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Abstract

Aging is associated with reductions in gray matter volume and cortical thickness. One factor that 

may play a role in mitigating age-associated brain decline is cardiorespiratory fitness (CRF). 

Although previous work has identified a positive association between CRF and gray matter 

volume, the relationship between CRF and cortical thickness, which serves as a more sensitive 

indicator of gray matter integrity, has yet to be assessed in healthy young and older adults. To 

address this gap in the literature, 32 young and 29 older adults completed treadmill-based 

progressive maximal exercise testing to assess CRF (peak VO2), and structural magnetic resonance 

imaging (MRI) to determine vertex-wise surface-based cortical thickness metrics. Results 

indicated a significant CRF by age group interaction such that Peak VO2 was associated with 

thicker cortex in older adults but with thinner cortex in young adults. Notably, the majority of 

regions demonstrating a positive association between peak VO2 and cortical thickness in older 
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adults overlapped with brain regions showing significant age-related cortical thinning. Further, 

when older adults were categorized as high or low fit based on normative data, we observed a 

stepwise pattern whereby cortex was thickest in young adults, intermediate in high fit older adults 

and thinnest in low fit older adults. Overall, these results support the notion that CRF-related 

neuroplasticity may reduce although not eliminate age-related cortical atrophy.
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1. Introduction

Cerebral volume loss is a well-documented correlate of the aging process, accompanied by a 

reliable pattern of regional cortical thinning with advancing age (Fjell et al., 2009b; Salat et 

al., 2004; Shaw et al., 2016). Brain regions most susceptible to age-related cortical 

degeneration largely coincide with heteromodal association areas that support higher-level 

processing, and include lateral temporal, inferior parietal, and frontal regions, as well as the 

precuneus, temporoparietal junction, and fusiform gyrus (Fjell et al., 2009a; Fjell et al., 

2009b; Shaw et al., 2016). Despite a general trend of cortical atrophy in healthy aging, 

individual differences have been observed in the rate and extent of degeneration, with some 

adults maintaining relatively more intact structural integrity throughout late life than same-

aged peers (Pfefferbaum and Sullivan, 2015). Thus, in an effort to promote optimal brain 

health within a society where the population distribution is increasingly shifting towards 

older ages (Vincent and Velkoff, 2010), identifying relevant lifestyle factors that may protect 

against age-related neurostructural decline is warranted.

One factor that may play a role in mitigating age-associated brain decline is 

cardiorespiratory fitness ◆(CRF). CRF reflects the efficiency of the circulatory and 

respiratory systems to provide oxygenated blood to musculature during sustained aerobic 

physical activity. As a modifiable health factor, CRF can be optimized through regular 

engagement in physical activity of moderate to vigorous intensity such as jogging, 

swimming, or biking. The gold standard of CRF assessment is treadmill-based graded 

maximal exercise testing, which yields a measure of peak volume of oxygen consumption 

(peak VO2) at maximum intensity exercise. Compared to self-report or estimated CRF 

metrics, peak VO2 provides an objective and reliable indicator of CRF. Whereas systemic 

benefits of enhanced CRF to both emotional and physical health are well documented 

(DiLorenzo et al., 1999; Myers et al., 2015; Papasavvas et al., 2016; Tozzi et al., 2016; 

Warburton et al., 2006), only recently have studies begun to explore the relation between 

CRF and brain structure, particularly in the context of aging.

Cross-sectional studies of older adults have generally reported a positive association of CRF 

with gray matter volume (Boots et al., 2015; Bugg and Head, 2011; Erickson et al., 2007; 

Gordon et al., 2008; Weinstein et al., 2012) as well as with cognitive performance in the 

domains of executive function and memory (Barnes et al., 2003; Hayes et al., 2016). 

Interestingly, reliable CRF effects have been observed primarily within lateral prefrontal and 
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parietal gray matter regions (Erickson et al., 2014; Hayes et al., 2014), cortical areas most 

vulnerable to age-related atrophy (Fjell et al., 2009b). Given this apparent regional overlap 

between CRF and aging effects, it follows that enhanced CRF could lessen the degree of 

cortical decline in aging. In support of this concept, aerobic exercise intervention studies 

have provided evidence of CRF-related neuroplasticity, as exercising older adults show 

greater regional brain volume than age-matched controls (Colcombe et al., 2006; Erickson et 

al., 2011).

Although positive associations between CRF and gray matter volume have been previously 

reported, it is less clear how CRF may relate to cortical thickness in older adult populations. 

Given that the surface area component used to define volume captures additional variance 

related to head size and the degree of regional cortical folding, volumetric approaches have 

been shown to yield less sensitive estimates of age-associated cortical atrophy when 

compared to surface-based cortical thickness techniques (Hutton et al., 2009; Lemaitre et al., 

2012; Panizzon et al., 2009). Studies of patient populations (mild cognitive impairment, 

heart failure, and schizophrenia) have demonstrated positive associations between cortical 

thickness and CRF (Alosco et al., 2013; Reiter et al., 2015; Scheewe et al., 2013), yet the 

association between CRF and cortical thickness in the context of healthy aging remains 

unknown. One recent study (Lee et al., 2016) demonstrated a positive relation between self-

reported physical activity and cortical thickness in healthy older adults. However, given that 

subjective CRF measures do not align well with objectively quantified peak VO2 (Tager et 

al., 1998), additional study is warranted.

In the current cross-sectional study, we investigated age-dependent associations between 

objectively quantified CRF (peak VO2) and cortical thickness in healthy older and young 

adults using a whole-brain cortical surface-based approach. The primary goals of this study 

were 1) to assess whether CRF is differentially associated with cortical thickness in young 

and older adults, 2) to determine the spatial overlap between observed CRF and aging effects 

across the cortex, and 3) to examine whether higher CRF in late life may eliminate age-

related cortical thickness decline. Based on the previously reported beneficial effects of CRF 

on gray matter volume in aging, as well as positive associations between cortical thickness 

and CRF in patient populations, we expected to observe similar positive associations 

between CRF and cortical thickness in our older adult cohort. In particular, we anticipated 

that regions where CRF is positively associated with cortical thickness in older adults would 

overlap with frontal and temporoparietal regions most susceptible to age-related cortical 

thinning. Given the dearth of studies in young adults, we had no strong prediction about the 

association between CRF and cortical thickness for this cohort. A recent study of early 

adolescents (aged 9–11 years) found that greater CRF was associated with thinner cortex 

within regions of superior frontal, superior temporal and lateral occipital cortex (Chaddock-

Heyman et al., 2015), a finding that likely reflects successful maturational development and 

neural pruning. The fact that in some brain regions protracted maturational cortical thinning 

has been observed throughout young adulthood (Tamnes et al., 2013) raises the possibility 

that young adults may show a negative association between CRF and cortical thickness 

similar to that observed in adolescents. By examining young and older adults in the same 

study, we were able to directly assess age-dependent associations between CRF and cortical 
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thickness, and additionally, whether age-related differences in cortical thickness are 

impacted by CRF.

2. Material and Methods

2.1 Participants

Thirty-four young adults and 35 older adults were enrolled in the current study. Six older 

adults (four with incidental findings on MRI and two with excessive head motion) and two 

young adults (one with excessive head motion, the other whose peak VO2 value was a 

statistical outlier at greater than 3 standard deviations above the mean) were excluded from 

the current analyses. The final sample consisted of 32 young adults (age = 18–31 years) and 

29 older adults (age = 55–82 years; see Table 1 for participant characteristics).

To ensure our sample represented a wide range of cardiorespiratory fitness levels, 

participants were recruited from general participant pools (Boston University for young 

adults, and the Boston University Memory Disorders Research Center at VA Boston, Boston 

University Alzheimer’s Disease Center, the Massachusetts Alzheimer’s Disease Research 

Center, and the Alzheimer’s Association TrialMatch for older adults) as well as through 

local libraries, YMCAs, and track (running) meets. Participants included in the study 

obtained at least a 12th grade education, were free from contraindications to 

cardiopulmonary testing or Magnetic Resonance Imaging (MRI), and did not have major 

medical (e.g., myocardial infarction, vascular disease), neurological (e.g., Alzheimer’s 

disease, Parkinson’s disease, multiple sclerosis, head trauma), psychiatric (e.g., bipolar 

disorder, schizophrenia), or substance abuse issues that might affect cognition, as determined 

by a comprehensive health screen. Participants were screened for depression using a cut-off 

score of 16 on the Center for Epidemiologic Studies Depression Scale (CES-D) 20-item 

version. Mental status was assessed using the Montreal Cognitive Assessment (MOCA; 

http://www.mocatest.org/), where participants were excluded for cognitive impairment based 

on a cut-off score of 23 (Luis et al., 2009).

2.2 Cardiopulmonary Exercise Testing

An exercise physiologist and a cardiologist of the VA Boston Healthcare System supervised 

all sessions. Graded maximal exercise testing in association with air-gas-exchange was 

conducted using a two-minute Bruce protocol (Bruce et al., 1973) on a motor driven 

Woodway Barimill treadmill. A light-weight disposable pneumotach device was positioned 

in the participant’s mouth during exercise for gas exchange assessment (MedGraphics 

Ultima II). Peak volume of oxygen consumption and respiratory exchange ration (RER) 

were measured, as well as maximum heart rate, blood pressure, and ECG waveforms. Self-

reported ratings of perceived exertion were collected at 1-minute intervals using the 20-point 

Borg Scale. Peak VO2 was considered valid if at least two of the following criteria were met: 

1) respiratory exchange ratio greater than or equal to 1.05; 2) maximum heart rate equivalent 

to 85% of the age-predicted maximum (i.e., 220 – age); and 3) rating of perceived exertion 

greater or equal to 17, corresponding to an exertion level of “very hard” (a rating of 20 

represents “maximal exertion”).
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2.3 MRI Data Acquisition and Processing

Structural MRI was collected on a 3 Tesla Siemens Tim Trio scanner with a 12-channel head 

coil located at the VA Boston Healthcare System, Jamaica Plain Campus. A whole-brain T1-

weighted magnetization prepared rapid acquisition gradient echo (MPRAGE) sequence, 

empirically optimized for a high signal to noise ratio, was acquired in the sagittal plane: TR 

= 2530 ms, TE = 3.32 ms, TI = 1100 ms, flip angle = 7°, slices = 176, slice thickness = 1 

mm, FOV = 256, matrix = 256×256, voxel size = 1 mm isotropic. To aid in tissue 

classification during semi-automated post-processing procedures, a T2-weighted Fluid-

Attenuated Inversion Recovery (FLAIR) image was also acquired: TR = 6000 ms, TE = 475 

ms, TI = 2100 ms, flip angle = 120°, slices = 176, slice thickness = 1 mm, FOV = 256, 

matrix = 256×256, voxel size = 1mm isotropic.

2.4 Surface-Based Cortical Thickness Measurement

A high-resolution T1-weighted volume, in conjunction with a T2-weighted FLAIR volume 

(to aid in tissue classification), was processed to obtain cortical thickness measures using the 

FreeSurfer image analysis suite (version 5.3.0; http://surfer.nmr.mgh.harvard.edu). Briefly, 

this process included motion correction of volumetric T1-weighted images, removal of non-

brain tissue using a hybrid watershed/surface deformation procedure (Segonne et al., 2004), 

automated Tailarach transformation, segmentation of the subcortical white matter and deep 

gray matter volumetric structures (Fischl et al., 2002; Fischl et al., 2004; Segonne et al., 

2004), intensity normalization (Segonne et al., 2004; Sled et al., 1998), tessellation of the 

gray matter/white matter boundary, automated topology correction, and surface deformation 

following intensity gradients to optimally place the gray/white and gray/cerebrospinal fluid 

(CSF) borders at the location where the greatest shift in intensity defines the transition to the 

other tissue class (Dale et al., 1999; Fischl and Dale, 2000; Segonne et al., 2004). For each 

participant, the derived pial and white matter surface boundaries were manually inspected 

and edited by a trained rater (VJW) to assure proper segmentation of tissue class and to 

remove erroneously labeled non-gray matter tissue (e.g., dura) from the cortical surface. 

Surface boundaries were then recomputed following manual intervention as needed.

Once the models outlining cortical boundaries were complete, several deformable 

procedures were performed for further data processing and analysis including surface 

inflation (Fischl et al., 1999a), registration to a spherical atlas which optimizes individual 

cortical folding patterns to match cortical geometry across participants (Fischl et al., 1999b), 

and the creation of a variety of surface-based data including maps of curvature and sulcal 

depth. This method used both intensity and continuity information from the entire three-

dimensional MR volume in segmentation and deformation procedures to produce 

representations of cortical thickness, calculated as the closest distance from the gray/white 

boundary to the gray/CSF boundary at each vertex on the tessellated surface (Fischl and 

Dale, 2000). The maps were created using spatial intensity gradients across tissue classes 

and are therefore not simply reliant on absolute signal intensity. Also, the maps were not 

restricted to the voxel resolution of the original data and were thus capable of detecting sub-

millimeter differences between groups.
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Thickness measurements were mapped on the inflated surface of each participant’s 

reconstructed brain (Dale et al., 1999; Fischl et al., 1999a). This procedure allowed 

visualization of data across the entire cortical surface (i.e., both the gyri and sulci) without 

interference from cortical folding. Maps were subsequently smoothed using a circularly 

symmetric Gaussian kernel across the surface with a full width half max (FWHM) of 20 

mm, supported by prior work suggesting that greater smoothing in a sample of healthy 

elderly adults increases reliability, sensitivity, and statistical power in FreeSurfer surface-

based analyses (Liem et al., 2015). Next, cortical maps were averaged across participants 

using a non-rigid high-dimensional spherical averaging method to align cortical folding 

patterns (Fischl et al., 1999a). This procedure provides accurate matching of 

morphologically homologous cortical locations among participants on the basis of each 

individual’s anatomy while minimizing metric distortion, resulting in a mean measure of 

cortical thickness at each point on the reconstructed surface.

2.5 Statistical Analyses

Whole-brain surface-based analyses were implemented using the FreeSurfer command line 

tool “mri_glmfit” to perform regression analyses at each vertex along the cortical mesh. To 

assess age-dependent differential associations between cortical thickness and peak VO2, the 

Age Group by Peak VO2 interaction was tested, controlling for sex and education. To 

determine the extent to which associations between cortical thickness and peak VO2 

overlapped with age-related differences in cortical thickness, a second regression analysis 

examined vertex-wise thickness metrics between the two age groups (older adults < young 

adults), controlling for sex and education. Resulting z-statistic maps were thresholded using 

a vertex-wise threshold of p < 0.05. Following whole-brain regression analyses, multiple 

comparison correction was performed using a clusterwise procedure described previously 

(Hagler et al., 2006; Segonne et al., 2004) and adapted for cortical surface analysis. This 

procedure, which is available as part of the FreeSurfer processing stream (mri_glmfit-sim), 

utilizes a pre-cached data simulation to obtain a distribution of the maximum cluster size 

under the null hypothesis. Briefly, a normal distribution z-map was synthesized using the 

matched smoothing (20 FWHM) and thresholding parameters (p < 0.05) as specified in the 

original analysis. Areas of maximum cluster size were recorded under these specifications, 

and the procedure was repeated for 10,000 iterations per hemisphere. Only clustered vertices 

are retained under the assumption that vertices demonstrating false positive effects would 

not appear next to each other. Once the distributions of the maximum cluster size across 

simulations were obtained, correction for multiple comparisons was accomplished by 

identifying clusters in the original statistical maps where the clusterwise p-value is the 

probability of seeing a maximum cluster of that size or larger during the simulation (p < 

0.05).

3. Results

3.1 Participant Characteristics

Demographic characteristics of the young and older adult samples are provided in Table 1. 

No study participants had hypertension (blood pressure greater than 140/90 mmHg), as 

assessed by the exercise physiologist and cardiologist performing the cardiorespiratory 
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exercise assessment. Groups were matched in sex, χ2 (1) = 0.01, p = 0.91, and race, χ2(1) = 

2.21, p = 0.14, with both age groups consisting mostly of Caucasians. There were no group 

differences in estimates of pre-morbid intellectual functioning on the Wechsler Test of Adult 

Reading (WTAR), t (59) = 1.21, p = 0.23, self-reported depression symptoms (CES-D), t 
(59) < 1, p = 0.33, or performance on a test of mental status (MOCA), t (59) = 1.91, p = 

0.06. Older adults completed a greater number of years of formal education, t (59) = 3.31, p 
<0.01, and had a higher body mass index (BMI), t (59) = −2.96, p <0.01, than young adults. 

As expected, peak VO2 (ml/kg/min) was significantly lower in older than in young adults, t 
(59) = 4.62 p <0.01. However, there was no difference in the American College of Sports 

Medicine (ACSM) mean peak VO2 percentile scores for young and older adults, t (59) < 1, p 
= 0.41, indicating that both groups were equivalently fit relative to their age and sex-based 

peers (Pescatello and American College of Sports, 2014). Furthermore, young and older 

adults demonstrated a similar range of values on both raw peak VO2 scores (young adults: 

30.8 ml/kg/min; older adults: 29.3 ml/kg/min) and peak VO2 percentile scores corrected for 

age and sex using ACSM normative data (young adults: 0–90th percentile; older adults: 0–

90th percentile), indicating representative and comparable samples in terms of CRF.

3.2. Differential Effects of Peak VO2 on Cortical Thickness in Older and Young Adults

A significant peak VO2 by Age Group interaction was observed in several cortical regions 

(Figure 1a, Table 2). The strongest effect was observed in left lateral temporal-parietal 

cortex (outlined in green in Figure 1a), which remained significant following cluster-based 

multiple comparison correction. Additional regions that did not survive the cluster-based 

correction but were statically significant at p < 0.05 uncorrected with a minimum cluster 

extent of 250 mm2 included the left paracentral gyrus extending into the posterior cingulate, 

left parahippocampal gyrus, left precentral cortex, right lateral orbitofrontal cortex, right 

middle temporal gyrus, and bilateral precuneus. These areas are also visualized in Figure 1a 

and reported in Table 2. Scatterplots demonstrating the differential associations between 

cortical thickness and peak VO2 for young and older adults within select regions of interest 

are presented in Figure 1b.

To illustrate the strength of significant map-wise interaction effects, mean cortical thickness 

within these regions was extracted for each participant, and follow-up partial correlations 

were performed to evaluate the association between CRF and cortical thickness [controlling 

for age (years), sex, and education (years)] within young and older cohorts separately (Table 

2). This follow-up analysis was not a replication of the previous vertex-wise analysis, as here 

we account for age within each group as a continuous variable. Nevertheless, it should be 

noted that these values may represent an over-estimation because the vertices were selected 

based on the results of a related surface-based analysis. One advantage of this approach is 

that it allows for an estimate of the strength of the relationship between CRF and cortical 

thickness in older and young adults in familiar statistical terms, while controlling for age, 

sex, and education. Results revealed significant positive associations between peak VO2 and 

cortical thickness in older adults, with the strongest effects observed in regions of the left 

precentral, right lateral orbitofrontal, and right middle temporal cortices. In contrast, young 

adults showed negative associations between CRF and cortical thickness, with the most 

prominent effects observed in left paracentral/posterior cingulate and bilateral supramarginal 
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cortices. An inverse interaction was observed in the right anterior cingulate such that higher 

peak VO2 was associated with thinner cortex in older adults and thicker cortex in young 

adults, but follow-up partial correlations with peak VO2 within this region were not 

significant for either age group and thus, this region was not included in follow-up analyses 

in section 3.4 below.

3.3 Whole-brain Conjunction Analysis of Aging and CRF Effects

In order to compare the regional overlap of CRF and age effects, a second whole-brain 

regression analysis was conducted to determine age-related differences in cortical thickness 

between young and older adults (see Supplementary Figure 1). After controlling for sex and 

years of education, widespread reductions in cortical thickness were evident with aging in 

regions of medial and lateral prefrontal and parietal cortex, as well as inferior and lateral 

temporal cortex. Conversely, occipital, primary motor, and somatosensory cortices were 

relatively spared. No regions showed thicker cortex in older adults relative to young adults. 

To illustrate the spatial overlap between regions showing significant age group differences 

and regions showing a significant Peak VO2 by Age Group interaction effect (reported in 

section 3.2), a whole-brain conjunction map is presented in Figure 2. Of the 12 clusters 

showing a significant Peak VO2 by Age Group interaction, only the left parahippocampal 

cortex and left precentral clusters did not overlap with areas exhibiting significant age-

related cortical thinning.

3.4. Comparison of Cortical Thickness in Young Adults and Older Adults Stratified by CRF 
Level

To determine whether age-related changes in cortical thickness were driven by CRF level in 

older adults, the older adult cohort was divided into two groups based on their American 

College of Sports Medicine (ACSM) normative peak VO2 scores adjusted for age and sex 

(Pescatello and American College of Sports, 2014). We defined as low fit older adults 

(LFOA; n=14) individuals scoring below the 50th percentile for normative peak VO2, and as 

high fit older adults (HFOA; n=15) those scoring above the 50th percentile. High and low fit 

older adults did not significantly differ in age, t(27) = 0.85, p = 0.41, education, t(27) = 1.82, 

p = 0.08, depression scores on the CES-D, t(27) = 0.21, p = 0.84, sex, χ2 (1) = 0.85, p = 

0.36, race (p = 1.00, Fisher’s Exact Test 2-sided), or RER, t(27) = −0.32, p = 0.75. However, 

high fit older adults scored higher on a measure of estimated pre-morbid functioning 

(WTAR), t(27) = 2.70, p < 0.05, and had higher performance on a cognitive screening 

measure (MOCA), t(27) = 2.52, p < 0.05.

Mean cortical thickness was extracted for young adults, high fit older adults, and low fit 

older adults from the regions in which a significant Age Group by Peak VO2 interaction was 

observed (see section 3.2). These values are reported in Table 3 and visualized as a bar graph 

in Figure 3. The aim of this analysis was to evaluate whether CRF reduced age-related 

cortical decline among older adults. Cortical thickness in the young adults is thought to 

reflect optimal values, prior to the onset of age-related cortical atrophy; therefore, the young 

adults served as control group, regardless of CRF status. To compare the overall pattern of 

cortical thickness by group (young adults, low or high fit older adults) across these regions 

of interest, we conducted a follow-up repeated measures ANOVA with a Greenhouse-
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Geisser correction, with sex and education included as covariates of no interest. A 

significant main effect of region was observed, indicating that mean cortical thickness 

differed significantly between groups, F(6.49, 363.39) = 3.63, p = 0.001. Post hoc tests using 

the Bonferroni correction revealed a stepwise pattern such that young adults (mean = 2.56 

±0.02 mm) demonstrated thicker cortex than high fit older adults (mean = 2.46 ±0.03 mm; p 

= 0.027), and high fit older adults demonstrated thicker cortex than low fit older adults 

(mean = 2.33 ±0.03 mm; p = 0.006).

Finally, to evaluate the regional variability in the magnitude of absolute cortical thickness 

differences between groups, standardized effect sizes were calculated using Hedge’s g 

equation and reported in Table 3. Hedge’s g is considered a robust estimate for unequal 

sample sizes given that it weights each group’s standard deviation by its sample size 

(Hedges, 1981). Similar to Cohen’s d, effect sizes greater than 0.5 are considered moderate, 

whereas values above 0.8 are considered large (Cohen, 1988). Large effects sizes were 

observed in ten of the eleven brain regions when comparing cortical thickness between 

young and low fit older adults, whereas only six of eleven regions showed large effect sizes 

when comparing thickness between young and high fit older adults, suggesting that CRF 

may attenuate age-related differences in cortical thickness in some brain areas. In particular, 

a subset of brain regions (left precentral, left parstriangularis, and right precuneus) showed 

small effect sizes when comparing cortical thickness between young and high fit older 

adults, but large effects sizes when comparing thickness between high and low fit older 

adults. Thus, in these regions, cortical thickness in the high fit older adults appeared more 

similar to young adults than their low fit peers.

4. Discussion

In the current study, we evaluated age-dependent associations between an objective indicator 

of CRF (peak VO2) and vertex-wise cortical thickness in a sample of healthy young and 

older adults. We observed a significant age group by CRF interaction in several cortical 

areas, with the strongest effect noted in the left supramarginal cortex that remained 

significant following multiple comparison correction. Follow-up analyses indicated that 

higher CRF was related to thicker cortex in older adults, but thinner cortex in young adults, 

even though young adults had higher cortical thickness overall. Among older adults, higher 

peak VO2 was positively associated with cortical thickness primarily within the same brain 

regions that showed significant age-associated cortical decline. When comparing cortical 

thickness between young adults and older adults stratified by CRF level, a stepwise pattern 

emerged such that the cortex was thickest in young adults, intermediate in high fit older 

adults, and thinnest in low fit older adults. Thus, higher CRF was associated with thicker 

cortex in older adults, but not to the extent to eliminate age-related differences in cortical 

thickness.

4.1. Greater CRF is Associated with Thicker Cortex in Healthy Aging

Within brain regions demonstrating a significant age group by CRF interaction, CRF was 

positively associated with cortical thickness among older adults in left parahippocampal, 

paracentral, precuneus, and supramarginal cortices, as well as right middle temporal and 
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lateral orbitofrontal areas, after additionally correcting for the continuous effects of age. 

These regional findings align with results of previous studies evaluating CRF and cortical 

thickness in patient populations (Alosco et al., 2013; Scheewe et al., 2013) and mild 

cognitive impairment (Reiter et al., 2015), as well as with a study relating cortical thickness 

and subjectively reported exercise duration in normal aging (Lee et al., 2016). Notably, 

associations between CRF and cortical thickness reliably appear within multimodal 

association regions across both healthy and abnormal aging studies, suggesting that higher 

order cortices may be most sensitive to variation in CRF.

Furthermore, as the present study included both young and older adults, we were able to 

directly demonstrate that regional associations between CRF and cortical thickness share 

considerable overlap with cortical areas vulnerable to age-related decline. Following a direct 

between-group age comparison, older adults showed widespread cortical thinning compared 

to young adults in ventrolateral, dorsolateral and dorsomedial prefrontal cortex, lateral and 

inferior temporal cortex, and inferior parietal regions. This pattern of cortical thinning in 

older adults is consistent with a prior meta-analysis of cortical thickness studies in aging 

(Fjell et al., 2009b), reflecting a particular vulnerability of higher order association areas to 

age-related atrophy.

Considering the spatial overlap of regions that showed reduced cortical thickness in older 

adults relative to young adults, coupled with positive associations between cortical thickness 

and CRF in older adults, the question arises to what extent CRF may attenuate age-related 

cortical thinning. When we classified older adults as high or low fit and directly compared 

cortical thickness to young adults (an age range in which the cortex is approaching optimal 

thickness, prior to the onset of age-related atrophy), our results revealed a stepwise 

progression across regions, such that the cortex was thickest in young adults, intermediate in 

high fit older adults, and thinnest in low fit older adults. Interestingly, we noted regional 

variability in the magnitude of cortical thickness differences between groups, such that in 

some brain regions (left precentral, right precuneus, and right parstriangularis) small effect 

sizes were noted when comparing cortical thickness between high fit older adults and young 

adults, whereas large effect sizes were noted when comparing high fit older adults to low fit 

older adults. In other words, the cortex of high fit older adults appeared more similar to 

young adults than to their low fit peers matched on age, gender, and education, supporting 

the notion that higher CRF may support brain maintenance by attenuating age-related 

cortical decline in some areas. Nonetheless, some degree of age-related cortical thinning was 

apparent across most cortical regions regardless of CRF status, indicating that although CRF 

may contribute to successful brain aging, CRF alone is not enough to completely eliminate 

age-related cortical decline in older adults.

Notably, the spatially overlapping yet directionally opposing effects of aging and CRF on 

cortical thickness were observed primarily in multimodal association cortices. One reason 

why multimodal cortices are considered to be highly predisposed to age-related degeneration 

and disease pathology in late life is the high degree of life-long plasticity that is required 

within these areas to meet complex integrative processing demands (Fjell et al., 2014). On a 

cellular level, processes leading to age-related gray matter atrophy are likely multifactorial 

and include a combination of vascular changes leading to subclinical ischemia and reduced 
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perfusion, cerebral inflammation that may preferentially impact association and limbic 

cortices, increased oxidative stress and corticosteroids, a loss of synaptic spines and 

synapses, as well as shrinkage of cell bodies (Raz and Rodrigue, 2006). Conversely, prior 

work in humans has demonstrated a cascade of beneficial effects of enhanced CRF on brain 

structure as evidenced by increased cerebral profusion (Chapman et al., 2013), hippocampal 

neurogenesis (Pereira et al., 2007), increased markers of neuronal viability such as N-acetyl-

aspartate (Gonzales et al., 2013), and greater white matter structural integrity (Johnson et al., 

2012; Voss et al., 2013; Hayes et al., 2015). Likewise, aerobic exercise in rodents has been 

linked to increased neuronal growth, synaptic density, and neurovascularization (van Praag, 

2008, 2009). Thus, neurostructural changes associated with CRF may directly oppose 

mechanisms of cortical degeneration observed in aging. As age-related cortical atrophy 

frequently precipitates cognitive decline in the elderly (Kaup et al., 2011), interventions 

aimed at improving CRF may help to preserve neuronal integrity, benefit cognition, and 

ultimately prolong functional independence in late life.

4.2. Greater CRF is Associated with Thinner Cortex Among Young Adults

In contrast to the pattern observed in older adults, higher peak VO2 was associated with 

thinner cortex in young adults. The differential association between CRF and cortical 

thickness in young and older adults can be understood in the context of dynamic changes in 

cortical thickness across the lifespan. Work by Tamnes and colleagues (Tamnes et al., 2010; 

Tamnes et al., 2013) has shown that cortical thickness peaks during early childhood, and 

subsequently undergoes a period of accelerated maturational cortical thinning throughout 

adolescence that slows and stabilizes upon entering young adulthood. Cortical thickness then 

remains relatively stable until mid- to late-life when regional cortical atrophy is commonly 

observed. Moreover, these fluctuations in cortical thickness across the lifespan have been 

further linked to cognitive ability. A recent longitudinal study showed that whereas in early 

adulthood, increased cortical thinning is associated with higher IQ, this relationship reverses 

around age 42, such that attenuated cortical thinning (and in some cases even thickening) is 

associated with higher IQ (Schnack et al., 2015). Intriguingly, in the current study, the 

strongest negative associations between CRF and cortical thickness in young adults included 

higher order association areas (particularly within orbitofrontal cortex and temporal-parietal 

regions), which are among those that tend to be the last to undergo maturational cortical 

thinning (Sowell et al., 2003). Thus, whereas a positive association of CRF and thickness in 

older adults is generally interpreted as reflecting preservation of gray matter in the context of 

aging, a negative association between peak VO2 and cortical thickness in young adulthood 

may reflect a beneficial effect of CRF on cortical development.

In line with our finding in young adults, a recent study of preadolescent children (aged 9–10 

years) similarly demonstrated that higher peak VO2 was associated with thinner cortex 

within regions of superior frontal, superior temporal and lateral occipital cortex (Chaddock-

Heyman et al., 2015). Results of the current study extend findings of a negative association 

between CRF and cortical thickness to young adults and demonstrate that young adulthood 

is also a period in which enhanced CRF may benefit brain structure. Nevertheless, such 

findings may be region-specific, as a recent voxel-based morphometry study focusing on the 

medial temporal lobes observed a positive association between peak VO2 and right 
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entorhinal volume in young adults (Whiteman et al., 2016). Additional studies are needed to 

further delineate the relationship between CRF and brain structure in young adults.

4.3. Limitations of the Current Study

The current study was cross-sectional and does not allow inferences about a causal 

relationship between CRF and cortical thickness. Other cohort factors such as genetics, 

cardiovascular health, or nutrition could have influenced the results. This study employed a 

modest sample size, which may limit statistical power. Replication of the observed effects in 

larger samples is needed. Given this caveat, we report both corrected and uncorrected results 

for comprehensive data presentation. We additionally provide the corresponding effect sizes 

for uncorrected clusters to provide insight into the magnitude of the observed effects. 

Although all regions did not survive a cluster-based multiple comparison procedure, we 

were encouraged by the regional similarity of observed effects in our study and previous 

studies in age restricted samples (i.e., older adults only). Furthermore, the bilateral 

distribution of several of our regional findings (i.e., precuneus, supramarginal gyrus) 

additionally suggests that these regions do not reflect type I error. Finally, the sample was 

relatively homogeneous in regards to racial composition, and participants were healthier and 

more educated than the general population, which may limit generalization of the findings to 

other samples. Future longitudinal studies assessing alterations in cortical thickness 

throughout development as a function of CRF would provide direct insight into the age-

dependent associations observed in the current study.

4.4. Conclusions

We observed differential associations between CRF and cortical thickness in young and 

older adults. After additionally controlling for age as a continuous variable within each 

group, CRF was positively associated with cortical thickness in older adults largely within 

multimodal association areas. These regional findings largely overlapped with cortical areas 

also vulnerable to age-related cortical decline. Higher fit older adults had greater cortical 

thickness than their lower fit peers, but CRF alone was not enough to eliminate age 

differences in cortical thickness, as high fit older adults had decreased cortical thickness 

relative to young adults. In young adults, CRF was associated with thinner cortex, possibly 

reflecting accelerated neural pruning that may benefit the developing young adult brain. 

Overall, these data support the notion that CRF is associated with neurostructural integrity in 

older, as well as young adults.
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In Text Abbreviations

CRF Cardiorespiratory fitness

LFOA Low fit older adult

HFOA High fit older adult

YA Young adult

OA Older adult

ACSM American College of Sports Medicine

WTAR Wechsler Test of Adult Reading

MoCA Montreal Cognitive Assessment

CES-D Center for Epidemiologic Studies Depression Scale

BMI Body Mass Index
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Figure 1. 
A) Results of whole-brain vertex-wise analysis evaluating the differential association 

between peak VO2 (CRF) and cortical thickness (CT) in older (OA) versus young adults 

(YA), controlling for sex and education. Results that survived a cluster-based correction for 

multiple comparisons (clusterwise threshold of p<0.05) are outlined in green and include the 

left SMG. Blue color scale represents interaction effects where peak VO2 and cortical 

thickness were positively correlated in OA and negatively associated in YA. The opposite 

pattern was observed in the right CNG, although within-group correlations between CRF 

and thickness were not significant in follow-up partial correlations. B) Scatterplots 

visualizing association of cortical thickness and peak VO2 by Age Group. Note: CNG= 

cingulate; lOFC=lateral orbitofrontal cortex; MTC=middle temporal cortex; PCC= 
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Paracentral/Posterior Cingulate Cortex; PCN=Precuneus; PHG= parahippocampal gyrus; 

PrC= Precentral Cortex; SMG= supramarginal gyrus; sPFC= Superior Prefrontal Cortex;
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Figure 2. 
Conjunction map demonstrating the spatial overlap between 1) age-group by peak VO2 

interaction AND 2) age differences in cortical thickness (OA < YA). The blue label 

represents areas where cortical thickness was significantly lower in OA compared to YA. 

Red labels indicate regions where a significant interaction effect was noted such that CRF 

was positively associated with cortical thickness in OA, but negatively associated with 

thickness in YA. The light blue label represents regions where CRF was negatively 

associated with cortical thickness in OA, but positively associated with thickness in YA. 

Purple and green labels indicate regions of spatial overlap between the interaction effect and 

the age effects. All analyses controlled for sex and years of education, with a vertex-wise 

threshold of p<0.05. All age effects (blue labels) remained significant following cluster-

based multiple comparison correction. For the CRF by age-group interaction analysis, the 

left supramarginal region (indicated by white star) remained significant following multiple 

comparison correction. LH=left hemisphere; RH=right hemisphere.
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Figure 3. 
Mean cortical thickness within regions of interest for young adults (YA), high fit older adults 

(HFOA) and low fit older adults (LFOA). Error bars represent a 95% confidence interval.
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