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Abstract

Cumulating evidence from epidemiologic studies implicates cardiovascular health and 

cerebrovascular function in several brain diseases in late life. We examined vascular risk factors 

with respect to a cerebrovascular measure of brain functioning in subjects in mid-life, which could 

represent a marker of brain changes in later life. Breath-hold functional MRI (fMRI) was 

performed in 541 women and men (mean age 50.4 years) from the Coronary Artery Risk 

Development in Young Adults (CARDIA) Brain MRI sub-study. Cerebrovascular reactivity 

(CVR) was quantified as percentage change in blood-oxygen level dependent (BOLD) signal in 

activated voxels, which was mapped to a common brain template and log-transformed. Mean CVR 

was calculated for anatomic regions underlying the default-mode network (DMN) - a network 

implicated in AD and other brain disorders - in addition to areas considered to be relatively spared 

in the disease (e.g. occipital lobe), which were utilized as reference regions. Mean CVR was 

significantly reduced in the posterior cingulate/precuneus (β = -0.063, 95% CI: - 0.106, -0.020), 

anterior cingulate (β = -0.055, 95% CI: -0.101, -0.010), and medial frontal lobe (β = -0.050, 95% 

CI: -0.092, -0.008) relative to mean CVR in the occipital lobe, after adjustment for age, sex, race, 

education, and smoking status, in subjects with pre-hypertension/hypertension compared to 
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normotensive subjects. By contrast, mean CVR was lower, but not significantly, in the inferior 

parietal lobe (β = -0.024, 95% CI: -0.062, 0.014) and the hippocampus (β = -0.006, 95% CI: 

-0.062, 0.050) relative to mean CVR in the occipital lobe. Similar results were observed in 

subjects with diabetes and dyslipidemia compared to those without these conditions, though the 

differences were non-significant. Reduced CVR may represent diminished vascular functionality 

for the DMN for individuals with prehypertension/ hypertension in mid-life, and may serve as a 

preclinical marker for brain dysfunction in later life.
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Alzheimer's disease; neurophysiology; vascular risk factors

1. INTRODUCTION

Changes in brain functioning in mid-life, before structural changes in the brain, may 

represent an important marker of future brain health in later life (Alsop et al., 2010; Bendlin 

et al., 2010). Vascular risk factors (VRF) and vascular disease have been shown to be 

associated with reduced cerebrovascular function (e.g., cerebral blood flow) (Claus et al., 

1998; Riecker et al., 2003; Wu et al., 2008; Jagust and D'Esposito, 2009). In addition, 

cerebrovascular disorders -- e.g., cerebral small vessel disease, white matter lesions, and 

reduced white matter integrity-- have been linked to reduced brain network functioning that 

include the default-mode network (DMN) and other networks involved in cognitive control 

(Damoiseaux and Greicius, 2009; Mayda et al., 2011; Papma et al., 2013). Evidence from 

epidemiologic studies of VRF in mid-life and risk of dementia in late-life (Launer et al., 

1995; Launer et al., 2000; Kivipelto et al., 2001; Roberts et al., 2014), as well as cumulating 

evidence of neurovascular mechanisms of Alzheimer's disease (AD) (Benarroch, 2007; 

Novak, 2012) warrants investigation of VRF and brain changes that could represent vascular 

contributions to AD.

The DMN represents a resting state network that consists of a set of brain regions that co-

activate when subjects are at rest, and deactivate together when subjects become engaged in 

external cognitive tasks (e.g., episodic learning) (Raichle et al., 2001; Daselaar et al., 2004; 

Sperling, 2007; Buckner et al., 2008; Miller et al., 2008). Studies of brain network 

dysfunction, using blood-oxygen level dependent functional MR imaging (BOLD fMRI), 

have implicated the DMN as one of the central representative networks in aging and AD 

pathophysiology (Greicius et al., 2004; Hedden et al., 2009; Brier et al., 2014). These studies 

have shown that DMN disconnectivity could represent a biomarker for preclinical AD 

(Greicius et al., 2004; Hedden et al., 2009; Sheline and Raichle, 2013; Brier et al., 2014) as 

well as a marker of AD progression (Damoiseaux et al., 2012). Evidence from previous 

studies has implicated vascular changes in DMN disruption (Damoiseaux and Greicius, 

2009; Mayda et al., 2011; Papma et al., 2013). Additionally, reduced cerebrovascular 

function (e.g., cerebral blood flow) has been observed in brain regions that overlap DMN 

regions (e.g., parietal cortex) in individuals with AD (Alsop et al., 2000; Johnson et al., 

2005; Dai et al., 2009; Jagust and D'Esposito, 2009; Schuff et al., 2009; Stefani et al., 2009) 

mild cognitive impairment (MCI) (Johnson et al., 2005; Duschek and Schandry, 2007) as 
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well as cognitively healthy older adults(Claus et al., 1998; Wu et al., 2008; Jagust and 

D'Esposito, 2009).

Cerebrovascular reactivity (CVR) represents a measure of vascular responsiveness, based on 

vasodilation of cerebral vessels, given induced changes in the brain (e.g., increased CO2) 

that can occur during given physical states (e.g., breath-hold) (Kastrup et al., 1999; Kastrup 

et al., 2001; Handwerker et al., 2007). Typically, CVR has been used to evaluate global 

brain response (Last et al., 2007; Jagust and D'Esposito, 2009) as well as to measure effects 

on hemodynamic response in specific vascular territories (Vernieri et al., 1999; Silvestrini et 

al., 2000; Sorond et al., 2010). However, regional differences in CVR have been observed 

(Kastrup et al., 1999) and, additionally, CVR has been shown to vary regionally with respect 

to VRF (Novak, 2012). It is possible that reduced CVR —i.e., representative of lower 

cerebrovascular function associated with different VRF—may occur in brain regions that 

underlie the DMN and may affect DMN function.

We hypothesize that for adults in midlife reduced CVR, associated with VRF (e.g., 

hypertension, diabetes, dyslipidemia), occurs in regions of the brain that underlie the DMN, 

and could reflect reduced vascular functionality in the network. Furthermore, we 

hypothesize that reduced CVR occurs simultaneously in the hippocampus, which has a 

functional relationship with the DMN (i.e., the hippocampus activates while the DMN 

deactivates during learning tasks). Reduced CVR in these regions could represent changes in 

vascular brain function for individuals with VRF in mid-life, and could represent a 

preclinical marker of brain health in later life.

2. MATERIALS AND METHODS

2.1 Study Sample

Participants were enrolled in the Coronary Artery Risk Development in Young Adults 

(CARDIA) Study, a longitudinal study to investigate the determinants and development of 

cardiovascular disease in young adults. Details of the recruitment of the study sample are 

available (Friedman et al., 1988). Of the 5,115 adults enrolled in the study, 3499 (72% of 

survivors) were evaluated at the 25-year follow-up exam. As part of this exam, a sub-sample 

was invited to participate in the CARDIA Brain sub-study. This study recruited subjects 

from 3 of the 4 CARDIA field centers, and was designed to investigate the morphology, 

pathology, physiology and function of the brain with magnetic resonance imaging (MRI) 

technology. Exclusion criteria at the time of sample selection, or at the MRI site, were a 

contraindication to MRI or a body size that was too large for the MRI scanner. Of those who 

were eligible for the sub-study, our target was scans in 700 individuals; we obtained 719 

individuals, who received MRI scans.

All participants provided written informed consent at each exam, and institutional review 

boards from each field center and the coordinating center annually approved the CARDIA 

study. Separate participant written consent for participation in the CARDIA brain sub-study 

was obtained, and separate approval was given by the IRBs of the participating sites and the 

IRB covering Intramural Research at the National Institute on Aging (NIA).
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2.2 MRI acquisition and processing

MRI scans were obtained for patients using 3-T MR scanners located proximal to each 

CARDIA clinical site. Details of the scanners used, training of MRI technologists at the 

different sites, implementation of study protocols, and quality assurance of scanner stability 

and performance are provided elsewhere (Launer et al., 2015). A 40-minute scan protocol 

was implemented and a prioritized order of brain sequences was obtained. For participant 

safety, scans were examined initially by the MR technician. Any detection of pathology or 

other medical abnormalities were reported to the site PI and radiologist immediately and 

appropriate steps were taken. Otherwise, each site followed standard operating procedures 

that involved reading of the scan within 48 hours.

Post-scan image processing was performed by the Section of Biomedical Image Analysis 

(BIA), Department of Radiology, University of Pennsylvania. An initial QC protocol 

identified any motion artifacts or any other quality issues. Subjects that failed this QC test 

were flagged for inspection. After this inspection, an automated pipeline was applied on the 

scans. Quality checks were performed on intermediate and final processing steps by visual 

inspection and by identification of outliers of calculated variable distributions.

2.3 MRI Measures

According to previously described methods (Goldszal et al., 1998; Shen and Davatzikos, 

2002; Lao et al., 2008; Zacharaki et al., 2008), an automated computer algorithm was used 

to segment MRI structural images of supratentorial brain tissue into gray matter (GM), white 

matter (WM) and cerebrospinal fluid (CSF). GM and WM were further characterized as 

normal and abnormal tissue, and assigned as 92 anatomic regions of interest (ROIs) in each 

hemisphere. These 92 anatomic regions comprise the Jakob atlas (Kabani et al., 1998), 

which was used as a brain template to which the MRI brain measures were co-registered.

Based on previous reports (Buckner et al., 2008; Hedden et al., 2009), and the Jakob atlas 

available in the current study, a priori defined brain regions were selected to investigate the 

DMN. Regions, and corresponding subregions, included: posterior cingulate/precuneus 

(PCC); inferior parietal lobe (angular gyrus and supramarginal gyrus) (INF); anterior 

cingulate (ACC); and medial frontal lobe (MFL). In addition, although the hippocampus is 

not part of the DMN, it was selected as a region of interest given its functional relationship 

with the DMN (i.e., the hippocampus activates while the DMN deactivates during learning 

tasks) (Sperling, 2007; Miller et al., 2008; Jagust and D'Esposito, 2009). As a reference for 

comparison throughout the study, we selected the occipital lobe (i.e., occipital pole and 

superior, middle, and inferior occipital gyri) and sensorimotor cortex (i.e., precentral gyrus, 

postcentral gyrus), which are thought to be less vulnerable to disease (e.g., AD) (Thompson 

et al., 2001; Resnick et al., 2003; Yakushev et al., 2008). In addition, other cortical brain 

regions (i.e., excluding those representative of the DMN, hippocampus, occipital and 

sensorimotor cortex) were used to represent Non-DMN regions.

2.4 Cerebrovascular Reactivity (CVR)

2.4.1 CVR Acquisition—Each participant performed a breath-hold task during acquisition 

of BOLD fMRI. We used a block design with two interleaved conditions. Subjects received 
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a visual instruction, while in the scanner, to breathe normally for 30 seconds; then hold their 

breath after expiration for 16 seconds; then resume normal breathing. This procedure was 

repeated 4 times in succession, and the recorded measurements were averaged for the 4 

repetitions. The BOLD scans were corrected for motion and smoothed. This step was 

followed by a general linear model (GLM) analysis, for each subject, where the time course 

in BOLD signal at each voxel was fit with: 1) a regressor representative of the interleaved 

block-design, or block-model; and 2) a 9 second delay in the block-model to account for the 

lag in the BOLD signal. The analysis generated a voxel-wise statistical parametric map of t-

scores, which was transformed to a z-score map. A threshold was applied to the z-scores (Z 

≥ 2.3), with cluster correction at p=0.05, to identify contiguous clusters of voxels which 

activated in response to the breath-hold task. A percent signal change map, based on these 

clusters, was generated and registered to the Jakob atlas (See Appendix for details).

2.4.2 CVR Scan Inclusion Criteria—Of the 719 subjects in the Brain MRI sub-study, 

680 subjects had fMRI scans. Of these, 668 subjects had images that passed quality checks 

for further processing (Fig 1). To ensure that subjects had a valid CVR hypercapnic stimulus 

from a compliant breath-hold, we identified subjects with scans that showed a global 

response to the breath-hold task as reflected by activation of the superior sagittal sinus (SSS) 

(Bandettini and Wong, 1997, Pillai and Milkulis, 2015). Presence of this signal was 

determined by using the threshold map above masked to a predefined region of interest 

(ROI) in the SSS. In addition, thirty subjects with multiple regions with little or no 

activation, specifically 30 individuals who did not activate voxels in DMN regions and, of 

these, 28 subjects who did not activate voxels in Non-DMN portions of the brain, were 

excluded from the analysis. In the 542 subjects that remained, each subject had CVR 

measures, based on the % mean change in BOLD signal, for different brain regions.

2.4.3 Mean CVR Region-of-Interest (ROI) Calculation—Prior to combining CVR 

measures from different brain regions and calculating mean CVR for each ROI of interest in 

the study (i.e., different ROI comprising the DMN and other brain regions), we examined 

the distributions of the measures (i.e. between measure variability of adjacent brain regions 

and left and right brain hemispheres) (data not shown). Mean CVR (mean % BOLD-fMRI 

change) for each ROI was calculated based on the following:

for jth side (i.e., left, right hemisphere) and kth subregion (e.g., angular gyrus, supramarginal 

gyrus). Measures of mean CVR were calculated similarly for overall, composite measures of 

the DMN and Non-DMN, respectively, the hippocampus, occipital, and sensorimotor cortex 

using the activated voxels of regions in those areas.

Given the distribution of CVR was skewed, the measure was log-transformed for analysis. 

One subject with a high CVR reading across different brain regions (> 3 SD relative to the 

group mean) was excluded from the analysis.
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2.5 Vascular Risk Factors (VRF)

Three measures of cardiovascular disease risk were investigated in the study. Variables for 

VRF groups were coded based on American Heart Association (AHA) 2012 criteria. 

Prehypertension/ hypertension was defined as 0=no, 1=yes, based on one or more of the 

following: systolic blood pressure>=130 mmHg; diastolic blood pressure >=85 mmHg; or 

blood pressure medication use (Chobanian et al., 2003). Diabetes was defined as 0=no, 

1=yes, based on one or more of the following criteria: fasting glucose >=126 mg/dL where 

the duration of the fast was >=480 minutes; 2-hour glucose tolerance test >=200 mg/dL; 

glycosylated hemoglobin (HbA1c) >=6.5%; or diabetes medication use (American Diabetes 

Association, 2011). For 29 subjects who were missing either the 2-hour glucose tolerance 

test or the HbA1C measurement, diabetes status was imputed and set to 0 given the values of 

the remaining variables (e.g., fasting glucose < 126 mg/dL). Dyslipidemia was defined 

0=no, 1=yes using the following criteria: for males, triglyceride levels >=150 mg/dL or 

HDL levels < 40 mg/dL; for females, triglyceride levels >=150 mg/dL or HDL levels< 50 

mg/dL; or cholesterol-lowering medication use (Miller et al., 2011).

2.6 Resting Cerebral Blood Flow (CBF)

2.6.1 CBF Acquisition—Arterial spin labeling (ASL) was utilized to measure 

participants’ resting cerebral blood flow, at two of the three MRI sites in the Brain sub-

study, and has been used widely in studies of brain aging and disease (Wang et al., 2008). 

The scan consists of an interleaved sequence of control and tag volumes from which the 

mean perfusion volume (ml/100g/min) at each brain voxel can be quantified. The mean CBF 

at the locations of these voxels was obtained and co-registered with MRI regions from the 

Jakob brain atlas, which allowed for examination of mean CBF at the level of the same 

anatomical ROIs as for CVR.

2.6.2 Mean CBF ROI Calculation—Similarly to CVR, descriptive analyses and 

calculations were conducted (i.e., weighed average of mean CBF and CBF voxels of 

different subregions) to derive mean CBF for the different ROIs in the analysis (i.e., 

different ROIs comprising the DMN).

2.7 Covariates

Covariates included age (years), defined at the time of the 25-year visit, sex, education (<16 

years/≥ 16 years), race (black/white), ApoE4 genotype status (0=no E4 allele, 1= ≥ 1 E4 

alleles), and smoking status at the 25-year exam, which was recorded 0=never, 1=former, 

2=current. In addition, occurrence of lung disease (chronic obstructive pulmonary disease, 

emphysema, asthma, chronic bronchitis: 0=no, 1=yes) was considered as a potential co-

factor. Following an analysis of the whole study group (see below), we repeated the analysis 

in subjects with no reported lung disease.

2.8 Analysis

2.8.1 Overview—A cross-sectional analysis, based on the Year 25 exam of the CARDIA 

study, was used to assess the associations of VRF and CVR in regions of the brain 

correspondent with the DMN. Specifically, in groups with normal and abnormal VRF, the 
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analysis quantified the relative difference in mean CVR in brain regions defined a priori in 

the DMN, and the hippocampus, with respect to mean CVR in the occipital lobe (i.e., mean 

CVRDMN regions – mean CVROccipital lobe), which is thought to be less susceptible to disease 

(Ishii et al., 2007; Resnick et al., 2003; Thompson et al., 2001).

These regional comparisons were followed by an analysis that quantified the relative 

differences in mean CVR for the DMN (i.e., DMN regions combined as one ROI), mean 

CVR for the hippocampus, mean CVR in the non-DMN cortical regions (i.e., Non-DMN 

cortical regions combined as one ROI), and mean CVR in the occipital lobe. The Non-DMN 

cortical regions excluded the occipital lobe and sensorimotor cortex which represented 

reference regions in the analysis. The rationale for investigation of these differences was to 

determine whether effects of interest might extend to other brain regions beyond the DMN.

For these two preceding sets of analyses (i.e., regional DMN and DMN/Non-DMN), 

sensitivity analyses were performed that substituted the occipital lobe with sensorimotor 

cortex (i.e., precentral gyrus, postcentral gyrus), as a reference region, given that 

sensorimotor cortex has been found to be less susceptible to AD-related changes (Thompson 

et al., 2001; Yakushev et al., 2008).

Lastly, given that CVR signal represents a change in cerebral blood flow, we examined VRF 

with respect to resting CBF in subgroup analyses in participants for whom the resting CBF 

measure was available.

2.8.2 Statistical Analysis—Mean difference in CVR was assessed using mixed models 

with respect to each VRF risk group, where data from multiple regions available for each 

subject represented repeated measures. Models were used to assess mean difference in CVR 

that could potentially vary by region for the VRF group levels. For example, the following 

model was used to examine the possible interaction of VRF group i (e.g., i represents pre-

hypertension/hypertension yes/no) by region, where the occipital lobe represents the 

reference region:

Coefficients based on this model represent the following: β0 represents the mean CVR for 

the occipital lobe in subjects with no VRF for the ith group; β1 represents the mean 

difference in CVR, in the occipital lobe, for subjects with a VRFi compared to subjects with 

no VRFi; β2j represents the mean differences in CVR, for each region j (i.e., 5 regions 

comprising the DMN and the hippocampus), compared to the occipital lobe in subjects with 

no VRFi; β3ij represents the relative differences in mean CVR for each region j, compared to 

the occipital lobe, in subjects with VRFi compared to subjects without VRFi.

Given this multilevel modeling approach, covariates were included at the overall level and at 

the regional level--e.g., age and smoking status might differentially affect CVR levels in 

specific regions underlying the DMN. Estimation of the model coefficients and standard 

errors accounted for within-subject (i.e., region-to-region) variability (Littell et al., 1996).
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Analyses were conducted with SAS version 9.3 and R version 3.0.1.

3. RESULTS

Subjects were mean age 50 years and included more women than men (52% vs 48%) (Table 

1). The sample included 35% African-Americans, and was well-educated with 53% 

completing college. Subjects’ smoking history included 60% never, 26% former, and 14% 

current smokers. Most subjects had no underlying lung disease, although 14% of subjects 

reported asthma and/or taking medication for asthma. Prevalence of VRF investigated in the 

study were approximately as follows: prehypertension/ hypertension (32%); diabetes (8%); 

and dyslipidemia (35%). Excluded subjects had similar age and sex characteristics compared 

to included subjects, but included more African-Americans (57%) and participants with a 

higher prevalence of VRF: prehypertension/hypertension (50%); diabetes (14%); and 

dyslipidemia (46%).

Analyses that examined mean CVR by region for the different VRF groups are presented in 

Table 2. Comparisons in those without VRF across regions (i.e., region main effect 

coefficients) showed that mean CVR was lower, relative to the mean CVR in the occipital 

lobe, in the different brain regions examined with exception of the medial frontal region 

where the mean CVR was higher. The model that compared differences in prehypertensive/

hypertensive vs. normotensive subjects (i.e., region x VRF group terms in Table 2, left 

column) indicated an additional decrease in mean CVR in multiple regions of the DMN 

(PCC: -0.072 (95% CI: -0.115, -0.029); ACC: -0.059 (95% CI: -0.104,-0.014); MFL: -0.039 

(95% CI: -0.080, 0.003)), with the PCC and ACC reaching significance. These findings 

remained significant but were attenuated for the posterior cingulate/precuneus and anterior 

cingulate, and were stronger and significant for the difference observed for the medial 

frontal lobe after adjustment for covariates (Table 3): PCC: -0.063 (95% CI: -0.106, -0.020); 

ACC: -0.055 (95% CI: -0.101,-0.010); MFL: -0.050 (95% CI: -0.092, -0.008). Figure 2 

includes a graphical presentation of the adjusted results.

Similarly, analyses suggested lower mean CVR by region, relative to mean CVR in the 

occipital lobe, in subjects with diabetes, and separately for subjects with dyslipidemia, 

compared to subjects without these conditions (Table 2). However, given that the findings 

for these VRF groups were non-significant, no further analyses that adjusted for covariates 

were carried out.

To determine if lower mean CVR observed in prehypertensive/hypertensive subjects was 

specific to the DMN, we examined a model which compared CVR for DMN and Non-DMN 

regions, as overall composite measures, to the occipital lobe (Table 4). Findings based on 

this model indicated that mean CVR was lower for both regions, but to a greater and 

significant extent in the DMN (-0.043, 95% CI: -0.076, -0.009) than the Non-DMN (-0.013, 

95% CI: -0.042, 0.017) after adjustment. While the additional lower mean CVR in the 

prehypertensive/ hypertensive group compared to the normotensives was larger for the 

DMN compared to the Non-DMN (-0.043 vs -0.013), the result was not significantly 

different (p< 0.15 ).
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This analysis evaluated differences in CVR in the hippocampus for VRF groups as well. 

While mean CVR was lower for the hippocampus (Table 2 prehypertension/hypertension: 

-0.310, 95% CI: -0.341, -0.279; diabetes: -0.315, 95% CI: -0.342, -0.288; dyslipidemia: 

-0.307, 95% CI: -0.339, -0.275) compared with the occipital lobe, there was no evidence to 

suggest additional reduction in mean CVR in subjects with VRF. In those with 

prehypertension/hypertension compared to normotensive subjects, for example, mean CVR 

was reduced but not significantly in unadjusted (Table 2 -0.022, 95% CI:-0.077, 0.034) and 

adjusted analyses (Table 3, -0.006, 95% CI: -0.062, 0.050).

Results based on the sensitivity analysis that compared different regions with respect to 

sensorimotor cortex, which was substituted as a reference region, varied in some respects 

from those based on the occipital lobe. Differences in mean CVR between these regions and 

motor cortex were smaller (data not shown); however, results suggested a similar pattern of 

reduced mean CVR for subjects with VRF compared to those without VRF. In particular, 

CVR was reduced in multiple DMN regions in subjects with prehypertension/hypertension 

compared to normotensive subjects after adjustment (PCC: -0.061 95% CI: -0.101, -0.021; 

ACC: -0.055 95% CI: -0.089, -0.021; MFL: -0.047 95% CI: -0.080, -0.013). Similarly, 

reductions in mean CVR were observed for overall DMN and Non-DMN regions (DMN: 

-0.041 95% CI: -0.066, -0.016 Non-DMN: -0.009 95% CI: -0.038, 0.020), that were 

comparable to those observed based on analyses with the occipital lobe included as the 

reference region. In contrast, no reduction in mean CVR was observed for these regions 

when compared with motor cortex, in subjects with diabetes and dyslipidemia compared to 

subjects without these conditions, respectively.

In subgroup analyses that examined VRF and regional variation in CBF, CBF was reduced 

in the different DMN regions relative to the occipital lobe, with the exception of the PCC 

where mean CBF was higher (Supplementary Table 1). However, by contrast with the CVR 

analysis, mean CBF was not significantly lower for different DMN regions relative to the 

occipital lobe, notably those with prehypertension/hypertension, compared to those without. 

In a subset of participants with both CBF and CVR measures (n=412), significantly lower 

mean differences in CBF were observed for different DMN regions, in those with 

prehypertension/hypertension compared to those without (Supplementary Table 2, left 

column); however, these differences were attenuated and no longer significant for most of 

the DMN regions after adjustment for covariates (Supplementary Table 3). Lastly, as part of 

the subgroup analyses (n=412), regional variation in CVR, as the outcome measure, was 

examined as before, and CBF was included as a covariate in the models (Supplementary 

Table 4). A different pattern of results was observed for this subgroup compared to the CVR 

sample (n=536) examined previously (Table 2), because of sampling variability (data not 

shown); however, the findings with CBF as a covariate did not affect the results 

substantially (Supplementary Table 4).

4. DISCUSSION

Prior to morphologic changes, changes in brain function may signify brain abnormalities 

that represent early markers of brain disease. While several studies have examined the 

association of VRF and vascular pathology on brain function in different brain regions 
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(Claus et al., 1998; Jennings et al., 2005; Glodzik et al., 2011; Beason-Held et al., 2012), this 

is the first to examine the effects of VRF on CVR with respect to the DMN in a large sample 

of relatively young subjects. Disruption of the DMN, which represents a network of major 

interest in aging and AD, and has been shown in different patient groups, including those 

with mild cognitive impairment (MCI) and normal older controls (Sperling, 2007;Dunn et 

al., 2014), may in part be related to reduced cerebrovascular function.

Given evidence of the association of mid-life VRF and dementia in late-life (Launer et al., 

1995; Launer et al., 2000; Kivipelto et al., 2001; Roberts et al., 2014), potential 

neurovascular mechanisms of AD (Benarroch, 2007; Novak, 2012), as well as studies 

suggesting reduced cerebrovascular function in brain regions overlapping the DMN (Claus 

et al., 1998; Johnson et al., 2005; Dai et al., 2009; Jagust and D'Esposito, 2009), we 

hypothesized that mean CVR would be lower for regions underlying the DMN, relative to 

reference brain regions, in those subjects with VRF as opposed to those without. Mean CVR 

was reduced significantly in different regions of the DMN in subjects with prehypertension/ 

hypertension when compared with normotensive subjects. In particular, mean CVR was 

lowest for the posterior cingulate/precuneus, a region which has been shown consistently to 

have reduced connectivity in early AD (Greicius et al., 2004; Hedden et al., 2009; Sheline 

and Raichle, 2013; Brier et al., 2014). Similar but non-significant reductions were observed 

for subjects with, compared to those without diabetes and dyslipidemia. Studies have shown 

that individuals with VRF, including diabetes and hypertension, have reduced blood flow 

and vascular reactivity across different cortical regions (Claus et al., 1998; Jennings et al., 

2005; Dai et al., 2008; Glodzik et al., 2011). Our findings, together with this previous 

evidence, suggest that VRF may underlie the observed differences in cerebrovascular 

function related to the DMN.

We assessed whether the associations that were observed for CVR and prehypertension/ 

hypertension, with respect to the DMN, extended to non-DMN regions. A test of the mean 

difference of lower mean CVR for the DMN vs. the Non-DMN (Table 4: -0.043 vs -0.013) 

was not significant. There are different possible explanations for this result. Adjacent 

regions of the DMN and Non-DMN may share “vascular space”; therefore, reduction in 

CVR would have been similar for adjacent areas which may have attenuated any differences 

observed based on non-adjacent regions. Another possibility may be a result of pooling 

different regions of the DMN, where different associations between CVR and 

prehypertension/hypertension were observed (Tables 2 and 3). Similarly, the Non-DMN 

may include a heterogeneous mix of brain tissue including tissue that underlies other 

networks, that may be more susceptible to vascular disease, as well as tissue that is less so. 

Therefore, the low mean difference in CVR between DMN and Non-DMN could be 

explained partly by the reduced sensitivity based on the comparison of overall summary 

measures of these larger regions.

Although the hippocampus does not constitute part of the DMN, it functions in conjunction 

with it by activating while the DMN deactivates during cognitive tasks (Sperling, 2007; 

Miller et al., 2008). Our findings did not include an expected association between VRF and 

lower CVR in this region. Previous studies report that the hippocampus functions even as 

other parts of the brain may be compromised. For example, in subjects with MCI and 
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cognitively normal subjects at genetic risk for AD, the hippocampus has been shown to 

activate and may help to compensate for reduced brain function in other regions until later 

stages in AD (Bookheimer et al., 2000; Bondi et al., 2005; Dickerson et al., 2005; Celone et 

al., 2006). Hippocampal atrophy, related to aging and neurodegenerative processes, may 

occur later relative to our sample of subjects in mid-life (Hedden and Gabrieli, 2004; Jack et 

al., 2010; Jack et al., 2013). Reduced cerebrovascular function, which has been shown to be 

associated with VRF in this region (Convit et al., 2003; Wu et al., 2008) may occur later as 

well in conjunction with these deleterious processes. In a previous study which measured 

CVR response to hypercapnia, cardiovascular risk factors were more inversely associated 

with hippocampal CVR in MCI patients compared with healthy controls (Glodzik et al., 

2011).

In addition to CVR, we examined resting CBF as another measure of cerebrovascular 

function given its relationship with CVR. While lower CBF was observed for DMN regions 

compared to the occipital lobe, as was the case for CVR, the results were less conclusive 

(i.e., non-significant). This pattern was observed in both a large sample of subjects (n=537), 

all of whom had the CBF measure, and a subgroup of subjects with CBF and CVR; 

therefore, the differences in results observed for CBF and CVR are not based on sample size 

alone. It is possible that in this particular study group, CVR may be a more sensitive 

measure of changes in function than CBF. CVR was recorded as subjects underwent a 

breath-hold challenge, which could aid in identifying underlying pathophysiological 

abnormalities. By contrast, CBF was recorded in subjects ‘at rest’ which may not provide as 

sensitive a measure of subjects’ underlying pathophysiology until it advances to a more 

progressed state.

The study includes some limitations that should be considered when evaluating these results. 

The findings are based on cross-sectional data, for which we cannot infer causal direction. 

However, there is evidence from previous studies to suggest that VRF impair vasodilation 

and other components involved in hemodynamic response (Convit et al., 2003; Last et al., 

2007; Wu et al., 2008; Muller et al., 2012). Different methodological aspects of the study 

may represent important factors with respect to interpretation of the results. To assess CVR 

activation based on BOLD signal images, CVR response was modeled as a boxcar function, 

which included a 9s delay to account for variability in CVR response –i.e., CO2 

accumulation during breath-hold and drop in CO2 with normal breathing. However, these 

predictors may not have provided the best fit of individuals’ data, which may have been 

more closely fit using a different model. Similarly, while BOLD scans were corrected for 

motion and smoothed, motion covariates were not included as factors in the activation 

models. Furthermore, anatomical regions used to define the DMN were based on a standard 

brain template (i.e., Jakob atlas). It is possible that the functional regions underlying the 

DMN for different subjects did not align completely with the template regions.

Respiratory belt data were collected by MRI technicians during the fMRI scan and were 

used to assess participants’ compliance during the breath-hold task. While subject 

compliance during the task was recorded, the tracings of the respiratory data were not saved 

with the exception of a limited number of subjects from one of the MRI sites. However, our 

inclusion criteria did not depend on recorded subject compliance, but was based instead on 
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subjects’ activation of the superior sagittal sinus (SSS), which provides a direct, objective 

measure of a global response to the breath hold task (Bandettini and Wong, 1997, Pillai and 

Milkulis, 2015).

We examined other factors that may have affected the findings. Lung disease, with the 

exception of asthma, was rare in this study group and elimination of subjects with lung 

disease had little effect on the findings. When we restricted the analysis to those subjects 

free of reported lung disease, our main findings were attenuated somewhat. Specifically, 

based on model results which compared mean difference in CVR for DMN regions relative 

to CVR in the occipital lobe, by pre-hypertension/hypertension status, a lower CVR was still 

observed in the unadjusted results, and after adjustment for covariates. ApoE4 status was 

available for a subsample of the study group (n=495). Inclusion of this covariate in the 

analysis attenuated the results somewhat, but did not alter the significance of the findings. 

Prevalence of cerebrovascular co-factors—e.g., brain atrophy, cortical brain lesions, carotid 

artery disease, and white matter lesions, while not high (data not shown), may have been 

associated with CVR independently in the brain regions of interest. However, we 

hypothesized that these factors represent pathology secondary to alterations in 

cerebrovascular function already present in subjects (e.g., morphologic changes), or causal 

intermediates, between VRF and CVR, therefore, we did not adjust for them.

As a preliminary step in data processing of the CVR measure, a voxel-level threshold of Z ≥ 

2.3 was used in conjunction with a cluster threshold to define contiguous clusters of 

activated brain voxels. In addition, we selected individuals with SSS region signal to reduce 

potential noise in the CVR measure. Moreover, we selected those participants who activated 

all regions included in the DMN, the hippocampus, and most of the regions included in the 

Non-DMN. By doing so, we were able to compare CVR for different brain regions 

simultaneously. While these steps provided the necessary data on individuals with detectable 

CVR signal to conduct our analysis, it is possible that we removed individuals with low 

CVR signal that was related to underlying vascular disease. As a result, our findings may 

represent a bias in terms of an underestimation of the effects of vascular disease on CVR in 

the study.

There are several areas of investigation that arise from our findings. CVR is a measure of 

vasodilatory response to breath-hold. As such, it represents a vascular parameter rather than 

a measure of vascular response to neural activity, or a measure of neural function. Therefore, 

the ramifications of the results with respect actual neural activity and DMN disconnectivity 

are unclear and require further investigation. Other compensatory mechanisms may be 

involved (Rossini et al., 2004), that would allow the DMN to function normally, although 

the occurrence of such a mechanism may represent a marker of dysfunction in and of itself. 

Separately, while CVR represents a purely vascular parameter for which the neural 

implications are not clear, its reduction in DMN regions in subjects with VRF compared to 

those without raises important questions for studies that investigate resting state (i.e., DMN) 

connectivity that utilize BOLD fMRI. Given the dependence of BOLD fMRI on 

cerebrovascular function (Gazzaley and D'Esposito, 2005; Jagust and D'Esposito, 2009), 

future studies should consider the potential influence of VRF on BOLD signal. Other studies 

have highlighted the importance of vascular measures as cofactors, particularly in 
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relationship to other brain parameters in the elderly, who represent the majority of 

participants in studies of AD (Riecker et al., 2003: Dai, 2009 #56).

The study has several strengths and advances our understanding of the relationship of VRF, 

regional differences in brain vasculature, and the potential implications these have for brain 

health in late-life. The study was conducted in a large population-based sample in mid-life 

for whom we could observe early brain pathophysiologic effects of VRF. Studies have 

found associations of VRF in mid-life and brain and dementia risk in late-life (Launer et al., 

1995; Launer et al., 2000; Kivipelto et al., 2001; Roberts et al., 2014). This study represents 

one of the first to assess brain changes with VRF early in the disease process. Secondly, the 

study utilized multiple neuroimaging measures which were collected simultaneously for 

individuals, which allowed for mapping of physiologic brain measures to anatomic regions 

correspondent with the DMN. Thirdly, analytical methods were applied which allowed for 

examination of the regional variability of CVR with respect to VRF in brain ROIs 

simultaneously, as a direct test of our hypothesis of reduced CVR in areas known to be 

susceptible to AD, like the DMN, compared to those regions that are known to be relatively 

spared in the disease.

5. CONCLUSION

In sum, in a population-based sample of subjects at mid-life, a functional measure of 

cerebrovascular reactivity was found to be reduced in brain regions underlying the DMN in 

subjects with prehypertension/hypertension compared with normotensive subjects. Earlier 

treatment of this vascular risk factor may mitigate brain pathophysiological processes that 

can contribute to important brain disorders represented in late-life.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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APPENDIX

APPENDIX A - Representative time series of mean CVR response in two DMN regions. 

The blue lines represent CVR response in the anterior cingulate in a normotensive (solid) 

and hypertensive subject (dashed). Similarly, the green lines represent CVR response in the 

posterior cingulate/precuneus in the same subjects.
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APPENDIX B - Cerebrovascular Reactivity (CVR) Acquisition and Analysis

Each participant performed a breath-hold task during acquisition of BOLD fMRI. Breath-

hold tasks induce hypercapnia, and the brain's blood vessels are assumed to respond to the 

increased level of CO2, resulting in increased cerebral blood flow and volume. In turn, these 

vascular effects influence the BOLD signal in the acquired fMRI scans. We used a design 

with two interleaved conditions: 30s normal breathing, and 16s breath-hold after expiration, 

the latter of which should cause an immediate BOLD signal increase.

To model the breath-hold response, we used a block regressor that incorporated the 

regressor's temporal derivative, allowing for a time shift between the regressor and the 

BOLD signal. We also included a 9s delay in the block model to account for the lag in 

hemodynamic response. It has been previously observed that including both a delay and the 

regressor's temporal derivative results in a statistically significant increase in the average 

variance explained by the model (Murphy et al., 2011).

We used FEAT, part of the FSL software package for the BOLD analysis (FSL, 2013). Each 

scan was corrected for motion by realignment to the median volume, then smoothed using a 

FWHM = 6mm 3D isotropic Gaussian kernel. A first- level general linear model (GLM) 

analysis was carried out for each scan to determine how well our block model ‘fit’ the time 

series at each voxel. The resulting Z-statistical map was thresholded to identify contiguous 

clusters of voxels which activated in response to the breathhold task (z ≥ 2.3, p≤0.05). In a 

successful breath-hold activation, we expect to see a whole-brain response.

Using FEAT's statistical output, the percent signal change between normal and breath-hold 

states was calculated at each voxel to create a percent signal change map. This was 

thresholded using the Z-score map – i.e. if the voxel's Z-score was less than 2.3, its percent 

signal change was set to zero (i.e. excluded from the map). This prevents the mean ROI 

measurements from being contaminated by noise from voxels whose response did not follow 
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the breath-hold paradigm. This map was registered to the Jakob atlas, and mean percentage 

signal change in BOLD signal was calculated for those brain regions with activated voxels.

In addition, we also reported CVR within a specific ROI exclusively defined for the BOLD 

images around the posterior superior sagittal sinus (SSS). The SSS allows blood to drain 

from the anterior cerebral hemispheres. As such, it could be used as a measure of whole-

brain response. In the atlas space, the SSS ROI is defined as a 3x3x3 voxel cube. The voxel 

with the median Z-score within the ROI was identified, and the percentage signal change is 

calculated and reported for that specific voxel.
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Highlights

• Cerebrovascular reactivity (CVR) was examined in relation to vascular risk 

factors (VRF).

• CVR was compared in brain regions underlying the default-mode network vs 

non-DMN.

• CVR was lower for DMN regions relative to non-DMN regions in those with 

VRF.

• CVR may represent an important preclinical marker for brain health in later life.
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Figure 1. 
Flowchart of subjects with cerebrovascular reactivity (CVR) measure included in the 

analysis.
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Figure 2. 
Relative adjusted mean differences in CVR (95% CI) for different brain regions relative to 

occipital lobe in subjects with prehypertension/ hypertension compared to normotensive 

subjects. The reduction in CVR was significantly lower for the posterior cingulate/precuneus 

(PCC), anterior cingulate (ACC), and medial frontal lobe (MFL), relative to the occipital 

lobe, in subjects with prehypertension/hypertension than for the same region comparison in 

normotensive subjects.
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Table 1

Sample characteristics
a

Included
b

Excluded
b

N 536 183

Age, years 50.4 (3.5) 49.8 (3.6)

Sex: male 47.8 47.0

Race: black 34.9 56.8

Education: ≥ 16 years 52.9 36.3

Smoking Status

- Never 60.3 58.0

- Former 25.6 17.7

- Current 14.1 24.3

ApoE4 Status: ≥1allele
28.7

c
34.8

c

Chronic Bronchitis 3.2 2.8

Emphysema 0.6 1.6

COPD 0.9 1.0

Asthma 14.0 13.3

Prehypertension/Hypertension 31.8 50.0

Diabetes 8.5 13.5

Dyslipidemia 35.0 45.6

CVR (Overall)
1.36[0.46,2.82] 

d NA

Log CVR (Overall) 0.28(0.30) NA

Regions

- Posterior Cingulate/Precuneus 0.20(0.35) NA

- Inferior Parietal 0.14(0.32) NA

- Anterior cingulate 0.03(0.32) NA

- Medial frontal lobe 0.30(0.34) NA

- Occipital lobe 0.24(0.35) NA

- Sensorimotor cortex 0.16(0.32) NA

- Hippocampus -0.08(0.38) NA

Grouped Regions

- DMN 0.19(0.31) NA

- Non-DMN 0.33(0.31) NA

ApoE4, apolipoprotein e4 allele; CVR, Cerebrovascular reactivity; COPD, chronic obstructive pulmonary disease; DMN, default-mode network.

a
Distributions reported as Mean (SD) and %.

b
Range of missing values 0-6 (included participants) and 0-5 (excluded participants) for different covariates, except for ApoE4 status.

c
ApoE4 status based on subset of 495 subjects (included participants) and 164 subjects (excluded participants).

d
Distribution reported as median and range.
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Table 2

Regional analysis of unadjusted mean differences in cerebrovascular reactivity for DMN regions and 

hippocampus compared to occipital lobe by VRF

Prehypertension/Hypertension Diabetes Dyslipidemia

Coefficient 95% CI Coefficient 95% CI Coefficient 95% CI

Intercept
a 0.217 0.182, 0.253 0.227 0.196, 0.258 0.215 0.178, 0.251

PCC
b −0.012 −0.037, 0.012 −0.032 −0.053, −0.010 −0.026 −0.051, −0.001

Inferior Parietal −0.086 −0.108, −0.065 −0.094 −0.112, −0.075 −0.090 −0.111, −0.068

ACC −0.188 −0.214, −0.163 −0.202 −0.224, −0.180 −0.205 −0.231, −0.178

Medial Frontal 0.072 0.048, 0.095 0.065 0.045, 0.085 0.067 0.043, 0.091

Hippocampus −0.310 −0.341, −0.279 −0.315 −0.342, −0.288 −0.307 −0.339, −0.275

VRF Group
c 0.063 0.000, 0.126 0.137 0.031, 0.243 0.068 0.006, 0.129

PCC × VRF Group
d −0.072 −0.115, −0.029 −0.043 −0.116, 0.030 −0.028 −0.070, 0.014

Inferior Parietal × VRF Group −0.029 −0.067, 0.009 −0.011 −0.075, 0.052 −0.015 −0.052, 0.022

ACC × VRF Group −0.059 −0.104, −0.014 −0.054 −0.130, 0.022 −0.008 −0.052, 0.036

Medial Frontal × VRF Group −0.039 −0.080, 0.003 −0.060 −0.129, 0.010 −0.023 −0.064, 0.017

Hippocampus × VRF Group −0.022 −0.077, 0.034 −0.040 −0.132, 0.053 −0.028 −0.082, 0.026

CVR, cerebrovascular reactivity; CI, confidence interval; DMN, default-mode network; PCC posterior cingulate/precuneus; ACC anterior 
cingulate; VRF, vascular risk factors.

CVR units represent log-transformed % mean change in Bold-fMRI

a
Intercept represents mean CVR for the occipital lobe for those with no VRF (i.e., no risk factor) under the different conditions listed.

b
Region coefficients represent comparisons between mean CVR for each region and the mean CVR for the occipital lobe (i.e., mean difference in 

CVR of each region relative to the occipital lobe), in subjects with no VRF.

c
VRF Group coefficient represents the difference in mean CVR for the occipital lobe for those with a VRF compared to those with no VRF for the 

different conditions listed.

d
Region × VRF Group coefficients represent comparisons between mean CVR for each region and mean CVR for the occipital lobe (i.e., mean 

difference in CVR of each region relative to the occipital lobe) in subjects with a VRF compared to those with no VRF for the different conditions 
listed.
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Table 3

Regional analyses of adjusted mean differences in cerebrovascular reactivity for DMN regions and 

hippocampus relative to occipital lobe in subjects with prehypertension/hypertension compared with 

normotensive subjects
a

Coefficient 95% CI

Intercept 
b 0.201 0.148, 0.254

PCC 
c −0.002 −0.036, 0.032

Inferior Parietal −0.098 −0.128, −0.067

ACC −0.214 −0.250, −0.178

Medial Frontal 0.028 −0.006, 0.061

Hippocampus −0.311 −0.356, −0.266

VRF Group
d 0.056 −0.010, 0.122

PCC × VRF Group
e −0.063 −0.106, −0.020

Inferior Parietal × VRF Group −0.024 −0.062, 0.014

ACC × VRF Group −0.055 −0.101, −0.010

Medial Frontal × VRF Group −0.050 −0.092, −0.008

Hippocampus × VRF Group −0.006 −0.062, 0.050

CVR, cerebrovascular reactivity; CI, confidence interval; DMN, default-mode network; PCC posterior cingulate/precuneus; ACC anterior 
cingulate.

CVR units represent log-transformed % mean change in Bold-fMRI

a
Model adjusted for age, sex, race, education, and smoking status.

b
Intercept represents mean CVR for the occipital lobe for normotensive subjects.

c
Region coefficients represent comparisons between mean CVR for each region and mean CVR for the occipital lobe (i.e., mean difference in CVR 

in each region relative to the occipital lobe), in normotensive subjects.

d
VRF Group coefficient represents the difference in mean CVR for the occipital lobe for those subjects with prehypertension/hypertension 

compared to normotensive subjects.

e
Region × VRF Group coefficients represent comparisons between mean CVR for each region and mean CVR for the occipital lobe (i.e., mean 

difference in CVR of each region relative to the occipital lobe), in subjects with prehypertension/hypertension compared to normotensive subjects.
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Table 4

Analysis of mean differences in cerebrovascular reactivity for DMN and Non-DMN regions relative to 

occipital lobe in prehypertensive/hypertensive subjects compared with normotensive subjects
a

Unadjusted Adjusted
a

Coefficient 95% CI Coefficient 95% CI

Intercept
b 0.217 0.182, 0.253 0.188 0.121, 0.255

DMN
c −0.036 −0.055, −0.017 −0.057 −0.084, −0.030

Non-DMN 0.091 0.074, 0.107 0.067 0.044, 0.091

Hippocampus −0.310 −0.341, −0.279 −0.311 −0.356, −0.266

VRF Group
d 0.063 0.000, 0.126 0.057 −0.010, 0.123

DMN × VRF Group
e −0.043 −0.077, −0.010 −0.043 −0.076, −0.009

Non-DMN × VRF Group −0.010 −0.038, 0.019 −0.013 −0.042, 0.017

Hippocampus × VRF Group −0.022 −0.077, 0.034 −0.006 −0.062, 0.050

CVR, vascular reactivity; DMN, default-mode network

CVR units represent log-transformed % mean change in Bold-fMRI

a
Model adjusted for age, sex, race, education, and smoking status.

b
Intercept represents mean CVR for the occipital lobe for normotensive subjects.

c
Region coefficients represent comparisons between mean CVR for each region and mean CVR for the occipital lobe (i.e., mean difference in CVR 

of each region relative to the occipital lobe), in normotensive subjects.

d
VRF Group coefficient represents the difference in mean CVR for the occipital lobe for those subjects with prehypertension/hypertension 

compared to normotensive subjects.

e
Region × VRF Group coefficients represent comparisons between mean CVR for each region and mean CVR for the occipital lobe (i.e., mean 

difference in CVR of each region relative to the occipital lobe), in subjects with prehypertension/hypertension compared to normotensive subjects.
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