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Abstract

Hippocampal volume is a marker of brain health and is reduced with aging and neurological
disease. Exercise may be effective at increasing and preserving hippocampal volume, potentially
serving as a treatment for conditions associated with hippocampal atrophy (e.g., dementia). This
meta-analysis aimed to identify whether exercise training has a positive effect on hippocampal
volume and how population characteristics and exercise parameters moderate this effect. Studies
met the following criteria: 1) controlled trials; 2) interventions of physical exercise; 3) included

at least one time-point of hippocampal volume data before the intervention and one after; 4)
assessed hippocampal volume using either manual or automated segmentation algorithms. Animal
studies, voxel-based morphometry analyses, and multi-modal interventions (e.g., cognitive training
or meditation) were excluded. The primary analysis in n = 23 interventions from 22 published
studies revealed a significant positive effect of exercise on total hippocampal volume. The overall
effect was significant in older samples (65 years of age or older) and in interventions that lasted
over 24 weeks and had less than 150 minutes per week of exercise. These findings suggest that
moderate amounts of exercise for interventions greater than 6 months have a positive effect on
hippocampal volume including in older populations vulnerable to hippocampal atrophy.
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Introduction

The hippocampus plays a critical role in memory formation (Davachi & Wagner, 2002;
Eichenbaum, Otto, & Cohen, 1992; Squire, 1981; Tambini, Nee, & D’Esposito, 2018)

and is reduced in volume in late adulthood (Ward et al., 2015) and in several neurologic
(Wolk, Das, Mueller, Weiner, & Yushkevich, 2017) and psychiatric (Walter et al., 2016)
conditions. For example, late life hippocampal atrophy predicts memory decline and
conversion to dementia (den Heijer et al., 2011; Erickson, Prakash, et al., 2010). Moreover,
hippocampal volume is often reduced in psychiatric patient populations, including Major
Depressive Disorder (Malykhin & Coupland, 2015) and Schizophrenia (Shepherd, Laurens,
Matheson, Carr, & Green, 2012). Accordingly, the hippocampus has emerged as an
important brain structure targeted by clinical trials to determine if volume losses can be
prevented or reversed. These hypotheses are based on the premise that the hippocampus
appears to be highly modifiable and “plastic” in that it is selectively responsive to different
environmental stimuli (Churchill et al., 2002; Toda & Gage, 2018). Exercise is one of

the most promising treatments for influencing hippocampal volume. In rodents, exercise
increases cell proliferation in both younger and older animals, particularly in the dentate
gyrus (Cahill et al., 2015; Klein et al., 2017; Van Praag, Kempermann, & Gage, 1999; Yuede
et al., 2009), and these effects occur independently of environmental enrichment and social
interaction (Van Praag et al., 1999). Exercise may also induce macroscale changes, such as
synaptogenesis, altered neuronal morphology, and angiogenesis (Vivar, Potter, & van Praag,
2013) and induce biochemical changes, including upregulation of key neurotrophins and
growth factors, such as brain-derived neurotrophic factor (BDNF) and insulin-like growth
factor-1 (IGF-1), as well as reduce oxidative stress and inflammation (Bianchi, Locatelli,

& Rizzi, 2017; Ross, Lithgow, Hayes, & Florida-James, 2019; Stillman, Cohen, Lehman,
& Erickson, 2016). In humans, one year of aerobic exercise led to a 2% increase in
hippocampal volume (Erickson et al., 2011), with other studies showing similar positive
effects (Pajonk et al., 2010; Teixeira et al., 2018). Thus, exercise may be a low-cost and
highly accessible approach to preserve hippocampal volume across the lifespan (Firth et al.,
2018).

Nonetheless, the enhancing effects of exercise on hippocampal volume have not been
consistent across published studies (Krogh et al., 2014; Maass et al., 2015; Scheewe et al.,
2013). This variability raises questions about the clinical utility of exercise as an effective
method for increasing hippocampal volume. There are many reasons that some studies may
find positive effects of exercise and other studies fail to replicate. These discrepancies could
be explained by variability in the sample characteristics (e.g., age and clinical diagnosis)

or the parameters of the exercise intervention, such as the intensity, frequency, duration, or
modality, such as aerobic or resistance training. Study quality characteristics may further
explain variability, such as statistical power, blinding, adherence and compliance to the
intervention, handling of missing data, and whether factors such as cardiorespiratory fitness
were modified. A meta-analysis can overcome some of these limitations by examining the
effect of exercise on hippocampal volume across studies and as a function of these potential
moderating factors.
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We had two main aims in this meta-analysis. First, we sought to determine whether exercise
training has a positive effect on hippocampal volume relative to control interventions.
Second, we assessed potential moderators by stratifying by age, patient status, intervention
duration, and minutes per week of exercise to determine whether these factors account

for heterogeneity in the literature. We hypothesized that the effects of exercise would be
strongest in older and patient samples, and that effects would be strongest for interventions
that were longer in duration and had more minutes of exercise each week. Both aerobic
and resistance forms of exercise were included in this meta-analysis because aerobic and
resistance training are combined in many studies. Although aerobic and resistance training
may preferentially affect distinct molecular pathways in the brain (Cassilhas et al., 2012)
both forms of exercise have been shown to increase neurotrophic factors that likely mediate
effects on hippocampal volume (Cassilhas, Tufik, & de Mello, 2016; Liu-Ambrose, Barha,
& Best, 2018; Tsai, Pai, Ukropec, & Ukropcova, 2019). The current meta-analysis extends
the work of a prior meta-analysis of exercise and hippocampal volume (Firth et al., 2018)
by assessing a larger number of studies, testing effects of intervention parameters, and by
assessing effects of purely exercise-specific interventions.

2.1 Materials and Methods

2.1.1 Review Protocol

The aims, search terms, and approach for this meta-analysis were registered in PROSPERO
before any analyses were completed (Identifier: CRD42018103690).

2.1.2 Literature Search

Literature searches were conducted following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (Moher, Liberati, Tetzlaff, & Altman,
2009) in the electronic databases PubMed, EMBASE, and Cochrane (John Wiley & Sons)
Central Register of Controlled Trials (CENTRAL) from their inception until January

28, 2020. The search string was developed for PubMed in close collaboration with

a health sciences librarian (J.E.F.) and translated afterward for use in EMBASE and
Cochrane Central. All languages were included. Reference lists from included articles were
examined to identify other relevant manuscripts. All database search strings contained both
controlled vocabulary and keywords representing the concepts of hippocampus and exercise
(Supplementary Material).

2.1.3 Study Selection

Studies included met the following criteria: 1) controlled trials; 2) use of exercise or physical
activity as a method for potentially influencing brain morphology; 3) inclusion of at least
two time-points of hippocampal volume data in mm?3 or cm?3, one pre-intervention and one
post- intervention, using automated or manual segmentation methods. Studies were included
if they used any exercise or physical activity intervention, such as walking, running,

dancing, swimming, cycling, and strength or resistance training. Balance training treatment
interventions were excluded due to balance training being commonly used as a control
intervention to other exercise interventions. Animal studies and interventions with a multi-
modal component (e.g., cognitive training or meditation) were excluded. The outcomes of
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interest were hippocampal volume at baseline and post-intervention, and whether effects
differed by intervention and control groups. Figure 1 displays a flow chart of the study
selection process.

No restrictions were placed on participant characteristics. Studies were excluded if they
were limited to the following: 1) cross-sectional design; 2) intervention without a control
condition; 3) voxel-based morphometry (VBM) studies because volume estimates in mms3
are not an outcome from VBM. Studies comparing aerobic exercise with resistance exercise
with no control group were excluded. For studies with a cross-over design where one group
participated in the intervention first, followed by the control group, the data from the initial
group assignment was used for the analysis.

2.1.4 Quality Assessment

We followed PRISMA guidelines (Moher et al., 2009) and evaluated the methodological
quality of included trials according to Cochrane’s Methods Bias Tool (Green & Higgins,
2005). Using the Cochrane criteria, two members of the research team (K.A.W., AM.W.,,
C.M.S., J.C.P, or K.I.E.) independently assessed risk of bias and overall study quality for
each study. Any discrepancies in bias ratings were resolved by a discussion between the
reviewing study team members. The Cochrane domains of bias and quality were used to
rate each study as low risk of bias, high risk of bias, or unclear (insufficient detail or not
reported) according to Section 8.5 of the Cochrane handbook (Green & Higgins, 2005). All
studies that met eligibility requirements were included in the analysis, regardless of quality.
This approach further allows the current analysis to bring attention to discrepancies in
reporting and biases that may lead to unusual or inconsistent results. To assess the possibility
of publication bias, a precision funnel by Hedges’ g funnel plot was examined and a

trim and fill analysis was conducted to adjust for potential missing studies (Supplementary
Materials). Publication bias was further tested using Egger’s regression (Egger, Smith,
Schneider, & Minder, 1997) and fail-safe n analysis (Rosenthal, 1979).

2.1.5 Data Extraction

The principal measure was hippocampal volume with means and standard deviations in
mm?3 or cm3. The means and standard deviations for hippocampal volumes for treatment
and control groups were extracted before and after the intervention for overall hippocampal
volume as well as left and right hippocampal volumes. Additional variables extracted were
the study authors, date, sample sizes with baseline MRI in the treatment and control groups,
mean baseline age of the study participants, population type (i.e., healthy or patients),
number of weeks of exercise, number of minutes per week, type of intervention control
condition, segmentation method, MR magnet field strength, conflicts of interest disclosure,
type of exercise (i.e., aerobic, resistance, or both), intensity of exercise (i.e., light, moderate,
vigorous), compliance (% sessions attended among the treatment and control groups),
adherence rate, whether the intervention was supervised, and percent men or women. Data
not available from the published article were requested directly from the authors by K.1.E.,
K.A.\W.,, and C.M.S. Data were double entered into an electronic (Excel) database by two
members of the study team for each study (K.A.W., C.M.S., AM.W.,, R.L.L.,and J.C.P).
Upon compilation of the complete dataset, accuracy of data extraction was assessed by
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K.A.W. Discrepancies were resolved by C.M.S. and K.A.W. The dataset will be submitted to
a public repository at the time of publication (https://nda.nih.gov/).

2.1.6 Calculation of Effect Sizes

Data were analyzed using Comprehensive Meta-Analysis Software, Version 3 (Borenstein,
Rothstein, & Cohen, 2005). Intervention effects were represented by Hedges’ g, a bias-
adjusted estimate of the standardized mean difference that applies an additional correction
for small sample sizes. Effect sizes were interpreted as small (<0.2), moderate (0.2-0.8),

or large (= 0.8) (Cohen, 1988). Weighted mean effect size values, along with standard
deviations and 95% confidence intervals (Cl), were estimated using a random-effects
model. Baseline sample sizes were used in analyses. Data analyzed with the intent-to-treat
framework were used where available. Positive effect sizes indicate a positive Hedges’ g for
hippocampal volume among the exercise groups relative to controls. We also conducted a
paired t-test sensitivity meta-analysis to test whether the effects of exercise were significant
when performed separately in the treatment group and in the control group to determine

if effects of exercise on the hippocampus are driven by a significant increase in treatment
groups or a significant decrease in control groups.

In instances where a study had two intervention groups with different exercise types, e.g.,
aerobic exercise and resistance exercise (Ehlers et al., 2017; Niemann, Godde, & Voelcker-
Rehage, 2014; ten Brinke et al., 2015), we combined the mean and standard deviation of the
two intervention groups to form one group by calculating the weighted mean and unbiased
pooled standard deviation using the R package psychmeta (see Supplemental Material).

This was done to avoid using the same control group data twice in the meta-analysis. In
instances where the total hippocampal volume needed to be combined from the left and right
hippocampal volumes, the standard deviation was calculated by taking the square root of the
sum of the variances for left and right hippocampal volumes.

For our primary analysis, we performed the meta-analysis across all studies to optimize
statistical power. Statistical heterogeneity was then examined using the 12 statistic. 12 of
more than 75% or between 50%-75% indicates substantial and moderate heterogeneity,
respectively. An 12 of less than 40% indicates limited heterogeneity.

2.1.7 Stratification Analyses

Given the wide range of age, population type, and characteristics of the interventions, we
conducted analyses in which we stratified the data based on these factors. Studies were
stratified by the National Institutes of Health (NIH) definition for “older adult” https://
grants.nih.gov/grants/glossary.htm (< 65 or = 65 years of age) which clearly delineated
studies of young-middle age adults (mean ages 12—-41) from studies of older adults (mean
ages 65-76). Note that Tarumi (2019) (mean age 64.7) was included in the “older” group.
Analyses were also stratified by patient status (healthy participants or patients), exercise
intervention duration of < or > 24 weeks (based on the distribution of intervention weeks
across studies and because it has been proposed that interventions lasting between 24-52
weeks are required to reliably elicit changes in brain structure and cognition (Baker et al.,
2010; Colcombe et al., 2006; Gregory, Parker, & Thompson, 2012), and minutes per week
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of exercise < 150 minutes or = 150 minutes based on recommended minimum minutes of
moderate-to-vigorous exercise per week (Health & Services, 2018). Exercise intensity was
not distinguishable between studies, so intensity was not assessed as a potential moderator.

2.1.8 Sensitivity Analyses

We conducted post-hoc analyses to address whether a specific study or set of studies were
influential in the hypothesized effects of exercise on hippocampal volume. To address this,
we performed a leave-one-out analysis where the effect of exercise on hippocampal volume
was re-tested leaving out each study sequentially for analyses with total, left, and right
hippocampus.

3.1 Results

3.1.1 Characteristics of Studies Included

The search included 2713 potentially relevant studies, which was narrowed based on title
and abstract to 88 records for which the full text was accessed. Of these, 22 studies
consisting of 23 controlled trials met eligibility criteria, representing data from 1204
participants. The study selection process, including reasons for exclusion at the full-text
level, are listed in the PRISMA study flow chart (Figure 1). Studies were published between
2010 and 2020. Participant characteristics of included studies are displayed in Table 1 and
intervention characteristics are displayed in Table 2. The total study sample sizes across
exercise and control interventions at baseline ranged from 16 to 120 participants and the
weighted average age was 58.7 years (range = 11.60 — 76.07 years). Approximately 56%

of participants were female. Participant pools were heterogeneous with regard to age and
mental and physical health status. Population types were healthy controls and patient groups
that have been shown in prior meta-analyses and multiple studies to display reduced overall
hippocampal volume: healthy older adults (Fraser, Shaw, & Cherbuin, 2015), mild cognitive
impairment (MCl)/early Alzheimer’s disease (AD) (Shi, Liu, Zhou, Yu, & Jiang, 2009),
depression (Videbech & Ravnkilde, 2004), obesity/Type Il diabetes (Araki et al., 1994;
Cherbuin, Sargent-Cox, Fraser, Sachdev, & Anstey, 2015), schizophrenia/psychosis (Nelson,
Saykin, Flashman, & Riordan, 1998), and radiation treated children (Nieman et al., 2015).
Studies were included in the “healthy” group if they were comprised of community-dwelling
adults excluded for major neurologic, psychiatric, or cognitive disorders.

Twenty-one of 22 studies included aerobic exercise with stationary bicycles, walking, or
dance. Six aerobic interventions also included a non-aerobic exercise component, using
resistance or coordination training. Four of these studies mixed the two exercise training
types and two of these studies had an aerobic-only arm. Fifteen trials consisted of aerobic
only training. One study consisted of resistance only training. Control conditions included
life as usual (n = 5), waitlist control (n = 1), stretching, balance, relaxation, and gentle
movement (n= 11), occupational therapy (n = 1), table football (n =1), health education

(n =2), and low intensity exercise (n = 1). One study (Scheewe et al., 2013) had two
separate interventions and matched control groups (schizophrenia and healthy), which were
represented separately in the present meta-analysis (see Table 2 for details).
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All studies used a T1-weighted structural image to collect hippocampal volume data. Two
studies (Maass et al., 2015; Rosano et al., 2017) used 7T scanners. Pajonk et al. (2010)
used a 1.5T scanner and Riggs et al. (2017) used both 3T and 1.5T scanners. All other
studies used 3T imaging for all participants. Segmentation methods (manual or automated)
are presented with study characteristics in Table 1.

Two studies (Lin et al., 2015; Venkatraman et al., 2020) disclosed potential conflicts of
interest that did not appear to be related to the study or a potential source of bias in

the results. Hippocampal data separated by left and right hemisphere were unavailable for
Scheewe et al. (2013) (two interventions) and Pajonk et al. (2010). Thus, left and right
hippocampal volumes were analyzed for 20 of the 23 studies.

3.1.2 Quality Assessment

In total, six of the 22 studies were of high methodological quality because they scored
positively on all six of the quality criteria (Table 3). Given the small number of studies
eligible for this meta-analysis, the results below include all studies, regardless of their rated
quality.

3.1.3 Effects of Exercise on Hippocampal Volume.

A summary of the effects of exercise on hippocampal volume are presented in Table 4.
Overall, there was a significant main effect of intervention on total hippocampal volume
with a significant positive effect for exercise relative to controls, Hedges’ g [Cl] = 0.13,
[0.02, 0.24], p=.026 (Figure 2). When removing each study in turn with a leave-one-out
cross-validation analysis, all Hedges’ g’s > 0.103, p’s < .079. Removal of each study except
for the Erickson et al. (2011) and Teixeira et al. (2018) studies showed significant overall
Hedges’ g’s, all p’s <.05. Post-hoc tests performed separately for exercise and control
groups revealed that this overall effect was driven by a significant decrease in hippocampal
volume (=0.72%) in the control group, Hedges’ g=-0.077, p=.030, whereas the increase
in hippocampal volume (1.2%) across treatment groups was not significant, Hedges” g =
0.042, p=.300.

When analyzing each hemisphere separately in the 20 interventions with available left and
right hippocampal data, we found that neither individual hemisphere reached significance
(Supplementary Materials): Left hemisphere, Hedges’ g [CI] = 0.09 [-0.03, 0.21], p=.127.
Right hippocampus, Hedges’ g [Cl] = 0.10 [-0.01, 0.22], p = .083. A leave-one-out analysis
showed no changes in the non-significance of these effects in either hemisphere, left p’s =
.097-.244, and right p’s = .065-.166.

For total hippocampus, there was some evidence of publication bias. A funnel plot

of precision by Hedges’ g suggested two potential outliers to the right of the mean
(Supplemental Material). A trim and fill analysis for total hippocampus suggested there
were no studies missing to the left of the mean (studies showing a negative effect) and two
studies were missing to the right of the mean (studies showing a small positive effect), with
a significant adjusted Hedges’ g = 0.14, [CI] = [0.04 — 0.25]. Kendall’s tau analysis showed
evidence of publication bias (tau = 0.32, p=.032), but Egger’s regression did not detect
this bias (£21) = 1.15, p=.262). A fail-safe n analysis revealed that 11 additional missing
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studies would need to be added for the p-value for the detected effect to surpass an alpha
level of .05.

There was no evidence of heterogeneity (12 = 0%, tau squared = 0, standard error = 0.023).
However, due to the diversity of samples and characteristics across included studies, we
proceeded to conduct our planned stratification analyses.

3.1.4 Stratification Analyses

We first conducted an analysis stratified by age (< 65 or = 65 years of age) across studies.
Analysis of these subgroups revealed a significant effect of exercise on total hippocampal
volume in studies with average age greater than or equal to 65 (n = 15), Hedges’ g [CI] =
0.15, [0.02, 0.28], p=.027, but a non-significant effect in studies with average age less than
65 (n = 8), Hedges’ g [CI] = 0.07 [-0.14, 0.28], p=.5009.

We next stratified analyses by patient status (healthy or patients). This analysis revealed a
marginal effect in patients (n = 13), Hedges’ g[CI] = 0.14, [-0.01, 0.29], p=.076, and a
non-significant effect in healthy samples (n = 10), Hedges’ g [Cl] = 0.12 [-0.05, 0.28] , p=
175.

Stratifying the interventions by the number of weeks of exercise revealed a significant effect
for studies with interventions lasting longer than 24 weeks (n = 14), Hedges’ g[Cl] = 0.16
[0.02, 0.31) p=.024, but no significant effect with interventions lasting less than or equal to
24 weeks (n = 9), Hedges’ g [CI] = 0.07 [-0.12, 0.25) p= .475.

Analyses stratified by minutes of exercise per week revealed a significant effect on
hippocampal volume for interventions providing less than 150 minutes of exercise per week
(n = 10), Hedges’ g [CI] = 0.18, [0.004, 0.35], p= .046. The effect was not significant for
interventions providing 150 minutes per week or more (n = 13), Hedges’ g = 0.10, [-.06,
0.24], p= .244.

4.1 Discussion

The present meta-analysis demonstrates that exercise has a significant positive effect on
total hippocampal volume. This finding was significant when collapsed across a variety of
populations and methods used. Follow-up analyses demonstrated a significant decrease of
0.72% in volume in the controls and a non-significant increase of 1.2% in volume in the
exercise group, suggesting that exercise may prevent hippocampal atrophy. Differences in
hippocampal volume in this range likely have behavioral and clinical relevance: Similar
degrees of volume changes are associated with moderate to large effect sizes of improved
memory and executive function in many of the interventions examined here (Callisaya et al.,
2017; Erickson et al., 2011; Jonasson et al., 2017; Krogh et al., 2014; Lin et al., 2015; Maass
et al., 2015; Riggs et al., 2017), as well as other exercise intervention studies assessing
cognition (Colcombe & Kramer, 2003; Fabre, Chamari, Mucci, Masse-Biron, & Prefaut,
2002; Oberlin et al., 2017). Further, volume changes of this degree are within the range

of typical annual age-related hippocampal atrophy (0.8%-1.7% (Jack et al., 2000; Jack et
al., 1997; Raz et al., 2005)) and disease-related hippocampal volume loss (0.4% (Arnold et
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al., 2015; Nelson et al., 1998)). These details are critical since it suggests that even brief
(i.e., less than 1 year) exercise interventions might be capable of preventing annual age- or
disease-related hippocampal volume loss, and these effects may have downstream cognitive
consequences.

Analyses stratified by population moderators revealed that the effects on total hippocampal
volume were significant for older samples. This finding demonstrates that exercise is

an effective intervention to increase hippocampal volume in older populations that have

a critical need for preserving hippocampal volume. Cardiorespiratory fitness may be

lower in older adults. Thus, it is possible that the effect of age is influenced by

change in cardiorespiratory fitness. Future work may examine whether greater changes

in cardiorespiratory fitness partly mediate changes in hippocampal volume. Further, it

is important to note that the average intervention duration in the studies with younger
participants was 14 weeks, compared to 39 weeks in studies with participants 65 years of
age or older, confounding age with intervention duration. This confound, however, does not
undermine the promising finding that older populations show a significant positive effect on
hippocampal volume with exercise. Longer duration interventions in younger populations
are needed to elucidate the efficacy of exercise to induce hippocampal changes in this

age range. Analyses stratified by patient status showed no significant effects for healthy

or patient only interventions. Although the effect in patients was not statistically reliable,
perhaps as a function of the heterogeneity of the pooled sample, the effect size suggests
that more studies in clinical populations with hippocampal volume losses are warranted to
determine the utility of reversing deficits, potentially with longer intervention durations.

Analyses stratified by intervention duration showed significant effects of exercise on
hippocampal volume for interventions lasting greater than 24 weeks, but not for
interventions less than or equal to 24 weeks in duration. This indicates the importance

of using a longer intervention to maximize effects on hippocampal volume. What remains
unclear is fowthe effects of exercise on hippocampal volume change across intervention
durations greater than 24 weeks. This will be a future direction as the literature on

exercise interventions and hippocampal volume grows. Longer-duration interventions may
be more effective for several reasons. For instance, repeated triggering of the biochemical
cascade associated with exercise may be required before consistent macroscale effects on
hippocampal volume can be observed. Additionally, increases in hippocampal volume may
depend on an increase in physical or cardiovascular fitness, which improves with longer
exercise interventions (Huang, Gibson, Tran, & Osness, 2005). Improvements in fitness may
increase the intensity of exercise within an individual over the course of the intervention
and increase the extent of biochemical changes induced by exercise over the course of

a longer intervention. Given that the effects were not significant in interventions up to

24 weeks, these findings provide much-needed, substantive guidance on the design of
exercise interventions, as well as public health implications for increasing and preserving
hippocampal volume.

Analyses stratified by minutes per week of exercise revealed an unexpected pattern whereby
interventions providing /ess than 150 minutes per week of exercise (90-135 mins) were
associated with significant positive effects, and interventions with 150 minutes or more
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(150-270 mins) were not. This counterintuitive finding could be explained by the possibility
that interventions with fewer minutes per week facilitated higher compliance or higher
intensity. We were not able to examine this possibility because few studies reported
condition-specific compliance or intensity rates. It will be important for future studies to
measure and report intervention parameters, such as compliance, adherence, and intensity,
separately for intervention and control groups to examine this possibility more thoroughly. It
will similarly be important for future studies to systematically compare interventions based
on minutes per week of exercise, mode of exercise, and exercise intensity to identify the
optimal exercise parameters for improving brain health outcomes.

A previous meta-analysis by Firth et al. (2018) assessed the effect of exercise on
hippocampal volume and found a significant effect of exercise for left hippocampus, but
not for total hippocampus. Further, significant effects in the right hippocampus depended
on the age group. By comparison, we found a significant effect on total hippocampus, a
marginally significant effect for right hippocampus, and no effect for the left hippocampus.
There are a number of differences between the Firth et al. (2018) meta-analysis and the
current meta-analysis. The current meta-analysis had greater statistical power, including
23 interventions for total hippocampus compared with 14 interventions for the Firth et

al. (2018) meta-analysis. Additionally, the Firth et al. (2018) meta-analysis had different
study inclusion/exclusion criteria compared to the current meta-analysis. Firth et al. (2018)
included a multi-modal intervention study (exercise + cognitive training) (Malchow et al.,
2016) and a study that did not report hippocampal volume data in the article (Burzynska
et al., 2017). Firth et al. (2018) also did not include ten other studies that were eligible

for the current meta-analysis, five of which were published after the Firth et al. (2018) meta-
analysis (Broadhouse et al., 2020; Callisaya et al., 2017; Ehlers et al., 2017; Frederiksen et
al., 2018; Kleemeyer et al., 2016; Riggs et al., 2017; Tarumi et al., 2019; Teixeira et al.,
2018; Venkatraman et al., 2020; Wagner et al., 2015).

Regarding moderators of the effects of exercise, the Firth et al. (2018) meta-analysis
examined effects in interventions in patients with schizophrenia (n’s = 2—4) and found

that effects of exercise in schizophrenia were not significant. Effects of exercise in other
patient populations were not statistically tested. Distinct from the age- and patient-related
stratified analyses presented by Firth et al. (2018), we demonstrate that the overall effect

on hippocampal volume is significant in older adults and is marginal in patient populations,
but not significant in younger adults or healthy populations alone. The current meta-analysis
further extends the scope of the Firth et al. (2018) meta-analysis by demonstrating the
influence of the duration and amount of exercise in the intervention. The current meta-
analysis also provides a more definitive assessment of effects driven exclusively by exercise
by excluding multi-modal interventions.

The observational literature has shown that individuals with greater physical activity earlier
in life have greater hippocampal volumes later in life (Erickson, Raji, et al., 2010). These
results converge across diverse volumetric techniques and study designs to suggest that
exercise has a sustained effect on hippocampal volume. The effects of these observational
findings may occur through the same mechanisms as our current findings. The enhancing
effects of exercise and physical activity on hippocampal volume are posited to occur
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through multiple pathways including neurogenesis, angiogenesis, and changes in dendritic
morphology (Vivar et al., 2013). For example, exercise upregulates neurotrophins, such

as BDNF, which protects neurons from damage, induces neurogenesis, and facilitates
long-term potentiation (Kennedy, Hardman, Macpherson, Scholey, & Pipingas, 2017; Van
Praag, 2008). Blocking expression of BDNF in the hippocampus following exercise inhibits
cognitive improvements (Kennedy et al., 2017). Exercise may also influence hippocampal
volume through reductions in vascular-, stress-, or inflammation-related neuronal loss
(Kennedy et al., 2017; Vivar et al., 2013). For instance, increasing age is associated

with increased arterial stiffness, which causes damage to the microvasculature, leading to
microbleeds that may lead to neuronal loss (Kennedy et al., 2017). Moreover, factors such
as stress and inflammation increase neuronal loss, and increasing evidence suggests that
exercise is effective at reducing both chronic stress and inflammation (Kennedy et al., 2017).

4.2 Strengths and Limitations

The present study demonstrated significant effects of exercise on overall hippocampal
volume. It suggests that exercise is especially useful in older populations that are vulnerable
to hippocampal volume loss and provides important information that longer duration
interventions with moderate amounts of exercise show significant effects. Nonetheless,
there are several limitations that should be noted. To ensure that we compared effects of
physical exercise independent of other non-physical exercise interventions, we excluded
some relevant studies. For instance, several additional studies combined multiple types of
interventions (i.e., cognitive training and meditation), which could interact with or confound
the effects of exercise, and thus were not included (Malchow et al., 2016; Sehm et al.,

2014; Shimada et al., 2017; Stomby et al., 2017; Tao et al., 2017). We did, however, include
studies combining different forms of physical exercise (i.e. aerobic/resistance). Moreover,
one study examining effects of exercise on hippocampal volume showed significant effects,
but we were unable to obtain data relevant to the present analyses to include them here
(Kim, Shin, Hong, & Kim, 2017). Analyses conducted separately for the left and right
hippocampus included two fewer studies (representing 3 interventions) due to data being
unavailable (Pajonk et al., 2010; Scheewe et al., 2013), limiting the statistical power for left
and right hippocampus analyses.

The current meta-analysis did not distinguish between aerobic and resistance training
interventions because several intervention programs combined both forms of exercise
(five studies combined resistance and aerobic training and one compared a single control
group to aerobic and resistance groups). Both of these forms of exercise may engage the
cardiovascular system and increase respiration and heart rate if performed at a sufficiently
high intensity (Petersen et al., 1989). Further, both forms of exercise have been shown

to induce expression of neurotrophins that are thought to mediate hippocampal plasticity
(Cassilhas et al., 2016; Liu-Ambrose et al., 2018; Tsai et al., 2019). Nonetheless, there

is evidence that aerobic and resistance exercise have distinct preferential effects on these
biochemical pathways, whereby aerobic exercise preferentially increases levels of BDNF
and resistance exercise increases IGF-1 (Cassilhas et al., 2016).
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It should be noted that many studies included in the analyses were inconclusive when
considered in isolation (i.e., p-values > .05). This is likely because of the small sample sizes
in individual studies. However, when all the data were pooled, the evidence for an exercise
effect became much stronger since most effects were in the positive direction.

There is potential for a variety of sources of bias to influence the results presented here.
Given the limited number of studies available to include in this meta-analysis, we included
all studies regardless of potential risk of bias in the analyses. Further, there were factors
relevant to methodological quality that were not reported in many of the studies. This raises
the need for high quality studies with extensive methodological reporting to fully assess bias
and the effects of population and intervention characteristics. We moreover acknowledge our
own potential bias, given that a study by one of the current authors (Erickson et al., 2011)
was included in the current analysis. The leave-one-out analysis showed that removing each
study in turn did not change the significance of the overall effect., with the exception of

the Erickson et al. (2011) and Teixiera et al. (2018) studies, which showed marginal overall
effects on total hippocampus when left out of the analysis.

The heterogeneity of populations included in the present meta-analysis could impose other
potential confounding factors, such as mechanisms of hippocampal atrophy, developmental
stage, sex, comorbid health conditions, and education. For instance, Riggs et al. (2017)
included a substantially younger population than the other studies. At this time, however,
there are simply not enough studies evaluating the effects of exercise interventions on
hippocampal volume to stratify analyses based on all these factors. The detection of a
significant effect despite this heterogeneity in the study populations suggests that exercise
influences hippocampal morphology across various populations.

There are also limitations in variation of the handling of missing data across studies and
variation in the use of an intent-to-treat approach or a per protocol approach. For some
studies, pre-intervention data were included regardless of whether post-intervention data
were available. For other studies, only participants with both pre- and post-intervention
data were included in analyses and reported. Thus, it is important for studies to report data
consistently based on standard conservative analyses (i.e., intent-to-treat) and to provide a
detailed description of how attrition and missing data are handled. This may be presented
in addition to more biased approaches (i.e., per protocol) that are informative in proof of
concept and efficacy studies.

4.3 Conclusions

Exercise was associated with a positive effect on total hippocampal volume relative to
controls. Effect sizes were small but within the range of typical age-related rates of annual
hippocampal atrophy. When compared with the average rate of annual volumetric decline,
these results demonstrate that exercise could preserve or reverse age-related hippocampal
atrophy. Interventions lasting >24 weeks have the greatest effects on hippocampal volume,
particularly in older samples, which may provide guidelines for prescribing exercise
interventions to improve brain health. In sum, moderate amounts of prolonged exercise
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are a low-cost, highly accessible, and highly effective approach for increasing hippocampal
volume.
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Full text articles excluded with reasons (n = 66):

1. Animal study (n=3)
2. Authors unable to be reached (n=1)
3. Conference proceeding (n = 10)

4. Ineligible intervention (n = 9)
5. No true control group (n=7)
6. No pre/post hippocampal volume data reported
in mm3/cm? (n = 21)
7. Review article/Meta-Analysis (n = 5)

8. Voxel-based morphometry study (n=3)
9. Redundant sample with an included article (n = 1)
10. Further duplicates (n = 6)

Figure 1.

Study Selection flow chart. The 66 studies excluded are listed with reasons for exclusion.
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Statistics for each study

Hedges's g and 95% CI

Hedges's Standard Lower Upper

] error Variance  limit limit Z-Value p-Value
Broadhouse, 2020 0.248 0.303 0.092 -0.345 0.841 0.819 0.413 &
Callisaya, 2017 0.389 0.281 0.079 -0.162 0.941 1.384 0.166 =
E hlers, 2017 0.056 0.206 0.042 -0.348 0.459 0.272 0.786
E rickson, 2011 0.326 0.183 0.033 -0.032 0.684 1.785 0.074 b—
Frederiksen, 2018 -0.015 0.235 0.055 -0475 0.445 -0.063 0.950
Jonasson, 2017 -0.025 0.259 0.067 -0.533 0.483 -0.096 0.924
Kleemeyer, 2016 -0.072 0.273 0.075 -0608 0.464 -0.265 0.791 L
Krogh, 2014 0.021 0.223 0.050 -0416 0.458 0.095 0.924
Lin, 2015 0.019 0.288 0.083 -0546 0.583 0.065 0.948
Maass, 2015 0.085 0.345 0.119 -0612 0.742 0.187 0.852 &
Morris, 2017 0.042 0.257 0.066 -0.462 0.546 0.162 0.871 h
Niemann, 2014 0.187 0.359 0129 -0517 0.891 0.520 0.603 -
P ajonk, 2010 0.797 0.493 0243 -0170 1.764 1.616 0.106 -
Riggs, 2017 0.138 0.371 0.138 -0589 0.866 0.373 0.709 &
Rosano, 2017 0.308 0.393 0.154 -0462 1.077 0.783 0.434 3
Scheewve (Healthy), 2013 0.086 0274 0.075 -0450 0.622 0.315 0.753 =
Scheewe (Schiz.), 2013 -0.130 0.348 0121 -0.812 0.551 -0.374 0.708 &
Tarumi, 2019 -0.012 0.253 0.064 -0508 0.484 -0.048 0.961 =
Teixeira, 2018 0.823 0.309 0.095 0217 1.428 2.664 0.008 —t—il—
ten Brinke, 2015 0.200 0.373 0.139 -0.531 0.930 0.535 0.593 L
Thomas, 2016 0.020 0.282 0.079 -0532 0.572 0.072 0.943 :
Venkatraman, 2019 0.049 0.201 0.040 -0.344 0442 0.243 0.808
Wagner, 2015 0.099 0.335 0112 -0558 0.76 0.29 0.767 =

0.127 0.057 0.003 0015 0.239 2226 0.026 g

-1.00 -0.50 0.00 0.50 1.00
Favors Control Favors Exercise
Meta Analysis
Figure 2.

Forest plot showing individual study and pooled effects of exercise on total hippocampal
volume. CI = confidence interval. Positive values of Hedges’ g reflect increases in
hippocampal volume among those in the exercise group relative to the control group.
Random effects model statistics are reported in the last row. The Cl does not include zero,
indicating significance.
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Table 1.
Participant and Study Characteristics.
Reference Year Control Exercise AverageAge % Female Population Segmentation
Sample Size Sample Size
Broadhouse (2920) 2020 24 19 695 69 MCI Freesurfer
Callisaya (2017) 2017 24 26 66.2 48 Obese & Type Il FIRST
Diabetes
Ehlers (2017) 2017 48 45  65.4 68.4 Healthy Freesurfer
Erickson (2011) 2011 60 60 66.6 66.5 Healthy FIRST
Frederiksen (2018) 2018 35 36 68.8 41 AD Freesurfer
Jonasson (2017) 2017 29 29 689 55 Healthy Freesurfer
Kleemeyer (2016) 2016 27 25 66 62 Healthy Freesurfer
Krogh (2014) 2014 38 41 413 67 Depressed Manual
Lin (2015) 2015 20 28 24.6 100 Psychosis Freesurfer
Maass (2015) 2014 17 15 684 55 Healthy Manual
Morris (2017) 2017 28 31 729 51 Early AD Freesurfer
Niemann (2015) 2014 13 17 68.9 65 Healthy Manual
Pajonk (2010) 2010 8 8 361 0 Schizophrenia Manual
Riggs (2017 2017 12 16 116 42 Radiation Treated Manual
Rosano (2017) 2017 16 10 76.1 81 Healthy FIRST
Schewee (2013) 2013 27 25 289 31 Healthy FIRST
Scheewe (2013) 2013 14 18 29.6 19 Schizophrenia FIRST
Tarumi (2019) 2019 32 29 647 215 Amnesic MCI Freesurfer
Teixeira (2018) 2018 22 22 69.2 60.5 Amnesic MCI Freesurfer
ten Brinke (2015) 2015 13 26 75.2 100 MCI FIRST
Thomas (2016) 2016 24 30 337 56 Healthy Freesurfer
Venkatraman (20200 2019 48 50 725 56 At risk for cognitive Freesurfer
decline
Wagner (2015) 2015 17 17 244 0 Healthy Freesurfer

Sample sizes reflect number of participants contributing to baseline means and standard deviations. AD = Alzheimer’s disease, MCI = mild
cognitive impairment. Kleemeyer et al. (2016) also reported analyses with FIRST as a cross-validation of the primary (Freesurfer) analyses.
Freesurfer results are reported here.
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Table 2.
Exercise Intervention Characteristics.

Reference Type of Exercise Minsof Exercise ~ Weeks of Mins per Compliance (% Adherence (%
over total Exercise Week of sessions completion rate)
intervention attended)

Broadhouse(2020) Resistance 5850 26 225 NR NR

Callisaya (2017) Aerobic with 4320 26 180 79% 79% exercise

resistance ’ 75% control

Ehlers (2017) Aerobic 4320 26 180 73% NR

Erickson (2011) Aerobic 5925 52 90 79% 81%

Frederiksen (2018) Aerobic 2880 16 180 NR NR

Jonasson (2017) Aerobic 3240 24 135 83.62% 97%

Kleemeyer (2016) Aerobic* 4290 24 165 92-94% 91%

Krogh (2014) Aerobic* 1620 12 135 35% 70%

Lin (2015) Aerobic 2160 12 180 NR 47% exercise

58 control

Maass (2015) Aerobic 1080 12 90 NR 100%

Morris (2017) Aerobic” 3900 26 150 79.9-85% 89%

Niemann (2015) Aerobic Group 8190 52 157.5 NR NR

Pajonk (2010) Aerobic 1080 12 90 86% 67%

Riggs (2017) Aerobic 3240 12 270 84% 91%

Rosano (2017) Aerobic with 14400 96 150 66.74-90.6% 100%

resistance

Scheewe (013) Scz Aerobic with 3120 26 120 NR 81%

resistance

Scheewe (2013) Healthy ~ Aerobic with 3120 26 120 NR 96%

resistance

Tarumi (2019) Aerobic 5460 52 105 69% NR

Teixeira (2018) Aerobic and 3120 26 120 NR NR

Resistance
ten Brinke (2015) Aerobic Group & 3120 26 120 54-60% 74%
Resistance Group

Thomas (2016) Aerobic 900 6 150 97% 96%

Venkatraman (2020) Aerobic 16200 96 150 NR 79%

Wagner (2015) Aerobic* 1080 6 180 NR 100%

fDenotes mixed supervised/unsupervised protocol. * Denotes high intensity, all other studies used moderate-high intensity. Scz = schizophrenia.
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Table 3.

Cochrane Bias Ratings. Sequence generation refers to the randomization approach. Allocation concealment
refers to whether the investigators could be aware of what group potential participants would be allocated to.
Blinding participants refers to whether the participants were blinded and if this poses a risk for the outcome.
Blinding assessors refers to whether the investigator was blinded and if this poses a risk for the outcome.
Incomplete outcome data refers to whether a large percentage of participants/scans were excluded or not
completed. Difference between groups refers to whether attrition was reported as statistically different
between the treatment and control groups. For both blinding variables, we considered risk low because the
outcome was hippocampal volume, which is unlikely to be influenced by participant or assessor bias.

References Sequence Allocation Blinding Blinding Incomplete Difference
Generation Concealment Participants Assessors Outcome Data Between
Groups

Broadhouse(2020) L L L L L NR
Callisaya (2017) L L L L L L
Ehlers (2017) L L L NR L L
Erickson (2011) L L L L NR L
Frederiksen (2018) L L L L H NR
Jonasson (@017) L L NR NR L L
Kleemeyer (2016) L L L NR NR L
Krogh (2014) L L L L L H

Lin (2015 L L L L L L
Maass (2015) H NR L NR L L
Morris (2017) L L L L L L
Niemann (2015) L L L L H H
Pajonk (2010) L L L L L L

Riggs 017 L L L NR L L
Rosano (2017) L L NR NR H L
Scheewe (2013) L L L L H H
Tarumi (2019) L L L L H L
Teixeira (2018) H L L NR L L

ten Brinke (2015) L L L L L L
Thomas (2016) L L L NR L L
Venkatraman (2020 L L L L L L
Wagner (2015) H L L L L L

H = high risk, L = low risk, NR = not reported; Reasons for high risk of bias ratings. Sequence generatior. Maass: “pseudo randomization”;
Teixeira: non-randomized; Wagner: Participants “assigned”; does not report “randomization ”. /ncomplete outcome data: Niemann: high number of
participants excluded; Rosano: Participants in the exercise group attended a median of 66.74% of the max number of 187 sessions, participants

in the control group attended 90.6% of the max number of 39 sessions.; Frederiksen & Tarumi: High attrition across both groups. Scheewe:

High attrition, participants who did not comply at least 50% were excluded. Difference between groups. Krogh: large differences in participation
between the exercise (80%) and control (58%) groups; Niemann: did not report group differences in exclusion. Scheewe: more drop out in the
control group than the exercise group.
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Summary of Hedges’ g’s for effects of exercise on hippocampal volume. Significant effects are denoted in

Table 4:

bold font.
Total Left Right
Overall 013 0.09 0.1
<65  0.07
265 15
Healthy  0.12
Patient  0.14

< 24 weeks 0.07

> 24 weeks .16

< 150 mins .18

2150 mins 0.1
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