith orientation affects the occurrence of pre-syncopal 
symptoms during an orthostatic stress. 

Hypothesis 2: A positive otolith orientation (600 vs. OO)Wil:li~.e()f1h~~. tolerance 
by enhancing the normal cardiovascular compensatory ~toQIIl~ts. 

Aim 3: To determine the effect of semicircular canal stifmJlaltGft.(Wi •• IQrfetesting) on 
the cardiovascular adjustments to orthostasis. 

Hypothesis 3A: Semicircular canal stimulation provokes blood pressure and heart rate 
lability during sustained orthostasis. 

Aim 4: To determine the effect of semicircular canal stimUlation (with caloric testing) on 
orthostatic tolerance. 

Hypothesis 4: Semicircular canal stimulation accelerates the onset of pre-syncope. 

Material:A"Methods: 

Study 1: This study was performed to address aim 1. The response to seven 
perturbations (tA-G) involving combinations of head-up tilt (0°, 30° and 60°) and neck 
position to affect otolith orientation. (300 flexion or extension) were obtained in random 
order. Figure 1 illustrates the seven conditions with the otolith orientation labeled 

1F 1G 

11: 

10 
1C 

16 

1A 

(relative to a 0° horizontal position). Table 1 shows the tilt levels, neck orientation and 
resulting otolith orientation (relative to horizoll'a.'J fE);r~a<*: .. ,.-rbal'.'. Each 
perturbation was sustained for 5 minutes and at least 5 min •• $:.fr~v~;ryW8s allowed 
between each perturbation. 

FIGURE 1. Illustration of the tilt angla and otolith orientation for each 
perturbation in study 1. 
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Table 1. Orthostatic and Otolithic Orientation of Each Perturbation 

Tilt Level (degrees) Neck Orientation Otolith Orientation 
(degrees) (degrees) 

1A 0 +30 (flexion) 30 

1B 30 -30 (extension) 0 

1C 30 o (body plane) 30 

1D 30 +30 (flexion) 60 

1E 60 ~30 (extension) 30 

1F 60 o (body plane) 60 

1G 60 +30 (flexion) 90 
.. 

Ototlth' orlentatton IS relative to the honzontal position (0°) 

Dependent variables: Heart rate, arterial pressure, sympathetic nerve activity, stroke 
volume, left ventricular end-diastolic dimensions and volumes, left ventricular end­
systolic dimensions and volumes, calculated cardiac output, calculated systemic 
vascular resistance, cerebral blood flow velocity and estiMated flow rate, spectral power 
for high (0.2-0.4 Hz) and low (0.03-0.15 Hz) frequency 4,oscillations of heart rate and 
arterial pressure (as indices Qf,pa:fasym~thetic and'sympaihetic tone}. 

Independent variables: Head-up tilt levels (0, 30° and 60°), otolith orientation to 
horizontal position (0,30°,60°, and 90°). 

Study 2: This study addressed specific aim 2 by assessing the heart rate, arterial 
pressure, sympathetic nerve activity, heart rate and blood pressure variabilities, 
respiration, responses to sustained orthostasis (30" head-up tilt plus lower body negative 
pressure at 10, 20 and 30 mmHg) with and without otolith input (0° vs. 60° otolith 
orientation). The responses to graded orthostasis to tolerance or to completion of the 
stress will be studied with a supine otolith orientation (0") or upright otolith orientation 
(60°) produced by changes in head position on the tilt table. Graded orthostasis was 
delivered by head-up tilt to 30° combined with graded LBNP (0, -10, -20 and -30 mmHg) 
for 5 minutes at 0, -10 and -20 mmHg, and up to 10 minutes at -30 mmHg. The total 
stress level of LBNP and duration of stress was used to quantify orthostatic tolerance as 
in previous studies [37, 38]. The tilt angle of 30° was added as an additional 30 mmHg 
of LBNP for this calculation. 

Oependfmt variables: Heart rate, arterial pressure, sympathetic nerve activity. thoracic 
impedance, orthostatic tolerance (cumulative stress), spectral power for high (0.2-0.4 Hz) 
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and low (0.03-0.15 Hz) frequency oscillations of heart rate (as indices of 
parasympathetic and sympathetic tone). 

Independent variables: Otolith orientation to horizontal position (0 vs. 60°). 

Study 3: This study addressed specific aims 3 and 4 by assessing the heart rate, arterial 
pressure, SNA. heart rate and blood pressure variabilities. responses to graded 
orthostasis (lower body negative pressure at -3~, -40, -50 and -60 mmHg) with and 
without semicircular canal stimulation (caloric ear canal irrigation). Three experimental 
protocols were performed on 2 separate days: On day 1, the subject's orthostatic 
tolerance will be determined by the time to onset of pre-syncopal physiological and 
subjective symptoms during graded LBNP. On day 2, the LBNP protocol was repeated 
twice: Once with a cold caloric stimulus sufficient to sustain a vestibulo-ocular response 
(nystagmus measured with electrooculography); and once with a thermoneutral caloric 
stimulus which produces no vestibula-ocular response. The caloric stimuli were 
delivered one level of negative pressure prior to the onset of pre-syncopal symptoms 
determined in the baseline studies on day 1 (e.g. caloric testing will be applied during ·30 
mmHg if the preliminary study tenninated at -50 mmHg). The order of the two protocols 
was randomized among subjects. 

Dependent variablf1s: Heart rate, arterial pressure, cardiac impedance, orthostatic 
tolerance. spectral power for high (0.2-0.4 Hz) and low (0.03-0.15 Hz) frequency 
oscillations of heart rate and arterial pressure (as indioes of parasympathetic and 
sympathetic tone). 

Independent variables: The three caloric stimUlUS conditiol'lS of no caloric, thermoneutral 
caloric or cold-warm caloric. 

Results: 

Study 1: Subjects underwent three 60° upright tilts: 1) with the Fleck flexed passively 
from 0 to 30° relative to the body during a 60° tilt such that ... head moved from 
horizontal to 900 above horizontal (thereby producing a 010 1G~ otolith stimlulation); 2) 
with the head and body aligned, such that they tiled togetller to 800 (0 to 0.87 Gz otolith 
stimluation); and 3) with the neck flexed 30° relative to the body during supine 
conditions, and the neck then extened to -300 during 60° body titting, such that the head 
remained at 30° above horizontal throughout body tilting (thus producing a constant 0.5 
Gz otolith condition). Within the first 20 s of tilt, arterial pressure increased most 
obviously in the 0 to 1 Gz otolith condition. Thoracic impedance tended to increase more 
in otolith-constant conditions. but no dependent variable differed significantly between tilt 
conditions. and no Significant time x tilt interactions emerged. All three tilt conditions 
increased thoracic impedance (consistent with a footward shift of blood volume), 
sympathetic nerve activity (224-275% at 20 sec and for the subsequent 3 minutes), 
arterial pressure and heart rate (all variables P< 0.01). However, no significant 
differences between ttte three tilt conditions werEt olaserved at any of the time points 
recorded (P>O.44). Therefore, these data suggest that the otolith organ does not 
contribute significantly to the normal cardiovascular adjustments to orthostasis. 
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Study 2: Whether an interaction does occur during prolonged orthostasis can occur and 
thereby affect orthostatic tolerance remains to be determined. In study 2, the effect of 
altered otolith input on the response to graded orthostasis and on orthostatic tolerance 
was investigated. Subjects were exposed to graded orthostasis with a supine (0°) 
orientation or an upright (+60°) orientation. The graded orthostasis was produced by a 
combination of 30° head-up tilt plus gradations of lower body negative pressure. The 
results demonstrated that there was a trend (P=O.12) for greater increases in heart rate, 
but not for differences in arterial pressure or vascular resistance during the graded 
orthostasis (P>O.3). In addition, changes in low frequency and high frequency spectral 
power trended toward significance (O.08<P<O.19), but did not achieve significance. In 
some subjects, this effect suggests that autonomic control was modestly affected by the 
otolith stimulus during graded orthostasis. 

Study 3: In study 3, Graded LBNP was performed to orthostatic tolerance with the 
combined tilt and LBNP procedure described above. The graded orthostatic challenge 
was administered on two occasions: First, as a baseline for determination of orthostatic 
tolerance and then in duplicate with and without an air caloric (cold vs. thermoneutral 
control) to elicit semicircular canal stimUlation performed at one level of LBNP below the 
highest tolerated level in a baseline LBNP study. The order of administration of the 
stimulus was randomized. Significant nystagmus was provoked by the caloric stimUlUS 
in each subject with insignificant effects on baseline heart rate (64.:t4 vs. 67.:t3, P> 0.43). 
mean arterial pressure (93! 3 vs. 90 ± 3, P> 0.37) or sympathetic nerve activity (288 ±. 
61 vs. 229:!: 49, P>30)oonsistent with previous pilot data and previous findings. The 
cold caloric stimtJkllofl performed during LBNP resulted in similar changes as the 
thermoneutrai stimulus in heart rate and blood pressure suggesting that there was not a 
significant effect of semicircular canal stimulation. There was an increase in the high 
frequency spectral power of heart rate (P=O.02), but no difference in the low frequency 
spectral power or LF/HF ratio suggesting that there was an effect on the vagal control of 
heart rate, but unlikely to be a significant effect on sympathetic control of the heart. 
Sympathetic nerve activity changes with LBNP were similar (~188!43% vs . .6.231~29% 
with and without cold caloric stimulus, respectively. Most importantly, orthostatic 
tolerance was not significantly changed by the addition of the caloric stimulus (P=O.31), 
with 8 out of 10 subjects showing similar orthostatic tolerance. 

Discussion 

Several studies in animals have shown that vestibular organ inputs provide input into 
cardiovascular regulatory centers of the brainstem. Moreover, there is evidence that 
vestibular activation can produce cardiovascular effects. In addition, studies from Rayet 
al. have shown that otolith stimulation by forward head rotation off of a table when in the 
prone position produces significant autonomic and cardiovascular responses. Last, 
since astronauts often experience orientation and motion sickness symptoms upon 
return to a 1 G environment after spaceflight, it is clear that both the otolith and 
simcircular canal organs are affected. Therefore, it follows that these altered vestibular 
organ inputs may influence importantly the orthostatic-evoked cardiovascular responses, 
yet this had not been directly tested. 
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The data from the present studies suggest that otolith stimulation does not play an 
important role in the normal autonomic and cardiovascular adjustments to the upright 
position. This includes both the abrupt and sustained changes during an orthostatic 
challenge. The data do provide some support for subtle changes and thus, contribution 
to the cardiovascular response; however, in the normal healthy human, it does not 
appear that otolith responses are of primary importance to the cardiovascular responses 
as mediated by the autonomic nervous system. Previous studies have shown that 
semicircular canal stimuli do not profoundly affect cardiovascular responses and the 
current data support this outcome. Nevertheless, the caloric stimulUS did provoke some 
change in the vagal control contributing to evidence of some cardiovascular lability. This 
did not however translate into impaired orthostatic intolerance. 

Relevant to the critical path, it is likely that some episodes of post-flight orthostatic 
intolerance are a manifestation of vestibular dysfunction (hypersensitivity) and 
associated symptoms of motion sickness. In a normal healthy individual (not exposed to 
microgravity or simulated microgravity), it does not appear that the otolith system is a 
primary contributor to orthostatic tolerance. Although there is evidence for the potential 
of vestibular inputs to affect autonomic control of cardiovascular function, these data 
suggest that this is not of primary importance. But it is important to note that these 
studies were not performed in subjects exposed to microgravity with associated 
vestibular deficits. Thus, it is possible that the alterations of vestibular function 
accompanying prolonged microgravity may playa more important role in the 
cardiovascular adjustments to orthostasis and thus contribute to impaired orthostatic 
tolerance. A significant challenge to determine this role is the need for studies of 
astronauts rather than bedrest subjects, as the vestibular deficits are greater in the post­
flight setting than in bed rest. 

Otolith inputs may contribute to early transient adjustments to orthostasis. However, lack 
of significant main effects of tilt condition and time x tilt interactions stlggelatla that 
potential otolith effects on the variables we studied are relatively sUbtle .,.ephemeral, 
or that other mechanisms compensate for a Jack. of ooange in otolith input with 
orthostasis. 
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