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Abstract
Background
The longitudinal associations between physical behaviours and lean muscle mass indices need to be better understood to aid healthy ageing intervention development.

Methods
We assessed physical behaviours (total physical activity, moderate-to-vigorous physical activity (MVPA), light physical activity, total sedentary time and prolonged sedentary bout time) for 7 days using hip-worn accelerometers. We also assessed domain-specific physical behaviours (walking, cycling, gardening and housework time) with self-report questionnaires at baseline (2006–2011) and follow-up (2012–2016) in the European Prospective Investigation into Cancer (EPIC)-Norfolk study. We assessed body composition using dual-energy X-ray absorptiometry (DEXA) at follow-up in 1535 participants (≥ 60 years at baseline). From this, we derived appendicular lean muscle mass (ALM) indices (% relative ALM = (ALM/total body weight)*100), body mass index (BMI)-scaled ALM (ALM/BMI, kg/kg/m2) and height-scaled ALM (ALM/height2, kg/m2)). We evaluated the prospective associations of both baseline and change in physical behaviours with follow-up muscle mass indices using multivariable linear regression.

Results
Over 5.5 years (SD 14.8) follow-up, higher baseline accelerometer-measured physical activity and lower sedentary time were associated with higher subsequent relative ALM and BMI-scaled ALM, but not height-scaled ALM (e.g. 0.02% higher subsequent relative ALM per minute/day of baseline MVPA for men). Greater increases in physical activity and greater declines in sedentary time variables were associated with higher subsequent relative ALM and BMI-scaled ALM, but not height-scaled ALM (e.g. 0.001 kg/kg/m2 subsequent BMI-scaled ALM and 0.04% subsequent relative ALM per min/day/year increases in LPA over follow-up; 0.001 kg/kg/m2 subsequent BMI-scaled ALM and -0.03% subsequent relative ALM per min/day/year less of total sedentary time over follow-up).
Greater increases in women’s cycling and gardening over follow-up were associated with greater subsequent relative ALM (cycling 0.9% per hour/week/year; gardening 0.2% per hour/week/year) and BMI-scaled ALM (cycling 0.03 kg/kg/m2 per hour/week/year; gardening 0.004 kg/kg/m2 per hour/week/year).

Conclusion
Physical behaviours across all intensities, and in women more specifically cycling and gardening, may help prevent age-related declines in muscle mass.

Supplementary Information
The online version contains supplementary material available at https://​doi.​org/​10.​1186/​s12966-023-01547-6.
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Abbreviations
	MVPA
	Moderate-to-vigorous physical activity

	DEXA
	Dual-energy X-ray absorptiometry

	ALM
	Appendicular lean muscle mass

	BMI
	Body mass index

	LPA
	Light physical activity

	EPIC
	European Prospective Investigation into cancer




Introduction
Muscle mass decreases between 3 and 8% per decade from age 30 [1]. By the age of 75 years, this rate of decline is 0.7% per year in women and up to 1% per year in men [2]. Declining muscle mass leads to reduced muscle function, as well as increased risk of physical disabilities, depression, nursing home admission and premature mortality [3]. Maintaining lean muscle mass is therefore an important component of healthy ageing [4]. Concurrently, high levels of physical activity (both aerobic and muscle-strengthening) and low levels of sedentary time are associated with lower risk of falls, dementia, diabetes, cardiovascular and cancer morbidity and premature mortality [5–8]. Chronic health conditions (e.g. diabetes, malignancies) are also risk factors for developing sarcopenia [9, 10].
Sarcopenia is defined as a muscle disease characterised by low muscle strength due to low muscle quantity and quality [11]. As muscle mass and quality are technically difficult to measure, sarcopenia is usually identified by poor physical function [11]. However, it is important for muscle mass to be studied independently as a marker of sarcopenia for several reasons. Firstly, muscle mass is only weakly correlated with physical function in older adults [12–16]. This is unsurprising given that muscle quality and proprioception/coordination also play roles in physical function. Secondly, muscle mass has other important roles beyond physical function. For example, skeletal muscle serves an important metabolic role in homeostasis of circulating substrates, heat regulation and providing amino acids for bodily function (e.g. in wound healing, immune functions and gluconeogenesis) [17].
Despite the benefits of an active lifestyle, older adults are not meeting recommended physical activity levels [18], and we currently do not have effective interventions for the maintenance of muscle mass throughout the life course. [19–21]. Although increases in physical activity and reductions in sedentary time are recommended for the prevention of muscle mass loss, [22] questions remain regarding the relationships between these factors. Firstly, existing studies have tended to use non-reference standard muscle mass indices such as bioelectrical impedence analysis [23–27] or DEXA indices which do not take body size into account (e.g. absolute ALM) [28–31].
Secondly, previous epidemiological studies have examined only the cross-sectional relationship between physical activity and muscle mass [32]. There have been no longitudinal studies, despite the importance of such studies in providing evidence for the degree and direction of these relationships over time. There are no studies of this relationship which have included repeated measures of activity. This is important as it is not clear if change in physical behaviours are associated with muscle mass, independent of baseline activity levels.
Thirdly, these cross-sectional studies have largely relied on self-reported measures of activity [24, 25, 29, 33–40]. The main reason that subjective measures continue to dominate the literature is that they are cheap and quick to administer. Common problems to all questionnaires are their vulnerability to recall bias, self-report bias, and the potential for responses to be influenced by cultural norms and perceived social desirability [41]. Accelerometer-assessed physical behaviours avoid these limitations.
Fourth, while maintaining and increasing physical activity is currently recommended for preventing muscle loss, no specific recommendations are currently made with regards to limiting sedentary time to prevent sarcopenia. Although a few early cross-sectional studies suggest that there is an association between high sedentary time and low muscle mass [42], there is no longitudinal research on this topic. No studies have examined the associations between breaking up prolonged sedentary bouts and muscle mass indices.
Finally, it is unclear which domain-specific physical activities (e.g. gardening, cycling) are associated with preventing reductions in muscle loss, as previous work using self-reported physical activity has predominantly focussed on total activity [26, 46, 47]. Though subjective measures have their limitations as outlined above, they allow individuals to be asked about their time in context-specific behaviours through questionnaires. It is important for us to understand these associations, given that it could inform recommendations on which domain-specific activities may provide the most benefit for guidelines on preventing sarcopenia and maintaining muscle mass on.
To better inform public health advice and the content of interventions for the preservation of muscle mass, we used data from the European Prospective Investigation into Cancer (EPIC)-Norfolk cohort to investigate the longitudinal associations of accelerometer-assessed intensity-specific and self-reported domain-specific physical behaviours with dual-energy X-ray absorptiometry (DEXA)-measured muscle mass.

Methods
We used data previously collected from the EPIC-Norfolk cohort study, a prospective cohort of over 25,000 adults living in the UK [43]. Participants were recruited from primary care practices in Norfolk, UK between 1993 and 1997. Participants were comparable to a national population sample from the Health Survey for England in terms of anthropometry, serum lipids, and blood pressure [44]. Of the five health-checks conducted in the EPIC-Norfolk study, we used data from health-checks 3 and 4, which we describe herein as baseline (2006–2011) and follow-up (2012–2016). Physical behaviours (physical activity and sedentary time) were assessed at the baseline and follow-up health-checks. Muscle mass was measured using DEXA at follow-up (n = 5,573). The baseline and follow-up health-checks were attended by 7,312 and 4,992 participants aged ≥ 60 years, respectively. Available accelerometers were randomly assigned to individuals prior to each baseline visit. A total of 3,727 individuals agreed to wear an accelerometer at baseline (51%). At the follow-up health-check, all 4,992 individuals were asked to wear an accelerometer and 4,801 agreed (96%). Those who refused to wear accelerometers at follow-up were socio-demographically similar to those who were included (data not shown). We restricted our analyses to participants who were aged ≥ 60 years at baseline.
Accelerometry
Hip-mounted accelerometers were used to collect data on time spent in different activity intensities at baseline and follow-up. Participants were asked to wear accelerometers on their right hip for seven days except when bathing, swimming or sleeping. During baseline assessment, participants wore uniaxial accelerometers (Actigraph GT1M™, USA) and at follow-up they wore triaxial accelerometers (GT3X™, Actigraph, USA). We harmonised data from uniaxial and triaxial accelerometers using previously described methods [45, 46]. Activity was integrated into counts per 60-s epochs (counts per min, cpm) [47, 48]. Variables derived from accelerometry data were total physical activity, MVPA (moderate-to-vigorous activity), LPA (light physical activity), total sedentary time, and prolonged sedentary bout time (bouts ≥ 30 min). We calculated total physical activity volume by summing accelerometer counts and dividing by wear time (expressed in counts/minute). The remaining accelerometry variables are durations (expressed in minutes/day). The movement intensity cut-offs used to define these time-based behaviour estimates were < 100 cpm for sedentary time, 100–808 cpm for LPA, and ≥ 809 cpm for MVPA [45, 49–53].
Non-wear time was defined as continuous zero counts of ≥ 90 min [53]. Overnight wear was dealt with by overlaying self-report sleep timings at the epoch level for days with wear-time > 19 h and then excluding data accordingly. Participants with ≥ 4 days of valid wear-time (≥ 10 h of wear time each day) were included in this analysis. We calculated the rate of change of accelerometer-assessed variables as the difference between values at baseline and follow-up divided by the time between assessments (min/day/year).

Self-reported activity
The domain-specific physical activity types included were walking, cycling, gardening and housework. These were assessed using a season-specific (summer/winter) self-completed questionnaire (“In a typical week during the past year, how many hours did you spend on each of the following activities?”). We calculated average walking, cycling and gardening time (hours/week) by summing the respective summer and winter variables and dividing by two. Rate of change in walking, cycling, gardening and housework time were calculated as the difference between values at baseline and follow-up divided by the time between assessments (hours/week/year).

Anthropometry
We assessed height (m) using stadiometers and body mass (kg) using calibrated scales during clinical health checks, performed by trained staff following standard operating procedures. BMI was calculated as body mass divided by height squared.

Body composition
Body composition was assessed with whole-body DEXA, specifically using GE iDEXA utilising enCORE software version 14 (GE Healthcare). Participants were scanned by trained operators using standard imaging and positioning protocols [54]. Before scanning, DEXA systems were calibrated according to the manufacturer’s guidelines using a spine phantom made of calcium hydroxyapatite, embedded in a Lucite block (GE-Lunar, Madison, WI). The enCORE software automatically demarcated the boundaries of body regions which were checked and adjusted if needed by trained operators.
We derived the three most commonly used indices for lean muscle mass [55]. These included relative appendicular lean muscle mass (ALM) ((calculated by the sum of the lean tissue in the arms and legs/total body weight)*100), (units %)), BMI-scaled ALM (calculated by the sum of the lean tissue in the arms and legs divided by BMI, units kg/kg/m2) and height-scaled ALM (calculated by ALM divided by height squared, units kg/m2). All three indices were used in the analyses given that each index provides unique information and shows different patterns of change with age and sex [55].

Covariates
Baseline sociodemographic factors included age, sex, smoking status (never, former, current), and occupational classification (Registrar-General's Social Classification which has five categories; I professional, II managerial/technical occupations III skilled occupations, IV partly skilled occupations and V unskilled occupations). We also assessed job status (job vs no job), educational status (completed educational qualification at aged 16 (English qualification is O level) or lower vs completed further education qualification at age 16–18 (English qualification is A level)), chronic disease status (history of either myocardial infarction, stroke, cancer or diabetes mellitus), and household financial circumstances (“in general, do you or your family have more money than you need, just enough or not enough?” Yes or No). All these were assessed via self-completed questionnaire.

Statistical analysis
Descriptive statistics were calculated for all socio-demographic, physical activity and DEXA measures. We examined differences in socio-demographic characteristics of those participants that were included and those who were excluded from our main analyses.
For our primary association analyses, we estimated the associations between 1) baseline activity and follow-up muscle mass indices, and 2) change in activity from baseline to follow-up and follow-up muscle mass variables using multivariable linear regression. In these analyses, we examined accelerometer-assessed activity (time in total physical activity, MVPA, LPA, total sedentary time and prolonged sedentary bouts) and domain-specific self-report activity (time spent walking, cycling, gardening and housework).
We examined each of these associations using three differently adjusted models. Given that season, age and sex have repeatedly been found to be associated with physical activity, these factors are potential confounders [56–58]. Model 1 was adjusted for accelerometer wear time, season of each assessment [57, 59], time difference between baseline and follow-up, age and sex. Other biologically plausible confounders were fitted in to Model 2 (baseline job status, smoking status, chronic disease status, occupational class, and household financial circumstances). For the change in activity analyses, adjustment was also made for the baseline activity variable in question across all models.
We conducted sensitivity analyses to determine if the valid day inclusion criteria (≥ 5 vs ≥ 4 days of valid data) or the movement intensity cut-points (i.e. 809 vs ≥ 2,020 cpm for MVPA; 100–808 vs 100–2,019 cpm for LPA) influenced results. All analyses were conducted in STATA 15.0 (StataCorp, TX, USA) using complete case analyses.


Results
There were 1,612 participants adults aged ≥ 60 who had muscle mass and activity measurements at both health-checks making them eligible for inclusion. Of these, 44 individuals were excluded due to having < 4 valid days of accelerometry data (n = 22 at baseline, n = 22 at follow-up) and 33 individuals were excluded for having missing covariate data, leaving a total of 1,535 participants (95%). Participants had an average age of 68.7 years at baseline (SD 6.0) and 55.5% were women (Table 1). Included participants were socio-demographically similar to those excluded (Supplementary Table 1). Mean time between baseline and follow-up was 5.5 years (SD 1.9). On average, MVPA decreased by 3.8 min/day/year (SD 8.5) for men and 3.6 min/day/year for women (SD 8.7) from baseline to follow-up. Total sedentary time increased by an average of 5.5 min/day/year (SD 16.5) for men and 6.4 min/day/year (SD 14.8) for women from baseline to follow-up (Table 2, Supplementary Table 2). Rates of participation in baseline and follow-up domain-specific activities were adequate for assessment of change analyses (e.g. baseline cycling 29.2% men and 20.2% women; follow-up, 25.2% men and 18.0% women) (Supplementary Table 3).
Table 1Baseline demographic characteristics


	CATEGORY
	Subcategory
	Frequency (%)

	Male
	Female

	Ethnicity
	White
	681 (99.7)
	852 (100)

	Other
	2 (0.3)
	0 (0)

	Occupational Classification
	Professional
	71 (10.4)
	66 (7.8)

	Manager
	295 (43.2)
	371 (43.5)

	Skilled non-manual
	71 (10.4)
	139 (16.3)

	Skilled manual
	165 (24.2)
	164 (19.3)

	Semi-skilled
	69 (10.1)
	94 (11.0)

	Non-skilled
	12 (1.8)
	18 (2.1)

	Further Education level
	O-level or lower
	342 (50.1)
	376 (44.1)

	A-level or higher
	341 (49.9)
	476 (55.9)

	History of Chronic Disease
	No
	567 (83.0)
	730 (85.7)

	Yes
	116 (17.0)
	122 (14.3)

	Smoking Status
	Current
	12 (1.8)
	25 (2.9)

	Former
	395 (57.8)
	301 (35.3)

	Never
	276 (40.4)
	526 (61.7)

	Employed
	No
	488 (71.5)
	690 (81.0)

	Yes
	195 (28.6)
	162 (19.0)

	Body Mass Index (kg/m2)
	 < 25
	203 (29.7)
	362 (42.4)

	25- < 30
	349 (51.1)
	349 (41.0)

	30- < 35
	108 (15.8)
	106 (12.4)

	 ≥ 35
	23 (3.4)
	35 (4.1)


This table shows the percentage spread across categories of demographic and clinical characteristics for those included (n = 1,535). Participants had an average age of 68.7 years at baseline (SD 6.0) and 74.2 years at follow-up (SD 6.1), with 55.5% being female (Men n = 683, women n = 852). Further education level categories include O level or lower (UK national qualification to age 16) vs A level or higher (UK national qualification over age 16). Baseline characteristics here were undertaken in 2006–2011


Table 2Exposure and outcome characteristics


	Exposure or Outcome
	Baseline Mean (SD)
	Follow-up Mean (SD)
	Mean Annual Change (SD)

	Male
	Female
	Male
	Female
	Male
	Female

	TPA (cpm)
	279 (124.6)
	269.9 (109.1)
	229.2 (124.0)
	224.8 (104.3)
	-9.0 (22.4)
	-8.9 (20.2)

	Total sedentary time (min/day)
	571 (81.1)
	532.6 (77.4)
	595.3 (75.3)
	564.1 (78.6)
	5.5 (16.5)
	6.4 (14.8)

	Prolonged sedentary bout (min/day)
	211.3 (92.7)
	167.4 (82.6)
	261.8 (106.4)
	213.4 (96.6)
	9.3 (19.8)
	8.9 (17.0)

	LPA 100–809 cpm (min/day)
	216.7 (53.3)
	244.8 (51.9)
	195.3 (55.3)
	225.5 (56.4)
	-4.0 (11.4)
	-4.0 (12.)

	MVPA 809 cpm (min/day)
	89.5 (48.3)
	83.8 (45.0)
	69.2 (43.9)
	65.9 (40.9)
	-3.8(8.5)
	-3.6 (8.7)

	Walking time (hours/week)
	9.1 (7.9)
	9.0 (8.8)
	10.0 (10.4)
	9.0 (8.7)
	-0.2 (2.7)
	-0.04 (2.4)

	Cycling time (hours/week)
	1.0 (3.0)
	0.6 (2.1)
	1.0 (4.4)
	0.5 (1.7)
	-0.004 (0.8)
	-0.04 (0.5)

	Gardening time (hours/week)
	6.3 (7.1)
	4.5 (5.6)
	6.6 (7.2)
	4.8 (6.1)
	0.03 (1.7)
	0.003 (1.8)

	Housework time (hours/week)
	5.2 (7.9)
	16.5 (12.4)
	6.8 (8.6)
	16.3 (12.9)
	0.3 (2.2)
	-0.01 (3.5)

	Total lean muscle mass (kg)
	-
	- 
	24.0 (3.2)
	16.7 (2.6)
	- 
	- 

	Total lean appendicular muscle mass (kg)
	-
	- 
	52.8 (6.1)
	38.5 (4.8)
	- 
	- 

	Height-scaled ALM (kg/m2)
	-
	- 
	8.0 (0.9)
	6.5 (0.9)
	- 
	- 

	BMI-scaled ALM (kg/kg/m2)
	-
	- 
	0.9 (0.1)
	0.6 (0.8)
	- 
	- 

	Relative ALM (%)
	-
	- 
	29.7 (2.8)
	24.8 (2.5)
	- 
	- 


This table shows the mean values of activity measures and muscle mass measures at baseline and follow-up. Baseline measurements were undertaken between 2006–2011, and follow-up between 2012–2016. TPA Total physical activity, MVPA Moderate-to-vigorous activity, LPA Light physical activity, SD Standard deviation, ALM Appendicular lean muscle mass, BMI Body mass index. A dash  denotes that the measure was not taken in the assessment



Association of baseline physical behaviours with follow-up muscle mass variables (Supplementary Table 4)

                              Accelerometer-assessed physical behaviours (Fig. 1A)
[image: ]
Fig. 1For all A and C, MVPA is in green, LPA is in blue, total ST is in red and Prolonged ST bouts is in orange. For B and D, walking time is in black, cycling time is in purple, gardening time is in red and housework time is in blue. Beta is indicated by central square, 95% CI is indicated by the line. Baseline measures were taken between 2006–2011 and follow-up measures were taken between 2012–2016. Change in variables was from baseline to follow-up. In A and B, results are from model 3 adjusted for season and wear time at baseline, baseline age, sex, job status, smoking status, occupational class, household financial status, and chronic disease status. In C and D, season and wear time at baseline and follow-up, age, sex, job status, smoking status, occupational class, retirement status, household financial status, chronic disease status, and baseline activity. ALM appendicular lean muscle mass, BMI = body mass index, h = height.

Higher baseline physical activity and lower sedentary time were associated with higher subsequent muscle mass indices (relative ALM and BMI-scaled ALM but not height-scaled ALM for both men and women). Every 100 cpm of baseline total physical activity was associated with a 0.7% higher relative ALM and 0.02 kg/kg/m2 higher BMI-scaled ALM for men and women. Every minute/day of baseline physical activity was associated with higher subsequent relative ALM (MVPA men 0.02%, women 0.01%; LPA men and women 0.01%) and BMI-scaled ALM (MVPA men 0.0005 kg/kg/m2, women 0.0003 kg/kg/m2; LPA men 0.0003 kg/kg/m2, women no association). Every minute/day of baseline sedentary time was associated with lower subsequent relative ALM (total sedentary time men -0.008%, women -0.009%; prolonged sedentary bout time men -0.009%, women -0.007%) and BMI-scaled ALM (total sedentary time men -0.0003 kg/kg/m2, women -0.0001 kg/kg/m2; prolonged sedentary bout time bouts men -0.0002 kg/kg/m2, women -0.0008 kg/kg/m2).

Domain-specific physical activity (Fig. 1B)
Higher baseline walking time was associated with higher subsequent relative ALM for men only (0.03% per hour/week walking). Each hour/week of baseline cycling time was associated with greater relative ALM (men 0.2%, women 0.09%), BMI-scaled ALM (men 0.005 kg/kg/m2, women no association) and height-scaled ALM (men 0.02 kg/m2, women no association). Each hour/week of baseline gardening time was associated with greater relative ALM (men and women 0.04%). Baseline housework was not associated with any follow-up muscle mass indices.


Association of change in physical behaviour with muscle mass at follow-up (Supplementary Table 5)

                              Accelerometer-assessed physical behaviours (Fig. 1C)
Greater increases in physical activity and greater reductions in sedentary time over time were associated with higher subsequent relative ALM and BMI-scaled ALM, but not height-scaled ALM. Greater increases in total physical activity were associated with higher subsequent relative ALM (men: 3% per 100 cpm/year, women 2% per 100 cpm/year) and BMI-scaled ALM (men 0.09 kg/kg/m2 per 100 cpm/year, women 0.06 kg/kg/m2 per 100 cpm/year). Greater increases in physical activity were associated with higher subsequent relative ALM (MVPA men 0.08% per min/day/year, women 0.05% per min/day/year; LPA men and women 0.04% per min/day/year) and BMI-scaled ALM (MVPA men 0.002 kg/kg/m2 per min/day/year, women 0.001 kg/kg/m2 per min/day/year; LPA men and women 0.001 kg/kg/m2 per min/day/year).
Greater increases in sedentary time were associated with lower subsequent relative ALM (total sedentary time men and women -0.03% per min/day/year; prolonged sedentary bout time men and women -0.02% per min/day/year) and BMI-scaled ALM (total sedentary time men -0.001 kg/kg/m2, women -0.0009 kg/kg/m2; prolonged sedentary bout time men -0.0004 kg/kg/m2 per min/day/year, women -0.0005 kg/kg/m2 per min/day/year).


                              Domain-specific activity (Fig. 1D)
For men, there were no associations between change in duration of any domain-specific activities and subsequent muscle mass indices. For women, greater increases in cycling and gardening were associated with greater subsequent relative ALM (cycling 0.9% per hour/week/year; gardening 0.2% per hour/week/year), BMI-scaled ALM (cycling 0.03 kg/kg/m2 per hour/week/year; gardening 0.004 kg/kg/m2 per hour/week/year). Greater increases in housework were associated with greater height-scaled ALM (housework 0.02 kg/m2 per hour/week/year).


Sensitivity analyses
The results were similar when different cut-points for MVPA and LPA were utilised, and also when using the stricter inclusion criteria of ≥ 5 days of valid accelerometer wear-time versus the criteria of ≥ 4 days of valid wear-time (Supplementary Tables 4 and 5).


Discussion
We found that individuals with higher baseline physical activity (LPA and MVPA) and lower sedentary time levels (total time and prolonged sedentary bout time) had higher subsequent muscle mass indices (relative ALM and BMI-scaled ALM, but not height-scaled ALM) an average of 5.5 years later. Men and women who cycled and gardened more at baseline had higher levels of at least muscle mass index at follow-up, and men who walked more at baseline had higher subsequent relative ALM. Further, those who had greater increases in their MVPA and LPA time, or greater declines in their total sedentary time or prolonged sedentary bout time over follow-up, had better subsequent muscle mass indices. In women, those who had greater increases in their cycling, gardening or housework time over follow-up had higher subsequent levels of at least one muscle mass index.
To our knowledge, no previous studies have examined the association between baseline accelerometer-assessed physical behaviours with follow-up muscle mass assessed by DEXA in adults of any age, or change in accelerometer-assessed physical behaviours with follow-up muscle mass indices. Studies examining the relationships between physical behaviours and muscle mass have been exclusively cross-sectional [60]. Of these cross-sectional studies, they have almost exclusively used self-reported measures of total physical activity [24, 25, 29, 33–40] which are prone to recall and self-report bias. Three studies have produced mixed results concerning whether cross-sectional associations exist between accelerometer-assessed activity and muscle mass indices. Westbury and colleagues found no association between MVPA and height-scaled ALM among 131 UK older adults [61], whereas Foong and colleagues found that higher LPA and MVPA were associated with higher relative ALM in 636 Australian older adults. Reid and colleagues found an association between higher total sedentary time and lower total lean mass percentage, but not BMI-scaled ALM or height-scaled ALM, in a group of older Australians (n = 123) [62].
Our study is in agreement with these associations, but it is the first to demonstrate positive prospective associations between MVPA and LPA and muscle mass indices, and negative associations between sedentary variables and muscle mass indices using objective standard reference measures in older adults. Where cross-sectional studies cannot rule out reverse causality, our data strengthens the likelihood of direction of the associations between physical behaviours and muscle mass indices found here.
We are additionally the first to report on the associations of change in physical behaviours with subsequent muscle mass indices. Where cross-sectional work supports the notion that physical behavioural interventions leading to achievement of an absolute time in physical activity (e.g. 30 min of MVPA/day) may be beneficial to muscle mass profiles, our work suggests that a change in time in activity (e.g. an increase of 10 min of MVPA /day) might be beneficial independent of the baseline activity level.
We know of no existing studies examining the prospective association of domain-specific activity types with muscle mass indices. Even the cross-sectional data on this topic are scarce, with only two studies looking at leisure-time versus work-time physical activity [26, 63], and one examining walking time [64]. The authors of this latter study [64] found that walking time was negatively associated with sarcopenia (defined as ALM/height2 < 2SD below the sex-specific normal mean for the younger reference group, OR = 0.49, 95% CI 0.29–0.83). In contrast, we found no associations between walking and height-scaled ALM, though we did find an association between baseline walking and subsequent relative ALM in men.
We are the first to report that men and women who cycle and garden more have better subsequent muscle mass indices values. Further, in women we are the first to report that higher increases or lower declines in cycling, gardening or housework time were associated with higher subsequent levels of at least one muscle mass index. It is plausible that baseline gardening and cycling time are predictors of future muscle mass, given the strength component in both activities (engaging two of the largest muscle groups in the body, the gluteals and quadriceps, in peddling and digging). Understanding which activities may be most useful in maintaining muscle mass indices and preventing sarcopenia is important for informing what activities should be targeted in future interventions. Given that that cycling and gardening are neglected targets in previous RCTs aiming to prevent sarcopenia, this highlights a potential area for future work [65].
Relative ALM, BMI-scaled ALM, and height-scaled ALM are the commonest operational indices used in lean muscle mass research to assess sarcopenia. Each of these indices have been found to have different patterns of change with ageing and with sex [55]. Muscle mass is fundamentally correlated with body size (i.e. individuals with a larger body habitus, by either height or weight, have larger absolute muscle mass) [66]. This is intuitive given that taller individuals would be expected to have longer limbs and therefore greater appendicular muscle attached to them, and heavier individuals would have greater appendicular muscle from lifting their heavier limbs than their lighter counterparts. Our findings suggest that physical activity has an effect on ALM indices which take into account weight or BMI, but not those only accounting for height. Studies have previously found that BMI-scaled ALM is more closely related to cardiometabolic risk factors than height-scaled ALM [67], suggesting the former may be a better risk marker. It is important to note that reductions in relative ALM or BMI-scaled ALM may result from a reduction in absolute ALM or an increase in total body weight (and hence BMI) for another reason (e.g. an increase in body fat). Regardless, both result in proportionally less appendicular lean muscle to move each kg of total weight, which will functionally mean it is potentially harder to move.
We found that reductions in sedentary time of the magnitude previously achieved in RCTs (1 h/day/year) would lead to a 1.8%/year higher relative ALM (both men and women) and 0.06 kg/kg/m2 higher BMI-scaled ALM for men and 0.05 kg/kg/m2 for women [68, 69]. We also found that improvements in MVPA of the magnitude seen in RCTs (10 min/day/year) would lead to a 0.8%/year increase in subsequent relative ALM for men and 0.5%/year for women and 0.02 kg/kg/m2 improvement in BMI-scaled ALM for men and 0.01 kg/kg/m2 for women [69, 70]. To give some context to these magnitudes of change, we observed age-related declines in muscle mass indices in this cohort of 0.04% relative ALM per year of older age and 0.004 kg/kg/m2 of BMI-scaled ALM per year of older age. Therefore, it is conceivable that if sustained positive change in physical behaviours was achieved in this population the potential improvements in muscle mass indices could offset the age-associated declines we observed in this cohort. In total, this suggests that further investigation of interventions that aim to improve physical behaviour profiles is warranted as there is potential for improvements in muscle mass indices which could reduce sarcopenia.
It is important to note that that improvements in MVPA were beneficial to muscle mass indices independent of baseline MVPA levels. Here, we report that a 10 min/day/year increase in MVPA led to a 0.8%/year higher subsequent relative ALM in men and a 0.5%/year higher subsequent relative ALM in women respectively. To compare this with the benefit of greater baseline MPVA, for each 10 min of baseline MVPA, individuals had 0.2% and 0.1% greater subsequent relative ALM, for men and women, respectively. Therefore, there seems to be a role for promoting both change in activity in addition to achieving optimal absolute activity levels.
Our work also suggests that promoting LPA and reducing prolonged sedentary bout time, potentially easier targets than the promotion of MVPA, could also lead to improvement in muscle mass indices. Though there is insufficient evidence of achievable improvements in LPA from the literature, if we assume that increases of 10 min/day/year are possible (as it is for MVPA), we found that improvements in LPA of 10 min/day/year would lead to a 0.4%/year improvement in subsequent relative ALM and 0.01 kg/kg/m2 improvement in BMI-scaled ALM. Although this is a lower benefit than for the same amount of MVPA change, it may be easier to encourage individuals to increase LPA rather than MVPA. If we assume that 1 h/day reduction in prolonged sedentary bout time is possible (as it has been in RCTs for total sedentary time), we found that reductions of this magnitude led to a 1.2%/year improvement in subsequent relative ALM and 0.02 kg/kg/m2 improvement in BMI-scaled ALM. Again, although this is a lower benefit per minute than for total sedentary time change, it may be easier to encourage individuals to reduce prolonged sedentary bout time through taking breaks, than reducing total sedentary time. Breaking up prolonged sedentary bouts is now recommended in the Canadian physical activity guidelines [71]. Our findings add improvements in muscle mass indices to the other known benefits of breaking up prolonged sitting, such as improved glycaemic control [72].
The UK activity guidelines give practical examples of muscle strengthening such as carrying heavy shopping bags, yoga, lifting weights, doing resistant band-work, body weight exercises or heavy gardening [73]. Our findings support this, and additionally indicate that walking, cycling and housework may contribute to maintaining muscle mass into older age.
Strengths and limitations
The strengths of this work include utilising a large well-characterised longitudinal population-based cohort study which increases reliability and power. Particularly, the use of repeat accelerometer-assessed physical activity and sedentary time rather than only self-report measures, and reference standard DEXA measurement of muscle mass indices which take into account body size is a great strength.
This work also has some limitations. Hip-mounted accelerometers, which cannot be worn at all times, will provide an incomplete record of physical activity, although this is still superior in accuracy to self-report measures. A single accelerometer on the hip is not able to collect relevant information on upper body movement, standing still vs sitting down, cycling, and do not record water-based activity such as swimming which is popular among some older participants. We minimised non-wear misclassification (i.e. not wearing the accelerometer versus being still) using standard protocols (algorithm with a threshold of ≥ 90 min) [74]. Common to other cohort studies, EPIC-Norfolk participants were slightly healthier than the general population [44] at the first health-check (1993–1997), and third health-check (2004–2011) as indicated by blood pressure and cholesterol levels [43]. Third health-check attendees were more likely to be younger, have lower BMI, blood pressure and cholesterol and more likely to be educated to at least to aged 16 than first health-check attendees [43]. Further, the EPIC-Norfolk cohort is predominantly white British cohort limiting the generalisability of this data to other ethnicities. Overall, these selection pressures could limit generalisability of results. In spite of these limitations, this dataset still represents a diverse population with a wide socioeconomic distribution.


Conclusions
Physical activity declines and sedentary behaviours increase over time in old age. Greater increases in physical activity and greater declines in sedentary time, were associated with higher subsequent lean muscle mass relative to overall body size. Taken together, this supports the case for development of effective physical behaviour interventions (at all intensities and in the domains of walking, cycling and gardening, in particular for women) given that sustained changes in these behaviours may help prevent age-related declines in muscle mass. Future researchers may wish to focus more on LPA, sedentary time and prolonged sedentary bouted time, which have previously been neglected but may be easier targets for change. Lean muscle mass outcomes, such as those used in our study, should be considered in the design of future trials and cost-effectiveness analyses.
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