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ABSTRACT
Background: Higher levels of cardiorespiratory fitness (CRF) and greater amounts of physical activity have been associated with lower intraindividual variability (IIV) in executive function in children and older adults. In the present study, we examined whether CRF, measured as maximal
oxygen uptake (VO2max), and daily volume of moderate-to-vigorous intensity physical activity (MVPA) were associated with IIV of reaction
time during performance of the incongruent condition of the Stroop task in younger adults. Further, we examined whether the thickness of the
cingulate cortex was associated with regulating variability in reaction time performance in the context of CRF or physical activity.
Methods: CRF (measured as VO2max), accelerometry-measured MVPA, Stroop performance, and thickness of the rostral anterior cingulate cortex (rACC) derived from magnetic resonance imaging data were collected in 48 younger adults (age = 24.58 § 4.95 years, mean § SD). Multiple
regression was used to test associations between IIV during the Stroop task and CRF, MVPA, and rACC thickness. Mediation was tested using
maximum likelihood estimation with bootstrapping.
Results: Consistent with our predictions, higher VO2max and greater daily amounts of MVPA were associated with greater rACC thickness.
Greater thickness of the right rACC was associated with lower IIV for the incongruent condition of the Stroop task. CRF and MVPA were not
directly associated with IIV. However, we did find that IIV and both CRF and MVPA were indirectly associated via the thickness of the right
rACC.
Conclusion: These results indicate that higher CRF and greater daily volume of MVPA may be associated with lower IIV during the Stroop task
via structural integrity of the rACC. Randomized controlled trials of MVPA would provide crucial information about the causal relations
between these variables.
Ó 2019 Published by Elsevier B.V. on behalf of Shanghai University of Sport. This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
Higher cardiorespiratory fitness (CRF) levels and a greater
amount of moderate-to-vigorous intensity physical activity
(MVPA) are frequently associated with better mental health
and cognitive performance, especially in children and older
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adults.14 For example, executive function, a cognitive
domain associated with the maintenance of goals, working
memory, attentional control, and inhibition, is often positively
associated with both MVPA and CRF in both children and
older adults.59 However, the relationship of MVPA and CRF
to executive function is more poorly understood in early adulthood.1,10,11 The dearth of research in young adults is likely
related to the perception that young adults generally perform
quite well on cognitive tasks, leaving limited room for
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MVPA-related improvements in cognition. This assumes,
however, that there is restricted variability in cognitive function in young adults and that exposure to MVPA would not
explain individual variability in cognitive performance. It also
assumes that increases in MVPA would have limited cognitive
benefits. These are assumptions that should be tested empirically rather than taken for granted. Prior literature indicates
rather equivocal results; some studies have demonstrated positive associations between physical activity (PA) and cognitive
performance in young adults, including performance on tasks
such as the Stroop test,12,13 although other studies have shown
negligible or nonsignificant associations.1417
There have been several reasons postulated for the more
equivocal associations of MVPA and CRF to cognitive performance in younger adults. For example, there may be ceiling
effects on cognitive tests that preclude an assessment of individual differences in performance. In fact, many prior studies
use younger adults as a comparison sample for children or
older adults. When this is the case, the cognitive tests and
instruments used are often optimized for assessing individual
variability in cognitive performance in these other age groups,
and not in younger adults. There has also been limited use of
instruments that objectively measure PA or CRF in prior studies with younger adults.11 Thus, the use of computer-based
tests that have increased sensitivity for detecting individual
variability in cognitive performance in a young adult age
range, the use of objective and gold-standard measures of CRF
(e.g., the maximal oxygen uptake (VO2max) test), and accelerometry-derived MVPA data may impact associations by minimizing floor and ceiling effects and improving precision and
reliability.1821
A promising method for studying the relationships of MVPA
and CRF to cognitive function is to use a measure of intraindividual variability (IIV) of response time (RT), which has been
validated as an important metric of executive function.22 Specifically, IIV in performance can be measured by examining trialby-trial fluctuations in RT and reflects dynamic variability in
attentional or executive control.23 A growing body of evidence
in older adults suggests that it is an important index of information processing efficiency,24 a sensitive indicator of neurobiological integrity,22 and a potential predictor of memory
failures,23 dementia,25 and mortality.26
In preadolescents, middle-aged adults, and older adults,
higher CRF and greater amounts of PA are associated with
reduced IIV on inhibitory control, executive function,9,2731
and psychomotor tests.31 Also, in a cross-sectional study of
adults 5090 years old, greater aerobic fitness attenuated the
effect of age on IIV. Furthermore, variation in executive performance partly mediated the association.31 These findings
indicate that CRF and PA may influence brain systems
involved in regulating and reducing trial-by-trial fluctuations
in performance.
Unfortunately, the neuroanatomic and neurophysiological correlates of IIV, especially in relation to CRF and
MVPA, remain poorly understood. However, several studies have shown associations between neuroimaging metrics
and IIV. For example, although IIV was not correlated
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with frontal brain volume, it was associated with inhibitory success related to increased activation of frontal lobe
areas, including the anterior cingulate cortex (ACC);24 and
higher ACC activation was associated with less IIV during
a color-word error awareness task.33 Indeed, greater activity in the default mode network and lower activation of the
ACC precedes longer RT during performance of the colorword Stroop test,34,35 suggesting that lower activation of
the ACC could be a biomarker of IIV and inconsistency in
RT. Furthermore, there is evidence that older adults who
are more physically active have lower IIV and reduced
age-related attenuation of prefrontal cortex activity during
a task-switching paradigm.30 Thus, the prior literature indicates that the ACC in particular may support attentional
control operations that allow for more consistent performance during tasks of executive function. In addition, prior
work with older adults has indicated that better CRF is
associated with greater volume7,36 and better function of
the ACC,8 and that exercise interventions also increase
ACC volume37 and functional connectivity of the ACC.38
Thus, the ACC reflects a top neurobiological candidate
pathway for regulating IIV.
To our knowledge, there have not been published studies examining the associations of CRF and MVPA with
IIV and brain morphology in a young adult sample. Our
aim in this study was to test associations of CRF and
MVPA with measures of IIV and ACC thickness in a sample of younger adults. Specifically, we aimed to examine
the associations of CRF (VO2max) and daily accumulated
volume of MVPA with IIV during the Stroop task in younger adults and further relate these associations to the thickness of the ACC. By using a computerized cognitive task
with a measurement of IIV in RT, measures of ACC thickness, and objective measures of MVPA and CRF, we are
able to test important hypotheses about associations
between these measures in young adults. Indeed, cognitive
performance and brain function may be modifiable, and
MVPA might be a low-cost approach for improving cognitive and brain function, even in young adults. We predicted
that higher CRF and greater amounts of MVPA would be
associated with lower IIV during the Stroop task and that
this association would be statistically mediated by thickness of the ACC. Such associations would highlight the
importance of measuring brain morphology in the context
of MVPA and CRF in younger adults to better understand
individual variability in cognitive performance.
2. Methods
2.1. Study overview
Participants completed all of the assessments in a 1-month
period. The first session included cognitive assessments and
screening for color blindness, and a second session included a
maximal CRF test and fitting for an accelerometer armband
device to measure MVPA. Participants also completed a magnetic
resonance imaging (MRI) scan. Procedures and protocols have
been previously published39, 40 and are briefly described herein.
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2.2. Participants
A total of 60 young adults (age: 24.58 § 4.95 years,
mean § SD; 57% females) were recruited from the University
of Pittsburgh and surrounding community. To be eligible, participants had to be between 18 and 40 years of age, native
English speakers, and without a history of cardiovascular or
cardiometabolic (e.g., type 2 diabetes) or physical conditions
that would prevent exercising. They also had to be free of neurological conditions that could affect central nervous system
functioning, such as history of head trauma, brain tumors,
stroke, psychiatric conditions, or epilepsy. Participants were
also excluded for color blindness by use of the Pseudoisochromatic Plates for Testing Color Vision, 16 Plate edition. The
present study was approved by the University of Pittsburgh
Institutional Review Board, and informed written consent was
obtained before data collection. All procedures were in accordance with the Declaration of Helsinki.
2.3. CRF assessment
Participants performed a modified Bruce protocol to evaluate maximal CRF (VO2max). The protocol began with a 1-min
warm-up, with participants walking at a speed of 3.0 mph on a
motor-driven treadmill at 0% incline. The test itself began at
3.5 mph and 2.0% grade. Every 2 min, the treadmill speed
increased by 0.5 mph and the incline increased by 2%.
An exercise physiologist continuously monitored oxygen
uptake, heart rate, and blood pressure in accordance with the
American College of Sports Medicine guidelines. Participants
wore nose clips, and all expired air was collected at 15-s intervals (on average) in a gas-analysis machine via a mouthpiece
connected to a two-way valve (ParvoMedics TrueOne 2400
metabolic measurement system, Sandy, UT, USA). The
mouthpiece was supported by headgear, and the equipment
was worn until maximal VO2 was achieved. VO2max was
defined as the maximum oxygen consumption value registered
(expressed in mL/kg/min). One of 2 criteria defined the maximum effort level: (1) a plateau in VO2peak between 2 or more
workloads (0.15 L/min or 2.0 mL/kg/min) or (2) when 2 of the
following 3 criteria were met: a respiratory exchange ratio of
greater than 1.10, a heart rate within 10 beats of a participant’s
age-predicted maximum, or a rating of perceived exertion of
17 or greater.
2.4. PA assessment
To estimate the daily accumulated total volume of MVPA,
participants were given an accelerometer armband (Body
Media SenseWearÒ , Model MF-SW, BodyMedia Inc., Pittsburgh, PA, USA). The energy expenditure estimation was
based on integrated information from a 3-axis accelerometer
and other physiological sensors (heat flux sensor, skin temperature sensor, near-body ambient temperature sensor, and galvanic skin response sensor). The armband accelerometer has
been demonstrated to be a valid method, with good accuracy
and reliability, for monitoring energy expenditure, PA patterns, and sleep quantity and quality both in laboratory
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conditions and free-living conditions in different populations.4143 The analysis in the present study was generally
based off data collected over periods of approximately
7 days.4144
Participants were instructed to wear the monitoring device
for 7 days on the upper-left brachial region, located equally
between the acromion and olecranon processes, at all times,
except when in water (e.g., when showering, bathing, or swimming). The devices were worn, on average, for 6.14 §
0.93 days. The main outcome was the average minutes of
MVPA per day, which was calculated as any 1-min epoch
(collected every 1 s and averaged over the 1-min period) that
achieved a level of energy expenditure of 3.0 metabolic equivalent of tasks or greater.
2.5. Cognitive test: Stroop task
A computerized version of the classic colorword Stroop
task was used to assess executive functioning. Participants
were presented with words that were printed in an ink color
that was either congruent (e.g., the word RED printed in red
ink), neutral (e.g., the word CAR printed in red ink), or incongruent (e.g., the word RED printed in blue ink) to the word’s
meaning. Stimuli were randomly presented for 1000 ms, and
participants were instructed to respond as quickly as possible
to indicate the color of the word, while ignoring the word’s
semantic identity. Participants responded by pressing a key on
a standard keyboard with the index, middle, and ring fingers of
their right hand. The test included 48 incongruent trials, 54
congruent trials, and 63 neutral trials. Several practice trials
were completed before starting the task to acquaint the participant with the instructions. The Stroop effect was calculated by
subtracting mean RT on congruent trials from the mean RT on
incongruent trials and dividing the result by the RT on congruent trials. Stimuli were presented using E-Prime 2.0 software
(Psychology Software Tools, Inc., Pittsburgh, PA, USA).
2.6. Image acquisition and preprocessing
A total of 48 of the 60 participants (80%) completed the
MRI scan. The 12 participants who did not complete the imaging scan were excluded for MRI safety eligibility reasons
(e.g., claustrophobia) and did not differ in any demographic
characteristics from the total sample. The scan was conducted
within 2 weeks of VO2max testing. All images were collected
on a 3T head-only Siemens Allegra MRI scanner (Allegra,
Siemens, Munich, Germany). High-resolution T1-weighted
brain images were acquired using a 3-dimensional magnetization prepared rapid gradient echo imaging protocol with 176
contiguous axial slices, 1 mm in thickness, collected in
ascending fashion parallel to the anterior and posterior commissures (echo time of 2.48 ms; repetition time of 1400 ms;
field of view of 256 mm; acquisition matrix of 256 £ 256 mm;
flip angle of 8 degrees).
FreeSurfer software package (Version 5.3.0, Laboratory for
Computational Neuroimaging, Athinoula A. Martinos Center
for Biomedical Imaging, Charlestown, MA, USA) was used to
semiautomatically calculate the thickness of the ACC. For each
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0.045
0.110
0.038
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0.076
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0.032
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Accuracy Cong
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0.144
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0.040
0.113
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0.285*
0.125
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0.267*
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Table 1
Correlations analysis between fitness, PA, and performance measures on the Stroop task.

The main outcome of interest was IIV from the Stroop task.
Both the standard deviation of reaction time (SDRT) and coefficient of variation of reaction time (CVRT) were calculated.
Both SDRT and CVRT are metrics used to assess IIV.22 Outliers were removed for each condition, for each subject. Intraindividual outliers were defined as any response 150 ms or
less and values §3 SD from the mean.31 Only correct
responses were included in the analysis. Normality was
assessed for each variable using a Shapiro-Wilk test before
proceeding. Spearman correlations were conducted between
IIV, age, mean RT, and accuracy in congruent, incongruent,
and neutral conditions, as well as with the Stroop effect
(Table 1). The Friedman test and Bonferroni correction
post hoc test were applied to investigate possible differences
in performance between conditions. Results were considered
statistically significant with a corrected p of <0.05 (2 tailed).
To test the relevant contribution of each of the variables, we
conducted hierarchical multiple linear regression analyses to
test the relationships of CRF and MVPA to the rACC, the relationships between the rACC and IIV, the association of CRF
and MVPA to IIV, and to test if MVPA was associated with
CRF. Regression models were conducted controlling for age,
education, and sex.
We examined whether the thickness of the rACC (defined
as M in the mediation model) statistically mediated the association between either CRF or MVPA (defined as X in the mediation model) and IIV (defined as Y in the mediation model).
The approach we used to test for mediation is based on modern
views of mediation, which do not require the presence of a
simple association between X and Y to test for indirect effects
(Fig. 1). Thus, statistical mediation can be tested in observational studies by using the PROCESS macro for SPSS
(Version 24.0; IBM Corp., Armonk, NY, USA), which uses
maximum likelihood linear regression to estimate the coefficients of the mediation model. The macro then uses a bootstrapping procedure in which the data are resampled
5000 times and asymmetric confidence intervals (CIs) are generated to estimate the significance of the indirect effect. The
indirect effect of X on Y through a mediator (M) is significant
if the CIs do not overlap with zero.47 This approach is considered a more robust inferential procedure compared with more
traditional mediation approaches (e.g., Sobel) because it does
not depend on the same assumptions about the product of the
sampling distributions. Thus, a requirement to test for statistical mediation is that a- and b-, but not c-, paths need to be significant (Fig. 1). In line with this approach, we tested whether

SDRT
Incong

2.7. Statistical analysis

0.056
0.121
0.127
0.049
0.074
0.131
0.196
0.067
0.274*
0.156
0.044
0.277*
0.144

SDRT
neutral

CVRT
Cong

CVRT
Incong

participant, the image underwent skull stripping, transformation
to standard space, creation of representations of the gray/white
matter boundaries, calculation of cortical thickness as the distance between the gray/white matter boundary and the pial surface, and visual inspection for quality control of these steps for
each subject.45,46 Our a priori region-of-interest was the rostral
ACC (rACC) because of its established associations with Stroop
task performance, CRF, and prior studies of IIV.

* p < 0.05, ** p < 0.01.
Abbreviations: Cong = congruent; CRF = cardiorespiratory fitness; CVRT = coefficient of variation of reaction time; Incong = incongruent; MVPA = moderate-to-vigorous intensity physical activity; PA = physical
activity; RT = reaction time; SDRT = standard deviation of reaction time.
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Fig. 1. Mediation model in which predictors cardiorespiratory fitness (CRF) or
moderate-to-vigorous intensity physical activity (MVPA) (X) are associated with
(a-path) rostral anterior cingulate cortex (rACC) thickness (mediator (M)). Associations between the mediator (b-path) with dependent variable IIV (Y), direct
(c’), and total effects (c) are also illustrated. IIV = intraindividual variability.

an association between CRF or MVPA with IIV could be
statistically mediated by rACC thickness when accounting for
age, education, and sex. Indirect mediation was considered
statistically significant based on the biascorrected 95%CI
not overlapping with 0. Analysis were completed using SPSS
Version 24 (IBM Corp.).
3. Results
Means § SD are reported for all demographic, MVPA,
CRF, and Stroop task parameters in Table 2. There were no
sex differences in Stroop performance.
There were statistically significant differences between
congruent, incongruent, and neutral conditions on accuracy
(x2(2) = 49.520, p < 0.0005), RT (x2(2) = 39.186, p <
0.0005), SDRT (x2(2) = 50.881, p < 0.0005), and CVRT
(x2(2) = 39.288, p < 0.0005). The incongruent condition was
Table 2
Demographics, fitness, PA, and Stroop task performance.
Variable
Age (year)
Sex (female)
Education (year)
CRF (mL/kg/min)
MVPA (min/day)
Stroop accuracy (%)
Congruent
Incongruent
Neutral
Stroop RT (ms)
Congruent
Incongruent
Neutral
Stroop effect
Stroop SDRT (ms)
Congruent
Incongruent
Neutral
Stroop CVRT
Congruent
Incongruent
Neutral

Mean § SD or %
24.58 § 4.98
57%
15.98 § 2.11
41.78 § 7.89
159.41 § 77.01
0.913 § 0.07*
0.844 § 0.09
0.896 § 0.07*
476.664 § 41.91*
513.612 § 72.27
493.088 § 49.18*,y
0.079 § 0.10
86.013 § 20.98*
119.123 § 48.87
101.062 § 31.70*,#
0.179 § 0.03*
0.226 § 0.06
0.203 § 0.05*,#

Note: Friedman Test: *p < 0.0005 in comparison with the incongruent condition; #p < 0.005, yp < 0.0005 in comparison to congruent condition.
Abbreviations: SD = standard deviation; CRF = cardiorespiratory fitness;
CVRT = coefficient of variation of reaction time; MVPA = moderate-to-vigorous intensity physical activity; RT = reaction time; SDRT = standard deviation
of reaction time.
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less accurate and had a longer RT than both other conditions
(p < 0.0005). The incongruent condition also showed greater
SDRT and higher CVRT than congruent (p < 0.0005) and
neutral (p = 0.013) conditions. Consistent with a facilitation
effect, we found a shorter RT (p = 0.005) for the congruent
compared with the neutral condition, and there was lower
SDRT (p < 0.0005) and smaller CVRT (p = 0.002) for the congruent compared with the neutral condition.
3.1. Regression analysis
Inconsistent with our predictions, there were no significant
associations between MVPA and IIV (SDRT: b = 0.30,
p = 0.54; CVRT: b = 0.28, p = 0.07) or CRF and IIV (SDRT:
b = 0.21, p = 0.22; CVRT: b = 0.21, p = 0.21).
In contrast, hierarchical regression analysis confirmed our
hypothesis that higher CRF was associated with greater rACC
thickness. This effect was specific for the right hemisphere
(b = 0.333, p = 0.033) but not the left hemisphere (b = 0.173,
p = 0.305). We also found that greater amounts of MVPA were
associated with greater left (b = 0.336, p = 0.032) and right
(b = 0.402, p = 0.006) rACC thickness (Fig. 2 AD).
Also consistent with our hypothesis, rACC thickness was
associated with IIV. Greater thickness of the right rACC was
associated with lower IIV for the incongruent condition
(SDRT: b = 0.406, p = 0.013; CVRT: b = 0.428, p = 0.009)
but not the left rACC (SDRT: b = 0.210, p = 0.187; CVRT:
b = 0.254, p = 0.107) (Fig. 2 EH). No significant associations were found for the other Stroop conditions (data not
shown).
We found that MPVA was associated with CRF (MVPA:
b = 0.57, t = 5.09, p < 0.001). Therefore, we examined whether
associations with the rACC would remain significant when both
MVPA and CRF were included in the regression model. We
found that MVPA was still associated with right rACC thickness after the inclusion of CRF as a covariate in a hierarchical
regression model (MVPA, b = 0.32, t = 2.0, p = 0.051). However, CRF was no longer associated with right rACC thickness
after adjustment for MVPA (b = 0.13, t = 0.75, p = 0.46).
3.2. Mediation analysis
We conducted a mediation analysis testing the hypothesis that
the thickness of the rACC would constitute an indirect (mediating) pathway between CRF and/or MVPA on IIV (Fig. 1).
Considering that the a- and b- paths were both significant and the
c- path was not, we were able to test for mediation.48 The 95%CI
corrected for bias did not include 0 for the association between
higher CRF (VO2max) and IIV (SDRT: 0.70 (95%CI: 1.94 to
0.04), CVRT: 0.001 (95%CI: 0.003 to 0.001)). This finding suggests that the relationship between CRF and IIV for the
incongruent condition was statistically mediated by a greater
thickness of the right rACC (Fig. 3). Similar results were found
for daily accumulated volume of MVPA. That is, the association
of a greater number of minutes of MVPA to SDRT and CVRT
for the incongruent condition was statistically mediated by greater
thickness of the right rACC (SDRT: 5.07 (95%CI: 14.23 to
0.43), CVRT: 0.007 (95%CI: 0.02 to 0.01) (Fig. 3).

Please cite this article as: Jo~ao Bento-Torres et al., Associations between cardiorespiratory fitness, physical activity, intraindividual variability in behavior, and cingulate cortex in
younger adults, Journal of Sport and Health Science (2019), https://doi.org/10.1016/j.jshs.2019.03.004

ARTICLE IN PRESS
6

J. Bento-Torres et al.

Fig. 2. Rostral anterior cingulate cortex (rACC) associations with aerobic fitness (A, B), physical activity (C, D), and IIV across reaction time (RT) (E, F, G, H). Plots represent regression associations of cardiorespiratory fitness (CRF) and moderate-to-vigorous intensity physical activity (MVPA) with rACC thickness (cm3), as well as associations
of standard deviation of reaction time (SDRT) and coefficient of variation of reaction time (CVRT) from the incongruent condition of the Stroop test to rACC thickness. Upper
and bottom graphics represent associations with right and left rACC, respectively. The b, t, and p values for each regression are indicated in each graphic.
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Fig. 3. Schematic representation of mediation results. The a-path is significant for both cardiorespiratory fitness (CRF) and moderate-to-vigorous intensity physical
activity (MVPA), and the b-paths are significant for standard deviation of reaction time (SDRT) and coefficient of variation of reaction time (CVRT). Note that c
and c’ are not significant (except for CRF and SDRT). Indirect mediation was significant for both predictive variables (i.e., CRF and MVPA). (LLCI and
ULCI) = 95% bias corrected lower-level confidence interval and upper-level confidence interval, respectively (5000 bootstrap samples). * p  0.05, ** p  0.01.

4. Discussion
We initially predicted that CRF and MVPA would be associated with lower IIV in younger adults. Inconsistent with this
prediction, we did not find a significant direct association
between these variables. However, we discovered that, when
accounting for rACC thickness, such an association was indeed
significant. That is, we found that both CRF and MVPA were
related to rACC thickness and that, in turn, a greater rACC
thickness was associated with lower IIV. Thus, an association
of MVPA and CRF with IIV emerges when accounting for variation of rACC thickness. This finding is important because it
demonstrates both the significance of including neurobiological
information into these regression models and highlights the role
of the rACC in IIV. In addition to this finding, our results
expand the current literature by demonstrating that CRF and
MVPA in young adults are associated with neurobiological
markers of brain health (i.e., rACC thickness) and aspects of

executive function. Finally, we demonstrate the importance of
the rACC in the context of IIV during the Stroop task.
Animal studies have demonstrated that rats housed in an
enriched environment with running wheels had better performance on spatial and reversal learning tasks that were associated with greater expression of early genes (c-Fos) in the
ACC.49 Another study in rodents demonstrated that an acute
bout of exercise increased expression of C-fos messenger
RNA in the ACC.50 Consistent with this work, a single study
with younger adults showed that increased activation of the
ACC was related to increased glutamate levels after an acute
bout of intense exercise.51 These evidence suggests that PA
affects the molecular and cellular milieu of the ACC, which
could influence behavior on a trial-by-trial basis.
Consistent with rodent work showing associations between
PA and the ACC, Colcombe and colleagues37 demonstrated that
a 12-month aerobic exercise intervention improved CRF and
increased ACC volume in older adults. This finding is in
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agreement with another intervention study with older adults,
which found that an increased amount of MVPA was associated
with memory improvement and greater change in ACC volume.52 In addition, Cahill et al.53 found an increased ACC
thickness and hippocampal volume in adult mice after 4 weeks
of voluntary exercise. Taken together, studies of both humans
and rodents argue that the morphology of the ACC is highly
responsive to PA, and its plasticity is consonant with the modifiability of well-established PA-sensitive areas like the hippocampus and dentate gyrus.54 The present data are also in agreement
with data from a recent large cross-sectional study of 834 adults
ranging in age from 25 to 83 years.55 In this study, there were
significant associations reported between MVPA and bilateral
ACC volume. In the present study, we demonstrate for the first
time that greater MVPA and higher CRF are associated with
greater rACC thickness in younger adults.
Functional neuroimaging studies have confirmed that the
ACC is a key structure in trial-by-trial IIV. Reduced activation
of the ACC before the presentation of a stimulus produces a
longer RT and higher IIV,34,35 and higher activation of the
ACC is associated with reduced IIV in RT.24,33 Despite these
associations, at least 1 study found that IIV was not associated
with morphological aspects of the ACC in younger adults.32
However, there is evidence of age-related morphological and
biochemical changes in the ACC associated with increased
IIV, including reductions in grey matter myelinization,56 white
matter integrity,57 and dopamine receptors.58 Our results provide the first evidence that right rACC thickness is associated
with reduced IIV of RT in younger adults.
Finally, we found that associations between MVPA and right
rACC thickness remained significant even after controlling for
VO2max, indicating the possibility that the association between
CRF and rACC thickness is being driven by daily accumulated
total volume of MVPA, independent of one’s fitness level. In
addition, prior studies examining associations between CRF
and IIV have been conducted in children, adolescents, middleaged adults, and older adults. The lack of a direct association
between CRF and IIV in the present study might be explained
by the young adult age range and the elevated level of performance on the Stroop task. Given that very few prior studies
have examined both CRF and MVPA as part of the same
research, the relative importance of these parameters with
respect to IIV is difficult to discern from the extant literature.
The majority of studies examining the Stroop task, IIV, and
ACC have analyzed effects across both cerebral hemispheres
and have not commented on laterality. Thus, we did not
develop any a priori predictions about hemispheric differences
and can only speculate about the lateralized effects found in
this study. However, the results of several studies have been
consistent with our results in showing that the right ACC is
more responsive to IIV than the left. For example, in studies
with older adults, decreased prestimulus activation in the right
ACC, but not the left, was associated with longer RT34 and
was positively associated with low-level PA.59 The right hemisphere ACC and right prefrontal cortex are more involved in
supporting and resolving response conflict processes, whereas
the left hemisphere has a more general role in supporting
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non-response-related conflict. Thus, we speculate that the
lateralized effects that we find between IIV and the right
rACC might be related to the dominance of the right hemisphere in processing response conflict, which would in
turn influence IIV in conditions that elicit response conflict
(i.e., incongruent conditions).
Our results should be interpreted in the context of several
limitations. First, the cross-sectional design of the study inherently limits our ability to derive causal conclusions. Only in
the context of experimental manipulations in which MVPA is
systematically manipulated could we determine whether
MVPA is causally linked with lower IIV or greater rACC
thickness. Second, we used a hypothesis-driven approach to
focus on the ACC, but there are likely many other brain areas
associated with CRF, MVPA, and IIV. In fact, in this same
sample we have previously reported that higher CRF is associated with differences in functional connectivity of the hippocampus.40 Future studies should examine other brain areas that
might further explain variation in IIV in the context of MVPA
and CRF. Third, other analytical approaches for assessing
these associations (e.g., ex-Gaussian) should be conducted in
future studies because the distributions of many of these
variables often do not follow a Gaussian distribution. An
ex-Gaussian analysis was not performed in this study because
many of the participants had fewer than 40 correct trials in the
incongruent condition, which would likely violate assumptions
for such an analysis.22 Fourth, we decided to focus our analysis
on MVPA at the expense of light intensity activity. We
decided this approach was acceptable given the emphasis on
MVPA in health outcomes, the lack of prior data in young
adults, and the desire to limit our numbers of comparisons.
Finally, we found that rACC thickness statistically mediated
the association of MVPA and CRF with IIV, but most estimates indicate that much larger sample sizes are needed to
reliably test statistical mediation. Thus, our mediation results
should be interpreted in the context of power and effect sizes
for reliably and validly testing mediation.
5. Conclusion
We demonstrate for the first time that higher CRF and
greater amounts of MVPA in a younger adult sample are associated with increased rACC thickness. We also demonstrate
that a thicker rACC was associated with lower IIV during the
incongruent condition of the Stroop task. Finally, we found
evidence that an association between MVPA and CRF and IIV
was statistically mediated by rACC thickness. These results
indicate that the positive associations of CRF and MVPA with
metrics of brain health and function are not limited to children
and older adults but are also present in younger adult samples.
Our results also demonstrate the importance of considering
neurobiological markers to help better understand associations
of MVPA and CRF with cognitive endpoints.
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