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Not only are the effects of cardiovascular risk factors such as high blood pressure and low fitness on executive functions and brain activations in older adults scarcely investigated, no fMRI study has investigated the combined effects of multiple risk factors on brain activations in older adults. This fMRI study examined the independent and combined effects of two cardiovascular risk factors, arterial plasticity, and physical fitness, on brain activations during task-switching in older adults. The effects of these two risk factors on age-related differences in activation between older and younger adults were also examined. Independently, low physical fitness and low arterial plasticity were related to reduced suppressions of occipital brain regions. The combined effects of these two risks on occipital regions were greater than the independent effects of either risk factor. Age-related overactivations in frontal cortex were observed in low fitness older adults. Brain-behavior correlation indicates that these frontal overactivations are maladaptive to older adults’ task performance. It is possible that the resulting effects of cardiovascular risks on the aging brain, especially the maladaptive overactivations of frontal brain regions by high risk older adults, contribute to often found posterior-anterior shift in aging (PASA) brain activations. Furthermore, observed age-related differences in brain activations during task-switching can be partially attributed to individual differences in cardiovascular risks among older adults.

Keywords: cardiovascular risk factors, aging, task-switching, fMRI, age-related difference


INTRODUCTION

The normal aging process is accompanied by increased cardiovascular burden such as hardened arterial walls and high blood pressure (Safar et al., 2012; Homan and Cichowski, 2019). Most medical professionals suggest a physically active lifestyle as the most cost-effective method to reduce the negative effects of cardiovascular burden (Carpio-Rivera et al., 2016). Still, increased sedentary behavior due to physical frailty is common among the older population (Diaz et al., 2016). Behavioral studies showed that increases in these cardiovascular risks (i.e., cardiovascular burden and sedentariness) are associated with worse performance in cognitive functions already impacted by the aging process, such as executive functions (exaggerated age-related differences; Colcombe and Kramer, 2003; Gifford et al., 2013; Prakash et al., 2015; Rodrigue and Bischof, 2016). The extent to which increased cardiovascular risks exaggerate observed age-related differences in brain functions between older and younger adults has never been directly examined. Although neuroimaging studies have reported exaggerate declines in brain volumes associated with high blood pressure or high sedentariness in older adults (Raz et al., 2005; Erickson et al., 2009), the effects of such cardiovascular risk factors on brain activations during task, especially during tasks of executive functions, have not been investigated.

Two cardiovascular risk factors that are highly prevalent in older adults are decreased arterial plasticity, indicated by increases in blood pressure and pulse pressure (Dart and Kingwell, 2001; Weiss et al., 2009), and decreased physical fitness, indicated by decrease in VO2Max (Hagberg, 1987; Fitzgerald et al., 1997). Behaviorally, both decreased arterial plasticity and decreased fitness have been associated with worse executive functions in older adults (Nishtala et al., 2014; for a review, see Bherer et al., 2013). In terms of brain functions, both increase in measure of arterial plasticity (e.g., blood pressure) and decrease in measure of physical fitness (e.g., VO2Max) have been associated with reduced overall cardiovascular reactivity (Haight et al., 2015; Tsvetanov et al., 2019) and reduced cerebral blood flow (Ainslie et al., 2008; Tarumi and Zhang, 2018). Such reduction in cardiovascular reactivity and cerebral blood flow may in turn influence blood-oxygen-level-dependent (BOLD) signals from functional magnetic resonance imaging (fMRI) studies. The effects of these two risk factors, arterial plasticity and physical fitness, on fMRI brain activations (that is, the BOLD signals), after controlling for their effects on cardiovascular reactivity and cerebral blood flow, in older adults are not clearly understood. To our knowledge only one neuroimaging study has reported increases in fMRI brain activations (in the inferior parietal lobule) to be associated with high blood pressure in older adults during a task of executive functions (Flanker task; Chuang et al., 2014). There has been no study till date that has examined the effects of physical fitness on whole-brain activations in older adults using tasks of executive functions. Most importantly, no study has ever investigated the combined effects of arterial plasticity and physical fitness on brain activations during executive function tasks in older adults.

Most non-clinical studies that examined “healthy” older adults recorded participants’ intake of blood pressure medications or their amounts of daily exercise based on self-report. As a result, for any given sample of “healthy” older adults, it is highly possible to contain some older adults with high blood pressure controlled by either medication or physical exercise, or both. The effects of one factor (e.g., arterial plasticity) on executive functions and brain activations in older adults therefore cannot be completely independent of the effects of the other factor (e.g., physical fitness). Rather, it would be feasible to study the combined effects of multiple factors on older adults’ executive functions and its related brain activations. How do sedentary older adults with hardened arterial wall differ from active older adults with high arterial plasticity? The current study aimed to investigate not only the separate, but also the combined effects of the two cardiovascular risk factors on older adults’ brain activations.

The current study focuses on one key executive functions subprocess – task-switching. The ability to switch attention from one task to another, an important subprocess of executive functions (Miyake et al., 2000), plays a critical role in daily functioning. Older adults who complain about difficulties in driving or multitasking are often having problems in cognitive abilities measured by task-switching paradigms (McAlister and Schmitter-Edgecombe, 2016). Typical task-switching paradigms consist of two types of task blocks: (1) Single task blocks where participants have to perform a single task per block, and (2) Dual task blocks where participants have to perform the two tasks in the same block such that switching between the tasks is necessitated by a visual cue (e.g., a change of background color or stimuli color). These paradigms therefore yield metrics of two main types of cognitive control: a global switch cost (GSC) and a local switch cost (LSC). GSC is the reaction time (or brain activation) difference between single and dual task blocks. LSC is the reaction time (or brain activation) difference between switch trails, where task changes from previous trial, and non-switch trials, where the task remains unchanged, within Dual task blocks (Braver et al., 2003; Jimura and Braver, 2010; Kim et al., 2012; Eich et al., 2016; Nashiro et al., 2018). Neuroimaging studies on task-switching paradigms have consistently found fronto-parietal brain activations in younger adults for GSC and LSC (for meta-analyses see, Wager et al., 2004; Kim et al., 2012). In line with these results, a recent study from our lab that used the same task-switching paradigm as the current study reported five fronto-parietal brain regions that showed significant GSC activations, and a right post-central gyrus regions that showed significant LSC activation (Nashiro et al., 2018).

Age-related differences in brain activations during task-switching paradigms have been reported by multiple neuroimaging studies (Jimura and Braver, 2010; Steffener et al., 2014; Hakun et al., 2015; Berry et al., 2016; Eich et al., 2016; Nashiro et al., 2018). Older adults typically show increased activations in regions not activated by younger adults, especially in frontal and parietal brain regions. Such additionally activated regions in older adults are termed overactivations (Grady et al., 1994). For task-switching paradigms, overactivations have been associated with worse performance in older adults, suggesting the need to activate additional regions in attempt to compensate for tanking performance (Prakash et al., 2012; Eich et al., 2016; Nashiro et al., 2018). However, the effects of individual differences, such as cardiovascular risks, among older participants on these maladaptive overactivations have not been examined.

The current fMRI study aimed to investigate the effects of arterial plasticity and physical fitness, separately and in combination, on (1) the whole brain activations in older adults, and (2) task-sensitive activations in a priori regions of interests (ROIs) defined from a previous publication (Nashiro et al., 2018). The a priori ROIs were defined from an independent sample of adults through whole-brain contrasts that examined the brain activations associated with GSC and LSC during the same task-switching paradigm as used in the current study. Brain activations from these six task-sensitive ROIs (five ROIs for GSC and one ROI for LSC) did not differ between younger and older adults (Basak et al., 2018; Nashiro et al., 2018). We hypothesize that increase in one cardiovascular risk factor (i.e., low arterial plasticity or physical fitness) will not only be associated with worse performance during this executive functions task, but will also be associated with distinct patterns of brain activations. We predict that individuals with one or more risk factors will show either (1) increased overactivations in brains regions beyond the six task-sensitive ROIs, suggesting an attempt by the at-risk brain to compensate for the tanking performance, or (2) decrease in activation in the six task-sensitive ROIs, suggesting a failure to sufficiently engage task-sensitive regions by at-risk older adults when compared to younger adults and healthier older adults, or (3) both attempted compensation and decreased engagement of task-sensitive regions. We further hypothesize that these patterns of brain activations in older adults will be greatly exaggerated with the combined effects of the two risk factors, when compared to a single factor alone, thus implicating the additive effects of these risk factors on the aging brain.



MATERIALS AND METHODS


Participants Characteristics

A total of 60 older adults (Mage = 67.72, SDage = 6.87; MMoCA = 28.13, SDMoCA = 1.6) were recruited from the Dallas Fort-Worth metroplex. All participants were screened for medical, neurological, or psychiatric illnesses. Other exclusion criteria included current or previous substance abuse, less than a high school education, diabetes, left-handedness, depression (assessed by the Geriatric Depression Scale; Burke et al., 1991), psychiatric disorders, color blindness (assessed by the Ishihara Color Blindness test), and a Montreal Cognitive Assessment (MoCA) score of less than 24. All participants underwent screening in a mock scanner to ensure their MRI compatibility. Participants’ blood pressure and resting heart rate were taken twice during the hour-long screening session, once at the beginning and once toward the end. The second readings of blood pressure and resting heart rate were used in analyses. Heights and weights of participants were measured by standard scales available at the University of Texas Southwestern Medical Center. Participants signed an informed consent, approved both by the University of Texas at Dallas and the University of Texas Southwestern Medical Center Institutional Review Boards and were paid $40 for the MRI session and $15 for the screening session.

In addition, brain activations from a sample of younger adults (N = 28, Mage = 25, SDage = 3.16) published by Nashiro et al. (2018) were included as a functional control group. The younger adults were healthy and active undergraduate and graduate students attending classes at the University of Texas at Dallas. Most younger adults have body mass index (BMI) in the lean to fit range (MBMI = 21.9, Range = 16–25), with one participant’s BMI falling in the “overweight” category (BMI = 26; Weir and Jan, 2019). No whole-brain analysis was performed on this younger sample.



Assessment of Arterial Plasticity and Physical Fitness

Arterial plasticity was assessed via pulse pressure (Thorin-Trescases et al., 2018). Pulse pressure (PsP) for each participant was calculated via subtracting diastolic blood pressure from systolic blood pressure taken during the screening session. High PsP indicates low arterial plasticity. PsP is a direct measure of arterial stiffness, especially in older adults whose blood vessels tend to “harden” (i.e., reduced plasticity) due to reasons such as calcification (Blacher et al., 2000; Safar et al., 2012; Homan and Cichowski, 2019).

The “gold standard” measure for physical fitness is VO2Max, which is a measure of the maximum oxygen consumption in an individual’s body obtained during a physical exhaustion test. However, older and low-fit individuals may have conditions that prevent them from participating in the physical exhaustion test. In the current study, the metabolic equivalent (MET) of VO2Max was estimated based on the following equation (Jurca et al., 2005):
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This measure utilizes easily acquired parameters that are highly predictive of VO2Max (Jurca et al., 2005). It has been demonstrated to approximate VO2Max with good accuracy in a large sample (N > 10,000), and recently, Mailey et al. (2010) extended the validity of the MET estimate specifically to older adults, ranging in ages from 60 to 80. McAuley et al. (2011) further validated this measure for smaller sample sizes by showing that there was no significant difference between this estimated measure of MET and the gold-standard, physician-supervised, maximal exercise test in a sample of 86 older adults. Finally, in a survey of over 32,000 individuals ranging in age from 35 to 70 years, Stamatakis et al. (2013) found MET to be a good predictor of cardiovascular (and overall) mortality, comparable to associations between exercise testing cardiovascular fitness and mortality. High MET indicates high physical fitness. Table 1 reports the statistics for PsP, MET, and main demographic variables for older participants. Participants were classified in the low arterial plasticity group (N = 17) if having a PsP of 60 and above (Weiss et al., 2009), and in the high arterial plasticity group (N = 43) if having a PsP of 59 and below. Based on published normative data, healthy older adults should have a MET score over 5 (Jurca et al., 2005). For the current sample of older adults, MET ranges between 2.9 and 12.53, with most participants having METs over 5 (N = 49). Participants were characterized into the high fitness and low fitness groups based on a median split of MET = 7.4. In order to investigate the combined effects of arterial plasticity and physical fitness on brain, older adults were further separated into three groups: those with no risk factor (high arterial plasticity and fitness; N = 25), those with one risk factor (low arterial plasticity or low fitness; N = 24), and those with two risk factors (low arterial plasticity and low fitness; N = 11).


TABLE 1. Characteristics of older participants, first separated into high and low arterial plasticity groups based on PsP, then separated into high and low physical fitness groups based on MET.

[image: Table 1]Like VO2Max (Bouchard et al., 1998), the MET score is biased toward male participants. Age has traditionally been associated with cardiovascular conditions in older adults. Therefore, gender and age were controlled for in all analyses.



Analysis of Statistical Power

Our two key analyses are whole-brain contrasts between the following groups of older adults: (1) high fitness vs. low fitness, and (2) high plasticity vs. low plasticity. We, therefore, computed power analysis assuming a two sample t-test for each of these two key analyses. We selected an effect size based on a past neuroimaging study that had examined brain activation differences between high and low fit older adults during an flanker task (Colcombe et al., 2004). Given the dearth of neuroimaging studies on executive functions that have explored fitness differences in brain activations in a normal aging sample, who also have moderate fitness levels, we selected this study as it is the closest to our sample and our analysis approach, although it used a different executive function process. In the Colcombe et al. (2004) study, brain regions with significant differences in activations between high (N = 20) and low (N = 21) fit older adults had unit-normal Z scores (converted from t-statistic) ranging between 2.58 and 4.49, corresponding to the Cohen’s d effect sizes of 0.82 to 1.44. We selected a conservative estimate, that is the lowest effect size (d = 0.82), for our power calculations with a Type I error rate of 0.05 (α = 0.05) using G∗Power 3.1 package (Faul et al., 2007).

With the analysis described above, a sample size of N = 60 subjects (n = 30 for each group) guarantees a power of 93% to detect a significant difference between the high fitness and low fitness groups. For the plasticity contrast, our sample size of N = 60 [n = 43 (high plasticity); n = 17 (low plasticity)] provides a power of 88% to detect a significant difference between the groups. In addition to these primary analyses, we also conducted an additional analysis to evaluate the combined effects of cardiovascular risks (0 risk factor vs.1 risk factor vs. 2 risk factors). With this analysis, a sample size of N = 60 subjects guarantees a power of 80% to detect a main effect of group.



Task-Switching Paradigm

Description of the task is adapted from previous publications (Basak et al., 2018; Nashiro et al., 2018; Figure 1). A single digit (1–9, excluding 5) was presented in the center of the screen, on either a pink or blue background (Figure 1). There were two different tasks, indicated by the background color of the digit: (1) judging whether a number was lower or higher than five if the background was blue, and (2) judging whether a number was odd or even if the background was pink. Participants were instructed to press the left button for lower/odd and the right button for higher/even judgments. There were a total of 120 trials separated equally into four task blocks with each task block lasting 154 s. The first two blocks were single blocks (one block of low/high task and one block of odd/even task), followed by two dual blocks, in the task for each trial was selected randomly. Half of the trials in the dual-task blocks were switch trials in which the task from the preceding trial was different than that of the current trial (e.g., low/high to odd/even); the other half were non-switch trials where the same task was repeated across two consecutive trials (e.g., low/high to low/high).
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FIGURE 1. Task-switching paradigm. A hybrid block/event-related design was used, which consisted of two single blocks and two dual blocks interspersed by fixation periods. The short bars in the task blocks represent the non-switch trials, and the long bars represent the switch trials. The blue background required judgment of whether the digit shown was lower or higher than five, while the pink background required judgment of whether the digit shown was odd or even. There were three trial types as follows: single, dual non-switch, and dual switch. Two types of cognitive control processes were assessed by this paradigm: global switch cost (GSC) and local switch cost (LSC). Behaviorally, GSC was indicated by the reaction time differences between single task blocks and dual task blocks. LSC was indicated by the reaction time differences between switch and non-switch trials. In neuroimaging analyses, GSC was assessed by the brain activation differences between single and dual blocks (block-design analysis). LSC was assessed by the brain activation differences between switch and non-switch trials within dual blocks (event-related analysis). Adapted from Nashiro et al., 2018.


The paradigm measures two types of executive control functions, GSC and LSC. GSC is calculated by the reaction time difference between single task blocks and dual task blocks. LSC is calculated by the reaction time difference between switch trials and non-switch trials within the dual blocks. In fMRI analysis, GSC activation is captured by activation differences between single and dual blocks via block design analysis. LSC activation is captured by activation differences between switch and non-switch trials within dual blocks via event-related design analysis.



Scanning Procedures

Scanning was performed with a Philips Achieva 3T MR scanner (Philips Medical Systems, Andover, MA, United States). High-resolution anatomical images were acquired, using a transverse MPRAGE T1-weighted sequence with the following parameters (TR = 8.1 ms; TE = 3.7 ms; flip angle = 12°; acquisition matrix = 256 × 204; voxel size = 1 mm3; 160 slices).

Functional images were acquired using an echo-planar sequence (TR = 2000 ms; TE = 30 ms; flip angle = 70°; acquisition matrix = 64 × 64; voxel size = 3.44 × 3.44 × 4 mm; 39 axial slices). We used a hybrid blocked and event-related design (e.g., Braver et al., 2003; for a review, see Petersen and Dubis, 2012). The task consisted of alternating cycles of the task (T) and fixation (F) blocks with the following structure: F, T, F, T, F, T, F, T, F. Each fixation block was of 30 s duration, and the four task blocks were of 154 s duration each. Each task block had 30 trials in which a stimulus was presented for 3 s, within which the participant responded, followed by a fixation cross. To optimize stimulus sequence and timing the inter-trial interval (ITI) ranged from 1.5 to 5 s with a mean ITI of 2.13 s.



Imaging Data Analyses


Preprocessing

The first seven EPI volumes were dropped to allow the signal to reach steady-state magnetization. FSL 6.0 was used for fMRI data preprocessing. MELODIC (Multivariate Exploratory Linear Optimized Decomposition into Independent Components) preprocessing and FIX (FMRIB’s ICA-based Xnoiseifier) denoising were performed on individual fMRI data to remove physiological artifacts such as motion, respiration, and cerebrovascular conditions from blood oxygenation level-dependent (BOLD) signals. Within MELODIC preprocessing, high-pass temporal filtering was set to 380 s for block design analysis and 100 s for event-related design analysis. Linear registration was performed between the functional and structural images using affine boundary-based registration (Greve and Fischl, 2009). The structural images were normalized to the study-specific template, created from all included older participants, by linear registration (FLIRT tools from FSL; Jenkinson and Smith, 2001; Jenkinson et al., 2002). After MELODIC preprocessing, resulting independent components were manually classified as “noise” and “signal” based on location of significant clusters, power spectrum and time series of each component (Kelly et al., 2010). After manual classification, components identified as 100% noise-related were removed from preprocessed data using the FIX. Resulting data cleaned of physiological artifacts were spatially smoothed with a 4 mm full-width at half-maximum (FWHM) Gaussian kernel.



General Linear Modeling (GLM). Whole-Brain GLM Fittings Were Conducted Using FSL FEAT 6.00


Block design analyses

For each run in every participant, stimulus-dependent changes in BOLD signal were modeled with two regressors (i.e., single and dual blocks). The fixation blocks were modeled as the baseline level of activity and therefore, were not included as a regressor. The regressors were convolved with a gamma hemodynamic response function, including the six head movement parameters as confounds. Temporal filtering was applied. For the first-individual level analyses, the amplitude of the hemodynamic response was estimated to calculate GSC (dual blocks > single blocks). The resulting images were then entered into the group analyses to obtain an average across all participants.



Event-related analyses

For each run in every participant, stimulus-dependent changes in BOLD signal were modeled with four regressors: (1) single, (2) non-switch, (3) switch, and (4) error trials. The regressors were convolved with a gamma hemodynamic response function, including the six head movement parameters as confounds. Temporal filtering was applied, and temporal derivatives of each of the regressors were also included. LSC regions were determined by the difference between switch trials (SW) and non-switch trials (NS) and were represented by the SW > NS contrast. The resulting images were then entered into the group analyses to obtain an average across all participants.



fMRI Group Analyses

To control for confounding effects of cardiovascular conditions on BOLD signals, a residual variance value was calculated for each participant as a proxy for BOLD signal variability, which has been suggested by recent studies as associated with systematic differences in cerebral vascular reactivity in older adults (Liu et al., 2013; Tsvetanov et al., 2015). For each participant, a residual variance image was created from GLM fitting detailed in section “General Linear Modeling (GLM). Whole-Brain GLM Fittings Were Conducted Using FSL FEAT 6.00.” In addition, volume parcelation (FAST, Zhang et al., 2001) was conducted for each participant to create partial gray matter volume masks. The residual variance value was calculated by first registering the residual variance image onto partial gray matter masks for each participant. Then the residual variance values from each voxel were averaged across space to acquire a single estimate of BOLD signal variability within gray matter, which was entered as an individual regressor in group analyses. In addition, individual age and gender were included as covariates in group analyses.

Whole-brain contrasts were conducted between older adults in (1) high arterial plasticity and low arterial plasticity groups, (2) high fitness and low fitness groups, and (3) 0 risk factor (high arterial plasticity and high fitness) and 2 risk factors (low arterial plasticity and low fitness). Analyses were conducted for both GSC (block design) and LSC (event-related design). Z (Gaussianised T/F) statistic images were thresholded at the whole-brain level using the clusters thresholding option in FEAT at z > 2.58. The voxels that passed the threshold were combined into clusters. Random field theory (RFT) was then used to give the p-value of obtaining a cluster of voxels given the set spatial smoothness and the z threshold used. These p-values were thresholded at a p = 0.01 to obtain “significant” clusters.

Mean% signal changes from significant clusters identified by whole-brain group contrasts were extracted from both older adults and younger adults and plotted for visual inspection of activation patterns. Independent sample T-test between mean% signal changes from younger adults and mean% signal changes from older adults groups (high and low arterial plasticity; high and low fitness) were conducted to assess age-related differences in arterial plasticity-sensitive and fitness-sensitive clusters.

For clusters defined as showing combined effects of the two risk factors (0 factors vs. two factors), mean% signal changes from the 1-risk factor group (high risk or low fitness alone) were also extracted and compared to both 0- and 2-risk factors groups to assess if combined effects of low arterial plasticity and low physical fitness on brain activations were greater than separate effect of arterial plasticity or fitness alone on brain activations.

Brain-behavior prediction analyses were conducted in older adults to examine whether activations from these regions were predictive of task performance. GSC RT (dual RT- single RT) and LSC RT (switch RT – non-switch RT) were included as dependent variables in brain-behavior prediction analyses. Only significant brain-behavior relationships were presented in the results sections.



Effects of Arterial Plasticity and Physical Fitness on a priori Task-Sensitive ROIs

A priori task-sensitive ROIs were defined by the previous publication (Nashiro et al., 2018; Table 2). These ROIs were defined in an independent sample of younger and older adults via whole-brain contrast examining general activation patterns during GSC and LSC while controlling for age. Brain activations from these ROIs were age invariant. Any age-related difference in brain activations found in the current sample therefore could be largely attributed to individual differences in cardiovascular risks among current participants, particularly the older participants.


TABLE 2. Task-sensitive a priori ROIs defined by Nashiro et al. (2018).

[image: Table 2]Mean% signal changes during single and dual blocks were extracted from the five ROIs activated for GSC. Mean% signal changes during switch and non-switch trials were extracted from the one ROI activated for LSC. Repeated measures ANCOVA on mean% signal change with conditions (GSC: single and dual; LSC: switch and non-switch) as within-subject variables and groups (high vs. low arterial plasticity; high vs. low fitness) as between-subject variables were conducted for all cognitive control ROIs, after controlling for age, gender, and BOLD signal variability. Combined effects of arterial plasticity and fitness on cognitive control ROIs were examined by comparing mean% signal changes among the three risk factors groups (2 factors vs. 1 factor vs. 0 factor).



RESULTS


Effects of Arterial Plasticity and Physical Fitness on Older Adults Reaction Times During Task

Regression analyses with age, and sex entered as covariate found that MET was significantly predictive of lower GSC reaction time (β = −0.37, p = 0.04), suggesting that high fitness in older adults was associated with better dual task maintenance. MET was not predictive of LSC reaction time (β = 0.14, p = 0.47). PsP was neither predictive of GSC reaction time (β = −0.14, p = 0.29), nor predictive of LSC (β = 0.09, p = 0.52) in older adults. For behavioral performance in each older adults groups, see Supplementary Table 1.



Brain Activations Differences Between Older Adults With High Versus Low Arterial Plasticity

A cluster around bilateral lingual gyrus (Table 3) was identified by the contrast between high arterial plasticity (N = 43) and low arterial plasticity (N = 17) older adults for GSC (Dual mean% signal change -Single mean% signal change). Mean% signal changes from younger controls (N = 28) were also extracted to assess age-related differences in this arterial plasticity-sensitive region. Visual inspection of mean% signal changes from this region found that this region was in fact, suppressed by older adults, as well as by younger controls (Figure 2A) during both single and dual tasks. Low arterial plasticity older adults (N = 17) were found to have reduced suppression of this region for the GSC contrast (Dual mean% signal change – Single mean% signal change) compared to the younger controls [t(44) = 2.9, p < 0.01, 95% CI = 0.03 – 0.18]. High arterial plasticity older adults (N = 43), however, did not significantly differ in the suppression of this region when compared to the younger controls [t(68) = 1.9, p = 0.8, 95% CI = −0.09 – 0.07]. Brain-behavior association analysis did not find a significant association between suppressions in this region and task performance in older adults.


TABLE 3. Brain regions showing significant activation differences in whole-brain group contrasts.
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FIGURE 2. Results from fMRI whole-brain contrasts in older adults. (A) Bilateral lingual gyrus identified from the Low > High arterial plasticity contrast in older adults. Younger adults’ data were plotted to show that younger adults were also suppressing this region during GSC. (B) The right occipital pole and the left IFG identified from the Low > High physical fitness contrast in older adults. Younger adults’ data were plotted to show that activation patterns in younger adults were similar to those in high fitness older adults. Scatter plot presented residuals from the regression analysis that showed overactivation in left IFG significantly predicted longer GSC reaction time in older adults after controlling for gender, age, and BOLD signal variability. (C) Bilateral lingual gyrus (above in red) and left IFG (below) identified from the 0 > 2 risk factors contrast. The small lingual gyrus cluster identified by contrasting 11 older adults with 0 risk factor and 11 older adults with 2 risk factors was presented in blue (above). ∗ indicates significant difference at alpha level of 0.05. Error bars represent standard errors of means. Number of participants in each group are noted underneath group name.




Brain Activations Differences Between Older Adults With High Versus Low Physical Fitness

Increased GSC activations were identified in the right occipital pole, and the left inferior frontal gyrus (IFG) in low fitness older adults (N = 30) compared to high fitness older adults (N = 30; Table 3). For the right occipital pole, visual inspection of mean% signal changes from this region found that this region was suppressed more during dual tasks when compared to single tasks by both high fitness older and younger adults, with low fitness older adults showing nearly no differential suppression between dual and single tasks (Figure 2B). Low fitness older adults had significantly less suppression of this region for the GSC contrast (Dual mean% signal change – Single mean% signal change) compared to the younger controls [t(56) = −1.9, p = 0.05, 95% CI = 0.004 – 0.16]. High fitness older adults, however, did not significantly differ in suppressing this region for GSC compared to the younger controls [t(56) = 1.5, p = 0.1, 95% CI = −0.03 – 0.14]. Brain-behavior association analysis did not find a significant association between the differential suppressions in this region and task performance in older adults.

For the left IFG, low fitness older adults were activating this region during dual blocks but not during single blocks (Figure 2B). Given that this region was activated only in older adults, it was a region for overactivation. More specifically, overactivations of left IFG during the dual blocks were significantly higher for low fitness older adults when compared to the younger controls [t(56) = −2.45, p = 0.02, 95% CI = −0.19 – −0.02]. However, there was no difference in overaction of this region during dual blocks between high fitness older adults and the younger controls [t(56) = −1.6, p = 0.8, 95% CI = −0.17 – 0.19], suggesting that overactivation in this region during dual tasking could be attributed to low physical fitness in older adults.

Brain-behavior association analysis between GSC RT (Dual RT- Single RT) and mean% signal change of left IFG in the GSC contrast (Dual mean% signal changes – Single mean% signal changes) was conducted on their residuals, after controlling for age, gender, and BOLD signal variability. The results from this regression analysis showed that overactivations in older adults were significantly associated with longer GSC RT (R2 = 0.18, β = 0.27, p = 0.04; Figure 2B), that is, with worse task performance.



Combined Effects of Arterial Plasticity and Physical Fitness on Older Adults Brain Activations

Contrasting between older adults with 0 risk factor (N = 25) and older adults with 2 risk factors (N = 11) resulted in two significant clusters in block design analysis (GSC contrast; Table 3 and Figure 2C), a bilateral lingual gyrus cluster that resembled the region defined in section “Brain Activations Differences Between Older Adults With High Versus Low Arterial Plasticity” (Low > High arterial plasticity), and a left IFG cluster that resembled the region defined in section “Brain Activations Differences Between Older Adults With High Versus Low Physical Fitness” (Low > High fitness). Since there were only 11 participants in the 2 risk factors group, a sub-analysis with these 11 high risk older adults and 11 age-matched older adults from the 0 risk factor group was conducted. Whole-brain contrast between 11 older adults with 0 risk factors and older adults with 2 risk factors (N = 11) identified a smaller, overlapping cluster of activation within the bilateral lingual gyrus (Figure 2C).

For bilateral lingual gyrus, an ANCOVA with 3 Groups (2 factors vs. 1 factor vs. 0 factor) as the fixed factor, and GSC suppression (Dual mean% signal change – Single mean% signal change) as dependent variable, after controlling for age, gender and BOLD signal variability, found a significant main effect of Group [F(2,57) = 4.88, p = 0.01, ηp2 = 0.15]. Most importantly, a post hoc pairwise comparison showed that the 0 risk factor group had significantly larger GSC suppression compared to not only the 2 risk factors group (Mdifference = −0.18, p < 0.01, 95% CI = −0.33 – −0.04), but also to the 1 risk factor group (Mdifference = −0.1, p = 0.04, 95% CI = −0.23 – −0.02). There was no significant difference between the 0 risk and 1 risk factor group in GSC suppression (Mdifference = 0.08, p = 0.14, 95% CI = −0.05 – 0.22). Such result from the 1 risk factor group suggests that the combined effects of low arterial plasticity and low fitness on suppression in the lingual gyrus were greater than the separate effects of arterial plasticity or fitness alone.

For the left IFG, an ANCOVA with dual block activations as the dependent variable and 3 groups (2 factors vs. 1 factor vs. 0 factor) as the fixed factor, after controlling for age, gender and BOLD signal variability, showed a significant main effect of Group [F(2,57) = 3.48, p = 0.04, ηp2 = 0.11]. Post hoc pairwise comparison showed that the dual activation in the 1 risk factor health group was significantly different from the 0 risk factor group (Mdifference = 0.06, p = 0.04, 95% CI = 0.001 – 0.14), but not from the 2 risk factor group (Mdifference = −0.02, p = 0.6, 95% CI = −0.24 – 0.13). Such result from the 1 risk factor group suggests that the combined effects of low arterial plasticity and low fitness on overactivation in the left IFG was not larger than the separate effects of arterial plasticity or fitness alone.



Effects of Arterial Plasticity and Physical Fitness on a priori Task-Sensitive ROIs

In a recent publication (Nashiro et al., 2018), we have identified six task-sensitive ROIs, where activations sensitive to both GSC and LSC were observed (Table 2, Supplementary Figure 1, and Figure 3). Five fronto-parietal ROIs were identified for GSC, and the right post-central gyrus was identified for LSC. Activations from these ROIs were significantly associated with GSC and LSC reaction times in younger adults, suggesting these regions were indeed cognitive control regions needed to successfully perform the task. In addition, activations from these regions did not differ between older and younger adults. In subsequent analyses, we are investigating the effects of arterial plasticity and physical fitness on activations from these task-sensitive ROIs in the current sample of older and younger adults. In particular, if significant age-related difference was observed in the current analyses, such differences could then be largely attributed to cardiovascular risks in the older adults sample.


[image: image]

FIGURE 3. A priori LSC ROI defined from literature (Nashiro et al., 2018). Older adults with high arterial plasticity showed significant LSC activations (differences between switch and non-switch trials) in the right post-central gyrus, like that from younger adults. Older adults with low arterial plasticity failed to show LSC activations in this region. When older adults were separated into high and low fitness groups, high fitness older adults also showed increased LSC activations compared to low fitness older adults. In addition, older adults with low arterial plasticity and low fitness (2 risk factors) showed the least LSC activations in this region. *Indicates significant difference at alpha level of 0.05. Error bars represent standard errors of means. NS, Non-Switch trials. SW, Switch trials. Number of participants in each group are noted underneath group name.



Effects of Arterial Plasticity on a priori Task-Sensitive ROIs

A repeated measures ANOVA was conducted, with Plasticity (high vs. low arterial plasticity; 43 vs. 17) as a between-subject variable and Condition (single vs. dual) as a within-subject variable, on mean% signal changes averaged across the five GSC regions (Table 2 and Supplementary Figure 1), after controlling for age, gender and BOLD signal variability (see Supplementary Table 2 for results in each ROI separately). We found no significant main effects of Plasticity [F(1,57) = 0.17, p = 0.68, ηp2 = 0.01], and no significant Plasticity by Condition interaction [F(1,57) = 1.83, p = 0.18, ηp2 = 0.03].

A repeated measures ANOVA was conducted, with Plasticity (high vs. low arterial plasticity) as a between-subject variable and Condition (switch vs. non-switch trials) as a within-subject variable, on mean% signal changes in the LSC region (right post-central gyrus; Table 2 and Figure 3), after controlling for age, gender and BOLD signal variability. We did not find any significant main effect of Plasticity [F(1,57) = 0.6, p = 0.43, ηp2 = 0.01], but a significant Plasticity by Condition interaction was observed [F(1,57) = 8.32, p < 0.01, ηp2 = 0.11], such that high arterial plasticity older adults showed increased LSC activation differences (switch mean% signal change – non-switch mean% signal change) compared to low arterial plasticity older adults (Figure 3). Mean% signal change between switch and non-switch trials were extracted for the LSC region (right post-central gyrus) from younger controls, to assess age-related differences in LSC activations. An ANOVA with Age-groups (low arterial plasticity, high arterial plasticity, younger controls) as a fixed factor and LSC activation as the dependent variable found a significant effect of Age-group [F(2,86) = 4.36, p = 0.02, ηp2 = 0.09]. Post hoc pairwise comparisons with Sidak correction resulted in a significant difference in LSC activation between low arterial plasticity older adults and younger adults (Mdifference = −0.13, p = 0.02, 95% CI = − 0.25 – −0.02), but not between high arterial plasticity older adults and younger adults (Mdifference = 0.01, p = 0.8), 95% CI = −0.8 – 0.1).



Effects of Physical Fitness on a priori Task-Sensitive ROIs

A repeated measures ANCOVA, with Fitness (high vs. low fitness; 30 vs. 30) as a between-subject variable and Conditions (single vs. dual block) as a within-subject variable, on averaged mean% signal changes across the five GSC regions (Supplementary Figure 1), after controlling for age, gender and BOLD signal variability, showed neither any significant main effect of Fitness [F(1,57) = 0.01, p = 0.92, ηp2 = 0.005], nor any significant interaction between Fitness and Condition [F(1,57) = 1.64, p = 0.2, ηp2 = 0.008].

A repeated measures ANOVA was conducted, with Fitness (high vs. low fitness; 30 vs. 30) as a between-subject variable and Condition (switch vs. non-switch trials) as a within-subject variable, on mean% signal changes in the LSC region, after controlling for age, gender, and BOLD signal variability. There was no significant main effect of Fitness [F(1,57) = 0.56, p = 0.46, ηp2 = 0.01] nor was there any significant interaction between Fitness and Condition [F(1,57) = 2.55, p = 0.12, ηp2 = 0.04]. Mean% signal change from switch and non-switch trials of the LSC region (right post-central gyrus) were extracted from the younger controls, to assess age-related differences in LSC activations. An ANOVA with Age-group (low fitness, high fitness, younger controls) as a fixed factor and LSC activation differences as the dependent variable did not find a significant main effect of Age-group [F(2,86) = 0.98, p = 0.38, ηp2 = 0.02; Figure 3].



The Combined Effects of Arterial Plasticity and Physical Fitness on the LSC ROI

A repeated ANCOVA with Group (2 factors, 1 factor, and 0 factor) as a between-subject variable and Condition (switch vs. non-switch) as a within-subject variable on mean% signal change from the LSC region, after controlling for age, gender and BOLD signal variability, showed a significant Group by Condition interaction [F(2,56) = 3.23, p = 0.04; ηp2 = 0.1]. Post hoc pairwise comparisons with Sidak correction showed that older adults in the 2 factors group showed significantly reduced LSC activation difference in the right post-central gyrus compared to those in the 0 factor group (Mdifference = −0.17, p = 0.01, 95% CI = −0.30 – −0.04). There was however no significant difference in LSC activation differences between 1 factor older adults and 0 factor older adults (Mdifference = −0.08, p = 0.17, 95% CI = −0.02 – 0.23), as well as between 1 factor older adults and 2 factors older adults (Mdifference = 0.09, p = 0.13, 95% CI = −0.03 – 0.19; Figure 3).



Ancillary Whole-Brain Regression Analyses With Arterial Plasticity and Fitness as Predictors of Brain Activations in Older Adults

Since both PsP and MET are continuous variables, additional whole-brain regression analyses were conducted in older adults to examine brain activations directly correlated with these risk factors. Results from whole-brain regression analysis using PsP as a predictor of brain activations in older adults are very similar to results from group contrast analysis presented in section “Brain Activations Differences Between Older Adults With High Versus Low Arterial Plasticity” (see Supplementary Material for detail). Using MET as a predictor did not yield significant cluster.



DISCUSSION

In sum, the current results show that low arterial plasticity and low physical fitness were separately associated with altered brain activation patterns in older adults. In particular, low arterial plasticity and low physical fitness were separately associated with reduced suppression in the lingual gyrus, while low physical fitness was also associated with maladaptive overactivation in the left IFG. Such results support our first hypothesis that high cardiovascular risks would be associated with attempted compensation in older adults in brain regions beyond task-sensitive ROIs. Results from task-sensitive ROIs, specifically from the LSC ROI, support our second hypothesis that older adults with low plasticity, or 2 risk factors, failed to activate this region in response to task demand. In addition, combination of low arterial plasticity and low physical fitness in older adults had larger effects on efficiently suppressing the lingual gyrus during GSC than separate effects of either factor alone. With the younger functional control data, we were also able to show that older adults with either low arterial plasticity, low fitness or two risk factors had exaggerated age-related differences in brain activations across all examined brain regions.

The effects of the two cardiovascular risk factors were observed in reduced suppression of activity in lingual gyrus/occipital pole regions (both low arterial plasticity and low fitness) and in overactivations of the left IFG (low fitness) during GSC. In cognitive control tasks, such as Flanker and Stroop, successful suppression of activity in the lingual gyrus, a visual brain region, has been related with better task performance in older adults (Gazzaley and D’esposito, 2007). However, in the current study the reduced suppression of lingual gyrus activity was not related to task performance in older adults, suggesting that it could be involved in just the visual cue processing (e.g., responding to the changing background color cues while switching during the dual blocks), but not in cognitive control (e.g., GSC).

The left IFG has been suggested by past meta-analyses as an important region for conflict resolution in younger adults during inhibition tasks, such as the Flanker task (Nee et al., 2007), as well as an important region for inner speech (verbalization) process (Liakakis et al., 2011). It is possible that the current task elicited additional cognitive demands, such as conflict resolution and the need to verbalize task conditions, in low fitness older adults. Therefore, overactivation in the left IFG represented “attempted” compensation in low fitness older adults (Cabeza and Dennis, 2012). The current results suggest that impairments in task-switching in older adults with high cardiovascular risks may need to use additional neural strategy to compensate for tanking performance. Nevertheless, such attempted compensation strategy was not effective in boosting performance, evidenced by negative correlation between IFG overactivation and task performance in older adults.

Furthermore, brain activations associated with cardiovascular risks in anterior and posterior regions observed in the current study coincide with the posterior-anterior shifts in aging (PASA)—reduced activities in posterior, sensory processing, brain regions alongside increases in activities in anterior, cognitive control, brain regions in older adults (Davis et al., 2008). It has been suggested that the anterior brain regions were recruited to compensate for functional degradation in the posterior brain regions (Reuter-Lorenz and Cappell, 2008; Reuter-Lorenz and Park, 2014). Since posterior brain regions are important for sensory input, PASA also suggests an increased demand for top-down regulation to regulate sensory inputs older adults (Pfeifer et al., 2019). Although in the current study the reduced suppression in lingual gyrus was not correlated with cognitive control performance, the overactivation in the left IFG was significantly correlated with GSC reaction time in older adults. The maladaptive overactivation in a cognitive control frontal brain region (e.g., IFG), coupled with reduced suppression of visual processing region (e.g., lingual gyrus), therefore, suggests that cardiovascular risks among older adults might contribute to PASA, especially to the increased anterior brain region activation.

Combined effects of the two cardiovascular risk factors were observed in two brain clusters, one resembling an arterial plasticity-sensitive region (bilateral lingual gyrus) and another resembling a fitness-sensitive region (left IFG). The effects of having two risk factors was greater than having one factor alone in the bilateral lingual gyrus. The greater combined effects of 2 risk factors than 1 risk factor on activations of the bilateral lingual gyrus could be due to the underlying blood supply to the region. A postmortem dissection study reported more arterial wall thickening and less elasticity in posterior brain arteries than in anterior brain arteries in older adults (Roth et al., 2017). Recent imaging studies have reported altered regional cerebral blood flow, especially in posterior brain regions, in healthy older adults (Jefferson et al., 2018; Suri et al., 2019). Such pathological differences in blood vessels and cerebral blood flow could result in differential fMRI BOLD signals between anterior and posterior brain regions (Kastrup et al., 1999). Although we have employed MELODIC cleaning of vascular artifacts from BOLD signals and have controlled for BOLD signal variability, it was still possible that posterior regions were more sensitive to differences in cardiovascular risks than anterior regions. However, future studies should examine effects of different cardiovascular risk factors on more brain regions to test such possibility.

In addition to examining effects of cardiovascular risk factors on older adults’ brain activation patterns, the current study investigated effects of risk factors on age-related differences in brain activations during task-switching. From our previous publication, age-invariant, task-sensitive brain activation were defined for cognitive controls (GSC and LSC) in multiple ROIs using the same paradigm (Basak et al., 2018; Nashiro et al., 2018). The current results show that in the LSC ROI (right post-central gyrus) where younger adults and low risk older adults had significant LSC activation difference (between switch and non-switch activations), older adults with high cardiovascular risk failed to show any LSC activation difference. Such results show that in the right post-central gyrus, where age-related difference in cognitive control (LSC) activation was absent in previous publication, high cardiovascular risk in older adults in the current sample led to significant age-related activation difference. Similar results were also observed in arterial plasticity and fitness sensitive regions (i.e., lingual gyrus and left IFG), where older adults with high cardiovascular risk (low arterial plasticity or low fitness) consistently showed larger difference in activation (or suppression) than low risk older adults when compared to younger controls. The current results suggest that some age-related differences in brain activations during task-switching reported by past neuroimaging studies could be potentially attributed to individual differences in cardiovascular risks among older participants.

For the task-sensitive LSC ROI, when older adults were separated based on the number of risk factors they carry, results showed that only older adults with 2 risk factors were not able to show any LSC activation difference. This result, together with results from whole-brain analysis examining combined effects of the two risk factors in older adults, emphasized the importance of maintaining good cardiovascular health, and in turn healthy brain functioning in anterior brain regions, in older adults.

For the current study, a proxy measure of physical fitness was used instead of subjecting frail older adults to an exercise test. Such approach allowed us to collect cardiovascular measures on a large number of older adults, some of whom may refuse or be unable to complete an exercise test to obtain individual VO2Max. With this proxy measure of VO2Max the current study was able to show significant differences in brain activations between older adults with high and low physical fitness. Future studies could therefore consider applying such easily accessible data collection methods to avoid potential selection bias in older participants.

Even with the simple methods, the current study still had a relatively small sample of high risk older adults, thus resulting in unequal groups when categorizing older adults into different sub-groups. In particular, there were only 11 participants with 2 risk factors. An additional whole-brain analysis contrasting these 11 participants with age-matched participants from the 0-risk factor group found a small, but importantly, overlapping cluster with the lingual gyrus region, suggesting the robustness of the results even in small samples. Related to small sample size of high risk older adults, in older adults with 1 risk factor only there were only six older adults with low arterial plasticity and high fitness. Such small number made it impossible to directly compare the separate effects of arterial plasticity and fitness within the 1 risk factor group thereby assessing which of the two factors are more important in affecting brain activations in older adults. Although we utilized targeted recruitment strategies to reach more high risk older adults, many of them could not participate in the current study because they are ineligible for MRI scans (e.g., using pacemaker). The current, relatively healthy, sample of older adults might have contributed to the limited brain regions with significant effects of cardiovascular risks on activations. However, our were still able to identify brain region where activations were sensitive to the limited range of cardiovascular risk in the current sample of older adults. It is likely that effects of cardiovascular risk factors on older adults with severe hypertension or on obese older adults would be greatly exaggerated compared to those reported by the current study.



CONCLUSION

In sum, the current study showed significant effects of two important cardiovascular risk factors, arterial plasticity and physical fitness, on brain activations during task-switching in older adults using easily accessible measures. Older adults with high cardiovascular risks showed maladaptive overactivation in a frontal cognitive control region. Such anterior brain region overactivation might contribute to the PASA model of aging brains. The combined effects of two risk factors were greater than the effects of either factor alone on suppression of posterior visual regions. Most importantly, older adults with high cardiovascular risk showed exaggerated age-related differences in brain activations than those with low cardiovascular risk. Such finding is critical for future aging neuroimage researchers to consider when recruiting older participants, as individual differences in cardiovascular risks among older participants could potentially bias age-related differences in brain activations.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The study received IRB approval from University of Texas South Western Medical Center IRB board as well. Participants signed consent forms from both UT Dallas and UT south western.



AUTHOR CONTRIBUTIONS

SQ analyzed the data, interpreted the data, and drafted the manuscript for intellectual content. CB designed and conceptualized the study, revised the manuscript for intellectual content. Both authors contributed to the article and approved the submitted version.



FUNDING

This research was supported by a grant from National Institutes of Health (titled “Strategic Training to Optimize Neurocognitive Functions in Older Adults” under award number R56AG060052) and a grant from Advanced Imaging research Center at UT Southwestern Medical Center to CB. This research was partially supported by a Post Graduate Scholarship from the National Science and Engineer Council to SQ.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnhum.2020.561877/full#supplementary-material



REFERENCES

Ainslie, P. N., Cotter, J. D., George, K. P., Lucas, S., Murrell, C., Shave, R., et al. (2008). Elevation in cerebral blood flow velocity with aerobic fitness throughout healthy human ageing. J. Physiol. 586, 4005–4010. doi: 10.1113/jphysiol.2008.158279

Basak, C., Qin, S., Nashiro, K., and O’Connell, M. A. (2018). Functional magnetic neuroimaging data on age-related differences in task switching accuracy and reverse brain-behavior relationships. Data Brief. 19, 997–1007. doi: 10.1016/j.dib.2018.05.059

Berry, A. S., Shah, V. D., Baker, S. L., Vogel, J. W., O’Neil, J. P., Janabi, M., et al. (2016). Aging affects dopaminergic neural mechanisms of cognitive flexibility. J. Neurosci. 36, 12559–12569. doi: 10.1523/JNEUROSCI.0626-16.2016

Bherer, L., Erickson, K. I., and Liu-Ambrose, T. (2013). A review of the effects of physical activity and exercise on cognitive and brain functions in older adults. J. Aging Res. 2013, 657508. doi: 10.1155/2013/657508

Blacher, J., Staessen, J. A., Girerd, X., Gasowski, J., Thijs, L., Liu, L., et al. (2000). Pulse Pressure Not Mean Pressure Determines Cardiovascular Risk in Older Hypertensive Patients. Arch. Intern. Med. 160:1085. doi: 10.1001/archinte.160.8.1085

Bouchard, C., Daw, E. W., Rice, T., Pérusse, L., Gagnon, J., Province, M. A., et al. (1998). Familial resemblance for VO2max in the sedentary state: the HERITAGE family study. Med. Sci. Sports Exerc. 30, 252–258. doi: 10.1097/00005768-199802000-00013

Braver, T. S., Reynolds, J. R., and Donaldson, D. I. (2003). Neural Mechanisms of Transient and Sustained Cognitive Control during Task Switching. Neuron 39, 713–726. doi: 10.1016/S0896-6273(03)00466-5

Burke, W. J., Roccaforte, W. H., and Wengel, S. P. (1991). The short form of the Geriatric Depression Scale: a comparison with the 30-item form. J. Geriatr. Psychiatry Neurol. 4, 173–178. doi: 10.1177/089198879100400310

Cabeza, R., and Dennis, N. A. (2012). “Frontal lobes and aging: deterioration and compensation,” in Principles Frontal Lobe Function, eds D. T. Stuss and R. T. Knight (Oxford: Oxford University Press), 628–652. doi: 10.1093/acprof:oso/9780195134971.001.0001

Carpio-Rivera, E., Moncada-Jiménez, J., Salazar-Rojas, W., and Solera-Herrera, A. (2016). Acute effects of exercise on blood pressure: a meta-analytic investigation. Arq. Bras. Cardiol. 106, 422–433. doi: 10.5935/abc.20160064

Chuang, Y.-F., Eldreth, D., Erickson, K. I, Varma, V., Harris, G., Fried, L. P., et al. (2014). Cardiovascular risks and brain function: a functional magnetic resonance imaging study of executive function in older adults. Neurobiol. Aging 35, 1396–1403. doi: 10.1016/j.neurobiolaging.2013.12.008

Colcombe, S., and Kramer, A. F. (2003). Fitness Effects on the Cognitive Function of Older Adults. Psychol. Sci. 14, 125–130. doi: 10.1111/1467-9280.t01-1-01430

Colcombe, S., Kramer, A. F., Erickson, K. I., Scalf, P., McAuley, E., Cohen, N. J., et al. (2004). Cardiovascular fitness, cortical plasticity, and aging. Proc. Natl. Acad. Sci. U.S.A. 101, 33162–3321. doi: 10.1073/pnas.0400266101

Dart, A. M., and Kingwell, B. A. (2001). Pulse pressure—a review of mechanisms and clinical relevance. J. Am. Coll. Cardiol. 37, 975–984. doi: 10.1016/S0735-1097(01)01108-1

Davis, S. W., Dennis, N. A., Daselaar, S. M., Fleck, M. S., and Cabeza, R. (2008). Que PASA? The Posterior-Anterior Shift in Aging. Cereb. Cortex 18, 1201–1209. doi: 10.1093/cercor/bhm155

Diaz, K. M., Howard, V. J., Hutto, B., Colabianchi, N., Vena, J. E., Blair, S. N., et al. (2016). Patterns of sedentary behavior in US middle-age and older adults: the REGARDS Study. Med. Sci. Sports Exerc. 48, 430–438. doi: 10.1249/MSS.0000000000000792

Eich, T. S., Parker, D., Liu, D., Oh, H., Razlighi, Q., Gazes, Y., et al. (2016). Functional brain and age-related changes associated with congruency in task switching. Neuropsychologia 91, 211–221. doi: 10.1016/J.NEUROPSYCHOLOGIA.2016.08.009

Erickson, K. I, Prakash, R. S., Voss, M. W., Chaddock, L., Hu, L., Morris, K. S., et al. (2009). Aerobic fitness is associated with hippocampal volume in elderly humans. Hippocampus 19, 1030–1039. doi: 10.1002/hipo.20547

Faul, F., Erdfelder, E., Lang, A. G., and Buchner, A. (2007). “G∗Power 3: a flexible statistical power analysis program for the social, behavioral, and biomedical sciences,” in Behavior Research Methods, Vol. 39, Ed. M. Brysbaert (Madison: Psychonomic Society Inc), 175–191. doi: 10.3758/BF03193146

Fitzgerald, M. D., Tanaka, H., Tran, Z. V., and Seals, D. R. (1997). Age-related declines in maximal aerobic capacity in regularly exercising vs. sedentary women: a meta-analysis. J. Appl. Physiol. 83, 160–165. doi: 10.1152/jappl.1997.83.1.160

Gazzaley, A., and D’esposito, M. (2007). “Top-down modulation and normal aging,” in Annals of the New York Academy of Sciences, Vol. 1097, Ed. D. Braaten (Hoboken, NJ: Wiley), 67–83. doi: 10.1196/annals.1379.010

Gifford, K. A., Badaracco, M., Liu, D., Tripodis, Y., Gentile, A., Lu, Z., et al. (2013). Blood pressure and cognition among older adults: a meta-analysis. Arch. Clin. Neuropsychol. 28, 649–664. doi: 10.1093/arclin/act046

Grady, C. L., Maisog, J. M., Horwitz, B., Ungerleider, L. G., Mentis, M. J., Salerno, J. A., et al. (1994). Age-related changes in cortical blood flow activation during visual processing of faces and location. J. Neurosci. 14(3 Pt 2), 1450–1462. doi: 10.1523/JNEUROSCI.14-03-01450.1994

Greve, D. N., and Fischl, B. (2009). Accurate and robust brain image alignment using boundary-based registration. Neuroimage 48, 63–72. doi: 10.1016/j.neuroimage.2009.06.060

Hagberg, J. M. (1987). Effect of training on the decline of VO2max with aging. Federation Proc. 46, 1830–1833.

Haight, T. J., Bryan, R. N., Erus, G., Davatzikos, C., Jacobs, D. R., D’Esposito, M., et al. (2015). Vascular risk factors, cerebrovascular reactivity, and the default-mode brain network. Neuroimage 115, 7–16. doi: 10.1016/j.neuroimage.2015.04.039

Hakun, J. G., Zhu, Z., Johnson, N. F., and Gold, B. T. (2015). Evidence for reduced efficiency and successful compensation in older adults during task switching. Cortex 64, 352–362. doi: 10.1016/j.cortex.2014.12.006

Homan, T. D., and Cichowski, E. (2019). Physiology, Pulse Pressure. Treasure Island, FL: StatPearls Publishing.

Jefferson, A. L., Cambronero, F. E., Liu, D., Moore, E. E., Neal, J. E., Terry, J. G., et al. (2018). Higher aortic stiffness is related to lower cerebral blood flow and preserved cerebrovascular reactivity in older adults. Circulation 138, 1951–1962. doi: 10.1161/CIRCULATIONAHA.118.032410

Jenkinson, M., Bannister, P., Brady, M., and Smith, S. (2002). Improved optimization for the robust and accurate linear registration and motion correction of brain images. Neuroimage 17, 825–841. doi: 10.1006/nimg.2002.1132

Jenkinson, M., and Smith, S. (2001). A global optimisation method for robust affine registration of brain images. Med. Image Anal. 5, 143–156. doi: 10.1016/S1361-8415(01)00036-6

Jimura, K., and Braver, T. S. (2010). Age-Related Shifts in Brain Activity Dynamics during Task Switching. Cereb. Cortex 20, 1420–1431. doi: 10.1093/cercor/bhp206

Jurca, R., Jackson, A. S., LaMonte, M. J., Morrow, J. R., Blair, S. N., Wareham, N. J., et al. (2005). Assessing Cardiorespiratory Fitness Without Performing Exercise Testing. Am. J. Prev. Med. 29, 185–193. doi: 10.1016/j.amepre.2005.06.004

Kastrup, A., Krüger, G., Glover, G. H., Neumann-Haefelin, T., and Moseley, M. E. (1999). Regional variability of cerebral blood oxygenation response to hypercapnia. Neuroimage 10, 675–681. doi: 10.1006/nimg.1999.0505

Kelly, R. E., Alexopoulos, G. S., Wang, Z., Gunning, F. M., Murphy, C. F., Morimoto, S. S., et al. (2010). Visual inspection of independent components: defining a procedure for artifact removal from fMRI data. J. Neurosci. Methods 189, 233–245. doi: 10.1016/j.jneumeth.2010.03.028

Kim, C., Cilles, S. E., Johnson, N. F., and Gold, B. T. (2012). Domain general and domain preferential brain regions associated with different types of task switching: a Meta-Analysis. Hum. Brain Mapp. 33, 130–142. doi: 10.1002/hbm.21199

Liakakis, G., Nickel, J., and Seitz, R. J. (2011). Diversity of the inferior frontal gyrus—A meta-analysis of neuroimaging studies. Behav. Brain Res. 225, 341–347. doi: 10.1016/j.bbr.2011.06.022

Liu, P., Hebrank, A. C., Rodrigue, K. M., Kennedy, K. M., Park, D. C., and Lu, H. (2013). A comparison of physiologic modulators of fMRI signals. Hum. Brain Mapp. 34, 2078–2088. doi: 10.1002/hbm.22053

Mailey, E. L., White, S. M., Wójcicki, T. R., Szabo, A. N., Kramer, A. F., and McAuley, E. (2010). Construct validation of a non-exercise measure of cardiorespiratory fitness in older adults. BMC Public Health 10:59. doi: 10.1186/1471-2458-10-59

McAlister, C., and Schmitter-Edgecombe, M. (2016). Executive function subcomponents and their relations to everyday functioning in healthy older adults. J. Clin. Exp. Neuropsychol. 38, 925–940. doi: 10.1080/13803395.2016.1177490

McAuley, E., Mullen, S. P., Szabo, A. N., White, S. M., Wójcicki, T. R., Mailey, E. L., et al. (2011). Self-regulatory processes and exercise adherence in older adults: executive function and self-efficacy effects. Am. J. Prev. Med. 41, 284–290. doi: 10.1016/j.amepre.2011.04.014

Miyake, A., Friedman, N. P., Emerson, M. J., Witzki, A. H., Howerter, A., and Wager, T. D. (2000). The Unity and Diversity of Executive Functions and Their Contributions to Complex “Frontal Lobe” Tasks: a Latent Variable Analysis. Cognit. Psychol. 41, 49–100. doi: 10.1006/cogp.1999.0734

Nashiro, K., Qin, S., O’Connell, M. A., and Basak, C. (2018). Age-related differences in BOLD modulation to cognitive control costs in a multitasking paradigm: global switch, local switch, and compatibility-switch costs. Neuroimage 172, 146–161. doi: 10.1016/j.neuroimage.2018.01.030

Nee, D. E., Wager, T. D., and Jonides, J. (2007). Interference resolution: insights from a meta-analysis of neuroimaging tasks. Cogn. Affect. Behav. Neurosci. 7, 1–17. doi: 10.3758/CABN.7.1.1

Nishtala, A., Preis, S. R., Beiser, A., Devine, S., Hankee, L., Seshadri, S., et al. (2014). Midlife cardiovascular risk impacts executive function: framingham offspring study. Alzheimer Dis. Assoc. Disord. 28, 16–22. doi: 10.1097/WAD.0b013e3182a715bc

Petersen, S. E., and Dubis, J. W. (2012). The mixed block/event-related design. Neuroimage 62, 1177–1184. doi: 10.1016/j.neuroimage.2011.09.084

Pfeifer, G., Ward, J., and Sigala, N. (2019). Reduced visual and frontal cortex activation during visual working memory in grapheme-color synaesthetes relative to young and older adults. Front. Syst. Neurosci. 13:29. doi: 10.3389/fnsys.2019.00029

Prakash, R. S., Heo, S., Voss, M. W., Patterson, B., and Kramer, A. F. (2012). Age-related differences in cortical recruitment and suppression: implications for cognitive performance. Behav. Brain Res. 230, 192–200. doi: 10.1016/J.BBR.2012.01.058

Prakash, R. S., Voss, M. W., Erickson, K. I., and Kramer, A. F. (2015). Physical Activity and Cognitive Vitality. Annu. Rev. Psychol. 66, 769–797. doi: 10.1146/annurev-psych-010814-015249

Raz, N., Lindenberger, U., Rodrigue, K. M., Kennedy, K. M., Head, D., Williamson, A., et al. (2005). Regional brain changes in aging healthy adults: general trends, individual differences and modifiers. Cereb. Cortex 15, 1676–1689. doi: 10.1093/cercor/bhi044

Reuter-Lorenz, P. A., and Cappell, K. A. (2008). Neurocognitive Aging and the Compensation Hypothesis. Curr. Direct. Psychol. Sci. 17, 177–182. doi: 10.1111/j.1467-8721.2008.00570.x

Reuter-Lorenz, P. A., and Park, D. C. (2014). How Does it STAC Up? Revisiting the scaffolding theory of aging and cognition. Neuropsychol. Rev. 24, 355–370. doi: 10.1007/s11065-014-9270-9

Rodrigue, K. M., and Bischof, G. N. (2016). “The Modifying Role of Hypertension in Cognitive and Brain Aging,” in Cognitive Neuroscience of Aging, eds R. Cabeza, D. C. Park, and L. Nyberg (Oxford: Oxford University Press), 389–414. doi: 10.1093/acprof:oso/9780199372935.003.0016

Roth, W., Morgello, S., Goldman, J., Mohr, J. P., Elkind, M. S. V., Marshall, R. S., et al. (2017). Histopathological Differences Between the Anterior and Posterior Brain Arteries as a Function of Aging. Stroke 48, 638–644. doi: 10.1161/STROKEAHA.116.015630

Safar, M. E., Nilsson, P. M., Blacher, J., and Mimran, A. (2012). Pulse Pressure. Arterial Stiffness, and End-Organ Damage. Curr. Hypertens. Rep. 14, 339–344. doi: 10.1007/s11906-012-0272-9

Stamatakis, E., Hamer, M., O’Donovan, G., Batty, G. D., and Kivimaki, M. (2013). A non-exercise testing method for estimating cardiorespiratory fitness: associations with all-cause and cardiovascular mortality in a pooled analysis of eight population-based cohorts. Eur. Heart J. 34, 750–758. doi: 10.1093/eurheartj/ehs097

Steffener, J., Barulli, D., Habeck, C., and Stern, Y. (2014). Neuroimaging explanations of age-related differences in task performance. Front. Aging Neurosci. 6:46. doi: 10.3389/fnagi.2014.00046

Suri, S., Topiwala, A., Chappell, M. A., Okell, T. W., Zsoldos, E., Singh-Manoux, A., et al. (2019). Association of midlife cardiovascular risk profiles with cerebral perfusion at older ages. JAMA Netw. Open 2:e195776. doi: 10.1001/jamanetworkopen.2019.5776

Tarumi, T., and Zhang, R. (2018). Cerebral blood flow in normal aging adults: cardiovascular determinants, clinical implications, and aerobic fitness. J. Neurochem. 144, 595–608. doi: 10.1111/jnc.14234

Thorin-Trescases, N., de Montgolfier, O., Pinçon, A., Raignault, A., Caland, L., Labbé, P., et al. (2018). Impact of pulse pressure on cerebrovascular events leading to age-related cognitive decline. Am. J. Physiol. Heart Circ. Physiol. 314, H1214–H1224. doi: 10.1152/ajpheart.00637.2017

Tsvetanov, K. A., Henson, R. N., Jones, P. S., Mutsaerts, H.-J., Fuhrmann, D., Tyler, L. K., et al. (2019). The effects of age on resting-state BOLD signal variability is explained by cardiovascular and neurovascular factors. BioRxiv [Preprint] doi: 10.1101/836619

Tsvetanov, K. A., Henson, R. N., Tyler, L. K., Davis, S. W., Shafto, M. A., Taylor, J. R., et al. (2015). The effect of ageing on fMRI: correction for the confounding effects of vascular reactivity evaluated by joint fMRI and MEG in 335 adults. Hum. Brain Mapp. 36, 2248–2269. doi: 10.1002/hbm.22768

Wager, T. D., Jonides, J., and Reading, S. (2004). Neuroimaging studies of shifting attention: a meta-analysis. Neuroimage 22, 1679–1693. doi: 10.1016/J.NEUROIMAGE.2004.03.052

Weir, C. B., and Jan, A. (2019). BMI Classification Percentile And Cut Off Points. Treasure Island, FL: StatPearls.

Weiss, A., Boaz, M., Beloosesky, Y., Kornowski, R., and Grossman, E. (2009). Pulse pressure predicts mortality in elderly patients. J. Gen. Intern. Med. 24, 893–896. doi: 10.1007/s11606-009-1008-7

Zhang, Y., Brady, M., and Smith, S. (2001). Segmentation of brain MR images through a hidden Markov random field model and the expectation-maximization algorithm. IEEE Trans. Med. Imag. 20, 45–57. doi: 10.1109/42.906424


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Qin and Basak. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fnhum-14-561877-g003.jpg
LSC Region: R Postcentral gyrus

.35

.30

.25

.20

A5

.10

Mean % sc R Postcentral Gyrus

.05

Mean % sc R Postcentral Gyrus

1
a

e
w
@

e
w

0.25

e
)

o
[y
wn

e
=

e
=)
(%2l

o

b *
< = -¥ - >
—* —x 5
Low Arterial High Arterial | Low Fitness  High Fitness Young
Plasticity Plasticity
N=17 N=43 N=30 N=30 N=28

<
<

*
*I HNS
uSW

2 Risk Factors 1 Risk Factor No Risk Factor

N=11 N=24

N=25

mNS
mSswW





OPS/images/fnhum-14-561877-e000.jpg
MET = Gender (male = 1, female = 0) x 2.77 —age x 0.1
— body mass index (BMI) x 0.17 — resting heart rate x 0.03
+ Physical activity scale + 18.07 [





OPS/images/fnhum-14-561877-g001.jpg
GSC activation = Dual blocks activation — Single blocks activation

“ I " LSC activation = Switch activation —
154 sec 154 sec 154 sec 154 sec Non-Switch activation
+ + + + +
30 sec 30 sec 30 sec 30 sec 30 sec

LSC RT = Switch RT —Non-Switch RT

Single Block Dual Bloc

High or Low? Odd or Even? Hor L?

GSC RT = Dual block RT — Single block RT





OPS/images/fnhum-14-561877-g002.jpg
B
® 0°’1( T o__?,f oy )
& 1
8 -
5 02 Bg01 I
.93 * I 83 o *I
.§ ‘:‘.0'4 mSingle s: -3 *I I u Single
R0 &S —
g 08 w Dual 23803 * u Dual
x 0.6 ” >
§ o7 b 0.4 *
= Low High Young R. Occipital Low High  Young
Arterial Arterial Fitness  Fitness
Plasticity Plasticity N=30 N30 N=28
N=17 N=43 N=28
o %4 *
0 P
= ! ! = 03 *
5 01 S
) 302
& o usi
E 2‘0 i - ;: i | % Single
® 503 msingle § o 3 I w Dual
] o T —F1—
g 0.4 mDual s o3 I
0.5 Low High Young
2 Risk 1 Risk No Risk Fitness  Fitness
Factors Factor Factor 600 R?=0.18
N=11  N=24  N=25 p=0.03
o ° B
0.6 * ] D L N=60
o > 3 . .
< 04 z ® .
b o
3 ': L]
2 0.2 3 .
2 %i 7 u Single 6 0.2 .o.1‘ 0.2 0.3
3 L]
o
9 ¥ Dual
s 0.2 .
0.4
2Risk 1Risk NoRisk .
Factors Factor Factor Mean % sc Left IFG residual






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Influence of Multiple Cardiovascular Risk Factors on Task-Switching in Older Adults: An fMRI Study



		INTRODUCTION



		MATERIALS AND METHODS



		Participants Characteristics



		Assessment of Arterial Plasticity and Physical Fitness



		Analysis of Statistical Power



		Task-Switching Paradigm



		Scanning Procedures



		Imaging Data Analyses



		Preprocessing



		General Linear Modeling (GLM). Whole-Brain GLM Fittings Were Conducted Using FSL FEAT 6.00



		Block design analyses



		Event-related analyses











		fMRI Group Analyses



		Effects of Arterial Plasticity and Physical Fitness on a priori Task-Sensitive ROIs







		RESULTS



		Effects of Arterial Plasticity and Physical Fitness on Older Adults Reaction Times During Task



		Brain Activations Differences Between Older Adults With High Versus Low Arterial Plasticity



		Brain Activations Differences Between Older Adults With High Versus Low Physical Fitness



		Combined Effects of Arterial Plasticity and Physical Fitness on Older Adults Brain Activations



		Effects of Arterial Plasticity and Physical Fitness on a priori Task-Sensitive ROIs



		Effects of Arterial Plasticity on a priori Task-Sensitive ROIs



		Effects of Physical Fitness on a priori Task-Sensitive ROIs



		The Combined Effects of Arterial Plasticity and Physical Fitness on the LSC ROI







		Ancillary Whole-Brain Regression Analyses With Arterial Plasticity and Fitness as Predictors of Brain Activations in Older Adults







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/fnhum-14-561877-t002.jpg
Cost Contrast H Name

GSC Dual > Single L Middle Frontal Gyrus
R&L Paracingulate Gyrus
R Middle Temporal Gyrus
R Middle Frontal Gyrus
R&L Supramarginal Gyrus
LSC Dual: SW > NS R Post-central Gyrus

X

-30
6

56
46
—42
40

14
—48
22

—28

56
50
—10
36
32
54

Cluster Size # Voxels

248
474
607
1494
14784
241

RO, region of interest; GSC, global switch cost; LSC, local switch cost; H, hemisphere; R, right; L, left.





OPS/images/fnhum-14-561877-t003.jpg
Group Contrast

Arterial Plasticity (Low > High) 17 vs. 43

Fitness (Low > High) 30 vs. 30

Risk Factors (0 > 2) 11 vs. 25

Cost Contrast H

GSC (Dual > Single) R&L
GSC (Dual > Single) L
R
GSC (Dual > Single) R&L
L

Name X
Lingual Gyrus —4
Inferior Frontal Gyrus —58
Occipital Pole 24
Lingual Gyrus —-14
Inferior Frontal Gyrus —56

v4

26

Cluster Size # Voxels

429
265
227
822
455

Z Max

3.72
3.84
3.67
4
3.53

For each contrast, the numbers of participants included in both groups are listed below the contrast name. For example, in the arterial plasticity group contrast, the
number of participants included are: 17 Low arterial plasticity vs. 43 High arterial plasticity. GSC, global switch cost; LSC, local switch cost; H, hemisphere; R, right; L, left;
Z Max, Z score from the peak voxel within cluster.





OPS/images/fnhum-14-561877-t001.jpg
N (M/F)

Age (Range)
Sys. BP (Range)
Dia. BP (Range)

Low Plasticity

17 (7/10)
70.65 (60-81)
145.76 (125-168)
76.59 (62-86)

High Plasticity

43 (15/28)
66.74 (60-86)
124.72 (94-142)
81.09 (60-106)

BMI (Range) 25.71 (19-37) 27.36 (18-30)

PsP (Range) 69.18 (61-97) 43.63 (24-59)

MET (Range) 6.83 (4.37-11.08) 7.53 (2.65-12.53)

MoCA (SD) 28.45 (1.43) 27.53 (1.84)
Low Fit High Fit

N (M/F) 30 (5/25) 30 (19/11)

Age (Range) 67.23 (60-86) 68.53 (60-81)

Sys. BP (Range)
Dia. BP (Range)
BMI (Range)
PsP (Range)
MET (Range)
MoCA (SD)

131.20 (105-159)
78.93 (62-95)
28.04 (18-37)
52.27 (27-78)

5.32 (2.62-7.36)

27.94 (1.65)

130.33 (94-168)
80.63 (60-106)
24.25 (19-30)
49.7 (24-97)
9.16 (7.54-12.53)
28.39 (1.57)

N, sample size; Sys. BR, systolic blood pressure; Dia. BR, diastolic blood pressure;
BMi, body mass index; PsP, pulse pressure; MET, metabolic equivalent of VO»Max;
MoCA, Montreal Cognitive Assessment score.





OPS/images/cover.jpg
, frontiers _
In Human Neuroscience










OPS/images/logo.jpg
, frontiers .
in Human Neuroscience





