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Abstract

Converging evidence supports the hypothesis effects of aerobic exercise and environmental
enrichment are beneficial for cognition, in particular for hippocampus-supported learning and
memory. Recent work in humans suggests exercise training induces changes in hippocampal
volume, but it is not known if aerobic exercise and fitness also impact the entorhinal cortex. In
animal models, aerobic exercise increases expression of growth factors, including brain derived
neurotrophic factor (BDNF). This exercise-enhanced expression of growth hormones may boost
synaptic plasticity, and neuronal survival and differentiation, potentially supporting function and
structure in brain areas including but not limited to the hippocampus. Here, using voxel based
morphometry and a standard graded treadmill test to determine cardio-respiratory fitness (Bruce
protocol; VO, max), we examined if entorhinal and hippocampal volumes were associated with
cardio-respiratory fitness in healthy young adults (N = 33). In addition, we examined if volumes
were modulated by recognition memory performance and by serum BDNF, a putative marker of
synaptic plasticity. Our results show a positive association between volume in right entorhinal
cortex and cardio-respiratory fitness. In addition, average gray matter volume in the entorhinal
cortex, bilaterally, was positively associated with memory performance. These data extend prior
work on the cerebral effects of aerobic exercise and fitness to the entorhinal cortex in healthy
young adults thus providing compelling evidence for a relationship between aerobic fitness and
structure of the medial temporal lobe memory system.
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1. Introduction

The beneficial effects of cardio-respiratory fitness, aerobic exercise, and environmental
enrichment on brain health and cognition are well documented (e.g. see van Praag et al.,
2000; Cotman and Berchtold, 2002; Cotman et al., 2007 for reviews). For example, aerobic
exercise and environmental enrichment are thought to improve learning and memory and to
induce changes in the morphology of many brain structures, notably the hippocampus,
through a variety of mechanisms. Most of this knowledge, however, is inferred from rodent
models, which have focused eminently on effects in the dentate gyrus (DG), a sub-region of
the hippocampus. Comparatively fewer direct observations have been made in humans. We
therefore take a translational approach considering putative physical and neural correlates of
exercise adaptation cross-sectionally in healthy young adults.

In rodents, both exercise and environmental enrichment have been shown to upregulate birth
and survival rates of adult born neuronal and glial cells in the DG of the hippocampus, as
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well as improve performance on hippocampal dependent memory tasks (Creer et al., 2010;
Falls et al., 2010; Fordyce and Farrar, 1991; Kempermann et al., 1997; O’Callaghan et al.,
2007; Uda et al., 2006; van Praag et al., 2005, 1999). More generally, environmental
enrichment has also been linked to increased cortical thickness across the brain, most
notably in posterior regions and the entorhinal cortex (EC) (Diamond et al., 1976, 1987;
Greer et al., 1982a, 1982b; reviewed in Mohammed et al., 2002). Exercise-induced brain
plasticity is thought to be regulated in part by the complex, pleiotropic actions of different
neurotrophins, namely brain-derived neurotrophic factor (BDNF) and insulin-like growth
factor-1 (IGF-1). These neurotrophins are associated with synaptic plasticity, neuronal
survival, and differentiation (Kang and Schuman, 1995; McAllister et al., 1999; Trejo et al.,
2001; see Cotman et al., 2007 for a review). In animal models BDNF mRNA expression,
while highest in the hippocampus, is also high in EC and perirhinal cortex (Conner et al.,
1997; Okuno et al., 1999).

Owing to the adult neurogenesis hypothesis, animal models have primarily targeted the DG
and the hippocampal memory system. Exercise not only affects the DG, however, but also
other regions of the medial temporal lobes (MTL), especially hippocampal subfield CA1 and
the EC (Neeper et al., 1996; Stranahan et al., 2007). Specifically, structural changes have
been observed in these regions in the form of increased dendritic spine density in basal
dendrites of pyramidal neurons in entorhinal layer I11 and in basal and apical CA1 neurons
after two months of voluntary wheel running (Stranahan et al., 2007). These findings stand
on their own, but also integrate well with the literature on neurogenesis, etc., given the EC
has direct projections to the DG and CAL via layers Il and 111, respectively (Steward and
Scoville, 1976; Van Hoesen and Pandya, 1975; Witter et al., 1989, 1988), and entorhinal
input may be needed to integrate newborn DG neurons into existing functional networks
(Vivar et al., 2012). In addition, angiogenesis could also affect hippocampal and/or
entorhinal structure following exercise training. Angiogenesis and neurogenesis are
upregulated cooperatively (Palmer et al., 2000), resulting in enhanced formation of new
blood vessels that support newborn neurons. Together, these findings suggest aerobic
exercise and cardio-respiratory fitness may directly alter the structure of the MTL more
broadly.

It is plausible angiogenesis, adult neurogenesis, and neurotrophin-mediated plasticity may
underlie aerobic exercise-related changes in MTL function and structure in humans.
Although these hypotheses cannot be assessed directly in living individuals, evidence for
adult neurogenesis has been observed in postmortem human tissue (Eriksson et al., 1998). In
addition, increased cerebral blood volume (CBV) in the DG (and somewhat in the EC) has
been linked to exercise, providing a possible correlate of exercise-induced neurogenesis in
mice and by extension, perhaps in humans (Pereira et al., 2007). In support of these ideas,
recent human studies indicate aerobic exercise training and cardio-respiratory fitness may be
positively correlated with hippocampal volume (Erickson et al., 2011b, 2009) and
hippocampal cerebral blood flow in healthy older adults (Maass et al., 2015b). In turn,
changes in hippocampal volume following the exercise intervention were correlated with
changes in serum BDNF (Erickson et al., 2011b). Previous work from our lab suggests
effects of aerobic fitness and serum BDNF interact to support episodic recognition memory
(Whiteman et al., 2014) in a task we have shown to recruit the hippocampus and
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perirhinal/EC (Schon et al., 2005, 2004). Additionally, increased cardio-respiratory fitness is
associated with greater volume of the parahippocampal gyrus in Alzheimer’s disease
patients (Honea et al., 2009), and aerobic exercise consistently appears as one of the most
effective interventions to attenuate cognitive decline in geriatric populations (Barnes &
Yaffe, 2011; Burns et al., 2008). In younger cohorts, exercise-induced gains in cardio-
respiratory fitness have been linked to better relational memory in children (Chaddock et al.,
2010), and better learning of a virtual Morris Water Maze task in adolescents (Herting and
Nagel, 2012).

Given this background, it is likely entorhinal-dependent memory is associated with cardio-
respiratory fitness and related mechanisms, but a direct link has not yet been established
with entorhinal structure in humans. Establishing such a connection is of interest given the
EC provides the primary input to the hippocampus during episodic memory encoding. The
present study reports on a subsample of participants from Whiteman et al. (2014) that
participated in a magnetic resonance imaging (MRI) study to examine associations between
aerobic capacity and volumes of structures in the medial temporal lobe (MTL) memory
system. Healthy young participants underwent a standard graded treadmill test to measure
cardiorespiratory fitness (Bruce et al., 1963; Thompson et al., 2010), provided blood
samples to assay serum BDNF concentration, and performed an episodic recognition
memory task (Schon et al., 2004; Whiteman et al., 2014). We used region-of-interest (ROI)
based voxel-based morphometry (VBM; Ashburner & Friston, 2000) to analyze regional
gray matter volume in the EC and hippocampus in an unbiased manner. We predicted
volume in these structures would be positively associated with cardiorespiratory fitness. In
addition, based on our previous work (Whiteman et al., 2014), we hypothesized serum
BDNF would also predict MTL volumes. Here, we report evidence for a relationship
between aerobic fitness and gray matter volume in the EC. We also report performance on
our recognition memory task was correlated with average volume in both the hippocampus
and EC; we did not find relationships between gray matter volume and serum BDNF.

2. Materials and Methods

2.1.Participants

One hundred and fourteen healthy young participants were recruited from the Boston
University student community. A random sub-sample of this cohort (sixty-one individuals)
was recruited to participate in an MRI study; the full sample is described in Whiteman et al.
(2014). Of this sub-sample, 16 did not meet inclusion/exclusion criteria, and forty-five
participants were enrolled. Ten participants voluntarily withdrew or were lost to contact, and
two were excluded due to equipment malfunction, leaving a final sample size of N = 33
participants (20 female, 13 male).

All participants were native English speakers or bilingual, all had normal or corrected to
normal vision, and all gave signed, informed consent prior to the start of any study
procedures. All protocols were approved by the Boston University Charles River Campus
Institutional Review Board. Subject characteristics are described in Table 1.
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2.2.Procedure

For each participant, the experiment consisted of three visits: (i) informed consent and
screening; (ii) VO, max aerobic capacity and body composition testing; and (iii) blood draw
and MRI (including functional MRI and cognitive testing). For each participant, all visits
were performed approximately within one month, and visit three (MRI and blood draw) took
place no later than one week after visit two (aerobic fitness testing).

Screening ensured participants could safely participate in an MRI experiment, and were
healthy and able to perform a strenuous treadmill test. Participants were screened for the
following contraindicators: history of neurological or psychiatric conditions; learning
disability; heart, lung, or musculoskeletal conditions or disorders; diabetes mellitus;
electrolyte disorder; high cholesterol; eating disorder or obesity; or current use of any
prescription or recreational cardioactive or psychoactive drugs, or recreational smoking.

2.3. Assessment of Aerobic Capacity

To assess participants’ aerobic capacity (VO, max; the maximal rate of oxygen consumption
during exercise, measured in milliliters of oxygen per minute per kilogram body-mass), we
used a standard graded maximal exercise test performed on a treadmill (Bruce et al., 1963).
VO, max is a widely used measurement of stable aerobic fitness, and can be improved with
training depending on exercise intensity and consistency (e.g. Huang et al., 2005).
Participants were asked not to engage in strenuous physical activity for at least 24 hours
prior their scheduled fitness test, and not to consume food or caffeine for at least 3 hours
prior. A physician was on call, and two study staff members with current cardio-pulmonary
resuscitation training were present for each exercise test. Each test began with the treadmill
at a speed of 0.8 m/s and an incline of 10% grade. Throughout a test, the speed and incline
of the treadmill increased by an average of 0.35 m/s and 2% grade every three minutes.
Participants were given a 3-5 minute warm-up at 0.5 m/s and 0% grade before testing;
following testing, participants were given a five-minute cool-down at 0.5 m/s and 0% grade.
Fitness tests were terminated when participants reached volitional exhaustion. Graded
exercise testing protocol and termination criteria followed the recommendations of the
American College of Sports Medicine (ACSM; Thompson et al., 2010).

All VO, max tests were performed between the hours of 8:00 — 10:00 AM at Boston
University Sargent College of Health and Rehabilitation Sciences. The ParvoMedics True
One 2400 system (ParvoMedics, Sandy, UT, USA) was used during testing to analyze gas
exchange in participants’ breath. The True One 2400 system was calibrated against medical
grade gasses (ParvoMedics, Sandy, UT, USA), and VO, values were averaged over 30 s
intervals. Respiratory exchange ratio (RER; volume expired CO5 divided by volume expired
0O5) was also monitored with this system. An RER at or above 1.15 can be taken as a rough
indicator VO, max has been reached (Issekutz et al., 1962). Because VO, max varies by age
and gender, we converted VO, max values into fitness percentiles using ACSM norms
(Thompson et al., 2010).
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2.4. Blood Draw, Cognitive Testing, and Hormone Assays

Procedures for the blood draw, memory test, and hormone assays have been described in
detail previously (Whiteman et al., 2014). Briefly, blood samples were drawn from the
median cubital vein by a trained nurse at the Boston University General Clinical Research
Unit between 8:00 — 9:45 AM. Serum aliquots were prepared from the obtained blood
samples and stored at —80° C. At the end of the study, serum concentrations of BDNF,
cortisol, IGF-1, and Vascular Endothelial Growth Factor (VEGF) were determined for all
blood samples in duplicate using Quantikine® quantitative sandwich ELISA kits (R&D
Systems Inc., Minneapolis, MN, USA).

Following their blood draw, participants were walked across the street to the Boston
University Center for Biomedical Imaging, where MRI data was collected. In addition to
structural MRI data collection, fMRI data was collected while participants performed a
delayed match-to-sample task with unfamiliar complex visual scenes (functional data to be
reported in another publication; Fig. 1a). About fifteen minutes after the delayed match-to-
sample task, participants performed a surprise subsequent memory test outside of the
scanner with all (144) “old” delayed match-to-sample scenes, plus an equal number of
content similar lures.

Participants were unaware of the ratio of old to new images, and were asked to rate their
recognition memory strength for each SMT image along a 5 point scale: 1 — sure, new; 2 —
unsure, new; 3 — unsure, old; 4 — sure, old; R — sure, old, plus accompanied by some
subjective association with the scene, e.g. memory for which run the scene came from or a
thought the scene prompted when it was first shown. Our previous work suggests this
paradigm recruits the hippocampus and MTL cortex (Schon et al., 2005, 2004). Stimulus
presentation and participant response data were displayed and recorded using EPrime 2.0
software (Psychology Software Tools, Pittsburgh, PA). As a measure of memory accuracy,
we used a standard corrected hit rate: the proportion of subsequent memory test scenes
correctly recognized as old, less the proportion of lure scenes misclassified as old.
Behavioral results are shown in Fig. 1b and 1c.

2.5. MR Image Acquisition and Preprocessing

High resolution T1-weighted structural scans (multi-planar rapidly acquired gradient echo
images) were acquired on a 3 T Phillips Achieva scanner using an 8-channel head coil (TR =
6.8 ms; TE = 3.1 ms; voxel size = 0.98 x 0.98 x 1.2 mm; flip angle = 9°; 150 slices; SENSE
reduction factor = 1.5). Structural images were preprocessed using SPM8 software
(Wellcome Department of Cognitive Neurology, London, UK). For each subject, structural
scans were preprocessed as follows: (i) posterior probability maps for gray and white matter
tissues, and cerebrospinal fluid, etc. were obtained using SPM8’s “new segment” option. (ii)
Gray matter posterior probability maps were spatially normalized to Montreal Neurological
Institute space using the diffeomorphic anatomical registration using exponentiated lie
algebra algorithm (DARTEL; Ashburner, 2007) for a high degree of inter-subject co-
registration. During normalization, images were Jacobian scaled for “modulated” VBM,
resampled to 1.5 mm?3 isotropic voxels, and spatially smoothed with a 6 mm full-width at
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half-maximum Gaussian kernel to reduce noise. Resultant images show total regional gray
matter volume, accounting for differences in global brain anatomy between subjects.

2.6.Regions of Interest

Based on our a priori anatomical predictions, we created a region of interest (ROI) for
statistical analysis that included the hippocampus and EC. To define our ROI as accurately
as possible, we used ITK-SNAP 2.2 (Yushkevich et al., 2006; http://www.itksnap.org/) to
trace these structures manually on our group average normalized brain image based on the
work of Pruessner et al. (2000, 2002). Hippocampal segmentation was performed following
Pruessner et al. (2000), and entorhinal segmentation was performed following Pruessner et
al. (2002). Since we used VBM to analyze the data, our results are, to a point, free from the
usual segmentation biases (e.g. definition of boundaries between regions). We note, though,
that defining our ROIs manually may induce a small bias with regard to spatial extent
statistics. Briefly, borders for the EC were defined anteriorly with the appearance of the
collateral sulcus and posteriorly with the disappearance of the intralimbic gyrus. The medial
border of EC was amygdala if present or hippocampus if not; the lateral border was the
midpoint of the medial bank of the collateral sulcus in accordance with Pruessner et al.
(2002). We did not adjust the lateral border of the EC according to collateral sulcus depth,
etc. as in Insausti et al. (1998). We do not include fimbria/fornix in our hippocampal
tracings. A brief overview of our anatomical demarcations can be seen in Fig. 2d.

2.7.Statistical Analysis

Our analysis of the MR data was performed using R 3.0.1 (R Development Core Team,
2012), and in-house code written for MATLAB (The MathWorks Inc., Natick, MA, USA)
and SPM8. We fit standard least-squares regression models to log-scaled VBM data (natural
logarithm), predicting log-volume from variables fitness percentile (percentile score), SMT
corrected hit rate (percentage), and serum BDNF (ng - mL™1), controlling for effects of total
intra-cranial volume (L), and binary variables gender (0 female, 1 male) and RER = 1.15 (0
RER < 1.15, 1 RER = 1.15; RER see Methods: Assessment of Aerobic Capacity).
Continuous input variables were mean-centered, except for fitness percentile, which was
centered to the 50™ percentile for better interpretability.

We chose a statistical approach whereby we began our analysis by testing our a priori
hypotheses under our most stringent statistical thresholds, and afterwards relaxed our
assumptions into an exploratory whole brain analysis. Because there are three variables of
interest in this analysis and either positive or negative contrasts could be declared significant
(although we are only interested in positive effects), we displayed our statistical parametric
maps at a threshold P < 0.008 =~ 0.05 / 6. We corrected these P values for our main ROI
analysis using a permutation test (Nichols and Holmes, 2002) based on 1000 relabelings.
Following the permutation distribution, the corrected 2-tailed a < 0.05 theignt thresholds
were 3.79 and 3.71 for fitness and memory, respectively. Single tailed a < 0.05 cluster
extent thresholds were 131 and 113 voxels for fitness and memory, respectively. In contrast,
“exploratory” whole brain analyses were collated using a rule-of-thumb cluster extent k >
100 contiguous voxels to visualize results, and are otherwise uncorrected for multiple
comparisons. Results from both ROI and exploratory analyses are reported in Table 2.
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Following up on the results from our classical VBM analysis, we wanted to provide an
estimate for the cross sectional effect of aerobic fitness on average volume in the whole EC.
To do this, we extracted the mean VBM intensity—the amount of gray matter in the average
entorhinal voxel—from subjects’ ECs judging that this should provide a reasonable correlate
of the size of the gross structure. We then fit a standard least squares regression model to the
extracted mean VBM data with independent variables fitness percentile, memory accuracy,
total intra-cranial volume, gender, and RER = 1.15. For this analysis, we again opted to log-
transform the mean VBM estimates (natural logarithm). This has at least two benefits: (i)
since gray matter volume is all-positive it makes sense effects may occur on a multiplicative
scale (Keene, 1995) and, similarly, (ii) small regression coefficients can be interpreted as
percentage increases in'y per change in x (e.g. Pjog = 0.02 corresponds to an approximate 2%
increase in y on the native scale since €%-02 = 1.02). This helps us to connect the present
results to the extant literature.

3.1. Fitness and entorhinal gray matter volume

Results from our primary VBM analysis showed gray matter volume in a region of the right
EC composed of 157 voxels was positively associated with aerobic fitness (Table 2; Fig.
2a). This was the only region that showed a correlation with aerobic fitness when controlling
for the effects of memory accuracy, BDNF, total intra-cranial volume, gender, and RER =
1.15 for our primary ROI-based VBM analysis. Based on the permutation distribution, the
observed result is significant in both height (P < 0.01), and extent (P < 0.05). Exploratory
whole brain results also suggested regions of gray matter may be associated with fitness in
the precuneus, lingual gyrus, inferior parietal lobule, middle occipital gyrus, visual areas BA
17 and BA 18, middle and inferior temporal gyrus, cerebellum, and superior frontal gyrus
(Table 2 and Fig. 3a).

Given that we observed a region in EC where gray matter volume was significantly
associated with cardio-respiratory fitness in our sample, we wanted to provide an estimate
for how aerobic fitness may be expected to relate to EC volume in the general population
and compared to previous literature. To do this, we determined the average VBM gray
matter volume estimate from each subjects’ ROIs and refit our model separately to the
vectors of means. Results of this analysis, reported in table 3, suggest positive effects of
fitness in the right EC, and a positive trend across both hemispheres (right hemisphere:
Ioart(26) = 0.45; left hemisphere: rpa(26) = —0.02; average: ryqrt(26) = 0.28).

3.2. Memory accuracy and gray matter volume

Results from our primary ROI-based VBM analysis did not show any region within the
MTL where gray matter volume was associated with memory task performance. An
exploratory whole brain analysis suggested possible effects in the right EC, hippocampus,
amygdala, middle temporal gyrus, and cerebellum (Table 2 and Fig. 3b). In the follow-up
analysis of average ROI gray matter volume, large correlations between memory accuracy
and volume are apparent in the EC (right hemisphere: rpart(26) = 0.44; left hemisphere:
Ioart(26) = 0.35; average: rpart(26) = 0.43; Table 3), and a positive trend is apparent in
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hippocampus (right hemisphere: ryq(26) = 0.27; left hemisphere: rpart(26) = 0.16; average:

3.3. Fitness and memory accuracy

In our previous work (Whiteman et al., 2014), we have shown that fitness and serum BDNF
interactively predicted recognition memory accuracy. In that study, fitness percentile alone
did not predict memory accuracy. Here, we reanalyzed this data in our subsample (N = 33).
As expected based on our previously reported results from the larger sample, fitness
percentile did not predict recognition memory performance (rpart(29) = -0.09; controlling
for gender and RER). When we refit our full model from our previous work to this
subsample (predictors: fitness, BDNF, the BDNF by fitness interaction, gender, and RER),
we find that the BDNF by fitness interaction showed a statistical trend predicting memory
accuracy in these data. The slope coefficient is comparable between full and subsample, but
the standard error is larger (full sample f+ SE = 0.59 + 0.22; current subsample 5+ SE =
0.52 + 0.28). For a complete description of the association between serum BDNF, aerobic
fitness, and memory accuracy in the full sample, we refer the interested reader to Whiteman
etal. (2014).

3.3. BDNF and gray matter volume

Results from our primary ROI-based VBM analysis did not show any region within the
MTL where gray matter volume was associated with serum BDNF levels. An exploratory
whole brain analysis suggested a region of medial thalamus potentially associated with
BDNF (peak: coordinates = [2, —4, 4], t(26) = 4.88; cluster extent k = 299). For a description
of the association between serum BDNF, aerobic fitness, and memory accuracy, we refer the
interested reader to Whiteman et al. (2014). The follow-up analysis of effects at the average
ROI level did not suggest any correlation between serum BDNF and structure in the EC or
hippocampus.

3.4. Analysis of variability in structural VBM data

The fitness percentile effect we report was observed close to the border between entorhinal
and perirhinal cortex on the medial bank of the collateral sulcus. Without our ROI mask, the
effect extended into perirhinal cortex. Given that VBM as a technique relies heavily on the
anatomical coregistration algorithm(s) used, and because the collateral sulcus is an
especially variable region (e.g. Pruessner et al., 2002; Yushkevich et al., 2015a), we were
concerned our results could be explained by the possibility of anatomical registration
artifacts. To examine this question, we created a coefficient of variation map for our group
data. This map shows regions of high anatomical variability across subjects. Examination of
this data shows the anatomical variation in the EC and hippocampus is not unusually high
(Fig. 2c-d). The histogram in Fig. 2¢c shows the distribution of the coefficient of variation for
all gray matter voxels in the brain, including our regions of interest, the EC and the
hippocampus (shown additionally as boxplots overlaid on the histogram). Coefficient of
variation values for the EC and the hippocampus fall within the high density region on the
histogram (Fig. 2c), suggesting our results may be unlikely to be due to anatomical warping
artifacts.
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4. Discussion

With the present study, we examined the relationships between aerobic fitness, serum
BDNF, recognition memory, and gray matter volume in the entorhinal-hippocampal
memory system. Our data suggest volume in the EC may be positively associated with
aerobic fitness and recognition memory performance, but not with serum BDNF. These
results provide translational support for rodent models on exercise, neurogenesis, and the
entorhinal-hippocampal memory system.

Motivation for this general line of research ultimately comes from studies that showed
enriched environments could induce cortical thickening in rodents relative to standard living
condition controls (Diamond, 1988; Diamond et al., 1985; Malkasian and Diamond, 1971).
Early studies showed increases in cortical thickness were most pronounced in posterior
regions and in the EC (Greer et al., 1982; Diamond, 1988; reviewed in Mohammed et al.,
2002), which relays incoming information to the hippocampus via its direct projections to
the dentate gyrus and CA fields (Van Hoesen and Pandya, 1975; Witter et al., 1989, 2000).
In the hippocampus, however, changes in brain morphology related to enrichment were
absent or not very robust (Diamond, 1988; Diamond et al., 1976; Greer et al., 1982b; Walsh
et al., 1969) unless measurements were confined to the granular layer of the dentate gyrus
(Diamond, 1988; Juraska et al., 1985). It is now known the granular layer of the dentate
gyrus is the neurogenic zone of the hippocampus, and shows a strong response to aerobic
exercise in animal models (e.g. Pereira et al., 2007; van Praag et al., 2005, 1999).
Additionally, other regions of the hippocampal-entorhinal memory circuit show structural
changes in manipulations limited to aerobic exercise (Neeper et al., 1996; Stranahan et al.,
2007). Specifically, both the CA1 subfield of the hippocampus and the EC layer 11l show
increased dendritic spine density following two months of voluntary wheel running
(Stranahan et al., 2007). Aerobic exercise not only enhances adult neurogenesis in the
dentate gyrus, but also promotes angiogenesis (Clark et al., 2009; Palmer et al., 2000), the
formation of new blood vessels, which could also explain changes in thickness or volume.
Given the unique architecture of the entorhinal-hippocampal memory system, a causal
relationship between aerobic exercise training and increased entorhinal volume is plausible
and consistent with our data. In support of these findings, we report a positive association
between aerobic fitness and EC volume in healthy young adult humans.

This finding is not without its caveats. Given the nature of VBM, it is difficult to distinguish
between meaningful anatomical variation and anatomical warping artifacts since both are
induced by the chosen coregistration algorithm. Since our primary result in right EC lies
partially within the collateral sulcus, a region of high anatomical variability (Insausti et al.,
1998; Pruessner et al., 2002; Yushkevich et al., 2015a), we explored the possibility of
artifactual warping. To do this, we created and inspected a coefficient of variation map for
all gray matter voxels in the brain, and concluded that the variation in hippocampal and
entorhinal volume across subjects fell within a normal range. Note in Fig. 2¢c-d one can
appreciate the relatively modest variation in the collateral sulcus against the larger variation
in the fundus of the neighboring occipitotemporal sulcus, or even greater variation in some
dorsal regions.
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Additionally, it is of interest why the fitness effect might at first appear to be lateralized to
right EC. Under more careful consideration, however, the data do not warrant the
assumption that the effect is truly unilateral. For example, if instead of the peak voxel, we
look at the average of a 3 mm sphere surrounding the peak, we find t statistics of +4.51 in
the right EC, and +1.72 in the complimentary set of voxels in the left EC. Importantly, the t
statistic for the difference in these effects is only about 1.74, which is non-significant (P =
0.09). This calculation is by no means unbiased, and ignores any potential correlation
between the hemispheric estimates, but it suggests the hypothesis that effects in the right and
left hemispheres are different is not supported by the data. One can even apply the same
argument to the average effects for each ROI given in Table 3, though in this case it leads to
a weaker rejection. Indeed, based on the literature we discuss here, we conclude effects of
fitness are likely to be bilateral. Therefore, in terms of laterality, we believe our data should
be interpreted with caution. Convergent results from multiple complimentary methodologies
are necessary to support our findings and their interpretation.

Several published studies provide information on the relationship between fitness and
volume of MTL structures in healthy adult humans (Chaddock et al., 2010; Colcombe et al.,
2006, 2003; Erickson et al., 2011b; Killgore et al., 2013; Makizako et al., 2011; Ruscheweyh
etal., 2011; Schlaffke et al., 2014); perhaps the most relevant, with the most complete set of
descriptive statistics is the study by Erickson et al. (2011b; also see Coen et al., 2011;
Erickson et al., 2011a). Erickson et al. (2011b) conducted a year-long aerobic exercise
intervention in older adults and reported on average small increases in hippocampal volume
bilaterally for exercising subjects, and on average small decreases in hippocampal volume
bilaterally for participants of an exercise training control group that performed resistance
and stretching exercises. Averaging over both hemispheres, results from this study suggest
approximately a 3.1% + 2.8% (mean * SE) increase in hippocampal volume per
approximately a 4.1 point increase in fitness percentile in the exercise group (N = 60; data
from Table 2 in Erickson et al., 2011b). We computed the 4.1 percentile points based on the
average age and male to female ratio in the exercise group in this study. It seems reasonable
to assume changes in gross hippocampal volume over a year period fit within the range of
plus or minus a few percent in otherwise healthy older adults. Compared with the report
from Erickson et al. (2011b) of approximately a 0.76% increase in volume per point fitness
percentile (linear scale), our estimate of a 0.14% increase in right EC volume per point
fitness percentile (multiplicative scale) makes sense for healthy young adults. Although this
similarity is encouraging, there are considerable methodological differences between the
studies.

Among the most interesting differences between the results of Erickson et al. (2011b, 2009)
and the present report is that we have not replicated an effect in hippocampus. We are
inclined to believe the failure to replicate the hippocampal result may either be simply a
difference in the type of sample used (i.e. young vs. older adults), or it may be a
methodological difference. Our implementation of VBM relies on the DARTEL algorithm
(Ashburner, 2007), which is optimized for aligning global structures (Klein et al., 2009;
Yassa and Stark, 2009) but may be less adept at aligning hippocampal subregions (Yassa
and Stark, 2009) like the CA3/dentate gyrus. Our coefficient of variation map (Fig. 2c)
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shows very limited variation in the hippocampus; our analysis may not be sensitive enough
to detect small hippocampal differences. In contrast to the present study, Erickson et al.
(2011b) used an automated segmentation tool to compute overall hippocampal volume.
Future studies using different morphometric techniques such as assessment of cortical or
gray matter thickness (e.g. Burggren et al., 2008; Yushkevich et al., 2015), or high-field
MRI (e.g. Maass et al., 2015a, b) may have more success in this area and may map better
onto the earliest findings regarding enrichment and entorhinal and hippocampal morphology
(Diamond, 1988; Juraska et al., 1985).

Since we have observed a positive relationship between aerobic fitness and gray matter
volume in the EC, it may be important to understand the underlying neurobiological
mechanisms of this putative correlation. In this regard, Pereira and colleagues assessed
longitudinal changes in CBV in murine and human hippocampi and EC over a six week
exercise intervention (Pereira et al., 2007). In both species, the dentate gyrus and EC were
the only regions that exhibited increases in CBV over the course of the exercise intervention.
Although effects in EC were not statistically significant in that study, their result may
provide valuable insight into the biological basis of our observed relationship between
fitness and volume in the EC. Given their data, we speculate angiogenic mechanisms may
underlie observed CBV responses following exercise training. An angiogenic account seems
a parsimonious explanation if the effects of exercise extend beyond the dentate gyrus and to
the EC, as our data suggest. Moreover, a recent proof-of-concept study in older adults
suggests exercise related enhancement of object recognition may be modulated by
hippocampal cerebral blood flow and CBV (Maass et al., 2015b). This idea is further
supported by studies on CBV and metabolism (Ide and Secher, 2000; Vissing et al., 1996)
and by work suggesting angiogenesis and neurogenesis are upregulated cooperatively
(Palmer et al., 2000). Note this angiogenic account, while parsimonious, is speculative as we
cannot distinguish between a general increased CBF/CBYV across the EC and one specific to
improved synaptic functioning during cognition.

We have also reported evidence suggestive of associations between average EC volume and
recognition memory performance. In our data, this result is most evident when looking at the
average effect over the whole EC (one would expect this to be the most robust level). At the
voxel level, however, the effect is just sub-threshold in the right EC in our ROI analysis due
to the strict multiple comparison correction, but it is present at the exploratory threshold.
Given the breadth of literature on the EC and episodic memory, we are inclined to consider
these results supporting evidence. Recent high-resolution fMRI studies from our group have
shown greater entorhinal activity for faster correct decisions during encoding of novel
spatial environments (Brown et al., 2014), and reported entorhinal activity when unfamiliar
stimuli with overlapping features or a greater stimulus load, respectively, need to be
maintained in a working memory buffer (Newmark et al., 2013; Schon et al. 2015). These
studies suggest a role for the EC in both episodic encoding and working memory
maintenance. For the present experiment, we used an adaptation of a delayed match-to-
sample task with outdoor scenes from our previous work (Schon et al., 2005, 2004). These
studies reported delay period activity in the perirhinal/entorhinal cortex and hippocampus
predicted whether a scene was later remembered with high confidence. Together with
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previous work (e.g. Bellgowan et al., 2009; Brown et al., 2014), these results suggest a role
for both the perirhinal/entorhinal region and the hippocampus in encoding.

In addition, we have described estimates for relationships between hippocampal volume and
memory performance on a subsequent memory test adapted from Schon et al. (2005, 2004),
which showed a positive trend. Although the hippocampal estimates are non-significant in
the present case, they are in the correct direction: previous work suggests hippocampal
volume is related to episodic learning of spatial contexts in humans of the same age range
(Brown et al., 2014), and others have suggested links between hippocampal volume and
other memory tasks (e.g. Maguire et al., 2006; Hartley & Harlow, 2012; Horner et al., 2012;
Rodrigue et al., 2013).

Finally we note VBM as a technique is somewhat limited in that it cannot provide
volumetric measures of gross anatomic structures as accurately as, for example, manual
segmentation methods can. Manual techniques, however, do not have the same spatial
sensitivity of voxel-based techniques like VBM, and may be biased with regard to regional
boundaries; the fundamental research questions that can be addressed by the two types of
methodologies are slightly different. Whereas VBM is optimized for analysis of structural
data collected with a fine isotropic resolution (like ours), manual segmentation methods are
best suited to data collected with a very fine in-plane resolution, and a larger slice thickness.
Further, VBM is ideally suited for investigating questions involving correlations between
relative brain volumes and external variables (especially in healthy, non-clinical subjects
where absolute volumes may be less informative than relative brain volume changes). For
these reasons converging evidence from complementary morphometric techniques and from
animal models are needed to support our findings.

5. Conclusions

We have successfully tested the hypothesis that effects of aerobic exercise on structure in
the hippocampal-entorhinal formation observed in rodents can be translated to healthy
young adult humans. Consistent with work on environmental enrichment in rodents, our data
demonstrated a positive association between fitness and volume in the right EC. Here we
have also reported evidence for correlations between volume in both entorhinal cortices and
performance on an episodic recognition memory task. Our data provide compelling evidence
for a relationship between aerobic fitness and structure of the MTL memory system in
healthy young adults. Our results may have theoretical implications for rodent models of
exercise-associated adult neurogenesis in the hippocampus, and suggest clinical exercise
trials in older adults at risk for developing Alzheimer’s disease should examine entorhinal
function and structure. Aerobic exercise such as running is by no means the only way to
improve aerobic capacity. For example, studies suggest circuit training or strenuous weight-
lifting may improve VO, performance (Gettman et al., 1982; Stone et al., 1991). This may
prove an interesting avenue for future researchers to try to isolate effects of, for example,
aerobic fitness vs. running.
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HIGHLIGHTS

e Assessed MTL volume, aerobic fitness, recognition memory, and peripheral
BDNF

»  Sub-structurally, observed strong association between fitness and entorhinal
volume

e Gross-structurally, strong association between entorhinal volume and memory

»  Supports studies showing exercise impacts MTL structure; extends work to
humans
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Fig. 1.
Tasks and behavioral results. Recognition memory task adapted from Schon et al. (2004).

(a) Participants were first shown a series of 144 randomized, trial unique but content similar
outdoor scenes in the context of a delayed match to sample (DMS) working memory task
during fMRI scanning. Approximately 15 min after completion of the fMRI scanning
session, participants were administered a surprise subsequent memory test (SMT) where
they were shown all 144 DMS images, plus 144 lure images, and asked to rate their
recognition confidence. Participants were blind to the ratio of old to new images on the
SMT. (b) Overall DMS task accuracy, separated by match and nonmatch trials. Ticks, thick
lines, and thin lines show medians, 50% intervals, and 95% intervals, respectively. (¢) SMT
response distributions for old and lure stimuli, separated by confidence rating. Error bars
show SD.
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Fig. 2.

Rgsults of ROI-based VBM analysis. (a) shows the region of right entorhinal cortex (EC)
where we find gray matter volume is associated with aerobic fitness percentile. Results (red)
are shown within a 3D rendering of our anatomical regions of interest, the hippocampus
(gold) and EC (cyan). The gray plane coincides with the black box drawn on the MR slice in
(c) and corresponds to slice y = 10.5 cm caudal to the anterior commissure. The
relationships between volume in the right EC (averaged over the whole structure) and fitness
percentile and recognition memory accuracy is portrayed in (b). Gray lines illustrate the
uncertainty in the regression fits. (c) shows the spatial layout and distribution of the
coefficient of variation (CV) for gray matter volume across participants. Values for
hippocampal and EC voxels are shown as horizontal boxplots overlaid on the histogram,
indicating that variation is not unusually large for these regions. Boxplots show absolute
range, interquartile range, and median. The histogram depicts the 95% high-density region
(white bars) and the extreme tails (gray bars). Exploration of gray matter variability is
extended throughout our ROI in (d). Sections run caudally from the anterior EC through
posterior EC and hippocampal head. The top images show the borders of the EC,
hippocampus, and labeled gray matter; bottom images show corresponding CV maps. All
results are depicted on the group average brain. Figures were made using functionality from
the R rgl and misc3d packages (Adler et al., 2014; Feng and Tierney, 2008).
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Fig. 3.

Rgsults of exploratory whole-brain analysis. Parts (a) and (b) illustrate the results of an
exploratory whole brain analysis, showing regions (red) where gray matter volume may be
associated with fitness percentile or memory accuracy, respectively. Results are depicted
within the group average brain.
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Table 1

Participant demographics. Data are presented as mean + sd. Asterisks in the Mean,q column indicate
differences in the gender goup means

Range Mean Meantemale  Meange
Age (yrs) 18.0-30.0 21.1+2.8 209+28 21.6+29
Education (yrs) 12.0-22.0 15.3+22 149+16 157+29
Fitness percentile 179-100.0 653+27.0 559+237 78.7+264*
Memory accuracy (%) 26.3-68.2 46.6 £9.8 468+ 115 46.4+74
BDNF (ng-ml1) 46-305  180+64 17761 185+71
VO, peak (ml-kg™) 31.3-665 455+103 30.8%69 53.6%8.7%*
RERmax 1.0-1.6 1.3+0.2 1.2+01 1.3+0.2
Intra-cranial VVolume (L) 1.2-18 15+0.1 14+01 1.6 +0.1**
BMI 19.2-28.9 234+28 232+3.0 23724
Body Fat (%) 5.0-29.2 18.7+83 245+3.9 10.3 £ 5.2%**
Height (m) 15-1.9 1.7+01 16+0.1 1.7 £ 0.1%**
Weight (kg) 492-86.1 66.2+114 614+105 73.0+9.1%*
Waist circumference (cm) 62.0-93.4 74975 725+6.6 78.4 +7.6*
Hip circumference (cm) 81.0-1125 934+8.2 93.2+9.0 93.7+7.2

N = 33 (20 female)
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Summary of main (ROI-based), and exploratory (whole brain) VBM analyses

Table 2

Main (ROI-based) Analysis — fitness percentile

Region Peak coordinates Peak tog)  Cluster size k
R. Entorhinal (28.50, —10.50, —34.50) 4.57 157
Exploratory Analysis — fitness percentile
R. Precuneus (19.50, —63.00, 25.50) 7.16 1768
L. Lingual Gyr. (-25.50, -81.00, -16.50) 473 1162
R. Inf. Parietal Lobule (57.00, —49.50, 37.50) 4.30 725
R. Lingual Gyr. (13.50, —67.50, —10.50) 4.90 654
L. Mid. Occipital Gyr. (-25.50, -93.00, 6.00) 4.26 385
R. Perirhinal/Entorhinal (30.00, —9.00, —34.50) 4.64 348
L. Calcarine Gyr. (BA 18)  (~6.00, -88.50, —13.50) 3.58 186
L. Precuneus (-6.00, -78.00, 42.00) 4.18 185
L. Calcarine Gyr. (BA 17)  (-10.50, -67.50, 12.00) 3.46 163
R. Mid. Temporal Gyr. (54.00, —60.00, —1.50) 3.60 140
R. Inf. Temporal Gyr. (69.00, —33.00, -18.00) 3.40 133
Cerebellum (-15.00, —43.50, —60.00) 3.63 114
R. Mid. Temporal Gyr. (49.50, —39.00, -1.50) 3.44 112
R. Sup. Frontal Gyr. (21.00, 61.50, 13.50) 3.14 102
Exploratory Analysis — memory accuracy
R. Entorhinal (31.50, —6.00, —37.50) 3.29 252
Cerebellum (-22.50, -58.50, —27.00) 3.30 245
R. Mid. Temporal Gyr. (54.00, —36.00, -3.00) 3.71 203
R. Amygdala (25.50, —12.00, -9.00) 3.28 118
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Table 3

Summary of six regression models fit separately to the average VBM data (logarithmic scale) from each
region of interest. Results are presented as 3 (SEg); o denotes the residual standard deviation; asterisks denote
significance at the 0.05 level. For each regression, continuous input variables were mean centered (fitness
percentile centered to the percentile), but not rescaled. Regression also controlled for effects of non-interest:
total intra-cranial volume, and RER = 1.15

R. Entorhinal L. Entorhinal Average R.Hipp. L.Hipp. Average

(Intercept) -0.63 (0.03) -0.64 (0.02) -0.63 -0.51 -0.51 -0.51

(0.02) (0.02) (0.02) (0.02)
Fitness 0.0014* -0.0000 0.0007 -0.0006  —0.0005  —0.0005
percentile (0.0006) (0.0004) (0.0005)  (0.0005)  (0.0005)  (0.0005)
Memory 0.0032* 0.0020 0.0026*  0.0017 0.0009 0.0013
accuracy (%) (0.0013) (0.0010) (0.0011) (0.0012)  (0.0011)  (0.0011)
BDNF 0.0005 -0.0020 -0.0007  0.0017 0.0008 0.0012
(ng'ml™h) (0.0020) (0.0016) (0.0016)  (0.0019)  (0.0017)  (0.0017)
Gender 0.029 (0.030)  0.035(0.024)  0.032 0.0027 -0.017 -0.007
(0 female; 1 male) (0.026) (0.029) (0.026) (0.027)

o 007 0.05 0.06 0.06 0.06 0.06
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