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ABSTRACT

The present study aimed to investigate the effect of dynamic leg press training on the physiological

cross-sectional areas (PCSAs) of human lower limb muscles during 20 days of 6° head-down tilt

bed rest. Five healthy men comprised the resistance training group (BR-Tr) and data from two

previous studies were used to derive a 10-man control group (BR-Cont). The BR-Tr performed two

sessions (morning and afternoon session) of dynamic leg press action including knee extension and

plantar flexion daily for the bed rest period: (1) three sets of 10 repetitions at 90% of maximum load

and (2) 40% of maximum load to exhaustion. The PCSAs of the knee extensor (KE), knee flexor (KF),

plantar flexor (PF), and dorsiflexor muscle groups were estimated using serial axial magnetic

resonance (MR) images of the right-thigh and leg. After the bed rest period, the BR-Tr showed a

significant increase in the PCSA of the KE. Although PCSA of the KF in two groups significantly

decreased after bed rest, percentage of change in PCSA of the biceps femoris (long head) and

semitendinosus muscles in the BR-Tr, which occupied approximately 70% of the KF, was

significantly higher than those in the BR-Cont. Both the BR-Tr and BR-Cont groups showed significant

decreases in the PCSA of PF with similar magnitude of 11.6% (P < 0.001) and 11.9% (P < 0.001),

respectively. These results suggest that dynamic leg press training during bed rest can prevent

deteriorating of the KE and a part of KF, but not the calf muscles.
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It is well known that muscle atrophy is caused by dis-

use, such as bed rest (Gogia et al. 1988, LeBlanc et al.

1988, 1992, Duvoisin et al. 1989, Hikida et al. 1989,

Berg et al. 1992, Suzuki et al. 1994, Ferrando et al. 1995,

Bloom®eld 1997, Ferretti et al. 1997, Akima et al. 1997a,

2000b, Tabata et al. 1999) or unilateral lower limb

suspension (ULLS) (Berg et al. 1991, Dudley et al. 1992,

Hather et al. 1992, Ploutz-Snyder et al. 1995), as well as

space¯ight (Edgerton et al. 1995, LeBlanc et al. 1995,

Widrick et al. 1999, Akima et al. 2000b) in human

skeletal muscles. However, as far as we know, few

investigations have been made on the effects of

physical activity, e.g. resistance training, during bed rest

on the morphological properties of skeletal muscles

(Bamman et al. 1998, Akima et al. 2000c). Previously,

we demonstrated that 20 days of bed rest induces

7±10% atrophy in the lower limb muscles of healthy

men and women (Akima et al. 1997b, Tabata et al.

1999). More recently, we have shown that isometric leg

press exercises during 20 days of bed rest prevents

atrophy of the knee extensors (KE), but not of the knee

¯exor (KF) or plantar ¯exors (PF) (Akima et al. 2000c).

Most notably, the physiological cross-sectional area

(PCSA) of the PF decreased signi®cantly by about 12%

in both the training and control (non-training) groups

over the 20 days. As there was no signi®cant difference

in the degree of atrophy displayed by the two groups,

suggesting that isometric exercise regimen used in our

previous study (Akima et al. 2000c) was of little effect

in the prevention of atrophy in the KF and PF, we

speculated that there was less involvement of these

muscles in isometric leg press exercises than other

muscles covered in the study.

Previous attempts have been made to show the

effect of resistance training on strength and/or mor-

phological properties in skeletal muscles during bed rest
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(Germain et al. 1995, Bamman et al. 1997, 1998, Koryak

1998, Akima et al. 2000c). For example, Germain et al.

(1995) and Bamman et al. (1997) reported that muscle

strength in lower limbs could be maintained as a result

of resistance training during 6° head-down tilt bed rest.

Bamman et al. (1997) demonstrated in eight volunteers

that resistance training during bed rest reduced ®bre

atrophy in the vastus lateralis muscles. Although these

studies showed that resistance exercise during bed rest

prevented muscle deconditioning, it is yet to be deter-

mined as to what extent each region of the related

muscle groups and which individual muscles develop as

a result of such training.

In dynamic leg press exercise, three lower limb joints

(hip, knee and ankle) are simultaneously involved both

concentrically and eccentrically (Escamilla et al. 1998).

Recent studies have shown that the metabolic cost of

dynamic exercise is greater than that of isometric

(Ameredes & Clanton 1990, Price et al. 1998); and that it

might reduce bed rest induced atrophy in the lower limb

muscles. Sale et al. (1992) demonstrated that CSA of

the KE increased after 19 weeks of dynamic leg press

exercise. Moreover, Dudley et al. (1991) demonstrated

that concentric and eccentric actions during resistance

training induces greater muscle strength than concentric

actions alone. Thus, in this study, we endeavoured to

investigate whether or not dynamic leg press training

could prevent atrophy of the thigh and leg muscles

during 20 days of 6° head-down tilt bed rest.

MATERIALS AND METHODS

Subjects

Fifteen healthy men participated in this study after

giving their informed consent to the experimental

protocol, which had been approved by the Ethical

Committee of the Faculty of Medicine, The University

of Tokyo. These subjects were assigned to two groups,

i.e. resistance training (BR-Tr: n � 5) and non-training

during bed rest (BR-Cont: n � 10). All data of BR-Cont

was derived from our two previous reports (Akima et al.

1997b, 2000c). Permission to republish the data was

obtained from Springer-Verlag (Akima et al. 2000c) and

from Journal of Gravitational Physiology (Akima et al.

1997b). The physical characteristics of the subjects were

shown in Table 1.

Bed rest procedures

Bed rest procedures used in this study have been

already reported elsewhere (Tabata et al. 1999, Akima

et al. 2000c). Brie¯y, subjects remained in a 6° head-

down tilt bed rest at all times throughout the bed rest

period except for resistance training for BR-Tr, and did

not permit any weight-bearing posture and any physical

activities were restricted to a minimum for BR-Cont.

During 20 days of bed rest, they used a movable bed

when they were transferred. The room temperature of

the wards did not surpass 25 °C. All tests were

conducted before re-ambulation.

Resistance training

Using a horizontal leg press training device (VR-4100,

Cybex, Medway, ME, USA), bilateral leg press resist-

ance exercises were performed daily from the supine

position for the duration of the 20-day bed rest period.

Resistance training consisted of one morning session

and one afternoon session per day.

In the morning session, subjects performed three sets

of 10 repetitions with a 1-min rest between sets. As

shown in Fig. 1, the angle of the hip, knee and ankle

joints were, respectively, positioned to approximately

110°, 90° and 80° at the start of each action. During

repetitions, the subjects' hip, knee and ankle joints were

fully extended against the load. To ensure involvement of

the PF in the exercise, the subjects' heels were prevented

from touching the board during execution. The exercise

was performed in 3-s cycles where the lower legs were

extended for 1 s, followed by a 2-s ¯exion. This exercise

procedure was designed to maintain the maximum vol-

untary contraction and muscle mass of the lower limbs.

In the afternoon session, isotonic leg press exercises

at 40% of maximum load were performed to volitional

exhaustion. This training was designed to maintain the

muscular endurance. The starting posture for this

training was same as that for the morning session, in

which the hip, knee and ankle joints were positioned to

approximately 110°, 90° and 80°, respectively. Endur-

ance time to fatigue was measured using a stopwatch.

Subjects were encouraged to continue the training as

long as possible.

Magnetic resonance (MR) imaging

Magnetic resonance images were collected pre- and

post-bed rest. Pre-measurement were performed 3 days

before bed rest, and post-measurement before

Table 1 Physical characteristics of subjects

BR-Tr BR-Cont

Age (years) 23.8 � 4.2 19.6 � 1.3

Hight (cm) 173.5 � 4.9 171.7 � 4.9

Weight (kg) 68.5 � 10.3 68.1 � 12.0

Values are mean � SD. BR-Tr: resistance training during bed rest,

BR-Cont: non-training during bed rest. The data for BR-Cont were

derived from two previous reports (Akima et al. 1997b, 2000c).

Republished with permission from Springer-Verlag and Journal of

Gravitational Physiology.
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re-ambulation. All imageswere taken after 15±30 min rest

to avoid ¯uid shifts that might induce interstitial and/or

intracellular volume changes. The MR imaging was

performed with a 1.0 T (GYROSCAN T10-NT, Philips

Medical Systems, Best, Netherlands). T1-weighted spin

echo, axial-plane imaging was performed with the fol-

lowing variables: TR 450 ms, TE 20 ms, matrix

256 ´ 172, ®eld of view 300 mm, slice thickness

10 mm and interslice gap 7 mm (Fig. 2). The subjects

were imaged in a prone position with the knee and

ankle kept at 180° and �120°, respectively, with 180°
being full extension of each joint. Coronal plane images

were taken to identify spina iliaca anterior superior

which is the origin of sartorius. Consecutive axial

Figure 2 Representative MR images of the mid-thigh in training (a) and control (b) groups before and after bed rest.

Figure 1 Schematic illustration of

dynamic leg press resistance training.
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images were obtained from spina iliaca anterior super-

ior to extremitas distalis of tibia. The number of axial

images obtained for each subject was 43±48. The

muscles investigated were as follows: KE: m. rectus

femoris (RF), m. vastus lateralis (VL), m. vastus inter-

medius (VI), and m. vastus medialis (VM); KF: m.

biceps femoris, short head (BFs), m. biceps femoris,

long head (BFl), m. semitendinosus (ST), m. semi-

membranosus (SM), m. gracilis (Gr), and m. sartorius

(Sar); PF: m. medial gastrocnemius (MG), m. lateral

gastrocnemius (LG), and m. soleus (Sol), and ®nally the

dorsi¯exors: m. tibialis anterior (TA). From the series

axial images, outlines of each muscle were traced, and

the traced images were transferred to a Macintosh

computer (Power Macintosh 8600/200, Apple Com-

puter, Cupertino, CA, USA) for calculation of the

anatomical cross-sectional area (ACSA), which repre-

sents the end-on view of the muscle area at each level

that the section has been made, using a public domain

National Institutes of Health (NIH) image software

package (written by Wayne Rasband at the NIH and

available on the Internet by anonymous ftp from

zippy.nimh.nih.gov or on ¯oppy disk from NITS, 5285

Port Royal Road, Spring®eld, VA, USA). The muscle

volume was determined by summing the ACSA of each

image times the thickness (10 mm) and interslice gap

(7 mm) of each section. Test±retest reliability of muscle

volume measurement was 1.6% (Akima et al. 1997b).

Muscle ®bre length was calculated as muscle length

times the ratio of ®bre length to muscle length reported

by Wickiewicz et al. (1983). It was reported that the

PCSA of each muscle was as given in the following

equation (Wickiewicz et al. 1983, Fukunaga et al. 1992,

1996, Akima et al. 1997a, 2000c):

PCSA � muscle volume� cos h� �fibre length�ÿ1

where h is the muscle ®bre pennation angle derived

from Wickiewicz et al. (1983).

Statistics

All data were presented as mean and its standard

deviation (SD). The PCSA data were analysed with a

three-way (treatment group ´ time ´ muscle) analysis

of variance (ANOVA) with repeated measures over time.

The percentage change of PCSA in each muscle group

was analysed with a two-way (treatment group ´
muscle) ANOVA with repeated measures over time. To

determine percentage change of PCSA in each muscle

groups, we used two-way (treatment group ´ muscle

group) ANOVA. Signi®cant main effects and interactions

were compared using the least squares difference (LSD)

post hoc test. All analysis was performed using the

SuperANOVA/Mac (Version 1.11) statistical package.

The level of signi®cance was set at P < 0.05.

RESULTS

Table 2 shows the PCSA of the thigh and leg muscles

in BR-Tr and BR-Cont. There was a three-way inter-

BR-Tr BR-Cont

Pre Post Pre Post

RF 37.2 � 2.8 36.4 � 6.1 41.9 � 9.3 39.9 � 8.7

VL 87.4 � 8.9 93.2 � 13.9 96.8 � 15.3 91.9 � 14.8*

VI 63.8 � 6.5 71.2 � 9.6* 74.7 � 9.3 67.4 � 7.2*

VM 58.7 � 7.4 61.1 � 12.0 65.4 � 8.7 59.6 � 6.6

KE 247.0 � 22.3 261.9 � 39.6**** 278.8 � 37.1 258.9 � 32.7****

BFs 6.5 � 0.5 6.2 � 0.5 7.0 � 1.5 6.8 � 1.5

BFl 28.2 � 7.5 28.6 � 10.1 28.1 � 4.8 26.0 � 4.6**

ST 10.1 � 0.4 9.5 � 0.5 12.1 � 2.7 11.3 � 2.3

SM 35.3 � 8.1 33.2 � 10.0 34.6 � 5.9 30.4 � 5.4***

Sar 2.9 � 0.5 2.8 � 0.5 3.4 � 0.6 3.1 � 0.6

Gr 2.9 � 0.4 3.0 � 0.8 3.5 � 0.5 3.4 � 0.5

KF 86.0 � 13.5 83.4 � 20.4* 88.7 � 12.5 80.9 � 11.8****

MG 43.0 � 12.0 37.7 � 7.7** 27.3 � 6.0 23.9 � 4.0*

LG 28.5 � 6.4 23.7 � 3.7** 18.1 � 2.7 15.9 � 2.5

Sol 56.9 � 18.1 51.3 � 17.6** 40.3 � 7.4 35.4 � 5.2**

PF 128.4 � 34.1 112.7 � 26.4**** 85.8 � 14.6 75.2 � 10.3****

TA 20.3 � 4.4 18.4 � 3.8 12.4 � 1.9 12.3 � 2.1

Values are mean � SD. RF: rectus femoris, VL: vastus lateralis, VI: vastus intermedius, VM: vastus medialis,

KE: knee extensors, BFs: biceps femoris, short head, BFl: biceps femoris, long head, ST: semitendinosus,

SM: semimembranosus, Sar: sartorius, Gr: gracilis, KF: knee ¯exors, MG: medial gastrocnemius, LG: lateral

gastrocnemius, Sol: soleus, PF: plantar ¯exors, TA: tibialis anterior. *P < 0.05, **P < 0.01, ***P < 0.001,

****P < 0.0001 vs. pre. The data for BR-Cont were derived from two previous reports (Akima et al. 1997b,

2000c). Republished with permission from Springer-Verlag and Journal of Gravitational Physiology.

Table 2 Physiological cross-

sectional area of the thigh and

leg muscles for training (BR-Tr)

and control (BR-Cont) group
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action, group ´ time ´ muscle (P � 0.0002). The PCSA

of the VI and KE in BR-Tr increased after bed rest

(P < 0.05 and P < 0.0001, respectively). The other

individual muscles within the KE showed no change in

BR-Tr. The PCSA values of the VL, VI and KE in

BR-Cont decreased after bed rest (P < 0.05, P < 0.05

and P < 0.0001, respectively). The individual muscle of

the KF in BR-Tr showed no signi®cant changes in

PCSA, however, the KF decreased signi®cantly after

bed rest (P < 0.05). In BR-Cont, BFl, SM and KF

showed signi®cant decreases in the PCSA after bed rest

(P < 0.01, P < 0.001 and P < 0.0001, respectively). In

the lower leg, the PCSA of the MG, LG, Sol, and PF in

BR-Tr and MG, Sol, PF decreased signi®cantly after

bed rest. No signi®cant change was found in TA in

both BR-Tr and BR-Cont groups.

Figure 3 shows the relative change of the PCSA of

individual muscles and muscle groups of the thigh and

leg in BR-Tr and BR-Cont. There was a three-way

interaction, group ´ time ´ muscle (P � 0.0002). Sig-

ni®cant difference in percentage change of PCSA of the

VL (P < 0.01), VI (P < 0.001), VM (P < 0.01) and KE

(P < 0.001) was observed between BR-Tr and

BR-Cont. There was no difference in percentage

change of PCSA in the KF and PF and their individual

muscles between BR-Tr and BR-Cont. The relative

change in RF in BR-Tr was signi®cantly lower than

those in the VL and VI.

Figure 4 shows the relative change of the PCSA of

the KE, KF and PF muscle group in BR-Tr and

BR-Cont. There was a three-way interaction, group ´
time ´ muscle (P � 0.011). Signi®cant differences in

relative change in PCSA were observed between KE

for BR-Tr and KE for BR-Cont, and between KF for

BR-Tr, and PF for BR-Tr. No signi®cant differences in

relative change in PCSA were found between KF for

BR-Tr and KF for BR-Cont, and between PF for

BR-Tr and PF for BR-Cont.

Figures 5±7 show serial ACSAs from the insertion

to termination of the KE, KF and PF in BR-Tr and

BR-Cont. No signi®cant change in ACSA was observed

in the KE and KF of BR-Tr throughout the length of

the thigh after bed rest. In BR-Cont, there were signi-

®cant decreases of ACSA at around the region of peak

ACSA in the KE and KF. In the PF, signi®cant

decreases in ACSAs at around the region of peak ACSA

were also observed in both BR-Tr and BR-Cont after

bed rest.

DISCUSSION

Many studies have shown that deconditioning (atrophy

and loss of strength) in human skeletal muscles is

caused by bed rest or other prolonged disuse (Gogia

et al. 1988, LeBlanc et al. 1988, 1992, Duvoisin et al.

1989, Hikida et al. 1989, Berg et al. 1992, Suzuki et al.

1994, Ferrando et al. 1995, Bloom®eld 1997, Akima

et al. 1997a, 2000b, Ferretti et al. 1997, Tabata et al.

1999). It is generally accepted that bed rest or ULLS is

usable as a practical simulation of space¯ight. However,

few attempts have been made to evaluate counter-

measures of disuse-induced deconditioning of skeletal

muscle thus far (Germain et al. 1995, Bamman et al.

1997, 1998, Koryak 1998, Akima et al. 2000c). In par-

ticular, details of regional morphological adaptations in

muscle groups and individual muscles resulting from

resistance training during bed rest have not yet been

established. We designed this study to evaluate the

Figure 3 Percentage of changes in physiological cross-sectional area

(PCSA) of individual muscles of thigh and leg muscle groups for

training (BR-Tr) and control (BR-Cont) group. RF: m. rectus femoris,

VL: m. vastus lateralis, VI: m. vastus intermedius, VM: m. vastus

medialis, BFs: m. biceps femoris, short head, BFl: m. biceps femoris,

long head, ST: m. semitendinosus, SM: m. semimembranosus, Sar:

m. sartorius, Gr: m. gracilis, MG: m. medial gastrocnemius, LG: m.

lateral gastrocnemius, Sol: m. soleus, TA: m. tibialis anterior.

*P < 0.05, **P < 0.01, #P < 0.001,  P < 0.0001, aP < 0.01 vs. VL

and VI in BR-Tr, bP < 0.05 vs. MG and Sol in BR-Cont. The data for

BR-Cont were derived from two previous reports (Akima et al. 1997b,

2000c). Republished with permission from Springer-Verlag and Jour-

nal of Gravitational Physiology.
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response of lower limb muscle groups and individual

muscles to dynamic resistance training during bed rest.

In our previous study (Akima et al. 2000c), we dem-

onstrated that isometric leg press training could prevent

atrophy and decline of strength in the KE; however,

after 20 days of bed rest nine healthy men showed no

prevention of atrophy of the KF and PF. We feel that

isometric exercise is the best method of preventing

muscle deconditioning in astronauts during space¯ight.

As it requires only simple equipment, it would be rel-

atively easy to perform this type of exercise while in

orbit. Unfortunately, positive results have only been

observed in the KE thus far (Akima et al. 2000c).

Because of this, in our re-designed current study, we

ensured that more muscles and muscle groups would

be employed by the dynamic leg press exercises

performed during bed rest.

We did not ®nd a signi®cant difference in percent-

age change in the KF PCSA between the BR-Tr and

BR-Cont (Fig. 4). However, reduction of the vasti

muscle PCSA in the KE and the BFl/SM PCSA in the

KF was minimized through dynamic leg press exercises

during the 20 days of head-down tilt bed rest (Fig. 3).

These results support, in part, our previous study

(Akima et al. 2000c). In that study, we speculated that

the KF would be relatively unutilized during training,

allowing atrophy to occur in this muscle group (Akima

et al. 2000c). Based on integrated electromyographic

Figure 4 Percentages of changes in physiological cross-sectional area

(PCSA) of the knee extensor (KE), knee ¯exor (KF), and plantar

¯exor (PF) muscle groups for training (BR-Tr) and control (BR-Cont)

group.  P < 0.0001. The data for BR-Cont were derived from two

previous reports (Akima et al. 1997b, 2000c). Republished with per-

mission from Springer-Verlag and Journal of Gravitational Physiology.

Figure 5 Serial anatomical cross-

sectional area (ACSA) of the knee

extensor muscles before and after bed

rest in training (BR-Tr) and control

(BR-Cont) group. *P < 0.05,

**P < 0.01, #P < 0.001 vs. pre. The

data for BR-Cont were derived from

two previous reports (Akima et al.

1997b, 2000c). Republished with

permission from Springer-Verlag and

Journal of Gravitational Physiology.

274 Ó 2001 Scandinavian Physiological Society

Inactivity and training on muscle size � H Akima et al. Acta Physiol Scand 2001, 172, 269±278



(iEMG) activity study, Escamilla et al. (1998) reported

that the muscle activation level of the BF and the ST

and SM during leg press exercises averaged about 35

and 20%, respectively, normalized by iEMG during

maximum voluntary contraction. In our study, we also

used similar forms of resistance training, and our results

support their ®ndings. However, the degree of iEMG

activity in the hamstrings was smaller than that in the

quadriceps femoris during leg press exercises. We

speculate that no signi®cant difference exists in per-

centage change in PCSA in the KF between two

groups. As shown in Table 2, the BFl and SM are the

largest muscles in the KF. Results showing that BFl and

SM degradation was minimized by training would be

important, as these two muscles occupy over 70% of

the KF's PCSA. The PCSA of the VI in the BR-Tr

increased signi®cantly after training. As shown in

Fig. 3, the greatest relative change in the PCSA of KE

was observed in the VI of the BR-Tr group. Ploutz-

Snyder et al. (1995) demonstrated that the vasti muscle

is the major muscle exercised while performing barbell

squat exercise. This was determined using exercise-

induced contrast shifts in spin±spin relaxation times

(T2)-weighted MR images. It has been shown that this

technique is able to provide recruitment during exercise

(Adams et al. 1992, Ploutz et al. 1993, Yue et al. 1994,

Akima et al. 1999, 2000a, Meyer & Prior 2000,

Vandenborne et al. 2000). This result indicated that the

VI would be one of the major contributing muscle

when performing dynamic leg press exercises.

In both BR-Tr and BR-Cont, a signi®cant reduction

in the PCSA was observed in the PF (i.e. MG, LG and

Sol). There was also no signi®cant difference between

the two groups in percentage change of the PCSA in

those muscles (Fig. 3). These results suggest that the

dynamic leg press training performed during bed rest in

this study had no training effect on the PCSA of the

PF. The PF plays an important role in standing, walk-

ing, running and other upright physical activities,

making it one of the most important antigravity muscle

in humans. Muscle loss during space¯ight was greater

in the PF than in the thigh muscles, such as the KE and

KF, in humans (LeBlanc et al. 1995, 2000, Akima et al.

2000b). These results strongly indicate that the PF is

sensitive to unloading. The degree of change in the

PCSA for the PF and its individual muscles was similar

in BR-Tr and BR-Cont. It would appear to be dif®cult

to explain the variability of bed rest-induced atrophy

according to ®bre type composition. It has been

reported that there is a marked difference in percentage

Figure 6 Serial anatomical cross-

sectional area (ACSA) of the knee

¯exor muscles before and after bed

rest in training (BR-Tr) and control

(BR-Cont) group. *P < 0.05,

**P < 0.01, #P < 0.001 vs. pre. The

data for BR-Cont were derived from

two previous reports (Akima et al.

1997b, 2000c). Republished with

permission from Springer-Verlag and

Journal of Gravitational Physiology.
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slow-twitch ®bres for the MG, LG and Sol (50.8, 50.3,

and 82.3%, respectively) (Johnson et al. 1973). On the

other hand, the atrophic responses of human skeletal

muscles appear to be different from animal skeletal

muscles. In animal studies, it is well known that the

degree of atrophy after disuse and space¯ight in

slow-twitch ®bres, e.g. the Sol, is greater than in fast-

twitch ®bres, e.g. the plantaris and TA (Martin et al.

1988, Thomason & Booth 1990). These qualities have

been observed in previous studies by other authors and

ourselves. For example, Hather et al. (1992) observed

that the degree of CSA loss in the gastrocnemius

muscle was greater than that of the Sol after 6 weeks of

ULLS. Furthermore, Edgerton et al. (1995) reported

that in human VL muscles, the CSA of both slow-

twitch and fast-twitch ®bres decreased after 11 days of

space¯ight (slow-twitch ®bres: ±17%, fast-twitch ®bres:

±21%).

The PCSA of the TA in BR-Cont showed a more

signi®cant difference in percentage change than that of

MG, LG, and Sol. Other researchers in addition to

ourselves have demonstrated that atrophy does not

occur in the TA after just a few weeks of bed rest

(LeBlanc et al. 1988, Akima et al. 1997b, 2000c). We

speculated that the low level of atrophy in the TA

might be partially because of its lower activation level

during ordinary activity and physical exertion when

compared with other antigravity muscles such as the

PF. However, even after short duration (5 and 11 days)

of space¯ight, LeBlanc et al. (1995) reported that in

four astronauts, the muscle volume of the anterior calf

signi®cantly decreased by 4%. It has been reported that

muscle ®bre composition of this muscle is 74% of

slow-twitch ®bres (Johnson et al. 1973). In animal

unloading studies, it seems fairly accepted that muscles

with a high ratio of slow-twitch ®bres such as Sol

display greater atrophy than muscles such as the TA or

plantaris which are dominated by fast-twitch ®bres (in

rats and mice, the TA is primarily composed of

fast-twitch ®bres). We would like to emphasis that

atrophy appears not to be ®bre type speci®c based on

our observations of the PF. Rather, it seems that for

human skeletal muscles, the level of activation in daily

life is a greater factor in determining a muscle's

susceptibility to atrophy.

Only a few attempts have been made in previous

studies to show the locations of changes in muscle

shape as a result of disuse (Akima et al. 1997b, 2000b, c).

Figures 4±6 show changes in muscle shape in the

BR-Tr and BR-Cont after 20 days of bed rest. In both

Figure 7 Serial anatomical cross-

sectional area (ACSA) of plantar ¯exor

muscles before and after bed rest in

training (BR-Tr) and control (BR-Cont)

group. *P < 0.05, **P < 0.01 vs. pre.

The data for BR-Cont were derived

from two previous reports (Akima

et al. 1997b, 2000c). Republished with

permission from Springer-Verlag and

Journal of Gravitational Physiology.
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groups and in all muscle groups, a signi®cant change

mainly occurred around the region of the peak ACSA,

rather than at either edge of the muscle belly. This

result supports our previous studies (Akima et al.

1997b, 2000b, c). The mechanism of this phenomenon

after unloading is not clear, but serial ASCA measure-

ment from the origin to the termination of groups and

individual muscles accurately revealed the location of

muscle atrophy caused by disuse.

In summary, we investigated the effects of dynamic

leg press training on the PCSA of individual muscles

and groups found in human lower limbs (KE, KF, PF,

and dorsi¯exor muscles) during 20 days of 6° head-

down decline bed rest. Dynamic leg press exercises

during bed rest prevented atrophy of the KE and KF

muscles; however, decreases in PF PCSA was similar in

the BR-Tr and BR-Cont groups. These results suggest

that dynamic resistance training may be useful in pre-

venting the loss of muscle mass in thigh muscle groups

during short periods of disuse.

This study is funded by a part of `Ground Research for Space

Utilization' promoted by NASDA and Japan Space Forum. The

authors thank Dr Y. Makita and the staffs in Makita private general

hospital for their technical assistance of MR imaging measurements.
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