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Evidence Cerebral Blood Flow Regulation Mediates Exercise-Cognition Links
in Healthy Young Adults
Abstract

Objective: Healthy young adults are presumed to be in their cognitive prime, yet emerging evidence indicates that regular engagement in physical activity can still benefit their cognitive functioning. The mechanisms supporting these exercise-related cognitive benefits remain unclear, but recent research points to cerebral blood flow (CBF) regulation as potentially important. The current study investigated the possibility that efficacy of cerebral blood flow regulation underpins exercise-cognition links in this high functioning population. Method: In 55 healthy young adults, cognitive control performance (inhibition and switching) was examined in relation to habitual physical activity, aerobic fitness, and CBF regulation (evidenced by blood flow responsiveness to increases and decreases in carbon dioxide: hypercapnic reactivity, n = 43, and hypocapnic reactivity, n = 42). Results: Multiple regression analyses revealed that more frequent physical activity, and to some extent higher aerobic fitness, predicted both better CBF regulation and better cognitive inhibitory control. CBF regulation also predicted better cognitive inhibitory control. Moreover, mediation analyses indicated that more frequent participation in physical activity may bring about improvements in cognitive inhibitory control through improved CBF regulation. Conclusions: These results provide novel insight into the cognitive and cerebrovascular benefits that may be gained with regular engagement in physical activity, even in a high-functioning population. Moreover, they point to better CBF regulation as a specific mechanism that may drive physical activity-related cognitive benefits, which converges with recent data in older women.
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Evidence Cerebral Blood Flow Regulation Mediates Exercise-Cognition Links 
in Healthy Young Adults

Despite the presumption of peak functioning in healthy young adults, recent research in this population indicates links between habitual engagement in physical activity and better cognitive functioning reviewed in Guiney & Machado, 2013()
. Specifically, links have been reported between aspects of cognitive control and self-reported physical activity 
 ADDIN EN.CITE 
(Kamijo & Takeda, 2010)
, aerobic fitness 
 ADDIN EN.CITE 
(Åberg et al., 2009; Themanson & Hillman, 2006; Themanson, Pontifex, & Hillman, 2008)
 and aerobic exercise training 
 ADDIN EN.CITE 
(Hansen, Johnsen, Sollers, Stenvik, & Thayer, 2004; Stroth et al., 2010)
. Due to the increasingly sedentary nature of Western lifestyles World Health Organization, 2010()
 and the importance of effective cognitive control in daily living 
 ADDIN EN.CITE 
(e.g., Mäntylä, Karlsson, & Marklund, 2009; Vaughan & Giovanello, 2010)
, elucidation of the links between physical activity levels and cognitive functioning has become a pressing need. Currently the physiological mechanisms supporting these links in healthy young adults remain unclear; however, recent research in aged populations has pointed toward a number of potential mediators, including increased production of growth factors (neurotrophic and vascular), which help to maintain the structural integrity of the brain and cerebrovascular system by promoting new growth and plasticity for a recent review, see Hötting & Röder, 2013()
.
Of particular relevance to the current study are cerebrovascular factors 
 ADDIN EN.CITE 
(reviewed in Davenport, Hogan, Eskes, Longman, & Poulin, 2012; Schmidt, Endres, Dimeo, & Jungehulsing, 2013)
. Since adequate cerebral oxygenation helps to keep the brain in an optimal physiological state, exercise-related improvements in the regulation of cerebral blood flow (CBF) could potentially improve cognitive functioning. Although evidence supporting this is currently lacking in young adults, cross-sectional data in older women support this notion, with CBF regulation partially mediating the relationship between aerobic fitness and cognition Brown et al., 2010()
. Thus, at least in older women, it seems that improved cerebrovascular functioning may be a mechanism through which regular engagement in physical activity brings about changes in cognitive functioning. However, it should be noted that cognitive and cerebrovascular functioning both decline with healthy aging 
 ADDIN EN.CITE 
(reviewed in Davenport et al., 2012; Guiney & Machado, 2013)
, thus improvement on these fronts may be more readily achieved in older than young populations due to there being more room for improvement.

Nevertheless, recent studies investigating chronic physical activity and cerebrovascular functioning have reported positive links in healthy young adults. Of particular relevance here, an intervention study showed that 3 months of aerobic training led to improved CBF regulation in healthy young and older adults Murrell et al., 2013()
. In addition, a study involving cross-sections of sedentary and aerobically-trained healthy young and older adults showed positive relationships between fitness and CBF regulation Bailey et al., 2013()
. Regarding cognitive functioning, although reports of links with chronic physical activity in healthy young adults are somewhat limited, some evidence suggests benefits for aspects of cognitive control, including inhibition and switching 
 ADDIN EN.CITE 
(Kamijo & Takeda, 2010; Padilla, Perez, Andres, & Parmentier, 2013)
. However, it remains unknown whether these exercise-cerebrovascular and exercise-cognition associations are interlinked in healthy young adults, as has been shown in healthy older adults by Brown et al. 2010()
.
The primary aim of the current study was to investigate the possibility that CBF regulation underpins exercise-cognition links in healthy young adults. To consider this possibility, we assessed in a cross-section of healthy young adults habitual physical activity, cognitive function and CBF regulation. Habitual physical activity was estimated via both self-reported physical activity and aerobic fitness. Cognitive function was assessed using a series of three tests designed to yield measures of two control processes—inhibition and switching—that have previously been linked to chronic physical activity indices in healthy young adults 
 ADDIN EN.CITE 
(Kamijo & Takeda, 2010; Padilla et al., 2013)
 and are known to be important for effective executive functioning 
 ADDIN EN.CITE 
(Hellmuth et al., 2012; Judah, Grant, Mills, & Lechner, 2014)
. CBF regulation was assessed by measuring changes in CBF velocity in the middle cerebral artery (MCAv) in response to increases and decreases in carbon dioxide (CO2; cerebrovascular CO2 reactivity), which indexes the ability of the cerebral blood vessels to regulate CBF and thereby also oxygenation and pH in the brain 
 ADDIN EN.CITE 
(Ainslie & Duffin, 2009)
. Cerebrovascular CO2 reactivity has been used extensively as an index of cerebrovascular function in healthy and diseased states 
 ADDIN EN.CITE 
(Willie et al., 2011)
, and in older adults reduced cerebrovascular CO2 reactivity has been linked to cognitive decline 
 ADDIN EN.CITE 
(Viticchi et al., 2012)
.

Based on previous studies in healthy young adults, in the current study we expected to find positive associations between the habitual physical activity estimates and both cognitive function (namely, inhibition and switching) and CBF regulation (as measured by cerebrovascular CO2 reactivity). The novel questions of interest were whether healthy young adults would also show positive associations between cerebrovascular function and cognitive function, and if so, whether statistical evidence would suggest that cerebrovascular function mediates the exercise-cognition links, as has been reported in healthy older adults.
Method

The University of Otago Human Ethics Committee approved this study prior to its commencement, and all participants gave informed written consent prior to taking part. The entire testing session took 1.5 to 2 hours; rest breaks were encouraged between tests.

Participants

A cross-section of 55 young adults (31 females; see Table 1) from the University of Otago participated and were reimbursed NZ$20-25. According to international body mass index (BMI) guidelines World Health Organization, 2006()
, participants ranged from underweight to overweight. Beck Depression Inventory-II (BDI-II) scores were in line with previous studies involving non-depressed young adults Beck, Steer, & Brown, 1996()
, and Pittsburgh Sleep Quality Index (PSQI) scores indicated participants had normal sleep quality Buysse, Reynolds, Monk, Berman, & Kupfer, 1989()
. All participants reported being non-smokers and having: normal or corrected-to-normal vision; no history of, and not currently taking any medications for, neurological, psychiatric, respiratory, or cardiovascular problems; and abstained from alcohol and vigorous exercise for 24 hours prior to their testing session, from caffeine for 12 hours, and from eating a large meal for 2 hours. 

Procedure Overview

Participants were first screened for suitability to undergo aerobic fitness testing via measurement of resting blood pressure and responses to a Physical Activity Readiness Questionnaire Thomas, Reading, & Shephard, 1992()
; no participants exhibited or reported any medical contraindications to exercise. Participants were then fitted with a heart rate monitor (Polar Electro Oy, Finland) before completing the BDI-II Beck et al., 1996()
 and the PSQI Buysse et al., 1989()
, which were included to enable statistical control of depression and sleep quality in light of previously reported interrelationships with habitual physical activity and cognitive performance reviewed in Dishman et al., 2006()
. Height, body mass, and resting heart rate were then recorded. The cognitive tests were then administered followed by cerebrovascular and then fitness testing. It was necessary to administer the cognitive tests prior to cerebrovascular testing as hypercapnia influences neuronal activity Zappe, Uludag, Oeltermann, Ugurbil, & Logothetis, 2008()
, and to assess fitness last to avoid acute effects of exercise on cognitive performance and cerebrovascular indices Chang, Labban, Gapin, & Etnier, 2012()
.

Cognitive Testing 

Participants completed three cognitive tests in this order: Pro, Anti, and Pro/Anti. During testing, participants sat 57 cm from a computer screen in a dimly lit room, with distance maintained via a chinrest (Applied Science Laboratories, Bedford, MA). Stimuli were presented on a black background via MATLAB (The MathWorks, Natick, MA) and The Psychophysics Toolbox 
 ADDIN EN.CITE 
(Brainard, 1997; Pelli, 1997)
. Participants responded by pressing a button on a two-button DirectN Response Box (Empirisoft, New York); each button spanned 2 cm, and 2 cm separated the buttons. 

Pro. At the start of each trial, a white fixation dot extending 0.3° of visual angle appeared at center. After a variable interval (400, 600, 800, 1000, or 1200 ms), a green target square subtending 2° appeared 8° to the left or right of center (measured to target center). Participants were asked to press the button on the same side as the green target square with their respective index finger as fast as they accurately could (e.g., if the target appears on the left, press the left button). An error tone sounded for 300 ms and the trial was marked as incorrect if participants pressed the wrong key, or responded in less than 100 ms or more than 1500 ms after target onset (anticipations and failures to respond, respectively). RT and accuracy were recorded. After each trial, the screen went blank for 500 ms. Target square position (left or right) and fixation duration (400, 600, 800, 1000, or 1200 ms) were randomly selected for each trial with the constraint that each combination of conditions was equally likely to occur across the test trials. Participants completed 4 practice and 20 test trials.

Anti. All aspects were identical to Pro, except the target square was red and participants were asked to press the button on the side opposite the target (e.g., if the target appears on the left, press the right button), thus entailing inhibitory control over the prepotent response. Participants completed 6 practice trials instead of 4 due to the increased difficulty of this task. Inhibitory control was indexed by subtracting Pro reaction times (RTs) from Anti RTs; this subtraction helps isolate inhibitory control performance specific to the Anti task from basic visuomotor performance relevant to both the Pro and Anti tasks.

Pro/Anti. The trials from the Pro and Anti tasks were randomly intermixed such that target color varied unpredictably. Participants were asked to respond to green squares by pressing the button on the same side and to red squares by pressing the button on the opposite side. Participants completed 6 practice and 40 test trials. Switching ability was indexed by subtracting Anti RTs from Pro/Anti RTs; this subtraction helps isolate switching performance specific to the Pro/Anti task from visuomotor and inhibitory control performance relevant to both the Anti and Pro/Anti tasks.

Cerebrovascular Testing

After cognitive testing, participants were fitted with a 2-MHz transcranial Doppler ultrasound probe (DWL, Compumedics Ltd, Germany), which was secured to the right side of the head with an adjustable plastic headband (Spencer Technologies, Nicolet Instruments, Madison, WI, USA). The ultrasound system measured the velocity of red blood cells in the right MCA 
 ADDIN EN.CITE 
(for a review of the technique see Willie et al., 2011)
. Based on previously established methods, the ultrasound probe was positioned just above the zygomatic arch in the temporal region to allow for optimal insonation of the MCA 
 ADDIN EN.CITE 
(Aaslid, Markwalder, & Nornes, 1982; Willie et al., 2011)
. Participants were then fitted with a leak-free face mask attached to a Y-shaped two-way non-rebreathing valve (Hans Rudolph 7900 series, Kansas City, MO, USA). Partial pressures of end-tidal CO2 (PETCO2) and O2 were measured from the mask using a rapidly responding gas analyzer (model CD-3A, AEI Technologies, Pittsburgh, PA, USA). Ventilation was measured using a heated pneumotachograph (Hans Rudolph 3813) attached to the mask outflow valve. 

Participants sat quietly for at least 2 minutes and then cerebrovascular CO2 reactivity was assessed through a well-established three-step protocol: baseline, steady-state hypercapnia (5% CO2), and hypocapnia 
 ADDIN EN.CITE 
(volitional hyperventilation; see Willie et al., 2011)
. First (baseline), participants breathed room air while sitting quietly for > 2 min. Second (hypercapnia), participants breathed a hypercapnic gas mixture (5% CO2, 21% O2 and a balance of N2) from a 150 L Douglas bag for 4 min, followed by 2 min of recovery breathing room air. Third (hypocapnia), participants breathed deeper and more rapidly to reduce PETCO2 by an amount equal to the increase in PETCO2 during the hypercapnia phase (~10 mm Hg). Verbal feedback assisted participants in maintaining the required breathing rate for 2 min. Respiratory variables and MCAv were recorded continuously at 200 Hz using an analogue-to-digital converter (Powerlab/16SP ML795, ADInstruments, NZ) interfaced with a computer running Chart v7.1 (ADInstruments, Australia). The last minute of each phase was used for analysis. Hypercapnia always preceded hypocapnia because hypocapnia influences the cerebrovascular response to CO2 Ide, Eliasziw, & Poulin, 2003()
 and PETCO2 during hypercapnia determined the target PETCO2 for hypocapnia. Cerebrovascular responsiveness to hypercapnia (hypercapnic reactivity) and hypocapnia (hypocapnic reactivity) was derived by calculating the percentage change in mean MCAv from baseline per millimeter of mercury change in PETCO2. Thus, hypercapnic reactivity was calculated as the percentage increase in mean MCAv from baseline per millimeter of mercury increase in PETCO2, and hypocapnic reactivity was calculated as the percentage decrease in mean MCAv from baseline per millimeter of mercury decrease in PETCO2.
Physical Activity Questionnaire and Aerobic Fitness Testing 

After cerebrovascular testing, all equipment (except the heart rate monitor) was removed. Participants then completed as a self-reported index of their weekly physical activity, the New Zealand Physical Activity Questionnaire Short Form NZPAQ-SF; Sport and Recreation New Zealand, 2001()
, which has been shown to provide a valid estimate of weekly physical activity Moy, Scragg, McLean, & Carr, 2008()
. The NZPAQ-SF inquires separately about brisk walking, moderate and vigorous physical activity (Questions 1-6), providing estimates of physical activity duration  (time/week), and also about overall physical activity frequency (days/week) involving at least 30 minutes brisk walking or moderate activity, or at least 15 minutes vigorous activity (Question 7). Lastly, participants underwent a graded submaximal aerobic fitness test on an electromagnetically-braked cycle ergometer (Velotron, RacerMate Inc., Seattle, WA, USA) to estimate maximal oxygen consumption (V̇O2max). The test was based on the Åstrand-Rhyming Cycle Ergometer Test, which provides a reliable and valid estimate of V̇O2max 
 ADDIN EN.CITE 
(reviewed in Noonan & Dean, 2000; Siconolfi, Cullinane, Carleton, & Thompson, 1982)
. Heart rate and oxygen consumption (V̇O2) are recorded at multiple exercise intensities to determine the relationship between heart rate and V̇O2 for an individual. The resulting regression equation is then used to predict a participant’s V̇O2 at their age-predicted maximum heart rate (HRage-predicted max; calculated by subtracting the participant’s age from 220). Our test consisted of four 3-min stages, with exercise intensity incrementing from 35 to 80% of age-predicted maximum heart rate, after adjusting for resting heart rate (HRrest). Each participant’s target heart rate (HRtarget) for each of the four stages was calculated using the Karvonen method: HRtarget = ([HRage-predicted max - HRrest] × % intensity) + HRrest Karvonen, Kentala, & Mustala, 1957()
. Respiratory variables and heart rate data for each stage were averaged over the final minute. 

Statistical Analyses

To test our hypotheses, we first examined the relationships between physical activity, cognitive function (namely, inhibition and switching) and CBF regulation (namely, hypercapnic and hypocapnic reactivity) via bivariate Pearson correlations to identify any significant covariates and associations between the variables of interest. As no significant covariates were identified, variables of interest exhibiting significant correlations were then analyzed via separate linear regressions. To test the hypothesis that cerebrovascular function mediates the exercise-cognition relationship, we first used the results of the linear regressions to determine whether the variables of interest exhibited the required interrelationships for mediation; namely, the estimate of habitual physical activity had to significantly link to both cerebrovascular function and cognitive performance, and cerebrovascular function had to significantly link to cognitive performance. For variables meeting these criteria, we then tested for mediation using the Preacher and Hayes 2008()
 INDIRECT macro for SPSS. The macro first uses path analysis to compute unstandardized coefficients for the direct and indirect relationships between the variables in the mediation model. Then, to test whether the mediation effect is significant (i.e., whether the estimate of habitual physical activity has a significant indirect link with cognitive performance through cerebrovascular function), it uses bootstrapping (1000 re-samples). 
Results

Table 1 summarizes the results for the indices of cognitive control (inhibition and switching), cerebrovascular CO2 reactivity (hypercapnic and hypocapnic), and habitual physical activity (self-reported physical activity frequency and submaximal aerobic fitness).

Cognitive Performance

Mean RTs were calculated for correct responses with a latency within the range of 100 to 1500 ms. The expected increase in difficulty across the three tasks was reflected in the pattern of data: Pro (M = 322 ms, SD = 51 ms, %E = 0.7), Anti (M = 389 ms, SD = 67 ms, %E = 1.6) and Pro/Anti (M = 589 ms, SD = 103 ms, %E = 3.6). The RT data violated the normality assumption, thus the Wilcoxon signed-rank nonparametric test was used to confirm that RTs progressively increased across the tasks as each cognitive process was added (first inhibition, and then switching): Pro versus Anti,  Z = 6.542, p < .001, r = .624; and Anti versus Pro/Anti, Z = 6.541, p < .001, r = .624. The measures of cognitive control (inhibition and switching) did not violate the normality assumption, thus justifying the use of parametric tests.
Cerebrovascular Function
Cerebrovascular CO2 reactivity data were not recorded for seven male and five female participants, due to either refusal to undertake the test (n = 2), poor signal quality (n = 4), or unavailability of the gas mixture (n = 6), and one additional female participant did not provide hypocapnic reactivity data due to a technical error. Thus, 43 participants provided hypercapnic reactivity data and 42 participants provided hypocapnic reactivity data. No sex differences arose, and the overall mean values and variance of hypercapnic and hypocapnic reactivity are consistent with past studies 
 ADDIN EN.CITE 
(Bailey et al., 2013; Lucas et al., 2011)
.
Physical Activity Levels and Aerobic Fitness
Self-reported physical activity frequency (days/week of at least 30 minutes brisk walking or moderate activity, or at least 15 minutes vigorous activity) and aerobic fitness correlated, r(53) = .312, p = .021, accounting for 10% of the variance, confirming that participants who reported more frequent physical activity also exhibited higher fitness. Note that the NZPAQ-SF also inquires about physical activity duration (time/week); however, the focus here is on frequency only because aerobic fitness did not correlate with any duration measures—Total Physical Activity (2 × time spent on vigorous + moderate + walking), METs (8 × vigorous + 4 × moderate + 3.3 × walking), and time/week reported for any individual intensity all failed to significantly correlate with aerobic fitness—thus it is not clear that they provided valid estimates of habitual physical activity in our data set (presumably due to inaccurate reporting of physical activity duration). Independent t-tests showed that, as expected, estimated maximal oxygen uptake was higher in males than in females, t(53) = 4.206, p < .001, d = 1.155; for both sexes, the range of fitness extended from below the 5th percentile to above the 99th percentile for age and sex according to the American College of Sports Medicine guidelines Thompson, Gordon, & Pescatello, 2010()
. Regarding self-reported physical activity, no sex differences arose.

Correlation Analyses

Each significant relationship revealed by the initial correlation analyses is addressed below; note that no significant covariates were identified. Regarding cognitive switching performance, contrary to our predictions, no significant correlations arose with the estimates of habitual physical activity (aerobic fitness, r(53) = -.247, p = .069, accounting for 6% of the variance, and physical activity frequency, r(53) = -.063, p = .647, accounting for less than 1% of the variance) or with the measures of cerebrovascular function (hypercapnic reactivity, r(41) = .035, p = .823, accounting for less than 1% of the variance, and hypocapnic reactivity, r(40) = -.149, p = .347, accounting for 2% of the variance).
Regression Analyses

Table 2 summarizes the linear regression analyses.

Habitual Physical Activity and Cognitive Performance. The initial correlations revealed relationships between both physical activity frequency and aerobic fitness and the measure of inhibitory control (Anti RT minus Pro RT). Physical activity frequency explained a significant 14% of the variance in inhibitory control, t(53) = -2.952, β = -.38, p = .005. Fitness explained a significant 7% of the variance in inhibitory control, t(53) = -2.044, β = -.27, p = .046. These results indicate that more frequent physical activity and higher aerobic fitness both predicted better inhibitory control.

Habitual Physical Activity and Cerebrovascular Function. The initial correlations revealed relationships between both physical activity frequency and aerobic fitness and cerebrovascular CO2 reactivity (hypercapnic and hypocapnic). Physical activity frequency explained 9% of the variance in hypercapnic reactivity, t(41) = 2.047, β = .31, p = .047, and 13% of the variance in hypocapnic reactivity, t(40) = 2.390, β = .35, p = .022. Aerobic fitness explained a significant 9% of the variance in hypercapnic reactivity, t(41) = 2.030, β = .30, p = .049, and a marginally significant proportion of the variance in hypocapnic reactivity, R2 = .09, t(40) = 1.989, β = .30, p = .054. These results indicate that more frequent physical activity, and to some extent higher aerobic fitness, predicted better cerebrovascular CO2 reactivity.

Cerebrovascular Function and Cognitive Performance. The initial correlations indicated links between both hypercapnic and hypocapnic reactivity and the measure of inhibitory control. Hypercapnic reactivity accounted for 18% of the variance in inhibitory control, t(41) = -2.962, β = -.42, p = .005, and hypocapnic reactivity accounted for 15%, t(40) = -2.650, β = -.39, p = .011. Thus, higher hypercapnic and hypocapnic reactivity both predicted better inhibitory control.
Mediation. Based on the above regression analyses, both hypercapnic and hypocapnic reactivity could be mediators of the relationship between physical activity frequency and inhibitory control due to their significant interrelationships (i.e., physical activity frequency predicted each of the cerebrovascular measures and inhibitory control, and each of the cerebrovascular measures predicted inhibitory control). Thus, the next step was to test for mediation (i.e., whether physical activity frequency was indirectly related to inhibitory control through either of the potential cerebrovascular mediators). Regarding hypercapnic reactivity (n = 43), initial path analyses indicated possible mediation, since adjusting for hypercapnic reactivity weakened the relationship between physical activity frequency and inhibitory control (c = -5.28, p = .021, weakened to c’ = -3.70, p = .099), and bootstrapping confirmed significant mediation (i.e., physical activity frequency was indirectly related to inhibitory control through hypercapnic reactivity) with zero excluded from the bias-corrected and accelerated 95% confidence interval: [-4.68, -0.11]. Regarding hypocapnic reactivity (n = 42), initial path analyses again indicated possible mediation, since adjusting for hypocapnic reactivity weakened the relationship between physical activity frequency and inhibitory control (c = -5.04, p = .021, weakened to c’ = -3.54, p = .111), and bootstrapping confirmed significant mediation (i.e., physical activity frequency was indirectly related to inhibitory control through hypocapnic reactivity) with zero excluded from the 95% confidence interval: [-4.63, -0.06]. 
Discussion

The aim of this study was to advance current understanding of the links between habitual engagement in physical activity and cognitive function in healthy young adults. Despite the presumption of peak functioning in this population, recent evidence indicates that being aerobically fit or regularly engaging in aerobic exercise in young adulthood may benefit some aspects of cognitive control reviewed in Guiney & Machado, 2013()
 and cerebrovascular function 
 ADDIN EN.CITE 
(Bailey et al., 2013; Murrell et al., 2013)
. However, it has remained unknown whether these benefits are linked in this high-functioning population. Two main novel findings supporting links emerged from the current study. First, responsiveness of the cerebrovasculature to increases and decreases in CO2 (hypercapnic and hypocapnic reactivity) was positively linked to cognitive inhibitory control. Second, the indices of habitual physical activity, cerebrovascular function, and cognitive inhibitory control were all positively interlinked, and mediation analyses supported both hypercapnic and hypocapnic reactivity as mediators of the relationship between physical activity frequency and cognitive inhibitory control (see Table 2 and Figure 1). Taken together, these findings point toward superior CBF regulation as a pathway through which regular engagement in physical activity may bring about positive changes in cognitive functioning in healthy young adults. 

Habitual Physical Activity and Cognitive Function 

The findings that both aerobic fitness and physical activity frequency predicted better inhibition performance provides novel evidence that regular engagement in physical activity could be beneficial for cognitive inhibitory control in healthy young adults. The positive relationships between the exercise-related estimates and inhibitory control in healthy young adults are consistent with previous reports in healthy older adults 
 ADDIN EN.CITE 
(e.g., Smiley-Oyen, Lowry, Francois, Kohut, & Ekkekakis, 2008)
, who are known to exhibit age-related declines in inhibitory control e.g., Machado, Devine, & Wyatt, 2009()
. Moreover, these exercise-inhibition relationships converge well with a recent study in healthy young adults that reported evidence of better inhibitory control during a stop signal task in those who were physically active compared to less active Padilla et al., 2013()
. The current results extend this finding to a key press version of the classic antisaccade task Hallett, 1978()
 in which participants must inhibit the reflexive urge to look at a stimulus appearing suddenly in the periphery and instead move their eyes in the opposite direction—capabilities that have been linked to frontostriatal circuits 
 ADDIN EN.CITE 
(Machado & Rafal, 2004; van Koningsbruggen, Pender, Machado, & Rafal, 2009)
. Thus, despite healthy young adults being at their functional peak with regard to inhibitory control, it seems that this cognitive process may still benefit from regular engagement in physical activity.
Neither physical activity frequency nor aerobic fitness predicted switching performance, which is consistent with previous cross-sectional studies in young adults involving smaller sample sizes. For example, switching performance did not predict self-reported weekly physical activity Themanson, Hillman, & Curtin, 2006()
, nor did it differ for physically active compared to sedentary 
 ADDIN EN.CITE 
(Hillman, Kramer, Belopolsky, & Smith, 2006)
 or low versus high fit young adults 
 ADDIN EN.CITE 
(Scisco, Leynes, & Kang, 2008)
. In contrast, Kamijo and Takeda 
 ADDIN EN.CITE 
(2010)
 reported better switching performance in physically active compared to sedentary young adults; however, the switching paradigm that they used involved a predictable switch, thus the difference in performance might have reflected superior preparatory processes or working memory rather than switching abilities specifically. Reports of no significant relationship between exercise-related estimates and switching performance in healthy young adults seems to diverge from findings in healthy older adults Kramer et al., 1999()
; however, it should be noted that the paradigm utilized by Kramer et al. involved a predictable switch, thus again it is not clear whether the key function underlying performance differences pertains to preparatory processes or working memory rather than switching abilities specifically.
Habitual Physical Activity and Cerebrovascular Function 

The findings that self-reported physical activity frequency and aerobic fitness both predicted hypercapnic reactivity in healthy young adults are consistent with recent studies 
 ADDIN EN.CITE 
(Bailey et al., 2013; Murrell et al., 2013)
. A novel finding here is that self-reported physical activity frequency, and to some extent aerobic fitness, also predicted hypocapnic reactivity in healthy young adults, which has not previously been reported in the literature. Together these findings indicate that young adults who were more frequently physically active were better able to regulate blood supply to the brain (and therefore brain oxygenation and pH). The positive relationships between exercise-related estimates and cerebrovascular functioning that emerged here converge with and extend previous research showing that exercise training is directly beneficial to the vasculature in healthy humans reviewed in Green, Spence, Halliwill, Cable, & Thijssen, 2011()
, including the cerebrovasculature Murrell et al., 2013()
. 
In Murrell et al. 2013()
, 3 months of aerobic training improved hypercapnic but not hypocapnic reactivity. In light of the current results showing a significant positive relationship between hypocapnic reactivity and physical activity frequency, plus a marginally significant relationship with aerobic fitness, we suspect that the absence of a significant improvement in hypocapnic reactivity in Murrell et al. may reflect the relatively low power (10 young and 10 older adults). A similar comment can be made regarding the lack of a fitness-hypercapnic reactivity correlation in the 16 young adults in Barnes et al. 2013()
, given the evidence to date supporting positive links between fitness and hypercapnic reactivity 
 ADDIN EN.CITE 
(current study; Bailey et al., 2013; Murrell et al., 2013)
. Taken together, it seems that healthy young adults can benefit from regular engagement in physical activity in terms of CBF regulation, despite being at their functional peak.
Cerebrovascular Function and the Exercise-Cognition Relationship

A key novel finding in the current study is the significant link between CBF regulation (as indicated by hypercapnic and hypocapnic reactivity) and cognitive inhibitory control. This is the first report of such links in a healthy young adult cohort. Moreover, mediation analyses indicated that both hypercapnic and hypocapnic reactivity mediated the relationship between frequency of physical activity and cognitive inhibitory control. These novel findings are in line with research in older women that indicated cerebrovascular functioning partially mediated fitness-cognition relationships 
 ADDIN EN.CITE 
(Brown et al., 2010; see also Davenport et al., 2012)
. Our findings in young adults provide initial insight into the possibility that enhanced CBF regulation may be a key mechanism through which regular engagement in physical activity can bring about improvements in cognitive functioning, even at peak brain development. This mechanism makes sense in that improvements in the regulation of blood supply to the brain help keep it in an optimal physiological state, which could in turn improve the efficacy of higher-order cognitive networks. However, if this is the case, one might question why better CBF regulation in the current study did not predict greater efficacy of cognitive switching as well (the two cerebrovascular CO2 reactivity measures predicted inhibitory control but not switching performance). Clearly, more research is needed to elucidate whether inhibitory control is more sensitive than switching ability to CBF regulation efficacy in healthy young adults.

Limitations and Future Research

One limitation that merits discussion relates to the subtraction approach employed to generate the metrics of cognitive inhibition and switching. Although this method is established in the literature Olk & Kingstone, 2003


(e.g.,  ADDIN EN.CITE ; Themanson et al., 2006)
, it does assume pure insertion of each cognitive process (inhibition and switching), which is unlikely to be the case. However, with respect to this limitation, it should be noted that raw Anti RTs exhibited the same relationships as the cognitive inhibition metric with the indices of habitual physical activity and cerebrovascular reactivity. That is, raw Anti RTs also negatively correlated with both physical activity frequency and aerobic fitness (p < .05 in both cases), and with both hypercapnic and hypocapnic reactivity (p < .05 in both cases), thus confirming consistency with the inhibition metric, as would be expected.

Although the current study has revealed intriguing results relating higher physical activity levels to superior control of CBF and cognitive inhibition, causality cannot be established due to the cross-sectional design. In addition, it should be noted that we did not correct for multiple comparisons despite the higher risk of false positives (Type I errors), and that some of the reported relationships would not remain significant after correcting for multiple comparisons due to the large number of comparisons. According to some, corrections should not necessarily be done as they increase the risk of Type II errors e.g., Rothman, 1990()
. Although the reported relationships are fairly weak, which might be expected given the peak-functioning population, confidence in the reported results is bolstered by three main points. First, similar relationships occurred for self-reported physical activity frequency and objective aerobic fitness. Second, similar relationships occurred for hypercapnic and hypocapnic responsiveness. Third, the relationships that we reported in healthy young adults are consistent with those reported in older adult populations. 
To follow up the current correlational findings, a properly controlled intervention study is needed to confirm whether improvements in CBF regulation provide a key pathway linking physical activity levels to cognitive functioning in healthy young adults. In addition, to gain further understanding of the cerebrovascular-cognitive relationships, future research should incorporate during cognitive testing a range of imaging techniques, including functional magnetic resonance imaging, transcranial Doppler ultrasonography and near infrared spectroscopy, taking advantage of the specific strengths of the different methodologies. Through this research, an understanding of the on-line cerebrovascular-cognitive relationships can be developed.
Conclusions
The discovery of exercise-cerebrovascular-cognition links in healthy young adults provides novel insight into the brain-related benefits that may be gained with regular engagement in physical activity even in a high-functioning population. Moreover, they indicate that improved CBF regulation may be a mechanism through which habitual physical activity brings about improvements in cognitive functioning. Although more research is needed before regular physical activity engagement can be considered a key method for improving brain function at both the vascular and cognitive levels in healthy young adults, the findings reported here provide a challenge to the predominant view that physical activity habits only matter later in life. 
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Table 1 

Participant Characteristics

	Variable
	n
	M
	SD
	Range/[95% CI]

	Age (years)
	55
	21.8
	2.5
	18-30

	Body mass index (kg/m2)
	55
	23.2
	2.6
	18.2-29.5

	Beck Depression Inventory-II
	55
	6.2
	6.3
	0-25

	Pittsburgh Sleep Quality Index
	55
	4.5
	2.5
	0-13

	Cognitive control
	
	
	
	

	     Inhibition (ms)
	55
	67
	35
	[57, 76]

	     Switching (ms)
	55
	200
	73
	[180, 219]

	Cerebrovascular CO2 reactivity
	
	
	
	

	     Hypercapnic (%/mm Hg)
	43
	3.2
	0.9
	[2.9, 3.5]

	     Hypocapnic (%/mm Hg)
	42
	2.0
	0.6
	[1.8, 2.2]

	Habitual physical activity
	
	
	
	

	     PA frequency (days/wk)
	55
	4.8
	2.3
	0-7

	     V̇O2max (ml/min/kg)
	55
	42.9
	11.4
	[39.8, 46.0]


Note. V̇O2max = estimated maximal oxygen uptake (i.e., aerobic fitness); PA = physical activity.

Table 2
Summary of Linear Regression Analyses Predicting Cognitive Inhibitory Control and Cerebrovascular CO2 Reactivity
	
	Cognitive Inhibitory Control
	
	Hypercapnic Reactivity
	
	Hypocapnic Reactivity

	Predictor
	B
	SE B
	  β
	
	  B
	SE B
	 β
	
	B
	SE B
	 β

	PA Frequency
	  -5.75
	1.95
	-.38**
	
	0.12
	0.06
	.31*
	
	0.10
	0.04
	.35*

	Aerobic Fitness
	  -0.82
	0.40
	-.27*
	
	0.03
	0.01
	.30*
	
	0.02
	0.01
	.30†

	Hyper. Reactivity
	-15.87
	5.36
	-.42**
	
	
	
	
	
	
	
	

	Hypo. Reactivity
	-20.08
	7.58
	-.39*
	
	
	
	
	
	
	
	


Note. SE B = standard error of B; PA = physical activity; Hyper. = hypercapnic; Hypo. = hypocapnic.
†p < .06. *p < .05. **p < .01.
