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We tested the hypothesis that, after bed rest, maximal oxygen consumption (VOZW) decreases more
upright than supme because of adequate cardiovascular response supine, but not upright. On 9 subjects,
we determined Vo, ., and maximal cardiac output (Q) upright and supine, before and after (reambula-
tion day upright, the following day supine) 35-day bed rest, by classical steady state protocol. Oxygen
consumption, heart rate (fy) and stroke volume (Qs;) were measured by a metabolic cart, electrocardio-
graphy and Modelflow from pulse pressure profiles, respectively. We computed Q as fy times Q, and
systemic oxygen flow (anz) as Q times arterial oxygen concentration, obtained after haemoglobin and
arterial oxygen saturation measurements. Before bed rest, all parameters at maximal exercise were sim-
ilar upright and supine. After bed rest, Vo, was lower (p <0.05) than before, both upright (—38.6%) and
supine (—17.0%), being 30.8% higher supine than upright. Maximal Q,; decreased upright (—44.3%), but not
supine (+3.7%), being 98.9% higher supine than upright. Maximal Q decreased upright (—45.1%), but not
supine (+9.0%), being higher supine than upright (+98.4%). Maximal anz decreased upright (—37.8%),
but not supine (+14.8%), being higher (+74.8%) upright than supine. After bed rest, the cardiovascular
response (i) did not affect VOZW supine, (ii) partially explained the Voz,m decrease upright, and (iii)
caused the Vo, . differences between postures. We speculate that impaired peripheral oxygen transfer
and/or utilisation may explain the Vo, decrease supine and the fraction of Vo, decrease upright
unexplained by cardiovascular responses.
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1. Introduction et al, 1990; Linnarsson et al,, 2006; Ferretti et al., 2009). As a
consequence, cardiac output (Q ) goes down, both at rest and at sub-

When a subject stands up again after prolonged bed rest, an
event that mimics the return onto Earth of astronauts after space
flight, a larger amount of blood than before bed rest is displaced
into the blood vessels of his lower limbs, when moving from
supine to upright, because he has more compliant lower limb blood
vessels (Belin de Chanteméle et al., 2004). Thus, the stroke vol-
ume of the heart (Qs) is strongly decreased, and its reduction is
further enhanced by the remarkable reduction of blood volume
(Johansen et al., 1997). Tachycardia is unable to compensate for this
decrease, also because of reduced baroreflex sensitivity (Convertino
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maximal exercise (Ferretti et al., 1998; Spaak et al., 2005; Capelli
et al.,, 2008). When maximal exercise is performed, the coupling
of maximal heart rate (fg) — an invariant - with reduced maximal
Qs: implies a drastic decrease in maximal Q and maximal systemic
oxygen delivery (an2 ) (Ferretti et al., 1997). As a consequence, the
maximal oxygen consumption (\'/o2 max ) UPTight is lower than before
bed rest (Saltin et al., 1968; Stremel et al., 1976; Friman, 1979;
Convertino et al., 1982; Kashihara et al., 1994; Ferretti et al., 1997;
Mekjavic et al., 2005; Capelli et al., 2006; Lee et al., 2007; Ferretti
and Capelli, 2009). The decrease in Vozlm is visible already after
three days in bed only (Smorawinski et al., 2001) and is larger the
longer the bed rest duration (Capelli et al., 2006). A similar V02 max
reduction in upright posture occurs also after space flight (Levine et
al., 1996), despite the countermeasures normally applied in-flight,
and represents a major problem for astronauts upon return to Earth,
because it entails a remarkable loss of exercise capacity. Yet the
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VOZmax decrease in upright posture after bed rest might even be
larger than reported in the studies cited above, were VOZmax was
measured shortly after standing up at the end of bed rest (day of
re-ambulation, R+0). In fact in most of those studies \'/02 max Was
determined at least 3 days (R+3) after standing up, whereas the
recovery of cardiovascular function is a fairly rapid phenomenon
(Spaak et al., 2005).

If what precedes describes the scenario occurring in upright pos-
ture, where the hydrostatic force moves blood toward the feet, then
a remarkably different picture should be expected after bed rest in
the supine posture. In fact large venous return, with elevated Qs;
and bradycardia, occurs as soon as the supine posture is resumed,
maintaining submaximal Q at the same level as before bed rest
(Sundblad et al., 2000; Spaak et al., 2005; Linnarsson et al., 2006),
at least up to 60 days of bed rest. Only after 120 days in bed a
slight decrease in Q was observed (Spaak et al., 2005). For the same
maximal fy, this would lead to the hypothesis of unchanged supine
maximal Q after bed rest, so that V02 max would decrease much less,
if not at all, when it is measured supine rather than upright after
bed rest. Indeed the few investigations of VOZmaX supine instead of
upright during and after bed rest of varying duration (Greenleaf
et al,, 1989; Trappe et al., 2006) showed a significant decrease in
V02 max IN@pparent contrast with this hypothesis. However, optimal
testing of the above hypothesis requires a determination of maxi-
mal Q and \'/02 max 10 DOth postures, on the same subjects before and
after a given bed rest campaign, in order to analyze the effects of
posture on Voz na after cardiovascular adaptation to microgravity.
To the best of our knowledge, no study of this type has been per-
formed so far. Thus, we carried out the present investigation, the
aim of which was to measure maximal Q, V02 max and their cardio-
vascular determinants in both the supine and the upright posture,
before and at the end of prolonged head-down tilt bed rest with-
out countermeasures. Our expectations were that VOZmax would
decrease much less supine than upright after bed rest, and that
the differences in \'/02 max DEtWeen the two postures would entirely

be due to differences in maximal Q and anz.

2. Methods
2.1. Subjects

At start, a total of 10 healthy young male subjects were admit-
ted to the study. After bed rest, one subject had an ankle distortion
by falling from a force platform during a stance trial carried out by
the medical service just before the test, so that he could not per-
form maximal exercise tests and had to be excluded from the study.
The nine who completed the protocols were 23.1 (+£2.5) years old
and 179.0 (+7.0) cm tall. Their weight was 75.5 (+10.3) and 72.2
(£9.2) kg, respectively, before and after bed rest. None of them
underwent physical or pharmacological countermeasures during
the bed rest period, nor were they taking cardiovascular medica-
tion at the time of the study. All the subjects were non-smokers
and underwent a cardiopulmonary stress test during the selection
process. Study designs and methods were approved by the local
ethical committee. All the subjects were informed about the aims
of the investigation and the methods applied in the experiments,
and they all signed a written informed consent form.

2.2. Study design

The bed rest campaign was organized by the Italian Space
Agency and by the University of Primorska, Kopar, Slovenia, and
took place in summer 2008 at Ankaran, Kopar, Slovenia, in con-
trolled hospital environment. Bed rest was head-down tilt with an
incline of —6° and lasted 35 days. No countermeasures were applied

during the bed rest period. Measurements were carried out before
bedrestand at the end of bed rest. In the latter case, the tests upright
were carried out on day R+ 0, one hour after the subjects stood up
again. The tests supine were carried out the following day (R+1),
at the same time of the day as at R+ 0 upright. Random partition of
upright and supine tests between R+0 and R+1 was not allowed
due to potential cross effects related to fatigue on other studies
integrated in the same bed rest program.

2.3. Protocol

Both upright and supine, V02 nax Was determined during graded
intermittent exercise on an electrically braked cycle ergometer
(Excalibur, Lode, Groningen, The Nederland), adapted for use in
supine posture as well. When used supine, the centre of rotation
of the crank axis was located about 15 cm above the level of the
heart. A shortened version of the classical intermittent protocol
with steady state exercise of increasing intensity (Astrand et al.,
2003) was applied. Similar protocols were used in previous bed
rest studies (Saltin et al., 1968; Ferretti et al., 1997; Capelli et al.,
2006). Three submaximal work loads were performed, each last-
ing 6 min. The power levels were 50, 100 and 150 W. This last,
however, appeared to be supramaximal in some subjects after bed
rest in upright posture and was skipped on them. Then, after hav-
ing estimated the maximal expected power from the relationship
between steady state heart rate and power, a power equivalent
to 105% of the estimated maximum was applied, and the sub-
ject was asked to maintain it as long as he could (mean duration
296 + 13 s and 252 4 69 s after bed rest upright and supine, respec-
tively). Oxygen consumption (Voz) was determined continuously
on a breath-by-breath basis. Arterial blood pressure and heart rate
were continuously recorded on a beat-by-beat basis. The resting
steady state values were determined as the mean of the 2 min at
rest that preceded the first work load. The exercise steady state
values were obtained as the mean during the sixth minute of each
work load. At the highest work load, the mean values during the last
minute of exercise were retained. Successive work loads were sepa-
rated by 5 min recovery intervals, during which blood samples were
taken at minutes 1, 3 and 5 for the determination of blood lactate
concentration. Before bed rest, these recovery periods were at rest.
After bed rest, resting recovery could be done only in supine tests.
For upright tests, because all the subjects suffered of orthostatic
intolerance, active recovery had to be allowed, in order to prevent
them from fainting, so during recovery free-wheel pedalling was
performed instead of resting.

Individual VOZmax was established from the plateau attained
by the relationship between Voz and power. This plateau was
observed in 67% of cases. The remainder 33% included also those
tests after bed rest in upright posture in which the protocol had
to be completed within three work loads. When the plateau was
not observed, the highest observed VOz value was retained as the
subject’s \'/o2 max When at least two out of the following conditions
were observed: (1) alack of increase in fy between successive work
loads; (2) gas exchange ratio values above 1.1; (3) lactate values
higher than 10 mM (except after bed rest in upright posture, due
to active recovery). The maximal aerobic power (Wmax) was then
calculated as the lowest power requiring a VOz equal to \'/02 max”

2.4. Methods and techniques

VOz- carbon dioxide output (Vcoz)- gas exchange ratio (R) and
expired ventilation (V) were determined from respiratory gas frac-
tions and ventilatory flow recorded at the mouth using a metabolic
cart (Quark b2, Cosmed, Rome, Italy). The metabolic system was
calibrated before and after each experimental session by means of
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Table 1
The metabolic and respiratory data obtained at maximal exercise before and after the bed rest in upright and supine posture.
Upright Supine
PRE POST PRE POST
Voymae (Imin=1) 3.14 +£ 0.40 1.93 £ 0.20" 3.04 + 041 25240268
Wmax (W) 251 + 37 142 + 22° 223 + 398 196 + 24"%
Ve (Imin—1) 116.5 + 16.2 732 + 13.1° 108.3 £ 17.8 99.9 + 18.3%
R 1.18 + 0.07 1.08 + 0.04 1.12 £+ 0.09 1.14 £ 0.08
[La], (mM) 120+ 1.3 72420 118+ 14 12.2 + 2.6°
Vcoz (Imin—1) 3.78 £ 0.51 2.12 + 0.29° 3.48 + 0.68 293 + 0363

Data are presented as mean + SD. Voz‘mx' maximal oxygen consumption; Wpax, maximal aerobic mechanical power; Vi, minute ventilation; R, respiratory exchange ration;
[La]y, blood lactate concentration; Vcoz, carbon dioxide output; PRE, pre-bed rest values; POST, post-bed rest values.

" Significantly different from pre condition in the same posture.
$ Significantly different from corresponding upright condition.

certified gas mixtures and by means of a 3-1 syringe (Hans Rudolph,
Kansas City, MO, USA). fy was monitored by means of a short-
distance telemetry cardiotachometer (Polar 3000, Polar Electro,
Finland).

Continuous recording of arterial pulse pressure were obtained at
a fingertip on the left arm by means of a non-invasive cuff pressure
recorder (Portapres, MS, Amsterdam, The Netherlands). Beat-by-
beat mean arterial pressure (P) was computed as the integral mean
of each pressure profile, using the Beatscope software package, that
is delivered with the Portapres system. Qs; was determined on a
beat-by-beat basis by means of the Modelflow method (Wesseling
et al.,, 1993), applied off-line to the pulse pressure profiles, using
again the Beatscope software package. Beat-by-beat Q was com-
puted as the product of single-beat Qs; times the corresponding
single beat fy;. Each beat-by-beat Q value was then corrected for a
proportionality factor (Tam et al., 2004) to account for the method’s
inaccuracy (Houtman et al., 1999; Azabji-Kenfack et al., 2004). To
this aim, steady state Q values were obtained at rest also by means
of an inert gas rebreathing device (Innocor, Innovision, Odense,
Denmark). This device has been validated against thermodilution
and direct Fick measurement method (Christensen et al., 2000).
The calculated correction factors were then applied also at exer-
cise, because they were demonstrated to be independent of the
exercise intensity (Tam et al., 2004). A Q comparison between cor-
rected Modelflow values and corresponding values obtained with
the open circuit acetylene technique (Barker et al., 1999) showed
a bias of 0.241min~!, which was not significantly different from 0,
indicating that the two methods provide the same results indeed
(Tam et al., 2004). Moreover, the inter-subject variability of the two
methods turned out to be the same. This indicates that the deter-
mination of Q by model flow method, after appropriate correction
procedure, can adequately be employed during exercise steady
state, with the significant advantage under the circumstances of the
present study of reducing the duration of each submaximal work
load by 1-2 min.

Blood haemoglobin concentration ([Hb]) was measured by
a photometric technique (HemoCue, Sweden) on 10wl blood
samples from an earlobe. Arterial oxygen saturation (Sap,) was
measured by infrared oximetry (Siemens MicrO,, Denvers, MA,
USA). Arterial oxygen concentration (Cap,, ml 1-1) was calculated
as:

C802 = Saoz . [Hb] -0 (1)

where constant o is the physiological oxygen binding coefficient of
haemoglobin (1.34mLg™1).

Qao, was finally obtained as the product of Q times Cao,.

Beat-by-beat total peripheral resistance (R,, mmHg min1-1) was
calculated by dividing each P value by the corresponding Q value,
on the assumption that the pressure in the right atrium can be
neglected as a determinant of peripheral resistance. The left ven-
tricular stroke work (Wy) was determined as the product of P times

Q¢ and was expressed in J after appropriate unit conversion. The
left ventricular power (Wy) was then obtained as the product of
Wy times fy and expressed in W. Blood lactate concentration was
measured by means of an electro-enzymatic method (Biosen C_line,
EKF Diagnostic, Barleben, Germany) on 10 .l blood samples from
an earlobe.

2.5. Statistics

Mean values are reported along with their standard deviations
(SD). Absolute values before and after bed rest with the two exercise
modes were compared by means of a two-way repeated analy-
sis of variance. When applicable, a Tukey post hoc test was used
to locate significant differences. The level of significance was set
at P<0.05 (two-tails test). For Figs. 5 and 6, the regression equa-
tion was computed with the least squares method, corrected to
account for variability of both dependent and independent vari-
ables, as described by Brace (1977). The slope was compared with
that of the theoretical line by means of analysis of covariance. In
the same figures, values are given as mean and standard error.

3. Results

The metabolic and respiratory data obtained at maximal exer-
cise before and after the bed rest in the two investigated postures
are summarized in Table 1. Voz max Was reduced (P<0.05) after
bed rest both upright and supine (on average, —38.6% and —17.0%,
respectively). Although VoZmax was not significantly different
before bed rest between the two postures (upright 3.2% higher than
supine), it was 30.8% higher supine than upright (P<0.05) after bed
rest. Accordingly, the corresponding Wwmax was reduced after bed
rest in both postures (—43.1% upright, —12.2% supine, P<0.05 in
both cases). After bed rest, Wmax was higher (P<0.05) supine than
upright (+37.4%).

Maximal Vo, lactate, Vg, and R did not differ between the two
postures before bed rest. Maximal Vcoz was reduced by 44.0% and
15.9% after bed rest, upright and supine, respectively (P<0.05 in
both cases), so that after bed rest maximal Vc02 was 38.4% higher
supine than upright (P<0.05). Maximal lactate concentration was
reduced (—39.8%, P<0.05) upright after bed rest due to active recov-
ery, but no changes occurred supine (+3.1%, N.S., resting recovery).
Maximal V¢ was reduced upright after bed rest (—37.2%, P<0.05),
but not supine (—7.7%, N.S.), so that after bed rest maximal V¢ was
36.5% higher supine than upright (P<0.05). Maximal R was not sig-
nificantly different between postures and was unaffected by bed
rest.

The results of cardiovascular parameters are reported in
Figs. 1 and 2. Maximal fy was neither affected by position nor by
bed rest. After bed rest, maximal Qs; upright was lower (—44.3%,
P<0.05) than before bed rest, but unchanged supine (+3.7%, N.S.), so
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Fig. 1. Maximal heart rate (graph A), stroke volume (graph B) and cardiac output
(graph C) in upright and supine posture, before (white histograms) and after (black
histograms) bed rest. Vertical bars indicate SD. *Significantly different from before
bed rest in the same posture; *significantly different from the corresponding upright
posture.

that after bed rest it was 98.9% higher supine than upright (P<0.05).
As a consequence, maximal Q was decreased upright after bed rest
(—45.1%, P<0.05), in contrast with the lack of significant changes
observed supine (+9.0%, N.S.). Thus, although maximal Q before
bed rest was not different between the two postures, it was higher
supine than upright after bed rest (+98.4%, P<0.05). P did not dif-
fer between postures, and was unaffected by bed rest. R, was the
same in the two postures before bed rest (3.7% difference, N.S.). It
was higher upright (+36.3%, P<0.05) and tended to be lower supine
(—22.4%, N.S.) after bed rest than before bed rest. Therefore, after
bed rest, R, was lower supine than upright (—41.0%, P<0.05).

Wy and Wy, are reported in Fig. 3. Bed rest reduced Wy upright
(—=55.7%, P<0.05) but not supine (—9.3%, N.S.), so that after bed rest
Wy was 122.8% higher supine than upright (P<0.05). Since fy was
neither affected by position nor by bed rest, there was a significant
decrease in Wy upright after bed rest (—56.4%, P<0.05), in contrast
with the lack of changes supine (—5.0%, N.S.). Thus, although Wy
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Fig. 2. Mean arterial pressure (graph A) and total peripheral resistance (graph B) at
maximal exercise in upright and supine posture, before (white histograms) and after
(black histograms) bed rest. Vertical bars indicate SD. *Significantly different from
before bed rest in the same posture; *significantly different from the corresponding
upright posture.

before bed rest was not different between postures, it was higher
supine than upright after bed rest (+121.5%, P<0.05).

The results of [Hb], Sap, and Cap, at VOZmax are reported in
Table 2. [Hb] was increased after bed rest upright (+14.3%, P<0.05),
but not supine. Thus, although [Hb] before bed rest was not dif-
ferent between postures, it was lower supine than upright after
bed rest (-12.5%, P<0.05). Sag, during maximal aerobic exercise
was neither affected by position nor by bed rest. As a consequence,
Cap, was increased after bed rest upright (+12.9%, P<0.05), but
not supine. Thus, although Cap, before bed rest was not differ-
ent between postures, it was lower supine than upright after bed
rest (—11.7%, P<0.05). The changes in an2 are reported in Fig. 4.
Bed rest reduced an2 upright (—37.8%, P<0.05), but not supine
(+14.8%, N.S.), so that after bed rest an2 was higher (+74.8%,
P<0.05) supine than upright.

4. Discussion

To our knowledge, this was the first study in which metabolic
and cardiovascular data obtained on the same subjects at maximal
exercise in both the upright and supine posture, before and after
long-duration bed rest, were compared. In all previous bed rest
studies, V02 nax Was investigated in one posture only, mainly upright
(Saltinetal., 1968; Stremel et al., 1976; Friman, 1979; Convertino et
al,, 1982; Kashihara et al., 1994; Ferretti et al., 1997; Smorawinski
et al., 2001; Mekjavic et al., 2005; Capelli et al., 2006; Lee et al.,
2007; Ferretti and Capelli, 2009), rarely supine (Greenleaf et al.,
1989; Trappe et al., 2006). Moreover, we had the opportunity of
performing VOZmax tests upright on day R+0, actually 1 h only after
the subjects stood up again at the end of the bed rest period, i.e.
when the biggest VOZmax changes upright are to be expected, as
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-lf/laebalg \Zralues (£SD) of blood haemoglobin concentration, arterial O, saturation and arterial O, concentration.
Upright Supine
PRE POST PRE POST
[Hb] (gdI-1) 155+ 0.8 17.7 £ 1.2° 15.0 £ 1.1 15.5 + 0.8°
Sao, (%) 97.7 £ 1.12 96.4 + 0.73 96.8 + 0.60 97.3 +£ 1.32
Cao, (mll-1) 2024 + 111 2285 + 15.7° 194.1 + 15.1 201.8 + 11.4%

Data are presented as mean=SD. [Hb], blood haemoglobin concentration; Sao,, arterial O, saturation; Cao,, arterial O, concentration; PRE, pre-bed rest values; POST,

post-bed rest values.
" Significantly different from pre condition.
$ Significantly different from upright condition.
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Fig. 3. Left ventricular stroke work (graph A) and power of the heart (graph B) at
maximal exercise in upright and supine posture, before (white histograms) and after
(black histograms) bed rest. Vertical bars indicate SD. *Significantly different from
before bed rest in the same posture; *significantly different from the corresponding
upright posture.
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Q'a0: (L.min™)
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Fig. 4. Maximal systemic oxygen delivery in upright and supine posture, before
(white histograms) and after (black histograms) bed rest. Vertical bars indicate
SD. *Significantly different from before bed rest in the same posture; *significantly
different from the corresponding upright posture.

discussed below. The results showed that after bed rest: (i) the
decrease in VOZmax observed upright was associated with a con-
sensual larger decrease in maximal Q and an2 ; (ii) the decrease in
Voz max ODserved supine was smaller than that observed upright and
was associated with a lack of changes in maximal Q and anz: as
a consequence, after bed rest; (iii) V02 max turned out lower upright
than supine; (iv) the decrease in maximal Q and Qao, observed
upright was entirely related to posture. These results imply that
central (cardiovascular) factors, after bed rest: (i) did not cause the
observed decrease in VOZmax supine; (ii) entirely explained the dif-
ference in VOz max DEtWeen the two postures, and thus (iii) induced
only a fraction of the overall decrease in Vo2 max UPTIgHE.

These results have also more general implications concerning
the factors determining V02 o limitation. In fact they allow exper-
imental testing of the predictions of the multifactorial model of
V02 max liMitation (di Prampero and Ferretti, 1990). A quantitative
analysis of the differences between postures after bed rest, carried
out in the context of this model, is the object of the second part
of Section 4. Here we anticipate that the present results turn out
compatible with the model’s prediction that cardiovascular oxy-
gen flow, as reflected by maximal anz, provides some 70% of the
overall VOZmax limitation, at least during exercise with big muscle
groups.

4.1. The origin of the \'/o2 nax decrease in supine and upright
posture after bed rest

Before bed rest, VoZmax did not differ significantly between pos-
tures, being 3.2% higher upright than supine. Similar postural
effects on Vo, were observed by Leyk et al. (1994) (Vo, . 5.5%
higher upright than supine, N.S.). By contrast, others observed sig-
nificantly higher \'/02 max Values upright than supine (Saltin et al.,
1976; Ray and Cureton, 1991). These authors attributed these dif-
ferences in VOZmax to a lower mean blood pressure gradient across

the active muscles associated with lower maximal fy and Q. This
would imply a reduction in muscle blood flow at maximal exercise
(Cerretelli et al., 1986) and may reflect the negative gravitational
gradient between heart and active muscle mass. In fact in this study,
similar to Leyk’s et al. (1994), the centre of rotation of the crank’s
axis was some 15 cm above the heart (30 cm above the body’s sup-
port), perhaps less than in previous studies (data unfortunately not
given in Saltin et al., 1976; Ray and Cureton, 1991), which would
explain the small, non significant difference in V02 nax DEtWeen the
two postures before bed rest in this study.

After 35 days of uninterrupted bed rest, \'/02 max  UPTight was
reduced by 38.6%. This is the largest VOzmaX decrease observed so
far after bed rest of similar duration. For instance, in upright pos-
ture, Lee et al. (2007, 2009) found a 18.9% and a 16.3% decrease, in
men and women, respectively, after 30 days of bed rest, whereas
Mekjavic et al. (2005) observed a 17.9% decrease after 35 days of
bed rest, and Ferretti et al. (1997) reported a 16.6% decrease after
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42 days of bed rest. All these drops are less than a half of the
one observed in the present study. The present VOZmax decrease
in upright posture is even larger than that observed by Capelli et
al. (2006) after 90 days of bed rest (—32.4%). Perhaps the reported
Vo2 nax decrease closest to the present one, after taking into account
the differences in bed rest duration, is that found by Saltin et al.
(1968) after 20 days of bed rest (—28%). The larger V02 e F€duction
observed in this than in most previous studies may be explained
by the fact that the subjects have been evaluated right on the day
when they ended the bed rest (R+0), actually about one hour after
they stood up again. By analogy, we note that the subjects inves-
tigated by Saltin et al. (1968) were studied on the day after the
end of bed rest (R+1). By contrast, in most other studies-Lee et al.
(2007, 2009) state in fact that their measures were done “immedi-
ately after” the end of bed rest without, however, giving the exact
time—subjects were tested on day R+ 3 or R +4, allowing for a pos-
sible partial recovery of VOmX upright with respect to the very
end of bed rest as a consequence of possible initial cardiovascular
recovery (Spaak et al., 2005). Therefore, most studies in the past
might have underestimated the impact of cardiovascular adapta-
tion to bed rest on the V02 max measured upright at the end of bed
rest. Indeed we showed that the largest V02 nax d€Creases in upright
posture at the end of bed rest are to be expected on day R+0.

The Vo2 o decrease after bed rest in upright posture has already
been attributed by previous authors to the effect of cardiovas-
cular adaptation to microgravity on blood volume distribution in
that posture upon gravity resumption. In fact VOZmax was found to
remain unchanged during space flight (Levine et al., 1996), although
the data of Trappe et al. (2006) at 85% of the maximal aerobic power
suggest a slight decrease of it. Levine et al. (1996) related the keep-
ing up of V02 max during space flight to appropriate cardiovascular
adaptation to microgravity, with preserved cardiac filling. In spite
of this, they observed on their subjects, who incidentally did not
undergo specific exercise countermeasures during the flight, an
immediate reduction of VOZmaX upright on the landing day. This
reduction was attributed to a dramatic decrease in maximal Qs
that could not be compensated for by any increase in maximal fy,
resulting in a large drop in maximal Q (Levine et al., 1996). In the
present study, after bed rest, maximal Qs; upright was reduced by
44% with no modification in maximal fy, leading to a 45% decrease
in maximal Q. Thus, the decrease in maximal Qs; entirely explained
the decrease in maximal Q. Such a decrease would entail per se a
dramatic drop of P upright: this was not observed. On one side,
the lack of changes in P may be a consequence of the strong vaso-
constriction in peripheral blood vessels, witnessed by the major
increase in Ry, and likely mediated by an increase in sympathetic
activity (Ertl et al., 2002). This last would also explain, incidentally,
why the subjects had equal maximal fy at lower Wpax and VOZmax
in the upright compared to the supine posture. On the other side,
muscle pump action, sustaining venous return, may also contribute
to keeping up P atexercise. In supine posture, by contrast, R, tended
to be lower (—22.4%, although N.S.) after than before bed rest: we
speculate that the large mass of blood displaced to the heart from
very compliant lower limb veins (Belin de Chanteméle et al., 2004)
might have released vasoconstriction in peripheral blood vessels,
at least in most of the subjects, perhaps through stimulation of car-
diopulmonary baroreceptors. The final consequence of this state
of affairs is the large significant difference in R, between the two
postures after bed rest, despite the lack of difference before bed
rest.

If indeed the cardiovascular system plays a major role in deter-
mining the V02 nax decrease after bed rest in upright posture,
this would clearly explain why the largest Vomax decrease ever
observed after bed rest occurred in this study. The present diminu-
tion of maximal Q was larger than that observed after a 42-day bed

rest (Ferretti et al., 1997) or even after a 90-day bed rest (Capelli
et al,, 2006). We measured maximal Q in the same protocol as for
VOZmax‘ thus at R+0 instead of R+3 or R+4, as in those studies.
In the same context we also note that Spaak et al. (2005) found
different submaximal Q values upright at day R+0 from day R+ 3
after the end of a 120-day bed rest, the latter being higher than
the former at the same mechanical power. Moreover, after space
flight, Levine et al. (1996) observed a tendency toward a progres-
sive increase in \'/02 max and maximal O from R+0 to R+2 and R+6.
This tendency may be a consequence of progressive restoration of
circulating blood volume. Coherent with this view is the higher [Hb]
observed at R+0 than at R+1 in the present study. At R+0, due to
a 14% increase in [Hb], Cag, was increased by 13% during maxi-
mal exercise. Clearly, hypovolemia at day R+0 was still capable to
keep [Hb] up in the present subjects, despite the likely drop in total
red blood cell volume. As a consequence, maximal an2 upright
decreased less than maximal Q (38% instead of 45%) after bed rest.

If indeed the VOZmax decrease observed in upright posture was
due to the reduction in maximal Qs, Q and Qao,, then the hypoth-
esis that V02 max 1S Ot to change after bed rest in supine posture
because of preservation of maximal Qs appears inevitable. In con-
trast with this hypothesis, the data show that the V02 max SUPINE was
17.0% lower after than before bed rest. These results are in agree-
ment with those from a previous study, which reported an 18.2%
reduction of V02 max SUpine after 28 days of bed rest (Greenleaf et
al., 1989). However, the fall of Voz max SUDINE Was not a consequence
of changes in maximal Q and anz, because these were not differ-
ent from before bed rest, in agreement with the tested hypothesis.
If any, they rather tended to increase (see Figs. 2 and 4). So, other
factors should be called upon to explain the observed lower VOz max
supine after than before bed rest. We speculate, on the basis of the
multifactorial model of VOz max liMitation (di Prampero and Ferretti,
1990), that an impairment of peripheral gas flow and/or utilisa-
tion could be the concomitant factor possibly acting on another
of the multiple in-series resistances along the respiratory system,
and thus affecting VoZmax after bed rest. Previous studies associ-
ated, atleast in part, such impairment to the development of muscle
hypotrophy (Ferretti et al., 1997), whose slow time course may par-
allel that of the slower component of the V02 e decrease induced
by bed rest (Capelli et al., 2006). Lower limb muscle mass changes
were not determined in the present bed rest campaign. It is note-
worthy, however, that several studies reported, at the end of bed
rest campaigns of comparable duration to the present one, a rela-
tive loss of lower limb muscle mass similar to that observed in the
present study for Voz nax SUPINe (Berg et al., 1997, 2007; Leblanc et
al., 1988).

Saltin et al.(1968) observed a decrease of Qs and Q after bed rest,
without modification of Voz, during supine cycling at about 100 W,
and suggested that an effect on myocardial function by bed rest
cannot be excluded. This hypothesis was supported by the data of
Perhonen et al.(2001), who showed a decreased left ventricular end
diastolic volume after 2 weeks of bed rest and a decreased cardiac
mass after 6 weeks of bed rest. However, an impaired heart perfor-
mance would have affected maximal Q and Wy. This was not the
case, as demonstrated by the fact that Wy supine was unchanged
after bed rest (see Fig. 3). So we tend to exclude this factor as a
determinant of the Voz nax d€CTEase in supine posture in the present
study.

4.2. A quantitative analysis of V02 max limitation after bed rest

The changes in anz after bed rest were nil in supine pos-
ture, dramatic in upright. The VOZmax reduction supine could not
be attributed to cardiovascular alterations, and an impairment of
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Fig. 5. The ratio between the Vo, supine and the Vo, upright is reported
[Voymax/ (Vosmae + Al as a function of the relative change in the cardiovascular
resistance to oxygen flow (ARq/Rq, x-axis) (di Prampero and Ferretti, 1990). The
continuous line, with a slope of 0.7, is theoretical and is taken from di Prampero and
Ferretti (1990). The dashed line is experimental and represents the regression equa-
tion calculated from the individual data of the present study after bed rest, yielding:
y=0.76x+0.96. The slope of the experimental line (0.76) was not significantly dif-
ferent from that of the theoretical line (0.7). The y-intercept of the experimental
line was not significantly different from 1. Thus, the two lines resulted statistically
equal. The symbols are the mean values before (circle) and after (square) bed rest.
Error bars indicate standard error, expressing the variability of present mean values
as compared with the general mean, represented by the theoretical line.

peripheral gas exchange was called upon, possibly related to the
development of muscle hypotrophy, which would equally act in
both postures. In the context of the multifactorial model of VOz max
limitation (see Appendix A), let us define the supine posture as the
normal position for a man after microgravity adaptation, and let
us consider moving from supine to upright as a manoeuvre acting
on the cardiovascular system only. By decreasing maximal Q and
anz, this implies an increase in the cardiovascular resistance to
oxygen flow (Rq) (di Prampero and Ferretti, 1990). If this is so, then
(i) the VOZmax supine is the \'/omé1X before the manoeuvre and the
V02 max UPTight is that after the manoeuvre, (ii) the Rq supine is the
starting Rq, and (iii) ARq is the change in Rq induced acutely by
the change of posture. In Fig. 5, we have plotted (see appendix)
the ratio between the V02 nae SUPINe and that upright as a function
of the ratio ARg/Rq. On the same figure we have reported (i) the
line for Fy=0.7 (theoretical line, di Prampero and Ferretti, 1990),
(ii) the mean data that refer to the effects of a change in posture
from supine to upright executed after and before bed rest, and (iii)
the regression line through the individual experimental points. It
appears that both mean values lie very close to the theoretical line,
and that the regression had a slope (Fy) 0of 0.76, a value fairly close to
0.7. Thus, on one side, the induced changes in Rq generated VOz max
changes that corresponded exactly to what one could predict on the
basis of the multifactorial model. On the other side, it is legitimate
to conclude that the fall of V02 max When moving from supine to
upright after bed rest is caused only by inadequate cardiovascular
response to upright posture.

In Fig. 6, the same analysis has been carried out on the post-
versus pre-bed rest data in supine and upright posture. Neither the
data for supine nor those for upright lie on the theoretical line, but
are placed well above it. In supine, the V02 max d€Crease occurred
in absence of any changes in Ry: Rq is not a determinant of the
VOz o decrease after bed rest in this posture. The vertical distance
from the data point to the theoretical line is the same for both
postures: the factor that caused the V02 max d€CTEase supine after
bed rest acted by the same extent upright. Since the lungs do not
limit V02 max I NOTMOXia in subjects, who even at maximal exercise
operate on the flat part of the oxygen equilibrium curve (Dempsey
and Wagner, 1997; Dempsey et al., 2008; Ferretti and di Prampero,
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Fig. 6. The ratio between the VOZWX after and the VOZmax before bed rest is reported
[VOZmax /(Vo2max + A)] as a function of the relative change in the cardiovascular
resistance to oxygen flow (ARq/Rg, x-axis) (di Prampero and Ferretti, 1990). The con-
tinuous line, with a slope equal to 0.7, is theoretical and is taken from di Prampero
and Ferretti (1990). The dashed line is the experimental line shown in Fig. 5. The
symbols are the mean values in upright (square) and supine (triangle) posture. Both
points lie well above the theoretical and the experimental lines. The arrows indicate
how much of the VOan change is due to Ry changes (due to Fy) and how much is
due to peripheral (muscular) factors (due to Fy). Note that in supine posture mean
ARq/Rq resulted slightly negative, so that it did not explain the VOZmax decrease
supine. Error bars indicate standard error, expressing the variability of present mean
values as compared with the general mean, represented by the theoretical line.

1995), the factor affecting the V02 nax d€CTEase supine after bed rest
can only act on the lumped peripheral (muscular) resistance Rp,.
R reflects (i) the capillary-to-cell oxygen transfer, that is roughly
proportional to muscle capillary density, and (ii) the muscle oxida-
tive capacity, that is proportional to muscle mitochondrial volume
and muscle oxidative enzyme activity (Hoppeler and Fluck, 2003;
Howald and Hoppeler, 2003). Contrary to the former, the latter is
largely decreased because of muscle hypotrophy and reduced mito-
chondrial density (Ferretti et al., 1997), whence the increase in Rp,.
The contribution of Rq and Ry, to the V02 max d€CTEase upright after
bed rest is shown in Fig. 6 by the two vertical arrows. R provided
49% and Ry, 51% of the overall V02 max T€duction upright.

4.3. Limitation of the study

Lack of subjects’ randomisation is a limitation of this study. In
fact, recovery of impaired cardiovascular data in upright posture
occurs already within 24 h after standing up again after prolonged
bed rest and is aided by the performance of exercise (Engelke et al.,
1996; Convertino, 2003). Previous data, however, suggested that
there would have been little impairment of cardiovascular oxy-
gen flow in supine posture after real or simulated microgravity
exposure. Levine et al. (1996) clearly demonstrated lack of changes
in VOZmaX on space flight day 8, whereas a significant reduction
of V02 nax aPpeared only in upright posture, upon return to Earth.
Moreover, resting and submaximal Q were not affected in supine
posture after bed rest (Sundblad et al., 2000; Spaak et al., 2005;
Linnarsson et al., 2006) at least up to 60 days of bed rest. So,
we took the decision of performing the supine tests at R+1. The
observed lack of changes in Q and an2 after bed rest in supine
posture at maximal exercise, together with the graphical analysis of
Figs. 5 and 6, demonstrated that the effects of cardiovascular func-
tion impairment acted only in upright posture, thus minimizing the
impact of not having been allowed to randomise tests between R +0
and R+ 1. On the other side, peripheral (muscular) factors, which
would affect V02 max SUPINE, are subjected to much slower recovery
kinetics (Capelli et al., 2006), unable to provide visible changes in
the first days after bed rest. Thus, the decision of performing the
tests upright on R+0, and the tests supine, which are not under the
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influence of orthostatic intolerance and its potential early recovery,
on R+ 1, turned out to be the right choice under the present circum-
stances. Correction of hypovolaemia, witnessed by the decrease in
[Hb] from R+0 to R+ 1, might have provided slightly higher Q val-
ues supine on day R+1 than one could have expected on day R+0.
These postulated differences in Q would have been compensated
for, however, by the concomitant opposite changes in [Hb], so that
the impact of a potential overestimate of Q supine on R+ 1 would
have had very small, if not altogether negligible, impact on an2
and Vo, supine.

4.4, Conclusions

We conclude that the 17.0% decrease in \'/02 max after bed rest
in supine posture was not due to increased Ry changes, because
an2 remained unchanged. According to the multifactorial model
0fV02 max liMitation, only Ry, changes may then justify this decrease,
possibly related to impaired peripheral gas exchange (reduced
mitochondrial volume). On the other hand, the lower VOZmax after
bed rest in upright than in supine posture was entirely due to the
impaired cardiovascular response upright, leading to lower an2
and Rq. As aconsequence, the 38.6% decrease in Vo, afterbed rest
in upright posture would be due to the combined effect of impaired
peripheral gas exchange and altered cardiovascular response. The
cardiovascular system of humans does not deteriorate in micro-
gravity. Exercise capacity is maintained indeed, apart for the effects
of muscle hypotrophy, as demonstrated by the results obtained in
supine posture. However, in order to maintain system homeostasis,
cardiovascular regulation adapts in such a way that, when gravity
is resumed, the cardiovascular system is unable to provide an ade-
quate response to exercise in upright posture, whence the fall in
VOz o and the onset of orthostatic intolerance.

These results have some consequences on space medicine. On
one side, in future microgravity experimental campaigns, exercise
testing should be planned as close as possible to day R+0, when
the greatest changes should be found. On the other side, the sub-
ject of cardiovascular countermeasures during space flight ought
to be placed under a different perspective. The central question is
not how to prevent cardiovascular deconditioning, but rather how
to minimize the impact of gravity resumption on the cardiovas-
cular system. Should we maintain a gravitational-like stimulus on
the cardiovascular system during space flight even at the expense
of some system dysfunction? LBNP appears as a useful tool under
this perspective, especially when coupled with the execution of
aerobic exercise (Lee et al., 2007, 2009), yet the most brilliant
idea so far, although of difficult implementation, is di Prampero’s
twin-bike system (di Prampero, 2000). Alternatively, the Euro-
pean Space Agency supports the use of short-arm centrifuges, but
they still require appropriate testing. In view of a flight to Mars,
due to the greater impact of muscle hypotrophy with increasing
time in space, cardiovascular countermeasures should however be
associated with explosive and high-resistance exercise counter-
measures to control muscle hypotrophy as well. In sum, the longer
the space flight duration the greater is the importance of combining
different interventions in designing an adequate countermeasure
programme for astronauts.
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Appendix A.

Each step along the oxygen cascade can be viewed as a resistance
(R;) overcome by a pressure gradient (AP;). At steady state, the
oxygen flow through each resistance is equal. At maximal exercise,
it is given by:

. AP AP;

VOZmax = R7TT = Ril (Al)
where Ry designates the overall resistance to oxygen flow, over-
come by the overall pressure gradient APy. Since the resistances
are arranged in-series, Ry is equal to the sum of all the individual R;.
Similarly, APy is equal to the sum of all individual AP;. In humans,
APy is equal to:

APT = P102 — Pmo2 (AZ)

where Pjo, and Pmg, designate the partial pressure of oxygen in
inspired ambient air and in the mitochondria, respectively. Assum-
ing n resistances in-series, since as a first approximation Pmg, can
be set equal to 0 mmHg, we can then write:

Po, APy AP, APupoq) APy
- R R

Vi = =—1=-""Za
O2max = Ry Ry R, Rin-1)

(A3)

Several manipulations induce changes in VO2 nae While, as far as
humans stay at sea level, no changes in APy occur. If this is so, then
any change in VOZmaX must be entirely due to an opposite change
in Rr, and thus in one or more R;. Thus, after a given manipulation,
we have:

Pyo,

VOZ max + A"/02 max m

(A4)
where AVOZmax is the change in VOZmax observed after a given
manipulation hqs induced a given change in Ry (AR7). Note thus
that in Eq. (A4) Vo, ., corresponds to the value before the manip-
ulation, whereas Vo,  + AVp,  designates the value observed
after the manipulation. Dividing Egs. (A3) and (A4) we obtain:
v

_ OZmax. =1+ ART (AS)
(VOZ max + AVOZ max) RT
which, because of the equivalence setin Eq. (A3), can also be written
as follows:

Vi ARi + ARy + ...+ ARu_1y + AR
L (A6a)
(VOZ max + AVOZ max) RT
or, after developing it:
Vi AR
L T T (A6b)
(VOZmax + AVOZmax) Ry Ry Ry Rr

In an analogous of Ohm'’s law, the ratio of each specific resistance
i to Rr is equal to the fraction F; of the overall limitation to Vo,
provided by that resistance:

F= i (A7)

By solving Eq. (A7) for Rt and substituting it into Eq. (A6b) for each
resistance at stake, we obtain:

1% . . Fo 1y ARy
_ Oz max _q AR BAR  Fan s ARe
(VO3 max + AV0z oy ) Ry Ry Rn-1)
F, - AR
+ n n (AB)

Rn
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A simplified solution of Eq. (A8) is obtained for the special case in
which a manipulation is carried out leading to changes in one and
only one resistance to oxygen flow: in this case, all the ratios on
the right branch of Eq. (A8) turn out nil except one. If this very one
resistance is the cardiovascular resistance Ry, we obtain:

V02max =1+FQ'ARQ

. : (A9)
(VOZ max + AVOZ max ) RQ

where Fj is the fraction of the V02 nax liMitation imposed by Ry. Eq.
(A9) is the algebraic form of the line reported in Fig. 5. In fact, if
we plot on the y-axis the ratio of the V02 max Values before and after
the manipulation (left arm of Eq. (A9), with values greater the 1
if the manipulation decreases V02 max) @S @ function of the ARq/Rq
ratio, we would obtain e linear relationship with y-intercept equal
to 1 and slope equal to Fy (slope of lines of Fig. 5). Let’s note that
Rq is the reciprocal of the product of cardiac output (Q) times the
oxygen transfer coefficient in the blood phase (8b), which corre-
sponds to the average slope of the oxygen equilibrium curve. In the
present study we could not determine [3b due to the impossibility
to measure the oxygen pressure in mixed venous blood. However,
since arterial oxygen saturation (Sap, ) was invariant, changes in b
would occur only in direct proportion to changes in arterial oxygen
concentration (Cap, ):

_ 1 1 1
Q-Bb Q-Cap, Qao,

where an2 is the oxygen flow in arterial blood or systemic oxygen
delivery. The manipulation considered for the construction of Fig. 5
is the movement from supine to upright at the end of bed rest, for
which we assumed that the changes in V02 max Were entirely due to
the changes in Qao, .

In contrast, in Fig. 6, the experimental points do not lie on the
line for Fy=0.7, but well above it, because the change in VOZmax is
larger than predicted from the Ry changes only. Another resistance
was increased, and this could only be the peripheral (muscular)
resistance Ry (remind that the lungs do not limit V02 max 10 DOT-
moxia), which, as a first approximation, is inversely proportional
to mitochondrial volume. So Eq. (A9) can be written as follows:

(A10)

Rq

 Voymay _ . fe ‘RARQ . Fm L ARm
(VOZ max + AVOZ max) Q m

Provided Fp=0.76, and thus Fy, = 0.24, the ratio AR /Ry would
result on average equal to 1.41 and 1.33 for U and S, respectively,
whence an estimated relative decrease in mitochondrial volume of
58.6% and 57.1%.

(A11)
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