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SUMMARY
Cardiovascular disease risk factors (CVD-RFs) are associated with decreased gray and white matter integrity and cognitive impairment in older adults. Less is known regarding the interplay between CVD-RFs, structural integrity between gray and white matter regions, and cognition. Using data from non-demented/non-depressed older adults, we examined whether CVD-RFs were associated with measures of tract-based structural connectivity; if alterations in connectivity mediated the association between CVD-RFs and cognition; and whether educational quality was protective against connectivity alterations. 
Ninety-six participants (age=67.9 years; 53.1% female; 46.9% Black) underwent CVD-RF assessment, MRI, and cognitive evaluation. Framingham 10-year stroke risk (FSRP) quantified CVD-RFs. Graph theory analysis integrated T1-derived gray matter regions of interest (ROIs) and DTI-derived white matter tractography into connectivity matrices, which were analyzed for local efficiency and centrality. PCA of cognitive variables resulted in three rotated factor scores: memory (CVLT-II Trial 1-5 Total, Delayed Free Recall, Recognition Discriminability); executive function (FAS, Trail Making Test (TMT) B-A, Letter-Number Sequencing, Matrix Reasoning); attention/information processing (AIP; TMT-A, TMT-M, Digit Symbol). 





Linear regressions adjusting for word reading and intracranial volume revealed associations between FSRP and centrality in six ROIs, efficiency in seven ROIs, and AIP. Analyses revealed mediation of right hippocampal centrality on FSRP and AIP and left caudal middle frontal gyrus efficiency on FSRP and AIP. No protective effects of educational quality were noted. In sum, stroke risk plays deleterious roles in connectivity that negatively impact cognition, suggesting the importance of multi-modal neuroimaging biomarkers in understanding brain-behavior pathways in preclinical aging.
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I. INTRODUCTION
A.	Background
Dementia, and more specifically Alzheimer’s disease (AD), has quickly become a health epidemic in the United States, with approximately 5.5 million adults affected to date, and 8.3 million additional cases expected by the year 2050 (Alzheimer's Association, 2018). Further, of the 244 drugs tested in clinical trials for AD from 2002 through 2012, only one drug received Food and Drug Administration approval, and no trials have resulted in curative therapies for AD (Alzheimer's Association, 2018). With no curative therapies currently available, attention has shifted to identifying modifiable risk factors that could delay or even prevent the onset of dementia. One such modifiable risk factor is cardiovascular health, including factors such as hypertension and Type 2 diabetes mellitus (DM; Barnes & Yaffe, 2011). 
A well-established literature of over 3,000 publications has demonstrated that cardiovascular disease risk factors (CVD-RFs) are associated with brain structure and cognition, as well as risk for and development of dementia both cross-sectionally and longitudinally. For example, in gray matter, hypertension has been associated with less whole brain volume in older adults (Firbank et al., 2007; Wiseman et al., 2004). More specifically, hypertension was linked with decreases in frontal, parietal, and hippocampal volumes in a recent meta-analysis (Beauchet et al., 2013). DM has also been associated with decreased whole brain as well as hippocampal volume in older adults (Roberts et al., 2014). Additionally, several comprehensive empirical studies examining a variety of CVD-RFs including hypertension, diabetes, smoking, and obesity across the lifespan found relationships between increased cardiovascular disease risk and decreased whole brain and hippocampal volumes, and alterations in frontal as well as more posterior regions of the brain (Debette et al., 2011; Gonzales et al., 2017; Leritz et al., 2011). It should be noted that a recent review outlined that in individuals without a history of overt cardiovascular disease, the presence of CVD-RFs including hypertension, DM, obesity, hyperlipidemia, and smoking were not only associated with structural brain changes, but also functional changes including alterations in cerebral blood flow (Friedman et al., 2014).
CVD-RFs are also widely known to affect the white matter of the brain. Hypertension and DM are associated with increased white matter hyperintensities, i.e., change of pallor in white matter as seen on T2-FLAIR scans (Debette et al., 2011; Iadecola et al., 2016; Meusel et al., 2014), as well as diffusion-tensor imaging (DTI) measures of white matter microstructural integrity (Gonzales et al., 2017; Hoogenboom et al., 2014; Jacobs et al., 2013). In a large empirical study of older adults, severe hypertension, current smoking, and DM were all associated with worse white matter integrity in several white matter tracts including association and commissural tracts (de Groot et al., 2015). Further, research done in a cross-sectional study of late-middle-aged men found that individuals with more years of hypertension showed lower DTI-derived measures of fractional anisotropy and higher mean diffusivity in white matter tracts including the uncinate fasciculus, inferior and superior lateral fasciculi, and anterior thalamic radiation (McEvoy et al., 2015). Similar findings have been noted in more racially/ethnically diverse samples both cross-sectionally (Gonzales et al., 2017; Kennedy & Raz, 2009) and longitudinally (Wang et al., 2015). Additional research has shown that in older adults, higher mean systolic blood pressure is associated with reduced white matter integrity bilaterally in the uncinate and superior lateral fasciculi, and that these white matter findings moderated the relationship between systolic blood pressure and a cognitive test of processing speed (Rosano et al., 2015). Likewise, glucose dysfunction associated with DM has been related to alterations in inferior and superior longitudinal fasciculi in middle-aged adults (Gonzales et al., 2017). 
Not surprisingly given the role CVD-RFs play in brain alterations, there is a large literature outlining the effect of these same risk factors on cognitive function (Iadecola et al., 2016; Lamar et al., 2015), particularly in domains of executive function (Elias et al., 2004),  processing speed (Llewellyn et al., 2008) and to a lesser extent, memory (Gifford et al., 2013). In a meta-analysis of nineteen composite CVD-RF studies in older adults (DeRight, Jorgensen, & Cabral, 2015), higher CVD-RF burden was associated with lower global cognition as well as lower performance in cognitive domains of executive function, attention, memory, and visuospatial processing. Similar findings have been noted in comprehensive reviews by Harrison and colleagues (2014) and Kerola and colleagues (2011). Longitudinally, greater CVD-RFs at baseline have been linked with lower global cognition, as well as memory and executive function at a four-year follow-up of adults aged 50 years and older (Dregan, Stewart, & Gulliford, 2013). Further, empirical research studying 25 years of cumulative exposure to CVD-RFs (i.e., systolic blood pressure, diastolic blood pressure, and fasting glucose) throughout early (mean age = 25 years) to midlife (mean age = 50 years) showed that greater exposure to CVD-RFs during this time period was associated with worse performance on cognitive tests of attention, executive function, and verbal memory, indicating that CVD-RFs could be playing an injurious role earlier in life than previously expected (Yaffe et al., 2014). 
While great strides have been made in understanding the impact of CVD-RFs in gray and white matter as they relate to cognition, a more thorough understanding of the connectivity between gray and white matter regions is warranted (Iadecola, 2013). Initial work in this area has focused on the relationship between CVD-RFs and functional connectivity. For example, a functional connectivity analysis revealed that compared with controls, hypertensive older adults had reduced frontal-parietal activity, which mediated the relationship between white matter integrity in the superior longitudinal fasciculi and executive function (Li et al., 2015).  Additionally, a recent review demonstrated that reduced functional connectivity and disruption of fronto-subcortical white matter tracts associated with decreased processing speed in individuals with cerebral vessel disease, a condition associated with CVD-RFs (Dey, Stamenova, Turner, Black, & Levine, 2016). Thus far, however, there has been little work examining the structural connectivity of white matter and gray matter as it relates to CVD-RFs. 
Advances in image analytics through the application of graph theory have made possible the ability to examine the structural connectivity of gray and white matter as it relates to indices of interest (Rubinov & Sporns, 2010). These advanced neuroimaging methods allow analysis of brain structure in a more integrated form, including but not limited to measures of the efficiency of local networks, determined by the path length (a proxy for white matter tracts) across nodes (or gray matter regions) within a region, and the centrality of networks, which measures the influence of a node based on the number of paths associated with it through combination of gray matter volumes and DTI measures of white matter integrity. Gaining a better understanding of the effect CVD-RFs have on connectivity between white matter and gray matter regions through use of these techniques is critical as it could help target areas vulnerable to cardiovascular dysfunction and signify biomarkers that could be targeted in prevention studies against cognitive decline.
B. 	Purpose of the Study
This project investigated the associations between CVD-RFs, tract-based structural brain connectivity, and cognition. It is important to note that the associations between CVD-RFs, brain health, and cognition may be heterogeneous across racially and/or ethnically diverse populations (Schneider et al., 2015). Thus, this project focused on a cross-sectional, community sample of non-demented/non-depressed older adults who were racially and ethnically diverse. We specifically examined (1) whether CVD-RFs are associated with structural connectivity in key brain regions associated with cardiovascular health and AD and (2) if this connectivity mediates the well-established link between CVD-RFs and cognition. We hypothesize that higher CVD-RFs will be associated with lower local efficiency, e.g., path length across nodes within a region, and lower centrality, e.g., node influence based on the number of paths associated with it. We further hypothesize that efficiency and centrality metrics will mediate the relationship between cumulative CVD-RF burden and a priori chosen cognitive domains of executive function, attention and information processing speed (AIP), and memory. Additionally, given that our sample population represents a racially and ethnically diverse group of urban dwelling adults, we will also explore whether educational quality – a better metric of education than number of years for minority populations (Manly, Jacobs, Touradji, Small, & Stern, 2002) – serves as a moderator of connectivity and cognitive function in stratified analyses by race. We hypothesize that better educational quality will reduce the association between connectivity and cognition associated with CVD-RFs. 









II. METHODS
A. 	Participants
Participant data for this study came from a larger study of healthy aging and CVD-RFs at the University of Illinois at Chicago (UIC) Department of Psychiatry. Adults aged 60 years and older were recruited via community outreach, including flyers, newspaper advertisements, word of mouth, as well as through recruitment from research registries. The study was approved by the UIC Institutional Review Board (IRB) and conducted in accordance with the Declaration of Helsinki with written informed consent obtained from all participants. This study has also been approved by the Rush University Medical Center IRB with all requisite data use agreements in place prior to data analysis.
Interested individuals underwent a brief telephone screening to determine initial study eligibility. At this screen, exclusion criteria consisted of self-reported current or past history of neurological conditions including AD or any other form of dementia or mild cognitive impairment, Parkinson’s disease or any other movement disorder, stroke, or seizure disorder, current or past history of Axis I or II disorders (e.g., depression or bipolar disorder), a history of head injury or loss of consciousness, a present or past history of substance abuse or dependence, psychotropic medication use, or contraindications for magnetic resonance imaging (MRI) including metallic implants. A self-reported history of stable (e.g., diabetes) or remitted medical illness (e.g., cancer) was not an exclusionary factor. Individuals were not eligible for this study if they had received cognitive testing within the past year, or if they reported current involvement in a study with cognitive testing. Additionally, the presence of CVD-RFs was not considered exclusionary for this study but were examined as part of a cardiovascular risk assessment outlined below.
Individuals who passed this initial screen were then scheduled for a more intensive evaluation of inclusion and exclusion criteria. This evaluation consisted of affective and cognitive screens including the Structured Clinical Interview for DSM-IV-TR (SCID; First, Spitzer, Gibbon, & Williams, 2002) and the Mini Mental State Examination (MMSE; Folstein, Folstein, & McHugh, 1975). These screening measures were administered by a trained research assistant, and were followed by a blinded evaluation by a psychiatrist, who completed the 17-item Hamilton Depression Rating Scale (HAM-D; Hamilton, 1960). Participants were also asked about subjective memory impairment (SMI) during this time. 
Final inclusion criteria consisted of an absence of psychiatric symptoms based on the SCID, a score ≤8 on the HAM-D, an MMSE score ≥24, as well as an absence of SMI. All study participants completed the Beck Depression Inventory (BDI; Beck, Steer, & Brown, 1996) as well as the Beck Anxiety Inventory (BAI; Beck & Steer, 1990) for a subjective measure of depressive and anxiety symptomatology, respectively. In total, 121 individuals met final inclusion criteria for the overall study. Ten participants received their evaluations in Spanish and were excluded given that not all aspects of the assessment outlined below were English/Spanish compatible. This left 111 potential participants for the current study. 
B. 	Study Protocol
1.	Cardiovascular Disease Risk Factor Assessment
Participants underwent a cardiovascular disease risk assessment with a registered nurse in the Center for Clinical and Translational Science’s Clinical Research Center at UIC. This evaluation consisted of a medical history and physical examination, in addition to two seated blood pressure readings separated by five minutes and an electrocardiogram. A 12-hour fasting blood draw for quantification of glucose, hemoglobin A1c, lipid profiles, and other blood-based biomarkers was also performed. 
Given our interest in the impact of CVD-RF burden on tract-based structural connectivity and cognition, we chose to use a comprehensive measure of risk, namely the Framingham Stroke Risk Profile (FSRP). This measure incorporates age, sex, systolic blood pressure, anti-hypertensive therapy, diabetes, smoking, cardiovascular disease, and atrial fibrillation in calculating an overall 10-year risk profile of stroke (Dufouil et al., 2017). The FSRP is a widely-used measure of cardiovascular risk as it includes a range of measures implicated in cardiovascular health, and has recently been revised from its original version (Wolf, D'Agostino, Belanger, & Kannel, 1991) to more accurately predict stroke risk in diverse populations; for details on calculation of the FSRP, see Dufouil and colleagues (2017).
2.	Neuroimaging
	a. 	Data Acquisition
		Participants underwent neuroimaging at the Center for Magnetic Resonance (total scan time ~45 minutes). Whole brain images were acquired on a GE MR 750 Discovery 3T scanner (General Electric Health Care, Waukesha, WI) using an 8-channel head coil. Participants were positioned supine on the scanner table, with earplugs to improve patient comfort and foam pads to minimize head movement. Participants were instructed to remain still throughout the scan. Sequences relevant for the current analyses included a high resolution three-dimensional T1-weighted image and DTI. The T1-weighted images were acquired using a Brain Volume (BRAVO) imaging sequence (field of view: FOV = 22mm; voxel size = 0.42×0.42×1.5mm3; 120 contiguous axial slices; TR/TE = 1200ms/5.3ms; flip angle = 13o) for quantification of gray matter volumes. DTI images were acquired using 2-D spin-echo EPI sequence (FOV=20mm; voxel size=0.78×0.78×3.0mm3; TR/TE=5,525/93.5ms; flip angle=90o) for measures of white matter integrity. Forty contiguous axial slices aligned to the AC-PC line were collected in 32 gradient directions with b=1400s/mm2 and 6 b0 images.
	b.	 Image Processing
		Structural connectivity networks were created using a pipeline that integrates a series of image processing and analysis techniques. First, T1-weighted images were used to generate label maps for volumetric segmentation using FreeSurfer 6.0 software (https://surfer.nmr.mgh.harvard.edu/). Each label map was composed of 82 different gray matter regions of interest (ROI) using the Destrieux atlas (Desikan et al., 2006; Destrieux, Fischl, Dale, & Halgren, 2010; Fischl et al., 2004). Intracranial volume (ICV) was also derived from FreeSurfer. Next, for computation of probabilistic tractography (see Zhan et al., 2015 for a more comprehensive description), FSL DTI images were corrected for eddy current distortions and head motion using the FSL eddy-correct tool and aligned to their corresponding b0 images (https://fsl.fmrib.ox.ac.uk/fsl/). The FSL Brain Extraction Tool (BET) removed non-brain tissue; the gradient table was also corrected. Diffusion tensor models at each voxel were then fit using the FSL DTIFit tool for calculation of three principal eigenvectors, and three eigenvalues, as well as fractional anisotrophy (FA). Then, images were linearly aligned and elastically registered to T1-weighted scans using an inverse consistent registration algorithm with a mutual information cost function via Advanced Normalization Tools (ANTs; http://stnava.github.io/ANTs/), see Leow et al. (2007) and Zhan et al. (2015). In preparation for probabilistic tractography, we applied the FSL Bayesian Estimation of Diffusion Parameters Obtained using Sampling Techniques for modeling crossing fibers (Bedpostx). This process uses Markov Chain Monte Carlo sampling to “build up distributions on diffusion parameters at each voxel” (https://fsl.fmrib.ox.ac.uk/fsl/); we modeled up to three fibers per voxel. 
For construction of connectivity matrices, FSL Probtrackx was run on individual seed voxels – we chose voxels with FA ≥ 0.2 as seeds. Probtrackx repeatedly samples from the distributions of voxel-wise principal diffusion directions calculated from Bedpostx, each time computing probabilistic streamlines. Based on the provided data, this builds a distribution on the likely tract location and path in the matrix. One thousand iterations were run to ensure convergence of the Markov chains. Finally, the matrix was formed by detecting the number of fibers connecting ROI pairs determined from Probtrackx. The matrix is symmetric and has no self-connections (Zhan et al., 2013). Matrices were normalized by adjusting for the volume of individual ROIs. See Zhan and colleagues (Zhan et al., 2015) for additional information. Resulting weighted and undirected matrices were then analyzed in Brain Connectivity Toolbox (BCT; Rubinov & Sporns, 2010) as outlined below.
	c.	Connectivity Matrix Analyses
		In graph theory, a network is a set of ‘nodes’ or brain regions with ‘edges’ or connections between them, i.e., white matter tracts. For this study, we were particularly interested in measures of local efficiency – a measure of the average inverse path length across nodes for a given region – and centrality – a measure of the influence of a node based on the sum of neighboring path weights associated with it (Rubinov & Sporns, 2010). Each of these measures were extracted for analysis using BCT. We targeted specific ROIs (see Figure 1, Appendix B) known to be affected by both CVD-RF burden as well as AD, including the superior frontal gyrus, inferior frontal gyrus (pars opercularis, pars triangularis, pars orbitalis), rostral and caudal middle frontal gyrus, caudal and rostral anterior, posterior, and isthmus cingulate cortex, entorhinal cortex, supramarginal gyrus, middle and inferior temporal gyrus, hippocampus, amygdala, superior and inferior parietal cortex, the basal ganglia (caudate, putamen, pallidum, and accumbens), and precuneus (Beauchet et al., 2013; Boots et al., 2015; Cardenas et al., 2012; Dickerson et al., 2009; Glodzik et al., 2012; Lamar, Charlton, Zhang, & Kumar, 2012; Moulton, Costafreda, Horton, Ismail, & Fu, 2015; Pini et al., 2016). Measures of the right and left hemisphere were analyzed separately.
3.	Cognition
	Participants underwent a comprehensive neuropsychological evaluation administered by trained research assistants supervised by a licensed clinical neuropsychologist. For this project, we focused on cognitive tests specifically associated with cognitive domains implicated in cardiovascular disease risk (DeRight et al., 2015). These cognitive domains, and their relevant tests, are listed below.
		a.	Attention and Information Processing Speed
		1)	Trail Making Test A
				Trail Making Test A is a test where participants are required to connect numbers that are shown inside of circles in ascending order as quickly as possible (Army Individual Test Battery, 1944). Numbers are distributed randomly across the sheet of paper. This is a test of processing speed, and the variable of interest is time to completion of connecting the numbers. 
			2)	Trail Making Test Motor
				Trail Making Test Motor examines how quickly participants can trace a line that connects numbers (Army Individual Test Battery, 1944). This assessment is another measure of processing speed, and the variable of interest is the time to completion of tracing the line.
			3) 	Digit Symbol Coding
				Digit Symbol Coding requires individuals to correctly fill in symbols associated with particular digits as fast as possible (Wechsler, 1997). The symbol and digit associations are shown in a key at the top of the page. Digit Symbol Coding additionally measures processing speed, and the outcome of interest is the raw number of correct responses within a time limit of two minutes.
		b.	Executive Function 
			1) 	Trail Making Test B 
				Trail Making Test B is a test where participants are asked to connect a series of numbers and letters that are presented in circles randomly throughout the page in alternate, ascending order (e.g., 1-A-2-B-3) as quickly as possible (Army Individual Test Battery, 1944). We chose to specifically use the variable of interest of time to completion of number-letter connections subtracted from Trail Making Test A time to completion (i.e., B – A), as this measure rules out processing speed and is considered a clearer measure of executive function.
			2) 	Letter Fluency
				Letter Fluency asks individuals to say as many words as possible that begin with a particular letter in a 60 second time interval (Benton & Hamsher, 1976). Three letters total are administered in this cognitive test. This is a measure of executive function, and the outcome of interest is the total number of correct words given across the three letter trials.
			3)	Letter Number Sequencing
				Letter Number Sequencing requires individuals to listen to a string of numbers and letters, and then state back the numbers in numerical order and then the letters in alphabetical order (Wechsler, 1997). This is another measure of executive function, and the variable of interest is the total number of correctly stated letter number sequences.
			4)	Matrix Reasoning
				Matrix Reasoning is a test where participants are asked to choose the correct shape to complete a pattern in a matrix that is presented before them (Wechsler, 1997). This is a measure of executive function and visuospatial processing, and the variable of interest is the total number of correct choices made for matrix completion.
		c.	Memory
			1)	California Verbal Learning Test – II
				California Verbal Learning Test – II (CVLT-II) is a measure of learning and memory (Delis, Kramer, Kaplan, & Ober, 2000). In the initial portion of this test, participants are asked to repeat back as many words they can from a 16-word list read by the administrator. The list is read five times, and the total number of words recalled over the five trials is one of the variables of interest from this test. In the memory portion of this test, participants are asked to freely recall any of the 16 words they can remember approximately 20 minutes after they were read for the last time. The memory variable of interest is the number of correctly recalled words from the list. Finally, recognition is assessed by asking participants to respond “yes” or “no” to whether or not a particular word was on the 16-word list. The outcome of interest is recognition discriminability, a measure of hit rate relative to false-positive rate.
	4.	Education and Educational Quality
		Lastly, self-reported years of education was obtained from all participants, as well as their highest degree earned. The Wechsler Test of Adult Reading (WTAR; Wechsler, 2001) was administered as a measure of educational quality, as this is considered a more accurate means of assessing educational attainment rather than years of education in racially/ethnically diverse samples of older adults (Manly et al., 2002). The WTAR requires participants to accurately pronounce words from a 50-item list of increasingly advanced words. Total number of words pronounced correctly provides a raw score which is used to estimate predicted verbal IQ (pVIQ) normed for age, sex, and race.
C.	Statistical Analyses
All analyses were conducted in SPSS Version 24, with p ≤ .05 for significance. Participant characteristics including demographic variables were averaged for the entire sample. Cronbach’s alpha, initially utilized to assess whether our chosen cognitive tests accurately mapped onto the domains listed above, did not meet a standard threshold of 0.7 for one of the cognitive domains (Memory α = 0.81; AIP α = 0.71; Executive Function α = 0.36). Given these findings, Principle Component Analysis (PCA) with Varimax Rotation was utilized to statistically group the cognitive tests, with factor loadings >0.6 per rotated component included in resulting factor composite scores. In order to compute each composite score, relevant test scores were recoded such that “better” scores were positive (i.e., multiplied reversed variables by -1), and z-scores were computed for each cognitive variable. Finally, z-scores for the tests within each cognitive domain were averaged for all participants for a final composite measure of each of the cognitive domains of interest.
1.	Aim 1: Association between Cardiovascular Disease Risk Factors and Structural Connectivity
 	Multivariate linear regression was used to evaluate the associations between FSRP and connectivity measures of local efficiency and centrality in key ROIs as listed above. Covariates in this model included ICV and educational quality, as measured by pVIQ from the WTAR. Of note, age and sex were not included as covariates as they are adjusted for within the FSRP calculation. Given we were testing pre-specified hypotheses, we did not correct for multiple comparisons as doing so may have decreased our power to detect true associations and increased the false negative rate (Rothman, 1990). Further, all efficiency variables were multiplied by a factor of 1,000 for ease of interpretation of beta values.
2.	Aim 2:  Mediation of Structural Connectivity on Cardiovascular Risk and Cognition
	Mediation analysis examined whether brain connectivity mediated the relationship between FSRP and cognition. Using the Baron and Kenny method (1986), we assessed using a series of regression analyses (1) whether FSRP is associated with connectivity (i.e., analyses above), (2) whether FSRP is associated with any of the cognitive domains of interest, and (3) whether FSRP and/or connectivity are associated with cognition when included in the same regression model. All models included intracranial volume and educational quality as covariates.
3.	Aim 3: Exploratory Analyses
	Educational quality can be further tested as a moderator of these relationships for better understanding of cognitive resilience in relation to cardiovascular health in the form of interaction analyses and moderated mediation. Therefore, we tested the interaction between pVIQ and connectivity metrics on cognition while including covariates of intracranial volume and stratified by race (i.e., non-Latinx White and Black). We also conducted a moderated mediation, which included the same covariates, FSRP, and the pVIQ and connectivity metric interaction, and was stratified by race. 





















III. RESULTS
A.	Participant Characteristics
	Of the 111 eligible participants, 7 did not complete neuroimaging, 5 did not pass our MRI quality assurance procedures, and 3 had incidental findings on T1-weighted scans; thus, our sample size for the current analyses was reduced to 96. These participants were, on average, 68 years of age at the time of study participation, with approximately 15 years of education. Women comprised just over half of the sample, and nearly half of participants identified as Black, with less than 10% identifying as Latinx. MMSE, HAM-D, and other screening measures of cognition and affect were all in the normal range, demonstrating the non-demented, non-depressed nature of this sample. For more participant demographic information, see Table I, Appendix A.
	For most CVD-RFs included in the FSRP (i.e., smoking, cardiovascular disease, atrial fibrillation) the vast majority of participants did not endorse presence of these factors (see Table II, Appendix A for details). Despite this, approximately 44% of individuals were taking medication for hypertension, and average systolic blood pressure was approximately 138 mmHg. Calculation of the FSRP showed that the probability of stroke in the next 10 years for women in this sample was 6%, and for men was 7%, consistent with average 10-year stroke risk probability found by Dufouil and colleagues (2017).
B.	Cognitive Factors
	PCA with Varimax Rotation revealed the following cognitive domains and constituent tests: Memory – CVLT-II Trial 1-5 Total Recall, Long Delay Free Recall, and Recognition Discriminability; Executive Function – Letter Fluency (FAS), Trail Making Test B minus A, Matrix Reasoning, and Letter-Number Sequencing; and Attention and Information Processing Speed – Trail Making Test A, Trail Making Test Motor, and Digit Symbol; see Table III, Appendix A for rotated factor loadings. As described above, these constituent tests were z-scored and averaged to create composite factor scores for each cognitive domain and used in subsequent analyses.
C. 	Aim 1: Association between Cardiovascular Risk and Structural Connectivity
	Linear regressions adjusted for educational quality and ICV revealed significant associations between FSRP 10-year stroke risk and measures of local efficiency in seven ROIs, including the left caudal anterior cingulate, right isthmus cingulate, left and right caudal middle frontal gyrus, left pars triangularis, and left and right supramarginal gyrus (all p’s ≤ .05). In all associations, greater stroke risk was associated with higher local efficiency of these regions (see Table IV, Appendix A). Additionally, regressions investigating the association between FSRP 10-year stroke risk and local centrality while adjusting for educational quality and ICV indicated associations for six ROIs, including the left and right rostral middle frontal gyrus, right and left hippocampus, left caudate, and left accumbens (all p’s ≤ .05). With the exception of the caudate, all associations indicated that greater stroke risk was associated with worse centrality in these regions (see Table IV, Appendix A).
D.	Aim 2:  Mediation of Structural Connectivity on Cardiovascular Risk and Cognition
	Linear regressions adjusting for educational quality and ICV revealed significant associations between FSRP 10-year stroke risk and AIP (p = .021), but not the cognitive domains of Memory or Executive Function (all p’s ≥ .342; see Table V, Appendix A and Figure 2, Appendix B). Then, following standard steps for mediation established by Baron and Kenny (1986), simple linear regressions adjusting for educational quality and ICV revealed (1) significant associations between FSRP and AIP (see above); (2) FSRP and centrality in six ROIs, and efficiency in seven ROIs (see Aim 1 analyses); and (3) significant mediation of right hippocampal centrality on FSRP-10 and AIP (p=.04; see Figures 3 and 5, Appendix B) and left caudal middle frontal gyrus on FSRP-10 and AIP (p=.01; see Figures 4 and 5, Appendix B).
E.	Aim 3: Moderation of Educational Quality
	We investigated whether greater educational quality would be protective of cognitive function despite poorer connectivity and greater 10-year stroke risk in analyses stratified by race. First, to test whether educational quality was protective for cognition against worse centrality, we fit a linear regression with a pVIQ*centrality interaction, while including ICV as a covariate; AIP was the dependent variable for all analyses. This regression was run for each of the six ROIs significantly associated with FSRP from the Aim 1 analyses. No significant interactions were found for either non-Latinx Whites or Blacks (data not shown). Similar linear regressions were run for the seven efficiency ROIs significantly related with FSRP from the Aim 1 analyses, where a pVIQ*efficiency interaction term was included while adjusting for ICV. Again, no significant interactions were found for either racial group (data not shown). Finally, to assure there was no moderated mediation of pVIQ for the two significant mediations indicated above, two final models were fit that included FSRP, a pVIQ*hippocampal centrality interaction, and ICV (Model 1), and FSRP, a pVIQ*caudal middle frontal efficiency interaction, and ICV (Model 2). No significant results were indicated for either non-Latinx Whites or Blacks (data not shown).






IV. DISCUSSION
A.	Summary of Findings
Although the relationship between CVD-RFs and gray or white matter is well-documented, to our knowledge, this is one of the first studies to address the relationship between CVD-RFs, cognition, and structural connectivity between gray and white matter. Our results indicate that CVD-RFs impact both the efficiency and centrality of structural brain networks in AD-associated regions of interest. Specifically, 10-year stroke risk was associated with poorer centrality in the bilateral rostral middle frontal gyri and hippocampi, as well as the left accumbens and caudate. We also found that, contrary to our initial hypothesis, greater 10-year stroke risk was associated with increased efficiency in the bilateral caudal middle frontal and supramarginal gyrus, pars triangularis, and isthmus and caudal anterior cingulate. Additionally, centrality of the right hippocampus mediated the association between FSRP and AIP while efficiency of the left caudal middle frontal gyrus mediated the association between FSRP and this same cognitive domain. Educational quality did not moderate either of these mediations. Together, these findings suggest that CVD-RFs are associated with tract-based structural connectivity metrics in AD-related brain regions, and that these relationships relate to alterations in specific cognitive functions in non-demented/non-depressed older adults independent of educational quality. 
B.	Cardiovascular Risk, Centrality, and Efficiency
By applying advances in image analytics through the application of graph theory, our study revealed that CVD-RF burden is associated with the structural connectivity of gray and white matter, providing a more integrated form of analysis as it pertains to vascular brain aging. For all brain regions identified in this study to have relationships between higher CVD-RF burden and poorer centrality or greater efficiency measures, prior work has shown that presence of CVD-RFs results in cortical gray matter thinning (Beauchet et al., 2013; Friedman et al., 2014; Leritz et al., 2011). Interestingly, increases in local efficiency have been shown to occur in aging and possibly ensue due to compensation for other altered brain regions (Barulli & Stern, 2013; Deslauriers, Ansado, Marrelec, Provost, & Joanette, 2017). Thus, it is possible that structural connectivity of the bilateral caudal middle frontal and supramarginal gyrus, left pars triangularis, right isthmus and left caudal anterior cingulate may increase in efficiency with other nearby structures to compensate for damage elsewhere. When combined with the fact that lower centrality of neighboring but not overlapping regions within the frontal and parietal lobes was associated with higher CVD-RF burden, a possible explanation for our findings is that regions with greater efficiency are providing compensation for regions with lower centrality. Because lower centrality reflects decreased strength or density in the weight of connections to identified brain regions (Rubinov & Sporns, 2010), some potential underlying mechanisms for the associations between CVD-RF burden, efficiency, and centrality may be that white matter tracts permeating these identified regions are damaged, which results in a breakdown in information transfer to associated gray matter regions. A possible explanation for this white matter breakdown is poor vasculature. In particular, brain regions in frontal and temporal areas are thought to be subjected to worse vascular circulation due to reliance on supply from distal blood flow, which may couple with CVD-RF burden to result in poor oxygenation to white and gray matter in these regions (Leritz et al., 2011). In contrast, deeper sub-cortical structures implicated in this study may have structural connectivity alterations associated with CVD-RF burden due to blood flow abnormalities as well as insulin receptor expression and inflammation related to diabetic symptomatology (Moulton et al., 2015). Ultimately, the mechanisms for our findings are unknown, and future work is needed to more fully elucidate the interplay of higher efficiency and lower centrality as it relates to CVD-RF burden in older adults.
C.	Mediations of Centrality and Efficiency on Cardiovascular Risk and Attention and Information Processing Speed	
	Results from this study support the mediation of centrality and efficiency metrics on the relationship between CVD-RF burden and cognition. Our finding that CVD-RF burden is associated with poorer performance on AIP corroborates with prior work regarding CVD-RFs and cognition (DeRight et al., 2015; Iadecola et al., 2016; Llewellyn et al., 2008) and extends them by showing this association in a non-demented and racially/ethnically-diverse cohort, indicating that early detection of cognitive differences in ‘preclinical’ stages is possible. Furthermore, our results indicated a mediation of this known effect, where greater stroke risk was associated with poorer hippocampal centrality, which in turn was associated with worse AIP. The findings suggest that CVD-RF burden is negatively associated with the ability of the right hippocampus to serve as a ‘hub’ for white matter connectivity, which subsequently affects the cognitive domain of attention. Our study combines several prior studies in older adults reporting one-to-one relationships between hippocampal volume and CVD-RFs (Beauchet et al., 2013), hippocampal volume and centrality (Zhu et al., 2012), and hippocampal volume and attention (Aly & Turk-Browne, 2017) and information processing speed (O'Shea, Cohen, Porges, Nissim, & Woods, 2016; Papp et al., 2014) by demonstrating that hippocampal centrality mediates the effect of CVD-RFs on AIP. Disruption of the centrality of the hippocampus may be caused by CVD-RFs’ injurious effects on white matter near this region, which then slows down communication throughout structural networks associated with AIP (Aly & Turk-Browne, 2017). Prior DTI results suggest that white matter integrity deterioration in temporal regions mediates the age-related association with slower processing speed (Burgmans et al., 2011); however, longitudinal work incorporating tract-based structural connectomics is required to test this assertion.
	Additionally, efficiency in the left caudal middle frontal gyrus also mediated the relationship between 10-year stroke risk and AIP, such that greater stroke risk was associated to greater efficiency, which in turn was associated with poorer AIP. This suggests that CVD-RFs are linked to increases in short path length connections to this region which then result in poorer cognitive outcomes, suggesting structural compensation for ‘failure’ in nearby or associated brain regions. This finding integrates prior work showing isolated relationships between greater CVD-RFs and less volume in the middle frontal gyrus bilaterally (Leritz et al., 2011), right caudal middle frontal gyrus function in the ventral attentional network, which becomes disconnected in early AD (Corbetta, Patel, & Shulman, 2008; Neufang et al., 2011), and greater left caudal middle frontal gyrus connectivity in relation to attentional network compensation in older age (Deslauriers et al., 2017). Therefore, a possible mechanism for this mediation is that CVD-RFs disrupt structural connections in attentional networks leading to compensation by the left caudal middle frontal gyrus, which could ultimately lead to poorer AIP because compensation is not a permanent solution to deterioration in other brain areas (Barulli & Stern, 2013). Future work is necessary to determine the biological underpinnings for how CVD-RFs effect the centrality and efficiency of the right hippocampus and left caudal middle frontal gyrus, respectively, and their subsequent impacts on cognition.
D.	Conceptualization on Null Findings
	Although we did find that greater 10-year stroke risk was associated with poorer performance on AIP, we did not see similar relationships with the FSRP and memory or executive function. Indeed, relationships between CVD-RFs and memory are not seen quite as robustly as associations with processing speed and executive function in the literature; this is particularly true in regard to hypertension (Iadecola et al., 2016), which is an FSRP variable that many individuals in our cohort endorsed. It is possible that memory impairments emerge later in the disease course as they relate to CVD-RFs, and that within this sample of overall unimpaired individuals, CVD-RFs initially take toll on the processing speed domain of cognition. Our lack of findings in an association between FSRP and executive function is in contrast to current literature (Elias et al., 2004). It is important to note, however, that although the PCA analysis grouped the cognitive variables of Trails B minus A, Letter Number Sequencing, Matrix Reasoning, and Letter Fluency into one component, when Cronbach’s alpha was tested for these four variables, α = 0.36. Thus, it is possible that our executive function measure was not assessing this domain in the most comprehensive manner, or may have been additionally assessing other domains such as visuospatial function, resulting in null findings.
This study did not find that educational quality was protective against cognitive dysfunction given CVD-RFs and connectivity alterations. While prior research suggests that educational attainment (i.e., years of education) can be protective of global cognition against white matter injury (Pinter, Enzinger, & Fazekas, 2015), educational quality represents not the number of years in school but the level of academic achievement that resulted from those school years. In fact, adjusting for educational quality nullified previously noted differences in memory performance between non-Latinx Whites and African Americans (Fyffe et al., 2011). We only tested these educational quality relationships with our significant result in AIP; it is possible that educational quality provides protection against alterations in some, but not all, cognitive domains. Furthermore, our cohort was highly educated with many reporting post-baccalaureate degrees, potentially negating the role of educational quality in this sample. 
E.	Strengths and Limitations
Strengths of this study include the use of tract-based structural connectomics, a novel neuroimaging method, to better understand the integration between gray and white matter in key brain regions as it relates to CVD-RF burden and AD. We utilized probabilistic tractography to allow for better delineation of crossing fibers in the brain, and ultimately a more accurate depiction of white matter tracts in regions with dense fiber connections (Zhan et al., 2015). Additionally, this study utilized the most recent version of the FSRP (Dufouil et al., 2017), allowing for a more nuanced understanding of increased levels of CVD-RFs and their influence on structural connectivity and cognition. Further, this work involved a racially and ethnically diverse cohort of non-demented, non-depressed older adults, which not only may facilitate the generalizability of our findings but additionally appears to suggest that brain-behavior relationships related to CVD-RFs are detectable prior to onset of gross cognitive impairment. 
Our study must be interpreted within the context of its limitations. Due to the cross-sectional nature of this study, we are unable to determine the direction of the relationships reported, particularly in respect to our mediation analyses. Nevertheless, our findings provide new insight into potential brain-mediated pathways by which CVD-RFs affect cognition, which future longitudinal work would be well poised to address. While the effect of mid-life CVD-RFs on late-life cognition and brain structure is well documented (Yaffe et al., 2014), our study included older adults. Thus, it is possible that results were not as strong in our current sample as they may have been in a younger sample. Additionally, our sample size of 96 individuals may not have been well-powered enough to detect certain relationships, particularly regarding educational quality as a moderator. Despite this, we did find significant relationships in our older cohort; relationships that are noteworthy given that CVD-RF burden and 10-year stroke risk were quite low and suggestive of the cohort’s overall cognitive health.
F.	Conclusion
Our work highlights the usefulness of novel neuroimaging tools such as tract-based structural connectomics, which may provide initial insight into mechanisms for how CVD-RFs relate to brain-behavior relationships. Additionally, this work shows that in non-demented/non-depressed older adults, there are detectable alterations in brain connectivity that associate with subtle alterations in cognitive function in the presence of CVD-RFs. If replicated, such early, i.e., preclinical detection of altered brain-behavior relationships in the context of CVD-RFs could point toward biomarkers that may be useful targets in prevention studies against cognitive decline and AD. At a minimum, our results may allow for more work to appreciate how CVD-RFs interact with brain and cognitive health at earlier, preclinical time points, where intervention may still be possible against pathological aging and dementia including AD.
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APPENDICES
APPENDIX A
TABLE I
PARTICIPANT DEMOGRAPHIC INFORMATION
	Characteristic
	Value

	Age, years
	67.99 (6.73)

	Female, %
	53.1

	Race/Ethnicity, %
	

	Non-Latinx White
	44.8

	Black
	46.9

	Latinx 
	8.3

	Right Handedness, %
	90.6

	Degree Years of Education
	15.48 (2.68)

	HAM-D Total (n=83)
	1.18 (1.50)

	BDI Total
	2.99 (3.18)

	BAI Total (n=95)
	2.45 (2.91)

	MMSE Total
	28.73 (1.41)


Note. N=96 and values are mean (SD) unless otherwise stated. HAM-D = Hamilton Depression Rating Scale; BDI = Beck Depression Inventory; BAI = Beck Anxiety Inventory; MMSE = Mini Mental State Examination.



APPENDIX A (continued)
TABLE II
FRAMINGHAM STROKE RISK PROFILE COMPONENT BREAKDOWN
	FSRP Discrete Variables
	Present
	Absent

	Smoking
	8.3%
	91.7%

	Cardiovascular disease
	3.1%
	91.7%

	Atrial fibrillation
	1.0%
	99.0%

	Age 65+
	37.5%
	62.5%

	Diabetes mellitus, if age <65
	0.0%
	100.0%

	Diabetes mellitus, if age 65+
	10.4%
	89.6%

	Hypertension medication
	42.7%
	57.3%

	FSRP Continuous Variables
	Men
	Women

	Age, years
	66.62 (6.29)
	69.20 (6.94)

	Systolic blood pressure, mmHg
	136.78 (17.51)
	136.91 (15.70)


 Note. FSRP = Framingham Stroke Risk Profile, mmHg = millimeter of mercury








APPENDIX A (continued)
TABLE III
COGNITIVE TEST SCORE FACTOR LOADINGS USING VARIMAX ROTATION
	Cognitive Test Score
	Memory
	Executive Function
	Attention & Information Processing

	CVLT-II Trial 1-5 Total Recall 
	0.90
	0.24
	0.03

	CVLT-II Long Delay Free Recall
	0.91
	0.15
	0.17

	CVLT-II Recognition Discriminability
	0.85
	0.18
	0.03

	Letter Fluency (FAS) Total
	0.30
	0.67
	0.03

	Trail Making Test B – A
	0.17
	0.65
	0.24

	Matrix Reasoning Total
	0.20
	0.61
	0.20

	Letter-Number Sequencing
	0.02
	0.82
	0.04

	Trail Making Test A
	0.24
	0.10
	0.82

	Trail Making Test Motor
	-0.07
	0.07
	0.79

	Digit Symbol Total
	0.09
	0.45
	0.63

	Eigenvalue
	3.86
	1.66
	1.15


Note. N=90. Bold-faced numbers indicate factor loadings greater than 0.600; these factors were used to create memory, executive function, and attention and information processing speed factor scores ‘by hand’ to preserve sample size. Trail Making Test A, B, and Motor scores were inversed prior to factorization such that higher scores would indicate better performance.




APPENDIX A (continued)
TABLE IV
THE RELATIONSHIP BETWEEN STROKE RISK AND LOCAL CENTRALITY OR EFFICIENCY WHILE ADJUSTING FOR EDUCATIONAL QUALITY AND INTRACRANIAL VOLUME IN A CROSS-SECTIONAL SAMPLE OF OLDER ADULTS

	Region of Interest
	 (SE)
	t-value
	p-value
	partial η2

	Centrality
	
	
	
	

	Accumbens (LH)
	-0.01 (0.01)
	-2.13
	.036
	0.05

	Caudate (LH)
	0.11 (0.05)
	2.05
	.044
	0.04

	Hippocampus (LH)
	-0.04 (0.02)
	-2.56
	.012
	0.07

	Hippocampus (RH)
	-0.07 (0.03)
	-2.60
	.011
	0.07

	Rostral Middle Frontal Gyrus (LH)
	-0.04 (0.02)
	-2.20
	.031
	0.05

	Rostral Middle Frontal Gyrus (RH)
	-0.04 (0.02)
	-2.63
	.010
	0.07

	Efficiency*
	
	
	
	

	Caudal Anterior Cingulate (LH)
	0.29 (0.14)
	1.99
	.050
	0.04

	Caudal Middle Frontal Gyrus (LH)
	0.64 (0.31)
	2.04
	.044
	0.04

	Caudal Middle Frontal Gyrus (RH)
	0.84 (0.35)
	2.37
	.020
	0.06

	Isthmus Cingulate (RH)
	0.32 (0.14)
	2.29
	.024
	0.05

	Pars Triangularis (LH)
	0.41 (0.20)
	2.09
	.039
	0.05

	Supramarginal Gyrus (LH)
	0.25 (0.10)
	2.43
	.017
	0.06

	Supramarginal Gyrus (RH)
	0.36 (0.12)
	2.99
	.004
	0.09


Note.*Efficiency variables were multiplied by a factor of 1,000 for ease of interpretation of beta values. LH = left hemisphere; RH = right hemisphere

APPENDIX A (continued)
TABLE V
STROKE RISK IS ASSOCIATED WITH POORER ATTENTION AND INFORMATION PROCESSING SPEED, BUT NOT WITH MEMORY OR EXECUTIVE FUNCTION IN A CROSS-SECTIONAL SAMPLE OF OLDER ADULTS WHILE ADJUSTING FOR EDUCATIONAL QUALITY AND INTRACRANIAL VOLUME

	Cognitive Domain
	 (SE)
	t-value
	p-value
	partial η2

	Memory
	-0.16 (0.26)
	-0.62
	.540
	0.004

	Executive Function
	-0.17 (0.18)
	-0.96
	.342
	0.01

	Attention/Information Processing Speed
	-0.55 (0.23)
	-2.35
	.021
	0.06
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Figure 1. Gray matter regions of interest associated with both cardiovascular risk factors and dementia. Colors do not necessarily delineate specific brain regions, as some colors were used more than once in identifying regions of interest. 
Note. ACC = accumbens area; AMYG = amygdala; CAC = caudal anterior cingulate; CAU = caudate; CMF = caudal middle frontal gyrus; ENT = entorhinal cortex; HIPP = hippocampus; IC = isthmus cingulate; IPA = inferior parietal cortex; ITG = inferior temporal gyrus; MTG = middle temporal gyrus; PAL = pallidum; PC = posterior cingulate; PO = pars orbitalis; POP = pars opercularis; PREC = precuneus; PT = pars triangularis; PUT = putamen; RAC = rostral anterior cingulate; RMF = rostral middle frontal gyrus; SF = superior frontal gyrus; SPA = superior parietal cortex; SUP = supramarginal gyrus.
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Figure 2. Higher 10-year stroke risk is associated with poorer attention and information processing speed. 
Note. FSRP-10 = Framingham 10-year stroke risk profile.
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Figure 3. Mediation of right hippocampus centrality on relationship between Framingham 10-year stroke risk and attention and information processing speed.
Note. Centrality in the right hippocampus mediates the relationship between Framingham 10-year stroke risk and attention/information processing such that greater stroke risk associates with decreased centrality, which in turn is associated with poorer performance on measures of attention and information processing speed.
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Figure 4. Mediation of left caudal middle frontal gyrus efficiency on relationship between Framingham 10-year stroke risk and attention and information processing speed.
Note. Efficiency in the left caudal middle frontal gyrus mediates the relationship between Framingham 10-year stroke risk and attention/information processing such that greater stroke risk associates with increased efficiency, which in turn is associated with poorer performance on measures of attention and information processing speed.
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Figure 5. Associations between Framingham 10-year stroke risk and right hippocampus centrality and left caudal middle frontal gyrus efficiency.
44
Note. Panels A and B depict the ‘Step 2’ associations of the mediation analysis, where greater 10-year stroke risk is associated with decreased centrality in the right hippocampus (A) and increased efficiency in the left caudal middle frontal gyrus (B). Graphs depict raw data unadjusted for covariates.
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SKILLS
Neuropsychological Tests
Benton Judgment of Line Orientation Test; Boston Naming Test; California Verbal Learning Test-II; Card Sorting, Category Fluency; Color-Word Interference Test, Conner’s Continuous Performance Test; Delis-Kaplan Executive Function System; Design Fluency; Digital Clock Drawing Test; Digit Span; Digit Symbol; Letter-Number Sequencing, Mini-Mental Status Examination; Montreal Cognitive Assessment; Oral and Written Language Scales-II; Rey Auditory Verbal Learning Test; Tower Test; Trail Making Test Parts A, B, & Motor; Wechsler Adult Intelligence Scale IV; Wechsler Memory Scale; Wechsler Test of Adult Reading; Woodcock Johnson Achievement IV; Woodcock Johnson IV Tests of Cognitive Abilities; Word Fluency

Clinical Scales and Questionnaires
Beck Depression Inventory; Beck Anxiety Inventory; Center for Epidemiologic Studies Depression Scale; Clinical Dementia Rating; Community Healthy Activities Model Program for Seniors Questionnaire; Conner’s Adult ADHD Rating Scale Self and Observer report; Functional Assessment Questionnaire; Geriatric Depression Scale; Learning and Study Strategies Inventory 2nd Edition; Minnesota Multiphasic Personality Inventory-2RF; Multidimensional Anxiety Questionnaire; Outcome Questionnaire; Pittsburgh Sleep Quality Index, Structured Clinical Interview for the Diagnostic Statistical Manual IV, Tennessee Self-Concept Scale; Trauma Symptom Inventory-2; Wender Utah Rating Scale

Computer Software 
SPSS, R, FSL, Brain Connectivity Toolbox, DTI Studio, Analyze, AFNI, MRIcron, SPM and affiliated toolboxes including LST and MarsBar, MATLAB, basic Linux commands, Titanium, Microsoft Office, Adobe Acrobat, Windows and Mac operating systems
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