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Abstract. Aerobic exercise (AE) interventions represent promising therapeutic approaches in disorders that compromise
hippocampal integrity, but a more comprehensive account of the neural mechanisms stimulated by AE in the human brain is
needed. We conducted a longitudinal pilot-study to assess the impact of a 12-week AE intervention on hippocampal structure
and function in 10 healthy, human participants (50% females; 25-59 years). Using a novel combination of multimodal MRI
techniques, we found significant increases in left hippocampal volume, Cornu Ammonis subfield area 1, NAA concentration
and immediate verbal recall performance. Our preliminary findings highlight the utility of a multimodal approach in assessing
hippocampal integrity.
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The hippocampus is a region that harbors a
considerable degree of neuroplasticity, such that it is
able to undergo changes to its structure and function
in response to intrinsic and extrinsic influences. This
makes it particularly susceptible to neurodegen-
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erative influences, including ageing and disorders
such as Schizophrenia and Alzheimer’s Disease; but
also quite receptive to neuroprotective influences,
such as those induced by aerobic exercise (AE) [1].
Therefore, it is possible that AE could be a useful
clinical tool in the treatment of disorders that have a
particularly detrimental impact on the hippocampus.

Existing literature provides strong support for
the notion of AE inducing positive hippocampal
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neuroplastic changes. Research using rodents has
consistently demonstrated that AE can increase the
rate of synaptic plasticity, neurogenesis, angiogen-
esis, and the circulation of important neurotrophic
factors, such as brain-derived neurotrophic fac-
tor (BDNF) in the hippocampus [2]. Furthermore,
several longitudinal studies using healthy human par-
ticipants have demonstrated AE interventions to be
associated with various macro-scale indicators of
plasticity, such as growth in hippocampal volume
[3-6] and improvements in white-matter integrity [7].
However, given the highly invasive nature of the tech-
niques typically used to measure molecular or cellular
changes in the brain, replicating micro-scale findings
in the human brain remains a challenge. Furthering
the use of techniques that translate findings in the
animal literature to human studies will contribute to
acomprehensive understanding of how AE affects the
human brain and will be important in determining its
clinical utility.

Prior human research has primarily investigated
the impact of AE using only a single neuroimag-
ing modality (e.g. structural magnetic resonance
imaging; sMRI), with only a small number of lon-
gitudinal studies measuring multiple components
of hippocampal integrity [4-6, 8]. Using multiple
imaging techniques provides a more comprehensive
account of the changes that occur in response to an
intervention. For example, a recent study by Wagner
[9] found AE to be associated with a 2% decrease in
hippocampal volume, which contradicts the major-
ity of the literature showing AE to increase or have
no effect on hippocampal volume [10, 11]. However,
this study also employed MR-spectroscopy (MRS)
and showed that AE had no impact on levels of
N-acetylaspartate (NAA), a metabolite that is only
found in neurons, considered a marker of neuronal
health [12] and generally linked to AE-induced hip-
pocampal growth [8, 13]. This finding allowed the
authors to conclude that the decrease in hippocampal
volume is unlikely to be driven by aloss of neurons (as
NAA did not decrease), but more likely to be driven
by changes in glial cells. This demonstrates the addi-
tional detail that can be attained using multimodal
imaging, allowing a more informed debate as to how
AE impacts the hippocampus.

The current study employed multimodal MRI
to track changes in human hippocampal integrity
following a 12-week AE intervention. Previous stud-
ies have validated this intervention length, with
several trials eliciting changes in hippocampal gray-
matter integrity after 12-weeks or less of AE

training [5, 6]. Extending upon previous studies,
we assessed (1) hippocampal volume and its con-
stituent subfield (i.e. cornu ammonis, CA1-3 and
dentate gyrus) volumes to identify both global
and subfield-specific volumetric changes (T1/T2-
weighted sMRI); (2) fractional anisotropy (FA) of
the fimbria and hippocampal portion of the cingu-
lum bundle to characterize hippocampal white matter
microstructure integrity (diffusion tensor imaging;
DTI); (3) N-acetylaspartate (NAA) levels to con-
struct an in vivo biochemical profile informative
of neuronal viability (MRS); (4) memory perfor-
mance (hippocampus-dependent memory tasks); and
(5) aerobic fitness (maximum volume of oxygen
consumption; VOomax). It was hypothesised that
following the 12-week AE intervention, we would
see indications of improved hippocampal integrity.
Specifically, we anticipated significant increases in
hippocampal volume, primarily within the dentate
gyrus, increased NAA concentration, and increased
FA values within the fimbria and hippocampal por-
tion of the cingulum bundle. We hypothesised that
these changes would be associated with increases in
VOZmax-

Ethics approval was obtained from the Monash
University Human Research Ethics Committee
(MUHREC). A total of 14 participants were
recruited, of which four withdrew for reasons of
injury or not being able to attend the follow-up assess-
ment. Data from 10 participants was therefore used
in the final statistical analysis (50% female, 25 to
59 years, Mdn =39, M =41 years, SD =10.93). Sub-
jects were required to self-report a low to moderate
pre-intervention fitness level as measured by the the
International Physical Activity Questionnaire (IPAQ)
(range 33 — 2940 MET minutes/week, M=967.10,
SD=850.43), report no contraindications to aero-
bic exercise, nor any history of substance abuse,
neurological disease, infarcts, or psychiatric illness.

The intervention was conducted over 12-weeks
during which participants were instructed to complete
three or more sessions of aerobic exercise per week.
The duration (excluding warm-up and cool-down)
of individual sessions was increased incrementally
over the course of the 12-weeks, from 30 minutes
(week 1-4), to 40 minutes (week 5-8), to 50 minutes
(week 9-12). Two different exercise modalities were
alternated between sessions: a continuous session
performed at a heart rate equivalent of 70% VO2max
and an interval session alternating between 80% for
3 minutes (work phase) and 60% for 3 minutes
(rest phase). The higher-intensity interval modality
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was included to elicit training adaptation to enhance
VOpmax in the subsequent post-intervention re-test
[14]. Participants could complete sessions in super-
vised group exercise classes, which were conducted
on a cycle ergometer, or in their own time, which
could include cycling, running or walking. Exercise
engagement outside of supervised group exercise
classes was monitored remotely using a Garmin
VivoFit. All participants met the requirements of the
exercise program.

Within three days pre- and post-intervention, par-
ticipants underwent a comprehensive assessment.
The components of this assessment were as follows:

Cognitive assessment: This included two mea-
sures of hippocampus-dependent memory function;
the Rey Auditory Verbal Learning Task (RAVLT)
and the Spatial Pattern Separation Task (SPST) [15].
Alternate versions of the RAVLT were used for the
pre- and post-intervention assessments.

Physical assessment: Maximal oxygen uptake
(VO2max) was estimated by means of a continuous
incremental exercise test to volitional exhaustion on a
motorized treadmill, during which gas (O% and CO?)
exchange was continuously monitored (breath-by-
breath analysis). Two of the following criteria needed
to be met to achieve VOomax: (1) aplateauin VO, irre-
spective of increases in external work, (2) maximal
respiratory exchange ratio of >1.10 and (3) a heart
rate within 10 beats per minute of age-predicted heart
rate max.

MRI assessment: The MRI sessions were con-
ducted using a 3T Siemens Skyra, including a
T1-weighted sMRI (TR/TE/TI=2300/3/950 ms,
1.0 x 1.0 x 1.0mm?), a high-resolution T2-weighted
sMRI (TR/TE=3990/21ms, 0.4 x 0.4 x 2.6 mm,
24 A/P slices without gap) for hippocampal sub-
field segmentation [16], single voxel 1H-MRS
at left hippocampus (TR/TE=2000/30ms, 256
averages, 20 x 15 x 30 mm) and the diffusion-tensor
imaging (DTI, B-value=3000s/mm, 60 direction,
2.5%x25x%x25mm, TR/TE=8800/110ms). To
assess the hippocampal volume, Automatic Segmen-
tation of Hippocampal Subfields (ASHS) was used
to segment hippocampus into eight subfield regions
using the default template provided [16]: cornu
ammonis (CA) 1, 2 and 3, dentate gyrus (DG) and
subiculum. Total hippocampal volume was defined as
sum of CA1, CA2, CA3, DG and subiculum regions,
then corrected for ICV (intracranial volume, gener-
ated by ASHS) using a similar method as Erickson
et al. [3]. For MRS analysis, LC-model (version 6.3-
1H) was used to quantify the concentration of total

N-acetylaspartate (NAA) and creatine (Cr), after
quality control (Cramer-Rao lower bound <20%,
signal-to-noise ratios >10). Metabolite peaks were
measured within the left hippocampus, as this is
the lateralization which is evidenced to display the
greater degree of exercise induced neuroplasticity
[8, 11]. The relative amplitude, i.e., NAA/Cr was
used in this report for further analysis [12]. We
followed the same pipeline reported in Yucel et al.
[17] to assess hippocampal white matter integrity,
which is defined by the mean of fractional anisotropy
(FA) in two regions of interest: the fimbria and the
hippocampal portion of the cingulum bundle defined
by JHU-ICBM atlas.

We compared mean scores from pre- to post-
exercise intervention for all assessments. As a result
of the small sample size (N =10), the criteria were
not met for parametric tests. A Wilcoxon signed rank
test was conducted using an alpha level of 0.05. Effect
sizes were reported as r> values (proportion of vari-
ance explained), where small =0.01, medium =0.09
and large =0.25.

From pre- to post-intervention, the results
(Table 1) indicated statistically significant increases
in left Entorhinal Cortex (ERC) volume of 10.01%
(Fig. 1A), left hippocampal volume of 3.15%
(Fig. 1B), left CAl volume of 2.45% (Fig. 10),
NAA/Cr concentration of 16.26% (Fig. 1D), 6.38%
improvement on immediate verbal memory perfor-
mance (as measured by the RAVLT) (Fig. 1E),
and a 15% increase in VOpmax (Fig. 1F). There
were no significant differences in any other outcome
measures.

Post hoc correlation tests were conducted between
degree of change in aerobic fitness level, and all
cognitive and neurobiological variables that showed
significant changes following intervention. As per-
formed in Erickson et al. [3], variables were converted
into a percentage change. Due to deviations from
normal distribution, non-parametric Spearman cor-
relations were conducted. We found no significant
association between improvements in fitness and
indicators of hippocampal integrity.

Employing a novel multi-modal imaging sequence,
we found preliminary evidence to support structural
changes in medial temporal lobe (MTL) regions fol-
lowing a 12-week AE intervention. We identified a
volumetric increase in the left hippocampus, simi-
lar to that of previous work demonstrating unilateral
increases in left hippocampal volume following an
AE intervention [11]. Upon segmenting the hip-
pocampi into its constituent subfields, we found that
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Means (SD), Wilcoxon signed-rank Z values and effect sizes (12) for measures of hippocampal integrity

Table 1
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and function, and cardiorespiratory fitness pre- and post- 12-week exercise intervention

Pre-intervention Post-intervention Z 2
Hippocampal integrity (MRI)
(L) Entorhinal cortex 531.45 (85.71) 584.66 (74.16) 2.29* 0.42
(R) 612.26 (40.43) 593.78 (75.79) -
(L) Total Hippocampal Volume 2722.95 (453.65) 2808.82 (486.20) 2.29* 0.26
(R) 2836.18 (406.07) 2813.55 (437.55) 0.46 -
(L) DG volume 844.96 (123.93) 843.06 (145.35) 0.36 -
(R) 890.80 (129.12) 892.68 (145.17) 0.15 -
(L) CA volume 1441.10 (253.33) 1478.26 (275.62) 1.89 -
R) 1471.84 (239.06) 1446.45 (234.42) 1.68 -
(L) CA1 volume 1373.68 (243.25) 1407.38 (263.98) 2.19* 0.24
R) 1383.00 (217.03) 1361.18 (222.45) 1.68 -
(L) CA2 volume 19.62 (7.04) 19.91 (7.44) 0.05 -
(R) 24.02 (6.30) 24.33 (4.42) 1.07 -
(L) CA3 volume 47.80 (9.33) 50.97 (11.22) 0.97 -
R) 64.82 (31.14) 60.95 (18.27) 0.56 -
(L) Subiculum volume 346.52 (114.02) 381.67 (83.71) 1.78 -
(R) 378.43 (63.80) 385.59 (70.56) 0.76 -
NAA/Cr (mmol/L) 1.23 (0.07) 1.43 (0.15) 2.70** 0.37
FA 0.388 (0.03) 0.391 (0.03) 1.17
Hippocampal function (RAVLT)
SPST (% correct) 91.1 (6.39) 91.4 (6.02) 0.46 -
Immediate memory (% correct) 71.05 (8.49) 77.43 (8.79) 2.81%* 0.40
Delayed memory (% correct) 76 (23.14) 82.67 (16.98) 1.45 -
Physical fitness
VOsmax ml/kg/min 37.83 (6.94) 43.47 (7.10) 2.83** 0.40

#p <0.01, *p < 0.05; n=10; All volumes are ICV-corrected and in mm?; L = Left, R = Right, DG = dentate gyrus,
CA =Cornu Ammonis, NAA/Cr=N-acetyl-aspartate and creatine ratio, FA = fractional anisotrophy for the fim-
bria tract and hippocampal portion of the cingulum tract, SPST = spatial pattern separation task score, VOomax
(ml/kg/min) = maximum volume of oxygen uptake in milliliters per kilogram per minute, RAVLT =Rey Auditory

Verbal Learning Task, MRI =Magnetic Resonance Imaging.

the hippocampal growth was driven by a significant
volumetric increase in the CAl region. This is in
contrast to pre-clinical studies that have shown vol-
ume increases primarily in the DG, the site where
neurogenesis occurs [18], as well as human studies
which found pronounced increases in the hippocam-
pal head where the DG in located [3, 6]. This may
mean the CA1 volume increase was driven by another
component of neuroplasticity, such as angiogenesis,
synaptic plasticity, or glial cell density. For example,
other preclinical studies have demonstrated increased
dendritic spine density in region CAl following
long-term running [19]. Interestingly, the same study
also observed changes in dendritic morphology in
the ERC, which may help to account for the left
ERC volumetric increase elicited in the current
study.

While micro-scale neuroplastic changes are rela-
tively hard to detect in humans in vivo, we used MRS
to assess NAA. Hippocampal NAA levels increased
by ~16%, suggesting AE is also associated with
improvements in neuronal integrity, and supports the
idea that changes to neuronal morphology may be

contributing to volumetric changes [8]. Comparison
of pre- and post-intervention FA values indicated
that there were no significant changes to white
matter microstructure within the fimbria and hip-
pocampal proportion of the cingulum bundle. Prior
research investigating the relationship between AE
and local white matter integrity has been inconsistent
[7] and this study is the first to examine hippocampus
specific fiber tracts within this context. It is therefore
difficult to conclude if this finding represents the true
impact of AE of hippocampal white matter integrity
or if changes were not detectable because of our small
sample size.

While aerobic fitness was significantly improved in
the participants, this was not directly correlated with
changes in hippocampal integrity or function. This
contrasts with the results of previous studies that have
demonstrated hippocampal volume [3], NAA con-
centration [13] and hippocampus-dependent memory
performance [3] are positively associated with higher
aerobic fitness in healthy individuals. This discrep-
ancy may be the result of some individuals displaying
a greater change in their aerobic fitness than others,
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Fig. 1. Individual data points pre- and post- 12-week exercise intervention for outcome variables showing statistically significant change.
The means and 95% confidence intervals are represented by the outer circles. The inner circles show individual subject data.

despite completing similar levels of AE engagement.
Previous research has suggested that individuals vary
in the extent to which they respond to AE interven-
tions and this can influence the relationship between
aerobic fitness (as assessed here via VOjmax) and
brain-related changes [20]. Our findings may have
been more susceptible to this variability given the
relatively small sample size.

The findings of this study should be considered pre-
liminary and interpreted in light of certain limitations.
Most notable being the small sample size and absence
of a control group. A randomized-controlled trial of
these exercise parameters with a larger, well-powered
sample size is required to validate these findings.
Despite this, our study has highlighted the merit
of using a multimodal assessment of hippocampal
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integrity within a longitudinal design. Employing
multiple imaging techniques, such as the simulta-
neous use of MRI, MRS and DTI as well as using
subfield segmentation, will allow future research to
build a more comprehensive measure of hippocam-
pal integrity, that may account for AE’s impact
on hippocampal structure and function. Work of
this nature will help to bridge the gap between
animal and human research by corroborating neu-
roplastic changes that occur on the macroscopic
and microscopic level, as well as providing a more
robust model for using AE to treat various disorders
in humans.
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