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Abstract Orthostatic intolerance is common after space
flight and head-down tilt (HDT) bed rest. We hypothe-
sized that HDT-induced impairments of arterial blood
pressure (AP) control would be more marked during
exercise and that recovery of baroreflex function after
very long-term HDT would be delayed. Six subjects were
studied before (BDC) during (day 60, D60; D113) and
after (recovery day 0, R0; R3; R15) 120 days of HDT.
Supine resting subjects were exposed to repeated 1 min
passive tilts to upright at 3-min interval. During 50 W
steady-state exercise corresponding tilt had a 2-min
duration at 4-min interval. The amplitudes of the tilt-
induced transient beat-by-beat deviations in AP and rate
(HR) were determined during the gravity transients. At
rest these deviations did not change over time, but
during exercise the total peak-to-nadir range of devia-
tions in systolic AP (SAP) at up-tilt and down-tilt in-
creased to 168±16% (mean±SEM) of BDC at D113
with no clear recovery upto and including R15. Counter-
regulatory HR responses were not increased propor-
tionally and especially not tachycardic responses to up-
tilt, resulting in a reduction of baroreflex sensitivity
(DRR-interval/DSAP) by 55±9% of BDC at D113 with
no recovery upto and including R15. We conclude that
prolonged bed rest cause long-lasting impairments in AP
control and baroreflex function in exercising humans.
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Introduction

Orthostatic intolerance and decreased exercise perfor-
mance are frequently observed after head-down tilt
(HDT) bed rest (Ferretti et al. 1997; Traon et al. 1998)
and after space flight (Buckey et al. 1996; Levine et al.
1996). Levine et al.(1997) studying resting subjects, and
Sundblad et al. (2000b), studying exercising subjects,
found impairments of stroke volume (SV) after HDT.
They suggested that the SV impairments at least in part
could account for the orthostatic intolerance and the
decreased exercise capacity. In the earlier studies both
orthostatic and exercise responses after bed rest and
space flight were characterized by a marked tachycardia.
This tachycardia is not unequivocally congruent with the
result from several other studies that have provided
evidence for an impaired carotid-cardiac chronotropic
baroreflex function after bed rest (Convertino et al.
1990; Convertino and Fritsch 1992; Hughson et al. 1994)
and after spaceflight (Fritsch et al. 1992; Fritsch-Yelle
et al. 1994). However, these investigators utilized dif-
ferent methods to assess baroreflex function, and they
studied baroreflex function during supine rest only. On
the other hand, Sundblad et al. (2000c) studying exer-
cising subjects after 42 days of HDT, found no altera-
tions of the arterial-cardiac chronotropic baroreflex
sensitivity (BRS) during tilt-table-induced deviations in
arterial blood pressure (AP). It may very well be that a
more prolonged absence of the normal gravity-induced
baroreceptor loading/unloading cycles is required for
obtaining impairments of reflex cardiovascular control
also during exercise. In support of such an effect of ac-
tual and simulated weightlessness on cardiovascular
control during physical activity, Spaak et al. (2001),
studying the muscular chemoreflex, found attenuated
cardiovascular responses to sustained handgrip both
after 6–12 months space flight and (in the same group of
subject as in the present study) after 120 days of HDT.

The present study was undertaken in an attempt to
address the above-mentioned disparities. Therefore, for
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the first time, baroreflex and hemodynamic responses
to sudden shifts of posture both at rest and during
exercise were studied in the same group of subjects,
both during and after a HDT of 120 days duration. It
was hypothesized that an impaired arterial-cardiac
baroreflex function would manifest itself as a dimin-
ished chronotropic response to tilt-induced deviations
in AP. It was also hypothesized that any potential
impairment of effector organ functions would become
evident during tilt-induced orthostatic challenges, and
manifest themselves as larger than normal deviations
of AP. Finally, it was also hypothesized that these
blood pressure deviations would be more apparent
when cardiovascular demands increase during exercise,
as compared to rest.

Methods

The experiments were at the Institute for Biomedical
Problems, Moscow, during the winter and spring of
1997, in collaboration with the European Space Agency.
The experimental protocol was approved by the Russian
National Committee of Bioethics of the Russian Acad-
emy of Sciences and by the Ethics Committee of Karo-
linska Institute, Stockholm, Sweden, and informed
consent had been obtained from the subjects.

Subjects and study design

Six male subjects entered and completed the study. At
the onset of the study, their age, height, and weight were
31 (23–42) (mean [range]) years, 1.81 (1.71–1.90) m and
80 (63–114) kg. They were healthy and had passed an
extensive medical examination. They spent 120 days at
rest in �6� HDT posture. There were occasional devia-
tions from HDT during this period; subjects were
transported in supine posture to different laboratories,
and some of the laboratory tests called for other pos-
tures than HDT or supine. Including the present mea-
surements, which partly took place during the HDT
period, each subject spent a total of 935–965 min
(�0.5% of the total time) in postures other than HDT,
out of which 440 min were at +6� and the remainder
between +30 and +90�. Experiments were performed
1–2 weeks before HDT (baseline) on day 60 of HDT
(D60) and on day 113 (D113). During the recovery
period, experiments were performed on the first day
after HDT (R0) and after 3, 10 and 14–17 days of
recovery (R3, R10, R15).

The present study on baroreflex and haemodynamic
responses to sudden changes of posture was performed
in conjunction with studies of cardiac output and dif-
fusing capacity during steady-state rest (Montmerle
et al. 2002) and exercise (Spaak et al. 2005). All mea-
surements and interventions were performed by staff
from the author’s laboratory.

Procedures

On D60 and D113, subjects came to the laboratory su-
pine on a gurney, on R0 sitting in a wheelchair, and
otherwise walking. Subjects were instrumented in supine
position and then placed on a tilt frame equipped with a
cycle ergometer for dynamic leg exercise. Subjects were
studied at rest with their feet on a support below the
pedals, and during 50-W exercise, where the crank axis
of the ergometer was at the level of the heart in supine
posture. The tilt frame could be moved rapidly (�2 s)
between supine (0�) and upright (80�) postures. The
position of the subject was secured by separate supports
for the lower back, the upper back and the head, by a
bicycle saddle, and by shoulder supports. The arms of
the subject rested on a support structure in front of the
chest.

After a minimum of 6 min of rest at 0�, subjects were
tilted rapidly to 80� for 60 s and then back to 0�. This
procedure was repeated five times with 120 s of 0� in
between. Thereafter a similar tilt sequence was per-
formed during 50-W steady-state dynamic leg exercise:
after a 6 min warm-up period of exercise in supine
posture, the exercising subjects were tilted for 120 s to
80�, thereafter back to 0� for 120 s. This sequence was
repeated five times. No signs of orthostatic intolerance
were observed during these procedures besides the
marked HR increases in upright posture during exercise.

Equipment and measurements were essentially the
same as in a previous, shorter bed rest study (Sundblad
et al. 2000b, c). Briefly, continuous beat-by-beat AP and
heart rate (HR) recordings were obtained from a pho-
toplethysmographic finger-cuff device (Finapres 2300,
Ohmeda, Englewood, CO, USA) and an ECG, respec-
tively. The hydrostatic pressure differences between the
finger cuff and two reference sites were determined with
open-ended fluid-filled catheters (Linnarsson and Ro-
senhamer 1968) connected to pressure transducers
(Sensortechnics GmbH, Pucheim, Germany). One ref-
erence site was the heart level defined as the intersection
of a transversal line through the fourth intercostal space
at the sternum and the mid-axillary line, and the other
was the carotid sinus.

Data acquisition and analysis

Data were stored at 100 Hz per channel with a PC-based
data collection system (Biopac MP 100, with software
AcqKnowledge 3.1, Biopac Systems Inc., Goleta, CA,
USA). Off-line analyses were performed with LabView
5.1 software (National Instruments, Austin, TX, USA),
and included determinations of AP at a level halfway
between the heart and the carotid (Sundblad et al.
2000a,b,c). HR, R–R interval (RRI) and mean blood
pressure (MAP) can, by definition, not be known until
the cardiac cycle is completed. In the present off-line
analysis, these data were shifted back in time to the RRI
when they actually occurred.
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Beat-by-beat systolic AP (SAP), MAP, HR, and RRI
were analysed for tilt-induced peaks and nadirs. Tilt-
induced blood pressure and chronotropic responses
(DSAP, DMAP, DHR, DRRI) were determined as the
difference between a pre-tilt average between 30 and 5 s
before a tilt and a subsequent peak or nadir. For each
subject, variable, rest/exercise condition, tilt direction
and experiment day, five sets of data were obtained, one
for each tilt repetition. The highest and the lowest re-
sponse values were discarded and an average was com-
puted from the three remaining values. This procedure
was chosen to minimize the impact of spurious peak and
nadir readings.

Arterial-cardiac chronotropic BRS was computed as
the ratio of a tilt-induced chronotropic response over the
preceding blood pressure response (Linnarsson et al.
1996; Sundblad et al. 2000c). For ease of comparison
with other studies, BRS estimates were obtained both as
DHR/DMAP and as DRRI/DSAP.

As an index of the overall efficiency of the blood
pressure control to meet short-term orthostatic chal-
lenges, the ranges of SAP and MAP fluctuations were
determined over whole up-tilt/down-tilt sequences.
These ranges were computed as the differences between
the highest and the lowest AP and HR values that were
obtained in the beat-by-beat recording for each up-/
down-tilt sequence.

Statistics

Statistical analyses was performed using an analysis of
variance (ANOVA) with Dunnett’s Post-hoc test when

applicable. Significance was accepted at P values below
0.05. Results are expressed as mean ± standard error of
the mean (SE).

Results

Figure 1 shows typical time courses of beat-by-beat
mean- and systolic APs and HR during a single up-tilt/
down-tilt sequence in one exercising subject. The figure
also indicates how parameters such as peak/nadir tilt-
induced responses were extracted from individual
recordings. Both at rest and during exercise, the sudden
transitions between 0 and 80� and the reverse were
associated with large but short-lasting changes in blood
pressure and HR. In the resting experiments, the
amplitudes of these blood pressure fluctuations did not
change between experimental occasions, but during
exercise, tilt-induced fluctuations of SAP and MAP were
markedly increased during and after HDT (Fig. 2).
Thus, the total peak-to-nadir range of down-tilt-induced
transient increases and up-tilt-induced transient de-
creases of SAP was widened to 163±13 and 168±16%
of the BDC range at D60 and D113, respectively. Cor-
responding values during recovery were 157±15,
144±20 and 154±26%, at R0, R3 and R15, respec-
tively, that is, with no significant recovery during the
post-HDT observation period.

The amplitudes of tilt-induced HR fluctuations
(Fig. 3) did not change significantly with time when
determined at rest, but during exercise HR fluctuations
at down-tilt were significantly increased (Fig. 3) to
142±14 and 133±7% of baseline on D60 and D113,

Fig. 1 Time courses of heart rate (HR), mean arterial pressure
(MAP) and systolic arterial pressure (SAP) at a site half-way
between the heart and the carotid sinus in one subject performing
50-W steady-state exercise and being passively tilted from supine
(0�) to upright (80�) and the reverse. The extractions of pre-tilt
levels and of peak or nadir response amplitudes and peak-to-nadir

response ranges are exemplified. The instant of 30� tilt angle is
indicated by a vertical line. The beat-by-beat recording shows
relatively large variations with time during single-tilt transients.
For each subject the data for pre-tilt levels and peak/nadir values
were based on five such transients
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respectively. Amplitudes of tilt-induced HR fluctuations
did not differ from baseline after HDT, but showed a
trend of a more gradual return to BDC levels with
126±20%, 118±10% and 94±15% of BDC at R0, R3
and R15, respectively.

Pre-tilt supine HR values at rest were elevated on R0
and R3, whereas the upright values (after the initial
transient) did not differ from BDC during and after
HDT. During exercise, all steady-state HR values in
both postures were elevated from D60 and onwards
compared to BDC. Pre-tilt supine SAP was elevated
from D113 and onwards during rest, and from D60 and
onwards during exercise. In contrast, upright SAP (after
the initial transient) did not differ from BDC in any of
the conditions (Fig. 3).

Arterial-cardiac chronotropic BRS is presented
separately for rest (Fig. 4) and exercise (Fig. 5) due to
different scales. At rest, the only significant alterations of
BRS compared to baseline were for DRRI/DSAP on R0.

During exercise, however, BRS computed as DRRI/
DSAP was significantly depressed during the HDT and
recovery periods, and both for up- and down-tilts
(Fig. 5). For up-tilt, DRRI/DSAP was significantly re-
duced to 55±8 and 55±9% of baseline at D60 and
D113 with no further change after HDT, when DRRI/
DSAP averaged 49±6, 54±8 and 45±9% at R0, R3
and R15, respectively. Exercise BRS computed as DHR/
DMAP during down-tilt was not changed during HDT
but tended to be depressed during up-tilt from D60
and onwards (P=0.055–0.096) and was significantly
depressed compared to control on R15.

Table 1 lists the timing of tilt-induced changes in HR
and MAP relative to the instant of 30� tilt angle, and
response times until peak/nadirs of the same variables.
Values for time delays and response times did not differ
between experimental days. MAP started to change as
soon as the tilt started and approximately 1 s before the
30� tilt angle was reached. HR started to change later

Fig. 2 Group mean pre-tilt and
peak/nadir values of SAP and
MAP as defined in Fig. 1
during rest and 50-W exercise.
Vertical lines connect pairs of
pre-tilt values with tilt-induced
peak/nadir values. BDC base-
line data collection; D60, D113,
after 60 and 113 days of �6�
head down-tilt (HDT) bed rest;
R0, R3, R15, after 0, 3 and
15 days of recovery. Asterisk
significantly different level
compared to BDC (P<0.05,
N=6); Dagger significantly
different response versus BDC;
Double dagger significantly
different range of responses
versus BDC

Fig. 3 Heart rate (HR) values
during the same conditions as in
Fig. 2
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than MAP; at rest, the delay in HR response from the
onset of MAP change was about 1 s during up-tilt and
about 4 s during down-tilt. Both at rest and during
exercise, the peak/nadir responses of HR occurred later
during up-tilt than during down-tilt.

Discussion

The ultimate purpose of the systemic circulation is to
provide adequate perfusion to all the various tissues of
the body under conditions of varying metabolic needs
and environmental conditions, such as during rest versus
exercise or supine versus upright posture. However, it
appears that it is the AP rather than the tissue perfusion
that is the most tightly controlled variable (Blomqvist
and Stone 1983; Rowell et al. 1996). Tissue perfusion
deficit appears to have a direct impact on cardiovascular
control only during ischemic dynamic (Eiken et al. 1992;
Sundberg and Kaijser 1992; Papelier et al. 1997) and
isometric (Rowell and O’Leary 1990; Spaak et al. 1998)
muscle activity. Its role during conditions of free-flow
muscle perfusion has not been established (Papelier et al.
1997). It can therefore be argued that the most relevant
test of the short-term cardiovascular control would be

the ability to maintain AP rather than tissue perfusion.
It is reasoned that the less efficient the cardiovascular
control or function, the more the fluctuations would
appear in AP during orthostatic cardiovascular chal-
lenges. Indeed, it is found that deviations of both mean-
and systolic APs induced by up- and down-tilting were
significantly increased during exercise in the group of
subjects from D60 of the HDT and onwards, with no
clear recovery upto and including R15. This trend was
not found in the tilt tests performed during rest. These
two observations show that, from a functional point of
view, cardiovascular control during short-lasting gravi-
tational challenges during the additional stress of dy-
namic exercise is impaired after long-term HDT, but the
ability to control AP during the same challenges at rest
appears to be satisfactory even after such an extended
HDT period as 120 days.

Determinations of tilt-induced AP deviations will not
in itself define the nature of the failure to defend the AP
in the face of sudden orthostatic challenges during
dynamic exercise; there might be impairments of cardiac
chronotropic, cardiac inotropic and vasomotor control
functions. These impairments may in turn be caused
by alterations at the levels of the baroreceptors, the
central processing of afferent signals, or in the effector
organs. In the intact human, however, a separation of
these categories is possible only to a limited extent.

Fig. 4 Baroreflex sensitivity (BRS) obtained as DHR/DMAP
(Figs. 1, 2) or as DR–R interval (RRI)/DSAP during rest. Values
shown are mean ±SE, and have been obtained separately for
up-tilt and down-tilt. See also Figs. 2 and 3 for explanations

Fig. 5 Same variables and conditions as in Fig. 4, but during 50-W
leg exercise
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Several studies have demonstrated that sustained
reductions of the normal baroreceptor loading/unload-
ing cycles lead to a decreased carotid-cardiac chrono-
tropic BRS, such as after bed rest (Convertino et al.
1990; Eckberg and Fritsch 1992), in quadriplegics
(Convertino et al. 1991) and after spaceflight (Fritsch
et al. 1992; Fritsch-Yelle et al. 1994). These decreases in
carotid–cardiac BRS have all been tested by applying
suction or positive pressure in a chamber around the
neck, and they have all been tested during conditions of
supine rest. Only two previous studies of HDT-induced
changes in arterial–cardiac–chronotropic BRS during
exercise have been performed, by Haruna et al. (1997)
and Sundblad et al. (2000c) In contrast to the previous
studies on resting subjects (Convertino et al. 1990;
Convertino and Fritsch 1992; Eckberg and Fritsch 1992;
Fritsch-Yelle et al. 1994), the BRS was found to be
unchanged after 20 and 42 days of HDT, respectively.
Haruna and Suzuki (1997) also tested the BRS during
sitting and supine rest and found that post-HDT BRS
was reduced when tested in supine position during rest
but not during upright-seated rest and not, as men-
tioned, during exercise.

An important difference between the testing algo-
rithms used during rest (Convertino et al. 1990, Con-
vertino et al. 1992; Convertino and Fritsch 1992; Fritsch
et al. 1992; Fritsch-Yelle et al. 1994) and later tests
performed during exercise (Haruna and Suzuki 1997;
Sundblad et al. 2000c) was that the BRS in the latter
case was derived from changes of HR as a function of
mean AP, rather than RRI as a function of systolic
pressure. Traditionally, arterial-cardiac-chronotropic
BRS has been defined in terms of RRI and systolic AP,
since RRI has been shown to have a linear relationship
to the vagal outflow to the heart (Parker et al. 1984), and
since the arterial baroreceptors are sensitive to both
static and pulsatile components of the AP (Eckberg and
Sleight 1992). However, the non-linear inverse relation-
ship between RRI and HR causes a given HR response
to appear smaller when starting from a higher initial
HR, if the chronotropic response is expressed in terms of

RRI instead of HR. Therefore, several research groups
(Melcher and Donald 1981; Potts et al. 1993; Papelier
et al. 1994; Sundblad et al. 2000a), comparing BRS at
different work intensities, and consequently at different
HR, have chosen to quantify chronotropic responses to
baroreflex stimuli in terms of HR in order to use a
parameter that has both a linear relationship to arterial
pressure and is independent of the initial HR. Also,
when defining the input stimulus in studies of baroreflex
control during exercise in humans, a majority of inves-
tigators have selected mean AP at the baroreceptor site
rather than the systolic pressure (Potts et al. 1993; Toska
and Eriksen 1993; Papelier et al. 1994; Linnarsson et al.
1996). Although it can be argued that both the static and
the pulsatile components of AP contribute to the baro-
receptor signal output (Eckberg and Sleight 1992),
experiments with intact humans have indicated that
when systolic AP on one hand, and diastolic and mean
AP on the other hand are changed in opposite directions
by a combination of fluid infusion and vasoactive
pharmaceuticals (Sanders et al. 1988), HR and forearm
vascular conductance appear to be more influenced by
diastolic and mean AP than by systolic.

In an attempt to avoid problems of interpretation
and to allow comparison with previous work with dif-
fering BRS testing paradigms, BRS was determined both
as DHR/DMAP and as DRRI/DSAP. Responses to up-
tilt and down-tilt were studied separately and it was
found BRS is marginally reduced when studied at rest
and then only during up-tilt (Fig. 4). When estimated
during exercise, however, BRS was markedly reduced at
D60 and D113, and showed no signs of recovery during
the 15 days of the post-HDT observation period. It
could be argued that since this decline in BRS was most
obvious when tested as DRRI/DSAP, the decline could
have been caused by an elevation of the pre-stimulus
HR. As shown in Fig. 5, steady-state supine HR during
exercise was increased during and after HDT, so the
decline in BRS obtained during the up-tilts could
potentially have been an artefact caused by changes in
pre-stimulus (pre-tilt) HR. However, despite the fact

Table 1 Timing of tilt-induced blood pressure and HR responses to rapid tilts between upright and supine postures

Up-tilt Down-tilt

Delay Peak/nadir Delay Peak/nadir

Mean SE Mean SE Mean SE Mean SE

Rest
MAP �0.65 ±0.31 6.33 ±0.75a �0.89 ±0.44 3.47 ±0.34a,b

HR 0.31 ±0.27a 10.91 ±0.84a 2.94 ±0.21a,b 6.58 ± 0.54a

Exercise
MAP �0.65 ±0.04a 5.66 ±0.57a �1.24 ±0.10a 2.25 ±0.26a,b

HR 1.17 ±0.28 12.79 ±0.59a 1.59 ±0.18b 6.38 ±0.45a

Values are times in seconds and are expressed as the mean of the average delay for each study day ± SE. Up-tilt, from supine (0�) to
upright (80�); down-tilt, from 80 to 0�; MAP mean arterial pressure; HR heart rate; Delay time from instant of 30� tilt angle until onset of
tilt-induced HR/MAP change; Peak/nadir time from instant of 30� tilt angle until the peak/nadir of tilt-induced HR/MAP change
aSignificant difference between up-tilt and down-tilt
bSignificant difference between rest and exercise
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that the exaggerated upright pre-tilt tachycardia at D113
and R0 recovered gradually at R3 and R15 towards the
baseline level, BRS as obtained from down-tilts did not
increase (Fig. 5). In summary, therefore, the present
findings suggest a decline of BRS when determined
within the range of arterial receptor pressure changes
encountered during a sudden shift in posture. This de-
cline was most obvious during exercise in combination
with hypotensive stimuli but was not evident at rest in
combination with hypertensive stimuli.

As BRS is defined as the ratio between tilt-induced
chronotropic and baroreceptor blood pressure re-
sponses, a fall in BRS could be caused by either a re-
duced chronotropic response, an increased blood
pressure response, or both. As already mentioned, it was
found that the absolute deviations in mean and systolic
APs induced by up- and down-tilting was significantly
increased during exercise in the group of subjects from
D60 of the HDT and onwards, with no clear recovery
upto and including R15. This trend was not found in the
tilt tests performed during rest. Thus, when comparing
the exercise data in Figs. 2 and 3, it appears that the
principal difference between baseline and HDT is a 60–
70% increase of the absolute amplitude of the tilt-in-
duced blood pressure responses to up- and down-tilts in
combination with only a 30–40% corresponding in-
crease of the combined absolute chronotropic responses
to up- and down-tilts. For up-tilt responses corre-
sponding figures were a 64–70% increase of the SAP
response combined with a mere 8–14% increase of the
HR response amplitude. Also, the approximately 50%
reduction of BRS to up-tilt during exercise was ac-
counted for by a relative decrease of the chronotropic
responses.

In other words, the absolute HR responses to the
more or less constant tilt-induced deviations in MAP
and SAP during rest remained essentially unchanged,
indicating a competent baroreflex regulation of both HR
and AP. At exercise, the tilt-induced deviations in MAP
and SAP were significantly increased at both up- and
down-tilts, indicating an impaired baroreflex regulation
of AP. The corresponding HR increases were essentially
unchanged at up-tilt despite the more marked drops
in AP, indicating an impaired tachycardic baroreflex
response (Sundblad et al. 2000a). Generally, the corre-
sponding HR decreases were markedly larger at down-
tilt, also during and after HDT, indicating that the
bradycardic, vagal HR control was less affected by
HDT, than HR responses to up-tilt.

Interestingly, parallel studies of BRS on the same
subjects were performed by Kamiya et al. (2000) using a
different approach, studying baseline muscle sympa-
thetic neve activity (MSNA) at supine rest, and MSNA
responses to 30 and 60� head up-tilt for 5 min. Estimates
of BRS were made during supine rest after 60 and
120 days of HDT from spontaneous systolic blood
pressure and RRI sequences. Kamiya et al. (2000) con-
firm the results of an elevated supine resting HR after
HDT, and they found attenuated BRS after both 60 and

120 days, which are supporting the present finding of
reduced BRS to hypotensive stimuli at rest on R0, that is
1 day later. Their finding of attenuated arterial-cardiac
BRS on D60, however, is at variance with the present
findings; there are, however, important methodological
differences between the two ways to assess BRS, which
may account for the difference. Thus, the blood pressure
stimulus employed by Kamiya et al. (2000) namely the
variation of blood pressure during spontaneous breath-
ing, is one order of magnitude smaller than the blood
pressure deviations occurring during the present tilt
experiments.

Kamiya et al. (2000) also found elevated baseline
MSNA and enhanced MSNA responses to 5-min head
up-tilt on D60 and D120. We speculate that the de-
creased arterial-cardiac chronotropic BRS was caused
by sympato-vagal interaction: HR responses to short-
lasting AP stimuli are mainly mediated through modu-
lation of vagal outflow to the heart (Eckberg and Sleight
1992), and there is evidence that antecedent stimulation
of cardiac sympathetic nerves slows the chronotropic
response to vagal stimuli so that it becomes gradual
rather than instantaneous (Yang et al. 1994) as is the
case without antecedent sympathetic stimulation (War-
ner and Cox 1962). Thus vagally mediated HR responses
to short-lasting stimuli, such as breath-synchronous
arterial pressure fluctuations or tilt-induced changes in
AP may not have time to develop fully in the presence of
an increased sympathetic outflow to the heart. The ori-
gin of this increased sympathetic outflow after HDT is
not known; Kamiya et al. (2000) speculate that a
diminished cardiac size may result in a smaller inhibitory
effect of cardiopulmonary baroreceptors on sympathetic
outflow. Indeed, the present findings are compatible
with such an explanation.

Sundblad et al. (2000a) studied exercising subjects,
who were rapidly tilted between supine and upright and
the reverse during pedalling at different work intensities.
They modelled the HR responses to tilt using varying
fractional contribution of rapid vagal and slower sym-
pathetic modulations of HR (Warner and Cox 1962).
They found that tachycardic responses to hypotensive
stimuli during up tilt were markedly slower at 100 and
150 W than at 50 W, probably because of the increas-
ingly dominating role of sympathetic inputs for tachy-
cardic responses at the higher work loads. It is proposed
that the greater relative effort required to perform 50-W
exercise during and after compared to before HDT also
contributed during exercise to a slowing, and thereby to
an attenuation of tachycardic responses to hypotensive
stimuli.

The extreme duration of the present study and the
unique feature of having test sessions during the HDT
period enabled to address the question whether impair-
ments of cardiovascular functions become gradually
more severe with longer HDT. The results of Kamiya
et al. (2000) and the present exercise results support the
notion that most if not all of the attenuation of arterial-
cardiac-chronotropic BRS had occurred during the first
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60 days of HDT, with no additional attenuation there-
after. Although gravity-dependent loading cycles are
practically eliminated during strict HDT, the beat-by-
beat stimulation from cardiac activity persists, and such
stimulation may be sufficient for maintaining a certain
level of arterial baroreflex function. Had, on the other
hand, gravity-dependent baroreceptor loading cycles
been solely responsible for maintaining baroreflex
function, a gradual decline of baroreflex function over
time, and much more severe impairments would have
been expected.

Having established that long-term HDT results in
some attenuation of arterial-cardiac-chronotropic BRS
(Kamiya et al. 2000; present study), it is appropriate to
consider the functional importance of this finding. Al-
though calculation of BRS from the ratio DHR/DMAP
appears to be less sensitive way to detect HDT-induced
alterations of BRS than DRRI/DSAP (Figs. 4, 5) the
former BRS-index probably provides a more fair esti-
mate of the potential impact on the control of blood
pressure, since mean AP changes are more directly
proportional to concomitant changes in heart rate. For
the hypertensive stimuli during down-tilt, there were no
significant alterations of DHR/DMAP during either rest
or exercise, and for hypotensive baroreflex stimuli dur-
ing up-tilt there was no significant attenuation at rest,
but a trend towards BRS attenuation in the exercise tests
during HDT. These results are generally in agreement
with those of Sundblad et al. (2000c), who found no
changes of DHR/DMAP in exercising men after 42 days
of HDT. However, the decreased BRS appears to be of
modest functional significance both at rest and during
light exercise, since both MAP and SAP steady-state
levels (after the initial tilt-induced transients) did not
change significantly in the upright position during and
after HDT as compared to pre-HDT levels.

Finally a note on a specific consequence of the present
tilting protocol: resting upright HR values did not differ
between pre- and post-HDT. This observation is in
apparent contrast to most previous studies, where
orthostatic stress after HDT and space flight have been
accompanied by an augmented tachycardiac response
compared to pre-HDT/preflight controls (Beck et al.
1992; Buckey et al. 1996; Traon et al. 1998; Levine et al.
2002). Also Kamiya et al. (2000) found enhanced
tachycardiac responses to head up-tilt after HDT in the
very same subjects who participated in the present study.
In the present study, resting subjects were exposed to
1 min at 80�, whereas in the cases of Kamiya et al.’s
(2000) subjects were challenged with first 30� during
5 min and subsequently 60� during another 5 min. Also
the other studies listed previously used challenges of
5–10 min duration and in some cases successive levels of
increasing severity. With this additional longer duration,
more slowly acting chronotropic mechanisms are given
time to develop; Sander-Jensen et al. (1986) exposed
normal subjects to 60�C passive head up-tilt and there
was an increasing tachycardia between 10 and 20 min of
60� as well as continued reduction of AP. Taken together,

the our data from 1 min at 80� and data from others from
more extended orthostatic challenges suggest that it is
only chronotropic mechanisms acting after the
first minute are augmented after HDT and space flight.

In summary, the control of AP during sudden
orthostatic and anti-orthostatic challenges became im-
paired during and after 120 days of head down-tilt bed
rest. These impairments were not found at rest, but
were evident as markedly increased deviations in AP
upon orthostatic stimuli during exercise, and showed
only a marginal normalization during a 15-day post-
HDT observation period. The impairment of arterial-
cardiac chronotropic BRS control was only evident
during exercise, and then mainly for hypotensive
stimuli, while hypertensive stimuli elicited a better
maintained baroreflex response. This pattern of
impairment suggests that the vagal control of HR re-
mains essentially intact, whereas the regulation of HR
during a state with increased sympathetic activity, be-
comes markedly impaired after HDT. Although the
mechanism behind this alteration is not obvious, the
protracted time course of recovery suggests that
structural changes in the cardiovascular system are
involved. This notion is supported by data from a
parallel study performed with the same subjects;
recovery of SV during supine exercise showed an
equally protracted recovery (Spaak et al. 2005).
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