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Abstract 

The primary goal of this study was to determine the effects of 

prolonged space flight (∼180 days) on the structure and function of slow and 

fast fibres in human skeletal muscle. Biopsies were obtained from the 

gastrocnemius and soleus muscles of nine International Space Station crew 

members ∼45 days pre- and on landing day (R+0) post-flight. The main 

findings were that prolonged weightlessness produced substantial loss of fibre 

mass, force and power with the hierarchy of the effects being soleus type I > 

soleus type II > gastrocnemius type I > gastrocnemius type II. Structurally, 

the quantitatively most important adaptation was fibre atrophy, which 

averaged 20% in the soleus type I fibres (98 to 79 μm diameter). Atrophy 

was the main contributor to the loss of peak force (P0), which for the soleus 

type I fibre declined 35% from 0.86 to 0.56 mN. The percentage decrease in 

fibre diameter was correlated with the initial pre-flight fibre size (r = 0.87), 

inversely with the amount of treadmill running (r = 0.68), and was associated 

with an increase in thin filament density (r = 0.92). The latter correlated with 

reduced maximal velocity (V0) (r = −0.51), and is likely to have contributed 

to the 21 and 18% decline in V0 in the soleus and gastrocnemius type I fibres. 

Peak power was depressed in all fibre types with the greatest loss (∼55%) in 

the soleus. An obvious conclusion is that the exercise countermeasures 

employed were incapable of providing the high intensity needed to adequately 

protect fibre and muscle mass, and that the crew's ability to perform 

strenuous exercise might be seriously compromised. Our results highlight the 

need to study new exercise programmes on the ISS that employ high 

resistance and contractions over a wide range of motion to mimic the range 

occurring in Earth's 1 g environment. 

Introduction 

The goals of the international space community are to conduct 

long-termed manned missions beyond the low earth orbit of the 

International Space Station (ISS). First, a number of issues regarding 

the deleterious effects of microgravity on human biology need to be 

addressed and resolved (Fitts et al. 2000; Trappe et al. 2009). It is 

clear from the last 40 years of space research, particularly studies 

conducted on the Skylab and MIR space stations and on mission STS-

78 of the Space Shuttle Columbia (with the Life and Microgravity 

Spacelab, LMS), that limb skeletal muscle is particularly susceptible to 

microgravity-induced deterioration in both structure and function 

(Convertino, 1990; Fitts et al. 2000; Fitts et al. 2001). A consistent 

observation is significant atrophy of both upper and lower leg muscles 
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with the response occurring more rapidly in the triceps surae muscle 

group (ankle plantar flexors) than the anterior tibial group (ankle 

dorsal flexors) (Fitts et al. 2000). The primary cause of the decline in 

muscle mass appears to be the unloading of the skeletal and muscular 

systems rather than reduced activation. Support for this comes from 

the work of Edgerton et al. (2001) who found the total EMG activity of 

the tibialis anterior and soleus muscles of four crew members during 

the 17-day LMS space flight to be increased compared to pre- and 

post-flight values. The authors concluded that space flight on Shuttle 

missions is a model not just of space flight but rather microgravity plus 

the programmed work schedule. Despite the high EMG activity, the 

cross-sectional areas (CSAs) of the slow type I and fast type IIa fibres 

of the soleus muscles of the four crew members were on average 15 

and 26% smaller post- compared to pre-flight (Widrick et al. 1999). 

The composite data from Skylab, MIR and Shuttle flights 

suggest that the loss of limb muscle mass is exponential with the 

duration of flight, and that a microgravity steady state may be reached 

by approximately 180 days (Fitts et al. 2000). The loss in muscle force 

primarily reflects the decline in mass. Consequently, when single fibre 

force is expressed relative to cross-sectional area, there is little 

difference between pre- and post-flight values (Widrick et al. 1999; 

Fitts et al. 2000). In addition to the decline in muscle mass and peak 

force, crew members showed a depressed ability to generate power 

that was generally greater than the loss of force (Widrick et al. 1999; 

Fitts et al. 2000). For example, after 31 days in space, lower limb 

extensor force declined by 11%, while peak power was depressed by 

54% (Antonutto et al. 1999). The latter was greater than the loss in 

single-fibre power after the 17-day LMS flight suggesting that factors 

other than atrophy contributed to the decline (Widrick et al. 1999; 

Fitts et al. 2000). Following the LMS flight, we found that the decline in 

peak power was partially protected by an increased maximal velocity 

(V0) of both slow and fast fibres such that the velocity obtained at 

peak power was higher post-flight (Widrick et al. 1999). The elevated 

fibre V0 was associated with and likely caused by an increase in 

myofilament lattice spacing that resulted from a reduction in thin 

filament density. It is unknown whether or not this adaptation persists 

with prolonged space flight or reflects a transient response to short 

duration flight. 
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A hallmark of space flight is that considerable variability in the 

extent of muscle atrophy and functional loss exists among crew 

members. For example, the crew members in this study showed calf 

muscle atrophy ranging from 1 to >20% and loss of maximal 

voluntary contractile force of the calf from 7 to 20% (Trappe et al. 

2009). Similarly, Zange et al. (1997) observed muscle mass losses 

with 6 months in space to vary from 6 to 20%. Following the 17-day 

LMS flight, two crew members showed 2–3 times the reduction in peak 

force (mN) noted for the other two (Widrick et al. 1999). Besides mass 

and force, variability was also observed for Ca2+ sensitivity where the 

free Ca2+ required for half-maximal activation of soleus type I fibres 

post-flight ranged from no difference to 0.31 μmol more free Ca2+. 

The primary goal of this study was to use single, chemically 

skinned muscle fibre segments to determine the cellular effects of 

prolonged (∼180 days) space flight aboard the International Space 

Station (ISS). An additional goal was to determine the extent to which 

the observed functional changes were fibre and muscle specific, and 

whether or not they could be explained by structural alterations. 

Changes in structure and function were to the extent possible related 

to differences in the type and amount of countermeasure exercise. To 

allow for scientific comparisons between the single fibre results 

described here and our recently published whole muscle data on the 

same subjects (Trappe et al. 2009), the letter code used for a given 

crew member was the same in both publications. The exercise 

countermeasure performed by each crew member was presented in 

detail in Trappe et al. (2009). The results were also compared to the 

known cell changes following short duration space flight. 

Methods 

Flight and subjects 

The 10 crew members, five American astronauts and five 

Russian cosmonauts, who participated in this study flew aboard the 

International Space Station (ISS) from Increments 5 to 11 (2002–

2005). All flights except for the first (Increment 5) originated and 

landed in Russia aboard the Russian Soyuz spacecraft. The crew of 

Increment 5 were ferried to and from the ISS on the Space Shuttle, 
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which lifted off and landed at Kennedy Space Center. The post-flight 

muscle samples for one crew member were damaged during shipment 

from Russia to the USA, and thus the data for this subject were not 

included. The subjects (n = 9) age, height, weight and days in space 

were 45 ± 2 years, 176 ± 2 cm, 81 ± 3 kg, and 177 ± 4 days (range 

= 161–192 days), respectively. 

Prior to volunteering to participate in this study, all crew 

members were briefed on the project objectives and testing 

procedures by a member of the research team. Crew members were 

informed of the risks and benefits of the research and gave their 

written consent in accordance with the Human Subjects Institutional 

Review Boards at Marquette University, Ball State University, The 

Medical College of Wisconsin, and the National Aeronautics and Space 

Administration (NASA; Johnson Space Center). This study was 

conducted in accordance with the Declaration of Helsinki. 

Pre- and in-flight exercise and nutritional profile 

The pre- and in-flight exercise programmes of each crew 

member have been published elsewhere by our research team (Trappe 

et al. 2009). The crew members had access to a treadmill (Treadmill 

Vibration Isolation System; TVIS), two types of bicycle ergometers 

(Cycle Ergometer with Vibration Isolation System (CEVIS) and Velo, a 

Russian exercise device), and a resistive exercise device (Interim 

Resistive Exercise Device; iRED). The treadmill could be used in a 

passive (subject driven) or active (motorized) mode of operation. The 

exercise countermeasure programme was individually structured to 

allow for personal preference with guidance from staff within NASA 

and the Russian Space Agencies. A summary of the in-flight exercise is 

shown in Table 1. For more detailed information about the exercise 

prescription performed while on the ISS and individual aerobic and 

resistance exercise data profiles for each crew member see Trappe et 

al. (2009). The exercise profiles were determined from crew member 

logbooks and from downloaded analog data from the treadmill and 

cycle ergometer (Trappe et al. 2009). The in-flight diet was designed 

to meet the nutritional requirements for ISS missions as established 

by NASA and the Russian Space Agencies (Smith & Zwart, 2008). The 
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nutrient content of the pre- and post-flight foods was calculated using 

the Nutrient Data System for Research (Schakel et al. 1988). 

Table 1. Summary of aerobic and resistance exercise performed while on the ISS 

 

Muscle biopsy 

A muscle biopsy (Bergstrom, 1962) of ∼80 mg was obtained 

from the mid-belly of the lateral head of the gastrocnemius and soleus 

muscles of each crew member prior to launch (L-55 ± 2) and on 

landing day (R+0) as described previously (Trappe et al. 2009). The 

post-flight biopsy was performed mid-to-late afternoon approximately 

6–8 h after landing. The post-flight activity between landing and the 

biopsy was kept to a minimum, and during that time the crew 

members performed only light ambulatory activities. 

Each biopsy sample was placed on saline-soaked gauze and 

divided longitudinally into several portions for subsequent structural 

and functional analyses exactly as described previously (Widrick et al. 

1999). Two portions of each biopsy were placed in small vials 

containing cold (4°C) skinning solution (125 mm potassium 

propionate, 20 mm imidazole, 2 mm EGTA, 4 mm ATP, 1 mm MgCl2, 

and 50% glycerol v/v, pH 7.0), and stored overnight at 4°C. The next 

day, the vials were packaged surrounded by frozen, water ice bottles 

in two boxes with each containing two vials (one soleus and one 

gastrocnemius sample), hand carried back to Ball State and Marquette 

Universities. Upon arrival, the bundles were placed in fresh skinning 

solution and stored at −20°C for up to 4 weeks. All contractile 

measurements on fibres from a given muscle were performed within 4 

weeks of the initial bundle isolation. A third portion of each biopsy was 

pinned at a mild stretch and immersion fixed in a 0.1 m cacodylate 

buffer (pH 7.2) containing 4% glutaraldehyde and 2% 

paraformaldehyde with 5 mm CaCl2. This sample was shipped 

overnight at 4°C to the Medical College of Wisconsin for osmium post-
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fixation and embedding for electron microscopy as previously 

described (Riley et al. 1998). The fourth and fifth portions were frozen 

in liquid nitrogen and shipped in a liquid nitrogen dry shipper to 

Marquette University. 

Solutions 

The composition of the relaxing (pCa 9.0) and activating (pCa 

4.5) solutions were derived with an iterative computer program 

(Fabiato & Fabiato, 1979) using the stability constants adjusted for 

temperature, pH and ionic strength (Godt & Lindley, 1982). All 

solutions contained (in mm): 20 imidazole, 7 EGTA, 14.5 creatine 

phosphate, 4 free ATP, and 1 free Mg2+. Calcium was added as CaCl2, 

and ATP as a disodium salt. Each solution had an ionic strength of 180 

mm, which was controlled by varying the amount of KCl added. KOH 

was used to adjust the pH of the solution to 7.0. To prevent an 

increase in ADP or decline in ATP, we changed the activating solution 

after every two contractions. The activating and relaxing solutions 

were made fresh each week and stored at 4°C. 

Single fibre preparation 

This study involved the isolation and study of 1900 fibres with 

experiments conducted in the labs of Dr Fitts at Marquette and Dr 

Trappe at Ball State Universities. The procedures described here for 

the isolation and study of individual fibres were the same in both labs. 

While the single fibre systems used were similar, the equipment was 

not identical. Since the results obtained by each lab for all variables 

studied were similar, the data were pooled and presented here as one 

data set. 

Single fibres were isolated and studied as described previously 

and briefly reviewed here (Widrick et al. 1999; Fitts et al. 2007). On 

the day of an experiment a muscle bundle was removed from the 

skinning solution and transferred to a dissection chamber containing 

pH 7.0 relaxing solution (4°C). An individual fibre was gently isolated 

from the bundle, transferred to an ∼1 ml glass-bottomed chamber 

milled in a stainless steel plate. While submerged under relaxing 

solution (pH 7.0, 15°C), the ends of the fibre were carefully mounted 
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and attached between a force transducer (Cambridge model 400A; 

Cambridge Technology, Watertown, MA, USA) and servo-controlled 

direct-current position motor (Cambridge model 300B, Cambridge 

Technology). The position and speed of the motor was controlled by 

custom-designed software running on a microcomputer interfaced with 

a National Instruments data acquisition board (NI-DAQ). To disrupt 

any remaining intact membranes, the fibre was submerged into a 

relaxing solution containing 0.5% Brij 58 for 30 s after which the fibre 

bath was exchanged twice with relaxing solution. 

The experimental chamber was mounted on the stage of an 

inverted microscope. Sarcomere length was adjusted to 2.5 μm using 

an eyepiece micrometer (800×), and the length of the fibre (FL) was 

recorded. A digital photo (Pro IDEO CVC-140 camera) was taken of the 

fibre while it was briefly suspended in air. Fibre diameter was 

determined at three points along the length of the fibre using Scion 

Image software, and fibre CSA calculated from the mean diameter 

measurement, assuming the fibre forms a circular cross section when 

suspended in air (Metzger & Moss, 1987). 

Experimental procedures 

Fibres exhibiting non-uniform sarcomere lengths or regions of 

tearing were not studied (Moss, 1979). Additionally, data for a given 

fibre were not included if peak isometric force (P0) declined by >15% 

or fibre compliance (determined from the y-axis intercept of slack test) 

exceeded 10% (Trappe et al. 2004). For most fibres, P0 declined 

<10% from the beginning to the end of the experiment. Contractile 

function of individual fast type II and slow type I fibres was 

determined exactly as described previously for our 17-day 

microgravity study (Widrick et al. 1999). Briefly, the fibre was 

maximally activated in pCa 4.5 solution, allowed to reach peak 

isometric force (P0), and slacked to a predetermined length, which 

caused tension to drop to zero. The time it took the fibre to take up 

the slack and initiate the redevelopment of tension was measured. The 

fibre was then returned to relaxing solution (15°C) and re-extended to 

its original fibre length. Each fibre was subjected to five different slack 

steps and fibre V0 (FL s−1) determined from the slope of the least 

squares regression line of the plot of slack distance versus the time 
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required for the redevelopment of force. Slack length changes never 

exceeded 20% of fibre length. 

The rate constant of tension redevelopment (ktr) was 

determined using the slack–unslack procedure (Metzger & Moss, 

1990). To prevent sarcomere non-uniformity during tension 

redevelopment, Metzger & Moss (1990) used a laser to clamp the 

sarcomeres at 2.5 μm. The clamp procedure is time consuming and 

not practical when hundreds of fibres are studied. In preliminary 

studies, we determined that the ktr of the slow type I fibre was 

identical with and without a laser clamp, while the fast type II fibre 

showed a significantly lower ktr in the absence of a laser clamp 

(Fitzsimons et al. 2001). Thus, we determined the ktr in slow but not 

fast fibres. The measurement requires activation of the fibre in pCa 4.5 

and following attainment of steady tension a 400 μm slack, a 40 ms 

delay, and then re-extension to the original FL. Re-extension 

dissociates the cross-bridges, and tension redevelopment was best 

fitted with a first-order exponential equation where the rate constant k 

is ktr and thought to reflect the rate limiting step in the generation of 

the high force state (Metzger & Moss, 1990). 

Following the determination of V0 and ktr, isotonic load clamps 

were employed to measure force–velocity–power parameters. For each 

fibre, the force (as a percentage of peak force) and the corresponding 

shortening velocity for 15 force–velocity data points were fitted to the 

Hill equation with the use of an iterative non-linear curve-fitting 

procedure (Marquardt–Levenberg algorithm), and maximal shortening 

velocity (Vmax) and the a/P0 ratio determined (Widrick et al. 1998). 

Peak fibre power was calculated with the fitted parameters of the 

force–velocity curve and P0 (Widrick et al. 1998). Composite force–

velocity and force–power curves were constructed by summating 

velocities or power values from 0 to 100% of P0 in increments of 1%. 

In a subset of fibres (see Table 11 for the n for each fibre type), 

force–pCa relationships were determined by activating the fibres in a 

series of solutions with calcium concentrations ranging from pCa 6.8 to 

4.5 exactly as described previously (Widrick et al. 1999). Hill plots 

were fitted to the data and the activation threshold, the one-half 

maximal activation (pCa50), and slope of the force–calcium relationship 

below (n2) and above (n1) pCa50 determined (Widrick et al. 1999). 
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Fibre stiffness or the elastic modulus (E0) was measured by oscillating 

the position motor at 1.5 kHz at an amplitude of 0.05% of FL both 

before (relaxing solution pCa 9.0), and during the measurement of 

peak force at the various pCa values. The elastic modulus E0 at each 

pCa was calculated from the equation E0 = (Δforce in activating 

solution −Δforce in relaxing solution/Δlength) (fibre length/fibre cross-

sectional area). 

Table 11. Force–pCa relationship in slow type I and fast type II fibres pre- and 

post-spaceflight 

 

SDS gel analysis of actin and myosin composition 

After the contractile tests, the fibre was removed from the 

experimental set-up and solubilized in 10 μl of sodium dodecyl sulfate 

(SDS) sample buffer (6 mg ml−1 EDTA, 0.06 m 

tris(hydroxymethyl)aminomethane, 1% SDS, 2 mg ml−1 Bromophenol 

Blue, 15% glycerol, 5%β-mercaptoethanol), and stored at −80°C. 

Fibre types were identified by the myosin heavy chain (MHC) isoform 

pattern using 5% polyacrylamide gels as slow type I or fast type II. 

Fibres containing both slow and fast myosin (hybrid fibres) were not 

included in the analysis. Myosin (heavy and light chains), actin, 

tropomyosin and troponin profiles were determined by 12% 

polyacrylamide gel analysis (Widrick et al. 1997). For type I fibres, a 

computer-based image analysis system and software (LabWorks; UVP 

Inc., Upland, CA, USA) were used to quantify the relative density of 

the MHC and actin bands on the 12% gels. For Fig. 14B, actin/myosin 

ratio (actin band intensity/slow myosin band intensity) was plotted 

versus thin filament number per square micrometre for subjects A, C, 

D, E, F, G, H and I. For each subject, the actin/myosin ratio was 

determined on an average of 26 ± 4 (pre-flight) and 30 ± 6 (post-
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flight) fibres, and the thin filament density on five pre- and five post-

flight fibres using electron microscopy.  

 

Figure 14. Correlations of fibre V0 and actin content with thin filament density 

 
In pre- and post-flight soleus muscles, the shortening velocity (V0) of type I fibres is 

low when thin filament density is high and the correlation is significant at P < 0.05 

(A), while the actin/myosin ratio of type I fibres did not change pre- to post-flight and 

the correlation with thin filament density was not significant (B). Each subject is colour 

coded as shown in Fig. 1 with the filled symbols pre-flight and the partially filled post-

flight. 

Analysis of thin filament density by electron microscopy 

Our previous studies demonstrated that in normal rat and human 

soleus muscle fibres, thin filaments varied in length, and during 17-

day spaceflight and bedrest, the percentages of short thin filaments 

increased (Riley et al. 1998, 2000, 2005). In cross-sectioned 

sarcomeres, thin filament density was highest in the I band and fell off 

in the A band because the short filaments arising from the Z line were 

not long enough to reach the A band in a sarcomere at 2.5 μm length. 

For the present 180-day spaceflight muscles, a qualitative inspection 

of thin filament numbers in the I band near the Z line and within the A 

band (overlap A) where thin filaments first overlap thick filaments 

indicated that thin filaments were not missing as expected from 17 day 

flight data but appeared more abundant, pointing to increased thin 

filament length. Further into the A band nearer the M line, thin 
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filament number decreased, which made sense because only the 

longest thin filaments (∼1.27 nm) could reach this far. Thus, to detect 

increased thin filament density due to increased thin filament length, 

thin filament densities were quantified near the M line in cross sections 

of sarcomeres of slow muscle fibres in the pre- and post-flight biopsy 

bundles from the solei of each subject. The concepts of thin filament 

length, thin filament density and location of near the M line 

measurement site are illustrated diagrammatically in Fig. 16.  

 

Figure 16. Conceptual diagram of increasing thin filament density following 

prolonged spaceflight 

 
The sarcomere at 2.5 μm illustrates thin filament (blue line) density and lengths in a 

pre-flight muscle (left half) and post-flight density and lengths in the right half. Thin 

filaments arise from nucleation sites in the Z band and exhibit different lengths in 

normal skeletal muscles. The density of thin filaments is highest near the Z band (6 

filaments in the Near Z region) and progressively decreases away from the Z band 

because some filaments are too short to overlap the A band (4 in Overlap A) and 

others end before reaching the Near M band region. After prolonged spaceflight, thin 

filament length increases (indicated by red extensions of thin filaments) and density 

increases in the Near M region (post-flight). 

Cross sections (70 nm) of the epoxy-embedded muscle bundles 

were cut, contrasted with uranyl acetate and lead citrate and 

examined and imaged in a JEOL 100 CXII electron microscope (EM). 

The near M line regions of thick and thin filaments of slow fibres were 

imaged, and the EM negatives were scanned for computerized 

morphometrical analysis using MetaMorph 5.2 software. As conducted 

previously to achieve adequate statistical power, five slow fibres were 

sampled per soleus muscle per time point for a total of 90 fibres (Riley 
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et al. 2000, 2005). Group averages are reported as the mean ± s.e.m. 

The sarcomere length varied in the aldehyde fixed fibres, and it is 

known that myofilament density is directly related to sarcomere length 

(Riley et al. 2000, 2005). To normalize for sarcomere length 

differences among fibres, thick filament spacing was adjusted to 31.3 

nm (2.5 μm sarcomere length). After normalization, the average thick 

filament density of the pre-flight fibres (999 ± 21 filaments μm−2) was 

comparable (P = 0.07) to that of the post-flight fibres (945 ± 19μm2), 

confirming standardization. Measurement of thick and thin filament 

densities was accomplished by counting the numbers of each filament 

type in a 0.0056 μm2 grid square at ×201,000 magnification on the 

computer screen using Gunderson's rules for sampling (Riley et al. 

2000, 2005). For non-biased sampling of thick and thin filament 

counts, the grid squares were positioned at random over the A band 

regions of thick and thin filament overlap within an estimated 100–300 

nm of the M band in central myofibrils (Riley et al. 2002). The position 

of the sampling square was fine adjusted to insure that the corralled 

thick and thin filaments appears as dots, indicating cross section 

orientation. 

Statistical analysis 

To minimize operator bias, the morphological and physiological 

measurements were completed independently before the data were 

assembled for each subject to assess structural and functional 

correlations. For the functional studies, the fibres studied for each 

crew member for a given parameter were aggregated to obtain pre- 

and post-flight means. These data were analysed using a one-way 

ANOVA with Tukey's post hoc test. Group pre- and post-flight means 

(high versus low treadmill, and all crew members combined) were 

analysed with Student's t test for unpaired data. For morphological 

quantification, the pre- and post-flight group means were compared by 

subject paired t test. The thin filament densities of post-flight soleus 

fibres were compared with the control pre-flight fibres for each crew 

member using a two-tailed, unpaired t test analysis of five slow fibres 

per time point. When correlating thin filament density with V0, the 

individual means of thin filament densities for the pre- and post-flight 

samples were compared with the V0 means for slow fibres isolated 
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from the same biopsies. Statistical significance was accepted at P < 

0.05. All data are presented as means ± s.e.m. 

Results 

For the determination of soleus fibre diameter, peak force (P0), 

and maximal unloaded shortening velocity (V0), 600 pre-flight (540 

type I and 60 type II, a type I/type II ratio of 90%), and 542 post-

flight (458 type I and 84 type II, a type I/type II ratio of 85%) fibres 

were analysed. For these same parameters, the gastrocnemius 

analysis included the study of 433 pre-flight (305 type I and 128 type 

II, a type I/type II ratio of 70%), and 325 post-flight (186 type I and 

139 type II, a type I/type II ratio of 57%) fibres. The force–velocity 

and the force–pCa relationships were determined on fewer fibres, as 

following the V0 determination one but not both of these relationships 

was determined. The main findings are described in the following 

paragraphs. 

Fibre atrophy and peak force 

Pre- and post-flight diameters and CSA for the slow type I fibres of the 

soleus and gastrocnemius are shown in Table 2 and peak force (mN 

and kN m−2) in Tables 3 (soleus) and and44 (gastrocnemius). 

Corresponding fast fibre data are shown in Tables 5 and and6.6. In all 

but the fast gastrocnemius fibres, prolonged space flight elicited 

significant atrophy (as determined from fibre diameter and CSA) and 

decline in peak force (mN) with the degree of change soleus type I > 

soleus type II > gastrocnemius type I fibres. Considerable variability 

between crew members existed in both the degree of fibre atrophy and 

the loss of peak force (Tables 2–4). For example, crew member B 

showed no soleus type I fibre atrophy, and only a modest 10% loss in 

fibre force, whereas for crew member F, soleus type I fibre size and 

force were reduced by 51 and 70%, respectively (Tables 2 and 

and3).3). The decline in peak force was primarily caused by fibre 

atrophy as the crew average for soleus fibre force expressed in kN m−2 

was not altered pre- versus post-flight, while absolute force in mN 

declined by 35% (Table 3). For crew members A and F, soleus fibre 

atrophy must have exceeded the contractile filament loss as fibre force 

per CSA significantly increased (Table 3). For the gastrocnemius 
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muscle, none of the crew members showed a significant decrease in 

type I fibre force expressed as kN m−2, while all but subject I showed 

declines in absolute force that exceeded 18% (Table 4).  

 

Table 2. Diameter and cross sectional area of the soleus and gastrocnemius slow 

type I fibre pre- and post-flight 
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Table 3. Peak force and maximal shortening velocity of the soleus slow type I fibre 

pre- and post-flight 
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Table 4. Peak force and maximal shortening velocity of the gastrocnemius slow type 

I fibre pre- and post-flight 
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Table 5. Diameter, cross sectional area, peak force, and maximal shortening 

velocity of the soleus fast type II fibre pre- and post-flight 

 
 

Table 6. Diameter, cross sectional area, peak force, and maximal shortening 

velocity of the gastrocnemius fast type II fibre pre- and post-flight

 

The percentage change (pre- to post-flight) in the mean soleus 

type I fibre diameter for each crew member showed a significant 

correlation with the percentage change in the pre- to post-flight soleus 

muscle volume determined by MRI (Fig. 1). The mean space flight-

induced decline in soleus type I fibre CSA was 33%, a value that 

agrees well with CSA determinations made on histochemically stained 

muscle fibre bundles (Fig. 2). In the soleus, the extent of type I fibre 

atrophy tended to be associated with an increase in the number of fast 

type II fibres post-flight. Thus, crew members with the highest 

percentage decline in mean fibre diameter showed the greatest 

increase in the number of fast type II fibres (Fig. 3). 
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Figure 1. Relationship between soleus fibre atrophy and the decline in whole 

muscle volume with prolonged space flight 

 
The percentage change (pre- to post-flight) in the mean type I fibre diameter is 

plotted versus the percentage change in soleus muscle volume for each crew member. 

The crew members A–I are identified by a specific colour with the low and high 

treadmill users indicated by circles and squares, respectively. The variables showed a 

significant (P < 0.05) correlation with an r = 0.66. 

 

Figure 2. Representative pre- and post-flight fibre bundle 

 

 
Cryostat cross sections of subject C pre-flight (A) and post-flight (B) soleus muscle 

fibres were stained histochemically for actomyosin ATPase activity after acid 

preincubation (method of Huckstorf et al. 2000). Slow fibres are darkly reactive, and 

fast fibres are lightly reactive. Based on computerized digitizing planimetry, the post-

flight slow fibres are 31.5% smaller in cross-sectional area. Bar equals 75 μm for both 

panels.  
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Figure 3. Relationship between microgravity induced fibre atrophy and percentage 

increase in fast fibres in slow soleus muscle 

 

 
Symbols plot the percentage decrease in mean fibre diameter versus the percentage 

increase in fast fibre type for each crew member. Each subject A–I is colour coded as 

in Fig. 1. 

The volume of treadmill use appeared to influence the muscle 

atrophy response while on the ISS for 6 months. As a result, we 

subdivided the crew members into those running 200 min week−1 or 

more (high treadmill) from those running less than 100 min week−1 

(low treadmill). The weekly treadmill running average for each crew 

member has been published elsewhere (Trappe et al. 2009). The high 

treadmill group showed significantly less space flight-induced atrophy 

and loss of force in the soleus slow type I and fast type II fibres 

(Tables 2, ,33 and and5),5), while for the gastrocnemius no 

differences between groups for these parameters was observed for 

type I (Tables 2 and and4)4) or type II (Table 6) fibres. The protective 

effect of the treadmill countermeasure for the soleus type I fibre is 

perhaps best appreciated by comparing the plot of fibre atrophy versus 

force pre- and post-flight for each crew member (Figs 4 and and5).5). 

The low treadmill group showed an average pre-flight force of ∼100 

mN and diameter of 100 μm while post-flight the relationship for force 

versus diameter was shifted down and to the left so that the majority 

of the fibres generated a peak force <100 mN and had a fibre 

diameter <100 μm (Fig. 4). In comparison, the down and left shift of 

the force versus diameter plot for the high treadmill group was less 

apparent (Fig. 5). The average weekly treadmill running showed a 

significant inverse correlation with the percentage of soleus type I fibre 

atrophy with r = 0.68 (Fig. 6). A second observation that seemed to 

impact the extent of fibre atrophy and hence the decline in force was 
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the pre-flight diameter. The larger the initial fibre diameter the greater 

the atrophy such that a significant inverse correlation (r = 0.87) was 

observed between the mean pre-flight soleus type I fibre diameter and 

the pre/post fibre diameter ratio expressed as a percentage (Fig. 6). 

Figure 4. Relationship between fibre diameter (μm) and peak Ca2+ activated 

isometric force (mN) pre- and post-flight for low treadmill group 

 
Each symbol represents the result of a single soleus fibre. Type I fibres, blue 

diamonds. Type II fibres, red squares. Hybrid Type I/II fibres, green triangles. Number 

of fibres for each fibre type and crew member are shown. 
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Figure 5. Relationship between fibre diameter (μm) and peak Ca2+ activated 

isometric force (mN) pre- and post-flight for high treadmill group 

 
Each symbol represents the result of a single soleus fibre. Type I fibres, blue 

diamonds. Type II fibres, red squares. Hybrid Type I/II fibres, green triangles. Number 

of fibres for each fibre type and crew member are shown. 
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Figure 6. Correlation of soleus type I fibre atrophy with treadmill running and pre-

flight fibre diameter 
 

 
A, relationship between microgravity-induced fibre atrophy and amount of treadmill 

running (min week−1). Symbols plot the percentage decrease in mean fibre diameter 

versus amount of treadmill running (min week−1) for each crew member. B, 

relationship between pre-flight fibre diameter (μm) and percentage fibre atrophy. 

Symbols plot the mean pre-flight fibre diameter versus percentage fibre atrophy. For 

both the top and bottom plots, each subject is colour coded as shown in Fig. 1. The 

circles and squares indicate low and high treadmill groups, respectively. 

Figure 7 plots the mean force (mN) versus diameter for each 

crew member pre- (circles) and post-flight (triangles) for fast type II 

fibres from the soleus and gastrocnemius. For the soleus, the plot was 

similar to that observed for the slow fibre type as post-flight the force 

to diameter relationship was shifted down (force loss) and to the left 

(diameter loss) in the low treadmill group with virtually no change in 

the plot (pre versus post) for the high treadmill group. In contrast, the 

gastrocnemius fast type II fibres were not protected by an increased 

amount of treadmill running (Fig. 7 and Table 6). 
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Figure 7. Relationship between fibre diameter (μm) and peak Ca2+ activated 

isometric force (mN) pre- and post-flight for type II fibres 

 

Each subject is colour coded as shown in Fig. 1. The average pre- and post-flight 

values are represented by circles and triangles, respectively. The plots show soleus 

type II fibres for the low (top left) and high (top right) treadmill groups, and 

gastrocnemius type II fibres from the low (bottom left) and high (bottom right) 

treadmill groups. 

Maximal shortening velocity (V0) and rate of tension 

development (ktr) 

With the exception of the soleus fast type II fibres, which were 

unaltered by space flight (Table 5), the maximal unloaded shortening 

velocity (V0) measured by the slack test declined by ∼20% in both 

muscles and fibre types studied (Tables 3, ,44 and and6).6). Unlike 

fibre size and force, the decline in V0 post-flight was not influenced by 

the extent of treadmill running. The rate constants of tension 

redevelopment (ktr) in slow type I fibres of the soleus and 

gastrocnemius muscles were not significantly different and neither was 

altered by space flight (Table 7). 
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Table 7. Peak stiffness (E0),P0/E0 ratio and the rate constant of tension 

redevelopment (ktr) of the slow type I fibre pre- and post-spaceflight 

 

Fibre stiffness 

Peak fibre stiffness (E0), a property thought to reflect the 

number of attached cross-bridges, increased in the slow fibre type in 

both the soleus and gastrocnemius muscles (Table 7). The peak force 

(P0)/peak stiffness (E0) ratio was significantly less post-flight which 

suggests that if the higher stiffness was caused by more cross-bridges, 

the additional bridges were likely to be in a low force (weak binding) 

state. 

Vmax, peak power, and force and velocity at peak power 

Similar to V0 (the maximal unloaded shortening velocity 

measured by the slack test), the maximal shortening velocity derived 

from the Hill plot of the force–velocity relationship (Vmax) was 

significantly depressed post-flight compared to pre-flight in the slow 

type I fibre from both the soleus and the gastrocnemius (Tables 8 and 

and9).9). Six of the nine and five of nine crew members showed a 

significant post-flight decline in type I fibre Vmax in the soleus and 

gastrocnemius muscles, respectively (Tables 8 and and99). 
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Table 8. Vmax, peak power, force and velocity at peak power for soleus slow type I 

fibre pre- and post-flight 
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Table 9. Vmax, peak power, force and velocity at peak power for gastrocnemius slow 

type I fibre pre- and post-flight 

 

 

Figure 8 shows composite force–power relationships for type I 

and II fibres of the soleus and gastrocnemius muscles pre- and post-

flight. Post-flight peak power of the slow type I and fast type II fibre 

was significantly depressed in both the soleus and the gastrocnemius 

(Fig. 8 and Tables 8–10). As shown in Fig. 8, the extent of the decline 

in peak power of both fibre types was clearly greater in the soleus 

than the gastrocnemius. Interestingly, while the fast type II fibres 

from both muscles showed a significant post-flight drop in peak power 

(μN FL s−1), when corrected for atrophy, the power expressed in watts 

per litre was only depressed in the fibres isolated from the 

gastrocnemius. The apparent explanation is that velocity at peak 
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power was significantly depressed only in gastrocnemius fibres (Table 

10). 

Table 10. Force-velocity characteristics of fast type II fibres pre- and post-flight 

 
 

Figure 8. Force–power relationship of pre- and post-flight fibres 

 
Continuous lines represent composite pre-flight force–power relationships and dashed 

lines the post-flight composite force–power relationship for soleus type I fibres (upper 

left), soleus type II fibres (upper right), gastrocnemius type I fibres (lower left), and 

gastrocnemius type II fibres (lower right). 

In the case of the soleus but not the gastrocnemius muscle, the 

high treadmill grouped showed less loss in type I fibre peak power with 

a pre/post flight ratio of 63% compared to the low treadmill group 

mean of 48%. Nine of nine and seven of eight crew members showed 

a significant (P < 0.05) post-flight decline in type I fibre peak power 
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(μN FL s−1) in the soleus and gastrocnemius, respectively. When these 

data were expressed as W l−1, the post-flight peak power of the soleus 

and gastrocnemius type I fibres remained depressed in five and three 

crew members, respectively (Tables 8 and and9).9). For the majority 

of crew members, the decline in peak power expressed as W l−1 was 

caused by a significant fall in both the force (mN) and velocity (FL s−1) 

elicited at peak power (Tables 8 and and99). 

The two crew members with the greatest post-flight loss in 

soleus muscle volume F (−23%) and A (−22%) (see Trappe et al. 

2009), also showed the greatest soleus type I fibre atrophy (Table 2), 

and loss of P0 (Table 3) and absolute peak power (Table 8). Crew 

member F showed a post-flight increase in peak power in W l−1 

indicating that for this subject the loss of absolute peak power was 

entirely explained by the fibre atrophy and the accompanying loss of 

force. Crew member A who displayed slightly less fibre atrophy and 

loss of force than crew member F (Tables 2 and and3),3), showed the 

greatest drop in soleus type I fibre peak power (Table 8). This can be 

explained in part by a significant decline and increase in the a/P0 ratio 

for crew members A and F, respectively (Table 8). Due to the greater 

curvature of the force–velocity relationship (i.e. lower a/P0) post-flight, 

the mean force as a percentage of P0 at peak power for crew member 

A's fibres was lower (14% of P0) than the pre-flight condition (16% of 

P0) and this contributed to the reduced power. The opposite was true 

of crew member F as the a/P0 ratio for this individual's soleus type I 

fibres was significantly elevated post-flight (Table 8). In addition, crew 

member A showed a significant drop in velocity at peak power, while 

crew member F didn't (Table 8). 

Force–pCa relationship 

The force–pCa relationship in the slow type I and fast type II 

fibres pre- and post-flight are shown in Table 11. In the slow but not 

the fast fibre type, the slope of the Hill plot for values less than half-

maximal activation (n2) were significantly higher post-flight, and this 

was true for both the soleus and gastrocnemius muscles (Table 11). 

The pCa50 for the slow type I fibre in both muscles showed a small but 

significant increase (Table 11). The post-flight increase in the n2 of the 

type I fibre was not caused by the expression of the fast troponin or 
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tropomyosin isoforms as SDS gel analysis of the post-flight fibres 

showed only the cardiac/slow fibre form of troponin C (cTn-C) and the 

slow isoform of Tn-I, Tn-T and tropomyosin (Fig. 9). 

Figure 9. SDS-polyacrylamide gels illustrating MHC, actin, MLC, troponin and 

tropomyosin in single human soleus fibres 

 

The 12% gel illustrates the protein profile of two pre-flight and two post-flight fibres 

from crew member F. The fibre type, maximal shortening velocity determined by the 

slack test (V0), and the slope of the force–calcium relationship for forces <50% of 

maximal Ca2+-activated force (n2) are shown below each lane. The area outlined by 

the dotted box in panel A is expanded in panel B to show the troponin T fast fibre 

isozymes (TnT-f) and the tropomyosin isoforms Tm-β and Tm-α. The latter has a 

different mobility in fast compared to slow fibres. MHC, myosin heavy chain; MLC, 

myosin light chain; TnI, troponin I; S-TnC, fast skeletal fibre troponin C; C-TnC, 

cardiac/slow skeletal troponin C. Slow and fast isoforms of proteins are indicated by 

subscripted s and f, respectively. 

Ultrastructural changes and quantification 

At the electron microscopic level, crew members exhibiting high 

levels of slow fibre atrophy in the soleus muscle following 6 months of 

spaceflight had smaller myofibrils, fewer intracellular lipids, smaller 
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and globular mitochondria and increased space between myofibrils 

filled with glycogen particles (Fig. 10). Conversely, subjects with little 

atrophy retained similar sized, closely packed myofibrils, lipid droplets 

and filamentous mitochondria encircling the myofibrils at the I band 

level (Fig. 10). Within the myofibrils in the A bands after spaceflight, 

individual thick filaments in the near M band region were surrounded 

by a greater number of thin filaments compared to pre-flight (Fig. 11). 

The average thin filament density (2744 ± 167 μm−2) post-flight in the 

near M region was 22% (P < 0.01) higher than that (2253 ± 132 

μm−2) before flight. Two subjects did not show high thin filament 

density post-flight (Fig. 12). The ratio of thin:thick filaments was 

significantly (P < 0.01) higher post-flight (2.9 ± 0.21) compared to 

pre-flight (2.2 ± 0.15). The increase in thin filaments and amount of 

fibre atrophy were directly correlated, although the rise in filament 

density plateaued around 3200 filaments μm−2, indicating an upper 

limit (Fig. 13). This limit value matches our previously published data 

(Riley et al. 1998, 2000) for thin filament densities in soleus I bands 

near the Z line, which averaged 3251 μm−2 for the two studies (the 

published density numbers normalized to 2.4 μm were renormalized to 

2.5 μm sarcomere length for comparison with current data). The 3251 

μm−2 represents the largest number nucleated at the Z band (Riley et 

al. 1998, 2000). For the 180-day pre- and post-flight slow fibres, thin 

filament density and shortening V0 were inversely related (Fig. 14A). 

In contrast, the mean actin/myosin ratio determined from SDS band 

densities was unaltered pre- (1.26 ± 0.05) to post-flight (1.29 ± 

0.07), and the correlation between the actin/myosin ratios and thin 

filament densities was not significant (Fig. 14B). Of the five crew 

members showing an increased thin filament density, three showed a 

small increase and two a small decrease in the actin/myosin ratio post-

flight (Fig. 14B). The relationship of thin filament density and treadmill 

use suggested that high treadmill use was partially effective in 

preventing increased thin filament density (Fig. 15A). The level of 

cycle use also prevented in part the increase in post-flight thin 

filament density (Fig. 15B). 
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Figure 10. Soleus myofibrillar ultrastructure 

 

Cross sections of myofibrils cut through the A bands (A) and the thin filament rich I 

bands (I) in slow fibres of soleus muscle biopsied before and after a 6 month 

spaceflight from subject F (upper left – pre, upper right – post) averaging 51% 

atrophy and subject E (lower left – pre, lower right – post) showing moderate atrophy 

(15%). Myofibrils are outline by dotted lines in the A bands to illustrate decreased size 

post-flight (upper panels). Myofibrils are not marked in the lower panels because they 

have indistinct borders typical of slow fibres and are of similar size pre- and post-

flight. The filamentous mitochondria (m) predominately encircling I bands in pre-flight 

muscle fibres become more globular post-flight and invade the A bands, most striking 

with greater atrophy (upper right). Both subjects contain abundant intracellular lipid 

droplets (L) pre-flight. Calibration bar, 1.6 μm for all panels. 
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Figure 11. Soleus thick and thin filament ultrastructure 

 
 

The pre-flight (A) and post-flight (B) electron microscopic images are cross sections 

through the A bands in regions showing thick and thin filament overlap in soleus slow 

fibres from subject F. The near M line region morphometrically sampled is in the 

centre of each micrograph. The post-flight increase (52%) in thin filament density is 

readily apparent. Scale bar, 100 nm. 
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Figure 12. Soleus fibre thin filament density 

 
Thin filament density increased post-flight in 5 of 8 crew members and exhibited little 

change in 3 of 8 crew members. Subjects are colour coded as in Fig. 1. The circles are 

low treadmill users, and the squares are high treadmill users. 

 

Figure 13. Relationship between soleus fibre atrophy and thin filament density 

 

 
The post-flight increase in thin filament density correlates exponentially (P < 0.01) 

with increasing fibre atrophy. Thin filament density plateaus indicating attainment of 

the maximum number of thin filaments at ∼3200 μm−2. Markers are colour coded as in 

Fig. 1. 

 

  

http://dx.doi.org/10.1113/jphysiol.2010.188508
http://epublications.marquette.edu/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2988519/figure/fig01/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2988519/figure/fig01/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2988519/figure/fig12/
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC2988519/figure/fig13/


NOT THE PUBLISHED VERSION; this is the author’s final, peer-reviewed manuscript. The published version may be 
accessed by following the link in the citation at the bottom of the page. 

Journal of Physiology, Vol. 588, No. 18 (September 2010): pg. 3567-3592. DOI. This article is © Wiley and permission has 
been granted for this version to appear in e-Publications@Marquette. Wiley does not grant permission for this article to 
be further copied/distributed or hosted elsewhere without the express permission from Wiley. 

35 

 

Figure 15. Correlation between thin filament density and the amount of treadmill 

(A) and cycle ergometer (B) exercise 
 

 
Thin filament density is inversely related (P < 0.05) to the amount of treadmill (A) and 

cycle ergometer (B) use indicating that high treadmill or cycle ergometer use partially 

counters the increase in thin filament density. The markers are colour coded for crew 

member as in Fig. 1. 

Discussion 

From previous MIR missions and our recent observations on 

International Space Station crew members, it is well established that 

significant losses in leg muscle mass occur with prolonged space flight, 

and that considerable variability in the extent of muscle atrophy exists 

between individuals (Fitts et al. 2000; Trappe et al. 2009). The results 

of this study present the first cellular analysis of the effects of long 

duration space flight on the structure and function of human skeletal 

muscle. The main findings were that the prolonged weightlessness 

produced substantial loss of fibre mass, force and power with the 

hierarchy of the effects being soleus type I > soleus type II > 

gastrocnemius type I > gastrocnemius type II. The post-flight decline 

in power was attributed to declines in both force and velocity. 
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Structurally, the quantitatively most important adaptation was fibre 

atrophy, and the resulting loss and shrinkage of myofibrils. An 

increased packing density of the remaining thick and thin filaments is 

likely to have contributed to the reduced fibre V0, increased fibre 

stiffness and increased cooperativity of force development observed 

with activation below pCa50 in the slow type I fibre types. A final 

conclusion is that the cellular findings document the inadequacy of the 

current exercise countermeasures to preserve the pre-flight muscle 

fibre properties, and point to the need for the development of better 

exercise protocols and hardware for preventing undesirable 

transformation of fibre structure and function away from the gravity-

loaded adapted state. The primary findings for long-term space flight 

are discussed with comparison to short duration space flight and 

prolonged bed rest studies. 

Potential limitations of single cell analyses 

A major strength of single cell analyses is that spaceflight-

induced changes can be assessed in individual fibre types and the 

impact of structural changes on function determined. A potential 

limitation is the possibility that the biopsy sample and fibres studied 

were not fully representative of the changes occurring in the muscles 

as a whole, and that this might contribute to the diverse range of 

responses between crew members. However, this seems unlikely for 

the following reasons. (1) The effects of prolonged space flight on cell 

atrophy and function tightly reflected the whole muscle changes 

observed on the same crew for both individual and group responses 

(Trappe et al. 2009). For example, the two crew members with the 

greatest soleus type I fibre atrophy also lost the most soleus muscle 

volume detected by MRI. These results are not surprising given the 

relatively homogeneous nature (88 and 77% slow type I fibres pre- vs. 

post-flight) of the soleus muscle (Trappe et al. 2009). In comparison, 

for the mixed gastrocnemius muscle, the cell atrophy and whole 

muscle volume loss were not as highly correlated. (2) Confidence that 

the cell data are representative of the whole muscle is increased by 

the large number of fibres analysed, which was the largest of any 

published study. Additionally, separate bundles from the biopsy were 

studied in two independent labs (Marquette University and Ball State 

University) and the same results obtained. (3) The soleus type I fibre 
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atrophy observed in individual fibres and by computerized 

morphometric analysis of biopsy histochemical cross sections were 

similar. (4) The soleus muscle is fairly homogeneous (80–90% slow 

type I), while the gastrocnemius is more of a mixture of slow and fast 

fibres. Our muscle samples were reflective of these profiles. Taken 

together these elements provide a reasonable level of support to 

minimize the size of the muscle sample as a limitation in this study. 

Muscle atrophy and fibre force  

Consistent with our earlier studies on short-duration space flight 

(Widrick et al. 1999), fibres from the normally tonically active soleus 

(both slow type I and fast type II) showed greater atrophy than fibres 

from the phasic gastrocnemius muscle. The 20 and 35% decline in the 

slow type I fibre diameter and force observed in this work exceeded 

the 8 and 21% drop in these variables following a 17-day Shuttle flight 

(Widrick et al. 1999) and the 9% atrophy of type I vastus lateralis 

fibres following an 11-day mission (Edgerton et al. 1995). The major 

cause of the loss in peak force (P0) was fibre atrophy. The extent of 

atrophy was documented both at the cell and subcellular level (i.e. 

reduction in fibre and myofibrillar diameter). The fact that the group 

mean force per cross-sectional area was unaltered in any fibre type or 

muscle provides further evidence that the primary cause for the space 

flight induced loss of muscle and fibre force was fibre atrophy and the 

accompanying loss in force generating myofilaments. Microgravity-

induced fibre atrophy in human muscle is thought to be primarily 

caused by a reduced protein synthesis (Stein et al. 1999; Fitts et al. 

2000). The molecular mechanism of the decline in muscle protein 

synthesis is unknown, but at least in rat, models of unloading involve 

both reduced transcriptional and translational processes (Fitts et al. 

2000). The observed ∼20% increase in fast type II fibres post-flight in 

some crew members demonstrates that in addition to the 

downregulation of slow muscle protein that fast muscle myosin isoform 

was upregulated and that the extent of upregulation was directly 

related to the degree of fibre atrophy. The signalling mechanism 

initiating the altered pattern of protein synthesis is likely to be more 

dependent on the decline in loaded muscle contractions than muscle 

activity as the latter, at least during short duration space flight, was 

not altered (Edgerton et al. 2001). 
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Following short duration space flight, we observed a decrease in 

E0 and an elevated P0/E0 ratio in the slow type I fibre, and 

hypothesized that the changes may have resulted from the selective 

loss of the thin (actin) over the thick (myosin) filament (Widrick et al. 

1999; Riley et al. 2000). The resulting increased myofilament lattice 

spacing may have reduced E0 (a measure of fibre stiffness) more than 

P0 (Kawai & Schulman, 1985; Goldman & Simmons, 1986). With 

prolonged space flight, we observed just the opposite in that the slow 

type I fibre E0 was significantly increased, and the P0/E0 ratio 

decreased post-flight. Since the thin filament density relative to the 

thick filament density was increased post-flight on average 31% 

producing a lattice spacing in which the average distance from thick 

filament cross bridges to the nearest thin filament decreased, we 

conclude that this closer arrangement increased E0. Any increase in P0 

that may have resulted from the reduced filament spacing was masked 

by the large decline in force generated by the fibre atrophy. 

Fibre size, exercise, and nutrition 

A consistent finding with both short and prolonged duration 

space flight is that large variability between crew members exists in 

the extent of muscle atrophy and the commensurate loss in strength. 

This was particularly true of this study where post-flight soleus type I 

fibre diameters ranged from 49 to 106% and P0 from 30 to 90% of the 

pre-flight values. An unanswered question is what factor(s) caused this 

variability? It seems likely that a collection of factors to varying 

degrees contributed, such as initial muscle/fibre size, the type and 

extent of exercise countermeasures, and nutrition. While it is not 

possible to assign post hoc the relative importance of these factors, 

our results suggest large influences were the pre-flight fibre size and 

the pattern of self-selected, exercise countermeasure used. Following 

short duration space flights, Edgerton & Roy (1996) and our group 

(Widrick et al. 1999) have observed that the greater the pre-flight 

fibre size the greater was the degree of atrophy post-flight. The 

present investigation extends that observation to include prolonged 

space flight. The correlation between pre-flight soleus type I fibre 

diameter and percentage of fibre atrophy was high (r = 0.87) and very 

significant (P < 0.001). An obvious conclusion from these observations 

is that the current exercise countermeasures that emphasize aerobic 
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exercise (see Trappe et al. 2009 for a detailed description on the ISS 

exercise countermeasure programme) fail to protect muscle mass, and 

this is particularly true for the antigravity soleus muscle. It is clear 

that the resistance exercises employed on the ISS during Increments 

5–9 utilized low intensity devices incapable of providing the high-

intensity needed to adequately protect fibre and muscle mass (Trappe 

et al. 2009). The aerobic exercise used on the ISS provided detectable 

partial preservation of pre-flight properties when crew members 

utilized the treadmill modality >200 min week−1. There was less fibre 

atrophy, loss of force and increase in thin filament density than for 

crew members who performed less than 100 min week−1 of treadmill 

exercise. Relying more on the cycle ergometer did not appear to make 

up for low treadmill usage, although additional controlled comparisons 

are necessary. For example, subject A cycled >30 min more per week 

than the nine crew member average (Trappe et al. 2009) but 

sustained the second largest decline in soleus type I fibre diameter 

and P0. On the other hand, this subject exhibited the greatest 

prevention of thin filament density increase. The level of cycle use and 

the level of treadmill use both correlated highly with prevention of 

post-flight increase in thin filament density. The relative lack of 

protection of soleus muscle mass with cycling is likely to reflect the 

fact that this muscle is only activated during a small portion of the 

pedalling cycle (Gregor et al. 1991). In the case of ameliorating thin 

filament density (length), it may be the stretch (muscle lengthening) 

stimulation during treadmill walking and cycle pedalling that is 

preventative. While our data suggest that treadmill exercise in excess 

of 200 min week−1 can in part compensate for the lack of an effective 

high intensity exercise device, this conclusion must be interpreted with 

caution as the high treadmill group with less fibre atrophy also had a 

smaller mean pre-flight soleus type I fibre diameter (Table 2). In all 

likelihood, high treadmill use and smaller pre-flight fibre size both 

contributed to the relative protection of the high treadmill group. 

Based on pre-flight conditioning biographies (Trappe et al. 2009) and 

soleus type I fibre aerobic enzyme content (unpublished data), the in-

flight low treadmill group were in better aerobic condition at the start 

of the mission compared to the high treadmill group. Thus, the greater 

decline in fibre size and force of the low treadmill group is likely to 

reflect the combined effects of greater initial fitness (both aerobic and 

strength), and the ineffectiveness of the in-flight exercise 
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countermeasures. Presumably, with a better in-flight high resistance 

training device, crew members would be able to maintain muscle mass 

and strength gained through pre-flight exercise programmes. 

Previous investigations have documented that voluntary energy 

intake is reduced in microgravity, and that as a result many crew 

members have been found to be in negative nitrogen balance (Stein et 

al. 1999). While the focus of this study was not nutrition, we 

calculated from the nutritional profile and weekly exercise that the 

caloric intake of the crew members we studied was ∼20% below the 

predicted need (Trappe et al. 2009). Clearly, an insufficient dietary 

intake could limit protein synthesis induced by exercise and activate 

muscle catabolism (Stuart et al. 1990; Paddon-Jones et al. 2004). 

ktr and fibre velocity 

The rate constant of tension redevelopment of an isometric 

contraction (ktr) is thought to be the sum of the rate constant for 

attachment (k+) and detachment (k−) of the cross-bridges and reflect 

the transition from the weak (low force) to the strong (high force) 

cross-bridge state (Brenner, 1991; Metzger & Moss, 1990; Fitzsimons 

et al. 2001). Brenner (1991) reported that k+ and k− were an order of 

magnitude greater than the rate constants for cross-bridge turnover 

(fapp and gapp). Thus while ktr and V0 are known to be correlated across 

fibre type and species (Gordon et al. 2000), it seems unlikely that they 

are limited by the same molecular step in the cross-bridge cycle. The 

published values for ktr range from 3 to 23 s−1 for slow and fast rat 

fibres with the rabbit psoas ∼16 s−1 (Metzger & Moss, 1990; Fitzsimons 

et al. 2001). The ktr has been shown to have a high Ca2+ dependency 

increasing 10-fold as Ca2+ increases from just threshold to levels 

eliciting maximal force. Our measurements were made at saturating 

levels of Ca2+ such that the mean ktr of ∼1.5 for the slow type I fibres 

of the soleus and the gastrocnemius reflects the maximal value for 

slow type I human fibres. The slow type I fibre ktr of ∼1.5 is one-half 

that reported for comparable rat fibres, but this is consistent with the 

known decline in this variable with increased species body size 

(Gordon et al. 2000), and with the data of Köhler et al. (2002) for 

human soleus fibres. Recent observations of Moreno-Gonzalez et al. 

(2007) suggest that in addition to a Ca2+ dependency, ktr is affected by 
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the isoform of troponin C (Tn-C). Fast fibres reconstituted with slow 

Tn-C (the cardiac isoform) showed a significant decline in ktr. The 

observation in this study that slow type I fibre ktr was not different 

pre- to post-flight is consistent with the detection of only slow troponin 

in both pre- and post-flight slow fibres, and suggests that space flight 

had no effect on the kinetics of the transition from the low to the high 

force state. 

Fibre V0, thought to reflect the cross-bridge cycle speed, was 

depressed by ∼20% in all fibre types except the soleus fast type II 

fibre. The mechanism responsible for the depressed V0 is not obvious, 

and could not be attributed to an altered myosin heavy or light chain 

pattern. While some subjects experienced a phenotype switch in the 

soleus from slow to fast that approached 20%, the post-flight fibres 

identified as type I contained only the slow myosin isoform. While it 

seems unlikely, the possibility exists that space flight triggered a post-

translational modification of myosin or the expression of a second slow 

isoform of myosin that went undetected by the SDS gel analysis 

(Fauteck & Kandarian, 1995; Galler et al. 1997). The flight-induced 

depression of V0 is in contrast to short duration space flight where we 

observed an average increase of 30% in the soleus type I fibre V0 

(Widrick et al. 1999). We attributed the elevated V0 in the short 

duration flight to a selective loss in thin filaments (actin) and the 

resulting increase in lateral distance between the thin and thick 

filaments, and hypothesized that this stereological change caused the 

cycling myosin head to detach from the actin earlier reducing the 

internal drag and accelerating velocity (Widrick et al. 1999). In our rat 

14 day hindlimb suspension unloading study, the soleus Vo increased 

and correlated with decreased thin filament density (Riley et al. 2005). 

When the soleus fibre myofilament lattice was compacted by 5% 

dextran, Vo slowed from 1.370 to 0.959 FL s−1 substantiating that 

increasing myofilament packing density has a profound slowing effect 

on shortening velocity (Riley et al. 2005). These results are consistent 

with the lower Vmax observed by dextran treatment in rat soleus fibres 

(Metzger & Moss, 1987). The current data suggest that the selective 

loss in actin with short duration space flight was a non-steady state 

transitional effect. With prolonged space flight, where it is reasonable 

to assume that crew members have adapted to a microgravity steady 

state, we found increased thin filament density surrounding thick 

filaments. This structural change would be expected to increase 
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internal drag and reduce fibre V0. This effect was not an exclusive 

factor as two crew members showed a significant decline in soleus 

type I fibre V0 with no change in thin filament density. 

The total number of thin filaments is regulated by a finite 

number of nucleating sites (α-actinin, CapZ) per cross-sectional area 

of Z band (Castillo et al. 2009; Littlefield & Fowler, 2008). What 

accounted for the increase in thin filament density in the present 

study? The answer was increased length of thin filaments. The 

numbers of thin filaments were counted in the Near M region an area 

of the A band into which only long thin filaments can reach at a 

sarcomere length of 2.5 μm (Fig. 16). Compared to pre-flight, the thin 

filament number increased by 22%. The post-flight packing density in 

the near M region (2744 ± 167 μm2) approached the level in the I 

bands (near the Z line) of pre-bedrest (2932 ± 186 μm2) and pre-17-

day spaceflight (3569 ± 236 μm2) slow soleus fibres (Riley et al. 1998, 

2000). The concepts of thin filament growth in length and increased 

thin filament density near the M region are shown schematically in Fig. 

16. The density of thin filaments increased in five of eight crew 

members analysed following 6 months in space (Fig. 12). Despite the 

significant increase in thin filament density, the average actin/myosin 

ratio pre- to post-flight was unaltered. This suggests that actin/myosin 

ratio determined from a whole fibre segment lacked the sensitivity to 

detect relatively small changes in thin filament density at the Near M 

region. An alternative explanation is that the fibres tested for thin 

filament density may not have been representative of the whole 

muscle. Recent studies suggest that the dynamic nature of thin 

filament length in skeletal muscle is regulated by tropomodulin 

capping of the pointed end (closest to the M line) influenced by titin 

and nebulin isoforms (Prado et al. 2005; Littlefield & Fowler, 2008; 

Castillo et al. 2009). Examining these proteins will be of great 

importance for future spaceflight studies. 

The present investigation, the 17-day flight study, and our rat 

study show that thin filament density relative to thick filament density 

can modulate shortening velocity (Riley et al. 1998, 2005). What 

stimulated the increase in thin filament density (length)? Higher thin 

filament density correlated directly with increased fibre atrophy. 

However, atrophy per se does not modulate thin filament packing 

density because the soleus and adductor longus (AL) muscles of the 
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rat both atrophied 50–60% during hindlimb suspension unloading but 

only the soleus exhibited reduced thin filament density (Riley et al. 

2005). The difference was that soleus was also shortened by 

plantarflexion foot-drop posture, whereas AL was only unloaded. Since 

Skylab missions, it has been noted that crew members assume a 

plantarflexion foot-drop posture when floating in reduced gravity 

(Thornton, 1978; Clement & Lestienne, 1988). The ankle angle 

plantarflexion progressively increased during the first 7 days of 

spaceflight and was plateaued at 45 days (Thornton, 1978; Clement & 

Lestienne, 1988). Adaptation of muscle to working or operating range 

of motion has been shown in humans and animal models to modulate 

the number of in-series sarcomeres (Witzmann et al. 1982; Burkholder 

& Lieber, 2001; Riley et al. 2002). This optimizes muscle length to 

generate maximum tension (optimal thick thin filament overlap). The 

reduction in sarcomere number in response to the microgravity-

induced plantarflexion takes days and is likely to be complete by 1 

month in space. Adaptation of the calf muscles to a shortened posture 

may explain why at 17 days of space flight we found decreased thin 

filament density (length) and increased shortening velocity (Riley et al. 

1998). With long duration spaceflight, the relatively short daily 

exercises optimized to maintain endurance and to a much lesser 

extent preserve mass were not robust enough or performed over a 

wide enough range of motion to counter the microgravity-induced calf 

shortening by stimulating regrowth of in-series sarcomeres. However, 

the treadmill, cycle ergometer and iRED heal raises introduced some 

contractions of the calf muscles while in a lengthened position. Such 

contractions would have stretched the sarcomeres, and this may have 

triggered thin filament growth in length. The resulting longer thin 

filament length (density) was correlated with and is likely to have 

contributed to the slowing of fibre shortening velocity in 6 of 9 

subjects. Variations in thin filament length have been postulated to 

optimize thin and thick filament overlap (length tension properties) to 

meet the range of motion the workload demands (Littlefield & Fowler, 

2008). Thus it appears that the exercise prescription could be 

improved by introducing a higher resistance calf muscle contractions 

over a wider range of motion (particularly long lengths) such that the 

muscles function over the full range of motion as occurs in Earth's 1 g 

environment. We hypothesize that this would reduce the microgravity-

induced decline in muscle mass and prevent calf plantarflexion. This 
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concept requires validation testing on ISS with a more tightly defined 

and standardized exercise protocol than was available for the present 

study. 

The observed decline in type I fibre V0 (soleus and 

gastrocnemius muscles) was similar to the data of Trappe et al. (2004) 

who found an ∼20% drop in the V0 type I vastus lateralis fibres 

following 84 days of bed rest in subjects who performed no exercise 

countermeasures. In contrast, Yamashita-Goto et al. (2001) reported a 

2-fold increase in the V0 of soleus type I fibres following 4 months of 

bed rest without exercise. In the Trappe et al. (2004) study, a high 

resistance exercise countermeasure completely prevented the decline 

in V0. The authors hypothesized that unloading with no exercise 

induces a decline in type I fibre V0, while with exercise 

countermeasure programmes, type I fibre V0 is elevated. A comparison 

of our short and prolonged duration space flight studies, both of which 

employed exercise countermeasures, suggests that the situation is 

more complex. Clearly, fibre V0 changes with unloading are dependent 

not only on the exercise countermeasure (amount of resistance and 

lengthening contractions) but the duration of unloading. Unlike fibre 

diameter and force, the effect of space flight on fibre V0 was not 

different in the low and high treadmill exercisers as both groups 

showed the same decline. It is clear that the exercise countermeasure 

used on the ISS did not prevent the decline in fibre V0. 

Fibre power 

The post-flight peak power was depressed in all fibre types and 

both muscles studied, and with the exception of crew member F, the 

decline was greater than that observed for peak force. By far the 

greatest contributor to the loss of peak power in all but the fast type II 

gastrocnemius fibres was atrophy and the resulting loss of force. For 

example, the post-flight soleus slow type I fibre developed only 54% 

of the peak power obtained pre-flight. When corrected for CSA 

(expressed as W l−1) this increased to 87%. The fast type II fibres 

from the gastrocnemius were an exception in that force was not 

altered and the 20% drop in post-flight peak power was attributed to a 

reduced velocity. 
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Unlike short duration space flight where the soleus type I fibre 

power was partially protected by increases in the velocity obtained, 

power fell dramatically, and for most of the crew this was due to a loss 

of both the force and velocity obtained during the generation of peak 

power. One exception was crew member F where, despite the largest 

decline in peak force (P0) and maximal velocity (V0), the type I fibre 

showed no significant drop in velocity at peak power due to a reduced 

curvature of the force–velocity relationship as reflected by the 

significant increase in the post-flight a/P0 ratio. As a result, the post-

flight soleus type I fibres of crew member F shortened at a velocity 

that on average was 21% of V0. In comparison, the post-flight soleus 

type I fibres from crew member A showed a significant decline in the 

a/P0 ratio, and maintained only 14% of V0 at peak power. The 

combined loss of force and velocity reached at peak power resulted in 

the greatest decline in peak power (28% of pre-flight) observed for 

any of the nine crew members. 

The average drop in peak power for the soleus type I fibre with 

weightlessness was of a similar magnitude to that observed for the 

vastus lateralis type I fibres with 84 days of bed rest without 

countermeasures (54 vs. 45% of pre-unloading value). However, the 

type I fibres in the bed rest countermeasure group maintained 71% of 

their pre-bed rest power (Trappe et al. 2004). It is apparent that the 

high resistance exercise, and possibly the range of motion, employed 

in the bed rest study was more effective in protecting fibre mass, force 

and power than that used on the ISS. A major difference between 

prolonged bed rest and space flight is the observation that the former 

had no effect on type II fibre peak power, while this parameter was 

equally depressed with space flight in the type I and II fibres of the 

soleus. 

Calcium sensitivity 

In agreement with previous short and long duration bed rest 

and short duration space flight studies, the calcium sensitivity as 

reflected by the force–pCa relationship was rather resistant to 

unloading induced changes (Stevens et al. 1993; Widrick et al. 1998, 

1999; Yamashita-Goto et al. 2001). While short and long duration bed 

rest has been shown to slightly increase the Ca2+ required for one-half 
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maximal activation, we observed either no change or a slight decrease 

(elevated pCa) in this parameter with short and long term space flight, 

respectively. While short duration space flight had no effect on the 

slope of the force–pCa relationship for Ca2+ values below pCa50 (n2), 

this parameter was significantly increased following long duration. The 

effect was not caused by an increased expression of the fast isoform of 

troponin or tropomyosin. 

In conclusion, the results of this study clearly illuminate the 

deleterious effects of prolonged space flight on the structure and 

function of both slow type I and fast type II fibres of the calf muscle 

group. The extensive decline in peak force and power can be largely 

attributed to cell atrophy and the accompanying loss of myofilaments. 

The restructuring elongation of the thin filaments causing increased 

thin filament density appears to be of major importance to the 

depressed fibre velocity a factor that exacerbates the decline in peak 

power. This work highlights the extensive nature of the weightlessness 

induced muscle remodelling and loss of peak power in all fibre types, 

and the limitations of the current ISS exercise countermeasure 

programme with its focus on light to moderate intensity (Trappe et al. 

2009). Clearly, the deleterious changes in muscle structure and 

function with prolonged space flight documented in this study have 

potentially serious implications for a variety of circumstances including 

but not limited to the crew's ability to perform an emergency egress; 

muscle damage due to high force particularly eccentric contractions; 

and difficulties performing work on the surface of the moon or Mars. 

Bed rest studies show that high resistance exercise countermeasure 

programmes are effective and time efficient. Employing similar well 

controlled and standardized exercise investigations on the ISS, 

documenting their effectiveness, and monitoring crew member 

nutritional status to insure an adequate caloric intake should be the 

high priorities that fulfils the intended scientific use of the spacecraft. 
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FL fibre length 

ISS International Space Station 
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P0 peak force 

V0 maximal unloaded shortening velocity 
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