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With a rising aging population, it is important to develop behavioral tasks that assess and track cognitive decline, and to

identify protective factors that promote healthy brain aging. Mnemonic discrimination tasks that rely on pattern separation

mechanisms are a promising metric to detect subtle age-related memory impairments. Behavioral performance on these

tasks rely on the integrity of the hippocampus and surrounding circuitry, which are brain regions known to be adversely

affected in aging and neurodegenerative disorders. Aerobic exercise, which improves cardiorespiratory fitness (CRF), has

been shown to counteract aging-related decreases in structural and functional brain integrity and attenuate decline of cog-

nitive performance. Here, we tested the hypothesis that higher CRF attenuates age-related deficits in mnemonic discrimi-

nation in both a nonspatial mnemonic discrimination (Mnemonic Similarity Task) and a virtual navigation task (Route

Disambiguation Task). Importantly, we included individuals across the lifespan (aged 18–83 yr), including the middle-age

range, to determine mnemonic discrimination performance across adulthood. Participants completed two mnemonic dis-

crimination tasks and a treadmill test to assess CRF. Our results demonstrate robust negative age-related effects on mnemon-

ic discrimination performance across both the nonspatial and spatial domains. Critically, higher CRF mitigated age-related

attenuation in spatial contextual discrimination task performance, but did not show an attenuation effect on performance

for object-based mnemonic discrimination. These results suggest that performance on spatial mnemonic discrimination may

be a useful tool to track vulnerability in older individuals at risk for cognitive decline, and that higher CRF may lead to

cognitive preservation across the adult lifespan, particularly for spatial disambiguation of similar contexts.

[Supplemental material is available for this article.]

Physical fitness and aerobic exercise have emerged as effective pro-
tective factors to promote healthy brain aging (Barnes et al. 2003;
Burns et al. 2008; Erickson et al. 2011; Lautenschlager et al.
2012; Brown et al. 2013) and attenuate both cognitive decline
(Barnes et al. 2003; Brown et al. 2013) and brain atrophy (Burns
et al. 2008; Brown et al. 2013).While recent studies have examined
the impact of aerobic exercise on brain health, the parameters of
the relationship between cardiorespiratory fitness (CRF) and cogni-
tion, including how this relationship may change across the adult
lifespan, remains unclear. Inclusion of individuals across the adult
lifespan is critical to assess if middle-age may be the start of subtle
cognitive and structural change that is predictive of future neuro-
pathological impairment (Clark et al. 2016; Melah et al. 2016).

The hippocampus and entorhinal cortex are essential brain re-
gions for encoding, consolidating and retrieving episodic events.
This circuitry is responsible for orthogonalizing similar incoming
information into distinct neural representations to avoid inter-
ference during memory formation, a process known as pattern
separation (Marr 1971). Along with contributions to pattern sepa-
ration, the entorhinal–hippocampal circuitry is critical for tasks of
allocentric, or world-centered, navigation in both rodents (Hafting
et al. 2005; McNaughton et al. 2006; Killian et al. 2012) and hu-
mans (Doeller et al. 2010; Jacobs et al. 2013; Brown and Stern
2014; Brown et al. 2014). Spatial disambiguation of highly similar

contexts, likely achieved at least partially via pattern separation
mechanisms, is critical for the accurate formation and subsequent
retrieval of spatialmemories. In healthy aging, a loss of entorhinal–
hippocampal communication (Raz et al. 2004; Yassa et al. 2010a) is
associated with decreased cognitive functioning on hippocam-
pally dependent memory tasks (Yassa et al. 2010a). This, in turn,
results in aging-related impairments on behavioral performance
of medial temporal lobe-dependent spatial (Moffat et al. 2006;
Stark et al. 2010; Holden and Gilbert 2012; Reagh et al. 2014;
Williams et al. 2019) and nonspatial (Stark et al. 2010, 2013;
Yassa et al. 2011; Ly et al. 2013) memory tasks that likely require
pattern separation.

Corroborating evidence from rodent studies demonstrate an
aging-related reduction in plasticity within the local entorhinal–
hippocampal circuitry (Geinisman et al. 1992; Kuhn et al. 1996),
resulting in lower mnemonic flexibility and poorer performance
on cognitive tasks of mnemonic discrimination (Creer et al.
2010; Sahay et al. 2011). Physical exercise seems to reverse many
of the aging-related effects on plasticity in rodents (Nokia et al.
2016) and acts to promote angiogenesis and synaptogenesis across
the brain as well as adult hippocampal neurogenesis (AHN) (van
Praag et al. 1999, 2005). This suggests exercise interventions can
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promote healthy cognitive aging by mitigating cognitive decline
and promoting better performance on tasks that rely on pattern
separation mechanisms (Creer et al. 2010; Vivar et al. 2016).

Clinical exercise trials and correlational studies in older adult
humans show a link between higher CRF and increased hippocam-
pal volume (Erickson et al. 2009, 2011; Pereira et al. 2007; Honea
et al. 2009) and spatial working memory (Erickson et al. 2011).
In healthy young adults, both aerobic exercise training (Déry
et al. 2013) and an acute bout of exercise (Suwabe et al. 2017b,
2018) have been linked to better performance on mnemonic
discrimination tasks, but how CRF relates to performance on
these tasks in middle-aged and older populations is less clear.
Importantly, middle-age may be the ideal time to implement neu-
roprotective interventions such as aerobic exercise (Tolppanen
et al. 2014). In a study by Holzschneider et al. (2012), the authors
demonstrated a positive association between CRF and hippocam-
pal activation during spatial maze learning in adults between the
ages of 40–55 yr using fMRI, suggesting aerobic exercise may en-
hance spatial memory and virtual navigation in a middle-aged
population. Conceivably, increasing CRF through aerobic exercise
has the potential to modulate functional and structural plasticity
in the hippocampus throughout the lifespan, facilitating the for-
mation and retention of memories with overlapping (OL) features
in both the spatial and nonspatial domains.

In the current study, healthy adults between the ages of
18–83 yr (N=80) performed two hippocampally dependent mne-

monic discrimination tasks, completed a neuropsychological test
battery, and underwent a treadmill test to assess CRF. The
Mnemonic Similarity Task (MST; Fig. 1B) is an established object-
based task known to reliably assess mnemonic discrimination in
humans. Performance on this task is thought to depend, at least
in part, on pattern separation and has been shown to be sensitive
to aging (Yassa et al. 2011; Stark et al. 2013; Stark and Stark 2017),
structural integrity of the hippocampus (Kirwan et al. 2012), and
disease status (Yassa et al. 2010b). This task has been shown to
elicit pattern-separation like activity in the DG/CA3 in fMRI stud-
ies (Kirwan et al. 2007; Bakker et al. 2008). Additionally, partici-
pants performed a Route Disambiguation Task (RDT, Fig. 1C)
that involves encoding and retrieval of OL spatial sequences pre-
viously used with young adults (Brown et al. 2010, 2012, 2014).
Previous fMRI experiments using this task show evidence for
DG/CA3 recruitment, particularly in conditions when subjects
have to make navigational choices during an OL portion of two
mazes (Brown et al. 2010, 2012, 2014). In this paradigm, success-
ful navigation during task performance is dependent on accurate
spatial memory that relies, in part, on disambiguating mazes that
share OL hallways (i.e., spatial pattern separation). Using these
two tasks and a treadmill-based assessment of CRF, we tested
the predictions that (i) there is a negative relationship between
increased age and mnemonic flexibility in both the nonspatial
and spatial domains, and (ii) greater CRF attenuates this negative
relationship.

A

B C

Figure 1. Overview of experimental procedures. (A) Outline of study timeline. Participants came to the laboratory for two study visits. (B) Mnemonic
Similarity Task (MST) design consisted of an incidental encoding phase (left) and a surprise recognition memory test (right). The recognition memory
test contained three stimulus conditions: exact repetitions of objects shown during encoding (Targets; outlined in green), similar objects but not
exactly identical (Lures; outlined in purple), and novel objects (Foils; outlined in red). Participants responded to the objects with old/similar/new classifi-
cation. (C) Route disambiguation task (RDT) design. An example of a nonoverlapping (NOL) maze trajectory is shown on the left in green and an example
OL maze is shown on the right. Start and end locations are shown for each example maze. NOL mazes were distinct from each other, and the response at
each intersection remained consistent. For OL mazes, start and end locations were distinct and shown in blue and red colors for illustration. The critical OL
choice points and hallway are colored in purple. Insets for critical choice point 2 show examples of the perspective at this intersection and demonstrate how
the correct answer is dependent on which maze location the participant started in.
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Results

Participant demographics
Participant agegroupswere as follows:18–30yrofage (YoungAdults
(YA); N=17, mean age=23.12±3.1 yr, 8 female), 31–49 yr of age
(Middle-Younger adults (MY); N=23, mean age=38.96±6.1 yr, 10
female), 50–66 yr of age (Middle-Older (MO); N=21, mean age=
59.81±5.3 yr, 11 female), and 67–83 yr of age (Older Adults (OA);
N=19, mean age=73.58±5.1 yr, 12 female). Participant demo-
graphic information, CRF data, anthropometric measures and
neuropsychological assessment data are summarized in Table 1.
Additional assessments of neuropsychological data are described
in Supplemental Information. Participant performance on these
neuropsychological measures fell within the range for normative
data (Strauss et al., 2006). Correlations between Rey-Auditory
Verbal Learning Test (RAVLT) performance and spatial and non-
spatial task performance are described in a subsequent section.

Experiment 1

Age effects on nonspatial mnemonic discrimination

In Experiment 1, we sought to first replicate previous work demon-
strating age-related effects on mnemonic discrimination using the
MST (Stark et al. 2013, 2015), and then determine whether CRF at-
tenuates this effect. First, we calculated the Lure Discrimination
Index (LDI) by taking the difference between the rate of “similar”
responses to lure stimuli and the rate of “similar” responses to foils.
We also calculated a more traditional score of recognitionmemory
(REC), operationalized as the difference between the rate of a re-
sponse of “old” to target stimuli and the rate of “old” responses
to foil stimuli. These scores allow us to correct for any response
bias on a per-subject basis. Replicating previous work using the
same task and similar statistical analyses (Stark et al. 2013), we
found a significant negative relationship between age and LDI (r
=−0.55, t(76) = −5.78, P<0.001; regression model F(3,74) = 11.4, ad-
justed R2 = 0.29, P<0.001; Fig. 2A), but no relationship between
age and REC (r=−0.02, t(76) =−0.18, P=0.86; regression model
F(3,74) = 1.46, adjusted R2 = 0.02, P>0.05), indicating age is associat-

ed with mnemonic discrimination but not overall recogni-
tion memory. Next, we separated the subjects into the four age
groups. Using one-way analysis of variance (ANOVA), we demon-
strated a significant main effect of age group on LDI (F(3,72) = 7.63,
P<0.001, η² = 0.237; Fig. 2B) but not REC (F(3,72) = 1.62, P>0.1,
η² = 0.06; Fig. 2C). Tukey HSD post-hoc testing revealed that
the LDI score was significantly higher in the youngest group (YA
LDImean = 0.41±0.16) compared to the two oldest two groups
(MO LDImean = 0.14±0.26, OA LDImean = 0.11±0.16; all Ps < 0.05,
Fig. 2B).

We next performed analyses on response distribution (i.e.,
rates of calling a target object “old,” “similar,” or “new”). The re-
sponse distributions are shown in Figure 3A. Consistent with
previous reports using this task (Stark et al. 2013), correct categori-
zation of targets as “old” and foils as “new” were high and stable
across all age groups. To assess this statistically, we examined the
effect of age group on response proportion for p(“old”|target)
and the p(“new”|foil) using separate one-way ANOVAs. As predict-
ed, there was no effect of age group on correct categorization for re-
sponding “old” for the target condition (F(3,73) = 1.52, P=0.22, η² =
0.02; Fig. 3A left panel, “O”|Target across age groups), norwas there
an effect of age group on correctly responding “new” for the foil
condition (F(3,73) = 1.24, P=0.30, η² = 0.01 ; Fig. 3A right panel,
“N”|Foil across age groups). We were primarily interested in the
proportion of responses of correctly identifying lures as “similar.”
Results of this one-way ANOVA demonstrated a significant effect
of age group (F(3,73) = 9.58, P<0.001, η² = 0.25). Tukey HSD post-
hoc testing revealed that older age had a negative effect on correct-
ly identifying lures as “similar.” Specifically, although the YA
cohort was significantly better at this identification than the MO
and OA group, they did not differ from the MY group. The MY
groupwas significantly better than theOA group, but did not differ
from theMO group. The two oldest groups did not differ from each
other. Analysis of the age effects on responses of incorrectly
identifying lures as “old” revealed a complementary age-related ef-
fect showing that older adults misidentified lures as “old” (F(3,73) =
7.81, P<0.001, η² = 0.21; Fig. 3A,middle panel, “S”|Lure). Together,
these results show that the response distribution for the lure con-
dition differed as a function of age. The YA cohort demonstrated

Table 1. Participant characteristics

N Group 1 Ages 18–30 Group 2 Ages 31–49 Group 3 Ages 50–66 Group 4 Ages 67–85

Demographics
N 80 17 23 21 19
Age (years) 23.35 (3.22) 39.0 (6.1) 59.81 (5.26) 73.68 (4.96)
Education (years) 15.65 (1.80) 16.52 (2.57) 17.28 (2.28) 16.84 (2.24)
Sex 9 M, 8 F 13 M, 10 F 10 M, 11 F 7 M, 12 F

Physiology
V̇O2MAX (L min−1)a 62 45.12 (7.95) 36.36 (6.02) 39.08 (7.74) 31.42 (5.86)
BMI (kg·m−2)a 80 23.54 (3.24) 27.38 (6.23) 25.6 (5.25) 26.72 (3.69)
Seated resting HR 80 68.29 (6.84) 73.96 (10.32) 63.90 (10.72) 67.63 (13.96)
Waist/Hip Ratioa 80 0.79 (0.088) 0.83 (0.08)* 0.85 (0.11) 0.87 (0.08)

Neuropsych
SBSOD 80 4.87 (0.89) 4.82 (1.22) 5.17 (0.87) 4.99 (0.75)
RAVLT Total Scorea 80 58.63 (7.62) 58.09 (9.86) 52.57 (8.41)* 46.63 (8.55)*
RAVLT Immediatea 80 12.53 (2.94) 12.65 (2.64) 10.38 (3.47)* 9.42 (2.71)
RAVLT Long Delaya 80 12.88 (2.47) 12.43 (2.68) 10.62 (3.71)* 8.32 (3.30)
TMT B/A Ratio 80 2.70 (2.15) 2.22 (0.63) 2.22 (0.64) 2.43 (0.79)
VST Ratioa 80 1.61 (0.27) 1.64 (0.38) 1.94 (0.39) 2.11 (0.54)
DRS-2raw

b 36 — — 141.94 (2.01) 140.95 (2.17)

All data are reported as mean (sd).
BMI, Body Mass Index; HR, Heart Rate (beats per minute); SBSOD, Santa Barbara Sense of Direction; RAVLT, Rey-Auditory Verbal Learning Test; TMT, Trail
Making Test; VST, Victoria Stroop Test; DRS, Dementia Rating Scale
*Significant (P<0.05) sex differences within age group.
aMain effect of age in a multiple regression adjusting for sex and education.
bOnly subjects aged 55+ completed the DRS-2.
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a higher response proportion for correctly identifying lure trials as
“similar” than “old” (Fig. 3A, top middle panel). This effect
changed in the opposite direction with increasing age. For the
MY age group, lure trial response proportion was more equally
identified as “similar” and “old.” Response distributions for lure
trials in the two oldest cohorts (MO and OA) show a switch, such
that they are misidentifying lure trials as “old” significantly more
often than correctly identifying lure trials as similar (Fig. 3A). It is
of note that all age-related analyses reported to this point included
all subjects that completed the MST (N=78), however, when we
repeated the analyses using only the subset of subjects who
successfully completed both the MST and CRF test (N=60), the
results remain unchanged. The average response proportions for
the MST by age group are listed in Supplemental Information,
Table S1.

Interactions between age and CRF on nonspatial mnemonic discrimination

Next, we set out to elucidate how CRF might predict mnemonic
discrimination. All analyses are limited to only those participants

who successfully completed both the fitness assessment and MST
(N=60). To elucidate the potential differential effects of CRF across
the adult lifespan, all analyses included age and CRF as main ef-
fects, as well as an interaction term of age by CRF. Results of a mul-
tiple regression (F(5,54) = 4.3, P<0.01) showed a significant main
effect of age (F(1,54) = 19.96, P<0.001), but no main effect of esti-
mated V̇O2MAX (F(1,54) = 0.008, P>0.05), nor an interaction of age
by CRF (F(1,54) = .29, P>0.05) on LDI. This lack of main effect of es-
timated V̇O2MAX and interaction is likely due to the known high
collinearity between age and estimated V̇O2MAX, our measure of
CRF (ACSM 2014). Additionally, on average, women have lower
V̇O2MAX values than age-matched men (ACSM 2014). To partially
account for these issues, rather than using estimated V̇O2MAX as a
continuous variable, we split the participants into higher-fit or
lower-fit groups based on the median V̇O2MAX for our sample by
sex within their age bin. For example, for women in the YA group,
the median estimated V̇O2MAX value was 33.97 (mL O2/(kg min)
whereas for men in the same YA age group, the median estimated
V̇O2MAX value was 51.94 (mLO2/(kgmin; see Supplemental Fig. 1).
We entered the data into a 4×2 ANOVA to determine themain and
interactive effects of age group (YA, MY, MO, OA) and CRF level
(higher-fit, lower-fit) on LDI. Results from this analysis recapture
the significant main effect of age (F(3,50) = 5.376, P<0.01, η² =
0.24), but show no main effect of CRF level (higher vs. lower;
F(1,50) = 0.24, P> 0.05, η² = 0.004) nor interaction effect between
age group by CRF level (F(3,50) = 0.3, P>0.05, η² = 0.013). As expect-
ed for our measure of traditional recognition (REC), we found no
main effects of age group (F(3,50) = 1.38, P>0.05, η² = .07) or CRF
level (F(1,50) = 1.96, P>0.05, η² = 0.03), nor was there an interaction
between age group by CRF level (F(3,50) = 0.06, P>0.05, η² = 0.004).
Average performance for each age group and CRF level are in
Supplemental Information, Table S2.

Next, we ran follow-up analyses to determine if there were ef-
fects of CRF level on the proportion of correct responses for the
lures, given the previous results showing age specific effects on
lures only. We ran a 4×2 ANOVA to predict the accurate response
of “similar” for lure trials as predicted by age group (YA, MY, MO,
OA) and CRF level (higher-fit, lower-fit), including an interaction
term between the predictors. This analysis demonstrated a signifi-
cant effect of age group (F(3,51) = 5.91, P=0.002, η² = 0.2), but no ef-
fect of CRF level (F(1,51) = 0.11, P= 0.75, η² = 0.02), nor an
interaction effect between age group and CRF level (F(3,51) = 1.07,
P= 0.37, η² = 0.001). Together, these results suggest that perfor-
mance on theMST does not seem to be sensitive to CRF level across
any age group.

Experiment 2

Age effects on spatial disambiguation

Prior to examining the potential effects of age andCRF on accuracy
in the RDT, we sought to examine the main and interactive effects
of condition (OL, NOL) and choice point (CP; CP1, CP2, CP3). We
predicted that accuracy on the NOL mazes would be higher than
accuracy on the OL mazes, and this effect would be specific for
choice point 2 and choice point 3, given that accurate responses
at these choice points are context-dependent, thus theoretically re-
quiring disambiguation effort or spatial pattern separation. Using a
linear mixed-effects model, we specified condition (OL, NOL) and
choice point (CP1, CP2, CP3) as fixed-effects, sex and education as
covariates and subject as a random effect. We found significant
main effects of condition (F(1,395) = 43.27, P< 0.001) and choice
point (F(2,395) = 12.94, P<0.001), as well as a significant interaction
between condition and choice point (F(2,395) = 31.88, P<0.001).
Tukey post-hoc comparisons from the model confirmed that over-
all, accuracy on mazes for the nonambiguous choice point 1 did

A

B C

Figure 2. Age effects on nonspatial pattern separation in the Mnemonic
Similarity Task (MST). (A) LDI score across the adult lifespan. Strong linear
decrease in lure discrimination (LDI) performance, (B) LDI by age group.
The young adult group (YA, ages 18–30) shows highest performance,
whereas mnemonic discrimination in the oldest two groups (middle-older;
MO, ages 50–66 and older adults; OA, ages 67–83) is significantly dimin-
ished compared to the YA group. Groups sharing letters (a or b) signify no
significant difference for LDI. Groups that do not share the same letter
signify a significant difference in LDI score. (C) Traditional recognition
by age group. In contrast to the LDI results, age related effects are not
present on recognition performance.
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not differ between OL and NOL conditions (CP1NOL mean 0.64±
0.21; CP1OL mean 0.69±0.21; P>0.05). However, at critical inter-
sections where participants required disambiguation (CP2OL mean

0.53±0.19; CP3OL mean 0.57±0.18), participants were significantly
less accurate than at the corresponding non-OL intersections
(CP2NOLmean0.67±0.22;CP3NOLmean 0.71±0.22;Ps <0.05, Fig. 4A).

To investigate the effect of age on maze accuracy, we first per-
formed Pearson correlations between age and overall maze accura-
cy and separately for NOL and OL maze accuracy. As expected, we
found significant negative correlations between age and overall
maze accuracy (r=−0.59, t(78) =−6.41, P<0.001), age and NOL
maze accuracy (r=−0.55, t(78) =−5.76, P<0.001), and age and OL

maze accuracy (r=−0.58, t(78) =−6.32, P<0.001). Next, we separat-
ed the participants into age groups and entered the data into a
rm-ANOVA with condition (OL, NOL) and choice point (CP1,
CP2, CP3) as within-subject factors, and age group (YA, MY, MO,
OA) as a between-subject factor. The model also included a three-
way interaction term for condition by choice point by age group,
with the specific hypothesis that there would be a negative effect
of age group, which would be greater for OL mazes compared to
NOL mazes at choice point 2 and choice point 3. Results showed
main effects of condition (F(1,453) = 20.88, P<0.001, η² = 0.03), age
group (F(3,453) = 39.71, P<0.001; η² = 0.16), and choice point
(F(2,453) = 6.25, P<0.01, η² = 0.02). As predicted, the three-way

A B

Figure 3. Characterization of response proportion in the MST. (A) Mean response proportion (old, similar, new) for each of the three conditions (target,
lure, foil) is displayed by age group from youngest (YA, top) to oldest cohort (OA, bottom). Dotted circle highlights the lure trials, for which response pro-
portion changes as a function of age. YA (top) correctly identify lure trials as similar more than incorrectly identify them as old. This gradually interchanges
as a function of age, with the middle-younger (MY) group responding to lures as “old” and “similar” equivocally and the older two groups (middle-older;
MO and OA) mischaracterizing lures as “old” disproportionately more “similar”. (B) CRF level does not significantly affect response proportion across any
age group.
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interaction term between condition, choice point, and age group
was also significant (F(17,453) = 2.11, P<0.01, η² = 0.05). Accuracy
for NOL and OL mazes by choice point and age group are plotted
in Figure 4B,C, respectively. This three-way interaction is critical,
as it suggests that the effect of age group on accuracy depends on
disambiguation demands (e.g., context-dependent choice points
2 and 3 for OLmazes vs. context-independent CP1 for both condi-
tions and all choice points in NOLmazes; Fig. 4B,C; Supplemental
Information, Table S3). Tukey post-hoc testing confirmed that at
each choice point, there was no significant difference in accuracy
between the three youngest groups in either the NOL and OL con-
dition (all corrected Ps > 0.05;). In contrast, the OA group per-
formed significantly worse at CP1 and CP2 (CP1OL mean 0.53±
0.22; CP2OL mean 0.36± 0.08; CP1NOL mean 0.50±0.14; CP2NOL

mean 0.50± 0.16) than both the YA (CP1OL mean 0.80±0.14;
CP2OL mean 0.67±0.09; CP1NOL mean 0.75±0.17; CP2NOL mean

0.79±0.17; P<0.05 for all comparisons with OA) and MY groups
(CP1OL mean 0.76±0.20; CP2OL mean 0.61±0.21; CP1NOL mean

0.72±0.20; CP2NOL mean 0.72±0.23; P<0.05 for all comparisons
with OA). For choice point 3, the OA (CP3OL mean 0.46±0.09;
CP3NOL mean 0.54± 0.16) performed worse than the YA (CP3OL

mean 0.64±0.20; CP3NOL mean 0.84±0.13), MY (CP3OL mean 0.63±
0.21; CP3NOL mean 0.76±0.24), and MO (CP3OL mean 0.56±0.17;
CP3NOL mean 0.70± 0.21), but this comparison did not reach signif-
icance after applying multiple comparison correction. For both
conditions, the MO group performed worse than the YA and MY
groups, but statistically did not differ from the other age groups
at any choice point after applying multiple comparison correction
(CP1OL mean 0.67± 0.19; CP2OL mean 0.48±0.15; CP1NOL mean 0.59
±0.24; CP2NOL mean 0.65±0.23; P>0.05 for all comparisons to oth-
er age groups). Additionally, within each age group, noncritical
choice points, that is, locations at which participants did not re-
quire disambiguation (NOL CP1, CP2, CP3, and OL CP 1), did
not significantly differ from one another (all Ps < 0.05).

Interactions between age and CRF on spatial disambiguation

Next, we set out to elucidate how age and CRF may interactively
predict performance on the spatial disambiguation task. These
analyses were limited to participants who successfully completed
the CRF assessment and RDT (N=62). Using multiple regression
we entered age as a continuous variable, CRF as a continuous var-
iable, condition (OL, NOL) and choice point (CP1, CP2, CP3) as
main effects. In addition, we included an interaction term for age

by CRF to determine how these two continuous variables may in-
teractively predict accuracy, as well as an interaction term for con-
dition by choice point, given the previous analyses indicating
this as a significant interaction in predicting accuracy. As in the
previous analyses, we found main effects of condition (F(1,361) =
20.41, P<0.001, η² = 0.036), choice point (F(2,361) = 5.65, P<0.01,
η² = 0.02) and age (F(1,361) = 106.59, P<0.001, η² = 0.19), as well as
a significant interaction between condition and choice point
(F(2,361) = 13.33, P<0.001, η² = 0.05) in this subsample. Critically,
as predicted, we found a significant interaction between age and
CRF (F(1,361) = 6.87, P<0.01, η² = 0.012), such that CRF attenuated
age-related reductions on task accuracy as illustrated by flatter re-
gression lines for groups with higher CRF (Fig. 5A).

Last, we sought to determine the effects of condition, choice
point, age, andCRF on response time for the RDT, as previous stud-
ies have demonstrated a link between higher CRF and faster re-
sponse times for cognitive tasks (Kramer et al., 1999). Initial
response time analyses included all subjects (N=80) to characterize
themain and interactive effects of condition, choice point and age
on response time data. We entered response time data into a linear
mixed model, specifying main effects of condition (OL, NOL),
choice point (CP1, CP2, CP3), and age, as well as included all two-
way interaction terms as fixed-effects, sex and education as covar-
iates and subject as a random effect. Age significantly predicted re-
sponse time (F(1,76) = 57.72, P<0.001, Supplemental Information,
Table S3), such that older adults had higher response times (i.e.,
slower responses) than younger adults. A main effect of condition
demonstrated that participants responded significantly slower
for OL than NOL mazes (F(1,392) = 4.1, P<0.05). There was also a
main effect of choice point (F(2,390) = 18.21, P<0.001), with re-
sponse times at choice point 1 being significantly longer than
at choice points 2 or 3 (CP1mean RT = 1321.47±515.7 msec;
CP2mean RT = 838.42±411.3 msec; CP3mean RT = 690.05±301.3
msec). The interaction term between age and choice point was
also significant (F(2,76) = 57.72, P<0.001). No othermain or interac-
tive effects reached significance (all Ps > 0.5). Next, we entered data
from the participants that completed the CRF test into a multiple
linear regression model to test the contribution of CRF to response
time (N=62). Again, we included condition, choice point, age,
and CRF as main effects. We specified interaction effects of
condition by choice point as well as age by CRF. Results of this
analysis demonstrated main effects of choice point (F(2,361) =
104.9, P < 0.001, η² = 0.29) and age (F(1,361) = 143.5, P< 0.001,
η² = 0.20). Similar to the analysis on accuracy, we again found a

A B C

Figure 4. Performance on the route disambiguation task (RDT). (A) Performance was significantly lower for critical OL choice points (CP) 2 and 3 (***) P<
0.001. Comparing across the four age groups, there is a robust age-effect for accuracy in NOL mazes (B) and OL mazes (C). The age-effect is particularly
pronounced in critical OL maze CPs 2 and 3, when additional contextual disambiguation was required for successful navigation. Age groups were as
follows: Young Adult (YA; ages 18–30, N=17); Middle-Younger (MY; ages 31–49, N=23); Middle-Older (MO; ages 50–66, N=21); Older Adult (OA;
ages 67–85, N=19).
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significant interaction between age by CRF (F(1,361) = 6.62, P<0.01,
η² = 0.01) with response time data (Fig. 5B). Response time results
are complementary to accuracy results, demonstrating a robust in-
teraction between age and CRF on performance for the spatial
maze task such that higher CRF attenuates age-related slowing on
response time. Taken together, these results suggest that greater
CRF can attenuate age-related reductions in task performance on
the RDT, both in terms of accuracy and response time.

Correlations between MST and RDT performance and neuropsychological tests

Previous work has shown that the RAVLT scores correlate with LDI
(Stark et al. 2013; Reagh and Yassa 2014; Stark and Stark 2017) sug-
gesting RAVLTmay also serve as a putative measure for mnemonic
discrimination. We performed Spearman’s correlations between
performance on neuropsychological tests and performance on as-
pects of the MST (Lure Discrimination Index: LDI and

Recognition Memory: REC) and the RDT (OL maze accuracy,
NOL maze accuracy), correcting for multiple comparisons using
the Bonferroni method. These results are displayed in Table 2.
LDI positively correlated with performance on all aspects of the
RAVLT task (Ps < 0.001). In contrast, REC did not correlate with
any neuropsychological measures. In addition, accuracy for both
OL and NOL mazes significantly positively correlated with all as-
pects of the RAVLT task. It is also of note that performance on
the RDT also correlated with performance on the Victoria Stroop
Test (VST). The VST is known to relate to response inhibition,
which decreaseswith age (Strauss et al. 2006). It is possible that per-
formance on the RDT requires response inhibition at critical choice
points to allow flexible navigation. Performance on the Trail
Making Test (TMT) and scores from the Santa Barbara Sense of
Direction Scale (SBSOD) scale did not correlate with performance
on either of the mnemonic discrimination tasks.

Discussion

In the current study, we sought to examine the interactive effects
of age and CRF on mnemonic discrimination across the human
adult lifespan.We tested the hypothesis that higherCRF attenuates
age-related deficits in mnemonic discrimination both in the con-
text of an object based mnemonic discrimination task and a more
complex virtual navigation task requiring contextual disambigua-
tion which likely relies on spatial pattern separation. We present
robust negative age-related effects on mnemonic discrimination
performance across both the nonspatial and spatial domains.
Critically, we include individuals across the adult lifespan for a
comprehensive examination of these age-effects on spatial and
nonspatial mnemonic discrimination. Higher CRF did not seem
to affect or attenuate age-related performance in the MST.
Comparatively, results from the RDT confirm our hypothesis that
higher CRF attenuates age-related performance decrements on spa-
tial mnemonic discrimination. These data suggest that the route
disambiguation task could serve as a highly sensitivemetric for spa-
tial pattern separation.

Age negatively impacts behavioral performance on object

and spatial mnemonic discrimination
In Experiment 1, we presented an independent replication of
age-related impairment of object-based nonspatial mnemonic dis-
crimination using the MST (Holden et al. 2013; Stark et al. 2013,
2015). Our results mirror previous work showing that performance
for mnemonic discrimination linearly decreases with age, whereas
traditional recognition remains largely unaffected by age (Stark

A

B

Figure 5. Age and CRF interactively predict performance on the RDT.
(A) Higher CRF (represented by top 10% CRF in blue) attenuates
age-related impairment on accuracy, whereas lower CRF (represented by
bottom 10% CRF in red; green represents median CRF) is associated with
pronounced age-related reduced task accuracy. (B) Similarly, higher CRF
lessens age-related slowing in reaction time. Interactions are visualized in
R using the visreg package (Breheny and Burchett 2016).

Table 2. Correlations between neuropsychological tests and
mnemonic discrimination performance

LDI REC OL NOL

Neuropsych
SBSOD −0.147 −0.075 −0.126 −0.010
RAVLT Total 0.456*** 0.134 0.481** 0.451**
RAVLT Immediate 0.452*** 0.158 0.416** 0.413**
RAVLT Delay 0.482*** 0.236 0.398* 0.408*
TMT B/A Ratio −0.001 0.062 −0.278 0.007
VST Ratio −0.146 0.081 −0.358* −0.361*

Spearman’s correlations between performance on neuropsychological tests
and performance on aspects of the MST (Lure Discrimination, LDI; Recognition
memory, REC) and the Route Disambiguation Task (OL maze accuracy, NOL
maze accuracy). Values indicate Spearman’s rho, and significance values were
corrected for multiple comparisons with the Bonferroni method. (*) P<0.05,
(**) P<0.01, (***) P<0.001.
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et al. 2013). Our subsequent analyses focusing on the lure trials in-
dicate a clear age-related shift in the response profile from correct
identification of lure items as “similar” in the youngest adults to
an incorrect identification of lure items as “old” in the older adult
cohorts. The youngest cohort significantly outperformed all other
groups in this respect. This strong preference for identifying lures
as “similar” in the YA group was not apparent in the younger
middle-aged group (MY). TheMY participants were equally as like-
ly to identify a lure as “similar” or commit a false positive error by
identifying a lure as “old.” Individuals in the two oldest groups
committed this type of false positive significantly more often
than the YA and MY groups. This indicates that age-related effects
on mnemonic discrimination may take effect as early as younger
middle-age, which in our study was defined as between 31–49 yr.
Critically, all age groups reliably categorized new stimuli as
“new” and repeated stimuli as “old,” indicating a preferential effect
of age on lure trials that cannot be explained more generally by
age-related changes in recognition memory.

In Experiment 2, we used a task developed in our laboratory in
which participants learned and subsequently retrieved OL and
NOL routes through virtual mazes. Results demonstrated a robust
deleterious linear age-dependent effect on task performance, simi-
lar to the age-effect found in the MST. The YA group performed
best in both the OL and NOL conditions. Although the MY group
did not statistically differ from the YA group, the MO group per-
formed worse than the two younger groups, and the OA group
showed robust negative age-related effects in both conditions.
Importantly, our results suggest subtle age-related changes in spa-
tial contextual disambiguation may occur as early as middle age.
Across all age groups, performance was worse for choice points
that required route disambiguation (i.e., OL critical choice points)
than for those that did not, suggesting a deficit in spatial contextu-
al discrimination. We also demonstrate a reduced age-effect in the
spatial task for NOL mazes and, as stated above, the absence of an
age-related effect in traditional recognition in the MST.

The results are in line with literature on deleterious age effects
on episodic memory both in the spatial (Moffat and Resnick 2002;
Erickson et al. 2009; Holden et al. 2012; Rodgers et al. 2012; Reagh
et al. 2014; DeFord et al. 2020) and nonspatial domains (Yassa et al.
2011; Holden et al. 2013; Stark et al. 2013; Bernstein and McNally
2019). Importantly, within the same participants, we find compa-
rable age-related effects on memory disambiguation performance
in both spatial andnonspatial tasks. Although age effects on spatial
pattern separation have not been as thoroughly studied across the
adult lifespan, our results from Experiment 2 are consistent with
previous studies comparing spatial pattern separation in younger
and older adults (Stark et al. 2010; Holden and Gilbert 2012;
Reagh et al. 2014). One recent study investigated mnemonic dis-
crimination performance using two versions of the MST to com-
pare between object and scene processing (Stark and Stark 2017).
Consistent with our results across Experiments 1 and 2, they found
that the older adults performed significantly poorer on mnemonic
discrimination in both conditions. Our results are also in accor-
dance with a recent study byWilliams and colleagues that demon-
strated that middle-aged adults performed more poorly relative to
young adults on a delayed nonmatch to sample spatial pattern sep-
aration task with varying levels of spatial distance (Williams et al.
2019). In that study, young adults significantly outperformed
middle-aged adults, who, in turn, outperformed older adults on
low spatial similarity (i.e., requiring less pattern separation).
Interestingly, middle-aged and older adults performed equally on
trials with high spatial similarity (i.e., requiring more pattern sep-
aration), whereas younger adults performed significantly better on
the same trials. Here, we demonstrate robust age effects in both
tasks, suggesting the impact of age on mnemonic discrimination
is domain-independent.

Our findings are consistent with computational and rodent
models of pattern separation. Neurocomputational modeling sug-
gests pattern separation may depend on the newborn neurons in
the dentate gyrus of the hippocampus promoting disambiguation
of highly similar information into individually stored representa-
tions (Marr 1971; O’Reilly and McClelland 1994; Aimone et al.
2006, 2009). In aging rodents, there is a drastic decrease in the
amount of AHN within the dentate gyrus (Kuhn et al. 1996), and
this reduction is associated with impaired behavioral pattern sepa-
ration performance (Creer et al. 2010; Sahay et al. 2011). Although
AHN cannot be studies in living humans, our results from both
Experiment 1 and Experiment 2 are predicted by these models.

Higher CRF significantly attenuates age effects in spatial

mnemonic discrimination, but fails to affect object

mnemonic discrimination performance
A primary goal of the current study was to investigate the interac-
tive effects of age and CRF on mnemonic discrimination. In the
MST, CRF level failed to affect behavioral performance across any
age group measured both by LDI and the response profile. Higher
CRF did not seem to affect classification accuracy for lures overall,
and did not rescue or affect the false positive error rate on this task
for aged individuals. This suggests that CRF itself may not influ-
ence performance on this task. The lack of effect of CRF level on
behavioral performance is in contrast with a recent report that
higher-fit young adults significantly outperformed lower-fit young
adults on the MST (Suwabe et al. 2017a). In that experiment, the
results from an investigation of 75 young adult participants dem-
onstrated that higher-fit young adults correctly classified lure trials
as “similar” significantlymore than lower-fit young adults, but this
result was limited only to trials where the objects were considered
moderately similar. Suwabe and colleagues did not find an effect
fitness level on lure categorization in low or high similarity trials
(2017). One possibility for this discrepancy is that our study was
designed to examine the interactive effects between CRF and ag-
ing, did not focus solely on young adults and had a substantially
smaller number of young adult participants. Our smaller sample
size could be contributing to the lack of CRF effects on behavior
for this age group. Subtle enhancement of MST performance has
also been demonstrated in young adults following acute bouts of
aerobic exercise (Suwabe et al. 2017b). Results from these previous
studies were limited to younger adult populations given older
adults were not included. Although these previous reports have
demonstrated improvements in this task following acute and long-
term exercise in young adults, our results suggest that CRF level
alone does not significantly predict performance in a large sample
across the lifespan. The current study extended these previous re-
ports by examining associations between CRF and behavioral pat-
tern separation across the adult lifespan.

In Experiment 2, we used the RDT in which participants
learned and subsequently retrieved OL and NOL virtual mazes.
Critically, higher CRF appeared to partially attenuate the age-
related effects both for task accuracy and response time, adding
evidence to a growing body of literature that greater fitness is
neuroprotective against age-associated spatial memory deficits.
Importantly, the RDT relies on many of the same brain regions
as object-based mnemonic discrimination tasks. The MST has pri-
marily been investigated using fMRI focusing on the differential
contributions of the hippocampal subfields to mnemonic discrim-
ination, most notably the DG/CA3 (Bakker et al. 2008). Previous
fMRI experiments from our laboratory using the RDT established
that OL mazes evoked stronger activation of the hippocampus
and parahippocampal cortex bilaterally than NOL mazes during
the cue period of the maze prior to the start of navigation
(Brown et al. 2010). Navigating through the OL hallway increased
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activation in the right hippocampus, parahippocampal cortex, and
the orbitofrontal cortex, comprising a navigational circuitry that
support spatial contextual disambiguation. A follow-up study us-
ing the RDTwith high-resolution fMRI focused on themedial tem-
poral lobes and confirmed greater activation specifically in theDG/
CA3 and CA1 subregions in OL mazes compared to NOL mazes
(Brown et al. 2014). In addition, activation in the entorhinal cortex
and CA1 during learning of newOLmazes was predictive of subse-
quent navigation performance. Importantly CA1 has robust and
direct connections to the medial and orbitofrontal cortices which,
in turn, connect to medial entorhinal cortex (van Strien et al.
2009). This highlights the importance of this circuitry in support-
ing contextual spatial disambiguation. Future studies should ex-
amine the interaction between CRF and age on the fMRI signal
in the circuitry underlying contextual spatial disambiguation.

Here, we sought to elucidate potential domain-dependent re-
lationships between CRF and pattern separation in humans across
the adult lifespan. We hypothesized that greater CRF would en-
hance mnemonic discrimination in both domains. Additionally,
we predicted CRF would modulate the relationship between age
and task performance. Although results from Experiment 2 con-
firm our predictions, results from Experiment 1 did not show the
hypothesized age-related attenuation effect for higher CRF in the
MST. One possibility for this difference is that there are multiple
mechanisms by which CRF is impacting the brain and affecting
cognition. One of the foremost theories on the mechanism by
which CRF and exercise strengthens mnemonic discrimination is
by altering hippocampal circuitry and enhancing pattern separa-
tion. In animal models, aerobic exercise reliably increases AHN
in rodents (van Praag et al. 1999, 2005), attenuates age-related
decline of neurogenesis (van Praag et al. 2005), in turn promoting
pattern separation performance on spatial tasks in rodents (Creer
et al. 2010). Studies in rodents linkingAHN, aging, and pattern sep-
aration are very difficult to perform without a spatial component.
In humans, greater CRF and improving CRF with exercise have
been linked to both higher bilateral hippocampal gray matter vol-
ume (Erickson et al. 2009, 2011; Herting and Nagel 2012; Varma
et al. 2015; Rosano et al. 2017) aswell as better performance on spa-
tial working memory tasks in older adults (Erickson et al. 2009,
2011). Our results suggest that CRF attenuates age-effects in spatial
mnemonic discrimination and are in line with previous studies in
both rodents and humans.

However, the existence of AHN in the human brain is heavily
debated (Eriksson et al. 1998; Boldrini et al. 2018; Sorrells et al.
2018), and it is possible that basal levels of newborn neurons
thought to perform pattern separation does not correlate with
CRF level in humans. Object-based mnemonic discrimination in
young adults has been shown to be enhanced following a very
short bout of light intensity aerobic activity, possibly via facilita-
tion of rapid increased functional connectivity between the DG/
CA3 and neocortex (Suwabe et al. 2018) in healthy young adults.
Beyond the hippocampus, there are functional dissociations be-
tween regions within the entorhinal cortex relating to object or
spatial mnemonic discrimination (Reagh and Yassa 2014), as well
as known age-related differences engaging these pathways (Reagh
et al. 2018). The entorhinal cortex is a crucial structure supporting
spatial memory and navigation (Hafting et al. 2005) and together
with the hippocampus supports disambiguation of OL stimuli dur-
ing learning (Newmark et al. 2013). Both the volume (Raz et al.
2004) and connectivity (Yassa et al. 2010a) between these two
structures are negatively affected by aging. In contrast, work by
our group has previously demonstrated a positive relationship be-
tween higher CRF and volume in the entorhinal cortex in young
adults (Whiteman et al. 2016). Therefore, it is likely that CRF
may counteract deleterious aging effects in the entorhinal–hippo-
campal–neocortical circuitry and facilitate spatial memory and

navigation. This interpretation is consistent with our results,
which suggest that higher CRF may attenuate the deleterious ef-
fects of aging on spatial mnemonic discrimination. Given themul-
tidimensional effects of exercise on the brain, we suggest future
studies focus on elucidating whether CRF and change in CRF fol-
lowing exercise trainingmodulates connectivity between the ento-
rhinal–hippocampal circuitry as well as the hippocampus and the
neocortex, and how this modulation may change across the adult
lifespan.

Previous studies have also demonstrated that RAVLT Delay
scores correlate with LDI (Stark et al. 2013; Reagh and Yassa
2014; Stark and Stark 2017) and DG/CA3 volume (Stark and
Stark 2017), suggesting RAVLT is dependent on the hippocampus
and may also serve as a putative measure for mnemonic discrimi-
nation. Here, we replicate the findings that LDI correlatedwith per-
formance on all aspects of the RAVLT task. Furthermore, we
demonstrated that RAVLT performance also significantly correlat-
ed with accuracy on the RDT, adding further evidence that perfor-
mance on the RDT and MST may be similarly supported. In
contrast to the LDI and RDT, REC did not correlate with any neu-
ropsychological measures.

We acknowledge several limitations to our study. First, we ac-
knowledge a potential selection bias toward higher fit older adult
participants. Due to the medical and safety considerations asso-
ciated with performing a fitness test, particularly in older adults,
inclusion and exclusion criteria strictly narrowed the potential par-
ticipants that could be included in this study. Although the CRF
levels for our younger adults (YA andMY) distribute closely around
the age and sex-corrected mean (Supplemental Information, Fig.
S1), there is a selection bias with older adults. In comparison to
age and sex stratified normative data from the American College
of Sports Medicine, our older adults have a higher than average fit-
ness for their age group. This is because lower-fit older adults we
screened and precluded for participation in the current study
were often prescribed certain medications that alter heart rate
(e.g., cardioactive medication) and had several comorbid disorders
(e.g., heart, lung, or musculoskeletal conditions) that would make
participation in an aerobic fitness test difficult and would have
placed these individuals at a higher risk for an adverse event.
Future studies should aim to include lower-fit elderly individuals
under the supervision of a trained medical professional to ensure
participant safety. This selection bias for higher-fit older adults
could have potentially affected the significance of the results re-
garding CRF attenuation of age-related performance reductions
on these tasks, particularly for the MST where we did not observe
CRF effects. Despite this, we still observed robust age-related effects
in both Experiment 1 and 2, as well as a robust interaction between
CRF and age on performance in Experiment 2. It is also important
to recognize the relatively small sample size per age group when
comparing higher and lower-fit individuals. It is possible this
may have contributed to the lack of effect of higher CRF on mne-
monic discrimination across the age groups in Experiment 1. An
additional limitation is the cross-sectional nature of the current
study,making it difficult to separate cohort effects from true age ef-
fects. We cannot address inter-individual variability that may have
been introduced by selection bias and our CRF estimation. Future
fitness intervention studies should aim to elucidate how improv-
ing CRF in initially low-fit adults could differentially affect perfor-
mance on eachmnemonic discrimination task and should include
functional and structural neuroimaging measures as outcomes.

Here, we offer a unique contribution to the literature by in-
cluding participants across the adult lifespan and investigating
how age and CRF interact to impact both spatial and nonspatial
mnemonic discrimination task performance. The majority of pre-
vious literature on the effects of CRF on cognition compare youn-
ger and older adults, largely excluding themiddle-aged population.
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Critically, we include individuals across the adult lifespan, which
may be crucial as previous work has suggested that middle-age
may be the start of subtle cognitive and structural change predic-
tive of future neurodegenerative changes (Clark et al. 2016;
Melah et al. 2016) and may be the ideal time to implement neuro-
protective interventions such as aerobic exercise (Tolppanen et al.
2014). We conclude that higher CRF mitigates age-related perfor-
mance reductions in a virtual spatial contextual discrimination
task but not nonspatial mnemonic discrimination in our lifespan
sample. This suggests that higher CRFmay lead to cognitive reserve
across the adult lifespan, particularly for spatial disambiguation
of similar contexts. Performance on spatial mnemonic discrimi-
nation tasks may be a useful tool to track vulnerability in older
individuals sensitive to cognitive decline. Future work should in-
vestigate the potential for aerobic exercise as a therapeutic strategy
for promoting mnemonic flexibility across domains. Mnemonic
discrimination tasks, such as the MST and RDT utilized in this
study, may serve as sensitive metrics in these future experiments.

Materials and Methods

Participants
Participants were recruited from the Boston community via flyers,
online advertisement, and advertisements in a local paper.
Interested individuals were prescreened for the following condi-
tions: history of neurological or psychiatric conditions; learning
disability; heart, lung, or musculoskeletal conditions or disorders;
thyroid disease; diagnosis of kidney failure; diabetes mellitus; elec-
trolyte disorder; high cholesterol; eating disorder or obesity; preg-
nancy; cancer; current use of any cardioactive or psychoactive
medication, or recreational smoking. For inclusion in the study, in-
dividuals needed to be between the ages of 18–85 yr old. Following
the phone prescreening, 102 participants came to the laboratory
for an initial study visit for additional screening. Participants
were excluded if they met the following three criteria for obesity:
BMI greater than or equal to 35 for bothmen andwomen;waist cir-
cumference of greater than 88 cm for men and 102 cm for women;
a waist-to-hip ratio greater than or equal to 0.95 for men between
the ages of 18–54 yr, 1.03 for men over 54 yr, 0.86 for women
between the ages 18–54 yr, 0.90 for women older than 54 yr.
Individuals older than 55 yr also were administered the
Dementia Rating Scale (DRS-2) and were excluded if they received
an eight or below for the age and education corrected scaled score.
Fifteen subjects were excluded following the screening visit, seven
withdrew voluntarily or were lost to contact. A total of eighty par-
ticipants completed the second visit. Data from two participants
on theMnemonic Similarity Task (MST) were not included in anal-
yses due to computer malfunction, leaving a final data set from 78
participants. All eighty participants are included in analyses for the
Route Disambiguation Task (RDT). Sixty-two participants success-
fully completed the aerobic fitness assessment, and their data is in-
cluded in all analyses elucidating CRF as a predictor of behavior. In
an effort to elucidate if there is a specific effect of age, or an inter-
active effect between age and CRF on task performance, we chose
to bin our data into four age groupswith the goal of relatively equal
statistical power per age group. Details of participant characteristics
are presented in Table 1. All participants were fluent English speak-
ers, all had normal or corrected to normal vision, and all gave
signed, informed consent before participating in the experiments.
All protocols were approved by the BostonUniversity Charles River
Campus Institutional Review Board.

Study procedure
For each participant, the experiment consisted of two study visits:
(1) informed consent and screening, (2) cognitive testing on both
the spatial and nonspatial tasks followed by a submaximal tread-
mill test to measure CRF. Both visits were conducted within 3 wk
for each individual subject. See Figure 1A for study procedure
and experimental timeline.

Subsequent to signed, informed consent at the start of the first
study visit, participants were formally screened for the above pre-
screening criteria, and anthropometric measurements were taken.
Screening ensured participants were able to safely perform the CRF
test. Resting heart rate was taken using a chest strap (Polar H7)
wirelessly connected to a HR monitor watch (Polar m400). Blood
pressure was measured manually with an inflatable sphygmoman-
ometer. Height and weight were measured to calculate body mass
index (BMI); waist and hip circumference measurements were
also taken. During the initial visit, participants also completed a
neuropsychological assessment, including the following: Rey
Auditory Verbal Learning Test (RAVLT); Santa Barbara Sense of
Direction Scale (SBSOD); Trail Making Test A/B (TMT); Victoria
Stroop Test (VST). Behavioral performance data from the neuropsy-
chological tests can be found in Tables 1, 2 and in Supplemental
Information.

The second study visit lasted ∼2.5 h, during which partici-
pants completed both the cognitive tasks and underwent a CRF
test. Visit 2 began with instructions and training for the RDT.
Once participants reached criterion on all mazes (see Experiment
2: Route Disambiguation Task for details), the incidental encoding
and retrieval phases (see below) of the MST were administered in
serial fashion. Following the retrieval phase of the MST, partici-
pants completed eight runs of the RDT. After the cognitive testing
protocol was completed, participants were fitted for heart rate
monitors and began the CRF test.

Experiment 1: Mnemonic Similarity Task (MST)
The MST has been established as a reliable way to assess pattern
separation behavior in humans (Stark et al. 2013). Task administra-
tion occurs over two phases; incidental encoding and retrieval.
During the encoding phase, the participants were shown 128 pic-
tures of everyday objects on a computer screen and were asked to
make an indoor/outdoor judgment for each photo using keys on
a computer. The images were displayed for 2 sec with a 0.5 sec
ITI as done in previous work (Stark et al., 2013). Immediately fol-
lowing the encoding phase, participants were asked to perform a
surprise memory test. They were shown video instructions to ex-
plain the task in which they were told that for each item they
will see, they are to identify the item as “Old,” “Similar,” or
“New” via button press (192 items total). “Old” designations are
for items that were identical to an image shown during the in-
door/outdoor task (64 total repeat items; Target). “New” designa-
tions are for items not previously seen (64 Foils). “Similar”
designations are to be given to items that were similar to those
shown during the indoor/outdoor task, but not identical (64
Lures).

Experiment 2: Route Disambiguation Task (RDT)
This task was adapted from previous studies (Brown et al., 2010,
2012, 2014). Participants learned to navigate through eight virtual
mazes from a ground-level first-person perspective using a desktop
computer. Each maze consisted of three hallways and three inter-
sections. Each intersection was marked with unique objects to dis-
tinguish it from other intersections. The eight mazes were evenly
divided into two conditions, including an OL and NOL condition
(see Fig. 1C). The four mazes in the OL condition consisted of two
pairs of mazes that began and ended in distinct locations but con-
verged in the middle to share a middle hallway with its respective
paired maze. The NOL condition consisted of four distinct mazes
that did not haveOL elements or locations. Therefore, the intersec-
tions in the NOLmazes required the same navigational choices for
successful navigation in each trial. For the OL mazes, the starting
intersection also consistently was associated with the same naviga-
tional choice in each trial. In contrast, the second and third inter-
sections in the OL mazes were shared across the OL maze pairs.
Therefore, the correct response at these critical choice points
were dependent on which location the maze was entered from
(e.g., the axes or the rubber ducky in Fig. 1C), and is thought to
rely, at least in part, on spatial pattern separation. At every intersec-
tion the participant pressed designated keys on the number pad of
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the keyboard to turn “left, continue straight, or go right,” selecting
the subsequent hallway in the sequence of spatial locations within
the maze. Participants were not able to navigate in a reverse direc-
tion. Once a choice was indicated, subjects were propelled forward
at a fixed speed to the next intersection.

Participants underwent maze training to become familiar
with the environments. Prior to learning the mazes, participants
were given explicit instructions and guided through two OL dem-
onstration mazes, allowing them to become familiar with navigat-
ing in the environment and to ensure they understood the
mechanics of the task. The demonstration mazes were distinct
from themazes used in the actual task. During task training, partic-
ipants navigated through each of the eight mazes in a serial
fashion, and had to successfully navigate eachmaze to 100% accu-
racy three consecutive times in order to proceed to the next maze.
The order of themaze trainingwas randomized across participants.

Participants learned to navigate the virtualmazes by receiving
feedback for their navigational choices.When a participantmade a
wrong turn, the computer provided feedback by identifying the
correct response for that intersection, and passivelymoved the par-
ticipant in the correct direction. When the participant chose cor-
rectly, he or she proceeded in the correct direction without
additional feedback. If the participant failed to make a response
in the allotted time (2 sec), the computer indicated that no re-
sponse was made and identified the correct response and passively
moved the participant in the correct direction. Any intersection
where the participant failed to make a response was treated as an
incorrect response. Lastly, participants were given one practice
run similar to those given in the testing session. During the prac-
tice run, all eight mazes were presented in a random order within
the practice run. Feedback was provided during training as well
as during practice and test runs. Following a 20-min delay after
completing the practice run, during which participants participat-
ed in the MST, participants performed eight test runs of the RDT.
Each run contained all eight mazes presented in a random order
(64 trials total). Accuracy and response time were recorded using
E-prime 2.0. Run order was counterbalanced across participants.

Neuropsychological assessment
All participants were administered the Rey Auditory Verbal
Learning Test (RAVLT) to assess memory, Victoria Stroop Test
(VST; Strauss et al. 2006) to assess response inhibition, and Trail
Making Test A and B (TMT; Tombaugh 2004; Strauss et al. 2006)
to assess processing speed and executive functioning, respectively.
Participants completed the Santa Barbara Sense of Direction Scale
(SBSOD; Hegarty et al. 2002) to provide a self-reported measure
of environmental spatial ability. TMT ratio was calculated by
time in seconds to complete TMT B divided by time in seconds
to complete TMT A. VST ratio was calculated by time in seconds
for the interference condition divided by time in seconds for the
dots condition. Lower scores on both indicate higher executive
switching and better response inhibition.

Cardiorespiratory Fitness (CRF) test
Participants were instructed to refrain from strenuous physical
activity for 24 h prior to the visit and instructed to eliminate
consumption of caffeine for 3 h prior to the CRF assessment. In
order to avoid acute effects of exercise on cognition, participants
performed the CRF assessment following cognitive testing.
Immediately before CRF testing, participants were fitted with a
chest strap to monitor heart rate (HR) (Polar, H7). The chest strap
was wirelessly connected to a HR watch (Polar m400). Seated rest-
ingHRmeasurements as well as standing restingHRmeasurements
were recorded (see Table 1). Resting blood pressure was measured
manually with an inflatable sphygmomanometer immediately
prior to and following the CRF assessment. Briefly, participants
completed a submaximal-graded exercise test on a motor-driven
treadmill (Precor TRM835) using a modified Balke protocol to as-
sess CRF (Hagberg 1994; Cooper and Storer 2001; ACSM 2014) as
described in further details in Supplemental Information.
CRF was operationalized as estimated V̇O2MAX. Eighteen partic-

ipants did not reach termination criteria (see Supplemental
Information), leaving 62 participants with CRF data for inclusion
in analyses.

Statistical analyses
All statistical tests were conducted using R (3.5.0). For models elu-
cidating the effect of age on cognition, analyses included valid cog-
nitive data from all participants (N=78 for MST, N=80 for RDT).
Analyses including CRF as a predictor of cognition included data
from participants that successfully completed the CRF assessment
(N=60 for MST; N=62 for RDT). Our statistical analysis approach
was motivated by a desire to replicate the age-effects on MST per-
formance as described in Stark et al. (2013). Therefore, we included
Pearson correlations, multiple regression, and ANOVAs by age
group. For initial comparisons of age and CRF level on cognition,
all variables were treated as continuous and simple correlations
were performed using Pearson’s r. Multiple linear regression and
linearmixed-effectsmodels were used for subsequent investigation
and included sex and education as covariates. For determining age
group differences, ANOVA and repeated measures (rm-ANOVA)
tests were used in addition to Tukey HSD post-hoc testing for sub-
sequent comparisons where appropriate.
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