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3. Abstract
Muscle mass, strength, and power beginslazline around the Bdecade of life, increasing the
risk of developing functional limitations with increasing age. Theseaegtd declines areaused
by a complex nexus of biological alterations in hormonal milieu, inflammation, neural function,
tendon function etc. While this development is likely inevitals#ategies for counteracting these
declines are of great interest, in order taaintain physical function of older adults for as long as

possible.

The absolute levels of muscle mass, strengtitl power has been shown numerous times to be
predictive of current as well as future functional capabilities of older adults. However, limited
research has looked into the impact of betwelimb asymmetry in these parameters on
functional capabilities. Ipaperl, we investigated the prevalence of betwelmb asymmetry in
measures of lower extremity muscle mass, strength and power, as well as its association to
functional capabilities in a cohort of healthy older adults. We found that the average degree of
betweerntlimb asymmetry in measures of muscle strength and power was ~10%, whereas the
asymmetry in legnusclemass was-3%. However, measures of betwelamb asymmetry in

muscle mass, strength, and power were not consistently associated with functigedditaes. In
contrast, the absolute levels of muscle mass, strength, and power showed moderate to strong
association to functional capabilities. Based on this, we concluded that interventions aiming to
improve or maintain functional capabilities of hdajtolder adults should focus on increasing
muscle mass, strength and power, whereas the effects of reducing betimbrasymmetry seem

of less importance.

In order to best possibly maintain muscle masbas been suggested that older adults need more
ahigher dietary protein intake than what is currently recommended. A potential strategy for
counteracting ageelated loss of muscle mass, could therefore be protein supplementation.
Heavy resistance training is known to be effective in increasing musdg, steength, and

function in older adults. Howevemany older adults do not enjoy this training modaliand thus
longterm adherence to training might be limitedResearch into the effectiveness of alternative

training modalities are therefore of interest.



In paper 2, we therefore investigated the effects of protein supplementation alone as well as
combined with either heavy resistance training or light intengigme-based resistance training
for 1 year in healthy older adults. We found that protein supplementation alone was not
associated with any benefits in relation to preserving muscle mass, strength, or function. As
expected, the addition of heavy resistaricaining increased isometric muscle strength and was
associated with a better preservation of quadriceps cremsstional area compared to protein
supplementation aloneDespite a high adherence to trainirght-intensity, homebased

resistance trainingid not provide any benefits compared to protein supplementation alone.

In paper 3, we investigated the temporal changes in muscle mass, strength and function during
and after the lyear training intervention. We found that while both heavy resistanceningiand

light intensity, homebased training were capable of increasing muscle strength during the initial 6
months of training, only heavy resistance training were capable of inducing further increases in
muscle strength during the lagtmonths of trainng. Furthermore, 6 months after the

intervention, the heavy restance training was associated with higher strength and rate of force
development than protein supplementation alone, whereas light intensity, hdiaeged training

did not provide this benefit

In conclusion, the findings do not indicate that protein supplementation alone is a beneficial
strategy for counteracting ageelated loss of muscle mass, strength, or function in healthy older
adults. The addition of light intensity, horfimsed trainingvas not an effective lonterm training
strategy, although it provided some increases in muscle strength during the first 6 months of
training. Adding heavy resistance training to protein supplementation was the most beneficial
longterm strategy, and ths it is suggested that future research and innovation efforts aim to

investigate how to increase participation of older adults for this training modality.



4. Dansk Resumé
Muskelmasse;styrke ogeffekt begynder at falde fra omkring det 4. levearti, hvilket med stigende
alder vil udgere en gget risiko fbegraense fysisk formaeisse tab skyldes en kompleks
blanding af eendringer i hormonelt miljg, inflammation, senefunktion, neural funktion mv. Selvom
disse eendringer er hgjst sandsynligt uundgaelige, er strategier til at mindske de aldersrelaterede

tab meget vigtige for at kureopretholde funktionsevnen hos aldre sa lang tid som muligt.

Adskillige studier har vist at maengden af muskelmasse, stgkeffekt er gode praediktorer for

bade nuveerende samt fremtidigt funktionsniveau. Kun fa studier har dog undersagt hvorvidt
gradenaf asymmetri mellem lemmerne i disse parametre har betydning for funktionsevnen. |

artikel 1 undersggte vi derfor graden af asymme#n kohorte af raske seldre, samt betydningen

af asymmetrien for funktionsevnen. Vi fandt at den gennemsnitlige asymmeliem benenes

styrke og effekt var omkring ~10%, mens asymmetrien i benenes muskelmasse var ~3%. Graden af
asymmetri mellem lemmerne var dog ikke gennemgaende associeret med funktionsevnen, mens
det absolutte niveau af muskelmassstyrke og-effekt varpositivt korreleret med funktionsevne.
Baseret pa disse fund konkluderede vi at indsatser der har til formal at vedligeholde eller fremme
funktionsniveau hos raske eeldre bgr fokusere pa at gge muskelmagske og-effekt, mens

effekterne af at mindskasymmetri mellem lemmerne formentlig er af mindre betydning.

For at bedst muligt bevare muskelmasse, er det blevet foreslaet at aeldre bgr indtage mere protein
end hvad der i gjeblikket anbefales til den generelle befolkning. Proteintilskud kunne derfor
udggare en potentiel strategi til at modvirke det aldersrelaterede tab af muskelmasse. Tung
styrketraeningkan gge muskelmassestyrke og funktion hos aeldre. Dog bryder mange aeldre sig
ikke om denne traeningsfornag tilslutningen til denne treeningsform kaerdor veere begraenset.

Effektive alternativer til denne traeningsform er derfor af stor interesse.

| artikel 2 undersggte vi derfor effekten af proteintilskud alene samt kombineret med enten tung
styrketreening eller hiemmebaseret, let styrketraening henovar hos raske aeldre. Vi fandt at
proteintilskud alene ikke gav nogle positive effekter pA muskelmasseke, eller funktionsevne.
Som forventet resulterede tung styrketraening i en forbedret isometrisk styrke, samt en bedre

vedligeholdelse af quadricepezersnitsareal end proteintilskud alene. Pa trods af en god



tilslutning til treeningen, gav den hjemmebaserede, lette styrketraening ingen positive effekter pa

sammenlignet med proteintilskud alene.

| artikel 3undersggte vi tidsoplgsning i @endringerne iskelmasse, styrke og funktionsevne under
og efter den 1arige traeningsintervention. Vi fandt at bade tung styrketreening og hjemmebaseret,
let treening medfarte en gget styrke efter de farste 6 maneders traening, men at kun den tunge
styrketreening var i stantil fortsat at forbedre styrken som fglge af de efterfalgende 6 maneders
treening. Derudover var tung styrketreening forbundet med en hgjere styrkeaigudviklings rate
end proteintilskud alene 6 maneder efter treeningens ophgr, mens dette ikke vacfaetter

den hjemmebaserede, lette traening.

Fundene i denne afhandling indikerer at proteintilskud uden sidelgbende traeningsinterventioner
ikke er en fordelagtig strategi for at modvirke aldersrelateret tab af muskelmasse, styrke, og
funktionsevne. Tilfgjelsen af hjemmebaseret, let treening var ikke en effektiv langsigtet
treeningsstrategi, selvom denne form for treening medfarte en styrkeforbedring efter de farste 6
maneders traening. Kombinationen af tung styrketraening og proteintilsiwdien mest effektive
langsigtede strategi og resultaterne i denne afhandling leegger derfor op til at fremtidig forskning
og innovation sgger mod at klarleegge hvorledes traeningstilslutningen blandt keldeges til

denne treeningsform.



5. Introduction
dNo decline with age is more dramatic or potentially more functionally significant
than the decline in lean body massXx 0 ¢ KSNB Yl & 0SS yehteddigyndathaés FSI
could more dramatically affect ambulation, mobility, calorie intake, and overall nutrient intake and

status, independence, breathing, étclrwin Rosenberg, 1989.

Those were the remarks madie Rosenberg $989 plea for attention towards the phenomenon of
agerelated loss of muscle massA phenomenon he suggested to term sarcopenia, derived from
the Greek wordsarco(meaning flesh) angenia(meaning los). Since this call for attention,
increasing focus has been put on the importance of this decline, culminatthg mrecognition of
sarcopenia as a disease state through its officiatlCPode in 201% While the current definition
of sarcopenia has been undergoing debated revisidrte now also includ losses of physical
function®8, strategies taounteract agerelated losses ofkeletalmuscle mass remain of utmost
importancedue toits many important roles functions in relation to locomotion as well as
metabolisni. Given the varying definitions of the terBarcopeniagagerelated loss of muscle

masg will be used in this thesis to describe this phenomenon.

The agerelated decline in muscle mass has been suggested to begin as early as'irdtwée of
life®. The rate of decline is somewhat debated, Buaround~0.3> 30 'Q @, likely accelerating to
~0.8b a0 'Q @ iduring the §' decade of lifé. Importantly,accompanyindosses of muscle

strength are typically reported to occur at faster ratearound ~® 30 Q & i 1°. Muscle power
(defined asQ¢ | D '@ & £ )asERdscio decrease at an even faster rate than stredgthotentially
having large implications for overall functional capabilities such as walking or rising from'& chair
14 as well agisk of fall$®. The biological mechanisms underlying agkated losses of muscle

mass strength, and factionare a complicated matter to comprehenoeing a nexus of

alterations in hormonal miliet§, inflammatiort’, tendon functio®, neuralfunction'® etc. Tre

matter is further complicated by the fathat the agerelated declines aralsonegativelyaffected

by behavioraffactors such asactivityandinadequateintake of energyandprotein®2°.

Although the ageelatedlossesof muscle mass, strength, and functiare likely inevitable,
strategies on how to counteract these losses afgreat interest for both society as well as the

individual. The present thesis will investigate the effects of two potential strategies: Protein

10



supplementation and resistance trainingurthermore, as most activities of daily living (ADL) are
characteized by bilateral limb movements, this thesis will also investigate if betviedn
asymmetry in muscle mass, strength, and posteould be a focus in interventions aiming to

preserve functional capabilities of older adults.
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6. Background

6.1. Therelationship between muscle mass and functional capabilities
Maintaining a sufficient muscle mass throughout life seems imperative for maintaining functional
capabilities with age. In a classic crssstional study from Janssen and colleaghdswas
observed that older adults witlow muscle mass had substantially higher risks of functional
impairment compared to ageatchedolder adults with a normal muscle ma3$e link between
risk of functional impairments and low muscle mass is likeinlymediated by the fact that a
largermuscle mass isapable ofgeneratinghigher strength. Strength has been shown to be a
goodpredictor of both current functional capabiliti€s®*?4, as well as risk of developing future
functional impairment® and mortality?®>. Some studies suggest that muscle power is an even
better determinant of functional capabilities compared to muscle streityth However, for both
muscle strength and power the association to functional capabilities are likely curvilinear
(illustrated inAgure 1), as losses of strength apdwer at very high initial levels is unlikely to
ADI2428 While the association between

strength/power and functional capabilities are

relativelywell established, tadiesinvestigating
the association betweemuscle mass per se and

performance in functional tests (such as gait

Functional capabilites

speed, chair stand tests etcshow mixed

resultg22%34, However, some of the discrepancy Muscle strength

Figurel. lllustration of the suggested curvilinear
relationship between muscle strength and/or power
functional capabilities. The graph is based on the
findings d Ferruci and colleagues as well as Cress a
Meyer.

between studies might be explained by a lack
adjustment in the statistical models for other
important factors such aghysical activity and body
fat levels potentially disguising the beneficial effects of a higher muscle mass in the atfalysis
Furthermore, as with muscle strength, the relationship between muscle mass and functional
capabilitiess likely notihear, and thus detrimental effects on functional capabilitiesynot be

apparent until the muscle mass decreases below a certain threshold.

A large proportion oADL are characterized by being dependent on bilateral lower limb function
(e.g. walking, stair climbing, etc.). Thus, it is likely that the weaker of the lower limbs, as well as the

degree of betweerdimb asymmetry in muscle strength, could the limitingtta in the abilities of

12



the older adults to perform these taskPrevious studies have observed that a large degree of
betweentlimb asymmetry in leg extensor power (LEP) as associated with a decreased postural
balance as well aan elevated incidence offisl*36, Studies investigating the association between
functional capabilities and betwedimb asymmetry in lower extremity strength and power have
showninconclusive result$3"38 Some of the discrepancy in these findings could however
potentially be related to differences testing methods (e.g. wholleg vs. singlgoint strength
testing) If betweenlimb asymmetry in lower extremity strength and power limits functional
capabilities in older adults, reestablishing betwdanb symmetry should be a focus in exercise

programsfor older adults, and thus more research is needed on this matter.

Given thevast implications oimpairedmuscle function on not jughe personal autonons# 3940

and mortality risk® of the individual, but also the major costs for society considering health care
and nursing expenditures, strategies to counteract-agjated losses of muschaass, strength and
function, are of great importanct®r both the individual and for societurrently, the main
suggestedhon-pharmacologicastrategies for maintaining muscle mass and function with age
includeincreasing dietary proteiand exercise interventiod%4%46, The following sections will
investigate the evidence regarding the effectiveness of these two intervention strategies in

counteractingmusclemass, strength and function in older adults.

6.2. Protein and prevention of muscle loss
Current global dietary guidelines specify a recommended daily allow@&iaaf 0.8°Q0
Q°Q6 w XN & 37 for all adults, irrespective of age. This recommendation is primarily based upon
findings from studies using nitrogen balance to asfietary protein requirement¥. The nitrogen
balance method is based on the concept that protein in the primary source of nitrogen in the
body, and thus, any losses or gains in bodily nitrogen should be reflective of a decrease or increase
in protein. The amount of protein intake that induces a peto nitrogen balance, should
therefore in theory besufficient to maintain muscle masé/hile some studies using this method
has shown that protein requirements for older adults are higher than the current¥P)his
was not observed in the metanalysis by Rand and colleagtfeslowever the nitrogen balance
method has received critique due to issues in accyriameasuring intake and excretion of
nitrogen, resulting in possible underestimation of the protein needs of older #ddhtRecently,

the indicator amino acid oxidation (IAAO) method has emerged as a new method of investigating

13



protein requirementsThis method is based on the assumption that when one indispensable
dietary amino acid (IDAA) is deficidat protein synthesis, all other excess IDAA, including the
indicator amino acid, will be usext energy substrate artierebyoxidized At increasing dietary
protein intakes, IAAO will thus decrease until reaching a plateau at when the intake of thegimit
amino acid is sufficieft Results using thisiethod seem to suggest that the RDA of protein for
older adults should be increased to ~D.8"Q3Q"Q6 ® I & 3%, It should be noted however,
that while thelAAOmethod provides considerable advantages over the nitrogen balance method
including being less invasive as well as using a moreeradigoint measure?, the method has

also received dtique for not providing enough evidence behind the claim that the IAAO reflects

overall protein requirements rather than just the requirement for the indicator amino®acid

Several epidemiological studies have suggested that protein intakes beyond the current RDA are
associated with highemuscle mas¥<?, strengtt?’-63 andrisk d functional limitation§? although
these findings are not unanimous throughout the literattf. Perhaps the strongest evidence

for increased dietary protein recommendatiomsrelation to counteracting ageelated loss of
muscle masds the results from the Health AB&idy®. In this prospective cohort studgcluding
older adults ageing 709 yearsit was found that losses of lean mass were appr ~40% less for the
participants in the highest quintile of protein intakel(1"QJQ Q6 & 0 & Ppcompared to the
participants in the lowest quintile of protein intake (<OCDQ"Q6 w X & ¢5°. In the same

cohort, t was recently found thaparticipants in the upper tertile of protein intake (>1Q@D

0Q6 @ XN & Pphad a lower risk of developing mobility limitations during-ge@r followup

period compared tgarticipants consuniig <1.00Q"°Q6 @ I & 3* While these observational
findings seem to suggest higher protein intakes as a promiswigo counteracting ageelated

loss of muscle mass, causal relationships cannot be deducteddbservationattudies. It is

worth noting that on a crossectional basis, higher protein intakes are often associated otitar
factors with large potential impzt on muscle mass, such ligher physical activity levéfs®®

alcohol consumptio??, andoveralldiet qualityp”.

These aforementioned findindgve formed thebasis for arguments by several research groups
towardsincreasinglietary proteinrecommendations for older adults (65+ yed?t$§5? In the
Nordic countries, an increased dietary prote@tommendation for older adults has even been

incorporated into the recent edition of the Nordic Nutrition Recommendati@nidoweverhere it

14



is acknowledged thahere is a lack of randomizeaiatrolled trials (RCTshvestigating the effects

of manipulating the dietary protein content of older adutia muscle mass, strength, and

function. Given the relatively small annual loss in muscle neissound 0.50.8946, such

randomized clinical trials will likely need a large sample size as well as a long intervention period in
order to detect any difference related to protein supplementation alone. In a recent attempt to
perform such a stugl Bhasin and colleagu@$ound thatin older functionally limited meN =92)
whose usual protein consumption was around the RDA, increasing daily protein intaké@»1.3
Q6 w X & Ppfor 6 monthsvas not associated with an increase in muscle mass, strength, or
function compared topeerscontinuing to consume the RDHowever, that study only had a

duration of 6 months, and used DXA to estimate changes in muscle mass. As DXA has previously
been shavn to be less sensitive to agelated changes in muscle mass compared to magnetic
resonance imaging (MR3) the lack of an effect could be due tabtequate intervention length

and method sensitivityZhu and colleaguésinvestigated whether 30 g daily whey protein
supplementation for 2 years would be beneficial in preserving muscle mass and strength in older
women already consuming more protein than the RDA. To my knowledge, that study has used the
longest study duratiomo date when investigating the effectiveness of increase dietary protein
intake in healthy older adults. This study even used highly sensitive computed tomography (CT)
scans of the calf muscles to investigate changes in muscleAttizeugh Zhu and colésues were

able to detect significant reductions in muscle size over tye& period, they observed no

beneficial effect of whey protein supplementatiGnHowever, to my knowledge, #his the only

study to date investigating the effects of protein supplementation for >6 monthsoscle mass

and strength. Thus, further studies are still needed in this area.

6.3. Protein distribution
While the total daily protein intake of older adults has been a topic of interestdweralyears,
interest into the distribution of protein intake throughout the dagsreceived increasing interest
during the recent yeardViuscle mass isonstantly regulated through simultaneous synthesis and
degradation, with the net protein balance being oefd as the differencbetween protein
synthesis and breakdowiNet protein balance is maintained through the @sgjon of amino acids,
which will result in systemic hyperaminoacidemia, stimulating the synthesis of new prdtéins

The increase in protein synthesis is transient, and returns to fasting levels withimolewdespite

15



continued elevations amino acid availabilf§f8. Thus, longterm protein netpositivebalance is
dependent on multiple stimulations of protein synthesis throughout the d#gnce, it has been
hypothesized that distributing the total daily protein intake into serginfthe amount

approximating the optimal doséor stimulating muscle protein synthegi§IPS) would be the
mostfavorableway ofingestingthe daily protein amountThe ability to increas®PSin response

the face of hyperaminoacidemieems to be impaired in older aduR$®. Moore and colleagué®
found that older adults were able to increase postprandial protein synthesis to the same extent as
young adllts, but required larger doses of gein for maximal stimulation. As older adults in the
Western part of the world often consume their dietary protein in a skewed fashion, consuming the
most in the evening and little in the mornifig? this could pose a risk of suboptimal stimulation

of muscle protein synthesis at breakfast and/or lun8lihough observationadtudies investigating

the importance ofan evenprotein distributionin relation tomuscle mass he shown mixed
result$8.658384 gptimal timingand distributionof ingestedprotein might still 2 worth a

considerationas long asll servings can meet the optimal dose

6.4. Protein quality
Theprovision of amino acids with thaietary protein will affect its ability tgtimulateand
enhance themuscle protein synthesitike theapproach used in the IAAO method, the
maintenance oprotein synthesiss dependent on the availability of the amino acids coded for in
the synthesize@roteins. Thus, dietary proteinor humars shoulddeliver allrequired amino acids
in relative quantitiecomparable to thdhumanbodyQ tissueandin a readilydigestible and
accessiblenanner. Based orsuch requirementgrotein quality is definedThe most common
method of describing protein quality isrough a scoring system, the two most commonly used
being the protein digestibilitgorrected amino acid score (PDCAA&)d latestthe digestible
indispensable amino acid¢asre (DIAAZS. However, these scoring sems describe the amount of
a given protein that is needed in order to avoid a whibtely proteindeficit andare therefore not
specifically aimed towards describing the anabolic potential of a given aminofacttigestion
rate®” as well as essential amino acichtent® have been shown toédimportant factors in
determining the anabolic potential of a protein, two proteins with equal protein quality scores
might elicit different anabolic respons€$®. The amino acid leucine has been showibéothe

major determinant of increases MPS%%, As animabased proteins typically have a higher
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leucine content compared to plasitased proteins, this seems to be one possible factor explaining
the higher anabolipotential of some animabases protein sarces?®. In observational studies, is
has been shown that while protein intake from aninbased protein sources are well correlated
with muscle mass, this relationship is not as evident for ptested protein sourcé®:. It should

be noted however, thathese findings are not unanimous in the literatfftdn young adults,
supplementation with animabased protein supplements have been shown to be superior to soy
protein supplementation innicreasing muscle mass during resistance training interverftihs
However, limited evidence existsgarding the importance of therotein quality of the

supplement, when supplied as part of a mixed diet without any exercise interveintiolder

adults In a recent study by Oikawa and colleadfi#svas observed that supplementation with
whey proteins elicited greater increases\iPSin older womenover a 6day period compared to
supplementation with collagen proteinboth in the resting state as well as after resistance
training. The participantsn that study consumed on average ~108Q°Q6 & 0 & of protein,

an thusthesefindings are somewhat surprisings previous studies haweiggested thathe
importance of protein quality diminigisat higher intakes of proteifT:°¢ Howeve, it should be
noted that measures d¥1PSdo not generally correlate well with loAgrm changes in muscle
mas$®, and thus studies employing measures of kbegn changes in muscle mass after protein

supplementation of varying protein qualities astll needed.

6.5. Potential concerns regarding a highotein diet
Asadvancingage is associated with a gradagcline inkidney function, clinicians have for a long
time been concerned whether higprotein diets might negatively impact this developmeint.
patients with renal disease, leprotein diets have been shown tmunteract the rate of renal
function decliné®. However, in adults with no renal impairments, the protein content of the diet
does not seem to affect renal functiti¥1®. It should be noted howevethat Knight and
colleague¥’3found that in women with mild renal insufficiency, higher protein intakes seemed to

accelerate the loss of renal function.

Another comnon concern regardingigh-protein diets, is the potential negative effects on bone
health. This concern arose from early studies observing an increase urinary calcium excretion
related to highprotein diets?+1% giving rise to &ypothesishat high protein intakes should

induce metabolic acidosisvhich would be buffered through alkalinizing compounds derived from
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bone. However, thidhypothesishas been dismissed, as a recent matalysis found no negative
effects of high protein intakes, arelen found trends towards positive effects of high protein

intakes on many bone sit&$.

In conclusionwhile protein supplementation might have detrimental effects on kidnacftion in
individuals with preexisting renal diseasiee majority ofevidence indicate that protein

supplementations notassociated with any health risks in healthy older adults.

6.6. Exercise andgeing
Sufficientphysical activity is an important factor in preserving muscle mass, strength and function
with ageing. Prospective cohort studies indicate that older adults with moderate to high physical
activity levels hava ~50% lower risk of disability compared taMective individual¥”.
Conversely, even short periods of low activity levels or disuse has been shown to have dramatic
negative impact on muscle mass and streftgffile. As physical activity levels seem to bavér in
older adults compared to yourt, physical inactivity mighglay a substantial role ithe degree of
agerelated loss of muscle mass. preposed by Lazarus and Harridtfethe performance of
master athletes mightherefore be the bestwaytogahy a A 3K Ay U-2latedK S & (0 NHzS
changes in physical function, as these are highly unlikely to be affected by the nexjtects of
lifestyle factors such as physical activity, diet, smokinghatably,the world record
performances in masters events decline with increasing‘dgbusit is evident that regular
exercise is not capablef completely preenting agerelated losses of muscle functiolm master
endurance athletes ageing &3 years, Pollock and colleagé€$ound no association between
age and muscle mass, indicating that the high volume of exercise training was protective against
losses of muscle maddowever, although muscle mass was not decreased with age, both strength
and cardiovascular fitness showadgative associations with atjé In line with these findings,
Mikkelsen and colleagué&'$ found that quadriceps muscle size was preserved in master
endurance athletes compared to young adwitsereasquadriceps strength wsanot.Importantly,
Piasecki and colleaguésrecently observed no significant differences in leg lean mass between
life-long competitive magr endurance athletes and master endurance athletes who took up
intense training and competition after the age of $urther, a recent study from our group
observed significant increases in muscle size and strength after resistance training of older adult

over the age of 83 year$. However, when investigating changes at the muscle fiber level,
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resistancdraining had no effect on fiber size or satellite cell content, suggesting limited muscle
plasticity in this populatiol’. Thesefindings suggest that while liféong exercise is likely the
superior way of maintaining optimal healti s nevertoo late to start exercising in order to reap

health benefits.

While the studie®n master endurance athletes indicate tHdé-long endurance training is

capable if rescuing agelated losses of muscle ma$s'4 endurance training does not seem to
increase muscle mass strengthin previouslysedentary older individual&. In contrast, it is well
established that resistance training is capable of inducing marked increases in muscle mass and
strength inuntrainedolder adultd6.1%124 pearson and colleagu&8found that in master
weightlifters, muscle strength and power declined at the same rate as healthynagshed

controls. However, muscle strength and power were substantially higher for the weightliftighs,

the oldest weightlifters being as strong and powerful as untrained individuals ~20 years
younget?®, Resistance training therefore seems as an effective intervention strategy to increase
muscle mass and strength, as well as a viallg-term training method to maintain muscle

function.

6.7. Resistance training intensity
When training is aimed towards increasing muscle mass and strength, most available evidence
indicates that this is best achieved at training loads of >70%@bdtition maximum (RM¥6:127
Although the higher training intensities seem to elicit the greatest physiological responses, training
using lighter loads also has been shown to increase muscle imassing adults, Holm and
colleague¥?®found that resistance training at 15.5% 1 RM induae®.5% increase in quadriceps
muscle sizewhereas training at 70% 1 RM induced a 7.5% increase. Importantly, the training in
that study was volumenatched (lad x repetitions), meaning that the number of reps performed
at the light training intensity was decided to equate to the same total volume as the heavy training
intensity. Thus, training was not performed to failume either intensity.In a recenimeta-
analysis, Schoenfeld and colleagtf€fund that when training was performed until muscular
failure, heavyload resistance training (>60% 1 RM) induced greater increases in strength
compared to noderate-load resistance training (<60% 1 RM), but both methods were equally
effective in promoting muscle hypertroph@€sapo and Alegté’ performed a metaanalysis on

studies comparing the effect of heavy resistance training (~80% 1 RM) to training using moderate
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loads (~45% 1 RM) in older adults. In that matelysigt was found that whileheavy training

loads were the most effective for increasing muscle size and strength, training using moderate
loads were also able to increase strengdtlipertrophic responses to training using moderate loads
were not significart®’. Notably, the observed differences between training using moderate and
heavy loads were smaller when training volumes were matched, and in the case of muscle

hypertrophy, not significantly differeftC,

Overall, the available evidence indicates that while heavy resistance training seems to be the most
effective method of increasing muscle mass and strength, training using lighter loads might also be
capable of improving these parametesbien a sufficient training volume is performed. Timight
especially be relevant in conditionsere heavy loading is movell tolerized, such as

osteoarthritis3:, or in cohorts excluded fromarticipation in due to contraindications for heavy
resistance training, such as uncontrolled hypertension or cardiovascular diée&sethermore,

many older adults prefer lighter intensity training prograifis34 and might therefore not enjoy
resistance training using heavy loads. In a sttmiyparing the adherence to walking intenteons

at moderate or high intensities, it was found that training interventions using higher intensities

had lower adherence, resulting in a lower exercise voltitn# these findings also apply to

resistance training at varying intensietraining at lighter loads could potentially be a more

effective longterm strategy for improving muscle mass, strength and function in older adults.
should be mentioned however, that studies so far have not found differences in adherence to

resistance training at heavy loads compared to liglitderate load$%6:137

While the impact of altering training load per on training adherence is somewhat speculative, it
should also be considered thagining usindighter training loads can more easily be performed

at other locations than traditional commercial gyms. Heavy resistance training requires specialized
equipment, and thus heavy resistance training requires the participant to have accessitie$acil

with this type of equipment Typically commercial gyms. These commercial gyms might pose
challenges for training participation of older adults due to an intimidation of the environment as
well as the economic costs associated with membership fettese gym¥812° Furthermore,

while resistance trainingterventions in supervised, cestbased settings have been shown to be
very effective during the intervention period, it has also been shown that exercise continuation

after the interventionss low!36:138 |t is important to remember that exercise only induces
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physiological adaptations when it is performed, thus making adherence an important aspect when
recommending exercise modalities and setting. Whegéting a high degree of adherence, the

most effective exercise modality might not be an optiditernative effective settings and

methods of resistance training are therefore of great interest in order to increasecise

participationand continuatiorfrom older adults.

6.8. What happens when the interventions end?
Given the low exercise continuation after resistance training intervention, it is of interest to
uncover whether the benefits of the training persist, or if the improvementsuscte mass,
strength and function are lost shortly after training cessati®revious reports on this subject
have found that while improvements in muscle mass are generallydose the intervention
ends“®143 strength gains have been observed to be maintained abovérpiging levels for up
to a year after the training interventidfi®'44 However, changes in muscle mass and strength are
dependent on the degree of exercise continuation after the interventiiappe and colleagu&®
found that improvements in muscle size and strength in older men in response tavadi’
resistance traimg intervention, could be maintained by one training session per viaek
months. Somewhat in contrast with these findings, Bickel and colledtfudsserved that the
effects of 16 weeks of resistance training on myofiber cseEsgional arean older adults were
not maintained with exercise continuation once weekijowever, improvements in specific
strengh (strengthper unit oflean mass) were maintained even without exercise continuation, and
continued to improve with exercise continuatitfd Both of the aforementionedstudies
continued exercise supeision during the exercise continuation. As supervised training
interventions seem to be superior to unsupervised interventidnthis might have a have major
effect on the efficiency of the exercise continuati@nijders and colleagu¥drecently found that
irrespective of selfeported exercise continuatiommuscle mass was lotyear after a émonths
resistance trainingntervention. Howeverthe participants who continuednsupervisedraining
were still able to maintain musclgizeabove pretraining levels Also in that study,teength was

maintained irrespective of training continuati.

6.9. Effect of training lengtlg Timing of adaptations.
As described in the prious section, once the adaptations to resistance training interventions

have been achieved, older adults are typically able to maintain some of these benefits for a
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prolonged period of time. It is therefore of interest to know when these adaptationsrpacual for
how long a training intervention can continue to elicit improvements in muscle mass, strength,

and function.

In young adults, significaimcreases in muscle size and strength typically observedfter ~34
weeks of resistance trainidf148. The initial rapid increases in muscle strength seeramainly
attributed to neural adaptations, whereas prolongedtreases seem more reliant on continued
increases in muscle siZ&1>° Brook and colleagué® observed that in response to aveek
resistance training intervention, the vast majority of hypertrophic tdéions had occurred within
the first 3 weeks. This was reflecteg the measures of lorgerm protein synthesisshowing that
myofibrillar fractional synthesis rate was only elevated during the first 3 weeks of tréifiing
However, as the differences in muscle volume between anteng resistance trained and an
untrained is vastly larger than what is typically observed aftgpacal resistance training
intervention study®?, it is evident that training adaptations can occur for extended periods of
time, although at a slower ratén older adultsdnger resistance training interventions (>6
months) are generally associated with greater improvements thamtshinterventiong?’.
However, these studies are typically investigating supervised, heavy resistance traimimy
knowledge, no studies to date have @stigated the temporal changes in muscle mass and
strength in response to unsupervised resistance training using lighter loads. It could be speculated
that while the progressive increase in training load during a heavy resistance training program
might elcit continued increases in muscle size and strengthyrasupervised lighteload training
regimen might result in initial improvements in these parameters, but fail to elicit continued

improvementsdue toinsufficientprogression in training load
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7. Objectivesand hypotheses
The aim of this thesis is to investigate the efficacy of protein supplementation and resistance
training interventions in preventing agelated loss of muscle mass, strength, and function. This

aim is investigated in threpaperswith the following objectives:
In Paperl the objective was twofold:

- To quantify the magnitude of betwedimb asymmetry in lower limb muscle mass,
strength and power in &rgecohort of healthy homedwelling older adults.

- Two investigate to which extemdwer extremity function (LEF) could be predicted by
measures of muscle mass, strength and power, as well as betiwabrasymmetry in

these measures.

The hypotheses were that betwedimb asymmetryin lower limb muscle mass, strength, and
powerwould be present in the investigated cohoand that themagnitude of asymmetry, as well

as absolute levels of muscle mass, strength and power, would be predictive of LEF.

In Paper2 the objective was to investigate the effect of protein supplementatione or
combined with light intensity or heavy load resistance training on muscle size, strength, and
function on older adults. This was investigated througRGlinvolving 208 healthy older adults
(>65 years) who were randomized to one of fivgehrinterventions: 1) Carbohydrate
supplementation. 2) Collagen protein supplementation. 3) Whey protein supplementation. 4)
Lightload homebased resistance training with whey protein supplementation. 5) Cemsed

heavy resistance training with whey pratesupplementationThe hypotheses were twofold:

- Supplementation with high quality protein (whey) would be better at preserving muscle
mass, strength and function compared to lower quality protein (collagen).

- Adherence to lightoad homebased resistance &ining would be higher than to center
based heavy resistance training, and thwéen analyed using a modified intenticto-
treat principle(mITT) exert equally effective longerm strategies for increasing/preserving

muscle size and strength.
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In Paper3 the objective was to investigate temporal changes in muscle mass, strength and
function during and after 1 year of lightad homebased resistance training compared to center

based heavy resistance training or no training. The hypahasre twofold:

- When performing per protocol (PP) analysis, heavy resistance training would be the most
beneficial during the intervention, with continued increases in thesasures throughout
the intervention, whereas the ligHbad training will only improve thesparameters during
the first half of the intervention.

- Lightload homebased training would be associated with better preservation of muscle

mass, strength, and function after the intervention period.
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8. Methods

8.1. Study design
TheW/ 2 dzy 0 SNRehiedf y2FH a! 2SF { 1St Sl f adzalOftS alaaQ o6/
generated the data for the three papers in the present thesis. The CALM intervention study was an
interdisciplinary project investigating the effect of protein supplementation and resistancgerteai

from a clinical as well as an ethnological perspective.

The CALM intervention study was gdar RCT, including a total of 208 healthy older participants
(>65 years of agento one of five groups: 1) Carbohydrate supplementation (CARB). 2) Collagen
protein supplementation (COLL). 3) Whey protein supplementation (WHEY). 4}ivésee light
intensity training with whey protein supplementation (LITW). 5) Cebteed heavy resistance
training with whey protein supplementation (HRT\8jratified emndomization was done by an
investigator not involved in interventions or not sensitive to blindstgatifingby sex and number

of completed repetitionsonthe 3@ OKF ANJ ail yR G4Said o6fmc 2N xmcl(

The 5 intervention groups in the study composed the stady arms of the projedsee figure 2,

A nutrition arm, and a training arm. The nutrition arm of the stirdyestigated the effect of
supplementation with a higlguality protein (WHEY) compared to a lower quality protein (COLL)
and muscle mass, strerfgtand function. The training arm investigated the effects of adding
home-based lightetload training on top of whey protein supplementation, compared to the
addition of heavy resistance training, on muscle mass, strength, and funtte\WWHEY group

wastherefore both a part of the nutrition arm as well as the training arm.
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=
208 healthy older adults (65+
L years)

7N\

Nutrition arm Training arm

CARB (n=36) COLL ]n=50[\ WHEY (n=50) LITW (n=36) / HRTW (n=36)
Carbohydrate Collagen protein Whey protein Light intensity Heavy resistance
supplementation supplementation supplementation ome-based training training
2x daily: 2x daily: 2x daily: 3-5 x weekly Centre-based
Morning Morning Morning Supervised monthly 3 x weekly
Lunch Lunch Lunch Supervised

J .

Figure2. Overview of study arms and intervention groups in the CALM intervention study.

The studytrial design included 4 main timepoints wleasurements: 1) Baseline (0 months). 2)
Midway through the intervention (6 months). 3) End of intervention (12 months). 4) Foilo/

months after the end of the intervention (18 month®&igure 3.

Forpaper 1, measurements obtained at O monthsere used for crossectional analysis.
Therefore, all participants enrolled in the CALM intervention study (n= 208) were included in
analysis for this papeForpaper 2,measurements obtained at 0 and 12 months were ugeth
all participants included ithe CALM intervention study (n= 20®)assess the effects of the
interventionsin mITT analysi@escribed in detail in 9.8.Baper 2. Forpaper 3 measurements
obtained at all timepoints for the participants in the training arm only were used to askes
temporal changes in muscle mass, strength and function in resporigghtéhome based training
versus centebased heavy resistance trainidgring and after the interventionVe wanted to
investigate temporal changes under conditions where adhezdéndhe interventions were
satisfactory, and we therefore only included participants fulfilling the requirements for the per
protocol (PP]Described in detail in 9.8.Raper3) analysis in the training arm (n= 64) in that

analysis.
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Timepoint [Months]: 0 6 12 18

Intervention period . ___Follow-up period _
FYY WY AL revyy A ;;‘P
Recruitment
Informed consent
Health examination
DXA scan DXA scan DXA scan
DXA scan Accelerometry Accelerometry Accelerometry
Anthropometry
Accelerometry MRI scan MRI scan MRI scan
Randomization
Food registration Strength tests Strength tests Strength tests
Functional tests Functional tests Functional tests
MRI scan

Strength tests
Functional tests

Figure3. Overview of the trial design

8.2. Participants
Healthy older adults over the age of 65 years were recruited through advertisements in local
newspapers, radio programs, social media etc. to be included in the CALM intervention study,
participants were not allowed to participate in >1 hour of heavy resistance training per week, but
were allowed to perform other types of exercise. Furthermore, participants were excluded if they
possessed any disease or other chronic condition potentiatiglering them from safely

completing the intervention

As shown in the CONSORT flow diagraigufe 4. Wehad 1285 initial contacts by phone or mail,
out of which 1163 were screened for the exclusion criteria by phone. 280 were scheduled for a
screenng visit, and 208 were included in the study and randomized to one of the five intervention
groups.The vast majority of excluded participants were excluded from participation due to
medical reasons (diseases or medication possibly interfering with theticgation in the study).

A large number of participants declined to participate, mainly due to the time demanded for
participation and associated transportation needs. Of the included participants, a total of 24

participants did not complete the intervion.
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Noreturn contact(n =137)

Contacts (N=1285)

Telephonescreening (N=1163)

Excluded (n=72)

* Inclusion criterianot met(n=33)
o Medication /illness (n=30)
o Activity (n=2)
o Alcohol intake (n=1)

* Declinedto participate (n=39)

Excluded (n=883)

* Inclusion criterianot met (n=447)
o Medication fillness (n=317)
o Activity (n=86)
o Unabletoadhereto
interventions (n=44)

Scheduled for screening
visit (n=280)

Randomized (n=208)

= Declinedto participate (n=436)

o The projectwas too extensive
(n=132)

o Participationrequired toomuch
transportation (n=51)

o Wouldnotparticipate inall
groups (n=64)

o Other(n=45)

o Noreasonstated (n=144}

36 randomized to CARB H

50 randomized to COLL ‘ ‘

50 randomized to WHEY

36 randomized to LITW ‘ |

36 randomized to HRTW

2 did not complete
-1 1 withdrew consent

6 did not complete
--| 5 Withdrew consent

6 did not complete
--| 5 Withdrew consent

6 did not complete
-| 3 Withdrew consent

4 did not complete

-[ 1 Withdrew consent

1lliness 1 lllness 1 lllness 3 lliness 3 lliness
34 completed 44 completed 44 completed 30 completed 32 completed
Supplementadherence 275% Supplement adherence 275% Supplementadherence 75% Avr. trainingadherence 23.0 Avr. trainingadherence 2.0
(n=22) (n=31) (n=25) sessions/week (n=20} sessions/week (n=19)
Intention to treat (n=34) Intention to treat (n=44) Intentionto treat (n=44) Intention to treat (n=30} Intention to treat (n=32)

8.3.

supplementation.

Interventions

Figure4d. CONSORT flow diagrdon the CALM intervention study.

8.3.1. Nutritional supplements
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As described in previous sections, the CALM intervention study trial design was composed of a
nutrition focused study arm investigating the eéts of protein supplementation, and a training

focused study arm investigating the effects of adding resistance training on top of protein

All intervention groups received a nutritional supplement to ingest twice daily for entire

intervention period. Composition of the supplements is showtabie 1 Participants were

instructed to ingest the supplements in the morning and at midday, préfgrast before

breakfast and lunch to increase satiety, thereby minimizing excess caloric intake. On training days,

LITW and HRTW were instructed to ingest one of the daily supplements just after completing the




training sessiongAll participants noted agerence to the supplements in hard copy diaries and
received new supplies of supplements every 6 weeks. All supplements were developed, prepared,
and individually packaged by Arla Foods Ingredients Group P/S, VilBarf&pants randomized

to the groupsin the nutrition arm were blinded regarding the content of the supplement. Due to

the trial design, participants in the training arm could not be blinded to the content of the

supplement.

Group Supplement content Protein[g] EAA[Q] Leucine [g] Carbohydrate [g] Energy [kJ]
CARB Maltodextrin + sucrose 0 0 0 30 510
QOLL Bovine collagen protein hydrolysate + sucrose 20 34 0.6 10 510
WHEY Whey protein hydrolysate + sucrose 20 10.3 22 10 510
uTw Whey protein hydrolysate + sucrose 20 10.3 22 10 510
HRTW Whey protein hydrolysate + sucrose 20 10.3 2.2 10 510

Tablel. Supplement composition in alayips. Composition is shown per supplement.

The protein content of the supplements were chosen based on findings from acute studies
showing that muscle protein synthesssoptimally stimulated at ~285 g of high quality
protein’®152 As mentioned previously, oldedalts in western countries tend to consume their
daily protein intake in a skewed fashion, consuming most protein in relation to dinner, less in
relation to lunch, and the least in relation to breakf&sg. As illustrated iffigure 5
supplementation of 20 g of protein in relation to breakfast and lunch would theoretically cause

these meds to surpass the ~30 g of protein needed for optimal stimulation of MPS.

[ Supplement
60— [ Protein from diet

Protein intake per meal
[a]

Figure5. lllustration of the impact of the potential effect of the chosen supplementation strategy on protein intake. Data am protei
intake from the diet are adapted from (Berner et al, 2013). The dotted line represents the protein dose needed for optimal
stimulation of MPS (~30 g).
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8.3.2. Training interventions
The heavy resistance trainifigr HRTWvas performed 3 times weekly at Bispebjerg Hospital
under supervision of experienced staff. The training program consisted 0frbinutes of warm
up on stationary bikes flmwed by 5 resistance training exercise, mainly focused on the lower
extremities (Leg press, leg extension, leg curl, shouldeidowh, shoulder press).oading was
periodized in 3amonth cyclesstarting at 3 sets of 12 reps at 12 RM, and progressiriggets of 6
repetitions at 6 RMThe participants performed &RM test in the beginning of the training
intervention and at the end of each training cycldae 3 RM was then converted to a 1 RM using
Brzycki’s formulal RM = w*36/(37r), wherew is the weight lifted, and is the number of
repetitions performed®3 The initial training load was then set to 70% of the 1 RM, but was
adjusted after each session to ensure that the participant could perform the targetether of
repetitions in the final set, increasing the weight if the participant could perform additional
repetitions after the final setParticipants were instructed to perform the lifts in a controlled
fashion, with ~1 s in both the concentric and eccenphases of the liftsAdherence to the

training was noted by the staff.

The exercises LITW program were chosen to mimic the muscle activation and range of motion of
HRTWusing body weight and elastic bands for resistaeefor HRTW, the program consisted of
five exercises (Chair stand/squat, leg extension, leg curl, shoulder pull, pusFapsiateral
exercises (chair stand/squat, shoulder pull, push ups) participants performed as many repetitions
as possible in a comlled tempo within 1.5 min intervals for 3 setSach set was separated by 1.5
min rest In unilateral exercises (leg extension, leg curl), participants perfoasedany

repetitions as possible within 1 min intervals on each leg. Each leg was tratieethahg for a

total of 6 sets (3 per legJraining loads were adjusted by using stiffer elastic bands and adjusting
seat height in the chair stands. Training frequency was varied in a cyclic manner, perfordtag 3
4-34p X SGO &SaaA 2 ytiagtdasd Aderags @anied traiMidgdmGuency of 4 sessions
per week over the duration of the intervention. Participants mainly performed the training
sessions unsupervised, but received supervision once weekly for the first month, followed by
supervisioronce monthly for the remainder of the intervention. Adherence to the training

sessions were noted by the participants in haapy diaries.
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8.4. Measurements of muscle mass
The primary outcome of the CALM intervention study (reported in paerd3, was quadriceps

crosssectional area (QCSA) assessed by MRI sdé4R$and

Computerized tomography (CT) scans are the golden standarc
methods in measurements of muscle $P2gwith MRI providing
the substantial advantage oot applying Xrays.All MRIscans in
the study was performed at the Department of Radiology,
Bispebjerg HospitaBoth thighs were scanned inSiemens Verio
3 Tesla scanner by blinded radiographers. Our intention was ta
measure qCSA at 50% femur lendtiowever,due to time
constrants at the radiology department, the most feasible
solution was to measure qCSA at set distances from the tibia
plateau.The scans were composed of 6 axial slices, each 8 m
thick separated by 60 mm, with the first slice being placed at t
tibia plateau (sedigure 6. We used slice 4 on the dominant thig
for further analysisas this was the scan that was closest to 50%;3:::‘; 'f”r‘;f:]fgt";%g:]gf‘fe';";' ;'(‘)ﬁ?cemem-
femur length for all participantsScans were then analysed in a

blinded fashion using OsiriX v. 5.5.2 (OsiriX medical imaging software, Geneva, Switzerland). Each
image was analysed twice, with the mean coefficient of variation between measurements of 0.7%

The average of the two measurementere used for further analysis.

To assess body composition, we usediiokly DXA scan&unar iDXA, GE Medical Systems,
Pewaukee, WI, USADXA is considerably cheaper and easier to use Miahbutrely on tissue

specific Xray absorption to estimate body compositidfrom the DXA scans, we obtained total

lean tissue mass (LTM), leg LTM, arm LTM, total fatmass, and body fat percentage. Using arm and
leg LTM, we calculated appendicular lean tissue mass (aLTM) mgdlddiLTM in the arms and

legs. Appendicular skeletal muscle index was calculated by dividing aLlAdighysquared®. At

0 and 12 monthsscans were performed while the participants were in an overnight fasted state.
Due to practical issues, it was not possible to perform the scans in the morning at 6 and 18
months, and therefore these scans were not performed in the fasting state. Théseeddesare

likely to cause a systematic overestimation of Lam aLTMat the 6 and 18 month timepoints
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due to differences in hydration statpalthough the overestimation of aLTM is likely smaller than
LTM®5, The differences in hydration status might also have an impact on the measures of fat
mass. However, this effect is likely mitSr At all timepoints, participants were asked to refrain

from strenuous physical activity for 48 hoursqorto the scans

8.5. Measurements of muscle strength and function
A number of tests of muscle strength and power as well as functional capabilities were performed.
All tests were performed on the same datyall 4 timepointsin the order described below.
Unilateral tests (Leg extensor power, grip strength, dynamic peak torque, MVIC, and RFD) were
measured on both limbs at 0 months to obtain betwdanb asymmetry measures f@aper 1,

but were only measured for the dominant limb at 6, 12, and 18 months.

8.5.1. 400 m gait
Participants were instructed to walk 400 m as fast as possible without running on a 20 m track,
marked by colored coneBerformance in this test has previously been shown to biecag
predictor of mortality and risk of future mobility limitatioh¥. Generally, tests diabitual and
maximalgait speed at both short distances (<1) and long distances #90m and 6 minute
walk)are good predictors of overall functional capabilit##s>% However, the shorter distances
and habitual speeds might suffer from a ceiling effect in healthy older d8ulEherefore, in the
CALM intervention study, the 400 m gait test was chosen in order to minimize the risk of a ceiling
effect. Results are reported as time to complete 400 m. For the composite measure of lower
extremity function (LEFlescribedn section 88.2.), results were converted to average gait speed,
by dividing 400 m by the time to completiee 400 m.

8.5.2. Leg extensor power
We measured maximal unilateral leg extensor power in the Nottingham PowéQRegns
Medical CenterNottingham University, UKyhich measures leg extensor power agamé$ixed
load'®°, Participants were seatedith hands folded across the chest and were instructed to press
down a pedal as hard and fast as possible by rapidly extending the hip and knee joint of one leg.
Based on the aeteration of a flywheel, average power production during the movement was

calculated by the software.
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8.5.3. 30-s chair stand test
The 30s chair stand test was performed as another measure of the functional capabilities of the
participants. Participants were seated in a chair without armrests and with their hands folded
across the chest. From this positigrarticipantscompleted asmany sitto-stands as possible in 30
seconds, without assisting with their arms. This test has previously been shown to be a valid test

of functional lower body strength in older aduits

8.5.4. Grip strength
Grip strength was chosen as a markf upper body strength, and was performed using a hand
grip dynamomete{DHD1 [SH1001]; SAEHAN Corporation, Changwon City, South Korea)
Participants were seated with one arm resting at the armrest with agtiow angle From this
position, participats were instructed to squeeze the dynamometer as hard as possible for ~5

seconds with strong verbal encouragement.

8.5.5. Dynamic peak torqueMVIC, and RFD
Dynamic strength of the knee extensors were measured in an isokinetic dynamofietetic
/| 2YYdzy AOF 12NE Y2RSt pnanannmmmMod ¢KS GS&adds),nSNS

a knee joint range of motion from 9@ 10 knee flexion (where Qisfull extension of the knee).

After completing the dynamic strength measurements, maximal isometric contractions were
performed at 70 knee flexion to measurmaximal voluntary isometric contractidivVViQ and

rate of force developmentRFD. Participantsvere instructed to push forward as fast and hard as
possible performingcontractions of ~5 s duratioRFD was measured as theerage rate of force
developmentfrom onset of force production to 200 m§he attempt with the highest peak torque

at 200 ms after onset of contraction was used for analysis.

8.6. Dietary assessment

To assess the diet composition of the participants, we usddyBweighed food recordings.
Participants were instructed to weigh atldir food items for three consecutive days (Wednesday
to Friday), and write this information down in hacopy food logs. Analysis of the food records
were doneby trained researchers at a collaborating research department, using the electronic
dietary asessment tool VITAKORTMMADLOG ApS, Kolding, Denmark). Nutrient intakes were
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calculated using reference values from thanish Food Composition Databank (version 7.01;
Sgborg; Denmark). Potential undeaporters were identified usinthe ratio between nean daily
energy intake (EI) and basal metabolic rate (BMR), excluding participants with &Krato ® n =
assuming a PAL of 158 For each participant, the assessments of diet composition were

performed prior to starting the intervention, and after 11 months of intervention.

Participants were instructed to register all food items but exclude supplements in the weighted
food records. Total energy and protein intakes from the supplements were therefore estimated by
multiplying the supplement adherence of each participant bypghatein and energy contents in

the supplement. At the 1-inonth diet assessment, the estimated intakes from the supplements

were then added to the registeregorotein and energy intakes.

We report the average daily energy and protein intakpaper 2and paper 3.More details on the

diet composition of the participants in the CALM cohort can be found elsewtiere

8.7. Activity monitoring
To get an objective estimataf daily activity levels, we measured average daily step counts using
accelerometetbased activity monitors (activPal'3 activPal 384, or activPamicro; PAL
technologies, Glasgow, UK). The acti{Pattivity monitors have been shown to provide valid
estimations of step counts, exhibiting <1% measurement errastep counts irrespective of

walking speetf4 Activity monitoring was done at all timepoints (0, 6, 12, and 18 months).

8.8. Statistics
The following sections will describe the power calculation performed for the CALM intervention
study as well as a detailed description of the statistical analysis performed in relation to each
paper. Statistical analysis for paper 1 was performed in SPATA.1, StataCorp), whereas
statistical analyses for paper 2 and 3 were performed in R (version 3.5.1), with the function Im()
from the stats package (ver 3.5.1), Imer() from the Ime4 package (ve20).dnd glth() from the
multcomp package (ver. 1-8)) installed. For all papers, illustrations of data were made in

GraphPad Prism (V. 8.3.0, GraphPad Software, LLC).

34



8.8.1. Power calculation for the CALM intervention study
The primary outcome in the CALM intervention study was qCSA, and the power calculation was
therefore done in relation to this measurapplying a level of significance of 0.05 and a power of
0.80.Based on previous findings from our research gféypve aimed to be able to detect
betweengroup differences in changes in qCSA frefil2dnonths of 2%, corresponding to
approximately 0.8 cHj expecting a standardeviation (SD) of ~1.4 ¢nBased on this calculation,
30 participants were needed in each group. Expecting a dropout rate of ~15%, 36 participants
were recruited in HRTW, LITW and CARB. 50 patrticipants were recruited in COLL and WHEY partly
due to expectig higher dropout rates in these groups, and partly to enable more sensitive

pairwise comparisons of the effects of COLL vs WHEY.

8.8.2. Paper1
The degree obetweenlimb asymmetry was quantified as the percentage difference between the

strongest and weakest lim(or highest/lowest LTM), calculated &0 "Y® 0O

P m 1 Differences in betweetimb asymmetry between sexes were

compared using Wilcoxon rargum tests, as data on betwedimb asymmetry were assumed to

follow a norGaussian distribution.

We used the 3& chair stand test and the 400 m gait test to create a global index of LEF, inspired

by other studie®® 166 Based on each participant’s performance in each of these two tests, a
composite Zscore was calculated to provide a single score for the LEF for each participant. To
investigate the association between LEF and measures of muscle mass, strength and power, we
therefore performed multiple linear regression, with the compositecére as the dependent

variable, muscle mechanical parameters as independent variables. We included sex, age, steps per
day, fat percentage, and BMI as potential covariables in the model, excluding covariables with low

weight in the model (P 6.1) throudnh progressive stefvise regression.

8.8.3. Paper 2
This paper included the primary outcomes of the studies, investigating changes in muscle mass,
strength and function from 0 to 12 months of the intervention. Changes from 0 to 12 months were
investigated in thenutrition arm and training arm separately, using a longitudinal minextlel

with time and intervention group as fixed predictors. If the interaction term was significant, we
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performed pairwise contrast analysis between all pairs of groups in the reletady arm (eg.

CARB vs COLL vs WHEY, and WHEY vs LITW vs HRTW). Analysis was performed as a mITT, includ
all partiagpants who completedie 12-month tests. This is slightly modified to the traditional
intention-to-treat (ITT)principle, as this would require all participants who were randomized to be
included in the final analys®’. As not all participants returned for the ¥Bonth tests, we did not

have a complete data set for ITT analyBiather than making estimates of missing data, we chose

our mITT approach for the present study. We also performed PP analysee the effects of the
interventions when performed to with satisfactory adherence. To be included in PP analysis in the
nutrition arm, we set a cudff for supplement adherence at >75% (corresponding to 1.5 daily
supplements on average). In the trainingra cutoff points for training adherence were set to

66% for HRTW (corresponding to an average training frequency off 2 sessions per week), and 75%
for LITW (An average training frequency of 3 sessions per week). The higloérpaint for LITW

was setbecause we expected a higher training volume to be necessary for this training

intervention to be effective. For both training groupsrticipants also had to have >75%

adherence to the protein supplement in order to be included in PP analysis.

Baseline dta are summarized as mearSD unless otherwise stated. Individual treatment effects
and betweengroup differences in treatment effects are reported as mean chamgkassociated

95% confidence intervals (Cl).

8.8.4. Paper 3
In paper 3, we only included participants fulfilling the requirements for PP analysis in the training
arm.Changes in the measured parameters were analyzed over the entire intervention and
subsequent followup period (0, 6, 12, and 18 months), using mixeadel analysis on the delta
gl £ dzSa O2 YLI NER Y2y oMHa SYt RWASKndoath&ksinthe time*group
interaction term was significant, we performed avhy ANOVA at each timemt followed by
subsequent pairwise contrast analysis. Tempohanges of the measured parameters were
assessed within each group using contrast analysis between timepoints (0 vs 6 months, 6 vs 12
months, 12 vs 18 months, and 0 vs 18 months), but only if the time*group interaction term was

significant.
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Baseline datare summarized as meanSD unless otherwise stated. Betwegroup as well as

differences between timepoints are reported as mean differehstandard error (SE).

9. Resultsand discussion

In this section, results from thiree papers will be summarizeahd discussedeparately.

9.1. Paper 1
9.1.1. Participant characteristics
All participants in the CALM intervention cohort was included in analysis for paper 1. Baseline

characteristics of these participants can be found in table.

Al Men Women P-value
N = 208 109 99 -

Age [y] 70.2 + 3.9 70 £+ 3.9 704 + 3.9 0.52
Weight [kg] 75.7 £+ 12.8 814 + 11.2 69.4 + 11.4 <0.0001
Height [m] 1.72 + 0.08 1.77 + 0.06 1.67 £ 0.06 <0.0001

BMI [kg/m"2] 25.6 + 3.8 26.0 £+ 3.4 25.1 + 4.1 0.07
ASMI [kg/m2] 76+ 1.2 83+ 0.9 6.7 £ 0.8 <0.0001
Fat%[%] 333+ 8.1 29.0 + 6.4 379+ 7.2 <0.0001
Visceral fat[kg] 1.3+ 09 1.7 £ 09 09 + 0.7 <0.0001
400 m gait timds] 245 + 34 236 + 32 255 + 33 0.0001
30 s chair standseps] 19.7 + 5.0 20.7 £ 4.8 18.6 + 5.0 0.001

Daily stepcourifsteps] 10056 + 3958 10040 + 3877 10163 £+ 4099 0.83

Table2. Characteristics all participants included in the CALM intervention study and used for analysis in paper 1. All results are
reported as mean + SB-values represent the outcomes of unpairet&3ts or Wilcoxon rankum test comparisons between sexes.
Table is adapted from paper 1.

The CALM cohort consisted of 109 men and 99 women. Sex differences were observed in body
weight, height, appendiculaskeletal muscle index (ASMI), Fat percentage (Fat86gral fat

mass, 400 m gait time, and &0chair stand performance. However, daily step counts did not differ
between sexesThe fact that male participants performed better on both tests of LEF i@ Q@ait

time and 30s chair stand test), fits well with the literature generally showing a higher risk for
women of developing functional limitations and frafity%¢ Although none oftte participants in

the CALM cohort would be considered frail or functionally limited, the 400 m gait speed have been
shown to be a good predictor of future risk of mobility limitatidtisAlthough the participants in

the study by Newman and colleagues were ~4 years older on average compared to the CALM
cohort,it is still of interest to note that 90% of the CALM cohort completed the 400 m gaitatstst

enough to be placed in the best quartile of the cohort in that st@@yurthermore, the results on
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the 30 chair stands are comparable to what fi@®en observed previously in a very active-age
matched Danish cohof®. Combined with theelativelyhigh average daily step counts of >10.000
steps/day’®, these results underline the fact the participants included in the CALM cohort were
generally well functioningnd physically active. Thefore, the participants in the CALM cohort
would not be considered at risk of developing frailty or functional limitations in the near future

and can generally be considered a healthy and physically active.

9.1.2. Unilateral LTM, strength and power
Results ornunilateral assessments of leg LTM, muscle strength, and power can be fotablén3
Male participants had higher levels of LEP, dynamic peak torque, and MVIC, as well as higher leg
LTM (all P < 0.001¢ven when normalized to body weigiidueto the higher relative adiposity of
the female participants, the differences in these measures might have been less evident if we had
instead reported the measures relative to leg LTM. However, strength relative tdtypigally
G§SN)¥SR & YdzaNdf G UPIID X T Ni@isdisEey ta Bedoyier in females compared to

ment66.12,

Strongest limb Weakest limb Gender effect
Leg extensor powe [W/kg] All 263 + 0.68 232 £ 0.63
Men 3.00 + 0.63 2.65 + 0.60 <0.001
Women 223 + 048 197 + 047
Dynamic peak torqu [Nm/kg]  All, 204 + 0.45 1.78 + 0.46 <0.001
Men 2.27 + 0.39 2.02 + 0.40
Women 1.78 + 0.38 151 + 0.39
MVIC[Nm/kg]  All, 229 = 054 204 £ 0.54 <0.001
Men 255 + 047 230 £ 0.45
Women 201 + 0.46 1.76 + 0.49
LTM leg:[kg] All, 8.66 + 1.68 841 + 1.66 <0.001
Men 9.88 + 1.20 959 + 1.21
Women 731 + 094 7.09 + 0.94

Table3. Unilateral knee extensor strength, leg extensor power, and leg lean tissue mass. LEP, dynamic peak torque, and MVIC are
all reported normalized to body weight. Results are reported as mean +\@lieBrepresent the outcome of linear regression
analysis. Table is adapted from paper 1.

9.1.3. Betweenlimb asymmetry
Percentage betweetimb asymmetry in LEP, dynamic peak torque, MVIC, leg LTM is shown in
Figure 7 Average prcentualasymmetryin measures of strerig and power rangedetween 106
and13% (LEP: 10.6 + 7.9%; dynamic peak torque: 13.0 £ 10.8%; MVIC: 11.2 + 10.3 %), whereas the
asymmetry in leg LTM was 3.0 £ 2. 8darprisingly, wmen had significantly higher degree of

38



betweenlimb asymmetry in dynamic peak torque compared to men (Men: 11.1 + 9.5; Women:
15.0 £ 11.8%, P = 0.006yt magnitudes of betweettimb asymmetriedid not differ between
sexes in any other measur€his effet of sex on betweefimb asymmetry has, to my knowledge,
not been reported elsewherdldowever, as the effect of sex was only significant in dynamic peak

torgue and no other measure, these results should be interpreted with caution.
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Figure7. Percentage betweelimb asymmetry in LEP, dynamic peak torque, MVIC, and leg LTM. Results are shown as mean + SD. *
denotes significant difference between sexes P < 0.05 using Wilcoxesurartiest.

It should be emphasized that the reporte@égrees of betweeimb asymmetry were calculated as
the differences between the highest value and the lowest values, and not the differences between
the selfreported dominant and nomominant legWhen data are reported as the differences
between dominat and nordominant leg, it is apparent that a large proportion of the participants

were actually stronger/had higher LTM on their rdominant leg(Table 4)

Prevalence of degree of asymmetry [% of participa

Measure 52Y X b2y <10% 10-20% >20%
LEP 4 50 38 12
Dynamic peak torque 23 46 34 20
MVIC 31 57 27 16
FFM legs 35 100 0 0

Table4. Prevalence of asymmetry, and number of subjects with higher strength/LTM in theapseted nordominant leg.
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9.1.4. Association with LEF
LEF was positively correlated with absolute levels of LEP, MVIC, dynamic peak torque and leg LTM
(Table 9. The assoaition between strength and LEF have previously been suggested to be
curvilinear*2?8 and therefore he moderateto-strong associations observed were somewhat
surprisinggiven the high levels of muscle strength and power in the present cohort. Although
similar association have been observed in prior studies of older adults with lower levels of physical
function?®?’, the present findings indicate that even in veryieg, healthy older adults, higher

levels of muscle strength and power are still accompanied by a high LEF and vice versa

In contrast to previous report$1327.173 we did not fil LEP to be a stronger predictor of LEF than
MVIC or dynamic peak torquin the CALM study, we measured LEP using the Nottingham
Powerrig, which measures LEP against a fixed'$akhother study from our lab also using this
apparatus, did also not find LEP to be a consistently better predictor of measures of LEF, compared
to isometric knee extensor strengtt. Other studieshave typically tested LEP at against a load
relative to max strength (typically 40% of 1RM¥-13.27:173 which might explain why weannot

confirm these findings in the CALM cohd#thile the Nottingham Powerrig has several
advantage®ver other methods of assessing lower extremity power developmectudingbeing

able to easily test unilateral power development of the whole leteiad of only singlgoint tests,

some considerations should be taken into account when interpreting results from this apparatus.
As the tests are performed against a fixed load, the test will be performed at vastly different
points of the forcevelocity cuve, depending on the strength of the participants. In a frail
population, betweersubject differences in LEP assessed using the Nottingham Powerrig would
likely be very dependent on differences in maximal force capacity. Contrary, in very fit
populations,such as the CALM cohort, the observed differences in LEP are likely much more
dependent onabilities to produce high contraction velocitiéithe same would be true when
comparing results between sexes in the CALM cohort, as the tests will be perforrdiéidient

points of the forcevelocity curve due to the differences in strength been sexes. This does not take
away any value of the Nottingham Powerrig, but is an important consideration when interpreting
results on lower extremity power tests from difant studies, suing varying methods of

assessment.
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Included covariables P-

2

Associations to LEF Gender Age Steps/day Fat% BMI  value R
Leg extensor Strongest leg * o * el - <0.001 0.44
power Weakest leg i i o ol - <0.001 0.45
%ASYM - - - - - 0.36 0.004
Dynamic peak Strongest leg b * o el - <0.001 0.47
torque Weakest leg * o * ol - <0.001 0.45
%ASYM - - - - - 0.07 0.02
Strongest leg o o o el - <0.001 0.46
MVIC Weakest leg o * o el - <0.001 0.47
%ASYM - K * el - 0.03 0.40
Strongest leg - R * ol - 0.02 0.38
LegLTM  Weakest leg - fel * el - 0.03 0.38
%ASYM - - el - - 0.05 0.12

Table5. Relationships between LEF and lower body LTM, strength and power of the strongesakest leg, or the degree of o
betweent A YO Fa@YYSUHME tafk{ AgRROGt Sa (KS S@St 2F &AAAYATAOLIYyOS
covariables are shown as; *P < 0.1, * P<0.01,** P<@eB t B ndmMP ¢ompadpedl.Aa | RI LIGSR T

The strength of associatiorsr absolute levels of LEP, MVIC, dynamic peak torque, and legpLTM
LEF were comparable for the strongest and weakest leg, indicating Btabf the present cohort

was not limited by the weakest lim@his finding is comparable to earlier findings in a slightly

older population at risk of mobility limitatior’s. Somewhat in contrast with these findings,
percentage betweedimb asymmetry in MVIC and leg LTM were both found to be negatively
associated with LERIthoughthe degree of asymmetry in LEP and dynamic peak torque were not
significantly associated to LEF. Given that asymmetry in these measures would be expected to be
largely dependent on the same physiological factors, these disparate trends are somewhat
surprising.As betweenlimb asymmetry in MVIC is a matter of betwekmb differences in ability

to generate maximal force, this parameter might be more affected by an asymmetry in muscle
massthan the dynamic measurefs dynamic peak torque and LEP are suead under more

dynamic conditions, asymmetry in these measures might be more a matter of betlivelen
asymmetry in neuromuscular coordinatitéiman MVIC This could potentially explain the disparate

trends, although it remains highly speculative.

A finding that might be somewhat controversial, is the positive association between leg LTM and

LEFWhilea low muscle mass has been shown to be a risk factor for mobility limitatibis
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many studies have observed no direct correlation between muscle mass and measure¥-#f LEF
3234176 However, given strong association between strength and LEF, as well as strong association
betweenleg LTMand muscle strengtipower, it is somewhat surprising that so many studies find

no association between muscle mass and measures of LEF. In relation to the findings in this paper,
it is important to note that there was no significant assocatbetween leg LTM and LEBFour
unadjusted analysjsandthat the association only became apparent when we adjusted for age,

body fat percentage and physical activity. As physical activity and body adiposity are both
important factors in LEF of older inétual$41%6.17these parameters are crucial to account for

when the role of other factors in determining LEF are investigated.

Associations to LTM Included covariables P-value R?

Gender Age Steps/day Fat-%  BMI

Leg extensor

Dominant leg ok - - - kk 0.002 0.72
power
Dynamic peak Dominant leg *hk - - - rkk <0.001 0.77
torque
MVIC Dominant leg HE - - - bl <0.001 0.76
Grip strength  Dominant arm = *** - - - ol <0.001 0.84

Table6. Associations between relevant extremity LTM (arm LTM for grip strength, leg LTM for loweehsires) and
AUNBYIIKODLIE dASKHIAFGRAOI 6Sa (KS S90St 2F aA3IyATFAOLyOS F2NJ GKS
FaT F t §f ndmI Fr-attfBHhneemM® FFF t f nodnamd a

Based on the results of this papeetweenlimb asymmetry might therefore have minorimpact
on LEF of healthy older adultsthough the associations between the degree of asymmetry and
LEF were not consistent for all measutdéshould be noted that the associations of absolute
levels of lower extrenty muscle mass, strength and power to LEF were consistently stramayer
the association between degrees of asymmetry and IEErefore, while reducing betwedimb
asymmetry in muscle mass, strength, and power might have a small beneficial effeé¢t oh LE
healthy older adults, the main focus in resistance training for this population should still be to
increase absolute levels of muscle mass, strength and power in order to maintain or improve

physical function.
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9.2. Paper 2
This section will mainly focusidhe results from the mITT analysis performegaper 2 as this is

the main analysis of this paper.

9.2.1. Participant characteristics by group
Participant characteristics for the separate groups can be foufd@lie 7 As participant grouping
in this study was randomized, any differences between groups at baseline would be expected to
be randont’® and thusno statistical analysis of between group differences were performed at
baseline. With that being said, it seemed that the randomization procedure was successful in

generating relatively homogenous groups regarding most assessed parameters.

CARB QoLL WHEY LITW HRTW
Variable (n=36) (n=50) (n=50) (n=36) (n=36)
Demographics, Mean (D)
Age,y 69.6 (3.9) 704 (4.1 70.3(4.3) 70.4(4.0) 70.3(3.1)
BMI, kg/ m? 26.0(3.9) 25.4(6.0) 25.2(3.6) 25.7(3.1) 25.9(3.5)
Daily activity, Seps/ day 10894 (5165) 10590 (3996) 10118(3590) 10119(3450) 9777 (3574)
Protein intake, o/kg/day 1.2(0.3) 1.2(0.4) 1.1(0.3) 1.0(0.3) 1.1(0.4)
Energy intake, k¥ day 8442 (1804) @ 8150(1952) 8529(2092)  7445(2220) 8268 (2146)
Body Composition
Lean tissue mass, kg 48.5(7.8) 49.2 (8.6) 50.0 (8.5) 48.1(9.3) 48.8(9.9)
Fat percentage, % 33.2(9.3) 32.0(9.1) 32.7(7.5) 34.3(7.5) 34.7(7.1)
Quadricepssize, cm? 56.6 (11.3) 56.0(13.9) 54.5(11.0) 56.7(11.4) 55.4(13.1)
Srength and function
400 m gait time, s 248 (42) 243 (38) 242 (30) 242 (30) 251 (27)
30 schair stand, reps 19.9(5.7) 20.1(5.3) 19.4 (4.6) 20.1(4.6) 18.9(4.9)
Legextensor power, W 183.1(56.2) 191.2(67.2) 189.6(59.6) @ 190.8(61.4) 194.2(65.8)
MVIC, Nm 158.9(41.1) 169.0(53.4) 177.6(47.0) 171.5(44.4) 165.0(50.8)
36
MCS 59.3(3.2) 57.3(4.3) 57.6 (3.6) 57.1(4.7) 57.5(4.4)
PCS 55.3(4.7) 56.0(4.7) 56.8 (3.1) 56.4 (4.0) 56.5(4.2)
Laboratory data
Hbalc, mmol/mol 36.0(2.2) 35.8(3.4) 36.2(3.5) 35.8(2.9) 35.8(2.7)
Total cholesterol, mmol/I 5.6(0.9) 5.7(1.0) 6.0(1.2) 5.5(1.0) 5.8(0.9)
HDL Cholesterol, mmol/I 1.9(0.5) 2.0(0.6) 1.8(0.5) 1.8(0.5) 1.8(0.5)
LDL Cholegterol, mmol/I 3.1(0.8) 3.2(1.0) 3.4(0.9) 3.0(1.0) 3.4(1.0)
Triglycerides, mmol/| 1.3(0.6) 1.4(0.8) 1.7(0.8) 1.4(0.6) 1.4(0.6)
Oreatinine, xmol/| 76.8 (14.7) 81.4(15.9) 80.5(11.6) 78.8(14.7) 77.0(12.7)

Table7. Participant characteristics by group. Results are presented as mean * SD.

9.2.2. Adherence to interventions
Results on adherence to interventions are showiatle 8 Adherence to the supplements did

not differ significantly between groups neither the nutrition arm nor the training arm. Training
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adherence was significantly higher for LITW compared to HRTW, both in mITT and PP analyses.
Although this confirmed the hypothesis that participants would adhere better to LITW, these
results shou be interpreted with cautionSelfreported adherence to training has questionable
validity, and is likely to overestimate adheredteTherefore, the differences observed might
simply be a matter of comparing sefported adherence to supervised adherence. Nonetheless,
seltreported adherence was the only possillay of assessing adherence to theesenthome-

based training setugJdang the same method of assessing training adherengeeaious study in

a comparable Danish cohddund very limited adherence to hordgased traininéf®. It is of

therefore of great interest to investigate the factors contributing a high degfesdherence to
home-based training, to successfully be able to incorporate this type of traihirtge study by
Nielsen and colleagues, it was noted that the participants felt uncertain regarding which exercises
to perform, and how to correctly perfortie exerciseS®. In our study, participants performed

the homebased exercise with supervision once weekly for the first month, followed by-once
monthly supervision for the remaining 11 months of training. A sufficient degree of initial
supervsion could therefore be an important aspect in achieving a high degree of adherence to

home-based training.

The adherence to the dietary supplements was high but could suffer from the same problems
regarding ovetreporting due to the adherence being registered by-sefforts. This is not as
problematic as the training adherence, as adherence reporting methads similabetween
supplement groups. Due to less frequent contact with participant in suppleroelytgroups,

there was issues wita high number of nomeporters in the nutrition armThere was a high
number of participants (34 in total See Table)3nvho did not report their adherence to the
respective supplement. These participants still came to the research facilities to receive new
supplies of supplement as planned, but failed to report their adherence to the supplements,
typically due to losing thlaard-copy adherence Iqgr not being willing to fill it out twice daily. For
future studies, other methods of assessing adherence to the supplements could be of great
interest in order to minimize noreporters(e.g. participants returning empty supplenten
packagesmore frequently physically meeting the participants, adding tracer to the supplements,

etc).
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CARB oL WHEY LTw HRTW

miTT PP miTT PP miTT PP miTT PP miTT PP
Training
adherence - - - - - - 8994 9495 2% 78%
(Median [Q1, Q3]) [779% 9699 [88%, 97% | [62% 78%] [75%, 82%
Supplement
adherence 95% 96% 96% 96% 88% 90% 90% 93% 87% 94%

(Median [QL, Q3])| [77% 9790  [89%, 989 | [86% 99%] [86% 999 | [82% 93%] [85% 96%] | [77% 94%0 [85% 10099 | [79% 9790 [87% 98%]

Supplement non- 7 : 1 ) 14 } 1 } 1
reporters(n=)

Dropouts (n9) 2 - 6 - 6 - 6 - 4

Included subjects

9 34 22 44 31 44 25 30 20 32 19

Table8. Adherence to interventions by groimpmodified intention to treat analysis (mITT) and per protocol analysisABR¢rence

is presented as median adherence and corresponding 25th percentiles (@Btlmpercentiles (Q3). Participants were included in

per protocol analysis if supplemerampliance exceeded 75%, and training compliance exceeded 75% for LITW and 66% for HRTW.
*Significant different from HRTW (P<0.05).

Changes in energy and protein intakem 0 to 11 monthsare shown irFigure 8 COLL and WHEY

increased protein intakesigrificantly more than CARB, with no differences in changes in energy
intake. It seemed that the supplements caused nominal decreases in protein and energy intake
from the remainder of the participants diet, causing only minor numeric increases in totalyenerg

intake at 11 months.
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Figure8. Changes in energy and protein intake from O to 11 months of intervention. Changes are shown both including estimated
intake from the supplements, as well as changes without agoayfor the suplement. Results are shown as mean changes and
corresponding 95% ClI. * significant different (P<0.05) from @ARBay ANOVA and subsequent contrast analysis within the
nutrition arm and training arm respectively

9.2.3. Effects of proteirsupplementation

This subssection will focus on the results observed in the nutrition arnpaer 2

Changes in muscle size and body composition are showigume 9 1-way ANOVA analysis
revealed no betweesgroup differences in any of the performed nsaes (QCSA: P=0.17; LTM: P =
0.29; Fat percentage: P = 0.95).
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Contrary to the hypothesis of the nutrition arm, WHEY was not associated with better

preservation of muscle mass compared to neither COLL nor CARB. If anything, WHEY was actually
associated wh the numericalljfargest los®f gCSA and LTM of the three supplement groUps.
resultstherefore clearly demonstrate that whey protein supplementation did not provide any

benefit in preserving muscle mass in this cohort of healthy older adudisig @uterated water,

Oikawa and colleagu&srecently found that whey protein supplementation increased kegn

MPS more than collagen protein supplementatitgvhile whey protein might increasauscle

protein turnover more than collagen proteithe present findings underline thakhis does not

translate toany effects on muscle mass per se.

All groupsn the nutrition armseemed to increase body fat percentage. As we did not control the
effects of the supplements against normal eating behavior, it is not possible to conclude whether
this increasavas due to the supplement or an effect of ageihmga recent study by Bhasin and
colleague$! it was observed that increasing protein content in the diet of older men resulted in a
loss of fat mass. However importantly, this alteration of protein content was done without
increasing energy intak&hile energy intaken the CALM studyassessed by the weighted food
logs,did not seem to increase markedly due to the supplements, it is likely that the minor
increases in fat percentage were due to the supplements causing a slightly positive daily energy
balance in the pdicipants, causing accumulation of adipose tissue tkhercourse of the 12

month intervention.
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Figure9. Changes in qCSA, LTM and fat percentage in the nutritioofaime study Results are shown as mean change with
associatel 95% CI.
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Changes in measures of strength, power, and functional capabilities are shéugune 9 1-way
ANOVA analysis revealed no betwegnoup differences in any of the measured parameters

(MVIC: P =0.13; LEP: P =0.94; 400 m gait: P = 0-:8¢ha@a0stand: P = 0.30). Given that protein
supplementation had no effect on muscle mass or body composition, it is hardly surprising that no
effects were observed on strength and function, as these effects would be expected to be

mediated through the effecten muscle mass.
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FigurelO. Changes in measures of muscle strength, power and functional capailmilitiesnutrition arm of the studyResults are
shown as mean changes with associated 95% CI.

Overall, no beneficiaffects of protein supplementation were observed in any measured
parameter.In a comparable study cohort, Zhu and collead@ipsrformed a 2year RCT comparing
daily protein supplementation to isocaloric placebo in healthy older women (ageh3@ years),
also not observing any beneficial effects of protein supplementation. Likewise, in a recent meta
analysis, Tieland and coligaes®! found no beneficial effect of protein supplementation on
muscle mass and strength in healthy older adults. The results from these studies as well as the

present studytherefore underlire the lack of beneficial effects of supplemteng healthy older
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adults with protein without concomitant exercise interventiomMotably,in a recent study in older
men with mobility limitations and protein intakes below the current RDA (0.83 protetrdkg?),
Bhasin and colleagu€snvestigated the effects of a highrotein diet (1.3 protein-kd-day?)

compared t00.8 protein-kg-day* overthe course of 6 months. Also in thegudy, the authors
observed no beneficial effects of increasing protein intakes. Notably, the authors also had used
investigated if the higiprotein diet was beneficial when combined with testerone therapy.

Even in this case of increased protein turnover, the {pgttein diet still did not provide any

benefit compared to the diet lower in proteih However, the intervention duration in that study
was 6 months, which could be insufficient in order to detect differences in musclegnass
Especially given that Bhasind colleagues used LTM assessed via DXA as their marker of muscle

mass, which has been shown to be less sensitive to changes compared’to MRI

Based on theavailable evidencedhere istherefore no basis for recommending protein
supplementation without concurrertraining interventiondor healthy older adults already

reaching protein intakes of >1@kg?*-day®.

9.2.4. Effects of adding resistance training to protein supplementation
This subsection will focus on the results from the training arm of paper 2, where the effects of
adding eitter light intensity, homebased training or heavy resistance training on top of whey

protein supplementation were investigated.

Changes in muscle size and body composition are showgume 11The group*time interaction
term was significant for qCSA (B.84) Contrast analysis revealed more positive changes for
HRTW compared to WHEY (Betwegaup difference [mean, 95% CI]: +1.68, +0.41 to +2.95 cm
P=0.03)put notfor HRTW compared to LITWL(29 cn?, -0.08 to +2.67 cf) P=0.16). LITW did not
change qCSA compared to WHEY.39,-0.88 to +1.66 crf) P=0.82). Surprisingly, no between
group differences were observédr LTM(P = 0.09)r fat percentaggP = 0.1Q)These the low
degree of morphological adaptations tioe training interventionsare quite surprisingSeveral
studies have observesb% increases in muscle sizeotifer adults aftei3-4 months ofheavy
resistance training%120.124.182However, some studies have also observed little to no hypertrophy
in older adults after resistance trainit§183182 As noted in a previous section, the average

protein intakes of the participantan the present studyvere wellabove the RDA, and when
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including theprotein from thesupplement, around the protein intakes associated with the largest
muscular adaptions in previous repofts Thus, the limited hypertrophy response in the present
cohort is of great interest, as the participants should ba good condition for adapting to the
training stimulusMedian adherence to training corresponded to an average training frequency of
~2 sessions/week. This has previously been shown to be sufficient to induce muscle hypertrophy
in older adult$®®, Interestingly, other dyear resistace training interventions have also observed
less than expected muscle hypertrophy compared to the shegan training studie¥”:188 |t has
been suggested that most hypertrophy occurs during the initial 4 weeks of tratfitt§ possibly
explaining why the longerm training interventions do not show higher degrees of muscle
hypertrophy compared the shorter interventiondowever it mightalso be speculated that
participants might not exert themselves to the same degree when entering atésnygtraining
intervention compared to a more intensive, shderm intervention. t shouldalsobe noted that

most participants went on-38 weeks of &cation during thel-yearintervention, causing

prolonged breaks in trainingvhichcouldbe possib} be limiting thedegree of hypertrophy
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Figurell Changes in qCSIATM and fat percentage in the training arm of the stiRigsults are shown as mean changes with
associated 95% CI. *significant between group difference.

Changes in strength, power and functional capabilities are showigure 12 The grouptime
interaction term was significant for MVIC (P < 0.00@gntrast analysis revealed that MVIC
increased significantly more in HRTW compared to WHEY.9, +14.2 to +33.6 Nm, P<%,0and
LITW(+16.8, +6.1 to +27.4 Nm, P = 0.01). However, changes for LITW eteigmficantly
different from WHEY {#1 Nm,-2.8 to 17.1 NmP = 0.34)The group*time interaction term was
not significantfor LEP (P = 0.73),-8Cchair stand (P = 0.82), or 400 m gait time (P = 0.14).
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Figurel2. Changes in measures of muscle strength, power and functional capabilities in the training arm of the study. Results are
shown as mean changes with associated 95% CI. *significant between group difference.

Surprisingly, LITW hdittle to no effects of muscle strength, power and functional capabilities.
Although the results on exercise adherence from this group should be interpreted with caution
(see section 9.2.2dherence to interventignthe results still indicateghat adheence to this
training was highilt is therefore unlikely that the lack of an effect from LITW was due to
insufficient adherenceln line with the present findingsGylling and colleaguedserved aninor
(~59% increase in MVIGwith no change in muscle m&ar functionafter 1 year of light intensity
resistance training in a large cohort of healthy and chronically diseased older'&tdie
participants in the CALM study were generally quite active, and although they did not perform
heavy resistance training prior to enrollment in the study, they still performed a variety of physical
activities, such as running, biking, tennis &ae tothe high general physical adty, the light
intensity training likely provided an insufficieatlditionalstimulus in order to cause any

physiological adaptations.
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Despite the limited muscle hypertrophy, the change in MVIC for HRa¥amparable to thel0-
20% increasethat have previously beemeported after heavy resistance training interventiook

3-12 months duratiof?®182.187.18%193 |t was however surprising that we were unable to detect any
changes iLERN response to the heavy resistance trainiRgevious studies have observed
increases lower extremity power in response to resisgtraining!®1221% The lack of effect of
HRTW on LEP might be due te tepetitions in training being performed in training. Participants
were instructed to perform all repetitions in training in a contrdliiashion, with ~1 s eccentric

and ~1 s concentric phases. The studies by Caserotti and collé&@sewell as Reid and
colleague¥* both emphasized the power developmentthle concentric phases of the lifts, which
could likely explain the greater degree of transfer to power development. Bechshgft and
colleagues't® observed increases in LESSessed in the NottinghanoWerrig, using a training
protocol similar to what was done in the CALM study, however the participants in that study was
older than in the CALM studgverage age87 years vs ~70 yegrsand thus had substantially

lower (~40% lower) LEP compared to tletipants in CALMAs discussed in a previous section
(9.1.4Associations with LERhe Nottingham Power Rig uses a fixed load to assess LEP, causing
the test to be performed at different points of the foraelocity relationship. As the participants

in the study by Bechshgft and colleagues were substantially weaker than in the CALM study, gains
in LEP in that study were likely more dependent on changéorce generating capacity, whereas
changes in LEP for the CALM patrticipants would have been more dependent on changes in
contraction velocityGyllingand colleague'$’ also did not observe any improvements in LEP after
heavy resistance traing in a cohortvith comparable initial strength and power leveising a

similar test and training protocol.

No effect of training was observed on the measures of LEF. With the strong positive correlation
between strength and LER mind from paper 1, itvas somewhat surprising that the robust

strength gains for HRTW did not translate to improved measures of LEF. Gait times

did improve for HRTW, however the improvements were not significantly different from the
change observed in the other groups (P 0. It seems quite likely that the this is a matter of the
study being somewhat underpowered in order to detect betwagnup differences in this
parameter. In the 3& chair stand test, all groups improved (although with a large degree of

variation in LTW). Given that WHEY and LITW did not improve any measure of strength
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noticeably, it seems unlikely that the small increases hs 80air stand performance are
NEBLINBASYGlrGAGS 2F AYLINROGSYSyla Ay TFdzyOilAazys:

participants simply improve their perforamce due to practicing the given test.

In summary, the addition of light intensity, hor@sed training to whey protein supplementation
was not effective in increasing muscle size, strength or function. However, desged heavy
resistance training was effective in increasing muscle streagtivell as preserving muscle size

over the course of Jear.

9.3. Paper 3
The subsection will describe and discuss the results in paper 3, where participants fulfilling the

requirements for the PP analysis in the training avere analyzedurther. As this paer focuses
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9.3.1. Participant characteristics
Characteristics of participants included inadysis for paper 3 in shown Trable 9 No differences
in any of the measured parameters were observed, indicating that the group characteristics were

still fairlysimilar after exclusion of participants not fulfilling the requirements for the PP analysis.
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NOTW LITW HRTW P-value

N (Male/female) 25 (12/13) 20 (10/10) 19 (10/9)

Age 69.9 + 3.8 70.3 + 3.8 70.2 + 34 0.93
Body composition

Weight (kg) 73.4 = 15.0 72.7 £ 9.1 76.5 + 14.4 0.65
Height (m) 1.73 + 0.09 1.70 £ 0.07 1.71 + 0.08 0.52
BMI (kg/m?) 245 t 3.8 25.1 + 3.35 26.0 + 3.8 0.42
aLTM™M (kg) 226 + 5.2 214 + 4.1 229 *+ 56 0.61
Fatmass (kg) 248 + 6.6 241 + 6.4 229 + 83 0.67
qCSA (cm?) 55.1 + 12.7 56.2 + 12.5 57.6 = 14.2 0.83
Strength and function

MVIC (Nm) 184.0 = 49.9 175.4 + 43.0 1709 = 55.8 0.68
Dynamic peak torque (Nm) 158.9 *+ 45.6 149.6 + 39.2 156.8 *+ 47.5 0.78
RFD (Nm/s) 670.5 t 293.7 634.6 *+ 200.6 624.0 £ 2349 0.81
LEP (W) 183.6 + 61.0 184.6 + 64.6 206.2 + 67.3 0.45
Grip strength (kg) 36.1 + 11.8 36.1 + 9.5 40.8 + 134 0.35
400 m gait time (s) 236.0 + 24.5 237.9 + 34.8 2514 + 294 0.20
Activity

Steps per day 10774 £ 3557 10324 + 3444 9652 + 4241 0.62
Diet

Protein intake (g/kgBW) 1.1 + 03 1.1 + 03 11 + 03 0.68
Energy intake (kJ) 8470 *+ 1951 7354 + 2017 8252 + 2135 0.21

Table9. Characteristics of participants included in analysis for paper 3. Results are shown as meawmatugDnéicates the
outcome of a way ANOVA between groups.

9.3.2. Adherence to training
Adherence to the training interventions are showrFigure 13HRTW had significantly lower
adherence to training in the second half of the interventiorl@months), compared to the first
half (06 months). There were no significant differences betwadherence to training in first and
second half of the intervention for LITWhese findings are interesting, as | am not aware of other
studies describing the temporal changes in adherendengterm resistance training. The slight
decrease in adherende training for HRTV¢ouldlikely affect the temporal changes in muscle
mass and strength and should therefore be of interest in future f@mm training studiesOverall
adherence to training was higher for HRTW than LIFi@Wever, in this papethat differenceis
caused by the fact thate used different cubff criteria for the two intervention groupm this PP

analysig>75% for LITW vs >66% for HRTW).
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Figurel3. Adherence to training in the training groups. *: significagtweengroup difference. #: significant difference between
timepoints.

9.3.3. Changes in activity level
A significant time*group interaction was observed for daily step co(fftgure 14)While we
expected that adding aexercise intervention to the dailjves of the older adults would increase
overall daily physical activityhis was not the case in the CALM study ve observedno effect of
the of the training interventions on daily step cosmiuring the intervention. In young adults, the
addition ofan exercise intervention increases overall daily activity {&8vdliowever, older adults
seem to compensate for this increase in exercise related activity, by lowering other types of
physical activit}?®. The lowering of habitual physical activity seem to be mainly influenced by
FIL GAIdzS FNBRY G(KS SESNDAAS asSaarzys |fGK2dAaAK |
might also be a substantial fact8f. Unfortunately, we did not investigate whether the training
interventions resulted in physical activity compensation. Consequently, the lackreasegcin daily
step counts could potentially be due to inadequate sensitivity of our measurements of daily

activity.

Significant betweefrgroup differences were observed at 18 months, where LITW and HRTW had
significantly higher daily step counts compatedNOTW. These differences were mainly mediated
through significant decreases in step counts for NOIEV¥.somewhat surprising that NOTW
decreased physical activity during the folleyy period, but this findingndicatesthat the training

modalitiesmotivated the participants to maintain high activity levels after the interventions.
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Effect of time: P = 0.30
Time*Group: P = 0.006
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Figureld. Changes in daily step counts. #: Significantly different (P<0.05) from baseline. $: Significantly different (P<0.05) from
previous timepoint. Results are shown as mean + SE

9.3.4. Temporakhdaptationsto training during and after the intervention
There was no significant effect of training on qCSA, aLTM, or fat Figasg( 1. This was
somewhat expected given the low degreehypertrophic response observdtbm 0-12 monthsin
paper 2 However, giventhat the present analysis [sased on PP analysis, it is still surprising that
we were unable to detect significant hypertrophy in response to training. An important
consideration in relation to the present results, is the fact that mixed-model analysis includes
3 groups and 4 mepoints which will inevitably causdifficulties in detecting significant
time*group interactions and cause an increased risk of ®eeror. However, given that the
numerical increase in qCSA during the intervention for HRTW was ~2%, muscle hypexiasphy
any caseajuite minor. While eyeballing statisticeuld suggest that minor hypertrophic
adaptations seemed to occur in aLTM during the first 6 months, it should be remembered that
DXA scans at 6 and 18 months were not performed in a fasting sthile, scans at 0 and 12
months were.This could potentially affect the outcomes of the DXA scaugsdue to differences
in hydration. Althoughmeasures of appendicular lean tissue would be expected to be less effected
than measures of total lean tisstf& this could still causaLTMto be somewhat overestimated at

the 6- and 12month timepoints.
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Effect of time: P > 0.001
Time*Group: P = 0.27

A Effect of time: P > 0.001
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Figurel5. Changes in body composition. A) Quadriceps a@donal area (QCSA). B) Appendicular lean tissue mass (aLTM). C) Fat
mass. Results are shown as mean + SE

The time*group interaction term was significant for MVIC, dynamic peak torque, an@ArjtiDe

16). This suksection will describe the changes in these parameters for each of the training groups.

LITW increased MVIC, dynamic peak torque, and RFD dheirfigst 6 months of the intervention.
However, these increases did not differ significantly from the changes observed in NOT.
12-month timepoint, dynamic peak torque and RFD remained above baseline levels, without any
further increases, whereas WIC was not different from baseline. However, of these
improvements only dynamic peak torque was significantly improved compared to NOTW at the
12-month timepoint. From 1218 months, MVIC, dynamic peak torque, and RFD decreased

significantly, and did notitfer from baseline at the I-8nonth timepoint.

HRTW increased MVIC, dynamic peak torque, and RFD during the first 6 wicthids

intervention. However,only the changes in MVIC differed significantly from NOTW, and none of
the changes differed compared to LITW. Froit2émonths, only MVIC was further increased.
However at the 12month timepoint, the changes in MVIC, dynamic peak torque, and RFD were
all significantly different from the changes in NOJTBt only MVIC was elevated compared to
LITW. From 128 months, MVIC and RFD remained elevated above baseline levels, whereas
dynamic peak torque decreased to baseline level. However, MVIC, dynamic pead, tand RFD
were all higher for HRTW compared to NOTW at thenb®ith timepoint.Furthermore, MVIC was
also significantly higher at 18 months compared to LITW, whereas RFD tended to be higher for
HRTW as well.
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Figurel6. Chages in lower extremity strength and power. #: Significantly different (P<0.05) from baseline. $: Significantly different
(P<0.05) from previous timepoint. Test of betweserd withingroup differences are only performed if the Time*group interaction
is sgnificant (P<0.05)Results are shown as mean + SE.

Collectively these results suggest that the LIFAM a positive effect omuscle strengthbut
mainly occurred during the first half of the interventiandwere only somewhat maintained
during the second half of the interventiomterestingly, HRTW was not associated with better
results than LITW during the first 6 months, but increased MVICisemtly compared to LITW
from 6-12 months.While this underlines the superiority of heavy resistance training as aténg
training modality, it also provides highlights the possibilities of LITW for shorter training
interventions. Given that the lightensity, homebased seemed to be capable of inducing

improvements in muscle strength during the initial 6 months, training modalities such is this could
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potentially be used to increase exercise sdffcacy, potentially motivating older adults to
particdpate in more strenuous exercise modalities in the kbaigm, which could then induce

further adaptions

Contrary to the hypothesis, HRTW was the drdyning modality associated with a preservation of
training adaptations at the Hnonth timepoint. The finding that muscle strength was preserved
above baseline levels 6 months after theavy resistance trainingtervention was in line with

what has previously been report&t#44 However LITW was not associated with betterestigth

than NOTW at that timepoint. The was despite the fact that both HRTW and LITW were associated
with higher activity levels at the B&onth timepoint compared to NOTW.an Roie and

colleague¥®® observed that while training with heavy loads (80% of 1 RM) was more effective in
increasing 1 RM than training with light loads (20% of 1 RM), both training intensities were
associated with partly preserved strength gains 6 months after the interveridomever, when
assessing isometric and isokinetic strength changes, the authors of did not observe significant
within-group preservations of muscle strength after detraining. This underlines the importance of
the method of strength assessment, as 1 RM g¢eanare likely to be larger due to being tested in

the trained movement.

A novel finding in this paper was the preservation of adaptations in RFD after NRiiM/several
studies have observed increases in RFD after resistance training in oldet&dedtthis is to my
knowledge the first study to show that RFD is still enhanced 6 months after a resistance training
intervention.Lovell and colleagué® observed that RFD returned to baseline levels 4 weeks after
a 16 week resistance training intervention in older men. It could be speculated that the longer
intervention period in the present study consolidated the neuromuscular adaptations, causing the
better preservation of RFD in the present studifis is a very important finding as RFD is a strong
predictor of functional capacity in older aduit as well as a crucial component in the prevention
of fallg®.

In summary, we found that while LITW was capable of inducing increases in muscle strength
during the first 6 months of training, only HRTW was capable of inducing continued increases in
strength from 6 to 12 monthslCherefore, vhile light intensity, homebased trainingould

potentially be beneficial in providing initial increases in muscle strength and potentially motivate
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older adults to maintain high physical activity levels, the findings from this pagerate that the
persistingdegee of progression in loading associated with heavy resistance training is needed to
obtain continued increases in muscle strength and RFD. Furthermore, as only HRTW was
associated with a preservation of muscle strength and RFD 6 months after the infernydrgavy

resistance training seems to be the most viable loegn training modality.

10.Conclusios

In paper 1we foundthat betweenlimb asymmetry in lower extremity muscle strength and power
is highly prevalent in healthy older adults, wikieragedegrees of asymmetry in these parameters
being ~10%The average degree of betwedimb asymmetry in lower extremity musafeass was
much smaller (~3%Mowever, the degree of asymmetry was not consistently associated with
functional capacity, and the weakest leg was not a better predictor of functional capacity
compared to the strongest leg. Absolute measures of muscle massgth, and power were all
positively correlated with functional capacity. From these finding we therefore conclude that
training interventions for older adults should focus on increasing muscle mass, strength and
power, whereas the effects of decreasibgtweenlimb asymmetry in these parameters might be

of less importance.

In paper 2we found that protein supplementation without anypicurrent exercise intervention
did not provide any benefits in relation to maintaining muscle size, strength, or fun@msed on
these findings, there is no basis for recommending protein supplementation for healthy older
adults already reaching daily protein intakes of >3:Kg'-day*. The addition of heavy resistance
training on top of whey protein was associated watlpreservation of muscle size, as well as
increases in muscle strengtBespitea high compliance to light intensity, hor®ased training,
the addition of this training modality was not effective in inducing adaptations in muscle size,

strength, or functon.

In paper 3we found that whileboth LITW and HRTW were capable of increasingC and

dynamic peak torquéuring the first 6 months of training, only HRTW was associated with
continued improvements iMVICand RFBrom 6-12 months. Furthermore, only HRTW preserved
MVICand RFDabove baseline levels 6 months after the intervention had endlée therefore

concluled that while light intensity, hombased training was capable of increasing muscle

59



strength during the initial 6 months of training, heavy resistance training is needed for continued
increases in muscle strength. Furthermore, HRTW provides the additieneafit of preserved

adaptions in muscle strength 6 months after a training intervention.

11.Perspectives

The results in the present thesis@hsthat while light intensity, homébased training was
associated with slight improvements in strength during tinst half of the intervention, heavy
resistance was more effective in providing lelegm adaptions in muscle mass and strength.
However, ths finding still leaveaswith one of the same issues described in the initial background
sections of this thesidvlany older adults do not enjoy training modalities of higher intensites]

do not feel comfortable in the typical settings associated with heavy resistance training (ie.
commercial gymsjand adherence to such training modalities therefore might betéichiThe

premise of the light intensity, homkased training intervention in the CALM study was to design a
training modality that the older adults were likely to adhere to, and then investigate if this
intervention had an effect on the parameters of ingst. In future studiesand innovation effortst
could be of interest to turn this approach around, investigating how to increase adherence to the
interventions we know to be the most effectivie increasing muscle mass and stren(é heavy

resistance training).

Protein supplementation without eazcomitant resistance training did not provide. Any beneficial
effects in regard to preserving muscle mass, strength, or function in these participants. The lack of
beneficial effects in the present cohort was likely due to the participants having datsimpro

intakes substantially over the RDA without the supplements. As we observed increases in adiposity
in all supplement groups, it is likely that the supplements did not suppress appetite sufficiently to
decrease energy intakes from other food sourceth(lgh we did not observe aneases in daily
energy intake). These supplements could therefore potentially be of benefit for underweight or

frail older adults, where a lack of appetite might cause inadequate protein and energy #takes
However, Gaderad colleague¥?recently observed a lowdherene to protein supplementation

in geriatric medical patientafter discharge from the hospital. In that study, no effects of protein
supdementation were observed when combined with low intensity resistance training. The lack of
effect of protein supplementation in the study by Gade and colleagues could potentially be due to

the poor adherence to the supplement, which were mainly causetth®&gupplements being
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satiating and causing taste fatigi¥¢ This underlines the importance of innovation efforts

focusing on developing feasible protein supplements, for this typetefvention to be effective

in such populations
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1 | INTRODUCTION

Age-related loss of muscle mass, which has been reported
to begin around the 5th decade of life,"* can be responsible

Purpose: Numerous daily tasks such as walking and rising from a chair involve
bilateral lower limb movements. During such tasks, lower extremity function (LEF)
may be compromised among older adults. LEF may be further impaired due to high
degrees of between-limb asymmetry. The present study investigated the prevalence
of between-limb asymmetry in muscle mass, strength, and power in a cohort of
healthy older adults and examined the influence of between-limb asymmetry on LEF.
Methods: Two hundred and eight healthy older adults (mean age 70.2 + 3.9 years)
were tested for LEF (400 m walking and 30-seconds chair stand). Furthermore, max-
imal isometric and dynamic knee extensor strength, leg extensor power, and lower
limb lean tissue mass (LTM) were obtained unilaterally.

Results: Mean between-limb asymmetry in maximal muscle strength and power
ranged between 10% and 13%, whereas LTM asymmetry was 3 + 2.3%. Asymmetry
in dynamic knee extensor strength was larger for women compared with men
(15.0 = 11.8% vs 11.1 + 9.5%; P = .005) Leg strength and power were positively
correlated with LEF (+* = 43-.46, P < .001). The weakest leg was not a stronger pre-
dictor of LEF than the strongest leg. Between-limb asymmetry in LTM and isometric
strength was negatively associated with LEF (LTM; /2 = .12, P = .005, isometric
peak torque; > = 0.40, P = .03.) but dynamic strength and power were not.
Conclusion: The present study supports the notion that in order to improve or main-
tain LEF, healthy older adults should participate in training interventions that in-
crease muscle strength and power, whereas the effects of reducing between-limb
asymmetry in these parameters might be of less importance.

KEYWORDS

asymmetry, lower extremity function, mobility, muscle power, muscle strength

for an increased risk of metabolic disorders, functional im-
pairment, and frailty."3 While muscle mass is progressively
lost by ~0.5% annually,* the accompanying impairments in
muscle strength and power are observed to occur at a faster

Scand J Med Sci Sports. 2019:00:1-8.
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rate of up to 3%-4% annually.”” Impairment in these factors
has been shown to be a strong predictor of current functional
capacity®® as well as being associated with an elevated risk
of developing future functional limitations.*'® However, in
well-functioning older individuals, the initial loss of muscle
strength and power may not have strong impact on functional
capacity, as the relationship between muscle strength/power
and functional capability appears to be plateauing (ie, reach a
ceiling region) at the upper end of this relationship. 1

A vast number of physical activities of daily living
(ADL) involve bilateral lower limb movements (walking,
chair stand, stair climbing, etc), and the ability to perform
these activities will therefore be limited by bilateral lower
limb muscle function. Thus, another possible determinant of
functional capacity could be the degree of lower limb asym-
metry in the aforementioned factors. Previous studies have
observed that high between-limb asymmetry in leg extensor
power is associated with impaired postural balance and an
elevated incidence of falls.'>'® These findings suggest that
between-limb differences (asymmetry) in lower limb mus-
cle size, strength, and/or power can negatively ADL in old
adults. Thus, the magnitude of between-limb asymmetry in
lower limb muscle function may represent a separate and
early detectable risk factor for impaired functional capacity
even in healthy non-frail older adults. This hypothesis has
only been sparsely investigated with inconclusive results.'+1°
The discrepancy between observations could potentially be
due to differences in testing methods (testing of whole-leg vs
single-joint power), as well as lack of statistical adjustments
for physical activity and levels of body fat."” Therefore, re-
search using both whole-leg and single-joint testing methods
to investigate the potential influence of between-limb asym-
metry on functional capacity in older adults is warranted.
Furthermore, as the risk of functional impairment seems to

of sex-specific differences in lower extremity asymmetry are
of key interest.

The aim of this study, therefore, was to quantify the mag-
nitude of between-limb asymmetry in lower limb skeletal
muscle mass, strength, and power in a large cohort of healthy
home-dwelling Danish older men and women. Secondly, we
aimed to investigate to which extent lower extremity func-
tion (LEF) would be determined (ie, regressionally predicted)
by selected measures of muscle mass, strength, and power,
and/or by the degree of between-limb asymmetry in these
parameters.

2 | MATERIAL AND METHODS

This study was based on cross-sectional analyses of baseline
data obtained in the Copenhagen CALM study.*" A full de-
scription of the CALM protocol, as well as detailed exclusion
criteria, has been presented elsewhere.”' A brief description
of the experimental methods is provided below.

21 |

A total of 208 home-dwelling older adults with a mean age
of 70 + 4 (SD) years were recruited for the study (Women:
99, Men: 109). All participants gave their written consent in
accordance with the declaration of Helsinki II, and the study
was approved by the Danish Regional Ethics Committees of
the Capital Region (H-4-2013-070). Anthropometric data of
the included participants are listed in Table 1. Recruitment
was conducted via advertisements in newspapers, magazines,
and social media, as well as presentations at senior centers
and public events. To be included in the study, participants
were not allowed to participate in more than 1 hour of heavy

Participants

be higher in women compared with men,"®?° investigations resistance training per week, but were allowed to perform
All Men Women P-value 'rl;::::clt: lsur:idpi:mmenslws it

N 208 109 99 -

Age (y) 70.2 +3.9 70 +3.9 704 +3.9 52

Weight (kg) 1574128 81.4+11.2 694 +11.4 <.0001

Height (m) 1.72 + 0.08 1.77 + 0.06 1.67 + 0.06 <.0001

BMI (kg/mz) 25.6 +3.8 26.0+34 25.1 +4.1 .07

ASMI (kg/m?) 7.6+1.2 8.3+09 6.7+ 0.8 <.0001

Fat% (%) 333 +8.1 29.0+ 6.4 379472 <.0001

Visceral fat (kg) 1.3+0.9 1.7+ 0.9 0.9 +0.7 <.0001

400 m gait time (s) 245 + 34 236 + 32 255+33 .0001

30-s chair stands (reps) 19.7 +£5.0 20.7 + 4.8 18.6 +5.0 .001

Daily step-count (steps) 10 056 + 3958 10 040 + 3877 10 163 + 4099 .83

Note: Results are reported as mean + SD. P-values derived using unpaired t testing or Wilcoxon rank-sum

comparison between sexes.

Abbreviations: ASMI, Appendicular skeletal muscle index; BMI, Body mass index.
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other forms of exercise. Participants were excluded if they
possessed any medical condition potentially preventing them
from safely completing a 1-year intervention including heavy
resistance training and twice daily protein/carbohydrate sup-
plementation. A full description of exclusion criteria can be
found elsewhere.”’

22 |

All physical performance tests were carried out by an expe-
rienced assessor on the same day in the order listed below.
Measurement of body composition was done on a separate
day. The entire test battery was typically completed within
1 hour, and rest periods between tests were administered as
needed. Participants arrived at the Laboratory in clothes and
shoes intended for physical activity. Prior to the test day partic-
ipants had been carefully instructed not to perform any strenu-
ous physical activities 2 days prior to the performance tests.
Prior to the tests, the dominant leg of the participants was de-
termined by asking them which leg they felt was the strongest.

Physical performance assessment
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The 400 m walk test and the 30-seconds chair stand test were
chosen as objective measures of LEF.?>%

The 400 m walk test was performed on a 20-m indoor
course track marked by two colored cones. The participants
were instructed to walk 400 m as fast as possible without
running and without receiving personal assistance or sitting
down during the test.”*** Data were reported as time to com-
plete 400 m walk. For the later calculation of the composite
LEF measure, walk time was converted into average walking
speed as this parameter has been shown to be a strong predic-
tor of mobility limitations in older adults.**

The 30-seconds chair stand test was performed using a
chair without armrest (seat height 44.5 cm). Participants
completed as many sit-to-stands as possible in 30 seconds
with their hands crossed over the chest. A repetition was de-
fined as the participant rising from a seated position to reach
full extension of the knees and hips. This test has previously
been shown to be a valid and reproducible test of functional
lower body strength in older adults.”®

The composite sum of the Z-scores of each of the two
test parameters (average 400 m walk speed and number of
stands in the 30-seconds chair test) was calculated to provide
a global index for LEF, which was used in the subsequent
statistical analyses.'®*

Lower extremity function
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Unilateral leg extensor power (LEP) was measured using
the Nottingham power rig (Queens Medical Center,
Nottingham University, UK) as described in detail

Maximal leg extensor power
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elsewhere.'>?® In brief, participants were seated with their
hands folded over the chest and carefully instructed to
press a pedal down as hard and fast as possible by extend-
ing the knee and hip joint, thereby accelerating a flywheel.
Based on the rotational speed of the flywheel, a computer
calculated the average power exerted in each single-leg
extension movement. The participants were familiarized
to the procedure by performing two submaximal warm-
up trials, followed by a minimum of five maximal trials
each separated by 30 seconds of rest. The test ended when
participants performed two consecutive results that were
lower than their current peak average power value. The
self-reported dominant leg was tested first, followed by the
self-reported non-dominant leg.
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Maximal concentric knee extensor strength (gravity-cor-
rected peak torque) was measured during slow (60°/s) maxi-
mal knee extension using an isokinetic dynamometer (Kinetic
Communicator, model 500-11) at a knee joint range of mo-
tion from 90° to 10° knee flexion (0° = full knee extension).
Following three warm-up trials at submaximal effort, partici-
pants performed a minimum of 4 maximal knee extension
trials with strong verbal encouragement and visual online
display of the exerted torque, separated by 30-45 seconds
of rest. Subsequently, trials were repeated until participants
were unable to improve knee extensor peak torque any fur-
ther. The self-reported dominant leg was tested first, followed
by the non-dominant leg. For each leg, the trial with the high-
est gravity-corrected peak torque (calculated by multiplying
the gravity-corrected dynamometer force by the length of the
dynamometer lever arm) was selected for further analysis.

Finally, participants performed three maximal isometric
knee extensor contractions (MVIC) at 70° knee flexion sep-
arated by 30-45 seconds rest. Participants were instructed
to contract as hard and fast as possible with strong verbal
encouragement for approximately 4 seconds. The trial with
the highest peak torque was selected for further analysis.
Attempts containing an initial countermovement were dis-
qualified, and a new trial was performed.

Maximal knee extensor strength
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Body composition was assessed using dual-energy x-ray ab-
sorptiometry (Lunar iDXA, GE Medical Systems). Study par-
ticipants refrained from strenuous activities for 48 hours prior
to the test. They arrived fasting from 21:00 the night before, but
were allowed to drink water as needed prior to the scansand.
All scans were performed between 08:00 and 10:00. From
these scans, lean tissue mass (LTM) was obtained for the left
and right lower limbs (Segmented at the femoral neck). Using
these measures, appendicular skeletal muscle mass index

Body composition
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(ASMI) was calculated as previously described”’ by dividing
the sum of LTM (subtracted by fat and bone mineral content)
of arms and legs by height squared. Body fat percentage and
visceral fat content were also assessed. Regions of interest
(ROIs) for the extremities and visceral body parts were set
based on the defaults definitions provided by the scanner soft-
ware. The same examiner controlled the default positioning
of all regions, which were adjusted slightly when appropriate.
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Daily activity levels were measured by mounting an acceler-
ometer-based activity monitor (activPal 3™, activPal 3¢™,
or activPal micro; PAL Technologies) on the anterior surface
of the thigh.?® The activity monitor was worn for 96 continu-
ous hours covering two weekdays and a full weekend. Data
were reported as the average number of steps per day.

Activity monitoring
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Group characteristics were compared using unpaired 7 tests
or Wilcoxon rank-sum tests for Gaussian and non-Gaussian
distributed data, respectively. Unilateral strength and LTM
for the strongest and weakest leg were analyzed using mul-
tiple linear regression with sex, strongest/weakest limb, and
age as independent variables. Relationships between depend-
ent variables (Composite Z-score) and independent variables
(various muscle mechanical parameters) including covari-
ables (sex, age, steps per day, fat percentage, and BMI) were
performed using multiple linear regression analysis. Steps per
day were used to control for daily activity levels, whereas the
assessment of body fat was used to account for potential ef-
fects of differences in body composition. These specific co-
variables were selected as they have previously been shown
to affect LEF'7* Covariables with low weight in the model
(P> .1) were excluded using progressive step-wise regression.
Robust standard errors were calculated when linear regres-
sion models showed heteroscedasticity. Percentage between-
limb asymmetry was calculated as (([Strongest — Weakest]/
Strongest)*100). Between sex comparisons for limb asym-
metry was performed using Wilcoxon rank-sum tests (as-
suming non-Gaussian distributions). Results are reported as
mean + SD unless otherwise stated, and the level of signifi-
cance was P < .05 (2-tailed testing). All statistical analyses
were performed using STATA 15.1 (StataCorp).

Statistical analysis

3 | RESULTS
3.1 | Characteristics of research
participants

Table 1 presents the characteristics of the included partici-
pants. Compared with female participants, male participants
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demonstrated higher (P < .0001) ASMI, lower body fat per-
centage, higher visceral fat content, and tended to have higher
BMI (P = .07). Furthermore, male participants demonstrated
faster 400 m gait speeds (P = .0001) and completed more
repetitions on the 30-seconds chair stand test (P = .001). No
sex differences were observed for age or daily activity level.
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Data on maximal unilateral muscle strength and power, as
well as muscle mass, were grouped into the strongest and
weakest limb (Presented in Table 2). Male participants exhib-
ited greater LEP, dynamic knee extensor strength, and MVIC
(all normalized to body mass) compared with female partici-
pants, along with larger leg LTM (all P < .001).

Muscle strength and mass
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Data on between-limb asymmetry are presented in Figure 1.
The average between-limb asymmetry ranged between 10%
and 13% for various strength and power measurements (LEP:
10.6 + 7.9%; Dynamic peak torque: 13.0 + 10.8%; MVIC:
11.2 + 10.3%), whereas asymmetry in leg LTM averaged
3.0 + 2.3%. Asymmetry was larger in women compared with
men for dynamic peak torque (Men 11.1 + 9.5%; Women:
15.0 + 11.8%; P = .005). For all other measures, asymmetry
did not differ between sexes.

Between-limb asymmetry

TABLE 2  Unilateral knee extensor strength, leg extensor power,
and fat-free mass (LTM)

Strongest limb ~ Weakest limb ~ Gender effect
Leg extensor power (W/kg)
All 2.63 +0.68 2.32 £0.63 <0.001
Men 3.00 £ 0.63 2.65 + 0.60
Women  2.23 +0.48 1.97 +0.47
Dynamic peak torque (Nm/kg)
All 2.04 +0.45 1.78 + 0.46 <0.001
Men 2.27 +£0.39 2.02 +£0.40
Women  1.78 + 0.38 1.51 £0.39
MVIC (Nm/kg)
All 2.29 +0.54 2.04 +0.54 <0.001
Men 2.55 + 047 230+ 045
Women 201 + 0.46 1.76 + 0.49
LTM legs (kg)
All 8.66 + 1.68 8.41 + 1.66 <0.001
Men 9.88 + 1.20 9594 121
Women  7.31 +0.94 7.09 + 0.94

Note: Results are reported as mean + SD. Data on knee extensor dynamic peak
torque, isometric peak torque (MVIC), and leg extensor power are reported
normalized to body weight. Lean tissue mass (LTM) measures are reported in
absolute values. P-values represent the outcome of linear regression analyses.
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34 | Associations between strength,
power and asymmetry and lower extremity
function (LEF)

LEF was positively correlated with LEP, MVIC, and dy-
namic peak torque (= .43-47, P < 001; Table 3). In addi-
tion, leg LTM was positively correlated with LEF (r2 =38,
P = .02-.03). Leg LTM was not associated with LEF using
the non-adjusted regression model. Associations with LEF
were comparable when correlating strength or power levels
from either the strongest or weakest leg.

Percentage between-limb asymmetry in MVIC was neg-
atively associated with LEF when adjusted for steps per
day and body fat percentage (r2 = 40, P = .025). Likewise,
leg LTM asymmetry was negatively correlated with LEF
when adjusted for steps per day, although demonstrating a
weaker relationship (" = .12, P = .048). These associations
disappeared when using non-adjusted regression analysis.
Percentage between-limb asymmetry in LEP and dynamic
peak torque was not associated with LEF.

4 | DISCUSSION

The present study evaluated the degree of between-limb
asymmetry in maximal leg muscle strength, power, and
lower limb LTM in order to investigate its potential asso-
ciation with functional capacity among home-dwelling older
individuals.

*
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FIGURE 1 Percentage between-limb asymmetry in power,

strength, and muscle mass measures. Asymmetry was calculated as
(((Strongest — Weakest)/Strongest)*100%). Results are shown as
mean + SD. * denotes significant difference between sexes (P < .05).
MVIC; maximal voluntary isometric contraction. Leg LTM, leg lean
tissue mass

The data revealed that the mean magnitude of lower limb
muscle strength and power asymmetry was in the range of
10%-13%, whereas asymmetry in leg LTM was much lower
(3%). At group level, the magnitude of between-limb asym-
metry was comparable with values previously reported in
healthy older adults of similar agf:.13 1022 Notably, how-
ever, a significant proportion (11%-20%) of the participants
demonstrated much greater (2-3 fold higher) levels of be-
tween-limb asymmetry in lower limb strength and power,
which might predispose this subpopulation for future mo-
bility limitations. Surprisingly, women demonstrated higher
degrees of between-limb asymmetry in dynamic knee exten-
sor peak torque than men. To our best knowledge, this effect
of sex on between-limb asymmetry has not been reported
previously. This finding could, at least in part, help to ex-
plain previous observations of lower LEF and higher risk of
developing frailty in older women compared with men.'**°
However, since sex differences were not apparent for any
other outcome measure obtained in the present study, this no-
tion remains purely speculative.

The present study demonstrated moderate-to-strong asso-
ciations between maximal leg extensor strength/power and
LEF (Table 3). Comparable relationships have been observed
in previous studies'*!>?! although these studies generally
were performed in elderly with lower functional performance
levels than the older adults examined in the present study.
For instance, 90% of the participants in the present study
completed the 400 m walk in a time that would place them
in the fastest quartile reported by Newman and coworkers.**
Importantly, the present associations suggest that even in
healthy independently living and active older individuals,
high levels of leg muscle strength and/or power are accompa-
nied by high LEF and vice versa. Some measures of LEF seem
to suffer from a ceiling effect when applied in healthy older
adults,*® underlining the importance of choosing sufficiently
challenging tests when measuring LEF in this population. In
contrast to previous reports,*"**= we did not find LEP to be
a stronger predictor of functional performance than isolated
muscle strength parameters (dynamic or isometric knee ex-
tensor strength). It is possible that this apparent discrepancy
arises as a result of the overall high strength and functional
performance level of the present group of old adults.

Leg LTM as a measure of lower limb muscle mass ap-
peared to be a moderate predictor of LEF in our cohort
when adjusted for age, daily activity level, and body fat per-
centage. In contrast, leg LTM failed to predict LEF when
using a non-adjusted linear regression model. Previous in-
vestigations into the relationship between muscle mass and
functional performance levels in older adults have shown
conflicting results, with some studies reporting positive
correlations'*”*® while absent in others.””’"* Importantly,
leg LTM failed to predict LEF when using a non-ad-
justed linear regression model. However, a clear positive
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Included covariables
Associations to

LEF Gender Age Steps/d Fat-%

Leg extensor power

Strongest leg X %

e ok sk

Weakest leg
%ASYM -
Dynamic peak torque
Strongest leg %%
Weakest leg %k
%ASYM
MVIC

Strongest leg

ok Hk

Weakest leg % %

%ASYM
Leg LTM

Strongest leg

Weakest leg
%ASYM

BMI

TABLE 3 Relationships between
lower extremity function (LEF) and lower

P-value R? body strength-/power or fat-free mass
(LTM) of the strongest or weakest leg, or
between-limb asymmetry (%ASYM)

<.001 44

<.001 45

.36 .004
<.001 47
<.001 .45

.07 .02
<.001 .46
<.001 47

.03 40

.02 .38

.03 .38

.005 12

Note: “P-value” indicates the level of significance for the correlation. Levels of significance for covariables are

shownas * P < .1, ** P < .01, ¥** P < .001.“-” P> 0.1.

relationship between leg LTM and LEF emerged when the
effects of age, physical activity, and body fat percentage
were accounted for. In turn, the observed association be-
tween muscle mass (leg LTM) and lower extremity function
may have been mainly driven by the positive relationships
between lower limb strength and/or power levels and LTM.
This can be considered an independent benefit of conserv-
ing muscle mass at old age regardless of other potential
advantages hereof on metabolic health, systemic inflamma-
tory state, etc*’

The present study revealed that when using an adjusted
regression model, high levels of between-limb asymmetry
in MVIC and leg LTM were associated with reduced LEF
even when examined in well-functioning community-dwell-
ing healthy older adults. In contrast, the degree of lower limb
asymmetry in LEP and dynamic peak torque failed to demon-
strate any associations with LEF. These disparate trends are
puzzling, as asymmetry in these measures would be expected
to depend largely on the same physiological factors, and con-
sequently should be similarly associated with LEF. Although
speculative, the disparate trends could possibly be due to
asymmetry in MVIC being dependent on differences in max-
imal force generation capacity of the lower limbs and thus
largely rely on skeletal muscle mass (size). In contrast, asym-
metry in LEP and dynamic peak torque might to a greater
extent depend on between-limb differences in neuromuscular
activation and coordination due to the highly dynamic nature
of the tests, which involved slow isokinetic to fast non-re-
stricted movement speeds. Further, we intended to examine
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whether LEF was influenced directly by the strength/power
performances of the strongest or weakest leg, respectively.
Somewhat unexpectedly, however, neither the prevalence
nor the strength of associations to functional performance
differed between the strongest or weakest limbs, suggesting
that the strength/power capacity of the weakest leg generally
does not represent a separate limiting factor for lower ex-
tremity function, at least in healthy older individuals. Thus,
in terms of lower limb muscle strength and power, the pres-
ent findings suggest the existence of a substantial physical
reserve among healthy older individuals, whereby lower sin-
gle-limb strength/power levels (and/or potential inter-limb
asymmetries herein) may remain beyond any critical thresh-
old below which it would start to negatively affect physical
function.'" Supporting the present observations, LaRoche
and colleagues'® also reported the weakest leg to not be a
better predictor of functional performance than the stronger
leg in community-dwelling older adults at risk of mobility
limitation.
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Potential limitations may be observed with the present
study. A low degree of between-limb asymmetry was ob-
served in the lower limbs LTM (~3%). Given the inherent
limitations of DXA scanning to detect subtle differences
in lean segment mass,*' future studies investigating be-
tween-limb asymmetry in healthy older adults would ben-
efit from using more sensitive techniques such as magnetic

Methodological considerations
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resonance imaging or CT.*? Furthermore, it would have
been relevant to include measurements of postural balance,
since elevated between-limb asymmetry in LEP has previ-
ously been observed in fallers compared with non-fallers,"
although not consistently observed in all studies.”® Also,
given the cross-sectional nature of the present study, no
direct causalities could be revealed from the present ob-
servations. Longitudinal follow-up on the long-term devel-
opment in functional capabilities would, therefore, be of
strong interest.

In summary, between-limb asymmetry in maximal lower
limb muscle strength and power production showed no sys-
tematic associations with LEF in a cohort of 208 healthy in-
dependently living and active adults aged 65 years and above.
Yet, a number of lower limb strength (MVIC) and power
(LEP) parameters were moderately-to-strongly associated
with LEF.
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The present observations support previous notions that
strength training intervention should be introduced in healthy
older adults in order to preserve or even better increase maxi-
mal muscle strength and power,“'44 whereas the potential
benefits from reducing between-limb asymmetry in selected
muscle strength/power or muscle mass parameters seem to
remain of lesser importance. Future studies should investi-
gate how specific types of unilateral and bilateral strength/
power training will affect lower limb muscle mass, strength,
and power of well-functioning older adults, while concur-
rently assessing to which extent these changes can be trans-
lated into improvements in functional capacity.

Perspective
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