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INTRODUCTION 
 

Sedentary behavior is characterized by low energy 

expenditure, and a seated/ reclined posture during 

waking hours [1]. Sedentary time appears hazardous 

above 8h/day [2, 3] with the achievement of current 

moderate-to-vigorous physical activity (MVPA) 
recommendations [4] being insufficient to offset high 

sedentary time [5]. Accordingly, light intensity physical 

activity (LIPA) displays a strong inverse correlation 

with sedentary behavior [6], suggesting LIPA 

displacement may contribute to the detrimental effects 

of sedentary time. Furthermore, a prolonged 

sedentarism accumulation pattern (longer sitting bouts) 

is associated with worse health outcomes compared to a 

more fragmented pattern (shorter sitting bouts) [7]. 

 

Sedentary time is higher among older adults [8] and is 

strongly associated with a myriad of poor health 

outcomes [9–14], most notably compromised physical 
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ABSTRACT 
 

The optimal pattern of sedentarism displacement and mechanisms underlying its health effects are poorly 
understood. Therefore, the aim of this study was to quantify muscle-tendon adaptation in response to two 
different sedentarism displacement interventions and relate any adaptations to functional outcomes. Thirty-
four older women (73±5yrs) underwent skeletal muscle-tendon size and functional assessments. Participants 
were randomly allocated to: Sedentary behavior fragmentation (SBF), Light intensity physical activity (LIPA), or 
Control groups. Measures were taken at weeks 0 and 8. Gait speed significantly increased (p=0.003), in both 
experimental groups (SBF: 0.06 ± 0.08m/s, 6±10%, LIPA: 0.06 ± 0.07m/s, 6±6%), but not control (-0.02 ± 
0.12m/s, -2±9%). Accordingly, the relative change in Vastus Lateralis muscle volume, accounted for 30% 
(p=0.027), and 45% (p=0.0006) of the explained variance in the relative change in gait speed, for SBF and LIPA 
respectively. Gastrocnemius Medialis fascicle length changes were positively associated with gait speed 
changes, following LIPA exclusively (R2= 0.50, p=0.009). This is the first study to show SBF and LIPA are 
adequate loading in older women, with related muscle adaptation and clinically relevant gait speed 
improvements. Such adaptations appear similar irrespective of whether sedentarism displacement is 
prescribed in a single bout (LIPA) or in frequent micro-bouts (SBF). 
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function [15–18]. The association between sedentary 

time and compromised function is exacerbated in frail 

individuals [13], and those accumulating sedentary time 

in a prolonged pattern [19], which also appears 

independent of concurrent MVPA time [20]. One 

mechanism potentially mediating such detriments is 

muscle tendon complex deterioration. Accordingly, 

severe disuse induces rapid muscle atrophy [21–23], 

with sedentary behavior specifically associated with the 

accelerated age-related loss of muscle mass (pre-

sarcopenia) [24]. Furthermore, women tend to exhibit 

greater anabolic resistance and larger reductions in 

strength following disuse compared to men [25, 26]. 

However, the mechano-sensitivity of the human tendon 

is less clear [27], with only chronic unloading causing 

tendon atrophy [28]. Nevertheless, short term disuse 

causes tenocyte mediated detection of force-induced 

deformations [29] that subsequently trigger catabolic 

pathways in tendon [30]. Furthermore, alterations in 

muscle architecture and the force producing capabilities 

of muscle may also play a role [31–33]. Therefore, 

sedentary behavior could contribute towards age-related 

muscle-tendon complex deterioration. 

 

Despite the positive effects of high intensity activity on 

both muscle [34] and tendon [27, 35, 36] older adults 

exhibit poor prolonged adherence to MVPA regimens 

[37–40]. Whilst it may be rational to assume lower 

intensity activity may not produce a sufficient muscle-

tendon adaptation stimulus, evidence for/against this 

idea is scarce. Indeed, a body of work suggests the 

necessity for high intensity loading [35, 39], whilst 

another suggests that older women in particular would 

benefit from lower intensity loading [41]. Nevertheless, 

low intensity training has still been shown to stimulate 

muscle hypertrophy [42], contributing to enhanced 

strength [43, 44] and physical function [45]. Equally, 

increases in daily LIPA have been shown to change 

muscle architecture at rest [46], increase muscle mass 

[47, 48] and improve physical function [49] in older 

adults generally, but especially in frail individuals [44, 

48–50]. Thus, the potential for LIPA to generate 

comparable physiological responses relative to more 

conventional high intensity loading is a somewhat 

recent theorem, supported by previous observations 

whereby older adults engaging in low frequency stair 

climbing exhibit significantly reduced mortality [51]. 

Therefore, due to the relative surge in physical demands 

that LIPA seems to generate in older adults closer to the 

lower limits of their physiological reserve, such activity 

may reach an appropriate loading threshold required for 

muscle-tendon complex hypertrophy. 

 

Specifically, displacing sedentary behavior with LIPA 

improves balance [52] and enhances both gait speed 

[53] and sit-to stand ability [50, 52] in older adults. 

Interestingly, acute muscle activity during LIPA 

appears higher in the Triceps Surae compared to the 

knee extensors [54], which is reasonable given the key 

role such muscles play in maintaining upright balance 

[55] and ambulation [56]. Considering gait speed 

improvements, this ultimately suggests that the Triceps 

Surae may undergo greater adaptation following SB 

displacement, and thus should be considered a primary 

target for investigation. Nevertheless, previous 

interventions have failed to adequately control for the 

pattern of prescribed LIPA, meaning sedentary behavior 

fragmentation [repeated interruption of prolonged 

sitting with frequent sit-to-stand transitions and LIPA 

breaks (SBF)] may have still caused sufficient knee 

extensor adaptation. However, muscle-tendon complex 

hypertrophy following LIPA is likely to be small in 

magnitude given that tendon has a relatively slow 

turnover rate [27, 57], and lower activity volumes 

generally stimulate less muscle hypertrophy [58]. 

Nevertheless, despite muscle size not being a strong 

predictor of gait speed in older adults, it remains a 

significant predictor [59, 60], which may ultimately 

indicate that minor changes in muscle-tendon complex 

size can still mediate functional improvement following 

sedentary behavior displacement with light activity in 

older adults. 

 

Therefore, the aim of the current study was to quantify 

muscle-tendon complex hypertrophy in response to two 

different LIPA interventions in older females and relate 

any such adaptations to functional outcomes. The first 

intervention would emulate traditional exercise through 

a single daily LIPA bout, whereas the second would 

implement the same amount of LIPA as in the first 

group but be spread throughout the day (SBF). It was 

hypothesized that both interventions would induce 

muscle-tendon complex hypertrophy and improve 

overall lean body mass, thus translating to improved 

function (such as gait speed). It was further 

hypothesized that muscular adaptation would be 

disproportionately observed in the Triceps Surae 
[(Gastrocnemius Medialis (GM)/ Gastrocnemius 

Lateralis (GL)] group compared to the knee extensor 

group [Vastus Lateralis (VL)]. Finally, we hypothesized 

SBF would induce comparable muscle-tendon complex 

hypertrophy and functional improvement to those 

attained through continuous LIPA. 

 

RESULTS 
 

Descriptive characteristics of participants at baseline 

 

The 34 older women were matched at baseline for all 
outcome variables of interest (Table 1). Briefly, there 

was no statistically significant difference between the 

three groups at study onset for either GM, GL, or VL 
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Table 1. Baseline characterstics of the study sample. 

 
SBF 

(n=13) 

LIPA 

(n=13) 

Control 

(n=8) 

Whole 

sample 

(n=34) 

Age (years) 74 ± 5 74 ± 6 70 ± 3 73 ± 5 

Height (m) 1.59 ± 

0.07 

1.61 ± 

0.07 

1.58 ± 

0.1 

1.60 ± 

0.06 

Mass (Kg) 68.8 ± 

11.7 

65.6 ± 

8.9 

65.4 ± 

9.7 

66.8 ± 

10.1 

Dual X-Ray 

absorptiometry  

derived data 

Sarcopenic index 6.32 ± 

0.81 

5.97 ± 

0.80 

5.92 ± 

0.81 

6.08 ± 

0.80 

Sarcopenic 

Categorization 

Proportion classified as Non-sarcopenic (Pre-

sarcopenic/Low functional performance) 

85% 

(0%/15%) 

77% 

23%/0%) 

88% 

12%/0%) 

83% 

(12%/5%) 

Physical 

Behavior 

classification 

Proportion classified as Sedentary (Non-sedentary) 92% (8%) 100% 

(0% 

75% 

(25%) 

91% (9%) 

Physical 

Behavior 

Sedentary Behavior (h/24h) 9.6 ± 1.3  9.5 ± 1.0  8.3 ± 1.8 9.3 ± 1.4 

Light intensity physical activity (h/24h) 2.0 ± 0.8  2.1 ± 0.4  2.2 ± 0.7  2.1 ± 0.5 

Moderate to vigrous physical activity (h/24h) 3.0 ± 1.0 2.5 ± 0.8 3.6 ± 1.1 3.0 ± 1.0 

Participant characteristics values are means ± SD. 
 

regional anatomical cross sectional area (CSA), total 

muscle volumes, or fascicle length (Lf). Furthermore no 

baseline differences were observed for Achilles Tendon 

average or regional CSA, nor any of the segmental 

DEXA-derived body composition outcome variables 

(Table 2). Only VL fascicle pennation angle (FPA) 

(p≤0.001) and VL physiological cross-sectional area 

(PCSA) (p=0.005) exhibted signficant differences 

between groups at baseline. 

 

Physical behavior  

 

All groups were significantly matched for sedentary 

behavior, LIPA, and MVPA at baseline (p≥0.05). There 

was no group×time interaction for sedentary behavior 

(p=0.41). However, a trend for an effect over time was 

observed (p=0.08, ɳp
2
=0.21) driven primarily by a 

decrease in both experimental groups (SBF: -2±15%, 

LIPA: -4±14%) in contrast to control (4±30%). 

Promisingly, 8 participants (24%) positively shifted 

classification from sedentary to non-sedentary (SBF: 

n=3, LIPA: n=3, CON: n=2) in response to the 

intervention, with the other 26 participants (74%) 

remaining stable in their category over time.  

Furthermore no significant effects were observed for 

MVPA (p≥0.05) (Please see table 1).  

 

Sarcopenia categories  
 

All groups were significantly matched at baseline for 

categories of sarcopenia status (p=0.18), where 82%, 

12%, and 6% were categorized as non-sarcopenic, pre-

sarcopenic, and low functional performance 

respectively (Please see table 1). Only one participant 

positively shifted sarcopenia classification from low-

functional performance to non-sarcopenic in response to 

the SBF intervention, with all other participants 

remaining stable in their category over time. 

 

GM, GL, VL volume and PCSA intervention-

induced changes 
 

GM volume showed no effect of time (p=0.47), no 

effect of group (p=0.22) but a group×time interaction 

(p=0.014, β=0.77, ɳp
2
=0.24), with an increase in the 

control group GM volume being the driver for this 

interaction (Figure 1A). The associated changes for 

each group are illustrated in Figure 1B–1D. Similarly, a 

group×time interaction trend was observed for GM 

PCSA (p=0.06, β=0.56, ɳp
2
=0.18), with the control 

group increasing on average (15±12%) in contrast to 

both SBF (0±17%), and LIPA (-5±12%). However, 

there were no time, group, or group×time interactions 

observed for CSA, volume, or PCSA, in the GL and VL 

(Please see Table 2 and Figure 2). 

 

GM and VL resting muscle architecture  
 

GM fascicle length (Lf) exhibited a significant 

group×time interaction effect (p=0.04). The primary 

driver for this effect was the significant difference 

between SBF, in which Lf decreased (-0.16±0.55cm, -

4±10%), and LIPA, in which it increased (0.35±0.40cm, 

5±8%) (p=0.04). Furthermore, once corrected for 
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Table 2. Changes in skeletal muscle-tendon size, muscle architecture, lean body mass, and functional performance. 

 SBF (n=13) LIPA (n=13) Control (n=8) 

Pre Post Absolute 

change 

(Δ% 

change) 

Pre Post Absolute 

change 

(Δ% 

change) 

Pre Post Absolute 

change 

(Δ% 

change) 

Gastrocnemius 

Medialis 

Total Volume 

(cm3) 

195.1 ± 

33.3 

186.2 ± 

41.6 

-8.9 ± 27 

(-5 ± 

13%)× 

215.0 ± 

49.0 

211.2 ± 

46.0 

-3.8 ± 

21.2 (-1 ± 

9%)× 

175.0 ± 

31.6 

196.3 ± 

30.5 

21.3 ± 

12.6 (13 

± 8%)× 

FPA (°) 20 ± 3 19 ± 2 -1 ± 4 (-2 

± 22%) 

18 ± 3 18 ± 2 0 ± 2 (-1 

± 9%) 

18 ± 3 19 ± 3 1 ± 3 (0 

± 16%) 

Fascicle 

Length (cm) 

5.5 ± 0.7 5.2 ± 0.6 -0.2 ± 0.6 

(-4 ± 

10%)× 

5.7 ± 0.7 5.9 ± 0.5 0.3 ± 0.4 

(5 ± 8%)× 

6.0 ± 0.7 6.0 ± 0.7 -0.1 ± 

0.4 (-1 ± 

7%)× 

PCSA (cm2) 36.0 ± 

6.7 

35.7 ± 8.2 -0.2 ± 6.3 

(0 ± 17%) 

37.5 ± 8.3 35.5 ± 8.0 -2.0 ± 4.5 

(-5 ± 

12%) 

29.7 ± 5.8 33.4 ± 4.7 4.0 ± 2.5 

(15 ± 

12%) 

Gastrocnemius 

Lateralis 

Total Volume 

(cm3) 

130.8 ± 

30.7 

134.9 ± 

39.1 

4.2 ± 25.3 

(4 ± 19%) 

135.2 ± 

29.5 

137.5 ± 

25.4 

2.4 ± 26.2 

(4 ± 21%) 

133.5 ± 

28.6 

138.3 ± 

21.0 

4.8 ± 

22.0 (5 ± 

13%) 

Vatus Lateralis Cross 

sectional area 

at 50% 

muscle length 

(cm2) 

41.3 ± 9.1 41.7 ± 9.7 0.4 ± 5.3 

(1 ± 14%) 

37.8 ± 6.0 37.8 ± 

10.5 

-0.1 ± 7.2 

(-1 ± 

18%) 

34.8 ± 8.2 33.4 ± 7.4 -1.4 ± 

2.8 (-4 ± 

9%) 

Total Volume 

(cm3) 

464.2 

±191.55 

446.6 ± 

201.8 

0.5 ± 88.9 

(0 ± 18%) 

448.1 ± 

95.2 

435.6 ± 

128.8 

-17.4± 

100.0 (-4± 

23%) 

395.2 ± 

79.21 

402.2 ± 

78.45 

2.7 ± 

31.0 (1 ± 

7%) 

FPA (°) 19 ± 3 18 ± 3* 2 ± 3 (11 

± 21 %) 

16 ± 2 16 ± 3* -1 ± 3 (-4 

± 18 %) 

14 ± 3 14 ± 2* -3 ± 2 (-

18 ± 9 

%) 

Fascicle 

Length (cm) 

5.4 ± 1.3  5.6 ± 1.3 -0.1 ± 0.9  

(0 ± 16 

%) 

5.2 ± 1.1 5.4 ± 1.4  0.2 ± 0.5  

(5 ± 9%) 

6.3 ± 1.2 6.3 ± 1.8 -0.4 ± 

1.0  (-8 

± 12%) 

PCSA (cm2) 89.8 ± 

21.9 

92.4 ± 

24.1 

4.2 ± 24.7  

(5 ± 30%) 

79.2 ± 

16.1 

73.6 ± 

22.4 

-7.9 ± 

20.3  (-

11±23 %) 

58.3 ± 

16.5 

58.8 ± 

30.5 

3.8 ± 

11.3  (4 

± 22 %) 

Achilles 

Tendon 

Average cross 

sectional area 

(cm2) 

0.78 ± 

0.19 

0.80 ± 

0.20 

0.03 ± 

0.10  (3 ± 

13%) 

0.74 ± 

0.14 

0.74 ± 

0.17 

0.03 ± 

0.11 (4 ± 

15%) 

0.70 ± 

0.17 

0.67 ± 

0.19 

0.01 ± 

0.07  (1 

± 9%) 

Cross 

sectional area 

at 0cm (cm2) 

0.86±0.34 0.90±0.31 0.03±0.19 

(11±40%) 

0.77±0.22 0.79±0.18 0.02±0.31 

(13±48%) 

0.74±0.20 0.69±0.08 -

0.05±0.2

6 (-

7±45%) 

Cross 

sectional area 

at 1cm (cm2) 

0.78±0.19 0.81±0.33 0.03±0.17 

(4±24%) 

0.82±0.19 0.82±0.25 0.02±0.11 

(3±19%) 

0.74±0.28 0.78±0.23 0.04±0.1

7 

(3±24%) 

Cross 

sectional area 

at 2cm (cm2) 

0.76±0.14 0.78±0.15 0.02±0.12 

(4±17%) 

0.81±0.16 0.79±0.29 -

0.02±0.11 

(-2±15%) 

0.70±0.36 0.67±0.25 -

0.02±0.1

5 (-

1±21%) 

Cross 

sectional area 

at 3cm (cm2) 

0.72±0.22 0.71±0.11 -

0.01±0.12 

(-1±19%) 

0.65±0.18 0.65±0.21 0.01±0.07 

(1±9%) 

0.59±0.24 0.65±0.25 0.03±0.1

5 

(3±26%) 
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Dual X-Ray 

absorptiometry  

derived data 

Arms Lean 

Tissue (Kg) 

1.86 ± 

0.33 

1.85 ± 

0.29 

-0.01 ± 

0.15 (0 ± 

8%) 

1.80 ± 

0.22 

1.76 ± 

0.24 

-0.03 ± 

0.08 (-2 ± 

5%) 

1.71 ± 

0.24 

1.76 ± 

0.24 

0.05 ± 

0.07 (3 ± 

4%) 

Legs Lean 

Tissue (Kg) 

6.17 ± 

1.24 

6.06 ± 

0.99 

-0.11 ± 

0.45 (-1 ± 

6%) 

5.93 ± 

0.77 

5.85 ± 

0.71 

-0.07 ± 

0.20 (-1 ± 

3%) 

5.66 ± 

0.83 

5.66 ± 

0.83 

0.01 ± 

0.19 (0 ± 

3%) 

Total Lean 

Tissue (Kg) 

39.14 ± 

5.92 

38.91 ± 

5.59 

-0.23 ± 

1.46 (-1 ± 

3%) 

37.10 ± 

4.07 

36.70 ± 

3.88 

-0.0 ± 

1.13 (-1 ± 

3%) 

36.75± 

4.05 

37.44 ± 

4.00 

0.68 ± 

0.79 (2 ± 

2%) 

Functional 

Performance 

Measures 

Gait Speed 

(m/s) 

1.12 ± 

0.29 

1.16 ± 

0.37* 

0.06 ± 

0.08 (6 ± 

10%) 

1.12 ± 

0.13 

1.21 ± 

0.18* 

0.06 ± 

0.07 (6 ± 

6%) 

1.30 ± 

0.10 

1.29 ± 

0.24* 

-0.02 ± 

0.12 (-2 

± 9%) 

Eyes open 

balance (s) 

19 ± 11 20 ± 12 1 ± 6 (11 

± 46%) 

27 ± 5 27 ± 5 0 ± 4 (6 ± 

30%) 

26 ± 5 25 ± 8 -1 ± 4 (-

7 ± 

20%) 

Eyes closed 

balance (s) 

3 ± 2 3 ± 3 0 ± 3 (29 

± 85%) 

4 ± 3 5 ± 5 1 ± 2 (33 

± 63%) 

3 ± 2 3 ± 1 0 ± 2 (2 

± 56%) 

Participant Characteristics values are means ± SD. 
Boldened baseline values represent significant baseline differences. * represents a significant time effect. × represents a 
significant group×time interaction effect. 
 

 
 

Figure 1. Changes in GM muscle volume from baseline to post-intervention. Panel (A) Group-dependent GM muscle volume 
(Mean ± SD) at pre (week 0) and post intervention (week 8). There was a significant group×time interaction (p = 0.014) for GM volume. 
Panels (B–D) represent individual participants changes from baseline to post-intervention, for the SBF, LIPA, and control groups, 
respectively. 
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baseline differences, VL FPA exhibited a significant 

time effect (p=0.010, β=0.75, ɳp
2
=0.20), but not a 

group×time interaction (p=0.20) (Please see table 2). 

 

Achilles Tendon dimensions intervention-induced 

changes 

 

Interestingly for the analysis of the 4 discrete tendon 

CSA sites, a single trend was observed toward a 

significant main effect for time at 1cm of AT length 

(p=0.08, ɳp
2
=0.22), but no group×time interaction effect 

(p=0.99), with all groups increasing to a similar extent 

(SBF: 4±24%, LIPA: 3±19%, Control: 3±24%). 

Similarly, average tendon CSA (average of 4 discrete 

sites) showed no time, group, or group×time interaction 

(Please see table 2). 

 

DEXA derived body composition intervention-

induced changes 

 

None of the DEXA-derived outcome variables (total 

lean tissue, arms, legs, and sarcopenic index) exhibited 

main effects of group, time, nor group×time 

interactions. 

 

Functional performance measures intervention-

induced changes 

 

Gait speed exhibited a significant main effect for time 

(p=0.003, ɳp
2
=0.36). Despite no significant group×time 

interaction effect (p=0.24), both SBF (0.06 ± 0.08m/s, 

6±10%) (Please see Figure 3, Panel A), and LIPA (0.06 

± 0.07m/s, 6±6%) increased from pre to post (Please see 

Figure 3, Panel B), in contrast to control  (-0.02 ± 

0.12m/s, -2±9%) (Please see Figure 3, Panel C). 

However, no significant main effects were observed for 

postural balance ability. 

 

Associations between relative changes in muscle-

tendon complex size and relative changes in gait 

speed 
 

There was a significant positive association between % 

change in VL volume and % change in gait speed 

(p=0.006). Specifically, within the pooled analysis of all 

participants, the percent change from baseline in VL 

volume significantly (R
2
=0.18, p=0.006), accounted for 

18% of the explained variance in relative change from 

baseline in gait speed. Following sub-analysis by group, 

the explained variance in gait speed significantly 

(R
2
=0.31, p=0.027) rose to 31% in the SBF group 

(Figure 3, Panel D), 45% in the LIPA group (R
2
=0.45, 

p=0.0006) (Figure 3, Panel E) with no significant 

variance in the control group (Figure 3, Panel F). 

Furthermore, there was a significant positive association 

between the % change in GM Lf and % change in gait 

speed (R
2
=0.24, p=0.004), accounting for 24% of the 

explained variance. Interestingly, when sub-analyzed by 

group such an association only persisted for LIPA 

(R
2
=0.50, p=0.009) and Control (R

2
=0.64, p=0.014), 

with both groups accounting for similar amounts of the 

explained variance (LIPA: 50%, CON: 64%). Finally, a 

significant negative association was observed between 

the % change in GM PCSA and % change in gait speed 

(R
2
=0.33, p=0.001), accounting for 33% of the 

explained variance. Following sub-analysis by group, 

the explained variance in gait speed only persisted for 

SBF (R
2
=0.46, p=0.010), and LIPA (R

2
=0.37, p=0.014). 

Both experimental groups accounted for similar 

amounts of the explained variance (SBF: 46%, LIPA: 

37%). No other significant correlations were observed 

between relative changes from baseline in muscle-

tendon complex or DEXA outcomes and relative 

changes from baseline in functional performance 

measures. 

 

DISCUSSION 
 

The aim of the current study was to quantify muscle-

tendon complex hypertrophy in response to two LIPA 

interventions in older women and relate any changes to 

functional outcomes. Firstly, it was hypothesized that 

both interventions would induce measurable muscle-

tendon complex hypertrophy, improve overall lean body 

mass, translating into enhanced function. Accordingly, 

we observed a significant change over time for VL FPA, 

and group-dependent changes over time for GM Lf and 

GM muscle volume. Furthermore, gait speed 

significantly improved in both experimental groups but 

not control. The % change in gait speed was significantly 

associated with the % change in VL volume (R
2
=18%), 

and GM Lf (R
2
=24%) thereby partially upholding the 

primary hypotheses. It was further hypothesized that 

muscular adaptation would be disproportionately 

observed in the Triceps Surae group. We observed 

localized maladaptation in GM volume following both 

LIPA interventions, with the relative change in GM 

PCSA negatively associated with the percent change in 

gait speed (R
2
= -33%). Thus, the third hypothesis was 

partially refuted. Finally, we hypothesized that SBF 

would induce comparable muscle-tendon complex 

hypertrophy, and functional improvement, to those of 

continuous LIPA. GM Lf significantly increased in LIPA 

only, whereas a decrease was observed in SBF. 

Accordingly, the % change in GM Lf was significantly 

associated with the % change in gait speed for LIPA but 

not SBF. Nevertheless, gait speed improved by similar 

magnitudes in both experimental groups, with the 

relative change in VL volume accounting for similar 
amounts of the explained variance for the relative 

change in gait speed (SBF:30%, LIPA:45%), thereby 

upholding the final hypothesis. 
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Figure 2. Changes in VL muscle volume from baseline to post-intervention. Panels (A) Group-dependent VL muscle volume (Mean ± 

SD) at pre (week 0) and post intervention (week 8). Panels (B–D) individual participant changes from baseline to post-intervention for the 
SBF, LIPA, and control groups respectively. 

 

 
 

Figure 3. Individual participants’ changes in gait speed from baseline to post-intervention. Panels (A–C) represent individual 

changes for the SBF, LIPA, and control groups respectively. Panels (D–F) represent the associations between the relative changes in VL 
Volume (X axis), and the relative changes in gait speed (Y axis) for the SBF, LIPA, and control groups respectively. 
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Despite the abundance of health benefits that exercise 

induces [61], older adults exhibit poor long-term 

adherence to exercise [40]. Furthermore, recommended 

exercise does not offset the negative effects of high 

sedentary time [5]. Such limitations create scope for 

alternative interventions that potentially yield greater 

long-term efficacy. Accordingly, displacing sedentary 

behavior with LIPA in older adults, consistently 

improves physical function [50, 52, 53], however the 

physiological mechanisms remain undetermined. The 

current study is the first to examine muscle-tendon 

complex hypertrophy following sedentary behavior 

displacement in older females, and link adaptations to 

functional improvements.  

 

We found that LIPA implementation failed to elicit 

statistically significant improvements in GM, GL, or VL 

muscle volume/ PCSA. In contrast, a single bout of 

low-intensity resistance training (40% 1RM) is 

sufficient to stimulate myofibrillar protein synthetic 

response [58]. However, only slow tempo lifting 

through the entire range of motion, significantly 

improved quadriceps muscle thickness following 10 

weeks of low-intensity resistance training (30-50% 

1RM) in older adults [62, 63]. Consequently, prescribed 

LIPA should have theoretically provided enough 

intensity, but the lack of direct supervision may have 

led to variability in movement execution (range of 

motion/training tempo). Furthermore, low volume (3 

sets) low-intensity resistance training appears inferior to 

high volume (6 sets), regarding the ability to stimulate 

myofibrillar protein synthetic response in older adults 

[58], suggesting increasing training volume over time is 

essential for hypertrophy. LIPA interventions may 

therefore require to be carried out over longer periods to 

compensate for the lack of overload. Furthermore, 

considering the role body weight plays in muscle-

tendon complex adaptation [64], variations in 

participants mass did not allow specific standardization 

of training load for body weight-based movements. 

Nevertheless, increasing older adults walking time over 

6 months, increases skeletal muscle mass [47, 48]. 

However, previous LIPA interventions of similar 

durations similarly did not increase training volume, or 

manipulate range of motion/training tempo, yet still 

observed improved function [50]. This suggests 

improved physical function following sedentary 

behavior displacement, may occur independent of 

significant muscle hypertrophy. 

 

Despite observing a group-dependent effect for GM 

volume, this effect was driven through a marked 

increase in the control group only. Whilst we instructed 

intervention participants to maintain habitual MVPA, 

we did prescribe specific instructions to avoid high-

speed activities when displacing sedentary behavior, 

which may have unintentionally reduced habitual gait. 

Accordingly, plantar flexor muscle activity is affected 

by alterations in walking speed [65], and increases 

during faster walking speeds [66]. The control group 

received no such instruction and thus may have 

continued receiving the habitual walking stimulus 

required to elicit GM hypertrophy. Accordingly, MVPA 

but not LIPA is associated with mid-calf muscle density 

in older adults [67]. This points to a localized muscular 

effect following alterations in ambulation (specifically 

in the GM) that was not generalized across the whole 

leg. Whilst this supports our original hypothesis that 

muscular adaptation would be disproportionately 

observed in the Triceps Surae group, we failed to 

anticipate a maladaptation. Nevertheless, we still 

observed significant gait speed improvements following 

both interventions, despite an apparently compromised 

GM volume. 

 

We failed to observe any significant main effects for 

Achilles Tendon size. Extreme low-intensity resistance 

training (≤20% 1RM), has been shown to enhance 

strength in older adults [43, 44]. Given the relative 

surge in intensity such activity likely stimulates in 

populations close to the lower end of the physiological 

reserve spectrum, this suggests light activity may reach 

an appropriate tendon adaptation loading threshold. 

Accordingly, tenocytes sense loading induced 

deformations [29], triggering anabolic and catabolic 

pathways [30]. However, tendon hypertrophy seems 

dependent upon reaching an intensity threshold (≥40% 

1RM) [27, 35, 36]. Therefore, the lack of significant 

main effects, further questions the likelihood of 

training-induced alterations in tendon size. However, 

this does suggest functional adaptation following 

sedentary behavior displacement, occurs independent of 

changes in Achilles Tendon size.  

 

Displacing sedentary behavior similarly did not alter 

lean body mass, with no participants shifting pre-

sarcopenia categorization post-intervention. In support, 

moderate term low-intensity resistance training (10-20 

weeks, ≤40% 1RM) does not significantly alter lean 

body mass in older adults [39, 68]. Furthermore, light 

homebased body weight resistance training failed to 

induce changes in fat-free mass over 9 months [69]. 

However, DEXA tends to underestimate the age-related 

loss of muscle mass compared with MRI [70]. 

Nevertheless, given minimal alterations in GM, GL, and 

VL muscle volume, it is unsurprising that lean body 

mass similarly did not exhibit significant change post 

intervention. Furthermore, this points to a localized 

muscular effect of increased ambulation (specifically in 

the GM/VL), that was not generalized across the whole 

leg. Similar deficiencies (lack of mechanical 

impulse/overload), that do not appear to be 



 

www.aging-us.com 24089 AGING 

compensated for through longer time frames, likely 

inhibited lean body mass gains following sedentary 

behavior displacement. 

 

We did not observe significant changes in postural 

balance ability. Previous studies examining the 

association between SB and postural balance in older 

adults have reported mixed results [18, 71]. 

Furthermore, only one study exhibited a trend towards 

improved balance following SB displacement in older 

adults [52]. However, the latter study utilized a slightly 

longer intervention period (12 weeks), and only 

assessed balance through timing single leg stance [52]. 

The current study also varied the proprioceptive 

feedback through adding an eyes closed balance 

assessment [72], although this did not alter the results. 

Therefore, our findings potentially highlight the 

insufficiency of SB displacement as an appropriate PA 

modality for balance improvement. In fact, a minimum 

of 90 minutes a week of specific balance training is 

suggested to be the minimum dose response threshold 

for balance improvement in older adults [73]. Future 

studies could therefore implement single leg challenges 

during SB displacement, utilize more nuanced balance 

assessments (posturography), and employ longer 

intervention times (≥12 weeks) to further determine if 

balance/postural sway is impacted through displacing 

older adults SB time. 

 

Most notably, we did observe significant improvements 

in gait speed. Gait speed is used as a key diagnostic 

indicator of low functional performance and severe 

sarcopenia in older adults [74]. Improvements in gait 

speed are frequently associated with an increase in daily 

walking time [49], and time spent performing low-

intensity resistance training [42] in older adults. 

Improved gait speed is also a consistent finding 

throughout sedentary behavior displacement studies in 

older adults [50, 52, 53]. Therefore, our results in line 

with previous research suggest, LIPA can stimulate 

functional improvement in older adults. Furthermore, 

given that both experimental groups improved their gait 

speed to a similar extent, this suggests the act of 

displacing sedentary behavior time with increased LIPA 

is the principal factor mediating gait speed 

improvements, irrespective of the prescribed pattern.  

 

Interestingly, our results do reveal the relative change in 

gait speed was significantly associated with changes in 

VL volume, accounting for ~18-45% of the observed 

variance. This further suggests improvements in gait 

speed may be dependent on ‟small‟ changes in VL 

muscle size. Accordingly, VL muscle size has been 

identified as a small yet significant independent 

predictor of fast gait speed in older adults [60]. This is 

reasonably expected, given that we assessed gait speed 

through the TUG test, and the knee extensors play a key 

role in sit-to-stand transitional performance and 

ambulation in general [75], with previous authors 

speculating sedentary behavior displacement was 

specifically improving the ability to mobilize from a 

seated position [50]. Accordingly, we observed a 

significant increase in VL FPA following SBF (~11%). 

In support, eight weeks of light dancing similarly 

increases VL FPA in older women (~21%) [46]. Given 

that increased FPA is associated with increased force 

transmission [31, 33], this supports positive knee 

extensor adaptation following SBF. However, only VL 
volume significantly correlated with the change in gait 

speed, suggesting an exclusive role. Accordingly, 

muscle volume appears superior to CSA regarding the 

ability to evaluate age-related differences in muscle 

strength [76]. Furthermore, thigh muscle volume has 

specifically been associated with muscle power, sit-to-

stand ability, and fast gait speed in older adults [59]. 

The significant negative association between % change 

in GM PCSA and % change in gait speed in both 

experimental groups also supports this finding. Whereas 

PCSA represents the amount of sarcomeres in parallel, 

and thus a muscles maximal force production 

capabilities [77, 78], gait speed appears more dependent 

on contraction velocity and the adequate production of 

muscular power [59]. 

 

Our results also revealed that the % change in gait 

speed was significantly associated with % changes in 

GM Lf. In contrast to FPA and PCSA, Lf accurately 

represents the amount of sarcomeres in series, and is 

thus a major determinant of maximum shortening 

velocity [77]. Specifically, 50% of the difference in 

maximum shortening velocity between young and old 

adults is explained by a reduction in GM Lf [79]. Our 

results support this finding given that 50% of the 

variance for % change in gait speed, was accounted 

for through changes in GM Lf, following the LIPA 

intervention exclusively. Accordingly, GM Lf 

significantly increased in LIPA (5%), but not SBF (-

4%). In support of this finding, eight weeks of light 

dancing increases GM Lf in older women by a similar 

magnitude (~10%) [46], suggesting a specific 

mechanism by which continuous LIPA increases gait 

speed. Walking preferentially stimulates the Triceps 
Surae musculature in older adults [54], suggesting 

continuous LIPA may have involved greater time 

spent ambulating in contrast to SBF. Consequently, 

greater time spent ambulating may have generated the 

region-specific effect on GM Lf. Therefore, together 

with reduced GM PCSA, increased GM Lf may 

represent a shift toward greater contraction velocity 

capabilities in the GM. Ultimately, gait speed 

improvements following LIPA implementation in 

older women, appear to be comprehensively mediated 



 

www.aging-us.com 24090 AGING 

through small changes in VL muscle volume, as-well 

as a pattern dependent shift in GM Lf. Despite 

identifying such important mediators, ~76-82% of the 

variance remains unexplained, suggesting other 

physiologic mechanisms further mediate gait speed 

improvements following sedentary behavior 

displacement. These additional mechanisms likely 

include alterations in fiber type composition, tendon 

mechanical properties, as-well as neuromuscular 

adaptations, which we recommend future studies 

investigate. 

 

Given that we exclusively recruited older females, 

this does limit the generalisability of our findings to 

other populations. However, we see this as a strength 

given that it was recently shown muscle-tendon 

complex response to resistance training may be 

gender dependent [80]. Whilst we acknowledge 

splitting our small sample into three groups likely 

reduced our statistical power, we view this as a 

necessary trade off given the strong study design we 

employed (accounting for prescribed LIPA pattern, 

utilizing a control group). Indeed, our achieved 

sample size (n=34) is in line with previous 

interventions. Furthermore, given that DEXA 

underestimates the age-related loss of muscle tissue 

[70], we view the simultaneous utilization of DEXA 

and ultrasound muscle assessment as a key strength. 

Nevertheless, we recommend future interventions 

utilize longer time frames (>8 weeks), in order to 

compensate for the limited degree of overload. Our 

original hypothesis led us to prioritize investigation 

of the Triceps Surae (2 muscles, 3 regional 

measurement sites per muscle) over the knee 

extensors (1 muscle, 1 regional measurement site). 

Thus being restricted to a single CSA measurement 

site in the VL meant we may have underestimated 

regional differences in size along the entire length of 

the muscle [81–83]. Therefore, given the relevance of 

VL volume within our results, we strongly encourage 

future studies place greater importance on 

investigating the knee extensors following sedentary 

behavior displacement, using multiple measurement 

sites, and further investigation of the Quadriceps 

Femoris as a whole. 

 

In conclusion, displacing sedentary behavior with LIPA 

(irrespective of prescribed pattern) produces limited 

muscle-tendon complex adaptations and significant gait 

speed improvements in older adults. Furthermore, small 

alterations in VL muscle volume explained a large part of 

the variance in gait speed changes, which were also 

associated with changes in GM fascicle length. 

Collectively, these findings suggest that LIPA reaches an 

appropriate loading threshold required to induce clinically 

impactful functional adaptations. Future studies should 

investigate other physiologic mechanisms underlying such 

observed improvements. 

 

MATERIALS AND METHODS 
 

Thirty-four community dwelling elderly women 

voluntarily participated in the study (See table 1). 

Intervention studies manipulating sedentary behavior in 

older adults are few, and to the authors‟ knowledge no 

published interventions have examined changes in 

muscle-tendon complex size or lean body mass. 

Therefore, estimation of required sample size to detect 

significant changes in the desired outcomes was based 

upon two points: (a) previous sedentary behavior 

interventions in older adults that have observed 

improvements to physical function, have utilized total 

sample sizes of ~25-38 [50, 52, 53] (b) previous low-

intensity resistance training studies in older adults, 

deemed total sample sizes of 17 [35], and 18 [63], 

adequate to detect changes in tendon and muscle size 

respectively. The current achieved sample size of 34 

older females, falls within this range. Participants were 

all recruited from the local community. The study was 

approved by the local university ethics committee 

[approval code: 230118-ESS-DG-(2)], and written 

informed consent obtained prior to any procedures 

being performed, in line with the declaration of 

Helsinki. Exclusion criteria included history of lower 

limb muscle/ tendon/ joint disorders in the past six 

months, or current suffering from any chronic health 

condition which could affect the participants ability to 

independently perform an intervention of increased 

activity (e.g. cardiovascular disease, uncontrolled 

diabetes, active cancer, current diagnosis of stroke, 

Parkinson‟s disease, etc). Furthermore, participants who 

partook in structured progressive resistance training 

(free weights etc) were also excluded at baseline. 

Nevertheless, inclusion criteria comprised all habitual 

physical activity profiles (regardless of meeting 

recommended MVPA levels). Participants initially 

visited the laboratories to complete screening/ 

questionnaires, as-well as undergo familiarization to the 

gait speed and balance (functional performance) 

assessments. After seven days, participants returned to 

the laboratories and underwent overnight rested and 

fasted, ultrasonographic assessment of the (GM), 

Gastrocnemius Lateralis (GL), Vastus Lateralis (VL) 
and Achilles Tendon (AT). Segmental analysis of body 

composition using DEXA imaging, and functional 

performance assessments were also conducted. 

Participants were randomly allocated in a single blind 

fashion to one of three groups: 1) Sedentary behavior 

fragmentation (SBF) (n = 13), 2) Single bout continuous 
light activity (LIPA) (n = 13), or 3) Control i.e. no 

lifestyle change (n = 8). All measures were taken at 

weeks 0 and 8. 
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Dual X-ray absorptiometry scan  

 

Participants arrived at the laboratory in a fasted state 

(10-h to 12-h overnight) and were taken into a private 

scanning room. Participants changed into a hospital 

style gown and had their height (to the nearest 0.01m) 

and body mass (to the nearest 0.1kg) measured using a 

stadiometer (Seca model 213 stadiometer, Seca, 

Germany), and digital scales (Seca model 873, Seca, 

Germany) respectively. A dual energy x-ray 

absorptiometry (DEXA) scanner (Hologic Discovery: 

Vertec Scientific Ltd, UK) was used to ascertain lean 

body mass. Briefly, participants were asked to lie in a 

supine position, avoiding any contact between the trunk 

and the appendicular mass [84] (whole body procedure, 

EF 8.4 lSv). The slow moving „arm‟ of the DEXA 

scanner passed over the body over the course of 7 

minutes. Hologic software was then used to draw 

segmental analysis lines through the skeleton along 

regions of interest (Arms, Legs, Total) [85, 86].   

 

Ultrasonography  

 

Participants lay in a prone position, and rested for ~20 

minutes to avoid fluid shifts [87, 88]. The ankle joint 

was then secured in neutral angle (0°) against a 

footplate. Participants were asked to remain still and 

relaxed, as Brightness-mode ultrasound (MyLab Twice, 

Esaote Biomedica, Genoa, Italy) was performed. 

Discrete muscle sites were marked by drawing a line 

from the medial to the lateral border of the GM and GL, 

at 25, 50, and 75% of each muscle‟s respective length. 

Proximal and Distal endpoints of the AT were also 

marked, and length markers drawn in 1cm proximal 

increments from the calcaneal tuberosity. A novel 

panoramic imaging technique (panoramic view) granted 

an image of the GM/GL heads and thus anatomical 

CSA. Ultrasound panoramic imaging has previously 

been established as a reliable and valid method of CSA 

assessment when compared against magnetic resonance 

imaging [89, 90], and is sensitive to detect hypertrophic 

and atrophic alterations [83]. Briefly, the probe was 

moved with a constant speed and light pressure across 

the leg, to avoid compression during scanning. A Velcro 

strap was loosely attached (again to avoid compression) 

around the lower leg at each length marker to ensure the 

probe maintained the appropriate path and angle during 

each scan. Lastly, all ultrasound acquisition parameters 

were monitored, and consistency reproduced between 

scans. The ultrasound probe (7.5MHz linear array 

probe, 38 mm wide), was held perpendicular to the 

muscle. Once processing, the ultrasound probe was 

moved along the marked pathway, from the lateral to 

the medial border of the muscle (for representative 

images, please see Figure 4A, 4B) This procedure was 

repeated three times at each muscle site. The ultrasound 

probe was then positioned along the mid-sagittal line, at 

50% of the GM muscle length, in order to record resting 

muscle architecture. Images of both resting fascicle 

pennation angle (FPA) and resting fascicle length (Lf), 

were then analysed using ImageJ (1.45s; National 

Institutes of Health). Three fascicles (defined from the 

deep to the superficial aponeurosis) of the GM were 

recorded and the mean value of both FPA and Lf 

determined. Linear extrapolation of fascicles was 

carried out where fascicles extended beyond the reach 

of the probe, as described previously [84]. This method 

has previously demonstrated good validity and 

reliability [33, 91]. 

 

AT length was measured as the distance from the distal 

gastrocnemius myotendinous junction to the calcaneal 

insertion. Subsequently, AT CSA was obtained from 

representative transverse images (Depth: 30mm; 

Frequency: 27Hz; Focal Points: 1) at 0, 1, 2 and 3cm, of 

AT length. Offline ultrasound analysis was performed 

using IMAGEJ (1.45 s; National Institutes of Health, 

Bethesda, MD, USA) in a non-blind fashion. 

Determination of tendon CSA using this method has 

previously demonstrated good validity and reliability 

[92, 93]. Participants then switched to a supine position, 

with the knee fully extended and the hip angle raised to 

45°, on top of a 30cm platform. The proximal and distal 

insertions of the VL were identified and 50% of VL 

length marked on the skin. Three more panoramic 

images of the VL head and thus VL CSA were then 

obtained as described previously (for representative 

image, please see figure 4C).. VL muscle architecture 

(FPA and Lf) was then determined, as previously 

described for the GM. 

 

Ultrasound reliability  
 

The same sonographer performed all scans and 

demonstrated excellent intra and inter day reliability. 

Specifically for the panoramic CSA imaging of the 

GM, GL, and VL the Intraclass Correlation 

Coefficient (ICC) was ~0.98, and the Coefficient of 

variation (CV%) ~4%, when reliability assessments 

were carried out on a subset of participants (n=8, 

24% of total sample), comparing familiarization 

values to pre-test. Good inter day reliability was also 

observed for VL muscle architecture, specifically Lf 

(ICC = 0.96, CV% = 5%), and FPA (ICC = 0.87, 

CV% = 5%). For the Achilles Tendon, good inter day 

reliability was observed when CSA was examined at 

0cm (ICC = 0.87, CV% = 7%), 1cm (ICC = 0.93, 

CV% = 6%), 2cm (ICC = 0.92, CV% = 6%), and 3cm 

(ICC = 0.76, CV% = 8%), and average of all sites 

(ICC = 0.97, CV% = 3%), when comparing tendon 

CSA at familiarization with pre-test values. Finally, 

good inter day reliability was also observed for GM 
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muscle architecture, specifically FPA (ICC = 0.80, 

CV% = 4%), and Lf (ICC = 0.91, CV% = 67%), in a 

sub sample of participants (n=7, 21% of total 

sample).  

 

Calculation of muscle volume and physiological 

cross-sectional area 
 

GM and GL muscles volumes were calculated by 

treating the muscles as a series of truncated cones 

[94, 95], through the construction of several CSAs 

taken at discrete muscle sites (25, 50 and 75% of GM 

and GL length). Each of the four truncated cones was 

calculated using the following equation: 

 

1
[ ( . ) ]

3
muscle volume d a a b b      

 

Where: 

d is the distance between the two CSA‟s (a and b) 

 
The sum of the four cones provided muscle volume for 

GM and GL. VL muscle volume was calculated from a  

 

 
 

Figure 4. Representative ultrasound images following panoramic ultrasound imaging.  Panel (A) represents a transverse 
image of GM CSA (outlined for effect) at 50% of muscle length, Panel (B) represents a transverse image of GL CSA (outlined for 
effect)  at 50% of muscle length, and Panel (C) represents a transverse image of VL CSA (outlined for effect) also at 50% of muscle 
length. 
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single CSA re-construction at 50% of VL length and 

extrapolated to calculate overall muscle volume. This 

method of calculating muscle volume from a single 

CSA has been validated previously [96]. Physiological 

cross-sectional area (PCSA) was then calculated for 

both GM and VL using the following equation, as 

described previously [84]. 

 

  / PCSA muscle volume Lf  

Postural balance assessment 

 

The single balance postural test is well established in 

research using older persons, with documented 

reliability [55, 97]. Participants performed a single leg 

balance test with their eyes either open or with visual 

feedback removed through utilizing blacked out goggles 

to isolate proprioceptive feedback [72]. Each 

participant‟s postural balance was tested on the leg they 

self-perceived to be their strongest. A number of 

measures were in place during assessment: (i) the 

researcher was present during all balance assessments; 

(ii) a soft chair was positioned behind the participants as 

a safety measure; (iii) participants hovered their hands 

above a height adjustable physiotherapy bed to begin 

the test before placing their hands by their side;  (iv) in 

the event they felt they were going to lose their balance 

they would immediately place their hands back on the 

bed. This also marked the end of a particular trial along 

with raising the arms above head height or putting the 

non-balancing leg on the floor. Trial duration (up to a 

maximum of 30s) was recorded using a stopwatch. 

Three trials were performed with ~60s rest in-between. 

The average of the three trials for eyes open and eyes 

closed was then reported for each participant. Inter-day 

reliability was excellent for eyes open trials [Intraclass 

correlation co-efficient (ICC): 0.97%], and good for 

eyes closed trials (ICC: 0.75). 

 

Gait speed assessment 
 

Gait speed was assessed through the timed “Up and Go” 

test (TUG) [98, 99]. In an attempt to reduce TUG 

variability [100], the height of an adjustable stool was 

standardized to the length of each participants lower leg 

(distance in cm from the tibio-femoral junction, to the 

bottom of the footwear). The time taken between rising 

from and returning to the seated position was accurately 

monitored with a modified pressure sensor (Tekescan, 

South Boston, USA), and corresponding software. The 

sensor was attached to the surface of the chair in a 

manner that allowed accurate timing (0.01s) but did not 

impede the participants comfort whilst seated. Once 

instructed, participants rose from the chair, and walked 

at a maximum self-selected pace up to a box marked out 

on the floor with masking tape (approximately 6m 

away), before returning to the seated position. Total 

time was divided by the total course distance (12m) in 

order to calculate average gait speed [metres per second 

(m/s)]. The test was repeated 3 times with 60s rest in-

between, and the average of three trials reported. Gait 

speed assessment exhibited excellent inter-day 

reliability (ICC: 0.91). 

 
Comprehensive sarcopenia definition  

 
DEXA derived appendicular lean body mass was 

divided by body height to provide a relative indicator of 

muscle quantity, termed sarcopenic index. Previously 

determined cut off points for both sarcopenic index and 

gait speed [74], were then used to classify participants 

into one of four categories, 1. Non-sarcopenic 

(sarcopenic index ≥5.5kg/m
2
 and gait speed >0.8 m/s), 

2. Pre-sarcopenic (sarcopenic index <5.5kg/m
2
 and gait 

speed >0.8 m/s), 3. Low functional performance 

(sarcopenic index ≥5.5kg/m
2
 and gait speed ≤0.8 m/s), 

and 4. Sarcopenic (sarcopenic index <5.5kg/m
2
 and gait 

speed ≤0.8 m/s). 

 
Physical behavior interventions 

 
The purpose of the two intervention groups was to 

manipulate the method for displacing sedentary 

behavior time with added daily LIPA (45-50 mins). 

Both intervention groups were provided with a booklet, 

which contained simple LIPA suggestions compiled 

from the compendium of physical activities [101]. 

Participants were explicitly told to continue performing 

any pre-existing MVPA routines (e.g., exercise classes, 

etc). Throughout the 8-week intervention period all 

participants received fortnightly home visits from a 

member of the research team, to check on the progress 

of the intervention. Participants daily sedentary 

behavior, LIPA, and MVPA were assessed at baseline 

and the final intervention week, with a thigh mounted 

GENEActiv original triaxial accelerometer (GENEA, 

Activinsights Ltd, Kimbolton, UK), and a previously 

validated algorithm [102]. Participants were classified 

as sedentary if average daily sedentary time was 

≥8h/day, as sedentary time appears to be exponentially 

hazardous above this threshold [2, 3]. 

 
SBF group: Participants were told that the purpose of 

their intervention was to reduce the amount of time 

spent performing sedentary behavior (sitting, lying, or 

reclining) especially in prolonged uninterrupted bouts. 

Participants were instructed not to perform sedentary 

behavior for more than 30 minutes at a time, and that 

for every 30 minutes of sedentary behavior performed 

the participant should stand up and perform 2 minutes 

of upright LIPA (general ambulatory walking, side to 

side shuffling, washing dishes etc). 
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LIPA group: Participants were informed that the purpose 

of their intervention was to increase the amount of time 

spent performing LIPA whilst maintaining habitual 

routines. Participants were instructed to perform a 

continuous single bout of 45-50 minutes LIPA (general 

ambulatory walking, side to side shuffling, washing 

dishes etc), every day for the duration of the 8-week 

intervention. 

 

Control group: Participants who were randomly allocated 

to the control group were specifically instructed to 

maintain their habitual routine. Control participants were 

told that the overall purpose of the study was to study the 

link between health and habitual activity profiles. 

 

Statistical analyses 

 

Statistical analyses were carried out using SPSS (Version 

25, SPSS Inc., Chicago, IL, USA). Parametricity was 

checked through the Shapiro–Wilk test to determine data 

normal distribution and the Levene‟s test to determine 

equality of variances between groups. If parametric 

assumptions were met, baseline group differences were 

examined by a one-factor analysis of variance (ANOVA) 

(SBF, LIPA, CON) with post-hoc pairwise comparisons 

conducted using the Least Significant Difference. The 

effects of the interventions were determined using 2×3 

split plot ANOVA (2 phases and 3 groups) or 2×4×3 (2 

phases, 4 anatomical sites and 3 groups) split plot 

ANOVA depending on the outcome variable. 

Furthermore, linear regression analysis was performed on 

the relative changes from baseline for each muscle-

tendon complex/ lean body mass outcome, and the 

relative changes from baseline for each functional 

performance outcome. GM muscle architecture data was 

not collected for 2 participants, meaning such analyses 

were carried out on a sub-sample (n=32). In cases of 

heteroscedasticity in variances, the Greenhouse Geisser 

correction was applied. In cases of non-normal 

distribution within group comparisons were made using 

the Wilcoxon-Sign Rank test, whilst, between group 

differences utilized a Kruskal-Wallis non-parametric 

equivalent of ANOVA (SBF, LIPA, CON) with post-hoc 

pairwise comparisons examined by Mann-Whitney U 

test. Chi-squared analysis was used to investigate 

nominal variables. Data are reported as Mean±SD (or 

Median, IQR for non-parametric data). Statistical 

significance was accepted when P<0.05. Furthermore, a 

statistical trend was deemed to be present when P was in 

the range of between 0.05 to 0.10. Study power (β) and 

effect size (ɳp
2
) are also reported where P is significant. 

 

AUTHOR CONTRIBUTIONS 
 

GOP, DT and KT designed the research; DG conducted 

the research; DG and GOP analyzed data; and DG and 

GOP wrote the paper. DG and GOP had primary 

responsibility for final content. All authors read and 

approved the final manuscript. 

 

ACKNOWLEDGMENTS 
 

We would like to extend our gratitude to the 

Musculoskeletal Sciences and Sport Medicine Research 

Centre at Manchester Metropolitan University for funding 

this project and all our study participants for their support. 

 

CONFLICTS OF INTEREST 
 

D Grant - no conflicts of interest. DJ Tomlinson - no 

conflicts of interest. P Kolic - no conflicts of interest. K 

Tsintzas - no conflicts of interest. GL Onambélé-Pearson 

– no conflicts of interest. 

 

FUNDING 
 

Financial Support was provided by the Vice Chancellor 

Scholarship at Manchester Metropolitan University. 

 

REFERENCES 
 
1. Tremblay MS, Aubert S, Barnes JD, Saunders TJ, Carson 

V, Latimer-Cheung AE, Chastin SFM, Altenburg TM, 
Chinapaw MJ, and SBRN Terminology Consensus Project 
Participants. Sedentary Behavior Research Network 
(SBRN) - Terminology consensus project process and 
outcome. Int J Behav Nutr Phys Act. 2017; 14:75. 

 https://doi.org/10.1186/s12966-017-0525-8 
PMID:28599680 

2. Matthews CE, George SM, Moore SC, Bowles HR, Blair 
A, Park Y, Troiano RP, Hollenbeck A, Schatzkin A. 
Amount of time spent in sedentary behaviors and 
cause-specific mortality in US adults. Am J Clin Nutr. 
2012; 95:437–45. 

 https://doi.org/10.3945/ajcn.111.019620 
PMID:22218159 

3. Ekelund U, Tarp J, Steene-Johannessen J, Hansen BH, 
Jefferis B, Fagerland MW, Whincup P, Diaz KM, Hooker 
SP, Chernofsky A, Larson MG, Spartano N, Vasan RS, et 
al. Dose-response associations between accelerometry 
measured physical activity and sedentary time and all 
cause mortality: systematic review and harmonised 
meta-analysis. BMJ. 2019; 366:l4570. 

 https://doi.org/10.1136/bmj.l4570 PMID:31434697 

4. WHO. Organization, Global recommendations on 
physical activity for health. World Health Organization, 
2010. 

5. Ekelund U, Steene-Johannessen J, Brown WJ, 
Fagerland MW, Owen N, Powell KE, Bauman A, Lee IM, 
and Lancet Physical Activity Series 2 Executive 

https://doi.org/10.1186/s12966-017-0525-8
https://pubmed.ncbi.nlm.nih.gov/28599680
https://doi.org/10.3945/ajcn.111.019620
https://pubmed.ncbi.nlm.nih.gov/22218159
https://doi.org/10.1136/bmj.l4570
https://pubmed.ncbi.nlm.nih.gov/31434697


 

www.aging-us.com 24095 AGING 

Committe, and Lancet Sedentary Behavior Working 
Group. Does physical activity attenuate, or even 
eliminate, the detrimental association of sitting time 
with mortality? A harmonised meta-analysis of data 
from more than 1 million men and women. Lancet. 
2016; 388:1302–10. 

 https://doi.org/10.1016/S0140-6736(16)30370-1 
PMID:27475271 

6. Mansoubi M, Pearson N, Biddle SJ, Clemes S. The 
relationship between sedentary behavior and physical 
activity in adults: a systematic review. Prev Med. 2014; 
69:28–35. 

 https://doi.org/10.1016/j.ypmed.2014.08.028 
PMID:25193005 

7. Diaz KM, Howard VJ, Hutto B, Colabianchi N, Vena JE, 
Safford MM, Blair SN, Hooker SP. Patterns of sedentary 
behavior and mortality in U.S. Middle-aged and older 
adults: a national cohort study. Ann Intern Med. 2017; 
167:465–75. 

 https://doi.org/10.7326/M17-0212 PMID:28892811 

8. Wullems JA, Verschueren SM, Degens H, Morse CI, 
Onambélé GL. A review of the assessment and 
prevalence of sedentarism in older adults, its 
physiology/health impact and non-exercise mobility 
counter-measures. Biogerontology. 2016; 17:547–65. 

 https://doi.org/10.1007/s10522-016-9640-1 
PMID:26972899 

9. Stamatakis E, Davis M, Stathi A, Hamer M. 
Associations between multiple indicators of 
objectively-measured and self-reported sedentary 
behavior and cardiometabolic risk in older adults. 
Prev Med. 2012; 54:82–7.  

 https://doi.org/10.1016/j.ypmed.2011.10.009 
PMID:22057055 

10. George SM, Irwin ML, Matthews CE, Mayne ST, Gail MH, 
Moore SC, Albanes D, Ballard-Barbash R, Hollenbeck AR, 
Schatzkin A, Leitzmann MF. Beyond recreational physical 
activity: examining occupational and household activity, 
transportation activity, and sedentary behavior in 
relation to postmenopausal breast cancer risk. Am J 
Public Health. 2010; 100:2288–95. 

 https://doi.org/10.2105/AJPH.2009.180828 
PMID:20864719 

11. Biswas A, Oh PI, Faulkner GE, Bajaj RR, Silver MA, 
Mitchell MS, Alter DA. Sedentary time and its 
association with risk for disease incidence, 
mortality, and hospitalization in adults: a systematic 
review and meta-analysis. Ann Intern Med. 2015; 
162:123–32. 

 https://doi.org/10.7326/M14-1651  
 PMID:25599350 

12. Júdice PB, Hamilton MT, Sardinha LB, Zderic TW, Silva 
AM. What is the metabolic and energy cost of sitting, 

standing and sit/stand transitions? Eur J Appl Physiol. 
2016; 116:263–73. 

 https://doi.org/10.1007/s00421-015-3279-5 
PMID:26467968 

13. da Silva VD, Tribess S, Meneguci J, Sasaki JE, Garcia-
Meneguci CA, Carneiro JA, Virtuoso JS Jr. Association 
between frailty and the combination of physical 

activity level and sedentary behavior in older adults. 
BMC Public Health. 2019; 19:709. 

 https://doi.org/10.1186/s12889-019-7062-0 
PMID:31174515 

14. Kim J, Im JS, Choi YH. Objectively measured 
sedentary behavior and moderate-to-vigorous 
physical activity on the health-related quality of life 

in US adults: The National Health and Nutrition 
Examination Survey 2003-2006. Qual Life Res. 2017; 
26:1315–26.  

 https://doi.org/10.1007/s11136-016-1451-y 
PMID:27837382 

15. Thibaud M, Bloch F, Tournoux-Facon C, Brèque C, 
Rigaud AS, Dugué B, Kemoun G. Impact of physical 

activity and sedentary behavior on fall risks in older 
people: a systematic review and meta-analysis of 
observational studies. European Review of Aging and 

Physical Activity. 2012; 9:5–15.  
 https://doi.org/10.1007/s11556-011-0081-1  

16. Mitchell RJ, Lord SR, Harvey LA, Close JC. Obesity 
and falls in older people: mediating effects of 

disease, sedentary behavior, mood, pain and 
medication use. Arch Gerontol Geriatr. 2015; 
60:52–58. 

 https://doi.org/10.1016/j.archger.2014.09.006 
PMID:25307955 

17. Cooper AJ, Simmons RK, Kuh D, Brage S, Cooper R, and 
NSHD scientific and data collection team. Physical 

activity, sedentary time and physical capability in early 
old age: british birth cohort study. PLoS One. 2015; 
10:e0126465. 

 https://doi.org/10.1371/journal.pone.0126465 
PMID:25961736 

18. Rosenberg DE, Bellettiere J, Gardiner PA, Villarreal VN, 

Crist K, Kerr J. Independent Associations Between 
Sedentary Behaviors and Mental, Cognitive, Physical, 
and Functional Health Among Older Adults in 

Retirement Communities. J Gerontol A Biol Sci Med Sci. 
2016; 71:78–83.  

 https://doi.org/10.1093/gerona/glv103 

PMID:26273024 

19. Gennuso KP, Thraen-Borowski KM, Gangnon RE, 
Colbert LH. Patterns of sedentary behavior and 

physical function in older adults. Aging Clin Exp Res. 
2016; 28:943–50. 

https://doi.org/10.1016/S0140-6736(16)30370-1
https://pubmed.ncbi.nlm.nih.gov/27475271
https://doi.org/10.1016/j.ypmed.2014.08.028
https://pubmed.ncbi.nlm.nih.gov/25193005
https://doi.org/10.7326/M17-0212
https://pubmed.ncbi.nlm.nih.gov/28892811
https://doi.org/10.1007/s10522-016-9640-1
https://pubmed.ncbi.nlm.nih.gov/26972899
https://doi.org/10.1016/j.ypmed.2011.10.009
https://pubmed.ncbi.nlm.nih.gov/22057055
https://doi.org/10.2105/AJPH.2009.180828
https://pubmed.ncbi.nlm.nih.gov/20864719
https://doi.org/10.7326/M14-1651
https://pubmed.ncbi.nlm.nih.gov/25599350
https://doi.org/10.1007/s00421-015-3279-5
https://pubmed.ncbi.nlm.nih.gov/26467968
https://doi.org/10.1186/s12889-019-7062-0
https://pubmed.ncbi.nlm.nih.gov/31174515
https://doi.org/10.1007/s11136-016-1451-y
https://pubmed.ncbi.nlm.nih.gov/27837382
https://doi.org/10.1007/s11556-011-0081-1
https://doi.org/10.1016/j.archger.2014.09.006
https://pubmed.ncbi.nlm.nih.gov/25307955
https://doi.org/10.1371/journal.pone.0126465
https://pubmed.ncbi.nlm.nih.gov/25961736
https://doi.org/10.1093/gerona/glv103
https://pubmed.ncbi.nlm.nih.gov/26273024


 

www.aging-us.com 24096 AGING 

 https://doi.org/10.1007/s40520-015-0386-4 
PMID:26022448 

20. Gennuso KP, Gangnon RE, Matthews CE, Thraen-
Borowski KM, Colbert LH. Sedentary behavior, physical 
activity, and markers of health in older adults. Med Sci 
Sports Exerc. 2013; 45:1493–500. 

 https://doi.org/10.1249/MSS.0b013e318288a1e5 
PMID:23475142 

21. Kortebein P, Ferrando A, Lombeida J, Wolfe R, Evans 
WJ. Effect of 10 days of bed rest on skeletal muscle in 
healthy older adults. JAMA. 2007; 297:1772–74. 

 https://doi.org/10.1001/jama.297.16.1772-b 
PMID:17456818 

22. Bostock EL, Morse CI, Winwood K, McEwan I, 
Onambélé-Pearson GL. Hypo-activity induced skeletal 
muscle atrophy and potential nutritional interventions: 
a review. World Journal of Translational Medicine. 
2013; 2:36–48. 

 https://doi.org/10.5528/wjtm.v2.i3.36  

23. Bostock E, Pheasey C, Morse CI, Winwood KL, 
Onambele-Pearson G. Effects of essential amino acid 
supplementation on muscular adaptations to 3 weeks of 
combined unilateral glenohumeral & radiohumeral 
joints immobilization. Journal of Athletic Enhancement. 
2013; 2. 

 https://doi.org/10.4172/2324-9080.1000116  

24. Reid N, Healy GN, Gianoudis J, Formica M, Gardiner PA, 
Eakin EE, Nowson CA, Daly RM. Association of sitting 
time and breaks in sitting with muscle mass, strength, 
function, and inflammation in community-dwelling 
older adults. Osteoporos Int. 2018; 29:1341–50. 

 https://doi.org/10.1007/s00198-018-4428-6 
PMID:29479645 

25. Smith GI, Atherton P, Villareal DT, Frimel TN, Rankin D, 
Rennie MJ, Mittendorfer B. Differences in muscle 
protein synthesis and anabolic signaling in the 
postabsorptive state and in response to food in 65-80 
year old men and women. PLoS One. 2008; 3:e1875. 

 https://doi.org/10.1371/journal.pone.0001875 
PMID:18365020 

26. Smith GI, Reeds DN, Hall AM, Chambers KT, Finck BN, 
Mittendorfer B. Sexually dimorphic effect of aging  
on skeletal muscle protein synthesis. Biol Sex Differ. 
2012; 3:11. 

 https://doi.org/10.1186/2042-6410-3-11 
PMID:22620287 

27. McCrum C, Leow P, Epro G, König M, Meijer K, 
Karamanidis K. Alterations in leg extensor muscle-
tendon unit biomechanical properties with ageing and 
mechanical loading. Front Physiol. 2018; 9:150. 

 https://doi.org/10.3389/fphys.2018.00150 
PMID:29541035 

28. Reeves ND. Adaptation of the tendon to mechanical 
usage. J Musculoskelet Neuronal Interact. 2006; 
6:174–80. 

 PMID:16849829 

29. Chiquet M, Renedo AS, Huber F, Flück M. How do 
fibroblasts translate mechanical signals into changes in 
extracellular matrix production? Matrix Biol. 2003; 
22:73–80. 

 https://doi.org/10.1016/s0945-053x(03)00004-0 
PMID:12714044 

30. Arampatzis A, Karamanidis K, Albracht K. Adaptational 
responses of the human Achilles tendon by modulation 
of the applied cyclic strain magnitude. J Exp Biol. 2007; 
210:2743–53. 

 https://doi.org/10.1242/jeb.003814  
 PMID:17644689 

31. Degens H, Erskine RM, Morse CI. Disproportionate 
changes in skeletal muscle strength and size with 
resistance training and ageing. J Musculoskelet 
Neuronal Interact. 2009; 9:123–29. PMID:19724146 

32. Erskine RM, Jones DA, Maganaris CN, Degens H. In vivo 
specific tension of the human quadriceps femoris 
muscle. Eur J Appl Physiol. 2009; 106:827–38. 

 https://doi.org/10.1007/s00421-009-1085-7 
PMID:19468746 

33. Morse CI, Thom JM, Birch KM, Narici MV. Changes in 
triceps surae muscle architecture with sarcopenia. Acta 
Physiol Scand. 2005; 183:291–98. 

 https://doi.org/10.1111/j.1365-201X.2004.01404.x 
PMID:15743389 

34. Genton L, Karsegard VL, Chevalley T, Kossovsky MP, 
Darmon P, Pichard C. Body composition changes over 9 
years in healthy elderly subjects and impact of physical 
activity. Clin Nutr. 2011; 30:436–42. 

 https://doi.org/10.1016/j.clnu.2011.01.009 
PMID:21324569 

35. Grosset JF, Breen L, Stewart CE, Burgess KE, Onambélé 
GL. Influence of exercise intensity on training-induced 
tendon mechanical properties changes in older 
individuals. Age (Dordr). 2014; 36:9657. 

 https://doi.org/10.1007/s11357-014-9657-9 
PMID:24760611 

36. Lavagnino M, Arnoczky SP. In vitro alterations in 
cytoskeletal tensional homeostasis control gene 
expression in tendon cells. Journal of Orthopaedic 
Research. 2005; 23:1211–18.  

 https://doi.org/10.1016/j.orthres.2005.04.001  

37. Brawner CA, Churilla JR, Keteyian SJ. Prevalence of 
physical activity is lower among individuals with chronic 
disease. Med Sci Sports Exerc. 2016; 48:1062–67. 

 https://doi.org/10.1249/MSS.0000000000000861 
PMID:26741117 

https://doi.org/10.1007/s40520-015-0386-4
https://pubmed.ncbi.nlm.nih.gov/26022448
https://doi.org/10.1249/MSS.0b013e318288a1e5
https://pubmed.ncbi.nlm.nih.gov/23475142
https://doi.org/10.1001/jama.297.16.1772-b
https://pubmed.ncbi.nlm.nih.gov/17456818
https://doi.org/10.5528/wjtm.v2.i3.36
https://doi.org/10.4172/2324-9080.1000116
https://doi.org/10.1007/s00198-018-4428-6
https://pubmed.ncbi.nlm.nih.gov/29479645
https://doi.org/10.1371/journal.pone.0001875
https://pubmed.ncbi.nlm.nih.gov/18365020
https://doi.org/10.1186/2042-6410-3-11
https://pubmed.ncbi.nlm.nih.gov/22620287
https://doi.org/10.3389/fphys.2018.00150
https://pubmed.ncbi.nlm.nih.gov/29541035
https://pubmed.ncbi.nlm.nih.gov/16849829
https://doi.org/10.1016/s0945-053x(03)00004-0
https://pubmed.ncbi.nlm.nih.gov/12714044
https://doi.org/10.1242/jeb.003814
https://pubmed.ncbi.nlm.nih.gov/17644689
https://pubmed.ncbi.nlm.nih.gov/19724146
https://doi.org/10.1007/s00421-009-1085-7
https://pubmed.ncbi.nlm.nih.gov/19468746
https://doi.org/10.1111/j.1365-201X.2004.01404.x
https://pubmed.ncbi.nlm.nih.gov/15743389
https://doi.org/10.1016/j.clnu.2011.01.009
https://pubmed.ncbi.nlm.nih.gov/21324569
https://doi.org/10.1007/s11357-014-9657-9
https://pubmed.ncbi.nlm.nih.gov/24760611
https://doi.org/10.1016/j.orthres.2005.04.001
https://doi.org/10.1249/MSS.0000000000000861
https://pubmed.ncbi.nlm.nih.gov/26741117


 

www.aging-us.com 24097 AGING 

38. Onambélé-Pearson GL, Breen L, Stewart CE. Influences 
of carbohydrate plus amino acid supplementation on 
differing exercise intensity adaptations in older 
persons: skeletal muscle and endocrine responses. Age 
(Dordr). 2010; 32:125–38.  

 https://doi.org/10.1007/s11357-009-9129-9 
PMID:20431985 

39. Onambélé-Pearson GL, Breen L, Stewart CE. Influence 
of exercise intensity in older persons with unchanged 
habitual nutritional intake: skeletal muscle and 
endocrine adaptations. Age (Dordr). 2010; 32:139–53. 
https://doi.org/10.1007/s11357-010-9141-0 
PMID:20407838 

40. Hansen BH, Kolle E, Steene-Johannessen J, Dalene KE, 
Ekelund U, Anderssen SA. Monitoring population levels 
of physical activity and sedentary time in Norway 
across the lifespan. Scand J Med Sci Sports. 2019; 
29:105–12. 

 https://doi.org/10.1111/sms.13314 PMID:30276928 

41. Onambele-Pearson GL, Pearson SJ. The magnitude and 
character of resistance-training-induced increase in 
tendon stiffness at old age is gender specific. Age 
(Dordr). 2012; 34:427–38. 

 https://doi.org/10.1007/s11357-011-9248-y 
PMID:21505764 

42. Raymond MJ, Bramley-Tzerefos RE, Jeffs KJ, Winter A, 
Holland AE. Systematic review of high-intensity 
progressive resistance strength training of the lower 
limb compared with other intensities of strength 
training in older adults. Arch Phys Med Rehabil. 2013; 
94:1458–72. 
https://doi.org/10.1016/j.apmr.2013.02.022 
PMID:23473702 

43. Singh NA, Stavrinos TM, Scarbek Y, Galambos G, Liber 
C, Fiatarone Singh MA. A randomized controlled trial of 
high versus low intensity weight training versus general 
practitioner care for clinical depression in older adults. 
J Gerontol A Biol Sci Med Sci. 2005; 60:768–76. 
https://doi.org/10.1093/gerona/60.6.768 
PMID:15983181 

44. Sullivan DH, Roberson PK, Smith ES, Price JA, Bopp 
MM. Effects of muscle strength training and megestrol 
acetate on strength, muscle mass, and function in frail 
older people. J Am Geriatr Soc. 2007; 55:20–28. 

 https://doi.org/10.1111/j.1532-5415.2006.01010.x 
PMID:17233681 

45. Steib S, Schoene D, Pfeifer K. Dose-response 
relationship of resistance training in older adults: a 
meta-analysis. Med Sci Sports Exerc. 2010; 42:902–14. 

 https://doi.org/10.1249/MSS.0b013e3181c34465 
PMID:19996996 

46. Cepeda CC, Lodovico A, Fowler N, Rodacki AL. Effect of 

an eight-week ballroom dancing program on muscle 
architecture in older adults females. J Aging Phys Act. 
2015; 23:607–12. 

 https://doi.org/10.1123/japa.2014-0101 
PMID:25642640 

47. Kubo K, Ishida Y, Suzuki S, Komuro T, Shirasawa H, 
Ishiguro N, Shukutani Y, Tsunoda N, Kanehisa H, 
Fukunaga T. Effects of 6 months of walking training on 
lower limb muscle and tendon in elderly. Scand J Med 
Sci Sports. 2008; 18:31–39. 

 https://doi.org/10.1111/j.1600-0838.2007.00654.x 
PMID:17490456 

48. Yamada M, Nishiguchi S, Fukutani N, Aoyama T, Arai H. 
Mail-Based Intervention for Sarcopenia Prevention 
Increased Anabolic Hormone and Skeletal Muscle Mass 
in Community-Dwelling Japanese Older Adults: The INE 
(Intervention by Nutrition and Exercise) Study. J Am 
Med Dir Assoc. 2015; 16:654–60. 

 https://doi.org/10.1016/j.jamda.2015.02.017 
PMID:25858281 

49. Snyder A, Colvin B, Gammack JK. Pedometer use 
increases daily steps and functional status in older 
adults. J Am Med Dir Assoc. 2011; 12:590–94. 

 https://doi.org/10.1016/j.jamda.2010.06.007 
PMID:21450191 

50. Harvey JA, Chastin SF, Skelton DA. Breaking sedentary 
behavior has the potential to increase/ maintain 
function in frail older adults. J Frailty Sarcopenia Falls. 
2018; 3:26–31. 

 https://doi.org/10.22540/JFSF-03-026 PMID:32300691 

51. Rey-Lopez JP, Stamatakis E, Mackey M, Sesso HD, Lee 
IM. Associations of self-reported stair climbing with all-
cause and cardiovascular mortality: the harvard alumni 
health study. Prev Med Rep. 2019; 15:100938. 

 https://doi.org/10.1016/j.pmedr.2019.100938 
PMID:31338282 

52. Barone Gibbs B, Brach JS, Byard T, Creasy S, Davis KK, 
McCoy S, Peluso A, Rogers RJ, Rupp K, Jakicic JM. 
Reducing Sedentary Behavior Versus Increasing 
Moderate-to-Vigorous Intensity Physical Activity in 
Older Adults. J Aging Health. 2017; 29:247–67. 
https://doi.org/10.1177/0898264316635564 
PMID:26944808 

53. Rosenberg DE, Gell NM, Jones SM, Renz A, Kerr J, 
Gardiner PA, Arterburn D. The feasibility of reducing 
sitting time in overweight and obese older adults. 
Health Educ Behav. 2015; 42:669–76. 

 https://doi.org/10.1177/1090198115577378 
PMID:25794518 

54. Lerma NL, Keenan KG, Strath SJ, Forseth BM, Cho CC, 
Swartz AM. Muscle activation and energy expenditure 
of sedentary behavior alternatives in young and old 

https://doi.org/10.1007/s11357-009-9129-9
https://pubmed.ncbi.nlm.nih.gov/20431985
https://doi.org/10.1007/s11357-010-9141-0
https://pubmed.ncbi.nlm.nih.gov/20407838
https://doi.org/10.1111/sms.13314
https://pubmed.ncbi.nlm.nih.gov/30276928
https://doi.org/10.1007/s11357-011-9248-y
https://pubmed.ncbi.nlm.nih.gov/21505764
https://doi.org/10.1016/j.apmr.2013.02.022
https://pubmed.ncbi.nlm.nih.gov/23473702
https://doi.org/10.1093/gerona/60.6.768
https://pubmed.ncbi.nlm.nih.gov/15983181
https://doi.org/10.1111/j.1532-5415.2006.01010.x
https://pubmed.ncbi.nlm.nih.gov/17233681
https://doi.org/10.1249/MSS.0b013e3181c34465
https://pubmed.ncbi.nlm.nih.gov/19996996
https://doi.org/10.1123/japa.2014-0101
https://pubmed.ncbi.nlm.nih.gov/25642640
https://doi.org/10.1111/j.1600-0838.2007.00654.x
https://pubmed.ncbi.nlm.nih.gov/17490456
https://doi.org/10.1016/j.jamda.2015.02.017
https://pubmed.ncbi.nlm.nih.gov/25858281
https://doi.org/10.1016/j.jamda.2010.06.007
https://pubmed.ncbi.nlm.nih.gov/21450191
https://doi.org/10.22540/JFSF-03-026
https://pubmed.ncbi.nlm.nih.gov/32300691
https://doi.org/10.1016/j.pmedr.2019.100938
https://pubmed.ncbi.nlm.nih.gov/31338282
https://doi.org/10.1177/0898264316635564
https://pubmed.ncbi.nlm.nih.gov/26944808
https://doi.org/10.1177/1090198115577378
https://pubmed.ncbi.nlm.nih.gov/25794518


 

www.aging-us.com 24098 AGING 

adults. Physiol Meas. 2016; 37:1686–1700. 
https://doi.org/10.1088/0967-3334/37/10/1686 
PMID:27653029 

55. Onambele GL, Narici MV, Maganaris CN. Calf muscle-
tendon properties and postural balance in old age. J 
Appl Physiol (1985). 2006; 100:2048–56. 

 https://doi.org/10.1152/japplphysiol.01442.2005 
PMID:16455811 

56. Stewart C, Postans N, Schwartz MH, Rozumalski A, 
Roberts A. An exploration of the function of the triceps 
surae during normal gait using functional electrical 
stimulation. Gait Posture. 2007; 26:482–88. 

 https://doi.org/10.1016/j.gaitpost.2006.12.001 
PMID:17223346 

57. Kjaer M, Langberg H, Miller BF, Boushel R, Crameri R, 
Koskinen S, Heinemeier K, Olesen JL, Døssing S, Hansen 
M, Pedersen SG, Rennie MJ, Magnusson P. Metabolic 
activity and collagen turnover in human tendon in 
response to physical activity. J Musculoskelet Neuronal 
Interact. 2005; 5:41–52. 

 PMID:15788870 

58. Kumar V, Atherton PJ, Selby A, Rankin D, Williams J, 
Smith K, Hiscock N, Rennie MJ. Muscle protein 
synthetic responses to exercise: effects of age, volume, 
and intensity. J Gerontol A Biol Sci Med Sci. 2012; 
67:1170–77. 

 https://doi.org/10.1093/gerona/gls141 
PMID:22859389 

59. Lindemann U, Mohr C, Machann J, Blatzonis K, Rapp K, 
Becker C. Association between thigh muscle volume 
and leg muscle power in older women. PLoS One. 
2016; 11:e0157885. 

 https://doi.org/10.1371/journal.pone.0157885 
PMID:27315060 

60. Komforti D, Joffe C, Magras A, Peller A, Garbe E, Garib 
R, Trapuzzano A, Dawson N, Stock MS. Does skeletal 
muscle morphology or functional performance better 
explain variance in fast gait speed in older adults? 
Aging Clin Exp Res. 2020. [Epub ahead of print]. 

 https://doi.org/10.1007/s40520-020-01596-y 
PMID:32451962 

61. Pedersen BK. The physiology of optimizing health with 
a focus on exercise as medicine. Annu Rev Physiol. 
2019; 81:607–27. 

 https://doi.org/10.1146/annurev-physiol-020518-
114339 PMID:30526319 

62. Watanabe Y, Tanimoto M, Ohgane A, Sanada K, 
Miyachi M, Ishii N. Increased muscle size and strength 
from slow-movement, low-intensity resistance exercise 
and tonic force generation. J Aging Phys Act. 2013; 
21:71–84. 

 https://doi.org/10.1123/japa.21.1.71 PMID:22832536 

63. Watanabe Y, Madarame H, Ogasawara R, Nakazato K, 
Ishii N. Effect of very low-intensity resistance training 
with slow movement on muscle size and strength in 
healthy older adults. Clin Physiol Funct Imaging. 2014; 
34:463–70. 

 https://doi.org/10.1111/cpf.12117 PMID:24304680 

64. Tomlinson DJ, Erskine RM, Morse CI, Winwood K, 
Onambélé-Pearson G. The impact of obesity on skeletal 
muscle strength and structure through adolescence to 
old age. Biogerontology. 2016; 17:467–83. 

 https://doi.org/10.1007/s10522-015-9626-4 
PMID:26667010 

65. Sousa AS, Tavares JM. Effect of gait speed on muscle 
activity patterns and magnitude during stance. Motor 
Control. 2012; 16:480–92. 

 https://doi.org/10.1123/mcj.16.4.480 PMID:22643572 

66. Bartlett JL, Kram R. Changing the demand on specific 
muscle groups affects the walk-run transition speed. J 
Exp Biol. 2008; 211:1281–88. 

 https://doi.org/10.1242/jeb.011932 PMID:18375853 

67. Scott D, Johansson J, McMillan LB, Ebeling PR, 
Nordstrom A, Nordstrom P. Mid-calf skeletal muscle 
density and its associations with physical activity, bone 
health and incident 12-month falls in older adults: the 
healthy ageing initiative. Bone. 2019; 120:446–51. 

 https://doi.org/10.1016/j.bone.2018.12.004 
PMID:30537557 

68. Buch A, Kis O, Carmeli E, Keinan-Boker L, Berner Y, 
Barer Y, Shefer G, Marcus Y, Stern N. Circuit resistance 
training is an effective means to enhance muscle 
strength in older and middle aged adults: a systematic 
review and meta-analysis. Ageing Res Rev. 2017; 
37:16–27. 

 https://doi.org/10.1016/j.arr.2017.04.003 
PMID:28457933 

69. Binder EF, Yarasheski KE, Steger-May K, Sinacore DR, 
Brown M, Schechtman KB, Holloszy JO. Effects of 
progressive resistance training on body composition in 
frail older adults: results of a randomized, controlled 
trial. J Gerontol A Biol Sci Med Sci. 2005; 60:1425–31. 
https://doi.org/10.1093/gerona/60.11.1425 
PMID:16339329 

70. Maden-Wilkinson TM, Degens H, Jones DA, McPhee JS. 
Comparison of MRI and DXA to measure muscle size 
and age-related atrophy in thigh muscles. J 
Musculoskelet Neuronal Interact. 2013; 13:320–28. 

 PMID:23989253 

71. Willoughby T, Copeland JL. Sedentary time is not 
independently related to postural stability or leg 
strength in women 50-67 years old. Appl Physiol Nutr 
Metab. 2015; 40:1123–28. 

 https://doi.org/10.1139/apnm-2015-0066 

https://doi.org/10.1088/0967-3334/37/10/1686
https://pubmed.ncbi.nlm.nih.gov/27653029
https://doi.org/10.1152/japplphysiol.01442.2005
https://pubmed.ncbi.nlm.nih.gov/16455811
https://doi.org/10.1016/j.gaitpost.2006.12.001
https://pubmed.ncbi.nlm.nih.gov/17223346
https://pubmed.ncbi.nlm.nih.gov/15788870
https://doi.org/10.1093/gerona/gls141
https://pubmed.ncbi.nlm.nih.gov/22859389
https://doi.org/10.1371/journal.pone.0157885
https://pubmed.ncbi.nlm.nih.gov/27315060
https://doi.org/10.1007/s40520-020-01596-y
https://pubmed.ncbi.nlm.nih.gov/32451962
https://doi.org/10.1146/annurev-physiol-020518-114339
https://doi.org/10.1146/annurev-physiol-020518-114339
https://pubmed.ncbi.nlm.nih.gov/30526319
https://doi.org/10.1123/japa.21.1.71
https://pubmed.ncbi.nlm.nih.gov/22832536
https://doi.org/10.1111/cpf.12117
https://pubmed.ncbi.nlm.nih.gov/24304680
https://doi.org/10.1007/s10522-015-9626-4
https://pubmed.ncbi.nlm.nih.gov/26667010
https://doi.org/10.1123/mcj.16.4.480
https://pubmed.ncbi.nlm.nih.gov/22643572
https://doi.org/10.1242/jeb.011932
https://pubmed.ncbi.nlm.nih.gov/18375853
https://doi.org/10.1016/j.bone.2018.12.004
https://pubmed.ncbi.nlm.nih.gov/30537557
https://doi.org/10.1016/j.arr.2017.04.003
https://pubmed.ncbi.nlm.nih.gov/28457933
https://doi.org/10.1093/gerona/60.11.1425
https://pubmed.ncbi.nlm.nih.gov/16339329
https://pubmed.ncbi.nlm.nih.gov/23989253
https://doi.org/10.1139/apnm-2015-0066


 

www.aging-us.com 24099 AGING 

PMID:26466084 

72. Judge JO, King MB, Whipple R, Clive J, Wolfson LI. 
Dynamic balance in older persons: effects of reduced 
visual and proprioceptive input. J Gerontol A Biol Sci 
Med Sci. 1995; 50:M263–70.  

 https://doi.org/10.1093/gerona/50a.5.m263 
PMID:7671028 

73. Lesinski M, Hortobágyi T, Muehlbauer T, Gollhofer 
A, Granacher U. Effects of balance training on 
balance performance in healthy older adults: a 
systematic review and meta-analysis. Sports Med. 
2015; 45:1721–38. 

 https://doi.org/10.1007/s40279-015-0375-y 
PMID:26325622 

74. Cruz-Jentoft AJ, Bahat G, Bauer J, Boirie Y, Bruyère O, 
Cederholm T, Cooper C, Landi F, Rolland Y, Sayer AA, 
Schneider SM, Sieber CC, Topinkova E, et al, and 
Writing Group for the European Working Group on 
Sarcopenia in Older People 2 (EWGSOP2), and the 
Extended Group for EWGSOP2. Sarcopenia: revised 
European consensus on definition and diagnosis. Age 
Ageing. 2019; 48:16–31. 

 https://doi.org/10.1093/ageing/afy169 
PMID:30312372 

75. Tikkanen O, Haakana P, Pesola AJ, Häkkinen K, 
Rantalainen T, Havu M, Pullinen T, Finni T. Muscle 
activity and inactivity periods during normal daily life. 
PLoS One. 2013; 8:e52228. 

 https://doi.org/10.1371/journal.pone.0052228 
PMID:23349681 

76. Akagi R, Takai Y, Ohta M, Kanehisa H, Kawakami Y, 
Fukunaga T. Muscle volume compared to cross-
sectional area is more appropriate for evaluating 
muscle strength in young and elderly individuals. Age 
Ageing. 2009; 38:564–69. 

 https://doi.org/10.1093/ageing/afp122 
PMID:19596739 

77. Lieber RL, Fridén J. Functional and clinical significance 
of skeletal muscle architecture. Muscle Nerve. 2000; 
23:1647–66. 

  https://doi.org/10.1002/1097-
4598(200011)23:11<1647::aid-mus1>3.0.co;2-m 
PMID:11054744 

78. Maganaris CN, Baltzopoulos V, Ball D, Sargeant AJ. In 
vivo specific tension of human skeletal muscle. J Appl 
Physiol (1985). 2001; 90:865–72. 

 https://doi.org/10.1152/jappl.2001.90.3.865 
PMID:11181594 

79. Thom JM, Morse CI, Birch KM, Narici MV. Influence of 
muscle architecture on the torque and power-velocity 
characteristics of young and elderly men. Eur J Appl 
Physiol. 2007; 100:613–19. 

 https://doi.org/10.1007/s00421-007-0481-0 
PMID:17530274 

80. McMahon G, Morse CI, Winwood K, Burden A, 
Onambélé GL. Gender associated muscle-tendon 
adaptations to resistance training. PLoS One. 2018; 
13:e0197852. 

 https://doi.org/10.1371/journal.pone.0197852 
PMID:29787583 

81. Esformes JI, Narici MV, Maganaris CN. Measurement of 
human muscle volume using ultrasonography. Eur J 
Appl Physiol. 2002; 87:90–92.  

 https://doi.org/10.1007/s00421-002-0592-6 
PMID:12012082 

82. e Lima KM, da Matta TT, de Oliveira LF. Reliability of 
the rectus femoris muscle cross-sectional area 
measurements by ultrasonography. Clin Physiol Funct 
Imaging. 2012; 32:221–26. 

 https://doi.org/10.1111/j.1475-097X.2011.01115.x 
PMID:22487157 

83. Scott JM, Martin DS, Ploutz-Snyder R, Matz T, Caine T, 
Downs M, Hackney K, Buxton R, Ryder JW, Ploutz-
Snyder L. Panoramic ultrasound: a novel and valid tool 
for monitoring change in muscle mass. J Cachexia 
Sarcopenia Muscle. 2017; 8:475–81. 

 https://doi.org/10.1002/jcsm.12172  
 PMID:28052593 

84. Tomlinson DJ, Erskine RM, Winwood K, Morse CI, 
Onambélé GL. The impact of obesity on skeletal muscle 
architecture in untrained young vs. Old women. J Anat. 
2014; 225:675–84. 

 https://doi.org/10.1111/joa.12248 PMID:25315680 

85. Fan B, Lewiecki EM, Sherman M, Lu Y, Miller PD, 
Genant HK, Shepherd JA. Improved precision with 
hologic apex software. Osteoporos Int. 2008; 
19:1597–602. 

 https://doi.org/10.1007/s00198-008-0594-2 
PMID:18373054 

86. Hangartner TN, Warner S, Braillon P, Jankowski L, 
Shepherd J. The official positions of the international 
society for clinical densitometry: acquisition of dual-
energy X-ray absorptiometry body composition and 
considerations regarding analysis and repeatability of 
measures. J Clin Densitom. 2013; 16:520–36. 
https://doi.org/10.1016/j.jocd.2013.08.007 
PMID:24183641 

87. Berg HE, Tedner B, Tesch PA. Changes in lower limb 
muscle cross-sectional area and tissue fluid volume 
after transition from standing to supine. Acta Physiol 
Scand. 1993; 148:379–85. 

 https://doi.org/10.1111/j.1748-1716.1993.tb09573.x 
PMID:8213193 

https://pubmed.ncbi.nlm.nih.gov/26466084
https://doi.org/10.1093/gerona/50a.5.m263
https://pubmed.ncbi.nlm.nih.gov/7671028
https://doi.org/10.1007/s40279-015-0375-y
https://pubmed.ncbi.nlm.nih.gov/26325622
https://doi.org/10.1093/ageing/afy169
https://pubmed.ncbi.nlm.nih.gov/30312372
https://doi.org/10.1371/journal.pone.0052228
https://pubmed.ncbi.nlm.nih.gov/23349681
https://doi.org/10.1093/ageing/afp122
https://pubmed.ncbi.nlm.nih.gov/19596739
https://doi.org/10.1002/1097-4598(200011)23:11%3c1647::aid-mus1%3e3.0.co;2-m
https://doi.org/10.1002/1097-4598(200011)23:11%3c1647::aid-mus1%3e3.0.co;2-m
https://pubmed.ncbi.nlm.nih.gov/11054744
https://doi.org/10.1152/jappl.2001.90.3.865
https://pubmed.ncbi.nlm.nih.gov/11181594
https://doi.org/10.1007/s00421-007-0481-0
https://pubmed.ncbi.nlm.nih.gov/17530274
https://doi.org/10.1371/journal.pone.0197852
https://pubmed.ncbi.nlm.nih.gov/29787583
https://doi.org/10.1007/s00421-002-0592-6
https://pubmed.ncbi.nlm.nih.gov/12012082
https://doi.org/10.1111/j.1475-097X.2011.01115.x
https://pubmed.ncbi.nlm.nih.gov/22487157
https://doi.org/10.1002/jcsm.12172
https://pubmed.ncbi.nlm.nih.gov/28052593
https://doi.org/10.1111/joa.12248
https://pubmed.ncbi.nlm.nih.gov/25315680
https://doi.org/10.1007/s00198-008-0594-2
https://pubmed.ncbi.nlm.nih.gov/18373054
https://doi.org/10.1016/j.jocd.2013.08.007
https://pubmed.ncbi.nlm.nih.gov/24183641
https://doi.org/10.1111/j.1748-1716.1993.tb09573.x
https://pubmed.ncbi.nlm.nih.gov/8213193


 

www.aging-us.com 24100 AGING 

88. Reeves ND, Maganaris CN, Narici MV. Ultrasonographic 
assessment of human skeletal muscle size. Eur J Appl 
Physiol. 2004; 91:116–18.  

 https://doi.org/10.1007/s00421-003-0961-9 
PMID:14639480 

89. Weng L, Tirumalai AP, Lowery CM, Nock LF, Gustafson 
DE, Von Behren PL, Kim JH. US extended-field-of-view 
imaging technology. Radiology. 1997; 203:877–80. 

 https://doi.org/10.1148/radiology.203.3.9169720 
PMID:9169720 

90. Scott JM, Martin DS, Ploutz-Snyder R, Caine T, Matz T, 
Arzeno NM, Buxton R, Ploutz-Snyder L. Reliability and 
validity of panoramic ultrasound for muscle 
quantification. Ultrasound Med Biol. 2012; 38:1656–61. 

 https://doi.org/10.1016/j.ultrasmedbio.2012.04.018 
PMID:22749820 

91. Kwah LK, Pinto RZ, Diong J, Herbert RD. Reliability and 
validity of ultrasound measurements of muscle fascicle 
length and pennation in humans: a systematic review. J 
Appl Physiol (1985). 2013; 114:761–69. 

 https://doi.org/10.1152/japplphysiol.01430.2011 
PMID:23305989 

92. Stenroth L, Sefa S, Arokoski J, Töyräs J. Does magnetic 
resonance imaging provide superior reliability for 
Achilles and Patellar tendon cross-sectional area 
measurements compared with ultrasound imaging? 
Ultrasound in Medicine & Biology. 2019; 45:3186–98. 
https://doi.org/10.1016/j.ultrasmedbio.2019.08.001  

93. Kositsky A, Gonçalves BA, Stenroth L, Barrett RS, 
Diamond LE, Saxby DJ. Reliability and validity of 
ultrasonography for measurement of hamstring 
muscle and tendon cross-sectional area. Ultrasound 
Med Biol. 2020; 46:55–63. 

 https://doi.org/10.1016/j.ultrasmedbio.2019.09.013 
PMID:31668942 

94. Reeves ND, Narici MV, Maganaris CN. Effect of 
resistance training on skeletal muscle-specific force 
in elderly humans. J Appl Physiol (1985). 2004; 
96:885–92. 

 https://doi.org/10.1152/japplphysiol.00688.2003 
PMID:14578365 

95. Erskine RM, Tomlinson DJ, Morse CI, Winwood K, 
Hampson P, Lord JM, Onambélé GL. The individual and 
combined effects of obesity- and ageing-induced 
systemic inflammation on human skeletal muscle 
properties. Int J Obes (Lond). 2017; 41:102–11. 
https://doi.org/10.1038/ijo.2016.151 PMID:27569681 

96. Morse CI, Degens H, Jones DA. The validity of 
estimating quadriceps volume from single MRI cross-
sections in young men. Eur J Appl Physiol. 2007; 
100:267–74. 

 https://doi.org/10.1007/s00421-007-0429-4 

PMID:17342544 

97. Onambélé GL, Maganaris CN, Mian OS, Tam E, Rejc E, 
McEwan IM, Narici MV. Neuromuscular and balance 
responses to flywheel inertial versus weight training in 
older persons. J Biomech. 2008; 41:3133–38. 

 https://doi.org/10.1016/j.jbiomech.2008.09.004 
PMID:18976996 

98. Nordin E, Rosendahl E, Lundin-Olsson L. Timed “up & 
go” test: reliability in older people dependent in 
activities of daily living—focus on cognitive state. Phys 
Ther. 2006; 86:646–55. 

 PMID:16649889 

99. Rockwood K, Awalt E, Carver D, MacKnight C. 
Feasibility and measurement properties of the 
functional reach and the timed up and go tests in the 
Canadian study of health and aging. J Gerontol A Biol 
Sci Med Sci. 2000; 55:M70–73.  

 https://doi.org/10.1093/gerona/55.2.m70 
PMID:10737688 

100. Demura S, Yamada T. Height of chair seat and 
movement characteristics in sit-to-stand by young and 
elderly adults. Percept Mot Skills. 2007; 104:21–31. 

 https://doi.org/10.2466/pms.104.1.21-31 
PMID:17450961 

101.  Ainsworth BE, Haskell WL, Herrmann SD, Meckes N, 
Bassett DR Jr, Tudor-Locke C, Greer JL, Vezina J, Whitt-
Glover MC, Leon AS. 2011 compendium of physical 
activities: a second update of codes and MET values. 
Med Sci Sports Exerc. 2011; 43:1575–81. 

 https://doi.org/10.1249/MSS.0b013e31821ece12 
PMID:21681120 

102. Wullems JA, Verschueren SMP, Degens H, Morse CI, 
Onambélé GL. Performance of thigh-mounted triaxial 
accelerometer algorithms in objective quantification 
of sedentary behavior and physical activity in older 
adults. PLoS One. 2017; 12:e0188215. 

 https://doi.org/10.1371/journal.pone.0188215 
PMID:29155839 

https://doi.org/10.1007/s00421-003-0961-9
https://pubmed.ncbi.nlm.nih.gov/14639480
https://doi.org/10.1148/radiology.203.3.9169720
https://pubmed.ncbi.nlm.nih.gov/9169720
https://doi.org/10.1016/j.ultrasmedbio.2012.04.018
https://pubmed.ncbi.nlm.nih.gov/22749820
https://doi.org/10.1152/japplphysiol.01430.2011
https://pubmed.ncbi.nlm.nih.gov/23305989
https://doi.org/10.1016/j.ultrasmedbio.2019.08.001
https://doi.org/10.1016/j.ultrasmedbio.2019.09.013
https://pubmed.ncbi.nlm.nih.gov/31668942
https://doi.org/10.1152/japplphysiol.00688.2003
https://pubmed.ncbi.nlm.nih.gov/14578365
https://doi.org/10.1038/ijo.2016.151
https://pubmed.ncbi.nlm.nih.gov/27569681
https://doi.org/10.1007/s00421-007-0429-4
https://pubmed.ncbi.nlm.nih.gov/17342544
https://doi.org/10.1016/j.jbiomech.2008.09.004
https://pubmed.ncbi.nlm.nih.gov/18976996
https://pubmed.ncbi.nlm.nih.gov/16649889
https://doi.org/10.1093/gerona/55.2.m70
https://pubmed.ncbi.nlm.nih.gov/10737688
https://doi.org/10.2466/pms.104.1.21-31
https://pubmed.ncbi.nlm.nih.gov/17450961
https://doi.org/10.1249/MSS.0b013e31821ece12
https://pubmed.ncbi.nlm.nih.gov/21681120
https://doi.org/10.1371/journal.pone.0188215
https://pubmed.ncbi.nlm.nih.gov/29155839

