
Eibich, Peter et al.

Article  —  Accepted Manuscript (Postprint)

Exercise at Different Ages and Appendicular Lean
Mass and Strength in Later Life: Results From the
Berlin Aging Study II

The Journals of Gerontology: Series A

Provided in Cooperation with:
German Institute for Economic Research (DIW Berlin)

Suggested Citation: Eibich, Peter et al. (2016) : Exercise at Different Ages and Appendicular
Lean Mass and Strength in Later Life: Results From the Berlin Aging Study II, The Journals of
Gerontology: Series A, ISSN 1758-535X, Oxford University Press, Oxford, Vol. 71, Iss. 4, pp.
515-520,
https://doi.org/10.1093/gerona/glv171 ,
https://doi.org/10.1093/gerona/glv171

This Version is available at:
http://hdl.handle.net/10419/162704

Standard-Nutzungsbedingungen:

Die Dokumente auf EconStor dürfen zu eigenen wissenschaftlichen
Zwecken und zum Privatgebrauch gespeichert und kopiert werden.

Sie dürfen die Dokumente nicht für öffentliche oder kommerzielle
Zwecke vervielfältigen, öffentlich ausstellen, öffentlich zugänglich
machen, vertreiben oder anderweitig nutzen.

Sofern die Verfasser die Dokumente unter Open-Content-Lizenzen
(insbesondere CC-Lizenzen) zur Verfügung gestellt haben sollten,
gelten abweichend von diesen Nutzungsbedingungen die in der dort
genannten Lizenz gewährten Nutzungsrechte.

Terms of use:

Documents in EconStor may be saved and copied for your
personal and scholarly purposes.

You are not to copy documents for public or commercial
purposes, to exhibit the documents publicly, to make them
publicly available on the internet, or to distribute or otherwise
use the documents in public.

If the documents have been made available under an Open
Content Licence (especially Creative Commons Licences), you
may exercise further usage rights as specified in the indicated
licence.



This is a pre‐copyedited, author‐produced PDF of an article accepted for publication in Journals of Gerontology Series A following peer review. 
The version of record  

Exercise at Different Ages and Appendicular Lean Mass and Strength in Later Life : Results from the Berlin Aging Study II / Peter 
Eibich, Nikolaus Buchmann, Martin Kroh, Gert G. Wagner, Elisabeth Steinhagen‐Thiessen, Ilja Demuth, Kristina Norman. In: Journals 
of Gerontology Series A 71 (2016), 4, p. 515‐520 

is available online at: http://dx.doi.org/10.1093/gerona/glv171 

 

Exercise at different ages and appendicular lean mass and strength in later life – 
Results from the Berlin Aging Study II 

Peter Eibich1,2*, Nikolaus Buchmann3*, Martin Kroh2,4, Gert G. Wagner2,5, Elisabeth 
Steinhagen-Thiessen3, Ilja Demuth3,6‡ and Kristina Norman3‡ 

 

1 Health Economics Research Centre, Nuffield Department of Population Health, University of 
Oxford 
 

2 German Institute for Economic Research (DIW Berlin), Berlin, Germany 
 
3 The Berlin Aging Study II; Research Group on Geriatrics, Charité – Universitätsmedizin Berlin, 
Reinickendorfer Str. 61,13347 Berlin, Germany 
 
4 Humboldt-Universität zu Berlin, Berlin, Germany 
 
5 Max Planck Institute for Human Development (MPIB), Berlin, and Berlin University of 
Technology (TUB), Berlin, Germany 
 
6 Institute of Medical and Human Genetics, Charité – Universitätsmedizin Berlin, Berlin  Germany 
 

* shared first authorship 

‡ shared last authorship  

Corresponding authors: 

Peter Eibich 
Health Economics Research Centre 
Nuffield Department for Population Health 
University of Oxford 
Old Road Campus 
Oxford OX3 7LF, UK 
Email: peter.eibich@dph.ox.ac.uk 
 
Kristina Norman 
Charité - Universitätsmedizin Berlin 
The Berlin Aging Study II; Research Group on Geriatrics  
Reinickendorfer Str. 61 
13347 Berlin, Germany 
Email: kristina.norman@charite.de 
Phone: +49 30 450565 139 
 
Running head: Exercise at different ages and strength 
  



2 
 

 
Abstract 
Background. Excessive loss of muscle mass in advanced age is a major risk factor for 

decreased physical ability and falls. Physical activity and exercise training are typically 

recommended to maintain muscle mass and prevent weakness. How exercise in 

different stages of life relates to muscle mass, grip strength and risk for weakness in 

later life is not well understood. 

Methods. Baseline data on 891 participants at least 60 years old from the Berlin Aging 

Study II (BASE II) were analyzed. Linear and logistic regressions of self-reported 

exercise in early adulthood, old age or both on appendicular lean mass (ALM), grip 

strength, and a risk indicator for weakness (ALM/ body mass index (BMI) cut-off) were 

calculated. In addition, treatment bounds are analyzed to address potential confounding 

using a method proposed by Oster.  

Results. Analyses indicate that for men only, continuous exercise is significantly 

associated with higher muscle mass (0.24 standard deviations, p<0.001), grip strength 

(0.18 standard deviations, p<0.05), and lower risk for clinically relevant low muscle mass 

(OR=0.36, p<0.01). Exercise in early adulthood alone is not significantly associated with 

muscle mass or strength. No significant associations were observed for women. 

Conclusions. The results of the current study underscore the importance of health 

programs to promote physical activity with a focus on young adults, a group known to be 

affected from environmentally associated decline of physical activity and to promote the 

continuation of physical exercise from early adulthood into later life in general.  

Key words: appendicular lean mass, physical activity, sarcopenia, grip strength, age, 

BASE-II  
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Introduction 

Aging is associated with physiological changes in body composition, with decreasing 

muscle mass and increasing fat mass.(1) The resulting loss of strength is frequently 

accompanied by mobility disorders and increased functional dependency. In adverse 

circumstances, this can result in limitation of functional capacity, decreased stress 

resistance, frailty or sarcopenia in old subjects.(2)  

Sarcopenia, the loss of muscle mass and strength,(3) is an established risk factor for 

decreased physical ability, falls, and increased need for care.(4, 5) The underlying 

mechanisms leading to sarcopenia are not yet fully understood, but inflammation, 

neuromuscular and hormonal changes as well as physical inactivity and inadequate 

nutrition are discussed as major determinants.(6, 7) To counteract the loss of muscle 

mass and strength, physical activity and exercise training, combined with adequate 

nutritional intake are essential. Although exercise and resistance training are suggested 

as preventive measures, it is unclear when such measures should be initiated or what 

they should look like in practice.(8) 

The Foundation for the National Institutes of Health (FNIH) Sarcopenia Project identified 

cut-off points for appendicular lean mass to BMI ratio (ALM/BMI) below which older 

adults have a higher risk of incident mobility impairment.(9)  

The aim of the current analysis was to assess associations between regular exercise in 

early adulthood and old age with appendicular lean mass, grip strength and low 

ALM/BMI (9) in a sample of community-dwelling elderly.  
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Materials and Methods: 

Study design 

BASE-II (Berlin Aging Study II) is a prospective epidemiological study to investigate 

factors associated with “healthy” or “unhealthy” aging in residents of the greater 

metropolitan area of Berlin, Germany. For further details, see Bertram et al. (2014). (10) 

For this analysis, we included all individuals who were 60 or older in 2012 and who 

participated in both the medical examination and the socio-economic module (970 

participants).  Those with missing information in the variables used in this paper are 

excluded. This resulted in a final sample size of 891 participants. All participants gave 

written informed consent and the Ethics Committee of the Charité-Universitätsmedizin 

Berlin approved the study (approval number EA2/029/09). 

 

Appendicular lean mass, anthropometrics and hand grip strength  

Body weight was measured in light clothes to the nearest 0.1 kg and height was 

determined to the nearest 0.1 cm with an electronic weighing and measuring station 

(seca 764, seca, Hamburg, Germany). Body composition was assessed by Dual X-ray 

absorptiometry (DXA) using the Hologic QDR® Discovery™ device and APEX software 

version 3.0.1 for measurement and analysis. Appendicular lean mass (ALM) in kilograms 

was calculated as the sum of lean mass in arms and legs. Cut-off values for ALMBMI 

<0.789 in men and <0.512 in women were chosen according to the lean mass 

thresholds for higher likelihood of incident mobility impairment as identified by the FNIH 

Sarcopenia Project.(9) 
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Hand grip strength was assessed by a Smedley Dynamometer (Scandidact, Denmark). 

The subjects were instructed to perform three maximal isometric contractions with each 

hand, the highest value out of three attempts was chosen for further analysis. The FNIH 

cut-off values for grip strength (11) were not used in this analysis because only 7 

participants’ grip strength fell below these cut-off values. 

 

Exercise  

Information on exercise participation was taken from the socio-economic survey of 

BASE-II, which was conducted between October 2012 and January 2013. Among other 

topics, participants were asked whether they participated in sports or exercise (in the 

following simply referred to as “exercise”), which sports/exercise they practiced, when 

they started practicing and how often they practice. The same set of questions was then 

asked with regard to previous training. If a participant reported not participating in 

exercise currently, they were asked if they had exercised in the past. If a participant 

reported to exercise currently, they were asked whether they practiced another form of 

exercise in the past. For the purpose of this study we generated the following indicators: 

(i) whether the participant currently exercises, (ii) whether the participant exercised in 

early adulthood (before age 30), and (iii) whether the participant continuously exercised 

since age 30. 

 

Control variables 
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In addition to the indicators of exercise, we controlled for age (using a third-order 

polynomial), employment status, marital status, years of education and the logarithm of 

the per-capita-household income (“equivalence income”). When analyzing appendicular 

lean mass and grip strength, we also included a third-order polynomial of height and 

weight. 

 

Statistical analysis 

We analyzed appendicular lean mass, grip strength, and risk of low ALM/BMI using 

linear and logistic regression models stratified by sex and robust standard errors to 

account for possible heteroskedasticity. Our treatment variables are binary indicators for 

(i) whether participants currently exercise; (ii) whether they exercised before age 30 

(early adulthood); or (iii) both. This specification allowed us to disentangle the 

associations of exercise in early adulthood (which could imply a protective effect of 

exercise) from both the short-term (in old age only) and long-run associations (i.e. in 

both young and old age) of exercise with muscle mass and strength. We also estimated 

a second specification that is described in the Supplement.  

Unobserved confounders affecting both exercise participation and muscle mass 

are a potential concern. To address this concern, we estimated treatment bounds using 

a method proposed by Oster (2014).(12) A detailed description of this approach is 

provided in the Supplement. 

Results 

The analysis included 891 older BASE-II participants (454 women), aged between 60 

and 85). Current exercise (i.e. in old age) was reported by 59.7% of the male 
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respondents and 73.6% of the female respondents; with 58.4% of men and 44.1% of 

women reporting having exercised in their early adulthood. The fractions were slightly 

smaller if we defined physically active to mean exercise at least every week; however, 

they remain similar. All in all, 181 (41.4%) of the male and 168 (37.0%) of the female 

participants reported having exercised both in early adulthood and at the time of the 

survey. 

 Figures 1 and 2 show mean appendicular lean mass and grip strength adjusted 

for age, height and weight for all four categories and both sexes (i.e. never exercised, 

exercised only in young adulthood, exercised in old age, exercised both in young and 

old age). Both figures show similar patterns. ALM and grip strength of men who have 

never exercised (ALM: Mean = -.54, CI = [-.89,-.19]; grip strength: Mean =  -.93, CI = [-

2.14, .28]), have only exercised in early adulthood (ALM: Mean = -.39, CI = [-.77,-.01]; 

grip strength: Mean = -.70, CI = [-2.1, .7]) or in old age only (ALM: Mean = -.30, CI = [-

.68, .09]; grip strength: Mean = .07, CI = [-1.25, 1.40]) are comparable and the 

differences are not statistically significant (using a two-sided t-test with unequal 

variances and a significance level of p<.05). In contrast, men who exercised both in 

early adulthood and in old age have higher muscle mass and grip strength (ALM: Mean 

= .60, CI = [.31, .88]; grip strength: Mean = .78, CI = [-.12, .68]). For ALM, the 

differences in means to all other exercise categories are statistically significant, while for 

grip strength only the difference in means to the reference category (“Never exercised) is 

statistically significant. For women, muscle mass and exercise appear similar across all 

four exercise categories (for ALM the means range from -.03 to .16, the confidence 

interval for the reference category is [-.32,.27]; for grip strength the means range from -

.16 to .20, CI for the reference category [-.77, 1.16]). In Figure 3, the dots show the 
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percentage of individuals at risk of low ALM/BMI for each category. The share of men at 

risk of low ALM/BMI is lowest among those individuals who exercised in both early 

adulthood and old age (13%, CI = [.08,.18] compared to 21% for exercise in old age, 

19% for exercise in early adulthood only, and 30% among those who never exercised, 

CI = [.21,.39]). The share of women at risk for low ALM/BMI is similar across exercise 

categories (between 9-11%, CI for the reference category [.05,.18]), with the exception 

of women who only exercised in early adulthood (25%, CI = [.09,.41]). However, this is 

likely to be an outlier due to the group size (shown in Table 1).  

We estimated the associations of exercise, muscle mass and strength conditional 

on confounding factors in a regression model. The estimates for appendicular skeletal 

muscle mass in men and women are shown in Table 2. The estimated associations of 

exercising in early adulthood, old age or both early adulthood and old age are provided 

in comparison to a reference group of those who never exercised. The results indicate 

that for men exercise in early adulthood alone as well as exercise in old age alone are 

not significantly related to muscle mass. Having exercised in both early adulthood and 

old age is significantly associated with higher muscle mass in men. In contrast, the 

estimated associations among women are not significant. The socio-economic control 

variables are not significantly associated with ALM. 

Table 3 shows the estimated associations of exercise with risk of low ALM/BMI. 

The reported odds-ratios from a logistic regression are in line with the pattern of the 

results seen for muscle mass (Table 2). Among men, the estimates for exercise in early 

adulthood only or in old age alone are not statistically significant. Exercise in early 

adulthood and old age is positive and highly significant for men. This indicates that the 

risk of having an ALM/BMI ratio below clinically relevant cutoff points is less than half of 
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the risk for men who exercised in early adulthood and in old age compared to men who 

never exercised. For women, the estimates are insignificant, with the exception of an 

increased risk of low ALM/BMI among women who exercised only in early adulthood. As 

noted above, this is likely to be a statistical outlier. The associations between risk of low 

ALM/BMI and the socio-economic control variables are insignificant. 

The estimated associations between exercise and grip strength are shown in 

Table 4. The results of the first specification are similar to those reported in Table 2 and 

3, in particular exercise in early adulthood and old age is associated with significantly 

higher grip strength among men. Again, for women none of the estimates is statistically 

significant. However, among women we find a statistically significant positive association 

between income and grip strength. In all other instances the socio-economic control 

variables are insignificant. 

Finally, we calculated treatment bounds to address potential confoundedness. The 

results are provided in detail in the Supplement.  

 

Discussion  

In the current study, we showed that continuous exercise over a longer period of time is 

associated with higher appendicular lean mass and grip strength in old age. Exercise in 

early adulthood alone as well as exercise in old age alone were not significantly 

associated with higher muscle mass or strength. It is important to note that this should 

not be taken as evidence that exercise in old age is an ineffective measure to prevent 

loss of ALM as our sample is too small to obtain estimates of smaller associations.  

Interestingly, these associations were only seen in men, while for women the 

estimates across exercise categories were insignificant. Previous research suggests that 
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men and women benefit equally from exercise, which suggests that the intensity of 

exercise might differ between men and women in the population.(13) If this is the case 

and when taken together with our finding that exercise participation in early adulthood is 

much lower among women, it indicates that health promotion programs should be aimed 

at women to increase exercise participation in early adulthood and encourage a higher 

training intensity.  

Data on the benefit of exercise or resistance training in advanced age to enhance 

muscle mass and strength are largely unambiguous.(14-18) If a training stimulus is set 

sufficiently high and often, neuronal-, metabolic-, structural-morphological and 

anatomical changes in skeletal muscle can be observed.(19) These changes may 

counteract muscle atrophy and loss of muscle strength and reduce risk of falls, 

functional decline and dependency.(8, 20-23) 

Although resistance training can preserve or increase muscle mass and strength, 

it is unknown how long these effects remain after termination of training and it is unclear 

if training in early adulthood builds a basis for effectiveness of future treatment 

strategies.(24) At older age, breakdown of muscle mass affects mainly the fast type II 

muscle fibers, whereas type I muscle fibers, which have a lower density of mitochondria, 

are relatively preserved.(19, 25) Glucose- and lipid metabolism contributes to synthesis 

of adenosine triphosphate (ATP) in the mitochondria, which is required for muscle 

contraction and cross-bridge formation of actin and myosin filaments. Consequently, for 

the preservation or increase of exercise capacity, the absolute number of mitochondria 

in skeletal muscle is important, but more difficult to maintain in advanced age.(26) 

Protein synthesis of muscle is further influenced by suitable training stimuli in 

combination with a correctly timed and adequate protein intake.(27-29)  
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It seems reasonable that for maintaining muscle mass, it is necessary to stimulate 

these mechanisms regularly over a long period of time.(30) This assumption is 

supported by our findings, as subjects who reported performing exercise in early 

adulthood and older age with few interruptions had higher ALM and significantly lower 

relative risk of low ALM/BMI.  

Our findings are subject to a number of limitations. First, the data on exercise is 

self-reported and therefore potentially associated with the known implications of 

subjectivity (e.g. overstated exercise participation). Second, the data do not allow the 

investigation of potential heterogeneity since we do not have, e.g., data on the intensity 

of exercise. More intense exercise is likely more effective in increasing ALM and 

preventing decline.  

Third, the results might be confounded, as certain conditions like obesity or 

disease reduce muscle mass, and might keep individuals from exercising. In this case, 

the result would be the effect of not having developed such a condition, instead of the 

effect of exercise. However, we argue that this is unlikely. BASE-II participants are on 

average healthier than the general population.(31) The estimated treatment bounds 

further indicate that our results are robust to confounding factors that are proportional to 

the included covariates.  

Finally, the sample size might be too small to detect smaller, but non-trivial 

differences. For example, if the true effect of exercise in old age alone was 0.265 (with 

an associated increase in the R² of 0.008), then our analysis would require 

approximately 3,760 men (as opposed to 437) to obtain a statistical power of 0.8. In 

contrast, the results reported for exercise in early adulthood and old age only require 

135 men to reach the same statistical power. Consequently, we cannot exclude the 
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possibility that some of the insignificant estimates would exert critical values of statistical 

testing given a larger sample size. 

Although there is no doubt that appendicular lean mass can still be increased 

through sport, even at older ages (32-34), assessment of early regular exercise could be 

a valuable and easy tool to identify subjects at increased subsequent risk for loss of 

appendicular lean mass and reduced strength. It is likely that these subjects could 

benefit from early-onset and more intensive intervention strategies. It is well known that 

physical activity declines significantly from adolescence through young adulthood (e.g. 

reviewed in Aaron et al., 2005).(35) A decline of physical activity is also shown to be 

associated with environments usually concern to young adults, such as long working 

hours (Nomaguchi and Bianchi, 2004) or parenting of young children (reviewed in 

Bellows-Riecken and Rhodes, 2008).(36, 37) In this context, our results underscore the 

importance of health promotion programs with emphasis on physical activity and suitable 

to the group of young adults and promoting the continuation of physical exercise from 

early adulthood into old age to prevent loss of muscle mass and strength in general.  

 

Funding and Acknowledgements 

This study was produced as part of a project supported by the German Federal Ministry 

of Education and Research (BMBF grant numbers 16SV5537,  16SV5536K). Basic 

funding came from the Max Planck Institute for Human Development (MPIB) and the 

German Socio-Economic Panel Study (SOEP). Responsibility for the contents of this 

publication lies with the authors. The authors declare that there are no conflicts of 

interest. 



13 
 

References: 

1.  Behnke AR, Wilmore JH. Evaluation and regulation of body build and composition. Prentice‐Hall 
Englewood Cliffs, NJ; 1974. 
2.  Morley  J,  von Haehling  S, Anker  S,  Vellas  B.  From  sarcopenia  to  frailty:  a  road  less  traveled. 
Journal of Cachexia, Sarcopenia and Muscle. 2014;5:5‐8. 
3.  Baumgartner  RN,  Koehler  KM,  Gallagher  D,  Romero  L,  Heymsfield  SB,  Ross  RR,  et  al. 
Epidemiology of sarcopenia among the elderly in New Mexico. Am J Epidemiol. 1998;147:755‐763. 
4.  Lauretani F, Russo CR, Bandinelli S, Bartali B, Cavazzini C, Di Iorio A, et al. Age‐associated changes 
in  skeletal muscles  and  their  effect  on mobility:  an  operational  diagnosis  of  sarcopenia.  Journal  of 
Applied Physiology. 2003;95:1851‐1860. 
5.  Janssen I, Heymsfield SB, Ross R. Low relative skeletal muscle mass (sarcopenia) in older persons 
is  associated  with  functional  impairment  and  physical  disability.  Journal  of  the  American  Geriatrics 
Society. 2002;50:889‐896. 
6.  Sayer  AA,  Syddall  H,  Martin  H,  Patel  H,  Baylis  D,  Cooper  C.  The  developmental  origins  of 
sarcopenia. J Nutr Health Aging. 2008;12:427‐432. 
7.  Thompson DD. Aging and sarcopenia. J Musculoskelet Neuronal Interact. 2007;7:344‐345. 
8.  Singh MAF.  Exercise  Comes  of  Age:  Rationale  and  Recommendations  for  a Geriatric  Exercise 
Prescription.  The  Journals  of  Gerontology  Series  A:  Biological  Sciences  and  Medical  Sciences. 
2002;57:M262‐M282. 
9.  Cawthon  P,  Shardell M, McLean  R,  Kenny  A,  Peters  K,  Dam  T,  et  al.  CUT‐POINTS  FOR  LOW 
APPENDICULAR LEAN MASS THAT  IDENTIFY OLDER ADULTS WITH CLINICALLY SIGNIFICANT WEAKNESS.  
Gerontologist:  OXFORD  UNIV  PRESS  INC  JOURNALS  DEPT,  2001  EVANS  RD,  CARY,  NC  27513  USA; 
2013:594‐594. 
10.  Bertram L, Böckenhoff A, Demuth  I, Düzel S, Eckardt R, Li S‐C, et al. Cohort Profile: The Berlin 
Aging Study II (BASE‐II). International journal of epidemiology. 2013:dyt018. 
11.  Alley DE, Shardell MD, Peters KW, McLean RR, Dam TT, Kenny AM, et al. Grip strength cutpoints 
for  the  identification  of  clinically  relevant weakness.  The  journals  of  gerontology  Series  A,  Biological 
sciences and medical sciences. 2014;69:559‐566. 
12.  Oster E. Unobservable selection and coefficient stability: Theory and validation. National Bureau 
of Economic Research; 2013. 
13.  Leenders M, Verdijk LB, van der Hoeven L, van Kranenburg J, Nilwik R, van Loon LJC. Elderly Men 
and  Women  Benefit  Equally  From  Prolonged  Resistance‐Type  Exercise  Training.  The  Journals  of 
Gerontology Series A: Biological Sciences and Medical Sciences. 2013;68:769‐779. 
14.  Fiatarone MA, Marks EC, Ryan ND, Meredith CN,  Lipsitz  LA, Evans WJ. High‐intensity  strength 
training in nonagenarians: Effects on skeletal muscle. JAMA. 1990;263:3029‐3034. 
15.  Yarasheski KE. Review Article: Exercise, Aging, and Muscle Protein Metabolism. The Journals of 
Gerontology Series A: Biological Sciences and Medical Sciences. 2003;58:M918‐M922. 
16.  Frontera WR, Meredith CN, O'reilly K, Knuttgen H, Evans W. Strength conditioning in older men: 
skeletal muscle hypertrophy and improved function. Journal of applied physiology. 1988;64:1038‐1044. 
17.  Seguin  R, Nelson ME.  The  benefits  of  strength  training  for  older  adults.  American  Journal  of 
Preventive Medicine. 2003;25:141‐149. 
18.  Latham NK, Bennett DA, Stretton CM, Anderson CS. Systematic Review of Progressive Resistance 
Strength Training in Older Adults. The Journals of Gerontology Series A: Biological Sciences and Medical 
Sciences. 2004;59:M48‐M61. 
19.  Kirkendall DT, Garrett WE. The effects of aging and training on skeletal muscle. Am J Sports Med. 
1998;26:598‐602. 



14 
 

20.  Faber MJ, Bosscher RJ, Chin A Paw MJ, van Wieringen PC. Effects of Exercise Programs on Falls 
and Mobility  in Frail and Pre‐Frail Older Adults: A Multicenter Randomized Controlled Trial. Arch Phys 
Med Rehabil. 2006;87:885‐896. 
21.  Gill TM, Baker DI, Gottschalk M, Peduzzi PN, Allore H, Byers A. A Program to Prevent Functional 
Decline  in  Physically  Frail,  Elderly  Persons  Who  Live  at  Home.  New  England  Journal  of  Medicine. 
2002;347:1068‐1074. 
22.  Hunter  GR, McCarthy  JP,  Bamman MM.  Effects  of  resistance  training  on  older  adults.  Sports 
Med. 2004;34:329‐348. 
23.  Roth SM, Ferrell RF, Hurley BF. Strength training for the prevention and treatment of sarcopenia. 
J Nutr Health Aging. 2000;4:143‐155. 
24.  Murton AJ, Greenhaff PL. Resistance exercise and the mechanisms of muscle mass regulation in 
humans:  acute  effects  on  muscle  protein  turnover  and  the  gaps  in  our  understanding  of  chronic 
resistance  exercise  training  adaptation.  The  international  journal  of  biochemistry  &  cell  biology. 
2013;45:2209‐2214. 
25.  Nilwik R, Snijders T, Leenders M, Groen BBL, van Kranenburg J, Verdijk LB, et al. The decline  in 
skeletal  muscle  mass  with  aging  is  mainly  attributed  to  a  reduction  in  type  II  muscle  fiber  size. 
Experimental gerontology. 2013;48:492‐498. 
26.  Wright  DC,  Han  D‐H,  Garcia‐Roves  PM,  Geiger  PC,  Jones  TE,  Holloszy  JO.  Exercise‐induced 
mitochondrial biogenesis begins before the  increase  in muscle PGC‐1α expression. Journal of Biological 
Chemistry. 2007;282:194‐199. 
27.  Campbell  WW,  Trappe  TA,  Wolfe  RR,  Evans  WJ.  The  Recommended  Dietary  Allowance  for 
Protein May Not Be Adequate for Older People to Maintain Skeletal Muscle. The Journals of Gerontology 
Series A: Biological Sciences and Medical Sciences. 2001;56:M373‐M380. 
28.  Recommended Dietary Allowances:10th Edition. The National Academies Press; 1989. 
29.  Mithal A, Bonjour  JP, Boonen  S, Burckhardt  P, Degens H,  El Hajj  Fuleihan G,  et  al.  Impact  of 
nutrition  on  muscle  mass,  strength,  and  performance  in  older  adults.  Osteoporosis  International. 
2013;24:1555‐1566. 
30.  Tang JE, Perco JG, Moore DR, Wilkinson SB, Phillips SM. Resistance training alters the response of 
fed  state mixed muscle  protein  synthesis  in  young men.  American  journal  of  physiology  Regulatory, 
integrative and comparative physiology. 2008;294:R172‐178. 
31.  Saßenroth D, Kroh M, Wagner GG. Selectivity processes in and weights for the Berlin Aging Study 
II (BASE‐II). 2013. 
32.  Sparrow D, Gottlieb DJ, DeMolles D, Fielding RA. Increases in Muscle Strength and Balance Using 
a  Resistance  Training  Program  Administered  Via  a  Telecommunications  System  in  Older  Adults.  The 
Journals of Gerontology Series A: Biological Sciences and Medical Sciences. 2011;66A:1251‐1257. 
33.  Fragala MS,  Dam  T‐TL,  Barber  V,  Judge  JO,  Studenski  SA,  Cawthon  PM,  et  al.  Strength  and 
Function Response  to Clinical  Interventions of Older Women Categorized by Weakness  and  Low  Lean 
Mass Using Classifications From the Foundation for the National  Institute of Health Sarcopenia Project. 
The Journals of Gerontology Series A: Biological Sciences and Medical Sciences. 2015;70:202‐209. 
34.  Reid KF, Martin KI, Doros G, Clark DJ, Hau C, Patten C, et al. Comparative Effects of Light or Heavy 
Resistance Power Training for  Improving Lower Extremity Power and Physical Performance  in Mobility‐
Limited Older Adults. The  Journals of Gerontology  Series A: Biological  Sciences  and Medical  Sciences. 
2015;70:374‐380. 
35.  Aaron  DJ,  Jekal  YS,  LaPorte  RE.  Epidemiology  of  physical  activity  from  adolescence  to  young 
adulthood. World review of nutrition and dietetics. 2005;94:36‐41. 
36.  Bellows‐Riecken  KH,  Rhodes  RE.  A  birth  of  inactivity?  A  review  of  physical  activity  and 
parenthood. Preventive medicine. 2008;46:99‐110. 
37.  Nomaguchi  KM,  Bianchi  SM.  Exercise  time:  Gender  differences  in  the  effects  of  marriage, 
parenthood, and employment. Journal of Marriage and Family. 2004;66:413‐430. 



15 
 

 

  



16 
 

Figures and Tables 

 

Fig. 1: Mean ALM in the four categories. Dots are averages and vertical lines provide a 

95% confidence interval around the mean. The dashed and dotted horizontal lines mark 

the confidence intervals of the reference category for men and women, respectively. It 

should be noted that ALM is adjusted for cubic trends in age, height and weight. 
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Fig. 2: Mean grip strength in the four categories. Dots are averages and vertical lines 

provide a 95% confidence interval around the mean. The dashed and dotted horizontal 

lines mark the confidence intervals of the reference category for men and women, 

respectively. It should be noted that grip strength is adjusted for cubic trends in age, 

height and weight. 
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Fig. 3: Fraction at risk for ALM/BMI below clinical thresholds. Dots are averages vertical 

and lines provide a 95% confidence interval around the mean. The dashed and dotted 

horizontal lines mark the confidence intervals of the reference category for men and 

women, respectively. 
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Table 1: Descriptive statistics of the study population 

 All (n=891) Men (n=437) Women (n=454) 

Age (years) 68.6 ± 3.6 68.7 ± 3.6 68.5 ± 3.5 

ASM (kg) 20.1 ± 4.7 24.0 ± 2.9 16.3 ± 2.3 

Low ALM-to-BMI (%) 15.3  19.7 11.0 

Grip  strength1 (kg) 34.5 ± 9.8 42.6 ± 6.6 26.8 ± 4.7 

Years of education 13.9 ± 3.9 14.2 ± 3.9 13.6 ± 3.8 

Equivalized household income (EUR) 1.779.4 ± 924.1 1897.9 ± 9821.1 1665.3 ± 850.2 

Married (%) 55.7 71.4 40.5 

Employed (%) 4.0 6.2 2.0 

Exercise in early adulthood only (%) 11.9 (n=106) 16.9 (n=74) 7.0 (n=32) 

Exercise in old age only (%) 27.6 (n=246) 18.3 (n=80) 36.6 (n=166) 

Exercise in early adulthood and old age (%) 39.2 (n=349) 41.4 (n=181) 37.0 (n=168) 

Notes: Net monthly household income (in Euro) is adjusted by the number of household members. Children under 
age 14 receive a weight of 0.3 and additional adults are weighted by 0.5.1n=889 
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Table 2: Exercise and appendicular lean mass 

 
Model 1 (Beta) 

 
Men Women 

Variables   
Exercise in early adulthood 0.134  -0.053   
    

Exercise in old age 0.265  -0.100   
    
Exercise in early adulthood and old 
age 

1.148 *** 0.170
  

    

Years of education -0.005  -0.006   
    

Log household income -0.108  0.297   
    

Marital status 0.245  -0.206   
    

Employed 0.610  -0.178   
    

Age Cubic polynomial 
Height Cubic polynomial 
Weight Cubic polynomial 
R² 0.617  0.599  

Notes: Estimation results come from a linear regression model. "Exercise in early adulthood" is a binary 
variable for individuals who claim to have exercised before age 30. "Exercise in old age" is a binary 
variable for individuals stating to exercise currently. The control group consists of individuals who never 
exercised. Significance: *** p<0.001. 
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Table 3: Exercise and low ALM/BMI (below cut off points) 

 
Model 1 (OR) 

 
Men Women 

Variables   
Exercise in early adulthood 0.547  3.149 *** 
   

Exercise in old age 0.581  0.881  
   
Exercise in early adulthood and old 
age 

0.364 ** 0.782
 

   

Years of education 0.960  1.000  
   

Log household income 1.091  0.860  
   

Marital status 1.009  1.442  
   

Employed 0.364  -  
   

Age Cubic polynomial 
Height - 
Weight - 
R² 0.047  0.038  

Notes: Estimation results come from a logit regression model. “Employed” was dropped from the 
regressions for women, since this variable predicted the outcome perfectly. Significance: ** p<0.01, *** 
p<0.001.  
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Table 4: Exercise and grip strength 

 
Model 1 (Beta) 

 
Men Women 

Variables   
Exercise in early adulthood 0.202  -0.451  
   

Exercise in old age 1.026  -0.665  
   
Exercise in early adulthood and old 
age 

1.779 * -0.514
 

   

Years of education 0.042  0.070  
   

Log household income -0.415  1.712 ** 
   

Marital status 0.422  -0.188  
   

Employed -1.422  0.756  
   

Age Cubic polynomial 
Height Cubic polynomial 
Weight Cubic polynomial 
R² 0.152  0.123  

Notes: Estimation results come from a linear regression model. Significance: * p<0.05, ** p<0.01. 
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Supplement 

A. Alternative specification – Continuous exercise 

One potential concern with the specification of our exercise categories is that the group 

that exercised both in early adulthood and old age could include participants that did not 

exercise continuously between30 and 60 years of age. Therefore, we estimate a second 

specification using a binary variable for participants that continuously exercised since 

age 30, i.e. they either practiced their current form of exercise since age 30, or only 

stopped practicing after having started practicing their current form of exercise. Hence, 

this specification estimates the association of continuous exercise since age 30 on 

muscle mass and strength using all other participants as the control group (i.e. not only 

participants who never exercised, but also those individuals who exercised in early 

adulthood only, in old age only, or both in early adulthood and old age but with gaps in 

between). In our sample, 26.1% of the men and 25.1% of the women reported having 

continuously exercised since age 30.  

The results are shown in Table A.1 to A.3. In line with our main specification, continuous 

exercise is associated with higher ALM only among men. The estimate is slightly 

smaller, which is likely due to the fact that in this specification the control group also 

consists of individuals who exercise currently. For women, the estimates are 

insignificant. 
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Table A.1: Exercise and appendicular lean mass 

 
Model 2 (Beta) 

 
Men Women 

Variables   
Continuous exercise since age 30 0.793 *** 0.327  
   
Years of education -0.003  -0.003  
   
Log household income -0.021  0.264  
   
Marital status 0.290  -0.210  
   
Employed 0.596  -0.180  
   
Age Cubic polynomial 

Cubic polynomial 
Cubic polynomial 

Height 
Weight 
R² 0.601 0.600 

Notes: Estimation results come from a linear regression model. "Continuous exercise since age 30" is a 
binary variable for individuals having exercised since age 30. The control group consists of individuals 
who never exercised, exercised either in early adulthood or old age only, or exercised in early adulthood 
and old age but with gaps in between. Significance: *** p<0.001. 

 

Similarly, men who continuously exercised since age 30 have a significantly lower risk of 

low ALM/BMI, whereas for women the estimate is insignificant. Finally, the association 

between continuous exercise and grip strength is insignificant for both sexes. In 

summary, the results from this alternative specification confirm our main findings. 
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Table A.2: Exercise and low ALM/BMI (below cut off points) 

 
Model 2 (OR) 

 
Men Women 

Variables   
Continuous exercise since age 30 0.332 ** 0.665  
   
Years of education 0.962  1.01  
   
Log household income 1.019  0.881  
   
Marital status 0.948  1.335  
   
Employed 0.384  -  
   
Age Cubic polynomial 

- 
- 

Height 
Weight 
R²  0.019 

Notes: Estimation results come from a logit regression model. “Employed” was dropped from the 
regressions for women, since this variable predicted the outcome perfectly. Significance: ** p<0.01.  
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Table A.3: Exercise and grip strength 

 
Model 2 (Beta) 

 
Men Women 

Variables   
Continuous exercise since age 30 1.252  0.575  
   
Years of education 0.040  0.070  
   
Log household income -0.210  1.580 ** 
   
Marital status 0.510  -0.225  
   
Employed -1.526  0.679  
   
Age Cubic polynomial 

Cubic polynomial 
Cubic polynomial 

Height 
Weight 
R² 0.146 0.124 

Notes: Estimation results come from a linear regression model. Significance: ** p<0.01. 

 

B. Treatment bounds  

To assess the potential impact of unobserved confounders on the associations of 

exercise with appendicular lean mass and grip strength, we calculated treatment bounds 

using a method proposed by Oster (2014). She formalizes the heuristic of using 

coefficient stability (i.e. the change in the coefficient of interest when observed 

confounders are included) to assess the potential impact of unobserved confounders. 

Intuitively, we compared the coefficient from an uncontrolled regression to the coefficient 

from a regression including covariates. This difference in the coefficients is weighted by 

the difference in the respective R². Then, assuming that selection into the treatment (i.e. 

confounding) on our observed covariates is proportional to the degree of selection on 
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unobserved confounders, it is possible to recover the “true” treatment effect. 

Unfortunately, the calculation involves two additional unknowns, namely the maximum 

R² (i.e. the R² of a regression when all relevant covariates are observed) as well as the 

value of proportionality between the observed and unobserved covariates. However, we 

were able to derive bounds for the treatment effect by assuming upper bounds for both 

unknowns. The maximum value of R² is bounded from above at 1. For the proportionality 

value we followed the recommendation of Oster and assumed a value of 1, which 

implies that selection on the unobserved confounders is at most as large as selection on 

our observed covariates. The lower bound derived by this method and the coefficient 

from the controlled regression form a set that is very likely to contain the true (i.e. 

unconfounded) treatment effect. A set that excludes zero provides further evidence for 

the robustness of our results. As observed confounders we included our socio-economic 

covariates (years of education, the logarithm of household income, marital status, 

employment status), cubic trends in age, height and weight, as well as indicators for 

whether a participant has been diagnosed with a sleep disorder, diabetes, asthma, a 

heart disease, cancer, stroke, migraine, hypertension, depression, dementia, arthritis, or 

back pain. Finally, we also include indicators for all five categories of the self-rated 

health status (participants were asked to rate their current health status on a five-point 

scale ranging from “poor” to “excellent”). 
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Table B.1: Treatment bounds 

 

Notes: Treatment bounds for the exercise, ALM and grip strength, as proposed by Oster (2014). Lower 
and upper bound (columns 3 and 4) for the respective treatment effect are calculated assuming R²max=1 
and δ=1. If this identified set does exclude effects of zero, this provides evidence for the robustness of the 
results. Delta (column 5) is estimated assuming R²max=1 and shows the value of proportionality that is 
necessary to produce a true treatment effect of zero. Values above 2.2 provide strong evidence in favor of 
the estimated association. A negative value implies that the inclusion of the observed confounders moves 
the estimated association away from zero. 

 

The results are shown in Table B.1. We calculated the identified set, assuming that 

R²max=1 and δ=1. This set is provided in columns 3 and 4. Here, for men (Panel A) all 

models exclude treatment effects of zero. The estimated values for δ are even negative 

in all but one model, which implies that the inclusion of observed confounders moves the 

estimated associations away from zero. For women (Panel B), the results indicate that a 

treatment effect of zero is likely in almost all cases. Exceptions are the estimated 

association of continuous exercise with appendicular lean mass as well as the 

association of exercise in early adulthood and old age and grip strength. However, in the 

latter case the estimated treatment bounds even imply a negative treatment effect. Since 

A. Men 

Outcome  Treatment  Lower bound  Upper bound  δ
ALM  Exercise in early adulthood and old age  1.14  1.26 ‐7.99

ALM  Continuous exercise since age 30  0.78  0.91 ‐5.54

ALM/BMI below cutoff  Exercise in early adulthood and old age  ‐1.15  ‐0.15 ‐0.03

ALM/BMI below cutoff  Continuous exercise since age 31  ‐0.60  ‐0.13 1.76

Grip strength  Exercise in early adulthood and old age  1.62  1.84 ‐6.83

Grip strength  Continuous exercise since age 32  1.28  1.32 ‐35.73

B. Women 

Outcome  Treatment  Lower bound  Upper bound  δ
ALM  Exercise in early adulthood and old age  ‐0.40  0.12 0.23

ALM  Continuous exercise since age 30  0.13  0.30 1.75

ALM/BMI below cutoff  Exercise in early adulthood and old age  ‐0.02  0.50 0.03

ALM/BMI below cutoff  Continuous exercise since age 31  ‐0.02  0.92 0.12

Grip strength  Exercise in early adulthood and old age  ‐9.63  ‐0.48 ‐0.05

Grip strength  Continuous exercise since age 32  ‐2.88  0.51 0.15
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our main results indicate that the estimated association is small and statistically not 

significant, this is unlikely to reflect a true negative effect of exercise on grip strength in 

women.  

An important assumption for the validity of the results shown above is that the observed 

confounders are as least as important as potential unobserved confounders. We argue 

that this is likely to be the case. While our socio-economic covariates are unlikely to 

affect our estimates substantially, we also included age, height, weight as well as a 

comprehensive set of health indicators into the model. These characteristics should be 

among the most important factors that determine both strength and muscle mass as well 

as exercise participation.  

All in all, we conclude that it is unlikely that unobserved confounders that are 

proportional to the observed covariates affect our results substantially. Following Oster, 

this implies that the robustness of our results can be compared to those from a 

randomized experiment.  

 

 


