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Abstract

Cerebral hypoperfusion elevates the risk of brain white matter (WM) lesions and cognitive 

impairment. Central artery stiffness impairs baroreflex, which controls systemic arterial perfusion, 

and may deteriorate neuronal fiber integrity of brain WM. The purpose of this study was to 

examine the associations among brain WM neuronal fiber integrity, baroreflex sensitivity (BRS), 

and central artery stiffness in older adults. Fifty-four adults (65±6 years) with normal cognitive 

function or mild cognitive impairment (MCI) were tested. The neuronal fiber integrity of brain 

WM was assessed from diffusion metrics acquired by diffusion tensor imaging. BRS was 

measured in response to acute changes in blood pressure induced by bolus injections of vasoactive 

drugs. Central artery stiffness was measured by carotid-femoral pulse wave velocity (cfPWV). 

The WM diffusion metrics including fractional anisotropy (FA) and radial (RD) and axial (AD) 

diffusivities, BRS, and cfPWV were not different between the control and MCI groups. Thus, the 
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data from both groups were combined for subsequent analyses. Across WM, fiber tracts with 

decreased FA and increased RD were associated with lower BRS and higher cfPWV, with many 

of the areas presenting spatial overlap. In particular, the BRS assessed during hypotension was 

strongly correlated with FA and RD when compared with hypertension. Executive function 

performance was associated with FA and RD in the areas that correlated with cfPWV and BRS. 

These findings suggest that baroreflex-mediated control of systemic arterial perfusion, especially 

during hypotension, may play a crucial role in maintaining neuronal fiber integrity of brain WM in 

older adults.
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Arterial stiffness; baroreflex sensitivity; neuronal fiber integrity; cognitive function; mild 
cognitive impairment

Introduction

Cardiovascular aging and disease are associated with an elevated risk for structural and 

functional abnormalities in the brain (Kivipelto et al., 2001; Rusanen et al., 2014). In 

particular, white matter (WM) lesions, a strong risk factor for cognitive impairment, have 

consistently been shown to correlate with central artery stiffness (Longstreth et al., 1996; 

Tsao et al., 2013). WM lesions may develop from hypoperfusion and/or ischemia (Fernando 

et al., 2006; Moody et al., 1990). Under normal conditions, arterial perfusion pressure, 

especially those of short-term variability in seconds and minutes, is controlled by arterial 

baroreflex (Koepchen, 1984). Arterial baroreceptors, a type of mechanoreceptor located in 

the central elastic arteries, monitor changes in transmural pressure via the vessel wall 

distortion (Lanfranchi and Somers, 2002). With age and/or presence of cardiovascular 

disease risk factors, a reduction in central arterial compliance attenuates baroreflex 

sensitivity for a given change in blood pressure (Monahan et al., 2001; Tanaka et al., 2000). 

As a result, the depressed baroreflex sensitivity (BRS) may impair cardiovascular regulation 

of systemic arterial perfusion (Rothwell, 2010; Rothwell et al., 2010). To date, there have 

been no studies investigating the relation between brain WM structural integrity and BRS.

Diffusion tensor imaging (DTI) can quantitatively assess microstructural changes in WM 

neuronal fiber tracts that manifest with aging or neurodegenerative disease (de Groot et al., 

2013; Maillard et al., 2014). Measuring the anisotropic property of water molecule 

diffusions in a WM fiber tract, DTI provides several key metrics, including fractional 

anisotropy (FA) and radial and axial diffusivities (RD and AD respectively) (Mori and 

Zhang, 2006). FA reflects WM neuronal fiber integrity that is determined by density, 

directional coherence, and myelination level of WM fibers (Beaulieu and Allen, 1994). RD 

and AD further provide structural information about WM neuronal fibers. Histological 

studies suggested that higher RD indicates axonal demyelination, while lower AD reflects 

axonal loss (Song et al., 2003). Importantly, alterations in these diffusion metrics correlate 

with neurocognitive performance, especially executive function (Madden et al., 2009).

Dementia manifests at the end of a pathological spectrum, extending from age-related 

cognitive decline and functional impairment (Jack Jr et al., 2013; Wentzel et al., 2001). Mild 
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cognitive impairment (MCI) represents an intermediate disease stage which may be a 

suitable target to alter the pathological trajectory via life-style and/or pharmacological 

interventions (Gauthier et al., 2006). Therefore, physiological understanding of the 

mechanisms linking cardiovascular and cognitive health in MCI is crucial. The main aim of 

the present study was to determine the impact of central artery stiffness and BRS on WM 

neuronal fiber integrity in older adults with or without MCI. Specifically, we hypothesized 

that: 1) central artery stiffness and depressed BRS would be associated with the lower levels 

of WM neuronal fiber integrity as assessed by DTI, and these abnormalities are exacerbated 

in MCI when compared with normal older adults, and 2) executive function performance 

would be associated with WM neuronal fiber integrity in the area(s) that correlates with 

central artery stiffness and BRS.

Materials and Methods

Study Participants

Fifty-four participants (18 cognitively normal and 36 MCI subjects) were recruited through 

a community-based advertisement using local newspapers, senior centers, and the University 

of Texas Southwestern Medical Center Alzheimer’s Disease Center. The diagnosis of MCI 

was based on the Petersen criteria (Petersen et al., 2001; Petersen et al., 1999), as modified 

by the Alzheimer’s Disease Neuroimaging Initiative project (http://adni-info.org). Clinical 

evaluation was performed based on the recommendations from Alzheimer’s Disease 

Cooperative Study (http://adni-info.org). Inclusion criteria were men and women aged 55-80 

years who were diagnosed with MCI or judged to be cognitively normal. Exclusion criteria 

included major psychiatric disorders, major or unstable medical conditions, uncontrolled 

hypertension, diabetes mellitus, current or a history of smoking within the past 2 years, or 

chronic inflammatory diseases. Individuals with a pacemaker or any metal in their body 

which precluded magnetic resonance imaging were excluded. Subjects engaging in regular 

aerobic exercise in the past 2 years were excluded because physical activity may alter brain 

structure and function, independently of vascular disease and risk factors (Cotman et al., 

2007). All subjects signed the informed consent approved by the Institutional Review 

Boards of University of Texas Southwestern Medical Center and Texas Health Presbyterian 

Hospital of Dallas.

Measurements

Magnetic Resonance Imaging (MRI)—All MRI measurements were acquired by a 3-

Tesla scanner (Philips Medical System, Best, The Netherlands) using a body coil for 

radiofrequency transmission and 8-channel head coil with parallel imaging capability for 

signal reception. Three MRI sequences were performed: DTI, fluid-attenuated-inversion-

recovery (FLAIR), and 3D magnetization-prepared rapid acquisition gradient echo 

(MPRAGE). DTI was acquired using a single-shot echo-planar-imaging (EPI) sequence with 

a sensitivity encoding (SENSE) parallel imaging scheme (reduction factor=2.2). The 

imaging matrix was 112×112 with field of view (FOV) =224×224 mm2 (nominal resolution 

of 2 mm), which was filled to 256×256. Axial slices of 2.2 mm thickness (no gap) were 

acquired parallel to the anterior-posterior commissure line. A total of 65 slices covered the 

entire hemisphere and brainstem. Echo Time (TE)/Repetition Time (TR) was 51/5630 ms. 
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The diffusion weighing was encoded along 30 independent orientations and the b value was 

1000 s/mm2. The scan duration was 4.3 minutes. Automated image registration was 

performed on the raw diffusion images to correct distortions caused by motion artifacts or 

eddy currents. All subjects underwent two consecutive scans of DTI acquisitions.

FLAIR images were acquired in the transverse plane using the following parameters: 

FOV=230×230 mm2, resolution=0.65 (anterior-posterior) ×0.87 (right-left) mm2, number of 

slices=24, thickness=5 mm, gap=1 mm, TR/Inversion Time/TE=11000/2800/150 ms, and 

scan duration=3.6 minutes. MPRAGE images were acquired using the following parameters: 

TE/TR=3.7/8.1 ms, flip angle=12°, FOV=256×256 mm, number of slices = 160 (no gap), 

resolution=1×1×1 mm3, SENSE factor=2, and scan duration=4 minutes.

Cardiovascular Assessments—All physiological measurements were performed in an 

environmentally controlled laboratory after resting in the supine position for ≥15 minutes. 

All subjects abstained from alcohol, caffeinated beverages, and intense physical activity for 

≥12 hours prior to data collection. Brachial blood pressure was measured intermittently 

using an electrosphygmomanometer (Suntech, Morrisville, NC, USA). Central artery 

stiffness was measured by carotid-femoral pulse wave velocity (cfPWV) using applanation 

tonometry which was sequentially placed on the common carotid and femoral arteries 

(SphygmoCor 8.0; AtCor Medical, West Ryde, NSW, Australia). Arterial pulse of >10 

cardiac cycles was recorded to calculate cfPWV.

BRS was assessed via the modified Oxford protocol in which we performed a sequential 

intravenous bolus injections of sodium nitroprusside (100 μg) followed 60 seconds by 

phenylephrine hydrochloride (150 μg). All subjects experienced a decrease and increase in 

systolic blood pressure of at least 15 mmHg. Three-lead electrocardiogram (ECG) and beat-

by-beat arterial blood pressure using finger plethysmography (Finapress; Ohmeda, Boulder, 

CO, USA) were continuously recorded with a sampling frequency of 1,000 Hz and analyzed 

offline using data analysis software (Acqknowledge, BIOPAC Systems, Goleta, CA, USA).

Neurocognitive Assessments—Clinical Dementia Rating (CDR) (Morris et al., 1997), 

Mini-mental State Examination (MMSE) (Folstein et al., 1975), Wechsler Memory Scale-

Revised (WMS-R) (Wechsler, 1987), California Verbal Learning Test-second edition 

(CVLT-II) (Delis, 2000), and Trail Making Test parts A and B (Tombaugh, 2004) were 

administered and scored using standard criteria. The diagnosis of MCI was determined by a 

global CDR of 0.5 with a score of 0.5 in the memory category, objective memory loss as 

indicated by education-adjusted scores on the Logical Memory subtest of the WMS-R, and 

MMSE score between 24 and 30. CVLT-II Long Delay Free Recall and Trail Making Test 

part B minus A (i.e., to focus more upon the executive function components of the test by 

subtracting the psychomotor speed aspect) were selected a priori as the primary measures of 

memory and executive function, respectively (Drane et al., 2002; Grundman et al., 2004).

Data Analyses

DTI Preprocessing and Analysis—DTI data were preprocessed using the FMRIB 

Diffusion Toolbox (FDT) included as a part of the FMRIB Software Library (FSL) program 

(http://www.fmrib.ox.ac.uk/fsl, Oxford Center for Functional MRI of the Brain, Oxford 
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University, UK) (version 5.0). First, 2 scans of DTI data were merged in the temporal order, 

corrected for eddy currents and head motion, and averaged over the scans to increase signal-

to-noise ratio. Second, a brain mask was created using Brain Extraction Tool (BET). Finally, 

the diffusion tensor was calculated by fitting a diffusion tensor model to the preprocessed 

DTI data using the DTIfit program included in FDT (Smith, 2002). To minimize partial 

volume effects from grey matter and cerebrospinal fluid, we set a threshold for voxels with 

FA value greater than 0.20. Individual subjects’ images with FA, RD, and AD were visually 

inspected and used in the voxelwise and region-of-interest (ROI) analyses.

Voxelwise statistics were performed by tract-based spatial statistics (TBSS) (version 1.2) 

(Smith et al., 2006), a part of the FSL program (Smith et al., 2004). All subjects’ FA data 

were first aligned into a common space using the FMRIB’s nonlinear image registration tool 

(FNIRT), which uses a b-spline representation of the registration warp field (Rueckert et al., 

1999). We used JHU-ICBM-FA template as a common space in order to correspond the 

results from voxelwise and ROI analyses. Next, the mean FA image was created and thinned 

to generate a mean FA skeleton which represents the centers of all tracts common to all 

subjects. Each subject’s aligned FA, RD, and AD data were projected onto this skeleton and 

the resulting data were fed into voxelwise and ROI-based cross-subject statistics.

ROI analysis that is limited to the TBSS skeleton was performed using the deep WM atlas 

(ICBM-DTI-81 white-matter atlas) developed by the Johns Hopkins University (Mori et al., 

2008). Mean values of a diffusion metric for selected ROI segmentations were extracted 

from each participant.

WM Lesion Volume—Total brain volume of WM hyperintensities were measured in 

FLAIR images using a procedure described in detail elsewhere (Gurol et al., 2006). First, a 

ROI corresponding to WM hyperintensity was created using a semi-automated technique 

which applies individually determined intensity thresholding. Second, gross manual 

outlining of WM hyperintensities was performed to create ROI maps. Third, the intersection 

of ROIs created from the 1st and 2nd steps were identified, visually inspected, and produced 

the final WM hyperintensity volume. To account for individual differences in head size, 

total brain volume of WM hyperintensity was normalized to the intracranial volume and 

reported in percentage. Baroreflex Sensitivity. Cardiovagal BRS was analyzed using the 

procedure described in detail elsewhere (Lipman et al., 2003; Rudas et al., 1999). Briefly, 

individual raw data showing the relation between R-R interval and systolic blood pressure 

was first plotted to visually identify and exclude the saturation and threshold regions. Next, 

the values of R-R interval were pooled and averaged every 2 mmHg bin of systolic blood 

pressure to minimize the influence of respiration. A least squares linear regression was 

applied to the relation between changes in systolic blood pressure and R-R interval of the 

preceding cardiac cycle to account for baroreflex delays. BRS was determined by a slope of 

the linear regression, with a correlation coefficient greater than 0.80. BRS was calculated 

from the entire sequence of the modified Oxford protocol as well as hypo- and hypertensive 

episodes separately.

Central Artery Stiffness—Carotid-femoral PWV was calculated by dividing arterial 

pulse traveling distance by the transit time, and expressed in meters per second. The 

Tarumi et al. Page 5

Neuroimage. Author manuscript; available in PMC 2016 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



traveling distance was measured as a straight distance on body surface between the carotid 

and femoral arteries using a tape ruler. The arterial pulse transit time was calculated by 

subtracting a time difference between the R-wave of ECG to a foot of femoral artery 

pressure waveform minus a time difference between the R-wave of ECG to a foot of carotid 

artery pressure waveform. The transit time was averaged over >10 cardiac cycles.

Brain Volume—Global and regional brain volumes were measured using FreeSurfer 

software (https://surfer.nmr.mgh.harvard.edu/fswiki). Global brain volume (i.e., total 

parenchyma, and grey and white matters) was normalized to intracranial volume whereas 

regional brain volume (i.e., medial temporal lobe and hippocampus) was corrected for total 

parenchyma volume in order to estimate regional tissue loss, independent of the global 

effect (Wardlaw et al., 2013).

Statistical Analysis

All participants completed the study protocol. Voxelwise analysis of DTI data was 

performed by general linear model, a part of the FSL-randomise program. Diffusion metrics 

were first compared between the groups of normal and MCI subjects. Then, the associations 

with cfPWV and BRS were examined. To further explore the impact of hypo- and 

hypertension on the brain structure, we performed an additional TBSS analysis using BRS to 

separately assess the effects of blood pressure reduction and elevation. Correction for 

multiple comparisons was performed using threshold-free cluster enhancement (TFCE) with 

5,000 permutations. Corrected statistical maps were further thresholded by P<0.05. 

Anatomical assignments of the WM skeleton voxels that survived correction of multiple 

comparisons and P-value thresholding were identified using the WM atlas. We specifically 

focused on the major WM fiber tracts in the deep and periventricular area which may be 

susceptible for cerebral hypoperfusion and/or ischemia (Moody et al., 1990). These WM 

fiber tracts included corpus callosum, corona radiate, internal capsule, external capsule, and 

superior longitudinal fasciculus. Finally, the mean values of diffusion metrics were extracted 

from the significant WM skeletons resulting from the TBSS analysis.

The groups of normal and MCI subjects were compared by the Mann-Whitney U test. 

Simple correlations among continuous variables were examined by the Pearson’s product-

moment correlation. Multiple linear regression was used to examine the association of 

diffusion metrics with cfPWV and BRS, including covariates. All models adjusted for age, 

sex, education level, systolic blood pressure, and correlates of cfPWV, BRS, and diffusion 

metrics in this sample. Partial correlation was used to test the association between diffusion 

metrics and cognitive function. The covariates included in this analysis were age, sex, 

education level, systolic blood pressure, and correlates of cognitive function in this sample.

Normality of continuous variables was examined by the Shapiro-Wilk test as well as the 

visual inspection of histograms and Q-Q plots. Total brain volume of WM hyperintensity 

was log-transformed due to a skewed distribution of the raw data. Sex was dummy-coded 

(men=0 and women=1). Statistical significance was set a priori at P<0.05 for all tests. Data 

are reported as mean ± standard deviation. Statistical analyses were performed using SPSS 

21.0 (SPSS inc., Chicago, IL).
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Results

Table 1 shows a group comparison of the normal and MCI subjects. Age, sex, education 

level, and MMSE scores did not differ between groups. Compared with the normal group, 

MCI subjects demonstrated lower performance in memory and executive function, as 

evidenced by the lower scores on CVLT-II Long Delay Free Recall and the longer time in 

Trail Making Test B-A respectively. In contrast, there was no group difference in the 

measures of diffusion metrics, brain volume, and cardiovascular function including cfPWV 

and BRS. Accordingly, all subjects’ data were combined to perform the association 

analyses.

Consistent with the literatures (Monahan et al., 2001; Tanaka et al., 2000), higher cfPWV 

correlated with lower BRS (r=−0.34, P=0.01), assessed particularly during hypotension (r=

−0.45, P=0.001) compared with hypertension (r=−0.26, P=0.06). The greater volume of WM 

hyperintensity correlated with lower BRS (r=−0.35, P=0.01) and higher cfPWV (r=0.68, 

P<0.001).

Associations among central artery stiffness, BRS, and WM neuronal fiber integrity

In Figure 1, TBSS maps exhibit WM fiber tracts that associated with cfPWV and BRS. 

Specifically, 46.6 cm3 and 43.1 cm3 of the WM fiber tracts with decreasing FA were 

associated with higher cfPWV and lower BRS, respectively. Similarly, 48.8 cm3 and 31.9 

cm3 of the WM fiber tracts with increasing RD were associated with higher cfPWV and 

lower BRS, respectively. When BRS was analyzed separately during hypo- and 

hypertension, the former was associated with the greater volume of WM fiber tracts with FA 

(43.0 vs. 21.8 cm3) and RD (36.0 vs. 0.08 cm3) when compared with the latter, while the 

directions of associations remained the same as the combined BRS (Figure 2). WM fiber 

tracts with AD did not correlate with either cfPWV or BRS.

The WM fiber tracts that associated with cfPWV and BRS exhibited a large spatial overlap. 

Specifically, 25.0 cm3 and 21.6 cm3 of the voxels with FA and RD were associated with 

both cfPWV and BRS, respectively (bottom of the Figure 1). This accounts for ~50% of the 

WM fiber tracts that correlated with either cfPWV or BRS, and may suggest the presence of 

a common underlying mechanism by which central artery stiffness and low BRS deteriorate 

WM neuronal fiber integrity or they may contribute independently to the neuronal fiber 

deterioration in these regions. To explore these possibilities, we extracted the mean values of 

individual FA and RD from the spatial overlapped regions and further examined their 

associations with cfPWV and BRS. Figure 3 shows the scatter plots of cfPWV and BRS in 

relation to FA and RD extracted from the global WM skeletons. Multivariate adjusted 

regression revealed significant associations of the global WM skeletons with cfPWV and 

BRS after controlling for age, sex, education level, systolic blood pressure, and WM 

hyperintensity volume (Tables 2 and 3).

Similar to the global WM analysis, many of the WM fiber tracts in the deep and 

periventricular area showed spatial overlap in terms of their associations with cfPWV and 

BRS. Multivariate adjusted regression revealed that both cfPWV and BRS independently 

associated with FA and RD in the posterior corona radiata (PCR) (Tables 2 and 3). In 
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addition, BRS independently associated with FA and RD in the splenium of corpus callosum 

and the retrolenticular part of internal capsule.

Association between WM neuronal fiber integrity and cognitive function

Better executive function performance, as assessed by Trail Making Test B-A, was 

associated with the higher levels of FA and the lower levels of RD in the global WM 

skeletons that correlated with both cfPWV and BRS (Figure 4). Partial correlation analysis 

further revealed that FA and RD measured from the global WM (r=−0.32 with P=0.03; 

r=0.31 with P=0.04, respectively) and RD measured from the PCR (r=0.29 with P=0.048) 

remain to be correlated with executive function performance after controlling for age, sex, 

education level, systolic blood pressure, WM hyperintensity volume, and cognitive status 

(i.e., healthy or MCI group).

Discussion

The major findings from this study are as follows. First, central artery stiffness and 

depressed BRS were independently associated with the deterioration of WM neuronal fiber 

integrity, as reflected by the decreases in FA and increases in RD. In addition, a large 

portion of the WM fiber tracts with FA and RD that correlated with arterial stiffness and 

BRS showed spatial overlap. Second, WM neuronal fiber integrity was correlated more 

strongly with BRS assessed during hypotension than hypertension. Third, executive function 

performance was associated with WM neuronal fiber integrity, specifically in the areas 

correlated with arterial stiffness and low BRS. Below we further discuss the potential 

mechanism(s) and clinical implications of these findings.

The role of baroreflex in the link between central artery stiffness and WM neuronal fiber 
integrity

Central artery stiffness was associated with abnormal structural changes in the brain WM, as 

assessed by both WM hyperintensity and DTI. The cross-sectional association between 

aortic PWV and WM hyperintensity volume has consistently been reported in the literature 

(Henskens et al., 2008), and our study also confirmed this association (r=0.68, P<0.001). 

Furthermore, our data adds to the literature by demonstrating the independent association of 

higher cfPWV with lower FA and higher RD in the global and regional WM fiber tracts 

after controlling for WM hyperintensity volume. These findings suggest an involvement of 

central artery stiffness in the pathogenesis of WM lesions because the lower levels of FA in 

the WM tissue have been shown to precede the development and progression of WM 

hyperintensity (de Groot et al., 2013).

Hemodynamic mechanisms underlying the association between central artery stiffness and 

WM lesions are likely to be multifactorial. Aortic stiffness increases left ventricular 

afterload and also leads to an early return of arterial wave reflections from the peripheral 

vascular bed (Nichols, 2005). As a result, central pulse pressure increases due to the effects 

of elevated forward and/or backward pressure waves (Mitchell et al., 2010; Namasivayam et 

al., 2009). Cerebral circulation has a high flow, low vascular resistance and impedance 

which may facilitate the transmission of hemodynamic pulsatility (O’Rourke and Safar, 
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2005). Age-related elevations in central artery stiffness and pulse pressure are independently 

associated with the higher levels of cerebral blood flow pulsatility and WM lesion volume 

(Aribisala et al., 2014; Katulska et al., 2014; Mitchell et al., 2011; Tarumi et al., 2014). 

Mechanistically, excessive pulsatile shear stress on cerebral microcirculations may damage 

vascular endothelium and blood-brain barrier whose integrity has been shown as a 

neuropathological correlate of WM lesions (Young et al., 2008). Therefore, central artery 

stiffness may increase the risk of WM lesions via elevations in central and cerebral 

hemodynamic pulsatility.

Central artery stiffness may also increase short-term variability in blood pressure which may 

predispose the brain to unstable supplies of oxygen and nutrients (Schillaci et al., 2012). In 

the current study, WM neuronal fiber integrity not only correlated with BRS in general, but 

also more closely with BRS assessed during hypotension than hypertension. Arterial 

baroreceptors, the stretch-sensitive mechanoreceptors located in the walls of aortic arch and 

carotid sinus, monitor moment-to-moment variability in arterial pressure. The baroreceptor 

reflex subsequently modulates cardiac output and total peripheral resistance and maintains a 

constant levels of systemic arterial pressure and perfusion (Lanfranchi and Somers, 2002). 

With stiffening of the barosensory arteries, BRS decreases and may elevate the risk of 

cerebral hypoperfusion in the face of hypotension (e.g., orthostasis) (Ogoh et al., 2010). 

Alternatively, attenuated increases in cardiac output that are accompanied by compensatory 

elevations in total peripheral resistance may also cause hypoperfusion, independent of 

arterial pressure (Guo et al., 2006). It has been shown that attenuated elevations in cardiac 

output during orthostasis correlate with cerebral hypoperfusion and cognitive impairment in 

heart failure patients (Fraser, 2014). Therefore, these findings suggest that cardiovascular 

regulation of arterial pressure and perfusion, especially during hypotension, may have 

significant impact on the structural integrity of the brain WM.

The lower levels of FA associated with arterial stiffening and decreasing BRS occurred with 

concurrent elevations in RD in many brain regions (Figures 1 and 2). DTI measures water 

diffusions in a WM fiber tract that are restricted by axonal membranes and myelin (Mori and 

Zhang, 2006). While FA provides an overall measure of WM neuronal fiber integrity, 

changes in RD, as measured by water diffusions perpendicular to the WM fiber tract, are 

likely to reflect myelin integrity. A series of histological experiments using the optic nerve 

exposed to retinal ischemia demonstrated that axonal demyelination is correlated with 

elevations in RD (Song et al., 2003; Sun et al., 2006). Therefore, findings from the present 

study suggest that cerebral hypoperfusion and/or ischemia associated with low BRS during 

hypotension may lead to myelin deterioration and manifest as reductions in WM FA.

The role of WM neuronal fiber integrity in cognitive function

Better executive function performance was correlated with higher FA and lower RD 

measured from the global and regional WM fiber tracts. The brain WM, which accounts for 

40%-50% of the parenchyma, comprises axons and myelin, connects distributed network of 

neurons, and facilitates complex cognitive task via structural and functional integrations 

(Mesulam, 1990). The conventional techniques of brain WM imaging (e.g., T1-weighted or 

FLAIR MRI) are limited by their sensitivity in detecting changes in cognitive function. In 
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contrast, the diffusion metrics derived from DTI have consistently been shown to correlate 

with processing speed and executive function (Charlton et al., 2006). For example, Vernooij 

et al. reported that higher FA measured from the global WM was related to better 

performance on tasks assessing information processing speed and global cognition (Vernooij 

et al., 2009). In this regard, our data also showed that higher FA and lower RD in the global 

WM correlated with better executive function performance, while total brain volume of WM 

or WM hyperintensities were unrelated to cognitive performance.

WM neuronal fiber integrity, as assessed by FA and RD, correlated with executive function 

performance in all subjects. However, MCI subjects who have shown lower performance in 

executive function demonstrated similar levels of WM neuronal fiber integrity compared 

with healthy subjects. Such discrepancies in the results of group comparison versus 

association analyses may be explained by a few reasons. First, cognitive impairment has 

multifactorial causes, including but not only limited to brain WM deteriorations. The other 

potential causes include amyloid depositions, hypometabolism, and neurodegeneration, 

which may impact cognitive function independent of brain WM structural abnormalities 

(Arnaiz et al., 2001; Jack et al., 2009). Second, a recent meta-analysis suggested that the 

effect of MCI or Alzheimer disease on WM microstructural integrity may depend on the 

level of global cognitive impairment (e.g., MMSE) (Sexton et al., 2011). Indeed, we also 

observed a trend towards a positive relation between MMSE scores and global FA and RD 

(Data Supplement Figure). In the current study, MCI participants as a group demonstrated 

the comparable MMSE scores to healthy adults which in turn may have reflected the similar 

levels in FA and RD. Third, the metrics derived from DTI may not be specific and/or 

sensitive enough to detect the group difference in executive function. Finally, our study 

sample was relatively small and may be underpowered to detect group differences in the 

DTI metrics.

Strengths and Limitations

The major strength of this study is the multidisciplinary nature of the investigation. DTI 

assessed microstructural tissue properties of brain WM, while baroreflex-mediated control 

of systemic arterial perfusion was assessed by the modified Oxford technique which is 

currently considered the gold-standard method to quantify BRS (Lipman et al., 2003). In 

addition, DTI quantifies a continuous scale of WM structural characteristics as opposed to 

the conventional FLAIR-MRI, which only provides a dichotomous classification of normal 

or abnormal WM tissues. Furthermore, our sample was enriched by heterogeneous levels of 

cognitive function. Since MCI is a common condition in older adults, understanding the 

physiological link between cardiovascular and cognitive health in this population may help 

with the development of strategies to prevent dementia later in life.

There are several limitations that need to be discussed. First, the baroreflex pathway 

involves neural circuits in the brainstem which may confound an interpretation of the 

association between BRS and WM neuronal fiber integrity (Benarroch, 2008). Indeed, we 

saw that BRS was associated with FA and RD of the brainstem where the cardiovascular 

regulatory center is located (Figure 1). However, a stronger correlation between WM 

neuronal fiber integrity and BRS assessed during hypotension than hypertension and the 
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presence of the correlations in many other brain regions which may not relate to the 

baroreflex pathway make an argument that impairment in the BRS neural pathway alone 

cannot explain our observations. Second, anatomical orientation of the WM fiber tracts (e.g., 

crossing fibers and diameter of axons) may alter the level of diffusion metrics independent 

of the fiber integrity (Beaulieu and Allen, 1994). In this regard, TBSS may reduce such 

errors by analyzing the center of WM tracts common to all subjects. Third, our sample size 

was limited, and multiple statistical analyses were conducted, which tends to inflate Type II 

error. Finally, our MCI group was comprised of very mildly impaired subjects, and may not 

be generalizable to other populations. We did not have longitudinal data to confirm the 

stability or progression of MCI symptoms, and the collection of data were spread out over 

~3 months, which may further attenuate relationships of interest.

Conclusions

Central artery stiffness and depressed BRS are independently associated with deterioration 

of WM neuronal fiber integrity in older adults. In particular, the BRS assessed during 

hypotension is strongly correlated with WM neuronal fiber integrity. These alterations in 

WM neuronal fiber are likely to be related to axonal demyelination. Finally, executive 

function performance is associated with WM neuronal fiber integrity, in the areas correlated 

with arterial stiffness and BRS. Therefore, these findings collectively suggest that 

cardiovascular dysregulation of systemic arterial perfusion may elevate the risk of brain 

WM lesions and cognitive impairment in older adults.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Tract-based spatial statistic (TBSS) maps exhibit white matter (WM) fiber tracts with 

fractional anisotropy (left) and radial diffusivity (right) that associated with carotid-femoral 

pulse wave velocity (PWV) (top) and baroreflex sensitivity (BRS) (middle). The color bar 

illustrates the directionality and P-value of the associations. The bottom images show spatial 

overlap of the WM fiber tracts (green) that associated with both carotid-femoral PWV and 

BRS.
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Figure 2. 
Tract-based spatial statistic (TBSS) maps exhibit white matter fiber tracts with fractional 

anisotropy (left) and radial diffusivity (right) that associated with baroreflex sensitivity 

(BRS), as assessed separately during hypotension (top) and hypertension (bottom). The 

color bar illustrates the directionality and P-value of the associations.
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Figure 3. 
Scatter plots show simple correlations of carotid-femoral pulse wave velocity (PWV) (left) 

and baroreflex sensitivity (right) with fractional anisotropy (FA) (top) and radial diffusivity 

(RD) (bottom). Mean values of FA and RD were extracted from the global WM skeleton 

that associated with both carotid-femoral PWV and baroreflex sensitivity (see the bottom of 

Figure 1).
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Figure 4. 
Scatter plots show simple correlations of fractional anisotropy (FA) (left) and radial 

diffusivity (RD) (right) with the scores from the Trail Making Test B-A index. Mean values 

of FA and RD were extracted from the global WM skeleton that associated with both 

carotidfemoral PWV and baroreflex sensitivity (see the bottom of Figure 1).
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Table 1

Sample characteristics of all, cognitively normal, and MCI subjects

All Normal MCI P-value

Men/Women (n) 26/28 10/8 16/20 0.44

Age (years) 65 ± 6 65 ± 6 66 ± 7 0.59

Education (years) 16 ± 2 17 ± 2 16 ± 2 0.29

Height (cm) 170 ± 8 171 ± 9 170 ± 8 0.64

Body mass (kg) 80 ± 14 80 ± 16 80 ± 13 0.89

Body mass index (kg/m2) 27 ± 4 27 ± 4 28 ± 4 0.50

Neurocognitive measures

 Mini-Mental State Exam 29 ± 1 29 ± 1 29 ± 1 0.46

 CVLT Short Delay Free Recall 10 ± 3 11 ± 2 9 ± 2 <0.01

 CVLT Long Delay Free Recall 10 ± 3 12 ± 2 10 ± 3 <0.01

 Trail Making Test part A 28 ± 10 29 ± 11 27 ± 9 0.80

 Trail Making Test part B 72 ± 25 62 ± 18 77 ± 26 0.01

 Trail Making Test part B-A 44 ± 21 33 ± 16 49 ± 21 <0.01

Cardiovascular measures

 Systolic BP (mmHg) 124 ± 14 125 ± 14 124 ± 14 0.82

 Diastolic BP (mmHg) 74 ± 8 74 ± 9 74 ± 8 0.82

 Heart rate (bpm) 61 ± 10 63 ± 10 60 ± 11 0.34

 Carotid-femoral PWV (m/sec) 11.0 ± 2.7 11.2 ± 2.2 11.0 ± 2.9 0.54

 BRS (ms/mmHg) 4.99 ± 2.33 5.09 ± 2.80 4.94 ± 2.10 0.91

Brain volumetric measures

 Total grey matter volume (%ICV) 39.7 ± 2.4 40.3 ± 2.1 39.4 ± 2.6 0.23

 Total white matter volume (%ICV) 34.7 ± 3.1 34.7 ± 2.3 34.7 ± 3.5 0.83

 Medial temporal lobe volume (%TB) 1.62 ± 0.13 1.63 ± 0.13 1.62 ± 0.12 0.73

 Hippocampus volume (%TB) 0.69 ± 0.08 0.69 ± 0.06 0.69 ± 0.09 0.93

 Total WMH volume (%ICV) 0.27 ± 0.44 0.25 ± 0.39 0.29 ± 0.46 0.79

Bold: P-value<0.05 between normal vs. MCI subjects. Values are mean ± standard deviation. BP=blood pressure, BRS=baroreflex sensitivity, 
CVLT=California Verbal Learning Test, ICV=intracranial volume, MCI=mild cognitive impairment, PWV=pulse wave velocity, TB=total brain 
volume, and WMH=white matter hyperintensity. %ICV and %TB represent brain volume normalized to intracranial and total brain volumes 
respectively.
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Table 2

Multivariate adjusted relations of central artery stiffness and baroreflex sensitivity with microstructural tissue 

integrity of global and regional white matter fiber tracts, as assessed by fractional anisotropy

White matter regions
Carotid-femoral PWV Baroreflex sensitivity

β ± SE P-value β ± SE P-value

Global white matter −0.37 ± 0.11 <0.01 0.39 ± 0.10 <0.001

Corpus callosum genu −0.29 ± 0.18 0.12 0.15 ± 0.15 0.32

body −0.90 ± 0.17 0.59 0.03 ± 0.14 0.86

splenium −0.32 ± 0.19 0.10 0.32 ± 0.16 0.049

Corona radiata anterior −0.13 ± 0.16 0.40 0.12 ± 0.13 0.37

superior −0.25 ± 0.19 0.20 0.20 ± 0.16 0.23

posterior −0.46 ± 0.15 <0.01 0.40 ± 0.13 <0.01

Internal capsule anterior limb −0.26 ± 0.15 0.10 0.14 ± 0.13 0.29

posterior limb −0.27 ± 0.14 0.07 0.06 ± 0.12 0.63

retrolenticular part −0.34 ± 0.18 0.06 0.32 ± 0.15 0.04

External capsule −0.19 ± 0.16 0.25 0.27 ± 0.14 0.053

Superior longitudinal fasciculus −0.32 ± 0.18 0.09 0.25 ± 0.15 0.10

Bold: P-value<0.05. The mean values of fractional anisotropy were extracted from the global and regional white matter fiber tracts that associated 
with both carotid-femoral PWV and baroreflex sensitivity (see the bottom left of Figure 1). All models adjusted for age, sex, education level, 
systolic blood pressure, and total brain volume of white matter hyperintensity. Total brain volume of white matter hyperintensity was log-
transformed before entered in the model. β=standardized regression coefficient, PWV=pulse wave velocity, and SE=standard error
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Table 3

Multivariate adjusted relations of central artery stiffness and baroreflex sensitivity with microstructural tissue 

integrity of global and regional white matter fiber tracts, as assessed by radial diffusivity

White matter regions
Carotid-femoral PWV Baroreflex sensitivity

β ± SE P-value β ± SE P-value

Global white matter 0.38 ± 0.12 <0.01 −0.39 ± 0.10 0.001

Corpus callosum genu 0.32 ± 0.17 0.07 −0.24 ± 0.14 0.10

body 0.31 ± 0.16 0.055 −0.12 ± 0.13 0.37

splenium 0.36 ± 0.18 0.055 −0.39 ± 0.15 0.01

Corona radiata anterior 0.30 ± 0.14 0.03 −0.30 ± 0.11 0.01

superior 0.28 ± 0.15 0.07 −0.28 ± 0.13 0.04

posterior 0.47 ± 0.15 <0.01 −0.32 ± 0.12 0.01

Internal capsule anterior limb 0.18 ± 0.17 0.29 −0.16 ± 0.14 0.25

posterior limb 0.24 ± 0.16 0.14 −0.04 ± 0.13 0.78

retrolenticular part 0.37 ± 0.17 0.03 −0.28 ± 0.14 0.047

External capsule 0.29 ± 0.16 0.07 −0.24 ± 0.13 0.08

Superior longitudinal fasciculus 0.38 ± 0.17 0.04 −0.23 ± 0.15 0.13

Bold: P-value<0.05. The mean values of radial diffusivity were extracted from the global and regional white matter fiber tracts that associated with 
both carotid-femoral PWV and baroreflex sensitivity (see the bottom right of Figure 1). All models adjusted for age, sex, education level, systolic 
blood pressure, and total brain volume of white matter hyperintensity. Total brain volume of white matter hyperintensity was log-transformed 
before entered in the model. β=standardized regression coefficient, PWV=pulse wave velocity, and SE=standard error
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