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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 (VIPFC), and white matter hyperintensities were analyzed in relation to changes in mus-
cle 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 (F5g;o=231.549, p<0.001, n’ = 0.46), as did hippocam-
pal (F340=310.07, p<0.001,n? = 0.53), VIPFC (F3 55 =74.380, p<0.001,n? = 0.21), and dIPFC (F; 5,5 =3.640, p=0.013,
n”=0.01) volumes. White matter hyperintensity volumes increased (F; g,,=101.876, p<0.001,n? = 0.27). There were
no significant group x time interactions for any of the brain structures. Additional cortical and subcortical vertex-wise
analyses showed no group differences. Change in isometric leg strength was weakly associated with change in white
matter hyperintensity volume across all individuals (*=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 resist-
ance training seemed to preserve brain metabolism [5],
and prolonged resistance training (52 weeks) attenuated
brain atrophy [6]. It has also been proposed that pro-
longed resistance training could be beneficial for cogni-
tive functions [7-9]. Moreover, in the oldest old (85 years
old or above) it has been speculated that combining aero-
bic and resistance training could provide a synergistic
effect [10]. Despite of these initial positive results, the
knowledge on brain structural changes following resist-
ance training is much sparser in comparison to what is
known of other modes of exercise, such as cardiorespira-
tory training [11].

Regardless of training modality, less focus has been on
the potential long-term effects of an exercise interven-
tion on brain health. One exception is the Generation
100 study [12]. In this large long-term 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 super-
vised 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-exer-
cising 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.

It is well documented that although aging may affect
the brain globally [19], some regions are more prone to
show atrophy such as the hippocampus [20] and the pre-
frontal cortex [21], which has been further associated
with cognitive aging [21, 22]. Notably, physical exercise
has shown positive effects in relation to hippocampal
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volume atrophy [23], improved memory [24], prefrontal
cortex grey matter volume and executive functions [25].

Thus, the aim of this study was first to examine how
one year of resistance training at two different loadings
influenced brain volumes globally and in atrophy-prone
regions and second to test whether the long-term main-
tenance of muscle strength present at both the 2-year
follow up [18] and at the 4-year follow up [26] was associ-
ated 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 10. The study adhered to
CONSORT guidelines and the full study protocol has
previously been published [16]. To outline, 1026 older
adults were screened after recruitment through adver-
tisements 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), and were not allowed
to undertake systematic resistance training prior to the
study. The participants were rather active, with an aver-
age 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, #=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 train-
ing 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 9th 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 rel-
atively high, 77% and 78%, respectively. For specific exer-
cises, 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 per-
form a maximum of 1 h of systematic strenuous physical
activity per week during the 1-year intervention. Individ-
uals randomized to this group were offered cultural and
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social activities, e.g., bridge sessions, lectures, or walks,
on average once per month.

In total, three separate days were allocated for assess-
ments. 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 sec-
ond day, which was scheduled a minimum of 6 days after
the first day, started with dual-energy x-ray absorptiom-
etry (DXA) scans for body composition. Cognitive abil-
ity was assessed with a shortened Danish version of the
intelligence structure test IST-2000-R [27], containing
3 subtests of 6, 7 and 10 min respectively, as previously
used in three different Danish cohorts [28]. Finally, tests
of physical function including 400 m walking time, 30 s
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 physi-
cal activity in the preceding 72 h. All scans were per-
formed by an experienced radiographer. The images were
used to estimate the cross-sectional area (CSA) of m. vas-
tus 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 hyperin-
tensities, and hippocampal volume. For the volume of
dorsolateral prefrontal cortex (dIPFC) the ‘caudal-mid-
dle-frontal’ ROI was used [29] while ‘pars opercularis;
‘pars orbitalis, and ‘pars triangularis’ ROIs were com-
bined for the ventrolateral prefrontal cortex (vIPFC) vol-
ume [30]. For all regions, the sum of the left and right
hemisphere was used.

Vertex-wise general linear models served to test for
group differences in the annual rates of change in corti-
cal thickness, cortical surface area, and subcortical vol-
umes. First, Freesurfer’s longitudinal pre-processing
pipeline was applied [31]. For cortical thickness and
area, we (1) reduced the temporal data within each sub-
ject to a single statistic (annual rate of change), and then
(2) compared the rate of change across RCT groups
using general linear models, with one contrast for each
group comparison, and including sex as a covariate. Sur-
face maps were then registered to the standard average
space and smoothed with a Full Width at Half Maximum
(FWHM) of 10 mm. Freesurfer’s precomputed Z Monte
Carlo simulations (mri_glmfit-sim) were applied to set
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the vertex-wise threshold, whereby uncorrected p-value
surface maps were thresholded at p<0.001 (i.e. cluster-
defining threshold of 3.0; [32]). The cluster-wise p-value
was set at the p<0.05 level, and p-values were adjusted
for the 2 hemispheres.

Finally, we tested if the rate of volume changes in sub-
cortical structures differed between groups by applying
“long_stats_slopes” and the same general linear model as
described above (including sex as a covariate). Multiple
comparisons were applied using Bonferroni.

Due to contraindications for MRI (e.g., pacemakers,
other metallic components, claustrophobia) not every-
one included in the LISA-study took part in the MRL
See Fig. 1 for a study flow chart. For the present study,
276 individuals had MRI scans at all 4 timepoints (HRT,
n=96; MIT, n=95; CON, n=85). See Table 1 for charac-
teristics 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” [33], “dplyr” [34],
“emmeans” [35] and “sjstats” [36] 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 inter-
actions. Two-way mixed model ANOVAs were used to
test for group x time interaction on brain structure (total
grey matter volume, hippocampus, dorsolateral pre-
frontal cortex, ventrolateral prefrontal cortex, and white
matter hyperintensity volume). These analyses were cor-
rected, in the model, for estimated total intracranial vol-
ume and sex. Adding baseline levels as a covariate did not
alter the results.

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 Bonfer-
roni 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 of age. The amount
of daily physical activity was still high with an average
daily step count of nearly 10,000 in each of the groups.
There were no differences between groups at baseline
for any of the brain variables. Across time, there were no
differences, i.e., no significant group x time interactions,
in change between the three groups (HRT, MIT, CON)
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Fig. 1 Study flow chart with participants taking part in the MRI

in the pre-specified brain variables (total grey matter vol-
ume, white matter hyperintensities, hippocampus vol-
ume, dIPFC volume and vIPFC volume). See Table 2.

The changes over the 4 years are displayed for each
group respectively in Fig. 2A-E.

For total grey matter volume, there was a signifi-
cant effect of time, with a decrease over the four years
(F3819=231.549, p<0.001, 12 = 0.46). This was similar for
hippocampal volume (F; 4,o=310.07, p <0.001, n%2=0.53),
where the decrease from 2-year follow-up to 4-year fol-
low up (~1.7%) was at a rate similar to what has previ-
ously 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 (F;g,5="74.268, p <0.001,
n? = 0.21), as well as for dIPFC (F;4,3=3.638, p=0.013,
n% = 0.01). The increase in volume of white matter hyper-
intensities (F5g,,=101.876, p<0.001, n* = 0.27) corre-
sponded to~7-8% annually across all groups. Despite
the group-dependent change in leg muscle strength over
time, there were no significant group x time interactions
for any of the brain structures.

The surface-based group analyses of cortical thickness
and surface area revealed no significant clusters at the
chosen vertex-wise threshold. Likewise, there were no
significant group differences in annual rate of change in
subcortical volumes — see Supplementary Table 1. Similar
analyses of the intervention (baseline to year 1) showed
comparable results (Supplementary Table 2). Thus, for
none of the brain variables, neither the pre-selected spe-
cific volumes, the global measures of brain changes, nor
the vertex-wise analysis (at the pre-specified significance
thresholds), was there any indication that resistance
training or intensity modified the change over time.

The association between leg muscle strength and white
matter hyperintensity volume is shown in Fig. 3. 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 (r2=0.03, p=0.119) or MIT (r>=0.002,
p=0.653). However, associations were not significant
after correcting for multiple comparisons (p>0.01).
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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 train-
ing at neither heavy nor moderate loading influenced the
pre-selected brain regions or vertex-wise analysis. Rather,
each group displayed the expected decline for this spe-
cific age group [19, 37]. These results were thus in line
with what has previously been shown for hippocam-
pus 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 resist-
ance training with heavy loads [26]. 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 [38],
and there has been support of a long-term relationship
between physical function and brain structure [39-41].
Here, we did not observe any resistance-training specific
link to brain structural changes, and it remains unclear
what, if any, the specific effects of resistance training

would be on brain structure in aging. However, we did
observe a small association between change in leg mus-
cle strength and change in white matter hyperintensity
volume. Considering that white matter hyperintensi-
ties are increasing with age [42], associated with many
other negative health outcomes [43] and related to falls
and impaired gait performance [42, 44], this associa-
tion could be of potential relevance for older individu-
als. Aerobic exercise has shown to influence white matter
structural integrity in older adults [41, 45], thus a poten-
tial 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 show-
ing positive associations and some studies showing no
effects [46]. One suggested mechanism for the crosstalk
between muscle and brain is the release of myokines dur-
ing exercise and the suggested existence of a muscle—
brain endocrine loop [47]. One key myokine for brain
plasticity is brain-derived neurotrophic factor (BDNF),
which is produced by skeletal muscle during contrac-
tion [48]. Improvements in maximal oxygen consump-
tion have been linked to increased levels of BDNF and
hippocampus volume change [24]. With resistance train-
ing BDNF levels, as well as other myokines, should be
increased, which so far has been observed in some inter-
vention studies (mostly low- to moderate-intensity and
short-term training), with the idea that finding the opti-
mal exercise prescription for myokine expression is the
key question for brain plasticity [49-51]. Unfortunately,
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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

the present study did not have any measures of myokine
expression, hence we do not know if the resistance train-
ing evoked the hypothesized release of plasticity-induc-
ing 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 then would be.

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 nor-
mative values from age-matched peers [52, 53]. Further,
the participants also walked a high number of steps per
day, which, when compared to quartile data of steps/
day in somewhat similar populations, indicates that the
LISA-participants indeed had had high daily physical
activity levels [54, 55]. Thus, perhaps the relevant ques-
tion would be whether adding more exercise in terms of
resistance training to an already active population would
further benefit brain health? A similar question was
recently addressed in the Generation 100 exercise study
performed in another Nordic country. Here, the long-
term (5 years) trajectories of brain structure and white
matter hyperintensity development did not either seem
to be altered by two different training intensities [15, 56].
Rather, it was in the control situation, that the lowest
atrophy rate of the hippocampus was observed, and not
after high intensity training, which they had otherwise
hypothesized [13]. Noteworthy, participants in the con-
trol group in the Generation 100 study were encouraged

to follow the rather demanding national activity guide-
lines of at least 30 min of moderate intensity exercise
almost every day [12]. Combined with the general physi-
cal 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 brain grey matter structure observed in this
age-span. However, it should be noted that we cannot
exclude that resistance training may have some beneficial
effects on other structural brain measures not analyzed
here. Despite this, there are several strengths in the pre-
sent 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 resist-
ance training on brain grey matter volumes measured
with MRI in older adults around retirement age. We
observed a small association between changes in leg mus-
cle strength and development of white matter hyperin-
tensities. Considering the many negative influences white
matter hyperintensities have for a person’s health, this
finding should be further investigated in future studies.
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