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Abstract

Converging evidence suggests a relationship between aerobic exercise and hippocampal

neuroplasticity that interactively impacts hippocampally-dependent memory. The majority of

human studies have focused on the potential for exercise to reduce brain atrophy and attenuate

cognitive decline in older adults, whereas animal studies often center on exercise-induced

neurogenesis and hippocampal plasticity in the dentate gyrus of young adult animals. In the

present study, initially sedentary young adults (18–35 years) participated in a moderate-intensity

randomized controlled exercise intervention trial (ClinicalTrials.gov; NCT02057354) for a

duration of twelve weeks. The aims of the study were to investigate the relationship between

change in cardiorespiratory fitness (CRF) as determined by estimated V̇O2
MAX, hippocampally-

dependent mnemonic discrimination, and change in hippocampal subfield volume. Results show

that improving CRF after exercise training is associated with an increased volume in the left

dentate gyrus/CA3 subregion in young adults. Consistent with previous studies that found

exercise-induced increases in anterior hippocampus in older adults, this result was specific to the

hippocampal head, or most anterior portion, of the subregion. Our results also demonstrate a

positive relationship between change in CRF and change in corrected accuracy for trials requiring

the highest level of discrimination on a putative behavioral pattern separation task. This

relationship was observed in individuals who were initially lower-fit, suggesting that individuals

who show greater improvement in their CRF may receive greater cognitive benefit. This work

extends animal models by providing evidence for exercise-induced neuroplasticity specific to the

neurogenic zone of the human hippocampus.
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1 | Introduction

In the past several decades, studies in both rodents (Creer et al., 2010; Pereira et al., 2007;

van Praag et al., 1999, 2005; Vivar et al., 2016) and humans (Chaddock et al., 2010;

Erickson et al., 2009, 2011; Maass et al., 2015) have demonstrated evidence of dynamic

structural and functional plasticity in the hippocampus that is positively related to aerobic

fitness. Aerobic exercise powerfully influences hippocampal neuroplasticity by stimulating a

cascade of changes in the local circuitry. In rodents, this includes increases in

vascularization (van Praag et al., 2005), neurotrophic expression (Neeper et al., 1995; Park

& Poo, 2013), dendritic spine density and arborization (Eadie et al., 2005; Stranahan et al.,

2007), and synaptic plasticity (Christie et al., 2008; Vivar et al., 2016). In turn, these

molecular and cellular changes lead to robust upregulation of adult hippocampal

neurogenesis (AHN) in the dentate gyrus (DG) subregion (van Praag et al., 1999), and

functional integration of newborn neurons into the existing neural network (Ramirez-Amaya

et al., 2006).

Recent studies in humans have leveraged multimodal neuroimaging techniques to

corroborate the positive relationship between aerobic exercise and markers of hippocampal

integrity. Changes in hippocampal volume (Erickson et al., 2011; Smith et al., 2014; Thomas

et al., 2016), vasoelasticity (Schwarb et al., 2017), white matter integrity (Burzynska et al.,

2014), gray matter density (Kleemeyer et al., 2016) and cerebral blood flow (Maass et al.,

2015; Pereira et al., 2007) are enhanced by aerobic exercise. Further examination has

localized specified changes to the anterior division of the hippocampus in humans (Erickson

et al., 2011; Maass et al., 2015; Thomas et al., 2016; Wagner et al., 2015, 2017). While this

suggests the anterior hippocampus, or the hippocampal head, may be more receptive to

exercise-induced neuroplasticity than more posterior regions in humans, possible disparate

effects on the subfields have not been consistent across studies (Rosano et al., 2017; Varma

et al., 2016), and delineation of specific effects have not been fully elucidated along the

hippocampal long axis. Across species, this axis (termed dorsoventral in rodents) shows

functional and structural gradations (Duvernoy, 2005; Poppenk et al., 2013; Strange et al.,

2014; Thompson et al., 2008), including different effects on neurogenesis along this axis in

rodents (Amrein et al., 2015). Although in rodents, basal levels of newborn neurons have

been shown to be greater in the dorsal compared to ventral DG (Piatti et al., 2011; Snyder et

al., 2009), altered neurogenesis via pharmacological agents or genetic manipulation has a

greater effect on increasing neurogenesis in the ventral DG (Tanti & Belzung, 2013). This

suggests that perhaps the ventral DG, which corresponds to the most anterior portion of the

DG in humans, may demonstrate heightened exercise-induced neuroplasticity.

The specificity of the cognitive impact from exercise-induced hippocampal plasticity

remains unclear. Although greater physical activity in humans has been linked to better

global cognition including executive functioning (Colcombe & Kramer, 2003), evidence to
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whether this association exists for hippocampally-dependent memory formation is mixed, as

some studies but not others found such a link (Barnes et al., 2003; Déry et al., 2013; Gomez-

Pinilla & Hillman, 2013; Griffin et al., 2011; Suwabe, Hyodo, Byun, Ochi, Yassa, et al.,

2017; Voss, Prakash, et al., 2010). One explanation for these inconsistent findings may be

that studies that have not found a relationship between exercise and memory mechanisms

(Barnes et al., 2003; Gomez-Pinilla & Hillman, 2013; Voss, Prakash, et al., 2010) have used

memory tasks that may not be reliant on the hippocampus. In contrast, studies that have used

established hippocampally-dependent tasks (Déry et al., 2013; Griffin et al., 2011; Suwabe,

Hyodo, Byun, Ochi, Yassa, et al., 2017) have found a positive association between

cardiorespiratory fitness (CRF) or change in CRF and memory performance. Detection of

exercise-induced cognitive enhancement will likely require focused, neurogenesis-dependent

memory tasks that rely on newborn neurons within the DG, such as mnemonic

discrimination tasks.

Data from computational models highlight an important functional role of newborn neurons

in actively orthogonalizing the representations of similar stimuli and reducing memory

interference (Aimone et al., 2011, 2009), a process known as pattern separation (Hasselmo

& Wyble, 1997; O’Reilly & McClelland, 1994). These immature cells are particularly

poised to perform this function due to their heightened excitability compared to their mature

counterparts (Kee et al., 2007) and the unique sparse innervation from entorhinal cortex to

the DG. Indeed, upregulation of adult hippocampal neurogenesis either by aerobic exercise

(Creer et al., 2010) or exogenous induction via genetic manipulation (Sahay et al., 2011)

facilitates behavioral efficiency on tasks requiring fine discrimination in rodents. Thus,

mnemonic discrimination tasks that tap into pattern separation mechanisms may be sensitive

to detect these effects in humans. Some evidence suggests a positive relationship between

performance on mnemonic discrimination tasks following acute bouts of exercise (Suwabe

et al., 2018; Suwabe, Hyodo, Byun, Ochi, Yassa, et al., 2017) and within the context of

depression (Déry et al., 2013) in young adults. However, there remains a need for evidence

of a clear link between exercise-induced changes on hippocampal subregion volume and

memory performance measured using a behavioral paradigm sensitive to pattern separation.

In the present study, we enrolled healthy young adults (ages 18–35, N = 38) to participate in

a twelve-week moderate-intensity exercise intervention designed to increase CRF, undergo

two treadmill tests to estimate V̇O2
MAX (a measure of CRF), two MRIs to measure

hippocampal subfield volumes, and perform a mnemonic discrimination memory task that

putatively taxes pattern separation mechanisms (for timeline, see Figure 1). To address how

improving CRF specifically alters volume in hippocampal subregions that support

mnemonic discrimination, participants underwent a structural MRI both prior to and

following the intervention. Given previous work demonstrating a potential selectivity of an

anterior hippocampal volume in response to exercise, it is critical to study exercise-induced

hippocampal plasticity both by subregion and along the anterior-posterior axis of the

hippocampus. Here, we partitioned out the hippocampal subfields and subdivided by head,

body, and tail to test the prediction that exercise-induced changes in hippocampal volume is

specific to the head of the DG/CA3 region in humans. We hypothesized that enhanced CRF
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would predict an increase in hippocampal volume, specifically in the DG/CA3 subregion

within the hippocampal head.

To address the question of whether improving CRF enhances mnemonic discrimination of

highly similar stimuli, we developed a delayed-matching-to-sample task using novel face

stimuli that participants performed while in the MRI scanner. All stimuli were rendered

more similar to one another by objective manipulation and morphed to a trial-unique

template at 10%, 30%, or 50% overlap, creating three parametrically manipulated similarity

conditions. The stimuli at the highest level of similarity have objectively greater

representational overlap with one another. Therefore, this condition in particular would

theoretically rely on the DG for successful resolution of interference. Based on the

converging literature across species, we predicted improvement in CRF following a twelve-

week exercise training program would relate to enhanced mnemonic discrimination

performance, particularly in trials with high levels of overlap between stimuli.

2 | Materials and Methods

2.1 | Participants and study design

This study was designed as a controlled twelve-week exercise intervention program and

registered as a randomized controlled clinical trial (ClinicalTrials.gov; NCT02057354).

Healthy young adults were recruited from Boston University and the surrounding

community (N=110), and seventy-eight were enrolled. Eligible participants were English

language speakers between the ages of 18 and 35 years with normal or corrected-to-normal

vision, reported no past or current neurological or psychiatric disorders, and had no

musculoskeletal, circulatory, or pulmonary conditions at the time of the study. Participants

reported being sedentary prior to commencement of the study, defined as less than 30

minutes three times per week of moderate intensity physical activity over the previous three

months (ACSM, 2014). Additional exclusionary criteria included MRI contra-indicators

(e.g. ferro-magnetic metal in or on the body that could not be removed, claustrophobia),

obesity, eating disorder, diabetes mellitus, pregnancy, presence of infection, diagnosis of

kidney failure, liver  disease, thyroid disease, cancer, use of cardio- or psycho-active

medication at time of study, alcohol or drug misuse or abuse, or recreational smoking. Pre-

screening was completed over the phone, followed by an informed consent and full

screening visit. All participants provided signed, informed consent prior to participation in

the study. Protocols and study procedures were approved by the Boston University Medical

Campus Institutional Review Board. Following determination of eligibility, participants

were invited to participate in the twelve-week exercise intervention program and asked to

complete baseline and follow-up visits to assess CRF via estimated V̇O2
MAX, and undergo

MR imaging, and cognitive testing (see Figure 1 for study timeline). In addition to the MRI

and cognitive task performed in the scanner, participants were also given the WAIS-IV digit

span task to assess working memory performance (Strauss et al., 2006; see Supplemental

Information for methods and results related to WAIS-IV).

Seven participants voluntarily withdrew following an initial screening visit due to time

constraints. An additional five withdrew following baseline fitness and MRI visits, but prior
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to randomization into an exercise group. For the exercise intervention, participants were

randomized into either an endurance training (ET) program or resistance training (RT)

program. Participants were given a completion bonus of an additional $50 if they regularly

attended the exercise sessions (30/36 sessions attended) and completed all MRI visits and

fitness tests. Thirty-eight participants completed the entire intervention (mean age = 25.7

± 3.3, 81.5% female), and are included in our analyses. No participant was excluded due to

poor attendance of the exercise training program. Overall attendance at the exercise sessions

for the included subjects was 81%, with a median of 30 sessions attended out of 36,

indicating moderately high adherence to the exercise program. Demographic information for

the participants included in the analyses can be found in Table 1. Due to a malfunctioning

heart rate monitor during a fitness test, one participant did not have data for follow-up CRF

assessment. For MRI analyses, five participants were excluded due to excessive head

motion, which resulted in inaccurate manual segmentation of hippocampal subfields in

either of their two MR volumes. This resulted in N=32 for any longitudinal comparisons of

volume and fitness, and N=37 for any longitudinal comparisons of fitness and cognition.

2.2 | Fitness Assessments

2.2.1 | CRF Assessment—At baseline and following the twelve-week intervention,

participants completed a submaximal-graded treadmill exercise test using a modified Balke

protocol (ACSM, 2014; Cooper & Storer, 2001; Hagberg, 1994). All participants were

instructed to refrain from strenuous physical activity for at least 24 hours prior to the test and

to eliminate consumption of caffeine for three hours prior to the fitness assessment visits.

Throughout the fitness assessment visits and each exercise session during the intervention,

participants wore heart rate (HR) monitors (Polar, model H1) connected to a HR watch

(Polar, model FT60). CRF was determined by estimating maximal oxygen uptake (V̇O2
MAX)

based on the known linear relationship between heart rate and oxygen uptake (V̇O2)

(Wasserman et al., 2012). Oxygen uptake was predicted from treadmill speed and grade at

each minute of the test using standard, published equations (ACSM, 2014). Following a 3-

minute warm-up, participants walked at a constant speed with incremental increases in

grade. Tests were terminated when each subject reached 85% of age-predicted maximal

heart rate (HRmax; Tanaka et al., 2001). This termination criterion was conservatively

selected to be consistent with safety measures enacted for other participant cohorts (older

adults ages 55–85 years; data not shown) in the clinical trial. Heart rate and blood pressure

were monitored throughout the test and at termination. Participants provided their rating of

perceived exertion every three minutes using the Borg 6–20 scale (Borg, 1982). Oxygen

uptake for each minute of exercise was calculated using the American College of Sports

Medicine (ACSM) metabolic equation for gross V̇O2 for walking (Equation 1):

V̇O2 = 0.1mL/kg/min × S + 1.8 mL/kg/min × S × G + 3.5 mL/kg/min 1

in which V̇O2, S, and G, and 3.5 represent gross oxygen uptake (ml⁄(kg •min)), treadmill

speed (m/min), the percent of the treadmill grade expressed as a fraction, and the resting

oxygen uptake, respectively (ACSM, 2014). The calculated V̇O2 was then plotted with its
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corresponding HR at the end of each minute. From this, we calculated a linear regression

using individual subject’s predicted HRMAX (Tanaka et al., 2001), allowing us to estimate

maximal aerobic capacity. At baseline, the average estimated V̇O2
MAX was 36.18 (± 6.62),

suggesting low CRF, and did not significantly differ between participants subsequently

randomized into the two exercise intervention groups (Table S1). The CRF assessment

served as a basis for designing individualized exercise prescriptions for the ET group.

2.2.2 | Muscular Strength Assessment—As a secondary fitness measure, muscular

strength was assessed using the one repetition maximum (1-RM) method (Baechle et al.,

2000). Briefly, this method requires performing sets of decreasing repetitions starting with

eight, increasing loads, and increasing rest between sets until the maximal amount of weight

that can be lifted through the full range of motion with good form one time only is

determined. Four selectorized weight machines (Paramount, Los Angeles, CA) provided

resistance for the leg press, leg curl, chest press and latissimus dorsi (lat) pull exercises.

Baseline values for the 1-RM measurements were used to design the individual progressive

resistance training (RT) programs (ACSM, 2014; Logan et al., 2000) and for comparison

with follow-up measures to determine the training effect of the exercise intervention. Lower

body strength ratio was considered as the amount of weight pushed during the leg press

divided by body weight. Upper body strength ratio was calculated from the amount of

weight pushed during chest press divided by body weight. All weight values were expressed

in pounds. At baseline, mean 1-RM values for the two exercises were not different between

exercise groups (Table S1).

2.3 | Exercise Interventions

Participants were randomly assigned to participate in either an ET program designed to

increase CRF or a RT program intended as an active control. The active control group was

included to control for nonspecific aspects of the intervention, such as expectation bias, time

commitment, social support, intervention duration, and attention from study staff (Kinser &

Robins, 2013; Lindquist et al., 2007). Both groups met three times per week for a total

duration of twelve weeks at Boston University Fitness and Recreation Center. Certified

personal trainers supervised all training sessions. Initial fitness testing data from each

participant was reviewed by an exercise physiologist (TWS), who created individualized

exercise prescriptions for the trainers to administer. Fitness data, including heart rate (HR)

and perceived exertion (Borg, 1982), were monitored for participant responses during each

session. These responses along with specified plans for progression, set a priori, were used

to update the individual training programs after week four and week eight. Sessions for both

groups began and ended with a warm-up and cool down. Participants wore a chest strap

(Polar, H1) and HR watch (Polar, FT7) during each session. Changes in CRF and muscular

strength are summarized in Figure 2 and Table S1.

2.3.1 | Endurance Training—Endurance participants completed twelve weeks of

training in three progressive phases of four weeks each. In phase one, subjects began

walking on a treadmill for 20 minutes with the goal of increasing walking duration to 30

minutes by the completion of week four. Intensity was set as a target heart rate zone of 60–

70% age-predicted HRMAX (Tanaka et al., 2001). The phase two objective was to achieve 40
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minutes of continuous walking at target heart rates of 70–80% HRMAX by the end of week

eight. Phase three prescriptions further increased the intensity of exercise to target heart rates

of 80% HRMAX while maintaining the 40-minute duration used in phase two. Treadmill

speed and incline were adjusted for each participant to maintain the target heart rate zone

appropriate for each phase. This typically resulted in increases of the speed and/or grade as

participants increased their CRF. Trainers recorded treadmill speed and incline for each

participant, as well as HR and ratings of perceived exertion using the Borg Scale (Borg,

1982).

2.3.2 | Resistance Training—Participants in the resistance group exercised three days

per week for twelve weeks with progressive increases in target loads and number of sets for

eight different exercises targeting major muscle groups. Four of the resistance training

exercises included those used during fitness testing (chest press, lat pulldown, leg curl, and

leg press) and were supplemented with an additional four exercises of the trainer’s choice to

target additional muscle groups as recommended in current guidelines (Garber et al., 2011).

Three four-week phases were established a priori. During phase one (weeks 1–4) of the

program, participants performed one set of 12–15 repetitions at approximately 60–70% of

the 1-RM achieved at baseline. This increased during phase two (weeks 5–8) to two sets of

12–15 repetitions using resistance that was determined by participant progression, and was

again increased during phase three (weeks 9–12) to three sets of 8–12 repetitions.

2.4 | Mnemonic Discrimination Task

2.4.1 | Task Materials and Stimuli—Subjects performed a delayed-matching-to-

sample task using novel face stimuli while undergoing fMRI scanning. The current study

reports behavioral results only. Stimulus presentation and participant response data were

displayed and collected using EPrime 2.0 software (Psychology Software Tools, Pittsburgh,

PA). The stimulus set consisted of grayscale images of central facial features of non-famous

faces by eliminating peripheral features (e.g. hair, clothes). Ten runs containing twelve trials

per run were created and split into two sets of five runs (Set A and Set B) constituting 60

trials per set. Each set of stimuli were counterbalanced across participants so half the

participants performed Set A during baseline testing and Set B during follow-up testing, and

the other half of participants performed Set B followed by Set A.

Critically, stimuli within a trial were rendered more similar to one another by objective

manipulation using face morphing software (Fantamorph 5). All original stimuli within a

trial were morphed to a trial-unique template at 10% similarity, 30% similarity, or 50%

similarity to generate the stimuli used in the task and create three conditions (Figure 4A).

Therefore, all stimuli within a trial shared some common features. Trial condition was

pseudo-randomized for each run and participant so that an even number of each condition

appeared in each run. Immediately prior to beginning the task, subjects were given detailed

instructions and performed one practice run with a distinct set of stimuli. Response feedback

was given for each trial during the practice. During test, accuracy was summarized and

displayed at the end of each run.
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2.4.2 | Task Procedure—Participants performed the delayed-matching to sample task

that relied on discrimination of similar stimuli for success while in the MRI scanner (see

Figure 4B for example trial). Each trial consisted of two face stimuli presented sequentially

for two seconds (Sample 1: 2 s, Sample 2: 2 s) followed by a black background and grey

silhouette of a face for a ten-second delay period (Delay), and finally a third face stimulus

presented for a total of two seconds (Test). All stimuli within a trial were morphed to a trial-

unique template at either 10% similarity, 30% similarity, or 50% similarity. Thus, for

example, on a non-match 30% similarity trial (Figure 4B), both Sample 1 and Sample 2 as

well as the Test face shared 30% of the stimulus features derived from their trial-unique

template. Participants were instructed to make one of three button-press responses during the

test face stimulus presentation: 1) the test face displayed was the same face stimulus as

Sample 1 (match), 2) the test face stimulus displayed was the same face stimulus as Sample

2 (match), or 3) the test face stimulus displayed a new face stimulus that was not previously

seen (non-match). A variable length (6–12 s) inter-trial interval separated each trial. Trials

were evenly split into match and non-match; match trials were split evenly across Sample 1

and Sample 2.

2.5 | MRI Parameters and Subfield Segmentation

Participants were scanned within one month prior to the onset of the exercise intervention

and again within three weeks after completion. Imaging data were collected on a 3 Tesla

Phillips Achieva MRI scanner equipped with an 8-channel SENSE head coil at Boston

University Center for Biomedical Imaging. A high-resolution whole-brain structural T1-

weighted magnetization prepared rapid acquisition gradient echo (MPRAGE; SENSitivity

Encoding P reduction: 1.5, S reduction: 2; TR = 6.7 ms, TE = 3.1 ms, flip angle = 9°, Field

of View = 25 cm, Matrix Size = 256 × 254, 150 slices, resolution = 0.98 mm × 0.98 mm ×

1.22 mm) volume was acquired for each participant. Additionally, coronal sections were

obtained perpendicular to the long axis of the hippocampus in a structural T2-weighted

image volume with higher in-plane resolution (SENSitivity Encoding P reduction: 2, TR =

3000 ms, TE = 80 ms, flip angle = 90°, Field of View = 25 cm, Matrix Size = 576 × 450, 30

slices, resolution = 0.4 mm × 0.4 mm × 2.0 mm with a slice gap of 0.6 mm).

Regions of interest (ROIs) included the hippocampal subfields (left and right CA1, DG/CA3,

subiculum). ROIs were anatomically determined and delineated using ITK-SNAP (version

3.4.0; www.itksnap.org; (Yushkevich et al., 2006)) in native space on coronal T2-weighted

MR images by one researcher (MFD) as described in previous work (Nauer et al., 2015) and

following previously published guidelines (Head et al., 2008; Pruessner et al., 2002, 2000).

Hippocampal subfield boundaries were defined using the Duvernoy atlas (Duvernoy, 2005)

and were separated into head, body and tail sections. Separation of head and body was

decided by the disappearance of the uncal apex (gyrus intralimbicus) (Daugherty et al.,

2015; Pruessner et al., 2000). Separation between body and tail were delineated by the

presence of the wing of the ambient cistern, with slices posterior to its presence labeled as

tail. Slices deemed to be in the tail section of the hippocampus were not separated by

subfields due to uncertainty of subfield boundaries in the most posterior aspects of the

region given the resolution. Figure 3A shows representative subfield delineations in the head

and body. Intracranial volume (ICV) was measured manually using a 1-in-12 sampling
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strategy (Eritaia et al., 2000) and used as a correction for each regional volume prior to

statistical analyses. ICV adjustment was performed for each ROI in each hemisphere via a

formula based on the analysis of covariance approach well established in the literature

(Erickson et al., 2009; Head et al., 2008; Raz et al., 2004), adjusted volume = raw volume −

b × (ICV – mean ICV), where b is the slope of regression of an ROI volume on ICV.

Intraclass correlation coefficient for ICV was determined between two raters (MFD, RKN),

and was extremely high (ICC = 0.989, F(71,72) = 176, p < .0001).

2.6 | Statistical Methods

Statistical analyses were conducted using R (version 3.1.1). Continuous variables were

summarized by means and standard deviations. Estimated V̇O2
MAX values, cognitive task

performance, and ROI volumes were tested for normality using Shapiro-Wilk normality test

prior to analyses. All variables at baseline, follow-up as well as the difference score between

the two time points all assumed normality. Within-group analyses were completed using

paired t-tests from time 1 (baseline) to time 2 (follow-up). Simple correlations were

performed using Pearson’s r. Repeated-measures ANOVA or multiple linear regression

models were used to compare group (ET, RT) over time. Models for change in fitness

measurements included sex, age, and exercise group as covariates. Multiple linear regression

models were used to elucidate the relationship between change in CRF and change in

dependent measures and included sex, age, education as covariates, and corrected for

multiple comparisons using the Bonferroni method. We used the the p.adjust function in R to

correct observed p-values for multiple comparisons and report adjusted p-values. The

Bonferroni-corrected (i.e. adjusted) p-values are calculated in p-adjust by multiplying the

observed p-values by the number of comparisons.

2.6.1 | Fitness Analyses—CRF was operationalized using estimated V̇O2
max (mL/kg/

min). Baseline comparisons between groups for both CRF and muscular strength were

investigated using t-tests. Interventional assessment of the exercise groups on CRF was

accomplished using repeated measures Analysis of Variance (rm-ANOVA) with estimated

V̇O2
MAX from baseline and follow-up as the repeated measure, training group (ET, RT) as a

between-group factor, time (baseline, follow-up) as a within-subject factor, and sex, and age

as covariates. Changes in CRF were determined as the difference in estimated V̇O2
MAX

between baseline and follow-up, and are reported in Table S1 and Figure 2B. Changes in leg

press, leg curl, chest press, and lat pulldown strength were calculated as percent change from

baseline for each exercise.

2.6.2 | Volumetric Analyses—Raw volumes were extracted from ITK-SNAP for each

hippocampal subfield ROI in mm3, converted to cm3 and corrected for differences in ICV as

detailed above. Each subfield (DG/CA3, CA1, and subiculum) was separated by hemisphere

and subsectioned into head and body, resulting in twelve subfield ROIs. First, we

investigated the potential effect of group on ROI volume across time using rm-ANOVA,

including education, age, and sex as covariates. Next, we collapsed across groups and

examined how change in CRF related to change in ROI volume. The delta change scores
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reflected the percent change in volume from baseline and the change in CRF (in ml/kg/min

for estimated V̇O2
MAX) from baseline. Simple correlations were examined first, using

Pearson’s correlations to examine the relationship between change in CRF and change in

ROI volume, with Bonferroni corrections for laterality. Next, any significant or marginally

significant correlations were assessed when controlling for the effect of sex, age, and

education using multiple regression models with Bonferroni corrections for multiple

comparisons. We also sought to confirm that improvements in strength following the

exercise intervention did not have effects on hippocampal volume or cognition (see

Supplemental Materials for methods and results).

2.6.3 | Behavioral Analyses—The primary outcome variable for the mnemonic

discrimination task was corrected accuracy. This was defined as the difference between the

rates of correct responses (hits) during a match trial (e.g. response of “1” when the test face

stimulus matched the first face stimulus in the trial) minus incorrect responses (false alarms)

on non-match trials (e.g. response of “1” or “2” when the test face stimulus was new). This

removes any potential effect of subject response bias. For the majority of analyses, we

separated out trials by similarity level (10%, 30%, 50%) to investigate the effect of stimulus

similarity. To test the prediction that initially lower-fit individuals may reap greater cognitive

benefit by improving CRF compared to initially higher-fit individuals, we also collapsed

data across both exercise groups and subdivided participants by pre-intervention CRF level,

using a median split of baseline estimated V̇O2
MAX similar to methods used in other studies

(Suwabe, Hyodo, Byun, Ochi, Fukuie, et al., 2017). We utilized rm-ANOVA methods for

analyses of group, initial fitness level, and time effects on cognition and multiple regression

to determine relationships between change in CRF and change in task performance,

including education, age, and sex as covariates and applied Bonferroni corrections to

account for similarity level.

3 | Results

3.1 | CRF improves following the exercise intervention.

Participant demographic information is summarized in Table 1 and fitness data is

summarized in Table S1. Prior to analyzing effects of improving CRF on ROI volumes or

cognition, we analyzed baseline differences in CRF or strength between groups as well as

the effectiveness of the exercise interventions to improve CRF.

3.1.1 | Measures of fitness at baseline—To determine if there were baseline

differences in fitness measures between the two exercise groups, we performed a Welch two-

sample t-test for each variable (see Table S1 for baseline group comparison). Importantly,

there were no statistically significant group differences at baseline across any measures (all p

> .1), including CRF, defined as estimated V̇O2
MAX (endurance training (ET) group mean:

35.26 ± 4.6, resistance training (RT) group mean: 36.93 ± 7.9, t(32.9) = −0.82, p = 0.42).

Both groups had variability in fitness levels (see Figure 2A). There were no baseline

differences between the intervention groups for any of the measures of strength, measured as

the 1-RM weight in pounds (see Table S1 for average 1-RM scores; all p > .05), and on other
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measures of fitness, including resting HR (ET: 82 ± 9.5; RT: 82.5 ± 7.2; t(29.4) = 0.16, p =

0.87) or baseline body mass index (ET: 23.6 ± 4.18; RT: 25.7 ± 5.2, t(36) = 1.35, p = 0.19).

Additionally, there was no difference in attendance at the exercise sessions between groups,

with the ET group having attended an average of 80% of sessions and the RT group

attending 81% of sessions (t(32.6) = 0.26, p = 0.79).

3.1.2 | Changes in cardiovascular fitness—Within the ET group, there was a

modest effect comparing baseline and follow-up CRF (baseline mean 35.26 ± 4.6, follow-up

mean 37.67 ± 4.4; t(16) = 3.25, p = 0.005), suggesting the ET intervention was effective in

improving CRF. We assessed the interaction of group X time on CRF controlling for age and

sex using a repeated-measures ANOVA and found a significant main effect of time (F1,35 =

11.6, p = 0.002), but no main effect of group (F1,34 = 0.31, p = 0.58) and no interaction

between group X time (F1,35 = 1.2, p = 0.28). This indicated that participants improved CRF

over time, but there was not a statistically significant effect of exercise group on improving

CRF. A planned t-test revealed a trend towards the ET group showing greater improvement

in CRF than the RT group (ET group: mean CRF increase of 2.41 ± 3.1, indicating an

average of a 7.4% increase from baseline; RT group: mean CRF increase of 1.26 ± 3.3,

indicating an average of a 4.4% increase from baseline). However, this result did not reach

statistical significance (t(34.7) = 1.1, p = 0.28; Figure 2B), likely due to the large variability

in change in CRF following exercise training (Lundby et al., 2017). The trend for

improvement in CRF from baseline for the RT group is perhaps not surprising given the

study design of using an active exercise group, and is consistent with a recent meta-analysis

that demonstrated RT can significantly improve V̇O2
MAX compared to non-active controls

(Yamamoto et al., 2016). Participants were not prohibited from engaging in other physical

activity outside of the exercise intervention program. This may have contributed to the lack

of group effect. Therefore, similar to previous exercise intervention studies (Jonasson et al.,

2016; Kleemeyer et al., 2016), for the remainder of analyses we collapsed across ET and RT

groups and operationalized change in CRF as a predictor of changes in regional brain

volume and cognition.

3.1.3 | Changes in Strength—Average percent change from baseline by group for the

strength measures is shown in Figure 2C. As expected, the RT group significantly improved

their 1-RM from baseline on all four of the resistance exercises assessed with paired t-tests

(chest press: t(20) = 6.39, p < 0.001; lat pulldown: t(20) = 6.43, p < 0.001; leg press: t(19) =

5.41, p < 0.001; leg curl: t(19) = 6.45, p < 0.001). The ET group did not show significant

changes in strength on three of the four strength measures (chest press: t(16) = 0.71, p =

0.49, lat pulldown: t(15) = 0.32, p = 0.75, leg curl: t(16) = 1.86, p = 0.08, see Table S1). The

ET group did significantly improve strength on leg press (t(16) = 2.23, p = 0.04). We also

ran multiple linear regression models for the percent change from baseline separately on all

strength tests, including exercise group (ET, RT) as the predictor and sex as a covariate.

Results from this analysis demonstrate a main effect of exercise group for all measures of

strength (chest press (F1,35 = 38.77, p < 0.001); lat pull (F1,33 = 29.5, p < 0.001), leg press

(F1,34 = 9.67, p = 0.004) and leg curl (F1,34 = 15.9, p < 0.001), such that the RT group

improved strength from baseline significantly more than the ET group for all four 1-RM

tests (see Figure 2C and Table S1).
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3.2 | Positive change in CRF predicts an increase in DG/CA3 volume.

First, we examined the relationship between estimated V̇O2
MAX and volume in each ROI at

baseline. We found a significant positive relationship between estimated V̇O2
MAX and

volume only for the head of left DG/CA3 (r = 0.356, t(31) = 2.12, p = 0.04). No other ROI

volumes correlated with estimated V̇O2
MAX at baseline. Additionally, we investigated

whether group membership (ET, RT) predicted volume change over time. We entered ROI

volume data into a rm-ANOVA with time (baseline, follow-up) as the within-subject factor

and group (ET, RT) as the between-subject factor, and entered age, sex and education as

covariates. We found no interactive effect between group and time for any ROI analysis,

indicating group membership did not relate to change in ROI volume. This was not

surprising, given that the two groups did not differentially increase CRF. Therefore, we

collapsed across groups to elucidate the relationship between exercise-induced changes in

CRF and potential volumetric changes in the hippocampus, specifically in the head of the

DG/CA3 region. To examine this, we subdivided the hippocampus by head, body and tail,

and partitioned out the hippocampal subfields within the head and body only. Then, we

compared the percent change in volume from baseline in each ROI to the change in CRF

again using simple Pearson correlations, with Bonferroni corrections for hemispheric

laterality as we had no a-priori hypotheses about hemisphere. There was a positive

correlation between change in CRF and change in the ICV-corrected volume in the left head

of DG/CA3 (r = 0.413, t(30) = 2.49, padjusted = 0.037; Figure 3B, left). Additionally, we

found marginally significant negative correlations between change in CRF and change in

ICV-corrected volume in the left head of subiculum (r = −0.365, t(30) = 2.15, padjusted =

0.079; Figure 3B, middle) and a marginally significant negative correlation between change

in CRF and change in ICV-corrected volume in the body of right CA1 (r = −0.393, t(30) =

2.34, padjusted = 0.052; Figure 3B, right). No other regions showed any relationship between

change in CRF and change in volume. Next, we assessed these relationships using multiple

regression models that controlled for sex, age, and education and applied Bonferroni

corrections for multiple comparisons based on the number of statistical models. Addition of

covariates mitigated the marginally significant relationships between change in CRF and

ROI volume for the right body of CA1 (F4,27 = 1.37, t(27) = 1.41, padjusted = 0.51) and the

left head of the subiculum (F(4,27) = 2.14, t(27) = 2.11, padjusted = 0.135). In contrast, the

relationship between change in estimated V̇O2
MAX and change in volume in the left head of

DG/CA3 remained robust (F4.27 = 1.74, t(27) = 2.6, padjusted = 0.048, Figure 3B, left). This

result is consistent with our a-priori hypothesis, and suggests that a positive change in fitness

predicts a positive change in volume unique to the head of the left DG/CA3.

3.3 | Change in CRF predicts mnemonic discrimination when stimulus similarity is high.

Another main objective of the current study was to determine if improvement in CRF

following the exercise intervention can predict enhanced performance on a mnemonic

discrimination task with varying levels of stimulus similarity. First, for each stimulus

similarity condition (10% similarity, 30% similarity, or 50% similarity, see Figure 4A), we

ran multiple linear regression models to test if there were main effects of baseline CRF or

baseline group differences (ET, RT) on task accuracy, and included age, education and sex as
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covariates. Results from the multiple linear regression models showed that baseline levels of

CRF did not predict corrected accuracy on the task for any condition (10% similarity: F1,32

= .97, p = 0.33; 30% similarity: F1,32 = .05, p = 0.82; 50% similarity: F1,32 = 2.12, p = 0.16).

Importantly, results confirmed there was no main effect of group at baseline on task

accuracy for any condition (10% similarity: F1,32 = .04, p = 0.84; 30% similarity: F1,32 =

1.88, p = 0.18; 50% similarity: F1,32 = 1.48, p = 0.23), demonstrating that ET and RT groups

were equivalent at baseline. Performance on the task at baseline was not significantly

different for match (average match accuracy: 0.79 ± 0.16 for 10% similarity; 0.75 ± 0.18 for

30% similarity) compared to non-match (average accuracy: 0.84 ± 0.15 for 10% similarity;

0.7 ± 0.19 for 30% similarity) trials at the 10% and 30% similarity levels. As expected, in

the 50% condition, accuracy was significantly higher for match (mean accuracy: 0.69

± 0.18) compared non-match (mean accuracy: 0.53 ± 0.32; t(37) = 3.69 p < 0.001) trials,

reflecting greater difficulty on trials with higher interference (e.g. increased load of pattern

separation for high overlap conditions). To correct for response bias, the primary outcome

variable was corrected accuracy (correct match trial “hits” – incorrect non-match “false

alarms”). This is a standard approach to remove any potential effects of subject response

bias.

To investigate the effect of the exercise intervention and parametric manipulation of the

stimulus similarity level over time on corrected accuracy, we entered data into a rm-ANOVA

with stimulus similarity (10%, 30%, 50% trials) and time (baseline, follow-up) as within-

subject factors and group (ET, RT) as the between-subject factor, and entered age, sex and

education as covariates. Results indicated a main effect of stimulus similarity (F2,180 =

71.82, p < 0.0001; Figure 4C), but no main effect of time (F1,180 = 3.2, p = 0.08) or exercise

group (F1,32) = 2.36, p < 0.14). No interaction effects were significant (similarity X time:

F2,180 = .46, p = 0.63; similarity X group: F2,180 = .51, p = 0.60); group X similarity X time;

F2,180 = .98, p = 0.38), suggesting that exercise group did not have differential effects on

corrected accuracy. Post-hoc testing with Bonferroni correction identified that all 3

conditions (10% similarity, 30% similarity, 50% similarity) were highly significantly

different from one another (Figure 4C). We found participants performed best on the lowest

interference trials (10% trials; mean corrected accuracy = 0.60 ± 0.21) compared to both the

30% trials (mean corrected accuracy = 0.45 +/− 0.23; p < 0.001 compared to 10%) and 50%

trials (mean corrected accuracy = 0.19; p < 0.001 compared to 10% trials). Post-hoc

comparison between 30% and 50% demonstrates significantly lower performance on 50%

trials (p < 0.001). This indicates that subjects performed more poorly on the task as stimulus

similarity, and thus interference, increased.

Since participants in both exercise groups improved their CRF, we reasoned that change in

CRF following the intervention should be more predictive of change in task accuracy than

group membership per se. We found that there was no significant correlation between

changes in CRF and changes in task performance across all participants (10% similarity: r =

−0.07, p = 0.67; 30% similarity: r = −0.11, p = 0.53; 50% similarity: r = 0.13, p = 0.46). We

therefore tested the prediction that individuals who were lower-fit at baseline may reap a

greater cognitive benefit by improving their CRF. We collapsed data across both exercise

groups and subdivided participants by pre-intervention CRF level, using a median split of
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baseline estimated V̇O2
MAX (median estimated V̇O2

MAX: 36.1) (Suwabe, Hyodo, Byun,

Ochi, Fukuie, et al., 2017). This allowed us to separate out aerobically higher-fit individuals

from lower-fit individuals in our sample at the start of the intervention. First, we tested

whether initial fitness category predicted performance on the mnemonic discrimination task

again using a rm-ANOVA. Importantly, results confirmed a lack of a main effect of initial

fitness level (F1,33 = 0.45, p = 0.5), indicating there were no differences in cognitive

performance between participants that were initially higher-fit and those that were initially-

lower fit. This indicates that initial CRF alone did not relate to cognitive performance on this

task. We hypothesized that successful mnemonic discrimination would be most positively

affected by greater improvement in CRF in initially lower-fit individuals. Using multiple

regression, we analyzed the effects of baseline fitness level (higher-fit, lower-fit) and change

in CRF on change in corrected accuracy, including age, sex, and education as covariates, and

applied Bonferroni corrections for the three similarity levels. Additionally, based on

previous literature (Creer et al., 2010), we hypothesized that this interaction may be most

apparent when task demand for discrimination is high (e.g. 50% similarity). As

hypothesized, the interaction between change in CRF and initial fitness level successfully

predicted change in corrected accuracy only in the 50% similarity condition (F1,30 = 13.6, p
= 0.002, padjusted = 0.006; see Figure 4D). There was no interactive effect between change in

CRF and initial fitness level for either the 30% (F1,30 = 2.8, p = 0.12, padjusted = 0.36) or the

10% (F1,30 = 0.46, p = 0.51, padjusted = 1) similarity conditions. This suggests that improving

CRF positively impacts performance on a task that requires very fine discrimination, and

that lower-fit individuals may gain the greatest cognitive benefit by improving their CRF.

4 | Discussion

In the present study, we examined the effects of improving CRF on hippocampal subfield

volumes and behavioral performance on a mnemonic discrimination task that putatively

relies on pattern separation. We tested the hypothesis that increasing CRF following a 12-

week exercise training program would correlate with an increase in hippocampal volume

specific to the DG/CA3 subregion. Critically, we demonstrate the hypothesized positive

relationship between improved CRF and increased DG/CA3 volume to be present

specifically in the head, or anterior most portion, of the hippocampal long axis. We found no

relationship between changes in CRF and volume change in the body of DG/CA3, head or

body of CA1, the body of subiculum or the hippocampal tail. Change in CRF negatively

correlated with volume in the head of the subiculum, although the addition of covariates

mitigated this relationship. Behaviorally, consistent with and predicted by our volumetric

finding, we found that initially lower-fit individuals who improved their CRF following a

twelve-week exercise intervention demonstrated significantly enhanced behavioral

performance on the mnemonic discrimination task when task demands for fine

discrimination were high.

4.1 | Exercise-induced volumetric change in the hippocampus is unique to the DG/CA3
subregion

The presence of AHN in the DG is well accepted in rodents (Altman & Das, 1965) and non-

human primates (Gould et al., 1999; Kornack & Rakic, 1999). Studies in rodents have
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reliably demonstrated that exercise both increases AHN in young animals (van Praag et al.,

1999) and attenuates age-related decline of AHN (van Praag et al., 2005). Conversely,

postmortem studies in humans have shown conflicting results regarding the presence of

AHN. The first evidence of AHN in postmortem human tissue was found in a study by

Eriksson and colleagues, demonstrating that neurons continue to generate in the human DG

into late adulthood (Eriksson et al., 1998). Recently, controversy on this topic has been

reignited by two studies showing data with contradictory results. Sorrells and colleagues

examined samples of postmortem hippocampal tissue from 59 individuals across the lifespan

ranging from fetal development to late adulthood and found high rates of cell proliferation in

the DG during development that dropped precipitously postnatally and were not present in

most specimens collected from individuals past the age of adolescence (Sorrells et al., 2018).

In contrast, Boldrini and colleagues found a substantial presence of intermediate neural

progenitors and immature neurons in the DG of humans posthumously (Boldrini et al.,

2018). The authors of this study also found stability in neurogenesis levels that persisted into

the eighth decade of life.

We cannot currently track AHN in vivo in humans, however, support from neuroimaging

studies, including the results presented here, has contributed important indirect evidence

toward the presence of exercise-induced hippocampal plasticity in humans. A cross-species

study demonstrated increased cerebral blood volume specific to the DG following aerobic

exercise training in both rodents and humans and correlated with AHN in the same region in

rodents (Pereira et al., 2007). Increased regional cerebral blood flow and volume to the

hippocampus in response to an aerobic exercise intervention has been extended to older

adult populations (Maass et al., 2015), although this upregulation may be reduced with

advanced age. In rodents, AHN and angiogenesis are known to be tightly co-regulated

(Palmer et al., 2000), and the same has been shown in human studies (Boldrini et al., 2012).

Volumetry may provide useful as a proxy for plasticity, and previous reports have

demonstrated a positive relationship between aerobic exercise and markers of hippocampal

integrity (Burzynska et al., 2014; Erickson et al., 2011; Kleemeyer et al., 2016; Maass et al.,

2015; Pereira et al., 2007; Schwarb et al., 2017; Thomas et al., 2016). In older adult humans,

greater CRF and improving CRF have been linked to increased gray matter in the

hippocampus (Erickson et al., 2009, 2011) and greater functional connectivity (Voss,

Prakash, et al., 2010). Clinical trials and cross-sectional studies in humans show increased

hippocampal volume or attenuated hippocampal atrophy following aerobic exercise

(Erickson et al., 2009, 2011; Honea et al., 2009; Pereira et al., 2007; Smith et al., 2014). In

addition to aerobic exercise, measures of physical activity such as daily walking also

correlate with hippocampal volume in older women (Varma et al., 2015). This suggests that

baseline levels of physical activity and CRF in older adults have a relationship to

hippocampal volume. However, at the subfield level, addressing the relationship between

physical activity and hippocampal integrity have shown mixed results in older adults. Cross-

sectional data from older women show a positive relationship between amount of daily

walking and surface area of the left subiculum (Varma et al., 2016). Data from another study

in older adults show that volume in the left hippocampus, particularly the CA fields, had a

positive relationship with physical activity over a 24-month period, although the subfield

specific results were attenuated upon adjustment for baseline differences (Rosano et al.,
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2017). The vast majority of these previous studies have investigated these questions within

the context of aging, when there are known changes to brain structure. Here, we investigated

the effect of CRF on brain plasticity in young adulthood, during a time of relative stability in

brain structure (Voss et al., 2011).

One of the strengths of our study is the longitudinal design which allows for detection of

subtle within-subject changes as a result of improving CRF. Our data show that young adults

who show greater improvement in CRF show greater volume change in the DG/CA3

subregion, specifically in the most anterior region. This result is consistent with a previous

exercise intervention study in young adults that showed detectable volumetric changes in the

anterior hippocampus in as little as six weeks of high-intensity interval exercise training

(Thomas et al., 2016). Our results extend this work by specifying the anterior portion of the

DG/CA3 shows a positive relationship between volume and CRF improvement following

our twelve-week exercise protocol. Interestingly, in the study by Thomas and colleagues, the

anterior volume change was shown to be transient once exercise sessions ceased, as

determined by a follow-up MR scan six weeks post-intervention (Thomas et al., 2016). Our

study did not include additional follow-up MR scans extending past three weeks subsequent

to the termination of the exercise program. More work should be done to assess the amount

of exercise needed as well as length of intervention (i.e. dose-dependency of exercise)

required to induce a sustained volume change. While techniques like MRI cannot

definitively prove the existence of AHN, human neuroimaging data, including data presented

in the current study, lend compelling indirect and converging evidence in support of

heightened plasticity in this specific subregion in healthy young adults who respond to

moderate-intensity aerobic exercise.

4.2 | Observed relationship between volume and CRF is specific to the anterior
hippocampus

We show that the anterior-most region of the hippocampus positively responds to change in

CRF, a finding that is complementary to literature in older (Erickson et al., 2011; Maass et

al., 2015) and younger to middle aged adults (Herting & Nagel, 2013; Thomas et al., 2016;

Wagner et al., 2015, 2017). We present evidence that the anterior hippocampus is not

homogenously responsive to exercise-induced changes. Our data show that in young adults,

this exercise-induced effect is restricted to the DG/CA3 subregion. Conversely, change in

CRF had little effect on any subfields within the body and no effect on the hippocampal tail.

This specificity is consistent with previous reports showing positive relationships between

CRF, exercise, and changes to the most anterior division of the hippocampus in humans

(Erickson et al., 2011; Maass et al., 2015; Pereira et al., 2007; Thomas et al., 2016; Varma et

al., 2016; Wagner et al., 2015, 2017), with no effect of aerobic exercise and CRF on the

body and tail of the hippocampus.

Evidence from rodent studies demonstrate differential effects along the long axis of the

hippocampus for exercise-induced AHN. Work in rodents has identified a greater amount of

basal levels of newborn neurons in the dorsal/septal DG (analogous to the posterior DG in

humans) and a larger pool of mature neurons in the ventral portion (analogous to the anterior

DG) (Piatti et al., 2011; Snyder et al., 2009; Tanti et al., 2013). Antidepressant treatment
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seems to increase AHN specifically in the rodent ventral DG (Tanti et al., 2013), and

voluntary exercise enhances neuronal development in the rodent ventral hippocampus (Piatti

et al., 2011), suggesting that in humans this anterior subregion shows amenable plasticity

and ability to increase the pool of newborn neurons. In animal models, the ventral

hippocampus in particular may be more vulnerable to factors such as stress and depression,

and these effects can have substantial consequences on local neuronal development during

the stages of neurogenesis (Tanti & Belzung, 2013). It is possible that the hippocampus has a

gradient of susceptibility to plasticity along its long-axis. Our data, together with the existing

literature suggest that the anterior portion of the hippocampus has greater susceptibility to

plasticity.

4.3 | Improving CRF enhances performance on memory tasks requiring fine
discrimination

Our longitudinal analyses of the behavioral data revealed that improving CRF, particularly in

initially lower-fit individuals, enhanced mnemonic discrimination for the most difficult trials

containing high overlap and thus elevated levels of interference. The most difficult condition

(i.e., 50% similarity) is likely placing a greater demand on the DG to successfully pattern

separate highly overlapping stimuli. Our result importantly connects improving CRF with

enhanced behavioral performance on tasks requiring fine discrimination, and is consistent

with previous reports in rodents demonstrating that increased AHN favorably enhances

performance when the task demands very fine discrimination (Creer et al., 2010; Sahay et

al., 2011). In addition, we found no relationship between CRF at baseline and performance

on the WAIS-IV digit span task. There was also no relationship between change in CRF and

change in performance on any aspect of the digit span task (see Supplemental Information),

suggesting that improving CRF does not enact global changes in memory performance.

Exercise intervention studies in children (Chaddock et al., 2010) and older adults (Erickson

et al., 2011) have demonstrated a positive relationship between improving CRF and

enhanced cognition, though the cognitive processes tested have varied and have not

necessarily been dependent on the hippocampus or AHN. One previous study in healthy

younger adults has also shown that there is a relationship between improved CRF and

behavioral pattern separation following six weeks of high-intensity interval training (Déry et

al., 2013). Our results demonstrate a similar relationship between improving CRF following

a twelve-week moderate intensity exercise program and enhanced performance on a

mnemonic discrimination task with healthy young adults. Recent evidence also suggests that

mnemonic discrimination may be enhanced in healthy young adults with just a single acute

bout of moderate intensity (Suwabe, Hyodo, Byun, Ochi, Yassa, et al., 2017) and light

intensity aerobic exercise, likely by rapidly increasing functional connectivity between the

DG/CA3 subregions and the neocortex (Suwabe et al., 2018) rather than by upregulating

AHN. Future work in humans should focus on how different factors, including dose-

dependency, length of exercise intervention, and age across the adult lifespan may affect

brain structure and cognitive performance, both transiently and longer-term. While there is

evidence in rodents that high intensity aerobic exercise, but not resistance training, promotes

AHN, this effect may also be modulated by a genetic predisposition to respond to exercise

(Nokia et al., 2016). Currently, it is unclear how this translates to humans. Our work shows
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that some individuals, particularly those who are initially lower-fit, may reap a greater

cognitive benefit than those who have initially high CRF.

4.4 | Limitations and considerations

It is important to discuss the limitations of the current study. Our subject pool had more

women than men (81.5% female), and previous work suggests that women may have more

susceptibility to the effects of CRF on cognition (Baker & Frank, 2010; Baym et al., 2014).

We note that our larger female sample may be a factor in our results, although we found no

sex differences across any of our analyses. To partially account for this imbalance, we

included sex as a covariate in all statistical analyses. Additionally, our participant pool had

moderate variability in terms of baseline fitness levels (see Figure 2A), despite enrollment

criteria which required subjects to be sedentary based on self-report as defined by the

American College of Sports Medicine. However, it is of note that in our sample, baseline

levels of CRF did not predict behavioral accuracy on the task at any level of similarity. We

also note the use of submaximal exercise testing rather than a maximal exercise test as a

limitation. Submaximal testing relies on estimation of V̇O2
MAX and of the two components

used for that estimation (V̇O2 for speed and grade, and predicted HRMAX based on age) and

likely introduces some variability in our CRF measurement. However, we chose the method

of a submaximal exercise test to be consistent with safety measures and protocols enacted

for other participant cohorts (older adults ages 55–85; data not shown) in the clinical trial.

Additionally, submaximal exercise tests are a reliable, established way to estimate CRF

without the need for high-intensity maximal testing that may be inappropriate for certain

populations (ACSM, 2014). It is also important to note that differences in daily physical

activity beyond structured exercise is an important component in overall health, and has

been linked to hippocampal volume in older adults (Varma et al., 2015). Therefore, we

acknowledge the lack of objective monitoring of daily physical activity of our participants

during the intervention as a limitation of the current study. Future exercise intervention

studies should aim to concurrently collect objective measures of physical activity beyond

self-report, such as tracking movement using an accelerometer, to control for daily activity

outside experimental exercise sessions.

In the current study, we employed structural neuroimaging approaches allowing us to

examine hippocampal subregional volumes. A limitation of this approach, as noted earlier, is

that this approach does not allow us to track AHN in vivo in humans. Although several

studies have relied on volumetry as a proxy for plasticity (Erickson et al., 2011; Honea et al.,

2009; Maass et al., 2015; Pereira et al., 2007; Smith et al., 2014; Thomas et al., 2016),

potentially related to upregulated AHN (Pereira et al., 2007), changes in gray matter volume

may also include other molecular and cellular phenomena including synaptogenesis,

dendritic branching or pruning, spine formation, angiogenesis, and gliogenesis (Tardif et al.,

2016). Therefore, we must be cautious about our interpretations of this method as it offers a

macroscopic lens to understanding brain-body-behavior interactions that are complementary

to more invasive methods used in animal studies that provide more detailed analysis of the

underlying cellular and molecular mechanisms. In addition to volumetry, future studies in

humans should also employ additional multimodal imaging techniques to study the
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relationship between CRF, neuroplasticity, and cognition in an effort to provide a link

between macrolevel methods and more biologically specific methods (Tardif et al., 2016). In

addition, future studies in rodents should seek to characterize exercise-induced effects across

the septotemporal axis of the hippocampus and determine the differential involvement of

newborn neurons across this axis in cognitive tasks, including those requiring pattern

separation (Tanti & Belzung, 2013).

We did not have specific predictions about lateralization of volumetric findings. Our results

demonstrated a positive relationship between change in CRF and change in volume in the

head of the DG/CA3 within the left hemisphere. This left lateralization is consistent with

several previous studies that have also found heightened exercise-related plasticity effects in

the left hippocampus (Erickson et al., 2009; Rosano et al., 2017; Wagner et al., 2017),

although none of these previous studies explicitly tested for laterality of the exercise/CRF

effect in the hippocampus. It is possible that a longer exercise intervention is necessary for

detection of bilateral effects on hippocampal volume. For example, exercise interventions

over the course of one year have demonstrated bilateral attenuation of anterior volume loss

within the hippocampus in older adults (Erickson et al., 2011). However, another research

group demonstrated that engaging in physical activity over the course of two years was

positively related to left hippocampal volume only (Rosano et al., 2017). Results from

studies of aging individuals have suggested the possibility of more severe age-related

hemispheric atrophy specific to the left hemisphere compared to the right (Taki et al., 2011).

Rodent studies do not typically examine laterality, despite the likelihood that corresponding

regions across the two hemispheres do not necessarily functionally mirror one another and

possibly provide complementary roles in processing related tasks (Lister et al., 2006). Future

experiments in humans and rodents should investigate laterality effects of exercise-induced

changes in regional brain structure and function.

While the current experiment focused on the effects of exercise on the hippocampal

formation, it is important to note that the effects of CRF on the brain extend beyond the

hippocampus. We have previously demonstrated a relationship between higher CRF and

volume in the entorhinal cortex (Whiteman et al., 2016). Hayes and colleagues recently

reported a relationship between higher CRF and greater fMRI activation in bilateral

prefrontal cortex, medial frontal cortex, bilateral thalamus and left hippocampus during an

associative encoding task (Hayes et al., 2017). They additionally showed that task activation

in higher-fit older adults more similarly reflected activation in younger adults than lower-fit

older adults. Higher CRF, both in cross-sectional and interventional studies, has been linked

to greater activation (Herting & Nagel, 2013) and connectivity within large-scale networks

such as the default mode network and frontal executive network (Voss, Erickson, et al.,

2010; Voss, Prakash, et al., 2010). Lastly, higher CRF in young adults has been associated

with greater resting state functional connectivity specifically between the prefrontal cortex

and the anterior, but not posterior hippocampus (Stillman et al., 2018). Future studies are

needed to investigate differential effects of CRF and improving CRF on connectivity

between hippocampal subregions and other regions of the brain.

Despite these limitations, the research described in our manuscript makes a clear, novel

contribution to the literature in several important ways. First, it extends previous exercise
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intervention studies (e.g., Erickson et al., 2011; Jonasson et al., 2016; Kleemeyer et al.,

2016, among others) not only to cognitively healthy young adults, but also to the

hippocampal subfield level, and second, in this study, we uniquely combined an assessment

of behavioral pattern separation with volumetric measurement of hippocampal subfields,

extending previous work on exercise effects on behavioral pattern separation in young adults

(Déry et al., 2013) and, critically, providing the most direct comparison with prominent

animal models of exercise-induced hippocampal plasticity mechanisms to date. A 2019

review by Voss et al. has highlighted a clear need for research on the effects of aerobic

exercise and other exercise modalities on behavioral pattern separation in humans (Voss et

al., 2019). The results presented here make an important step toward filling this critical

knowledge gap. Moreover, our results highlight several new avenues of future research in

humans: 1) exercise training-induced functional changes during behavioral pattern

separation in hippocampal subfields using high-resolution fMRI in human subjects, and 2)

exercise-induced structural changes in hippocampal subfields in the aging human brain.

Furthermore, this work suggests that change in CRF may be a proxy for adult hippocampal

neurogenesis in humans, an idea that is consistent with previous work (Pereira et al., 2007)

and that is testable by combining human subjects research with animal models that include

an assessment of CRF.

4.5 | Conclusions

The current study provides novel evidence linking aerobic exercise with plasticity in the

anterior DG/CA3 subregion and hippocampal-dependent memory. Specifically, the present

study expands upon previous literature across rodents, humans, and computational models of

newborn neurons and demonstrates that improving CRF with exercise training specifically

enhances volume in the anterior portion of the DG/CA3, the neurogenic zone of the

hippocampus. We also demonstrate a positive relationship between change in CRF and

corrected accuracy for trials requiring the highest level of discrimination on a putative

behavioral pattern separation task. This relationship was observed in individuals who were

initially lower-fit, suggesting that individuals who show greater improvement in their CRF

may receive greater cognitive benefit. Future longitudinal studies in humans are needed to

focus on determining how different exercise parameters, including dose-dependency, length

and type of exercise intervention, affect brain structure, function, and connectivity, as well as

how they may translate to changes in cognitive performance across the adult lifespan. 
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Figure 1. Diagram for the study design and randomization for both exercise groups.
Resistance Training (RT), N = 21; Endurance Training (ET), N = 17.
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Figure 2. Fitness Results.

(A) Boxplots showing estimated V̇O2
MAX, the measure of cardiorespiratory fitness (CRF)

for each exercise group (ET and RT) at baseline fitness test (top) and post-intervention

testing (bottom). Individual data points are overlain (closed circle – women; dotted circle –

men). (B) Change in CRF for the RT and ET exercise groups. Within-group t-tests show that

only the ET group had a significant increase in CRF; group comparison in repeated

measures-ANOVA do not show significantly different changes at the group level. (C)

Increases in strength from baseline, measured by the percent change from baseline (lbs) for

each exercise across the groups. The RT group showed significantly greater improvements

compared to the ET group for each exercise (***p < 0.0001; ** p < 0.001). N (ET) = 17; N
(RT) = 21.
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Figure 3. Delineations of Regions of Interest (ROI) and relationships between changes in CRF
and hippocampal subfield volume.
(A) ROIs for hippocampal subfield segmentation were manually traced and included CA1,

DG/CA3 and subiculum in the head and body. Head, body, and tail separations were decided

by anatomical landmarks (see text). Hippocampal tail was not segmented into subfields. (B)

Scatterplots of the association between change in CRF and subfield volumes. There was a

significant positive relationship between change in CRF and change in adjusted volume in

the head of the DG/CA3 (B, left), and a negative relationship between change in CRF and

adjusted volume in left head of the subiculum (B, middle) and adjusted volume in the body

of right CA1. Subsequent multiple regression models including covariates mitigated the

relationships between change in CRF and volume in the left head of the subiculum and right

body of CA1, but the positive relationship between change in CRF and volume in the left

head of DG/CA3 remained (B, left).
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Figure 4. Mnemonic discrimination task and behavioral results.
(A) Stimulus similarity was objectively created by morphing all stimuli within a trial to a

trial-unique template at low (10%), moderate (30%) or high (50%) similarity. (B) An

example trial of the delayed-matching-to sample task. Half the trials were non-match (as in

the example shown) and half were match trials whereby the Test face stimulus was the same

as Sample 1 or Sample 2. Trials were evenly split across the three similarity levels. Inter-trial

interval (ITI) varied between 6–12 s. (C) Boxplots displaying corrected accuracy collapsed

across all subjects at baseline and follow-up by similarity condition. Results indicate a main

effect of stimulus similarity (*** p < .001). (D) Scatterplot showing the relationship between

change in fitness percentile and change in corrected accuracy across time. Data is separated

by a median split into higher-fit (blue circles) and lower-fit (red triangles) individuals based

on initial fitness level at baseline. Regression results show that initially lower-fit individuals
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reap a cognitive benefit from improving their CRF, as evidenced by the positive relationship

between change in CRF and change in corrected accuracy for lower-fit individuals.
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Table 1.

Participant Demographics.

Mean (SD)

Variable Endurance Group (ET) Resistance Group (RT) p-value

N 17 21 ---

Age 24.94 (2.5) 26.33 (3.7) 0.18

Sex 3 M, 14 F 4 M, 17 F ---

Education 16.70 (1.0) 17.09 (1.5) 0.35

Attendance (%) 80 (12) % 81 (11) % 0.79

Means (s.d.) shown for the participants.
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Table 2.

Pearson correlations between change in fitness percentile and change in ROI volume.

ROI Correlation (r) with Δ fitness Standardized beta (± St. Err) for Δ fitness

HEAD

L. Subiculum −0.353* −0.322 (0.002)

R. Subiculum −0.193 −0.178 (0.003)

L. CA1 −0.140 −0.122 (0.002)

R. CA1 −0.052 −0.034 (0.001)

L. CA3/DG 0.377* 0.361 (0.002)*

R. CA3/DG −0.099 −0.103 (0.002)

BODY

L. Subiculum 0.203 0.199 (0.002)

R. Subiculum 0.046 0.042 (0.003)

L. CA1 −0.076 −0.058 (0.003)

R. CA1 −0.321 −0.301 (0.002)

L. CA3/DG −0.041 −0.039 (0.001)

R. CA3/DG −0.199 −0.165 (0.001)

TAIL
L. Hippocampus −0.089 −0.11 (0.002)

R. Hippocampus −0.057 −0.093 (0.003)

*
p < .05
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