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Abstract 

While short-term disuse negatively affects mechanical muscle function (e.g. isometric muscle 

strength) little is known of the relative contribution of adaptions in central neural drive and 

peripheral muscle contractility. The present study investigated the relative contribution of 

adaptations in central neural drive and peripheral muscle contractility on changes in isometric 

muscle strength following short-term unilateral disuse (4 days, knee brace) and subsequent active 

recovery (7 days, one session of resistance training)  in young (n=11, 24 yrs) and old healthy men 

(n=11, 67 yrs). Maximal isometric knee extensor strength (MVC) (isokinetic dynamometer), 

voluntary muscle activation (superimposed twitch technique), and electrically evoked muscle twitch 

force (single and doublet twitch stimulation) were assessed prior to and after disuse, and after 

recovery. Following disuse, relative decreases in MVC did not differ statistically between old 

(16.4±3.7%, p<0.05) and young (-9.7±2.9%, p<0.05) (mean±SE), whereas voluntary muscle 

activation decreased more (p<0.05) in old (-8.4±3.5%, p<0.05) compared to young (-1.1±1.0%, ns) 

as did peak single (-25.8±6.6%, p<0.05 vs -7.6±3.3%, p<0.05) and doublet twitch force (-

23.2±5.5%, p<0.05 vs -2.0±2.6%, ns). All parameters were restored in young following 7 days 

recovery, whereas MVC and peak twitch force remained suppressed in old. Regression analysis 

revealed that disuse-induced changes in MVC relied more on changes in single twitch force in 

young (p<0.05) and more on changes in voluntary muscle activation in old (p<0.05), whereas 

recovery-induced changes in MVC mainly were explained by gains in voluntary muscle activation 

in both young and old. Altogether, the present data demonstrate that plasticity in voluntary muscle 

activation (~central neural drive) is a dominant mechanism affecting short-term disuse- and 

recovery-induced changes in muscle strength in older adults. 
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1. Introduction 

Periods of short-term disuse (~acute physical inactivity) occur frequently in older individuals (> 65 

years) due to disease or injury that involve hospitalization and/or bed rest (Brown et al. 2009; 

Engberg et al. 2009; Gill et al. 2009; Isaia et al. 2010; Pedersen et al. 2013). During clinical 

admission, length of hospital stay (LOS) often span 4-6 days in older individuals depending on the 

causes of hospitalization (Cookson and Laudicella 2011; Lippuner et al. 2011; Saczynski et al. 

2010; Traissac et al. 2011), and generally introduce a marked reduction in weight-bearing activities 

(Brown et al. 2009; Pedersen et al. 2013). Studies that have examined the influence of short-term 

disuse (lasting 4-14 days) on parameters of lower limb mechanical muscle function (e.g. strength, 

power, rate of force development (RFD)) in healthy old individuals (range of mean age in these 

studies = 66-73 years) have consistently reported marked decrements (Boesen et al. 2014; Carlson 

et al. 2009; Deschenes et al. 2008; Deutz et al. 2013; Hvid et al. 2010; Hvid et al. 2014; Kortebein 

et al. 2008; Pisot et al. 2016; Reidy et al. 2017; Suetta et al. 2009; Tanner et al. 2015; Wall et al. 

2014), which in turn increases the risk of limitations in physical function, loss of independency and 

elevated mortality (Cesari et al. 2009; Covinsky et al. 2003; Gill et al. 2009; Isaia et al. 2010; 

Newman et al. 2006). These impairments in mechanical muscle function appear to occur very 

rapidly following onset of disuse, and demonstrate a greater overall rate of decline in the initial 

phase of disuse (days) in old compared to young individuals (Deschenes et al. 2008; Hvid et al. 

2010; Hvid et al. 2014; Pisot et al. 2016; Reidy et al. 2017; Suetta et al. 2012; Tanner et al. 2015) 

that is followed by an attenuated rate of decline over the subsequent course of time (weeks) (Hvid et 

al. 2014; Suetta et al. 2012). Moreover, older individuals tend to demonstrate a reduced rate of 

recovery in parameters of mechanical muscle function following post-disuse rehabilitation 

(typically including progressive resistance training) compared to younger individuals, particularly 

during the initial phase of recovery (days-to-weeks) (Hvid et al. 2014; Pisot et al. 2016; Sarabon 
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and Rosker 2013). Altogether, these age-related trends are of strong relevance given the fact that 

even prior to disuse, healthy older individuals demonstrate lower levels of muscle strength, power 

and RFD compared to their younger counterparts (Aagaard et al. 2010). 

While changes in muscle mass indisputable is a main peripheral mechanism contributing to 

disuse- and recovery-induced adaptations in mechanical muscle function (Wall et al. 2013), which 

has been emphasized in many of the aforementioned studies (Hvid et al. 2010; Hvid et al. 2014; 

Pisot et al. 2016; Reidy et al. 2017; Suetta et al. 2009; Tanner et al. 2015; Wall et al. 2013), so far 

only two studies have examined the effects of short-term disuse on other potential central and 

peripheral mechanistic factors in older individuals (Deschenes et al. 2008; Suetta et al. 2009), with 

none of them studying disuse periods < 7 days. From a scientific point of view, this is quite 

surprising for two reasons. First, previous short-term disuse studies involving older individuals have 

consistently reported a disproportionally greater decline in mechanical muscle function (e.g. 

isometric muscle strength) compared to that of muscle mass (Boesen et al. 2014; Dirks et al. 2014; 

Kortebein et al. 2008; Pisot et al. 2016; Reidy et al. 2017; Suetta et al. 2009; Tanner et al. 2015) 

which suggest that alterations in central and peripheral factors - apart from muscle mass - are also 

likely to contribute to the disuse- and recovery-induced adaptations in mechanical muscle function 

at old age. Second, as a well-established hallmark within the area of exercise physiology, central 

factors (i.e. neural adaptations) has predominantly been used to explain ‘early phase’ (days-to-

weeks) adaptations in mechanical muscle function induced by physical training (Del Balso and 

Cafarelli 2007; Kamen and Knight 2004) whereas muscle hypertrophy has predominantly been used 

to explain ‘late phase’ (weeks-to-months) adaptations (Wall et al. 2013). Yet the former aspect has 

not previously been examined in older individuals undergoing short-term disuse. Interestingly, by 

applying the superimposed twitch technique our research group previously observed age-dependent 

changes in voluntary muscle activation (~proxy of central neural drive) obtained during maximal 
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isometric knee extension following 14 days of lower limb disuse and subsequent 28 days of active 

recovery (reloading), with much larger effects observed for this parameter in older versus younger 

individuals (Suetta et al. 2009). This observation is supported by observations from Deschenes and 

colleagues demonstrating a greater decrease in muscle EMG activity during maximal isometric knee 

extension in old versus young individuals following 7 days of disuse (Deschenes et al. 2008). These 

findings altogether indicate that aging may amplify the reduction in central neural drive following 

short-term disuse, potentially constituting a dominant mechanistic factor parallel to that of muscle 

atrophy. Further emphasizing the plasticity in central neural drive associated with disuse or use 

(loading/reloading), physical training have been shown effective in improving voluntary muscle 

activation in older individuals (Arnold and Bautmans 2014), and importantly to be positively 

associated with concurrent improvements in maximal walking speed in mobility-limited older 

individuals (Hvid et al. 2016). 

Peripheral factors such as intrinsic muscle contractility may also undergo marked changes in 

response to both short-term disuse and recovery. To assess muscle contractility independently of 

central neural drive, electrically evoked muscle twitch properties following disuse and recovery 

have been examined in both animal (Witzmann et al. 1982a; Witzmann et al. 1982b) and human 

studies (Gondin et al. 2004; Suetta et al. 2009). However, to our best knowledge electrically evoked 

muscle twitch properties were only examined in older individuals in one of the two previous human 

studies (Suetta et al. 2009) (discussed above), revealing disuse- and recovery-induced changes in 

evoked single twitch properties that were of similar magnitude in young and old individuals (Suetta 

et al. 2009). 

As outlined above, experimental data on the underlying potential mechanisms involved in the 

central and peripheral adaptations elicited by short-term disuse and subsequent recovery in older 

adults are sparse. The purpose of the present study, therefore, was (1) to investigate the effect of 4 
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days lower limb disuse followed by 7 days active recovery on maximal knee extensor isometric 

muscle strength, voluntary muscle activation, and electrically evoked muscle twitch properties in 

young and old healthy individuals, and (2) to investigate to what extent alterations in maximal knee 

extensor isometric muscle strength might be attributed to changes in central neural drive versus 

changes in peripheral muscle contractile properties. It was hypothesized that more pronounced 

alterations in voluntary muscle activation would be observed in old versus young participants in 

response to short-term disuse and subsequent recovery (reloading). 

 

2. Material and methods 

2.1 Subjects 

While the present study focused on the relative contribution of adaptations in central neural drive 

and peripheral muscle contractility on changes in isometric muscle strength following short-term 

disuse and subsequent active recovery in young and old individuals, detailed information on the 

study design and additional data have been published previously (Hvid et al. 2014; Hvid et al. 2013; 

Suetta et al. 2012).  

Responding to advertisement in local newspapers, 23 healthy men volunteered to participate in 

the study, however one subject failed to adhere to the disuse protocol and consequently data from 

this subject was omitted. Thus, 11 old (67.2 ± 1.0 yrs (range 60-72 yrs), 178.8 ± 1.7 cm, 87.7 ± 3.0 

kg) and 11 young subjects (24.3 ± 0.9 yrs (range 20-30 yrs), 180.4 ± 2.7 cm, 74.3 ± 2.4 kg) 

completed the study protocol. Body weight differed between young and old (p<0.05), and remained 

unaffected during the study period. All subjects were healthy and had no history of illness or intake 

of medicine that could potentially affect skeletal muscle anatomy, physiology or function. None of 

the included subjects had previously performed resistance training on a regular basis. Using 
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questionnaire assessment (Saltin and Grimby 1968), both young and old were moderate-to-

vigorously physically active in terms of their participation in occupational and recreational activities 

corresponding to 4.3 ± 0.6 vs 4.4 ± 0.6 hr
.
wk

-1
, respectively (time spent in vigorous activities: 1.8 ± 

0.2 vs 1.7 ± 0.3 hr
.
wk

-1
, respectively). All subjects were informed of the risks associated with the 

investigation and provided written informed consent. The study (KF01-322606) was approved by 

the local Ethics Committee of Copenhagen and adhered to the Helsinki declaration. 

 

2.2 Experimental procedures 

Subjects underwent 4 days of unilateral lower limb disuse followed by 7 days of active recovery 

which included one session of high-intense resistance training. The length of the disuse period was 

chosen to experimentally resemble the short duration(s) of disuse typically encountered in real-life 

settings (hospital length of stay (LOS) corresponding to an average of 4-6 days in older individuals, 

depending on the causes of hospitalization) (Cookson and Laudicella 2011; Lippuner et al. 2011; 

Saczynski et al. 2010; Traissac et al. 2011), while the length of the active recovery period was 

chosen to be approximately twice as long based on previous study reports (Hortobagyi et al. 2000; 

Hvid et al. 2010; Labarque et al. 2002). The contra-lateral (non-intervention) leg was also tested in 

all participants to serve as a control. In addition to a preliminary familiarization test (Fam, identical 

test procedures as employed during all other test sessions), unilateral testing of knee extensor 

electrically evoked muscle properties, mechanical muscle function, and voluntary muscle 

activation, in that order, were carried out ~1 week prior to disuse (Pre), 1 day after disuse (Post), 

and after 7 days of recovery (Rec). Test sessions were carried out at the same time of day (± 2 

hours) to control for the influence of diurnal variation, and were always preceded by a low-

moderate intensity warm-up procedure using a cycle ergometer (5 min, 50-150 W, 60 rpm) which 
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was administered according to participant’s subjective rating of perceived exertion (scale ranging 

from low-moderate-high) and self-reported fitness level. In addition, testing of mechanical muscle 

function always began with a number of knee extensor warm-up trials.  

 

2.3 Disuse protocol 

Randomized unilateral lower limb disuse was induced by using a knee brace (DonJoy, DJO Global 

Inc., USA) fixed at a knee joint angle of 30° (0°= full extension). The reason for choosing this 

specific knee joint angle was to ensure that no ground contact (~weight-bearing activity) was 

possible during walking, and at the same time to diminish any stretch-induced reduction in muscle 

atrophy as previously reported in animal models (Ahtikoski et al. 2001). Plastic strips were applied 

around the knee brace to ensure that it was not removed during the disuse period. Subjects carried 

out all ambulatory activities on crutches during the disuse period and were strictly informed not to 

perform any weight-bearing activity on their disused leg and to refrain from any activation of their 

knee extensor and flexor muscles. Subjects were instructed to fill out a daily logbook describing 

their compliance towards the disuse protocol. In order to reduce the potential risk of venous 

thrombosis, subjects were informed to perform daily unloaded ankle flexions and extensions. 

 

2.4 Active recovery protocol 

After removal of the knee brace subjects were instructed to return to their normal pattern of physical 

activities and lifestyle. In addition to undergoing extensive knee extensor muscle strength testing 

(~1½ hour) 1 day after cessation of the disuse period (Post), subjects performed a single session of 

supervised heavy resistance training on day 4 after cessation of the disuse period aimed at evoking 

improvements in muscle strength and muscle mass. Following adequate warm-up, the training 
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session consisted of knee extension, leg press, and knee flexion in load adjustable machines 

(Technogym International, Italy). Based on a 5-RM test completed in 2-3 attempts, 12-RM training 

loads were calculated for each exercise (using the formula reported by Baechle et al. (Baechle et al. 

2000)). Following a short break (~5 min), subjects performed 4 sets for each exercise using the 12-

RM load until contraction failure. Subjects were instructed to use moderate (~1 s) and slow 

movement speeds (~3 s) in the concentric and eccentric contraction phases, respectively (Hvid et al. 

2010; Suetta et al. 2009). The training session was supervised by an experienced exercise 

physiologist.  

 

2.5 Knee extensor muscle testing 

As previously described in detail (Suetta et al. 2009) subjects were seated upright and firmly 

strapped down in a custom-build dynamometer (Kin-Com, Chattecx Corporation, USA) with the 

hip and knee flexed at 90° joint angle. A steel cuff was strapped around the lower leg ~2 cm above 

the medial malleoli and connected to a strain-gauge load cell (Bofors KRG-4, Bofors, Sweden) via 

a rigid steel bar. All data were A/D sampled at 1 kHz (CED Micron 1401 II 16 bit, Cambridge, 

CED, UK) and analyzed using custom made analysis algorithms in Spike 2 (Version 6.02, 

Cambridge Electronic Design, Cambridge, UK). The dynamometer load cell was calibrated prior to 

each test session (Fam, Pre, Post, and Rec). Individual dynamometer settings were registered to 

ensure identical subject positioning at all test sessions (Fam, Pre, Post, and Rec).  

 

2.5.1 Electrically evoked muscle twitch properties 

After a thorough preparation of the skin, percutaneous surface stimulation electrodes (Bioflex, 

model CF5090 5x9 cm, Biofina A/S Denmark) were placed over the distal and proximal belly of the 
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quadriceps muscle, respectively. Electrode positions were carefully registered to ensure identical 

positioning throughout all test sessions (Fam, Pre, Post, and Rec). Stimulation was delivered to the 

resting muscle as single square-wave pulses of 100 μs duration by a direct current stimulator (model 

DS7, Digitimer Electronic, United Kingdom). Following initial familiarization to submaximal 

single electrical stimuli (20 mA), stepwise increments in stimulation current were provided every 30 

s until a maximal single resting twitch response was achieved, i.e. until no further increase was 

observed in twitch force amplitude. Subsequently, a doublet twitch stimulation (i.e. two successive 

twitch stimulations separated by 10 ms using the previously determined stimulation current) was 

carried out, to ensure that ‘supramaximal’ stimulus was provided to the muscle compared to the 

single twitch ‘maximal’ stimulus. Measures of maximal single and doublet twitch response 

comprised peak twitch force and time to peak twitch force. Onset of evoked force response was 

defined as the point at which evoked force exceed 2% of the baseline value. Single and doublet 

twitch force values were normalized to body mass (Table 1). Based on the Fam and Pre values, 

repeated measurements CV for single and doublet twitch force were 2.2 and 2.4%, respectively. 

 

2.5.2 Maximal isometric voluntary muscle strength (MVC) 

To examine isometric muscle strength, subjects performed 3 maximal isometric knee extensions 

(MVC) and were instructed to contract as fast and forcefully as possible and maintain maximal 

force exertion until a plateau in force production was reached. Strong verbal encouragement along 

with visual feedback of the dynamometer force response were provided during all trials. All MVC 

trials were separated by 1½ min of rest. Trials with a visible initial countermovement (i.e. force 

drop) were discarded. The trial with the highest voluntary peak force was selected as representative 

of maximal isometric strength (maximum voluntary contraction, MVC). Onset of voluntary force 
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response was defined as the point at which force exceed 2% of the lowest value. MVC was 

normalized to body mass being indicative of how well an individual would cope with whole body 

movement tasks (Hvid et al. 2010), along with absolute values (Table 1) to enable comparison with 

previous study reports. Based on the Fam and Pre values, repeated measurements CV for MVC was 

3.3%. 

 

2.5.3 Voluntary muscle activation 

To assess voluntary muscle activation, we followed ‘best practice’ guidelines of the superimposed 

twitch technique (Gandevia 2001; Shield and Zhou 2004). Subjects performed 2-3 additional MVC 

trials, which had to be within 5% of the highest MVC obtained in the previous step (described 

above), with a “supramaximal” doublet twitch stimulation (described above) manually 

superimposed onto the MVC and approximately 2 seconds after in the resting muscle. Voluntary 

muscle activation was calculated according to the formula by Strojnik and Komi (Strojnik and 

Komi 1998): activation (%) = 100 - ((D
.
(FStim/FMVC)/FStimRest) 

.
 100) where D is the difference 

between force at stimulation (FStim) and the force peak evoked by stimulation onto the MVC, FMVC 

is force at MVC, and FStimRest is force achieved due to stimulation in the resting muscle (Hvid et al. 

2016; Suetta et al. 2009). Based on the Fam and Pre values, repeated measurements CV for 

voluntary muscle activation was 2.2%. Representative recordings are shown in Figure 1. 

 

2.6 Statistical analysis 

Statistical analysis was carried out using linear mixed model (STATA/IC 14.1, StataCorp, College 

Station, TX) (Hvid et al. 2010; Hvid et al. 2014). All data were normally distributed according to 

the STATA functions ladder (statistical output, suggestion of best mathematical transformations) 
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and gladder (visual output, suggestion of best mathematical transformations in histograms) as well 

as deemed by plots of residuals. Subject was set as random effect and Group (Young, Old) and 

Time (Pre, Post, Rec) as fixed effects. In case that between-group differences (i.e. Group x Time 

interactions) were observed, post hoc analysis were carried out to identify within-group (Young and 

Old separately) and within-time differences (Pre, Post, and Rec separately), respectively. Given that 

changes in voluntary muscle activation and peak single or doublet twitch force induced by disuse or 

recovery all are potential mechanistic mediators of changes in MVC, associations between the 

relative percentage changes of voluntary muscle activation and MVC or twitch force and MVC 

were examined for young and old, respectively, by Pearson’s correlation analysis. Correlations were 

considered weak if r<0.5, moderate if 0.5≤r<0.7, and strong if r>0.7. In addition, multiple 

regression analysis was carried out to assess the combined influence of relative (percentage) 

changes in voluntary muscle activation and single or doublet twitch force on corresponding changes 

in MVC. Individual and weighted influence of relative (percentage) changes in voluntary muscle 

activation versus twitch force were assessed by standardized beta values calculated for each of the 

parameters. Data are presented as mean ± SE unless otherwise stated. Level of statistical 

significance was set at p<0.05. Between-group differences (Group x Time) are denoted by d; 

within-group differences (Time) are denoted by b and c; within-time differences (Group) are 

denoted by a. 

 

3. Results 

3.1 Isometric muscle strength and voluntary muscle activation 

Prior to disuse and subsequent active recovery, age-related differences were observed as evidenced 

by lower MVC (-35.0%) and reduced voluntary muscle activation (-4.7%) in old compared to 
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young participants (p<0.05) (Fig. 1A, Table 1). Similar age-related differences were observed in the 

non-intervention control leg (Table 1). 

 

  Insert Figure 1 about here…  

 

 

Following 4 days disuse, MVC decreased by -9.7±2.9 and -16.4±3.7% in young and old, 

respectively (p<0.05) (Fig. 2, Table 1). While no changes were observed in young, voluntary 

muscle activation decreased by -8.4±3.5% in old (p<0.05). Voluntary muscle activation decreased 

to a greater extent with disuse in old compared to young (p<0.05) (Fig. 2, Table 1). 

 

Insert Table 1 about here…  

 

 

Following recovery, i.e. returning to normal patterns of physical activity combined with one session 

of heavy resistance training, all parameters returned to pre-disuse levels in both young and old, 

except for MVC in old which remained suppressed by -8.4±3.4% (p<0.05) (Fig. 2, Table 1). 

 

  Insert Figure 2 about here…  
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No major changes were observed in the control leg, except for the +3.3±2.0% increase in MVC in 

young following 7 days of recovery (p<0.05), and the -3.0±1.0% decrease in voluntary muscle 

activation in old following 4 days of disuse (p<0.05) which furthermore tended (p=0.095) to remain 

suppressed following 7 days of recovery (Table 1). 

 

3.2 Electrically evoked muscle twitch properties 

Prior to disuse and subsequent active recovery, age-related differences were observed in electrically 

evoked muscle twitch responses, as evidenced by lower single twitch force (-46.3%), lower doublet 

twitch force (-30.0%), longer time to single twitch force (+5.1%), and shorter time to doublet twitch 

force (-4.5%) in old compared to young (p<0.05) (Table 1). 

Disuse led to decrements in single twitch force by -7.6±3.3 and -25.8±6.6% in young and old, 

respectively (p<0.05), and in doublet twitch force by -23.2±5.5% in old (p<0.05) (Fig. 2, Table 1). 

Single and doublet twitch force decreased to a greater extent with disuse in old compared to young 

(p<0.05) (Fig. 2, Table 1). Following recovery, evoked muscle twitch forces returned to pre-disuse 

values in young, while single twitch and doublet twitch force remained suppressed (-16.5±4.7 and -

17.5±3.7%) in old participants (p<0.05) (Figs. 2, Table 1). Time to single and doublet twitch force 

remained unaffected by disuse and recovery, respectively, in both young and old. 

No changes in electrically evoked muscle twitch properties emerged in the control leg, except 

for a -8.4±3.8% decrease in doublet twitch force in old following 4 days of disuse (p<0.05) (Table 

1). 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

3.3 Correlation analyses 

Positive correlations were observed between disuse-induced percentage changes in MVC and single 

twitch force in both young (r=0.62, p<0.05) and old (r=0.64, p<0.05), as well as between percentage 

changes in MVC and doublet twitch force in old (r=0.61, p<0.05) but not young (r=0.40, ns). 

Moreover, a positive correlation was observed between disuse-induced percentage changes in MVC 

and voluntary muscle activation in old (r=0.83, p<0.05) (Fig. 3B) whereas absent in young (r=0.28, 

ns) (Fig. 3A). As evident from figure 3B, two participants (~extreme responders) may have 

markedly influenced the observed correlation. By removing these two data points the significant 

association becomes slightly weaker yet remains (r=0.65, p<0.05). 

 Multiple regression analysis revealed a combined influence of disuse-induced changes in 

voluntary muscle activation and single twitch force on the concurrent percentage change in MVC in 

both young (r=0.72, p<0.05) and old participants (r=0.89, p<0.05) (overall model statistics listed in 

Table 2). In addition, a combined influence of disuse-induced percentage changes in voluntary 

muscle activation and doublet twitch force on the concurrent change in MVC was observed in old 

participants (r=0.83, p<0.05) (Table 2). Analysis of the weighted influence (i.e. the ratio between 

standardized beta values) revealed that changes in voluntary muscle activation were particularly 

dominant on the change in MVC in old participants (see weighted influence, Table 2). 

 

Insert Table 2 about here…  

 

Furthermore, correlations were observed between relative recovery-induced changes (in %) in MVC 

and voluntary muscle activation in young (r=0.61, p<0.05) (Fig. 3C) and old (r=0.64, p<0.05) (Fig. 

3D). However, multiple regression analysis revealed no combined influence of the recovery-
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induced percentage changes in voluntary muscle activation and twitch force on the concurrent 

percentage change in MVC in young or old (Table 2). 

 

4. Discussion 

The present study investigated the effects of 4 days of disuse followed by 7 days of active recovery 

on maximal knee extensor muscle strength in young versus old healthy individuals, while studying 

two potential underlying mechanistic factors: changes in voluntary muscle activation representing 

adaptations in central neural drive and changes in electrically evoked muscle twitch properties 

representing adaptations in peripheral muscle contractility. To our best knowledge, these 

mechanistic aspects have not previously been examined in old individuals following short-term 

disuse (< 7 days). Briefly summarized, 4 days of disuse led to marked impairments in maximal 

muscle strength in both young and old individuals. However an attenuated ability to restore 

maximal muscle strength and electrically evoked muscle twitch response were noted in old but not 

young individuals following 7 days of active recovery, indicating an impaired recovery capacity in 

old males following short-term disuse. As a main and novel finding of the present study, disuse-

induced adaptations mainly were attributable to changes in central neural drive in old individuals, 

while conversely attributable to changes in peripheral muscle contractile properties in young 

individuals. In addition, recovery-induced adaptations mainly were attributable to changes in central 

neural drive in old as well as young individuals. 

 

4.1 Effects of disuse 

In the present study, maximal isometric knee extensor strength decreased following 4 days of lower 

limb disuse in young and old individuals by -9.7 and -16.4%, respectively, corresponding to a 
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decline rate of -2.4 and -4.1% per day, respectively. In close agreement, Tanner and colleagues 

reported that isometric knee extensor strength decreased by 6 and 16% in younger and older adults, 

respectively, following 5 days of lower limb disuse (bed rest) (Tanner et al. 2015). In combination, 

these data demonstrate that older individuals are at high risk of muscle strength deterioration 

following short-lasting (4-5 days) disuse. Data previously published in the same group of 

participants demonstrate a similar pattern of disuse-induced changes in isometric knee extensor 

strength (recorded at 70° knee joint angle) albeit of a somewhat smaller magnitude (Hvid et al. 

2014). This disparity may be explained by the observation of more pronounced disuse-induced 

decrement in muscle strength at longer vs shorter muscle lengths (i.e. 90° vs 70° knee joint angle) 

possibly due to a loss of thick and thin myofilaments (Hvid et al. 2017; Udaka et al. 2011) 

potentially resulting in an altered force-length relationship (i.e. reduced overlap between actin and 

myosin at longer vs shorter muscle lengths). 

The present observation of greater decrements in voluntary muscle activation with short-term 

disuse (4 days, knee brace) in old versus young individuals (-8.4 vs -1.1%) corresponds well to 

previous study findings from our Lab in old versus young individuals (-9.9 vs -1.1%) using a more 

prolonged disuse protocol (14 days, whole-leg casting) (Suetta et al. 2009). Supporting these 

findings, Deschenes and colleagues observed a more pronounced decrease in knee extensor muscle 

EMG activity obtained during MVC in old versus young individuals (-14 vs -2%) following 7 days 

of disuse (Deschenes et al. 2008). Despite the use of different assessment methods (superimposed 

twitch technique versus surface EMG recording), altogether these data strongly suggest that 

adaptations in central neural drive in response to short-term disuse may occur more rapidly in old 

compared to young individuals. 

Comparable with the changes observed in voluntary muscle activation, electrically evoked 

muscle single and doublet twitch forces were observed to become more reduced in old versus young 
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individuals (-25.8 vs -7.6% and -23.2 vs -2.0%, respectively). To our best knowledge, only a single 

previous study has examined this aspect in older individuals, albeit using a more prolonged disuse 

period (14 days, whole-leg casting) that revealed similar magnitude of change in single twitch force 

in old and young (-27.7 vs -22.2%) (Suetta et al. 2009). Despite that the present findings indicate 

that intrinsic muscle contractility factors may undergo more rapid changes in old compared to 

young individuals, the present young and old study participants showed no disuse-induced changes 

in fiber type composition (Hvid et al. 2014; Hvid et al. 2013). Likewise, no differences were 

observed in the magnitude of disuse-induced changes between young and old in terms of type I and 

II muscle fiber atrophy (Hvid et al. 2014) or in single fiber contractility (Hvid et al. 2013). Other 

factors such as alterations in muscle architecture, sarcoplasmic reticulum Ca2+ kinetics and/or 

mechanical properties of tendons and aponeuroses (Couppe et al. 2012; Gondin et al. 2004; Kuu et 

al. 2007; Suetta et al. 2009; Witzmann et al. 1982a; Witzmann et al. 1982b) may therefore be likely 

candidates responsible for the more marked changes in twitch force observed in old versus young 

participants in the present study. 

Correlation analysis revealed that disuse-induced changes in MVC primarily were associated 

with changes in electrically evoked single muscle twitch force in young (doublet muscle twitch 

force analysis failed to reach statistical significance), and primarily associated with changes in 

voluntary muscle activation in old adults (demonstrating a 2-to-5 fold greater influence than the 

corresponding changes in electrically evoked single and doublet muscle twitch forces). These 

findings suggest that aging affect the plasticity by which central and peripheral mechanisms are 

modified by in response to disuse. Obviously, this analysis should be interpreted with caution as 

relative (percentage) changes in single/doublet twitch force and activation  - which were the only 

parameters included in the regression model to examine their individual and weighted influence on 

relative (percentage) changes in muscle strength – did not undergo marked changes in young. 
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4.2 Effects of active recovery 

While MVC was restored in young following the 7 days of active recovery (reloading), it remained 

suppressed in old by -8.4% compared to pre-disuse values. Over the recent decade, a number of 

studies have examined the ability to restore mechanical muscle function following disuse periods of 

varying length in older individuals (Boesen et al. 2014; Deutz et al. 2013; Pisot et al. 2016; Sarabon 

and Rosker 2013; Suetta et al. 2009; Tanner et al. 2015). Fourteen days of muscle disuse followed 

by 14 days of recovery (including 3 sessions of moderate-to-high intensity resistance training per 

week) have shown incomplete (Sarabon and Rosker 2013) as well as complete (Boesen et al. 2014; 

Pisot et al. 2016) re-establishment of maximal knee extensor and plantar flexor muscle strength in 

both young and old individuals. Following muscle disuse lasting 5 days (Tanner et al. 2015) or 10 

days (Deutz et al. 2013), 56 days of recovery (including 3 sessions of moderate-to-high intensity 

resistance training per week) resulted in complete re-establishment of dynamic knee extensor 

strength at slow (60°
.
s

-1
) and moderate contraction speeds (180°

.
s

-1
) in both young and old 

individuals. Based on the present results, however, active recovery following short-term (4 days) 

disuse should be conducted for longer than 7 days and/or involve more than one session of 

resistance training in order to fully restore mechanical muscle function in older individuals. 

Notably, while voluntary muscle activation was restored in old participants following 7 days 

of active recovery in the present study, it increased in young to exceed pre-disuse values. This 

differential age-related pattern of change mirrors previous observations following 28 days of 

recovery preceded by 14 days of disuse reported from our Lab (Suetta et al. 2009). Collectively, 

these data demonstrate that irrespectively of age adaptations in central neural drive occur very 

rapidly within the initial phase of active recovery (days) subsequent to 4-14 days of disuse. This 
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general trend conforms well with previous reports of ‘early phase’ training-induced adaptations in 

central neural drive observed in response to resistance training in both young (Del Balso and 

Cafarelli 2007; Kamen and Knight 2004) and old individuals (Kamen and Knight 2004). Notably, 

the present findings emphasize that active recovery (reloading) may induce substantial 

improvements in voluntary muscle activation following short-term disuse regardless of age, thus 

reflecting a sustained central neural drive plasticity at increasing age. 

In the present study, changes in electrically evoked muscle twitch force followed a similar 

pattern as observed for MVC, i.e. with single and doublet twitch force being restored in young 

following the active recovery yet remaining suppressed in old by -16.5 and -17.5%, respectively. In 

contrast, when exposed to a more prolonged disuse period (14 days, whole-leg casting) followed by 

an even more extended recovery period (28 days, including 12 sessions of high-intense resistance 

training), evoked muscle twitch forces previously were observed to be fully restored in both young 

and old individuals (Suetta et al. 2009). Collectively, these and the present findings indicate that 

prolonged periods of active recovery (reloading) are needed in older individuals in order to achieve 

optimal adaptations in the different peripheral factors determining twitch force. Since time to twitch 

force remained unaffected following the 7 days of active recovery, factors such as suppressed 

ability to restore muscle mass and single fiber contractility are among the most plausible candidates 

to explain the incomplete recovery in electrically evoked peak twitch force observed in old 

participants. In support of this notion, muscle biopsy data (VL muscle) obtained in the present 

young and old study participants revealed that the cross-sectional area (CSA) of type I fibers in old 

remained suppressed (-7.2%) following the 7 days of active recovery (Hvid et al. 2014). Also, Pisot 

and colleagues reported an attenuated ability to restore VL muscle fiber CSA (all fiber types 

pooled) in old but not young individuals following 14 days of rehabilitation preceded by 14 days of 

disuse (Pisot et al. 2016). 
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In the present study, correlation analysis revealed that recovery-induced changes in MVC in 

both young and old were mainly associated with changes in voluntary muscle activation that 

appeared to have 2-to-4 fold greater influence than the corresponding changes in electrically evoked 

single and doublet muscle twitch forces. As stated above, this analysis should be interpreted with 

caution due to the absence of significant increases in single and doublet twitch force following 

recovery. Nevertheless,  the present data  strongly indicate that recovery-induced adaptations in 

voluntary muscle activation plays a dominant role in restoring mechanical muscle function, 

irrespectively of age. 

 

4.3 Methodological considerations 

First, the superimposed twitch technique holds certain limitations as discussed in detail elsewhere 

(de Haan et al. 2009; Gandevia 2001; Shield and Zhou 2004; Taylor 2009), and the present findings 

and conclusions needs to be viewed in light hereof. Yet, the superimposed twitch technique is 

considered a well-established method to assess voluntary muscle activation during maximal force 

exertion (~proxy of central neural drive), especially when adhering to ‘best practice’ guidelines to 

minimize the influence of various known methodological limitations (Gandevia 2001; Shield and 

Zhou 2004) as done in the present study. When comparing values of voluntary muscle activation at 

Fam and Pre the superimposed twitch technique appears very robust, both at the individual level 

(CV% = 2.2%) as well as at the group level (variations in group means range from 0.1-to-0.3 %). 

Moreover, as the relative percentage changes for voluntary muscle activation in old were 

substantially greater than the observed CV% values, these changes probably reflect true 

physiological adaptations induced by the periods of disuse and recovery, respectively. Second, since 

all post-disuse tests were carried out 1 day after removal of the knee brace (See Section 2.2 in 
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Methods) some extent of recovery probably was in effect, masking the true detrimental effects of 

the 4-day disuse period. Nevertheless, this approach was chosen as a safety precaution, to avoid 

muscle or ligament damage induced by the protocol of strenuous muscle strength testing. Third, the 

present study did not include assessment of whole muscle mass (e.g. of knee extensor muscle CSA 

or volume), which limits the interpretation of central neural drive and muscle contractility in 

relation to muscle mass as well. Future studies should examine the combination of an even greater 

array of potential mechanisms to better understand the weighted influence hereof on mechanical 

muscle function. Fourth, we intentionally recruited healthy recreationally active young and old 

participants in order to improve the likelihood that the derived results would reflect the effects of 

aging per se, and not due to a higher degree of habitual inactivity in the older study participants. A 

caveat of this approach was that our old participants may not readily represent those at high risk of 

hospitalization, e.g. older individuals with markedly impaired lower extremity performance 

(Penninx et al. 2000). Although of scientific interest, exposing very old individuals and/or 

frail/mobility-limited/sarcopenic old individuals to an experimental disuse protocol might be 

considered unethical. Fifth, as none of the participants had previously performed resistance training 

on a regular basis, the estimated 5-RM’s (and the subsequent calculation of 12-RM loads used for 

the training session) may have been affected by some degree of variability. Hence, the actual 

training load estimated for each training participant may have been slightly different from intended.  

 

4.4 Implications for physical function 

While the present study explicitly aimed to explore potential mechanisms responsible for the 

adaptive plasticity in muscle strength seen with short-term disuse and subsequent recovery, our 

findings strongly imply that in old healthy individuals, active recovery following short-term disuse 
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(~4 days) should last longer than 7 days and/or include more than 1 session of supervised resistance 

training in order to fully restore mechanical muscle function (maximal knee extensor strength). This 

knowledge may be helpful to clinical health care professionals when designing and implementing 

optimal rehabilitation protocols for older individuals exposed to short-term disuse, specifically 

following short-lasting conditions of disease-related disuse including hospitalization and bed rest. 

Importantly, rehabilitation protocols should include exercises that impose high demands on the 

efferent neuromuscular system in order to achieve adaptations in central neural drive (Arnold and 

Bautmans 2014), since this factor appears to be a dominant mechanism associated with the disuse-

and recovery-induced adaptations in older individuals. Although not examined in the present study, 

the adaptations in central neural drive may also be of significance for improvements in physical 

function as previously evidenced in mobility-limited older individuals (concurrent training-induced 

improvements in maximal walking speed) (Hvid et al. 2016). 

 

5. Conclusions 

The present data demonstrate that old individuals are at a high risk of experiencing significant 

impairments in mechanical muscle function (muscle strength, MVC) following short-term disuse (4 

days), which is further aggravated by an attenuated ability to restore muscle strength during 

subsequent active recovery (7 days). Substantial plasticity in voluntary muscle activation (~central 

neural drive) and electrically evoked muscle twitch properties (~peripheral muscle contractility) 

were demonstrated in both young and old individuals in response to short-term disuse and 

subsequent active recovery. Disuse-induced decrements in MVC mainly were attributable to central 

(neural drive) adaptations in old individuals and peripheral (muscle contractility) adaptations in 

young individuals, respectively, whereas the recovery-induced improvements in MVC mainly were 
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attributable to central (neural drive) adaptations in both old and young. Altogether, plasticity in 

voluntary muscle activation (~central neural drive) is a dominant mechanism affecting short-term 

disuse- and recovery-induced changes in muscle strength in older adults. 
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Intervention leg 

 
Non-intervention (control) leg 

                     

  
Young  (n=11)   

 
Old  (n=11)   

 
Young  (n=11)   

 
Old  (n=11)   

                     MVC Fam 2.83 ± 0.15 
  

1.84 ± 0.16 a 
 

2.90 ± 0.14 
  

1.92 ± 0.17 a 

(Nm
.
kg

-1
) Pre 2.79 ± 0.13 

  
1.86 ± 0.15 a 

 
2.88 ± 0.15 

  
1.91 ± 0.17 a 

 
Post 2.52 ± 0.14 b 

 
1.56 ± 0.14 a,b 

 
2.96 ± 0.15 

  
1.89 ± 0.17 a 

 
Rec 2.75 ± 0.13 c 

 
1.69 ± 0.13 a,b,c,d 3.04 ± 0.12 b 

 
1.88 ± 0.17 a 

                     (Nm) Fam 208.8 ± 11.7 
  

158.0 ± 10.9 a 
 

216.8 ± 14.4 
  

164.8 ± 12.9 a 

 
Pre 207.6 ± 12.1 

  
159.4 ± 11.0 a 

 
215.3 ± 15.0 

  
163.5 ± 13.4 a 

 
Post 187.6 ± 12.4 b 

 
134.7 ± 12.0 a,b 

 
221.5 ± 15.0 

  
162.8 ± 14.2 a 

 
Rec 205.1 ± 13.3 c 

 
147.1 ± 11.8 a,b,c,d 226.8 ± 13.0 b 

 
162.0 ± 14.3 a 

                     Activation Fam 93.8 ± 1.0 
  

89.4 ± 1.6 a 
 

93.9 ± 1.1 
  

88.4 ± 2.3 a 

(%) Pre 94.0 ± 0.8 
  

89.2 ± 2.2 a 
 

94.2 ± 1.1 
  

88.5 ± 2.6 a 

 
Post 92.9 ± 1.1 

  
81.8 ± 3.9 a,b,d 93.4 ± 0.9 

  
85.9 ± 3.0 a,b 

 
Rec 95.6 ± 0.7 c 

 
87.2 ± 2.6 a,c 

 
94.1 ± 0.9 

  
86.5 ± 3.1 a 

                     Single twitch force Fam 0.67 ± 0.04 
  

0.36 ± 0.03 a 
 

0.63 ± 0.03 
  

0.36 ± 0.03 a 

(Nm
.
kg

-1
) Pre 0.66 ± 0.04 

  
0.36 ± 0.03 a 

 
0.64 ± 0.04 

  
0.36 ± 0.03 a 

 
Post 0.60 ± 0.03 b 

 
0.27 ± 0.04 a,b,d 0.61 ± 0.03 

  
0.32 ± 0.03 a 

 
Rec 0.62 ± 0.03 

  
0.30 ± 0.03 a,b,d 0.64 ± 0.03 

  
0.33 ± 0.02 a 

                     Time to single twitch force Fam 74.2 ± 1.2 
  

78.0 ± 1.2 a 
 

74.7 ± 1.1 
  

78.5 ± 1.1 a 

(ms) Pre 74.1 ± 1.1 
  

77.9 ± 1.2 a 
 

74.1 ± 1.3 
  

78.6 ± 1.2 a 
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Post 74.3 ± 1.1 

  
78.4 ± 1.2 a 

 
75.0 ± 1.3 

  
78.3 ± 1.4 a 

 
Rec 74.2 ± 1.1 

  
78.4 ± 0.8 a 

 
74.4 ± 1.1 

  
79.6 ± 1.2 a 

                     Doublet twitch force Fam 1.28 ± 0.05 
  

0.90 ± 0.06 a 
 

1.28 ± 0.03 
  

0.88 ± 0.05 a 

(Nm
.
kg

-1
) Pre 1.27 ± 0.04 

  
0.91 ± 0.06 a 

 
1.28 ± 0.05 

  
0.89 ± 0.05 a 

 
Post 1.25 ± 0.04 

  
0.69 ± 0.06 a,b,d 1.26 ± 0.04 

  
0.81 ± 0.04 a,b 

 
Rec 1.25 ± 0.03 

  
0.75 ± 0.06 a,b,d 1.25 ± 0.05 

  
0.85 ± 0.06 a 

                     Time to doublet twitch force Fam 140.3 ± 6.0 
  

134.0 ± 6.6 a 
 

138.6 ± 6.4 
  

137.5 ± 8.4 a 

(ms) Pre 139.5 ± 6.7 
  

133.5 ± 7.7 a 
 

138.7 ± 6.4 
  

136.5 ± 7.8 a 

 
Post 128.5 ± 7.3 

  
123.1 ± 4.0 a 

 
132.9 ± 6.4 

  
128.8 ± 7.8 a 

 
Rec 132.3 ± 6.2 

  
129.0 ± 6.7 a 

 
133.5 ± 6.5 

  
131.7 ± 7.2 a 

 

 

Table 1. MVC, voluntary muscle activation, peak single and doublet twitch force, as well as time to peak single and doublet twitch force prior to (Pre) and after 4 days 

of disuse (Post), as well as after 7 days of active recovery (Rec) in young and old healthy men. Values are means ± se. a: significantly different from Young, b: 

significantly different from Pre, c: significantly different from Post, d: significantly different from relative Pre-to-Post or Pre-Rec change in young. Significance level: 

p<0.05. 

  

ACCEPTED MANUSCRIPT



ACCEPTED M
ANUSCRIPT

 

     

Disuse-induced % 

changes in MVC 

 

Recovery-induced % 

changes in MVC 

            

     

Young 

 

Old 

 

Young 

 

Old 

            
Overall model stats 

  

 

r-value 

 

0.72 

 

0.89 

 

0.42 

 

0.70 

  

 

p-value 

 

<0.05 

 

<0.05 

 

ns 

 

0.095 

 
  

 

                  

 

  

          

Activation   

 

std. 

beta 

 

0.37 

 

0.68 

 

0.94 

 

0.59 

  

 

p-value 

 

ns 

 

<0.05 

 

ns 

 

0.069 

 

  

          

Single twitch force   

 

std. 

beta 

 

0.67 

 

0.34 

 

0.24 

 

0.30 

  

 

p-value 

 

<0.05 

 

<0.05 

 

ns 

 

ns 

 

  

          Weighted influence   

   

0.6 

 

2.0 

 

3.9 

 

2.0 

                        

            
Overall model stats 

  

 

r-value 

 

0.47 

 

0.83 

 

0.42 

 

0.68 

  

 

p-value 

 

ns 

 

<0.05 

 

ns 

 

ns 

 
  

 

                  

 

  

          
Activation 

  

 

std. 

beta 

 

0.38 

 

0.75 

 

0.40 

 

0.57 
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p-value 

 

ns 

 

<0.05 

 

ns 

 

0.083 

 

  

          

Doublet twitch force   

 

std. 

beta 

 

0.17 

 

0.15 

 

0.11 

 

0.26 

  

 

p-value 

 

ns 

 

ns 

 

ns 

 

ns 

 

  

          Weighted influence   

   

2.2 

 

5.0 

 

3.6 

 

2.2 

 

 

Table 2. Regression analysis involving disuse- or recovery-induced percentage changes in MVC, voluntary muscle activation, and single or doublet twitch force in 

young (n=11) and old participants (n=11). The overall model states whether the combined influence of changes in voluntary muscle activation and single or doublet 

twitch force is associated with changes in MVC. The individual influence of voluntary muscle activation versus single or doublet twitch force is also provided, along 

with the ratio between the standardized beta values to indicate whether changes in voluntary muscle activation has a different influence than changes in single or 

doublet twitch force on changes in MVC. Significance level: p<0.05. 
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Figure 1. Assessment of knee extensor voluntary muscle activation using the superimposed twitch 

interpolation technique. For illustrative purposes, typical examples recorded prior to disuse are shown for a 

young participant (left panel) and old participant (right panel). Arrows indicate onset of doublet twitch 

stimulations, with the doublet twitch force amplitudes during MVC and subsequently during rest, used in the 

calculation of voluntary muscle activation (see Methods). 

Figure 2. Relative (percentage) changes in MVC, voluntary muscle activation, single twitch force (S. 

twitch), and doublet twitch force (D. twitch) observed after 4 days of disuse (Post) and 7 days of recovery 

(Rec) in young (n=11, white bars) and old (n=11, grey bars) compared to values obtained prior to disuse 

(Pre). Values are means ± se. b: significantly different from Pre, d: significantly different from relative Pre-

to-Post or Pre-Rec change in young. Significance level: p<0.05. 

Figure 3. Association between relative (percentage) changes in voluntary muscle activation and MVC 

induced by 4 days of disuse (pre-post changes (A+B)) and 7 days of active recovery (post-rec changes 

(C+D)) in young (n=11, white circles, A+C) and old (n=11, grey circles, B+D). Note that by removing the 

two participants (~extreme responders) in (B), the significant association becomes slightly weaker yet 

remains (r=0.65, p<0.05). 
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Highlights 

 

 Short-term disuse (4 days) and subsequent recovery (7 days) induce substantial changes in 

muscle strength 

 Mechanisms involved in such muscle strength modifications differ between young and old 

 Muscle strength changes with short-term disuse and subsequent recovery mainly are 

attributable to central (neural drive) adaptations in old 
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