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Abstract

Aging and exercise have opposing effects on mnemonic discrimination task perfor-

mance, which putatively taxes pattern separation mechanisms reliant on the dentate

gyrus (DG) subfield of the hippocampus. In young adults, increasing cardiorespiratory

fitness (CRF) has been shown to improve mnemonic discrimination task performance

and increase left anterior DG/CA3 volume. It is unknown how these variables interact

in cognitive aging, yet this knowledge is critical, given the established effects of aging

on hippocampal plasticity. To investigate these relationships, 65 older adults (aged

55–85 years) completed a submaximal treadmill test to estimate CRF, a mnemonic

discrimination task, and a high-resolution MRI scan to determine hippocampal subfield

volumes. Our older adult sample demonstrated the lowest task accuracy in the condi-

tion with the greatest stimuli similarity and left DG/CA3 body volume significantly

predicted accuracy in this condition. Our results did not provide support for relation-

ships between CRF and task accuracy or CRF and DG/CA3 volume as evidenced in

studies of young adults. Instead, CRF predicted bilateral subiculum volume in older

adult women, not men. Altogether, these findings provide further support for a role

of the DG in behavioral pattern separation in humans and suggest that CRF may

have differential effects on hippocampal subfield integrity in older adult men and

women. ClinicalTrials.gov identifiers: (a) Neuroimaging Study of Exercise and Memory

Function, NCT02057354; (b) The Entorhinal Cortex and Aerobic Exercise in Aging,

NCT02775760; (c) Physical Activity and Cognition Study, NCT02773121.
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aging, cardiorespiratory fitness, hippocampus, mnemonic discrimination, MRI,

pattern separation

1 | INTRODUCTION

The hippocampus is a heterogeneous structure composed of inter-

connected, yet anatomically separate subfields that together play an

essential role in episodic memory formation. The hippocampus dem-

onstrates striking plasticity throughout the adult lifespan, and as such,
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exhibits a structural and functional change in response to aging

and lifestyle factors, such as exercise. Cognitive aging has negative

effects on hippocampal integrity. In particular, aging is associated with

decreased hippocampal volume (Jack et al., 1997; Raz, Rodrigue,

Head, Kennedy, & Acker, 2004; Raz et al., 2005) and impaired perfor-

mance on episodic memory tasks (Schaie, 2013; Small, Stern, Tang, &

Mayeux, 1999). Accurate episodic memory formation relies on the

neurocomputational process of pattern separation, which is the dis-

ambiguation of similar stimulus input into nonoverlapping neural rep-

resentations (Yassa & Stark, 2011). This process is thought to rely

on the dentate gyrus (DG), the hippocampal subfield that demon-

strates neurogenesis throughout the adult lifespan (Boldrini et al.,

2018; Eriksson et al., 1998; Spalding et al., 2013; for opposing per-

spective, see Sorrells et al., 2018). Cognitive aging is also associated

with decreased accuracy on mnemonic discrimination tasks (Nauer,

Schon, & Stern, 2020; Stark & Stark, 2017; Stark, Yassa, Lacy, &

Stark, 2013; Yassa et al., 2011; Yassa & Stark, 2011), which are behav-

ioral paradigms designed to tax pattern separation. Mechanistically, it

is likely that this behavioral impairment is related to the vulnerability

of the DG subfield in aging. Rodent, nonhuman primate, and human

studies indicate that although the number of DG neurons is largely

unaffected with age (Erickson, 2003), deviations in DG neuronal

physiology (Gazzaley, Siegel, Kordower, Mufson, & Morrison, 1996;

Penner et al., 2011; Small, Chawla, Buonocore, Rapp, & Barnes, 2004;

Small, Tsai, DeLaPaz, Mayeux, & Stern, 2002) and decreases in the

rate of DG neurogenesis (Gould et al., 1999; Kuhn, Dickinson-

Anson, & Gage, 1996; Ngwenya, Heyworth, Shwe, Moore, & Rosene,

2015) may underlie age-related changes in hippocampal functional

and structural integrity.

Whereas aging is associated with impaired hippocampal plasticity,

aerobic exercise is associated with enhanced hippocampal plasticity.

In both young and older adults, aerobic exercise that increases

cardiorespiratory fitness has been associated with positive effects on

hippocampal structure and function. Cardiorespiratory fitness is a mea-

sure representative of the body's capacity to integrate the cardiovascu-

lar, respiratory, and skeletal muscle systems to generate dynamic,

moderate-to-vigorous intensity exercise for elongated periods of time

(Pescatello & American College of Sports Medicine, 2014). In young

adults specifically, aerobic exercise training that increases cardiorespi-

ratory fitness is associated with increased anterior hippocampal volume

(Thomas et al., 2016). This phenomenon may be driven by plasticity of

the DG in particular, as neuroimaging studies with subfield-level preci-

sion indicate that increasing cardiorespiratory fitness through aerobic

exercise training results in increased DG cerebral blood volume (Pereira

et al., 2007) and left anterior DG/CA3 volume (Nauer, Dunne, Stern,

Storer, & Schon, 2020). Behaviorally in young adults, studies suggest

that increasing cardiorespiratory fitness may enhance mnemonic dis-

crimination task performance (Déry et al., 2013; Nauer, Dunne, et al.,

2020). It is of interest that these hippocampal findings are specific

to the DG given that the rodent literature demonstrates similar,

DG-specific exercise-induced plasticity (Clark, Brzezinska, Puchalski,

Krone, & Rhodes, 2009; Eadie, Redila, & Christie, 2005; Marlatt, Potter,

Lucassen, & van Praag, 2012; Nokia et al., 2016; Pereira et al., 2007;

Redila & Christie, 2006; van Praag, Christie, Sejnowski, & Gage, 1999;

van Praag, Kempermann, & Gage, 1999; van Praag, Shubert, Zhao, &

Gage, 2005). Behaviorally in rodents, this DG-specific plasticity results

in enhanced performance on spatial pattern separation tasks (Creer,

Romberg, Saksida, van Praag, & Bussey, 2010). Altogether, these stud-

ies in rodents and young adult humans indicate that exercise has pro-

found effects on hippocampal plasticity and may have differential

effects on the hippocampal subfields.

Studies in older adults also consistently demonstrate positive

effects of aerobic exercise that increases cardiorespiratory fitness

on hippocampal integrity. One way to explore hypotheses regarding

the effects of aerobic exercise on the brain cross-sectionally is to

examine associations between cardiorespiratory fitness and brain

structure and function. Critically, aerobic exercise training increases

cardiorespiratory fitness in older adults (Hagberg et al., 1989; Kohrt

et al., 1991), and as such, cardiorespiratory fitness is thought to be

a driving mechanism underlying the effects of aerobic exercise on

the brain. Notably, cross-sectional studies and randomized controlled

trials demonstrate relationships between cardiorespiratory fitness,

aerobic exercise, and hippocampal volume. Erickson et al. (2009)

demonstrated that greater cardiorespiratory fitness is associated

with greater bilateral hippocampal volume in older adults. These

results have since been extended to multiple randomized controlled

trials, the findings of which suggest that increased cardiorespiratory

fitness achieved through aerobic exercise training is associated with

increased hippocampal volume (Erickson et al., 2011; Jonasson et al.,

2017). The relationship between aerobic exercise training and greater

hippocampal volume in older adults is thought to result from the

attenuation of hippocampal atrophy associated with aging (Erickson

et al., 2011; Firth et al., 2018), rather than increased volume com-

pared to baseline measurements, as seen in young adults (Nauer,

Dunne, et al., 2020; Thomas et al., 2016).

Although relationships between aerobic exercise, cardiorespira-

tory fitness, and whole hippocampal volume in older adults are well

established, studies in this population do not converge upon a clear

explanation for the differential effects of aerobic exercise or cardiore-

spiratory fitness on the distinct hippocampal subfields, as they do

in young adults. For example, Rosano et al. (2017) demonstrated

that exposure to a multi-modal exercise training program resulted in

increased volume of the left Cornu Ammonis (CA1–CA3) subfields,

but not the right CA subfields, nor bilateral DG. Comparatively,

Varma, Tang, and Carlson (2016) showed that greater walking activity

was associated with larger surface area of the bilateral subiculum

in women, not men. Together, this literature suggests that aerobic

exercise training and physical activity have robust effects on the hip-

pocampus; however, a clear picture for how aerobic exercise or car-

diorespiratory fitness affect the hippocampal subfields differentially in

older adults remains elusive. This knowledge is critical, given that the

hippocampal subfields have differential vulnerability to aging (Small

et al., 2004; Small et al., 2002; for review see Small, Schobel, Buxton,

Witter, & Barnes, 2011) and are associated with unique cognitive and

computational operations implicated in learning and memory (for

reviews see Kesner, Lee, & Gilbert, 2004; Small et al., 2011).
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Thus, the objective of the current study was to investigate the

relationships between cardiorespiratory fitness, hippocampal subfield

volumes, and mnemonic discrimination task performance in cognitive

aging. We sought to test the hypothesis that cardiorespiratory fitness

will be associated with enhanced function and structure of the hippo-

campal subfields, which will be evidenced by (a) a positive relationship

between cardiorespiratory fitness and mnemonic discrimination task

performance, and (b) a positive relationship between cardiorespiratory

fitness and hippocampal subfield volumes. First, we investigated if the

DG-specific effects of increased cardiorespiratory fitness observed in

young adults, including enhanced mnemonic discrimination task per-

formance and increased left anterior DG/CA3 volume (Nauer, Dunne,

et al., 2020), extend to older adults. Next, we aimed to examine the

relationships between cardiorespiratory fitness and other hippocam-

pal subfield volumes given that some of the older adult human litera-

ture (Rosano et al., 2017; Varma et al., 2016) suggests that the CA1

and subiculum may also be modulated by cardiorespiratory fitness. To

evaluate hippocampal function and structure at the subfield level in

older adults, we utilized a hippocampally dependent mnemonic dis-

crimination task (MDT) designed to putatively measure behavioral

pattern separation and high-resolution structural MRI with an auto-

matic segmentation protocol optimized for hippocampal subfield-level

precision. Our results indicate that MDT accuracy was lowest in the

task condition with the greatest stimuli similarity, and left DG/CA3

body volume significantly predicted performance in this condition in

our sample. Furthermore, cardiorespiratory fitness was not associated

with DG/CA3 volume as predicted, but was associated with bilateral

subiculum volume in women, not men. Altogether, these findings pro-

vide further support for a role of the DG in behavioral pattern separa-

tion in humans and suggest that cardiorespiratory fitness may have

differential effects on hippocampal subfield integrity in older adult

men and women.

2 | METHODS

2.1 | Participants

Participant data for this study were acquired from three larger studies

in our laboratory examining the effects of aerobic exercise training

on the hippocampal memory system (MRI Study 1: Neuroimaging

Study of Exercise and Memory Function, ClinicalTrials.gov Identifier:

NCT02057354; MRI Study 2: The Entorhinal Cortex and Aerobic

Exercise in Aging, ClinicalTrials.gov Identifier: NCT02775760; Behav-

ioral Study: Physical Activity and Cognition Study, ClinicalTrials.gov

Identifier: NCT02773121). For these studies, we recruited healthy

older adults between the ages of 55–85 years from the greater Bos-

ton area. Inclusion criteria based on self-report included fluency in

English (must have attended elementary school and higher in English),

nonsmoking within the past 6 months, and not participating in at least

30 min of moderate-intensity physical activity on at least 3 days per

week for at least 3 months. Exclusion criteria based on self-report

included poor vision that cannot be corrected; past or present

conditions that affect cognitive function or may be associated with

altered brain function and structure (e.g., learning disabilities, neuro-

logical disorders/conditions, psychiatric disorders/conditions, and/or

severe stress); use of prescription medication or other drugs that are

psychoactive; and/or drug abuse or alcohol misuse, given that this

may affect performance on cognitive outcome measures. Exclusion

criteria that were examined at the first study visit to determine eligi-

bility included evidence of cognitive impairment, as determined by

performance on the Dementia Rating Scale-2 (DRS-2) (Mattis, 1976),

the Trail-Making Test (TMT) Versions A and B (Strauss, Sherman, &

Spreen, 2006), and the Stroop Test, Victoria version (VST; Strauss

et al., 2006); evidence of impaired brain function and/or structure,

indicated by a difference greater than five kilograms on the grip

strength test using the Smedley Dynamometer (Strauss et al., 2006);

and evidence of psychiatric disorders or conditions and/or severe

stress that affect cognitive function or may be associated with

altered brain function and structure, examined with the Beck Anxiety

Inventory (Beck & Steer, 1993), the Geriatric Depression Scale Long

Form (30-item; Yesavage et al., 1982), and the Perceived Stress

Scale (Cohen, Kamarck, & Mermelstein, 1983). Participants were also

excluded if they self-reported contra indicators for participation in

fitness testing or exercise training. This included the presence of

an acute infection, diagnosis of metabolic conditions (e.g., diabetes

mellitus type 1 or type 2, kidney failure, liver disease, thyroid disor-

ders such as thyrotoxicosis/hyperthyroidism), cancer, and/or severe

anemia; heart, circulatory, or respiratory conditions, current musculo-

skeletal impairment (without primary care physician clearance), or

diagnosis of electrolyte disorder; and/or use of prescription medica-

tions or other drugs that are cardioactive. Additionally, participants

were excluded if their anthropometric measures, as measured at the

first study visit, were indicative of high-risk obesity (Pescatello &

American College of Sports Medicine, 2014): participants with a body

mass index (BMI) greater than or equal to 35 kg/m2, and a waist cir-

cumference greater than 102 cm (40 in.) for men or 88 cm (35 in.) for

women, and a hip-to-waist ratio greater than 1.03 for men or 0.90 for

women were excluded. Participants were only excluded if all three

criteria were met. These exclusion criteria were used because of the

established relationship between obesity and increased risk of cardio-

vascular disease and musculoskeletal impairment, which affects risk

stratification for participation in fitness testing and exercise training

(Pescatello & American College of Sports Medicine, 2014). Finally,

two of the three studies from which we retrieved data included MRI

scans (MRI Study 1, MRI Study 2). These participants were screened

for additional exclusion criteria, including claustrophobia; the presence

of ferromagnetic metal in or on the body that cannot be removed

(e.g., pacemaker, defibrillator, metal implant that is ferrous/not MRI

compatible); and/or extreme motion-sickness (which may be aggravated

by tasks completed in the scanner; not reported here). All participants

provided signed, informed consent prior to participation in the study.

All protocols and study procedures adhered to the Code of Ethics

of the World Medical Association and were approved by the Boston

University Medical Campus Institutional Review Board. Participants

performed either two or three study visits at Boston University
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School of Medicine and/or Boston University Charles River Campus

depending on their study of enrollment. Participants enrolled in the

behavioral study without MRI testing completed two study visits: the

first included informed consent and eligibility screening; the second

included behavioral testing followed by fitness testing. Participants

enrolled in the two MRI studies completed three study visits: the

first included informed consent and eligibility screening; the second

included fitness testing; and the third included behavioral testing and

a structural MRI scan. Because of the known effects of acute exercise

on cognition (Suwabe et al., 2018, 2017; reviewed in Tomporowski,

2003), all MRI visits were scheduled at least 24 hr after cardiorespira-

tory fitness testing or before cardiorespiratory fitness testing.

Altogether, 65 participants completed the required study visits,

with 52 participants from the MRI studies and 13 participants from

the behavioral study without MRI testing. Participant characteristics

(including demographics and physiology) for included participants are

summarized by study in Table 1 and by sex in Table 2. Out of the

52 participants with MRI data, eight were excluded due to motion

that interfered with preprocessing and/or segmentation procedures,

and two were excluded due to incidental findings in the regions of

interest on their structural scan. This resulted in 42 participants with

usable MRI data. Out of these 42 participants, 35 successfully com-

pleted cardiorespiratory fitness testing, whereas the other seven par-

ticipants failed to reach a criterion of 85% of their age-predicted

maximum heart rate during testing (see below for details). This

resulted in 35 datasets for the analyses that examined the relationship

between cardiorespiratory fitness and hippocampal subfield structure.

Secondly, out of the 42 participants with usable MRI data, 21 also

completed the MDT. This resulted in 21 datasets for the analyses that

examined the relationship between hippocampal subfield structure

and MDT performance. Out of the 13 participants with behavioral

data only, 10 successfully completed cardiorespiratory fitness testing,

whereas the other three participants failed to reach the 85% criterion

of their age-predicted maximum heart rate during testing, as above.

Thus, when compiled with the 19 participants who had both behav-

ioral and cardiorespiratory fitness data from the MRI studies, this

resulted in 29 datasets for the analyses that examined the relationship

between cardiorespiratory fitness and MDT performance.

2.2 | Cardiorespiratory fitness assessment

In the current study, cardiorespiratory fitness was operationally defined

as estimated maximal oxygen uptake ( _VO2max ), the gold-standard mea-

sure of cardiorespiratory fitness in exercise physiology (Mitchell,

Sproule, & Chapman, 1958; Wagner, 1996). To estimate _VO2max, each

participant completed a submaximal incremental treadmill test adhering

to a modified Balke protocol (Pescatello & American College of Sports

Medicine, 2014). Before testing at the Boston University Fitness and

Recreation Center, study staff instructed participants to refrain from

aerobic exercise and/or resistance training for 24hr prior to testing and

refrain from any caffeine consumption for 3 hr prior to testing. The

incremental treadmill test protocol implemented by our laboratory

(Kronman et al., 2020; Nauer, Dunne, et al., 2020; Nauer, Schon, &

Stern, 2020) includes three phases: 3min of warm-up, approximately

8–12 min of incremental exercise, and 3min of cool-down. Throughout

TABLE 1 Participant characteristics for a sample of 65 older adults (aged 55–85 years) separated by study

All participants MRI study 1 MRI study 2 Behavioral study

Demographics—mean ± SD

N 65 (39 women) 25 (12 women) 27 (19 women) 13 (8 women)

Age (years) 65.66 ± 6.97* 62.56 ± 7.05 68.00 ± 5.47 66.77 ± 7.83

Education (years) 16.42 ± 2.27* 15.88 ± 1.86 17.26 ± 2.46 15.69 ± 2.18

Physiology—mean ± SD

N (reached 85% HRmax) 53 (34 women) 19 24 10

Estimated _VO2max (ml kg−1 min−1) 29.31 ± 6.08† 30.07 ± 5.31 30.25 ± 6.17 25.60 ± 6.43

Resting heart rate (beats per minute) 69.21 ± 12.03 67.37 ± 14.58 72.42 ± 10.35 65.00 ± 9.09

BMI 27.44 ± 4.85 27.98 ± 3.60 27.82 ± 5.78 25.52 ± 4.41

Physiology—median (IQR)

Estimated _VO2max percentile (range 1–99) 84 (32.50)* 79 (43.25) 97 (20.50) 76 (20.00)

Neuropsychological measures—mean ± SD

TMT B/A ratio 2.162 ± 0.640 2.096 ± 0.618 2.330 ± 0.689 1.941 ± 0.516

VST ratio 2.015 ± 0.421 2.042 ± 0.491 1.953 ± 0.360 2.094 ± 0.408

Neuropsychological measures—median (IQR)

DRS-2 Total raw score 142 (2.0) 142 (2.0) 141 (3.5) 142 (3.0)

DRS-2 memory raw score 25 (2.0) 25 (1.0) 25 (1.5) 24 (2.0)

Abbreviations: DRS-2, Dementia Rating Scale-2; HRmax, maximum heart rate; TMT, Trail-Making Test; _VO2max, maximal oxygen uptake; VST, Stroop Test,

Victoria version.

*Denotes significant difference (p < .05*) between studies.
†Denotes a trend toward significance in the difference (p < .10†) between studies.
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the duration of the test, a study staff member monitored the partici-

pant's heart rate. In order to accomplish this, each participant wore a

heart rate watch (MRI Study 1, Behavioral Study: Polar, model FT7;

MRI Study 2: Polar, model A300) that wirelessly paired to a heart

rate monitor fixed to a chest strap (Polar, model H1). Additionally,

a study staff member measured and recorded blood pressure every

3min throughout testing in order to ensure participant safety, as rec-

ommended (Pescatello & American College of Sports Medicine, 2014).

During the incremental exercise phase of the test, each participant wal-

ked on a treadmill at their pre-determined fastest comfortable walking

pace while the study staff increased treadmill grade every minute. A

study staff member recorded heart rate in the last 5 s of each minute of

exercise. Finally, the study staff terminated the test when the partici-

pant reached 85% of their age-predicted maximum heart rate (Tanaka,

Monahan, & Seals, 2001). This submaximal protocol was chosen for the

safety of our older participants.

We estimated oxygen uptake ( _VO2) for each treadmill stage

based upon a standard metabolic equation for gross _VO2 for walking

(Equation (1)):

_VO2 = 0:1ml kg−1 min−1 �S
� �

+ 1:8ml kg−1 min−1 �S �G
� �

+3:5ml kg−1 min−1 ð1Þ

in which _VO2, S, and G represent gross oxygen uptake (ml kg−1 min−1),

treadmill speed (m/min), and the treadmill percent grade/100, respec-

tively (Pescatello & American College of Sports Medicine, 2014). The

last component of Equation 1 (3.5 ml kg−1 min−1) corresponds to

estimated resting _VO2. We estimated _VO2max for each participant

using the calculated _VO2 and its corresponding heart rate, and by

exploiting the known linear relationship between _VO2 and heart rate

(Wasserman, 2012). Thus, using the data collected from the sub-

maximal incremental treadmill test, we were able to estimate _VO2max ,

which operationally defined cardiorespiratory fitness in the current

study.

Finally, to appreciate the distribution of cardiorespiratory fitness

values collected from our participants within the context of national

reference values, we interpolated all estimated _VO2max scores to age-

and sex-specific percentiles as determined by the Fitness Registry and

the Importance of Exercise National Database (FRIEND; Kaminsky,

Arena, & Myers, 2015). Although these percentiles were not used for

further analyses, they provide important insight toward the fitness

level of our participants compared to references by age and sex for

the US population.

2.3 | Mnemonic discrimination task

2.3.1 | Design of task and stimuli

Our laboratory developed an adapted delayed matching-to-sample task

designed to tax mnemonic discrimination ability at parametrically varying

levels (Nauer, Dunne, et al., 2020). We created this mnemonic discrimi-

nation task (MDT) and collected the data using E-Prime 2.0 (https://

pstnet.com/products/e-prime/; RRID:SCR_009567). The stimulus set

comprises a series of grayscale images of nonfamous faces edited to

consist of only central facial features (i.e., peripheral features such as

hair, clothes, etc. were eliminated). We created 10 runs of the task,

TABLE 2 Participant characteristics
for a sample of 65 older adults (aged
55–85 years) separated by sex

All participants Men Women

Demographics—mean ± SD

N 65 (39 women) 26 39

Age(years) 65.66 ± 6.97 66.62 ± 8.10 65.03 ± 6.14

Education (years) 16.42 ± 2.27 16.50 ± 2.20 16.36 ± 2.35

Physiology—mean ± SD

N (reached 85% HRmax) 53 (34 women) 19 34

Estimated _VO2max (ml kg−1 min−1) 29.31 ± 6.08* 31.84 ± 6.08 27.89 ± 5.69

Resting heart rate (beats per minute) 69.21 ± 12.03 70.58 ± 13.31 68.44 ± 11.39

BMI 27.44 ± 4.85 27.64 ± 3.77 27.13 ± 5.28

Physiology—median (IQR)

Estimated _VO2max percentile (range 1–99) 84.0 (32.50)** 68.5 (37.25) 93.0 (22.00)

Neuropsychological measures—mean ± SD

TMT B/A ratio 2.162 ± 0.640 2.215 ± 0.530 2.127 ± 0.708

VST ratio 2.015 ± 0.421 1.942 ± 0.416 2.064 ± 0.423

Neuropsychological measures—median (IQR)

DRS-2 Total raw score 142 (2.0) 142 (2.0) 141 (2.5)

DRS-2 memory raw score 25 (2) 25 (1) 24 (2)

Abbreviations: DRS-2, Dementia Rating Scale-2; HRmax, maximum heart rate; TMT, Trail-Making Test;
_VO2max, maximal oxygen uptake; VST, Stroop Test, Victoria version.

*Denotes significant difference (p < .05*) between sexes.

**Denotes very significant (p < .01) difference between sexes.
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which were split into two separate sets (Set A and Set B) to allow

for counterbalancing across participants in our larger research studies

including an aerobic exercise training program. Within the current study,

which includes only baseline data from the larger studies, half of the

participants performed Set A and the other half performed Set B.

Importantly, to examine mnemonic discrimination at parametri-

cally varying levels of stimulus similarity, we designed the task using

FantaMorph 5 (https://www.fantamorph.com) to morph all face stim-

uli within a trial to have either low (10%), moderate (30%), or high

(50%) overlap with a trial-unique template (Figure 3a). Consequently,

all face stimuli in a trial have a parametrically varied percentage of

facial similarity. The stimuli in the 50% condition objectively have

the greatest representational similarity of all three conditions; thus,

this condition in particular theoretically places the highest taxation

on pattern separation to successfully resolve interference between

stimulus input during encoding (Nauer, Dunne, et al., 2020). We

pseudorandomized trial condition (10, 30, and 50%) within each run

such that each run had an even number of all three conditions.

2.3.2 | Task procedure

In a single trial of the task (Figure 3b), the participant is subsequently

shown two face stimuli (Sample 1, 4 s; Sample 2, 4 s), a black screen

with a gray silhouette of a face containing a central crosshair

(Delay, 10 s), and a test face stimulus (Test, 4 s). During the Test face

presentation, the participant is asked to make a button-press response

to indicate if they believe that the Test face is the same as Sample

1 (match trial), the same as Sample 2 (match trial), or is a new face

(nonmatch trial). As aforementioned, each face shown in a trial is mor-

phed to have either low (10%), moderate (30%), or high (50%) similarity

with a trial-unique template that the participant does not see during

the trial. Thus, all three faces in the trial share either 10, 30, or 50%

overlap in facial features. Each trial is followed by a variable inter-trial

interval (ITI; 6–12 s). Furthermore, within each run, trials were split

evenly into nonmatch and match trials, the latter of which were sepa-

rated evenly into matches to Sample 1 and matches to Sample 2. In

the current study, participants completed five runs total with each run

comprising 12 trials for a total of 60 completed trials per participant.

To familiarize the participants with the task, each participant com-

pleted a practice version of the task which consisted of one run of

a distinct set of stimuli. In the practice task, participants received

response feedback after each trial. In the experimental version of the

task, participants did not receive response feedback after each trial;

however, overall accuracy was provided at the end of each run.

2.4 | MRI data acquisition and hippocampal
subfield segmentation

2.4.1 | MRI data acquisition—Dataset 1

Twenty-five (12 women) participants enrolled in MRI Study 1 were

scanned using a 3 Tesla Phillips Achieva MRI scanner equipped with

an eight-channel Sensitivity Encoding (SENSE) head coil at Boston Uni-

versity Center for Biomedical Imaging. We collected two anatomical

scans for each participant: first, a high-resolution whole-brain struc-

tural T1-weighted magnetization prepared rapid acquisition gradient

echo (MPRAGE) volume (TR (ms) = 6.8; TE (ms) = 3.1; acquisition

matrix M × P = 256 × 254; slices = 150; acquisition voxel MPS

(mm3) = 0.98 × 0.98 × 1.20; field of view FH × AP (mm2) = 250 × 250;

SENSitivity Encoding P reduction (AP): 1.5, P os factor: 1, S reduction

(RL): 2; flip angle (degrees) = 9), and second, a structural T2-weighted

volume with high in-plane resolution (TR (ms) = 3,000; TE (ms) = 80;

acquisition matrix M × P = 576 × 450; slices = 30; slice gap (mm) = 0.6;

acquisition voxel MPS (mm) = 0.40 × 0.41 × 2.00; field of view

FH x RL (mm2) = 230 × 185; SENSitivity Encoding P reduction (RL):

2, P os factor: 1; flip angle (degrees) = 90).

2.4.2 | MRI data acquisition—Dataset 2

Twenty-seven (19 women) participants enrolled in MRI Study 2 were

scanned using a 3 Tesla Siemens MAGNETOM Prisma MRI scanner

equipped with a stock 64-channel head coil at Boston University Cog-

nitive Neuroimaging Center. We collected two anatomical scans for

each participant: a high-resolution whole-brain structural T1-weighted

magnetization-prepared rapid acquisition gradient multi-echo (multi-

echo MPRAGE [van der Kouwe, Benner, Salat, & Fischl, 2008]) volume

(slices (sagittal) = 176; TR (ms) = 2,200; TE (ms) = 1.67; TI (ms) =

1,100; acquisition matrix = 230 × 230; voxel resolution (mm3) = 1.0 ×

1.0 × 1.0; field of view = 230 × 230; GRAPPA acceleration = 4; flip

angle (degrees) = 7) and second, a structural T2-weighted volume with

high in-plane resolution (TR (ms) = 8,020.0; TE (ms) = 80.0; acquisition

matrix = 384 × 384; slices = 30; spacing between slices (mm) = 2;

voxel resolution (mm3) = 0.39 × 0.39 × 2.0; field of view = 384 × 384;

flip angle (degrees) = 150).

2.4.3 | Segmentation of hippocampal subfields

To segment the hippocampal subfields, we used the well-established

Automatic Segmentation of Hippocampal Subfields (ASHS) software

package (https://www.nitrc.org/projects/ashs; Yushkevich et al., 2015).

This software requires a T1-weighted volume and an oblique coronal

T2-weighted volume with high in-plane resolution (0.4 × 0.4 mm2). For

the current study, we used ASHS to automatically label the main hippo-

campal subfields on each participant's T2-weighted volume based on

the Penn Memory Center 3 T ASHS atlas (Yushkevich et al., 2015).

Regions of interest included the following hippocampal subfields,

examined bilaterally: CA1, CA2, CA3, DG, and subiculum. Given the

lower reliability of the boundaries between DG and CA3, these

two regions were combined into one region of interest (DG/CA3) for

all statistical analyses. As in our laboratory's previous work (Nauer,

Dunne, et al., 2020), we next used established anatomic guidelines

(Pruessner, 2000) to manually segment the hippocampal subfields into

head, body, and tail. Briefly, slices anterior to the uncal apex disappear-

ance were labeled as head, slices posterior to the uncal apex
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disappearance but anterior to the wing of the ambient cistern were

labeled as body, and slices posterior to the wing of the ambient cistern

were labeled as tail (see example slices of hippocampal head and

body in Figure 1). One researcher (K. L. K.) performed the head, body,

and tail delineations for each participant on all coronal slices of the

T2-weighted volumes in native space using ITK-SNAP Version 3.8.0

(www.itksnap.org; RRID:SCR_002010; Yushkevich et al., 2006). All seg-

mentations were inspected for accuracy. Notably, head, body, and tail

segmentations for the DG/CA3 only were used for statistical analyses,

as the DG/CA3 subfields are to our knowledge the only hippocampal

subfields for which there is evidence for differential effects of cardiore-

spiratory fitness along the long axis of the hippocampus. Furthermore,

DG/CA3 segmentations suitable for analyses were limited to the head

and body of DG/CA3, given that subfield delineations in the tail were

not reliable within or between participants.

Finally, we corrected all region of interest volumes for differences

in intracranial volume (ICV) prior to statistical analyses. ICV was sup-

plied by the ASHS output for each participant. We used an adjust-

ment that is well established in the literature (Erickson et al., 2009;

Erickson et al., 2011; Head, Rodrigue, Kennedy, & Raz, 2008; Nauer,

Dunne, et al., 2020; Raz et al., 2004; Raz et al., 2005) and takes an

analysis of covariance approach (Equation 2):

Adjusted volume=Rawvolume–b× ICV–mean ICVð Þ ð2Þ

where b is the slope of the regression of a region of interest

volume on ICV. Adjusted volumes were used in all applicable analyses

described in the current study.

2.5 | Statistical methods

All statistical analyses were performed using RStudio Version 1.0.153

(https://rstudio.com/; RRID:SCR_000432). First, we examined all contin-

uous variables, including physiological measures, neuropsychological

measures, MDT performance, and hippocampal subfield volumes, for

normality using a Shapiro–Wilk test of normality. Next, we summarized

all continuous variables with normal distributions using mean and stan-

dard deviation. We examined the demographic data (Age, Education),

physiological data (estimated _VO2max, resting heart rate, BMI), and neu-

ropsychological measures (TMT B/A ratio, VST ratio) for significant

differences between studies using a one-way analysis of variance

(ANOVA) for independent samples and for significant differences

between sexes using Welch's Two-Sample t-tests. Given that esti-

mated _VO2max percentile, DRS-2 total raw score, and DRS-2 memory

raw score did not assume normality, we summarized these variables

using median and interquartile range. Furthermore, we checked these

variables for study differences using Kruskal–Wallis Rank Sum Tests

and for sex differences using Mann–Whitney U tests.

We next sought to examine relationships between neuropsycho-

logical measures, participant demographics, and MDT performance.

The primary outcome measure for the MDT, corrected accuracy, was

calculated by subtracting false alarms (incorrect nonmatch trials) from

hits (correct match trials). To examine relationships between MDT

corrected accuracy and the normally distributed variables of TMT B/A

ratio and VST ratio, we used simple Pearson correlations. To examine

relationships between MDT corrected accuracy and the nonnormally

distributed variables of DRS-2 total raw score and DRS-2 memory

raw score, we used Spearman's rank-order correlations. We corrected

all Pearson and Spearman's correlations for multiple comparisons by

applying Benjamini & Hochberg (false discovery rate, FDR) corrections

(Benjamini & Hochberg, 1995) for similarity condition (three). These

corrections were implemented using the p.adjust function in R. Finally,

we used Welch's Two-Sample t-tests to examine differences between

the sexes in MDT performance in all three similarity conditions. As

with the above correlations, these tests were all corrected for multiple

comparisons using FDR corrections.

To examine relationships between estimated _VO2max , MDT

performance, and hippocampal subfield volumes, we employed a statisti-

cal approach previously used in our laboratory (Nauer, Dunne, et al.,

2020). To perform this approach, we first investigated relationships

between variables by running simple Pearson correlations. Next, we

examined significant correlations (p < .05*) and correlations that were

trending toward significance (p < .10†) using linear regression models to

control for covariates such as age (years, continuous), sex (men, women),

education (degree years), and study (MRI Study 1, MRI Study 2, Behav-

ioral Study). When appropriate, we also included DRS-2 memory raw

score as a covariate to determine if an observed relationship was medi-

ated by memory-related capability. Both the correlational step and the

linear regression step of this approach involved correction for multiple

comparisons by applying FDR corrections.

2.5.1 | MDT performance and its relationship
to DG/CA3 volume

First, we examined participant performance between the different

MDT similarity conditions (10, 30, and 50%). To test if performance

significantly varied between similarity conditions, we used a one-way

F IGURE 1 Example of hippocampal head and body subfield
segmentations. The hippocampus was automatically segmented into
the following subfields: Cornu Ammonis (CA) 1–3 (CA1, CA2, CA3),
dentate gyrus (DG), and subiculum (SUB). ROIs for analyses included
CA1, DG/CA3, and SUB. Next, the hippocampal subfields were
manually segmented into the head, body, and tail using established
anatomic guidelines. Subfield delineations in the tail were not used for
analyses due to low reliability within and between participants
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ANOVA for paired samples with subsequent post hoc testing con-

sisting of a Tukey test. We predicted that older adults would demon-

strate the lowest accuracy in the MDT condition with the highest

stimuli similarity.

Next, we sought to examine DG/CA3 subfield volume as a predic-

tor of MDT performance. First, we examined simple Pearson correla-

tions between ICV-adjusted bilateral DG/CA3 head and body volumes

and task performance in the 50% MDT condition. We examined

the DG/CA3 head and DG/CA3 body separately given the well-

established literature suggesting different roles of the anterior hippo-

campus in stress and emotion and the posterior hippocampus in

cognitive function (Bannerman et al., 2004; Fanselow & Dong, 2010;

Strange, Witter, Lein, & Moser, 2014). Furthermore, we focused on

behavioral performance in the 50% MDT condition given that this con-

dition was designed to place the greatest taxation on mnemonic discrim-

ination ability. After running Pearson correlations, we adjusted these

values by applying FDR corrections for number of comparisons (four,

i.e., laterality and head/body split). To follow, we evaluated significant

correlations (p < .05*) and correlations that were trending toward signifi-

cance (p < .10†) when controlling for age, sex, education, and study

using linear regression analyses. Additionally, we ran a second set of lin-

ear regression analyses with DRS-2 memory raw score included as a

covariate to determine if any observed relationship may be mediated by

memory-related capability. For the aforementioned analyses, any partici-

pant whose ICV-adjusted ROI volume was more than two standard

deviations greater than or less than the sample mean was considered an

outlier and removed from the analysis (Seo, 2006).

2.5.2 | Cardiorespiratory fitness as a predictor of
MDT performance and hippocampal subfield volumes

Our next goal was to examine cardiorespiratory fitness as a predictor

of MDT performance and hippocampal subfield volumes. To begin,

we examined simple Pearson correlations between estimated _VO2max,

which operationally defined cardiorespiratory fitness, and task perfor-

mance in all MDT conditions. This aimed to test the prediction that

cardiorespiratory fitness would predict task accuracy in the 50%

MDT condition. We corrected these correlations for multiple compari-

sons (three, i.e., number of MDT conditions) using FDR corrections.

Subsequently, we examined significant correlations (p < .05*) and corre-

lations that were trending toward significance (p < .10†) when control-

ling for age, sex, education, and study using linear regression analyses.

We also ran a second set of linear regression analyses that included

DRS-2 memory raw score as a covariate to determine if any observed

relationships may be mediated by memory-related capability.

Next, we sought to examine cardiorespiratory fitness as a predic-

tor of adjusted hippocampal subfield volumes. As in our previously

published work (Nauer, Dunne, et al., 2020) and the previous analyses

in the current study, we began by examining simple Pearson correla-

tions between estimated _VO2max and ICV-adjusted hippocampal sub-

field volumes. Given the sex-specific findings in other exercise studies

(Brown, Peiffer, & Martins, 2013; Colcombe & Kramer, 2003; Varma

et al., 2016; Varma, Chuang, Harris, Tan, & Carlson, 2015), we also

evaluated these correlations in sub-groups by sex. Thus, we applied

FDR corrections for laterality and sex to our Pearson correlations

when appropriate. To follow, we examined significant correlations

(p < .05*) and correlations that were trending toward significance

(p < .10†) while controlling for age, sex, education, and study using lin-

ear regression analyses. We also ran a second set of linear regression

analyses that included DRS-2 memory raw score as a covariate to

determine if any observed relationships may be mediated by memory-

related capability. Any participant whose ICV-adjusted ROI volume

was more than two standard deviations greater than or less than the

sample mean was considered an outlier and removed from the analy-

sis (Seo, 2006). We predicted that cardiorespiratory fitness would be

associated with DG/CA3 volume, as evidenced by our laboratory in

young adults (Nauer, Dunne, et al., 2020), and may also demonstrate

a positive relationship with other hippocampal subfields, including

the CA1 and subiculum, as evidenced in other publications (Rosano

et al., 2017; Varma et al., 2016).

3 | RESULTS

3.1 | Participant demographics, physiology,
and neuropsychological measures

Participant characteristics (including demographics and neuropsycho-

logical measures) for 65 participants are summarized by study in

Table 1 and by sex in Table 2. Fifty-three of these participants suc-

cessfully completed the submaximal treadmill test to estimate _VO2max,

which operationally defined cardiorespiratory fitness. Physiological

measures from these 53 participants are also summarized by study in

Table 1 and by sex in Table 2.

3.1.1 | Differences between studies
in demographics

For participant demographics, we examined differences between

study samples (MRI Study 1:1, MRI Study 2:2, Behavioral Study: 3)

using analysis of variance models. We completed this step as a control

to examine equivalence between cohorts. There was a significant dif-

ference in age between studies (F2,62 = 4.625, p = .013*). A Tukey

multiple comparisons of means test indicated that this was due to

a significant difference between MRI Study 1 (1) and MRI Study 2

(2) (3 vs. 1: p = .158; 2 vs. 1: p = .012*; 3 vs. 2: p = .846), demonstrat-

ing MRI Study 2 participants were significantly older than MRI

Study 1 participants. There was also a significant difference in educa-

tion between studies (F2,62 = 3.469, p = .037*). A Tukey multiple com-

parisons of means test indicated that this was due to a trend toward

significance in the difference between MRI Study 1 (1) and MRI Study

2 (2) and a trend toward significance in the difference between MRI

Study 2 (2) and the Behavioral Study (3) (3 vs. 1: p = .966; 2 vs. 1:

p = .067†; 3 vs. 2: p = .094†). This suggests that MRI Study
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2 participants tended to be more highly educated than those of the

other two groups, although this was not statistically significant.

3.1.2 | Differences between sexes
in demographics

For participant demographics, we examined differences between

sexes within all participants using Welch's Two-Sample t tests. There

was no significant difference in age (t[43.617] = 0.851, p = .399) or

education (t[56.130] = 0.247, p = .806) between men and women

across the three cohorts.

3.1.3 | Differences between studies
in physiological variables

Mean estimated _VO2max over all participants was 29.31±6.08ml kg−1

min−1 (mean± SD; Table 1). As with participant demographics, we

investigated differences between study samples as a control to exam-

ine equivalence using analysis of variance models. There was a trend

toward significance in the difference in estimated _VO2max between

studies (F2,50 = 2.420, p= .099
†); however, a Tukey multiple compari-

sons of means test did not reach significance when examining differ-

ences between cohorts (MRI Study 1:1, MRI Study 2:2, Behavioral

Study: 3) (3 vs. 1: p= .140; 2 vs. 1: p= .995; 3 vs. 2: p= .103). There

were no significant differences between studies in resting heart rate

(F2,50 = 1.737, p= .187) or BMI (F2,50 = 0.975, p= .384). Finally, to

appreciate the distribution of cardiorespiratory fitness values col-

lected from our participants within the context of national normative

values, we interpolated all estimated _VO2max values to age- and sex-

specific percentiles, as described in the Methods section above.

Estimated _VO2max percentiles were not normally distributed, as deter-

mined by a Shapiro–Wilk test of normality (W = 0.854, p < .001***).

The median estimated _VO2max percentile over all participants was

84 (32.5) (median [interquartile range]). There was a significant differ-

ence in the estimated _VO2max percentile between studies, as deter-

mined by a Kruskal-Wallis Rank Sum Test (H(2) = 8.523, p= .014*).

Post hoc testing of pairwise comparisons demonstrated this was due

to a significant difference between MRI Study 1 (1) and MRI Study

2 (2) (3 vs. 1: p= .738; 2 vs. 1: p= .012*; 3 vs. 2: p= .170), showing that

MRI Study 2 participants were fitter than participants of MRI Study 1.

3.1.4 | Differences between sexes in physiological
variables

We examined differences between sexes within all participants using

Welch's Two Sample t tests. Estimated _VO2max varied significantly by

sex, such that men demonstrated significantly higher estimated
_VO2max with a mean± SD of 31.84±6.08ml kg−1 min−1 compared to

women with a mean± SD of 27.89± 5.69ml kg−1 min−1 (t[35.276] =

2.322, p= .026*). Figure 2 demonstrates the variability within

estimated _VO2max values of participants. Neither resting heart rate

(t[32.755] = 0.590, p= .559) nor BMI (t[50.069] = 0.770, p= .445) dif-

fered significantly between sexes. Finally, as estimated _VO2max per-

centiles were not normally distributed, we used a Mann–Whitney

U test to examine the data for sex differences. This analysis suggested

that there was a significant difference in estimated _VO2max percentiles

between men and women, such that women had significantly

higher estimated _VO2max percentiles with a median (IQR) of 93.0

(22.00) compared to men with a median (IQR) of 68.5 (37.25)

(W = 121, p= .002**).

3.1.5 | Differences between studies
in neuropsychological variables

As with participant demographics and physiological variables, we

investigated differences between study samples in neuropsychological

F IGURE 2 Distribution of cardiorespiratory fitness, as measured
by estimated maximal oxygen uptake ( _VO2max), for a sample of
53 older adults separated by sex. Fifty-three participants successfully
completed the submaximal treadmill test to estimate _VO2max, which
operationally defined cardiorespiratory fitness. Mean estimated
_VO2max over all participants was 29.31 ±6.08ml kg−1 min−1

(mean± SD). Estimated _VO2max varied significantly by sex, such that
men demonstrated significantly higher estimated _VO2max with a mean
of 31.84±6.08ml kg−1 min−1 compared to women with a mean of
27.89±5.69ml kg−1 min−1 (t[35.276] = 2.322, p = .026*). This figure
demonstrates the variability within estimated _VO2max values of
participants
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measures using analysis of variance models and Kruskal-Wallis tests.

Both TMT B/A ratio (W = 0.967, p = .076†) and VST ratio (W = 0.972,

p = .146) were normally distributed; thus, we examined differences

between study samples in these variables using analysis of variance

models. There was no significant difference between studies in TMT

B/A ratio (F2,62 = 1.887, p = .160) or in VST ratio (F2,62 = 0.571,

p = .568). Because DRS-2 total raw scores (W = 0.933, p = .002**) and

DRS-2 memory raw scores (W = 0.772, p < .001***) were not normally

distributed, we examined differences between studies in these vari-

ables using a Kruskal–Wallis Rank Sum test. There was no significant

difference between studies in DRS-2 total raw score (H(2) = 0.001,

p = 1) or in DRS-2 memory raw score (H(2) = 0.323, p = .851).

3.1.6 | Differences between sexes
in neuropsychological variables

Next, we examined differences between sexes within all participants

using Welch's Two-Sample t tests and Mann–Whitney U tests. There

was no significant difference between men and women in TMT B/A

ratio (t[62.084] = 0.571, p = .570) or in VST ratio (t[54.347] = −1.146,

p = .257). Furthermore, there was no significant difference between

men and women in DRS-2 total raw scores (W = 465.5, p = .577) or in

DRS-2 memory raw scores (W = 535, p = .690).

3.2 | Participant demographics, neuropsychological
measures, and MDT performance

We first sought to examine the relationships between the neuropsy-

chological variables and MDT corrected accuracy. Given that data for

the TMT B/A ratio and VST ratio were normally distributed, we exam-

ined these relationships using simple Pearson correlations (Table S1).

There was a significant correlation between TMT B/A ratio and

corrected accuracy only in the 10% similarity condition (r = −.416,

t[36] = −2.745, p = .009**, padjust for conditions = .028*). The correla-

tion between TMT B/A ratio and corrected accuracy in the 30%

similarity condition was trending toward significance (r = −.303,

t[36] = −1.911, p = .064†, padjust for similarity condition = .096†),

and there was no significant correlation between TMT B/A ratio

and corrected accuracy in the 50% similarity condition (r = −.211,

t[36] = −1.293, p = .204, padjust for similarity condition = .204). Addi-

tionally, there was no significant correlation between VST ratio

and corrected accuracy in any of the similarity conditions (10%: r =

−.157, t[36] = −0.953, p = .347, padjust for similarity condition = .520;

30%: r = −.056, t[36] = −0.337, p = .738, padjust for similarity condi-

tion = .738; 50%: r = −.233, t[36] = −1.438, p = .159, padjust for similar-

ity condition = .477). Because both DRS-2 total raw score and DRS-2

memory raw score were not normally distributed, we examined these

relationships using Spearman's rank-order correlations (Table S1).

There was no significant correlation between DRS-2 total raw

score and corrected accuracy in any similarity condition (10%:

rs = .234, p = .158, padjust for similarity condition = .158; 30%: rs = .327,

p = .045*, padjust for similarity condition = .119; 50%: rs = .288,

p = .079†, padjust for similarity condition = .119). Comparatively, there

was a significant relationship between DRS-2 memory raw score and

corrected accuracy in the 10% similarity condition (rs = .411, p = .010*,

padjust for similarity condition = .031*) and 50% similarity condition

(rs = .359, p = .027*, padjust for similarity condition = .040*). The corre-

lation between DRS-2 memory raw score and corrected accuracy

in the 30% similarity condition was trending toward significance

(rs = .280, p = .089†, padjust for similarity condition = .089†). Altogether,

these results show that corrected accuracy in the 10% similarity condi-

tion significantly correlated with TMT B/A ratio and that corrected

accuracy in the 10 and 50% similarity conditions significantly corre-

lated with DRS-2 memory raw score.

Next, we used Welch's Two-Sample t tests to examine differ-

ences between the sexes in task performance. There were no signifi-

cant differences between men and women in any of the task

similarity conditions (10%: t[34.525] = .146, p = .885, padjust for simi-

larity condition = .909; 30%: t[35.843] = 0.116, p = .909, padjust for

similarity condition = .909; 50%: t[35.889] = 1.169, p = .250, padjust

for similarity condition = .750).

3.3 | Older adults demonstrate lowest MDT
accuracy in condition with highest stimuli similarity

To characterize task performance for our study sample, we performed

a one-way ANOVA for paired samples. This analysis demonstrated

a significant effect of similarity on task performance (F = 39.75,

p < .001***; Figure 3c). Post hoc testing using a Tukey multiple compar-

isons of means test indicated that average corrected accuracy in the

50% MDT condition (mean ± SD corrected accuracy = −0.011 ± 0.252)

was significantly lower than in the 30% MDT condition (mean ± SD

corrected accuracy = 0.190 ± 0.237; p < .01** compared to 50%) and

lower than in the 10% MDT condition (mean ± standard deviation

corrected accuracy = 0.313 ± 0.294; p < .001*** compared to 50%).

This result supports our original prediction that older adults will demon-

strate the lowest task accuracy in the MDT condition with the greatest

stimuli similarity.

3.4 | Left DG/CA3 body volume predicts MDT
performance when stimuli similarity is high

We next evaluated bilateral DG/CA3 volumes as independent predic-

tors of MDT performance. We examined DG/CA3 head and DG/CA3

body separately given the well-established literature suggesting

different roles of the anterior and posterior hippocampus in stress/

emotion and cognitive function, respectively (Bannerman et al., 2004;

Fanselow & Dong, 2010; Strange et al., 2014). Additionally, we

focused on behavioral performance in the 50% MDT condition given

that this condition was designed to place the greatest taxation on

mnemonic discrimination ability. Notably, two participants (both MRI

Study 1, sex: men) were removed from the right and left DG/CA3
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head analyses and two participants (both MRI Study 1, sex: one man,

one woman) were removed from the left DG/CA3 body analyses, as

their ICV-adjusted bilateral ROI volumes were more than two stan-

dard deviations greater than or less than the sample mean. Pearson

correlation revealed a significant correlation between left DG/CA3

body volume and corrected accuracy in the 50% MDT condition,

which remained significant after FDR correction for laterality and

head/body split (N = 19, r = .589, t[17] = 3.004, p = .008** (padjust for

laterality and head/body split = .032*)). There was no significant cor-

relation between right DG/CA3 head volume (N = 19, r = .060, t

[17] = .249, p = .806 (padjust for laterality and head/body split = .806)),

right DG/CA3 body volume (N = 21, r = .414, t[19] = 1.985, p = .062†

(padjust for laterality and head/body split = .124)), or left DG/CA3

head volume (N = 19, r = −.295, t[17] = −1.275, p = .219 (padjust for

laterality and head/body split = .293)) and corrected accuracy in the

50% MDT condition.

Subsequently, we examined significant correlations when control-

ling for age, sex, and education using linear regression analyses. (The

study covariate was not included, given that all data for these analyses

came from MRI Study 1). Given that the only statistically significant

correlation was between left DG/CA3 body volume and corrected

accuracy in the 50% MDT condition, we exclusively examined this

relationship using linear regression analysis. Notably, the same two

participants (both MRI Study 1, sex: one man, one woman) were

removed from the left DG/CA3 body linear regression analysis as was

performed in the correlational step, above. This analysis demonstrated

F IGURE 3 Mnemonic discrimination task, behavioral results, and the relationship between behavior and DG/CA3 body volume. (a) Stimuli

similarity was parametrically manipulated by morphing each face to a trial unique template at low (10%), moderate (30%), or high (50%) similarity.
(b) An example trial of the mnemonic discrimination task. Half of the trials were nonmatch trials, in which the Test face was not the same as
Sample 1 or Sample 2 (as demonstrated above), and half of the trials were match trials, in which the Test face was the same as either Sample 1 or
Sample 2 (ITI, inter-trial interval) (c) Older adults demonstrated significantly decreased accuracy in the 50% MDT condition, the condition with the
greatest mnemonic discrimination requirement. (Analysis of variance demonstrated a significant effect of similarity on task performance
(F = 39.75, p < .001***); post hoc testing using a Tukey multiple comparisons of means indicated that average corrected accuracy in the 50%
MDT condition was significantly lower than in the 30% MDT condition (p < .01**) and the 10% MDT condition (p < .001***).) (d) Left DG/CA3
body volume significantly predicted corrected accuracy in the 50% MDT condition (N = 19, L DG/CA3 body vol t[14] = 3.051, p = .009**, delta-
R2 = 0.303; model F4,14 = 4.167, adjusted R2 = 0.413)
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that left DG/CA3 body volume significantly predicted corrected accu-

racy in the 50% MDT condition (L DG/CA3 body vol t[14] = 3.051,

p = .009**, delta-R2 = .303; model F4,14 = 4.167, adjusted-R2 = .413;

Figure 3d). What is more, this finding remained significant when

DRS-2 memory raw score was included as a covariate (L DG/CA3

body vol t[13] = 3.249, p = .006**, delta-R2 = 0.323; DRS-2 memory

raw score t[13] = 1.380, p = .191, delta-R2 = 0.058; model F5,13 =

3.930, adjusted R2 = .449). This result supports our original prediction

that greater DG/CA3 volume is associated with better performance in

the MDT condition with the highest stimuli similarity.

3.5 | The relationship between cardiorespiratory
fitness and MDT performance is not statistically
significant

Second, we examined estimated _VO2max as a predictor of MDT perfor-

mance. Using simple Pearson correlations, we found a significant cor-

relation between estimated _VO2max and corrected accuracy only in

the 50% MDT condition, which was trending toward significance after

FDR correction for number of task conditions (three) (N=29, r= .428,

t[27] = 2.461, p= .021* (padjust for conditions = .062†)). There was no

significant correlation between estimated _VO2max and corrected accu-

racy in the 30% MDT condition (N=29, r=−.014, t[27] = −.070,

p= .945 (padjust for conditions = .945)) or the 10% MDT condition

(N=29, r= .185, t[27] = 0.979, p= .336 (padjust for conditions = .504)).

We then examined these relationships when controlling for covariates

of age, sex, education, and study using linear regression. Given that

the only correlation trending toward significance was between esti-

mated _VO2max and the 50% MDT condition, we exclusively examined

this relationship using linear regression analysis. Estimated _VO2max

did not significantly predict corrected accuracy in the 50% condition

(estimated _VO2max t[23] = 1.578, p= .128, delta-R2 = 0.063; model

F5,23 = 3.323, adjusted R2 = 0.293). Furthermore, this relationship

remained nonsignificant when DRS-2 memory raw score was included

as a covariate (estimated _VO2max t[22] = 1.686, p= .106, delta-R2 =

0.064; DRS-2 memory raw score t[22] = 1.921, p= .068†, delta-R2 =

0.083; model F6,22 = 3.708, adjusted R2 = 0.367). These findings do not

support our prediction that greater cardiorespiratory fitness is associ-

ated with better mnemonic discrimination task performance in the

50% similarity condition.

3.6 | Cardiorespiratory fitness significantly
predicts bilateral subiculum volume in women

Next, we investigated the relationships between cardiorespiratory

fitness and hippocampal subfield volumes. We began with simple

Pearson correlations between estimated _VO2max and ICV-adjusted

volumes, applying FDR corrections for laterality when appropriate.

Pearson's r values for all correlations are reported in Table 3. The first

point of investigation for this component of the current study was

to determine if our findings in young adults, namely, the correlation

between cardiorespiratory fitness and left DG/CA3 head volume

(Nauer, Dunne, et al., 2020), extends to older adults. Our older adult

data did not demonstrate a significant correlation between estimated
_VO2max and left DG/CA3 head volume (N=35, r= .008, t[33] = .048,

p= .962 (padjust for laterality = .962)). The correlation between esti-

mated _VO2max and bilateral DG/CA3 head volume was also nonsignifi-

cant (N=35, r=−.025, t[33] = −0.145, p= .886). Next, we examined

the relationship between cardiorespiratory fitness and other whole

hippocampal subfields (CA1, subiculum), as in other studies (Rosano

et al., 2017; Varma et al., 2016). We examined these relationships

collapsed across hemispheres, as we had a hypothesis regarding

lateralized effects of estimated _VO2max only for the DG/CA3 subfield

(Nauer, Dunne, et al., 2020). Notably, one participant (MRI Study

2, sex: man) was removed from the CA1 analyses and one participant

(MRI Study 2, sex: woman) was removed from the subiculum analyses,

as their ICV-adjusted bilateral ROI volumes were more than two stan-

dard deviations greater than or less than the sample mean. There was

TABLE 3 Pearson correlation between _VO2max and hippocampal subfield volumes

Pearson's r; p value (padjust)

Volumes (mm3) All participants
All participants—Separated by sex

Men Women

DG/CA3 (R/L, head only)

L DG/CA3 Head r = .008, p = .962 (padjust = .962) r = −.391; p = .187 (padjust = .231) r = .266; p = .231 (padjust = .231)

R DG/CA3 Head r = −.056, p = .752 (padjust = .962) r = −.434; p = .138 (padjust = .231) r = .270; p = .225 (padjust = .231)

Bilateral DG/CA3 Head r = −.025, p = .886 r = −.473; p = .103 (padjust = .194) r = .288; p = .194 (padjust = .194)

Whole hippocampal subfields (bilateral)

Bilateral CA1 r = .126, p = .478 r = .018; p = .957 (padjust = .957) r = .220; p = .324 (padjust = .648)

Bilateral DG/CA3 r = .126, p = .478 r = −.233; p = .444 (padjust = .444) r = .384; p = .086† (padjust = .171)

Bilateral subiculum r = .366, p = .033* r = −.069; p = .823 (padjust = .823) r = .608; p = .003** (padjust = .007**)

*Denotes significant correlation (p < .05*).

**Denotes very significant correlation (p < .01**).
†Denotes a trend toward significance (p < .10†).
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no significant correlation between estimated _VO2max and bilateral CA1

volume (N=34, r= .126, t[32] = 0.718, p= .478). However, there was a

significant positive correlation between estimated _VO2max and bilat-

eral subiculum volume (N=34, r= .366, t[32] = 2.228, p= .033*).

Subsequently, we evaluated these correlations in sub-groups of

men and women, given the sex-specific findings in other studies that

examined the relationship between cardiorespiratory fitness and brain

structure (Brown et al., 2013; Varma et al., 2015, 2016). As above, we

began with simple Pearson correlations between estimated _VO2max

and ICV-adjusted volumes, applying FDR corrections for multiple com-

parisons for sex and laterality when appropriate (Table 3). Our results

did not demonstrate a significant correlation or trend toward signifi-

cance in the correlation between estimated _VO2max and left DG/CA3

head volume in men or in women (men: N=13, r=−.391, t[11] =

−1.408, p= .187 (padjust for sex and laterality = .231); women: N=22,

r= .266, t[20] = 1.236, p= .231 (padjust for sex and laterality = .231)).

The correlation between estimated _VO2max and bilateral DG/CA3

head volume was also nonsignificant for both sexes (men: N=13, r=

−.473, t[11] = −1.780, p= .103 (padjust for sex = .194); women: N=22,

r= .288, t[20] = 1.345, p= .194 (padjust for sex = .194)). To follow, we

tested for sex-specific associations between cardiorespiratory fitness

and the CA1 and subiculum subfields, using the approach above.

Additionally, the same outliers were removed as in the CA1 and sub-

iculum correlational analyses aforementioned. There was no signifi-

cant correlation between estimated _VO2max and bilateral CA1 volume

in men or in women (men: N=12, r= .018, t[10] = 0.056, p= .957

(padjust for sex = .957); women: N=22, r= .220, t[20] = 1.011, p= .324

(padjust for sex = .648)). However, there was a significant correlation

between estimated _VO2max and bilateral subiculum volume in women

only (men: N=13, r=−.069, t[11] = −0.229, p= .823 (padjust for

sex = .823); women: N=21, r= .608, t[19] = 3.340, p= .003** (padjust

for sex = .007**)).

Next, we examined significant correlations when controlling

for age, education, and study using linear regression analyses. Given

that the only statistically significant correlation was between esti-

mated _VO2max and bilateral subiculum volume in women, we exclu-

sively examined this relationship using linear regression analysis.

Estimated _VO2max significantly predicted ICV-adjusted bilateral sub-

iculum volume in women when controlling for age, education, and

study (N=21, estimated _VO2max t[16] = 2.645, p= .018*, delta-

R2 = 0.232; model F4,16 = 3.548, adjusted R2 = 0.338; Figure 4a).

Moreover, this finding remained significant when DRS-2 memory

raw score was included as a covariate (N=21, estimated _VO2max

t[15] = 2.371, p= .032*, delta-R2 = 0.194; DRS-2 memory raw score t

[15] = −0.583, p= .569, delta-R2 = 0.012; model F5,15 = 2.789, adjusted

R2 = 0.309).

To investigate if the observed association between estimated
_VO2max and ICV-adjusted subiculum volume was statistically driven by

an interaction between estimated _VO2max and sex, we performed a

linear regression analysis with all participants (both men and women,

minus the single subiculum outlier aforementioned) to investigate this

interaction when controlling for age, education, and study. The results

from this analysis suggest that the association between subiculum

volume and the interaction between estimated _VO2max and sex was

trending toward significance (N=34, estimated _VO2max :Sex t[27] =

1.910, p= .067†, delta-R2 = 0.089; model F6,27 = 2.367, adjusted

R2 = 0.199; Figure 4b). In this linear regression, estimated _VO2max did

not predict subiculum volume (estimated _VO2max t[27] = −0.604,

p= .551). These results suggest that the relationship between cardio-

respiratory fitness and subiculum volume may be sex-dependent.

F IGURE 4 Cardiorespiratory fitness, as measured by _VO2max, significantly predicted bilateral ICV-corrected subiculum volume in women.
(a) _VO2max significantly predicted bilateral subiculum volume in women (N =21, estimated _VO2max t[16] = 2.645, p = .018*, delta-R2 = 0.232;
model F4,16 = 3.548, adjusted R2 = 0.338). (b) The association between subiculum volume and the interaction between estimated _VO2max and sex
was trending toward significance (N =34, _VO2max: Sex t[27] = 1.910, p = .067†, delta-R2 = 0.089; model F6,27 = 2.367, adjusted R2 = 0.199).
Estimated _VO2max did not significantly predict subiculum volume in this model (estimated _VO2max t[27] = −0.604, p = .551)
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4 | DISCUSSION

This study sought to examine cardiorespiratory fitness as a modulator

of hippocampal subfield structure and function in cognitive aging.

We investigated cardiorespiratory fitness as a predictor of markers of

hippocampal subfield integrity, including hippocampal subfield vol-

umes and performance on a hippocampally dependent MDT. This

MDT was designed as a putative measure of behavioral pattern sepa-

ration and as such, was designed to engage the DG/CA3 circuit. Our

results show that, in line with the previously published literature

and our initial prediction, our older adult sample demonstrated the

lowest MDT accuracy in the condition with the highest stimuli simi-

larity. Left DG/CA3 body volume significantly predicted performance

in the highest similarity condition. However, contrary to our initial

prediction based on our findings in young adults (Nauer, Dunne,

et al., 2020), there was not a significant relationship between cardio-

respiratory fitness and DG/CA3 volume. Instead, cardiorespiratory

fitness significantly predicted bilateral subiculum volume in women,

not men. These data provide continued support for the role of the

DG/CA3 subfield in mnemonic discrimination in cognitive aging, and

furthermore, suggest that lifestyle factors such as fitness may have

differential effects on the hippocampal subfields in men and women,

and considered alongside previous work, possibly also in young and

older adults.

4.1 | Older adults demonstrate lowest accuracy in
the MDT condition with the highest stimuli similarity;
performance in this condition is predicted by left
DG/CA3 body volume

A consistently growing body of literature indicates that aging is asso-

ciated with significant impairments on tasks designed to putatively

measure behavioral pattern separation (Holden, Toner, Pirogovsky,

Kirwan, & Gilbert, 2013; Nauer, Schon, & Stern, 2020; Stark et al.,

2013; Stark & Stark, 2017; Toner, Pirogovsky, Kirwan, & Gilbert,

2009; Yassa et al., 2011; Yassa & Stark, 2011). To build upon these

studies, our older adult participants completed an MDT designed to

behaviorally tax pattern separation at parametrically varying levels of

stimuli similarity. The task was designed such that mnemonic interfer-

ence and thus, pattern separation requirement increased as stimuli

similarity increased. This design is similar to that of other pattern sep-

aration tasks in rodents (Clelland et al., 2009; Creer et al., 2010)

and putative behavioral pattern separation tasks in humans (Lacy,

Yassa, Stark, Muftuler, & Stark, 2010; Motley & Kirwan, 2012; Yassa

et al., 2011; Yassa, Mattfeld, Stark, & Stark, 2011). Our sample of cog-

nitively intact older adults demonstrated significantly lower accuracy

in the condition with the greatest mnemonic interference when com-

pared to the two other conditions with lesser levels of mnemonic

interference. Identifying an increasing deficit in mnemonic discrimina-

tion performance as interference levels are elevated, but better per-

formance as interference levels are minimized, provides tentative

indication that the deficit in mnemonic discrimination may arise

from underlying impairment in hippocampal computation, namely, pat-

tern separation (Leal & Yassa, 2018). Thus, this finding builds upon

the extant literature to further suggest that the impaired mnemonic

discrimination observed in older adult humans may be due to an effect

of aging on the neural substrate responsible for pattern separation.

It is worth noting that there were a handful of participants who

performed below chance in the highest similarity condition of the

MDT. This would indicate that the rate at which the participant false

alarmed (nonmatch trial incorrectly called a “match”) was greater than

the rate at which the participant hit (match trial correctly called a

“match”). This is notable, as the overlapping characteristics of the non-

match trial stimuli were designed to putatively tax pattern separation-

related mechanisms. Thus, false alarming may be indicative of errone-

ous pattern completion (Kirwan & Stark, 2007; Stark et al., 2013). As

previously noted, the observed trends in participant performance on

the MDT suggest that the observed behavioral deficit may arise from

underlying impairments in pattern separation-related mechanisms.

Conceivably, corrected accuracy rates below 0% may be representa-

tive of functional impairments in the pattern separation system that

result in erroneous pattern completion, and consequently, high false

alarm rates. Future studies should consider incorporating functional

neuroimaging of the hippocampal subfields to examine if behavioral

impairments are associated with DG/CA3 functional changes, which

would provide further evidence for an age-related effect on the neural

substrate responsible for pattern separation.

Second, our results build upon the current literature that suggests

the DG/CA3 circuit is involved in pattern separation in humans.

Although it was computational models that originally proposed

DG/CA3 circuitry as the underlying neural correlate of pattern separa-

tion (Marr, 1971; O'Reilly & McClelland, 1994; Treves & Rolls, 1994),

human studies have since provided functional and structural evidence

to support this hypothesis. A seminal fMRI study by Bakker, Kirwan,

Miller, and Stark (2008) provided evidence that the DG/CA3 subre-

gion uniquely demonstrates BOLD signal activity consistent with pat-

tern separation. This finding has since been corroborated in multiple

fMRI studies designed to examine hippocampal subfield activation

during behavioral pattern separation paradigms (Berron et al., 2016;

Kyle, Stokes, Lieberman, Hassan, & Ekstrom, 2015; Lacy et al., 2010).

Alongside the functional evidence suggesting a role for the DG/CA3

circuit in pattern separation in humans, our results indicate that the

structural integrity of these subregions may modulate mnemonic dis-

crimination task performance. In the current study, left DG/CA3 body

volume significantly predicted MDT corrected accuracy in the condi-

tion with the highest stimuli similarity. No other hippocampal subfield

volume significantly predicted corrected accuracy in any similarity

condition of the task. These results fit well with a previous study in

older adults that reported greater volume of the left DG/CA3 was

uniquely associated with better ability to discriminate similar mne-

monic representations, whereas volumes of other hippocampal sub-

fields were not related to mnemonic discrimination ability (Doxey &

Kirwan, 2015). Thus, the results of the current study build upon the
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extant literature to provide further structural evidence for the role of

the DG/CA3 circuit in pattern separation in humans.

4.2 | Observed relationship between left DG/CA3
body volume and mnemonic discrimination
performance

In the current study, the relationship between DG/CA3 volume and

mnemonic discrimination performance was specific to the DG/CA3

body. The specificity of the observed relationship to the posterior hip-

pocampus builds upon the existing literature which suggests that the

longitudinal axis of the hippocampus is organized along a gradient,

with the posterior component (dorsal in rodents) supporting cognitive

functions such as spatial memory and the anterior component (ventral

in rodents) supporting emotional responses (Bannerman et al., 2004;

Fanselow & Dong, 2010; Strange et al., 2014). The literature also indi-

cates the presence of a concurrent gradient associated with the level

of detail in the neural representation of episodic memories. Studies

suggest that the subfield compositions of the posterior and anterior

hippocampus bias these regions toward pattern separation and pat-

tern completion, respectively (Poppenk, Evensmoen, Moscovitch, &

Nadel, 2013). Altogether, this literature suggesting a role for the pos-

terior hippocampus in cognitive function and more specifically, pat-

tern separation, provides a firm foundation for our result suggesting a

role for the DG/CA3 body in predicting mnemonic discrimination per-

formance when stimuli similarity is high.

Second, it is worth noting that the identified relationship between

DG/CA3 body volume and MDT performance was observed only in

the left DG/CA3 body. The differential recruitment of the left and

right hippocampus has also been examined in the mnemonic discrimi-

nation fMRI literature. Bakker et al. (2008) and Lacy et al. (2010) pro-

vide no evidence for lateralization, with their results indicating that

the bilateral DG/CA3 is involved in object mnemonic discrimination.

Similarly, the ultra-high-resolution fMRI study by Berron et al. (2016)

found no hemispheric differences in their results, suggesting that

bilateral DG BOLD signal discriminates among highly similar scenes.

Comparatively, Kyle et al. (2015) did demonstrate lateralized results,

showing that left DG/CA3 BOLD signal was uniquely related to accu-

rate discrimination of spatial distances. At a whole-hippocampal level,

some of the early functional neuroimaging studies suggest that the

hippocampi are lateralized based on the quality of the information

(i.e., verbal or nonverbal, spatial) relevant to the memory encoding

task at hand (Kelley et al., 1998; Motley & Kirwan, 2012; Powell

et al., 2005). Thus, it is possible that hippocampal lateralization pat-

terns during mnemonic discrimination are dependent upon the char-

acteristics of the stimuli, such that tasks involving object, spatial,

and/or emotional stimuli may differentially recruit the left and/or right

hippocampus. Future neuroimaging studies should include multiple

modalities of mnemonic discrimination tasks and multiple modalities

of imaging (functional and structural) to examine how the discrimina-

tion of different types of information may be differentially related to

left and/or right DG/CA3 function and structure.

4.3 | Associations between cardiorespiratory
fitness and mnemonic discrimination task performance
in older adults are unclear

Given the relationship between wheel running and enhanced pattern

separation in rodents (Creer et al., 2010), as well as the relationship

between increased cardiorespiratory fitness and improved mnemonic

discrimination in young adults (Déry et al., 2013; Nauer, Dunne, et al.,

2020), we predicted that greater cardiorespiratory fitness would be

significantly associated with greater MDT accuracy in the condition

with the highest stimuli similarity. On the contrary, our results did

not support this prediction. Although it is possible that cardiorespira-

tory fitness does not predict performance on this task in cognitively

intact older adults, these null results may be due to a number of alter-

native explanations. First, both Nauer, Dunne, et al. (2020) and Déry

et al. (2013) manipulated cardiorespiratory fitness through exposure

to aerobic exercise training. It is possible that this longitudinal experi-

mental design, including the manipulation of cardiorespiratory fitness,

is more sensitive to detecting existing relationships between fitness

and mnemonic discrimination. This could in part be attributed to the

fact that longitudinal study designs control for interindividual variabil-

ity, which is critical given the influence of individual genetic differ-

ences on cardiorespiratory fitness (Barbato et al., 1998; Teran-Garcia,

Rankinen, & Bouchard, 2008).

Second, it is possible that the link between cardiorespiratory fit-

ness and mnemonic discrimination is domain-specific. A study from

our laboratory recently demonstrated that although aging is associ-

ated with impaired mnemonic discrimination in both spatial and non-

spatial domains, greater cardiorespiratory fitness was associated with

an attenuated age-related decline in spatial contextual discrimination

only (Nauer, Schon, & Stern, 2020). It has been established that the

hippocampus is involved in two neocortical systems for memory: the

posterior medial system, in which contextual information is processed

through the parahippocampal cortex and medial entorhinal cortex,

then converges upon the hippocampus, and the anterior temporal sys-

tem, in which item information is processed through the perirhinal

cortex and lateral entorhinal cortex, then converges upon the hippo-

campus (Hunsaker, Chen, Tran, & Kesner, 2013; for reviews see

Ranganath & Ritchey, 2012; Ritchey, Libby, & Ranganath, 2015). It is

possible that cardiorespiratory fitness modulates mnemonic discrimi-

nation through a mechanism unique to the structure and/or connec-

tivity of brain regions in the posterior medial system, allowing for

effects isolated to tasks requiring contextual or spatial discrimination.

Finally, it is also possible that the small sample size for this analy-

sis (N = 29) and/or the potential error in predicting _VO2max from

heart rate and work rate rather than measuring it directly from gas

exchange played a role in our null results for this prediction. Consid-

ered together, future work should bear in mind the above alternative

explanations and possible limitations in developing their experimental

design, including consideration of longitudinal study design to control

for interindividual variability, spatial and nonspatial mnemonic discrim-

ination tasks to examine differential effects of cardiorespiratory fit-

ness on mnemonic discrimination domains, and finally, adequate
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sample size and direct measurement of _VO2max when it is safe for the

study sample.

4.4 | Cardiorespiratory fitness is associated with
subiculum volume, but not DG/CA3 volume,
in a manner that may be sex-dependent

One of the main goals of the current study was to extend findings

from studies of young adults that have examined relationships

between aerobic exercise, cardiorespiratory fitness, and hippocampal

subfield structure to older adults. We predicted that cardiorespiratory

fitness would be positively associated with DG/CA3 volume, as

evidenced in a study of young adults (Nauer, Dunne, et al., 2020), and

may also demonstrate positive effects on other hippocampal subfields,

including the CA1 and subiculum, as evidenced in prior studies of

older adults (Rosano et al., 2017; Varma et al., 2016). Since the semi-

nal rodent experiments which showed that wheel running leads to

upregulation of adult hippocampal neurogenesis in the DG (van Praag,

Christie, et al., 1999; van Praag, Kempermann, & Gage, 1999), a small

number of human studies have demonstrated relationships between

exercise, cardiorespiratory fitness, and DG plasticity in young adults

(Nauer, Dunne, et al., 2020; Pereira et al., 2007). Our findings, consid-

ered alongside other studies in older adult populations, suggest that

there may be independent and/or related mechanisms that underlie

aerobic exercise- and fitness-related plasticity in the aging brain.

In our sample of older adults, cardiorespiratory fitness was not associ-

ated with DG/CA3 volume as predicted. Instead, cardiorespiratory

fitness was associated with bilateral subiculum volume in women,

not men. This result is complementary to that published by Varma

et al. (2016), who found that objectively measured daily walking activ-

ity was associated with larger subiculum surface area in women, not

men. Considered together, these findings suggest that both cardiore-

spiratory fitness, which is linked to moderate-to-vigorous intensity

exercise (Pescatello & American College of Sports Medicine, 2014),

and physical activity, which is linked to low-to-vigorous intensity exer-

cise (Howley, 2001), may be associated with enhanced subicular plas-

ticity in older adult women. Given that the current study did not

include objective measures of daily physical activity, we cannot make

claims about relationships between cardiorespiratory fitness and daily

physical activity or how these lifestyle factors may together or sepa-

rately modulate subiculum volume. Future studies should consider

including measures of both cardiorespiratory fitness and objective

measures of daily physical activity to disentangle how these two vari-

ables may independently and cooperatively influence hippocampal

integrity.

Furthermore, our finding suggests a relationship between cardio-

respiratory fitness and subiculum volume in older adult women

provides important insight for future studies seeking to examine rela-

tionships between cardiorespiratory fitness, brain function, and brain

structure. The subiculum is relatively understudied compared to other

hippocampal subfields (Ledergerber & Moser, 2017; O'Mara, Sanchez-

Vives, Brotons-Mas, & O'Hare, 2009; Roy et al., 2017). However,

a growing body of literature suggests a role for the subiculum in both

spatial navigation and episodic memory retrieval. Addressing the for-

mer, in rodents, subiculum lesions are associated with impaired place

navigation (Morris, Schenk, Tweedie, & Jarrard, 1990). Additionally,

electrophysiological recordings from subiculum neurons suggest that

these cells’ firing patterns represent specific positions or boundaries

in the environment, which together, may work to flexibly support

navigation (Brotons-Mas, Schaffelhofer, Guger, O'Mara, & Sanchez-

Vives, 2017). Given this proposed role of the subiculum in spatial nav-

igation, it stands to reason that if cardiorespiratory fitness modulates

subicular integrity, cardiorespiratory fitness may also modulate perfor-

mance on spatial navigation tasks. Importantly, such a relationship

has been demonstrated, as a recent behavioral study indicated that

greater cardiorespiratory fitness was associated with better perfor-

mance on a spatial route disambiguation task in older adults (Nauer,

Schon, & Stern, 2020). Thus, future studies should examine the rela-

tionships between cardiorespiratory fitness, subiculum volume, and

spatial navigation to determine if subicular integrity may modulate

observed relationships between cardiorespiratory fitness and spatial

navigation task performance.

Second, the subiculum also plays an important role in episodic

memory retrieval. This is in part evidenced by human fMRI studies

suggesting that the subiculum is selectively active during the retrieval

phase of episodic memory tasks (Eldridge, 2005; Gabrieli, 1997). In

addition, rodent work using a combined approach of circuit tracing

and optogenetic manipulation demonstrated that dorsal subiculum

output is critical for memory retrieval and for the regulation of stress

hormone response induced by memory retrieval (Roy et al., 2017).

The latter finding highlights the role of the subiculum in regulating

the body's stress response by the modulation of the hypothalamic–

pituitary–adrenal (HPA) axis (Herman & Mueller, 2006; Roy et al.,

2017). This relationship between the subiculum and HPA axis is criti-

cal given that the dysregulation of the HPA system in humans is asso-

ciated with impairments in learning and memory (Lupien et al., 1998,

2002; Young, Sahakian, Robbins, & Cowen, 1999). Altogether, this lit-

erature suggests that the subiculum, by means of its role in memory

retrieval and memory retrieval-induced stress hormone response,

may provide a possible pathway for lifestyle factors and therapeutic

interventions to affect learning and memory. Future studies should

examine markers of subicular plasticity and stress hormone levels as

mediators of the relationship between cardiorespiratory fitness and

episodic memory performance.

Importantly, the association between cardiorespiratory fitness and

subiculum volume was observed in women, not men. Other human

studies have also found sex-specific relationships between exercise-

related measures and hippocampal plasticity. Varma et al. (2015) found

that greater low-intensity walking activity was associated with larger

hippocampal volume in older adult women, not men. Later work by the

same group then demonstrated that greater daily walking activity was

associated with greater surface area of the subiculum, also only in older

adult women (Varma et al., 2016). Although the underlying mechanism

responsible for this sex-specificity is unclear, it is possible that sex differ-

ences in steroid hormones and/or in neurotrophin levels may play a role.
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Speaking to the former, sex steroid hormones are known to have neuro-

protective effects on the brain (for reviews see Pike, Carroll, Rosario, &

Barron, 2009; Siddiqui et al., 2016). Women demonstrate a significant

decrease in reproductive hormones after menopause; thus, it is possible

that cardiorespiratory fitness may upregulate these low basal levels of

sex hormones which in turn, could result in a revived neuroprotective

effect on the brain in women (Brown et al., 2013). Second, it is also

possible that sex differences in neurotrophin levels play a role in the

sex-specific association observed between cardiorespiratory fitness

and subiculum volume. In rodents, studies suggest that exposure to an

enriched environment that includes a running wheel results in sex-

dependent changes in levels of neurotrophins, such as brain-derived

neurotrophic factor and nerve growth factor, in various regions of the

brain (Bakos et al., 2009; Zhu et al., 2006). Interactive effects of sex ste-

roid hormones and neurotrophins may lead to sex-specific changes

in neuroplasticity of the implicated brain region (Chan & Ye, 2017). Fur-

ther research is required to determine how sex steroid hormones and

sex-dependent differences in neurotrophin levels may modulate sex-

dependent associations between cardiorespiratory fitness and brain

structure and function.

4.5 | Limitations and considerations

While discussing the implications of our results, it is important to

acknowledge the limitations of the current study. First, the descrip-

tive statistics for our study sample suggested the presence of a selec-

tion bias for both highly educated and highly fit individuals. Given

that higher educational attainment has protective effects on cogni-

tion and brain health during aging (Rentz et al., 2009; for reviews see

Farah, 2017; Fratiglioni & Wang, 2007), we included education as a

covariate in our analyses. However, it is still possible that the highly

educated nature of our study sample influenced our observed rela-

tionships between mnemonic discrimination, hippocampal subfield

volumes, and cardiorespiratory fitness. In addition to a selection bias

for highly educated participants, the descriptive statistics for our

study sample indicated the presence of a selection bias for highly

fit participants. Perceptibly, our participants demonstrated higher

than average (50th percentile) fitness compared to age- and sex-

specific national normative values. It is possible that the skewed

nature of the data may have affected the observed relationships

between cardiorespiratory fitness, mnemonic discrimination, and hip-

pocampal subfield volumes, especially given that lower-fit individuals

may receive greater cognitive benefit with increased cardiorespira-

tory fitness (Nauer, Dunne, et al., 2020). Future studies should

endeavor to include participants with a wider range of education and

fitness levels to examine the relationships between cardiorespiratory

fitness and brain structure and function within a more representative

sample of older adults.

Other points to acknowledge are the limited number of partici-

pants included in the study, the potential error in predicting _VO2max

from heart rate and work rate, and the cross-sectional nature of the

current study's experimental design. Regarding sample size, recruiting

a greater number of participants may have increased our statistical

power, and therefore, may have provided a greater likelihood of iden-

tifying statistically significant relationships between our variables of

interest. Regarding predicting _VO2max, although the submaximal tread-

mill test protocol was selected specifically to assure safety and accu-

racy in older adult participants (Cooper & Storer, 2004; Pescatello &

American College of Sports Medicine, 2014), there is potential

error associated with predicting _VO2max from heart rate and work

rate rather than measuring it directly from gas exchange. Using a max-

imal treadmill test protocol to directly measure _VO2max would lower

estimation error but has to be weighed against participant safety.

Finally, the cross-sectional design of the current study renders us

unable to make causational claims regarding how the manipulation of

cardiorespiratory fitness may affect brain function and structure in

older adults. Altogether, future studies should consider these factors

while developing their experimental designs, namely, the use of ade-

quate sample sizes, direct measurement of _VO2max when it is safe

for the study sample, and manipulation of cardiorespiratory fitness

through aerobic exercise training.

5 | CONCLUSION

In the current study, we demonstrated that older adults exhibited the

lowest MDT accuracy in the condition with the highest stimuli similar-

ity and that left DG/CA3 body volume significantly predicted perfor-

mance in this high-similarity condition. Furthermore, cardiorespiratory

fitness was not associated with DG/CA3 volume as predicted, but

instead, was associated with bilateral subiculum volume in women.

Through these results, we build upon the extant literature that indi-

cates that aging is associated with decreased mnemonic discrimina-

tion ability, and that the DG/CA3 circuit is a constituent of the neural

substrate responsible for pattern separation-like task performance in

humans. Furthermore, through these results, we offer a unique contri-

bution to the literature by demonstrating that greater cardiorespira-

tory fitness is associated with greater bilateral subiculum volume

in older adult women. This finding is of importance given that it pro-

vides additional evidence that hippocampal subfields other than the

DG/CA3 may be modulated by cardiorespiratory fitness in older

adults. Given the proposed role of the subiculum in both spatial navi-

gation and episodic memory retrieval, future studies should examine

subicular integrity as a modulator of the relationships between cardio-

respiratory fitness or aerobic exercise training and performance on

cognitive tasks involving spatial navigation or episodic memory.

Finally, this finding indicates that future studies should examine how

physiological and neurobiological sex differences, such as sex steroid

hormones and sex-dependent differences in neurotrophin levels, may

modulate associations between cardiorespiratory fitness and brain

structure and function. Altogether, these findings further substantiate

evidence for a role of the DG/CA3 circuit in behavioral pattern sepa-

ration in humans and suggest that cardiorespiratory fitness may have

differential effects on hippocampal subfield integrity in older adult

men and women.
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