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intrODUCtiOn

Human (manned) spaceflight became a reality on April 12, 1961 when cosmonaut Yuri Gagarin 
from the former Soviet Union became the first human to orbit Earth. By doing so, Russia 
embarked the beginning of  a new era, that of  the “Space Race”. With only two competitors 
involved, the race was ultimately won by the United States when the Lunar Module “The 
Eagle” (Apollo ��) landed on the Moon on July �0, ����. Hours later, American astronaut Neil 
Armstrong was the first human to set foot on another celestial body. With the Moon conquered 
and NASA at its glory days, it seemed only a matter of  time before the next (and only accessible) 
alien body would be visited by human explorers: the planet Mars. Now, somewhat 40 years 
later, Mars has only been visited by several unmanned robots, but renewed interest in the planet 
has also reawakened the planning for a human mission to Mars. There are, however, medical 
concerns related to such missions that must be addressed first before humans can start such an 
endeavor. 

Physiological consequences of  spaceflight 
Although many factors affect human health during spaceflight, the dominant and single most 
important one is the vastly different environment encountered by human space travelers: the 
persisting condition of  microgravity, where the weight of  an object (such as the human body) 
is reduced to negligible values. It is this lack of  weight that initiates a cascade of  interrelated 
physiological responses that ultimately affects the whole human body, from brain to bones. This 
thesis outlines one biological system that is influenced by spaceflight: the neuromuscular system, 
which comprises skeletal muscle and the central nervous system controlling these muscles. On 
Earth, muscles evolved to support our upright posture and to move body parts against the pull 
of  gravity. But in space, such antigravity functions are no longer needed for that purpose [4;7]. 
The dramatic interruption in load-bearing activity leads to muscular atrophy through changes in 
protein content with associated weakening, whereas changes in myosin phenotype result in altered 
contractile and biochemical characteristics and reduced endurance capacity [��;�8;��;�7;��]. 
In addition, there is compelling evidence that the central nervous system is also subjected to 
deconditioning by spaceflight [17]. None of  these changes presents an acute problem to space 
travelers as long as they perform only light work, but they may very well endanger survival 
capabilities in emergency situations, such as fire on board a space vehicle during, or immediately 
post-landing on Earth (or Mars) after a long duration space mission. Unassisted emergency 
egress from such a craft would require immediate full strength and endurance capabilities of  
the anti-gravity muscles, as well as adequate neural control. As humans plan to stay in space for 
increasing periods of  time, it will be essential to have a thorough understanding what effects, 
both reversible and irreversible, prolonged microgravity will have on the various constituents of  
the neuromuscular system, and equally important, how such adaptations can be prevented .

Bed rest as an earth-bound simulation model 
Because of  the complexity and limited opportunity to study humans in space, we used a spaceflight 
analogue, i.e. an Earth-bound model that simulates the condition of  reduced muscle usage 
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during spaceflight, to address questions related to the alterations in the neuromuscular system 
and the development and testing of  potential preventative measures. Several simulation models 
exist, but the bed rest model has been generally accepted as the most applicable one, because 
confinement to bed rest not only results in physiological alterations in the neuromuscular system 
similar to spaceflight, it also reproduces physiological alterations related to human spaceflight in 
many other biological systems [1]. Although quite a substantial number of  bed rest campaigns 
have been performed over the past years, ranging from 3 up to ��0 days in duration [��;�5], 
and a substantial body of  knowledge about the effects of  physical inactivity on neuromuscular 
function has been gathered from these studies, part of  the information that could be obtained 
is consistently lacking. In order to obtain uncompromised results, the assessment of  changes in 
neuromuscular function as a consequence of  bed rest has generally been limited to pre – post 
comparisons, i.e. in most bed rest campaigns functional measurements are not conducted during 
the bed rest period. The main disadvantage of  such an approach is the inability to accurately 
assess the time course of  changes as a function of  bed rest duration. As such, it remains 
largely unresolved to what extent and in what timely manner the various subsystems within the 
neuromuscular system contribute to the overall deconditioning of  neuromuscular integrity. This 
information is imperative because (�) it may identify dominant processes underlying the various 
manifestations of  muscle weakness, which may improve the development of  effective therapeutic 
interventions, and (�) it allows the extrapolation of  gathered data to longer periods of  disuse, 
such as during actual long-term spaceflight. Of  course, cross-sectional comparisons of  different 
studies with various study durations provide some insight in the time course of  changes, but 
interpretations have been largely restricted by a lack of  methodological standardization between 
different studies. The experiments described in this thesis were aimed to bridge this gap in 
knowledge by longitudinally studying various components of  the neuromuscular system under 
bed rest conditions.

Another major goal of  experimental bed rest studies is to develop efficient countermeasures 
that prevent the adaptive physiological responses in the human body as a consequence of  
spaceflight, i.e. nutritional, pharmaceutical and/or exercise-based procedures are first tested an 
refined on Earth before being applied during space missions. [13;14;21;24;26]. With respect 
to the neuromuscular system, it appears that conventional resistance training is effective to 
maintain or at least to minimize structural and functional changes in muscle mass and to preserve 
muscle strength during bed rest [�;��;�5]. Although promising, the majority of  studies that have 
incorporated resistance training as a countermeasure have yet only shown the potential of  this 
training modality. Because most of  the adopted training paradigms make use of  the presence 
of  gravity (for instance when lifting weights), they cannot be directly implemented during 
actual spaceflight, where gravity is virtually absent. To be effective in such an environment, 
the loading of  skeletal muscles should thus arise from another source than gravitational pull. 
Recent developments involve devices that make use of  elastomer or mass-inertia to load the 
skeleton and muscles [5;�3]. Unfortunately these methodologies proved only partly successful 
to preserve mass and strength of  bone and muscle [3;��]. Although the main rationale for 
organizing the Berlin Bed Rest study as a whole was to test resistive vibration exercise as a 
novel, and potentially more efficient training paradigm for both bone and muscle preservation, 

Chapter �



�3

the focus of  this thesis is on the efficacy resistive vibration exercise to preserve neuromuscular 
integrity of  the quadriceps femoris muscle during bed rest. Resistive vibration exercise combines 
classical resistive exercise with vibration exercise. It is assumed that the applied vibrations to the 
feet evoke muscle contractions via stretch reflexes, initiated by the activation of  muscle spindle 
(Ia) fibers [22]. This feedback loop would increase the alpha-motoneuron activity and may thus 
result into a greater facilitation of  the muscle drive during training.

Methodological outline of  the Berlin Bed rest study
Healthy men between �0 and 45 years with a modest to active lifestyle and a high motivation for 
this study were recruited via various German media. Out of  the ��4 individuals who applied, 
20 subjects were included in the study. These subjects were subsequently randomly assigned to 
either an inactive control group (Ctrl), or to an resistive vibration exercise (RVE) training group. 
The Berlin Bed Rest Study was conducted between February �003 and June �004 in the Charité 
Benjamin Franklin Hospital [20]. The study was organized in five campaigns, each comprising 
four subjects. In all campaigns, subjects from the training group were living in one room and 
the subjects from the control group in a different room. All subjects were confined to 56 days 
of  strict horizontal bed rest, during which the subjects were by no means allowed to sit or stand 
up. Subjects were further instructed to limit lower leg muscular activity during the BR to an 
absolute minimum. As far as possible, adherence to this protocol was controlled by continuous 
video recordings and by force transducers in the frames of  the bed. Subjects of  the RVE group 
participated in a resistance-type strength training program that consisted of  twice-daily, five days 
per week resistance vibration exercises in the supine position (Fig. �), using a dedicated vibration 
device (Galileo Space, Novotec, Pforzheim, Germany). 

Fig. 1. The Galileo Space Device used for resistive vibration exercise at supine position during 5� days of  strict bed rest.
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Each training session comprised of  four exercises (squats, heel and toe raises and ‘kicks’) that 
specifically targeted weight-bearing structures (muscles, tendons, bones). During morning 
sessions, exercises were performed for > �0 seconds (approximately ten repetitions). If  �00 
seconds were exceeded, vibration frequency was increased. During afternoon sessions, subjects 
exercised at a reduced workload (�0-80% of  the morning session), but performed the exercise 
as many times as possible for �0 seconds each without rest between successive repetitions. On 
Wednesday mornings, subjects were asked to exert themselves maximally by exercising each unit 
as long as possible. No training sessions were scheduled at Sundays.

Aim and outline of  this thesis
The general aim of  the present thesis was to longitudinally study the changes in the structural, 
contractile and electrophysiological properties of  the human quadriceps muscle during prolonged 
bed rest. In addition, the effect of  bed rest on the fatigability and associated metabolic and 
circulatory properties of  the quadriceps femoris muscle was studied before and shortly following 
reambulation. Finally, this thesis further aims to evaluate the efficacy of  resistive vibration exercise 
training to preserve neuromuscular integrity and endurance capacity under bed rest conditions. 
To investigate the time course of  changes in neuromuscular function, a supine dynamometer 
was developed that allowed for the quantification of  mechanical properties of  the quadriceps 
muscle during the course of  the bed rest. A pre-existing high density surface electromyography 
(HD-sEMG) system [�] was used to measure electrophysiological muscle characteristics during 
voluntary activation. The number and frequency of  tests were carefully chosen to allow the 
assessment of  an accurate time frame of  changes in the neuromuscular system, whereby we 
anticipated that the testing regime itself  would not significantly interfere with the quality or 
quantity of  deconditioning of  the neuromuscular system. 

All studies reported in this thesis were conducted on the quadriceps femoris muscle group, 
which, because of  its role as an antigravity muscle, would be significantly subjected to bed rest-
induced neuromuscular deconditioning. In addition, part of  the countermeasure was designed to 
particularly target the knee extensor group. The functional measurements during bed rest were 
conducted on the right leg, using the abovementioned two groups of  subjects. 

Chapter � describes a study which aimed to determine the time course of  changes in muscle 
size, strength and voluntary activation of  the quadriceps femoris muscle during bed rest in 
the presence and absence of  a countermeasure. To assess the time course of  changes in knee 
extensor size, measurements were conducted five times during bed rest period (in two-week 
intervals) by means of  magnetic resonance imaging. Maximal voluntary isometric knee extensor 
strength was recorded prior to, and seven times during the bed rest at the optimal knee flexion 
angle. Associated maximal voluntary activation levels were measured by means of  a superimposed 
stimulation technique. In addition, pre-post bed rest experiments were conducted to determine 
(a) whether changes in maximal muscle strength were dependent on knee flexion angle, and (b) 
to elucidate whether the physical testing procedure performed during bed rest had influenced 
the changes in neuromuscular function.
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Chapter 3 deals with an elaborate analysis of  high-density surface electromyography (HD-sEMG) 
signals that were recorded from the vastus lateralis muscle during isometric knee extensions at 
a range of  sub-maximal contraction intensities, as well as during maximal effort. Measurements 
were conducted prior to and repeatedly during bed rest. Surface EMG signals were analyzed for 
amplitude, median frequency and muscle fiber conduction velocity and were subsequently related 
to isometric muscle strength to assess whether alterations in neuromuscular control strategies 
existed that were not, or could not have been detected by the methodology described in Chapter 
2. For instance, mean muscle fiber conduction velocity is mainly related to the (changing) size 
of  the muscle fibers, whereas the sEMG amplitude and median frequency are related both to 
this velocity and to alterations in neuromuscular drive to the muscle. The absolute and relative 
relation between sEMG variables and muscle force were used to discover potential changing 
muscle activation strategies.

The requisites of  successful spaceflight missions aboard the International Space Station, to the 
Moon and to Mars with respect to muscle integrity encompass more than the preservation of  
muscle mass, muscle strength and adequate neural control. Importantly, there is also the need 
to maintain functional capacity for tasks that may require prolonged work output. In Chapter 
4 we describe a study aimed to elucidate whether the fatigability of  the quadriceps femoris 
muscle increased as a consequence of  the 56-day bed rest intervention. Before and after bed 
rest, subjects performed a 5-min sub-maximal intermittent fatigue task in the supine position. 
To increase our understanding of  the mechanisms that relate to changes in quadriceps femoris 
fatigability following bed rest, we simultaneously recorded voluntary isometric knee extensor 
torque and HD-sEMG signals of  the vastus lateralis muscle. In addition, because of  the potential 
effect of  bed rest-induced vascular deconditioning on muscle fatigability, local blood flow and 
oxygenation indices were obtained at rest and during the second minute of  fatiguing exercise by 
means of  near-infrared spectroscopy (NIRS).

Apart from the capacities to produce short ‘steady-state’ (sub-)maximal muscle force (Chapters 2 
and 3), and prolonged muscle force (Chapter 4), another equally important muscle functionality 
to be maintained during spaceflight, is the rate at which muscle force develops at the start of  
a forceful voluntary contraction. Because much higher activation levels are needed to reach 
maximal rates of  force development than required for maximal isometric strength [8;9] we 
hypothesized that explosive muscle strength would be more affected by bed rest-induced neural 
deconditioning than maximal isometric ‘steady-state’ muscle strength. The study described in 
Chapter 5 was conducted to test this hypothesis. Although it is acknowledged that the rate of  
fore rise during fast voluntary contractions is predominantly determined by neural activation 
characteristics [�0], the intrinsic contractile properties are also important. In fact, it was shown 
that in previously unloaded muscles the in-vivo muscle function is influenced by alterations in 
contractile properties of  single fibers [28]. Therefore, to more clearly understand the processes 
involved in bed rest induced deconditioning, we also investigated the contractile properties of  
electrically evoked isometric contractions. The combination of  these results with the recordings 
of  voluntary contractions and associated HD-sEMG would allow disentangling alterations in 
intrinsic (peripheral) muscle properties from changes in (central) activation strategies.
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Finally, main and auxiliary results of  our experiments conducted during the Berlin Bed Rest study 
are given in Chapter 6. These findings are discussed, not only with respect to their implications 
for human spaceflight, but also how they, in more clinical terms, could also improve the 
healthcare for the elderly, or for individuals afflicted with muscle and bone-wasting diseases on 
Earth. Likewise, also the treatment and recovery of  those that are only transiently hospitalized, 
bedridden or otherwise physically inactive, may be improved by studies as presented in this 
thesis. 
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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 �8 healthy men subjected to 
eight weeks of  horizontal bed rest with (n = �) and without (n = �) 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 (Ctrl), quadriceps femoris CSA 
decreased linearly over the eight weeks of  bed rest to -�4.� ± 5.�% (P < 0.05). This reduction 
was significantly (P < 0.00�) mitigated by the exercise paradigm (-3.5 ± 4.�%; 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 linearly over time to –16.8 ± 7.4% after eight weeks 
of  bed rest (P < 0.0�), 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 �0.5 ± �0.�%, (P < 0.0�) which was 
for those five subjects significantly (P < 0.05) more than the ��.� ± �.�% (P < 0.0�) reduction 
for the right, regularly tested leg. 

Chapter �



��

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;��;�4;�4]. Based on the strong correlation between the muscle anatomical cross sectional area 
(CSA) and its force-generating capacity [�0], 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;��;��;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 [�3;�8;��].

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;3�].

With Rittweger et al. [��] 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;3�] 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 [�0]. 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 = �0) or to a 
control group, Ctrl (n = �0). The mean ± SD age, height and body mass were 3�.7 ± 4.8 yr, �8�.3 
± 8.0 cm and 8�.5 ± ��.5 kg for RVE and 33.4 ± �.� yr, �85.4 ± 7.7 cm and 7�.7 ± �0.� 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 prior to the start of  the study was, however, similar for the RVE (�.� ± �.4 hrs/wk) 
and the Ctrl (�.4 ± 3.� hrs/wk) group. The subjects were familiarized 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. �). The study was approved by the local ethics committee 
and all participants gave their written informed consent.

general design
The study took place in �003-�004 at the Charité – Campus Benjamin Franklin Hospital in Berlin, 
Germany. Bed rest is 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 5� 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 5� days of  horizontal bed rest, the subjects 
were 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 [��]. 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 4th 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 �0 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 
BR�, BR�4, BR�8, BR4�, and BR5� (Fig.�). No experiments involving muscular exercises were 
undertaken immediately prior (< � 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 �.5 Tesla MRI (Vision, Siemens, Erlangen, Germany). Transverse scans were carried 
out with a slice thickness of  �0 mm, and inter-slice gaps of  5 mm. Field of  view and matrix 
dimension were set at 48.0 by 48.0 cm and 5�� by 5�� 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 
�.3�7, 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. �.
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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, Vrije 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/�kN, 
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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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 5�-day bed rest phase (BR) and a �-day early 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-�, and during BR at BR4, 7, �0, 
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).
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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 �0 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 � 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 familiarization 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. �). 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°, �0°, 70°, 80° and �0°. 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. �). After the warm-up, the subjects started by 
performing two to three MVCs. After this procedure, two self-adhesive surface electrodes (model 
�83�00, Schwa-Medico, Nieuw Leusden, The Netherlands) of  80 mm x �30 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, U.K.) 
was set such that ~40% of  the total muscle mass was stimulated (concluded from a �50Hz, 
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 [��]. This was followed by superimposition 
of  the same triplet during maximal effort. This was repeated maximally three times, separated 
by at least � 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 = ((�00/activation 
level)•torque 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 (ii) a single exponential decay model (y = c•exp(-t/τ)]. 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 early stage of  the bed rest. 
First, all individual values of  MVT and CSA were normalized for the pre bed rest value (BR0 = 
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 ��.0.�) 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 (R² values of  0.95 ± 0.06 and 0.96 ± 0.06, respectively). This can be understood 
from the fact that for most subjects the time constant (τ) 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  �4.� ± 5.�% and 
�4.�± 5.�%, for, respectively, the linear and the exponential model). Similarly, 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.�5 ± 0.08 and 0.�5 ± 0.0�). 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.�43 ± 0.0��) than the linear model (R� = 0.�38 ± 0.0�4). 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 
eight weeks of  bed rest revealed that the reduction in total quadriceps CSA (-14.1 ± 5.2%; P 
< 0.001) was significantly (P < 0.00�) larger for Ctrl when compared to RVE (-3.5 ± 4.�%; P 
< 0.05). The ANOVA further indicated a significant time by leg interaction (P < 0.0�), 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 t-tests within groups) revealed 
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a modest tendency (P = 0.091) for Ctrl towards a greater reduction in CSA of  the left quadriceps 
(-�5.� ± �.�%; P < 0.00�) compared to the right leg (-��.� ± 4.7%; P < 0.00�). 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 (-�.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 = �, triangles and solid lines) and Ctrl (n = �, 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 �� ± 3° post bed rest), nor for Ctrl (�3 ± 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 
± 0.�7). 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.� ± 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 < 0.0�), 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 t-test on normalized changes in MVT), the MVT 
of  the RVE group was maintained, whereas MVT of  the Ctrl group was significantly reduced 
(P < 0.00�) by ��.8 ± 7.4% after eight weeks of  bed rest. For part of  the Ctrl group (n = 5) the 
reduction in MVT of  the contra lateral (left) leg (-�0.5 ± �0.�%; P < 0.0�, paired t-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 < 0.0�, paired t-test). For RVE (n = �), 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= �, triangles, solid line) and Ctrl (n =�, 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 �4.� 
± �0.5% for RVE and �4.4 ± 8.5% for Ctrl.

Fig. 5. Maximal voluntary activation level (mean ± SEM) values obtained pre (0) and during bed rest for RVE (n = �, 
triangles, solid line) and Ctrl (n = �, 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 (τ) of  the exponential models was much longer than the 5� days of  bed rest, 
which suggests either the lack of  an initial rapid reduction in CSA, or alternatively, the absence 
of  a leveling 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  ~ �-��% 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 [�;3;�;��;�3], but appears somewhat less than 
the ~��% reduction in knee extensor size reported by Ferretti et al. [��] and Hather et al. [��] 
after � weeks of  unloading. After eight weeks of  bed rest the loss of  CSA of  the left leg further 
increased to ~�5%, which approaches the reductions (~�5-�8%) found after more prolonged 
periods of  unloading (i.e. after �0-��0 days) [4;�5]. Taking our data together with earlier research, 
it is suggested that muscle atrophy deviates only slightly from linear up to durations of  about �-8 
weeks of  unloading, but that a significant leveling off  occurs beyond those 6-8 weeks. 

time course of  maximal voluntary torque and maximal voluntary activation level 
without countermeasure
The ~�7% 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. �0° [�;��], 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 (~�4%) 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;�;8;��;��;40]. We suggest that the repeated testing during bed rest resulted in 
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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 (-�0.5 vs. -��.�%) and did not compare to the loss of  CSA between left and right (-�� vs. 
–�%) 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 [�7;��;�7]. 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 [��]. 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 [�;7;�5;��] 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 �� weeks of  bed rest was only partly effective to preserve muscle and 
bone at the calf  [4;3�]. As an alternative countermeasure, Rittweger et al. [��] 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 [3�;3�;38;3�]. 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 [�0]. 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 similarly 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 linearly 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 Ctrl 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 
countermeasure.
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ABstrACt

The aim of  the present study was to assess the time course and the origin of  adaptations in 
neuromuscular function as a consequence of  prolonged bed rest with or without countermeasure. 
Twenty healthy males volunteered to participate in the present study and were randomly assigned 
to either an inactive control group (Ctrl) or to a resistive vibration exercise (RVE) group. Prior 
to, and seven times during bed rest, we recorded high-density surface electromyogram (sEMG) 
signals from the vastus lateralis muscle during isometric knee extension exercise at a range 
of  contraction intensities (5-100% of  maximal voluntary isometric torque). The high density 
sEMG signals were analyzed for amplitude (root mean square, RMS), frequency content (median 
frequency, Fmed) and muscle fiber conduction velocity (MFCV) in an attempt to describe bed 
rest-induced changes in neural activation properties at the levels of  the motor control and 
muscle fibers. Without countermeasures, bed rest resulted in a significant progressive decline in 
maximal isometric knee extension strength, whereas RMS remained unaltered throughout the 
bed rest period. In line with observed muscle atrophy, both Fmed and MFCV declined during 
bed rest. RVE training during bed rest resulted in maintained maximal isometric knee extension 
strength, and a strong increase (~30%) in maximal sEMG amplitude, from �0 days of  bed rest 
on. Exclusion of  other factors led to the conclusion that the RVE training increased motor unit 
firing rates as a consequence of  an increased excitability of  motor neurons. An increased firing 
rate might have been essential under training sessions, but it did not affect isometric voluntary 
torque capacity.
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intrODUCtiOn

Body deconditioning by bed rest immobilization is an accepted Earth-based model to study 
neuromuscular effects of  prolonged spaceflight missions [1]. The changing neuromuscular 
performance of  individuals after a period of  motor inactivity can have several causes along the 
chain of  intention-to-move until the activation and response of  the contractile machinery in the 
muscle. Thus, factors within the muscle itself  [45], but also factors in the motor control system  
may contribute to the decrement in muscle performance [��;�7]. Previously [33], we studied 
voluntary activation at maximal voluntary effort by means of  the twitch interpolation technique. 
In spite of  the above mentioned literature, we found maximal voluntary knee extensor muscle 
activation to be maintained during bed rest, regardless of  whether the subjects participated 
in an exercise countermeasure program that consisted of  resistive vibration exercise training 
(RVE, [38]). With respect to the control subjects, we previously explained this finding as the 
counteracting effect of  the test battery performed during bed rest [33]. 

Although the twitch interpolation technique provides an indication of  maximal voluntary force 
generating capacity, it presents no information regarding the underlying activation processes of  motor 
units. Bed rest may therefore alter recruitment of  motor units and/or their firing rate modulation 
without being detected by the twitch interpolation technique, as used in Mulder et al. [33]. In contrast, 
such information is contained in sEMG signals. Motor unit recruitment and firing rate both 
determine the amplitude of  the sEMG signal. A changed relative contribution of  both processes 
[3�] can, however, be tracked down by assessing systemic differences in the relation between 
sEMG amplitude and voluntary muscle force. Moreover, additional information on changes in 
central motor drive, such as synchronization between motor units, can be obtained by analyzing 
the sEMG interference pattern in terms of  its spectral content. For instance, there is evidence 
from comparative analysis of  experimental and modelling data that synchronization increases 
the amplitude of  the sEMG signal, and that it decreases the sEMG median frequency [19;28]. 
Diverging responses of  these sEMG variables may thus be helpful to determine relative changes 
in neural activation more precisely. At the peripheral level, sEMG median frequency is also 
influenced by the velocity of  propagation of  action potentials along the sarcolemma, measured 
as mean muscle fiber conduction velocity (MFCV, [30]). To allow the separation of  central factors 
from this peripheral influence on Fmed, it is thus necessary to also obtain MFCV estimates. To 
facilitate a flexible, robust derivation of  the sEMG variables, we used high-density sEMG [10] 
with a large number of  electrodes distributed over a large part of  the vastus lateralis muscle.

The aim of  the present study was to detect changes in motor control by assessing sEMG amplitude 
and median frequency during incremental isometric knee extensions in the same subjects as 
described in Mulder et al. [33]. Since the field of  view of  the surface electrodes will be smaller 
than the large vastus lateralis muscle studied [�4], we hypothesized from our previous study that 
absolute sEMG amplitudes at maximal effort would remain unchanged as a consequence of  bed 
rest, regardless whether the subjects participated in the countermeasure program. In contrast, 
based on previous findings following unilateral lower limb suspension and bed rest, the relation 
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between  sEMG and sub-maximal voluntary torque might be expected to change, as the required 
sEMG amplitude to maintain a fixed target torque increased disproportional to what may be 
expected based on atrophy  [7;8]. It is further hypothesized that the median frequency in the 
control group decreases with bed rest in proportion with atrophy (i.e. muscle fiber diameter) and 
MFCV. Daily resistive vibration exercise training during bed rest is expected to counteract these 
changes. Apart from voluntary muscle activation, resistive vibration exercise is thought also to 
elicit muscle contractions via the stretch reflex [39]. The indirect way of  muscle activation during 
RVE training was one of  the reasons for a more detailed analysis of  its effects on motor control 
by observing sEMG variables in this group. 

MetHODs

subjects
The twenty males that volunteered to participate in the Berlin Bed Rest study were selected from 
a large group of  applicants. All subjects were in good health conditions and were randomly 
assigned to either a resistance vibration exercise group, RVE (n = �0) or to an inactive control 
group, Ctrl (n = �0). The mean ± SD age, height and body mass were 3�.7 ± 4.8 yr, �8�.3 ± 8.0 
cm and 8�.5 ± ��.5 kg for RVE and 33.4 ± �.� yr, �85.4 ± 7.7 cm and 7�.7 ± �0.� kg for Ctrl. 
The Freiburg questionnaire [20], which assesses the metabolic units spent per week in exercise, 
indicated a wide range of  exercise habits prior to the start of  the study. There were, however, 
no differences in exercise intensity between the RVE (�.� ± �.4 hrs/wk) and the Ctrl (�.4 ± 3.� 
hrs/wk) group. All subjects were familiarized 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. The local Ethics committee of  the Benjamin Franklin Hospital of  the Charité 
– Universitätsmedizin Berlin, Germany approved the study and all participants gave their written 
informed consent.

general design
The study took place at the Benjamin Franklin Hospital of  the Charité – Universitätsmedizin 
Berlin. The subjects were restricted to 5� days of  horizontal bed rest, during which they were 
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 or training (RVE 
only) sessions. Adherence to this protocol was controlled for by continuous video surveillance 
and by force transducers in the frames of  the bed. The subjects received an individually balanced 
diet (details in [38]) and ingestion of  alcohol, nicotine, and drugs were prohibited.

exercised-based countermeasure 
Exercises were performed in the supine position on a vibration system that was specifically 
developed for application under bed rest and microgravity conditions (Galileo Space, Novotec, 
Pforzheim, Germany, Fig. 1). The used equipment and the exercise protocol are described in 
full detail elsewhere [38]. In short, the vibration device consists of  a vibration platform, which 
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is vertically suspended on a trolley. Subjects remained in a supine position with feet resting 
on the vibration platform. Belts were attached to shoulders, hips and hands and via a spring 
system to the vibration platform (Fig. �). The static force was individually adjusted to an 
equivalent of  2x body weight with the legs in the fully extended position. During bed rest, RVE 
subjects trained � days per week, two times each day (morning and afternoon sessions). Four 
dynamic exercises were performed in the morning sessions. The exercises were performed with 
both legs simultaneously, and were carried out in the following order: squats, heel raises, toe 
raises and explosive squats. During the squat exercise the knees where extended from 90º to 
almost complete extension in cycles of  6 seconds for each squat. The heel and toe raises were 
performed with the knees almost extended. During the heel raise exercise, the heels were raised 
to fatigue. Only then, brief  rest periods (< 5 s) were allowed with the entire foot on the vibrating 
platform in order to recover, and subjects started to raise heels again. For the toe raise exercise a 
similar protocol was used, but toes were raised instead of  heels. During the explosive squatting 
exercises, the knees were extended as quickly and forcefully as possible. Ten such ‘explosive’ 
squats were done with a rest insertion of  10 seconds in each exercise session. All exercises 
were performed while the platform was vibrated at a frequency of  18Hz. According to the 
overload principle in exercise physiology, vibration frequency and thus the applied force [39] was 
individually adjusted in weekly intervals, such that time to exhaustion during the squat exercise in 
the morning sessions remained between �0-�00s (i.e. between �0 and �7 repetitions). During the 
afternoon sessions, the subjects exercised at a reduced intensity (70 % of  the static force used 
in the morning sessions), but ran through the squat, heel and toe raise exercises for 60 seconds 
each, thereby performing as many repetitions as possible, without rest. No explosive squats were 
performed in the afternoon sessions. Trained staff  supervised all training sessions. 

Fig. 1. The Galileo Space Device used for resistive vibration exercise (RVE) at supine position during 5� 
days of  bed rest
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isometric knee extension 
To measure the subjects’ isometric knee extension torque under supine conditions, we used a custom-
built supine dynamometer [33]. For each subject the optimal knee angle (either �0° or 70°, [33]) was 
measured at baseline and kept constant throughout the rest of  the study. The hip flexion angle was set 
at 115° for all subjects. The subjects participated in 8 sessions. The first session was scheduled prior 
to the start of  bed rest, but will be referred to as BR0. The remaining sessions were scheduled during 
bed rest at days 4, 7, �0, �7, �4, 38 and 5� (= BR4, BR7, etc.). The measurements were on the same 
time of  the day and always before the RVE training session. This was done to exclude acute effects 
of  vibration [34;40]. The right leg was tested.

Maximal voluntary contraction task. Following a standardized warm-up procedure [33], consisting 
of  sub-maximal isometric contractions, the maximal voluntary torque (MVT) was assessed as the 
peak torque of  three maximal attempts of  ~3-4s in duration with a minimum of  2 min of  rest in 
between. During the MVT attempts, the subjects were given strong verbal encouragement to achieve 
maximal effort. Post-contraction visual feedback was provided to achieve a higher maximal voluntary 
effort in a subsequent attempt. 

Sub-maximal voluntary contraction task. The subjects performed in total 8 sub-maximal sustained 
contractions based on the MVT at the day of  testing. First, contractions with low target levels (5%, 
�0%, �5%, �0% and 30% of  MVT) were sustained for �0 s and interposed with � min of  rest. 
Subsequently, contractions with high target levels (40%, 60% and 80% of  MVT) were sustained 
for only � s and were interposed with � min of  rest to minimize fatigue. The order of  the trials was 
randomized. The large number of  low contraction levels was chosen to quantify changes in motor 
unit recruitment or rate coding. Both the target torque and the current torque level were displayed 
on the computer monitor in order to provide feedback. The subjects were instructed to trace the 
target torque as steady as possible for the assigned durations. Display gain was the same for all torque 
levels. 

seMg acquisition
Concurrently with isometric knee extensor torque, sEMG signals were recorded from the vastus 
lateralis muscle by means of  a two-dimensional, high-density sEMG system [�0]. In short, the system 
(Active One, BioSemi, Amsterdam, The Netherlands) consists of  an electrode grid of  �30 gold-
coated, densely spaced skin-surface electrodes. The electrodes are arranged in a �0 by �3 rectangular 
matrix (4.5 by �.0 cm) with an inter-electrode distance of  5mm. The signal from each of  the electrodes 
was recorded against a common reference electrode positioned on the patella of  the tested leg (i.e. 
a monopolar montage). During a low intensity isometric contraction, high density sEMG signals 
were visualized and the electrode grid was adjusted such that the columns ran parallel to the fiber 
orientation. This was accomplished by utilizing the criterion that the peaks in the sEMG signal in the 
rows needed to be shifted in time, but had constant amplitude [37]. A representative example of  � s 
of  high density-sEMG data from a �0 s contraction at �0% MVT is presented in Fig. �. The electrode 
grid was placed over the distal, anterio-lateral part of  the vastus lateralis, such that the motor endplate 
zone was visible approximately halfway the columns (Fig. 2C, D). Electrode grid and amplifier were 
then secured in place by means of  Velcro straps. The 130 pre-amplified monopolar signals were 
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band-pass filtered (0.16-400 Hz) and simultaneously AD-converted (16 bits with a resolution of  1 
µV/bit at a rate of  �048 samples/channel), and stored on hard disk. Before off-line analysis, data were 
high-pass filtered at 15 Hz in software. 

seMg processing 
Off-line analysis was performed with customized Matlab software (Mathworks, v�.5, Natick, MA, 
USA). The selection of  the high density sEMG variables was done on the basis of  a ‘go where the 
action is’ principle [10]. Unlike a common bipolar electrode montage, the high density sEMG grid 
allows the spatial selection of  the electrodes with the highest mean (averaged over all electrodes 
within a column, example of  signals in a column in Fig. �B) signal amplitude. Such spatial selection, 
which was separately performed for each session, assured a compensation of  small variations in the 
placement of  the electrode grid between sessions. The sEMG signals obtained during the tasks were 
analyzed for amplitude (root mean square, RMS) and median frequency (Fmed) from the monopolar 
electrode montage. RMS values were expressed as a percentage of  the maximal value at the day of  
testing, and as a percentage of  the maximal value at BR0. We used a double electrode distance (�0 
mm) with a single electrode pair shift distance (5mm) and the phase difference technique [6]. From the 
time shift away from the endplate region (e.g. between electrodes �3 and 73 in Fig. �C and �D) when 
observing subsequent bipolar recordings, muscle fiber conduction velocity (MFCV) was estimated. 
Estimates were obtained from all bipolar derivations for the selected column, but were accepted only 
when the cross-correlation between signal pairs was above 0.7 and the MFCV value below �.5 m/s. 
These methodological criterions were used to reject MFCV estimates around the motor endplate 
zone and musculotendineous junction. For the MVC task, all sEMG variables were analyzed during 
one 1s epoch that yielded the highest mean torque. For each sub-maximal contraction, the sEMG 
variables were analyzed during one �s signal segment (e.g. Fig. �A). The selected segments had the 
lowest level of  torque fluctuation (standard deviation) within the contractions.

exclusion of  data
Maximal voluntary torque levels could not be obtained for one RVE subject, because of  experienced 
patellar discomfort during the performance of  the isometric contractions. From another subject (Ctrl) 
we obtained unreliable baseline values, because this subject did not attend the familiarization session. 
Data from these two subjects were therefore discarded from the statistical analyses. MFCV values 
according to our criteria could not be obtained for four subjects (� from each group). Examination 
of  their magnetic resonance imaging data used in [33] indicated a thicker subcutaneous fat layer at 
baseline . 

statistical analysis
All values are expressed as means ± SEM (standard error of  the mean). Statistical tests were 
performed with the Statistical Package for the Social Sciences software program (version ��.0, SPSS, 
Inc., Chicago, IL, USA). Analysis of  variance (ANOVA) with a repeated measure design on bed rest 
duration and/or torque level with group as a co-factor was used to determine the effect of  bed rest 
and the effect of  the countermeasure. In cases where significant interactions or strong tendencies 
were found, post hoc analysis consisted of  conducting separate ANOVAs for each group with simple 
contrasts. Statistical significance was set at P < 0.05. 
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Fig. 2. Representative example of  voluntary torque (A) and sEMG signals (B – D) during a sub-maximal 
contraction performed at �0% of  actual MVT at BR0. The shaded area in A represents the �-sec window 
during which torque fluctuations were minimal. During this epoch, amplitude (RMS) and median frequency 
(Fmed) were calculated from the monopolar sEMG signals (B). RMS was averaged over all channels within 
one column. The column with maximum (mean) RMS was used to average Fmed and to estimate MFCV. 
The latter was obtained from the bipolarly derived signal (C, D). The shaded area in C is enlarged in D. 
This part of  the figure clearly shows the localization of  the endplate region, which is characterized by the 
propagation of  excitation in two opposing directions and a reversal of  signal polarity. 
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resULts

Maximal voluntary torque
Mean group values for MVT during bed rest are provided in Fig. 3A. Bed rest resulted in a 
significant (P < 0.00�) reduction in MVT for both groups. The percent reduction in MVT at 
BR5� was greater (P < 0.05) for Ctrl than for RVE, with respective values of  -�7.� ± �.5% and 
-�.� ± �.0%. Post hoc analysis revealed, however, an absence of  changes in MVT from BR04 
onwards for RVE, whereas a significant (P < 0.00�) reduction in MVT (to -�5.5 ± �.7 at BR5�) 
persisted for Ctrl. 

Changes in high density seMg signals during bed rest
sEMG amplitude. In contrast to the expected absence of  changes in RMS at maximal torque 
level for both groups during the bed rest period, the RVE group showed a significant and strong 
RMS increase (P < 0.00�) during bed rest to �30 ± ��% of  the baseline value following 5� 
days (Fig. 3B). Post hoc analysis revealed a significant elevated RMS at BR10, 17, 24, and BR56, 
whereas a strong tendency towards an elevated RMS was observed at BR38 (P = 0.054). 
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Fig. 3. Time course of  maximal voluntary torque (MVT; A) and sEMG amplitude (RMS; B) at MVT during 
5� days of  bed rest. Data (mean ± SEM) are shown for Ctrl and RVE. RMS values are normalized for 
BR0. Without countermeasures, bed rest caused a significant reduction in MVT, and maintained RMS. RVE 
training during bed rest maintained MVT from BR04 onwards and showed an increased RMS.

In the RVE group the increase in RMS was also present at sub-maximal forces, but was most impressive 
at high forces (Fig. 4). To analyze the force-sEMG relationship for that group in more detail, the RMS 
at BR5� was also expressed as percentage of  baseline RMS (BR0) for each force level (Fig. 5). The 
RMS at BR56 was significantly (P < 0.05) elevated for �5%, 30%, 40%, �0% and �00% MVT. The 
change in RMS at 5% and 10% MVT were significantly (P < 0.05) different from the increase in RMS 
at �00%MVT. For Ctrl, changes in RMS were also absent at the sub-maximal force levels.
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Fig. 4. Relationship between voluntary torque and sEMG amplitude for Ctrl (left panel) and RVE (right 
panel), pre (BR0, open symbols) and post (BR56, closed symbols) bed rest. Voluntary torque data are 
normalized to MVT on the day of  testing. RMS data are normalized to the maximal baseline value at BR0. 
Each symbol represents the mean value of  torque and RMS ± SEM of  the corresponding group. For 
Ctrl, the normalized relationship remained unaltered during bed rest, whereas RVE training during bed 
rest resulted in a significant upward shift of  this relationship. The mean relationships between RMS and 
voluntary torque have been fitted with a cubic equation, for clarification purposes. RMS, root mean square; 
MVT, maximal voluntary torque.
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Fig. 5. Mean sEMG amplitude (RMS) values (mean ± SEM) for the RVE group at BR5�, as a percentage 
of  RMS at baseline (BR0) for the different force levels. * indicates a significantly (P < 0.05) increased RMS 
at BR56 with respect to baseline. † indicates a significant (P < 0.05) difference in the percentage increase in 
RMS with respect to the MVT level (�00%) following 5� days of  bed rest with RVE training. 

sEMG median frequency and muscle fiber conduction velocity. In Fig. �, the relationship between 
voluntary torque as a percentage of  actual MVT and absolute Fmed (panels A, B) and MFCV 
(panels C, D) are shown for both groups. Bed rest resulted in a significant decline in both Fmed 
(-7.5 ± �.3%; P < 0.05) and MFCV (-8.� ± �.�%; P < 0.001) across the different torque levels 
for Ctrl, but not for RVE. 
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Fig. 6. Shown are the relationships between voluntary torque and sEMG median frequency (Fmed, top 
panels) and muscle fiber conduction velocity (MFCV, bottom panel) for Ctrl (A and C) and RVE (D and 
F). Depicted data (mean ± SEM) were obtained pre (open symbols) and post bed rest (filled symbols). In 
all panels, the voluntary torque data are normalized for the actual MVT value, i.e. the MVT of  the day of  
testing. Without countermeasure, bed rest resulted in a significant reduction in Fmed and MFCV across the 
different torque levels, which was prevented by RVE training (B and D).

DisCUssiOn

the effect of  bed rest without countermeasures
In the Ctrl group no changes in RMS were found during the entire bed rest period. Neither did the relation 
between RMS and torque level change (Fig. 4). This observation indicates not only that motor unit 
recruitment was maintained at a maximal level [33], but also that, contrasting with initial expectations, the 
balance between motor unit recruitment and rate coding remained unchanged during bed rest. MFCV 
and Fmed (Fig. �) declined for all force levels and by about the same percentage. Changes in Fmed are, at 
least in the absence of  changes in motor unit firing patterns, correlated to changes in MFCV [30]. Since 
the MFCV is directly related to muscle fiber diameters [9], our results are well in line with quadriceps 
femoris muscle atrophy, measured as cross-sectional area in magnetic resonance images from the same 
subjects [33;43]. In contrast to previous studies [7;��;�8;��;��;4�], but in agreement with our previous 
observation that maximal voluntary torque loss could be explained by muscle atrophy alone [33], we 
found no evidence of  change in maximum recruitment or recruitment and/or rate coding strategies, i.e. 
loss of  neural drive capacity, as a consequence of  56 days of  bed rest in the present study. 
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Subjects in the present study were repeatedly re-tested during the bed rest period, whereas in 
most previous bed rest campaigns measurements are limited to pre-post comparisons. Because 
of  this methodological difference, we can not exclude the possibility that our testing protocol 
alone prevented any alteration in neural activation capacity during maximal and sub-maximal 
isometric knee extension exercise.

the effect of  rVe training during bed rest on the peripheral level
As expected at the outset of  the Berlin Bed Rest study [38], RVE was an effective countermeasure, 
as MVT was preserved from the fourth day of  bed rest. Elsewhere, the protective effect of  RVE 
as to muscle atrophy, measured by magnetic resonance imaging, has been described [33]. In line 
with these findings, no changes in the sEMG variables that could reflect muscle fiber diameter 
decrease (MFCV and Fmed, Fig. � B, D) were observed. The RVE training applied in the preset 
study consisted of  voluntary resistive-type exercises together with externally applied vibrations 
to the feet. Vibration of  muscles, tendons or the whole body evokes reflex contractions via the 
activation of  primary muscle spindle afferents [3�]. As said in the introduction, the indirect way 
of  muscle activation during such training was one of  the reasons for a more detailed analysis of  
its effects on motor control under bed rest conditions.

the effect of  rVe training during bed rest on voluntary motor control
An unexpected finding was a large and rather abrupt change in RMS at maximal voluntary effort 
in the RVE group, which was not seen in Ctrl subjects (Fig. 3B) and has not been described 
in other bed rest studies that incorporated resistive exercise-based countermeasures [�;5;�7]. 
An increase in sEMG amplitude is well recognized in resistance training under ambulatory 
conditions [�4;��;44], though, but occurs more gradually in the course of  weeks. The short time 
span in which the adaptations occurred in the present study might be related to the number of  
training sessions performed each week. In the studies cited above, subjects trained three times 
per week, whereas the subjects in the present study trained two times per day, for � days per week 
[38]. Furthermore, the addition of  vibrations results in a large number of  excitation cycles in a 
short time period [11]. Hence, the rapid increase in RMS during bed rest may be specific to the 
training regime based on RVE. 

In general, an increase of  RMS during a voluntary contraction could be caused by an increased 
number of  motor unit (MU) firings per unit time, by a reduced amount of  phase cancellation 
due to synchronization, or by changes in the MU action potential [��;3�;4�]. In the RVE group, 
MFCV and Fmed (Fig. �) remained constant, whereas muscle cross-sectional area declined only 
marginally during the 5� days of  bed rest [33]. Thus, changes at the muscle level can be excluded. 
Synchronization of  MU firings is also excluded, as an increase of  RMS caused by synchronization 
[4�] would be accompanied by a decrease in Fmed [�8]. The increase in RMS after about �0 days 
of  bed rest (Fig. 3B) must therefore reflect an increased MU activation during isometric knee 
extension. Either more MUs were active at the same mean firing rate (recruitment), the same 
MUs were activated at a higher frequency (rate coding), or both. On the basis of  the twitch 
interpolation technique, we reported also for the RVE group a high voluntary activation during 
maximal voluntary contractions throughout the 5� days of  bed rest [33].
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So, also additional recruitment of  MUs can be excluded as an explanation for the increase in 
RMS at maximal voluntary effort in the present study. 

In our view, the only remaining explanation for the increase in RMS for RVE is an increase in 
mean MU firing rate. In line with simulation studies of  Herbert and Gandevia [25], the twitch 
interpolation technique as used in [33] may not have been sensitive for firing rate changes at high 
forces. The notion of  an increased rate coding is further consistent with findings after resistance 
training under ambulatory conditions [�7;35]. In the present study, the increase in RMS was most 
pronounced at the higher torque levels (Fig. 4 and 5). As mentioned in the introduction, the 
change in the sEMG-force relationship at high forces is compatible with a change in the maximal 
discharge rate of  active motor units [��;3�].

the details of  rMs increase, in time and with torque level
Simulations of  the sEMG-force relationship for a muscle with rate coding as the dominant 
gradation mechanism for increasing force above 50% of  the maximum force predicts a curvilinear 
pattern, i.e., for higher forces the sEMG increases steeper than force [��]. This would explain 
the increase in RMS being more pronounced at the higher torque levels (Fig. 4 and 5). To explain 
this issue, the effects of  vibration on the stretch reflex and MU firing must be considered. 
As mentioned, muscle, tendon or whole body vibration is believed to activate muscle spindle 
primary endings, which in turn, induces sustained reflex contractions in muscles at rest, known 
as the tonic vibration reflex [12]. When superimposed during a voluntary contraction, vibration 
can reinforce the excitation of  motor neurons [�3;4�]. This may explain the increased EMG 
amplitude during vibration exercise [�3;�5]. In addition, after one single session of  vibration 
exercise, an acute increase in stretch reflex excitability has been observed [34;40]. The increased 
excitability is restricted to the short-latency components [4�], indicating that the plasticity is 
localized to the spinal level. The increase in RMS for the RVE group during voluntary isometric 
contractions during bed rest suggests therefore a persevering increase in excitability of  the stretch-
reflex loop as a consequence of  eight weeks of  six days per week, twice daily RVE training, even 
under conditions of  bed rest. Although our findings are compatible with a modulation of  the 
stretch reflex loop, modulation at higher (cortical) levels cannot be excluded. To explore the 
changes in excitability in more detail, other methods such as transcranial magnetic stimulation 
are required. 

The increase in RMS had no effect on maximal voluntary knee extension strength under the 
isometric testing conditions. In comparison, muscle strength did increase for the same subjects 
during bed rest under the dynamic conditions of  RVE training [38]. This can be deduced 
from the progressive increase in the intensity of  RVE exercise during bed rest by means of  
augmenting vibration frequency [38]. Because the quadriceps femoris muscle atrophied slightly 
(up to ~5%) during the course of  bed rest for the RVE group [33], the increase in dynamic 
knee extension strength (squat) must result from an improved neural control. In agreement with 
previous reports on countermeasure efficacy during bed rest [2-4], the dissociation between 
effects under training and testing conditions suggests that neural adaptations were task-specific 
and beneficial only during the RVE training itself. During isometric knee extension, the elevated 
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MU firing rate appears beyond the level of  a substantial force increase. This may be explained by 
the saturating effect of  firing rate on steady MU force output at high frequencies [32]. However, 
additional factors than little influence of  increasing discharge rate on muscle force should be 
considered, in particular for the sub-maximal contractions. For these contractions voluntary 
torque should increase with increased discharge rates or motor unit recruitment. The indifferent 
torque responses also at sub-maximal forces might indicate that twice-daily resistive vibration 
exercise training altered the recruitment pattern among the different quadriceps components. 
The increase in activation of  the vastus lateralis muscle might have been paralleled by a lesser 
activation of  one or more of  the agonist muscles. In addition, it is also conceivable that 
resistive vibration exercise enhanced co-activation of  antagonist muscles during the isometric 
contractions. This would also explain why the increase in RMS in Fig. 5 in not gradual.

In conclusion, there was no evidence for a decrease in central neural drive in both groups Ctrl 
and RVE, in line with our previous report on the same subjects [33]. For Ctrl, this was possibly 
related to the repeated, albeit infrequently physical testing performed during the course of  the 
bed rest, which might have preserved neural capabilities for this group. The decline in Fmed in 
Ctrl was in line with the concurrent changes in MFCV as a result of  muscle fiber atrophy of  
the quadriceps femoris muscle. Resistive vibration exercise training during 56 days of  bed rest, 
resulted in a significant increase in muscle activation during maximal and sub-maximal voluntary 
isometric knee extension in the trained subjects, as evidenced by the rapid and profound increase 
in RMS throughout bed rest. The increased excitation, which most likely resulted in an enhanced 
firing frequency of  activated MUs, appeared ineffective to increase muscle strength under the 
isometric testing conditions. The presented data suggest that neural training effects of  resistive 
vibration training during bed rest are highly task specific. Finally, it can be stated that this is the 
first study that demonstrates that the atrophy-preventing effect of  resistive vibration exercise may 
come at the price of  alterations in motor control, which appear inefficient for tasks dissimilar to 
the training mode itself.
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ABstrACt

The changes in knee extensor fatigability as a consequence of  eight weeks of  horizontal bed rest 
with or without daily resistive vibration exercise were evaluated in �7 healthy male volunteers. 
Bed rest increased fatigability (% decrease in maximal voluntary isometric torque per minute 
exercise) from –7.� ± 0.5 to –�0.� ± �.0 %/min (P < 0.05), which was accompanied by a decline 
(of  5�.0 ± 3.7%, P < 0.05) in muscle blood flow. Daily resistive vibration exercise training during 
bed rest prevented increases in fatigability (from –�0.8 ± �.8 to –8.4 ± �.� %/min, P < 0.05), 
and mitigated the reduction in blood flow (decline of  26.1 ± 5.1%, P < 0.05). In conclusion, 
daily resistive exercise may be suggested as an effective countermeasure during spaceflight and 
illness-related prolonged bed rest to combat the detrimental changes in muscle endurance that 
result from gravitational unloading.
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intrODUCtiOn

The adaptation of  skeletal muscle due to gravitational unloading extends beyond a mere downsizing 
of  the contractile apparatus. Shifts in myosin phenotype [�;3�] and metabolic enzyme activity 
[37] point towards the conversion of  fiber properties to faster and less oxidative characteristics 
in response to unloading. Gravitational unloading has also been shown to significantly affect 
the cardiovascular system [7]. Hence, both reduced oxygen delivery and oxygen utilization may 
impair the capacity for prolonged exercise following unloading. Moreover, such exercise tolerance 
may be further influenced by impaired muscle activation after gravitational unloading [13;17]. 
It seems, therefore, reasonable to expect a deteriorated exercise tolerance as a consequence of  
simulated or actual spaceflight. However, the results of  previous reports remain inconclusive. 
Various investigators have observed increased local muscle fatigability following gravitational 
unloading [�4;��;�7], while others have reported unchanged [5;40] or even reduced [�0;34] muscle 
fatigability. These inconsistencies might be partly related to methodological differences between 
studies, such as the model and duration of  gravitational unloading, differences in gender, species 
(humans vs. rats), or muscles tested, as well as to the individual fatigue protocols used (e.g. 
sub-maximal vs. maximal and electrically evoked vs. voluntary contractions). Information about 
possible underlying mechanisms is vital for the understanding of  e.g. bed rest-induced changes 
in fatigability, which may help to develop effective preventative measures. 

The primary purpose of  the present study was to test the hypothesis that the fatigability of  
the human quadriceps femoris muscle would be significantly impaired after 56 days of  strict 
horizontal bed rest. This hypothesis was evaluated by means of  a 5-min intermittent sub-maximal 
isometric knee extension fatigue protocol. To locate causes of  altered fatigability both at the 
central and the peripheral level, we recorded surface electromyographic (sEMG) signals from 
the lateral vastus muscle during the fatiguing exercise. In addition, near-infrared spectroscopy 
was used to determine whether bed rest-induced changes in fatigability were related to changes 
in local muscle oxygenation and blood flow. 

The major preventative measure to offset the muscle-deconditioning effects of  microgravity is 
physical exercise [�]. Resistive vibration exercise, which comprises both resistance exercise and 
vibration exercise, has recently been proposed as a promising training modality to preserve bone 
mass and to maintain muscle mass and strength [��]. Importantly, because resistive vibration 
exercise training includes a high number of  (voluntary and reflexive) muscle contractions it might 
also attenuate changes in muscle microvasculature and metabolism and thereby preserve muscle 
endurance capacity [��]. The second major objective of  the present study, therefore, was to 
determine whether changes in fatigability of  the knee extensor could be effectively counteracted 
by daily resistive vibration exercise. 
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MetHODs

subjects
Twenty male volunteers participated in the study. At the start of  the study the subjects were 
randomly assigned to a training group or an inactive control group. The training group (RVE, 
n = �0; mean age, height and body mass ± SD: 3�.7 ± 4.8 yr, �8�.3 ± 8.0 cm and 8�.5 ± ��.5 
kg) participated in a progressive resistive vibration exercise program during the bed rest. The 
subjects of  the control group (Ctrl, n = �0; mean age, height and body mass ± SD: 33.4 ± �.� yr, 
�85.4 ± 7.7 cm and 7�.7 ± �0.� kg) were restricted to bed rest without countermeasure. Subjects 
did not participate in any specific training/exercise program prior to the start of  the study and 
the average exercise activity (hrs/wk) prior to the start of  the study was similar for the RVE (�.� 
± �.4) and Ctrl (�.4 ± 3.�) group. The study received approval of  the local ethics committee and 
all participants gave their written informed consent.

general design
All subjects were confined to 56 days of  strict horizontal bed rest at the Benjamin Franklin 
Hospital of  the Charité – Universitätsmedizin Berlin, Germany. During this period, the subjects 
were not allowed to stand up, to lift their upper body in bed more than to 30° of  trunk flexion, 
to move their legs briskly, or to elicit large forces with their leg muscles other than during testing 
or vibration training sessions. 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 
regard to caloric intake, using the Harris-Benedict equation with an adjustment by an activity 
factor of  �.� for bed rest [��]. Daily diet plans were prepared, using the nutrition-software 
EBISpro (Dr. Erhardt, University of  Hohenheim, Germany). All meal components were 
weighed, and their nutritional contents were taken from prepared meal charts. Calcium input was 
set at �00mg per day. Ingestion of  alcohol or nicotine, as well as the regular intake of  medication 
was prohibited.

exercise-based countermeasures 
RVE subjects performed resistive exercise on a vibration system that was specifically developed 
for application under microgravity and bed rest conditions (Galileo Space, Novotec, Pforzheim, 
Germany). The applied equipment and protocol for countermeasure exercise are described in 
detail elsewhere [��]. In short, the training device consists of  a vibration platform, which is 
vertically suspended on a trolley (Fig. �). Elastic springs were attached to the trolley for the 
subjects to attach themselves through belts with their shoulders, hips, and hands. During bed 
rest, RVE subjects trained two times each day, for � days per week. In each training session, 
four resistive exercises were performed in the following order: squats, heel raises, toe raises 
and explosive squats. During the squat exercise the knees where extended from 90º to almost 
complete extension in cycles of  6 seconds for each squat. The heel and toe raises were performed 
with the knees almost extended. 
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During the heel raise exercise, the heels were raised to fatigue. Only then, brief  rest periods 
(< 5 s) were allowed with the entire foot on the vibrating platform in order to recover, and 
subjects started to raise heels again. For the toe raise exercise a similar protocol was used, but 
toes were raised instead of  heels. During the explosive squatting exercises ‘kicks’, knees were 
extended as quickly and forcefully as possible. The platform was struck with the balls of  the 
feet, and legs rested on the Galileo framework between the kicks. This was done ten times with 
10 s or rest inserted between each kick. During morning sessions, a static force, equivalent to 
approximately � times the body weight was generated with the legs in full extension. All exercises 
were performed while the platform was vibrated at a frequency of  19Hz. According to the 
overload principle in exercise physiology, vibration frequency and thus the applied force [30] 
was progressively increased to ~ ��Hz at the end of  bed rest [��], so that time to exhaustion 
during the squat exercise remained between 60-100s (i.e. between 10 and 17 repetitions) during 
the morning sessions. 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 about �.4 times the body weight (i.e. about 70 % of  the static force used in the 
morning sessions), but to run through the squat, heel an toe raise exercises for 60 seconds each 
as many times as possible, without rest. The four resistive exercises were performed during 
vibration, with both legs simultaneously and with the feet equally distant of  either side of  the 
rotation axis at the vibration platform. No training sessions were scheduled on Sundays. Trained 
staff  supervised all training sessions.

Fig. 1. Resistive vibration training device for usage in bed rest. The subjects attach themselves to a 
vibrating platform by belts with their waist, their shoulders and their hands. Voluntary resistive exercises 
are performed whilst vibration of  the platform is generated by means of  eccentrically rotating masses. 
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Measurement procedures
Subjects were tested on two occasions: baseline measurements were performed one day prior 
to the start of  bed rest. The post bed rest measurement was scheduled on the third day of  re-
ambulation. The design of  the measurements, which were performed in supine position, has 
been previously described [25]. In short, 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 cuff  of  the 
right leg was connected to a force transducer (KAP-E/�kN, 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 
adjusted for each subject and was kept constant between experiments. The knee flexion angle 
was set at the individually determined optimal angle (either �0 or 70°), as described previously 
[25] and remained constant between experiments. The pelvis and upper body were securely fixed 
to the dynamometer by belts. Isometric force was recorded during voluntary contractions of  the 
quadriceps femoris muscle of  the right leg. Force signals were digitized using a sampling rate of  
1ksamples/s and stored to disc for off-line analysis. Knee extension torque was calculated as the 
product of  force and moment arm.

Subjects started each experimental session by performing a specific warm-up set that consisted 
of  eight sub maximal isometric contractions of  the right leg at ~40% of  the individual maximal 
voluntary contraction. The isometric contractions were sustained for � s, with 4 s of  rest in 
between. A horizontal line, displayed on the force acquisition monitor that was placed in front 
of  the subjects, presented the target force. A second line presented the current force level 
generated by the subject to provide visual feedback. An audible signal was provided for the 
duration of  the contractions. Following the warm-up, the subjects were asked to maximally 
exert isometric torque for 2 - 4 s. Three to five maximal attempts were made, interposed with a 
minimum of  � min of  rest each. The highest force was taken to calculate the maximal voluntary 
torque (MVT). 

Fatigue task
We used an intermittent sub-maximal isometric protocol to induce volitional muscular fatigue. 
Such a protocol was considered more appropriate to detect changes in skeletal muscle fatigability 
following disuse than a sustained test protocol. First, intermittent exercise is metabolically more 
demanding than continuous exercise, because more energy is consumed for a given amount 
of  isometric work [3�]. Secondly, as compared to intermittent exercise, moderate or high 
intensity sustained exercise may rely predominantly on anaerobic energy supply because it 
partly or completely occludes blood vessels [35]. Because oxygen delivery is a critical factor in 
relative muscle fatigability, a sustained testing protocol would likely underestimate the effects of  
gravitational unloading on muscle fatigability.

We designed a 5 min intermittent endurance test that was anticipated to be difficult, but not 
impossible to complete after 56 days of  bed rest. Based on pilot studies, the target torque during 
the main measurements was set at 45% of  the actual MVT, i.e. at the same relative contraction 
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intensity, pre and post bed rest. Setting the exercise intensity at a relative target torque level 
allowed the investigation of  qualitative changes in fatigue characteristics, irrespective of  
changes in maximal torque generating capacity due to muscle atrophy. The subjects performed 
five consecutive exercise blocks of  1 min duration each. Each block consisted of  24 repeated 
isometric contractions that were sustained for �.5 s with � s of  rest in between (Fig. �A). During 
the sub maximal contractions, both visual and auditory feedback was identical to the warm-up 
procedures. Within � s after each exercise block the subjects were instructed to perform one 
single MVC of  2 – 4 s in duration. In cases where subjects failed to reach the target torque during 
the sub-maximal contractions in 3 consecutive attempts, due to exhaustion, the subjects finished 
the ongoing exercise block, performed one final MVC, where after the fatigue test was ended. 

seMg acquisition
In parallel with isometric knee extensor torque, sEMG signals were recorded from the distal 
one-third, anterio-lateral part of  the right vastus lateralis muscle by means of  a high-density 
sEMG system (Active One, BioSemi Inc., Amsterdam, The Netherlands). The system consisted 
of  �30 densely spaced skin-surface electrodes (5 mm inter electrode distance), arranged in a 
rectangular �0 x �3 matrix. The columns of  �3 electrodes were aligned parallel to the muscle 
fiber orientation of  the vastus lateralis with the motor endplate zone around the center of  the 
columns. Before mounting the matrix, the skin was shaved, scrubbed with alcoholic pads and 
slightly rubbed with electrode paste. Prior to each test, the skin-electrode impedance was checked 
and, if  necessary, the site was re-prepared. Because of  the small inter-electrode distance on the 
high-density electrode grid, any superfluous electrode gel was removed in order to avoid short-
circuiting between neighboring electrodes. The pre-amplified 130 monopolar signals (referenced 
to a remote electrode positioned over the patella) were band pass filtered (0.16-400Hz) and 
simultaneously AD-converted (�� bits with a resolution of  � µV/bit) at a rate of  �048 samples/
s/channel. Data were stored on hard disk for subsequent off-line processing.

Voluntary torque and seMg data processing
Voluntary torque and sEMG data obtained during sub-maximal contractions where processed 
only when the peak voluntary torque during these attempts exceeded 30% of  the initial MVT. 
Unexpectedly, not all subjects were able to perform all ��0 sub-maximal contractions (5 exercise 
blocks times �4 contractions) according to this criterion before bed rest. In addition, the number 
of  completed exercise blocks and hence number of  performed sub-maximal contractions also 
varied between sessions (see Table � for mean group values). Hence, a complete data set consisting 
of  ��0 sub-maximal and � maximal voluntary contractions (i.e. initial and following minutes �-
5), for both pre and post bed rest, was obtained only for five Ctrl and five RVE subjects. To 
overcome difficulties in statistical analyses due to the differences in exercise time between subjects 
and conditions, torque and sEMG data were analyzed by means of  linear regression. Changes in 
voluntary torque and sEMG variables during the fatigue test were expressed in terms of  percentage 
rate of  change of  initial value per minute of  exercise [27]. Regression of  MVT data (torque and 
RMS) was thus derived from 4-6 data points, whereas regression of  torque and sEMG variables 
during sub-maximal contractions was derived from 7�-��0 data points (see Fig. �).
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Fig. 2. Representative torque and sEMG profiles of  one subject during the fatigue task. The vertical bars in 
panel A represent the voluntary torque, the open circles in panels B, C and D represent the different sEMG 
values (respectively RMS, root means square; Fmed, median frequency; MFCV, muscle fiber conduction 
velocity) obtained during the intermittent sub-maximal isometric contractions. Near-infrared spectroscopy 
recordings were obtained at rest and during the first 20 sec of  the second consecutive exercise block 
(horizontal bars in panel A).
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Voluntary torque. The fatigability of  the quadriceps muscle was defined as the percentage decline 
in MVT from initial value per minute exercise. Although the peak relative torque was set at 45% 
of  initial MVT and contractions were timed by a metronome, the actual relative stimulus to induce 
fatigue may vary somewhat between conditions. To check for such possible differences, the 
normalized time torque integral (TTI) was calculated for each sub-maximal contraction, which was 
defined as the area under the normalized (for the initial MVT) torque-time curve [32]. Regression 
analysis on these data was thus used to check for systemic changes during the fatigue test.

sEMG. For each maximal voluntary contraction during the fatigue tasks, the RMS was calculated 
over a �s time interval. sEMG signals were also analyzed for each sub-maximal contraction for 
the period that the voluntary torque exceeded 30% of  the baseline MVT. For each sub-maximal 
segment the sEMG was quantified for signal amplitude (RMS) and median frequency (Fmed) 
from a monopolar recording. Muscle fiber conduction velocity (MFCV) estimates were derived 
from bipolar recordings and calculated from the time delay between two differential signals, spaced 
�0mm apart (i.e. a double inter-electrode distance [�]). MFCV values were calculated only when 
correlation coefficients between consecutive bipolar signals exceeded 0.8 and the MFCV values 
obtained were less than 8.0 m/s. We were able to obtain MFCV estimates for 7 Ctrl subjects and 7 
RVE subjects. All sEMG variables were subsequently averaged for each column. The column with 
the highest mean RMS was selected and the mean sEMG values of  this column were used in the 
regressions. This spatial selection was performed both pre and post bed rest. 

near-infrared spectroscopy
Local oxygenation and hemodynamics of  the vastus lateralis were monitored by near-infrared 
spectroscopy, using a triple-wavelength continuous wave spectrophotometer (NIRO 300, 
Hamamatsu Phototonics, Japan). The probe consisted of  a near-infrared light emitter optode and a 
corresponding receiver optode with 3 closely placed photodiodes. The probe, emitter and receiver 
optode were positioned in a soft black probe receptacle (Probe Holder S: A 7��8; Hamamatsu 
Phototonics, Japan) providing an inter optode distance of  5.0 cm and fixed to the skin without 
tension. The receptacle was placed directly proximal to the sEMG grid on the skin over the right 
vastus lateralis muscle.

In the NIRO 300, three pulsed laser diodes provide light in the near-infrared range at the wavelengths 
λ = 778, 813, and 853 nm. Attenuation of  scattered light was detected for each near-infrared 
wavelength at a sampling rate of  � samples/s. Hemoglobin oxygenation within the scanned tissue 
section was measured by spatially resolved reflectance spectroscopy [38]. In brief, spatial resolution 
measures the light attenuation gradient as a function of  source-detector separation that is achieved 
by simultaneous measurement at the three differentially spaced photodiodes. From the relative 
concentrations of  oxygenated and deoxygenated hemoglobin, a tissue oxygenation index (TOI) 
reflecting hemoglobin oxygen saturation in the scanned tissue section can be calculated as 

TOI = oxygenated hemoglobin / (oxygenated + deoxygenated hemoglobin ) • 100 %
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Local muscle blood flow was estimated from the kinetics of  an intravenous bolus of  indocyanine 
green (Pulsion Medical Systems, Munich, Germany) [�0]. In brief, 0.0�ml/kg body weight of  
a 5 mg/ml solution of  the tracer dye were rapidly (< � s) injected into an antecubital vein of  
the left arm. Indocyanine green concentration within the scanned tissue section was calculated 
by the modified Beer-Lambert law [20]. From the kinetics obtained during the tracer bolus 
passage, a relative blood flow index (BFI) was calculated by dividing the maximum indocyanine 
green concentration of  the indicator dilution curve by the rise time, defined as the time interval 
between �0 and �0% of  the maximum concentration [�0].

Hemoglobin oxygenation and hemodynamics were assessed at rest and during the first 20 
seconds of  the second consecutive block (see Fig. �A) of  the fatigue exercise protocol. Rest 
measurements were conducted after the subjects had been in the supine position for a minimum 
of  30 min. To avoid potential crosstalk between the indocyanine green bolus tracking and 
spatially resolved spectroscopic signals, TOI was assessed prior to the administration of  the 
tracer. TOI was thereby calculated as the mean value over 5 s.

statistical analysis
Data are presented as means ± SEM. Differences in the response to bed rest between the RVE 
and the Ctrl group with respect to voluntary torque, sEMG and near-infrared spectroscopy 
variables were tested with repeated measures ANOVA, with time as within-subject factor and 
group as between subjects factor (Statistical Package for Social Sciences, SPSS ��.0). 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. If  a time-by-group interaction was found, further analysis 
consisted of  a paired-samples t-test between pre- and post bed rest data within each group. 
Unpaired samples t-tests were performed to test for differences between groups, pre and post 
bed rest. Pearson’s correlation coefficients were calculated to test for correlations between 
changes in muscle blood flow, tissue oxygenation and fatigability. Differences were considered 
to be statistically significant at P < 0.05. 

resULts

In one single subject of  the Ctrl group, sEMG recordings were not obtained during the post bed 
rest session due to an improper fixation of  the sEMG grid. Another Ctrl subject encountered 
muscle cramps during the post bed rest measurements, which prevented this subject to complete 
the protocol. A third subject (RVE group) could not participate in either session because of  
patellar discomforts during the performance of  maximal isometric contractions. The data of  
these subjects were discarded from the final statistical analyses. Results are thus presented for 17 
subjects (8 Ctrl subjects and � RVE subjects), except for MFCV estimates, which were based on 
�4 subjects, as mentioned. 
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Fig 3. Fatigability (A) of  the Ctrl and RVE group expressed as the percent change of  initial maximal 
voluntary torque (MVT) per minute exercise and (B) the percent change per minute exercise from the initial 
maximal root mean square (RMS) of  the sEMG obtained during the maximal contractions, pre and post 
bed rest (BR). Values are expressed as mean ± SEM. * significant difference (P < 0.05) between pre and 
post bed rest (BR).

Voluntary torque
The initial (non-fatigued) MVT decreased as a consequence of  bed rest for both groups (both 
P < 0.0�). For Ctrl it decreased from 3�7 ± �7 to ��7 ± �8 Nm and for the RVE group, it 
decreased from 300 ± �4 to ��8 ± �7 Nm. The change in MVT between the days of  testing was 
not significantly different between groups. Fatigability was enhanced following bed rest without 
countermeasures, but RVE training not only prevented this effect, but even induced a reduction 
in fatigability (P < 0.05, Fig. 3A). TTI, calculated for each sub-maximal contraction [3�] and 
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used to check for changes in the relative stimulus to induce fatigue, declined somewhat during 
the repeated contractions in all conditions (Table �). For Ctrl the rate of  decline was similar 
during pre- and post bed rest conditions, whereas for RVE, a slightly smaller decline of  TTI 
was observed, i.e. an attenuated reduction in relative workload during the fatiguing protocol, 
following bed rest. The groups also responded oppositely (P < 0.05) with respect to the number 
of  blocks that the subjects performed prior to and after bed rest. Two Ctrl subjects performed 
� block less following bed rest, as compared to before, whereas in contrast 3 RVE subject 
performed � or � blocks more following bed rest. However, the changes within the groups did 
not reach statistical significance at the group level (Table 1).

table 1. Mean values of  changes in Time Torque Integral and the number of  exercise blocks 
completed, pre and post bed rest

Ctrl rVe Significant group 
by time interaction

Change in TTI, %/min
Pre BR -4.4±�.4 -�.�±�.�
Post BR -�.0±�.3 -3.3±�.8* †

Completed exercise blocks 
Pre BR 4.�±0.� 4.3±0.3
Post BR 4.�±0.� 4.8±0.� †

Values are mean ± SEM. * significant difference between pre and post bed rest (BR). † significant time 
course difference between Ctrl and RVE group (P < 0.05). TTI, time torque integral. 

surface electromyography
Representative changes in sEMG variables as a consequence of  the fatiguing sub-maximal 
contractions are given for one subject in Fig. �B – D.

sEMG amplitude. The sEMG amplitude (RMS) decreased during the maximal voluntary 
contractions (Fig 3B, all P < 0.05) and increased during sub-maximal contractions for each 
fatigue protocol in both groups (Fig 4A, all P < 0.05). The rate of  decrease in maximal RMS 
was significantly greater in RVE after as compared to before bed rest (P < 0.05), whereas no 
changes were seen for Ctrl. The rate of  increase in sub-maximal RMS was similar among groups 
during both sessions and no changes were observed as a consequence of  bed rest. Mindful of  
the changes in maximal RMS during the fatigue protocol, we quantified the mean RMS of  the 
last �0 sub-maximal contractions performed during each fatigue protocol, which were expressed 
as percentage of  the RMS obtained during the final maximal voluntary contraction of  the fatigue 
test. No significant differences were observed between Ctrl and RVE prior to (66.7 ± 5.7 vs. 63.4 
± 5.3%) or after bed rest (7�.� ± 5.� vs. 74.7 ± 7.5%). In addition, no changes were observed 
between sessions. 
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sEMG median frequency. The median frequency (Fmed) of the sEMG decreased during the sub-
maximal contractions for both groups, both pre and post bed rest (Fig. 4B, all P < 0.0�). In the absence of  
countermeasures performed during bed rest, the decline in median frequency was greater post bed rest, when 
compared to pre bed rest (P < 0.05). RVE training prevented such a change.

sEMG muscle fiber conduction velocity. For Ctrl, mean muscle fiber conduction velocity (MFCV) decreased 
as a consequence of the repeated sub-maximal contractions, both pre and post bed rest (P < 0.05), and the 
rate of decline was enhanced (P < 0.05) post bed rest (Fig. 4C). In contrast, for RVE mean muscle fiber 
conduction velocity was unaffected by the test protocol, both pre and post bed rest 

near-infrared spectroscopy
At rest. BFI and TOI did not differ between groups prior to the start of bed rest. BFI was lower (P < 0.05) 
after bed rest in both groups, whereas no significant change was observed in muscle TOI at rest (Table 2).

During exercise. Compared to resting conditions, BFI was elevated during exercise, whereas TOI was 
reduced (Table �). In Ctrl, BFI and TOI were markedly lower after as compared to before bed rest (P < 
0.05 each). BFI was also reduced after bed rest for RVE (P < 0.05), yet the reduction was attenuated when 
compared to Ctrl (P < 0.0�). No changes were seen in TOI during exercise for RVE. As such, post bed rest 
values for BFI and TOI were higher for RVE than those obtained for Ctrl subjects (P < 0.00� each). As 
shown in Fig 5, significant negative correlations were found between the relative pre to post bed rest change 
(i.e. the percent change from baseline) in BFI and fatigability (P < 0.0�, r = 0.�8, n = �7, Fig. 5A) as well as 
between the relative changes in TOI and fatigability (P < 0.0�, r = 0.�5, n = �7, Fig. 5B).

table 2. Blood flow and tissue oxygenation measured by Near-infrared spectroscopy during rest and exercise, 
pre and post bed rest

Ctrl rVe
BFI (nmol/L/s)

Pre BR
Rest 8.�±0.8 8.4±0.�
Exercise �3.4±0.7 �3.3±�.7

Post BR
Rest 5.�±0.7* 7.3±0.�*
Exercise ��.4±0.�*† �7.0±�.3*

TOI (%)
Pre BR

Rest 73.7±0.� 73.3±0.5
Exercise 54.�±�.� 53.�±�.3

Post BR
Rest 73.4±�.0 7�.�±�.�
Exercise 4�.�±�.�*† 54.�±�.7

Values are means ± SEM. * significantly lower post bed rest (BR) as compared to pre BR values (P < 0.05). † significantly 
lower as compared to RVE (P < 0.05). Compared to resting conditions, BFI was significantly elevated during exercise, 
whereas TOI was significantly reduced in both groups. BFI, blood flow index; TOI, tissue oxygenation index.
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Fig. 4. Changes in sEMG amplitude; RMS (A), median frequency; Fmed (B) and muscle fiber conduction 
velocity; MFCV (C) for the Ctrl and RVE group as a consequence of  the fatiguing sub-maximal contractions, 
pre and post bed rest (BR). Values (mean ± SEM) are expressed in percent change of  initial value per 
minute exercise. * significant difference (P < 0.05) between pre and post bed rest (BR).
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Fig. 5. Correlation between bed rest-induced changes in muscle blood flow and fatigability (A) and 
correlation between bed rest-induced changes in tissue oxygenation index and fatigability (B). Individual 
values (n = 17) are expressed as percent changes from baseline. Both linear regressions were significant.
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DisCUssiOn

Bed rest induced changes in fatigability 
In the present study the effect of  eight weeks bed rest on the resistance to fatigue of  the quadriceps 
femoris muscle during voluntary repetitive sub-maximal isometric knee extension was assessed. 
While the relative target torque (45%) was kept equal across pre- and post bed rest conditions 
the fatigability of  the quadriceps was significantly accelerated by approximately 50% after the bed 
period. The ability to maintain torque output during repeated voluntary contractions depends 
on intrinsic/metabolic properties of  the muscle fibers, local blood flow providing the muscle 
with oxygen as well as on neural activation properties. To obtain information about neural and 
metabolic/circulatory properties, which may separately or in combination underlie bed rest-induced 
alterations in exercise tolerance, we additionally recorded sEMG and near-infrared spectroscopy 
signals during the fatiguing exercise.

sEMG profiles during the fatigue task
RMS declined during the maximal voluntary contractions in the fatiguing task. This finding is 
consistent with the loss in sEMG signal amplitude during a sustained maximal contraction [3�], 
and may be explained by the development of  central activation failure [33], the decrease in MFCV 
[36], or a reduced mean motor unit firing frequency [23]. In contrast, central drive was intensified 
during the sub-maximal contractions, as indicated by the increase in RMS during these contractions 
(Fig. 4A). In agreement with other studies [�4;3�], the increase in sub-maximal sEMG amplitude 
is considered to reflect compensation for the fatigue-induced loss in force output of  individual 
motor units by the recruitment of  additional motor units and some modulation of  the discharge 
rate of  the motor units [�5]. In addition, a fatigue-induced increase in synchronization of  motor 
unit firing patterns [19] may contribute to the increase in RMS. Though we cannot exclude the 
possibility of  loss of  signal for the sub-maximal contractions due to e.g. amplitude cancellation 
[18], no consistent changes were observed in either maximal or sub-maximal RMS profile after as 
compared to before bed rest. Therefore, a similar percentage of  the maximal instantaneous neural 
capacity should be expected towards the end of  each fatigue protocol. Indeed, the mean RMS of  
the �0 last sub-maximal contractions, expressed as percentage of  the instantaneous RMS level of  
the last maximal voluntary contraction, was not significantly different between pre and post bed 
rest (��.7 ± 5.7% vs. 7�.� ± 5.�%). This suggests that changes in neural activation [34] cannot 
explain the increased fatigability after 5� days of  bed rest. 

Two additional sEMG variables that are frequently used to rate local muscle fatigue are the median 
frequency (Fmed) of  the power density spectrum and the mean muscle fiber conduction velocity 
(MFCV). Consistent with previous reports [�4], MFCV decreased during the pre and post bed 
rest fatigue protocol (Figs. 4B and C), which reflects the deteriorating metabolic status of  the 
muscle [22]. The finding that both Fmed and MFCV declined at a faster rate following bed rest as 
compared to before, strongly suggests that an accelerated development of  peripheral fatigue (i.e. 
within the muscle itself) occurred following bed rest.
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Muscle blood flow and oxygenation 
In skeletal muscle, approximately 70% of  the obtained signal with near-infrared spectroscopy 
is derived from the venous compartment, whereas capillaries and arterioles contribute �0% and 
10%, respectively [28]. The muscle tissue oxygenation index (TOI) reflects the balance between 
oxygen delivery and consumption within tissues [4]. The combined measurements of  muscle 
blood flow and oxygenation, therefore, allow determining whether impaired muscle blood flow 
may have presented a functional limitation during repeated sub-maximal contractions and thus 
contributed to an increased peripheral fatigability following bed rest.

The present data clearly show that during the repeated isometric contractions muscle blood flow 
increases substantially (Table �) as compared to resting conditions, which is in accordance with 
previous reported results [��]. More importantly, our data demonstrated a substantial reduction 
of  approximately 50% in muscle blood flow during exercise, following bed rest (Table 2), thus 
suggesting a severe restriction in oxygen delivery. This diminished perfusion during exercise 
cannot be solely related to the reduction in target torque, since changes in blood flow markedly 
exceeded this in target torque, and since the effects of  bed rest on muscle blood flow were 
attenuated in the RVE group, which did not differ in target torque from Ctrl subjects. Similarly 
to previous data published by Ferretti et al. [��] the limitation in oxygen supply was in part 
compensated for by a higher relative extraction of  oxygen, as reflected by a diminished TOI. 
This finding indicates a reduced partial pressure of  oxygen in the skeletal muscle during exercise 
following bed rest as compared to pre bed rest. The negative correlations between bed rest-
induced changes in fatigability versus changes in blood flow and tissue oxygenation suggest 
that the greater rate of  peripheral fatigue following bed rest likely reflects an increased need 
for anaerobic energy supply during exercise. This notion is supported by data of  Grichko et al. 
[�4], who demonstrated an increased glycolytic activity during exercise, following gravitational 
unloading in rats. 

In addition to its effect on oxygen delivery, the reduction in blood flow may have also reduced 
the capacity to washout metabolic waste products following bed rest. As oxidative capacity is 
diminished in acidic environments [16], the lack of  sufficient blood flow may thus have caused a 
faster fatigue of  the knee extensor muscle group following bed rest, because it limited oxidative 
metabolism both directly and indirectly. Mechanisms underlying the observed reduction in 
muscle blood flow remain speculative at this point, but likely involve adaptation processes within 
the (micro)vasculature of  the skeletal muscle [3;�].

Confounding factors in experimental models of  muscular fatigability
The observed deteriorated fatigue resistance is in line with other reports of  increased skeletal 
muscle fatigability following different models of  gravitational unloading, including hind limb 
unloading in rats [14], and bed rest [27] and spaceflight [26] in man. Yet, muscle fatigability 
has also been reported to remain unchanged [��;40] or even to decrease [�0;34] following 
gravitational unloading in both humans and rats. Although it is difficult to identify the reasons 
for this inconsistency, it may in part be attributable to differences in the models and durations of  
unloading, in gender, species, and muscles tested. In addition, the methodology used to induce 
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muscular fatigue may in part explain differences between studies. In contrast to intermittent 
contractions, sustained contractions may lead to partial or complete occlusion of  blood vessels 
[4�]. Such protocols would tend to exclude the potential effects of  structural and functional 
(cardio)vascular changes following gravitational unloading [8;4�]. Furthermore, in order 
to accurately assess the influence of  actual or simulated spaceflight on muscle fatigability it 
seems important to compare the performance of  the muscles at equal relative target workloads 
(that is at a similar percentage of  maximal voluntary torque). Differences in fatigability may 
be overestimated when the sub-maximal target torque is fixed between experiments [27]. 
Normalization of  the target torque to the actual maximal voluntary torque does not take into 
account a potential reduction in neural activation following unloading, which could in turn result 
in underestimation of  relative fatigability [�0;��]. Such a bias could be excluded in the present 
study, because neural deconditioning was not observed during bed rest for either group [�5]. 
Moreover, altered fatigue responses following muscle unloading not only result from differences 
in the peak relative target torque but may also arise when differences exist in the total relative 
stimulus to induce fatigue. Although we observed a reduction in the TTI during the fatiguing 
protocol for both pre-and post bed rest conditions, the degree of  the reduction was similar, 
confirming that the relative workload was indeed similar between conditions (Table 1) in the 
present study. These results indicate that the changes in fatigability following bed rest were not 
affected by changes in the execution of  the protocol. Finally, the subjects of  the present study 
were all men. Because muscle fatigability following muscle unloading may depend on gender 
[34], the findings of  this study can be applied only to men at this point.

Efficacy of  resistive vibration exercise 
Exercise training is used as the primary preventative measure to preserve human physiological 
systems that are otherwise deconditioned by spaceflight [6]. Here, we demonstrate that resistive 
vibration exercise not only effectively counteracted the reduction of  exercise tolerance following 
eight weeks of  bed rest, but even significantly reduced muscle fatigability following bed rest as 
compared to pre bed rest, as indicated by an attenuated loss of  maximal knee extension torque 
during the exercise protocol (Fig. 3A). These changes occurred despite a small but significant 
attenuated reduction in TTI during exercise after bed rest. This would suggest that the RVE 
subjects performed slightly better in terms of  relative workload, and hence, that their enhanced 
fatigue resistance following bed rest is in fact underestimated. The increased exercise tolerance in 
RVE subjects at the peripheral level was further reflected in unaltered Fmed and MFCV profiles 
during the sub-maximal contractions (Fig. 4). A paradoxical finding in the present study was the 
faster rate of  decline in RMS obtained at the maximal attempts post bed rest (Fig. 3B). A faster 
decrease in the (maximal) discharge rate of  alpha motoneurons during the post bed rest fatigue 
task (“muscle wisdom” [�3]) could account for the faster decline in RMS at the maximal attempts 
without additional loss in maximal voluntary torque. Still, like in the Ctrl group, the mean RMS 
of  the �0 last sub-maximal contractions, expressed as percentage of  the instantaneous RMS level 
of  the last maximal voluntary contraction, was similar between pre and post bed rest (�3.4 ± 
5.3% vs. 74.7 ± 7.5%). These findings indicate that both groups exercised at an equal percentage 
of  their maximal neural capacity at the end of  each task. 

Chapter 4



75

RVE training limited the reduction in muscle blood flow and increased oxygenation during 
exercise as compared to Ctrl subjects (Fig. 5) and thus effectively counteracted the effects of  bed 
rest. Although RVE did not fully preserve muscle blood flow at exercise, the absence of  changes 
in TOI suggests that tissue oxygenation and thus oxidative metabolism during exercise were not 
critically limited after bed rest in the RVE subjects. The previous finding that the current exercise 
regime mitigated the reduction in arterial femoral diameter in the trained group [3] further 
supports the notion that sufficient tissue perfusion was maintained in the RVE trained subjects 
during exercise. Thus, resistive vibration exercise may have preserved muscle endurance at least 
in part due to attenuation of  structural and functional changes in the muscle (micro)vasculature 
[3]. The combined nature of  the exercise intervention makes it impossible to say whether it was 
the vibration per se that elicited these effects. Future studies will be needed to clarify this issue. 

In conclusion, the present study demonstrates that the fatigability of  the quadriceps femoris 
muscle during voluntary intermittent sub-maximal isometric knee extension was significantly 
enhanced following eight weeks of  bed rest. Collectively, the sEMG and near-infrared 
spectroscopy data suggest that the enhanced fatigability following bed rest is primarily related to 
impaired blood flow resulting in an impaired oxidative capacity. The resistive vibration exercise 
countermeasure induced a reduction in fatigability, prevented changes in fatigue-related sEMG 
variables, and mitigated the changes in blood flow. Such time efficient (6min/day) exercise 
paradigm may therefore be suggested as an effective countermeasure to combat detrimental 
changes as a result of  gravitational unloading such as during spaceflight and possibly during 
illness-related prolonged bed rest.
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ABstrACt

The contractile characteristics of  fast voluntary and electrically evoked unilateral isometric knee 
extensions were followed in �� healthy men during 5� days of  horizontal bed rest and assessed 
at bed rest days 4, 7, �0, �7, �4, 38 and 5�. Subjects were randomized to either an inactive 
control (Ctrl, n = 8) or a resistive vibration exercise countermeasure group (RVE, n = 8). No 
changes were observed in voluntary muscle activation, indicated by the amplitude of  the surface 
electromyogram (EMG), or the initial rate of  voluntary torque development in either group 
during bed rest. In contrast, for Ctrl, the force oscillation amplitude (FOA) at �0Hz stimulation 
increased by 48% (P < 0.01), the time to reach peak torque at 300Hz stimulation (TPT300) 
decreased by 7% (P < 0.0�), and the half  relaxation time at �50Hz stimulation (HRT�50) tended 
to be slightly reduced by 3% (P = 0.05�) after 5� days of  bed rest. No changes were observed 
for RVE. Torque production at 10Hz stimulation relative to maximal (150Hz) stimulation was 
increased after bed rest for both Ctrl (�5%; P < 0.05) and RVE ( 4�%; P < 0.05). In conclusion, 
bed rest without countermeasures resulted in intrinsic contractile properties of  a faster knee 
extensor group. The preserved ability to perform fast voluntary contractions suggests a 
protective effect of  the repeated testing sequence on voluntary motor performance. The changes 
in intrinsic contractile properties were prevented by resistive vibration exercise, and voluntary 
motor performance remained unaltered for RVE subjects as well. 
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intrODUCtiOn

Previous research has shown that exposure to actual or simulated spaceflight leads to pronounced 
muscle atrophy in humans. The associated muscle weakness significantly impairs the performance 
of  various motor tasks (for reviews see [�;��-�8]). Muscle function is often further impaired by 
adaptations in the central motor control system, as indicated by reductions in the amplitude 
of  the surface electromyogram (EMG) during maximal voluntary steady-state contractions 
[4;�5;��;33]. 

From muscle stimulation studies it is known that compared to the activation levels needed to 
reach maximal steady-state isometric force, reaching peak rates of  muscle force development 
requires much higher activation levels [11;13]. Likewise, the voluntary activation level is also 
regarded the major determinant for the rate at which muscle force can be developed at the 
very start of  a voluntarily contraction [14]. In daily life, elderly individuals who lack sufficient 
motor speed or possess poor lower extremity strength have an increased risk of  fall-related 
bone fractures [35]. The same may hold for astronauts suffering from muscle atrophy, neural 
deconditioning and increased bone fragility following space missions [3�]. The rate at which 
muscle force can be developed voluntarily is also determined by intrinsic contractile muscle 
speed [3]. Interestingly, exposure to actual or simulated spaceflight has been associated with 
enhanced contractile characteristics of  individual muscle fibers [37], which according to Widrick 
and co-workers could partly or fully compensate for the effect of  atrophy on power output 
of  single muscle fibers [41]. However, as central neural factors are considered more important 
[14], the rate of  voluntary knee extension torque development is likely to be reduced by muscle 
unloading. 

The main purpose of  the present study was therefore to test the hypothesis that the maximal 
rate of  voluntary isometric torque development would decline during 56 days of  bed rest. To 
focus specifically on the reduced ability to maximally activate the quadriceps muscle during the 
fast voluntary maximal isometric contractions and its effect on the maximal rate of  voluntary 
torque development, contractile and EMG variables were normalized to the steady state maximal 
isometric knee extension condition at the day of  testing, as previously documented for the 
same subjects [27]. To assess the influence of  peripheral factors on voluntary rate of  torque 
development, changes in intrinsic muscle characteristics as a consequence of  bed rest were 
investigated by applying muscle stimulation. This is a frequently used methodology to assess 
muscles properties irrespective of  central neural influences [12;21;23]. We hypothesized that the 
knee extensor group would acquire the intrinsic contractile properties of  a faster muscle, which 
should oppose, at least in part, the potential changes in the rate of  voluntary muscle torque 
development brought about by neural deconditioning. The third and final aim of  the present 
study was to test the hypothesis that daily resistive vibration exercise training during bed rest [3�] 
would prevent changes in fast voluntary isometric knee extensions, as a consequence of  both 
preserved voluntary activation properties, and intrinsic contractile muscle characteristics.
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MetHODs

subjects
A total of  sixteen subjects participated in the present study. All subjects were in good health and 
were involved in normal physical activity before participation in the study. At the start of  the 
study the subjects were randomly assigned to an experimental group or a control group. The 
experimental group (RVE, n = 8; mean age, height and body mass ± SD: 33.0 ± �.� yr, �.84 
± 0.03 cm and 7�.5 ± 3.8 kg) participated in a progressive resistive vibration exercise (RVE) 
training program during the bed rest. The subjects of  the control group (Ctrl, n = 8; mean age, 
height and body mass ± SD: 34.3 ± �.5 yr, �.8� ± 0.0� cm and 7�.8 ± �.8 kg, respectively) were 
restricted to bed rest without countermeasure. All subjects were familiarized 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. The local Ethics committee of  the Charité 
– Campus Benjamin Franklin Berlin approved the study and all participants gave their written 
informed consent.

general design
All subjects underwent 5� days of  strict horizontal bed rest at the Charité Benjamin Franklin 
Hospital, Berlin, Germany. During the bed rest, the subjects were not allowed to stand up, to 
lift their trunk in bed more than to 30° of  trunk flexion, to move their legs briskly, or to elicit 
large forces with their legs muscles other than during testing sessions or during training sessions. 
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 using the Harris-Benedict equation 
and ingestion of  alcohol or nicotine, excessive doses of  caffeine, as well as the regular intake of  
any drug or medication was prohibited (details in [3�]).

exercised-based countermeasure 
Exercises were performed in the supine position on a vibration system that was specifically 
developed for application under bed rest and microgravity conditions (Galileo Space, Novotec, 
Pforzheim, Germany; Fig. 1). The used equipment and the exercise protocol are described in 
full detail elsewhere [3�]. In short, the vibration device consists of  a vibration platform, which is 
vertically suspended on a trolley. Subjects remained in a supine position with feet resting on the 
vibration platform. Belts were attached to shoulders, hips and hands and via a spring system to 
the vibration platform (Fig. 1). The static force was individually adjusted to an equivalent of  2x 
body weight with the legs in the fully extended position. During bed rest, RVE subjects trained 
� days per week, two times each day (morning and afternoon sessions). Four dynamic exercises 
were performed in each session. The exercises were performed with both legs simultaneously, 
and were carried out the following order: squats, heel raises, toe raises and explosive squats. 
During the squat exercise the knees where extended from 90º to almost complete extension 
in cycles of  6 seconds for each squat. The heel and toe raises were performed with the knees 
almost extended. During the heel raise exercise, the heels were raised to fatigue. Only then, 
brief  rest periods (< 5 s) were allowed with the entire foot on the vibrating platform in order to 
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recover, and subjects started to raise heels again. For the toe raise exercise a similar protocol was 
used, but toes were raised instead of  heels. During the explosive squatting exercises, the knees 
were ten times extended as quickly and forcefully as possible. In order to make the training effect 
more intense and to recruit agonist and antagonist muscles in the same exercise, the platform 
was vibrated at a frequency of  18Hz. According to the overload principle in exercise physiology, 
vibration frequency and thus the applied force [32] was individually adjusted in weekly intervals, 
such that time to exhaustion during the squat exercise in the morning sessions remained between 
�0-�00s (i.e. between �0 and �7 repetitions). During the afternoon sessions, the subjects exercised 
at a reduced intensity (70 % of  the static force used in the morning sessions), but ran through the 
squat, heel and toe raise exercises for 60 seconds each, thereby performing as many repetitions 
as possible, without rest. No explosive squats were performed in the afternoon sessions. Trained 
staff  supervised all training sessions. 

Fig. �. Resistive vibration training device used during bed rest. The subjects attached themselves to the 
vibrating platform by belts at their waist, their shoulders and their hands. Voluntary resistive exercises were 
performed whilst vibration of  the platform was generated by means of  eccentrically rotating masses. 

experimental set-up
Isometric force recordings were made from voluntary and electrically evoked contractions of  
the knee extensor group of  the right leg. Subjects were tested in the supine position using the 
same equipment as previously described [27]. In short, 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 cuff  of  the right leg was connected 
to a force transducer (KAP-E/�kN, 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 
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between the transducer and the axis of  the knee joint (external moment arm) was adjusted for 
each subject and was thereafter kept constant for all experiments. The pelvis and upper body 
were securely fixed to the dynamometer with belts. Force signals were digitized using a sampling 
rate of  1kHz and stored on disc for immediate and off-line analysis. Torque (Nm) was off-line 
calculated as the product of  force and external moment arm. Isometric force recordings were 
obtained at an individually determined pre-bed rest optimal knee flexion angle (either 60° or 
70°).

experimental procedures
During bed rest, all subjects participated in seven experimental sessions, which were scheduled 
at days: 4, 7, �0, �7, �4, 38 and 5�, the latter being the last day of  the bed rest period. The 
baseline experiment was conducted on the fourth day of  bed rest (BR4) for logistical reasons. 
Although this prevents us to address rapid initial changes (< 4 days) in strength and contractile 
characteristics of  the quadriceps by bed rest deconditioning, it does not compromise the 
comparison between groups during bed rest, because the start of  RVE training was initiated after 
the measurements conducted at BR4. In addition, in this way all experiments were conducted 
under methodologically identical conditions. That is, at the baseline experiment subjects were 
already minimally 7� hours bedridden, each subject was tested at the same time of  day, and 
subjects of  the RVE group were always tested before their morning training session. 

Subjects started each experimental session by performing a warm-up set that consisted of  8 to 
�0 unloaded dynamic contractions (right leg not connected to the force transducer), followed 
by 8 sub-maximal isometric contractions at a knee joint angle of  70° (0° = full knee extension). 
The isometric contractions were sustained for � s, with 4 s of  rest in between, as guided in time 
by an audible signal and performed at approximately 40% of  the maximum, based on previous 
attempts at maximal voluntary effort. Following the warm-up, the subjects were asked to perform 
a maximal voluntary contraction (MVC) of  2 - 4 s in duration at their optimal knee flexion angle. 
Two to three of  these maximal attempts were made, interposed with � min of  rest. 

After this procedure, the quadriceps muscle was stimulated through two self-adhesive surface 
electrodes (model �83�00, Schwa-Medico, Nieuw Leusden, The Netherlands) of  80 mm x 
�30mm. 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. Electrical square-wave pulses (0.2ms in duration) 
were generated by a constant current stimulator (model DS7AH; Digitimer Ltd, Welwyn Garden 
City, Herts, U.K.). The frequency and number of  pulses were controlled by custom-made 
software. The stimulation intensity was progressively increased until 40% of  the MVC torque 
was obtained during a 700ms tetanic contraction at �50Hz. Pilot experiments had indicated that 
contractile properties were not significantly influenced by the intensity of  stimulation, provided 
that a minimum of  ~30% of  MVC was used (see also [5]). So, with 40% of  the muscle being 
stimulated, we can expect reliable and representative results of  the contractile characteristics of  
the quadriceps muscle. Thereafter, the quadriceps muscle was electrically stimulated with trains 
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of  the same single pulse intensity at low (10Hz) and high (300Hz) stimulation frequency, which 
lasted 700 and 80ms, respectively. The trains were applied in this order and interposed with � 
minute of  rest. 

Following the electrically evoked contractions, the surface electrodes were removed and the 
skin over the lateral vastus muscle was re-prepared for the positioning of  a high-density surface 
EMG system (HD-sEMG, Active One, BioSemi Inc., Amsterdam, The Netherlands). The 
system consisted of  �30 densely spaced skin-surface electrodes, arranged in a rectangular �0 
by �3 matrix with 5 mm inter-electrode distance [�]. Before mounting the grid to the skin, the 
skin was scrubbed with alcoholic pads and slightly rubbed with electrode paste. Because of  the 
small inter-electrode distance on the HD-sEMG electrode grid, any superfluous electrode gel 
was removed in order to avoid short-circuiting between neighboring electrodes. Prior to each 
test, the skin-electrode impedance was checked and, if  necessary, the skin was re-prepared. The 
grid was positioned over the distal (third), anterio-lateral part of  the right vastus lateralis muscle 
(VL), such that the columns of  13 electrodes were aligned parallel to the muscle fiber orientation 
of  the VL and with the motor endplate zone around the center of  the columns of  the grid. The 
pre-amplified 130 monopolar signals (referenced to the patella) were bandpass filtered (0.16-
400Hz) and simultaneously AD-converted (�� bits with a resolution of  �µV/bit at a rate of  
2kHz/channel). Data were stored on hard disk for subsequent off-line processing.

With the sEMG system properly positioned, each subject performed another MVC of  � – 4 s, as 
described before, in order to provide reference sEMG amplitude values for the subsequent fast 
voluntary contractions at maximal effort. If  the torque deviated more than 5% from the highest 
torque attained during the previous MVC-tasks, i.e. the highest value of  the attempts before 
stimulation, another attempt was made. The maximal knee extension torque (MVT) of  the right 
leg was defined as the highest torque obtained during the entire experiment. 

Subsequently, the subjects performed a total of  three fast voluntary isometric knee extensions at 
maximal effort. Subjects were instructed to contract “as fast and forcefully as possible” on a given 
signal from the test leader (3-2-1 “Go”). Subjects were required to reach a minimum of  80% of  
the current MVT and to maintain torque at the highest attained level for approximately one sec, 
i.e. so-called ‘kicks’ were disqualified. Attempts with an initial countermovement (identified by a 
visible drop in the torque signal just before the onset of  torque development) were also always 
disqualified [1;14]. The fast isometric knee extensions were interposed with 2 min of  rest. 

Data analysis
Fast voluntary isometric knee extensions. The neural activation of  muscle fibers at the start of  a 
contraction greatly determines the performance of  specific voluntary motor functions, such as the 
rate at which muscle force develops during fast and forceful voluntary isomeric contractions [�4]. 
Even so, de Ruiter et al. [14] also showed that the maximal rate of  isometric torque development 
achieved during a forceful contraction did not differentiate subjects according to their ability to 
generate high neural activation levels at the very start of  the contraction. Instead, the time torque 
integral, calculated as the area under the time torque curve over the first 40ms after the onset of  
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torque development, showed to be more sensitive to the initial level of  voluntary activation [14]. 
Based on these findings, we calculated the voluntary time torque integral (vTTI40) as a measure 
of  maximal isometric tension development under voluntary command (Fig. �). The onset of  
torque development was thereby defined as the point at which the force curve exceeded baseline 
force by more than three standard deviations. To correct for absolute torque differences among 
the subjects and to correct for the changes in absolute torque across the different experimental 
retesting sessions as a consequence of  atrophy [27], absolute vTTI40 was subsequently expressed 
relative to the MVT at each session (i.e. expressed as %MVT•s).

Voluntary neural activation during the fast isometric knee extensions was assessed by averaging 
the amplitude (based on root mean square, RMS) of  the monopolarly recorded sEMG signals 
(Fig. 2) over 40ms before the onset of  torque development (RMS-40-0). Unlike a single bipolar 
recording, the HD-sEMG system allowed for the assessment of  monopolar recordings, and 
allowed for the spatial selection of  the grid column with the highest amplitude (based on the 
mean of  all electrodes within one column). To indicate the level of  voluntary activation at the very 
start of  the fast contractions in relation to that during maximal steady-state contraction, RMS-40-0 
was expressed as a percentage of  that obtained at the plateau of  the MVC [�4]. To investigate 
how the relative neural activation related to the relative maximal rate of  torque development 
for each individual, vTTI40 values were corresponded to RMS-40-0 data. For this purpose, each 
contraction of  each session was included (see Fig. 4). For statistical comparison of  both  
RMS-40-0 and vTTI40 over time, i.e. to detect differences between groups and changes as a function 
of  bed rest duration, for each session, the data of  one single contraction was incorporated into 
the analyses. The contraction with highest RMS-40-0 value was selected for this purpose.

Fig. 2. Voluntary torque (thick line) and rectified surface EMG of  the vastus lateralis muscle (thin line) time traces, 
obtained from a representative subject during an isometric voluntary knee extension performed as fast and forcefully 
as possible. The arrow and diamond at time 0ms indicate the start of  voluntary torque development. The shaded area 
under the voluntary torque trace reflects the vTTI40, calculated the first 40ms after onset of  torque development. The 
horizontal bar indicates the 40ms immediately preceding the onset of  torque development (i.e. from -40 – 0ms) for 
which the root mean square (RMS) of  the surface EMG was calculated. Subsequently, both vTTI40 and RMS-40-0 were 
normalized to the steady state maximal isometric knee extension condition at the day of  testing. 
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Electrically evoked contractions. For each experimental session, the peak torque (T) attained 
during the 10Hz (T10) train was expressed relative to the maximal tetanic torque reached during 
the 150Hz tetanus (T150), i.e. expressed as T10/T150 ratios, respectively. The force profiles 
of  the �0Hz tetanus showed clear oscillations (Fig. 3). The force oscillation amplitude (FOA) 
relative to the mean force was calculated and used as a measure of  the degree of  force-fusion 
[��;40]. 

The contractile characteristics at high pulse frequency (300Hz) stimulation were quantified by 
assessing the time to peak tension at 300Hz stimulation (TPT300) from the start of  the evoked 
contraction. The latter was defined as the instant the first pulse of  the 80ms train was delivered. 
Half-relaxation time was determined for each session as the time needed for the elicited torque to 
decay to half  the maximal value following the last pulse of  the �50Hz tetanus (HRT�50). Force 
data were filtered using a fourth-order, 50Hz low-pass filter. This filter was found not to affect 
the course of  torque development; it only removed high-frequency noise from the signal.

100ms

5%

T

T

Os

Peak 5

Valley 4 Valley 5

m

10

Fig. 3. Methods used for evaluation of  contractile properties of  the quadriceps femoris muscle evoked by 
electrically evoked muscle stimulation at 10Hz. The torque elicited at 10Hz stimulation was first expressed 
as a percentage of  the maximal torque evoked at 150Hz (T150). T10 was the peak value of  the of  the 10Hz 
torque trace. The force oscillation amplitude (FOA) was determined by expressing the mean amplitude of  
the torque oscillation (Os) between the 4th and 7th stimulus as a fraction of  the mean torque (Tm) during 
this time. 

 
statistical analysis
Values are expressed as means ± SEM (standard error of  the mean). Independent-samples  
t-tests were used to determine whether the absolute values of  variables related to muscle strength, 
voluntary activation and contractile properties of  the quadriceps femoris muscle differed at 
baseline (BR4). Changes in muscle strength and contractile properties after 5� days of  bed 
rest were assessed by means of  linear regression, and expressed as a percentage change with 
respect to the value at BR4. One-sample t-tests were used to determine whether the normalized 
slope (slope/intercept on y-axis) of  the linear regression was significantly different from 
zero. Independent-sample t-tests were used to determine whether the groups differed in their 
response to bed rest. Pearson’s correlation coefficients were calculated to establish significance 
of  correlation. The level of  significance was set at P < 0.05.
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resULts

Baseline values of  voluntary activation and contractile properties of  voluntary and electrically 
elicited isometric unilateral knee extensions were similar between groups except for the FOA 
and T�0/T�50 ratio (see Fig. �). 

Fast voluntary isometric knee extensions
Data of  steady state isometric strength are presented elsewhere [27]. Briefly, for Ctrl, maximal 
voluntary isometric strength significantly declined by ~17% after 56 days of  bed rest, whereas 
maximal voluntary torque was maintained in the RVE group. The ability to perform fast 
voluntary contractions showed a substantial variability during bed rest. There was considerable 
variation in vTTI40 as well as inRMS-40-0 during these contractions, both within one session as 
well as across sessions. Nonetheless, significant positive linear relationships (P < 0.0�) between 
RMS-40-0 and the vTTI40 were obtained for 12 of  the 16 subjects in the present study (significant 
Pearson’s correlation coefficients (r) ranged from 0.5� – 0.�0; with a median value of  0.74). 
A representative example is shown in Fig. 4 for one of  the �� subjects. There was, however, 
no clear trend of  data points from the right upper corner towards the left lower corner with 
increasing bed rest duration for this (Fig. 4), or any other subject. Accordingly, RMS-40-0 and 
vTTI40 remained unaltered during the present study for both groups (Fig. 5).
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Fig. 4. A representative example of  the positive correlation (P < 0.0�, R� = 0.�) between and the time 
torque integral over the first 40 ms (vTTI40) after torque development. Positive individual relationships 
were obtained for �� of  the �� subjects. To obtain the individual relationships, for each session, both 
RMS-40-0 and vTTI40 were expressed as a percentage of  the corresponding values at the steady state maximal 
voluntary torque (MVT) of  that session. 
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Fig. 5. Mean values (± SEM) of  the voluntary time torque integral over the first 40 ms (TTI40) after 
torque development (vTTI40; B) and the sEMG amplitude 40 ms before the onset of  torque development  
(RMS-40-0; A) obtained during 5� days of  bed rest (BR). For each session, both vTTI40 and RMS-40-0 are 
expressed as a percentage of  the corresponding values at the steady state maximal voluntary torque (MVT) 
of  that session

electrically evoked knee extensions
The contractile properties obtained from electrically evoked contractions during bed rest are 
shown in figure 6. The course of  FOA during the bed rest period was significantly different for 
Ctrl and RVE subjects (P < 0.05). For Ctrl, the FOA increased substantially (by 47.5 ± �0.0%, 
P < 0.0�) during the bed rest study (Fig. �A). In contrast, no changes in FOA were observed 
for RVE during the study. The groups also differed in their response to bed rest with respect to 
contraction time as indicated by TPT300 (P < 0.0�). TPT300 declined significantly by 6.8 ± 0.�% 
(P < 0.00�) for Ctrl, whereas no changes were observed for RVE (Fig. �B). Furthermore, in the 
Ctrl group the HRT�50 tended to be somewhat shortened by �.5 ± �.�% (P = 0.05�) after 5� days 
of  bed rest, whereas for RVE it remained unaltered (Fig. �C). Group differences in HRT�50 did, 
however, not reach significance. Interestingly, the T�0/T�50 ratio increased for both Ctrl (by �5.0 
± 5.5%; P < 0.05) RVE (by 40.� ± �7.�%; P < 0.05) and these changes were not significantly 
different between groups (Fig. �D). 
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Fig. 6. Mean values (± SEM) of  the force oscillation amplitude (FOA; A) time to peak tension at 300Hz 
stimulation (TPT300: B), half  relaxation time at 150Hz stimulation (HRT150), and peak torque at 10Hz 
stimulation expressed as a fraction of  the maximal torque obtained during tetanic stimulation at 150Hz 
(T�0/T�50) obtained during 5� days of  bed rest (BR).
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DisCUssiOn

Contractile characteristics of  electrically evoked knee extensions 
An important underlying aspect behind our primary hypothesis on the rate of  voluntary force 
development was that bed rest could induce an alteration in the contractile response of  the 
knee extensor muscle groups irrespective of  changes in neural activation. To investigate this 
possibility, the knee extensor muscle group was activated with different stimulation frequencies 
by means of  percutaneous sub-maximal muscle stimulation. This is a reliable method [��], which 
has been used to assess intrinsic muscle characteristics in various human populations [5;��;��;�3]. 
The conclusion to be drawn from the electrical muscle activation is that after 5� days of  bed 
rest without countermeasure, the knee extensors exhibited characteristics of  a faster muscle. 
Enhanced contractile speed was reflected by a reduced degree of  fusion at 10Hz stimulation, a 
reduced time to reach peak torque at 300Hz stimulation and a tendency for faster relaxation after 
tetanic stimulation at �50Hz. 

The musculotendinous stiffness is amongst the factors known to affect the rate of  torque 
development [8]. Hence, it can be argued that the above mentioned changes in isometric 
contractile characteristics might result from a bed rest induced increased stiffness (e.g. [��]). 
Although not measured in the present study, from previous other studies it appears that muscle 
unloading often decreases the musculotendinous stiffness [�5;30]. This would tend to result in a 
reduced rate of  torque development, opposite to what we observed. In contrast, it is conceivable 
that the increased rate of  torque development, as well as the tendency towards a faster rate of  
relaxation in the present study could be explained by an elevated rate of  cross-bridge cycling 
[39]. Although at odds with some previous findings (e.g. [10;22;28]) such interpretation would 
be consistent with documented elevations in maximal unloaded shortening velocity [�;4�;43] 
and shifts in muscle fiber phenotype from slow to fast as a consequence of  muscle unloading 
[�8;�0;��;37;38]. 

An interesting finding of  the present study was that, despite the faster contractile properties, 
torque production at 10Hz stimulation relative to maximal (150Hz) stimulation was increased after 
bed rest. Although consistent with previous research [34], the higher relative torque responses at 
low frequency stimulation did not result from a significant enhancement of  twitch summation 
at low stimulation frequency, as previously opted [22], because the FOA substantially increased 
during bed rest period in the present study. Such modulation should diminish torque production, 
not enhance it. At present, the exact processes responsible for these anomalous findings remain 
unclear, but a similar phenomenon was reported in the paralyzed muscles of  individuals with 
spinal cord injury [��], which may be considered as an extreme model for muscle unloading. 

The selectivity of  the countermeasure paradigm to prevent the observed changes in contractile 
properties to direct muscle stimulation remains inconclusive at this point. In part, our data 
supports the hypothesis postulated by Rittweger et al. [3�] that the large number of  contraction-
relaxation cycles during resistive vibration exercise [7] may be effective in preserving muscle fiber 
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contractile properties. Indeed, no changes in time to reach peak torque at 300Hz stimulation, 
the rate of  relaxation after tetanic stimulation at �50Hz, or the level of  fusion at low stimulation 
frequency (i.e. the FOA) were observed in the physically trained subjects. Most likely, the latter 
explains the greater increase (albeit not significantly) in peak torque at 10Hz stimulation compared 
to Ctrl after 56 days of  bed rest. The significant difference between some baseline values, e.g. 
FOA and T�0/T�50 (Fig. �A, D), and the tendencies for TPT300 (P = 0.0�8) and HRT�50 (P = 0.057) 
to be lower in RVE compared to Ctrl at baseline may point towards a difference between groups 
with respect to muscle fiber type at the start of  the study, with RVE exhibiting a faster muscle. 
Nonetheless, at least for the FOA it has been demonstrated that it is still much higher (i.e. 0.�5 
in [��]) in paralyzed muscles of  people with spinal cord injury. This makes it unlikely that the 
preservation FOA in RVE resulted from a ceiling effect for this group. On the other hand, as 
mentioned, the RVE group also displayed an increase in peak torque at 10Hz stimulation during 
the course of  the bed rest. This observation remains difficult to explain, and warrants additional 
research into the efficacy of  resistive vibration exercise as a countermeasure. The more, because 
the effect of  the added vibration to the resistive exercise could not be quantified with the present 
countermeasure design. 

Fast voluntary isometric knee extensions at maximal effort
Adequate preservation of  the rate at which muscle torque develops during a forceful volitional 
contraction is imperative for astronauts, because neuromuscular deconditioning, coupled to a 
weakened load-bearing skeleton increases the risk of  fall-related bone fractures after prolonged 
space missions. Because the level of  activation that is needed to obtain a muscle’s maximal rate 
of  force development is much higher than the level of  activation required to reach maximal 
isometric force production [��;�3], we argued that the ability to perform fast and forceful 
voluntary contractions would be more deteriorated by bed rest confinement than the ability to 
perform maximal steady-state contractions. Surprisingly, and at odds with the finding of  e.g. 
[�4], we found no evidence for such bed rest induced functional impairment. More precisely, 
the relative voluntary activation level at the initial start of  an isometric contraction performed as 
quickly and forcefully as possible was not significantly deteriorated compared to the activation to 
reach maximal steady state torque for either group during the bed rest intervention. 

Previously we reported the absence of  neural deconditioning during bed rest in the same 
subjects for maximal voluntary steady-state contractions performed with the right leg, using 
the twitch interpolation technique. The left leg that underwent no functional testing during bed 
rest exhibited a reduction in maximal isometric knee extension strength that exceeded the level 
of  atrophy by approximately a factor of  two [�7]. As such, we concluded that the preservation 
of  voluntary activation of  the right knee extensor group was likely associated with the repeated 
functional testing sequence employed during bed rest [27]. Based on the findings of  the present 
study, we are inclined to extend this suggestion to also neural activation during the fast isometric 
knee extensions. Although such an effect of  the testing regime was not intended at the time, 
this supposition is important since it may suggest that relatively little training effort might be 
needed to preserve motor control, even for a motor task that requires substantially higher 
levels of  voluntary activation than maximal steady-state contractions. It can influence future 
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space medicine research when addressing the requirements of  countermeasures to oppose 
neural deconditioning arising from long-duration space missions. Similarly, it may also guide 
the development of  preventative clinical strategies for patients that are bedridden or otherwise 
inactive on Earth.

Based on previous research, we argued that changes in voluntary muscle functionality following 
disuse could be partly mitigated by opposing changes in the contractile properties of  previously 
unloaded muscle. Widrick et al. [41] reported a significant atrophy of  single human soleus 
muscle fibers after 17 days of  spaceflight. Absolute peak power of  these fibers was, however, 
partly or fully preserved by an elevated contraction velocity. In the present study, the examined 
muscle group indeed acquired mechanical characteristics of  a faster muscle during the course 
of  the bed rest. As neural deconditioning could not be demonstrated, the expectation might 
arise of  an increased rate of  voluntary torque development when corrected for the atrophic 
response in the Ctrl group. We found no evidence for such changes during the bed rest period. In 
comparison with the activation of  whole muscles by computer-controlled electrical stimulation 
or the activation of  single skinned fibers, voluntary muscle activation is much more variable as is 
obvious from the substantial variance in RMS-40-0 values within and across sessions (see example 
in Fig. 4). This implies that larger alterations in intrinsic contractile characteristics than those 
observed for Ctrl would have been required to allow detectable changes in the voluntary rate 
of  torque development during the course of  bed rest at the group level. This aside, it must also 
be noted that in the present study we measured the activation properties of  the vastus lateralis 
muscle only, whereas the net knee extension torque was measured from whole quadriceps muscle. 
However, although we cannot fully exclude the possibility that bed rest confinement altered the 
contribution of  the vastus lateralis muscle, or that of  antagonistic muscles, relative to net knee 
extension torque we observed a significant positive relationship between RMS-40-0 and vTTI40 in 
most of  our subjects, similar to that previously reported [�4]. 

In conclusion, in the subjects who were confined to eight weeks of  bed rest without preventative 
measures, the knee extensor muscle group acquired intrinsic contractile properties of  a faster 
muscle. Resistive vibration exercise proved effective to counteract these changes at the muscle 
level. An unexpected finding of  the present study was that in both groups no deterioration could 
be shown in the capacity to maximally activate the knee extensors during voluntary contractions 
performed as fast and forcefully as possible. It is conceivable that the multiple retesting sessions 
contributed to the preservation of  voluntary activation during bed rest. 

Contractile properties of  the quadriceps femoris muscle during bed rest
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intrODUCtiOn

The first aim of  this thesis was to obtain insight into the changes in neuromuscular integrity of  an 
antigravity muscle as a consequence of  56 days of  bed rest immobilization. We were particularly 
interested in the time course of  changes in knee extensor muscle size, strength, contractile 
characteristics and neural activation processes during bed rest, because such information might 
increase the understanding of  dominant processes underlying the various manifestations of  
muscle weakness following muscle unloading. In addition, another equally important aim of  this 
thesis was to assess whether such changes could be effectively prevented by resistive vibration 
exercise training during bed rest. In this chapter, the main results of, and conclusions drawn from 
the studies performed will be revisited and supplemented by noteworthy findings that have not 
been addressed in the main chapters in this thesis. The findings are placed into perspective with 
respect to their implications for human spaceflight, as well as their clinical relevance.

neUrOMUsCULAr ADAPtAtiOns tO BeD rest

Exposure to microgravity conditions initiates a cascade of  interrelated events that result in the 
adaptation of  virtually the entire human body. Because of  the complexity and limited opportunity 
to study humans in space, we used the bed rest model to simulate conditions of  microgravity. 
For the neuromuscular system, the most important aspect of  bed rest immobilization is the 
interruption of  the weight-bearing activity of  skeletal muscles whose primary task it is to stabilize 
body posture and to move body parts against gravity. Such reduced muscle usage has been 
demonstrated to cause unambiguous adaptations in muscle function, but not much is known 
about the time course in which these adaptations occur.

The lack of  longitudinal information on time course of  changes in neuromuscular function, 
despite a wealth of  bed rest campaigns, is not without reason. The assessment of  the time 
course of  changing muscle function presents a scientific challenge, because repeated functional 
testing, which is needed to allow an accurate time course evaluation, may oppose the very effects 
of  the bed rest intervention [33]. Mindful of  this consideration, we tried to prevent such an 
effect by two means. First, we limited the number of  high-force contractions for each test 
session, especially during bed rest, because these were expected to elicit the most potent training 
response. Secondly, we substantially reduced the frequency of  testing during the course of  the 
bed rest. Based on cross-sectional comparison of  previous reports, the most rapid changes were 
foreseen for the first 10 days of  bed rest, such that we expected an accurate estimate of  changes 
with longer testing intervals after this time period.

Despite the abovementioned two precautions, a consistent observation over subjects was an 
absence of  deconditioning of  neural control in the frequently tested right leg, whether assessed 
by means of  the twitch interpolation technique (Chapter 2), or assessed by the analysis of  
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vastus lateralis high density surface electromyography (sEMG) amplitude during steady-state 
and ballistic voluntary contractions (Chapters 3 and 5). The most likely explanation for these 
findings was that indeed the repeated functional testing during bed rest caused a habituation to 
the performed tasks. For steady-state contractions, this notion was supported by the findings for 
the left leg, which was only tested pre- and post bed rest. For this leg, the loss in muscle strength 
exceeded the loss in muscle size by almost a factor two (Chapter 2). From a scientific point of  
view these findings illustrate that longitudinal study designs may not be appropriate to address 
questions related to the time course of  changes in neural capacity, and that such information 
should be obtained by cross-sectional comparison of  studies with varying study durations, 
instead. However, at present there is no international agreement on a common procedure to 
measure and evaluate the effects of  bed rest. Strict standardization of  methods in future bed rest 
campaigns is therefore an absolute necessity. In practical terms, the abovementioned findings 
for the tested leg, although not intended, are significant and encouraging because they seem to 
demonstrate that relatively little effort is needed to preserve neural integrity. Such conclusions 
may direct future space medicine research to address the minimal requirements of  preventative 
interventions to combat the effects of  prolonged spaceflight. 

Eight weeks of  bed rest resulted in a significant reduction in the anatomical cross-sectional area 
(CSA) of  the knee extensor group of  about �4% as measured with magnetic resonance imaging 
(MRI). Interestingly, for the muscular system the repeated functional testing presented no 
significant stimulus, as the change in CSA following bed rest was similar between the frequently 
tested right leg and the non-tested left leg (Chapter �). Apparently, more muscular activity is 
needed to preserve muscle size than to maintain voluntary activation processes. The observation 
that changes in muscle size were well described by a linear model (Chapter �) indicated that the 
rate of  downsizing of  the quadriceps femoris muscle as a whole had not reached its nadir during 
the 56 days of  bed rest. However, the susceptibility to atrophy was not equally shared among the 
four heads of  the quadriceps femoris muscle. It was interesting to find that the size of  the rectus 
femoris muscle was not influenced by bed rest confinement at all. Because both left and right leg 
showed this absence of  change in size, the finding was apparently not related to the functional 
testing during bed rest. Instead, this finding may be explained by the continued use of  this 
muscle to raise the leg under bed rest conditions. Such interpretation would be consistent with 
the absence of  changes in size of  this muscle during unilateral lower limb suspension [�8]. In 
this model, the rectus femoris of  the suspended leg is also likely to be activated to some degree, 
particularly during the forward swing in crutch-assisted walking. By continuously recording sEMG 
signals of  the rectus femoris muscle, future studies might be able to determine how often and at 
what intensity this muscle is activated under unloading conditions. Interestingly, we did also not 
find a change in the angle-dependency of  maximal voluntary torque production. This suggests 
that the length characteristics of  the quadriceps femoris muscle did most likely not change as 
a consequence of  the bed rest intervention, whereas previously significant changes in muscle 
fiber length following bed rest were reported for the plantar flexor [22]. Video surveillance of  
the subjects evidenced that the knee was frequently held in flexed positions, i.e. at a stretched 
quadriceps femoris muscle length. Such passive stretching may haven been sufficient to oppose 
changes in muscle fiber length. 
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In addition to the downsizing in muscle mass as a result of  the reduced physiological demands 
during bed rest, modulation of  the muscle phenotype appears to be another important adaptive 
capacity of  skeletal muscle [32]. However, the conversion of  fiber properties to faster (Chapter 
5) and potentially less oxidative characteristics in response to unloading can also be referred 
to as deconditioning because it may substantially impair the capacity for prolonged exercise 
following unloading [30]. The increase in relative quadriceps femoris muscle fatigability as a 
consequence of  bed rest was, based on changes in sEMG variables, most likely of  a peripheral 
origin (Chapter 4). The assessment of  vastus lateralis oxygenation and hemodynamics during 
exercise by near-infrared spectroscopy (NIRS) further suggested that the increased fatigability 
resulted predominantly from the consequences of  a significant reduction in muscle blood 
flow during exercise and not, or at least to a lesser degree, to a reduced oxidative capacity of  
the quadriceps femoris muscle. In fact, with respect to the pre-bed rest condition, the relative 
extraction of  oxygen from the blood was increased during exercise, following bed rest. This is 
interesting, because bed rest resulted in an impaired oxygen-carrying capacity, as red blood cell 
mass decreased by approximately ��% (D. Böning, personal communication). The increased 
oxygen extraction could only partly diminish the dramatic reduction in its delivery. Hence, it 
can be expected that there was an increased need for energy supply by anaerobic pathways in 
order to fulfill the energy demand of  the required task. Although not mentioned in Chapter 
4, the reduction in blood flow was further consistent with the slower rate of  recovery from 
fatigue following bed rest. Indeed, it seems likely that the wash-out of  produced metabolic waste 
products would also have been significantly reduced by an impaired muscle blood flow. Bleeker et 
al. [5] reported a ~17% reduction in the diameter of  the quadriceps femoris muscle feed arteries, 
yet the reduction in blood flow in our study was dramatically more reduced, implying that other 
factors contributed to the reduction in blood flow. One such a factor might be a significant 
reduction in total plasma volume as a consequence of  bed rest [17]. It should be mentioned that 
in the study presented in Chapter 5, total blood volume was not measured. In addition, blood 
flow was assessed during the second minute of  exercise only. For future studies it would not only 
be desirable to measure blood flow throughout the entire fatigue protocol, but also blood flow in 
all superficial heads of  the quadriceps femoris muscle to obtain a more comprehensive picture. 
Hardware limitations prevented such quantifications during the Berlin Bed Rest study, as the 
NIRS apparatus had a maximal storing capacity of  approximately � minutes worth of  data.

eFFiCACY OF resistiVe ViBrAtiOn exerCise

A major objective of  space medicine research is to provide astronauts with time-efficient and 
effective countermeasures to combat the adaptive changes in the human physiological system 
as a consequence of  spaceflight. Over the last decades, the generally accepted countermeasure 
during actual spaceflight has been physical exercise with a high aerobic component, such as 
pedaling a cycle-ergometer or exercising on a rowing machine. Although such efforts have been 
partly effective to maintain muscle function, these interventions are particularly ineffective to 
preserve the integrity of  the weight-bearing skeleton [8]. In contrast, ‘conventional’ resistance 
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training, which involves isometric and dynamic (concentric and eccentric) contractions against 
gravity, should be more promising, because under ambulant conditions such exercise paradigms 
provide the most potent stimulus for simultaneously increasing mass en strength of  muscle and 
bone. Recent bed rest campaigns have indeed confirmed the potential of  resistance training to 
maintain neuromuscular function as well as bone mass and strength under simulated spaceflight 
conditions [1;14;19;28]. However, minimal requirements with respect to training modality, types 
of  exercises, the volume and frequency of  training sessions have yet to be determined. Moreover, 
to be effective during actual spaceflight, the loading of  weight-bearing structures cannot arise 
from gravity, but has to originate from other sources. Recent developments in exercise hardware 
that was designed according to such criteria were found insufficiently effective to preserve bone 
and muscle simultaneously [�;�5]. 

This thesis addresses one of  the latest developments in countermeasure design: resistive 
vibration exercise (RVE). In short, RVE is a neuromuscular training technique where subjects 
perform loaded weight-bearing exercises on a platform which applies vibrations to the two feet. 
It is assumed that these imposed vibrations evoke reflexive muscle contractions [24], probably 
via stretch reflexes, i.e. through the activation of  muscle spindle (Ia) fibers [26]. This feedback 
loop increases the alpha-motoneuron activity and may thus result into a greater facilitation 
of  the muscle drive during training. Under ambulant conditions, vibration training has been 
successfully tested for prevention and treatment of  osteoporosis in postmenopausal women 
as well as in physically disabled children [34;35]. In contrast, the effect of  vibration training 
to induce muscular changes in healthy adults has been discussed with much more controversy 
[11;12;26;31]. De Ruiter et al. [11] suggested that that young, physically fit, individuals may not 
necessarily benefit from such a training paradigm, unless additional loads are applied. Hence in 
the Berlin Bed Rest study the allocated training regime consisted of  strength training exercises 
performed during whole body vibration. Because of  this, the magnitude of  stimulus due to 
vibration alone has yet to be quantified. From a biomechanical perspective it can be speculated, 
however, that the added vibration increased the efficacy of  the countermeasure for two main 
reasons. First, without added vibration, the loading of  the subject would have been generated 
only by means of  the springs that restrained the subject to the footplate of  the Galileo device. 
Springs have the disadvantage that they absorb energy; energy that is otherwise transferred into 
an impulse-type loading on the skeletal muscles and skeleton. This impulse is suggested crucial 
for maintenance of  bone under disuse conditions [27]. In addition, the efficacy of  standard 
weight-lifting programs is partly ascribed to the performance of  eccentric contractions [�3]. In 
the case of  resistance created by means of  springs or by other materials with elastic properties, 
this eccentric component may be greatly reduced, which means that part of  the efficacy of  
the training program will be lost. To test these hypotheses, the most direct approach for future 
research would to be to incorporate two training groups; one group would perform resistive 
exercise in the presence of  added vibrations, whereas the other group would execute an identical 
protocol, but without the added vibrations. It should be recognized, however, that such an 
approach is feasible only, when a limited number of  different countermeasures are compared for 
their individual and combined effect(s). Since different types of  countermeasures offer different 
degrees and even different kinds of  protection, future bed rest studies will most likely integrate 
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nutritional, pharmacological as well as exercise prescriptions in search for the most effective 
‘cocktail of  stimuli’ that simultaneously provides the best overall protection against spaceflight-
induced deconditioning. For such studies, it will be practically impossible to determine single 
contributing effects of  the various components.

When compared to the present exercise prescriptions for astronauts aboard the International 
Space Station, total RVE training time was very short; less than �0 minutes per day. Nonetheless, 
this proved effective to substantially diminish loss of  muscle mass (Chapter �), and to prevent 
changes in intrinsic contractile characteristics related to muscle speed (Chapter 5). Such 
preservations are not necessarily sufficient to maintain voluntary muscle strength. Indeed, the 
concept of  training specificity indicates that adequate maintenance of  neural control may still be 
compromised even when muscle mass is maintained, particularly when tasks performed during 
training substantially differ from those performed during testing [3;4]. In this thesis it could not 
be ascertained whether RVE training truly contributed to the preservation of  neural capacity 
under bed rest conditions. The efficacy of  RVE training as presented in Chapter 2 is confounded 
by the preservation of  maximal voluntary activation for Ctrl. In Chapter 3 it is demonstrated 
that the amplitude of  the high density sEMG substantially increased during the bed rest period 
for the trained individuals, suggesting that maximal neural drive was in fact rapidly intensified 
for RVE subjects during the course of  the bed rest. Because such changes were not seen for 
Ctrl, it seems reasonable to expect that the difference between groups relates to the presence 
or absence of  the countermeasure. Because the increased neural drive was not accompanied by 
strength gains, and could also not be attributed to motor unit synchronization, we speculated 
that sEMG amplitude increased during bed rest as a result of  an increase in the mean firing rate 
of  motor units.

In Chapter 4, we demonstrated that the relative resistance to fatigue increased following bed 
rest with RVE training. Bleeker et al. [5] showed that RVE training also significantly diminished 
vascular deterioration during bed rest. Nonetheless, because blood flow during the fatigue task 
was reduced following bed rest, and red blood cell mass was also decreased for most RVE 
subjects (D. Böning, personal communication), it can be expected that oxygen supply was also 
impaired. It remains difficult to explain why this did not present a functional limitation for the 
RVE subjects. Although no clear changes in fiber type in the quadriceps femoris muscle were 
seen following bed rest [7], it is possible that some metabolic properties of  the quadriceps muscle 
changed as a result from adaptations to intense training [��]. For instance, Rittweger et al. [�3] 
noted that, concomitant with increased training duration for the squat exercise, progressively 
higher lactate values were recorded for RVE subjects during the course of  the bed rest. Such 
changes may indicate an increased tolerance to anaerobic conditions of  training, which could 
have resulted in a lower relative fatigability following bed rest. 
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MetHODOLOgiCAL COnsiDerAtiOns

We realize that some methodological issues must be regarded in the interpretations of  our 
results. Some are inextricably connected to this study; others could be taken care of  in future 
studies. One factor that potentially may have influenced some of  our findings was the relatively 
large heterogeneity in properties related to neuromuscular function in the subjects at the start of  
the study. Apart from genetic factors, the observed initial heterogeneity may have been related 
to differences in active life style of  the subjects. For bed rest studies, this notion may be critically 
important, because the difference between the level and mode of  normal physical activity and 
that during bed rest is one, if  not the most important factor that dictates the severity of  the 
deconditioning [9;29]. In other words, physically fit individuals are likely to decondition more 
than those that are less fit. For bed rest studies it may be difficult to reduce subject heterogeneity 
on the basis of  narrowing already stringent inclusion criteria, because such effort will further limit 
the number of  suitable volunteers. However, because initial subject differences will confound 
statistical interpretations of  the study, it would be desirable to increase group homogeneity prior 
to the start of  the bed rest phase as much as possible. One option would be to match groups 
according to subject activation history over the last months preceding the study, instead of  
randomly assigning subjects to one of  the experimental groups upon inclusion. 

Part of  the initial heterogeneity might also be attributable to the short baseline data collection 
period of  the Berlin Bed Rest study, which covered only three days immediately preceding the 
start of  the bed rest phase. For an accurate determination of  baseline muscle functionality it 
is imperative that the subjects are properly familiarized with the required tasks. Although a 
learning response was apparent for most subjects, some subjects clearly profited more from 
the repeated testing than did others. Indeed, some subjects reached their highest maximal 
voluntary strength after several days of  bed rest. Needless to say, for these individuals, pre- to 
post bed rest comparisons would not have been very accurate to represent the effect of  the bed 
rest intervention. The main advantage of  repeated testing showed here. The measurement of  
variables also during the bed rest allowed us to use a statistical tool that not only reduced the 
effect of  day-to-day variations, it also allowed the assessment of  more accurate baseline values 
at the start of  the bed rest. 

In the field of  kinesiology, the electrical activity of  superficial muscles is commonly recorded 
at the skin surface by a single bipolar electrode montage. In the Berlin Bed Rest study, we used 
a high density sEMG recording montage instead [�], in which a large number of  electrodes is 
distributed over the vastus lateralis muscle. This system provided multiple advantages, such as 
proper reproducibility, a larger field of  view, and the assessment of  muscle fiber conduction 
velocity. The main disadvantage of  any sEMG recording at higher force levels is the inability 
to disentangle the interference pattern into its constituents: the contribution of  single motor 
units and their firings characteristics. A complete disentanglement of  high density sEMG is only 
feasible at force levels too low for practical relevance in our study. This is the reason that we could 
not ascertain the exact origin of  changes in sEMG recordings in RVE subjects (Chapter 3). For 
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future bed rest studies, it may be desirable to include the use of  wire electrodes to record EMG 
in combination with agonist and antagonist sEMG during voluntary contractions to determine 
the mechanism(s) underlying neural deconditioning typically seen following bed rest. However, 
the invasive character combined with the time consuming process of  this technique most likely 
limits extensive practical application.

CLiniCAL iMPLiCAtiOns 

The Berlin Bed Rest study was in part funded by the European Space Agency’s Microgravity 
Application Program, which looks to involve universities and industry in the development 
of  space-related research. In the case of  the Berlin Bed Rest study, the main objective was to 
assess the changes in muscles and bones typically arising during long-duration spaceflight and 
to evaluate an exercise countermeasure to counteract such changes. Because spaceflight and 
bed rest immobilization affects virtually all biological systems, a great number of  additional 
experiments were conducted during the study. For instance, the assessment of  cardiovascular 
function pre and post bed rest may not only improve our understanding of  the effect of  strict 
bed rest on cardiovascular deconditioning, the experiments also help to determine how an 
exercise countermeasure for bone and muscle may affect other physiological systems. 

Part of  the commitment of  space agencies to fund bed rest studies is related to the awareness 
that space medicine may also greatly benefit the healthcare for individuals afflicted with muscle 
and bone-wasting diseases, or improve the treatment and recovery of  hospitalized, bedridden 
or otherwise immobilized individuals on Earth. Indeed, most biological disorders are quickly 
complicated by their subsequent effect on neuromuscular activity levels and mobility. For instance, 
arthritis-induced pain leads to a reduced motivation to move, which results in reduced muscle use, 
disrupted metabolic priorities, which can lead to diabetic and cardiovascular dysfunction. Spaceflight 
and experimental bed rest studies provide such excellent research opportunities because they study 
how all physiological systems accommodate reduced muscular demands in healthy subjects.

From a clinical viewpoint, what are then the important functional neuromuscular parameters of  
this thesis? Of  course, maintenance of  muscle size and strength of  anti-gravity musculature is 
important because muscle strength is needed for carrying body weight and activities such as walking 
up and down stairs. Nonetheless, it is likely that the muscle strength requirements to perform 
such activities are well below the maximal isometric knee extension strength in normal healthy 
individuals, meaning that most individuals can cope with some reduction in maximal muscle size and 
strength before any significant impairment is evident during normal daily life activities. In contrast, 
adequate neural control of  such activities is a necessity, especially in the light of  the reduction in 
bone mineral density that accompanies inactivity. Any deterioration in the capacity to quickly and 
adequately avoid obstacles during gait after resumption of  daily life activities may increase the 
incidences of  fall-related bone fractures. Interestingly, one of  the main observations presented in 
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this thesis was the finding that neural deconditioning could be comparatively easily prevented. With 
respect to the reduction in bone mineral density, resistive vibration exercise, or at least whole body 
vibration training - vibration training with only body weight - might be a particularly promising 
training modality in geriatric and therapeutic sectors. Whole body vibration appears a safe and valid 
substitute for conventional strength training for those who are not attracted or able to perform 
this type of  exercise [��]. Finally, many tasks in daily life comprise repetitive muscle contractions 
at low muscle forces. Based on the findings of  Chapter 4, it is imperative to minimize changes in 
endurance capacity, because this would significantly impair a patient’s ability to perform such tasks 
independently. In Chapter 4, the workload after bed rest was corrected for changes in absolute 
muscle strength, as we were interested in changes in intrinsic muscle fatigability. Of  course, in 
daily life such normalization has no practical relevance. In fact, a similar absolute load (e.g. body 
mass) presents an even increased relative workload for disused muscles because of  the reduction 
in maximal force generating capacity. Because it is the relative load that dictates the severity of  
muscle fatigue, it can be expected that for daily life, the changes in muscle fatigability exceed the 
findings in Chapter 4. Additionally, because our subjects were tested in the supine position (Fig. 
� in Chapter �), orthostatic factors such as an increased venous compliance of  the legs [�0] did 
not contribute to the reduction in muscle blood flow in our experiments. In the upright posture, 
however, such factors will undoubtedly further impair blood flow and hence exercise tolerance 
following bed rest. 

By the continued monitoring of  the subjects after the cessation of  the bed rest period, we aimed 
to determine the time course of  recovery of  the neuromuscular system. Such information can be 
helpful in improving medical rehabilitation programs for various patient populations for whom 
exercise prescriptions are not applicable during a period of  restricted mobility. From the Berlin 
Bed Rest study, but also from preceding studies it is evident that previously disused skeletal muscle 
are highly susceptible for muscle damage due to eccentric muscle actions [�5;�0;��;�3]. Hence, 
at the initiation of  the rehabilitation process, such muscle activity should be limited, for instance 
by applying alternative training regimes such as swimming. Because the Berlin Bed Rest study did 
not incorporate a standardized rehabilitation program, we chose not to address the time course 
of  recovery of  the neuromuscular system in the main chapters of  this thesis. However, it can be 
mentioned here that maximal isometric muscle strength recovered to baseline values between 45 
and 90 days after reambulation, which roughly equals the time of  the inactive period. Since we 
did not observe any reductions in neural activation during the bed rest period, the recovery of  
maximal muscle strength may reflect the recuperation of  muscle mass. It has long been questioned 
whether weight-bearing bones have a similar capacity to fully recover, i.e. there has been concern 
that some changes in muscle structure might be irreversible damaged by periods of  simulated or 
actual spaceflight. Preliminary data (J. Rittweger, personal communication) indicate that during 
reambulation, bone mineral is deposited at sites where it was previously lost, implying that also 
changes in weight-bearing bones are completely reversible by resumed weight-bearing activity. 
These are reassuring observations indeed, for patients, future bed rest volunteers, as well as for 
those of  us who dare to venture into the cosmos.
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neUrOMUsCULAr ADAPtAtiOns DUring  

LOng-terM BeD rest

The weightless environment encountered during human spaceflight virtually eliminates the 
mechanical loading of  the human body. The accompanying physical inactivity sets in motion 
a cascade of  changes that affects practically every physiological system in the human body. Of  
particular medical and operational concern are the decrements in skeletal muscle strength (force, 
power and endurance capacity) of  the legs and the demineralization of  weight-bearing bones. 
By now, it is acknowledged that these functional impairments may be prevented by adequate 
muscle exercise.

This thesis addresses the study into the neuromuscular adaptations in the quadriceps femoris 
muscle as a consequence of  bed rest-induced physical inactivity. Bed rest is hereby used as a 
simulation model of  human spaceflight. The nature and progression of  the adaptations, but 
also the preventative effect of  physical excersise were studied. In the Berlin Bed Rest study, the 
used training paradigm comprised combined resistance and vibration exercise. Strength training 
exercises were performed against a mechanically vibrated platform.

We were interested in the changes that occur during – particularly in the early stage of  – bed 
rest. Hence, besides conducting experiments pre- and post bed rest, we also performed seven 
experiments – with an increasing time interval between experiments - during the eight weeks 
of  bed rest. The assessment of  the time course of  changes in the neuromuscular system 
required an experimental setup that was suited for conducting functional measurements under 
bed rest conditions. Most notably was the development of  a supine dynamometer that allowed 
the assessment of  specific neuromuscular properties of  the knee extensor muscle during 
contractions under isometric conditions during bed rest. To disentangle the neural activation of  
the muscle from more intrinsic muscle characteristics both voluntary and electrically stimulated 
contractions were assessed. Voluntary motor control was assessed using two procedures. In 
Chapter 2 we utilized electrical stimulation and a modified twitch interpolation technique to 
study the extra capacity of  a muscle over maximal voluntary drive. In Chapters 3, 4 and 5, 
voluntary motor control was determined by recording the electrophysiological properties of  
the quadriceps muscle by means of  a sophisticated high-density surface electromyography 
methodology (HD-sEMG). 

In Chapter �, a study is described which aimed to determine the time course of  changes in muscle 
size, voluntary activation and maximal voluntary isometric knee extension strength during bed 
rest. In the inactive control subjects, the decrease in anatomical cross-sectional area (CSA) of  
the quadriceps femoris muscle and the decrease in maximal voluntary isometric knee extension 
torque both evolved linearly in time to approximately 15%. In contrast to previous research, 
which indicated that decrements in voluntary muscle force often exceed those in mass or CSA 
after unloading, for the control subjects the reduction in maximal voluntary isometric strength 
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was comparable to that in muscle size. By means of  the twitch-interpolation technique, this 
finding could be explained by the absence of  a decrease in maximal voluntary activation of  the 
quadriceps femoris muscle during bed rest. In contrast, for the contra lateral leg, which was only 
tested pre- and post bed rest, the loss in muscle strength exceeded the reduction in muscle size 
by almost a factor two. Based on these observations, it was concluded that the functional testing 
conducted during the bed rest had preserved the integrity of  motor control of  the repeatedly 
re-tested quadriceps femoris muscle. Although unintended, these findings provide valuable 
information, because it was shown that neural deconditioning can be prevented without vigorous 
exercise regimes, even during long-term bed rest. However, the preservation of  neural integrity 
for the repeatedly re-tested right leg of  the control subjects complicated the interpretations for 
the subjects that underwent training. Even though the allocated countermeasure contributed 
substantially to diminish quadriceps femoris atrophy, the possibility that the absence of  a 
significant change in neural activation also in this group could have resulted from the repeated 
functional testing during bed rest could not be entirely excluded.

In Chapter 3 we used a different approach to assess alterations in voluntary motor control. HD-
sEMG signals were repetitively recorded from the vastus lateralis muscle during bed rest for a 
series of  isometric knee extensions, which varied in intensity from low to maximal. Surface EMG 
signals were analyzed for amplitude, median frequency and muscle fiber conduction velocity, and 
were subsequently related to isometric muscle strength to obtain HD-sEMG-force relationships. 
The normalized relationships were used to obtain a global indication of  muscle activation with 
increasing voluntary force. Motor control of  isometric force production was robust to the 
effects of  bed rest, as none of  the normalized relations between surface EMG characteristics 
and muscle force changed as a consequence of  bed rest. This implies that the neural strategy to 
increase muscle force did not change by bed rest. In addition, the amplitude of  the sEMG at 
maximal effort remained unaltered in the control group. The latter implies also the maintenance 
of  maximal neural capacity, which is in agreement with the findings presented in Chapter 2. 
The observed changes sEMG median frequency and muscle fiber conduction velocity were 
interpreted as a reflection of  atrophy of  the quadriceps femoris muscle (vastus lateralis) for these 
subjects (Chapter �). The group that underwent resistive vibration exercise training displayed a 
substantial (around 30%) and rapid (after �0 days bed rest) increase in sEMG amplitude, with no 
change in maximal muscle strength. These observations not only differed from the findings of  
the control group, they also contrasted the findings presented in Chapter 2. We speculated that 
the intensified muscle activation might have resulted from an increase in the mean firing rate of  
motor units, as a consequence of  the training regime. The discrepancy between the findings of  
Chapters � and 3 might be explained if  the sEMG methodology were more sensitive than the 
twitch-interpolation technique to detect specific neural modulations. From the unchanged knee 
extension strength for this group, it appeared that the proposed altered neural strategies were 
functionally ineffective to influence isometric knee extension strength. 

The purpose of  the study presented in Chapter 4 was to test the effect of  the 5� days of  
bed rest on the fatigability of  the quadriceps femoris muscle. The experiments were conducted 
only prior to and immediately following bed rest. The results show that the relative fatigability 
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increased for the control subjects, as maximal voluntary strength decreased faster during 5 
minutes of  voluntary repetitive sub-maximal isometric knee extensions following bed rest as 
compared to before. In accordance with this increased fatigability was the observation of  an 
accelerated decline in HD-sEMG median frequency and mean muscle fiber conduction velocity 
following bed rest. These findings suggested that the increased fatigability was most likely of  
peripheral origin. Near-infrared spectroscopy measurements indicated that this was most likely 
the consequence of  a strong reduction in local muscle blood flow and hence oxygen delivery 
during exercise, following bed rest. For the trained group muscle fatigability decreased. The 
changes in sEMG variables as seen in the inactive control subjects were effectively prevented. 
The reduction in muscle blood flow was also mitigated for this group. The latter findings might 
be related to the - also in this bed rest campaign shown - attenuation of  structural and functional 
changes in the vascular system by the adopted training paradigm.

Apart from the capacities to produce short steady-state (sub-)maximal muscle force (Chapters 
� and 3), and prolonged repeated sub-maximal muscle force (Chapter 4), another important 
muscle functionality that was studied, is the rate at which muscle force develops at the start of  
a forceful voluntary contraction. As described in Chapter 5, also the contractile properties of  
the quadriceps femoris muscle were repetitively tested during bed rest for fast voluntary and 
electrically evoked contractions. It was clearly shown that the quadriceps femoris muscle of  the 
control subjects acquired the intrinsic contractile properties of  a faster muscle. Daily resistive 
vibration exercise proved effective to prevent such changes. Unexpectedly, the ability to produce 
a high rate of  torque development during voluntary contractions was preserved and the addition 
of  resistive vibration exercise did not influence this capacity. This maintained functionality was, 
simular to that described in Chapters � and 3, associated with an absent neural deterioration, as 
measured by means of  HD-sEMG. It was concluded that the alterations in mechanical properties 
during electrically evoked contractions were of  insufficient magnitude to (detectably) affect 
voluntary muscle functionality. This was most likely a consequence of  the large inter-, but also 
intra-individual variability in the performance of  the fast voluntary contractions. However, we 
could not rule out the possibility that also here the repeated functional testing conducted during 
bed rest sufficed to maintain adequate motor control. This could even apply to a more skilful task 
that requires considerably more neural activation than needed for steady-state contractions. 

Finally, Chapter � contains a general discussion of  the results presented in this thesis, their 
relation to auxiliary and previous findings, as well as their practical implications for both human 
spaceflight and physically inactive individuals on Earth. The results of  the studies described in 
this thesis have contributed to a better understanding of  the underlying mechanisms and the 
time course in which they contribute to the various manifestations of  muscle weakness as a 
result of  physical inactivity imposed by strict bed rest. Most notably were the findings of  a linear 
reduction in voluntary isometric knee extension strength, and an increase in relative muscle 
fatigability. These adaptations were predominantly the result of  a linear decay in the cross-
sectional area of  the quadriceps femoris muscle and a reduced blood flow as a consequence of  
bed rest. The changes in intrinsic contractile characteristics of  the quadriceps femoris towards a 
faster muscle also progressed linearly in time. An unexpected finding across experiments was that 
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the adopted longitudinal study, which included repeated functional re-testing of  the quadriceps 
femoris muscle during 5� days of  bed rest, fully prevented neural deconditioning. Vigorous 
resistive vibration exercise training during bed rest appeared a suitable gravity-independent 
countermeasure that offset or substantially mitigated most of  the adaptive changes in quadriceps 
femoris muscle that evolved during bed rest in the absence of  this countermeasure.



sAMenVAtting





��3

neUrOMUsCULAire ADAPtAties tijDens 

LAngDUrige BeDrUst 

Gewichtloosheid tijdens bemande ruimtevluchten elimineert vrijwel alle mechanische belasting 
op het menselijk lichaam. De fysieke inactiviteit die hiermee gepaard gaat brengt een cascade van 
veranderingen op gang in het lichaam. Nagenoeg alle fysiologische systemen worden daardoor 
beïnvloed. Vanuit medisch en operationeel oogpunt zijn de voornaamste redenen tot zorg het 
ontstaan van spierzwakte (verlies in kracht, vermogen en uithoudingsvermogen) in de beenspieren 
- vooral in de knie-extensoren - en de demineralisatie van gewichtdragende botstructuren. Het 
is duidelijk dat deze functionele achteruitgang mogelijk kunnen worden beperkt door gerichte 
fysieke training.

Dit proefschrift behandelt studies naar de neuromusculaire adaptaties in de m. quadriceps femoris 
als gevolg van de door bedrust opgelegde inactiviteit, waarbij bedrust geldt als een model voor 
bemande ruimtevaart. Daarbij werd het karakter en de voortgang van de veranderingen, maar ook 
het beschermende effect van fysieke training bekeken. In de Berlijnse bedrust studie werd gebruik 
gemaakt van gecombineerde weerstands- en vibratietraining, waarbij krachttrainingsoefeningen 
werden uitgevoerd tegen een platform dat mechanische trillingen - vibraties - opwekte.

We wilden veranderingen tijdens - vooral ook in het begin van - de bedrust observeren. Daarom 
zijn, naast experimenten voor en na de bedrust, ook tijdens de acht weken bedrust op zeven 
dagen - met een toenemend tijdinterval - experimenten uitgevoerd. Het vaststellen van het tijdpad 
waarin veranderingen plaatsvinden in het spier-zenuwstelsel (neuromusculaire systeem) vroeg 
om een experimentele methode die geschikt is voor functionele metingen tijdens bedrust. In het 
bijzonder betrof  dit de ontwikkeling van een liggende ergometer die ons in staat stelde om tijdens 
bedrust specifieke neuromusculaire eigenschappen van de kniestrekkers te kwantificeren onder 
isometrische testcondities. Om de neurale aansturing van de spier te kunnen onderscheiden van 
de meer intrinsieke spierkarakteristieken, werd gebruik gemaakt van zowel vrijwillige als van 
elektrisch gestimuleerde spiercontracties. Vrijwillige aansturing van de m. quadriceps femoris 
werd op twee verschillende manieren onderzocht. In Hoofdstuk � gebruikten we een procedure 
waarbij de spier elektrisch wordt gestimuleerd tijdens het maximaal aanspannen om de capaciteit 
van de spier te achterhalen die niet (meer) door vrijwillige aansturing gerekruteerd kan worden. 
In de Hoofdstukken 3, 4 en 5 werd de aansturing van de spier door het zenuwstelsel gemeten 
aan de hand van het bepalen van de elektrofysiologische reacties van de spier tijdens vrijwillige 
aansturing. Een geavanceerde methode, ‘high density’ oppervlakte elektromyografie (HD-
sEMG), werd daarbij gebruikt. 

In Hoofdstuk � wordt een studie beschreven die tot doel had om het tijdpad van veranderingen 
in grootte, vrijwillige activatie en maximale vrijwillige kracht van de m. quadriceps femoris tijdens 
isometrische knie-extensie in kaart te brengen. In de inactieve controlegroep verminderde de 
anatomische dwarsdoorsnede van de spier en de maximale vrijwillige knie-extensie kracht lineair 
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gedurende bedrust, beide met ongeveer �5%. In tegenstelling tot voorgaand onderzoek, waarin 
werd gevonden dat de achteruitgang in vrijwillige spierkracht vaak groter is dan het verlies in 
spiermassa of  dwarsdoorsnede, waren zowel de grootte als ook het tijdpad van de veranderingen 
in dwarsdoorsnede en kracht dus vergelijkbaar. Door gebruik te maken van elektrische stimulatie 
en de twitch-interpolatie techniek kon deze bevinding verklaard worden. De capaciteit waarmee 
de spier vrijwillig maximaal geactiveerd kon worden bleef  namelijk gehandhaafd. Echter, voor het 
linker been dat enkel getest werd voor en na bedrust, was het verschil tussen het verlies in maximale 
kracht en dat in dwarsdoorsnede bijna een factor twee. Uit deze observaties concludeerden wij 
dat de herhaalde functionele spiermetingen gedurende bedrust een beschermend effect hadden 
op de integriteit van vrijwillige aansturing van het, tijdens de bedrust geteste, been. Hoewel 
dit een onbedoeld effect betrof, verschaffen deze gegevens waardevolle informatie. Er wordt 
mee aangetoond dat de deconditionering van het neurale systeem, zelfs tijdens langdurige 
bedrust, tegengegaan kan worden zonder daar rigoureus voor te trainen. Wel bemoeilijkte 
de onveranderde neurale integriteit van het gemeten been van de controle proefpersonen de 
interpretatie van de resultaten van de proefpersonen die wel training hadden ondergaan. Hoewel 
de gebruikte trainingsvorm een substantiële bijdrage leverde tot het beperken van atrofie van de 
m. quadriceps femoris, is het mogelijk dat de afwezigheid van neurale deconditionering deels een 
gevolg is van het herhaaldelijk fysiek testen van ook deze proefpersonen gedurende bedrust. 

In Hoofdstuk 3 werd gebruik gemaakt van een alternatieve benadering om neurale en 
spierfysiologische veranderingen te achterhalen. Daartoe werd de EMG activiteit van de 
m. vastus lateralis herhaaldelijk gemeten gedurende bedrust bij een reeks van isometrische 
contracties variërende in intensiteit van gering tot maximaal. De elektrofysiologische signalen 
werden geanalyseerd voor amplitude en mediane frequentie van het EMG signaal en de snelheid 
waarmee de actiepotentialen worden voortgeleid over het spiervezelmembraan. Deze variabelen 
werden vervolgens gerelateerd aan isometrische spierkracht om EMG-kracht relaties te bepalen. 
Zodoende werd een indicatie verkregen van de spieractivatie tijdens oplopend krachtniveau. 
De manier waarop de spier wordt geactiveerd van lage tot hoge isometrische krachten bleek 
ongevoelig voor het effect van bedrust. Geen van de relatieve relaties tussen oppervlakte EMG 
en spierkracht veranderde. Dit impliceert dat de strategie van het centrale zenuwstelsel voor 
krachtopbouw niet was veranderd als gevolg van bedrust. Bovendien bleef  ook de amplitude van 
het EMG signaal tijdens maximale inspanning onveranderd in de controlegroep. Dit impliceert 
dat ook de capaciteit van het centrale zenuwstelsel om de m. quadriceps femoris maximaal aan 
te kunnen sturen onveranderd bleef. Dat komt overeen met de bevindingen zoals gepresenteerd 
in Hoofdstuk 2. De mediane frequentie en de snelheid van voortgeleiding van actiepotentialen 
over het spiervezelmembraan veranderden wel sterk in de controlegroep. Dit kan vooral worden 
geïnterpreteerd als een reflectie van de atrofie van de spiervezels in de deze proefpersonen 
(Hoofdstuk �). De groep die deelnam aan de training toonde zonder uitzondering een 
substantiële (ongeveer 30%) en vrij plotselinge (na �0 dagen bedrust) verhoging in de amplitude 
van het EMG, bij onveranderde maximale kracht. Deze bevinding contrasteert niet alleen met 
die van de controlegroep, maar verschilt ook van de resultaten beschreven in Hoofdstuk �. 
We speculeren dat de toegenomen spieractiviteit resulteerde uit een toegenomen vuurfrequentie 
van motorische eenheden als een gevolg van het trainingsregime. De discrepantie tussen de 
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bevindingen van Hoofdstuk � en die van Hoofdstuk 3 zou kunnen worden verklaard wanneer 
het EMG gevoeliger is voor specifieke modulaties in aansturing dan de eerder gebruikte twitch-
interpolatie techniek. Uit de onveranderde maximale vrijwillige kracht voor deze groep blijkt dat 
deze centrale aanpassing tijdens isometrische contracties geen functioneel voordeel heeft.

Het doel van de studie gepresenteerd in Hoofdstuk 4 was om het effect van de 5� dagen bedrust op 
de vermoeibaarheid van de m. quadriceps femoris te onderzoeken. Deze experimenten zijn alleen 
voor en direct na de bedrust uitgevoerd. De resultaten laten zien dat de relatieve vermoeibaarheid 
van de spier toeneemt voor de inactieve controlegroep. De maximale kracht gedurende vijf  
minuten van vrijwillige herhaalde submaximale isometrische knie-extensies nam sneller af  ná 
bedrust dan vóór bedrust. In overeenstemming met deze toegenomen vermoeibaarheid vonden 
we een snellere afname in mediane frequentie van het EMG signaal en ook in de gemiddelde 
voortgeleidingssnelheid van actiepotentialen na bedrust. Dit suggereerde dat de toegenomen 
vermoeibaarheid voornamelijk perifere oorzaken heeft. Zogenaamde “near-infrared 
spectroscopy” (NIRS) metingen gaven aan dat bovenstaande waarschijnlijk een consequentie 
is van een sterk gereduceerde bloedtoevoer en daarmee een beperking in zuurstofvoorziening 
gedurende inspanning na bedrust. Bij de getrainde groep trad geen toegenomen, maar zelfs 
een verminderde spiervermoeibaarheid op. De toegenomen verandering in EMG variabelen bij 
de controlegroep waren dan ook afwezig bij deze groep. Training gedurende bedrust beperkte 
ook de achteruitgang in bloedvoorziening. Het laatste kan gerelateerd zijn aan het - ook in deze 
bedruststudie aangetoonde - beschermende effect van de training op structurele en functionele 
veranderingen in het vasculaire systeem. 

Naast het vermogen om eenmalig kortdurende (sub)maximale (stabiele) krachten (Hoofdstukken 
� en 3) en langdurig herhaalde sub maximale krachten (Hoofdstuk 4) te kunnen leveren, is er een 
andere belangrijke functionaliteit van een spier gemeten, namelijk de snelheid waarmee spierkracht 
kan worden gegenereerd aan het begin van een krachtige vrijwillige contractie. In Hoofdstuk 5 staat 
beschreven hoe wij ook de contractiele eigenschappen van de m. quadriceps femoris herhaaldelijk 
hebben gemeten gedurende bedrust met behulp van zowel vrijwillige alsook elektrisch gestimuleerde 
contracties. Duidelijk werd dat de m. quadriceps femoris van de inactieve controle groep de 
intrinsieke eigenschappen kreeg van een snellere spier. Fysieke training gedurende bedrust bleek 
effectief  om deze veranderingen tegen te gaan. Onverwacht was dat de capaciteit om snel vrijwillig 
een maximale kracht op te bouwen behouden bleef  en dat deze capaciteit niet beïnvloed werd 
door de dagelijkse training. Deze onveranderde functionaliteit, wordt, zoals ook in Hoofdstukken 
� en 3, geassocieerd met een afwezigheid van de achteruitgang van de capaciteit vanuit het centrale 
zenuwstelsel, gemeten met behulp van EMG. We concluderen dat de veranderingen in mechanische 
eigenschappen gedurende elektrisch gestimuleerde contracties te gering waren om een (meetbaar) 
effect te hebben op vrijwillige spierfunctionaliteit. Dit is waarschijnlijk mede een gevolg van een 
substantiële inter-, maar ook intra-individuele variabiliteit in de uitvoer van de snelle vrijwillige 
contracties. Echter, we konden opnieuw niet uitsluiten dat het herhaaldelijk fysiek testen van de 
proefpersonen gedurende bedrust voldoende was geweest om adequate aansturing te handhaven. 
Dat zou dus zelfs kunnen gelden voor het uitvoeren van een taak die aanzienlijk meer neurale input 
vergt dan een krachtstabiele contractie. 
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Tot slot bevat Hoofdstuk � een algemene discussie van de resultaten in dit proefschrift, hun 
relatie met supplementaire en eerdere bevindingen en hun praktisch nut voor zowel bemande 
ruimtevaart als voor fysiek inactieve individuen op aarde. De resultaten hebben bijgedragen aan 
een verbetering van het inzicht in onderliggende mechanismen en het tijdpad waarin zij bijdragen 
aan de verschillende manifestaties van spierzwakte na langdurige inactiviteit. Zo vonden we een 
lineaire afname in knie-extensie kracht en de toegenomen relatieve vermoeibaarheid van de m. 
quadriceps femoris. Deze adaptaties waren voornamelijk het resultaat van een vrijwel lineaire 
afname van de dwarsdoorsnede van deze spier en een sterk gereduceerde spierdoorbloeding 
als gevolg van strikte bedrust. De veranderingen in intrinsieke eigenschappen van de m. 
quadriceps femoris in de richting van een snellere spier evolueerden ook lineair in de tijd. Een 
onverwachte bevinding was dat de gebruikte longitudinale studie opzet, waarbij herhaaldelijk 
functionele metingen werden verricht gedurende bedrust, het deconditioneren van het neurale 
systeem volledig leek tegen te gaan. Gecombineerde weerstands- en vibratietraining gedurende 
bedrust bleek een effectieve zwaartekrachtonafhankelijke tegenmaatregel. De meeste adaptieve 
veranderingen die optraden als gevolg van strikte bedrust werden effectief  door de dagelijkse 
training bestreden, dan wel substantieel verminderd. 
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Het tot stand komen van een proefschrift gaat niet vanzelf. Er zijn heel veel mensen die me 
de afgelopen jaren hierbij enorm hebben geholpen. Bij deze wil ik alvast iedereen hartelijk 
bedanken die aan dit proefschrift hebben meegewerkt. Een aantal van hen wil ik graag specifiek 
benoemen.

Als eerste wil ik langs deze weg Jack van Loon bedanken. Jack, je geweldig nuchtere en relativerende 
kijk op wetenschappelijk onderzoek in het kader van de ruimtevaart heeft me altijd aangenaam 
verrast. Mijn stage bij het NASA Johnson Space Center in Houston Texas was zonder jouw 
tussenkomst niet mogelijk geweest. Jij bent ook degene geweest die me op de promotieplaats 
in Nijmegen attendeerde. Beste Jack, ik ben je heel veel dank verschuldigd voor al je inzet de 
afgelopen jaren.

Vervolgens wil ik mijn promotoren Dick Stegeman, Arnold de Haan en mijn copromotor  
Karin Gerrits ontzettend bedanken voor de plezierige samenwerking door de afgelopen jaren 
heen.

Beste Dick, dat jij mijn directe begeleider bent geweest, heb je geweten ook. Er zijn maar 
weinig weken geweest gedurende mijn promotieperiode waarin wij niet samen intensief  over 
de voortgang van mijn onderzoek hebben gediscussieerd. Je heldere en creatieve manier van 
probleemanalyse en gelukkig ook je probleemoplossende vermogen staan me dicht bij. Tijdens 
onze discussie-sessies was er ook wel ruimte voor de wat luchtigere zaken des levens. We hebben 
dan ook samen veel gelachen. Dick, je positieve houding en je oprechte belangstelling voor mij 
en mijn gezin zijn niet onopgemerkt gebleven en worden enorm gewaardeerd. 

Beste Arnold, ik ken jou al wat langer. Eerst als docent en begeleider van mijn literatuuronderzoek, 
nu als een ware rots in de branding tijdens mijn promotietraject. Ik heb veel bewondering voor 
jouw enorme hoeveelheid kennis en de manier waarop jij, zo op het oog, moeiteloos zeer 
bepalende keuzes hebt gemaakt tijdens mijn promotieonderzoek. Dit heeft mij niet alleen heel 
veel tijd en energie bespaard, maar heeft mij ook de nodige innerlijke rust gegeven. 

Beste Karin, waar moet ik beginnen? Jouw positieve houding en je besluitkracht hebben mij 
ontzettend geholpen bij de afronding van mijn manuscripten en tevens dit proefschrift. Ik heb 
daar heel veel van geleerd. Ik wil je ook graag bedanken voor de enorme verrijking van mijn 
vocabulaire. Ik kan nu op heel veel verschillende manieren heel kort omschrijven dat een stuk 
tekst misschien wel eens ietwat aan de te lange kant zou kunnen zijn, mogelijk. ‘Wollig’ vind ik 
daarbij je mooiste voorbeeld. Als papa van twee dochters vond ik het ook geweldig om het met 
jou over mijn meiden te hebben, maar ik vond het evengoed ontzettend leuk om te luisteren naar 
de verhalen over jouw kindjes. 

De experimenten die zijn uitgevoed hebben allen plaatsgevonden in Berlijn. Teatske, heel veel 
dank voor al je inzet tijdens onze talloze pilot experimenten. Het doet me deugd dat je nu zelf  
als AIO aan je wetenschappelijke carrière werkt. Succes. 

Dankwoord
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I would like to thank all the colleagues in Berlin for the enormous hospitality that I received. 
Tina Bongrazio, as a true mother Theresa figure you helped me finding a place to stay in Berlin 
at the times of  the experiments. Dieter Felsenberg, your enormous characteristic effort to make 
the Berlin Bed Rest study to a success was highly motivating. I have learned a lot from my 
co-authors and fellow investigators Wolfgang Kuebler and Joern Rittweger. Thank you for all your 
input and motivation. I would further like to thank the colleagues in Berlin for the pleasant 
cooperation. Miçel, Daniel, Björn, Ingo, Ulf, McKey, en Herr Palow, es geht euch gut. Of  course no 
single experiment would have been possible, if  it weren’t for the Berlin Bed Rest volunteers, 
the terrestrial astronauts, including one Turkonaut and one Polonaut. Their effort and their 
perseverance to perform to the best of  their abilities are greatly appreciated.

Iedereen op de afdeling Klinische Neurofysiologie wil ik bedanken voor de prettige en relaxte 
sfeer waarin ik al die jaren heb kunnen werken. Gijs, we hebben samen in de loop der jaren heel 
wat kritische uitlatingen gedaan over allerhande zaken, van wetenschap, de verbouwing van ons 
ziekenhuis én afdeling, tot aan politieke vraagstukken. We hebben ook vele uren gepraat over 
jouw onderzoek en de complexiteit die daarmee gepaard gaat in zowel technisch als analytisch 
opzicht. Het gaf  me altijd een goed gevoel omdat het bij mij dus allemaal wel mee viel. Hans, 
HansT en Mark, zonder jullie engelengeduld en jullie bereidheid mij te helpen met de analyse 
van de enorme berg data, was dit proefschrift nooit tot stand gekomen. Telkens wanneer ik een 
ogenschijnlijk enorm probleem aandroeg was het antwoord steevast: “Edwin, dat vergt slechts 
twee regels tekst in MATLAB”. Deze relativerende woorden hebben mij enorm gesteund, niet 
in de minste plaats omdat jullie vervolgens deze twee regels ook nog daadwerkelijk aanleverden. 
Mijn oprechte dank. Beste HansT, jou wil ik daarnaast ook bedanken als kamergenootje. Jouw 
humor zal me bijblijven, evenals jouw eeuwige relaas over de fysieke conditie van onze kamer. 
Geweldig! Brengt me bij die andere kamergenoot met humor, Leo. Beste Leo, wanneer je ooit 
zou overwegen om een andere baan te kiezen dan in de technische, pardon, instrumentele 
dienstverlening, zou ik je het volgende willen aanraden: wordt stand-up komediant. Echt, jij 
ben de enige die ik ken die op onafgebroken wijze op deze manier kan communiceren! Een 
dag zonder jouw humor werd als een gemis ervaren. Verder wil ik Bert bedanken voor zijn vaak 
onorthodoxe benaderingen ten opzichte van mijn data. 

Jason, I would also like to say some words of  gratitude to you. It was an extremely rewarding 
experience to work at NASA and live in the United States of  America. To a great extend, I owe 
it to you that this dream has been successfully fulfilled. I am very happy for you that you have 
started a family of  your own. Hopefully our families will be able to meet on more regular basis 
the coming years.

Martijn en Erik, ik ben blij dat jullie, naast het aandeel dat jullie hebben gehad als getuigen bij 
mijn trouwen, ook als paranimfen bij deze belangrijke gebeurtenis in mijn leven betrokken zijn. 

Mijn familie en schoonfamilie, en in het bijzonder mijn ouders, wil ik bedanken voor de steun 
over de afgelopen jaren. Pa en ma, zonder jullie blijvende interesse, enthousiasme, motivatie en 
steun was het tot stand komen van mijn proefschrift onmogelijk geweest.
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Lieve Moniek, ik kan me niet eens goed voorstellen hoe moeilijk de afgelopen jaren voor jou 
moeten zijn geweest. Naast het feit dat je met een workaholic bent getrouwd en daardoor niet 
van je zo geliefde Griekse zon hebt kunnen genieten, heb je twee moeilijke zwangerschappen 
moeten doorstaan. Jouw onvoorwaardelijke steun en liefde en de beide prachtige dochters die je 
mij hebt geschonken, maken mij tot wie ik nu ben. 

Lieve Lisa, kleine krummuleut. Wat geniet ik toch elke dag weer van je. Je bent zo’n ontzettende 
wijsneus. Het spijt me dat jij het afgelopen jaar heel veel papa-dagen hebt moeten missen. Met 
het afronden van dit boekje kan papa dan ook eindelijk zeggen: “Papa is klaar met werken, papa 
hoeft niet meer naar zolder”. Nu is het tijd om samen heel veel leuke dingen te gaan doen.

Lieve Esmée, wat maak je papa altijd ontzettend blij en gelukkig met je gulle lach. Zelfs in het 
holst van de nacht straalt je gezichtje wanneer ik je een speentje en een aai over je bolletje kom 
geven. Ik ben heel dankbaar en gelukkig dat jij ons gezinnetje compleet hebt gemaakt.

Dankwoord
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