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Abstract Muscle mass and strength are well known to

decline in response to actual and simulated microgravity

exposure. However, despite the considerable knowledge

gained on the physiological changes induced by space-

flight, the mechanisms of muscle atrophy and the effec-

tiveness of in-flight countermeasures still need to be fully

elucidated. The present review examines the effects and

mechanisms of actual and simulated microgravity on single

fibre and whole muscle structural and functional properties,

protein metabolism, tendon mechanical properties, neural

drive and reflex excitability. The effects of inflight coun-

termeasures are also discussed in the light of recent

advances in resistive loading techniques, in combined

physical, pharmacological and nutritional interventions as

well as in the development of artificial gravity systems.

Emphasis has been given to the pioneering work of Pietro

Enrico di Prampero in the development of artificial gravity

systems and in the progress of knowledge on the limits of

human muscular performance in space.
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Introduction

The loss of skeletal muscle mass in response to micro-

gravity exposure has been a medical and physiological

concern since the early Gemini, Soyuz and Skylab missions

(Convertino 1990) and, together with changes in neural

drive, is a main determinant of the decline in muscle

strength and power (di Prampero and Narici 2003). Since

Yuri Gagarin’s flight in 1961, more than 500 human beings

have flown into space according to records of the Fédéra-

tion Aéronautique Internationale (FAI). However, despite

the considerable knowledge gained in space physiology,

the mechanisms of muscle atrophy and the effectiveness of

in-flight countermeasures still need to be fully elucidated.

Progress in the knowledge of the mechanism of muscle

atrophy and weakness has not been simple because of,

(a) the small sample size of astronauts/cosmonauts involved

in the same flight mission, (b) differences in mission

duration, (c) type of and adherence to inflight counter-

measures, (d) sex-related differences, and, (e) individual

variability. A full understanding of the mechanisms of

disuse-muscle atrophy is even incomplete for Earth-bound

individuals (Rennie et al. 2010) and this problem, together

with the constraints imposed by spaceflight, makes the

task of identifying causes and remedies a major challenge.

Nevertheless, also with the use of simulated microgravity

paradigms such as bed rest and lower limb suspension, a

wealth of useful data have been obtained. This informa-

tion is of fundamental importance not only for being able

to sustain human presence in space and extend the

exploration of our Solar system, but also for enhancing
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the understanding of disuse-atrophy in bed-ridden patients

and its contribution to sarcopenia in older individuals.

Although full prevention of muscle atrophy and weakness

due to spaceflight has not yet been fully achieved

through the use of the available inflight countermeasure

programmes, recent advances in resistive loading tech-

niques, the use of combined physical, pharmacological

and nutritional interventions (Pavy-Le Traon et al. 2007),

as well as the development of artificial gravity systems

(di Prampero et al. 2009; di Prampero 2000; di Prampero

and Antonutto 1997), seem particularly promising as

suggested by several ground-testing studies.

Effect of actual and simulated microgravity

on muscle size

Whole muscle atrophy

It is well established that skeletal muscle undergoes sub-

stantial atrophy in response to actual and simulated

microgravity exposure. Data from animal models show that

postural muscles, generally containing a higher percentage

of slow fibres, are more prone to atrophy than non-postural

ones (Gardetto et al. 1989; Ohira et al. 1992; Roy et al.

1987).

However, the existing data on the effect of spaceflight

on human skeletal muscle size (Table 1) show considerable

heterogeneity in terms of size and rate of atrophy. This may

be the result of various factors, such as age, pre-flight fit-

ness level and nutritional status, and the content of and

adherence to onboard countermeasures. For example,

Kozlovskaya et al. (1981) observed that after 140 and 175-

day Mir missions, the reduction in leg circumference

(which underestimates changes in muscle CSA as it

includes subcutaneous fat and bone) was relatively small

when compared to those found after short-term spaceflight

(Table 1). As Table 1 suggests, irrespective of the type of

in-flight countermeasure, losses of lower limb muscle CSA,

or volume, between 6 and 24% should be expected for

spaceflight durations from 8 to 197 days.

Amongst the several paradigms used to simulate

microgravity (Table 1), bed rest is the most commonly

utilised since it can be performed under strictly con-

trolled conditions and, when combined with a -6� head-

down tilt, it mimics the fluid shift that occurs in space

(Montgomery 1993). With this model, the loss of muscle

mass is very rapid, since a 3% decrease in thigh volume

is observed after only 7 days of recumbency (Ferrando

et al. 1995) and after 90–120 days reductions in quadri-

ceps and calf muscle volume approximating 30% have

been found (Alkner and Tesch 2004a; Shackelford et al.

2004). Similar findings have recently been reported by

Belavy et al. (2009) after 56 days of bed rest, confirming

the original observations of Leblanc et al. (1997) that,

amongst the muscles of the lower limbs, the calf muscles

are those most prone to atrophy. Although Belavy et al.

(2009) claimed as novel the observation of a heteroge-

neous pattern of atrophy amongst the muscles of the

lower limb in response to unloading, this was earlier

described by Narici and Capodaglio (1998). Despite the

heterogeneity in their degree of atrophy, the muscles of

the lower limbs are far more affected by unloading than

those of the upper limb since no changes in human del-

toideus muscle fibre morphology and enzymatic activities

of oxidative and glycolytic enzymes were found after 37-

day bed rest (Desplanches et al. 1998).

Unilateral limb suspension (ULLS) has also been shown

to be an effective disuse paradigm for inducing muscle

atrophy. In a 4-week ULLS investigation that pioneered the

use of this model, Berg et al. (1991) reported a decrease in

knee extensors peak torque of 22% and cross-sectional area

of 7%. Several subsequent studies (Tables 1, 2) confirmed

the validity of ULLS in inducing losses in muscle mass and

function; these have been found to be quantitatively

and qualitatively similar to those produced by spaceflight

and bed rest (Adams et al. 1994).

More recently, de Boer et al. (2007a, b) studied the time

course of the musculo-skeletal adaptations to ULLS and

reported decreases in quadriceps CSA of 5.2 and 10% after

14 and 23 days of ULLS, equivalent to an approximate rate

of loss *0.4%/day (assuming that over 3 weeks the

decline is almost linear).

Immobilization by casting of the lower limb has also

been used to induce muscle atrophy (Table 1). For exam-

ple, a 12% reduction in leg volume was reported after

immobilization (Sargeant et al. 1977) accompanied by 46

and 37% decreases in VL type I and type II fibre CSA,

respectively.

When the data on the relative loss of plantarflexor and

knee extensor CSA or volume extracted from studies per-

formed in actual and simulated microgravity are plotted

against time (Fig. 1), the following general observations

may be made: (1) over the course of time, and for both

muscle groups, atrophy proceeds in a non-linear fashion,

(2) in both environments, atrophy of the plantarflexors is

greater than that of the knee extensors, (3) up to about

50 days, the degree of atrophy observed in actual and

simulated microgravity are similar for both muscles, (3) for

spaceflight of 180–200 days the degree of atrophy is

comparable, if not smaller, than that observed in simulated

microgravity models of 85–120 days. This apparent para-

dox is probably due to insufficient sample size in space-

flight studies and also to the effect of inflight

countermeasures. One limitation of this graph is that

muscle CSA and volumes are plotted together. However, it
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Table 1 Studies investigating the effect of actual and simulated microgravity on muscle size

Model Reference Duration (days) Muscle group % Decrease

Spaceflight LeBlanc et al. (1995) 8 TS VOL 6

8 Quad VOL 6

8 IB VOL 10

Akima et al. (2000) 9–16 KE VOL *6–15

9–16 KF VOL *9–14

9–16 PF VOL *8–16

Narici et al. (2003) 17 Calf CSAm ? b 8

Tesch et al. (2005) 17 KE CSA 8

17 Glut CSA 8

LeBlanc et al. (2000) 17 Gas and Sol VOL *12 and *10

17 Quad VOL *7

Thorton and Rummel (1977) 28–84 Leg VOL 7–10

Zange et al. (1997) 30–180 PF VOL 6–20

Gopalakrishnan et al. (2010) 180 Calf VOL 10–16

180 Thigh VOL 4–7

LeBlanc et al. (2000) 115–197 Quad VOL *12

115–197 Gas and Sol VOL *24 and *20

Bed rest Ferrando et al. (1995) 7 Thigh VOL 3

Kubo et al. (2000) 20 KE CSA 8

Kubo et al. (2004) 20 PF VOL 12

20 KE VOL 10

Akima et al. (2001) 20 PF PCSA 12

20 KE PCSA 7

Kawakami et al. (2000) 20 Quad VOL 11

Kawakami et al. (2001) 20 KE PCSA 8

Alkner and Tesch (2004a) 29 Quad VOL 10

29 TS VOL 16

Convertino et al. (1989) 30 Calf muscle CSA *5

30 Thigh muscle CSA *8

LeBlanc et al. (1988) 35 PF CSA 12

Berg et al. (2007) 35 KE CSA 9

35 PF CSA 12

Ferretti et al. (2001) 42 KE CSA *17

Berg et al. (1997) 42 KE CSA 14

Alkner and Tesch (2004b) 89 TS VOL 29

89 Quad VOL 18

LeBlanc et al. (1992) 120 PF VOL 30

120 KE VOL 15

Shackelford et al. (2004) 120 KE CSA 16

ULLS Dudley et al. (1992) 10 KE CSA 5

Adams et al. (1994) 16 KE muscle size 8

Schulze et al. (2002) 21 Lower leg muscle CSA 7

21 Thigh muscle CSA 7

Berg et al. (1991) 28 Thigh muscle CSA 7

Clark et al. (2006) 28 PF CSA 9

Clark et al. (2007) 28 PF CSA 8

28 KE CSA 8
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can be seen from Table 1 that up to about 20 days the

decreases in muscle CSA and volume are similar. Instead,

for longer durations, the decline in volume tends to be

smaller than that of CSA as changes in volume will average

changes in CSA along the muscle belly. Despite these

limitations, the observation that the plantarflexors are more

prone to atrophy than the knee extensors seems particularly

noteworthy. Although the exact reasons for this phenom-

enon have not been fully understood, they may reflect

different loading patterns during habitual locomotor

activities that are likely to influence protein turnover of

these muscles. During locomotion, as body mass is pro-

pelled forward, the plantarflexors are likely to experience a

proportionally greater loading than the knee extensors

because their muscle mass is about 50% smaller (c.f.

muscle volume data in Alkner and Tesch 2004b). Thus,

given these differences in loading patterns, the unloading

effects on the plantarflexors would be expected to be

greater than those on the knee extensors.

Single fibre atrophy

The decline in muscle mass induced by spaceflight is

associated with a decrease in fibre size, rather than with a

reduction in fibre number (Roy et al. 1987; Templeton et al.

1984). Although disuse atrophy in animals is by-and-large

fibre specific, there seems to be a clear difference in the

response of rat and human calf muscles to microgravity.

This is because, (1) disuse-atrophy in rodents tends to be

greater, over a given time, than in humans (on average 1.5–

3.0%/day vs. 0.4–0.75%/day, respectively (Rennie et al.

2010), (2) rodents are much less metabolically stable than

humans, (3) they display a clear pattern of selective atro-

phy of slow fibres while in humans the evidence of this

seems weaker, (4) data on rodents is mainly on immature

animals, still growing whereas data for humans are on

mature beings (Rennie et al. 2010). For instance, when

fibres of the soleus muscle from the two species are com-

pared, there seems to be a preferential atrophy of the slow

Fig. 1 Muscle size versus

duration of unloading for knee

extensor and plantarflexor

muscles. Data are combined

from the different unloading

paradigms and contain the

results from the references

presented in Tables 1 and 2.

PF plantarflexors, KE knee

extensors, SF spaceflight, BR
bed rest, ULLS unilateral lower

limb suspension

Table 1 continued

Model Reference Duration (days) Muscle group % Decrease

Tesch et al. (2004) 35 KE VOL 9

35 PF VOL 11

Ploutz-Snyder et al. (1995) 35 KE CSA 14

Caruso et al. (2005) 40 Calf CSA 12

Hather et al. (1992) 42 Sol CSA 17

42 Gas CSA 25

42 Vas CSA 16

Dudley et al. (1992) 42 KE CSA 16

42 PF CSA 18

Immobilization Thom et al. (2001) 10 Quad CSA 12

Hespel et al. (2001) 14 Quad CSA 10

Muscle group: TS triceps surea muscles, Quad quadriceps femoris muscles, IB intrinsic back muscles, KE knee extensor muscles, Glut gluteal

muscles, Gas gastrocnemius muscles, Sol soleus muscle, VOL volume, CSA cross sectional area. The muscle group names as indicated in the

table mainly reflect the terms used by the authors of each paper referenced
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antigravity type I fibres in rats, but not in humans (Fitts

et al. 2000). It has even been suggested that atrophy of fast

type II fibres is comparable, if not greater than, that of slow

type I fibres (Fitts et al. 2000). In agreement with this,

11 days of human spaceflight resulted in a greater reduc-

tion in fibre size of vastus lateralis (VL) type IIx fibres than

in type I fibres (Edgerton et al. 1995). Similar observations

were made in the human soleus muscle after 17 days of

spaceflight, as type IIa fibre cross-sectional area decreased

by 26% compared to a 15% decline in the slow type I fibre

cross-sectional area (Widrick et al. 1999). However, no

changes were observed in the gastrocnemius fibres after a

17-day flight (Trappe et al. 2001). The inconsistency of the

data of human fibre atrophy with spaceflight is likely due to

various factors such as the confounding effect of in-flight

countermeasures and activities, mission duration, and

nutrition. The combination of these factors, together with

the limited data so far available, does not enable to draw

any objective conclusions on differences in fibre type

susceptibility to atrophy due to microgravity.

As far as simulated microgravity is concerned, some

evidence of preferential type I fibre atrophy for human

muscle, seems to emerge from various studies using dif-

ferent unloading paradigms. However, there are also

reports of greater atrophy of type II fibres (Fitts et al.

2001).

In fact, contrary with the pattern seen with spaceflight,

Rudnick et al. (2004) reported greater atrophy of type I

than of type II fibres in the soleus and VL muscles after

12 weeks of bed rest. Similarly, 84 days of bed rest

resulted in a reduction in VL type I fibre diameter of 15%,

whereas type II fibre diameter was only reduced by 8%

(Trappe et al. 2004), although gender differences might

exist in this response (Trappe et al. 2007). Also, after

21 days of immobilization VL fibre type I CSA declined by

13%, whereas both type IIa and IIx CSA was reduced by

10% (Hortobagyi et al. 2000). This seems consistent with

the findings of a reduction of 7% in soleus fibre diameter

without any changes in the gastrocnemius muscle follow-

ing 12 days of ULLS (Widrick et al. 2002).

Greater susceptibility of slow muscle to atrophy has also

been recently observed by Haus et al. (2007) comparing

myofibrillar and sarcoplasmic protein content of the human

soleus and VL muscles in response to 35 day ULLS and

90-day bed rest. They found that the general (mixed, sar-

coplasmic and myofibrillar) as well as force-specific

(myosin, actin and collagen) protein fractions were main-

tained in samples of the VL in both unloading paradigms,

whereas in the soleus the general protein fraction was

reduced at the expense of the force-specific proteins.

Although this study did not specifically assess fibre size,

protein content probably gives a more robust information

on fibre atrophy than fibre size alone and, as the results

show, the evidence points to a greater susceptibility of type

I fibres to atrophy.

In contrast, Veldhuizen et al. (1993) reported that VL

fibre type IIx showed the greatest atrophy, followed by type

I and type IIa. Greater atrophy of fast fibres was also

reported by Jaweed (1994) following 42 days of ULLS as

the decrease in VL fibre CSA was 12% for type I and 15%

for type II fibres, respectively.

Thus, although the issue seems unsettled, there seems to

be stronger evidence of greater susceptibility of human

type I fibres to atrophy in response to simulated

microgravity.

Protein synthesis and breakdown

The loss of muscle mass observed in actual and simulated

microgravity is the result of a disruption in the balance

between protein synthesis and breakdown (Gamrin et al.

1998). A reduction in muscle protein anabolism has indeed

been observed in both animal and human models following

immobilization (Gibson et al. 1987), and actual spaceflight

(Ferrando et al. 2002). In rodents, this fall in muscle pro-

tein synthesis is accompanied by an increase in degradation

(Thomason and Booth 1990). However, this does not seem

to be the case in humans (Ferrando et al. 1996; Paddon-

Jones et al. 2006) as little or no changes in protein

breakdown were observed after 14 and 28 days of bed rest

and, more recently, after 10 and 21 days of a 23-day uni-

lateral lower limb suspension (ULLS) study in humans. In

fact, de Boer et al. (2007a, b) showed a 50% fall of myo-

fibrillar protein synthesis in the human VL after just

10 days of ULLS with no marked increase in genes for

proteolytic enzymes throughout the 21-day ULLS period. It

seems that an increase in protein breakdown through acti-

vation of the ubiquitin–proteasome system (UPS) mainly

occurs in inflammation-mediated muscle atrophy such as in

cancer, COPD, critical illness, severe trauma, amyotrophic

lateral sclerosis or AIDS (Murton et al. 2008). Instead,

the data on changes in MAFbx/atrogin-1 and MuRF1

mRNAs and protein expression in non-inflammatory

muscle atrophy are inconsistent and do not show a clear

role of protein breakdown in disuse-atrophy in healthy

individuals (Murton et al. 2008).

Growth factors and cytokines

Intricate signalling relationships, believed to drive these

adaptations in protein synthesis and breakdown, exist

between anabolic (e.g. IGF-1, -II, GH and testosterone) and

catabolic (e.g. IL-1, IL-6 and TNF-a) pathways. The

insulin-like growth factors (IGF)-I and -II have been

implicated in several phases of muscle development

mediating myoblast proliferation, survival and terminal
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differentiation. Furthermore, IGFs have been suggested to

increase myotube diameter, increase amino acid uptake and

stimulate protein synthesis as well as suppress protein

degradation in cultured cells (Rommel et al. 2001). Ele-

vated levels of several cytokines, such as IL-1, IL-6, and

TNF-a (Payette et al. 2003; Zimmers et al. 2002), and

myostatin (Zimmers et al. 2002) have been associated with

reduced muscle strength and function. In addition, these

cytokines are related to a loss of muscle mass through

several pathways. Lower concentrations of circulating and

intramuscular IGF-1 have been shown to be associated with

increased levels of circulatory cytokines in cachexia

(Stewart 2004), since these can interfere with IGF-1 gene

and protein expression (Ferrucci and Guralnik 2003) in

addition to hindering the interaction between IGF-1 and its

receptor which results in a synthesis of muscle proteins

leading to muscle loss. However, there is scanty evidence

that disuse in healthy humans induced by actual or simu-

lated microgravity leads to significant changes in these

growth factors and cytokines. Instead, these seem to be

confined to clinical conditions in which inflammation plays

a primary role in muscle atrophy (Murton et al. 2008).

Mechanotransduction

Integrins, the major transmembrane components of the link

between the extracellular matrix (ECM) and the cytoskel-

eton, are vital for transduction of mechanical forces from

and to the cell (Shyy and Chien 1997). It seems clear that

signalling pathways originating from ECM and integrin

interplay are mediated by the non-receptor protein kinases

focal adhesion kinase (FAK) and particular members of the

mitogen-activated protein kinases (MAPKs) including

extracellular-signal-regulated kinases (ERKs) (Fluck et al.

1999). Phosphorylation of FAK leads to the subsequent

activation of the downstream MAPK-pathway that ulti-

mately regulates transcription of genes imperative for cell

growth and differentiation (Boudreau and Jones 1999). In a

recent pioneering experiment on the effects of chronic

unloading in humans, obtained by ULLS, FAK activity was

found to decrease by 30% (Fig. 2) and content by 20%

after just 10 days of ULLS (de Boer et al. 2007b). This fall

in FAK activity was accompanied by a 50% decrease in the

fractional rate of myofibrillar protein synthesis confirming

the role of FAK as an upstream modulator of protein

synthesis (Klossner et al. 2009).

Effect of unloading on muscle architecture

The structural arrangement of muscle fibres within human

skeletal muscle is an important factor contributing to the

mechanical functioning of the muscle–tendon unit as a

whole. Previous studies making use of ultrasonography

have found that after periods of disuse, changes in muscle

size are accompanied by alterations in fascicle length (Lf)

and pennation angle (h) (Kawakami et al. 2000; Narici and

Cerretelli 1998; Reeves et al. 2002). Indeed, in the gas-

trocnemius medialis (GM) muscle Lf and h were found to

decrease by 13 and 10% respectively after 90 days of bed

rest (Reeves et al. 2002) and in the VL muscle both Lf and

h decreased by about 8% after 23 days of ULLS (de Boer

et al. 2007a). The greater susceptibility to atrophy and to

architectural changes of the GM compared to the VL in

response to unloading was recently shown by de Boer et al.

(2008) in a 5-week bed rest (BR) study. After BR, muscle

thickness and Lf decreased by 12 and 6% in the GM and by

8 and 5% in the VL. Consistent with the notion that disuse-

atrophy mainly affects the postural muscles, no changes in

muscle thickness or architecture were found in the upper

limb muscle biceps brachii (de Boer et al. 2008). Reduc-

tions in muscle fascicle length and pennation angle

respectively reflect a loss of sarcomeres in series and in

parallel (Gans and Bock 1965). This rapid remodelling of

muscle architecture with unloading seems mediated by a

fall in FAK activity since this was found to decrease by

30% of just 14 days of lower limb suspension in humans,

concomitantly with a significant decrease in fascicle length

(de Boer et al. 2007b).

Effect of actual and simulated microgravity

on muscle function

Muscle strength

In both human beings and animals, considerable losses in

muscle strength have been found after spaceflight. This

phenomenon was observed after only 2–5 days of space-

flight in 12 cosmonauts of the Soyuz-3 to Soyuz-8 missions

Fig. 2 Changes in FAK phosphorylation between days 0 and 10 and

10 and 21 in the two in the two groups of subjects of four subjects

studied twice (reprinted from de Boer et al. 2007b, reproduced with

Authors’ permission). Values are means and standard errors.

*P \ 0.05

408 Eur J Appl Physiol (2011) 111:403–420

123



(Convertino 1990) and also in astronauts participating to

Skylab missions lasting 28, 56, and 84 days who experi-

enced a 5–26% decline in knee extensor and flexor muscle

strength (Rummel et al. 1975). Also, Soviet cosmonauts

showed a significant loss in ankle extensor muscles’

strength after long-duration (110–237 days) space missions

(Grogor’eva and Kozlovskaia 1987).

These earlier pioneering observations were confirmed

by later studies reporting reductions in maximum force of

the plantarflexor, knee extensor and trunk flexor muscles

during spaceflights of different duration (Table 2). As can

be inferred from this table, variation in response exists

amongst these studies; this can be likely ascribed to

differences in flight duration, the muscle group tested,

the method of testing, the type of contraction used, the

joint angle at which the measurements were performed,

and adherence to the onboard countermeasure program

(Kozlovskaya and Grigoriev 2004). The term strength

entails quite a broad spectrum of parameters concerning the

force output of the muscle–tendon complex. Where avail-

able, the values of isometric maximum voluntary contrac-

tions (MVC) are displayed in Table 2, and when muscle

force was tested at multiple joint angles, the angle closest

to the optimum angle for force production was chosen.

All of the above investigations involved the use of

voluntary contractions which are influenced by fluctuations

of neural drive, known to be affected by spaceflight. To

bypass this problem, electrically evoked contractions were

used to study changes in plantarflexion muscle function

during the 17-day LMS Spaceshuttle (STS-78) mission by

Narici et al. (2003). The results showed a decline in tetanic

force (-22%), in force/CSA (-19.5%) and an increase in

fatiguability (?16%) that persisted and reached a nadir in

the recovery phase, suggesting the presence of muscle

damage due to reloading in 1 g. Hence independently of

neural changes, muscle force undergoes a significant

decline in microgravity and since the loss of force is greater

than that of muscle size, this is evidence of a decrease in

muscle intrinsic force (F/CSA). The loss of muscle force

persisting during the recovery phase suggests the presence

of muscle damage due to reloading in 1 g. MRI measure-

ments performed in the same crew members after the flight

revealed an increase in signal intensity of proton relaxation

time, known to be associated with muscle damage

(LeBlanc et al. 2000). Also, muscle biopsies obtained in

these astronauts revealed a selective loss of thin filaments

after the flight which has been proposed to increase the

vulnerability of muscle fibres to damage because of an

increased load per thin filament (Riley et al. 2000).

Although muscle damage as a result of spaceflight has

sofar not been directly investigated in humans, its presence

is consistent with complaints of persistent muscle soreness

by astronauts for several months after the flight (Fitts et al.

2001). Also, simulated microgravity experiments per-

formed in humans showed various ultrastructural altera-

tions such as disorganised myofibrils, cellular oedema,

irregular Z-bands and fibre necrosis after 30 days of bed

rest (Hikida et al. 1989).

Deficits in muscle strength after exposure to simulated

microgravity are reported in Table 2. Similar to space-

flight, considerable strength losses already become

apparent after short term unloading. As with the space-

flight data, strength data originating from several different

types of measurement are reported that range from iso-

metric MVC to averages of maximal concentric and

eccentric contractions (Ploutz-Snyder et al. 1995), to a

reduction in 1 repetition maximum on a knee extension

resistance exercise device (Thom et al. 2001). Interest-

ingly, regardless of this methodological diversity, the data

from the different unloading paradigms show a remark-

able similarity over time, which is especially evident in

the early phases of unloading (Alkner and Tesch 2004b;

Reeves et al. 2005).

After longer periods (28–42 days) of ULLS, the fall in

KE performance apparently begins to level off while most

of these investigations report decreases of *20% in KE

MVC (Berg et al. 1991; Dudley et al. 1992; Ploutz-Snyder

et al. 1996). However, it is difficult to estimate the

reductions in strength after longer durations of ULLS, since

there are simply no data available to support this hypoth-

esis. A better picture is drawn by the bed rest data, which

seem to suggest that the fall in muscle performance

approaches a plateau after 90–120 days of unloading

(Alkner and Tesch 2004b; LeBlanc et al. 1992).

Muscle force per unit cross-sectional area

The tetanic force developed by a muscle normalized to its

cross-sectional area, or specific force, has also been shown

to adapt to unloading, indicating a qualitative adaptation of

the muscle to unloading (Berg and Tesch 1996; Dudley

et al. 1992; LeBlanc et al. 1988). Several factors have been

called upon to explain this finding: (a) a reduction in the

specific tension of single fibres, which in turn is believed to

be due to a reduction in myofibrillar density (Larsson et al.

1996) and a selective loss of actin (Riley et al. 2000),

(b) by a lower motor drive to the muscles (Berg and Tesch

1996; Duchateau 1995; Koryak 1998), (c) by a reduction in

electromechanical coupling efficiency (Milesi et al. 2000),

and (d) by an increase in the quantity of intramuscular non-

contractile tissue (Ryan et al. 2002).

Muscle fibre force and specific tension

At the single fibre level, changes in contractile properties

are also evident after exposure to actual or simulated
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Table 2 Studies investigating

the effect of actual and

simulated microgravity on

muscle strength

Muscle group: KE knee extensor

muscles, TF trunk flexor muscles,

PF plantarflexor muscles. The

muscle group names as indicated

in the table mainly reflect the

terms used by the authors of each

paper referenced

Model Reference Duration (days) Muscle group % decrease

Spaceflight Greenisen and Edgerton (1994) 11 KE *10

11 TF 20

Tesch et al. (2005) 17 KE 10

Greenleaf et al. (1989b) 28–56 KE *20

84 KE No changes

Goubel (1997) 30–180 PF 0–38

Lambertz et al. (2001) 90–180 PF 17

Zange et al. (1997) *6 months PF 20–48

Koryak (2001) *6 months PF 42

Bed rest Bamman et al. (1998) 14 KE *15

Kubo et al. (2004) 20 KE 20

20 PF 21

Kubo et al. (2000) 20 KE 19

Kawakami et al. (2001) 20 KE 11

Dudley et al. (1989) 30 KE *19

Berg et al. (2007) 35 KE 20

Gogia et al. (1988) 35 PF 26

35 KE 19

LeBlanc et al. (1988) 35 PF *25

Berg et al. (1997) 42 KE *29

Alkner and Tesch (2004b) 90 KE 45

90 PF 48

Reeves et al. (2002) 90 PF 55

Koryak (1999) 120 PF 44

Koryak (1998) 120 PF 46

Koryak (1995) 120 PF 46

LeBlanc et al. (1992) 120 KE 30

120 PF 18

ULLS Berg and Tesch (1996) 10 KE 13

Gamrin et al. (1998) 10 KE 17

Adams et al. (1994) 16 KE 12

Ploutz-Snyder et al. (1995) 20 KE 35

Dudley et al. (1992) 21 KE 42

Schulze et al. (2002) 21 KE 17

21 PF 17

Berg et al. (1991) 28 KE 20

Berg et al. (1993) 28 KE 17

Clark et al. (2006) 28 PF 14

Clark et al. (2007) 28 KE 25

28 PF 15

Immobilization White et al. (1984) 7 PF 11

Rozier et al. (1979) 9 KE 13

Thom et al. (2001) 10 KE 42

White et al. (1984) 14 PF 24

Hespel et al. (2001) 14 KE 22

Deschenes et al. (2002) 14 KE 17

Davies et al. (1987) 21 PF 22

Hortobagyi et al. (2000) 21 KE 45

Veldhuizen et al. (1993) 28 KE 53
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microgravity. Peak force (P0) and peak force normalized to

fibre cross-sectional area (P0/CSA), have been found to be

reduced in both animals and humans. For example, a 25

and 45% reduction in P0 have been observed in rat soleus

muscle fibres after 14 (Stevens et al. 1993) and 18.5

(Rapcsak et al. 1983) days spaceflight, respectively. Also,

as few as 7 days of hind limb suspension in rats resulted in

a fall in P0/CSA of 17% (McDonald and Fitts 1995). In

humans, similar results have been found, as soleus fibre

P0/CSA decreased by 4% after 17 days of spaceflight with

countermeasures (Widrick et al. 1999). These results have

been confirmed during and after prolonged bed rest as P0

was reduced by as much as 47% after 84 days (Trappe

et al. 2004) and P0/CSA by as much as 40% after 42 days

(Larsson et al. 1996). Other studies have also confirmed the

observed decreases in P0 and P0/CSA with bed rest in

humans (Widrick et al. 1997; Yamashita-Goto et al. 2001).

The reduction in P0/CSA is mainly attributed to a lower

myofibrillar density (Larsson et al. 1996), which suggests a

decline in cross-bridge number rather than a lower force

exerted by each cross-bridge (D’Antona et al. 2003). A role

for the selective loss of actin, observed in rats with

spaceflight (Fitts et al. 2000), in the fall of P0/CSA seems

improbable, since P0/CSA was preserved when a dispro-

portionate loss of actin occurred (Widrick et al. 1999).

However, a decline in the amount of actin has been

implicated in the loss of single fibre maximal unloaded

shortening velocity, as will be discussed in the following

sections (Riley et al. 2000).

Whole muscle power

The generation of muscle power is notably compromised

with long term unloading, and to a greater extent than

muscle force alone. This is especially evident after space-

flight, as shown by the experiments of di Prampero 2000;

di Prampero and Narici 2003 using the multipurpose ergom-

eter dynamometer ‘‘MED’’ (Fig. 3) during the Euromir 94

and 95 missions. In these missions, maximal explosive

power of the lower limbs, measured on five astronauts/

cosmonauts during maximal ‘‘all-out’’ pushes on a force

platform, fell to about 67% after 31 days and to about 45%

of pre-flight values after 180 days. At variance with these

data, the maximal power developed during 6–7 s all-out

bouts on a cycloergometer was reduced to a lesser extent,

attaining *75% of preflight value, regardless of the flight

duration. Since in the same subjects, the muscle mass of the

lower limbs decreased only 9–13%, irrespective of the flight

duration, the authors suggested that a large fraction of the

decline of the maximal power was due to the effects of

weightlessness on motor unit recruitment pattern, electro-

mechanical efficiency and predisposition to muscle damage

(Antonutto et al. 1999).

Also in long-term spaceflight (90–180 days) experi-

ments on a total of 15 cosmonauts performed during the

EuroMir ‘94, ‘95, ‘98-E and in Mir EO 19-24 missions,

Lambertz et al. (2001) reported that despite countermea-

sures practiced aboard, spaceflight induced a decrease in

maximal isometric torque (17%) and an increase in an

index of maximal shortening velocity (31%) of the plan-

tarflexors. Although muscle power was not assessed in this

experiment, the results suggest that an increase in maxi-

mum shortening may in part compensate for the loss in

muscle power (being the product of force and velocity),

consistent to what observed in single fibres by Widrick

et al. (1999). In these cosmonauts, Lambertz et al. (2001)

also reported a 39% decrease on muscle activation after the

flight, indicating a decreased ability in motor unit recruit-

ment which is consistent with the observations of Anton-

utto et al. (1999).

A decline in muscle power, but of smaller amplitude,

has also been found in simulated microgravity. Vertical

jumping power was indeed found to decrease by 24% after

42 days (Ferretti et al. 2001) and by 30% after 90 days of

bed rest without countermeasures but only by 10% in

subjects that underwent flywheel resistive countermeasures

(Rittweger et al. 2007).

The effects of unloading on mechanical power appear to

be velocity-specific. After exposure to actual spaceflight

Fig. 3 Schematic representation of the multipurpose ergometer

dynamometer (MED), reprinted from Antonutto et al. (1999). Subject

sitting on carriage seat (C-S) pushes with both feet on force platforms

(FP). Velocity (V) of consequent backward movement of C-S is

determined by means of a wire tachometer (WT). Force (F) exerted by

subject is measured by two load cells indwelling into FP. Instanta-

neous power _W
� �

is calculated as _W = F � V. Hinges (Hi) allowing

tilting up of MED’s mobile frame, by action of hydraulic jack (HJ),

and isokinetic cycloergometer (Cy), are also indicated. Reproduced

with Authors’ permission
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(Kozlovskaya et al. 1981) or to any of the ground-based

models described in this work (Adams et al. 1994; Berg

et al. 1993; Dudley et al. 1992, 1989; LeBlanc et al. 1992),

power at low velocities seems more severely compromised

than at high velocities. This could possibly be due to an

increase in shortening velocity (as described below), which

may act to mitigate the effect of atrophy on mechanical

power at higher velocities.

Single fibre power

The loss in peak power with microgravity can be translated

to the single fibre level. For example, decreases of 16–20%

in rat soleus single fibre peak power have been found after

6–14 days of spaceflight (Caiozzo et al. 1994, 1996). This

loss of power occurred with a concomitant increase in

single fibre maximum unloaded shortening velocity (V0).

This is interesting since power is the product of force and

velocity, and these results suggest that the loss in muscle

fibre peak force must be the main element responsible for

the fall in peak power. Results from human studies are not

so clear-cut, probably due to scant data. Soleus type I fibre

peak power decreased by *20% in two of the crewmem-

bers, but in another two the increase in V0 was enough to

preserve power by compensating for the reduction in fibre

force (Widrick et al. 1999). With bed rest (Trappe et al.

2004), the composite soleus muscle single fibre power was

reduced by 23%. However, in the subjects undergoing bed

rest in combination with flywheel exercise as a counter-

measure, peak power was preserved. These results indicate

that exercise, as countermeasure or during in-flight tasks, is

imperative for the preservation of power by increasing

peak force. Instead, changes in V0 may be significant at

single fibre level but of little consequence at phenotypic

level.

Myosin heavy chains and maximum shortening velocity

Increases in the maximal shortening velocity of the calf

muscles have consistently been found after spaceflight in

humans and animals. The increases of 14 and 20% in

maximal shortening velocity (Vmax)1 after 6 (Caiozzo et al.

1994) and 14 days (Caiozzo et al. 1996) of spaceflight

observed in rats, have been associated with a higher type

IIx myosin heavy chain (MHC) expression and a lower

expression of type I MHC. In humans, similar results have

been found, as calf muscle Vmax increased by 4–75% in

seven out of eight cosmonauts after 17 days of spaceflight

(Lambertz et al. 2001). A study on human single fibre

maximum unloaded shortening velocity showed that soleus

type I fibre V0 and Vmax increased by 30 and 44%

respectively after a 17-day spaceflight, and that soleus type

IIa fibre V0 increased by 55% (Widrick et al. 1999). These

results suggest that the higher shortening velocity of the

plantarflexor muscles can be attributed both to an elevated

maximal shortening velocity (V0) of the individual slow

and fast fibres and to an increased expression of fibres

containing fast myosin (Fitts et al. 2001). It is unknown

why V0 and Vmax increase with microgravity, but a

reduction in thin filament density has been proposed as one

of the potential contributors. A selective loss of actin rel-

ative to myosin has indeed been found with spaceflight

(Riley et al. 2000) and is thought to increase shortening

velocity by increasing the space between myosin and actin

(lattice spacing). This is suggested to detach cross-bridges

earlier, reducing the internal drag during the final stage of

the cross-bridge stroke (Riley et al. 2000).

The MHC shift from slow to fast isoforms mentioned

above is a common observation with unloading in rat

skeletal muscle (Baldwin and Haddad 2001). A 2.8-fold

increase in the ratio of type I/IIa MHC was observed in

humans after 84 days of bed rest (Trappe et al. 2004), in

combination with an increase in the proportion of hybrid

fibres co-expressing more than one MHC isoform. Similar

observations were made in humans suffering form spinal

cord injury (SCI) (Andersen et al. 1996) and in rats after

spinal cord transsection (Talmadge 2000). Hence, these

data suggest that fast fibre types are the default phenotypes.

Effect of unloading on neural drive and reflex

excitability

The general suggestion from the available data on neural

adaptations during and after exposure to microgravity is

that the removal of weight bearing has a degenerative

effect on neural drive and muscle activation capacity. For

example, plantarflexor electromyographic activity (EMG)

activity fell by *35–40% after 90–180 days exposure to

microgravity (Lambertz et al. 2001). In accordance with

this, EMG activity recorded in the plantarflexor muscles is

diminished rapidly with hind limb suspension in rats

(Edgerton and Roy 1994), but is gradually increased to pre-

unloading levels as unloading continues (Ohira et al. 1992).

The available data on chronic EMG activity in humans

shows that tibialis anterior and soleus muscles total

EMG activity is increased with 17 days of spaceflight,

1 Maximum unloaded shortening velocity (V0) is estimated in

isolated preparations using the so-called ‘slack’ test (Edman (1979).

A contracting muscle is rapidly shortened by a known distance (at a

velocity greater than Vmax) so that the fibres become slack and will

then shorten without any external load. The time for the fibre to take

up the slack and start pulling on the force transducer gives a measure

of the velocity of unloaded shortening. Maximum shortening velocity

(Vmax) is estimated from the force–velocity relationship, which in turn

is determined from a series of consecutive isotonic steps. Vmax is

defined as the intercept of the force–velocity curve with the velocity

axis.
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without any change in the gastrocnemius medialis’ activity

(Edgerton et al. 2001). Maximal EMG activity decreased

by 19% during maximal contractions of the knee extensor

muscles after 42 days of bed rest in humans (Berg et al.

1997). A reduction in EMG activity was also observed after

90 days bed rest in both the plantarflexor and knee extensor

muscles during maximal contractions on either a flywheel

ergometer or isokinetic dynamometer (Alkner and Tesch

2004b). These observations give support to the hypothesis

of a reduction in motor unit recruitment with spaceflight

put forward by Antonutto et al. (1999).

Data from a study on one subject show that 5 weeks of

bed rest resulted in a deficit of 33% in central activation of

the plantarflexor muscles and a reduced EMG activity

during MVC in both the gastrocnemius lateralis (-51%)

and soleus (-32%) muscles (Duchateau 1995). Another

20-day bed rest study resulted in 6.5% a fall in maximal

voluntary activation of the knee extensors determined by

twitch interpolation (Kawakami et al. 2001). Also, after

6 weeks of immobilisation of the human forearm, a

decreased EMG activity of the thumb muscles was

observed (Duchateau and Hainaut 1987). A very detailed

study by Clark et al. (2006) investigated the neural and

muscular parameters that were partly responsible for the

fall in plantarflexor muscle strength after 4 weeks of ULLS

and concluded that deficits in central activation are the

primary contributors to strength loss based on a multiple

regression analysis. These authors observed a slowing in

the compound muscle action potential (Mmax) by 30%, a

decrease in evoked doublet force and an increase in the

ratio of twitch-to-doublet force, an altered postactivation

potentiation response and a reduction in rate of electrically

evoked force development in the initial phase of contrac-

tion. In addition, an increase in Hoffmann reflex to Mmax

ratio (an indication of spinal a-motoneuron excitability),

together with a reduction in nerve conduction velocity,

were found (Clark et al. 2006). This confirmed previous

Russian observations made during short-term Soyuz flights

(2–18 days) of an increased reflex excitability (Cherepakhin

and Pervushin 1970; Kakurin et al. 1971). Also, more

recently, an increase in soleus H-reflex (normalised to Mmax)

was described by Seynnes et al. (2008) after 23 days of

ULLS in humans. Particular noteworthy of this study was a

decreased sensitivity of the T-reflex evidenced by an

increase in the threshold necessary for evoking this reflex

(Seynnes et al. 2008).

Tendon adaptations

In response to chronic unloading, not only muscles but also

tendons, undergo deconditioning. A reduction in tensile

stiffness of the VL deep aponeurosis of 32% (Kubo et al.

2000) and 28% (Kubo et al. 2004) have been found after

20 days of bed rest. Marked changes in tendon mechanical

properties were also found by Reeves et al. (2005) who

reported a reduction in Achilles tendon stiffness and

Young’s modulus of 58 and 57%, respectively, after

90 days of bed rest. This loss of tendon stiffness induced

by disuse is very rapid, corresponding to 9.8% after

14 days and 29.3% after 23 days of ULLS (de Boer et al.

2007a). Since the decrease in tendon stiffness was of the

same magnitude of that of Young’s modulus (i.e. stiffness

normalized for tendon dimensions), the observed fall in

stiffness was attributed to changes in tendon material

properties. These may be influenced by alterations in the

structure and packing of the collagen fibres (Danielsen and

Andreassen 1988) as a result of differences either in the

cross-link pattern of the collagen (Prockop and Kivirikko

1995). The decrease in tendon stiffness is reflected by an

increase in tendon extensibility at a given level of force

exerted by the muscle and this has implications on the rate

of force development (RFD) (Wilkie 1949). Indeed, after

23-day ULLS, RFD was found to decrease by 38% (de

Boer et al. 2007a).

Countermeasures

Several approaches, based mainly on muscular and car-

diovascular countermeasures, have been proposed to

combat the atrophy and deteriorated function of skeletal

muscle that occurs in space owing to the lack of weight

bearing. It is fair to say that none of these methods has been

thoroughly evaluated with regard to their efficacy to pre-

vent or ameliorate muscle atrophy and function impairment

in humans exposed to chronic microgravity. However, and

regardless of the mechanism(s) responsible for the negative

impact of spaceflight on skeletal muscle, countermeasures

to this effect are imperative for maintaining crew-health

and mobility during long-duration space missions.

Most astronauts/cosmonauts, have carried out in-flight

countermeasures which have varied considerably in type,

duration and intensity (Convertino 1990; di Prampero and

Narici 2003; Greenleaf et al. 1989a; Tesch and Berg 1997),

but full prevention of muscle and strength loss has not been

yet achieved. In addition to physical, also nutritional and

pharmacological countermeasures have been tested in

simulated microgravity studies and the combination of

these three different types of intervention seems particu-

larly promising.

Aerobic exercise

In-flight cycle ergometer exercise has been used mainly to

maintain cardiovascular function (Chase et al. 1966).

However, such exercises have been shown to be
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ineffective for maintaining musculo-skeletal function in

space simply because the mechanical load provided by

aerobic exercise programmes is too low to prevent muscle

atrophy or to induce muscle hypertrophy in space or in

1 g. For instance, results from a 30-day bed rest study

show that 30 min of cycle ergometer exercise performed

5 days per week, failed to prevent muscle atrophy and

weakness when compared to non-exercising controls

(Greenleaf et al. 1989b). Similarly, daily supine cycle

ergometry exercise for 60 min at 40% of maximal aerobic

power did not protect against muscle or strength loss in

individuals subjected to 20 days bed rest (Suzuki et al.

1994).

Resistive exercise

A protective effect of resistive training on protein syn-

thesis has been shown by several studies performed on

animals and humans. Healthy men who were confined to

bed rest for 2 weeks and performed knee extensor and

ankle extensor resistance exercise every other day using a

five set, 6–10 repetition regimen at about 80% of maxi-

mum, were able to maintain muscle protein synthesis

rate. Subjects who performed no training, showed

decreased muscle strength, mass and protein synthesis

rate. The protocol was also sufficient to maintain

dynamic strength; yet isometric strength and neural acti-

vation were reduced (Bamman et al. 1998; Ferrando et al.

1997). A protective effect of resistive training on protein

synthesis has also been shown in rats in which 4 weeks

of flywheel training significantly attenuated the reduction

in soleus muscle mass and protein synthesis when com-

pared to non-exercising rats (Fluckey et al. 2002). This

mode of training based on concentric and contractions

against a flywheel, introduced by Berg and Tesch (1998),

has been used for the prevention of muscle atrophy and

weakness in two models of simulated microgravity,

ULLS and bed rest. For instance, quadriceps muscle

atrophy, induced by 5 weeks of lowerlimb suspension,

was prevented by four sets of seven maximal concentric

and eccentric knee extensions, performed twice or thrice

weekly and using flywheel training (Tesch et al. 2004).

However, in humans, the soleus muscle shows limited

predisposition to work-induced hypertrophy, especially

when compared to the quadriceps. For instance, whereas

high-intensity flywheel exercised performed twice per

week during a 90-day bed rest study fully prevented

quadriceps atrophy, it only partially mitigated atrophy of

the soleus muscle (Alkner and Tesch 2004b). This limited

predisposition to hypertrophy of the human soleus is also

confirmed by findings of a poor increase in protein syn-

thesis of this muscle in response to an acute resistive

exercise bout (Trappe et al. 2004). Taken together, these

results suggest that resistive exercise is presently the

method of choice for mitigating or even preventing the

negative effects of unloading on skeletal muscle. How-

ever, significant differences in the response to training

exist among muscles and the causes thereof warrant

further investigation.

Penguin suit exercise

This type of exercise, introduced by Russian space scien-

tists, consists of an all-body suit with sewn-in elastic bands

for maintaining a stretching load on antigravity muscles. It

is difficult to judge whether this type of exercise is really

effective in combating muscle atrophy and weakness dur-

ing disuse in space or on Earth. However, in a small group

of subjects (n = 4), who were bedridden for about

120 days, fibre size of the soleus muscle appeared main-

tained after performance of a single daily 10 h bout of

modest loading, i.e. about 10 kg, using the Penguin suit.

Instead, three subjects, who did not load the ankle extensor

muscles, showed soleus atrophy (Ohira et al. 1999).

Although these results may sound promising, no hard

conclusions may be drawn from observations made on such

small sample and it seems unlikely that such low loads may

prove effective in preventing muscle atrophy and weakness

of large antigravity muscles.

Pharmacological and nutritional interventions

Pharmacological interventions have been proposed for

preventing or mitigating muscle loss associated with

spaceflight. For some time clenbuterol (a beta-2 adrenergic

agonist) has been used on farm animals to increase muscle

mass and it has been shown that chronic administration of

this drug induces muscle hypertrophy by increasing protein

synthesis (Wineski et al. 2002). Although its precise mode

of action is not clear, clenbuterol has been found to reduce

muscle atrophy in hind-limb suspended rats (Apseloff et al.

1993). It has also proved successful in reducing disuse

muscle atrophy in orthopaedic patients (Maltin et al. 1993)

and has been proposed as a therapeutic tool to combat

muscle atrophy in patients with neuromuscular disorders

(Lynch et al. 2001). The use of albuterol (another beta-2

receptor agonist) combined with resistive exercise (fly-

wheel) has been recently tested on 21 men (11 treated with

albuterol, 10 with placebo) and 15 women (9 treated with

albuterol, 6 with placebo) during a 40-day ULLS period

(Caruso et al. 2005). The results showed that the combined

resistive training-albuterol treatment increased muscle

strength in the women group, whereas the placebo group

lost strength.

Nutritional supplementations associated with resistive

exercise have also been shown to protect from disuse
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atrophy induced by bed rest. Administration of essential

amino acids (AA) with resistive training during 23-day bed

rest has indeed been shown to attenuate the loss of muscle

mass by about 2/3 compared to AA administration alone

(Brooks et al. 2008). By contrast administration of a mix-

ture of AA and carbohydrate without exercise mitigated but

did not prevent muscle atrophy during 28 days of bed rest

(Fitts et al. 2007).

Testosterone administration has also been proposed as

a pharmacological countermeasure against muscle atrophy

and weakness since it is known to increase protein syn-

thesis in young and elderly adults (Ferrando et al. 1998;

Urban et al. 1995). However, in a 28-day bed rest study

testosterone administration to ten healthy young men was

found to preserve protein balance but not muscle strength.

The authors concluded that in the absence of daily

ambulatory activity, testosterone administration does not

increase or, in the case of this bed rest model, preserve

muscle strength (Zachwieja et al. 1999). The observation

that this hormone maintained protein turnover but failed

to prevent knee extensors strength loss seems to suggest

that either the force per unit area of muscle fibres

declined with bed rest, as observed by Larsson et al.

(1996), or/and a decrease in motor unit recruitment

occurred, as shown by previous studies (Alkner and Tesch

2004b; Berg et al. 1997). However, the results of this

study seem at odd with the observation that resistive

exercise during 30-day bed rest actually depresses tes-

tosterone level (Wade et al. 2005) suggesting that a

synergistic action of exercise plus testosterone may not

exist during bed rest or that exercise levels at a much

lower intensity may be needed to prevent muscle loss in

these conditions. Hence more studies are needed before

conclusive statements may be drawn.

Considerable attention has also been given to insulin-

like growth factor-1 (IGF-1) as a possible remedy against

muscle atrophy in actual and simulated microgravity.

Although low IGF-1 levels are associated with muscle

atrophy in various human conditions (Wang et al. 2005) no

protective effects on muscle mass have been found in

transgenic mice overexpressing human IGF-I since these

exhibited similar atrophy to normal mice during 14-day

hind limb suspension (Criswell et al. 1998). Also, intra-

muscular IGF-1 mRNA levels have been found not to

differ between space-flown rats and ground-control rats

whereas IGF-II levels were depressed. In the same study,

myostatin levels were significantly increased by space-

flight. This suggests that the levels of negative regulators of

muscle mass are increased with spaceflight while those of

the positive regulators are depressed (Lalani et al. 2000).

Hence further studies are needed before growth factors

may be considered for the prevention of muscle atrophy in

space.

Electrical stimulation

The use of transcutaneous electrical muscle stimulation

(EMS) has been tested as a countermeasure against muscle

atrophy and weakness during a 30-day bed rest study

(Duvoisin et al. 1989). In this investigation, three healthy

subjects were treated unilaterally with EMS (60 Hz fre-

quency, 0.30 ms pulse width, 4 s train duration) twice daily

every third day. The results showed a smaller decrease in

strength and muscle mass in limb treated with EMS than in

the non-stimulated limb. Although these results show a

mitigation of muscle atrophy and weakness by EMS, they

do not show a prevention of these conditions and do not

provide a comparison between the effects of EMS and

those of voluntary contractions. Also, in a hind-limb sus-

pension (HS) study in rats, daily transcutaneous EMS plus

HS did not provide protection against muscle atrophy when

compared to rats exposed to HS only (Yoshida et al. 2003).

Although EMS has the advantage of standardising muscle

activation, contraction level and duration, to compare in

terms of efficacy to voluntary contractions, it requires high

stimulation currents, and these are quite uncomfortable.

Artificial gravity: centrifuges and cycling in space

This concept of countermeasure is probably the most

innovative but also the most challenging. Since chronic

exposure to gravitational force on Earth is sufficient to

prevent muscle atrophy, it has been hypothesised that the

introduction of Earth-like gravity in a space station may

prove useful for preventing muscle deconditioning. Cur-

rently three methods have been proposed for exercising

with Earth-like gravity: (a) conditioning with centrifuges,

(b) cycling along the inner wall of the space module, and

(c) cycling in a ‘track tunnel’ on the Lunar or Martian

surface.

Countermeasures based on centrifuges

In humans, the application of artificial gravity combined

with intensive aerobic training has been found to maintain

muscle size during 20 days of bed rest (Akima et al. 2005).

In this study five healthy men were assigned to a coun-

termeasure group and five to a non-exercising control

group. The countermeasure group undertook intensive

cycle training (to 90% of maximum HR) with short-arm

centrifuge-induced artificial gravity on alternate days. The

results showed that the volume of the total thigh muscles

was maintained in the countermeasure group, whereas it

decreased by 9% in the non-exercising controls. While

knee extensors maximum voluntary contraction (MVC)

decreased by 7% in the countermeasure group, in the non-

exercising controls MVC decreased by as much as 23%. In
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a more comprehensive and recent study by Caiozzo et al.

(2009), daily 1 h exposure to artificial gravity by centri-

fugation (2.5 G measured at the feet), resulted in a full/

partial prevention of torque loss of the plantarflexor and

knee extensor muscles, and in a full prevention of VL

and soleus muscle fibre atrophy during 21-day bed rest

(Caiozzo et al. 2009).

The results of this pilot study seem promising as they

suggest that the minimum intensity and duration of the

gravitational acceleration necessary to prevent muscle

atrophy and torque loss in space may require a daily hourly

exposure to about 2.5 G. Whether this type of counter-

measure is effective in preventing the loss of muscle mass

and function in mission lasting several months, or years,

remains to be established.

Cycling in space, on the Moon and Mars

The concept of cycling in space as a countermeasure

against cardiovascular and muscular deconditioning has

been originally introduced by Antonutto et al. (1991) who

proposed to simulate gravity on a space vehicle denomi-

nated Twin Bikes System (TBS). Recently, this concept

has been further elaborated by di Prampero et al. (2009)

who proposed the construction of a Lunar or Martian

cycling track tunnel. A description of this project and of the

TBS concept can be found in the paper of Lazzer et al.

(2010) in the present issue of this Journal.

The prosaic argument could be made that these inno-

vative concepts for space countermeasures are pure fiction.

However, such argument would be scientifically and

philosophically flawed since any new research idea is

actually fiction until realised. The main achievements in

terrestrial and space exploration have indeed been achieved

through the bold spirit and vision of explorers, scientists

and funders. Most people thought that Kubrick’s Film 2001

Space Oddessy was pure fiction when released in 1968.

However, in 2004 NASA announced plans for building a

fully functional lunar station with rotating crews and

extend human presence across the Solar system. If we are

to succeed as scientists in these goals, bold projects of

innovative vision, such as the Lunar and Martian ‘‘track-

tunnel’’ of Pietro Enrico di Prampero and his team, are

exactly what are needed.
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