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ABSTRACT

Objectives Many different physiological systems decline with age, and for these, exercise is a
promising solution. One form of exercise with many health-related benefits is resistance training,
and it has been shown that older adults may profit just as much as younger people. Nonetheless,
most studies that have examined the effects of resistance training, and even exercise in general,
have done so in the short run (months). What is lacking is knowledge from a long-term perspective
(years). In this PhD-thesis, I present studies about the long-term effects of engaging in 1 year of
resistance training during a critical time period in life, retirement age. The muscular benefits of
resistance training are presented in study 1, the relationship with changes in brain structures in
study 2, and in study 3 the relation between resistance training and bone measures.

Methods Data for all three studies comes from the LISA (LIve active Successful Aging) study,
which originally was designed as an randomized controlled trial (RCT) examining physical activity
as intervention for age-related loss of muscle mass and function in older individuals. In total, 451
community-dwelling older women and men at retirement age (at study start: 66 + 3 years, 61%
women) were randomized to a 1-year intervention of either heavy resistance training (HRT),
moderate intensity training (MIT), or a non-exercising control situation (CON). Training was
performed 3 times per week. When the 1-year intervention was completed, the participants were
neither guided to training nor any particular lifestyle, but remained in the study and were invited for
follow-ups at years 1, 2 and 4 from study start. Test procedures included a general health
assessment (including blood sampling), different measures of muscle function and body
composition, and magnetic resonance imaging (MRI) of brain and muscle.

Results At the 4-year follow-up, general participant characteristics had not changed compared with
baseline, and there was no difference between intervention groups. The main finding of study 1 was
a significant group x time interaction in isometric leg strength where only individuals in HRT
preserved strength over the four years, while strength was decreased for individuals in MIT and
CON. In study 2, there was a significant decrease in grey matter volume and increase in white
matter hyperintensities across all groups. Further, increase in white matter hyperintensity volume
was weakly negatively correlated (r> = 0.01, p = 0.05) with the corresponding change in leg
strength. In study 3, elevated levels of PINP in HRT at year 1 indicated a training-related increase
in bone formation. At year 4, no group differences were observed. Other bone measures including
total and regional bone mineral density and bone degradation (CTX) changed similarly across all 3

groups during the 4-year study period.



Conclusion In older adults at retirement age, engaging in regular resistance training with heavy
loads for 1 year benefitted the long-term trajectory of leg muscle strength over 4 years. Preserving
leg muscle strength from levels at baseline did not translate into changes in grey matter volumes of
the brain or total and regional bone mineral density. The results in this thesis, altogether, showed
how challenging it is to induce multiple changes across several physiological systems in aging.
From a group-level perspective, the results imply that resistance training load may be of great
importance for long-term benefits, but the large individual variability in response to training needs

to be better understood to provide better recommendations for this age group.



DANSK RESUME

Baggrund For mange af de forskellige fysiologiske systemer, hvis evner mindskes med alderen, er
fysisk aktivitet en lovende losning. En form for fysisk aktivitet med mange sundhedsgavnlige
effekter er styrketreening, og det er blevet vist at &ldre mennesker har mulighed for at profitere 1
samme grad som yngre. De fleste studier har dog kun undersogt effekterne af styrketraning, og
fysisk aktivitet i al almindelighed, pa den korte bane (méaneder). Hvad der mangler, er viden om det
langsigtede perspektiv (ar). I denne PhD-afhandling presenterer jeg studier, der underseger de
langvarige effekter af 1 &rs styrketreening, pa et kritisk tidspunkt i livet, omkring pensionsalderen.
De gavnlige muskulere effekter af styrketraening er forelagt i studie 1, sammenhangen med
@ndringer 1 hjernens strukturer i studie 2, og i studie 3 sammenhangen mellem styrketraening og
knoglemalinger.

Metode Data fra alle tre studier kommer fra LISA (Lev aklvt Sund Aldring) studiet, der oprindeligt
var designet som et randomiseret kontrolleret studie (RCT), hvor effekterne af fysisk aktivitet som
intervention for aldersrelateret tab af muskelmasse og -funktion i @ldre individer blev undersegt.
Samlet blev 451 @ldre samfundsborgere (bade kvinder og mand) omkring pensionsalderen (ved
studiestart: 66 * 3 ar, 61% kvinder) randomiseret til en 1-arig intervention bestdende af enten tung
styrketrening (HRT), moderat intensitets trening (MIT) eller en kontrolsituation hvor deltagerne
blev bedt om at fortseette med deres saeedvanlige motionsaktiviteter (CON). Begge
treeningsinterventioner treenede 3 gange om ugen. Da den 1-4rige intervention var afsluttet, blev
deltagerne hverken guidet til treening eller specifik livsstil, men fortsatte i studiet og blev inviteret
til opfelgende undersagelser 1, 2 og 4 ar efter studiestart. Testprocedurerne inkluderede en general
helbredsundersogelse (herunder blodprevetagning), forskellige malinger af muskelfunktion og
kropskomposition, samt magnetisk resonans (MR) skanninger af hjerne og muskel.

Resultater Ved 4-ars opfelgningen var de generelle karakteristika for forsegsdeltagerne ikke
forandret i1 forhold til baseline, og der var ingen forskel mellem interventionsgrupperne. Det
primare fund i studie 1 var en signifikant interaktion af gruppe x tid i isometrisk styrke i benet,
hvor deltagerne i HRT havde vedligeholdt styrke over de fire ar, mens styrken var faldet for
deltagerne i MIT og CON. I studie 2 var der et signifikant fald i volumen af grd substans og
stigning 1 hyperintense forandringer 1 den hvide substans for alle grupper. Derudover var den egede
mangde af hyperintense forandringer i den hvide substans svagt negativt korreleret (r> = 0.01, p =
0.05) med den tilsvarende @ndring 1 styrke 1 benet. I studie 3 indikerede forhgjede niveauer af PINP

1 HRT ved ér 1 at der var en treningsrelateret stigning i opbygningen af knoglevavet, mens der ved



ar 4 ikke blev observeret nogle gruppeforskelle. Andre knoglemalinger, herunder total og regional
knoglemineraltaethed samt knoglenedbrydning (CTX) forandredes pad samme vis 1 alle 3 grupper
hen over studiets 4-arige periode.

Konklusion For @ldre borgere omkring pensionsalderen var 1 ars regelmaessig tung styrketraening
fordelagtig for det langsigtede forleb over 4 ar i benets muskelstyrke. Vedligeholdelse af
muskelstyrke i benet fra niveauet ved baseline blev ikke omsat til @ndringer 1 voluminer i hjernen
eller &ndringer i total eller regional knoglemineraltethed. Tilsammen viser resultaterne i denne
athandling, hvor udfordrende det i aldring er at inducere mange @&ndringer pa tvars af flere
fysiologiske systemer. Pa gruppeniveau indikerer resultaterne, at styrketreeningens belastning kan
vere af stor betydning for lengerevarende gavnlige effekter, men vi har brug for bedre at forstd den
store individuelle forskel i treeningsrespons for at kunne give bedre anbefalinger til den @ldre

befolkning.
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INTRODUCTION

I have been physically active throughout my life, engaging in many kinds of training, and I plan to
keep on training for as long as I can. Training, however, is not a regular part of many people’s lives
when they age, even though there is a general belief that training is good for overall health. The
concept of studying training-related effects is not new. Nonetheless, we are missing some key
aspects in the studies presented so far. For example, much more emphasis has been on immediate
effects and a rather short time perspective. We are lacking knowledge about the long-term
consequences or beneficial effects of engaging in training in relation to aging. This is a problem,
since the proportion of older individuals world-wide is rapidly increasing, which is changing the
traditional population pyramid to a more pillar shape. In turn, this is going to possess a major
challenge to our health and social systems (WHO, 2022). However, as depressing as this may seem,
research does suggest that the process of aging may be modifiable (Christensen, Doblhammer, et

al., 2009). In this thesis focus will be on the long-term benefits of training.

In general, physical training has been studied substantially, starting with classical studies looking
into the biochemical adaptations of exercise (Holloszy, 1967) and the effects of age, physical
activity, and training on skeletal muscle (Shephard, 1986; Thompson, 1994; DiPietro, 2001;
Paterson, Jones and Rice, 2007). There has been a plethora of trials looking into the effects of
physical activity, including different training modalities, on general physical health, and on specific
physiological mechanisms (Warburton, Nicol and Bredin, 2006). With much evidence on the
association between exercise and health and how endurance training improves health outcomes
(Joyner and Green, 2009), endurance training and its effects on cardiovascular fitness has been the
centre of attention for many years (Ruegsegger and Booth, 2018). More recently, there has been an
increased focus on the beneficial effects of resistance training — in particular with regards to aging
(Latham ef al., 2004; Fragala et al., 2019). On a national level in Denmark, this increased focus has
led to new recommendations for physical activity, where resistance training is now encouraged for
older adults. National guidelines have been updated, with a detailed report published by the Danish
health authorities (Danish Health Authority - Sundhedsstyrelsen, 2023). This thesis will focus on
components that may be influenced by resistance training, hereby examining the potential effects on

physical function, muscle, brain, and bone.
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Healthy aging
Recent years there has been much research on the prospects of slowing human aging and
prolonging longevity (Carmona and Michan, 2016). Aging is a complex field, driven by a variety of

components — see Figure 1.

Figure 1. Components of healthy aging, including the fields of physical activity and function, nutrition, diet and body

composition, cellular mechanisms, social factors, and brain health.

The components of aging are all somewhat interconnected and are easily categorized into further
underlying elements. For example, only for the cellular mechanisms 12 hallmarks of aging have
recently been proposed (Lopez-Otin ef al., 2023). Other components that influence or are
manifested with age include social factors (Takacs and Nyakas, 2021), nutrition (Lee ef al., 2015),
and brain health (Mattson and Arumugam, 2018; Zia et al., 2021). One part of aging is the
discrepancy between healthspan and lifespan, leaving a healthspan-lifespan gap (Garmany, Yamada
and Terzic, 2021), which may eventually lead to an impacted quality of life and loss of individual
autonomy late in life. The health benefits of physical activity are well documented, with physical
activity and healthy aging being associated, regardless of definition or measure (Garatachea et al.,

2015; Daskalopoulou et al., 2017; Gopinath et al., 2018; Langhammer, Bergland and Rydwik,
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2018). In one example of a study where this was outlined, muscle mass was reduced and metabolic
health markers negatively influenced following only 14 days of step-reduction in healthy older
adults (Breen et al., 2013). Furthermore, it is known that the amount of physical activity decreases

with age (Westerterp, 2018).

Age-related physical changes

With age, skeletal muscle function, a major determinant of physical function, is known to decline,
accelerating at advanced age (Fielding et al., 2011; Cruz-Jentoft et al., 2019; Suetta et al., 2019).
This decline in muscle function is caused by many factors that are related to the nervous, muscular,
and skeletal system, such as a loss of muscle mass and muscle strength, due to a reduction in
muscle fiber number and size (primarily type II muscle), and impaired neuromuscular function
(Carlson et al., 2009; Aagaard et al., 2010; Nilwik et al., 2013; Distefano and Goodpaster, 2018;
Tieland, Trouwborst and Clark, 2018; Soendenbroe, Andersen and Mackey, 2021).

The importance of muscle mass per se is for example outlined in studies where muscle mass has
been predictive of all-cause mortality (Landi et al., 2013), and post-operative progress and mortality
following colon cancer surgery (Xiao et al., 2020). Simultaneously, body composition is altered
with age-related increases in both total body fat (Zong et al., 2016) and visceral fat (Huffman et al.,
2009). Additionally, bone health, a major component in aging due to particularly osteoporosis and
the risk of falls and fractures (Black and Rosen, 2016), declines with age (Colon et al., 2018), with
decreased bone mineral density (Berger et al., 2008). In the brain, there is age-related atrophy
occurring throughout the brain (Fjell ez al., 2009; Nyberg et al., 2023) in addition to increases in
white matter lesions, strokes, and dementia, as well as a cognitive decline (Peters, 2006; Murman,

2015).

Resistance training

Resistance training is an effective countermeasure to many of these negative age-associated
changes (Fragala et al., 2019). One of the first studies examining the effects of engaging in a
resistance training programme, observed beneficial effects on muscle strength, size, and neural
activation (Narici et al., 1989). For many years, it has also been known that such adaptations are
achievable in the older population, as only some years later it was shown in a small sample of older
men and women that 1 year of resistance training led to increases in muscle strength and size (Pyka

et al., 1994). Following these findings, the potential benefits of resistance training have been
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studied extensively. For many years, it has been proposed that health and performance greatly
benefit from resistance training (Kraemer, Ratamess and French, 2002), and fundamentals for a
successful implementation of resistance training, such as progression and exercise prescription,
have been put forward (Kraemer and Ratamess, 2004). When the potential differences in the age-
related response to resistance training were studied, older (compared with young) men
demonstrated a maintained capacity for increases in muscle strength and power (Newton et al.,
2002). Likewise, in studies where neuromuscular adaptations to resistance training were examined
in older men and women, neural adaptations seemed to play a great role (Hékkinen and Hékkinen,
1995; Hikkinen et al., 2000). Overall, resistance training positively influences several systems of
the human body. The idea of non-responders to exercise, given that some individuals do not
improve in line with others during training interventions, has been proposed throughout the years
(Booth and Laye, 2010; Pickering and Kiely, 2019). However, it is questionable whether
individuals who do not adapt to every possible exercise — irrespective of modality — really exist.
Rather, perhaps it is a matter of modifying exercise variables such as intensity, volume, and

duration, in turn individualizing prescriptions and not accepting the one-size-fits-all approach.

Skeletal muscle

Upon muscle strength, a beneficial effect of resistance training in older adults is well-established. In
a meta-analysis of randomized control trials, in which the effects of resistance training on measures
of muscle strength and morphology in older individuals > 65 years were determined, all 25 studies
that were included reported a favorable effect on strength (Borde, Hortobagyi and Granacher,
2015). Likewise, other resistance training-interventions have shown improvements in muscle
strength in older adults (Leenders ef al., 2013; Churchward-Venne et al., 2015; Snijders et al.,
2019). Concomitantly, resistance training is known to positively influence size of the aging muscle,
with increases in muscle mass, either at whole-body level or at a specific site such as the leg, and
muscle cross-sectional area (Peterson, Sen and Gordon, 2011; Leenders et al., 2013; Borde,
Hortobagyi and Granacher, 2015; Churchward-Venne et al., 2015; Snijders et al., 2019; Gylling,
Eriksen, et al., 2020). Another measure that has seen improvements with resistance training is
muscular power, which has been identified as a critical determinant of physical function in older
adults (Reid and Fielding, 2012), with power likely more related to daily functional activities than
strength (Fielding et al., 2002; Macaluso and De Vito, 2004). However, not all resistance training

studies observe an improvement in measures of power in older individuals (Gylling, Eriksen, et al.,
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2020), and accordingly it has been proposed that power specific training is a more optimal means
when the goal is an increase in activities of daily living (Hazell, Kenno and Jakobi, 2007; Katula,
Jack and Marsh, 2008; El Hadouchi ef al., 2022). Similar to muscular strength and power, some
studies have observed additional benefits in relation to physical function, with performance in the
chair stand test an excellent example (Leenders et al., 2013; Churchward-Venne et al., 2015). In
another study, chair stand performance accordingly improved with training, but this was identical to
the non-exercising control group where performance surprisingly also improved after a resistance

training intervention (Gylling, Eriksen, et al., 2020).

Brain

For the brain, aerobic training initially showed promise for executive performance in older
sedentary adults (Kramer ef al., 1999), which was followed up by a meta-analysis showing robust
benefits on cognition with aerobic training (Colcombe and Kramer, 2003). Additionally, physical
activity in general has been linked to improved cognition (Weuve et al., 2004; Larson et al., 2006).
Overall, aerobic exercise, in particular, is suggested to potentially benefit improved brain health and
cognition (Colcombe et al., 2006; Kramer, Erickson and Colcombe, 2006; Erickson et al., 2009,
2011; Thomas et al., 2012; Jonasson et al., 2017). Despite being encouraged for brain health for
more than a decade (Liu-Ambrose and Donaldson, 2009), resistance training has been less studied,
yet initial results have shown great promise. For example, in community-dwelling older women,
between 65 and 75 years, resistance training once or twice weekly for 12 months improved
executive cognitive functions via improved task performances in both groups, compared with a
control group that did balance and toning training (Liu-Ambrose ef al., 2010). For the same older
women, but only for those who resistance trained twice weekly, functional plasticity in cortex was
positively impacted (Liu-Ambrose et al., 2012). Additionally, a subset of the participants had
magnetic resonance imaging (MRI) of the brain. At a 2-year follow-up, beneficial long-term effects
were observed on cognition in all women who had resistance trained during the first year, and on
white matter volume in those who had resistance trained twice weekly (Best ef al., 2015). A more
recent meta-analysis similarly proposed that resistance training appears to have a positive effect on
cognition (Landrigan et al., 2020). In a more short-term setting, in older adults aged 60-80 years, a
12-weeks lower body resistance training programme, performed twice weekly, seemed to better

preserve brain metabolism than in a passive control group (Sheoran et al., 2023).
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The potential effects of resistance training, and a crosstalk between muscle and brain, are suggested
to be mediated by a muscle-brain endocrine loop and the release of myokines during exercise
(Pedersen, 2019), with an increase in myokine levels after some resistance training interventions
(Wang et al., 2023). One myokine, brain-derived neurotrophic factor (BDNF), is produced by
skeletal muscle during contraction (Matthews et al., 2009). BDNF is believed to be a key factor for
brain plasticity (Kowianski et al., 2018), and is suggested to be linked to hippocampus (Erickson et
al., 2011). Muscle specific myokines could also include interleukin 6 (IL-6), insulin-like growth
factor 1 (IGF-1), vascular endothelial growth factor (VEGF), irisin, cathepsin B, and lactate (Chen
and Nakagawa, 2023). However, not all previous results on resistance training and brain health
show that there is a positive influence of training. Prolonged studies on both brain structure and
cognition have failed to show an immediate effect on hippocampal atrophy (Gylling, Eriksen, ef al.,
2020) and cognitive function (Sink et al., 2015), although the latter did not report on any measures

of physical function or performance to assess the muscular effects of training.

Body composition

There are multiple ways to assess body composition, including measures of adipose tissue (fat),
visceral fat, and bone mineral density (BMD) using state-of-the-art dual-energy X-ray
absorptiometry (DXA), as well as various blood-based markers. It has been shown that resistance
training is able to induce favorable changes to body composition, in relation to aging. Several
studies have observed a decrease in body fat after resistance training interventions, varying from 12
to 56 weeks, in older adults (Campbell et al., 1994; Snijders et al., 2019; Gylling, Eriksen, et al.,
2020). For visceral fat, previous research has predominantly focused on the effects of
cardiovascular training, however recent research suggests that resistance training is also beneficial
for a decreased visceral fat content (Gylling, Eriksen, et al., 2020; Wewege et al., 2022).

For bone health, in addition to known lifestyle factors such as general physical exercise and diet,
which have been suggested to be beneficial (Mufioz-Garach, Garcia-Fontana and Mufoz-Torres,
2020; Chen and Avgerinou, 2023), there has been much research on exercise specifics. Currently,
which still holds two decades later, weightbearing exercises with impact are recommended (NIH
Consensus Statement, 2000). For resistance training, there is no consensus with very mixed results
on BMD. In several studies, there has been no clear effect of resistance training (Pruitt e al., 1992;
McCartney et al., 1995; Pruitt, Taaffe and Marcus, 1995; Fujimura et al., 1997; Maddalozzo and
Snow, 2000). In other studies, beneficial effects on BMD have been observed, even though these
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have often been small or only at regional bone sites such as the spine or hip (Lohman et al., 1995;
Yarasheski, Campbell and Kohrt, 1997; Layne and Nelson, 1999; Rhodes et al., 2000; Vincent and
Braith, 2002; Hinton, Nigh and Thyfault, 2015; Shojaa et al., 2020; Herda and Nabavizadeh, 2023).
Blood-based markers procollagen type I N-propeptide (PINP) and C-terminal telopeptide of type I
collagen (CTX), which are the international reference markers for bone formation and resorption
respectively (Vasikaran et al., 2011), can be used to measure bone turnover. In relation to resistance
training, the beneficial effects on bone turnover may be attenuated with age (Gombos ef al., 2016;
Smith et al., 2021; Stunes et al., 2022). Even so, to some degree resistance training has shown the
ability to positively influence bone markers. Shorter durations (6-16 weeks) of high-intensity
resistance training have increased bone turnover suggesting a favored bone formation in older
adults around their 60’s, while in elderly women 16 weeks of resistance training increased some,
but not all, bone markers (Sartorio ef al., 2001; Karabulut et al., 2011; Huovinen et al., 2016).
Recently, also dephosphorylated-uncarboxylated Matrix Gla-Protein (dp-ucMGP) has been linked
to bone formation, through its reflection of vitamin K status (Cranenburg et al., 2010; Villa et al.,
2017; Akbari and Rasouli-Ghahroudi, 2018). Not much literature exists on the relation between
resistance training and dp-ucMGP, though one study showed that plasma levels of dp-ucMGP were
correlated to sarcopenia parameters such as muscle mass and physical performance in a cohort of

adults, who were on average 58 years old (Schweighofer ef al., 2022).

Training in the long-term perspective

As per above, it is evident and well-documented that resistance training has many beneficial effects.
It is also very well documented that these beneficial effects or hard-fought gains in particularly
muscle mass and muscle function are often easily lost following resistance training interventions,
either partly or totally, within a particular time frame in a use-it-or-loose-it manner (Trappe,
Williamson and Godard, 2002; Fatouros et al., 2005; Kalapotharakos et al., 2007; Karinkanta et al.,
2009; Tokmakidis et al., 2009; Bickel, Cross and Bamman, 2011; Correa et al., 2013, 2016; Uusi-
Rasi et al., 2017; Sakugawa et al., 2019; Snijders et al., 2019; Blocquiaux et al., 2020).
Consequently, considering the question of how much is needed to do to maintain adaptations, it is
proposed that a continuation of regular training is necessary to preserve adaptations and change
trajectories (Gylling, Bloch-Ibenfeldt, et al., 2020). However, the length of both training and
follow-up periods are modest in most of the abovementioned studies. In a recent meta-analysis,

where some of these studies were included, the effects of resistance training cessation in older
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adults were analyzed. Here, again limited to shorter training durations (9-24 weeks) and also small
sample sizes, it was concluded that muscle loss might be related to the duration of detraining —
translatable to the length of follow-up — as the amount of muscle lost generally was greater in the
studies with longer follow-up periods (up to 52 weeeks)(Grgic, 2022). Unfortunately, the literature
is very sparse with regards to studies where prolonged resistance training is combined with a
lengthy follow-up, to study the true long-term consequences. One study examined the effects of a 1-
year training intervention on muscle performance in older adults 7-years post study start (Kennis et
al., 2013). Originally, individuals were randomized to a combination of resistance and aerobic
training on one hand or whole-body vibration training on the other, compared with a control group
that did not participate in training. The results were, however, analyzed with a single combined
group of all individuals who had trained in one of the two training groups. After the 1 year of
training, participants were encouraged to pursue a physically active lifestyle but were not informed
of a follow-up. Notably, some beneficial long-term adaptations were evident. While muscle
performance was decreased from baseline in both the training group and controls at follow-up, there
was some preservation of training-induced gains, as the degree of decline in measures of static and
dynamic strength differed between groups with similar annual decline rates from year 1 to 7
(Kennis et al., 2013). In another study, where there was a long-term training intervention of 5 years,
the effects of exercise on mortality and brain health in older community-dwelling adults were
examined (Stensvold et al., 2015, 2020). The training focused on cardiovascular fitness and was
performed at either high or moderate intensity, with a control group following the Norwegian
recommendations for physical activity. Notably, no muscular measure was included, but adding
high-intensity training to an already high level of cardiovascular fitness did not influence all-cause

mortality, cardiovascular disease, and cancer (Stensvold et al., 2020), or long-term trajectories of

brain health (Pani et al., 2021, 2022; Arild et al., 2022; Reitlo et al., 2023).

Training intensity

One parameter of resistance training, and training in general, which can be influenced, is training
intensity. For resistance training this can also be expressed as load. Several studies have reported on
intensity-dependent outcomes, and one meta-analysis showed that for increases in muscle strength
and size, resistance training with heavy loads was more effective than moderate loads in older
adults (Csapo and Alegre, 2016). The aspect of intensity is also of interest in combination with the

long-term perspective. Combining 24 weeks of resistance training at two different intensities with a
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prolonged follow-up period of 48 weeks, one study further highlighted the importance of training
intensity, showing in older men that the higher intensity training elicited greater gains in both
muscle strength and physical function and also that these gains were better preserved during the
follow-up period (Fatouros et al., 2005). Similarly, resistance training with heavy loads has proven
more beneficial than moderate training on several parameters in older adults, including the
preservation of muscular gains over a 1-year period (Gylling, Bloch-Ibenfeldt, et al., 2020; Gylling,
Eriksen, et al., 2020). When periods of both resistance training and follow-up were short,
differences between high-intensity and moderate training showed the same patterns in muscular
measures in older adults (Tokmakidis ef al., 2009). Altogether, training intensity seems to impact
adaptations to training and trajectories during follow-up, but this has primarily been studied after

both training interventions and follow-up periods of shorter durations.
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AIMS & HYPOTHESES

There is a need for and importance of longitudinal studies in relation to the effects of training in
aging, where individuals are followed over many years beyond the end of a training intervention.
Further, as outlined in the introduction, aging is a multifaceted process. Therefore, in order to fully
appreciate how training can promote healthy aging, a multi-dimensional approach is necessary. In
this thesis I have been interested in the interplay between different biological systems of the body
and whether it is possible to pick up interactions between different age-related changes, to see
whether there is a commonality between e.g., muscle, brain, and bone. The overall aim of this thesis
was therefore, to investigate the long-term effects of engaging in 1 year of resistance training during

a critical time period in life, retirement age.

To match this overarching goal, three studies were performed. In study 1, the aim was to investigate
whether improvements in muscle mass and muscle function observed both immediately and 2-years
post study start would be maintained also at year 4. It was hypothesized that, compared with non-
exercising controls, individuals randomized to training would still show positive training-induced

effects in muscle strength at the 4-year follow-up.

In study 2, the influence of resistance training on age-related structural brain changes was
examined. It was hypothesized that there would be beneficial long-term training-related effects on

brain health, with smaller declines in brain structural changes at the 4-year follow-up.
The third study explored how bone mineral density and markers related to bone turnover were

influenced by resistance training. It was hypothesized that positive effects of training would

translate into attenuated loss of bone mineral density.
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METHODS

All three studies in this thesis are based on the LISA (LIve active Successful Aging) cohort, which
in 2014 was initiated as a multidisciplinary randomized controlled trial to examine physical activity
as intervention for age-related loss of muscle mass and function in older individuals (see Eriksen et
al., 2016 for study protocol).

At the start, advertisements in local newspapers and social media were used to recruit older adults
around retirement age. From these advertisements, 1026 community-dwelling older adults
volunteered to take part in the study. These were further screened by telephone and provided oral
and written information about the study. Following screening, the remaining individuals went
through a medical exam and finally baseline assessments. Of the original 1026 individuals, 451
persons aged between 62 and 70 (mean age: 66 * 3 years) met inclusion criteria, passed the medical
exam, gave written consent, and were subsequently enrolled in the study.

Excess levels of habitual physical activity, defined as more than 1 hour of regular strenuous
physical activity per week, as well as specific diseases and medications that would interfere with
the ability to train were the main exclusion criteria (Gylling, Eriksen, et al., 2020). Chronic diseases
with no direct effect on exercise ability were not considered a reason for exclusion. Participants
were stratified according to sex (man/woman), body mass index (BMI) (<28 or >28), and
performance in the chair-stand test (<11 or >11 repetitions), and randomized to one of three groups:
heavy resistance training (HRT); moderate intensity training (MIT); or a non-exercising control
group (CON).

Following baseline and post-intervention assessments, participants were longitudinally followed-up
at years 2 and 4, with further follow-ups planned at years 7 and 10. See Figure 2 for study flow

chart, including details about dropouts for each of the three intervention groups respectively.

Intervention

Training was performed 3 times per week for a whole year in both training groups. HRT met at a
local commercial gym, for a supervised full-body program with heavy loads. Participants began
their training with 6-8 weeks of habituation, starting off with 1 set of 15 repetitions for each
exercise. They were instructed that the last repetitions should feel exhaustive. Total training volume

was then gradually increased before the periodization regimen commenced in week 7-9.
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4-year follow-up
n=128

4-year follow-up
n=126
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n=115

Analysis
n=369

—

Figure 2. Flow chart, including enrollment, assessments at baseline, group allocation, intervention, and follow-up.
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This training regimen was machine based with 6-12 repetitions at ~70-85% of 1 RM (1 RM was
estimated according to methods by Brzycki, 1995 (Wood, Maddalozzo and Harter, 1993), with 1-2
minutes of rest between sets, and full restitution every 9% week. MIT engaged in a more moderate
intensity training regimen, which also started with 6-8 weeks of habituation and initially was
performed with one set of 10 repetitions for each exercise. These participants were also instructed
that the last repetitions should feel exhaustive. Training was performed as circuit training with 10-
18 repetitions at ~50-60% of 1 RM (estimated similarly to HRT), no rest, and consisted of
bodyweight and resistance band exercises that were set to mimic the exercises in HRT. Training
was also periodized with a progression in the load of the resistance bands (TheraBand, Akron,
Ohio, USA —red to gold bands) and supervised once a week at the hospital, while the other two
weekly training sessions were performed individually at home. See Table 1 for exercises in HRT

and MIT.

Heavy resistance training (HRT) Moderate intensity training (MIT)
Leg press Squat
Chest press Pushup
Knee extension Seated knee extension
Low row Seated low row
Leg curl Standing hip abduction
Ankle plantar flexion Standing hip extension
Hip abduction Heel raise
Abdominal crunch Abdominal crunch
Lower back exercises Lower back exercises

Table 1. Specific exercises in the two training regimes.

In both HRT and MIT, training was supervised by experienced personnel. The non-exercising
control group was encouraged to maintain habitual physical activity level and individuals in this
group were invited to social-cultural activities at a regular basis (approximately 1 per month), both
at the hospital and at other sites primarily in the greater Copenhagen area. These activities included

e.g. guided tours at attractions, lectures on specific topics, and bridge sessions.
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Test procedures

Assessments were conducted on three separate days — see Figure 3 for overview.

/& Day 1 (45 minutes)

Medical exam including blood pressure
Anthropometrics — height, weight, and waist circumference
Blood samples
Photographs (front, side, face)
activPAL accelerometer
Questionnaires

Day 2 (120 minutes)
DXA-scan: body composition @ @
Cognitive ability (IST-2000-R)
Physical function: strength, power, and endurance ’\
l \
Day 3 (120 minutes)
MRI — brain and thigh imaging

Figure 3. Overview of the three days with assessments and tests.

™

Day 1

On day 1, participants met before noon at the hospital in a fasted state but allowed to drink water
and take their regular medication. A medical exam was performed, with medical history registered.
Further, height and bodyweight were measured without shoes, on a digital scale (Seca 285 wireless
measuring station), waist circumference measured with a tape measure, and a single measure of
blood pressure and heart rate with an electronic sphygmomanometer. Fasting venous blood samples
were drawn from the cubital vein in the elbow joint, for analysis at the Hospital biochemistry
laboratory. Samples were analyzed for traditional markers of health, such as markers of glucose and
lipid metabolism, inflammation, and immune function (including cholesterol (total, HDL-C and
LDL-C), inflammation (C reactive protein), blood glucose (hemoglobin Alc), estimated glomerular

filtration rate (¢GFR), and leucocytes). Further, two 9 ml samples for storage of additional serum

24



and plasma were drawn. The plasma sample was placed on ice for 30 minutes while the serum
sample was placed at room temperature. To separate the plasma and serum from cells, samples were
centrifuged at 3970 RPM, 4°C, for 10 minutes (Centrifuge 5810 R, Eppendorf, Germany).
Immediately after centrifugation samples were pipetted into Eppendorf tubes® and stored at -80°C
until further analyzed.

For assessment of perceived age, photographs with participants in their regular clothes were taken
from three angles, according to previous methods (Christensen, Thinggaard, et al., 2009). An
accelerometer (activPAL™ micro, PAL Technologies Ltd), for measuring daily physical activity
through step counts, was placed on the mid-thigh of the dominant leg, and worn for 5 consecutive
days, including three weekdays and the weekend. The activPAL is considered a well-established
device to collect data on physical activity (Edwardson et al., 2017; Blackwood et al., 2022). Finally,
a series of questionnaires were administered, including the exercise self-efficacy questionnaire
(Marcus et al., 1992), which was answered at the hospital during the health screening, and
questionnaires regarding background and lifestyle (modified from the CAMB cohort (Lund et al.,
2016)), personality (NEO-FFI (Mortensen, Flensborg-Madsen, Molbo, Christensen, et al., 2014)),
mental distress (a shortened version of the SCL-90 (Olsen, Mortensen and Bech, 2004)), physical
activity (PASE (Washburn ef al., 1993, 1999; Dinger et al., 2004)), health-related quality of life
(SF-36 (Brazier et al., 1992; Bjorner et al., 1998)), and attitude to intervention (AFRIS (Yardley et
al., 2007; Mikolaizak et al., 2018)) which were handed out and completed at home.

Day 2

The second day was planned a minimum of 6 days after the medical exam and featured dual-energy
X-ray absorptiometry (DXA) scans, cognitive tests, and physical tests. The participants were
encouraged to avoid vigorous physical activity in the preceding 72 hours. Upon arrival they emptied
their bladder and handed in accelerometer and questionnaires. To evaluate body composition and
BMD, DXA scans (Lunar iDXA, GE HealthCare — enCORE software V.16), which is the state-of-
the-art measure for BMD, were completed with the participants lying in a supine position. In total
participants had 4 scans (Figure 7): a full-body scan, for determining bone mineral density, lean
body mass, fat mass, and visceral fat content, and 3 scans for evaluation of bone mineral density at
specific bone regions: lumbar spine (L1-L4), right femoral neck, and left femoral neck. Some of the

participants did not have (all) bone specific scans, due to for example total hip arthroplasty.
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Afterwards, a Danish shortened version (IST-2000-R) of the intelligence structure test IST-2000
(Liepmann et al., 2007) was performed to assess general cognitive ability. Three subtests of 6, 7
and 10 minutes each were performed, similarly to previous studies (Mortensen, Flensborg-Madsen,
Molbo, Fagerlund, et al., 2014).

The final part of day 2 consisted of physical tests, which were used to determine physical function -
particularly strength and endurance. Endurance was assessed with a 400m walking test, which
previously has been used to estimate cardiorespiratory fitness in older adults (Simonsick, Fan and
Fleg, 2006; Pettee Gabriel ef al., 2010) and has linked performance to mortality, cardiovascular
disease, mobility limitation, and mobility disability (Newman et al., 2006). The test was performed
over a 20-meter course, with the instruction to walk as fast as possible and with verbal
encouragement in form of lap progression during the walk. Afterwards, leg extensor power was
assessed on each leg in a Nottingham leg extensor power rig (University of Nottingham, Queen's
Medical Centre), similarly to previous studies (Bassey and Short, 1990; Blackwell et al., 2009;
Aadahl et al., 2011; Suetta ef al., 2019). Two submaximal repetitions were used as warm-up,
whereafter maximal extensor power (force x velocity, Watt) was determined as the highest value of
a minimum of 5 attempts, with rest in between attempts. Participants were instructed to kick as hard
and fast as possible. To further evaluate strength and endurance in the lower extremities, on a
standardized chair participants performed the 30-second chair-stand test, previously reported as a
valid indicator of lower body strength in active, community-dwelling older adults (Jones, Rikli and
Beam, 1999). Strength was further assessed by measures of handgrip strength, widely considered a
reliable measure of overall muscle strength as well as health and functional status (Bohannon and
Schaubert, 2005; Rijk et al., 2016; McGrath et al., 2020). Maximal handgrip strength (kilograms),
measured with a SAEHAN DHD-1 Digital Hand dynamometer, was determined as the peak value
of a minimum of 3 attempts on each hand. Attempts were performed with verbal encouragement
from the test personnel and each measurement lasted 3-5 seconds. Participants were seated in an
armchair in a standardized position as previously described (Aadahl ef al., 2011). Finally, isometric
leg strength was assessed in a Good Strength chair with the complementary device (Bluetooth
V.3.14, Metitur Oy). Maximal isometric quadriceps torque (Newton metres), with knees flexed at
70° and a strain-gauge fastened to the ankle by a velcro strap (see Figure 4 for setup), was
measured as the highest value of at least three 5-second contractions on each leg, with 30 seconds
of rest between attempts. Like handgrip strength, participants were verbally encouraged during the

test. Similar procedures for this specific device have previously been described, in which maximal
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isometric thigh muscle strength was measured in healthy older adults (Tiainen et al., 2004; Bieler et

al., 2014).

Figure 4. Setup for measuring leg muscle strength.

Day 3

The final day took place at Hvidovre Hospital, at the Danish Research Centre for Magnetic
Resonance. Participants were again encouraged to avoid vigorous physical activity in the preceding
72 hours. Magnetic resonance imaging (MRI) of the brain and thigh were performed by an
experienced radiographer, with participants lying in a supine position in a 3.0 Tesla scanner (TX
Phillips Achieva Scanner, Philips Healthcare). Brain MRI consisted of 3D T1-weighted, 3D T2-
weighted, 3D Flair, resting-state fMRI, brain perfusion (ASL), and diffusion-weighted imaging.
Thigh MRI (see Figure 5) was 2D T1-weighted with slices above tibia plateau for delineation of m.
vastus lateralis. Region of interest (ROI) was on the mid slice, 20 cm above tibia plateau.

Some individuals did not participate in the MRI due to contraindications, such as pacemakers,

metallic components, or claustrophobia.

27



Figure 5. MRI of thighs from two different individuals. ROI, m. vastus lateralis, are highlighted.

Follow-up

After the 1-year intervention, all participants were again tested with identical procedure as the
baseline testing apart from the AFRIS questionnaire that was only administered at the beginning of
the study since it consisted of questions about the attitude towards the intervention. To be able to
identify intervention-induced changes tests-days were planned in good time and as close as possible
to intervention-stop (the last training session for individuals in the two training groups). The second
test day, including the DXA-scan, was held on average 4.7 = 0.2 days after intervention-stop, while
the corresponding number for the third MRI-day was 12.1 + 0.6 days after intervention-stop. When
the intervention was stopped, all individuals, irrespective of intervention group or adherence to
training, were left on their own with no restrictions or official guidance to training or lifestyle
changes.

Atyear 2 and 4 (1 and 3 years after the intervention-stop), the participants were invited for similar
assessments as before. Two extra questionnaires regarding continued adherence to the intervention
and motivation for exercise (BREQ-2 (Markland and Tobin, 2004)) were added. The former
questionnaire was developed singlehandedly for the LISA study, by the original authors of the
project, and was used to identify to which extent (frequency and duration) the participants in the
two training groups had continued with the intervention-specific training programs, i.e., HRT or
MIT, on their own and whether such training was accompanied or replaced by any other form of
training (Eriksen et al., 2016). Information from this questionnaire provided an additional
opportunity to assess training ‘continuation’ and whether this had any particular effects.

In addition, after each follow up testing occasion (years 1, 2, and 4), the participants received

standardized digital feedback of selected measures to be informed of their own progress.
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1- and 2-year results

At year 1, post-intervention, resistance training with heavy loads, compared with the moderate

intensity training and the non-exercising control group, improved several muscular, mental, and

bodily outcomes (Gylling, Eriksen, et al., 2020). Further, at the 2-years follow-up, muscular leg

strength was maintained only in the group that had performed heavy resistance training, and not

moderate training, whereas other beneficial effects of the training were not maintained (Gylling,

Bloch-Ibenfeldt, et al., 2020). See Table 2 for a summary of the previous findings.

1-year (post-intervention)

2-year

Leg extensor power <>

Isometric leg strength — HRT T1
Isometric leg strength — MIT T

Leg extensor power <>

Isometric leg strength — HRT T
Isometric leg strength — MIT <>

Muscle Handgrip strength Handgrip strength
CSA of m. vastus lateralis — HRT T CSA of m. vastus lateralis — HRT <
CSA of m. vastus lateralis — CON 4 CSA of m. vastus lateralis — CON ¥
Lean body mass — HRT T Lean body mass — HRT <>
Brain Hippocampus volume Hippocampus volume ¥
Bone - -
Whole body fat % - HRT { Whole body fat % - HRT <>
Visceral fat — HRT Visceral fat — HRT <>
Chair stand test T Chair stand test T
Other 400m walking time <> 400m walking time <>

Mental well-being

(SF-36 questionnaire: mental summary score) — HRT T

Blood pressure 4

HbAlc T

Mental well-being
(SF-36 questionnaire: mental summary score) ¥

Blood pressure 4

HbAlc T

Table 2. Results from 1- and 2-years follow-ups. Adapted from Gylling, Eriksen, et al., 2020 and Gylling, Bloch-

Ibenfeldt, et al., 2020. Changes are compared with results at baseline.

HRT: heavy resistance training; MIT: moderate intensity training; CON: non-exercising control group.



4-year analysis

This thesis includes the data of the 4-year follow up, which is described in detail below.

MRI

Images were used for quantification of the cross-sectional area (CSA) of m. vastus lateralis (see
Figure 5), which was estimated by blinded assessors using JIM software (Xinapse systems).
Additionally, the brain was segmented into selected ROI using FreeSurfer version 6.0 software for
determining volume of regions: brain grey matter, white matter hyperintensities, and hippocampus.
The ‘caudal-middle-frontal” ROI was used for dorsolateral prefrontal cortex (dIPFC) volume
(Nyberg et al., 2023) and the combination of ‘pars opercularis’, ‘pars orbitalis’, and ‘pars
triangularis’ ROIs for ventrolateral prefrontal cortex (vVIPFC) volume (Jonasson et al., 2017).

See Figure 6A-B for examples of brain MR images. For all regions, the sum of left and right

hemispheres was used.

Figure 6. Brain MRI of individuals in the LISA study. A Examples of two participants with either small (left) or large
(right) white matter hyperintensity volume. Hyperintensities are highlighted. B Hippocampus in two participants.

Hippocampal atrophy in the image to the right.

DXA

ROI on the DXA images, see Figure 7, were automatically determined by scanner software.
Additionally, T- and Z-scores were provided, which were used to interpret the results in line with
WHO definitions (Blake and Fogelman, 2007). After the last 4-year follow-up had been completed,

all scan images were manually re-adjusted for standardization by the same person.
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Figure 7. Images from DXA-scans of a study participant. A Full-body scan. General regions of interest are delineated.
B Lumbar spine scan. ROIL, lumbar vertebrae L1-L4, is highlighted. C Right and left femur. ROI, femoral necks, are
highlighted.

Blood samples

Plasma blood samples from all four timepoints were analyzed for CTX, PINP, and dp-ucMGP at the
Department of Clinical Biochemistry, Rigshospitalet, Glostrup, Denmark.

The following assays were used to measure plasma CTX and plasma PINP, and biochemically
determine vitamin K status: IDS-iSYS CTX (CrossLaps®) assay (Immunodiagnostic Systems, plc,
Tyne and Wear, UK), IDS-iSYS intact PINP assay (Immunodiagnostic Systems), and IDS-iSY'S
InaKtif MGP assay (Immunodiagnostic Systems) respectively. All three assays were carried out on
a dedicated automated analyzer, iSYS (Immunodiagnostic Systems), according to the
manufacturer’s instructions. Samples had not previously been thawed and were kept frozen at -80°C
until analysis.

dp-ucMGP is reportable in the range 300—12.000 pmol/L, with values below 300 pmol/L fixed to
299 pmol/L as previously suggested (Jespersen et al., 2020). CTX is reportable in the range of 33-
12.000 ng/L, with values below 33 ng/L fixed to 0 ng/L.
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Methodological considerations

The LISA study was conceptualized to the context of a real-life setting where there was no
guidance to training or lifestyle after the first year of intervention. This was done to provide a
public health perspective, in which it was possible to assess how 1 year of training could translate to
a change in an older adults’ daily routines and lifestyle. Compared with other resembling studies,
where sample sizes have generally been much smaller, the LISA study was a large-scale attempt to
induce positive effects using a resistance-exercise based lifestyle change.

The regular project updates and particularly individual feedback on results offered to the
participants has been, in my opinion, a key component for a project of this scale and length (up to
10 year), which have kept participants more invested in the study as well as in their own health. In
addition, this has likely been a benefit for the study shown by the relatively modest dropout rates
during the, so far, four years. However, this could potentially also have influenced participant

behavior and results during the follow-up periods.

Initially, the primary brain metric for the analysis of the 1- and 2-year brain structural data was
hippocampal volume. Previously it has been shown that exercise has a positive effect on
hippocampal volume in older populations (Wilckens et al., 2021), and that hippocampus is
important in healthy brain aging (Driscoll et al., 2003; Bussy et al., 2021). In the present thesis, |
wanted to acknowledge that aging influences the brain beyond only the hippocampi (see for
example Fjell et al., 2009; Nyberg et al., 2023 for studies on whole brain atrophy in relation to
aging), and that prefrontal cortex volume (Jonasson et al., 2017) and white matter hyperintensities
(Torres et al., 2015) have previously also been linked with fitness. Therefore, in addition to

hippocampal volume, I have added these brain structures and variables in the analysis.

For the DXA, scans of left and right femur provided several ROIs (e.g. total hip, Ward’s triangle).
Here, femoral neck was chosen as the desired ROI. Studies have shown that BMD at the femoral
neck is better at predicting hip fractures (Cummings et al., 1993) and is linked to osteoporosis-
associated fractures (Warriner et al., 2011). Moreover, scores at the femoral neck are generally used

for classification of osteoporosis (Kanis ef al., 2008; S6zen, Lale and Basaran, 2017).
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Ethics

All participants gave written informed consent before participating in the LISA study. The regional
ethics committee approved the study (Capital Region, Copenhagen, Denmark, No. H-3-2014-017),
which was also registered on clinicaltrials.gov (NCT02123641).

Statistical analysis
All statistical analyses were performed in R version 4.1.1 and Rstudio 2021.09.0. Figures and tables
were created in GraphPad Prism version 10.0.3, Microsoft® Word version 16.83, and Microsoft®

PowerPoint version 16.82.

General

Descriptive data are presented as Mean + SD.

Individuals who completed testing at year 4 were included in the analyses. Sample sizes and
number of datapoints in specific measures differed between studies, due to e.g. technical errors,
specific medications influencing the results, or contraindicators, with the exact number of
participants for each analysis specified in figures, tables, and text.

Potential changes over four years in the general participant characteristics were assessed with
student’s paired t-tests. When the groups additionally were analyzed separately, two-way mixed-
model ANOVAs were used to test group differences. For the assessment of baseline differences
between study-participants and dropouts, one-way mixed-model ANOV As were used. Assessing
differences in the response to the intervention, between study-participants and individuals lost-to-
follow-up after year 1, two-way mixed-model ANOV As (group (still in the study vs lost-to-follow-
up) x time) were used.

ANOVA analyses were controlled, in the models, for sex and age, and in study 2 additionally for
estimated total intercranial volume. All significant interactions were examined with post hoc tests
(Tukey). The overall significance level was set at p < 0.05 and corrected (Bonferroni) within each

study. Effect sizes are reported as n% for ANOVASs and r? for regression analyses.

Study specifics
To study the longer-lasting effects of supervised resistance training with heavy loads, on measures
of strength, body composition, and physical function in study 1, including all 4 timepoints in the

analysis, two-way mixed-model ANOV As were used to test for group x time interactions. One-way
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mixed-model ANOV As were used to assess group differences in Achanges between timepoints.

After correcting for multiple comparisons (Bonferroni), significance level was p < 0.006 (8 tests).

For brain structural outcomes, in study 2, two-way mixed-model ANOV As tested group x time
interactions on volumes of brain grey matter and white matter hyperintensities, while group
differences in Achanges between timepoints were analyzed with one-way mixed-model ANOVAs.
Change-change associations (change from baseline to year 4) were tested with regression analysis.

Significance level was corrected to p < 0.01 (5 tests).

To study the effect of resistance training on bone health, in study 3, two-way mixed-model
ANOVAs were used to test for group x time interactions on measures of BMD, bone turnover, and
dp-ucMGP. One-way mixed-model ANOVAs were used to assess group differences in Achanges
between timepoints. Within each sex separately, changes over time in the bone-related outcomes
were tested for with one-way mixed-model ANOV As. Change-change associations (change from
baseline to year 4) between measures of bone and muscular strength were tested with regression

analysis. Significance level for the bone-related outcomes was corrected to p < 0.005 (10 tests).

To test for group x time interactions on performance in functional tests two-way mixed-model
ANOVAs were used. For the effects of engaging in regular resistance training beyond the
intervention, two-way mixed-model ANOV As tested group (Continued vs Stopped) x time
interactions. ‘Continued’ was defined as regular (=2 times/week) resistance training, which
included continuing the LISA intervention programme or performing other kinds of resistance
training, for the combination of 10-12 months between years 1 and 2 and 19-24 months between

years 2 and 4. ‘Stopped’ included all other participants who had completed the questionnaires.
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RESULTS

Participants

In total, 369 older adults participated in the 4-year follow-up. 82 participants had dropped out of the
study, primarily due to illness or lack of motivation. Dropout rate between the three intervention
groups was roughly the same (individuals participating at year 4: HRT, n = 128; MIT, n = 126;
CON, n = 115) — see Figure 2 for specifics in the flow chart. Individuals that dropped out had
higher body weight, BMI, waist circumference, and systolic blood pressure at baseline compared
with those that were still part of the study at the 4-year follow-up, while there were no differences
in diastolic blood pressure, total cholesterol, hemoglobin Alc or C reactive protein. However, there
was no difference in the response to the intervention at year 1 assessments between those who had
dropped out at year 4 (individuals lost-to-follow-up post-intervention) and those who stayed in the
study, as changes in general characteristics (body weight, BMI, waist circumference, and daily
physical activity) and clinical parameters (blood pressure, cholesterol, hemoglobin Alc, C reactive
protein), as well as physical function and body composition outcomes did not differ between these
subsets of individuals.

At year 4, the participants were 71 + 3 years on average, 61% women. Compared to baseline there
were no changes to bodyweight, BMI, waist circumference, or daily physical activity level, which
was still high with almost 10,000 steps/day. See Table 3 for details. Participant characteristics did

not differ between groups at baseline or at the 4-year follow-up.

Clinical outcomes

At study start, =~ 86% had at least one chronic disease (compared to the =~ 80% that was reported for
individuals included in the analysis of the intervention-response (Gylling, Eriksen, et al., 2020)). At
year 4, this number had increased, with = 92% of the participants having at least one chronic
disease. Over the four years total cholesterol decreased equally across all groups (Baseline: 5.8 £
1.0 mmol/L, 4-year: 5.3 £ 1.1 mmol/L, p <0.001). Hemoglobin Alc and C reactive protein did not
change. Blood pressure (systolic — Baseline: 143 =+ 17 mmHg, 4-year: 140 =+ 18 mmHg, p = 0.004;
diastolic — Baseline: 85 £ 10 mmHg, 4-year: 83 £ 11 mmHg, p <0.001) decreased from baseline to

year 4, mostly driven by positive changes in the control group.
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Baseline 4-year follow-up T-test
Sex (men/women, %) 39/61 39/61 -
Age (years) 66.4+2.5 70.5+2.5 -
Weight (kg) 757+ 13.6 753+ 14.0 p=0.09
BMI (kg/m?) 25.8+4.0 259+43 p=0.10
Waist circumference (cm) (n = 367) 92.7+11.5 92.5+12.2 p=0.66
Daily physical activity (steps/day) (n = 349) 9548 £+ 3446 9590 + 3387 p=0.79

Table 3. Participant characteristics (mean + SD), n = 369 unless otherwise specified.

Study 1

There was a significant group x time interaction for isometric leg strength (Fe,1049 = 8.607, p <
0.001, n% = 0.05; Figure 8A). HRT had maintained leg strength over the 4 years (0 yr: 149.7 +51.5
Nm, 4 yr: 151.5 £51.1 Nm, t(1050) = 1.005, p = 1.00), whereas leg strength was decreased in CON
(Oyr: 1444 £43.3 Nm, 4 yr: 134.5 £42.2 Nm, t(1050) = -5.261, p <0.001). Leg strength also
decreased in MIT, but this was not significant (0 yr: 147.6 £ 54.9 Nm, 4 yr: 142.9 £ 54.6 Nm,
t(1050) = -2.594, p = 0.28). The Achange over four years significant differed between groups, in
favor of HRT (HRT > MIT, t(350) = 3.273, p = 0.003; HRT > CON, t(350) = 3.655, p < 0.001).
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Figure 8. Isometric leg strength (Mean £ SEM) across 4 years for the different groups (heavy resistance training, HRT,
moderate intensity training, MIT, and control, CON). A (n = 353) Isometric leg strength (Nm) trajectories for all
timepoints separated by group. B Baseline and 4-year follow-up data (n = 362), each group shown separately.

C Individual data points showing the distribution of change from baseline to year 4 separated by group.

* significantly different from baseline (A: HRT 1-year, p <0.001; MIT 1-year, p=0.01; HRT 2-year, p < 0.001; CON
4-year, p <0.001) (B: MIT 4-year, p=0.01; CON 4-year, p <0.001).

#, change from baseline significantly different from change in MIT (A: HRT 4-year, p = 0.003) (B: HRT 4-year, p=
0.03).
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$, change from baseline significantly different from change in CON (A: HRT 4-year, p < 0.001) (B: HRT 4-year, p <
0.001).

When only baseline and 4-year values were considered (Figure 8B), muscle strength was
maintained in HRT exclusively (t(124) = 1.98, p = 0.37). In MIT leg strength was decreased by 4%
(t(122) =1.98, p=0.01), and in CON by 7% (t(113) = 1.98, p < 0.001).
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Figure 9. Lean body mass and visceral fat (Mean + SEM) across 4 years for the different groups (heavy resistance
training, HRT, moderate intensity training, MIT, and control, CON). A (n = 365) Lean body mass (kg) trajectories for
all timepoints separated by group. B Visceral fat (g) trajectories (n = 365), for all timepoints separated by group.

* significantly different from baseline (A: HRT 1-year, p < 0.001; MIT 4-year, p < 0.001; CON 4-year, p = 0.003) (B:
HRT 1-year, p=0.01; CON 4-year, p = 0.04).

For lean body mass (Fe,1085 = 5.353, p < 0.001, n? = 0.03) and visceral fat (Fs,1085 = 3.120, p =
0.005, n% = 0.02) there were additional group x time interactions. Changes in lean body mass were
again in favor of HRT (0 yr: 47.5 £ 8.5 kg, 4 yr: 47.3 £ 8.3 kg, t(1086) =-1.813, p = 0.81),
compared with MIT (0 yr: 46.8 = 8.7 kg, 4 yr: 46.4 + 8.6 kg, t(1086) =-4.506, p < 0.001) and CON
(0 yr: 46.5 £ 8.5 kg, 4 yr: 46.0 £ 8.5 kg, t(1086) =-4.075, p = 0.003), see Figure 9A.

Visceral fat is shown in Figure 9B. Fat content was unaltered over the four years in HRT (0 yr:
1172.4 £ 854.6 g, 4 yr: 1188.5 £ 898.3 g, t(1086) = 0.676, p = 1.00) and MIT (0 yr: 1175.0 £ 897.4
g, 4yr: 1210.1 £972.9 g, t(1086) = 1.450, p = 0.95), and increased in CON (0 yr: 1099.6 £ 794.7 g,
4yr: 1184.4 £862.5 g, t(1086) = 3.387, p = 0.04).

The significant group x time interactions for CSA of m. vastus lateralis and the percentage of total
body fat (Table 4) were due to changes at years 1 and 2, with details reported in Gylling, Eriksen,
et al., 2020 and Gylling, Bloch-Ibenfeldt, ez al., 2020.
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HRT MIT CON F F
Oyr dyr Oyr 4yr Oyr 4yt (group x time) (time)
Power 195.3 185.3 193.2 179.4 187.7 171.2 Fs,1067 = 1.054 F3,1067 = 43.651
W) 1651 | +602 | 640 | £641 | +61.8 | +572 | p=039,72=0.006 | p<0.001,n2=0.11
Handgrip 35.6 343 343 32.7 349 32.8 Fe,1064 = 0.554 F3,1064 = 27.789
(ke) £105 | €99 | £104 | £102 | £102 | £99 | p=0.77,72=0003 | p<0.001,7%=0.07
LLM 17.0 16.3 16.7 159 16.4 15.7 Fe,1085 = 1.841 F3,1085 = 249.742
(ke) £33 | #30 | £35 | £33 | +34 | 432 | p=009n2=001 | p<0.001,n?=041
CSA 1403.7 1306.2 | 1371.4 | 12843 | 1359.5 | 1243.1 Fe.908 = 3.654 F3.008 = 36.068
(mm?) +339.7 | +£328.4 | £358.5 | £352.1 | +£330.7 | £293.8 | p=10.001,n%=0.02 p<0.001,72=0.11
Body fat 34.0 33.8 33.5 33.7 32.7 33.1 Fe,1085 = 3.813 F3,1085 = 16.964
(%) +79 | +82 | +76 | +64 | +83 | +85 | p<0.00L,72=002 | p<0.001,n2=0.04

Table 4. Physical function and body composition variables (Mean + SD) at baseline and at year 4 separated by group.

Note: leg extensor power (Power), handgrip strength (Handgrip), lean leg mass (LLM), CSA of m. vastus lateralis

(CSA), and total body fat (Body fat). F-statistics for group x time interaction and effect of time.

For leg extensor power, handgrip strength, and lean leg mass (Table 4) there were significant

decreases over the 4 years, with no effect of group.

Study 2

For study two, n = 276, with individuals who had MRI at all 4 timepoints: HRT, n = 96; MIT, n =

95; CON, n = 85. Compared with the full sample, body weight significantly decreased over the four
years in MIT (0 yr: 74.6 £ 11.9 kg, 4 yr: 73.8 £12.3 kg, p = 0.04) and tended to decrease in HRT (0
yr: 76.3 £ 13.0 kg, 4 yr: 75.5 £ 13.4 kg, p = 0.05), while in CON bodyweight did not change (0 yr:

74.4+12.7 kg, 4 yr: 74.8 £ 13.8 kg, p = 0.40).

Figure 10A-E shows the group-by-group changes over 4 years in the specified brain regions. There

were no group x time interactions, but significant main effects of time for all 5 regions. Volumes of

total grey matter (F3g10 = 231.549, p < 0.001, n? = 0.46), hippocampus (F3g19 = 310.07, p < 0.001,
n? = 0.53), vIPFC (F3818 = 74.380, p < 0.001, n? = 0.21), and dIPFC (F3zs18 = 3.640, p = 0.01, n% =

0.01) all decreased, while there was an increase in white matter hyperintensities (F3 819 = 101.876, p

<0.001, 7% =0.27).
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Figure 10. Brain structure volumes (mean = SEM) for baseline, 1-year, 2-year, and 4-year, across each group. A Total

grey matter volume (mm?) B Hippocampus volume (mm?) C Dorsolateral prefrontal cortex volume (mm?) D

Ventrolateral prefrontal cortex volume (mm?) E White matter hyperintensities volume (mm?).

t, significant effect of time (A, B, D, E: p <0.001; C: p=0.013).
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A isometric leg strength (change in leg
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Changes over the four years in leg muscle strength and white matter hyperintensity volume were
negatively correlated (1 = 0.01, p = 0.05), see Figure 11. For each group separately, in CON
changes were negatively correlated (r> = 0.06, p = 0.03). Changes in HRT (r> = 0.03, p = 0.12) and
MIT (r? = 0.002, p = 0.65) were not correlated. Neither of the associations were significant after

correcting for multiple comparisons (p > 0.01).

For other specified brain regions there were no correlations with leg strength changes.

Study 3

In this study, n =329 (HRT, n= 116; MIT, n = 109; CON, n = 104). For these individuals, body
weight slightly decreased from baseline to year 4 (Baseline: 76.2 £ 12.8 kg; 4-year: 75.8 + 13.1 kg,
p = 0.03). Compared with participants in the sample, individuals who subsequently dropped out had
a poorer starting condition in some of the bone measures: whole body BMD (F1.429 = 5.504, p =

0.02, 72 = 0.01) and femoral neck BMD in the dominant leg (F1417 = 5.609, p = 0.02, n* = 0.01).
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Figure 12. DXA-measures. Mean + SEM for baseline (black bar - Oyr), 1-year (dark grey - 1yr), 2-year (grey - 2yr) and
4-year (light grey - 4yr), across each group: HRT, heavy resistance training; MIT, moderate intensity training; CON,
non-exercising control group. A Whole-body bone mineral density (g/cm?), n = 329. B T-score for whole-body bone
mineral density, n = 329. C Z-score for whole-body bone mineral density, n = 329. D Bone mineral density (g/cm?) in
the femoral neck of the dominant leg, n = 301. E Bone mineral density (g/cm?) in the femoral neck of the non-dominant

leg, n = 302. F Bone mineral density (g/cm?) in the lumbar spine (L1-L4), n = 251.
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t, significant effect of time (A, p=0.003; B, p <0.001; D, p<0.001; E, p <0.001; F, p < 0.001) across all groups.

There were no significant group x time interactions for DXA bone measures. As per Figure 12A-F,
instead there were main effects of time and equal changes across all groups. Whole-body BMD
(F3977=4.617, p=0.003, n? = 0.01), T-scores (F3,077 = 5.499, p = 0.001, n? = 0.02), femoral neck
BMD in the dominant leg (F3.803 = 45.135, p < 0.001, n? = 0.13), and in the non-dominant leg (F3s96
=33.821, p <0.001, n? = 0.10) all decreased over the four years. L1-L4 BMD (F3743 = 10.113, p <
0.001, n% = 0.04) and Z-scores (F3,977 = 4.225, p = 0.006, n? = 0.01) increased, but the increase in

Z-scores was not significant after correcting for multiple comparisons (p > 0.005).
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Figure 13. Mean £+ SEM for baseline (black bar - Oyr), 1-year (dark grey - 1yr), 2-year (grey - 2yr) and 4-year (light
grey - 4yr), for each group: HRT, heavy resistance training; MIT, moderate intensity training; CON, non-exercising
control group. A Procollagen type I N-propeptide (PINP, pug/L), n=315. B C-terminal telopeptide of type I collagen
(CTX, ng/L), n = 314. C CTX/PINP ratio, n = 314. D dephosphorylated-uncarboxylated Matrix Gla-Protein (dp-
ucMGP, pmol/L), n =313.

t, significant effect of time (p < 0.001) across all groups. *, significantly different from baseline (HRT, p = 0.04). **,
significantly different from 1-year (HRT, p < 0.001). #, increase from baseline to year 1 significantly bigger than in
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CON (HRT, p=0.035). $, decrease from year 1 to 4 significantly bigger than decrease in MIT (HRT, p = 0.005). §.
decrease from year 1 to 4 significantly bigger than decrease in CON (HRT, p < 0.001).

For changes over time in bone markers, see Figure 13A-D. There was a significant group x time
interaction for PINP (Fs935 = 3.733, p = 0.001, n? = 0.01), with an increase in HRT after the first
year (HRT, Baseline: 58.9 + 20.9 ug/L; 1-year: 64.6 £24.1 pg/L, t(936) = 3.357, p = 0.04).
Additionally, a significant decrease was observed in HRT from year 1 to 4 (HRT, 1-year: 64.6 =
24.1 pg/L; 4-year: 56.7 £ 21.7 pg/L, 1(936) =4.723, p < 0.001). For changes between groups, a
larger increase was experienced in HRT than in CON during the intervention (t(312) =2.494, p =
0.04). From year 1 to 4, the decrease in HRT was larger than in both MIT (t(312) = -3.154,p =
0.005) and CON (t(312) =-4.751, p <0.001). CTX increased equally across groups over the four
years (F3932 = 47.434, p < 0.001, n? = 0.13). For the CTX/PINP ratio there was a group X time
interaction (Fe032 = 2.187, p = 0.04, n? = 0.01), driven by changes in HRT at year 1. However, this
interaction was not significant after correcting for multiple comparisons (p > 0.005).

Levels of dp-ucMGP did not change over time (F3,031 = 1.530, p = 0.21, % = 0.005) and there was
no group interaction (Fe931 = 1.178, p = 0.32, n? = 0.008).

Sex-specific values are displayed in Table 5. Men generally had larger values than women, and
when sex-differences were analyzed separately, whole-body BMD, T-score, and Z-score all
decreased with a main effect of time in women, but not in men. L1-L.4 BMD increased with a main
effect of time in men, with no change over time in women. For bone turnover markers, women had
higher values than men for PINP (F1310 =40.679, p <0.001), CTX (F1,300 = 44.637, p <0.001), and
CTX/PINP ratio (F1,300 = 19.753, p <0.001). For men, a main effect of time was observed for PINP,
with levels increasing over the four years, while in women the levels did not change over time.

Levels of dp-ucMGP were not influenced by sex.
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Women Men
Oyr lyr 2yr 4yr F (time) Oyr lyr 2yr 4yr F (time)
Whole-body | 1.097 | 1.094 | 1.093 | 1.088 1.287 | 1.287 | 1.291 | 1.289
F3,572 = 9.322 F3,407 = 1.666
BMD + + + + + + + +
p<0.001,7%*=0.05 p=0.17,7*=0.01
(g/cm?) 0.101 | 0.098 | 0.102 | 0.103 0.101 | 0.101 | 0.101 | 0.102
0.156 | 0.136 | 0.128 | 0.073 0.905 | 0.880 | 0.911 | 0.880
F3,572 = 7.877 F3,407 = 0.731
T-score + + + + + + + +
p<0.001,1n%*=0.04 p=10.53,71%*=0.005
1.000 | 0.976 | 1.010 | 1.022 1.038 | 1.005 | 0.993 | 1.010
0.094 | 0.087 | 0.085 | 0.087 1.295 | 1.284 | 1.339 | 1.365
F3,572 = 2749 F3,407 = 2251
Z-score + + + + + + + +
p=0.04,n*=0.01 p=10.08,n*=0.02
1.013 { 0.979 | 1.013 | 1.024 1.101 | 1.023 | 0.999 | 1.014
Femoral
neck BMD | 0.876 | 0.868 | 0.864 | 0.854 0.962 | 0.954 | 0.953 | 0.950
Fss513=41.418 F3377=9.616
(g/em?) + + + + + + + +
p<0.001,1n>=0.19 p<0.001,7%=0.07
dominant 0.105 | 0.103 | 0.104 | 0.105 0.118 | 0.120 | 0.117 | 0.120
leg
Femoral
neck BMD
0.868 | 0.863 | 0.862 | 0.846 0.957 | 0.953 | 0.949 | 0.944
(g/cmz) Fs501 =41.768 F3377=15.129
+ + + + + + + +
non- p<0.001,7>=0.19 p=10.002,n>=0.04
] 0.107 | 0.106 | 0.108 | 0.105 0.118 | 0.118 | 0.116 | 0.125
dominant
leg
Lumbar
1.105 | 1.099 | 1.099 | 1.101 1.271 | 1.275 | 1.286 | 1.305
spine L1-L4 F3,455 =1.639 F3,290 =27910
+ + + + + + + +
BMD p=0.18,17*=0.01 p<0.001,7%=0.22
0.149 | 0.152 | 0.156 | 0.161 0.172 | 0.171 | 0.174 | 0.178
(glem?)
66.5 67.0 67.9 | 65.6 499 55.7 54.8 53.2
PINP F3,539 = 1.051 F3,395 = 5.487
. * . . 2=0.006 - * * * 0.001, n2=0.04
/L =0.37,n°=0. =0.001,np°=0.
(ng/h) 22.1 22.8 248 | 23.5 P 7 15.3 18.5 20.7 19.9 P 7
417.2 | 433.2 | 507.9 | 536.9 273.9 | 320.1 | 354.1 | 356.2
CTX F3,539 = 34.273 F3,395 = 15.632
+ + + + + + + +
(ng/L) p<0.001,n>=0.16 p<0.001,7%*=0.11
212.8 | 237.3 | 256.2 | 265.8 153.9 | 198.9 | 2069 | 201.4
6.2 6.3 7.4 8.0 5.3 5.6 6.4 6.6
CTX/PINP F3.530 = 43.969 F3305 = 15.857
+ + + + + + + +
ratio p<0.001,7n%=0.20 p<0.001,n%*=0.11
24 2.5 2.6 2.6 2.0 2.5 2.7 2.7
497 480 483 494 496 489 481 486
dp-ucMGP Fs536 =2.342 F3393 =0.328
- : : - 2=0.01 - . . : 0.81,n>=0.003
mol/L =0.07,n-=0. =0.81,7n°=0.
® ) 150 124 120 126 P 7 130 242 112 138 P 7

Table 5. Sex-specific values (Mean + SD) for DXA measures, bone turnover markers and dp-ucMGP. Women and men

at baseline (Oyr), and years 1 (lyr), 2 (2yr), and 4 (4yr).
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Change-change associations (over the four years) for whole-body BMD and CTX/PINP ratio and
femoral neck BMD of the dominant leg and isometric leg strength respectively are displayed in
Figure 14A-B. Overall, both at baseline and as change-change, there was no association between

whole-body or regional BMD and bone turnover markers, dp-ucMGP, or isometric leg strength.
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Figure 14. Associations between changes in bone turnover markers and strength from baseline to 4-year follow-up. In
A A Whole-body BMD (g/cm?) and A CTX/PINP ratio, n = 325. In B A isometric leg strength (Nm) and A femoral neck
BMD (g/cm?) in the dominant leg, n = 294. Plots include data from individuals across all groups. Linear regression

slopes are displayed with a dotted line.

Functional tests

Performance in the chair-stand test, in which both training groups and the control group
simultaneously had improved after the intervention, was still improved at year 4 with a main effect
of time (0 yr: 17 + 4 reps, 4 yr: 19 £ 5 reps, Fs,1055 = 116.438, p < 0.001, n* = 0.25). There was no
interaction of group on performance (Fe,10s5 = 1.796, p = 0.10, % = 0.01).

Similarly for performance in the 400 m walking test, there was a main effect of time (F3,1043 =
30.423, p <0.001, n% = 0.08), with a slower time to complete at year 4 (0 yr: 240 + 30 seconds, 4
yr: 243 * 36 seconds). Again, there was no interaction of group (F3,i10s5 = 1.085, p=0.37, n? =
0.006).
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Training ‘continuation’

Of the individuals in the two training groups, only 3% (n = 7) did not engage in any training
(including all forms of training). = 25% (n = 60) regularly participated in resistance training (=2
times per week) over the 4 years. For the effect of training ‘continuation’ on isometric leg strength,
in HRT and MIT respectively, see Figure 15A-B. There was an added effect of regular training,
with a significant group (Continued vs Stopped) x time interaction for HRT (F1,120 = 5.234, p =
0.02, n% = 0.04), where strength was larger at year 4 for individuals who continued with the training
(Continued 4 yr: 167.1 £47.2 Nm, Stopped 4 yr: 145.8 £ 51.8 Nm, t(147) =-2.873, p = 0.02).
However, for those individuals in HRT who did not regularly participate in resistance training over
the 4 years, strength did not drop from baseline to year 4 (Stopped 0 yr: 146.7 £ 53.1 Nm, Stopped
4 yr: 145.8 £ 51.8 Nm, t(120) = -0.356, p = 0.98). For individuals in MIT, there was a main effect
of time with a significant decrease in strength (F1,118 = 6.041, p = 0.02, n? = 0.05), but there was no
effect of regular resistance training. Overall, individuals in both HRT (F1,119 = 5.83, p =0.02) and

MIT (F1,118 = 4.546, p = 0.04) who regularly resistance trained were stronger than counterparts who

did not regularly train.
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Figure 15. Isometric leg strength (Nm) (Mean = SEM) at baseline and year 4 (4yr) separated by ‘continuation’ of
regular resistance training beyond the intervention. In A HRT, heavy resistance training, n = 122. In B MIT, moderate
intensity training, n = 121.

t, significant effect of time (p = 0.015) across Continued and Stopped. *, significantly different from Continued 4yr (A:
Stopped 4yr, p = 0.02).
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DISCUSSION

In this thesis, the long-term effects of engaging in resistance training have been examined. The
main beneficial effect observed was a preservation of muscular leg strength from starting condition
in the group that initially performed 1 year of resistance training with heavy loads. As opposed to
the heavy resistance training, moderate training did not seem potent enough to induce long-lasting
effects, which was contrary to the original hypothesis for the LISA trial (Eriksen et al., 2016). The
positive influence of HRT on muscular strength was, somewhat surprisingly, not accompanied by
many other beneficial effects. In general, the 1 year of training had no longer-lasting effect on other
strength and functional outcomes, brain volumes, or different bone measures. Instead, what was
observed were expected age-related declines in bone health (Colon et al., 2018) and grey matter
volumes (Scahill ef al., 2003; Fjell ef al., 2009), as well as atrophy rates of hippocampal volume
similar to what had been observed during the first two years in this cohort (Gylling, Bloch-
Ibenfeldt, et al., 2020; Gylling, Eriksen, et al., 2020). The results, thus, highlights how difficult it
indeed is to induce changes at multiple physiological levels in aging. The isolated benefit in
strength should not be neglected in any ways, because there is growing evidence showing that
independently of age and the length of follow-up period, muscle strength in both the upper and
lower extremities is able to predict mortality in otherwise healthy populations (Garcia-Hermoso et
al., 2018). The benefit in muscular strength will be a focal point of the discussion in relation to
aging, but also in relation to other bodily systems studied, and more intervention-specific factors
including when to intervene, what a resistance intervention should look like and whether one-size

does fit all.

In the clinical perspective

Participants in this thesis were community-dwelling and by no means a clinical population,
however, most individuals did have at least one chronic disease when they entered the study, and
several clinically relevant markers (some of these were blood pressure and blood parameters
(including markers of inflammation, as well as glucose and lipid metabolism)) have been measured
over time. These measures in the LISA study are also interesting from a clinical perspective. There
were some changes in cholesterol and blood pressure, but these were negligible and
antihypertensives and antihyperlipidemics were generally the most commonly used medications

among the participants. Markers for blood glucose, in the form of glycated hemoglobin, and
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inflammation did not seem to be affected during the four years. Inflammation is an interesting
avenue for future studies in the cohort considering the link to healthy aging (Ferrucci and Fabbri,
2018), but a more sensitive measurement would be desirable, for example high-sensitivity C-
reactive protein, which is able to detect smaller changes and lower levels of the protein, and as such
is considered clinically helpful and an important instrument in cardiovascular risk assessment

(Bassuk, Rifai and Ridker, 2004; Seo, 2012).

Body composition

General bodily assessments — bodyweight, BMI, and waist circumference — did not change over the
four years, while differences in the total lean body changes were again negligible. Resistance
training, both with heavy loads and at moderate intensity, was favorable for the visceral fat, as
content was maintained from baseline at year 4. In contrast, an expected age-related increase was
observed in the control group (Huffman ef al., 2009; Hunter, Gower and Kane, 2010). Although it
must be noted that visceral fat content is estimated by DXA, concerns over the precision of
estimates have predominately been raised in obese individuals (Shuster et al., 2012). The positive
influence on visceral fat is in line with research that has examined the more immediate training-
related response, where resistance training, after it was initially thought that benefits were reserved
for more endurance-based training, is suggested to benefit, and lower the amount of visceral fat in

healthy adults (Wewege et al., 2022).

Muscle strength in the long-term perspective

Whereas resistance training is known to greatly benefit muscular strength in the short run, here the
results also showed that in the long-term perspective it was possible to preserve strength. Several
muscle markers were measured, and as previously shown total and regional muscle size, as well as
leg muscle strength were positively influenced by the intervention (Gylling, Eriksen, et al., 2020),
but only leg muscle strength differed between groups at year 4 (Study 1). Supporting this, another
study, showed that resistance training can be beneficial on many levels and over many years, which
was indicated by results of self-reported time in resistance training in older women who were
comparable in age to those studied in this thesis. Assessed over an average of 12 years, in this study
self-reported time was associated with decreased all-cause mortality (Kamada et al., 2017). Given
the enormous plasticity of skeletal muscle to adapt to a variety of stimuli (Bruton, 2002; Fliick and

Hoppeler, 2003), it was perhaps not surprising that in the present studies altogether the most
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prominent benefit of resistance training was observed in muscle strength. The HRT-induced
preservation of leg muscle strength was present despite no such benefits in leg lean mass, with the
latter decreasing over time in all three intervention groups. It has been known for many years that
the response to resistance training, in addition to a subsequent increase in muscle size, is initiated
and driven by neural adaptations (Moritani and deVries, 1979; Hakkinen and Hikkinen, 1995;
Hékkinen et al., 1998). Moreover, in a more recent review, it was concluded that there is good
evidence for beneficial effects of resistance training on neural mechanisms in longitudinal
intervention studies on resistance training naive older adults (Walker, 2021), however, most of the
included studies were of shorter duration (months). With changes in leg muscle strength, but not
lean leg mass or CSA of m. vastus lateralis, the present results suggest that neural mechanisms may
have played a role in the even longer time perspective, and that resistance training may benefit
physical function without influencing muscle size. Supporting this, a recent study reported that
lifelong recreational exercise was associated with permanently elevated acetylcholine receptors and

improved neuromuscular function (Soendenbroe et al., 2022).

Muscle trajectories

The trajectories for muscle strength in aging are thought to be well-known, but there is not a lot of
data on actual longitudinal trajectories (Lucas ef al., 2020), with much of the knowledge coming
from cross-sectional studies investigating age differences (Keller and Engelhardt, 2013; Suetta et
al., 2019). Even less is known on what can and needs to be done to change trajectories and what the
long-term consequences are of a shorter-term improvement of strength. In one study, muscle
strength was measured at a follow-up 48 months after a two-year training-intervention including
resistance exercises had ended. Here, studying the combined effect of exercise (a combination of
strength, balance, agility, and mobility) and vitamin D-supplementation on fall-induced injuries in
older women, some exercise-induced benefits in physical function were preserved at the follow-up
(Uusi-Rasi et al., 2017). Of particular interest, along the lines of the benefit in leg muscle strength
in study 1, despite only training twice and once per week, respectively, during the first and second
year of the intervention, maximal isometric leg extensor strength was increased at a follow-up at 48
months in exercise groups compared with the non-exercising group that had received placebo. In
terms of even longer follow-ups, one of the studies with the, to my knowledge, longest follow-up of
a training intervention (1 year of training) involving resistance exercises, also showed beneficial

effects in muscle performance many years (6 years) after intervention-stop (Kennis et al., 2013).
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The results, not surprisingly, indicated that age-related declines can only be attenuated for some
years, but interestingly also that some outcomes had similar annual decline rates during the follow-
up. In other words, it may not be a matter of attenuating age-related declines, but rather postponing
these and changing the trajectories, similar to leg muscle strength in this thesis where trajectories
were changed.

Physical activity and behavior beyond a training-intervention may naturally also influence long-
term outcomes. In this thesis, leg muscle strength was originally assessed without considering
training and behavior beyond the first year. However, one in four participants regularly did
resistance training during all four years. Thus, to maintain muscle strength from baseline the HRT
intervention was sufficient, but those that continued with resistance training (in HRT) were at an

even higher level at year 4.

Strength in relation to other systems of the body
In my thesis, the underlying assumption was that gains in muscle strength would be the key
ingredient that would further induce positive effects to other parts of the body, including brain

structure in study 2 and bone measures in study 3.

Brain structures

Studies of resistance training on brain structure have in general been limited and yielded mixed
findings. Some studies have reported no positive influence of prolonged (up to 24 months)
resistance training on brain health in older adults (Sink et al., 2015; Gylling, Eriksen, et al., 2020),
whereas other studies (primary and secondary analyses from the same RCT) have supported the
influence of resistance training (Liu-Ambrose et al., 2010, 2012; Best et al., 2015). In a systematic
review, it was concluded that there was evidence supporting an association between brain structure
and muscle structure (Kilgour, Todd and Starr, 2014), but the available literature is limited. This
potential link between muscle and brain has further been supported by studies showing a long-term
relationship between physical function and brain structure (Demnitz et al., 2017, 2023; Mendez
Colmenares et al., 2021). At the molecular level, the muscle-brain crosstalk becomes even more
evident with the release of exercise-induced myokines (Matthews et al., 2009; Erickson et al., 2011;
Pedersen, 2019). Since myokine expression was not measured in the present cohort, it was not
possible to conclude on underlying mechanisms or whether the resistance training had actually

benefited myokine release. Nevertheless, levels of BDNF and other myokines are thought to
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increase with training in general, and some, but not all, resistance training interventions have been
able to measure increased myokine levels, although so far this has predominately been in short-term
interventions with durations of months and of low to moderate intensity (Wang et al., 2023). In one
of the first studies that investigated whether hippocampus would show the same plasticity with
aerobic training in older adults as previously reported in younger adults, large individual
variabilities in the fitness- and brain-related responses to a 3-month aerobic intervention were
observed (Maass et al., 2015). If myokines mechanistically do mediate this interplay between
muscle and brain, and considering the individual and interindividual variability that is observed, a
better understanding of the chain of events is needed. Whether there is a link at all, may, however,
not be what matters the most. Instead, it is more whether resistance training can induce beneficial

changes.

Contrary to hypothesized, the results did not support an association between muscle adaptation (leg
muscle strength) and brain grey matter volumes. However, for white matter hyperintensities, as
originally hypothesized, there may be a link to skeletal muscle, considering the negative change-
change correlation between progression of hyperintensities and strength. Even though this weak
correlation was not significant after correcting for multiple comparisons, this potential link between
muscle and brain warrants further investigation, considering the great prevalence of white matter
hyperintensities in older adults (Montero-Odasso, 2023) and the association with many negative
health outcomes (Debette and Markus, 2010). Further, at least with aerobic exercise, studies have
shown that exercise may influence white matter structural integrity in older adults (Sexton et al.,
2016; Mendez Colmenares et al., 2021) and in a recent study white matter hyperintensities were
proposed as a limiting factor for exercise-induced neuroplasticity (von Cederwald et al., 2023).
Importantly, hyperintensities have also been related to impaired gait performance and especially
falls in older adults (Zheng et al., 2012; Montero-Odasso, 2023). Highlighting falls, a review of
reviews, where barriers and motivators for engaging in strength training were investigated in older
adults, established decreasing the risk or fear of falling as a motivation for participating in
resistance training (Cavill and Foster, 2018). Falls, including the prevalence of these, is an area of

interest, that should be addressed in the present cohort going forward.
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Bone mineral density and bone turnover

In view of the inconclusive resistance training-specific literature on bone mineral density, but with
exercise (weightbearing exercise with impact) for many years recommended for bone health (NIH
Consensus Statement, 2000), it was reasonable to speculate whether positive effects at the muscular
level could also somehow translate into effects at the bone level. Such a coupling had even been
observed previously in a Korean longitudinal study of community-based older adults > 65 years,
where muscle strength in both sexes was the most significant independent factor associated with
bone loss at a follow-up 5 years from baseline (Kim ef al., 2018). However, the present results did
not indicate any association between muscle and actual bone measures. For markers of bone
turnover, the results showed greater promise, with the beneficial HRT-related response in bone
formation (PINP) — sadly this was not carried on to longer-lasting effects. These findings are
somewhat in line with results from other studies, where resistance training (durations of up to 16
weeks) has shown a potential, alongside increasing BMD and muscular measures, to increase at
least some markers of bone turnover (Sartorio ef al., 2001; Karabulut ef al., 2011; Huovinen et al.,
2016). Results in this thesis add to the generally sparse literature on longitudinal bone-trajectories,
with most data available in different ethnic populations (Ding et al., 2008; Chen et al., 2013; Kim et
al., 2018). One Danish study observed an increased BMD over a time period of 2 years in similar
aged older men and women and concluded that there is a need for longer follow-up periods
(Warming, Hassager and Christiansen, 2002).

For dp-ucMGP values and thereby a reflection of vitamin K status, levels were comparable to those
of the Danish general population (Jespersen ef al., 2020), but in contrast to bone measures, levels
did not change over the four years. Others have otherwise shown that levels of dp-ucMGP are
expected to increase with age (Shea et al., 2011). One could speculate that the supposed link
between vitamin K status and bone health is expressed at a more advanced age, or that vitamin K

status may be predictive of bone health in the even longer run.

When to intervene and what to expect

A central question in lifestyle-related research is at what age one should intervene and how much
the intervention can change. Earlier might be better, but we know that this is not always the case, so
understanding it is still important to know what age does to an intervention. The participants in this
thesis were included around retirement age, as this has been seen as a critical transition in life and

also a decade of life where physical parameters such as strength and power, and body composition,
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including skeletal muscle mass, all decline at an accelerating rate (Skelton et al., 1994; Hughes et
al., 2002; Suetta et al., 2019). While this time period in life tends to get much of the attention, more
recently several studies have also highlighted the importance of middle age, as a time period
prognostic of future health with many risk factors having their roots in mid-life (Brunner ez al.,
2018; Brown and Covinsky, 2020; Elliott et al., 2021; Sakaniwa et al., 2022). However, at least for
the brain, middle age has traditionally been understudied, compared with later stages of life (Dohm-
Hansen et al., 2024).

The present results showed, when focusing on the control group, that common annual decline rates
of ~ 2% were present in some, but not all, physical parameters, like CSA of m. vastus lateralis,
power, leg muscle strength, and visceral fat. The critical transition from work to retirement has been
observed in for example cognition, where, irrespective of exercise, at least some domains, such as
verbal memory, have shown to decline faster after retirement taking the age-related decline into
account (Xue et al., 2018). In an additional study that was not included in this thesis (Bloch-
Ibenfeldt and Gates et al., in preparation), using the same sample of participants, predictors for
maintained training practice were identified, including the potential influence of retirement status.
Briefly, post hoc analyses here suggested that participants on early retirement were the most likely
to continue their specific training from the intervention.

With the overwhelming literature on the many beneficial effects of resistance training and given
both the short- and long-term benefits in some parameters in this sample of older adults, a strong
argument can be made for incorporating resistance training at an even earlier age, backed up by the
finding that lifelong exercise positively influenced neuromuscular function in the elderly
(Soendenbroe et al., 2022). That some systems of the body did not benefit from the training could
be explained by the fact that it was too late to change trajectories, or simply, that having an

intervention at this time period may not show so much now, but more in the years to come.

Is adding more always beneficial?

Despite the fact that most participants as mentioned had one or more chronic disease already at
study start, general physical activity level assessed as the daily step count, was notably high (~
10,000 steps/day) throughout all four years. For comparison, in another intervention study, only
including women who were also slightly older, they reported ~ 6000 steps/day (Uusi-Rasi et al.,
2017). The importance of physical activity and exercise late in life was exemplified in a recent

longitudinal study, with trajectories in several measures of physical function showing a marked
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decrease in older adults that reported themselves as inactive, as compared to an active age-matched
cohort (Manning et al., 2023). In the present cohort, even though handgrip strength compared well
to peers of similar age (Aadahl et al., 2011; Mayhew ef al., 2023) and the number of completed
chair-stand repetitions were similar to those of age-matched volunteers who were invited to another
Danish study (the Copenhagen Sarcopenia Study) (Suetta et al., 2019), combining physical
functioning performances, health evaluations, general physical activity assessments, and
preliminary results on physiological well-being (data not published), participants were generally
well-functioning, active and probably even healthier than an average age-matched population. This
was also reflected in bone measures, where mean Z-scores revealed that BMD did not decrease at
the expected magnitude and that it was substantially higher than for averagely age-matched
individuals, and when compared to populations of similar nature values were higher than for age-
matched persons (Karlsson ef al., 1993; Lunt ef al., 1997; Rondanelli et al., 2022). Further support
is provided by a large older Norwegian population that was followed over several years. In this
cohort, the participants in the control group, who followed the national activity guidelines actually
showed superior effects to training at two different intensities regarding long-term trajectories of
brain structure, development of white matter hyperintensities, all-cause mortality, and other medical
conditions (Stensvold et al., 2015, 2020; Pani et al., 2021, 2022; Arild et al., 2022). It should be
noted that the Norwegian national activity guidelines are rather demanding with participants
encouraged to follow guidelines of at least 30 minutes of moderate intensity exercise almost every
day (Stensvold ef al., 2015)). In that particular cohort, the Generation 100 study, it had otherwise
been hypothesized that high intensity training would be superior to both moderate intensity training
and following national activity guidelines for brain and general health. Thus, taken together, is
appears to be difficult to expect large effects when adding exercise to an already high level of
physical activity. Although speculative, is it possible that the small gains that are not necessarily

significant during the 4 years now, play a larger role in the even longer perspective.

Starting condition says it all?

Although it is generally believed that individuals at lower levels to start with have a greater
potential to benefit from resistance training, the amount of literature on this matter is not
overwhelming, especially when it comes to older adults. In younger people, one meta-analysis did
not find an effect of training status (trained vs untrained) on the resistance training-related response

in for example muscle strength (Grgic ef al., 2022), while results in other studies have suggested
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that baseline levels do influence adaptations (Mangine ef al., 2018; Wetmore et al., 2020). For older
adults, one study categorized older women according to their muscular strength at baseline, and
after 12 weeks of whole-body resistance training the weaker women had greater improvements in
lower-limb strength, but surprisingly not in upper-limb strength or muscle mass (Kassiano et al.,
2022).

For bone health in study 3, an analysis of the dropouts indicated that those with a poorer starting
condition and thus perhaps the most interesting participants to follow, unfortunately were the ones
that did not continue over the years. This has also been shown in other studies. One study showed
that brain age was correlated with study attrition (dropping out of a study)(Dunés et al., 2021),
whereas some other studies have linked dropping out of a study with poor health outcomes
(Goldberg et al., 2006; Beller, Geyer and Epping, 2022). On the other hand, it has also been
suggested that a better starting condition might prime the brain for better exercise-induced plasticity

(Lloyd et al., 2024).

It could be speculated that this (the significance of a poorer starting condition) would have also
been the case considering the characteristics for the whole sample in this thesis, as subsequent
dropouts had greater weight, BMI, and waist circumferences at baseline. However, differences in
responses to the intervention between participants that completed the 4-year follow-up and those
lost-to-follow-up were not apparent, meaning that post-intervention-dropouts seemed to benefit
similarly from the intervention. Even so, it is a challenge to maintain the people that we are

interested in.

In this thesis, I have focused on results of an interim analysis, treating the cohort like the
intervention. A benefit with a large trial like the LISA study, is that it can also be used as a
prospective cohort where measures or specific values can be used to predict different trajectories or
regressions of parameters, as well as incidents of diseases. For example, in another study where the
LISA cohort was used, it was suggested that it is all in the baseline, with the results showing that
baseline performance in the chair stand test was associated with cerebellar volume 4 years later in
older adults (Demnitz et al., 2023). Thus, characterizing individuals at study start may help to better
understand who will benefit, and what to expect, which may be necessary to provide more specific

recommendations than the general. Comparably, in a cohort of community-dwelling older adults,
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vitamin K insufficiency was able to predict the incidence of frailty at a follow-up evaluation 1 year

after study start (Azuma et al., 2023).

What should a resistance intervention look like?

There are many factors that may influence resistance training. One such, is loading. The loads or
intensity with which resistance training — and training in general — is performed, may influence
adaptations. In this thesis, both training groups beneficially maintained visceral fat, suggesting that
here intensity of training was not a depending factor. Likewise training intensity did not influence
adaptations in the brain and bones. In contrast, as previously mentioned, for immediate muscular
adaptations and for the ability to preserve these, training intensity may play a role (Fatouros et al.,
2005; Tokmakidis et al., 2009; Gylling, Bloch-Ibenfeldt, et al., 2020; Gylling, Eriksen, et al.,
2020). Optimal training intensity or load, as also shown in the Generation 100 study that was
mentioned earlier (Stensvold ef al., 2020), may differ depending on the system of the body and

outcome measured.

In contrast to muscle strength, leg extensor power, which was the primary outcome measure in the
original RCT (Eriksen et al., 2016), decreased similarly across groups over the four years. In these
individuals, surprisingly this measure had previously also not shown group-differences (Gylling,
Bloch-Ibenfeldt, et al., 2020; Gylling, Eriksen, ef al., 2020). Other intervention studies have shown
improvements in muscle power after 12 weeks of heavy resistance training, and this has been
reported in both old and very old individuals (Caserotti et al., 2008; Bechsheft et al., 2017).
However, while one study used comparable traditional heavy resistance training, participants may
have had a much greater potential for improvement, as they were markedly older and hence both
weaker and frailer (Bechsheoft ef al., 2017). In the other study, training was more explosive and thus
favoring training-specific adaptations (Caserotti ef al., 2008). For benefits in muscle power to
appear, in individuals of this relatively young age, training in the present study was perhaps not
optimal and more power specific training is needed (Hazell, Kenno and Jakobi, 2007; E1 Hadouchi
etal., 2022).

Revisiting falls, some have suggested that muscular power, with its great impact on daily and
physical function (Fielding et al., 2002; Macaluso and De Vito, 2004; Reid and Fielding, 2012), is
more important than strength for falls-prevention in community-dwelling older adults (Simpkins

and Yang, 2022). Likewise, power is considered an important component of the chair-stand test
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(Alcazar et al., 2021). In this thesis there were no between-group differences in either of these two
measures. Other results in older adults have indicated that muscular strength and power are equally

important predictors for the time to complete the 400-meter walking test (Marsh et al., 2006).

Training during the intervention in the LISA study was not intended to specifically target for
example the brain or bones, where for the latter weightbearing exercises with impact for decades
have been recommended for optimizing bone health. For the brain, if, at all, resistance training is
beneficial, we need to better understand which components of the training that are essential. While
a traditional whole-body programme, whether performed with heavy or moderate loads, might
benefit muscle strength, as seen in this thesis, it is perhaps not best suitable for some other

adaptations.

Training intensity and ‘continuation’

It was originally hypothesized in the RCT that individuals in MIT would be more likely to continue
their specified training regimes and that it would be easier to implement routines beyond the
intervention (Eriksen ef al., 2016). For leg muscle strength, it was interesting that the age-related
decline in strength was shifted 4 years only in HRT, despite the fact that most individuals did not do
regular resistance training in the follow-up period. Although defining regular resistance training
beyond the intervention was quite subjective, one could speculate, along the lines of the hypothesis
in the original RCT, that there would be beneficial effects of resistance training ‘continuation’. The
results showed for HRT that there was an added beneficial effect of regular training in these
selected individuals, in line with the hypothesis, but interestingly also that strength on average was
maintained from baseline in all other individuals. The results also showed that with moderate
intensity training there was no added effect and strength was decreased at year 4, whether or not
individuals had regularly resistance trained across all four years. This additive effect for individuals
in HRT was somewhat in line with previous reports (Gylling, Bloch-Ibenfeldt, ez al., 2020),
stressing the importance of training load. Thus, among resistance training naive older adults, 1 year
of heavy resistance training may induce longer-lasting health benefits at a group-level, which from
a public health perspective is very exciting and strengthens the reasoning for urging older adults to
resistance train with heavy loads.

Even though the additional study of predictors for maintained training practice suggested that

individuals in HRT were even likelier to maintain their specific training practice (Bloch-Ibenfeldt
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and Gates et al., in preparation), contrary to the original hypothesis, surprisingly there was no
longer-lasting muscular effect of the moderate training. This training had otherwise been able to
improve lean body mass and physical function post-intervention, although not to the same extent as
the training with heavier loads. For a deeper understanding of how training was implemented and
linked to behavior, and also how the motivation for training was in participants in the non-

exercising control group, individual responses to the BREQ-2 questionnaire should be examined.

One-size-fits-all is not always the right fit

On an individual level, it is important to remember that there were many of the study participants
who did not respond (that well) to the training intervention. However, these are individuals that
might have responded to another type of training — whether that be exercise specifics or another
modality. While some of the participants might not have experienced beneficial changes in leg
muscle strength, instead these could have improved e.g. physiological well-being. As evident from
Figure 8C in the results, the individual variability in for example leg muscle strength was rather
large. Applying the intention-to-treat principle (McCoy, 2017) is not always optimal. Even though
both training adherence and compliance was high (Gylling, Eriksen, et al., 2020), all individuals
were included in the analyses irrespective of their behavior during the intervention. Taking the
results from a group to individual level is challenging. If we really do believe that resistance
training is so potent and beneficial — for many parameters — then why are there not a greater number
of individuals (relatively) that markedly benefit from the resistance training? This is something we
all need to think about. The individual variability in training response, or just physical activity in
general, needs to be better understood and is key for developing personalized interventions for
healthy aging.

Returning to the components of aging in Figure 1, this thesis has looked at healthy aging via
physical activity and function. The present studies revealed that for the brain, training did not
influence trajectories of selected grey matter volumes, but there were some indications of a link
between muscle strength and white matter hyperintensities. Besides more structural changes,
cognition was not assessed, but is included from year 7. Thus, future studies of the LISA cohort will
be able to address additional components of brain health. For social factors, even though training
was performed (at least partly) in peer groups and individuals in the non-exercising control group
were invited for social events, there may have been some social components that were not

examined. For example, in one study, whether training was performed individually at home or
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group-based, seemed to be important for longer-term (64 weeks) training retention, even though this
was in even older participants that were 80 years on average (Cyarto, Brown and Marshall, 2006).
Similarly, there was no assessment of nutrition and diet, meaning that there was no control of for
example protein intake, which by some has been suggested to influence muscle mass and
adaptations. However, the Danish population is believed to have a sufficient intake of proteins
(Pedersen et al., 2015) and both body weight and daily physical activity remained stable over all
four years. Further, training seemed to beneficially preserve visceral fat content, and in the long-

term perspective this was irrespective of training load.

Strengths and limitations

There are many strengths of the studies included in this thesis. First, sample size was large. For
example, the LISA trial is the largest study to date examining the effects of resistance training on
brain structure in humans. Second, it is important to follow the same individuals over several years
to better understand long-term trajectories, and to my knowledge the prolonged follow-up period
was one of the longest to a resistance training intervention, especially in combination with a
prolonged training-intervention. Compared with one of the few studies that had an even longer
follow-up to a training-intervention including resistance exercises (Kennis ef al., 2013), the present
sample sizes were much larger. Third, dropout was notably low, which up-until-now has only
accounted to less than 20%, with no difference between women and men. Fourth, there was a great
diversity of measures focusing on several biological systems of the body and the interactions
between these, where other training studies, also those few that have followed individuals over
several years, often have had a narrower approach. Fifth, resistance training was performed at two
different intensities/loads, acknowledging that this form of training can be performed in numerous
ways. This enabled a deeper investigation of the importance of training intensity/load and whether
this factor was paramount for possible adaptations. Sixth, individuals in the non-exercising control
group were invited to social and cultural activities during the intervention, attempting to rule out the

social component of participating in training groups.

The fact that the older adults were not guided after year 1 and could continue with training and
lifestyle as they wished was a limitation of the studies. This approach may have complicated the
interpretation of data, as behavior and training practice during the follow-up period may have

influenced the results. The rather subjective interpretation of self-reported resistance training (how
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it was defined as regularly performed), and the fact that it was self-reported, may also have
influenced the results of how ‘continuation’ affected the trajectory for leg strength. However, in
combination with the broad inclusion criteria, this approach of no guidance beyond the intervention
should be seen in the context of a real-life setting, where retention of training practice in older
adults is challenging, with a sample which was meant to reflect the average age-matched
population.

From the results of in particular bone density, it was, at least partly, evident that there may have
been some selection bias, with the worst-of individuals not continuing over time. Whether the
participants were comparable to an average age-matched population could be questioned. Further in
relation to this, most individuals who agreed to participate in the RCT, were living in Copenhagen
or in areas north of the capital. It cannot be ruled out that demographics played a role in the general
condition of the older adults. The participants were also aware from study start that they would be
invited back for several follow-up measurements, and they were provided with regular newsletters
and feedback on their individual results. This may have influenced behavior beyond the training-
intervention.

In this thesis, changes in brain structure trajectories were assessed with MRI-derived volumes of the
selected brain regions, but other structural changes could be present, as there were no measures of
structural connections with diffusion MRI (Mueller ef al., 2015). In the LISA study, however, there
are other measurements included, such as diffusion and other modalities.

Despite looking at a broad range of adaptations within different biological systems of the bodys, it is
important to stress that this thesis has not covered all aspects of how training can promote healthy

aging and that there may be other factors that play a critical role.
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CONCLUSION & PERSPECTIVE

In older adults, who were around retirement age at study start, 1 year of resistance training with
heavy loads benefitted the long-term trajectory of leg muscle strength, with baseline levels of
strength preserved over 4 years. On the contrary, individuals who were randomized to either a
moderate intensity resistance training programme or to a non-exercising control situation
experienced a similar decline at year 4.

Notably, the benefit of resistance training was not able to translate into influencing age-related
changes in brain grey matter volumes. Although a weak long-term association between change in
leg muscle strength and white matter hyperintensity volume was observed across all groups, there
was no training-related influence on the development of white matter hyperintensities.

For blood-based markers of bone turnover, levels of PINP were transiently increased with heavy
resistance training at year 1, indicating that in older adults prolonged resistance training with heavy
loads may have an immediate effect on bone formation. This effect was, however, not maintained at
the 4-year follow-up. Further, resistance training did not influence changes in both total and
regional bone mineral density. Taken together, the results suggested that resistance training had no
long-term benefit on selected measures of bone health in these older adults.

In general, engaging in the moderate intensity training did not seem sufficient to induce long-lasting
effects, with one exception, visceral fat. Here, irrespective of training load, visceral fat was
preserved in both training groups in relation to the control group which experienced an age-related
increase.

The three studies in this thesis provide important information on true longitudinal trajectories in
aging across multiple physiological systems, and even though little interplay was observed between
different biological systems of the body resistance training load should be considered when
providing training recommendation for older individuals. The changed trajectories of leg muscle

strength may be critical in relation to maintaining independence in the later stages of life.
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Heavy resistance training at retirement
age induces 4-year lasting beneficial
effects in muscle strength: a long-term

follow-up of an RCT

Mads Bloch-lbenfeldt

,"2 Anne Theil Gates,"? Karoline Karlog,'

Naiara Demnitz,® Michael Kjaer,"* Carl-Johan Boraxbekk'*®

ABSTRACT

Objectives Muscle function and size decline with age,
but long-term effects of resistance training in older adults
are largely unknown. Here, we explored the long-lasting (3
years) effects of 1 year of supervised resistance training
with heavy loads.

Methods The Live active Successful Ageing (LISA)

study was a parallel group randomised controlled trial at

a university hospital in Denmark. Older adults (n=451)

at retirement age were randomised to 1 year of heavy
resistance training (HRT), moderate-intensity training

(MIT) or a non-exercising control group (CON). Primary
outcome measure was leg extensor power. Secondary
outcomes included maximal isometric quadriceps torque
(isometric leg strength) and body composition (dual-energy
X-ray absorptiometry (DXA)). Participants completed test
procedures at baseline, following the 1-year intervention,
and 2 and 4 years post study start.

Results At the 4-year assessment, 369 participants
attended (mean age=71 years, 61% women). The main
finding was that across all four time points, there was a
significant groupxtime interaction in isometric leg strength
(F6’1049=8.607, p<0.001, n2=0.05). Individuals in HRT
maintained baseline performance in isometric leg strength
(Baseline: 149.7+51.5Nm, 4 years: 151.5+51.1Nm,
1(1050)=1.005, p=1.00) while participants in CON and MIT
decreased.

Conclusion In well-functioning older adults at retirement
age, 1 year of HRT may induce long-lasting beneficial
effects by preserving muscle function.

Trial registration number NCT02123641.

INTRODUCTION
Skeletal muscle function declines with
advancing age.'”  Although resistance

training may partly counteract loss of muscle
mass and function, shorter training studies
(6-9 months duration) only show somewhat
preserved muscle mass and function at 6-12
months follow-up.*” Unfortunately, long-term
follow-ups are sparse.® In one study, strength
gains following high-intensity resistance
training, and not low-intensity training, were

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Worldwide, the ageing population is growing.
Unfortunately, skeletal muscle function and autono-
my decrease with increased age. Thus, a challenge
for society is to promote a healthy lifespan without
age-related diseases and loss of autonomy.

WHAT THIS STUDY ADDS

= Despite relatively healthy and well-functioning par-
ticipants, 1 year of heavy resistance training at re-
tirement age resulted in maintained strength 4 years
after the study started. We propose that higher load
resistance training may play an important role to in-
duce long-lasting adaptations.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= This study provides evidence that resistance train-
ing with heavy loads at retirement age can have
long-term effects over several years. The results,
therefore, provide means for practitioners and
policy-makers to encourage older individuals to en-
gage in heavy resistance training.

preserved after 48 weeks of detraining.” The
Llve active Successful Ageing (LISA) study,
a large-scale randomised controlled trial
(n=451), showed that strength can be main-
tained over 12 months following 1 year of
heavy resistance training (HRT), but not after
moderate training.® Thus, to gain long-lasting
effects of resistance training in ageing one
could speculate that high intensity or heavy
loads are required. Here, we investigated
whether there would be long-lasting effects
of a l-year supervised resistance training
regimen with heavy loads, 3 years following
the training in older individuals at retirement
age.

METHODS

Intervention

The current manuscript is an interim analysis
of the LISA study, and additional follow-ups
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Table 1 Sample characteristics (mean+SD), n=369 unless
otherwise specified

Baseline 4years T-test
Sex (men/women, %)  39/61 39/61 -
Age (years) 66.4+2.5 70.5+£2.5 -
Body weight (kg) 75.7+13.6  75.3x14.0 P=0.09
BMI (kg/m?) 25.8+4.0 25.9+4.3 P=0.10
Waist circumference 92.7+11.5 925+12.2 P=0.66

(cm) (n=367)
Daily physical activity
(steps/day) (n=349)

9548+3446 9590+3387 P=0.79

BMI, body mass index.

are planned (7-year and 10-year follow-ups). For details
of intervention, recruitment and power calculations, see
previous publications.” ' Briefly, 451 older adults were
stratified according to sex, body mass index (BMI) and
chairrise test performance and randomised to 1 year of
training with either heavy loads (HRT, n=149), moderate-
intensity training (MIT, n=154) or a control condition
(CON, n=148). At a commercial gym, HRT performed
a supervised full body programme three times per week,
with 6-8 weeks of initial habituation. The periodisa-
tion programme was machine based and each exercise
included 3 sets of 6-12 repetitions at ~70%-85% of 1
RM, which was estimated using the prediction equation
according to methods by Brzycki.'' ' The moderate
training in MIT was performed as circuit training with
body weight and resistance bands once per week at the
hospital and two times per week at home. Exercises in
MIT progressed with the load of resistance bands (Thera-
Band, Akron, Ohio, USA) and mimicked the exercises in
HRT but were performed with 3 sets of 10-18 repetitions

A B

180 160 1

at ~50%—-60% of 1 RM. Both training programmes were
created to comply with recommended guidelines'” and
included nine exercises—see published study protocol
for full details."” Individuals in CON were encouraged
to maintain their habitual physical activity level and were
invited to regular cultural and social activities. In general,
participants did not receive advice on healthy behaviour
but were aware of the study timeline and planned
follow-ups.

Test procedures

Day 1 included a health screening. On day 2, partici-
pants were dual-energy X-ray absorptiometry (DXA)
scanned. Visceral fat mass was estimated by scanner soft-
ware (Lunar iDXA, GE HealthCare—enCORE software
V.16). Isometric leg strength (quadriceps) was assessed
in a Good Strength chair (Bluetooth V.3.14, Metitur) and
maximal isometric quadriceps torque (Newton metres)
was measured during a minimum of 3 attempts per
leg."*"® Day 3 included MRI of the brain and thigh (two-
dimensional Tl-weighted, 3.0 Tesla Phillips Achieva).
Blinded assessors determined CSA of m. vastus lateralis
using JIM software (Xinapse systems).

Daily physical activity was assessed as daily step count
between days 2 and 3, by an accelerometer (activPAL
micro, PAL Technologies) worn by the participants
for five consecutive days. The test procedures were
performed at baseline, postintervention (year 1) and at
2-year and 4-year follow-ups.

Patient and public involvement

Participants were informed of study progress through
newsletters, and received overviews of personal results
after tests at each time point. Additionally, participants
were invited to an information evening, where the
general study results at the time were presented.
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(A—C) Isometric strength (mean+SEM) across 4 years for the different groups (heavy resistance training, HRT,

moderate-intensity training, MIT and control group, CON). (A) (n=353) Isometric leg strength (Nm) trajectories for all time points
separated by group. (B) Baseline and 4-year follow-up data (n=362), each group shown separately. (C) Individual data points
showing the distribution of change from baseline to year four separated by group. *Significantly different from baseline (A): HRT
1year, p<0.001; MIT 1year, p=0.01; HRT 2years, p<0.001; CON 4 years, p<0.001) (B): MIT 4years, p=0.01; CON 4 years,
p<0.001). #Change from baseline significantly different from change in MIT (A): HRT 4 years, p=0.003) (B): HRT 4 years, p=0.03).
$Change from baseline significantly different from change in CON (A): HRT 4years, p<0.001) (B): HRT 4years, p<0.001).
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(A-B) Lean body mass and visceral fat (mean+SEM) across 4 years for the different groups (heavy resistance

training, HRT, moderate-intensity training, MIT and control group, CON). (A) (n=365) Lean body mass (kg) trajectories for all
time points separated by group. (B) Visceral fat (g) trajectories (n=365), for all time points separated by group. *Significantly
different from baseline (A): HRT 1year, p<0.001; MIT 4years, p<0.001; CON 4years, p=0.003) (B): HRT 1year, p=0.01; CON

4years, p=0.04).

Statistical analysis

Statistical analyses were performed in R V.4.1.1 and
Rstudio 2021.09.0 using ‘psych’,16 ‘emmeans’’’ and
‘sjstats’'® packages. Figures were created in GraphPad
Prism V.10.0.3.

Descriptive data are presented as mean+SD. Student’s
paired t-tests tested changes from baseline to year 4 in
sample characteristics. Two-way mixed-model analyses of
variance (ANOVAs), adjusted for age and sex, were used
to test groupxtime interaction effects on strength (power,
isometric leg strength and handgrip), and on body
composition (lean body mass, lean leg mass, CSA of m.
vastus lateralis, fat percentage and visceral fat content)
including all four available time points. For Achanges
from baseline to year 4, one-way mixed-model ANOVAs
were used to test group differences. The ANOVAs were

controlled for sex and age. Significant interactions were
further examined with post hoc tests. Effect sizes are
reported in the form of eta squared (7%). The signifi-
cance level was p<0.006 after Bonferroni correction for
multiple comparisons (eight tests).

RESULTS

At year 4, 369 participants attended follow-up assess-
ments (HRT, n=128; MIT, n=126; CON, n=115). 82 older
adults dropped out primarily due to lack of motivation or
severe illness. These individuals had higher body weight,
BMI and waist circumference at baseline compared
with participants who were still part of the study at year
4. However, there was no difference in the response to
the intervention in all outcomes at year 1 assessments
between participants and individuals subsequently lost

Table 2 Outcome variables (mean+SD) at baseline and at 4 years separated by group

HRT MIT CON

Baseline 4 years Baseline 4 years Baseline 4 years ::groupxtime) (Ftime)
Power ~ 1953:65.1 1853:60.2 193.2¢64.0  179.4+64.1  187.7461.8 17124572  F,, =1.054 Fy 106743651
(W) p=0.39, 1)2=0.006  p<0.001, 77°=0.11
Handgrip 35.610.5  34.3:9.9 34.3+10.4 32.7+10.2 34.9+10.2 32.8+9.9 Fy 105=0-554 Fi 10627789
(kg) p=0.77, 1%=0.003  p<0.001, 7°=0.07
LLM 17.0+3.3 16.3+3.1 16.7+3.5 15.9+3.3 16.4+3.4 15.7+3.2 Fy 1o5=1-841 F, 1055=249.742
(ka) p=0.09, 7°=0.01  p<0.001, 7°=0.41
CSA 1403.7+339.7 1306.2+328.4 1371.4+358.5 1284.3:352.1 1359.5:¢330.7 1243.14293.8 F,  =3.654 F,005=36.068
(mm’) p=0.001, 72=0.02  p<0.001, 72=0.11
Body fat  34.0+7.9 33.8+8.2 33.5+7.6 33.7+6.4 32.7+8.3 33.1+8.5 Fy 1055=3-813 F, 1055=16-964
(%) p<0.001, 7%=0.02  p<0.001, 72=0.04

Leg extensor power (power), handgrip strength (handgrip), lean leg mass (LLM), CSA of m. vastus lateralis (CSA) and total body fat (body fat). F-statistics for

groupxtime interaction and effect of time.

CON, control group; HRT, heavy resistance training; MIT, moderate intensity training.

Bloch-lbenfeldt M, et al. BMJ Open Sp Ex Med 2024;10:¢001899. doi:10.1136/bmjsem-2024-001899 3

‘1ybuAdoo
Aq payosioid 1senb Aq $20z ‘21 1snbny uo /wod fwqg wesuadolwaqy/:duy woiy pepeojumoq t20g dunr g1 Uo 668 100-7202-waslwa/og | 101 se paysiignd isiy :psjy d1ex3 Lodg uado riNg



to follow-up. On average, participants were 71 years old
(range: 64-75 years), 61% women and still active based
on the daily physical activity (table 1). There was no
difference in sample characteristics between groups at
baseline or at follow-up.

For isometric leg strength, there was a significant
groupxtime interaction across the four time points (F, .o
=8.607,p<0.001, 772 =0.05;figure 1A). In HRT, the stren’gth
was unaltered after 4 years (Baseline: 149.7+51.5Nm, 4
years: 151.5+51.1 Nm, t(1050)=1.005, p=1.00), unlike
the CON group in which strength decreased (Baseline:
144.4+43.3Nm, 4 years: 134.5+42.2Nm, t(1050)=-5.261,
p<0.001). The decrease in MIT was not significant
(Baseline: 147.6+54.9Nm, 4 vyears: 142.9+54.6Nm,
t(1050)=-2.594, p=0.28). For the Achanges over the 4
years, HRT significantly differed from MIT and CON
(HRT>MIT, t(350) = 3.273, p=0.003; HRT>CON, t(350)
= 3.655, p<0.001).

In the change from baseline to year 4 (figure 1B),
muscle strength was decreased in MIT (t(122)=1.98,
p=0.01) and in CON (t(113)=1.98, p<0.001), whereas it
was maintained in HRT (t(124)=1.98, p=0.37).

There was a significant groupxtime interaction for
lean body mass (FG’]085 = 5.353, p<0.001, 7]2 = 0.03),
see figure 2A, again in favour of HRT (Baseline:
47.5+8.5kg, 4 year: 47.3+8.3 kg, t(1086)=-1.813, p=0.81),
compared with MIT (Baseline: 46.8+8.7kg, 4 vyears:
46.4+8.6kg, t(1086)=-4.506, p<0.001) and CON (Base-
line: 46.5+8.5kg, 4 years: 46.0+8.5kg, t(1086)=-4.075,
p=0.003).

Additionally, there was a significant groupxtime
interaction for visceral fat (F’ 5 = 3.120, p=0.005, n?
= 0.02), see figure 2B. HRT (Baseline: 1172.4+854.6¢,
4 years: 1188.5+898.3g, t(1086)=0.676, p=1.00) and
MIT (Baseline: 1175.0+897.4¢g, 4 years: 1210.1+972.9¢,
t(1086)=1.450, p=0.95) did not change over the 4 years,
while in CON, there was an increase in visceral fat content
(Baseline: 1099.6+794.7g, 4 years: 1184.4+862.5¢,
t(1086)=3.387, p=0.04).

Significant groupxtime interactions for CSA of m.
vastus lateralis and the percentage of total body fat
(table 2) were driven by 1l-year and 2-year changes, which
have been reported previously.®?

For leg extensor power, handgrip strength and lean leg
mass, there was a main effect of time, with decreases over
the 4 years across all groups, but no interaction effects
or significant group differences for the Achange over 4
years (table 2).

DISCUSSION

Resistance training with heavy loads induced long-lasting
beneficial effects on muscle strength in a sample of
older adults. We observed a difference between groups
in leg strength, whereas handgrip strength, a measure
of overall muscle strength,' was not influenced by
any of the training regimes. Notably, benefits in leg
strength were present despite lowered leg lean mass.
Neural adaptations influence the response to resistance

training.” *' The present results suggest that these adap-
tations might play a role even as lean leg mass and thigh
CSA decrease. This is in line with a recent report showing
that prolonged training across the lifespan is associated
with permanently elevated acetylcholine receptors and
improved neuromuscular function.” Resistance training
may, therefore, be beneficial for function beyond the
influence of muscle size itself.

Despite no group effects in lean leg mass, HRT main-
tained total lean mass, yet differences were minor.
Interestingly, leg muscle strength was maintained from
baseline in HRT, indicating that among individuals who
already seemed to have a high physical activity level but
were previously resistance training naive, implementing
resistance training with heavy loads for 1 year may at
group-level induce long-term health effects. Considering
that muscle strength has been shown to predict mortality
in apparently healthy populations,23 these results may
be of particular relevance. It is somewhat surprising that
there was no muscular effect of the moderate training at
year 4, as the intervention improved both lean mass and
function in MIT, although to a lesser extent than HRT.

Interestingly, the amount of visceral fat was maintained
from baseline to year 4 in both training groups, implying
that some parameters may not be load-dependent or
intensity-dependent in the long term. Recent research
suggests that visceral fat is positively affected by resistance
training.** Like visceral fat, the decrease over time in leg
extensor power (primary outcome measure) was in line
with our previous studies.®

The present study benefited from its large sample size,
long intervention and multiple follow-ups. Further, study
attendance remained high (82% at year 4). Of note,
with almost 10 000 daily steps, the study sample is likely
to be healthier and more active than the average ageing
population. Even so, *80% of the participants had at least
one chronic medical disease.” In age-matched older indi-
viduals living in residential care facilities, high-intensity
functional training has proven effective in improving
independence in activities of daily living. Although over 4
months, these results show further evidence of the effec-
tiveness of high-intensity training in older adults.”

In conclusion, we showed that in a group of well-
functioning older adults around retirement age, 1 year
of HRT may induce long-lasting beneficial effects by
preserving muscle function.
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ABSTRACT

BACKGROUND Resistance training and other forms of physical exercise are commonly
suggested to promote brain health, yet the relationship between resistance training and brain
structure in aging is poorly understood. We examined the short- and long-term influence of one year
of supervised resistance training at two different loadings on brain structure in aging.

METHODS In the LISA (LIve active Successful Ageing) study, well-functioning older adults at
retirement age (mean age: 66 * 2 years) were randomized to one year of heavy resistance training
(HRT), moderate intensity training (MIT), or a non-exercising control group (CON). Magnetic
resonance imaging (MRI) of the brain was performed at baseline, 1-, 2-, and 4-years follow ups.
Trajectories of total grey matter, hippocampus, dorsolateral prefrontal cortex (dIPFC), ventrolateral
prefrontal cortex (vVIPFC), and white matter hyperintensities were analyzed in relation to changes in
muscle strength.

RESULTS Individuals (n = 276) with MRI scans at all 4 timepoints were included (HRT, n = 96;
MIT, n = 95; CON, n = 85). Total grey matter volume decreased with time across all groups (F3,s19 =
231.549, p <0.001, n? = 0.46), as did hippocampal (F3,819 = 310.07, p < 0.001, n? = 0.53), VIPFC
(F3,818 = 74.380, p < 0.001, n? = 0.21), and dIPFC (F3z818 = 3.640, p = 0.013, n? = 0.01) volumes.
White matter hyperintensity volumes increased (F3s19 = 101.876, p < 0.001, n% = 0.27). There were
no significant group x time interactions for any of the brain structures. Change in isometric leg
strength was weakly associated with change in white matter hyperintensity volume across all
individuals (r- = 0.01, p = 0.048).

CONCLUSIONS One year of resistance training in well-functioning older adults at retirement age
did not influence volume changes in selected brain regions over a 4-year period.

TRIAL REGISTRATION The study was approved by the regional ethics committee and

registered on clinicaltrials.gov 2014-04-24 (NCT02123641).
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BACKGROUND
The beneficial effects of resistance training on general physical health and aging are well known
and have been studied substantially [1,2]. In relation to brain health, there are, surprisingly, only a

few studies, although it has been encouraged for more than a decade [3]. In a small sample of
healthy young adults, 4 weeks of unilateral leg resistance training induced some changes of white

matter microstructure and putamen volume [4]. In older adults, improved muscle function following
12 weeks of resistance training seemed to preserve brain metabolism [5], and prolonged resistance
training (52 weeks) attenuated brain atrophy [6]. It has also been proposed that prolonged resistance
training could be beneficial for cognitive functions [7-9]. Moreover, in the oldest old (85 years old

or above) it has been speculated that combining aerobic and resistance training could provide a
synergistic effect [10]. Despite of these initial positive results, the knowledge on brain structural
changes following resistance training is much sparser in comparison to what is known of other
modes of exercise, such as cardiorespiratory training [11].

Regardless of training modality, less focus has been on the potential long-term effects of an exercise

intervention on brain health. One exception is the Generation 100 study [12]. In this large long-term
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study, the effects of a 5-year exercise intervention at different intensities were investigated. The
brain imaging results suggested that a high cardiorespiratory fitness level at study start and
following the national activity guidelines was related to preserved brain structure rather than
training at high intensity [13]. Similar observations were made for the neurochemical profile of the
hippocampus [14] as well as the development of white matter hyperintensities, which was not
attenuated by taking part in the prolonged supervised training [15]. The Generation 100 study
underlines how important it is to follow individuals over time also in relation to physical training
interventions. In a similar attempt the LISA study was initiated [16]. Here, a 1-year resistance
training intervention at two different loadings (moderate vs heavy) has been compared to a non-
exercising control condition. So far, the results have shown that muscle strength was improved [17]
and maintained at the 2-year follow up [18] but there was no effect of the training intervention on
hippocampal atrophy at either of these time-points. Initially, hippocampal volume was used as the
primary brain outcome, due to its importance in healthy brain aging [19,20] as well as previously
showing a relationship with aerobic fitness [21]. Considering that age-related atrophy occurs
throughout the brain [22,23], and that it has previously been shown that also prefrontal cortex
volume [24] and white matter structure [25] may be related with fitness, the aim of this study was
twofold. First, we examined how age-related structural brain changes were influenced by one year
of resistance training at two different loadings. Second, we explored whether the long-term

maintenance of muscle strength that was present at both the 2-years follow up [18] and at the 4-

years follow up (in review) was associated with brain structural changes.

METHODS

The LISA (LIve active Successful Ageing) study is a large-scale randomized controlled trial based

at a university hospital, with a 1-year intervention and longitudinal follow-ups at years 2, 4, 7 and
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10. The full study protocol has previously been published [16]. To outline, 1026 older adults were
screened after recruitment through advertisements in local media. Of these, 451 individuals
underwent pre-testing and were subsequently included in the study. The participants were
volunteering, home-dwelling, older adults around retirement age, 62-70 years (mean age: 66 years;
61% women). The participants were rather active, with an average daily physical activity level of
almost 10.000 steps/day, although ~80% had at least one chronic disease [17]. Participants were
stratified based on age, body mass index (BMI), and performance in the chair-rise test and
randomized to one of three intervention groups: heavy resistance training (HRT, n = 149), moderate
intensity training (MIT, n = 154), or a non-exercising control group (CON, n = 148). HRT and MIT
trained 3 times per week. HRT trained in two local commercial gyms, where training was
supervised in small groups and performed as a machine-based full body programme, with a focus
on the lower extremities. Training was progressed and linearly periodized, with one week of rest
every 9" week. In the moderate intensity training, exercises were performed with bodyweight and
resistance bands once weekly at a facility at the hospital and twice weekly at home, with training
progressed similarly to HRT. When the 1-year intervention was completed, no further training was
offered to the participants. Training-compliance was relatively high, 77% and 78%, respectively.
For specific exercises, intensity, and volume in the two training groups, see previous publications
[16,17]. Individuals in the non-exercising control group were asked to maintain their habitual
physical activity level and were allowed to perform a maximum of 1 hour of systematic strenuous
physical activity per week during the 1-year intervention. Individuals randomized to this group
were offered cultural and social activities, e.g., bridge sessions, lectures, or walks, on average once

per month.
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In total, three separate days were allocated for assessments. On day 1, a short and basic medical
examination was performed including anthropometric measures and blood samples in the fasted
state. An accelerometer was attached and worn for 5 days, and photographs of body and face for
perception of age were collected. The second day, which was scheduled a minimum of 6 days after
the first day, started with dual-energy x-ray absorptiometry (DXA) scans for body composition.
Cognitive ability was assessed with a shortened Danish version of the intelligence structure test
IST-2000-R [26], containing 3 subtests of 6, 7 and 10 minutes respectively, as previously used in
three different Danish cohorts [27]. Finally, tests of physical function including 400m walking time,
30 second chair-rise test, leg extensor power, handgrip strength, and maximal isometric leg strength
were performed. For the third and last day of assessments, magnetic resonance imaging (MRI) of
the brain and thigh was acquired using a 3.0 Tesla scanner (TX Phillips Achieva Scanner, Philips
Healthcare) at the Danish Research Centre for Magnetic Resonance (DRCMR) at Hvidovre
Hospital, Denmark. Participants were asked to refrain from strenuous physical activity in the
preceding 72 hours. All scans were performed by an experienced radiographer. The images were
used to estimate the cross-sectional area (CSA) of m. vastus lateralis as well as to segment the brain
into selected regions of interest (ROI) using the FreeSurfer software (version 6.0).

The automatically generated volumes were used to obtain total brain grey matter, white matter
hyperintensities, and hippocampal volume. For the volume of dorsolateral prefrontal cortex (dIPFC)
the ‘caudal-middle-frontal’ ROI was used [23] while ‘pars opercularis’, ‘pars orbitalis’, and ‘pars
triangularis’ ROIs were combined for the ventrolateral prefrontal cortex (vIPFC) volume [24]. For
all regions, the sum of the left and right hemisphere was used.

Due to contraindications for MRI (e.g., pacemakers, other metallic components, claustrophobia) not

everyone included in the LISA-study took part in the MRI. For the present study, 276 individuals
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had MRI scans at all 4 timepoints (HRT, n = 96; MIT, n = 95; CON, n = 85). See table 1 for

characteristics at baseline and year 4.

STATISTICAL ANALYSIS

All statistical analyses were performed in R version 4.1.1 and Rstudio 2021.09.0 using “psych” [28]
, “dplyr” [29], “emmeans” [30] and “sjstats” [31] packages. Figures were created in GraphPad
Prism version 10.0.3.

Student’s paired t-tests were used to test potential changes over the 4 years in participant
characteristics for each group. For these participant characteristics two-way ANOVAs were
computed to test for group x time interactions. Two-way mixed model ANOVAs were used to test
for group x time interaction on brain structure (total grey matter volume, hippocampus, dorsolateral
prefrontal cortex, ventrolateral prefrontal cortex, and white matter hyperintensity volume). These
analyses were corrected, in the model, for estimated total intracranial volume and sex. Associations
between A-change in muscle strength (baseline to year 4) and A-change in brain structures (baseline
to year 4) were tested with partial correlation analysis. The significance level was p < 0.01 after
Bonferroni correction for multiple comparisons across the five brain outcomes. Effect sizes are

reported in the form of eta squared (1?) for interactions and r? for change-change correlations.

RESULTS
As shown in Table 1, at the 4-year follow-up assessments, participants were on average 71 years
old. The amount of daily physical activity was still high with an average daily step count of nearly

10,000 in each of the groups.



Sex
(m/w, %)
Age
(years)
Weight
(kg)
BMI
(kg/m?)
Waist
circum.
(cm)
Daily
physical
activity
(steps/day)
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HRT
n=96
Baseline = 4-year
41/59 41/59
66.4 70.5
+2.6 +2.6
76.3 75.5
+13.0 +134
25.8 25.8
+3.9 +4.0
92.5 92.2
+11.1 +11.3
9604 9562
+ 3256 + 3403

PARTICIPANT CHARACTERISTICS, n = 276

T-test

t(95) = 1.99
p <0.001
t(95) = 1.99
p=0.051
£(95) = 1.99
p=0.986

t(95) = 1.99
p=0.551

£(93) = 1.99
p=0.877

MIT
n=95
Baseline = 4-year
37/63 37/63
66.4 70.5
+24 +25
74.6 73.8
+11.9 +12.3
25.6 25.5
+3.6 +3.8
91.7 91.2
+10.7 +11.1
9737 9761
+2859 +2907

T-test

t(94) = 1.99
p <0.001
t(94) = 1.99
p=0.035
£(94) = 1.99
p=0.577

t(93)=1.99
p=10.342

t(88)=1.99
p=10.941

CON
n=_85
Baseline = 4-year
38/62 38/62
66.6 70.7
+25 +24
74.4 74.8
+12.7 +13.8
254 25.7
+3.5 +3.9
91.9 92.0
+10.6 +12.0
9661 9524
+3923 3560

T-test

t(84) = 1.9
p <0.001
t(84) = 1.99
p=0.401
£(84) = 1.9
p=0.058

t(83)=1.99
p=0.847

t(79) = 1.9
p=0.681

F
(group x time)

F2273=14.21
p <0.001,7%2=0.09
F2273 =2.685
p=10.070, n% =0.02
F2o73=1.911
p=0.150,7%=0.01

F2271=0.343
p=0.710,71% =0.003

F2,260 = 0.066
p=0.936, 12 =0.0005

Table 1. Sample characteristics (mean = SD) at baseline and year 4 for each group: HRT, heavy resistance training;

MIT, moderate intensity training; CON, non-exercising control group.

Brain changes over the 4 years in the specified brain regions are displayed for each group

respectively in Figure 1A-E.

For total grey matter volume, there was a significant effect of time, with a decrease over the four

years (F3319 = 231.549, p < 0.001, n? = 0.46). This was similar for hippocampal volume (F3g819 =

310.07, p <0.001, n% = 0.53), where the decrease from 2-year follow-up to 4-year follow up

(~1.7%) was at a rate similar to what has previously been described from baseline to year 2 (0.8%

during each of the first two years). Likewise, there was a decrease in volume over time for vIPFC

(F3,318 = 74.380, p < 0.001, n% = 0.21), as well as for dIPFC (F3g813 = 3.640, p = 0.013, n% = 0.01).

The increase in white matter hyperintensities (F3,;s10 = 101.876, p < 0.001, % = 0.27) corresponded

to ~7-8% annually across all groups. There were no significant group x time interactions for any of

the brain structures.
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Figure 1. Brain structure volumes (mean + SEM) for baseline, 1-year, 2-year, and 4-year, across each group. A Total
grey matter volume (mm?) B Hippocampus volume (mm?) C Dorsolateral prefrontal cortex volume (mm?) D
Ventrolateral prefrontal cortex volume (mm?®) E White matter hyperintensities volume (mm?).

t, significant effect of time (A, B, D, E: p<0.001; C: p=10.013).

o o

E B ° 10000 4 o
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A White matter hyperintensities

A Isometric leg strength (Nm)

Figure 2. Association between A white matter hyperintensity volume (change from baseline to 4-year follow-up) and A
isometric leg strength (change in leg muscle strength from baseline to 4-year follow-up in the dominant leg). HRT,
heavy resistance training; MIT, moderate intensity training; CON, non-exercising control group. For each group,
regression slopes are displayed with dotted lines in corresponding colors. The overall regression slope is displayed with

a block dotted line.
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The association between leg muscle strength and white matter hyperintensity volume is shown in
Figure 2. Changes over the four years were negatively correlated (r> = 0.01, p = 0.048). When the
same association was tested for each group separately, changes over the four years were negatively
correlated for CON (r? = 0.06, p = 0.029), but not for HRT (r> = 0.03, p = 0.119) or MIT (1> = 0.002,
p = 0.653). However, associations were not significant after correcting for multiple comparisons (p

> 0.01). Other structural changes in the brain were not correlated with the change in strength.

DISCUSSION

We found that one year of resistance training did not result in immediate or long-term (4 years)
structural brain changes in older individuals around retirement age. Using the same MR scanner and
protocol, repeated structural brain mapping showed that resistance training at neither heavy nor
moderate loading influenced grey matter volumes. Rather, each group displayed the expected
decline for this specific age group [22,32]. These results were thus in line with what has previously
been shown for hippocampus volume [17,18]. Further, there were no associations between change
in leg muscle strength and change in volume of the pre-specified brain regions despite the fact that
leg muscle strength was maintained from study start in the group of individuals who had performed
the resistance training with heavy loads (in review). The progression of white matter
hyperintensities, however, may be linked to muscular strength, as the change in volume was weakly

associated with change in leg muscle strength.

There has been some evidence that brain structure may be associated with muscle function or
structure [33], and there has been support of a long-term relationship between physical function and
brain structure [34-36]. Here, we did not observe any resistance-training specific link to brain

volumes, and it remains unclear what, if any, the specific effects of resistance training would be on
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brain structure in aging. However, we did observe a small association between change in leg muscle
strength and change in white matter hyperintensity volume. Considering that white matter
hyperintensities are increasing with age [37], associated with many other negative health outcomes
[38] and related to falls and impaired gait performance [37,39], this association could be of
potential relevance for older individuals. Aerobic exercise has shown to influence white matter
structural integrity in older adults [36,40], thus a potential influence from resistance training should

be directly addressed in future studies.

The relationship between physical training and brain health in aging is complex, with some studies
showing positive associations and some studies showing no effects [41]. One suggested mechanism
for the crosstalk between muscle and brain is the release of myokines during exercise and the
suggested existence of a muscle—brain endocrine loop [42]. One key myokine for brain plasticity is
brain-derived neurotrophic factor (BDNF), which is produced by skeletal muscle during contraction
[43]. Improvements in maximal oxygen consumption have been linked to increased levels of BDNF
and hippocampus volume change [44]. With resistance training BDNF levels, as well as other
myokines, should be increased, which so far has been observed in some intervention studies (mostly
low- to moderate-intensity and short-term training), with the idea that finding the optimal exercise
prescription for myokine expression is the key question for brain plasticity [45-47]. Unfortunately,
the present study did not have any measures of myokine expression, hence we do not know if the
resistance training evoked the hypothesized release of plasticity-inducing myokines. A deeper
mechanistical understanding is necessary to further understand if resistance training plays a key role

in lifelong learning and neuroplasticity, and what the active ingredient would then be.
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A limitation in the current study was that the included participants were relatively well functioning
and active. Measures of handgrip strength, for example, which is widely considered a reliable
measure of overall muscle strength and functional status, compared well to normative values from
age-matched peers [48,49]. Thus, perhaps it is a question about whether adding more exercise to an
already active population will further benefit brain health, which was also recently addressed in the
Generation 100 exercise study performed in a similar Nordic country. In that study, long-term
trajectories of brain structure and white matter hyperintensity development did not seem to be
altered by two different training intensities [15,50]. Rather, it was in the control situation, that the
lowest atrophy rate in hippocampus was observed, and not after high intensity training, which was
otherwise hypothesized [13]. Noteworthy, participants in the control group were encouraged to
follow the rather demanding national activity guidelines of at least 30 minutes of moderate intensity
exercise almost every day [12]. Combined with the general physical activity level of nearly 10,000
steps/day that was observed for the LISA-participants, one could speculate that the level of physical
activity was already too high to induce any further benefits, or to influence the small changes in
volume of different brain regions seen during early aging. However, it should be noted that we
cannot exclude that the resistance training had some beneficial effects upon the brain that goes
beyond mere changes in volume of the selected brain regions. Despite this, there are several
strengths in the present study. First, with a large sample size the LISA-study has so far been the
largest study of resistance training and brain structure in humans. Second, the drop-out rate was

low, and third the participants were followed over several years.

CONCLUSIONS

In conclusion, we did not observe any influence of resistance training on brain structure measured

with MRI in older adults around retirement age. We observed a small association between changes
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268  in leg muscle strength and development of white matter hyperintensities. Considering the many
269  negative influences white matter hyperintensities have on an individual’s life, this finding should be
270 further investigated in future studies.

271
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273  BMI: body mass index

274  HRT: heavy resistance training

275  MIT: moderate intensity training

276  CON: non-exercising control group

277  DXA: dual-energy x-ray absorptiometry
278  MRI: magnetic resonance imaging

279  CSA: cross-sectional area

280  ROI: region of interest

281  dIPFC: dorsolateral prefrontal cortex
282  vIPFC: ventrolateral prefrontal cortex
283  BDNF: brain-derived neurotrophic factor
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ABSTRACT

OBJECTIVES Maintained bone health is critical for independent living when aging. Currently,
weight-bearing exercises with impact are prescribed as the optimal exercise modality for
maintaining bone health, while there is less consensus on the effects of resistance training at
different intensities upon bone. Here we examined whether bone health was positively influenced
by 1 year of supervised resistance training.

METHODS Older adults at retirement age (mean age: 66 * 3 years, n = 451) were randomized to
either 1 year of heavy resistance training (HRT), moderate intensity training (MIT) or a non-
exercising control group (CON) in the LISA (LIve active Successful Ageing) study. Bone mineral
density (BMD) was assessed using Dual-energy X-ray absorptiometry (DXA). Bone degradation
and formation were evaluated with blood C-terminal telopeptide of type I collagen (CTX) and
procollagen type I N-propeptide (PINP). Dephosphorylated uncarboxylated matrix Gla-protein (dp-
ucMGP) was used as a biomarker of functional vitamin K status. Participants were assessed at
baseline, immediately following the intervention (year 1), and at longitudinal follow-ups at years 2
and 4. Two-way mixed model ANOVAs were used to assess group differences at all time points.
RESULTS At the 4-year follow-up n = 329 participants remained in the study. BMD was not
influenced by training and decreased across all groups over the 4 years for total body (F3 977 =
4.617,p=0.003, 7% = 0.01) and femoral neck both in the dominant (F3 g93 = 45.135, p < 0.001, n? =
0.13) and non-dominant leg (F3 396 = 33.821, p < 0.001, n2 = 0.10).

Independent of group, CTX increased (F3032 = 47.434, p < 0.001, n? = 0.13) over the 4 years. HRT
resulted in an increased bone formation (PINP rise) only after the first year with systematic training
(t(936) = 3.357, p = 0.04), and it was more pronounced than in CON (t(312) =2.494, p = 0.04).
Plasma dp-ucMGP remained unaltered over time in all groups. In general, women had significantly

lower BMD and higher levels of CTX and PINP compared to men.
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CONCLUSION We demonstrated that 1 year of heavy resistance training positively influenced
short-term bone formation in well-functioning older adults, although the effect was not maintained
at long-term follow ups. These minor changes in bone biomarkers were not reflected in changes in
BMD measured with DXA.

TRIAL REGISTRATION clinicaltrials.gov (NCT02123641).

FUNDING Supported by Nordea Foundation (Grant from Center for Healthy Aging, University of

Copenhagen, Denmark).
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INTRODUCTION

The proportion of older individuals around the world is increasing at a rapid rate (WHO, 2022).
One of the major components in aging is bone health, and it has been suggested that the incidence
of osteoporosis, as well as the risk of falls and fractures, will markedly increase the burden on
future health care system (Black and Rosen, 2016). Lifestyle factors including physical exercise and
diet have been suggested to have beneficial effects on bone health (Mufioz-Garach, Garcia-Fontana
and Mufioz-Torres, 2020; Chen and Avgerinou, 2023). The current recommendations highlight the
importance of weightbearing exercises with impact (NIH Consensus Statement, 2000). Still, despite
a plethora of trials looking into the exercise effects on bone health, there seems to be no clear
consensus on the effects of resistance training. For example, several studies have not been able to
observe any beneficial effects upon bone mineral density (BMD) with resistance or resistance-like
training (Pruitt ef al., 1992; McCartney et al., 1995; Pruitt, Taaffe and Marcus, 1995; Fujimura et
al., 1997; Maddalozzo and Snow, 2000). Others have nevertheless found beneficial effects,
although these were often minor or exclusively at regional bone sites in the spine or hip (Lohman et
al., 1995; Yarasheski, Campbell and Kohrt, 1997; Layne and Nelson, 1999; Rhodes et al., 2000;
Vincent and Braith, 2002; Hinton, Nigh and Thyfault, 2015; Shojaa et al., 2020; Herda and
Nabavizadeh, 2023). Notably, studies vary considerably in their sample size, age and sex of the
participants, specific exercises performed, and inclusion of healthy or non-healthy individuals. Most
studies have focused on postmenopausal women, due to hormonal changes related to menopause.
However, it has also been suggested that bone health is not as age- or sex-specific as previously
suggested, with male cases likely being under-reported (NIH Consensus Statement, 2000; Nguyen,
2023).

Besides the use of dual-energy x-ray absorptiometry (DXA) to examine manifested changes in bone

density, blood-based biomarkers can measure both bone metabolism and bone turnover. The two
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markers, procollagen type I N-propeptide (PINP) and C-terminal telopeptide of type I collagen
(CTX), have been recommended as the international reference markers (Vasikaran et al., 2011).
PINP is a marker of bone formation, has a low circadian and biological variation, and is not affected
by food intake (Szulc et al., 2017; Gillett, Vasikaran and Inderjeeth, 2021). CTX is a marker of
bone resorption and has been shown to correlate with BMD (Benlekke ef al., 2022). In addition to
these two biomarkers, dephosphorylated-uncarboxylated Matrix Gla-Protein (dp-ucMGP) has more
recently been linked to bone formation, through its reflection of vitamin K status, where high
plasma concentrations of dp-ucMGP reflect low vitamin K status (Cranenburg et al., 2010; Villa et
al., 2017; Akbari and Rasouli-Ghahroudi, 2018).

In the randomized controlled LISA trial, we have previously reported on beneficial effects of 1 year
of resistance training upon muscle function and body composition; both short- (Gylling, Eriksen, et
al., 2020) and long-term ones (Bloch-Ibenfeldt ef al., in review). The aim of the present study was
therefore to examine whether the positive effects of resistance training upon skeletal muscle were
translated into changes in BMD and markers related to bone turnover both immediately after the 1-

year intervention as well as during the long term follow-ups 2 and 4 years post study start.

METHODS

Full details on the LISA trial have been described previously (Eriksen et al., 2016; Gylling, Eriksen,
et al., 2020). To summarize, in a large-scale randomized controlled trial 1026 older adults around
retirement age were initially screened and 451 enrolled in an intervention targeting physical activity
as a mean of successful aging. Participants were home-dwelling volunteers at retirement age, 62-70
years (mean age: 66 years at study start), recruited through local advertisements, and 61% were

women.
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The participants were stratified — based on sex, body mass index (BMI), and chair-rise test
performance — and randomized to one of three conditions: 1 year of resistance training with either
heavy loads (HRT, n = 149) or at moderate intensity (MIT, n = 154), or a non-exercising control
condition (CON, n = 148). Additionally, individuals were followed through the next 3 years
(follow-ups at year 2 and 4), with further planned assessments at years 7 and 10. The primary focus
was physical function measures and brain imaging, and to a lesser degree cognitive function and
physiological well-being in general. Results of the intervention and initial follow-up assessments
have been reported (Gylling, Bloch-Ibenfeldt, et al., 2020; Gylling, Eriksen, et al., 2020).

This paper will focus on markers of bone health.

INTERVENTION

The heavy resistance training was performed three times per week in a public gym and supervised
by an experienced physiologist. Training was progressed and linearly periodized throughout the full
year and designed as a classic full-body program. In contrast to the heavier training, the moderate
intensity training was carried out at a training facility at the hospital, where one weekly session was
supervised. The two additional weekly sessions were performed at home. Training consisted of
progressive bodyweight exercises and the use of elastic bands. For details on specific exercises,
intensity, and volume in the two training regimes, see Eriksen et al., 2016; Gylling, Eriksen, et al.,
2020. The non-exercising control group was told to maintain their habitual physical activity level
(less than 1 hour of systematic strenuous physical activity per week) and were offered participation
in cultural and social activities on average once per month. After the 1-year intervention there was

no further guidance to engage in exercise for any of the participants.
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TEST PROCEDURES

Assessments and tests in the trial were performed over three days. The first day included a short and
basic medical examination, anthropometric measures, and an accelerometer (activPAL™ micro,
PAL Technologies Ltd) was attached to the dominant thigh. Questionnaires were also handed out to
be completed at home. On the second day, body composition and BMD were measured with state-
of-the-art dual-energy x-ray absorptiometry (DXA) scans, that provides only a low dose of radiation
and is compatible with World Health Organization (WHO) Z- and T-score definitions (Blake and
Fogelman, 2007). This was followed by tests for cognitive and physical function. The final day

featured magnetic resonance imaging (MRI) of the brain and thigh.

Figure 1. DXA-scan images from a sample participant. A Whole-body image. B Lumbar spine with the regions L1-L4

highlighted. C Right and left femur with femoral necks highlighted.

DXA-scans were performed in the following order: 1) full-body 2) lumbar spine 3) left femur 4)

right femur. Participants emptied their bladder beforehand and were scanned in a supine position in
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underwear and a standardized hospital t-shirt. Scanner software (Lunar iDXA, GE HealthCare —
enCORE software V.16) automatically determined regions of interest (ROI) on all scan images, i.e.,
arms, legs on full-body scans and specific lumbar vertebrae and femoral neck on regional bone
specific scans. After the last 4-year follow-up, each scan image in the trial was manually re-

assessed, analyzed, corrected, and standardized by the same person — see Figure 1.

For the left and right femur scans, femoral neck was chosen as the desired ROI, as compared to e.g.,
total femur. This location has been shown to better predict hip fractures (Cummings et al., 1993)
and be linked to osteoporosis-associated fractures (Warriner et al., 2011).

In addition to BMD, the DXA-scanner provided T- and Z-scores, which were used to interpret the
results in line with WHO definitions. While matched for gender and ethnic group, the T-score
provides a result that expresses a relative difference in standard deviations (SD) from the mean
BMD of a healthy young adult. The Z-score, unlike the T-score, takes age into account, and is
instead expressed relative to the BMD of an age-matched healthy individual (Blake and Fogelman,
2007).

At the medical examination fasting venous blood samples were drawn from the cubital vein. Initial
samples were analyzed at the biochemistry laboratory for traditional health parameters - e.g.,
markers of glucose and lipid metabolism, as well as inflammation and immune function. Two 9 ml
samples were further drawn, and the plasma sample was placed on ice for 30 minutes while the
serum sample was at room temperature. Samples were then centrifuged at 3970 RPM, 4°C, for 10
minutes (Centrifuge 5810 R, Eppendorf, Germany), to separate the plasma and serum from cells.
Immediately after centrifugation plasma and serum samples were pipetted into Eppendorf tubes®

and stored at -80°C until further analysis.
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After the 4-year follow-up had been completed plasma samples from all timepoints were
transported to the Department of Clinical Biochemistry, Rigshospitalet, Glostrup, Denmark and

analyzed for CTX and PINP, and subsequently dp-ucMGP.

Plasma CTX and PINP were measured using the IDS-iSYS CTX (CrossLaps®) assay
(Immunodiagnostic Systems, plc, Tyne and Wear, UK) and the IDS-iSYS intact PINP assay
(Immunodiagnostic Systems), respectively. Biochemical determination of vitamin K status was
performed with the IDS-iSYS InaKtif MGP assay (Immunodiagnostic Systems), which is intended
for the quantitative determination of the inactive isoform of MGP, i.e. dp-ucMGP, in human plasma.
All three assays were carried out on a dedicated automated analyzer, iISYS (Immunodiagnostic
Systems), according to the manufacturer’s instructions. For each assay the sample aliquots were
kept frozen at - 80°C until the day of analysis. None of the samples had previously been thawed,
and all analyses were performed immediately after thawing the samples. All samples were analyzed
using one single batch of each assay.

The reportable range for dp-ucMGP is 300-12.000 pmol/L. Values below 300 pmol/L have been
fixed to 299 pmol/L as previously suggested (Jespersen ef al., 2020). Correspondingly, CTX is

reportable in the range of 33-12.000 ng/L, and values below 33 ng/L have been fixed to 0 ng/L.

The study was carried out in accordance with the Declaration of Helsinki, was approved by the
regional ethics committee (Capital Region, Copenhagen, Denmark, No. H-3-2014-017) and all
participants gave written informed consent before participating. In addition, the trial was registered

on clinicaltrials.gov (NCT02123641).



O ~J o Ul b WN

OO CTUI U UTUIUTUTOTOT S DB BB DEDDEDWWOWWWWWWWWWNNNNNNMNNNMNNNERERERRRR R R
OB WNHFRFO WO IO WNROWVW®O-JAUTDWNROW®O®-JdAUDRWNROWWTIANUBRWNREOWOO-TUNSWNR OO

STATISTICAL ANALYSIS

In general, all data from individuals with a DXA-scan performed at all four timepoints were
included in the analysis. Individuals that were on medication for osteoporosis were excluded (n =
38 in total). For some of the measures the number of datapoints is reduced, either due to a specific
bone scan not being performed (e.g., due to hip arthroplasty) or due to problems with the blood
sampling. The exact number of participants for each analysis is specified in figures and tables.

All statistical analyses were performed in R version 4.1.1 and Rstudio 2021.09.0 using “psych”
(Revelle, 2023) , “dplyr” (Wickham et al., 2023), “emmeans” (Searle, Speed and Milliken,
1980)and “‘sjstats” (Liidecke, 2022) packages. Figures were created in GraphPad Prism version
10.0.3. Student’s paired t-tests were used to test potential changes in sample characteristics over the
4 years. One-way mixed model ANOVAs were used to test differences at study start between those
who remained in the study and individuals that either dropped out or started with bone-related
medical treatments during the four years (n = 104). Two-way mixed model ANOVAs were used to
test for group x time interactions on bone mineral densities (whole body, dominant leg femoral
neck, non-dominant leg femoral neck, and lumbar spine L1-L4), bone markers (CTX and PINP),
and dp-ucMGP. Additionally, one-way mixed model ANOV As were used to test for changes over
time in these outcomes, within each sex separately. For Achanges between all timepoints one-way
mixed model ANOVAs were used to test group differences. Regression analyses were used to test
the associations between BMD, bone markers, dp-ucMGP, and muscular strength measures.
Significant interactions were further examined with post hoc tests. Analyses were controlled for sex
and age and the significance level was corrected (Bonferroni) for multiple comparisons, p < 0.005

(10 tests). Effect sizes are reported as eta squared (n2) and r-squared (r?).

10
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RESULTS

The participants of the study were all relatively active and well-functioning with a daily physical
activity level of nearly 10,000 steps/day, however ~85% had at least one chronic disease. At the 4-
year follow-up, the participants were 70 years on average. There was no change of the physical
activity level, measured as steps/day, over the 4-year period. A slight decrease in body weight from
baseline to year 4 was observed (Baseline: 76.2 + 12.8 kg; 4-year: 75.8 £ 13.1 kg, t(328) =2.12,p =
0.03). See Table 1 for full characteristics at baseline and year 4.

The drop-out analysis showed that in comparison to those that remained in the study, both whole
body BMD (F1.429 = 5.504, p = 0.02, n? = 0.01) and femoral neck BMD in the dominant leg (F 417 =

5.609, p=10.02, n? = 0.01) were lower at baseline for individuals that subsequently dropped out.

Table 1. Sample characteristics (mean + SD) for baseline and year 4.

Baseline 4-year
Sex (men/women, %) 42/58 42/58
Age (yrs) 66.4+£25 70525
Weight (kg) 76.2+12.8 75.8+13.1
BMI (kg/m?) 259+3.8 26.0+4.0
Waist circumference
(cm) 93.0+11.1 92.8+11.5
Daily physical activity 9523 + 3385 0547 + 3424
(steps/day) - B

Note: n = 329 for all variables except waist circumference (n = 327) and daily physical activity (n = 310).

For the DXA-measures there were no significant interactions with group, see Figure 2A-F. Rather,
all groups changed equally over time. Decrease over time was observed in: whole-body BMD
(F3977 =4.617, p = 0.003, n% = 0.01), T-score (F3,977 = 5.499, p = 0.001, n? = 0.02), femoral neck
BMD in the dominant leg (F3 893 = 45.135, p < 0.001, n? = 0.13), and non-dominant leg (F3 s96 =

33.821, p <0.001, n% = 0.10). Increase over time was observed in BMD for L1-L4 (F3 743 = 10.113,
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p <0.001, n? = 0.04) and in Z-scores (F3977 = 4.225, p = 0.006, n? = 0.01). However, the increase

in Z-scores was not significant after correcting for multiple comparisons (p > 0.005).

i
=
b

Figure 2. DXA-measures. Mean = SEM for baseline (black bar - Oyr), 1-year (dark grey - 1yr), 2-year (grey - 2yr) and
4-year (light grey - 4yr), across each group: HRT, heavy resistance training; MIT, moderate intensity training; CON,
non-exercising control group. A Whole-body bone mineral density (g/cm?), n = 329. B T-score for whole-body bone
mineral density, n = 329. C Z-score for whole-body bone mineral density, n = 329. D Bone mineral density (g/cm?) in
the femoral neck of the dominant leg, n = 301. E Bone mineral density (g/cm?) in the femoral neck of the non-dominant
leg, n = 302. F Bone mineral density (g/cm?) in the lumbar spine (L1-L4), n = 251.

t, significant effect of time (A, p = 0.003; B, p <0.001; D, p <0.001; E, p <0.001; F, p <0.001) across all groups.

In general, men had larger bone specific values than women. When sex-differences were analyzed
separately, in relation to the effects of the intervention or change over time, whole-body BMD, T-
score, and Z-score all decreased over time in women, but not in men. In contrast, BMD for L1-L4
increased in men, but did not change over time in women. See Supplementary table 1 for sex-

specific values.
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Bone biomarkers are shown in Figure 3A-D. For bone formation measured as PINP there was a
significant group x time interaction (Fe 935 = 3.733, p = 0.001, n% = 0.01) with an increase in HRT

from baseline to year 1 (HRT, Baseline: 58.9 + 20.9; 1-year: 64.6 = 24.1, t(936) = 3.357, p = 0.04).
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Figure 3. Mean £ SEM for baseline (black bar - Oyr), 1-year (dark grey - lyr), 2-year (grey - 2yr) and 4-year (light grey
- 4yr), for each group: HRT, heavy resistance training; MIT, moderate intensity training; CON, non-exercising control
group. A Procollagen type I N-propeptide (PINP, png/L), n = 315. B C-terminal telopeptide of type I collagen (CTX,
ng/L), n =314. C CTX/PINP ratio, n = 314. D dephosphorylated-uncarboxylated Matrix Gla-Protein (dp-ucMGP,
pmol/L), n=313.
t, significant effect of time (p < 0.001) across all groups. *, significantly different from baseline (HRT, p = 0.04). **,
significantly different from 1-year (HRT, p <0.001). #, increase from baseline to year 1 significantly bigger than in
CON (HRT, p = 0.035). $, decrease from year 1 to 4 significantly bigger than decrease in MIT (HRT, p = 0.005). §.

decrease from year 1 to 4 significantly bigger than decrease in CON (HRT, p < 0.001).
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Further, there was a significant decrease in HRT from year 1 to 4 (HRT, 1-year: 64.6 + 24.1: 4-year:
56.7+21.7,1%(936) =4.723, p <0.001). The increase in HRT during the intervention was larger than
in CON (t(312) =2.494, p = 0.04). Similarly, HRT experienced a larger decrease than both MIT
(t(312) =-3.154, p =0.005) and CON (t(312) =-4.751, p <0.001) from year 1 to 4. Women had
higher PINP values than men (F1310 = 40.679, p <0.001), but their levels did not change over time.
For men, PINP increased over the four years. See Supplementary table 1 for sex-specific bone

biomarker values.

There was a larger resorption of bone, demonstrated by an increase in CTX over all four years
(F3,032 = 47.434, p < 0.001, n? = 0.13) with no group interaction. CTX was higher in women than in
men (F1300 = 44.637, p <0.001).

In the CTX/PINP ratio there was a group x time interaction (Fe 932 = 2.187, p = 0.04, n? = 0.01)
across the 4 years, which was driven by the changes in HRT following the intervention. However,
after correcting for multiple comparisons (p > 0.005) the interaction was not significant. Women

had greater ratios than men (Fi 309 = 19.753, p <0.001).

The levels of dp-ucMGP did not change over time (F3931 = 1.530, p = 0.21, 2 = 0.005) and there
were no sex differences. There was no group interaction (Fe 931 = 1.178, p = 0.32, n% = 0.008),
although levels seemed to go in opposite directions in the two training groups and CON,

respectively.
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Figure 4. Associations between changes in bone turnover markers and strength from baseline to 4-year follow-up. In A
A Whole-body BMD (g/cm?) and A CTX/PINP ratio, n = 325. In B A isometric strength (Nm) and A femoral neck BMD
(g/cm?) in the dominant leg, n = 294. Plots include data from individuals across all groups. Linear regression slopes are

displayed with a dotted line.

The associations between changes from baseline to year 4 in total BMD and CTX/PINP ratio, as
well as in femoral neck BMD of the dominant leg and isometric leg strength are illustrated in
Figure 4A-B. There were no associations between BMD and other measures (T- and Z-scores, bone
markers, dp-ucMGP, and muscular strength) at whole body level or at specific regions at either

baseline or measured as change over the four years.

DISCUSSION

The present study examined how resistance training influenced BMD and bone markers in older
adults at retirement age, and our results showed that whole-body and regional BMD decreased over
time. This is in line with other studies, that demonstrate a decline in bone health as a consequence
of aging (Colon et al., 2018). However, the age-matched Z-score revealed that the decrease in BMD
was not as big as initially expected. Further, changes in BMD were not influenced by training in

this study, neither immediately after the two intervention training regimes nor in the more long-term
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setting at year four. Considering the previously reported beneficial effects of both training regimes
in the dominant leg at the muscular level (Gylling, Eriksen, et al., 2020), including long-term
beneficial effects of the heavy resistance training (Bloch-Ibenfeldt ez al., in review), we originally
speculated that there could be a potential link between positive effects at the muscular level and at
the bone level. However, such translation was not observed in the present study. This contrasts with
findings from a Korean longitudinal study, in which change in muscle strength was the most
significant independent factor associated with bone loss for both men and women (Kim et al.,
2018).

Contradictory to what was observed at the whole-body level and at the selected regional sites, BMD
in the lumbar spine in fact increased over the four years. This is likely explained by either the
increase in osteophytes that is affecting many individuals above 60 years of age, significantly
impacting and skewing lumbar spine BMD measures by DXA (Liu et al., 1997; Rand et al., 1997),
or by spinal osteoarthritis which is a known age-related local factor (Burger ef al., 1994). Thus, the
use of lumbar spine BMD measures may not be ideal when examining older individuals over time.
The present study does not support that resistance training with either moderate or heavy loading
influences BMD. These findings need to be interpreted in light of the fact that participants in the
LISA-study had mean T-scores higher than the reference value for young healthy adults and mean
Z-scores markedly higher than averagely age-matched individuals, thus the participants appeared to
have higher BMD to start with. Moreover, compared to other normative values or reference data for
BMD in similar populations, participants in our study had higher values than age-matched
individuals (Karlsson ef al., 1993; Lunt ef al., 1997; Rondanelli et al., 2022). When compared to
other ethnicities, these values were also higher (Larijani et al., 2005; Makker et al., 2008). The
increase across groups in Z-score emphasizes that the participants were well-functioning and

probably healthier than the average age-matched population. Thus, we cannot exclude the
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possibility that resistance training would influence BMD in a population that are less healthy.
Unfortunately, the drop-out analysis showed that individuals with a poorer starting condition in
terms of bone health, and thus perhaps the most interesting participants to follow, did not continue
in the present study. Literature on longitudinal changes at bone sites by DXA is available, although
these have predominately been reported in different ethnic populations (Ding ef al., 2008; Chen et
al.,2013; Kim et al., 2018), with only sparse information on similar populations like ours. When
the longitudinal change in BMD in both sexes was assessed in a Danish study, both men and
women at a similar age increased their total body and lumbar spine BMD over a 2-year period.
Additionally, the estimated changes from baseline cross-sectional data did not perfectly agree with
actual longitudinal changes, with the authors further concluding that a longer follow-up period was
needed for more reliable data (Warming, Hassager and Christiansen, 2002).

In line with previous studies, men had higher bone mineral densities than women at whole-body
level and all regional sites (Warming, Hassager and Christiansen, 2002; Kim ef al., 2018). All
female participants in the LISA study were post-menopausal, yet there were some sex-related
differences in the rates of decline. However, these differences were primarily observed at the whole-
body level. As previously described, BMD at the femoral neck has been linked to osteoporosis and
fractures, and at these sites density decreased similarly in men and women.

The main finding from the analysis of the blood-based biomarkers for bone health was the increase
in bone formation following 1 year of heavy resistance training. Notably, when the intervention
stopped, the individuals in HRT experienced a steeper decrease in PINP the following years
compared to the other two groups. In the LISA-study approximately 25% of the participants
reported that they continued with regular resistance training following the intervention. In an
exploratory analysis (data not shown), we therefore examined whether there was any difference in

decline for those individuals who reported having continued with training compared with those who
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stopped, and no differences were observed. Considering that the sample size was significantly
reduced, no firm conclusions should be made and whether maintaining training is also reflected in
maintained PINP levels should be addressed in future studies.

In general, physical activity seems to positively influence markers of bone turnover (Ardawi, Rouzi
and Qari, 2012), and an acute bout of resistance exercise has shown to have a positive effect on
bone turnover, although the beneficial effects are suggested to be attenuated with age (Gombos et
al.,2016; Smith et al., 2021; Stunes et al., 2022). Studies, in which muscle strength and BMD were
increased, showed that resistance training positively influenced some bone markers only (Sartorio et
al., 2001; Huovinen et al., 2016). Nevertheless, in another study bone turnover was increased, in
favor of bone formation, after 6 weeks of two different resistance training regimes (Karabulut ef al.,
2011). We add to these studies by showing somewhat comparable results in our sample of active
older adults, where bone formation, but not bone degradation, was beneficially influenced by a
prolonged training setting with heavy loads. The results further confirmed what others have shown
on predominately cross-sectional data, that women in general have higher absolute values of CTX
and PINP, as well as higher CTX to PINP ratios (Michelsen et al., 2013; Vasikaran, Chubb and
Schneider, 2014; Chubb et al., 2015; Jorgensen et al., 2017; Yoo et al., 2018; Bonlekke et al.,
2022). We show that despite these magnitude differences between men and women, the change over
time in older adults follow a similar trajectory.

We did not observe any effect of training nor of time on dp-ucMGP values, despite the fact that dp-
ucMGP is expected to increase with age (Shea ef al., 2011). Our values are comparable to age-
matched values in the Danish general population (Jespersen ef al., 2020), and considering that the
sample in the LISA-study is relatively healthy, an even longer follow-up period may be required to
observe changes. Our results did not support a clear association of dp-ucMGP with bone markers or

actual bone measures.
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In conclusion, the present study provided evidence of short-term, but no long-term, benefits on
markers of bone-formation following 1 year of heavy resistance training in well-functioning older
adults. Other bone health markers where however not influenced by resistance training at either

moderate or heavy loading in active older individuals at retirement age.
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SUPPLEMENTARY

Supplementary Table 1. Sex-specific values (Mean + SD) for women and men at baseline (Oyr), and years 1 (1yr), 2

(2yr), and 4 (4yr).
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ucMGP
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