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ABSTRACT 

THE ASSOCIATION BETWEEN AEROBIC FITNESS AND NETWORK CONNECTIVITY 

IN THE DEFAULT MODE NETWORK IN HEALTHY ADOLESCENTS AND YOUNG 

ADULTS 

by 

Kaitlynne N. Leclaire 

 

The University of Wisconsin-Milwaukee, 2023 

Under the Supervision of Professor Krista M. Lisdahl 

 

The beneficial effects of aerobic fitness on psychiatric and cognitive function in older adults 

have been well demonstrated in existing literature. However, less remains known about the 

relationship between aerobic fitness and neurocognitive health in emerging adults, who are less 

likely to suffer from underlying metabolic conditions. Further, few have examined potential sex 

differences. The transition from adolescence to young adulthood is associated with a reduction in 

physical activity and accumulating evidence suggests that poor aerobic fitness negatively 

impacts neurocognition. Therefore, it is crucial to better understand the relationship between 

aerobic fitness and neurocognitive health during adolescence and young adulthood when 

interventions may be pivotal. The current study aimed to better characterize the relationships 

between objectively measured aerobic fitness (VO2 max testing), resting-state functional 

connectivity in the default mode network (DMN), and neuropsychological performance in 

healthy emerging adults; sex differences were also examined. Results of the study showed that 

better aerobic fitness was associated with increased connectivity between the right PCC and left 

anterior cingulate. The VO2 max*sex interaction was significantly associated with increased 

connectivity between the right PCC and left precuneus (males displayed a more robust 

relationship) and increased connectivity between the left PCC and right middle temporal gyrus 
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(females displayed a more robust relationship). Co-activation of the right PCC and left anterior 

cingulate associated with better aerobic fitness was negatively associated with verbal memory 

recall for the whole group. Further analysis separated by sex revealed males displayed a negative 

association between these regions and both verbal learning and memory, while females did not 

have a significant relationship. Co-activation of the left PCC and right middle temporal gyrus 

associated with better aerobic fitness was positively associated with verbal memory, with 

females showing a slightly greater benefit, though no significant sex differences were observed. 

Lastly, co-activation of the left PCC and right middle temporal gyrus was associated with better 

inhibition in males. Overall, results from this study contribute to a better understanding of the 

extent to which aerobic fitness impacts functional connectivity in the DMN of the developing 

brain and its relationship to neuropsychological performance in a sex-balanced, emerging adult 

sample. Findings may offer insights into the value of early preventive health behaviors aimed at 

improving neurocognitive health in youth prior to potential onset of psychiatric or neurologic 

disorders susceptible to disruptions in DMN connectivity. 
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Introduction 

Globally, approximately one in three adults and four in five adolescents are not meeting 

the minimum recommended physical activity levels (Guthold et al., 2019; Hallal et al., 2012). 

The transition from adolescence to young adulthood has been associated with a reduction in 

physical activity and increase in sedentary behavior (Corder et al., 2019; Hayes et al., 2019). 

Indeed, existing data suggests a decrease of approximately 5.2 to 7.4 minutes of moderate-to-

vigorous activity per day during this transition (Corder et al., 2019). Sedentary behavior and 

decreased physical activity have been linked to increased body weight and obesity rates, and, 

ultimately, poorer fitness and increased rates of comorbid health challenges, such as increased 

rates of hypertension, hyperlipidemia, diabetes, atherosclerosis, heart disease, and cancer, into 

adulthood (Hruby & Hu, 2016; Hancox et al., 2004). There is accumulating evidence that poor 

physical fitness and health may negatively impact neurocognition. Aerobic exercise, which 

promotes increased flow of oxygenated blood and is known to improve aerobic fitness, has been 

suggested as a means of improving neurocognition. Therefore, it is crucial to better understand 

the link between aerobic fitness and neurocognitive health, especially during adolescence and 

young adulthood when interventions may be pivotal.  

Preclinical animal studies have found a strong relationship between exercise, brain 

structure, and brain function (Mandolesi et al., 2018; Swain et al., 2012; Voss et al., 2013). For 

example, moderate intensity aerobic exercise has been found to increase neurogenesis in animals 

(Leasure & Jones, 2008; Nokia et al., 2016; Wang & Holsinger, 2018) and this relationship has 

also been proposed in humans (Basso & Suzuki, 2017; Perini et al., 2016). Preclinical evidence 

has long suggested that the mechanisms underlying the positive effects aerobic exercise has on 

brain health is related to neurotrophic factors (Neeper et al., 1995) that support new neural 
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growth, angiogenesis, and synaptic plasticity, including brain-derived neurotrophic factor 

(BDNF; Cotman & Berchtold, 2002; Vaynman et al., 2004; Wang & Holsinger, 2018), vascular 

endothelial growth factor (VEGF; Fabel et al., 2003; Karakilic et al., 2021), and insulin-like 

growth factor 1 (IGF-1; Cetinkaya et al., 2013; Trejo et al., 2001). Indeed, BDNF, VEGF, and 

IGF-1 have been shown to increase in response to aerobic exercise and improved aerobic fitness 

level (Basso & Suzuki, 2017). Adult rodent investigations have largely examined the effect of 

aerobic exercise on the hippocampus (HC), a brain region important for learning and memory, 

and found benefits such as hippocampal and dentate gyrus neurogenesis, precluding age-related 

HC volume loss, and improved performance on HC-dependent memory tasks (Mu et al., 2022; 

van Praag et al., 2005; van Praag, 2008). A few studies have also suggested aerobic exercise 

exhibits similar positive effects on the medial prefrontal cortex (mPFC) of adult rats, as 

evidenced by dendritic spine and synaptic growth (Brockett et al., 2015), astrocyte and 

oligodendrocyte proliferation (Mandyam et al., 2007; Brockett et al., 2015; Tomlinson et al., 

2016) and improved mPFC-mediated cognitive functions such as cognitive flexibility and set-

shifting (Brockett et al., 2015). Overall, this suggests that aerobic exercise induces upregulation 

of neurotrophic factors that promote neuroplasticity in areas important for memory recall and 

consolidation, as well as higher-order cognitive functioning. 

In humans, aerobic fitness is commonly measured through self-report and/or objective 

measures (e.g., VO2 maximum testing). VO2 maximum (i.e., VO2 max) is the maximum capacity 

of the body to take in and utilize oxygen during exercise (i.e., maximal oxygen consumption) and 

is a measurement of cardiorespiratory fitness. The literature examining the effects of aerobic 

fitness in humans has primarily focused on older adults. Thus far, evidence suggests that 

prolonged exercise or an active lifestyle has proven beneficial in slowing cognitive decline in 
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cognitively normal older adults and those at risk for neurodegenerative disease (Buchman et al., 

2012; Colcombe & Kramer, 2003) and is linked to slower disease progression in older adults 

with dementia (Scarmeas et al., 2011). Structured aerobic exercise has also been found to 

improve memory in older adults with depression (Khatri et al., 2011) and to increase 

hippocampal volumes in elderly adults (Erickson et al., 2011) and individuals with schizophrenia 

(Pajonk et al., 2010). Overall, there is growing evidence that greater physical activity and aerobic 

fitness levels are associated with larger gray matter volumes within temporal lobes, cingulate 

cortex, and prefrontal cortex of older adults (Erickson et al., 2014; Floel et al., 2010), specific 

brain regions sensitive to the effects of aging. 

While more is known about the effects of aerobic fitness on neurocognition in older 

adults, less is known about its effect in adolescents and young adults, who are undergoing 

ongoing neurodevelopment. As children transition to adolescence and young adulthood, synaptic 

pruning occurs resulting in reduction of gray matter (Giedd et al., 2015; Tierney & Nelson, 

2009), particularly in prefrontal and parietal regions (Giedd et al., 2012; Giedd et al., 2015; 

Lenroot et al., 2007; Sowell et al., 2004). At the same time, white matter microstructure is shown 

to improve and increase linearly in adolescence and throughout young adulthood (i.e., into early 

30s; Giedd et al., 1999; Giedd et al., 2015; Jernigan & Gamst, 2005), which is characterized by 

peak cognitive performance. Functional connectivity continues to develop and mature 

throughout the lifespan. Local connectivity (i.e., connectivity to nearby regions) is strongest 

during childhood and adolescence though tends to weaken into young adulthood when 

connectivity with more distant regions strengthens as higher cognitive functions become more 

efficient (Betzel et al., 2014; Power et al., 2010). Further, adolescents and young adults typically 

embody better physical health and have fewer comorbid cardiovascular or metabolic medical 
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conditions (e.g., hypertension, hyperlipidemia, diabetes) than older adults. Therefore, 

conclusions made linking aerobic fitness with brain health in older adults are not entirely 

generalizable to adolescents and young adults. 

To date, there is some evidence linking aerobic fitness and brain health in youth. For 

example, greater aerobic fitness has been shown to relate to superior white matter quality 

(measured by greater fractional anisotropy [FA]) in the corpus callosum, superior corona radiata, 

and superior longitudinal fasciculus (Chaddock-Heyman et al., 2014; Ruotsalainen et al., 2020). 

Though other studies investigating aerobic fitness and white matter integrity have not found a 

relationship between FA and aerobic fitness (Herting et al., 2014), which may be due to 

methodological differences. Structurally, past work has found that superior aerobic fitness in 

adolescence and young adulthood is related to larger volumes in subcortical and frontal regions 

(Chaddock et al., 2010; Herting et al., 2012; Herting et al., 2016; Sullivan et al., 2021; Wade et 

al., 2020; Whiteman et al., 2016) and thinner cortices across the cortex (Chaddock-Heyman et 

al., 2015; Wade et al., 2020; Williams et al., 2017). Taken together, these studies demonstrate a 

link between aerobic fitness and brain structure (as measured by gray and white matter quality) 

in young, physically healthy teens and young adults. However, fewer studies have examined the 

impact of aerobic fitness on functional brain activation or connectivity patterns.  

Functional MRI (fMRI) is a neuroimaging technique that measures connectivity within 

and between different brain regions. Brain connectivity can be measured as the temporal 

correlation between measurements, or the changes of oxygen levels in the brains blood supply 

(BOLD responses), in separate parts of the brain. Brain connectivity can be examined during task 

engagement (i.e., paradigm or task-based) or when at rest (i.e., when not engaging in a task), 

coined resting state functional connectivity (RSFC). During both resting-state and task-based 
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fMRI, certain brain regions are shown to be activated (i.e., display an increase in BOLD signal) 

while others are deactivated (i.e., display a decrease in BOLD signal); the default mode network 

(DMN) has been found to exhibit high levels of activity during rest and lower levels of activity 

when there is an increase in external processing demands (Greicius et al., 2003). The DMN is a 

functional brain network that extensively matures throughout childhood and adolescence. The 

DMN has been discovered as early as infancy, as evidenced by a “proto-default-mode network” 

shown to comprise of the precuneus and bilateral parietal cortex (Fransson et al., 2007). In late 

adolescence, when the DMN is almost fully developed (Bluhm et al., 2008), it is comprised of 

various regions including the posterior cingulate cortex (PCC), hippocampal formation, lateral 

temporal cortex, medial and lateral parietal cortex, precuneus, and medial prefrontal cortex 

(Buckner et al., 2008; Fox et al., 2005; Greicius et al., 2003; Raichle et al., 2001). Moreover, 

while the regions that compose the DMN appear to be similar between childhood and adulthood, 

the connectivity between regions is notably weaker in childhood and strengthens across 

adolescence and adulthood (Fair et. al., 2008; Fan et al., 2021), though inconsistency has been 

noted across studies (Power et al., 2010).  

 Behaviorally, the DMN is well associated with aspects of internally focused thoughts and 

processes (Immordino-Yang et al., 2012). It has shown to be active during stimulus-independent 

thought (i.e., mind wandering; Mason et al., 2007), self-referential thought (Gusnard et al., 2001; 

Harrison et al., 2008), attention and inhibitory control (Fair et al., 2008; Whitfield & Ford, 2012), 

social cognition (Iacoboni et al., 2004; Li et al., 2014), and episodic memory (Huo et al., 2018). 

While the PCC, a major node of the DMN, has been associated with internally directed thought 

processes, it has also been suggested to be involved in attention and monitoring of environmental 

changes that might require altered behavior (Leech et al., 2012). Activation of the DMN is 
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known to be anticorrelated with activation within the task-positive network (Fox et al., 2005; 

Fransson, 2005). Despite this typical anticorrelation, poorer deactivation of the DMN may 

intrude upon the task-positive network and result in attentional lapses (Weissman et al., 2006) 

and reaction time variability (Whelan et al., 2012). Indeed, failure to deactivate the DMN has 

been associated with poorer cognitive efficiency and has been implicated in both psychiatric and 

neurological disorders such as attention deficit/hyperactivity disorder (ADHD), schizophrenia, 

anxiety, depression, and dementia, among others (Broyd et al., 2009). In contrast, stronger 

connectivity within the DMN has been associated with increased working memory performance 

(Sala-Llonch et al., 2012; Sambataro et al., 2010).  

Studies investigating the relationship between aerobic fitness and DMN connectivity in 

older adults have generally found that greater aerobic fitness predicts greater connectivity (Voss 

et al., 2016; Voss, Erickson, et al., 2010; Voss, Prakash, et al., 2010) and improved executive 

function performance (Voss et al., 2010). In clinically healthy young adults (ages 18-30; N = 

242), aerobic fitness (as measured by VO2 max) has been shown to contribute to individual 

differences in functional connectivity between multiple RSFC networks (as measured by 

Multivariate Distance-Based Matrix Regression) related to attention and learning (i.e., dorsal and 

ventral attention networks), executive function (i.e., frontoparietal network), and memory (i.e., 

default mode network) (Talukdar et al., 2018). In a smaller study (N = 26), Kronman et al. (2020) 

suggested that aerobic fitness (as measured by VO2 max) is associated with greater resting-state 

connectivity between the HC and the ventromedial prefrontal cortex, PCC, lateral temporal 

cortex, and dorsomedial prefrontal cortex in healthy young adults (ages 18-35), further 

suggesting a relationship between aerobic fitness and broad cognitive domains including, but not 

limited to, memory. Furthermore, our group (Jennette et al., under review) found that better 
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aerobic fitness was related to increased connectivity between the left HC and left 

parahippocampal gyrus, which was correlated with better auditory attention, verbal working 

memory, and verbal learning in healthy young adults (ages 18-25). One study to date has found a 

link between aerobic fitness and DMN connectivity in younger adolescent males while 

examining brain activity in hippocampal regions during a verbal associative memory task 

(Herting & Nagel, 2013). They found that high-fit adolescent males (ages 15-18) displayed more 

robust deactivation (i.e., decrease in BOLD signal) within certain DMN regions (i.e., the ventral 

medial prefrontal cortex and PCC) during a verbal encoding memory task in comparison to low-

fit adolescent males. This suggests aerobic fitness may not only impact brain structure during 

adolescence but may also influence brain function and network connectivity. However, it should 

be noted that Herting & Nagel (2013) utilized a self-report assessment of aerobic fitness, and the 

sample did not include females; thus, these findings need to be replicated utilizing objective 

aerobic fitness measurement in both males and females.  

As outlined above, the majority of studies investigating the effects of aerobic fitness on 

functional connectivity in the DMN in adolescents and young adults have included 

predominantly male samples (Herting & Nagel, 2013) or did not investigate potential sex 

differences (Kronman et al., 2019; Talukdar et al., 2018). Therefore, there remains a limited 

understanding of sex differences and ability to generalize existing literature to young females. 

Notably, past literature has documented sex-at-birth differences between male and females in 

brain connectivity of the DMN, generally suggesting females exhibit subtly greater connectivity 

(Alcaron et al., 2018; Bluhm et al., 2008; Filippi et al., 2013; Hjelmervik et al., 2014). For 

example, Alarcon and colleagues (2018) found adolescent females displayed stronger functional 

connectivity between the medial PFC and right posterior cerebellum in comparison to males. 
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Moreover, adult females have been found to display higher functional connectivity in various 

parts of the DMN including the right precuneus and dorsal ACC (Filippi et al., 2013), the 

anterior fronto-parietal network (Hjelmervik et al., 2014), and between the PCC/precuneus and 

bilateral medial frontal cortex (Bluhm et al., 2008). Notably, DMN connectivity does not vary 

with menstrual cycle phase (Hjelmervik et al., 2014). Past work has also documented sex 

differences between males and females in aerobic fitness, suggesting that females tend to exhibit 

lower VO2 max in comparison to males in both adolescence (Fomin et al., 2012) and adulthood 

(Sparling, 1980). To the best of our knowledge, no study to date has examined potential sex 

differences in the effect of aerobic fitness on RSFC in the DMN in healthy emerging adults. 

However, prior work in our group utilizing a similar sample (Jennette et al., under review) found 

that males displayed a more robust relationship between aerobic fitness and network connectivity 

in a verbal learning network, suggesting males may benefit more from exercise effects. 

Therefore, the current study aimed to explore the extent to which sex moderates the effects of 

aerobic fitness on RSFC in the DMN and related neuropsychological functioning. 

Study Aims 

Aim 1: Examine the association between aerobic fitness and resting state functional connectivity 

in the DMN using a bilateral PCC seed, and to examine if sex moderates any findings. 

Hypothesis 1: Better aerobic fitness would be associated with stronger connectivity 

between the right and left PCC and other DMN nodes. 

Hypothesis 2: There would be a difference in associated connectivity by sex. Males 

would demonstrate a more robust relationship between aerobic fitness and connectivity in 

the DMN (Jennette et al., under review). 
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Aim 2: Examine the association between DMN regions linked with aerobic fitness and 

neuropsychological functioning. 

Hypothesis 1: Stronger connectivity in DMN regions (i.e., the right and left PCC and 

other DMN nodes [intra-DMN connectivity]) that are linked with aerobic fitness would 

be associated with better performance on measures of selective and sustained attention, 

working memory, inhibition, and verbal memory. Alternatively, stronger connectivity 

with areas typically anti-correlated with the DMN (e.g., the task-positive network) would 

be associated with poorer performance on neuropsychological measures. 

Method  

Participants 

 Participants in the present study included 61 healthy, young adults (30 female, 31 male) 

ages 16-25 (see Table 1 for descriptive statistics) drawn from a larger parent neuroimaging study 

(PI: Lisdahl, R01 DA030354) that investigated the effects of cannabis use and aerobic fitness on 

neuropsychological outcomes in adolescents and young adults. Participants were recruited from 

the community via advertisements and flyers. Participants were included in the parent study if 

they were between the ages of 16-25, right-handed, spoke English, and were willing to abstain 

from substance use over a three-week period prior to their study participation. Participants were 

excluded from the parent study based on the following criteria: (1) reported prenatal exposure to 

alcohol (>6 drinks/week or >4 drinks/day) or nicotine; (2) birth complications or premature birth 

(<33 weeks gestation); (3) history of neurologic disorders or head trauma with >2-minute loss of 

consciousness; (4) vision or hearing impairments; (5) major medical conditions including 

metabolic disease (e.g., hyperlipidemia, hypertension, diabetes); (6) inability to safely complete 

VO2 Max testing as indicated by elevated Physical Activity Readiness Questionnaire (PAR-Q) 
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scores; (7) Independent DSM-IV Axis I (mood, anxiety, psychotic, or attention) disorder; (8) 

history of a learning and/or intellectual disability; (9) use of psychoactive medication; (10) 

contraindication to MRI. The current study also excluded participants if they had used cannabis 

>104 times in the past year or had significant illicit substance use (>30 lifetimes uses).  

Procedures 

 After receiving verbal consent from participants (or verbal assent from the participant and 

verbal consent from their parent if under 18), those who were interested were screened by phone 

for the eligibility criteria. Participants who were still eligible after this screening were mailed a 

written consent form (or, if under 18, parent consent and participant assent form) prior to a more 

detailed phone screening. The detailed phone screening comprehensively assessed for lifetime 

substance use, psychiatric history, extent of physical activity, and physical ability to safely 

engage in VO2 max testing. 

 All participants in the parent neuroimaging study were requested to maintain abstinence 

from drugs and alcohol (with the exception of nicotine use) three weeks prior to their 

participation and across study sessions. Adherence was monitored by urine toxicology and/or 

continuous sweat patch toxicology testing. Participants were also balanced during screening for 

active versus sedentary physical activity based upon their IPAQ score. All protocols were 

approved and carried out in accordance with guidelines set by the Institutional Review Boards at 

the University of Wisconsin-Milwaukee and the Medical College of Wisconsin. 

Eligible participants came in for five study sessions over the course of three weeks to 

partake in study procedures. Sessions one through three occurred one week apart from each other 

and included a brief neuropsychological and mood battery (see Wallace et al., 2020) and 

toxicology testing. Sessions four and five occurred at minimum one week after session three was 
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completed. Session four included toxicology testing, a longer neuropsychological battery, mood 

questionnaires, and aerobic fitness VO2 maximum (VO2 max) testing. Session five occurred 

within 24-48 hours of session four; participants underwent toxicology testing, a brain MRI scan, 

and completed questionnaires. Participants were paid for their participation in the parent study. 

Measures 

Psychiatric Disorder Screening 

Psychiatric history was assessed at baseline utilizing the Mini International 

Neuropsychiatric Interview (MINI; Sheehan et al., 1998) and/or MINI-Kid (Sheehan et al., 

2010), 

Physical Activity Screening 

 Participants were screened with the Physical Activity Readiness Questionnaire (PAR-Q; 

Thomas et al., 1992) to determine their physical ability to safely engage in VO2 max testing. The 

International Physical Activity Questionnaire (IPAQ; Fogelholm et al., 2006) was administered 

to measure self-reported physical activity levels.  

Toxicology & Pregnancy Testing 

 Participants provided a urine sample at each study visit to test for adulterants (Specimen 

Validity Test; DrugTestStrips, Greenville, SC), cotinine level (a nicotine metabolite; NicAlert 

strips, Nymox Pharmaceutical Corporation, Hasbrouck Heights, NJ), and recent drug use (One 

Step Drug Screen Test Dip Card Panel; Innovacon, Inc., San Diego, CA). Participants were also 

administered a breath alcohol test (Alco-Sensor IV; Inoximeters Inc., St. Louis, MO). All female 

participants completed a urine pregnancy test (HGC Pregnancy Test Card; DrugTestStrips, 

Greenville, SC). During the study, and beginning at session one, participants wore a 

PharmCheck sweat patch to monitor substance use between visits that may not appear in the 
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urinalysis; the sweat patch was changed at each weekly visit. Participants that presented to 

sessions two or three with positive toxicology results were asked to reschedule and return after 

one week of abstinence. At their subsequent sessions, participants were required to test negative 

on their toxicology screens. 

Substance Use 

 Past year substance use was assessed using a modified version of the Timeline Follow 

Back (TLFB; Sobell et al., 1992). The TLFB was administered to examine participants’ 

substance use patterns week-by-week within the last year. Research assistants utilized a calendar 

and memory cues (e.g., holidays, personal events) to assist with recall. All substances were 

measured using standard units (e.g., alcohol in standard drinks; nicotine in number of cigarettes 

and hits of chew, snuff, pipe, cigar, hookah; cannabis in joints; etc.). Lifetime substance use was 

measured with the Customary Drinking and Drug Use Record (CDDR; Brown et al., 1998; 

Stewart & Brown, 1995) at baseline. 

Body Fat Percentage 

 The Tanita SC-331S Body Composition Monitor (Tanita, Arlington Heights, IL), an 

electrical bioimpedance analysis system, was utilized to measure body fat percentage in 

proportion to body weight. Anthropometric measures were assessed in light clothing and without 

shoes. Body mass index (BMI) was calculated as weight divided by height squared (kg/m2). 

VO2 Testing 

 Participants’ aerobic fitness was assessed using the gold-standard objective measure VO2 

max testing and quantified as a VO2 max score, the maximum intake of oxygen during intense 

exercise (i.e., aerobic capacity). Participants were requested to refrain from food and caffeine for 

four hours prior to aerobic fitness testing. Prior to each session, the metabolic measurement 
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system ParvoMedics TrueOne 2400 (ParvoMedics, Salt Lake City, UT) was calibrated according 

to manufacturer instructions using a two-point calibration for the gas analyzers (room air and 

certified gas 4.008% CO2, 15.98% O2, balance N2) and a three-liter syringe for the 

pneumotachometer. Participants were fitted with the rubber mouthpiece connected to a Hans 

Rudolf 2700 series two-way nonrebreathing valve (Kansas City, MO), nose clip, and heart rate 

strap (Polar Wearlink 31, Finland) for collection of expired gases and heart rate measurement. 

Participants completed maximal incremental exercise testing on a treadmill (Full Vision Inc., 

TMX425C Trackmaster, Newton, KS) following the Bruce protocol, a well-known standardized 

approach, until volitional fatigue. Expired gases were measured continuously using the 

ParvoMedics TrueOne 2400 metabolic measurement system (ParvoMedics, Salt Lake City, UT). 

Participants were informed of exercise testing procedures and the known minimal risks. They 

were requested to complete as much of the exercise testing as possible and informed they could 

discontinue testing at any time. Participants were instructed to begin exercise testing by walking 

or running at a comfortable speed. Speed and grade were systematically increased at each stage 

of the Bruce protocol. Criteria for determination of attainment of VO2 max were based on those 

previously recommended (Howley et al., 1995). 

Neuropsychological Assessments  

 Estimated premorbid intelligence was assessed for group comparison using the Wide 

Range Achievement Test-4th Edition (WRAT-4; Wilkinson, 2006) Reading subtest age-adjusted 

score. Participants underwent a larger neuropsychological battery as part of the parent 

neuroimaging study (Wade et al., 2019). Four neuropsychological tests were utilized in the 

present study. The Ruff 2 & 7 Total Speed and Total Accuracy raw scores were used to measure 

selective and sustained attention (Ruff & Allen, 1996). The Paced Auditory Serial Addition Test 
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(PASAT; Gronwall, 1977) total correct score was utilized to assess working memory and 

sustained attention. The Delis-Kaplan Executive Function System (D-KEFS; Delis, Kaplan, & 

Kramer, 2001) Color-Word Interference Test Condition 3 (Inhibition) total completion time was 

used to assess inhibitory control. The California Verbal Learning Test, 2nd Edition (CVLT-II; 

Delis, Kramer, Kaplan, & Ober, 2000) Trial 1, Total Learning (Trials 1-5), and Long Delay Free 

Recall (LDFR) raw scores were utilized to assess verbal learning and memory. 

Neuroimaging Acquisition  

 MRI data acquisition was conducted at the Medical College of Wisconsin on a 3T Signa 

LX MRI scanner (GE Healthcare, Waukesha, WI) with a 32-channel quadrature transmit/receive 

head coil. High-resolution, 3-dimensional, T1-weighted anatomical images were obtained using 

a spoiled gradient-recalled at steady-state (SPGR) pulse sequence (parameters: TR = 8.2s, TE = 

3.4s, TI = 450ms, flip angle = 12, field of view [FOV] = 240mm, resolution = 256x256mm, 

slice thickness = 1mm, 150 sagittal slices). Participants also underwent an 8-minute resting state 

fMRI scan in which they were instructed to lie awake with their eyes closed (parameters: TR = 

2s, TE = 25ms, flip angle = 77, FOV = 240mm, matrix = 64x64, slice thickness = 3.7mm, 40 

sagittal slices, 240 repetitions).  

Neuroimaging Processing  

Neuroimaging processing steps have been described in detail previously (see Ritchay et 

al., 2021). Raw functional images were pre-processed using 1000 Functional Connectomes 

Project (Fcon1000; Biswal et al., 2010) and Analysis of Functional Neuroimages (AFNI) 

software (Cox, 1996). Pre-processing steps included dropping the first four time points of each 

acquisition (TRs; 3dcalc: Cox, 2021), deobliquing (3drefit: Cox, 2009), reorientation 

(3dresample: Reynolds, 2014), motion correction (3dTstat: Hammett & Cox, 2021; 3dvolreg: 
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“AFNI program: 3dvolreg,” 2021), skull stripping (3dAutomask: “AFNI program: 3dAutomask,” 

2021; 3dcalc: Cox, 2021), registration within each subject (3dcalc: Cox, 2021), registration to the 

anatomical image and to MNI space (flirt: Greve & Fischl, 2009; Jenkinson et al., 2002; 

Jenkinson & Smith, 2001), spatial smoothing with a 6mm full width half maximum (FWHM) 

Gaussian kernel (fslmaths: Woolrich et al., 2001), grand-mean scaling (fslmaths: Woolrich et al., 

2001), band-pass filtering (high pass cutoff = 0.005Hz, low pass cutoff = 0.1 Hz; 3dFourier: 

Ross & Heimerl, 1999), linear and quadratic detrending (3dcalc: Cox, 2021; 3dTstat: Hammett & 

Cox, 2021; 3dDetrend: “AFNI program: 3dDetrend,” 2021), and regression of nuisance variables 

(including white matter, CSF, and six motion parameters; 3dmaskave: “AFNI program: 

3dmaskave,” 2021; 3dTstat: Hammett & Cox, 2020; 3dcalc: Cox, 2021; flirt: Greve & Fischl, 

2009).  

Data Analysis  

 One-way analysis of variances (ANOVAs) were conducted in SPSS v.25 to examine 

potential differences on demographic variables in relation to sex and aerobic fitness. A voxel-

wise seed-based correlation analysis was conducted using a bilateral PCC seed, ascertained using 

automated gyral-based neuroanatomical labelling atlas (Desikan et al., 2006) in AFNI. This 

specific region was selected to remain consistent with prior studies as it is considered the major 

hub of the DMN (Ernst et al., 2019, Fox et al., 2005; Pujol et al., 2014; Ritchay et al., 2021). The 

BOLD timeseries was then extracted from the left and right PCC for each subject using 

3dROIstats (“AFNI program: 3dROIstats,” 2020). The resultant seed timeseries values were 

correlated with each voxel of the brain using 3dfim+ (Ward, 2020). These correlations were 

transformed to Z-scores. The seed-based connectivity maps extracted for each subject were used 

in GLMs. We corrected for multiple comparisons using 10,000 Monte Carlo simulations with 
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individual voxels considered significant at p < .001 and corrected for Family-Wise Error (FEW) 

at cluster thresholds of p < .05; such thresholds have been found to adequately control false-

positive rates (Cox et al., 2017). This assisted in determining the minimum cluster size to meet 

these thresholds. Finally, AFNI’s 3dMVM (Chen et al., 2014) was used to 1) identify clusters 

significantly correlated with VO2 max performance and 2) to assess VO2 max by sex interaction. 

Resultant Fischer Z-scores that demonstrated the strength of the relationship between the PCC 

and clusters significantly associated with VO2 max or VO2 max*sex interactions were extracted 

and correlated (using SPSS) with select neuropsychological measures (i.e., Ruff 2 & 7, PASAT, 

D-KEFS Color-Word Interference Test, CVLT-II) to assess the potential relationship between 

connectivity pattern and neuropsychological performance in brain regions linked with aerobic 

fitness.  

Results 

Sample Descriptive Statistics  

 Sample descriptive statistics were separated by sex (Table 2) and VO2 max median split 

(Table 3). In terms of sex, there was a significant difference in raw VO2 max performance, body 

fat percentage, and moderate to vigorous intensity activity minutes per day. Males had a higher 

average VO2 max score (F = 19.014, p < .001) and engaged in more moderate to vigorous 

intensity activity minutes per day (F = 4.646, p = .036) compared to females. Males also had a 

lower average percentage of body fat compared to females (F = 41.719, p < .001). When the 

sample was divided by median VO2 max (median = 42.4 mL/kg/min), there was a significant 

difference in body fat percentage and raw VO2 max performance, as expected. The low VO2 max 

group had a higher average percentage of body fat (F = 7.211, p = .009) and lower average VO2 

max score (F = 81.742, p < .001) compared to the high VO2 max group. 
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DMN Seed Validity Check 

 The left and right PCC seeds recognized the main nodes of the DMN, including the PCC, 

precuneus, mPFC, lateral temporal cortex/temporal gyrus, parahippocampal gyrus, and parietal 

cortex/angular gyrus (see Figure 1). 

Main Effect of VO2 Max 

 Results of the association between VO2 max and RSFC pattern between the left or right 

PCC and the whole brain revealed one statistically significant cluster. Greater VO2 max was 

related to increased connectivity between the right PCC and left anterior cingulate (X = 12, Y = -

30, Z = -3; F = 25.93775, p < 0.001; cluster size: 25 voxels; see Figure 2), with males displaying 

a more robust relationship (see Figure 3). 

VO2 Max by Sex Interaction 

 The VO2 max*sex interaction was significantly associated with connectivity between the 

right PCC and left precuneus (X = 15, Y = 69, Z = 48; F = 18.47617, p = < 0.001; cluster size: 

42 voxels; see Figure 4) and connectivity between the left PCC and right middle temporal gyrus 

(X = -51, Y = 72, Z = 15; F = 22.51731, p = < 0.001; cluster size: 22 voxels; see Figure 5). 

Results showed that while both males and females displayed a link between increased VO2 max 

and increased connectivity from the right PCC to the left precuneus, males had a more robust 

relationship (see Figure 6). In contrast, females displayed a more robust relationship between the 

increased VO2 max and increased left PCC and right middle temporal gyrus connectivity (see 

Figure 7). 

Brain-Behavior Relationships 

 Fischer z-scores from the significant clusters of activation in the left anterior cingulate, 

left precuneus, and right middle temporal gyrus were correlated with previously selected indices 
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from the PASAT, Ruff 2 & 7, CVLT-II, and D-KEFS. Brain-behavior relationships for the whole 

sample are displayed in Table 4. Brain-behavior relationships separated by sex are displayed in 

Table 5 (females) and Table 6 (males). Co-activation of the right PCC and left anterior cingulate 

(ACC) that associated with better aerobic fitness was negatively associated with verbal memory 

recall for the whole group (CVLT-II LDFR; r = -.278, p = .031; see Figure 8). Further analysis 

separated by sex revealed males displayed a negative association between these regions and both 

verbal learning (CVLT-II Total Learning; r = -.464, p = .009; see Figure 9) and verbal memory 

(r = -.497, p = .005; see Figure 8), while females did not have a significant relationship between 

these regions and neuropsychological performance. Co-activation of the left PCC and right 

middle temporal gyrus that was positively associated with aerobic fitness was positively 

associated with verbal memory recall for the whole group (CVLT-II LDFR; r = .259, p = .045; 

see Figure 10), with females showing a slightly greater benefit (p = .08); though, no significant 

differences were observed when separated by sex. Co-activation of the left PCC and right middle 

temporal gyrus was further associated with faster completion time on D-KEFS Inhibition for 

males (r = -.357, p = .049; see Figure 11). There were no significant findings between co-

activation of the right PCC and left precuneus with neuropsychological performance, although a 

marginal relationship was observed in the males with improved CVLT-II Trial 1 performance (p 

= .09).  

Discussion 

The current study aimed to explore the effects of aerobic fitness on RSFC in the DMN 

and related neuropsychological functioning, as well as the extent to which sex may be a 

moderating factor, in healthy emerging adults. Greater VO2 max was positively associated with 

connectivity between the right PCC and left ACC. The aerobic fitness-by-sex interaction was 



19 
 

significantly associated with increased connectivity between the right PCC and left precuneus, 

with males displaying a more robust positive relationship between the increased VO2 max and 

increased right PCC to left precuneus connectivity. The sex-by-aerobic fitness interaction was 

also significantly associated with connectivity between the left PCC and right middle temporal 

gyrus, with females showing a more robust positive relationship between increased VO2 max and 

increased left PCC and right middle temporal gyrus connectivity.  

 The significant association between superior aerobic fitness and increased connectivity 

between the right PCC and left precuneus is consistent with known functional neuroanatomy of 

the DMN. The precuneus is adjacent to and interconnected with the PCC and this combined hub 

is crucial for efficient communication between the DMN and other areas important for memory 

retrieval (Alvarez & Squire, 1994; Cavanna & Trimble, 2006). Additionally, the precuneus has 

been implicated in visuospatial imagery (Cavanna & Trimble, 2006). The adult precuneus has 

generally been found to display decreased activation during externally oriented tasks (Raichle et 

al., 2001; Fransson, 2005) and increased activation when at rest or during tasks of episodic and 

autobiographical memory (Maddock et al., 2001; Lundstrom et al., 2005). The precuneus has 

also been found to display increased and broader connectivity to the frontoparietal networks 

during cognitively- and attention-demanding tasks in both childhood and young adulthood (ages 

8-26; Li et al., 2019), though studies have found this relationship to become increasingly 

anticorrelated as youth age into young adulthood (Chai et al., 2014, DeSerisy et al., 2021), 

suggesting modification of connectivity may strengthen across development. Notably, the current 

study found a significant sex-by-aerobic fitness interaction such that males displayed a more 

robust relationship than females between better aerobic fitness and increased connectivity 

between the right PCC and left precuneus. Interestingly, prior work has found that adult females 
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tend to exhibit stronger resting-state DMN connectivity (Ritchie et al., 2018; Weis et al., 2020) 

and PCC connectivity (Biswal et al., 2010; Weis et al., 2020) than adult males. However, aerobic 

fitness and sex may play important contributory roles in the current findings. Indeed, prior work 

has found increased grey matter volume and cortical thickness following aerobic exercise in 

young adults, including the left precuneus (Zhu et al., 2021). The current findings may extend 

prior volumetric findings that found greater self-reported aerobic fitness level was associated 

with increased grey matter surface area of the left precuneus in a male adolescent sample (n=34; 

ages 15-18) in comparison to low-fit adolescent males (Herting et al., 2016). In that context, it is 

possible that females have stronger baseline connectivity within these regions and the beneficial 

effects of exercise may be more pronounced in males. Further, males in our sample demonstrated 

a marginally significant link between this increased connectivity and superior performance on a 

verbal working memory task. Thus, our intra-DMN connectivity findings are promising and 

suggest aerobic exercise positively impacts functional connectivity of major nodes within the 

DMN that may be moderated by sex. Additional investigation is warranted to better understand 

implications for possible downstream cognitive effects. 

 We also found a significant main effect of aerobic fitness such that greater aerobic fitness 

was related to increased connectivity between the right PCC and left ACC, which was mainly 

driven by males in the present sample. The ACC is known to integrate emotional and cognitive 

functioning, as well as pain and motor processing (Stevens et al., 2011). For example, the ACC 

is important for monitoring conflicts between different sources of information or response 

options, and aids in adjusting behavior to optimize one’s performance (Stevens et al., 2011). 

Further, the ACC plays a role in processing emotional information and is recruited in the 

evaluation of emotionally salient information (Stevens et al., 2011). Prior work has found that 
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greater aerobic exercise and/or physical activity induces structural changes in the ACC, which 

has been associated with improved emotional and executive functioning in young adults (Bento-

Torres et al., 2019). Behaviorally, we found co-activation of the right PCC and left ACC that 

associated with better aerobic fitness was negatively associated with verbal memory recall for 

the whole group. Further analysis indicated males displayed a significant negative association 

between these regions and performance on both verbal learning and verbal memory, while 

females did not have a significant relationship, indicating increased connectivity was related to 

poorer performance in males. As predicted, greater connectivity between the DMN and a 

component of an attentional network was related to worse neuropsychological performance, 

suggesting a behavioral disadvantage. There are a few hypotheses that may explain the decreased 

performance. First, this finding may reflect a general lapse in attention and engagement in 

stimulus-independent mentation that activated the DMN, while simultaneous activation of the 

ACC was related to monitoring alterations in attentional control. Second, it is possible that males 

who exercise regularly do so as a coping mechanism for affective regulation. Notably, in this 

sample aerobic fitness was unexpectedly unrelated to current mood symptoms (Wade et al., 

2021). While acute improvement in mood may be anticipated following exercise, this may not be 

entirely effective and result in a behavioral disadvantage of active engagement with emotionally 

salient thought processes or increased emotional response which may lead to introspective 

reflection that activates the DMN. Indeed, prior work has found a positive relationship between 

greater negative emotions and increased connectivity between the DMN and attentional networks 

(Weathersby et al., 2019).  

Lastly, the sex-by-aerobic fitness interaction was positively associated with connectivity 

between the left PCC and right middle temporal gyrus, with females showing a more robust 
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positive relationship. The middle temporal gyrus, one of three lateral surface gyri of the temporal 

lobe, has been implicated in language processing and semantic memory retrieval and 

consolidation, and has been associated with the DMN (Buckner et al., 2008). Behaviorally, we 

found that co-activation of the left PCC and right middle temporal gyrus that associated with 

better aerobic fitness was positively correlated with better verbal memory for the whole group, 

with females showing a greater benefit, though no significant differences were observed by sex. 

It is well documented in the literature that females tend to perform better than males on verbal 

memory tasks across the lifespan (Kramer et al., 1997; Kramer et al., 1988; Lewin et al., 2001; 

Pauls et al., 2013) which may explain the visually inspected and marginally significant 

behavioral advantage. Nonetheless, this suggests that the relationship between aerobic fitness 

and connectivity between the left PCC and right middle temporal gyrus is beneficial for verbal 

memory. Co-activation of the left PCC and right middle temporal gyrus was also associated with 

better inhibition in males (i.e., faster completion time on an inhibition task). Prior work 

investigating the relationship between VO2 max and functional connectivity between multiple 

RSFC networks found that while the right middle temporal gyrus associated with the DMN, it 

also had functional connections with other networks including ventral attention and 

frontoparietal networks (Talukdar et al., 2018), which supports the role of this region in 

attentional and executive processes. 

Overall, findings from the present study suggest sex is an important moderator when 

considering aerobic fitness and its impact on brain connectivity within the DMN. As noted 

previously, females have generally been shown to have stronger resting-state DMN and PCC 

connectivity than males (Biswal et al., 2010; Ritchie et al., 2018; Weis et al., 2020). However, 

males are known to have greater aerobic capacity and fitness than females in both adolescence 
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and adulthood (Fomin et al., 2012; Sparling, 1980). Aerobic fitness has been linked to increased 

endorphins, endocannabinoid release, growth factors (e.g., BDNF, VEGF, IGF-1) that support 

angiogenesis and neurogenesis, decreased neuroinflammation (Barrientos et al., 2011), and 

improved catecholaminergic function (Zouhal et al., 2008), all of which may support enhanced 

brain health and function (Basso & Suzuki, 2017). Notably, it has been suggested that sex may 

moderate the impact aerobic exercise has on increasing levels of BDNF, as factors such as 

epigenetic regulation of gene expression, age, and menstrual cycle influence overall BDNF 

expression (Barha & Liu-Ambrose, 2018). However, it is possible that young male brains may 

benefit more from these underlying neural mechanisms given their greater aerobic capacity that 

likely leads to increased oxygen intake, blood flow, and related greater release of neurotrophic 

factors. Indeed, males in the present sample had a higher average VO2 max score and engaged in 

more moderate to vigorous intensity activity minutes per day compared to females. This may 

indicate that there is a minimum VO2 max threshold or exercise dose intensity to be reached 

before there is a significant effect on functional connectivity. It is possible that a mix of these 

explanations contributed to the sex-by-aerobic fitness interactions found in the present study, 

though additional investigation is warranted to better understand the relationship between sex, 

aerobic fitness, and underlying neural mechanisms. 

From a public health standpoint, the findings from the current study suggest that aerobic 

exercise has generally beneficial effects on brain connectivity within the DMN and related 

cognition, particularly for verbal memory and aspects of executive functioning (e.g., inhibition), 

in healthy emerging adults, with one exception. It is noted that a behavioral disadvantage was 

observed in males in the present sample; males displayed increased right PCC and left ACC co-

activation that associated with better aerobic fitness which was behaviorally related to poorer 
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verbal learning and memory. This may suggest that aerobic exercise is not entirely effective for 

affective regulation, at least for the males in the present sample. Nonetheless, the present study 

found multiple beneficial effects which further highlights the importance of promoting aerobic 

exercise in adolescence and young adulthood and focusing on maintaining this advantageous 

health behavior throughout adulthood. One such avenue may be through incorporating aerobic or 

physical activity into the academic curriculum to decrease sedentary behavior, as youth and 

emerging adults typically spend most of their time in this setting. After-school programs and 

community-based organizations may also have great potential to promote engagement in 

physical activity. Additionally, college campuses should work to establish free or low-cost gym 

access and incorporate general courses that provide psychoeducation regarding the link between 

exercise and brain health, as well as behavior change strategies to initiate and maintain an active 

lifestyle. Ensuring college campuses and towns are pedestrian and bicycle friendly may be an 

additional means to increase physical activity. Furthermore, medical professionals at routine 

health visits should inquire as to how often youth and young adults are engaging in physical 

activity and offer psychoeducation on the established positive effects to provide 

recommendations and encourage engagement. For youth, parent involvement in psychoeducation 

will be beneficial to help increase accessibility to such opportunities. It is also recommended that 

both sexes are encouraged to engage in aerobic exercise. The present study found males and 

females displayed their own unique beneficial effects, and even in instances where one sex did 

not display a significant positive relationship the results were typically trending in a visually 

positive direction. Ultimately, aerobic exercise may be a viable low-cost intervention with a high 

return that can improve brain health in both nonclinical and clinical samples. 
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While the present study has numerous strengths including a sex-balanced sample and use 

of an objective measure of aerobic fitness (VO2 max testing), there are potential weaknesses to 

note in the current study. First, causality cannot be determined given the cross-sectional nature of 

the present study. Second, fMRI scans were obtained approximately 24 hours after both aerobic 

fitness and neuropsychological testing. While acute neurocognitive benefits are anticipated, our 

participants did not engage in neuropsychological testing while undergoing fMRI, potentially 

reducing our ability to measure brain-behavior relationships. Third, the present sample is 

relatively small and comprised of cognitively healthy young adults without psychiatric, 

metabolic, or other significant medical comorbidities, which may limit the ability to detect 

significant functional and neuropsychological changes. However, it is noted that despite this we 

did find significant associations, some of which are advantageous for neurocognitive health, 

which lends evidence to support a link between recent exercise and DMN connectivity. It is 

possible that additional DMN findings would appear in an older sample or sample with 

metabolic conditions. Fourth, the present sample was predominantly white which limits 

generalizability. Future studies should further investigate the relationship between aerobic fitness 

and DMN connectivity in more diverse samples to better understand these relationships in a 

nationally representative sample. It will also be important to investigate access to exercise-

related interventions and resources across diverse populations during development to ensure such 

public health initiatives are equitable.  Fifth, it is important to note the high correlation between 

VO2 max and body fat percentage that could not be controlled for in the present study due to 

multicollinearity. These limitations highlight the importance of prospective, longitudinal studies 

such as the Adolescent Brain Cognitive Development (ABCD) Study that can more adequately 
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assess the relationship between physical activity, body fat, and brain development in a large 

sample of youth as they age. 

In summary, the present study contributes to the rapidly growing body of literature that 

shows a generally positive relationship between aerobic fitness and brain health. From a public 

health standpoint, the current findings are promising and suggest that such benefits are observed 

even in physically healthy emerging adults. Additionally, sex was found to be an important 

moderator in the present study and should be considered in future investigations. Additional 

factors such as body fat and hormonal and genetic variations (e.g., BDNF) should also be 

considered as they may further moderate the relationship between aerobic fitness and brain 

health. Furthermore, it is noteworthy that the present study found multiple inter-hemispheric 

connectivity connections which may reflect a unique impact of VO2 max on connectivity, which 

may or may not be further modulated by sex and warrants further investigation in this unique 

developmental period. Overall, these findings lend support to the importance of initiatives that 

promote physical activity and aerobic exercise in adolescents and emerging adults and focus on 

maintenance of these advantageous health behaviors through adulthood when physical activity 

levels tend to decline. Ultimately, aerobic exercise may be a viable low-cost intervention with a 

high return that can improve brain health in both nonclinical and clinical samples. Future studies 

should also investigate the utility of aerobic exercise interventions in neuropsychological and 

psychiatric clinical populations across the lifespan such as ADHD, substance use, traumatic brain 

injury, and other acquired brain conditions.  
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Figures 

Figure 1. The left (A) and right (B) PCC seeds recognized the main nodes of the DMN. 
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Figure 2. Greater VO2 max was associated with increased connectivity (in red) between the right 

PCC and left anterior cingulate. 
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Figure 3. Bivariate scatterplot demonstrating association between extent of connectivity between 

right PCC and left anterior cingulate associated with VO2 max score, parsed by sex.
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Figure 4. The VO2 max*sex interaction was significantly associated with increased connectivity 

(in red) between the right PCC and left precuneus. 
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Figure 5. The VO2 max*sex interaction was significantly associated with increased connectivity 

(in red) between the left PCC and right middle temporal gyrus. 
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Figure 6. Bivariate scatterplot demonstrating extent of connectivity between right PCC and left 

precuneus associated with VO2 max*sex interaction, parsed by sex.
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Figure 7. Bivariate scatterplot demonstrating extent of connectivity between left PCC and right 

middle temporal gyrus associated with VO2 max*sex interaction, parsed by sex.
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Figure 8. Bivariate scatterplot demonstrating association between co-activation of the right PCC 

and left ACC with CVLT-II Long Delay Free Recall Raw Score, parsed by sex. 
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Figure 9. Bivariate scatterplot demonstrating association between co-activation of the right PCC 

and left ACC with CVLT-II Total Correct (Trials 1-5) Raw Score in males. 
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Figure 10. Bivariate scatterplot demonstrating association between co-activation of the left PCC 

and right MTG with CVLT-II Long Delay Free Recall Raw Score, parsed by sex. 
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Figure 11. Bivariate scatterplot demonstrating association between co-activation of the left PCC 

and right MTG with DKEFS Inhibition Condition Completion Time Raw Score in males. 
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Tables 

Table 1. Sample Descriptive Statistics 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

  Mean (SD) Range 

Age 21.16 (2.49) 16-25 

Education (Years) 14.47 (2.20) 9-21 

WRAT-4 Reading (SS) 105.67 (10.39) 87-133 

VO2 Max (mL/kg/min) 41.59 (9.26) 24.5-62.9 

Body Fat (%) 22.33 (10.06) 6.4-47.2 

Sex (% Female) 49%  
 

Race (% Caucasian) 72% 

Ethnicity (% Not Hispanic) 90%  
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Table 2. Descriptive Statistics by Sex 

 

 

 

  

  Female (n=30) Male (n=31)    

  Mean (SD) [Range] F p 

Age 21.4 (2.56) [16-25] 20.93 (2.44) [16-25] .523 .472 

Education (years) 14.56 (2.17) [11-21] 14.38 (2.26) [9-19] .100 .753 

WRAT-4 Reading (SS) 104.2 (10.22) [87-133] 107.09 (10.52) [90-133] 1.187 .280 

VO2 Max (mL/kg/min) 36.98 (8.15) [24.5-60.1] 46.06 (8.09) [28.6-62.9] 19.014 <.001 

Body Fat (%) 28.78 (7.33) [16.3-47.2] 15.87 (8.12) [6.4-41.7] 41.719 <.001 

Moderate to Vigorous Physical 

Activity (Mins/Day) 31.83 (19.65) [6.5-85.85] 43.5 (20.4) [13.85-110.33] 

 

4.646 .036 

Sedentary Behavior (Mins/Day) 670.65 (192) [315-1030.4] 

648.8 (175.36) [302.5-

982.1] 

 

.195 .661 
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Table 3. Descriptive Statistics by VO2 Max 

 

 

  

  VO2 Max Low (n=36) VO2 Max High (n=25)    

  Mean (SD) [Range] F p 

Age 21.33 (2.61) [16-25] 20.92 (2.34) [16-25] .400 .530 

Education (years) 14.61 (2.36) [9-21] 14.28 (1.96) [10-17] .330 .568 

WRAT-4 Reading (SS) 105.83 (10.75) [87-133] 105.44 (10.07) [90-126] .021 .886 

VO2 Max (mL/kg/min) 35.76 (6.18) [24.5-45.4] 50 (5.84) [41.1-62.9] 81.742 <.001 

Body Fat (%) 25.03 (10.39) [6.4-47.2] 18.26 (8.15) [6.7-31.8] 7.211 .009 

Moderate to Vigorous Physical 

Activity (Mins/Day) 34.35 (21.81) [6.5-110.3] 43.04 (18.37) [13.9-85.9] 

 

2.414 .126 

Sedentary Behavior (Mins/Day) 683.65 (190.21) [315-1030.4] 625 (168.1) [302.5-947] 1.399 .242 

Sex (% Female) 55% 40% -- -- 
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Table 4. Correlations Between Significant Clusters and Performance on Selected 

Neuropsychological Measures in Whole Sample (N=61) 

  

Left ACC 
Left 

Precuneus 
Right MTG 

PASAT Total Correct Raw Score Pearson Correlation -.036 .083 .095 

Sig. (2-tailed) .782 .526 .466 

Ruff 2 & 7 Total Speed Raw Score  Pearson Correlation .004 -.007 .043 

Sig. (2-tailed) .974 .956 .745 

Ruff 2 & 7 Total Accuracy Raw Score Pearson Correlation -.080 -.049 -.047 

Sig. (2-tailed) .538 .708 .719 

CVLT-II Trial 1 Raw Score Pearson Correlation -.028 .176 -.064 

Sig. (2-tailed) .831 .175 .627 

CVLT-II Total Correct (Trials 1-5) Raw 

Score 

Pearson Correlation -.218 .014 .175 

Sig. (2-tailed) .092 .912 .177 

CVLT-II Long Delay Free Recall Raw 

Scorea 

Pearson Correlation -.278* .007 .259* 

Sig. (2-tailed) .031 .960 .045 

DKEFS Color-Word Interference 

Inhibition Condition Completion Time 

Raw Score 

Pearson Correlation -.087 -.066 -.204 

Sig. (2-tailed) .505 .611 .115 

*. Correlation is significant at the .05 level (2-tailed) 
a n=60; one male participant was identified as an outlier and dropped from this correlation 

 

Abbreviations: ACC = Anterior Cingulate Cortex, MTG = Middle Temporal Gyrus. 
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Table 5. Correlations Between Significant Clusters and Performance on Selected 

Neuropsychological Measures in Females (n=30) 

  

Left ACC 
Left 

Precuneus 
Right MTG 

PASAT Total Correct Raw Score Pearson Correlation -.084 .198 -.162 

Sig. (2-tailed) .661 .294 .394 

Ruff 2 & 7 Total Speed Raw Score  Pearson Correlation -.042 .139 .102 

Sig. (2-tailed) .825 .463 .590 

Ruff 2 & 7 Total Accuracy Raw Score Pearson Correlation -.089 .036 -.111 

Sig. (2-tailed) .641 .851 .560 

CVLT-II Trial 1 Raw Score Pearson Correlation .002 -.115 -.197 

Sig. (2-tailed) .992 .545 .298 

CVLT-II Total Correct (Trials 1-5) Raw 

Score 

Pearson Correlation .062 -.192 .286 

Sig. (2-tailed) .745 .309 .125 

CVLT-II Long Delay Free Recall Raw 

Score 

Pearson Correlation .023 -.121 .326 

Sig. (2-tailed) .905 .604 .078 

DKEFS Color-Word Interference 

Inhibition Condition Completion Time 

Raw Score 

Pearson Correlation .044 -.066 -.026 

Sig. (2-tailed) .819 .730 .891 

*. Correlation is significant at the .05 level (2-tailed) 

 

Abbreviations: ACC = Anterior Cingulate Cortex, MTG = Middle Temporal Gyrus. 
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Table 6. Correlations Between Significant Clusters and Performance on Selected 

Neuropsychological Measures in Males (n=31) 

*. Correlation is significant at the .05 level (2-tailed) 

**. Correlation is significant at the .01 level (2-tailed) 
a n=30; one male participant was identified as an outlier and dropped from this correlation 

 

Abbreviations: ACC = Anterior Cingulate Cortex, MTG = Middle Temporal Gyrus. 

 

 

  

  

Left ACC 
Left 

Precuneus 
Right MTG 

PASAT Total Correct Raw Score Pearson Correlation -.046 -.080 .201 

Sig. (2-tailed) .807 .668 .277 

Ruff 2 & 7 Total Speed Raw Score  Pearson Correlation .035 -.088 .001 

Sig. (2-tailed) .850 .640 .997 

Ruff 2 & 7 Total Accuracy Raw Score Pearson Correlation -.071 -.126 .038 

Sig. (2-tailed) .702 .501 .838 

CVLT-II Trial 1 Raw Score Pearson Correlation .026 .309 -.017 

Sig. (2-tailed) .892 .090 .926 

CVLT-II Total Correct (Trials 1-5) Raw 

Score 

Pearson Correlation -.464** .110 .068 

Sig. (2-tailed) .009 .555 .717 

CVLT-II Long Delay Free Recall Raw 

Scorea 

Pearson Correlation -.497** .099 .255 

Sig. (2-tailed) .005 .604 .174 

DKEFS Color-Word Interference 

Inhibition Condition Completion Time 

Raw Score 

Pearson Correlation -.196 -.074 -.357* 

Sig. (2-tailed) .290 .691 .049 



44 
 

References 

AFNI program: 3dAutomask. (2021, September 27).   Retrieved from 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dAutomask.html 

AFNI program: 3dClustSim. (2021, September 27).   Retrieved from 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html 

AFNI program: 3dDetrend. (2021, September 27).   Retrieved from 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dDetrend.html 

AFNI program: 3dmaskave. (2021, September 27).   Retrieved from 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dmaskave.html 

AFNI program: 3dROIstats. (2021, September 27).   Retrieved from 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dROIstats.html 

AFNI program: 3dvolreg. (2021, September 27).   Retrieved from 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dvolreg.html 

Alcaron, G., Pfeifer, J. H., Fair, D. A., & Nagel, B. J. (2018). Adolescent gender differences in  

cognitive control performance and functional connectivity between default mode and 

fronto-parietal networks within a self-referential context. Front Behav Neurosci, 12, 1-16. 

Alvarez, P. & Squire, L. R. (1994). Memory consolidation and the medial temporal lobe: A  

simple network model. Proceedings of the National Academy of Sciences of the United 

States of America, 91(15), 7041-7045. 

Barrientos, R. M., Frank, M. G., Crysdale, N. Y., Chapman, T. R., Ahrendsen, J. T., Day, H. E.,  

Campeau, S., Watkins, L. R., Patterson, S. L., & Maier, S. F. (2011). Little exercise, big 

effects: Reversing aging and infection-induced memory deficits, and underlying 

processes. The Journal of Neuroscience: The Official Journal of the Society for 

Neuroscience, 31(32), 11578–11586. https://doi.org/10.1523/JNEUROSCI.2266-11.2011 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dAutomask.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dClustSim.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dDetrend.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dmaskave.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dROIstats.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dvolreg.html


45 
 

Basso, J. C., & Suzuki, W. A. (2017). The effects of acute exercise on mood, cognition,  

neurophysiology, and neurochemical pathways: A review. Brain Plasticity, 2(2), 

127–152. https://doi.org/10.3233/BPL-160040 

Bento-Torres, J., Bento-Torres N. V. O., Stillman, C. M., Grove Jr., G. A., Huang, H., Uyar, F.,  

Watt, J. C., Wollam, W. E., & Erickson, K. I. (2019). Associations between 

cardiorespiratory fitness, physical activity, intraindividual variability in behavior, and 

cingulate cortex in younger adults. Journal of Sport and Health Science, 8(4), 315-324. 

Betzel, R. F., Byrge, L., He, Y., Goñi, J., Zuo, X. N., & Sporns, O. (2014). Changes in structural  

and functional connectivity among resting-state networks across the human 

lifespan. NeuroImage, 102(2), 345–357.  

Biswal, B. B., Mennes, M., Zuo, X. N., Gohel, S., Kelly, C., Smith, S. M., . . . Milham, M. P.  

(2010). Toward discovery science of human brain function. PNAS, 107(10), 4734-4739. 

Bluhm, R. L., Osuch, E. A., Lanius, R. A., Boksman, K., Neufeld, R. W., Theberg, J., &  

Williamson, P. (2008). Default mode network connectivity: Effects of age, sex, and 

analytic approach. Neuroreport, 19(8), 887-891. 

Brockett, A. T., LaMarca, E. A., & Gould, E. Physical exercise enhances cognitive flexibility as  

well as astrocytic and synaptic markers in the medial prefrontal cortex. PLoS One, 10(5), 

e0124859. 

Broyd, S. J., Demanuele, C., Debener, S., Helps, S. K., James, C. J., & Sonuga-Barke, E. J.  

(2009). Default-mode brain dysfunction in mental disorders: A systematic review. 

Neurosci Biobehav Rev, 33(3), 279-296. 

Buchman, A. S., Boyle, P. A., Yu, L., Shah, R. C., Wilson, R. S., & Bennett, D. A. (2012). Total  



46 
 

daily physical activity and the risk of AD and cognitive decline in older 

adults. Neurology, 78(17), 1323–1329.  

Buckner, R. L., Andrews-Hanna, J. R., & Schacter, D. L. (2008). The brain’s default network:  

Anatomy, function, and relevance to disease. Ann N Y Acad Sci, 1124, 1-38. 

Cavanna, A. E. & Trimble, M. R. (2006). The precuneus: A review of its functional anatomy and  

behavioural correlates. Brain, 129(3), 564-583. 

Cetinkaya, C., Sisman, A. R., Kiray, M., Camsari, U. M., Gencoglu, C., Baykara, B., Aksu, I., &  

Uysal, N. (2013). Positive effects of aerobic exercise on learning and memory 

functioning, which correlate with hippocampal IGF-1 increase in adolescent 

rats. Neuroscience Letters, 549, 177–181. https://doi.org/10.1016/j.neulet.2013.06.012 

Chaddock L., Erickson K. I., Prakash R. S., VanPatter M., Voss M. W., Pontifex M. B., et al.  

(2010). Basal ganglia volume is associated with aerobic fitness in preadolescent 

children. Dev Neurosci, 32(3), 249–256. 

Chaddock, L., Hillman, C. H., Buck, S. M., & Cohen, N. J. (2011). Aerobic fitness and executive  

control of relational memory in preadolescent children. Medicine and Science in Sports 

and Exercise, 43(2), 344–349. 

Chaddock-Heyman, L., Erickson, K. I., Holtrop, J. L., Voss, M. W., Pontifex, M. B., Raine, L.  

B., Hillman, C. H., & Kramer, A. F. (2014). Aerobic fitness is associated with greater 

white matter integrity in children. Frontiers in Human Neuroscience, 8, 1-7.  

Chaddock-Heyman L., Erickson K. I., Kienzler C., King M., Pontifex M. B., Raine L. B., et al.  

(2015). The role of aerobic fitness in cortical thickness and mathematics achievement in 

preadolescent children. PLoS One, 10(8), e0134115. 

Chai, X. J., Ofen, N., Gabrieli, J. D., & Whitfield-Gabrieli, S. (2014). Selective development of  



47 
 

anticorrelated networks in the intrinsic functional organization of the human 

brain. Journal of Cognitive Neuroscience, 26(3), 501–513. 

https://doi.org/10.1162/jocn_a_00517 

Chen, G., Adleman, N. E., Saad, Z. S., Leibenluft, E., & Cox, R. W. (2014). Applications of  

multivariate modeling to neuroimaging group analysis: A comprehensive alternative to 

univariate general linear model. Neuroimage, 99, 571-588. 

Colcombe, S., & Kramer, A. F. (2003). Fitness effects on the cognitive function of older adults:  

A meta-analytic study. Psychological Science, 14(2), 125–130.  

Corder, K., Winpenny, E., Love, R., Brown, H. E., White, M., & van Sluijs, E. (2019). Change in  

physical activity from adolescence to early adulthood: A systematic review and meta-

analysis of longitudinal cohort studies. British Journal of Sports Medicine, 53, 496-503. 

Cotman, C. W., & Berchtold, N. C. (2002). Exercise: A behavioral intervention to enhance brain  

health and plasticity. Trends in Neurosciences, 25(6), 295-301. 

Cox, R. W. (1996). AFNI: Software for analysis and visualization of functional magnetic  

resonance neuroimages. Comput Biomed Res, 29(3), 162-173. 

Cox, R. W. (2009). AFNI program: 3drefit. Retrieved from  

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3drefit.html 

Cox, R. W., Chen, G., Glen, D. R., Reynolds, R. C., & Taylor, P. A. (2017). FMRI clustering in  

AFNI: False-positive rates redux. Brain Connect, 7(3), 152-171. 

Cox, R. W. (2021, September 27). AFNI program: 3dcalc. Retrieved from 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dcalc.html 

Delis, D. C., Kaplan, E., & Kramer, J. H. (2001). Delis-Kaplan Executive Functioning System  

Examiner's Manual. San Antonio, TX: Psychological Corporation. 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3drefit.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dcalc.html


48 
 

Delis, D. C., Kramer, J. H., Kaplan, E., & Ober, B. A. (2000). California Verbal Learning Test  

Second Edition Manual. San Antonio, TX: The Psychological Corporation. 

DeSerisy, M., Ramphal, B., Pagliaccio, D., Raffanello, E., Tau, G., Marsh, R., Posner, J., &  

Margolis, A. E. (2021). Frontoparietal and default mode network connectivity varies with 

age and intelligence. Developmental Cognitive Neuroscience, 48, 100928. 

https://doi.org/10.1016/j.dcn.2021.100928 

Desikan, R. S., Segonne, F., Fischl, B., Quinn, B. T., Dickerson, B. C., Blacker, D., Buckner, R.  

L., Dale, A. M., Maguire, P. R. Hyman, B. T., Albert, M. S., & Killiany, R. J. (2006) An 

automated labeling system for subdividing the human cerebral cortex on MRI scans into 

gyral based regions of interest. NeuroImage, 31(3), 968-980. 

Erickson, K. I., Leckie, R. L., & Weinstein, A. M. (2014). Physical activity, fitness, and gray  

matter volume. Neurobiology of Aging, 35(2), S20–S28.  

Erickson, K. I., Voss, M. W., Prakash, R. S., Basak, C., Szabo, A., Chaddock, L., Kim, J. S.,  

Heo, S., Alves, H., White, S. M., Wojcicki, T. R., Mailey, E., Vieira, V. J., Martin, S. A., 

Pence, B. D., Woods, J. A., McAuley, E., & Kramer, A. F. (2011). Exercise training 

increases size of hippocampus and improves memory. Proceedings of the National 

Academy of Sciences of the United States of America, 108(7), 3017–3022. 

https://doi.org/10.1073/pnas.1015950108 

Ernst, M., Benson, B., Artiges, E., Gorka, A. X., Lemaitre, H., Lago, T., . . . Consortium, I.  

(2019). Pubertal maturation and sex effects on the default-mode network connectivity 

implicated in mood dysregulation. Transl Psychiatry, 9(103), 1-14. 

Fabel, K., Fabel, K., Tam, B., Kaufer, D., Baiker, A., Simmons, N., Huo, C. J., & Palmer, T. D.  

(2003). VEGF is necessary for exercise-induced adult hippocampal neurogenesis.  

https://doi.org/10.1073/pnas.1015950108


49 
 

European Journal of Neuroscience, 18(10), 2803-2812. 

Fair, D. A., Cohen, A. L., Dosenbach, N. U. (2008). The maturing architecture of the brain’s  

default network. Proc Natl Acad Sci, 105(10), 4028-4032. doi:10.1073/pnas.0800376105. 

Fan, F., Liao, X., Lei, T., Zhao, T., Xia, M., Men, W., Wang, Y., Hu, M., Liu, J., Qin, S., Tan, S.,  

Gao, J. H., Dong, Q., Tao, S., & He, Y. (2021). Development of the default-mode 

network during childhood and adolescence: A longitudinal resting-state fMRI 

study. NeuroImage, 226, 117581. https://doi.org/10.1016/j.neuroimage.2020.117581 

Filippi, M., Valsasina, P., Misci, P., Falini, A., Comi, G., & Rocca, M. A. (2013). The  

organization of intrinsic brain activity differs between genders: A resting-state fMRI 

study in a large cohort of young healthy subjects. Human Brain Mapping, 34(6), 1330–

1343. https://doi.org/10.1002/hbm.21514 

Flöel, A., Ruscheweyh, R., Krüger, K., Willemer, C., Winter, B., Völker, K., Lohmann, H.,  

Zitzmann, M., Mooren, F., Breitenstein, C., & Knecht, S. (2010). Physical activity and 

memory functions: Are neurotrophins and cerebral gray matter volume the missing 

link?. NeuroImage, 49(3), 2756–2763.  

Fogelholm, M., Malmberg, J., Suni, J., Santtila, M., Kyröläinen, H., Mäntysaari, M., & Oja, P.  

(2006). International Physical Activity Questionnaire: Validity against fitness. Medicine 

and Science in Sports and Exercise, 38(4), 753–760.  

Fox, M. D., Snyder, A. Z., Vincent, J. L., Corbetta, M., Van Essen, D. C., & Raichle, M. E.  

(2005). The human brain is intrinsically organized into dynamic, anticorrelated functional 

networks. PNAS, 102(27), 9673-9678.  

Fransson, P. (2005). Spontaneous low-frequency BOLD signal fluctuations: An fMRI  

https://doi.org/10.1002/hbm.21514


50 
 

investigation of the resting-state default mode of brain function hypothesis. Hum Brain 

Mapp, 26(1), 15-29. 

Fransson, P., Skiold, B., Horsch, S., Nordell, A., Blennow, M., Lagercrantz, H., & Aden, U.  

Resting-state networks in the infant brain. PNAS, 104(39), 15531-15536. 

Giedd, J. N., Blumenthal, J., Jeffries, N. O., Castellanos, F. X., Liu, H., Zijdenbos, A., Paus, T.,  

Evans, A. C., & Rapoport, J. L. (1999). Brain development during childhood and 

adolescence: A longitudinal MRI study. Nature Neuroscience, 2(10), 861–863.  

Giedd, J. N., Raznahan, A., Mills, K. L., & Lenroot, R. K. (2012). Review: Magnetic resonance  

imaging of male/female differences in human adolescent brain anatomy. Biology of Sex 

Differences, 3(1), 19. 

Giedd, J. N., Raznahan, A., Alexander-Bloch, A., Schmitt, E., Gogtay, N., & Rapoport, J. L.  

(2015). Child psychiatry branch of the National Institute of Mental Health longitudinal 

structural magnetic resonance imaging study of human brain 

development. Neuropsychopharmacology: Official Publication of the American College 

of Neuropsychopharmacology, 40(1), 43–49. https://doi.org/10.1038/npp.2014.236 

Greicius, M. D., Srivastava, G., Reiss, A. L., & Menon, V. (2003). Default-mode network  

activity distinguishes Alzheimer’s disease from healthy aging: Evidence from functional 

MRI. Proceedings of the National Academy of Sciences, 101(13), 4637-4642. 

Greve, D. N., & Fischl, B. (2009). Accurate and robust brain image alignment using boundary-

based registration. Neuroimage, 48(1), 63-72. 

Gronwall, D. M. (1977). Paced auditory serial-addition task: A measure of recovery from 

concussion. Perceptual Motor Skills, 44(2), 367-373. 

Gusnard, D. A., Akbudak, E., Shulman, G. L., & Raichle, M. E. (2001). Medial prefrontal cortex  



51 
 

and self-referential mental activity: Relation to a default mode of brain function. PNAS, 

98(7), 4259-4264. 

Guthold, R., Stevens, G. A., Riley, L. M., & Bull, F. C. (2019). Global trends in insufficient  

physical activity among adolescents: A pooled analysis of 298 populated-based surveys 

with 1.6 million participants. The Lancet Child & Adolescent Health, 4(1), 23-35. 

Hallal, P. C., Andersen, L. B., Bull, F. C., Guthold, R., Haskell, W., Ekelund, U., & Lancet  

Physical Activity Series Working Group. (2012). Global physical activity levels: 

Surveillance progress, pitfalls, and prospects. The Lancet, 380(9838), 247-257. 

Hammett, K. R., & Cox, R. W. (2021, September 27). AFNI program: 3dTstat. Retrieved from  

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dTstat.html 

Hancox, R. J., Milne, B. J., & Poulton, R. (2004). Association between child and adolescent  

television viewing and adult health: A longitudinal birth cohort study. The Lancet, 

364(9430), 257-262. 

Harrison, B. J., Pujol, J., Lopez-Sola, M., Hernandez-Ribas, R., Deus, J., Ortiz, H., Soriano-Mas,  

C., Yucel, M., Pantelis, C., & Cardoner, N. (2008). Consistency and functional 

specialization in the default mode brain network. PNAS, 105(28), 9781-9786. 

Hayes, G., Dowd, K. P., MacDonncha, C., & Donnelly, A. (2019). Tracking of physical activity  

and sedentary behavior from adolescence to young adulthood: A systematic literature 

review. Journal of Adolescent Health, 65, 446-454. 

Herting M. M., & Nagel B. J. (2012). Aerobic fitness relates to learning on a virtual Morris  

Water Task and hippocampal volume in adolescents. Behav Brain Res, 233(2), 517–525. 

Herting, M. M., & Nagel, B. J. (2013). Differences in brain activity during a verbal associative  

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dTstat.html


52 
 

memory encoding task in high- and low-fit adolescents. Journal of Cognitive 

Neuroscience, 25(4), 595–612. https://doi.org/10.1162/jocn_a_00344 

Herting, M. M., Colby, J. B., Sowell, E. R., & Nagel, B. J. (2014). White matter connectivity and  

aerobic fitness in male adolescents. Dev Cogn Neuroscience, 7, 65-75. 

Herting M. M., Keenan M. F., & Nagel B. J. (2016). Aerobic fitness linked to cortical brain  

development in adolescent males: Preliminary findings suggest a possible role of BDNF 

Genotype. Front Hum Neurosci, 10, 327. 

Hjelmervik, H., Hausmann, M., Osnes, B., Westerhausen, R., & Specht, K. (2014). Resting states  

are resting traits--an FMRI study of sex differences and menstrual cycle effects in resting 

state cognitive control networks. PLoS One, 9(7), e103492. 

doi:10.1371/journal.pone.0103492 

Huo, L., Li, R., Wang, P., Zheng, Z., & Li, J. (2018). The default mode network supports  

episodic memory in cognitively unimpaired elderly individuals: Different contributions to 

immediate recall and delayed recall. Frontiers in Aging Neuroscience, 10(6), 1-10. 

https://doi.org/10.3389/fnagi.2018.00006 

Hruby, A., & Hu, F. B. (2015). The epidemiology of obesity: A big picture.  

PharmacoEconomics, 33(7), 673–689.  

Iacoboni, M., Lieberman, M. D., Knowlton, B. J. (2004). Watching social interactions produces  

dorsomedial prefrontal and medial parietal BOLD fMRI signal increases compared to a 

resting baseline. Neuroimage, 21, 1167-1173. 

Immordino-Yang, M. H., Christodoulou, J. A., & Singh, V. (2012). Rest is not idleness:  

https://doi.org/10.1162/jocn_a_00344
https://doi.org/10.3389/fnagi.2018.00006


53 
 

Implications of the brain’s default mode for human development and education. 

Perspectives on Psychological Science, 7(4), 352–364. 

https://doi.org/10.1177/1745691612447308 

Jenkinson, M., Bannister, P., Brady, M., & Smith, S. (2002). Improved optimization for the  

robust and accurate linear registration and motion correction of brain images. 

Neuroimage, 17(2), 825-841. 

Jenkinson, M., & Smith, S. (2002). A global optimization method for robust affine registration of  

brain images. Med Image Anal, 5(2), 143-156. 

Jernigan, T. L., & Gamst, A. C. (2005). Changes in volume with age--consistency and  

interpretation of observed effects. Neurobiology of Aging, 26(9), 1271–1278.  

Karakilic, A., Yuksel, O., Kizildag, S., Hosgorler, F., Topcugil, B., Ilgin, R., Gumus, H., Guvendi, G.,  

Koc, B., Kandis, S., Ates, M., & Uysal, N. (2021). Regular aerobic exercise increased  

VEGF levels in both soleus and gastrocnemius muscles correlated with hippocampal  

learning and VEGF levels. Acta Neurobiologiae Experimentalis, 81(1), 1–9.  

https://doi.org/10.21307/ane-2021-001 

Khatri, P., Blumenthal, J. A., Babyak, M. A., Craighead, W. E., Herman, S., Baldewicz, T., ... &  

Krishnan, K. R. (2001). Effects of exercise training on cognitive functioning among  

depressed older men and women. Journal of Aging and Physical Activity, 9(1), 43-57. 

Kronman, C. A., Kern, K. L., Nauer, R. K., Dunne, M. F., Storer, T. W., & Schon, K. (2019).  

Cardiorespiratory fitness predicts effective connectivity between the hippocampus and 

default mode network nodes in young adults. Hippocampus, 30¸526-541. 

Leasure, J. L., & Jones, M. (2008). Forced and voluntary exercise differentially affect brain and  

behavior. Neuroscience, 156(3), 456-465. 

Leech, R., Braga, R., & Sharp, D. J. (2012). Echoes of the brain within the posterior cingulate  

https://doi.org/10.1177/1745691612447308


54 
 

cortex. Journal of Neuroscience, 32(1), 215-222. 

Lenroot, R. K., Gogtay, N., Greenstein, D. K., Wells, E. M., Wallace, G. L., Clasen, L. S.,  

Blumenthal, J. D., Lerch, J., Zijdenbos, A. P., Evans, A. C., Thompson, P. M., & Giedd, 

J. N. (2007). Sexual dimorphism of brain developmental trajectories during childhood 

and adolescence. NeuroImage, 36(4), 1065–1073.  

Li, W., Mai, X., & Liu, C. (2014). The default mode network and social understanding of others:  

What do brain connectivity studies tell us. Frontiers in Human Neuroscience, 8(74), 1-

15. https://doi.org/10.3389/fnhum.2014.00074 

Li, R., Utevsky, A. V., Huettel, S. A., Braams, B. R., Peters, S., Crone, E. A., van  

Duijvenvoorde, A. C. K. (2019). Developmental maturation of the precuneus as a 

functional core of the default mode network. Journal of Cognitive Neuroscience, 31(10), 

1506-1519. 

Lundstrom, B. N., Ingvar, M., & Petersson, K. M. (2005). The role of precuneus and left inferior  

frontal cortex during source memory episodic retrieval. NeuroImage, 27(4), 824–834.  

https://doi.org/10.1016/j.neuroimage.2005.05.008 

Maddock, R. J., Garrett, A. S., & Buonocore, M. H. (2001). Remembering familiar people: The  

posterior cingulate cortex and autobiographical memory retrieval. Neuroscience, 104(3), 

667-676. 

Mandolesi, L., Polverino, A., Montuori, S., Foti, F., Ferraioli, G., Sorrentino, P., & Sorrentino,  

G. (2018). Effects of physical exercise on cognitive functioning and wellbeing: 

Biological and psychological benefits. Frontiers in Psychology, 9, 509. 

Mandyam, C. D., Wee, S., Eisch, A. J., Richardson, H. N., & Koob, G. F. Methamphetamine  

https://doi.org/10.3389/fnhum.2014.00074


55 
 

self-administration and voluntary exercise have opposing effects on medial prefrontal 

cortex gliogenesis. The Journal of Neuroscience: The Official Journal of the Society for 

Neuroscience, 27(42), 11442-11450. 

Mason, M. F., Norton, M. I., Van Horn, J. D., Wegner, D. M., Grafton, S. T., & Macrae, C. N.  

(2007). Wandering minds: The default network and stimulus-independent 

thought. Science, 315(5810), 393–395. https://doi.org/10.1126/science.1131295 

Mu, L., Cai, J., Gu, B., Yu, L., Li, C., Liu, Q. S., & Zhao, L. (2022). Treadmill exercise prevents  

decline in spatial learning and memory in 3×Tg-AD mice through enhancement of 

structural synaptic plasticity of the hippocampus and prefrontal cortex. Cells, 11(2), 244. 

https://doi.org/10.3390/cells11020244 

Neeper, S. A., Gómez-Pinilla, F., Choi, J., & Cotman, C. (1995). Exercise and brain  

neurotrophins. Nature, 373(6510), 109. 

Nokia, M. S., Lensu, S., Ahtiainen, J. P., Johansson, P. P., Koch, L. G., Britton, S. L., &  

Kainulainen, H. (2016). Physical exercise increases adult hippocampal neurogenesis in 

male rats provided it is aerobic and sustained. The Journal of Physiology, 594(7), 1855–

1873. 

Pajonk, F. G., Wobrock, T., Gruber, O., Scherk, H., Berner, D., Kaizl, I., Kierer, A., Müller, S.,  

Oest, M., Meyer, T., Backens, M., Schneider-Axmann, T., Thornton, A. E., Honer, W.  

G., & Falkai, P. (2010). Hippocampal plasticity in response to exercise in 

schizophrenia. Archives of General Psychiatry, 67(2), 133–143. 

Pauls, F., Petermann, F., & Lepach, A.C. (2013). Gender differences in episodic memory and  

visual working memory including the effects of age. Memory, 21(7), 857-874. 

Perini, R., Bortoletto, M., Capogrosso, M., Fertonani, A., & Miniussi, C. (2016). Acute effects of  

https://doi.org/10.1126/science.1131295


56 
 

aerobic exercise promote learning. Nature, 6(25440). 

Power, J. D., Fair, D. A., Schlaggar, B. L., & Petersen, S. E. (2010). The development of human  

functional brain networks. Neuron, 67(5), 735–748.  

Pujol, J., Blanco-Hinojo, L., Batalla, A., Lopez-Sola, M., Harrison, B. J., Soriano-Mas, C., . . .  

Martin-Santos, R. (2014). Functional connectivity alterations in brain networks relevant 

to self-awareness in chronic cannabis users. J Psychiatr Res, 51, 68-78. 

Raichle, M. E., MacLeod, A. M., Snyder, A. Z., Powers, W. J., Gusnard, D. A., & Shulman, G.  

L. (2001). A default mode of brain function. Proc Natl Acad Sci U S A, 98(2), 676-682. 

Reynolds, R. C. (2014). AFNI program: 3dresample. Retrieved from  

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dresample.html 

Ritchay, M. M., Huggins, A. A., Wallace, A. L., Larson, C. L., & Lisdahl, K. M. (2021). Resting  

state functional connectivity in the default mode network: Relationships between 

cannabis use, gender, and cognition in adolescents and young adults. NeuroImage: 

Clinical, 30, 1-10. 

Ross, T., & Heimerl, K. (1999). AFNI program: 3dFourier. Retrieved from  

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dFourier.html 

Ruff, R. M., & Allen, C. C. (1996). Ruff 2 & 7 Selective Attention Test. Odessa, FL:  

Psychological Assessment Resources, Inc. 

Ruotsalainen, I., Glerean, E., Karvanen, J., Gorbach, T., Renvall, V., Syvaoja, H. J., Tammelin,  

T. H., & Parviainen, T. (2020). Physical activity and aerobic fitness in relation to local 

and interhemispheric functional connectivity in adolescents’ brain. Brain and Behavior, 

11(2), 1-14. 

Sala-Llonch, R., Pena-Gomez, C., Arenaza-Urquijo, E. M., Vidal-Pineiro, D., Bargallo, N.,  

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dresample.html
https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dFourier.html


57 
 

Junque, C., & Bartres-Faz, D. (2012). Brain connectivity during resting state and 

subsequent working memory task predicts behavioural performance. Cortex, 48(9), 1187-

1196. 

Sambataro, F., Murty, V. P., Callicott, J. H., Tan, H. Y., Das, S., Weinberger, D. R., & Mattay,  

V. S. (2010). Age-related alterations in default mode network: Impact on working 

memory performance. Neurobio Aging, 31(5), 839-852. 

Scarmeas, N., Luchsinger, J. A., Brickman, A. M., Cosentino, S., Schupf, N., Xin-Tang, M., Gu,  

Y., & Stern, Y. (2011). Physical activity and Alzheimer disease course. The American 

Journal of Geriatric Psychiatry: Official Journal of the American Association for 

Geriatric Psychiatry, 19(5), 471–481. 

Sheehan, D. V., Sheehan, K. H., Shytle, R. D., Janavs, J., Bannon, Y., Rogers, J. E., Milo, K. M.,  

Stock, S. L., & Wilkinson, B. (2010). Reliability and validity of the Mini International 

Neuropsychiatric Interview for Children and Adolescents (MINI-KID). The Journal of 

Clinical Psychiatry, 71(3), 313–326.  

Sowell, E. R., Thompson, P. M., Leonard, C. M., Welcome, S. E., Kan, E., & Toga, A. W.  

(2004). Longitudinal mapping of cortical thickness and brain growth in normal 

children. The Journal of Neuroscience: The Official Journal of the Society for 

Neuroscience, 24(38), 8223–8231.  

Sparling P. B. (1980). A meta-analysis of studies comparing maximal oxygen uptake in men and  

women. Research Quarterly for Exercise and Sport, 51(3), 542–552.  

Stevens, F. L., Hurley, R. A., & Taber, K. H. (2011). Anterior cingulate cortex: Unique role in  

cognition and emotion. The Journal of Neuropsychiatry and Clinical 

Neurosciences, 23(2), 121–125. https://doi.org/10.1176/jnp.23.2.jnp121 



58 
 

Sullivan, R., Wallace, A., Wade, N., Swartz, A., & Lisdahl, K. (2021). Cannabis use and brain  

volume in adolescent and young adult cannabis users: Effects moderated by sex and 

aerobic fitness. Journal of the International Neuropsychological Society, 27(6), 607-620. 

Swain, R. A., Berggren, K. L., Kerr, A. L., Patel, A., Peplinski, C., & Sikorski, A. M. (2012). On  

aerobic exercise and behavioral and neural plasticity. Brain Sciences, 2, 709-744. 

Talukdar, T., Nikolaidis, A., Zwilling, C. E., Paul, E. J., Hillman, C. H., Cohen, N. J., Kramer,  

A. F., & Barbey, A. K. (2018). Aerobic fitness explains individual differences in the 

functional brain connectome of healthy young adults. Cerebral Cortex, 28(10), 3600-

3609. 

Thomas, S., Reading, J., & Shephard, R. J. (1992). Revision of the Physical Activity Readiness  

Questionnaire (PAR-Q). Canadian Journal of Sport Sciences, 17(4), 338-345. 

Tierney, A. L., & Nelson III, C. A. (2009). Brain development and the role of experience in the  

early years. Zero Three, 30(2), 9–13. 

Tomlinson, L., Leiton, C. V., & Colognato, H. Behavioral experiences as drivers of  

oligodendrocyte lineage dynamics and myelin plasticity. Neuropharmacology, 110, 548-

562. 

Trejo, J. L., Carro, E. & Torres-Aleman, I. (2001). Circulating insulin-like growth factor I  

mediates exercise-induced increases in the number of new neurons in the adult 

hippocampus. Journal of Neuroscience, 21, 1628-1634.   

Van Praag, H. (2008). Neurogenesis and exercise: Past and future directions. Neuromolecular  

Medicine, 10(2), 128-140. 

Van Praag, H., Shubert, T., Zhao, C., & Gage, F. H. (2005). Exercise enhances learning and  

hippocampal neurogenesis in aged mice. Journal of Neuroscience, 25(38), 8680-8685. 



59 
 

Vaynman, S., Ying, Z., & Gomez-Pinilla, F. (2004). Hippocampal BDNF mediates the efficacy  

of exercise on synaptic plasticity and cognition. The European Journal of 

Neuroscience, 20(10), 2580–2590. 

Voss, M. W., Erickson, K. I., Prakash, R. S., Chaddock, L., Malkowski, E., Alves, H. Kim, J. S.,  

Morris, K. S., White, S. M., Wojcicki, T. R., Hu, L., Szabo, A., Klamm, E., McAuley, E., 

& Kramer, A. F. (2010). Functional connectivity: A source of variance in the association 

between cardiorespiratory fitness and cognition? Neuropsychologia, 48(5), 1394-1406. 

Voss, M. W., Prakash, R. S., Erickson, K. I., Basak, C., Chaddock, L., Kim, J. S., Alves, H.,  

Heo, S., Szabo, A. N., White, S. M., Wojcicki, T. R., Mailey, E. L., Gothe, N., Olson, E. 

A., McAuley, E., & Kramer, A. F. (2010). Plasticity of brain networks in a randomized 

intervention trial of exercise training in older adults. Frontiers in Aging Neuroscience, 

2(32), 1-17. 

Voss, M. W., Weng, T. B., Burzynska, A. Z., Wong, C. N., Cooke, G. E., Clark, R., Fanning, J.,  

Awick, E., Gothe, N. P., Olson, E. A., McAuley, E., & Kramer, A. F. (2016). Fitness, but 

not physical activity, is related to functional integrity of brain networks associated with 

aging. Neuroimage, 131, 113-125. 

Wade, N. E., Wallace, A. L., Swartz, A. M., & Lisdahl, K. M. (2019). Aerobic fitness level  

moderates the association between cannabis use and executive functioning and 

psychomotor speed following abstinence in adolescents and young adults. Journal of the 

International Neuropsychological Society: JINS, 25(2), 134–145.  

Wade, N. E., Wallace, A. L., Sullivan, R. M., Swartz, A. M., & Lisdahl, K. M. (2020).  

Association between brain morphometry and aerobic fitness level and sex in healthy 

emerging adults. PLoS One, 15(12), e0242738. 



60 
 

Wade, N. E., Gilbart, E., Swartz, A. M., & Lisdahl, K. M. (2021). Assessing aerobic fitness level  

in relation to affective and behavioral functioning in emerging adult cannabis 

users. International Journal of Mental Health and Addiction, 19(2), 546–559. 

https://doi.org/10.1007/s11469-019-00091-4 

Wang, R., & Holsinger, R. M. D. (2018). Exercise-induced brain-derived neurotrophic factor  

expression: Therapeutic implications for Alzheimer's dementia. Ageing Research 

Reviews, 48, 109–121. https://doi.org/10.1016/j.arr.2018.10.002 

Ward, B. D. (2021, September 27). AFNI program: 3dfim+. Retrieved from  

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dfim+.html 

Weathersby, F. L., King, J. B., Fox, J. C., Loret, A., & Anderson, J. S. (2019). Functional  

connectivity of emotional well-being: Overconnectivity between default and attentional 

networks is associated with attitudes of anger and aggression. Psychiatry Research: 

Neuroimaging, 291, 52–62. https://doi.org/10.1016/j.pscychresns.2019.08.001 

Weis, S., Patil, K. R., Hoffstaedter, F., Nostro, A., Thomas Yeo, B. T., & Eickhoff, S. B. (2020).  

Sex classification by resting state brain connectivity. Cerebral Cortex, 30(2), 824-835. 

Weissman, D. H., Roberts, K. C., Visscher, K. M., & Woldorff, M. G. (2006). The neural bases  

of momentary lapses in attention. Nat Neurosci, 9(7), 971-978. 

Whelan, R., Conrod, P. J., Poline, J. B., Lourdusamy, A., Banaschewski, T., Barker, G. J., . . .  

Consortium, I. (2012). Adolescent impulsivity phenotypes characterized by distinct brain 

networks. Nat Neurosci, 15(6), 920-925. 

Whiteman A. S., Young D. E., Budson A. E., Stern C. E., & Schon K. (2016). Entorhinal  

volume, aerobic fitness, and recognition memory in healthy young adults: A voxel-based 

morphometry study. Neuroimage, 126, 229–238 

https://afni.nimh.nih.gov/pub/dist/doc/program_help/3dfim+.html


61 
 

Whitfield-Gabrieli, S., & Ford, J. M. (2012). Default mode network activity and connectivity in  

psychopathology. Annual Review of Clinical Psychology, 8, 49-76. 

Wilkinson, G. (2006). Wide Range Achievement Test, 4th Edition (WRAT-4) manual.  

Wilmington, DE: Wide Range, Inc. 

Williams V. J., Hayes J. P., Forman D. E., Salat D. H., Sperling R. A., Verfaellie M., et al.  

(2017). Cardiorespiratory fitness is differentially associated with cortical thickness in 

young and older adults. NeuroImage, 146, 1084–1092. 

Woolrich, M. W., Ripley, B. D., Brady, M., & Smith, S. M. (2001). Temporal autocorrelation in  

univariate linear modeling of FMRI data. Neuroimage, 14(6), 1370-1386. 

Zhu, L., Yu, Q., Herold, F., Cheval, B., Dong, X., Cui, L., Xiong, X., Chen, A., Yin, H., Kong,  

Z., Mueller, N., Kramer, A. F., & Zou, L. (2021). Brain structure, cardiorespiratory 

fitness, and executive control changes after a 9-week exercise intervention in young 

adults: A randomized controlled trial. Life, 11(4), 292. 

https://doi.org/10.3390/life11040292 

Zouhal, H., Jacob, C., Delamarche, P., & Gratas-Delamarche, A. (2008). Catecholamines and the  

effects of exercise, training and gender. Sports Medicine, 38(5), 401–423. 

https://doi.org/10.2165/00007256-200838050-00004 

https://doi.org/10.3390/life11040292

