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ABSTRACT

Changes in the quadriceps femoris muscle with respect to anatomical cross sectional area (CSA),
neural activation level and muscle strength were determined in 18 healthy men subjected to
cight weeks of horizontal bed rest with (n = 9) and without (n = 9) resistive vibration exercise
(RVE). CSA of the knee extensor muscle group was measured with magnetic resonance
imaging every two weeks during bed rest. In the control subjects (Cttl), quadriceps femoris CSA
decreased linearly over the eight weeks of bed rest to -14.1 = 5.2% (P < 0.05). This reduction
was significantly (P < 0.001) mitigated by the exercise paradigm (-3.5 £ 4.2%; P < 0.05). Prior to
and seven times during bed rest, maximal unilateral voluntary torque (MVT) values of the right
leg were measured together with neural activation levels by means of a superimposed stimulation
technique. For Ctrl, MVT decreased also lineatly over time to —16.8 £ 7.4% after eight weeks
of bed rest (P < 0.01), whereas the exercise paradigm fully maintained MVT during bed rest.
In contrast to previous reports, the maximal voluntary activation remained unaltered for both
groups throughout the study. For Ctrl, the absence of deterioration of the activation level might
have been related to the repeated testing of muscle function during the bed rest. This notion
was supported by the observation that for a subset of Ctrl subjects (n = 5) the MVT of the left
leg, which was not tested during bed rest, was reduced by 20.5 & 10.1%, (P < 0.01) which was
for those five subjects significantly (P < 0.05) more than the 11.1 £ 9.2% (P < 0.01) reduction
for the right, regularly tested leg.
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INTRODUCTION

It is well known that spaceflight, as well as clinical and experimental conditions such as bed rest
(BR) and unilateral lower limb suspension result in the effective unloading of skeletal muscles.
Removal of daily-life postural weight-bearing muscular activity initiates numerous physiological
and structural changes, of which muscle atrophy and weakness are frequently recognized
[8;11;14;24]. Based on the strong correlation between the muscle anatomical cross sectional area
(CSA) and its force-generating capacity [20], it could be expected that any difference in muscle
size would be reflected in a proportional change in force-generating capacity. However, it was
reported that the decrements in muscle output, e.g. force or power, often exceed those in mass
or CSA after unloading [4;8;21;22;40], indicating that other factors must have contributed to
the decrement. One such a factor is an adaptation in the central nervous system that results in a
reduced level of activation during maximal voluntary effort following unloading [13;18;21].

As previous studies are mostly limited to pre versus post measurements, longitudinal changes,
i.e. the time course of changes in muscle size, strength and voluntary activation during unloading
are not well documented. Important in the present study was, therefore, to additionally assess the
time course of size, strength and maximal voluntary activation level of the quadriceps femoris
muscle during eight weeks of horizontal bed rest. We hypothesized that bed rest would induce a
decrement in voluntary quadriceps femoris strength that exceeds the reduction in muscle size. We
further expected this to be primarily associated with a reduction in maximal voluntary activation
level. Unloading can also induce changes in muscle fiber length [28]. As this could influence the
optimum angle for maximal muscle strength, voluntary torque-angle relationships were obtained
prior to and following bed rest.

Exercise training has been frequently tested as a countermeasure to prevent deconditioning
of the neuromuscular and skeletal system during simulated weightlessness [2;3;7;15;21]. Yet,
all these studies used resistance training that relied on the presence of gravity. As such, these
training paradigms cannot be directly implemented during actual spaceflight. Attempts to use
a gravity-independent form of resistance exercise training were only partially successful in
maintaining muscle and bone mass during unloading [4;31].

With Rittweger et al. [29] we speculated that vibration in combination with relatively short lasting
resistive exercise might be a suitable alternative gravity-independent training modality to prevent
bone loss and at the same time preserve neuromuscular function during simulated microgravity.
Under ambulant conditions, vibration has an anabolic effect on trabecular and cortical bone in
animals and humans [33;39] but elicits only a comparatively small amount of energy turnover [30]
and was found to have no training effect on voluntary muscle strength indices in young healthy
subjects [10]. Therefore, in the present study, vibration was combined with a resistive force
component [29]. A second aim of the present study was to evaluate specifically the effectiveness
of this training modality to prevent neuromuscular adaptations during bed rest.
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METHODS

Subjects

The twenty males that volunteered to participate in the Berlin Bed Rest (BBR) study were selected
from a large group of actively recruited males. All subjects were in good health conditions and
were randomly assigned to either a resistance vibration exercise group, RVE (n = 10) or to a
control group, Ctrl (n = 10). The mean £ SD age, height and body mass were 32.7 £ 4.8 yr, 186.3
1 8.0 cm and 86.5 £ 16.5 kg for RVE and 33.4 £ 6.6 yr, 185.4 = 7.7 cm and 79.7 £ 10.9 kg for
Ctrl. A weekly activity history indicated that some subjects did not exercise on a regular basis
prior to the start of the study, whereas others were moderately or highly active. The exercise
intensity ptior to the start of the study was, however, similar for the RVE (2.6 * 2.4 hrs/wk)
and the Ctl (2.4 £ 3.6 hrs/wk) group. The subjects were familiatized with the concepts of the
experiments, procedures, and the equipment during a familiarization session that was scheduled 3
days prior to the start of bed rest (Fig. 1). The study was approved by the local ethics committee
and all participants gave their written informed consent.

General design

The study took place in 2003-2004 at the Charité — Campus Benjamin Franklin Hospital in Berlin,
Germany. Bed restis commonly used as a ground-based simulation model for spaceflight. Previous
studies have frequently used head-down tilt in addition to the bed rest, because this model is
suggested to reproduce phenomena associated with weightlessness during actual spaceflight [1].
Because horizontal bed rest was considered a practical and a clinically sufficiently relevant model
for the purposes of the study, subjects in the Berlin Bed Rest study were restricted to 56 days
of horizontal bed rest, i.e. without the addition of a head-down tilt. We thereby hypothesized
that the absence of weight-bearing activity would be the major contributor to reductions muscle
mass and function following unloading. During the 56 days of horizontal bed rest, the subjects
wete not allowed to stand up, lift their trunk in bed more than to 30° of trunk flexion, move
their legs briskly, or elicit large forces with their leg muscles other than during testing sessions or
during training sessions (the latter RVE group only). Adherence to this protocol was controlled
for by continuous video surveillance and by force transducers in the frames of the bed. The diet
was balanced with respect to caloric intake and ingestion of alcohol or nicotine, excessive doses
of caffeine, as well as the regular intake of any drug or medication was prohibited.

Exercised-based countermeasure

Exercises were performed on a specific vibration system that was developed for application
under microgravity and bed rest conditions (Galileo Space, Novotec, Pforzheim, Germany).
The construction was derived from a commercially available device for vibration exercise in
standing position (Galileo 2000, Novotec, Pforzheim, Germany). The used equipment and
countermeasure exercise are described in detail elsewhere [29]. In short, the vibration device
consists of a vertically oriented vibration platform suspended on a trolley suited to be used in
supine position. Elastic springs were attached to the trolley for the subjects to attach themselves
through belts with their shoulders, hips, and hands.
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This generated a static force equivalent to approximately 2 times the body weight. The RVE
group started a progressive resistance exercise-training program on the 4™ day of bed rest. RVE
subjects trained two times each day. No resistive training exercises were performed the first
three days during bed rest due to the scheduling of experiments (muscle biopsies and collection
of blood samples for bone resorption markers) that required the absence of physical exercise,
including testing. In each training session, four exercises were performed in the following order:
squatting, heel and toe raises and explosive squatting, During morning sessions, all exercises were
performed for > 60 seconds. If subjects were able to exceed 100 seconds, vibration frequency
was increased. Only on Wednesday mornings, subjects were asked to maximally exert themselves
and do each exercise unit as long as possible. During afternoon sessions, subjects exercised at
only 60-80 % of the static force used in the morning sessions, but to run through the first three
exercises for 60 seconds each as many times as possible. No training sessions were scheduled
on Sundays. Each exercise was performed during whole body vibration, in the supine position,
with both legs simultaneously and with the feet equally distant of either side of the rotation
axis at the vibration platform. Trained staff supervised all training sessions, and subjects were
frequently encouraged.

Anatomical CSA of the quadriceps muscles

During bed rest, magnetic resonance imaging (MRI) data were obtained from both thighs at
BR1, BR14, BR28, BR42, and BR56 (Fig.1). No experiments involving muscular exercises were
undertaken immediately prior (< 1 hour) to the MRI experiments, because of its potential
influence on fluid distribution, which would affect the measurements. The subjects, while supine,
were transported to the MRI room by hospital staff. With the subjects in supine position and
the lower limbs extended and relaxed, series of transverse scans of both thighs were made
with a 1.5 Tesla MRI (Vision, Siemens, Erlangen, Germany). Transverse scans were carried
out with a slice thickness of 10 mm, and inter-slice gaps of 5 mm. Field of view and matrix
dimension were set at 48.0 by 48.0 cm and 512 by 512 pixels, respectively. For each subject, a
total of 35 images (displaying both left and right leg) were obtained per session. For each session,
approximately 8 consecutive images around mid-thigh (where quadriceps CSA was expected to
be highest) were selected for further analysis. From these images the quadriceps muscles were
manually outlined and CSAs were calculated using the software package Photopaint (version
9.397, Corel, Ottawa, Canada). The same operator repeated this procedure on a non-consecutive
day. The measurement errors due to the manual outlining appeared to be negligible considering
the intraclass correlation coefficient (ICC), which was 0.993. For all the selected images each set
of two measurements were averaged for left, right, and total (sum of left and right) CSA. Finally,
the mean of the three highest values calculated were used for statistical analysis.

Muscle function
The subjects participated in nine experimental sessions. A schematic representation of the time
line of all experiments performed prior to, during and post bed rest is provided in Fig. 1.
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Fig. 1. Schematic representation of the timeline of experiments performed prior to, during and post bed rest. Identified
are three phases: a 3-day baseline data collection phase (BDC), a 56-day bed rest phase (BR) and a 2-day eatly recovery
phase (R). The familiarization session was scheduled at BDC-3 (bar with horizontal lines). The maximal voluntary torque
(MVT)-knee flexion angle relationships were obtained at BDC-2 and R+2 (bars with descending diagonal lines). MVT
and maximal activation levels prior to the start of bed rest (BR) were obtained at BDC-2, and during BR at BR4, 7, 10,
17, 24, 38 and 56 (filled bars). At BR1, 14, 28, 42 and 56 magnetic resonance images (MRI) were obtained (bars with
ascending diagonal lines).

Supine dynamometer

To test subjects under bed rest conditions, a supine dynamometer was custom-built by the
mechanical workshop of the Faculty of Human Movement Sciences, I"7je Universiteit,
Amsterdam, the Netherlands (Fig. 2). In the supine position (subject’s torso parallel to the bed),
the hips were flexed to approximately 115°. The knee pits were supported by a padded rigid
horizontal bar, and the subject’s left and right feet were strapped in custom-built padded cuffs,
with the ankle joints in neutral positions. The isometric knee extension strength of the right
leg was measured by connecting the cuff of the right leg to a force transducer (KAP-E/2kN,
A.S.T. GmbH, Dresden, Germany) that was mounted on a rigid horizontal bar and oriented
perpendicularly to the line of pull of the lower leg. The distance between the transducer and
the axis of the knee joint (moment arm) was determined on the basis of leg length and comfort
for each subject and was thereafter kept constant throughout the study. Bony landmarks on the
Femur served to determine knee and hip flexion angles by using a hand-held goniometer. The
dynamometer was built such that it allowed the alteration of the knee flexion angle while keeping
the hip flexion angle constant. At each knee flexion angle, the rotation of the knee joint was
aligned with the axis of the dynamometer and care was taken that the force transducer remained
perpendicular to the line of pull of the lower leg, The pelvis and upper body were securely
fixed to the dynamometer by belts. Force signals were digitized at a sampling rate of 1kHz and
stored to disc for immediate and off-line analysis. Unilateral isometric knee extension torque was
calculated as the product of force and moment arm.

Fig. 2. Sketch of the dynamometer used to test the
subjects under supine conditions. The arrow indicates
the direction of the exerted isometric force. See
methods for detailed information.
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Warm-up procedure

All subjects performed one warm-up set prior to each testing session. A warm-up set comprised
a series of maximally 10 unloaded unilateral dynamic knee extensions of the right leg, followed
by 8 sub maximal isometric contractions at 40% of the individual maximal voluntary contraction
(MVC). The isometric contractions were sustained for 2 s, interposed with 4 s of rest as guided
in time by an audible signal. A horizontal line displayed on the force acquisition monitor
presented the target force. A second line presented the current force generated by the subject
in order to provide visual feedback. During the warm-up, the knee flexion angle was set at 70°
(0° corresponds to full knee extension). For all sessions (except the familiatization session) the
individual MVC of the preceding session was used to determine the target force.

Maximal voluntary torque-angle relationships

To determine possible changes in the optimum position for torque production, which would
influence the results on muscle strength, maximal voluntary torque-angle relationships were
obtained from the right leg two days prior to the start of bed rest and at the second day of
reambulation (see Fig. 1). Subjects were asked to perform two MVCs of approximately 3 - 4 s
in duration, separated by at least 2 min rest, at seven randomly assigned knee flexion angles of
30°,40°, 50°, 60°, 70°, 80° and 90°. For maximal performance subjects were verbally encouraged
and visual feedback was provided. The higher of the two values was used to calculate the MVT.
The optimal knee flexion angle was defined as the tested angle at which MVT was highest. In
the course of the study we suspected an influence of the functional testing regime on the effects
of bed rest on the reduction in muscle strength for Ctrl. We therefore also obtained the MVT
of the contra lateral (left) leg for six RVE and five Ctrl subjects prior to and following bed rest.
For this purpose, the cuff of the other (left) leg was connected to the transducer, while all other
dynamometer settings were unchanged. After warm-up procedures, three MVC attempts were
allowed for the left leg at the optimum knee flexion angle of the right leg. The highest obtained
value was used to calculate the MVT of the left leg.

Maximal voluntary torque and maximal voluntary activation level

Maximal voluntary torque and maximal voluntary activation level were measured prior to and
repeatedly (7 times) during the bed rest (Fig. 1). After the warm-up, the subjects started by
performing two to three MVCs. After this procedure, two self-adhesive surface electrodes (model
283100, Schwa-Medico, Nieuw Leusden, The Netherlands) of 80 mm x 130 mm were positioned
over the quadriceps femoris muscle. The cathode was positioned over the proximal anterior thigh
just distal to the inguinal ligament, and the anode was placed with its distal edge, approximately
30mm proximal to the superior border of the patella. Prior to applying the electrodes to the skin,
the skin was shaved and subsequently scrubbed with alcoholic pads. The procedure to obtain
the maximal activation level involved several steps. First, the electrical stimulation current from
a constant current stimulator (model DS7AH; Digitimer Ltd, Welwyn Garden City, Herts, UK.)
was set such that ~40% of the total muscle mass was stimulated (concluded from a 150Hz,
700ms tetanic stimulation leading to 40% of MVC). With this stimulation intensity, the resting
muscle was stimulated by a triplet stimulus at 300Hz, which elicited a torque of ~15 - 20% of
MVT. Such level of muscular activity evoked minimal subject discomfort and is comparable
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with rather painful supra maximal single pulse stimulation, previously used to study changes in
voluntary activation due to bed rest deconditioning [12]. This was followed by superimposition
of the same triplet during maximal effort. This was repeated maximally three times, separated
by at least 2 min rest. The force enhancement as a result of the stimulus during maximal effort
was expressed as a percentage of the force production of the same stimulus applied to the
fully relaxed muscle. This procedure yielded the activation level of the quadriceps femoris
muscle during the superimposed contraction as follows: activation level = (1-(triplet torque at
maximal effort / resting triplet torque))*100 [21]. Next, the maximal torque generating capacity
(MTGC) was calculated using the highest obtained activation level: MTGC = ((100/activation
level)etorque just before moment of stimulation). Due to anticipation to the stimulus during
the superimposed contractions the maximal activation level may be underestimated. Therefore,
the maximal activation level was calculated by dividing MVT by MTGC: maximal activation
level = MVT / MTGC)*100. MVT was determined as the highest voluntary torque obtained
during maximal effort without or with superimposed stimulation. In the latter case, the MVT
was assessed prior to the administration of the triplet. All subjects were tested at the same time
of day and subjects from the RVE group were always tested before their morning training
sessions.

Time course of changes in CSA and MVT

The relative changes (%) over time in left, right and total quadriceps femoris muscle CSA, as well
as in the MVT of the right leg were parameterized using two models: (i) a linear decay model
[y = -at + b) and (i) a single exponential decay model (y = c*exp(-t/1)]. The latter model was
specifically hypothesized for the MVT changes over time as a consequence of the predicted
rapid changes in maximal voluntary activation levels upon bed rest. This hypothesis was also the
reason for the short measuring intervals in muscle function in the eatly stage of the bed rest.
First, all individual values of MVT and CSA were normalized for the pre bed rest value (BRO =
100%). Subsequently, the normalized data were curve-fitted by applying both the linear and the
single-exponential model. The correlation coefficient (R?) was used to determine how well each
model fitted the individual data. The individual parameters of the optimal fits from both models
were also used to assess the relative change in CSA and MVT resulting from eight weeks of bed
rest deconditioning, thereby incorporating all available data points.

Statistical analysis

For each subject, changes over time in both left and right quadriceps femoris muscle CSA as
well as MVT were parameterized using the two above models. The effects of eight weeks of
bed rest on CSA and MVT were then computed using the individual model parameters. All data
were statistically analyzed using the SPSS (version 12.0.1) statistical software package (SPSS Inc.,
Chicago, IL, USA). Differences in the response to bed rest between the RVE and the Ctrl group
were tested with repeated measures ANOVA, with time (and leg, for CSA) as within-subject
factor(s) and group as between-subjects factor. The time factor represents the overall effect of
bed rest. The time-by-group factor was used to test the effect of the RVE countermeasure over
time. If a time-by-group interaction was found, further analysis consisted of a paired- samples t-
test to test for differences between legs within each group. To determine whether the reductions
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in CSA and MVT were significant, one-sample t-tests were performed on the normalized
changes within each group. All values in the text are presented as means £ SD. For clarity, the
values in the figures are presented as means = SEM. The level of significance was set at P < 0.05.

RESULTS

Maximal torque levels could not be obtained for one subject (RVE), because of experienced
patellar discomfort during the performance of the isometric contractions. Another subject (Ctrl)
did not receive electrical stimulation during the study. Data from these two subjects were therefore
discarded from the final analyses. Data from a third subject (Ctrl) were not analyzed with respect
to MVT-angle relationship, because of patellar discomfort at the more extended knee flexion
angles. Finally, as already mentioned, maximal voluntary torque data from the contra-lateral (left)
leg were obtained for six RVE subjects and five Ctrl subjects. This resulted in a different number
of observations for some parameters.

Cross sectional area of the quadriceps femoris muscle

For Ctrl, the linear and exponential model described the time course of change in total CSA
equally well (R* values of 0.95 £ 0.06 and 0.96 £ 0.006, respectively). This can be understood
from the fact that for most subjects the time constant (1) of the exponential model, i.e. the time
needed for the model outcome to decay to about one third (exp™) of the initial value, was much
longer (mean 429 * 167 days) than the actual bed rest period. Consequently, the change in total
CSA after eight weeks was not dependent on the model used (CSA decays of 14.1 = 5.2% and
14.1£ 5.1%, for, respectively, the linear and the exponential model). Similatly, the change in
right CSA was equal between the linear (-12.9 * 4.7%) and exponential (—12.8 £ 4.7%) model
and no difference was found between the respective correlation coefficients of both models
(0.95 £ 0.08 and 0.95 % 0.09). Finally, although the amplitude of change in left CSA after eight
weeks of bed rest was not dependent on the model, i.e. both models revealed a reduction in
CSA of 15.2 £ 6.2%, the exponential model fitted the individual data slightly, yet significantly
(P < 0.05), better (R* = 0.943 + 0.062) than the linear model (R* = 0.938 + 0.064). For RVE,
the exponential model also showed long time constants. However, it could not be used for the
group as a whole because CSA increased for three subjects (an exponential decay model then
becomes meaningless).

Considering the above, the reported loss values after eight weeks of bed rest, used in subsequent
statistical analysis (for comparison between groups and between legs) were derived from the
linear regression parameters for all cases. Analysis of variance on relative changes in CSA after
cight weeks of bed rest revealed that the reduction in total quadriceps CSA (-14.1 * 5.2%; P
< 0.001) was significantly (P < 0.001) larger for Ctrl when compared to RVE (-3.5 + 4.2%; P
< 0.05). The ANOVA further indicated a significant time by leg interaction (P < 0.01), which
suggested a difference in atrophic response in the left and right quadriceps femoris muscle
between groups. Post hoc testing (paired-samples and one-sample ~tests within groups) revealed
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amodest tendency (P = 0.091) for Ctrl towards a greater reduction in CSA of the left quadriceps
(-15.2 £ 6.2%; P < 0.001) compared to the right leg (-12.9 £ 4.7%; P < 0.001). For RVE the CSA
of the right quadriceps (-4.8 * 5.3%; P < 0.05) muscle was significantly reduced, whereas the
CSA of the left leg only showed a tendency (P = 0.077) to reduce (-2.3 £ 3.5%). The difference
between legs was significant (P < 0.05). Fig. 3 depicts the time course of absolute quadriceps
CSA during bed rest for the left and right leg, for both groups.
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Fig. 3. Quadriceps femoris cross sectional area (CSA; mean = SEM) during bed rest for the right (filled
symbols) and left (open symbols) leg, for RVE (n = 9, triangles and solid lines) and Ctrl (n = 9, circles and
dashed lines).

Maximal voluntary torque

MVT was significantly dependent on knee flexion angle both pre and post bed rest. However,
bed rest did not significantly alter the angle-dependency for torque development in either group.
The optimum knee flexion angle did not change as a consequence of bed rest for RVE (62 * 4°
pre bed rest versus 61 £ 3° post bed rest), nor for Cttl (63 £ 5°, for both pre and post bed rest).
Furthermore, for both experimental groups, the changes in MVT as a consequence of bed rest
were not different between joint angles.

The intrinsically higher variability in MVT as compared to the CSA measurements resulted in
lower correlation coefficients for both the linear (0.69 + 0.25) and the exponential model (0.68
1 0.27). Here also the mean time constant of the exponential decay model was much longer
than the period of observation (mean 414 * 241 days). Consequently, the relative changes in
MVT after eight weeks of bed rest based on the linear and the exponential model, were not
significantly different (-16.8 * 7.4% and —15.6 * 6.8% respectively). For RVE, again only the
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linear model could be analyzed as three subjects showed an increase in MVT during the bed
rest. The derived relative change in MVT of RVE amounted to —4.2 £ 8.7% after eight weeks
of bed rest.

Considering the finding that the exponential model was not a better fit for most subjects and
because the time course of changes in MVT could not be parameterized by this model in one
Ctrl and three RVE subjects, the reported change values after eight weeks of bed rest, used in
subsequent statistical analysis (for comparison between groups) were derived from the linear
regression parameters for all cases. Analysis of variance on these normalized changes after eight
weeks of bed rest revealed a significant time by group interaction (P < 0.01), which indicated
that bed rest had a significantly different effect on the changes in MVT between the two groups
(absolute MVT values (see Fig.4) did not differ at any time during the study). When groups were
subsequently analyzed separately (one sample #test on normalized changes in MVT), the MVT
of the RVE group was maintained, whereas MVT of the Ctrl group was significantly reduced
(P <0.001) by 16.8 + 7.4% after eight weeks of bed rest. For part of the Cttl group (n = 5) the
reduction in MVT of the contra lateral (left) leg (-20.5 £ 10.1%; P < 0.01, paired #test), which
was tested only before and after bed rest, was significantly greater (P < 0.05) compared to the
more frequently tested (right) leg (-11.1 £ 9.2%; P < 0.01, paired #test). For RVE (n = 06), no
differences were observed in maximal strength between legs.
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Fig. 4. Maximal voluntary torque (MVT; mean = SEM) values obtained pre (0) and during bed rest, for
RVE (n= 9, triangles, solid line) and Ctrl (n =9, circles, dashed line).
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Maximal voluntary activation level
No changes over time occurred with respect to the maximal voluntary activation level in either

group (Fig. 5). The mean (averaged over all sessions) maximal voluntary activation level was 94.1
* 10.5% for RVE and 94.4 £ 8.5% for Ctrl.
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Fig. 5. Maximal voluntary activation level (mean = SEM) values obtained pre (0) and during bed rest for RVE (n =9,
triangles, solid line) and Ctrl (n = 9, circles, dashed line).

DISCUSSION

One of the most important findings of the present study was that both knee extensor size and
strength reduced linearly during eight weeks of horizontal bed rest without any countermeasure.
In contrast to our expectations, the loss of quadriceps femoris muscle strength did not exceed
that of quadriceps femoris muscle size, most likely because maximal voluntary activation levels
were unaltered. In the group participating in the specific training program the loss of muscle
strength was prevented by the used countermeasure. In this group, reductions in quadriceps
femoris muscle size were mitigated as well.

Cross sectional area of the quadriceps muscle during bed rest without countermeasure
One of the most common findings in literature is that bed rest and spaceflight induce a
significant atrophy of the knee extensor muscles [3-5;7;8;14;24]. It was not very clear, however,
how atrophy progresses over time. Bamman et al. [7] suggested that the time course of myofiber
atrophy during unloading follows a rapid onset, but that with continuous unloading the process
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of atrophy reaches a plateau. The results of the present study partly agree with this notion.
Of the two models tested, the exponential model slightly better parameterized the change in
left (not frequently tested) quadriceps femoris muscle CSA, indicating a slight leveling off,
which did not occur for the right leg. This observation might be related to the finding that the
quadriceps femoris muscle of the right leg also showed a tendency to atrophy slightly less than
the quadriceps muscle of left leg. A plausible explanation relates to the testing regime during
the bed rest, which involved exclusively the right leg. Similar to what is reported by Trappe et a.
[37], it is possible that our measurements slightly altered both the magnitude and time course
of the atrophic response as a consequence of unloading, despite the fact that the experiments
were performed relatively infrequent towards the end of the eight weeks bed rest period. The
absence of a difference with a linear approach in almost all cases resulted from the fact that
the time constant (1) of the exponential models was much longer than the 56 days of bed rest,
which suggests either the lack of an initial rapid reduction in CSA, or alternatively, the absence
of aleveling off towards the end of the bed rest. In the period studied, the differences existed
between the two used models were in effect insignificant. It is, however, noteworthy that on the
basis of physiological considerations an exponential type of decay would have been found can
be expected for all parameters in a longer bed rest period. When the presented data of the non-
tested left leg are compared with the literature, the reduction of ~ 6-11% in CSA between 3 to
6 weeks of bed rest compares quite well with the ~7-13% reduction in muscle size after similar
durations of bed rest unloading reported by others [2;3;9;21;23], but appears somewhat less than
the ~16% reduction in knee extensor size reported by Ferretti et al. [16] and Hather et al. [19]
after 6 weeks of unloading. After eight weeks of bed rest the loss of CSA of the left leg further
increased to ~15%, which approaches the reductions (~15-18%) found after more prolonged
periods of unloading (i.c. after 90-120 days) [4;25]. Taking our data together with earlier research,
it is suggested that muscle atrophy deviates only slightly from linear up to durations of about 6-8
weeks of unloading, but that a significant leveling off occurs beyond those 6-8 wecks.

Time course of maximal voluntary torque and maximal voluntary activation level
without countermeasure

The ~17% reduction in MVT after eight weeks of bed rest appears to deviate substantially from
previous results where similar reductions in knee extensor strength were seen after much shorter
(= 20 days) duration of unloading [2;7;11;22]. Unlike most studies, where the knee flexion
angle is chosen to be the same for all subjects, e.g. 90° [2;21], our tests were performed with
individually determined optimal knee angle. Since there was no change in the optimum angle for
torque production and the strength loss was not significantly different across knee-flexion angles,
other factors than those related to altered torque-angle relation must underlie the differences in
strength loss between our study and the literature. The differences in strength reduction might
be related to a maintained ability of the central nervous system to near-maximally (~94%) drive
the quadriceps muscle in our subjects (Fig, 5). In accordance with these observations, we found
similar relative reductions in muscle strength and size after eight weeks of bed rest. These results
contrast with reports of significant impairments in neural activation after unloading [13;18;21],
which would (at least partly) account for the greater reductions in muscle performance than in
muscle mass [3;0;8;21;22;40]. We suggest that the repeated testing during bed rest resulted in



32 Chapter 2

habituation to the task, such that neuronal deconditioning was prevented in the present study.
This is supported by the observation that the loss of maximal voluntary isometric strength of
the left leg, which was not tested during the bed rest, was twice as large as that of the right
leg (-20.5 vs. -11.1%) and did not compare to the loss of CSA between left and right (-11 vs.
—9%,) in the subgroup which was bilaterally tested. If repeated testing were indeed the major
determinant, our results imply that only little motor activity is needed to counteract changes in
neural control.

Yet, it has to be mentioned, that the majority of previous studies reporting a discrepancy between
reduction in muscle mass and reduction in muscle strength, measured muscle function after re-
ambulation, whereas in the present study, the post bed rest MVT was obtained at the last day
of the bed rest period, i.e. prior to re-ambulation. After a period of unloading, re-ambulated
muscles appear more susceptible to muscle damage [17;26;27]. Indeed, in the present study,
virtually all our subjects (both Ctrl and RVE) suffered from pain in the lower limb muscles
(albeit predominantly in the calf muscles) upon re-ambulation [29]. It is therefore important to
consider that re-ambulation-inducing muscle soreness may partly account for the discrepancy
frequently found between muscle strength and muscle mass after unloading conditions.

The effects of eight weeks of horizontal bed rest on muscle size and strength with
resistive vibration as a countermeasure

The rationale behind resistance exercise to counteract changes in the neuromuscular system
during bed rest is based on the notion that bed rest and strength training display opposite
physiological effects [7]. Although proven effective to maintain or mitigate changes in the
neuromuscular system [2;7;15;21] and the skeletal system [35] during unloading, conventional
resistance training is dependent on the gravitational pull. In a weightless environment, this
gravitational component must be replaced by an alternative force or power source. Previously
described suggestions include the use of an elastomer-based [34] or a mass inertia-based exercise
device [3;4]. Elastomer training under ambulant conditions was as effective as free weight
training with respect to muscle, but it was found to be not effective in stimulating bone [34].
Flywheel training during 12 weeks of bed rest was only partly effective to preserve muscle and
bone at the calf [4;31]. As an alternative countermeasure, Rittweger et al. [29] suggested the use
of resistive vibration exercise. Under ambulant conditions, vibration without additional training
loads showed to be effective to prevent and treat osteoporosis and to improve muscle strength
in post menopausal women and patients with disabling conditions [32;36;38;39]. It seems, that
vibration is specifically apt to prevent bone loss, possibly even when applied with minute strains
[33]. However, unloaded vibration elicits only a comparatively small amount of energy turnover
[30] and was found to have no training effect on voluntary muscle strength indices in young
healthy subjects [10]. Therefore, in the present study, vibration was combined with a resistive
force component equivalent to twice the body weight [29]). It is obvious that, from the data
obtained in this study, no statement can be made as to the differential effects of vibration and
resistive exercise.
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The current exercise regime strongly reduced, but did not fully offset muscle atrophy, since a
small (< 5%) reduction in quadriceps CSA was still observed (Fig. 3). This level of efficacy in
maintaining muscle mass was also reported by others [2-4;7;21] and suggests that the quadriceps
femoris muscle was sufficiently trained during the present study. The squat exercise was most likely
the prime contributor to maintain the muscle CSA of the knee extensors although the quadriceps
muscles were most likely also active in stabilizing the body during the performance of the heel
and toe extension exercises. It is surprising that the small reduction in quadriceps CSA was only
significant for the right leg in this group, since the training exercises were performed with both legs
simultaneously. The stimulus provided by the training must by far have outweighed the stimulus
of the testing regime apart from the fact that the tested leg then should rather have shown a
lessened instead of an elevated level of atrophy. We have no explanation for this phenomenon.
However, given the small differences between the legs, these results can be regarded functionally
insignificant.

The current countermeasure was further successful in maintaining maximal isometric knee extension
torque during bed rest (Fig. 4). Considering the small atrophic response along with the maintenance
of the maximal voluntary activation level, preservation of unilateral isometric strength might be
expected. However, test-mode specificities may be important to consider when assessing the
efficacy of a training program during unloading, since previous studies have shown discrepancies
in maintenance of strength between test and the training modes (e.g. [4;7]). These conflicting
observations were related to neuronal differences between task-specific and non-task specific
contractions. It can be argued that prevention of maximal voluntary strength in the present study
was a consequence of the frequently repeated testing having acted as a (neural) countermeasure.
However, after eight weeks, the isometric knee extension strength of the not-regularly tested left
leg was similatly preserved as that of the tested right leg in a subgroup of six RVE subjects.
Considering that both legs were simultaneously trained during the vibration exercises, and since
this finding contrasted with the results in the left leg in a subset of Ctrl subjects, we suggest that the
current countermeasure by itself also preserved neural capacity and muscle strength.

In conclusion, eight weeks of horizontal bed rest resulted in significant atrophy and weakness of
the quadriceps femoris muscle in a non-trained control group, which progressed lineatly over this
time period. In contrast to our hypothesis, the reduction in maximal voluntary strength did not
exceed that of CSA of the quadriceps muscle, as maximal voluntary activation levels remained
unaltered throughout the study. For the Cttl group the repeated testing of muscle function during
the bed rest may have influenced the capacity for voluntary muscle activation. In this light, it
is concluded that neural deterioration can be fairly easily prevented by brief muscle usage, even
when only infrequently practiced. The atrophic response and loss of maximal isometric muscle
strength of knee extensor muscles could be prevented or substantially reduced by the applied
countermeasute.
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