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Human cerebral autoregulation before, during
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Exposure to microgravity alters the distribution of body fluids and the degree of distension of
cranial blood vessels, and these changes in turn may provoke structural remodelling and altered
cerebral autoregulation. Impaired cerebral autoregulation has been documented following
weightlessness simulated by head-down bed rest in humans, and is proposed as a mechanism
responsible for postspaceflight orthostatic intolerance. In this study, we tested the hypothesis that
spaceflight impairs cerebral autoregulation. We studied six astronauts ~72 and 23 days before,
after 1 and 2 weeks in space (n = 4), on landing day, and 1 day after the 16 day Neurolab space
shuttle mission. Beat-by-beat changes of photoplethysmographic mean arterial pressure and
transcranial Doppler middle cerebral artery blood flow velocity were measured during 5 min
of spontaneous breathing, 30 mmHg lower body suction to simulate standing in space, and
10 min of 60 deg passive upright tilt on Earth. Dynamic cerebral autoregulation was quantified
by analysis of the transfer function between spontaneous changes of mean arterial pressure
and cerebral artery blood flow velocity, in the very low- (0.02—0.07 Hz), low- (0.07-0.20 Hz) and
high-frequency (0.20-0.35 Hz) ranges. Resting middle cerebral artery blood flow velocity did not
change significantly from preflight values during or after spaceflight. Reductions of cerebral blood
flow velocity during lower body suction were significant before spaceflight (P < 0.05, repeated
measures ANOVA), but not during or after spaceflight. Absolute and percentage reductions of
mean (=4 S.E.M.) cerebral blood flow velocity after 10 min upright tilt were smaller after than
before spaceflight (absolute, —4 & 3 cm s™! after versus —14 = 3 cm s™! before, P = 0.001; and
percentage, —8.0 == 4.8% after versus —24.8 &= 4.4% before, P < 0.05), consistent with improved
rather than impaired cerebral blood flow regulation. Low-frequency gain decreased significantly
(P < 0.05) by 26, 23 and 27% after 1 and 2 weeks in space and on landing day, respectively,
compared with preflight values, which is also consistent with improved autoregulation. We
conclude that human cerebral autoregulation is preserved, and possibly even improved, by
short-duration spaceflight.
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Astronauts have reduced orthostatic tolerance on return  for orthostatic intolerance are disputed and are probably
to Earth (Hoffler et al. 1974; Blomqvist & Stone, 1983; several. However, the final event leading to syncope must
Bungo et al. 1985; Fritsch-Yelle et al. 1994; Buckey et al. be a reduction of cerebral blood flow, sufficient to cause
1996; Levine et al. 1997). The mechanisms responsible  loss of consciousness (Toyry et al. 1997). Indeed, the brain
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has such a high metabolic rate that if its blood flow is
sharply reduced, even for a short time, syncope will occur.

The mechanism most commonly invoked to explain
orthostatic intolerance after spaceflight is that cerebral
blood flow declines secondary to hypotension. However,
in a previous spaceflight study (Buckey et al. 1996),
two of 14astronauts had significant symptoms after
spaceflight and could not remain standing, but did not
exhibit hypotension. One possible explanation for this is
that spaceflight and microgravity impair cerebral auto-
regulatory mechanisms. Several studies conducted with
analogues of spaceflight support this possibility. For
example, a study conducted in rats (Wilkerson et al. 1999)
showed that cerebral arteries hypertrophy in response to
microgravity simulated by tail-suspension. Other studies
(Bondar et al. 1995; Zhang et al. 1997, 1998b) show
that cerebral blood flow velocity declines during lower
body suction after prolonged head-down bed rest, without
significant reductions of arterial pressure. These findings
support the possibility that spaceflight impairs cerebral
autoregulation, and that this impairment contributes to
orthostatic intolerance after spaceflight, notwithstanding
adequate autonomic blood pressure control (Levine et al.
2002).

Autoregulation maintains a steady oxygen supply
to the brain by adjusting cerebral arteriolar caliber
and resistance to minimize the effects of changes
of perfusion pressure. ‘Static’ cerebral autoregulation
maintains cerebral blood flow at relatively constant levels,
despite sustained perfusion pressure variations between
60 and 150 mmHg (Paulson et al. 1990). A less traditional
concept of ‘dynamic’ cerebral autoregulation holds that
the effectiveness of cerebral vascular responses is also
determined importantly by the time period over which and
frequency at which blood pressure changes occur (Giller,
1990; Blaber et al. 1997; Panerai et al. 1999; Zhang et al.
1998a,b, 2000, 2002; Lipsitz et al. 2000).

We tested the hypothesis that abnormalities of static
or dynamic cerebral autoregulation develop during
spaceflight, and that these impair the ability of auto-
regulatory mechanisms to maintain cerebral blood flow
constant in the upright position upon return to Earth,
even when blood pressure is well maintained. To test
this hypothesis, we measured cerebral blood flow velocity
by transcranial Doppler ultrasound before, during and
after the 16 day Neurolab (STS-90) space shuttle mission.
This study follows four earlier articles from the Neurolab
mission (Cox et al. 2002; Ertl et al. 2002; Levine et al. 2002;
Fu et al. 2002) and reports data obtained from the same
astronauts.

Methods

Subjects

Six male crew members of the 16 day Neurolab mission,
described in detail by Cox et al. (2002), were studied.
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Their mean age (£s.e.m.) was 40+ 2years (range,
38—44 years), height 187 & 2 cm and weight 87 & 5 kg. All
were in excellent health, as documented by comprehensive
National Aeronautics and Space Administration (NASA)
Class III physical examinations. No subject smoked or used
any medication regularly. This study was conducted under
guidelines developed by the NASA Johnson Space Center
Human Research Policies and Procedures Committee, in
accordance with the Declaration of Helsinki. All subjects
signed an informed consent form approved by the NASA
Human Subjects Review Committee and the institutional
review boards of principal investigators’ institutions (The
University of Texas Southwestern Medical Center at
Dallas; Vanderbilt University; DLR-Institute for Aerospace
Medicine; and the Medical College of Virginia). All
six astronauts participated in both pre- and postflight
sessions, and four participated in two in-flight sessions
(days 7-8 and 12—-13). The number of subjects is indicated
for each measurement; because of NASA restrictions, not
all astronauts were studied with all protocols.

Preflight experiments (n = 6)

Experiments were performed 73-70 and 24-21 days
preflight, to determine the reliability and repeatability
of measurements (Hopkins, 2000). The error, expressed
as a coefficient of variation in cerebral blood flow
velocity, was 10%; that in mean arterial pressure
was 6%; and that in transfer function gain in
the low-frequency range was 12%; indicating good
repeatability of these measurements. Data from 24-21 day
preflight experiments were used for preflight comparisons
because of their temporal proximity to the mission.
Subjects refrained from performing high-intensity exercise
or taking over-the-counter medications within 24 h of
all studies. Subjects were studied at least 2h after a
meal, and more than 12h after the last caffeinated or
alcoholicbeverage. Experiments were conducted in a quiet,
environmentally controlled laboratory with an ambient
temperature of 25°C, at Johnson Space Center, Houston,
TX, USA. Subjects were studied supine in a custom-built
rigid plastic chamber designed to allow both lower body
suction and upright tilt. The right leg was supported in
the fully extended position by removable foot boards,
customized for each subject. The leftlegwas elevated 15 cm
from the bottom of the chamber with the hip flexed for
microneurography (Levine et al. 2002).

In-flight experiments (after 1 and 2 weeks, n = 4)

Four of the six astronauts participated in two in-flight
experiments on flight days 7 or 8 and 12 or 13. Subjects
were positioned in a custom-designed collapsible fabric
chamber for lower body suction. Ambient carbon dioxide
levels were always below 0.1% in the space shuttle.
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Postflight landing day experiments (n = 6)

No subject took medication during the 48h prior to
landing. However, just prior to re-entry while still in space,
three astronauts consumed 1.51 of hyposmolar glucose
and electrolyte solution, and three astronauts consumed
about 8 g of salt and 912 ml of water, according to NASA
fluid-loading protocols (Bungo et al. 1985), which induced
vomiting in one of the latter three. Immediately after
the space shuttle landing at Kennedy Space Center, Cape
Canaveral, FL, USA, astronauts were transported to the
laboratory in the supine position, where they remained
until the experiments were completed. (Two of the six
subjects first sat upright for less than 30 min, to complete
another experiment.) Subjects were studied in pairs; the
first pair was studied within 1 h, the second within 3 h and
the third within 5 h oflanding on Earth. All astronauts were
allowed free access to water from the time of landing until
the beginning of the protocol. Subjects were placed in the
supine position on a commercial tilt bed (OT9001, Omni
Technologies, Valley City, ND, USA), with the right leg
extended. The left leg was elevated for microneurography.
Wide straps were placed over the right thigh near the knees
and at the waist to minimize body motion, and to prevent
knee flexion during tilting.

Postflight recovery experiments (24 h after landing,
n==6)

Experiments were performed 1 day after return to Earth.
Details were the same as during preflight experiments.

Instrumentation

Heart rate was measured from the electrocardiogram
(HP 78801 B, Hewlett-Packard, Andover, MA, USA), and
beat-by-beat arterial pressure was estimated by finger
photoplethysmography (on Earth, Finapres, Ohmeda,
Englewood, CO, USA; in space, Finapres, as modified
by TNO Biomedical Instrumentation, Amsterdam,
The Netherlands, for the European Space Agency).
Arm blood pressure was measured intermittently by
electrosphygmomanometry (on Earth, Suntech Medical
Instruments 4240, Raleigh, NC, USA; in space, Puritan
Bennett D500, Pleasanton, CA, USA), with a microphone
placed over the brachial artery to detect Korotkoff sounds.
An adjustable arm support held the finger at heart level in
both supine and upright tilt positions.

Middle cerebral artery blood flow velocity was measured
continuously using transcranial Doppler ultrasound. A
2 MHz probe (Multiflow, DWL, Sipplingen, Germany) was
placed over the subject’s temporal window. The probe
was placed in the same position both in-flight and on
Earth, and fixed at a constant angle with a polymer
holder made to fit each subject’s facial bone structure
and ear (Giller & Giller, 1997). The signal was obtained
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according to standard techniques (Aaslid et al. 1982),
with the Doppler sample volume adjusted to obtain the
maximum proximal middle cerebral artery blood flow
velocity. End-tidal carbon dioxide concentrations were
measured with a mass spectrometer (Marquette MGA1100
Mass Spectrometer, St Louis, MO, USA).

Protocol

Left and right antecubital veins were cannulated for
the injection and blood drawing. After at least 20 min
of quiet supine rest, plasma and blood volumes were
measured with the Evans Blue dye technique (Foldager
& Blomgvist, 1991). Cardiac output was measured with
acetylene rebreathing (Triebwasser et al. 1977) every
5min until it reached a stable level, defined as two
consecutive measurements within 500 ml min~' of each
other. To induce or simulate orthostatic stress, upright
tilt was used during preflight and postflight landing
day sessions, and lower body suction was used during
preflight, in-flight and one postflight session (24 h after
return to Earth), after a battery of tests of autonomic
function, which included controlled-frequency breathing,
static handgrip, the Valsalva manoeuvre and the
cold-pressor test. Sufficient time was allowed between each
intervention for the haemodynamic state and sympathetic
nerve activity to return to baseline levels. A detailed
schedule for Neurolab experiments is given in the
Appendix of the article by Cox et al. (2002).

Lower body suction (preflight, after 1 and 2 weeks
in space, and 24 h after return to Earth)

Each subject lay supine in the lower body chamber
sealed at the iliac crests (Ertl et al. 2002). After 7 min of
baseline recording, steady suction was applied at —15 and
—30 mmHg in fixed order, for 7 min each. Mean arterial
pressures and cerebral blood flow velocities were averaged
for 5 min, after a 2 min stabilization period, during the
2nd to 7th minute of each 7 min period.

Upright tilt (preflight, landing day)

After a minimum 10min recovery period following
the preceding intervention, baseline data collection was
repeated for 5min in the supine position. Then, the
astronaut was tilted smoothly to a 60 deg upright position,
over 10-15 s, to remain upright for 10 min. Automated cuff
blood pressure and cerebral blood flow velocity recordings
during tilt were analysed after a 2 min stabilization period,
during the 2nd to 4th minute. Then, cardiac output was
measured and blood was drawn for plasma noradrenaline
determinations. Data were analysed during the 7th to
9th minute, for comparisons between pre- and postflight
conditions.
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Spectral analysis

The analog arterial pressure and peak envelope of Doppler
cerebral blood flow velocity were sampled simultaneously
at 100 Hz and digitized at 12 bits. Real-time beat-by-beat
values of mean arterial pressure and mean cerebral blood
flow velocity were calculated as true electronic averages of
each integrated waveform and stored in the memory of the
Multiflow device.

To evaluate the relation between pressure and flow
as ‘dynamic), cerebral autoregulation, beat-by-beat mean
arterial pressures and cerebral blood flow velocities during
quiet spontaneous breathing were integrated for each
cardiac cycle, from the 5 min of baseline recordings for
lower body suction preflight, after 1 and 2 weeks in space,
and 24 h after landing, and from the 5th minute of baseline
recordings during upright tilt on landing day. Beat-by-beat
mean arterial pressure and cerebral blood flow velocity
were then linearly interpolated and resampled at 4 Hz
for spectral analysis. Spectra of mean arterial pressure
and cerebral blood flow velocity were calculated with fast
Fourier transforms, and the transfer function between
these two variables was calculated with a cross-spectral
method to assess dynamic cerebral blood flow auto-
regulation (Zhang et al. 19984, 2000, 2002). Spectral
power, mean transfer function gain, phase and coherence
functions were calculated in very low- (0.02-0.07 Hz),
low- (0.07-0.20 Hz) and high-frequency (0.20-0.35 Hz)
ranges.

These ranges were chosen to reflect different patterns
of the dynamic pressure—flow relation, as previously
identified by transfer function analysis (Zhang et al.
19984, 2000, 2002). Coherence functions were calculated
to assess the linear relation between the two variables and
the reliability of the transfer function gain and phase.
Phase estimates were calculated to determine the temporal
relation between these two variables. Transfer function
gain estimates were calculated to quantify the ability of the
cerebral vascular bed to buffer changes in cerebral blood
flow velocity induced by transient arterial pressure changes
at different frequencies. For example, if coherence is low
(< 0.50), the signals tend to be independent of each other,
suggesting effective autoregulation. When coherence is
high, however, pressure and velocity vary together closely,
and the gain can be used to evaluate the effectiveness of
cerebral autoregulation. If the gain is small, large changes
in blood pressure lead to only small changes in cerebral
blood flow velocity, implying effective autoregulation.
Conversely, if the gain is large, large changes in pressure
lead to similarly large changes in flow velocity, implying
impaired autoregulation.

Statistical analysis

Data are given as means =+ s.E.M. Data across conditions
(pre-, in- and postflight) were compared with a repeated
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measures analysis of variance (ANOVA) with Dunnet’s
post hoc test for multiple comparisons, with measurements
made ~23days preflight as the baseline condition.
Changes in response to upright tilt between preflight and
landing day sessions, or among responses to lower body
suction across conditions (pre-, in- and postflight) were
examined with a repeated measures, two-way analysis
of variance. If a significant interaction was observed,
a Student-Newman—Keuls post hoc test was used to
determine the source of the difference. All statistical
analyses were performed with a personal computer-based
analysis program (Abstat, Anderson-Bell, Denver, CO,
USA). A Pvalue of 0.05 was considered significant.

Results
Baseline measurements

Table 1 and Fig. 1 indicate haemodynamic measurements
across sessions and interventions. Most baseline
measurements were similar before, during and after
spaceflight. However, mean arterial pressure was
significantly higher on landing day than during the
preflight session. Mean baseline cerebral blood flow
velocities and end-tidal carbon dioxide partial pressures
did not vary significantly across sessions. End-tidal carbon
dioxide partial pressures averaged 39.6 £ 0.7, 38.6 + 1.8
and 42.5 + 1.8 mmHg during preflight, landing day and
24 h after landing day sessions (n =6, n.s.).

Responses to simulated and real orthostatic stress

Lower body suction. Figure 2 shows mean arterial
pressure and cerebral blood flow velocity responses to
lower body suction. Lower body suction tended to raise
mean arterial pressure and lower mean cerebral artery
blood flow velocity. However, the increase of pressure was
significant only 24 h after landing, and the reduction of
cerebral blood flow velocity was significant only during
the preflight session.

Upright tilt. Figure 3 shows pre- and postflight responses
to upright tilt. Mean arterial pressure was similar before
and during tilt, and changes occurring during tilt were
similar before and after spaceflight. Cerebral blood flow
velocity before spaceflight decreased significantly by
10 min of tilt. Reductions of cerebral blood flow velocity
during tilt after spaceflight were not significant, but
the absolute and percentage changes were significantly
less than those recorded before spaceflight (absolute,
—44+3cms™'  after versus —14+3cms™! before,
P =10.001 for the interaction statistic, two-way ANOVA,
n=6;and —8.0 &= 4.8% after versus —24.8 & 4.4% before,
P <0.05)
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Table 1. Haemodynamic data

In-flight Post-flight
1 week 2 weeks Landing 24 hours
Pre-flight in space in space day recovery
Supine rest
n 6 4 4 6 6
MBP (mmHg) 84+4 85+6 95+ 2 99 + 3* 83+5
CBFvel (cms™") 52+2 46 +3 54 +7 50 + 3 57+4
Lower body suction
n 6 4 4 — 6
MBP (mmHg)
0 mmHg 84+4 85+ 6 95 +2 — 83+5
—15 mmHg 84+5 87+4 99 +3 — 86+7
—30 mmHg 85+5 90 + 3 98 +3 — 89 + 77
CBFvel (cm s~ ")
0 mmHg 52 +2 46 + 3 54 +5 — 57+4
—15 mmHg 52+3 45+ 2 53+6 — 55+5
—30 mmHg 47 £+ 2% 45+ 3 5116 — 5445
Upright tilt
n 6 — — 6 —
MBP (mmHg)
Supine 89 + 1 — — 91+3 —
Tilt 5 95+ 2 — — 89 +2 —
Tilt 10 93 +2 — — 90 +3 —
CBFvel (cms~1)
Supine 55+3 — — 50+ 3 —
Tilt 5 45 + 2 —_ —_ 48 +£3 —
Tilt 10 40 + 27 — — 46 + 3 —

Average (+ s.e.M.) mean blood pressure (MBP) and cerebral blood flow velocity (CBFvel),
preflight, in-flight (1 week and 2 weeks in space), on landing day, and postflight (24 h
recovery), at supine rest, during lower body suction, or after 5 and 10 min 60 deg upright
tilt (Tilt 5 and Tilt 10). *P < 0.05 compared with preflight; {P < 0.05 compared with baseline
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(0 mmHg, or supine).

Dynamic cerebral autoregulation

Group average frequency domain data are given in Table 2
and shown in Fig. 4. Mean arterial pressure spectral power
did not change significantly during any session. Cerebral
blood flow velocity spectral powers at very low and
high frequencies also were similar before, during and
after spaceflight. However, cerebral blood flow velocity
spectral power at low frequencies was significantly less
after 1 week in space and on landing day than before
spaceflight (Table 2). Coherence between arterial pressure
and cerebral blood flow velocity fluctuations, which was
above 0.5 in all but one subject during all sessions, was
unchanged at very low and high frequencies, but was
significantly lower at low frequencies after 1 week in space.
Similarly, transfer function gain between mean arterial
pressure and cerebral blood flow velocity was unchanged
at very low and high frequencies, but was significantly
reduced at low frequencies: responses were decreased by
26% after 1 week in space, by 23% after 2 weeks in space
and by 27% on landing day, compared with preflight
measurements (all P < 0.05, Figs 4 and 5). These changes
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of transfer function gain are more than twice the typical
error calculated from the two preflight sessions (12%).

Discussion

We studied static and dynamic cerebral vascular control
in astronauts before, during and after space travel,
because terrestrial analogues of weightlessness suggest that
disordered cerebral autoregulation may contribute to post-
spaceflight orthostatic intolerance. Our results indicate
that: (1) reductions of cerebral blood flow velocity during
lower body suction are similar before, during and after
spaceflight; (2) reductions of cerebral blood flow velocity
during upright tilt are smaller after than before space
travel; and (3) dynamic fluctuations of cerebral blood flow
velocity in response to changes of arterial pressure, as
reflected by transfer function gain, phase and coherence,
are significantly less in the low-frequency range during
and after than before spaceflight. These results reject
the hypothesis that exposure to microgravity impairs
cerebral autoregulation and suggest rather that micro-
gravity improves it.
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Orthostatic intolerance and cerebral autoregulation

In most subjects studied during upright tilt, autonomic
reflexes and cerebral autoregulatory changes of vascular
resistance work in concert to maintain constant levels of
cerebral perfusion, and thereby prevent presyncope and
syncope (Schondorfetal. 1997). In some subjects, however,
arterial pressure falls; in this circumstance, cerebral auto-
regulation may nonetheless maintain normal levels of
cerebral blood flow or it may fail, leading to reductions of
cerebral blood flow and presyncope (Novak et al. 1998). A
third, seemingly paradoxical group of subjects, maintains
systemic arterial pressure at normal levels during upright
tilt but becomes presyncopal because cerebral auto-
regulatory mechanisms fail (Jacob et al. 1999).

Thus, cerebral autoregulation and reflex mechanisms
that maintain systemic arterial pressure may change
independently, and disordered cerebral autoregulation by
itself may contribute to orthostatic intolerance. Bondar
et al. (1995) and Zhang et al. (1997, 1998b) showed
that in healthy volunteers, mean cerebral blood flow
velocity may fall during lower body suction, even though
systemic arterial pressure remains constant. As mentioned
in the introduction, the occurrence of presyncope during
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Figure 1. Mean arterial pressure and cerebral blood flow
velocity

Average (% s.e.M.) and individual mean blood pressure and cerebral
blood flow (CBF) velocities, preflight, in-flight (1 and 2 weeks in space),
on landing day and postflight (24 h recovery). In this and subsequent
figure, standard error bars appear to be missing for some points
because of the tight data and small standard errors. Each astronaut is
represented by the same symbols in all figures, in this and other
Neurolab articles (Levine et al. 2002; Fu et al. 2002). Astronauts 1-6
are represented by 0, A, 0, ®, mand A, respectively. There were no
statistically significant differences compared with preflight in cerebral
blood flow velocity. *P < 0.05 compared with preflight.
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standing in some astronauts who do not have hypotension
(Buckey et al. 1996) raises the possibility that changes
of cerebral autoregulation during spaceflight adversely
affect astronauts’ orthostatic tolerance when they return
to Earth.

Static cerebral autoregulation in microgravity

Published evidence supports the possibility that micro-
gravity impairs cerebral autoregulation. In rats, micro-
gravity, as simulated by tail-suspension, causes a persistent
cephalad fluid shift and provokes hypertrophy of the
mediallayer of cerebral arteries (Wilkerson et al. 1999). The
situation in humans is probably more complex, such that
actual spaceflight probably leads to sequential increases
followed by decreases of cerebral artery dimensions
(Watenpaugh & Hargens, 1996). In either case, sustained
changes of cerebral artery dimensions may remodel
cerebral vessels and alter either intrinsic myogenic
mechanisms or responsiveness of cerebral vessels to
changes of neural input or the metabolic milieu, and
impair steady-state cerebral autoregulation. Indeed, in
humans, spaceflight or simulated microgravity alters
several factors involved in cerebral autoregulation: blood
volume and presumably vascular dimensions decline
(Alfrey et al. 1996; Iwasaki et al. 2000, 2004; Pawelczyk
et al. 2001; Levine et al. 2002); parasympathetic heart rate
modulation changes (Iwasaki et al. 2000, 2004); muscle
sympathetic nerve activity, plasma noradrenaline levels
and noradrenaline spillover increase (Ertl ef al. 2002);
and plasma nitrite/nitrate concentrations, indices of end-
othelial nitric oxide release, decline (Kamiya et al. 2000).

Simulated microgravity studies in humans show no
major changes of cerebral blood flow velocity during
supine rest (Pavy-Le Traon ef al. 1995, 2002; Zhang et al.
1997). However, mean cerebral blood flow velocity falls
significantly more during graded lower body suction after
than before prolonged head-down bed rest, before the
occurrence of hypotension (Zhang et al. 1997). This raises
the possibility that spaceflight impairs static cerebral auto-
regulation, leading to orthostatic reductions of cerebral
blood flow and presyncope, despite adequate autonomic
neural control of systemic arterial pressure (Levine et al.
2002).

There are several reports of cerebral blood flow
velocity in humans exposed to microgravity. Bagian
& Hackett (1991) evaluated four astronauts with
transcranial Doppler ultrasound measurements in space,
and observed no clear change between pre- and in-flight
measurements. Arbeille et al. (2001) also reported stable
cerebral blood flow velocities during space missions
lasting 6 days to 6 months. Herault et al. (2000) observed
that the ratio of cerebral to femoral blood flow velocities
increased less during lower body suction in space,
and on Earth on the day of return from space, than it
did on Earth in preflight experiments. Increases of this
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Figure 2. Responses to lower body suction

Average (% s.e.m.) and individual mean blood pressure and cerebral blood flow (CBF) velocities during lower body

suction. #P < 0.05 compared with baseline (0 mmHg).

ratio (which includes femoral arterial blood flow velocity
changes secondary to hypovolaemia) were significantly
correlated with orthostatic tolerance. However, blood
pressure during these manoeuvres was not reported,
and the interpretation of this indirect index of blood
flow distribution is unclear. Fritsch-Yelle et al. (1996)
studied astronauts’ cerebral blood flow velocity with
transcranial Doppler ultrasound during standing, before
and after spaceflight. Although some subjects experienced
orthostatic presyncope after space travel, there were no
clear differences in Doppler measurements in presyncopal
and non-syncopal groups. Moreover, these measurements
were made after inhalation of carbon monoxide, which
increases cerebral blood flow velocity (Rucker et al. 2002),
and carbon dioxide concentrations were not reported.
Serrador et al. (2000b) measured cerebral blood flow
velocity in subjects during repeated parabolic flights,
interventions that provoke brief (tens of seconds) micro-
gravity, alternating with hypergravity. Middle cerebral
artery blood flow velocity decreased to a significantly
greater extent in seven of 13subjects who were
orthostatically intolerant after parabolic flights than in the
remaining six subjects who were orthostatically tolerant.
Importantly, reductions of cerebral blood flow velocity
were not associated with reductions of blood pressure in
either group.

In the present study, static cerebral blood flow velocity
did not change at rest and was well maintained during
orthostatic stress simulated by lower body suction
in-flight. Moreover, decreases of cerebral blood flow
velocity during upright tilt were significantly smaller after
than before spaceflight; indeed, none of the six astronauts
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had a greater reduction during upright tilt on landing
day than before spaceflight. Thus, spaceflight does not
seem to impair, and may even enhance, static cerebral
autoregulation. By extension of this argument, impaired
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Figure 3. Responses to 60 deg upright tilt

Average (+ s.e.m.) and individual mean blood pressure and cerebral
blood flow (CBF) velocities in the supine position and after 5 and

10 min 60 deg upright tilt (Tilt 5 and Tilt 10), preflight and postflight
on landing day. #P < 0.05 compared with baseline (supine).
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Table 2. Spectral analyses of mean arterial pressure and cerebral blood flow velocities

In-flight Post-flight
Preflight 1 week 2 weeks Landing day 24 h recovery
(n:6) (n:4) (n=4) (n:6) (I"I:G)
VLFmgp (MmHg?) 3.50 + 1.00 4,52 +0.89 3.17 £ 0.58 3.13+0.32 3.63+1.22
VLFcgrvel (cm? s72) 3.12+1.36 3.07 +0.34 3.26 +0.28 1.58 £ 0.19 3.60 + 0.88
CohVLF (a.u.) 0.44 +0.08 0.33+0.05 0.44 +0.07 0.47 £ 0.04 0.50 + 0.03
GainVLF (cm s~ mmHg~") 0.61+0.11 0.47 £ 0.09 0.62 +0.03 0.47 £0.03 0.74 + 0.05
PhaseVLF (rad) 0.77 £0.27 —0.05+0.39 0.16 + 0.21 1.07 £0.21 0.80 +0.18
LFvep (MmHg?) 1.88 £0.33 1.36 £0.21 1.43+£0.22 1.43+£0.12 2.89 +0.97
LFcgrvel (€m? s72) 1.98 + 0.34 1.13£0.21* 1.44 £0.20 1.07 £0.15* 2.01+0.29
CohLF (a.u.) 0.71+£0.03 0.53 + 0.07* 0.63 +0.03 0.66 + 0.05 0.69 + 0.03
GainLF (cm s~' mmHg~") 1.11 £ 0.09 0.78 + 0.10* 0.81 + 0.09* 0.80 £ 0.07* 0.90 +0.13
PhaseLF (rad) 0.66 +£0.15 0.61 +0.09 0.58 + 0.05 0.74 £ 0.08 0.56 + 0.07
HFvep (MmMHg?) 0.11£0.03 0.12 £ 0.04 0.13+0.02 0.26 +0.08 0.21+0.08
HFcgrvel (cm? s72) 0.18 +0.04 0.16 + 0.06 0.15 +0.06 0.49 +0.21 0.37 +0.17
CohHF (a.u.) 0.51 +0.05 0.46 £ 0.08 0.44 +0.02 0.58 + 0.07 0.61+0.07
GainHF (cm s~' mmHg~") 0.94+0.11 0.73 £ 0.07 0.69 + 0.09 0.79 +£0.10 1.07 £ 0.15
PhaseHF (rad) 0.27 £0.11 0.07 £0.15 0.14 +0.07 0.19 +0.05 0.27 +0.11

Values are means =+ s.e.M. VLFygp, very low-frequency component of the mean blood pressure variability; VLFcgryel, very
low-frequency component of cerebral blood flow velocity variability; CohVLF, coherence in the very low-frequency range;
GainVLF, transfer function gain in the very low-frequency range; PhaseVLF, phase in the very low-frequency range;
LFmgp, low-frequency component of the mean blood pressure variability; LFcgryel, low-frequency component of the
cerebral blood flow velocity variability; CohLF, coherence in the low-frequency range; GainLF, transfer function gain in
the low-frequency range; PhaselF, phase in the low-frequency range; HFygp, high-frequency component of the mean
blood pressure variability; HFcgrvel, high-frequency component of the cerebral blood flow velocity variability; CohHF,
coherence in the high-frequency range; GainHF, transfer function gain in the high-frequency range; PhaseHF, phase in the

high-frequency range. *P < 0.05 compared with preflight.

cerebral autoregulation cannot explain the inability to
remain standing for 10min after spaceflight despite
preserved arterial pressure in some astronauts (Buckey
et al. 1996). We speculate that other mechanisms, such
as kinesthetic or vestibular discordance (Young et al.
1996), may be responsible for this orthostatic intolerance
with a normal blood pressure. For example, postural
instability from changes in somatic sensory mechanisms or
vestibular dysfunction could make standing difficult after
space flight, even with normal cerebral blood flow and
autoregulation.

Dynamic cerebral autoregulation in microgravity

Transcranial  ultrasonography vyields beat-by-beat
measurements of large cerebral artery flow velocities
(Raslid et al. 1982), which fluctuate with and buffer
dynamic changes of arterial pressure. Transfer function
analysis quantifies the ability of cerebral vessels to respond
to beat-by-beat arterial pressure changes, and thus yields
insights into dynamic, frequency-dependent properties
of cerebral autoregulation (Zhang et al. 19984, 2000,
2002). For example, short-term fluctuations in cerebral
blood flow velocity at high frequencies (> 0.20 Hz, or
faster than every 5s), closely match those observed in
arterial pressure, and probably reflect a simple mechanical

response to systemic arterial pressure changes, without
effective cerebral vasomotor buffering. In contrast,
slow fluctuations (below about 0.07 Hz, or slower than
every 14 s; Blaber et al. 1997; Zhang et al. 19984, 2000,
2002; Panerai et al. 1999; Lipsitz et al. 2000; Ogoh et al.
2005; Ogawa et al. 2006) in cerebral blood flow velocity
are more independent of changes in arterial pressure
(low coherence or low gain), indicating that dynamic
autoregulation is more effective at lower frequency ranges.
Thus, the buffering capacity of the cerebral vascular bed is
dependent on the frequency of fluctuations in perfusion
pressure.

In the present study, we tested the hypothesis that
dynamic cerebral autoregulation is impaired by changes
occurring in microgravity, including, especially, increases
in sympathetic nerve activity (Ertl et al. 2002), which
may shift the autoregulatory relation (Giller, 1990) right-
wards and thereby increase the dependency of cerebral
blood flow on changes of blood pressure (Levine et al.
1994; Zhang et al. 1997). We found that the gain
between arterial pressure and cerebral blood flow velocity
variability atlow frequencies decreases significantly during
and immediately after spaceflight. In other words, smaller
oscillations in cerebral blood flow velocity occur for given
changesin blood pressure, which is suggestive of improved,
rather than impaired, dynamic cerebral autoregulation.

© 2007 The Authors. Journal compilation © 2007 The Physiological Society
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Thus, reductions of cerebral blood flow velocity at low
frequencies were less during spaceflight and on landing
day than before spaceflight. Reasons for the discrepancy
between the results from a simulated microgravity study
(Zhang et al. 1997) and the present spaceflight study are not
apparent. Head-down tilt-bed rest leads to a persistently
increased headward hydrostatic pressure gradient, which
is not observed in space (Watenpaugh & Hargens, 1996).

Mechanisms underlying improved dynamic cerebral
autoregulation are unclear. One potential explanation is
that spaceflight increases the responsiveness of cerebral
vascular smooth muscle to changes of transmural pressure.
This possibility is supported by a simulated microgravity
study (Pavy-Le Traon et al. 2002). In this study, net
cerebral vascular responses to abrupt thigh cuff release
were not impaired. However, the time to maximum
vasodilatation was longer in subjects who experienced
orthostatic intolerance after 7 days of bed rest than in
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subjects who did not. In our study, no astronaut developed
orthostatic intolerance.

Limitations

There are several potential limitations in the present
study. First, transcranial Doppler ultrasound signals may
not be reproducible if the angle of insonation or the
position of the insonation window is not constant during
serial experiments. However, in our experiments, we
precisely positioned and fixed the Doppler probe with
custom-made holders molded to each astronaut’s facial
bone structure and ear (Giller & Giller, 1997). This resulted
in relatively small repeated measurement errors in two
preflight sessions.

Second, cerebral blood flow velocity is not necessarily
equivalent to cerebral blood flow, since the relationship
between velocity and flow depends on the area of the

Post-ﬂight (24 hours recovery)
Post-flight (landing day)

In-flight (2 weeks)

In-flight (1 week)

Pre-flight

>

Post-flight (24 hours recovery)
Post-flight (landing day)

In-flight (2 weeks)

In-flight (1 week)

re-flight

Post-flight (24 hours recovery)
Post-flight (landing day)

In-flight (2 weeks)

In-flight (1 week)

Pre-flight

Figure 4. Group-averaged frequency-domain analysis of changes in mean blood pressure and cerebral
blood flow velocity before, during and after spaceflight

Power spectral density of mean blood pressure (PSD-MBP) and cerebral blood flow velocity (PSD-CBFvel), and
coherence, phase and transfer function gain (Gain) between mean blood pressure and cerebral blood low velocity.
(Note that because of variable spontaneous breathing rates, group-averaged data are smoothed, and that because
of enormous peak at very low frequency, the graph scale makes a spectral peak at high frequency indistinct.)
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insonated vessel. However, if middle cerebral artery
diameter remains relatively constant, changes in cerebral
blood flow velocity are proportional to changes in cerebral
blood flow. Angiographic studies (Huber & Handa, 1967),
magnetic resonance imaging with transcranial Doppler
ultrasound measurements (Serrador et al. 2000a) and
direct visualization of the middle cerebral artery during
surgery (Giller et al. 1993) indicate that during a variety of
stimuli known to affect cerebral blood flow, the diameter
of the middle cerebral artery changes only minimally (less
than 4%). Thus, it is likely that the changes of blood flow
velocity that we measured with Doppler ultrasound are
directly proportional to changes in global cerebral blood
flow (Larsen et al. 1994; Newell et al. 1994).

Third, our study suffers from a major limitation shared
by most research conducted in astronauts, namely that
the number of subjects is small. Conceivably, some of
our results might have been different with a larger
study population, though by every known criterion, these
subjects were indistinguishable from and representative of
the broader astronaut population. As a consequence, it is
possible that our inability to identify significant changes
reflects type Il statistical errors owing to the small number
of subjects. We studied six astronauts preflight and post-
flight and only four astronauts in-flight. To partly mitigate
this problem, we present individual data as much as
possible.
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Figure 5. Changes in coherence and transfer function gain
between mean blood pressure and cerebral blood flow velocity
variabilities at low frequency

Coherence at low frequency (CoherencelF), transfer function gain
between mean blood pressure and cerebral blood flow velocity
variabilities at low frequency (GainLF). *P < 0.05 compared with
preflight.
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Fourth, in our study, all astronauts were able to
remain upright at 60deg for 10min both pre- and
postflight. Conceivably, orthostatic intolerance might have
developed had more intense or more prolonged orthostatic
challenges been mounted. Zhang et al. (1997) reported
impaired dynamic cerebral autoregulation (increases in
low-frequency gain) with intense, 50 mmHg, lower body
suction after bed rest. Bondar et al. (1995) and Zhang
et al. (1997) showed that decreases of cerebral blood
flow velocity may not be apparent until just before
presyncope. This was shown also by Carey et al. (2001),
who found that autoregulatory responses to tilt are initially
preserved in patients with recurrent vasovagal syncope,
but deteriorate at the onset of vasovagal syncope. It should
be noted that the absence of presyncope during upright
posture in this study was considerably different from the
incidence of orthostatic intolerance reported in previous
spaceflight studies (e.g. Buckey et al. 1996). This apparent
difference has been discussed at length in other reports
from the Neurolab experiments (e.g. Levine et al. 2002).
We cannot exclude the possibility that the nature of the
research conducted in this complex spaceflight experiment
might have been different from other studies on astronauts,
and the previous protocols in this study might have
influenced our results. For example, some of these sub-
jects were exposed to periodic centrifugation as part of
another experiment. However, one-third of our subjects
(2 of 6) were never exposed to centrifugation, yet all their
haemodynamic and autonomic responses were identical
to those that were. Moreover, there is no evidence that
interactions between the neurovestibular system and other
circulatory control mechanisms are anything but short
lived, lasting seconds to minutes (Shortt & Ray, 1997).
Furthermore, the same experimental order was followed
during all experiments, thereby minimizing the impact of
any order effect on pre-, in- or postflight comparisons.

Fifth, arterial carbon dioxide exerts a significant
influence on cerebral blood flow and cerebral auto-
regulation (Giller et al. 1993; Zhang et al. 1998a). This
factor probably did not affect our results, since in our
study, there were no significant changes of end-tidal carbon
dioxide partial pressures during pre-, in- and postflight
sessions.

Conclusion

In conclusion, we report that decreases in static
cerebral blood flow velocity during orthostatic stress
tended to be smaller during and after spaceflight than
before, suggesting that static cerebral autoregulation was
preserved in this group of astronauts. Moreover,
fluctuations of cerebral blood flow in response to
dynamic changes of arterial pressure were smaller in
the low-frequency range during and after spaceflight
than before, pointing towards enhanced, rather than

© 2007 The Authors. Journal compilation © 2007 The Physiological Society
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impaired, dynamic cerebral autoregulation. Thus, this
Neurolab study rejects the hypotheses that abnormalities
of static or dynamic cerebral autoregulation develop
during spaceflight and contribute to impaired ability of
cerebral mechanisms to maintain cerebral blood flow
constant in the upright position on Earth.
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