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ABSTRACT 

Extensive research has evaluated factors associated with healthy brain and cognitive aging, 

with recent studies focusing on age-related differences in microstructural (i.e., diffusion tensor 

imaging metrics) and macrostructural (i.e., white matter hyperintensity volume; WMH) white 

matter assessed by magnetic resonance imaging (MRI). It has been suggested that disruptions to 

white matter tract integrity, which may be attributable to reductions in myelin and axonal integrity, 

affect connectivity within and between brain regions. These disrupted connections may in turn, 

adversely impact cognitive functioning, preferentially affecting executive function, processing 

speed, and memory performance. Thus, I sought to further investigate the role of white matter 

differences in cognition in 196 healthy older adults, ages 50-89 years, using multiple global and 

regional diffusivity metrics (fractional anisotropy (FA); mean diffusivity (MD), radial diffusivity 

(RD), and axial diffusivity (AD)), global white matter lesion load, individual cognitive tests, and 

a combination of univariate and multivariate statistical methods. First, I assessed the relation 

between age and regional white matter integrity and subsequently evaluated effects of vascular 

risk factors. I identified distinct age-related regional white matter covariance patterns for each 

diffusivity metric and found additive effects of WMH volume on the white matter patterns. 

Second, I investigated individual differences in the associations between regional white matter 

diffusivity metrics and performance on tests assessing executive functions, processing speed, and 

memory, while accounting for effects of age and other demographic characteristics as well as 

vascular risk factors. Lower FA and higher RD were associated with poorer executive function 

performance. Robust effects for higher RD were related to reductions in executive function and 

processing speed tasks. Third, to establish directional associations between age, white matter 

integrity, and cognition, I initially derived cognitive-related regional white matter integrity 
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network patterns for each diffusivity metric and then evaluated their mediating role on the relation 

between age and cognition. Age moderated the effect of cognitive-related white matter pattern 

expression on memory performance, with old-old adults showing poorer memory abilities through 

lower pattern expressions. In addition, the cognitive-related patterns for FA, RD, and AD mediated 

the effects of age on executive function and processing speed performance. Lastly, I created global 

white matter indices combining WMH volume and each diffusivity metric to assess their mediating 

impact on the relation between age and cognition. Age moderated the effect of the global WMH-

integrity indices for all diffusivity measures, with middle-old and old-old ages showing poorer 

executive function and processing speed performance through higher expression of the WMH-

integrity indices. Together, these findings demonstrate the importance of evaluating regional tract 

and global differences in diffusion metrics and WMH volume to better characterize the role of 

white matter in brain aging, advancing our understanding of how white matter differentially 

impacts specific cognitive processes in older adults.  
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CHAPTER 1 

INTRODUCTION 

The U.S. population of adults aged 65 and older is projected to increase twofold from 2000 

to 2030, rising from 35 million to 72 million and representing 20% of the total U.S. population 

(He et al., 2005). Given the rapidly rising number of older adults, it has become imperative to 

identify and evaluate factors that influence healthy and successful aging. Rowe and Kahn (1997) 

have defined successful aging by the following criteria: absence of disease and disability, 

maintenance of physical and cognitive function at a high level, and continued engagement in social 

and productive activities. Per this definition, McLaughlin, Connell, Heeringa, Li, and Roberts 

(2010) found that only 11.9% of older adults in the U.S. population were successfully aging in any 

given year. The authors suggest that few older adults can meet these criteria for successful aging 

and that various factors can contribute to the characterization of successful aging beyond those 

previously reported.  

Given the complexities in defining successful aging, investigators have focused on 

evaluating aspects of cognitive preservation and brain differences in older adults. However, it 

remains unclear why a subset of older adults is able to maintain cognitive functions, while others 

have more difficulties. Although there is no consensus on the optimal definition of successful 

aging, Lowry et al. (2012) suggest that aging occurs on a continuum from successful to 

pathological aging and includes factors, such as mobility, social participation, health status, and 

cognitive functioning. Research is needed to further our understanding of the factors involved in 

optimizing healthy aging as well as to identify interventions to prevent or delay pathological aging. 

  

Cognitive Aging  
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 Healthy aging has been associated with less efficient information processing for fluid 

measures, as demonstrated by preferential declines in aspects of memory, executive functions, and 

processing speed (Alexander et al., 2012; Glisky, 2007; Salthouse, 1992). Specifically, poorer 

performance on tasks assessing long-term memory, working memory capacity, and inhibitory 

function has been related to increasing age (Park & Reuter-Lorenz, 2009). However, other aspects 

of cognitive function, such as crystallized, knowledge-based information and implicit memory, are 

relatively preserved in aging (Craik and Salthouse, 2008). Semantic aspects of language, including 

vocabulary and language comprehension, remain stable with increasing age, whereas general 

decreases in visuospatial function are observed in older adults (Salthouse, 2009). Both of these 

aspects of cognition show less pronounced declines than in episodic memory, processing speed, 

and executive functions in healthy aging. In a sample of adults aged 20-89, Park et al. (2002) 

showed gradual age-related differences in working memory, long-term memory, and processing 

speed that began in young adulthood and showed preservations in verbal abilities throughout the 

age span. 

 

Brain Aging 

With the advancement of neuroimaging tools, researchers have investigated the association 

between aging and structural brain changes through magnetic resonance imaging (MRI; Ryan & 

Alexander, 2007). With increasing age, gray matter volume decreases linearly each decade with 

the frontal and temporal lobes preferentially affected, demonstrating localized gray matter declines 

particularly in the hippocampus, entorhinal cortices, and inferior temporal cortex (Alexander et 

al., 2006; Fjell & Walhovd, 2010; Raz & Rodrigue, 2006). Moreover, healthy aging has been 

associated with a regionally distributed pattern of atrophy in parietal, temporal, and subcortical 
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regions, with consistent selective reductions in the frontal lobes across study samples (Bergfield 

et al., 2010; Brickman et al., 2007).  

In contrast, white matter volume throughout the lifespan has shown a nonlinear trajectory, 

with increases until ages 40-50 and subsequent accelerated decline (Fjell & Walhovd, 2010; Raz 

& Rodrigue, 2006). Some investigators have suggested three phases of white matter development 

and decline, including increases until age 30, then stable linear declines, and accelerated decline 

after age 65 (Fjell & Walhovd, 2010; Westlye et al., 2009). Macrostructural white matter changes 

related to aging include increased abnormal white matter volume, as measured by white matter 

hyperintensity (WMH) volume and severity (Kearney-Schwartz et al., 2009; Salat et al., 2009). 

Previous studies have suggested that WMH may be a consequence of chronic ischemia caused by 

cerebral small vessel disease, while others have implicated hypoperfusion due to dysfunctional 

cerebrovascular autoregulation playing a role in age-related increased WMH load (Prins & 

Scheltens, 2015; Simpson et al., 2007). Cerebrovascular changes that occur in aging are a primary 

pathophysiological factor that may lead to vessel dysfunction in the form of WMH. Specifically, 

hypertension has been associated with advancing age and higher WMH severity (Firbank et al., 

2007). However, healthy older adults without hypertension have also shown higher WMH load 

(Raz et al., 2012). White matter lesion load has been quantified as global and regional WMH 

volumes, and healthy aging has been associated with higher global and regional WMH volumes, 

preferentially in frontal regions and in deep periventricular white matter (Holland et al., 2008; 

Marquine et al., 2010). 

Although white matter volumetric measurements can reflect vascular- and genetic-related 

deterioration in cerebral white matter, they do not fully assess white matter integrity (Salat, 2011). 

Microstructural measures of cerebral white matter, such as diffusion tensor imaging (DTI), provide 
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a quantitative value of tissue integrity for white matter tracts that connect cortical regions. 

Diffusion weighted MR imaging is sensitive to movement of molecules induced by Brownian 

motion, with water molecules being the most common type detected. DTI advanced the application 

of diffusion weighted image acquisition by capturing microstructural information of white matter 

with a tensor model to evaluate the displacement of water molecules and to provide white matter 

integrity measures. In contrast to gray matter, which contains more isotropic water diffusion, white 

matter fibers are highly directional or anisotropic, with the diffusivity of water occurring along the 

direction of the fiber bundle and restricted by barriers of axonal membranes and myelin sheaths. 

There are fewer hindrances for water movement along the axonal bundles than perpendicular to 

the bundles (Mori & Zhang, 2006). Basser, Mattiello, and Lebihan (1994) described the diffusion 

tensor in a 3x3 covariance matrix (D) that represents the movement of water molecules in several 

directions and their correlations. The diagonal components reflect the axes x, y, and z, while the 

off-diagonal items reflect the covariance terms, as defined by matrix D:  

 

D =  

 

The tensor corresponds to and can be visualized as a symmetrical ellipsoid that contains three 

lengths, or eigenvalues, including one major axis (λ1) and two minor axes (λ2, λ3), as well as three 

vectors (v1, v2, v3), or eigenvectors, to define the spatial orientation of the axes. The eigenvalues 

characterize the magnitude of diffusivity, with λ1, λ2, and λ3 being the major, medium, and minor 

axes, respectively. Isotropic diffusion occurs when the eigenvalues are approximately equal in 

magnitude, whereas anisotropic diffusion takes place when the eigenvalues have significantly 

different values.  

Dxx  Dxy  Dxz 

Dyx  Dyy   Dyz 

Dzx  Dzy  Dzz 
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 The most commonly reported DTI measures are fractional anisotropy (FA) and mean 

diffusivity (MD), with the following formulas utilized to derive these measures (Alexander et al., 

2011; Basser & Pierpaoli, 1996).  

 

MD = (λ1 + λ2 + λ3)/3 

 

FA =  

 

FA measures the fraction of the tensor that can be related to anisotropic diffusion (Basser, 1995), 

or the degree of deviation from isotropic diffusion in all directions, and ranges in value from 0 to 

1, with higher values representing greater directional integrity and lower values reflecting lower 

directionality. Although FA is sensitive to white matter microstructural differences, this metric 

lacks specificity for the type of change that may be present (Alexander et al., 2011). Thus, it is 

recommended to include other DTI measures in analyses of white matter integrity. MD, which is 

also referred to as apparent diffusion coefficient (ADC) or the trace of the tensor matrix, is the 

mean of the eigenvalues that reflects the average rate (Bennett & Madden, 2014; Madden, Bennett, 

& Song, 2009), magnitude (Sala et al., 2012), and motility of water diffusion, independent of the 

directionality (Sullivan & Pfefferbaum, 2006). This measure is sensitive to cellularity and edema, 

with higher values representing lower integrity.  

In addition to the main summary measures of FA and MD, diffusion parallel and 

perpendicular to white matter tracts are often described as axial and radial diffusivity, respectively. 

The eigenvalue of the primary axis (λ1) is AD, while the average of the two minor eigenvalues ((λ2 

+ λ3)/2) is RD. Higher RD and both higher and lower AD have been associated with lower white 

matter integrity. Previous studies have suggested associations of higher RD with demyelination in 

(λ1 – MD)2 + (λ2 – MD)2 + (λ3 – MD)2 

                  2 (λ1
2

 + λ2
2
 + λ3

2) 
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rodent studies of experimentally generated myelin loss (Song et al., 2005; Sun et al., 2006) and in 

human post-mortem studies of multiple sclerosis patients (Klawiter et al., 2011; Schmierer et al., 

2008). Higher AD has been associated with poorer axonal integrity in rodent models and in patients 

with epilepsy (Concha, Gross, Wheatley, & Beaulieu, 2006; Song et al., 2003). 

 Intact white matter integrity supports greater efficiency of transmission of neural signals 

across brain regions. Thus, it is important to gain a better understanding of the cellular mechanisms 

involved in these neural connections. Brain white matter is comprised of oligodendrocytes that 

form the internodal lengths of myelin that wrap around axons and contain paranodes at each end 

of the internodes. Multiple factors, such as axonal diameter, the number of myelinated fibers, the 

degree of myelination, and the node size and spacing of myelin along the fiber, contribute to the 

propagation of information along axons (Salat, 2011). Increasing age has been associated with 

degeneration of and alterations to the myelin sheaths, which have been suggested to include 

accumulation of cytoplasm at the splitting of the sheaths as well as the formation of myelin 

balloons that results in pressure on the axon (Peters, 2009). In addition, myelin formation may 

continue with advancing age, with increases in the thickness of the sheaths and redundant myelin 

that leads to incompatible sizing of the sheaths surrounding the axons (Peters, 2009). It has also 

been suggested that increasing age is related to demyelination, which may be characterized by 

increases in the length and number of paranodes. Deterioration of internodal lengths of myelin 

may lead to the development of shorter, thinner internodes that are less efficiently transmitting 

neural signals (Peters, 2009).  

The predominant findings of age-related white matter integrity differences are lower FA 

and higher MD, as demonstrated in cross-sectional and longitudinal studies, and are suggestive of 

axonal loss and demyelination (Barrick, Charlton, Clark, & Markus, 2010; Grieve et al., 2007; 
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Sala et al., 2012; Sullivan, Rohlfing, & Pfefferbaum, 2010; Zhang et al., 2010). Previous studies 

have also shown more prominent age-related changes in RD, particularly higher RD, whereas age-

related AD changes have been variable with both increases and decreases in healthy aging 

observed across studies (Bennett et al., 2010; Davis et al., 2009; Sala et al., 2012).  In addition to 

these findings in healthy older samples, Burzynska et al. (2010) found age-related differences in 

diffusivity patterns containing FA, RD, and AD that may reflect underpinnings of microstructural 

white matter integrity in aging. The authors suggest that lower FA alone may indicate a 

combination of minor differences in RD and AD that do not result in changes in MD and could be 

associated with subtle loss of fibers without large tissue loss. Burzynska and colleagues (2010) 

also reported a pattern of lower FA, higher RD, and lower AD, which may indicate secondary 

Wallerian degeneration that involves deterioration of axons distal to the area of injury (Pierpaoli 

et a., 2001). This process includes axolemma breakdown, organelle accumulation, and subsequent 

disruptions to myelin. In addition, the authors demonstrated a pattern of lower FA, MD, and AD, 

which may reflect acute axonal injury and consequent gliosis that results from ischemic lesions. 

These white matter lesion formations may lead to lower coherent fiber alignment parallel to the 

primary diffusion direction. Moreover, a pattern of lower FA accompanied by only higher RD was 

demonstrated, which may represent more specific alterations to myelin sheaths. Lastly, the pattern 

of higher RD and MD along with lower FA may reflect chronic white matter degeneration, which 

may include myelin and axonal loss and an increase in axonal spacing that results from greater 

extracellular volume fraction and lower membrane density (Sen & Basser, 2005). Bennett, 

Madden, Vaidya, Howard, & Howard Jr. (2010) demonstrated a pattern of higher RD and AD in 

relation to lower FA and indicated that loss and disruption of both myelin and axons in this pattern 

may also reflect higher extracellular volume fraction and decreased tract volume. Age-related 
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white matter integrity patterns occur in differing regions per study sample, thus suggesting that 

healthy aging may have region-specific effects on white matter integrity.  

Moreover, health factors in the context of aging, including common risk factors for 

cerebrovascular disease, Alzheimer’s disease, and overall health status, have also been evaluated 

using DTI and may contribute to the observed diffusivity patterns that may be associated with 

alterations in myelin and axonal structure (Hsu et al., 2015; Kennedy & Raz, 2009; Ryan et al., 

2011; Ryan & Walther, 2014). Inferences for underlying tissue alterations should be further 

assessed with other neuroimaging measures that can microscopically assess myelin and axonal 

integrity in specific white matter tracts or regions.  

Furthermore, DTI findings have suggested that aging is associated with regional profiles 

of white matter damage. Previous findings have shown support for an anterior-posterior gradient 

of deterioration, which posits that white matter integrity in anterior regions, particularly frontal 

regions, is more vulnerable to age-related declines relative to posterior regions (Bucur et al., 2008; 

Michielse et al., 2010; Salat et al., 2005). However, other studies have found more pronounced 

decline in white matter fibers in posterior regions, which suggests that age-related microstructural 

differences may not be specific to frontal regions and that this hypothesis may not fully account 

for the white matter changes observed in healthy aging (Davis et al., 2009). Similarly, although 

there has also been support for a retrogenesis hypothesis of white matter integrity, which postulates 

that white matter tracts that myelinate later during brain development are more susceptible to 

deterioration earlier during the aging process, other studies have not found such age effects 

(Brickman et al., 2012; Westlye et al., 2009). Thus, identifying whole brain and regional patterns 

will be important for determining whether white matter integrity deterioration occurs 

predominantly within specific fiber systems or is comprised of nonspecific diffuse damage. 
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Moreover, differences in extraction and analysis of DTI data may also be a contributing factor to 

these differing findings. 

 

Measuring White Matter Integrity 

 Several diffusion tractography methods have been utilized for reconstruction of white 

matter pathways in aging studies. Currently, one of the most widely used methods is Tract-Based 

Spatial Statistics (TBSS), which performs voxel-wise analysis of DTI data and is thought to reduce 

local registration errors without sacrificing spatial resolution (Smith et al., 2006). TBSS is 

proposed to minimize confounds in group-based DTI analyses by aligning FA images across 

multiple participants onto a common white matter skeleton in standard space and is deemed less 

likely to succumb to partial volume effects. However, recent literature has suggested that TBSS’s 

skeleton projection method can result in inaccurate alignment that provides limited benefits, such 

that it may only reduce local registration errors by less than 10% (Zalesky, 2011). Accordingly, 

one of the limitations to TBSS is the significant emphasis on the maximum value or center of white 

matter tracts and the subsequent decreased weighting of voxels further from tract centers (Schwartz 

et al., 2014). Thus, changes in these locations are more difficult to detect. Furthermore, TBSS’s 

assumption that the center of white matter tracts are the local FA maximum values does not take 

into account WMH and other white matter abnormalities that decrease FA (Schwartz et al., 2014).  

Given the limitations of TBSS and other DTI methods, TRACULA (TRActs Constrained 

by Underlying Anatomy), a more recently developed method is being utilized in DTI studies with 

various populations. TRACULA is an automated global probabilistic tractography method that 

reconstructs major white matter pathways throughout the brain based on surrounding anatomical 

structures. This global tractography method constrains starting and ending points of white matter 
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pathways and thus, reconstructs connections between two end regions. FreeSurfer (Dale et al., 

1999; Fischl et al., 2002; Fischl et al., 2004) is first used for cortical parcellation and subcortical 

segmentation as part of the processing stream for the T1-weighted images. Methods can be 

performed to correct for susceptibility-induced distortions, typically including field maps or co-

registration to a structural scan (e.g., Bhushan et al., 2015; Bhushan et al., 2014; Bhushan et al., 

2012).  

Subsequently, TRACULA fits the ball-and-stick model of diffusion to the diffusion 

weighted data, which estimates the distribution of multiple fiber directions and orientations within 

each voxel and examines non-dominant pathways by including one isotropic compartment and 

multiple anisotropic compartments, as a means to address potential crossing fibers and estimating 

their relative volume fractions (Behrens, Berg, Jbabdi, Rushworth, & Woolrich, 2007; Behrens et 

al., 2003). The model consists of the “ball,” which represents the isotropic compartment where 

water diffuses freely in the voxel, as well as the “sticks,” which reflect two or more anisotropic 

compartments where diffusion is restricted to inside and around axons. Diffusivity at each voxel 

is expressed as a function of the volumes and orientations of all compartments, which allows for 

increased sensitivity to areas of lower anisotropy (Yendiki et al., 2011). Unlike a single-tensor 

model, the ball-and-stick model contains multiple anisotropic compartments and constrains the 

diffusivities in directions perpendicular to the fibers to a value of zero (Zhu, Gur, Wang, & 

Fletcher, 2013). Each stick is given only one nonzero eigenvalue to decrease the number of 

parameters needing estimation, which results in water molecules moving only in the fiber direction 

(Muftuler, 2013). Thus, within voxels where multiple fibers cross, single fiber approaches may be 

more likely to yield less robust fiber directions, as it is limited to a single direction. This can be 

problematic given that white matter fibers within each voxel can have various configurations, 
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including parallel, fanning, and crossing. DTI metrics may inaccurately capture reductions in white 

matter integrity if these crossing fibers are not accounted for by multi-tensor models or by other 

acquisition and processing approaches (e.g., high angular resolution diffusion-weighted imaging 

(HARDI); Frank, 2002). 

Moreover, TRACULA then incorporates the estimated posterior probability distributions, 

which are comprised of a data likelihood term (the ball-and-stick model of diffusion) and a 

pathway prior term (prior anatomical knowledge of the pathways from a set of independent 

training scans), to reconstruct 18 major white matter tracts and to extract FA, MD, RD, and AD 

values for each of the pathways (Yendiki et al. 2011). The probability is calculated based on the 

likelihood that each tract passes through or is located adjacent to the cortical and subcortical 

segmentation labels derived from anatomical information obtained from Freesurfer. In addition, 

the probability is assessed separately at each point along the trajectory or length of the pathway. 

Given these steps, this probabilistic tractography method does not rely on perfect alignment or 

assume that the pathways are the same shape in the study and training subjects, but rather estimates 

that the pathways pass through the same regions relative to the surrounding neuroanatomy.  

 Furthermore, head motion can be a confounding factor in diffusion weighted MRI, as it 

can result in overestimation or underestimation of diffusion anisotropy (Yendiki, Koldewyn, 

Kakunoori, Kanwisher, & Fischl, 2014). Particularly, diffusion in the direction of one diffusion-

encoding gradient may occur if a subject moves only during the application of that gradient, 

whereas, reduced contrast between diffusion directions may occur if a subject randomly moves 

during the scan. Methods for head motion correction can be performed as a post-processing step 

after acquisition of images or can be incorporated during image acquisition. Yendiki and 

colleagues (2014) quantified head motion in each subject scan for a study sample containing 
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children with autism and typically developing children and evaluated its effects on diffusion data 

by assessing average volume-by-volume translation and rotation as well as slice-by-slice signal 

drop-out measures. They found that effects of head motion can be reduced by including motion as 

a nuisance regressor in statistical analyses of FA, MD, RD, and AD for each tract and have 

subsequently incorporated these measures in the TRACULA processing pipeline. Thus, this 

method allows investigators to account for multiple head motion measures to reduce false positives 

in DTI analyses. 

 

White Matter Differences and Cognition 

Age-related cognitive changes, as measured by differences in neuropsychological test 

performance, have been associated with reductions in white matter integrity and higher WMH 

volume. Previous investigators have found that reduced FA and higher MD in healthy aging 

correlate with poorer performance on measures of fluid cognition, including working memory, 

long-term memory, executive functions, and processing speed (Charlton, Barrick, Markus, & 

Morris, 2010; Charlton et al., 2006; Haász et al., 2013; Laukka et al., 2013; Lockhart et al., 2012; 

Lu et al., 2011). Across studies, the regional specificity of these brain-behavior relationships 

varies, but shows preferential decreased integrity of frontal regions. Ziegler et al. (2010) found 

that older adults with decreased frontal lobe white matter integrity and decreased temporal and 

parietal lobe white matter integrity demonstrated poorer performance on tasks of cognitive control 

and episodic memory, respectively, compared to younger adults. Ystad et al. (2011) showed a 

positive relation between measures of executive function and FA for tracts connecting subcortical 

regions to frontal regions and between measures of processing speed and FA for tracts connecting 

the putamen and visual and sensorimotor regions. Moreover, Kennedy and Raz (2009) showed 
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differential effects of regional white matter integrity on cognitive decline. Specifically, they found 

that lower processing speed and working memory abilities were related to reductions in anterior 

white matter integrity, lower inhibition and task-switching abilities were associated with 

degradation of posterior white matter integrity, and lower episodic memory was related to reduced 

central white matter integrity. Thus, whole-brain and regional white matter differences may yield 

differential effects in relation to cognitive aging. 

In addition, extensive research has focused on the effects of global WMH volume on 

cognition in the elderly. Higher global WMH volume has been associated with increasing age, 

increased risk of mild cognitive impairment and dementia, and deficits in memory, processing 

speed, and executive functions (Maillard et al., 2012; Smith et al., 2008). Previous investigators 

have suggested that aging is associated with a greater prevalence of WMH in white matter regions 

with relatively lower cerebral perfusion, such as deep periventricular and frontal white matter, and 

that higher WMH volume in these regions is associated with deficits in processing speed, executive 

functions, and memory (Holland et al., 2008; Prins et al., 2005). These strategically located WMH 

may disrupt cholinergic fiber activity that may lead to cognitive differences (Kim et al., 2011).  

The contributions of and relation between white matter integrity and WMH changes in 

cognitive aging remain unclear. Vernooij et al. (2008) compared age-related differences in white 

matter integrity measures, WMH, and white matter atrophy in older adults. Lower white matter 

integrity in distinct regions was independently related to WMH volume and white matter atrophy, 

suggesting that loss of white matter integrity is not explained by the physiological aging process 

alone and that WMH and white matter atrophy may be pathophysiologically distinct processes. 

Within the same elderly sample, Vernooij et al. (2009) examined the relation between white matter 

integrity and cognition in the context of WMH and found that increased diffusion within WMH 
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and normal-appearing white matter were associated with poorer processing speed and global 

cognitive performance despite white matter atrophy and WMH volume. Thus, white matter 

integrity indices may reflect pathophysiological processes that complement WMH and white 

matter atrophy and that have a separable effect on cognition. Meier et al. (2012) evaluated the 

contributions of white matter integrity and regional WMH volume on cognitive functioning in 

cognitively impaired older adults and healthy controls. Higher WMH volume in frontal regions 

predicted poorer delayed memory performance, whereas white matter integrity metrics were not 

associated with cognitive performance, suggesting that WMH may play a larger role in age-related 

cognitive differences. Thus, findings from previous studies have yet to determine the relation 

between white matter integrity metrics and WMH on cognition in healthy aging. 

 

Aging, White Matter Differences, and Cognition  

Few studies have examined the mediating role of white matter differences on cognitive 

aging and have resulted in varied findings. Previous studies have reported mediating influences of 

lower white matter integrity reflected by lower FA and higher MD in multiple brain regions, 

including the genu and splenium of the corpus callosum, inferior longitudinal fasciculus, and 

cerebral peduncles, on age-related differences in poorer executive function in older adults 

compared to younger adults (Brickman et al., 2012; Madden et al., 2009). Moreover, Borghesani 

et al. (2013) demonstrated a mediating role of higher left prefrontal AD on age-related deficits in 

reasoning abilities as well as higher AD, RD, and MD throughout the cerebrum on poorer age-

related cognitive flexibility in typically aging adults. Furthermore, other studies have shown 

effects of white matter integrity on the relation between increasing age and processing speed. 

Burgmans et al. (2011) found that lower AD in posterior regions (e.g., temporal-parietal-occipital 
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areas) but not anterior regions mediated age-related reductions in processing speed in healthy older 

adults. Salami, Eriksson, Nilsson, & Nyberg (2012) showed that lower FA and higher MD in the 

anterior section of the corpus callosum mediated age-related deficits in processing speed but not 

in episodic memory, visuospatial ability, or fluency in young and old adults. 

These prior studies have mainly relied on univariate methods to assess the mediating effects 

of white matter integrity on cognitive aging. However, a recent study by Gazes et al. (2016) used 

a multivariate analysis, the Scaled Subprofile Model (SSM; Alexander & Moeller, 1994; Moeller, 

Strother, Sidtis, & Rottenberg, 1987), to evaluate the role of white matter integrity, particularly 

FA, on age-related cognitive differences. Separate network covariance patterns of white matter 

integrity in 18 major white matter tracts that best predicted performance in perceptual speed, 

episodic memory, and fluid reasoning were derived. A greater pattern expression of perceptual 

speed involving positive loadings from the bilaterial anterior thalamic radiation, inferior 

longitudinal fasciculus, and right uncinate fasciculus as well as negative loadings from the left 

parahippocampal cingulum mediated poorer age-related perceptual speed performance. A greater 

pattern expression of episodic memory, including positive contributions from the bilateral inferior 

longitudinal fasciculi that connect the temporal and occipital lobes, mediated age-related deficits 

in memory performance. A greater pattern expression of fluid reasoning ability consisting of 

positive contributions from white matter tracts distributed throughout the brain mediated decreased 

age-related performance in reasoning. Together, these findings showed impacts of network 

patterns containing specific sets of white matter tracts that differed across cognitive abilities.  

 

Effects of Vascular Risk Factors on Brain and Cognitive Aging 
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Hypertension is the most prevalent risk factor for cerebral vascular disease in the elderly 

and affects more than 31% of Americans overall and 60% of adults over age 60 (Centers for 

Disease Control and Prevention [CDC], 2012; Ong, Cheung, Man, Lau, & Lam; 2007). This 

vascular risk factor is commonly defined as sustained, systolic blood pressure greater than or equal 

to 140mm Hg and diastolic blood pressure greater than or equal to 90mm Hg (Burt et al., 1995). 

Controlled hypertension, which consists of maintenance of blood pressure at appropriate levels 

with the use of antihypertensive treatment, has been associated with lower risk for cognitive 

decline and lower WMH volume relative to those with untreated hypertension (Brady et al., 2005; 

Verhaaren et al., 2013). Although anti-hypertensive medications may provide some cognitive 

protection for older adults, it remains unclear if this treatment is adequate and beneficial for 

maintaining cognitive health and preventing cognitive decline. Controlled hypertension and 

uncontrolled hypertension have both been associated with age-related structural gray matter 

differences in the prefrontal cortex, hippocampus, inferior temporal cortex, and inferior parietal 

lobule (Raz et al., 2007) as well as increased WMH volume preferentially in deep frontal areas 

(Raz et al., 2012; Raz, Yang, Dahle, & Land, 2012). Hypertension has also been shown to 

exacerbate age differences in white matter integrity, particularly lower FA in frontal regions 

(Burgmans et al., 2010; Salat et al., 2012). In terms of cognitive aging, hypertension has been 

associated with deficits in memory, processing speed, and cognitive flexibility (Hannesdottir et 

al., 2009). Furthermore, healthy older adults with both minor self-reported memory concerns and 

hypertension have shown poorer long-term memory performance and a greater reliance on short-

term recall compared to those with hypertension but without memory complaints (Nguyen et al., 

2016).  
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Homocysteine, a sulfur-containing amino acid, has been associated with increasing age and 

cardiovascular risk factors, such as hypertension and smoking. Elevated plasma homocysteine 

levels have shown relations with global cerebral atrophy, hippocampal atrophy, and increased 

prevalence of WMH (den Heijer et al., 2003; Rajagopalan et al., 2011; Raz, Yang, Dahle, & Land, 

2012; Wright et al., 2005). Moreover, Hsu et al. (2015) showed that higher homocysteine levels 

were associated with higher MD in bilateral temporal white matter, brainstem, and bilateral 

cerebellar peduncles. Age-related deficits on processing speed, memory, and executive function 

measures have also been associated with higher homocysteine levels in healthy older adults (Durga 

et al., 2007; Feng et al., 2013; Garcia, Haron, Pulman, Hua, & Freedman, 2004). 

 

Overall Goals  

Much of the extant literature on age-related cognitive and cerebral white matter differences 

has focused on the separate relations between aging and cognition and aging and white matter 

integrity. Models that include the associations between aging, brain structure, and cognitive 

differences and that assess how they may affect one another will be important for furthering our 

understanding of healthy aging and the factors that may contribute to the heterogeneity over the 

older adult lifespan. The few studies that have evaluated the mediating effects of cerebral white 

matter integrity differences on the relation between age and cognition have used differing DTI and 

statistical methods and included younger and older adults. In addition, most of these studies have 

not addressed the following: utilization of multimodal brain imaging measures, application of 

multivariate techniques, evaluation of both global and regional effects of white matter, and 

inclusion of vascular risk factors as covariates. Thus, the overarching aims of my dissertation, 

which is comprised of four manuscripts for publication, sought to address those key gaps in the 
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current literature by assessing the role of white matter measures, including white matter integrity 

metrics and WMH volume, in age-related cognitive differences in a cohort of healthy older adults, 

50-89 years of age.  

I refined my initial plan to evaluate these aims by first focusing on the relation between 

advancing age and white matter integrity, particularly by deriving age-related white matter 

covariance patterns using multivariate network analyses with SSM. Next, I focused solely on 

regional white matter integrity by first examining the associations between regional white matter 

diffusion metrics and cognitive performance, unrelated to age, other demographic variables, and 

vascular effects. Subsequently, I evaluated regional white matter integrity by using a multivariate 

analysis to derive cognitive-related white matter covariance patterns and tested the mediating role 

of these patterns on the relation between age and cognition. Lastly, I focused on the combined 

global mediating impacts of two types of white matter measures, i.e., WMH volume and diffusivity 

metrics, on the association between age and cognitive performance. Further descriptions of these 

aims are outlined below. 

In Chapter 2, to further characterize white matter integrity as reflected by four diffusivity 

metrics of FA, MD, RD, and AD in healthy aging, separate age-related regional network patterns 

of white matter integrity were identified using SSM analysis in a sample of 196 healthy older 

adults. Vascular factors, such as WMH volume, hypertension status, and homocysteine levels, 

were also accounted for by evaluating their additive effects on the white matter integrity network 

patterns. Additionally, effects of WMH volume on the white matter covariance patterns above and 

beyond age, hypertension status, and homocysteine, were assessed. 

To determine the contributions of regional white matter integrity on cognition that may 

contribute to observed individual differences in cognitive performance, Chapter 3 evaluated the 



31 

 

 

associations between four white matter integrity metrics (i.e., FA, MD, RD, AD) with performance 

on specific cognitive tests assessing executive functions, processing speed, and memory, in the 

context of healthy aging. Potential influences of age, gender, education, hypertension status, and 

WMH load were accounted for as covariates.  

 In Chapter 4, to investigate the relations between age, regional white matter integrity, and 

cognition, I first derived white matter integrity covariance patterns associated with individual 

cognitive tests of executive functions, processing speed, and memory for each diffusivity metric 

and then tested the mediating role of patterns on the relation between age and cognition, while 

controlling for effects of gender and hypertension status, in healthy older adults. I also evaluated 

the potential moderating effects of age and hypertension status on these models.  

 Lastly, in Chapter 5, I evaluated the association between two global white matter measures 

of WMH load and white matter integrity as well as their combined co-varying effects on cognitive 

aging. I derived a global white matter covariance index for each diffusivity measure and then 

assessed the mediating role of the white matter indices on the relation between age and cognition, 

while controlling for gender and hypertension status, in healthy older adults. Age and hypertension 

status were included as moderators in separate models to determine their potential effects on the 

mediation models. 
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CHAPTER 2  

NGUYEN ET AL. (SUBMITTED) REGIONAL COVARIANCE PATTERNS OF WHITE 

MATTER MICROSTRUCTURE IN HEALTHY AGING 

Summary 

 As discussed in the introduction, white matter integrity has been commonly measured by 

DTI metrics, with studies consistently reporting FA and MD effects and less frequently reporting 

RD and AD differences in healthy aging. In addition, although less prevalent in the literature, 

vascular risk factors, such as hypertension, homocysteine levels, and WMH load, have been 

associated with decreased white matter integrity. Thus, these vascular factors may play a role in 

white matter differences in aging. Moreover, univariate statistical approaches have typically been 

applied to studies investigating the relations between white matter microstructural integrity and 

advancing age. I sought to apply a multivariate method, the Scaled Subprofile Model (SSM), to 

identify regional white matter covariance patterns related to age in a neurologically healthy older 

adult cohort. The SSM has previously been used in functional (Alexander et al., 1999; Alexander 

& Moeller, 1994) and structural neuroimaging studies (Alexander et al., 2006, 2008; Bergfield et 

al., 2010) and more recently in a study deriving white matter covariance patterns that predicted 

cognitive domains in younger and older adults (Gazes et al., 2016). To further characterize white 

matter integrity in relation to age, I identified age-related white matter network patterns for each 

diffusivity measure (i.e., FA, MD, RD and AD) and evaluated the effects of vascular risk factors 

on these covariance patterns. 

 One hundred and ninety-six healthy older adults, ages 50-89 years, participated in the 

study, with 63 having hypertension. As discussed in the introduction, I used a global probabilistic 

tractography method, TRACULA (Yendiki et al., 2011; Figure 1), to reconstruct 18 major white 
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matter pathways and to obtain the averages of FA, MD, RD, and AD across the entire pathway 

distributions. To assess WMH load, I used an automated lesion segmentation toolbox (Schmidt et 

al., 2012) that was optimally modified for constructing global WMH volumes in healthy older 

adults (Bharadwaj et al., 2015). The SSM was applied to each of the diffusivity measures, which 

included subtracting the region-wise and subject-wise means from each cell in the subject by 

regional diffusivity matrix and then applying a principal component analysis to produce a set of 

regional network covariance patterns and individual subject scores reflecting the degree to which 

each participant expressed the regional patterns (Alexander & Moeller, 1994). A model selection 

method, the Akaike Information Criterion (AIC) was used to select the best set of SSM components 

(Burnham & Anderson, 2002), and then a bootstrap resampling procedure of 10,000 iterations was 

performed. From this procedure, I derived separate age-related covariance patterns for each DTI 

metric.  

Figure 1. White matter tracts extracted from TRACULA 

 

 

 

 

 

 

 

Figure 1. Averages across tracts for 196 participants in the sample. Fminor = forceps minor; UNC 

= uncinate fasciculus; ATR = anterior thalamic radiation; CCG = cingulum–cingulate gyrus; CST 

= corticospinal tract; ILF = inferior longitudinal fasciculus; SLFT = superior longitudinal 
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fasciculus–temporal bundle; SLFP = superior longitudinal fasciculus–parietal bundle; CAB = 

cingulum–angular bundle; Fmajor = forceps major. 

To evaluate the relation between the white matter covariance patterns and vascular risk 

factors, hierarchical regression models were performed assessing 1) the interactive effects of age 

and each vascular risk factor as well as main effects of each vascular risk factor on the white matter 

covariance patterns and 2) the effects of WMH volume on the white matter network patterns, while 

controlling for age, hypertension status, and homocysteine levels. 

 The age-related white matter covariance patterns for FA, MD, RD, and AD generally 

differed in tract contributions, but with some overlapping tracts and with the most extensive tract 

contributions in the FA and AD patterns. The age-related FA pattern was characterized by relative 

preservations in a motor tract and decreases in tracts spanning posterior, temporal, occipital, and 

parietal regions, whereas the age-related MD pattern was comprised of relative preservations in 

tracts spanning motor and posterior regions. This discrepancy may suggest that increasing age has 

a greater adverse effect on the directionality than on the rate of diffusion along white matter tracts 

that connect posterior regions. The age-related RD pattern was characterized by relative 

preservations in a motor pathway, while the age-related AD pattern showed relative decreases and 

preservations in widespread white matter tracts. These findings are compatible with other studies 

showing inconsistencies in directionality observed in AD in aging.  

 I found a small additive effect of WMH load, but not of hypertension status or 

homocysteine levels, on the age-related white matter network patterns for FA, MD, and AD, 

suggesting that increased WMH load may contribute to alterations in white matter integrity. 

However, given the relatively small effect of WMH, the white matter covariance patterns 

represented the major contributions to the age effect. Additionally, the additive effect of WMH 
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load on the covariance patterns remained significant for FA and MD, was reduced to a trend for 

AD, and became significant for RD, while controlling for effects of age, hypertension status, and 

homocysteine levels. Together, these findings indicate that microstructural white matter may have 

increased sensitivity to WMH load than to other common vascular risk factors and that RD and 

AD may be differentially impacted by WMH load when controlling for age and other vascular 

factors. 

 

Contributions 

This is the first study to use a novel multivariate network approach to identify distinct age-

related regionally distributed patterns of white matter tract integrity for four diffusivity metrics 

and to also evaluate the relations between the white matter covariance patterns and vascular factors 

commonly observed in healthy aging.  

As first author for this work, I drafted the initial manuscript and was responsible for 

integrating revisions into the final document. With assistance from Dr. Gene Alexander, I 

developed the objectives and hypotheses for the study, analyzed the neuroimaging data, and carried 

out all statistical analyses. As this study is part of a longitudinal study assessing cognitive aging, I 

participated in the collection of the data for the study by administering 4-hour comprehensive 

neuropsychological batteries and 2-hour computerized neuropsychological batteries to a portion 

of the participants as well as assisted in the acquisition of the MRI scans. 
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CHAPTER 3 

NGUYEN ET AL. (IN PREPARATION). RELATION BETWEEN WHITE MATTER 

TRACT INTEGRITY AND COGNITION IN HEALTHY AGING 

Summary 

 Advancing age has been associated with reductions in cognitive performance and white 

matter integrity differences, as commonly reflected by decreased FA and increased MD and less 

frequently reported increased RD and AD (Borghesani et al., 2013). These white matter 

microstructural integrity differences have also shown relations with poorer cognitive performance 

across multiple domains, including executive functions, processing speed, and memory, in healthy 

younger and older adult samples. However, studies have demonstrated differing associations 

between diffusion properties and cognitive performance, with less reported and consistent findings 

for RD and AD. Moreover, healthy aging has been associated with a higher prevalence of vascular 

factors of hypertension and WMH load, which in turn, have shown relations with poorer cognitive 

functioning and decreased white matter integrity. Thus, it may be important to account for these 

vascular factors when assessing the relation between white matter integrity and cognitive abilities. 

Unlike most studies, I sought to not only investigate the association between regional white matter 

tract integrity, as reflected by four diffusivity metrics, and performance on individual tests of 

executive functions, processing speed, and memory, but I also evaluated these relations over and 

above effects of age, gender, years of education, hypertension status, and WMH load. I expected 

that white matter integrity differences would impact cognitive performance, separate from age 

effects, thereby reflecting a source of heterogeneity in healthy brain aging that affects cognitive 

performance. 
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 To investigate the effects of white matter integrity metrics on cognition in a sample of 196 

neurologically healthy older adults, 50-89 years of age, participants completed neuropsychological 

tests assessing aspects of executive functions (i.e., set-shifting, inhibitory processes, and 

updating/monitoring), processing speed, and memory (i.e., verbal and nonverbal; immediate and 

delayed recall). As discussed in the introduction, I used a global probabilistic tractography method, 

TRACULA (Yendiki et al. 2011), to reconstruct 18 major white matter pathways and to obtain the 

averages of FA, MD, RD, and AD across the entire pathway distributions. To assess WMH load, 

I utilized an automated lesion segmentation toolbox (Schmidt et al. 2012) that was optimally 

modified for constructing global WMH volumes within our healthy aging sample (Bharadwaj et 

al., 2015). Multiple linear regressions were performed to evaluate the relations between the white 

matter metrics and each cognitive test, while first controlling for age, gender, and education. These 

associations were further assessed by additionally controlling for vascular factors, including 

hypertension status and WMH load. Follow-up analyses focused on executive function 

performance and tested the relation between these measures and white matter tract integrity, while 

accounting for a processing speed measure in addition to gender, years of education, hypertension 

status, and WMH load. The false discovery rate (FDR; Benjamini & Hochberg, 1995) criterion 

was applied across all statistical tests within each diffusivity metric to correct for multiple 

comparisons.  

 I found differential associations between the regional diffusivity metrics and cognitive 

performance, after accounting for age, gender, and years of education. Region-specific lower FA 

in tracts spanning posterior, parietal, and motor brain areas, region-specific higher MD for 

pathways passing through parietal, temporal, and frontal regions, and widespread higher RD for 

diffuse tracts throughout the brain were significantly associated with reductions in set-shifting 
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performance in healthy aging. Poorer inhibitory control and updating/monitoring were associated 

with lower FA and higher RD in a tract spanning motor regions. Processing speed performance 

was only related to higher RD for tracts connecting parietal and temporal brain regions. There were 

no significant associations between the diffusivity metrics and memory as well as no relations 

between AD and cognitive measures. 

 When additionally controlling for hypertension status and WMH load, the effects of FA 

and RD on set-shifting abilities, inhibition, and updating/monitoring remained significant, while 

MD effects on set-shifting were reduced to trends. The relation between higher RD and poorer 

processing speed remained significant. Lastly, for executive function measures only, after 

additionally accounting for each of the processing speed tasks individually (i.e., Trails A, WAIS-

IV Symbol Search, and WAIS-IV Coding), most RD effects remained robust, whereas FA and MD 

effects were reduced to non-significance.  

 This study demonstrated that lower regional white matter microstructural integrity across 

diffusivity metrics were associated with reductions in cognitive performance in healthy 

community-dwelling older adults, beyond the effects of age, gender, years of education, 

hypertension status, and WMH load. By including four diffusivity metrics and separate cognitive 

tests within our analyses, I found differential effects of the DTI measures on aspects of executive 

functions and processing speed, but not for memory. Higher RD showed prominent effects on 

executive functions and processing speed, while AD demonstrated no effects on cognitive 

performance. Previous studies have suggested that RD and AD may reflect underlying cellular 

processes of myelin and axonal integrity, respectively (Concha, Gross, Wheatley, & Beaulieu, 

2006; Song, Sun, Ramsbottom, Chang, Russell, & Cross, 2002). Thus, it may be that alterations 

in myelin integrity, and to a lesser extent in axonal integrity, may have a greater impact on subtle 
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differences in cognition in the context of healthy aging. Specifically, disruptions in myelin 

integrity may be contributing to poorer executive function and processing speed abilities, with a 

pronounced effect on set-shifting performance, in healthy older adults.  

 

Contributions 

 Overall, these findings demonstrate that microstructural white matter characteristics 

influence individual differences observed in cognitive aging, which are separate from age effects, 

and have differential effects on specific cognitive abilities that may be associated with underlying 

cellular mechanisms, including myelin and axonal integrity. 

My contributions to this study included participating in data collection by administering 4-

hour comprehensive cognitive batteries and 2-hour computerized cognitive batteries to a portion 

of the participants, assisting in acquisition of MRI scans with participants, establishing the research 

questions and hypotheses for the study, analyzing the neuroimaging data, and implementing all 

statistical analyses. As first author of this manuscript, I was responsible for the principal writing 

of all sections of the document and drafting all revisions. 
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CHAPTER 4 

NGUYEN ET AL. (IN PREPARATION) NETWORK PATTERNS OF WHITE MATTER 

TRACT INTEGRITY MEDIATE AGE EFFECTS ON COGNITIVE AGING 

Summary 

  In chapters 2 and 3, I identified age-related regional white matter integrity covariance 

patterns and established differential associations between diffusivity metrics and cognitive 

performance, respectively. Next, I sought to further examine the associations between age, white 

matter integrity, and cognition by applying mediation models to better understand the role of white 

matter integrity on the relation between age and cognition. Thus far, few studies have investigated 

the indirect impacts of diffusivity metrics on cognitive aging and have shown various findings due 

in part to variability in methodological (i.e., differing DTI analyses and statistical approaches) and 

sample characteristics across studies. In addition, most of these studies did not account for effects 

of hypertension, a common vascular risk factor in aging. As discussed in the introduction and in 

chapter 2, univariate analyses have typically been used to assess the associations between cognitive 

aging and white matter integrity differences. However, the SSM, a multivariate approach, has 

recently been applied to a white matter integrity analysis in one study to derive covariance patterns 

of white matter integrity predicting cognitive composite measures of memory, perceptual speed, 

reasoning, and language in a sample of younger and older adults (Gazes et al., 2016). My study 

substantially extended these findings by first deriving regional white matter tract network patterns 

associated with separate tests of executive functions, processing speed, and memory and then 

evaluated the indirect effects of age on cognitive test performance through the cognitive-related 

white matter patterns, while accounting for gender and hypertension status, in healthy older adults. 

Given that previous studies have observed white matter differences involving both frontal and 
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posterior brain regions (Davis et al., 2009; Salat et al., 2005), I predicted that the cognitive-related 

patterns would involve widely distributed white matter tracts, spanning frontal and posterior brain 

regions. Additionally, I expected that age and hypertension status would have moderating effects 

on the mediation models. 

 One hundred and ninety neurologically healthy older adults, ages 50-89 years, were 

included in the study, and 61 had hypertension. Participants underwent neuropsychological testing, 

and I focused on tests assessing executive functions, processing speed, and memory. As described 

in the introduction and previous chapters, TRACULA (Yendiki et al., 2011) was used to 

reconstruct 18 major white matter pathways with values for FA, MD, RD, and AD for each tract 

for each participant. 

The SSM was used to derive regional white matter covariance patterns associated with 

each cognitive test for all DTI measures. An FDR correction was then applied to correct for 

multiple comparisons across all statistical tests for the SSM analyses within each diffusivity 

metric, resulting in protected p-values for all subsequent mediation model analyses. I determined 

covariates for the model by assessing the correlations for gender, years of education, and 

hypertension status with the cognitive-related white matter covariance patterns and cognitive tests. 

I controlled for gender and hypertension status in subsequent analyses. Prior to performing the 

moderated mediation models, I used linear regressions to test for the interactive effects of 1) 

hypertension status and age on the white matter covariance patterns, 2) hypertension status and the 

white matter patterns on cognition, and 3) age and white matter covariance patterns on cognition. 

The significant tests were included in the separate moderated mediation models. I used the 

PROCESS macro for SPSS (Hayes, 2013) to evaluate the potential moderating roles of 

hypertension status and age on the associations between cognitive-related white matter patterns 
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and cognitive tests. Lastly, I tested all paths of the simple mediation model with linear regressions. 

Significant tests for path b (i.e., relations between white matter covariance patterns and cognition) 

as well as tests that were not significantly moderated by hypertension status or age were included 

in the simple mediation model, assessing the indirect effects of age on cognition through the 

cognitive-related white matter covariance patterns. 

 For the cognitive-related white matter network patterns, higher and lower performers for 

each cognitive test differentially expressed the pattern contributions of increases and decreases in 

specific sets of co-varying white matter tracts with healthy aging. The age-moderated and simple 

mediation models showed significant mediating effects for the following cognitive-related 

patterns. The cognitive-related FA patterns associated with set-shifting, inhibitory processes, and 

a processing speed task showed comparable tract contributions, with decreases in tracts spanning 

prefrontal to medial temporal, frontal to thalamic, and motor regions in addition to relative 

increases in tracts passing through posterior, temporal, and parietal regions. The cognitive-related 

FA patterns associated with immediate and delayed recall also showed comparable tract 

contributions as those described above, but without loadings from tracts passing through posterior 

and motor regions. The cognitive-related RD pattern predicting set-shifting demonstrated relative 

decreases in tracts spanning temporal, occipital, and parietal regions and relative increases in a 

tract connecting prefrontal to medial temporal regions, while the cognitive-related AD patterns 

associated with processing speed tasks showed positive contributions from tracts spanning frontal 

and posterior regions and relative negative loadings from tracts connecting frontal to medial 

temporal and occipital to temporal regions. These findings suggest that the directionality of 

diffusion, as reflected by FA, has a coherent set of tract-specific impacts on selective aspects of 

cognition. Additionally, in comparison to directionality of diffusion, both transverse and parallel 
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directional diffusion, as measured by RD and AD, also showed generally comparable tract-specific 

effects on set-shifting and processing speed abilities, respectively, but with less tract contributions. 

Furthermore, it is noteworthy that motor tracts were involved in executive function- and processing 

speed-related patterns. Thus, follow-up studies would benefit from using measures that are less 

motor-dependent. 

 I did not find moderating effects of hypertension status, which may be attributable to 

treated hypertension and minimal vascular factors within our healthy aging sample. However, I 

found a moderating effect of age only on the relation between cognitive-related FA patterns and 

memory performance. The young-old showed better immediate recall performance through higher 

expression of the cognitive-related white matter pattern, whereas the old-old showed poorer 

immediate and delayed recall performance through lower expression of the cognitive-related white 

matter pattern. There were no significant differences for the middle-old. These age-moderated 

effects specific to memory abilities may suggest that within healthy aging, older age has an 

important influence on sets of white matter tracts sensitive to reductions in memory functions, 

whereas co-varying tracts related to executive function and processing speed abilities are adversely 

impacted throughout the older adult age ranges. Perhaps white matter integrity may affect age-

related differences in aspects of executive functions and processing speed earlier in the aging time 

course, while memory may be affected later in the course of healthy aging. 

The simple mediation model demonstrated that increasing age was associated with lower 

white matter pattern expression, which in turn, was associated with poorer cognitive performance. 

These relations differed based on diffusivity measures, with cognitive-related FA patterns showing 

mediating effects on age-related set-shifting, inhibition, and processing speed abilities; cognitive-

related RD patterns showing mediating effects solely on set-shifting performance; and cognitive-
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related AD patterns showing mediating effects only on processing speed tasks. Once again, this 

study demonstrates the importance of evaluating multiple diffusivity metrics, as each cognitive-

related white matter network pattern for FA, RD, and AD showed differing mediating impacts on 

cognitive performance. 

 

Contributions 

The differential mediating effects of the cognitive-related diffusivity patterns suggest that 

advancing age is associated with decreased white matter integrity that may reflect underlying 

cellular processes, including myelin and axonal deterioration, which subsequently affect specific 

cognitive processes. By evaluating individual cognitive tests, I found sets of co-varying white 

matter tracts that are involved in specific cognitive functions for each diffusivity measure.  

As first author of this manuscript, I drafted, revised, and completed the final version of the 

document. With input and guidance from Dr. Gene Alexander, I developed the objectives and 

hypotheses for the study, analyzed the neuroimaging data, and organized and performed all 

analyses. Prior to analyses, I assisted in collection of the data by conducting comprehensive 

neuropsychological test batteries and computerized neuropsychological tests to a portion of the 

participants in addition to helping with MRI data collection with participants. 
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CHAPTER 5 

NGUYEN ET AL. (SUBMITTED) MEDIATING EFFECTS OF MULTIMODAL WHITE 

MATTER INDICES ON AGE-RELATED COGNITIVE DIFFERENCES 

Summary 

 As discussed in the introduction, differences in bran aging have been characterized by 

altered white matter integrity, as reflected by WMH load, lower FA, and higher MD, RD, and AD. 

Previous studies have investigated these white matter measures either separately, in comparison to 

one another, or in relation to the integrity within WMH regions and have shown various findings 

associated with both advancing age and cognition. Prior studies have not assessed the relation 

between WMH load and white matter integrity measures and the potential mediating impacts on 

cognitive aging. I created multimodal covariance white matter indices comprised of global WMH 

load and DTI metrics and evaluated their combined mediating role in cognitive aging. In addition, 

within separate models, I investigated the potential moderating effects of age and hypertension, 

which has been shown to exacerbate WMH volume and white matter integrity in older adults, on 

the relation between the white matter indices and executive function, processing speed, and 

memory performance. 

 One hundred and ninety-six healthy older adults, ages 50-89, were included in the study 

and underwent neuropsychological testing and MRI scans. For this study, I focused on tests 

evaluating aspects of executive functions, processing speed, and memory. As described in the 

introduction and previous chapters, TRACULA (Yendiki et al., 2011) was used to reconstruct 18 

white matter pathways with values for FA, MD, RD, and AD for each tract for each participant as 

well as WMH load was assessed using an automated lesion segmentation toolbox (Schmidt et al. 
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2012) that was optimally modified for constructing global WMH volumes in my healthy older 

adult sample (Bharadwaj et al., 2015).  

I first created the global WMH-integrity indices for FA, MD, RD, and AD by performing 

multiple linear regressions to save the standardized predicted values (i.e., WMH-FA, WMH-MD, 

WMH-RD, and WMH-AD). Second, I determined covariates for my mediation models by 

examining the correlations between gender, years of education, and hypertension status with the 

WMH-integrity indices and the cognitive tests. I controlled for gender and hypertension status in 

my mediation models. Third, for the age-moderated mediation model, I initially tested the 

interactive effects of age and the WMH-integrity indices on cognitive performance using linear 

regressions and then applied the FDR criterion to correct for multiple comparisons across all tests 

within each WMH-integrity index. The tests that remained significant were included in the age-

moderated mediation model carried out in PROCESS (Hayes, 2013), which assessed whether 

effects of the global WMH-integrity indices on cognition differed by age. Lastly, for the 

hypertension-moderated mediation model, I initially used linear regressions to test the interactive 

effects of 1) hypertension and age on the WMH-integrity indices and 2) hypertension and the 

WMH-integrity indices on cognitive performance, and subsequently applied corrected p-values 

for multiple comparisons using the FDR criterion. Tests that remained significant were included 

in the hypertension-moderated mediation model.  

 The global WMH-integrity indices showed expected relations between the white matter 

measures, including associations between increased WMH load and lower FA and higher MD, 

RD, and AD, reflecting deterioration in global white matter in a healthy aging cohort. The age-

moderated mediation model showed both a mediating effect of age on executive functions and 

processing speed tasks through the WMH-integrity indices and a moderating impact of age, with 
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middle-old and old-old showing associations between higher expression of the WMH-integrity 

indices and poorer cognition. There were no significant effects for the young-old, which may 

suggest that the impact of overall widespread reductions in white matter integrity on cognition is 

specific to the older ages. The four global WMH-integrity indices were comparable in their 

mediating effects on the relation between age and set-shifting and processing speed abilities, with 

the exception of WMH-AD only demonstrating an indirect impact on set-shifting performance. 

Consistency in these findings across multiple diffusivity metrics may suggest that the combination 

of global widespread lower white matter integrity, as reflected by two types of MR scans, may 

have specific effects on age-related differences in aspects of executive functions and general 

processing speed. To further understand the synergistic effects of WMH load and white matter 

integrity across DTI metrics and how the WMH lesions are expressed in microstructural tract 

integrity scans in healthy aging, future studies may benefit from segmenting WMH load from 

individual white matter tracts or directly comparing integrity differences for normal-appearing 

white matter versus regions with WMH load. Moreover, underlying cellular mechanisms, such as 

disruptions to myelin and axonal integrity, may be involved in these mediating effects. Perhaps 

the combined effects of increased WMH load and decreased myelin integrity may more 

significantly impact set-shifting and processing speed performance, while the combined effects of 

higher WMH load and disrupted axonal integrity may affect set-shifting abilities. In addition, I 

found no significant moderating effects of hypertension status on my mediation model, which 

suggests that the use of antihypertensive treatment within participants who had hypertension may 

be mitigating any subtle adverse effects of global WMH-integrity indices on age-related cognitive 

performance.  
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Contributions 

To my knowledge, this is the first study to evaluate the relation between global WMH load 

and white matter integrity diffusivity metrics and to assess the mediating role of these multimodal 

WMH-integrity indices on the relation between age and cognitive performance in healthy older 

adults.  

I contributed to this study by working extensively with a portion of the participants, 

collecting comprehensive neuropsychological test data and MRI scans. As first author of this 

manuscript, I created the objectives and hypotheses for the study, organized the analyses, 

completed all statistical analyses, and served as the primary author for the manuscript. 
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CHAPTER 6 

GENERAL DISCUSSION 

 Overall, I sought to investigate the role of white matter measures in cognitive aging within 

healthy older adults by 1) identifying age-related regional white matter tract covariance patterns 

for each DTI metric and evaluating the effects of vascular risk factors on these network patterns; 

2) investigating the relations between white matter integrity diffusivity metrics and cognition, 

while accounting for effects of age, gender, years of education, hypertension status, and WMH 

load; 3) deriving cognitive-related white matter integrity network patterns and evaluating the 

mediating effects of the patterns on the relation between age and cognition; and 4) creating 

multimodal global white matter covariance indices containing WMH volume and diffusivity 

metrics of white matter integrity and evaluating the indirect effects of age on cognition through 

the global WMH-integrity measures. 

 In chapter 2, by using a novel multivariate technique to establish white matter network 

patterns that predicted age for each diffusivity measure in healthy community-dwelling older 

adults, I identified, for the first time, sets of co-varying white matter tracts reflecting relative 

decreases and preservations in specific regional pathways specific to FA, MD, RD, and AD related 

to aging. In addition, although I evaluated the effects of hypertension status, homocysteine levels, 

and WMH load on the age-related white matter covariance patterns, I only found a significant, but 

small, additive effect of WMH load on the patterns. Furthermore, I assessed the effects of WMH 

load on the patterns, while controlling for age, hypertension, and homocysteine, and again found 

a small effect. Together, these findings help to further characterize the relation between advancing 

age and microstructural white matter integrity as well as to address the contribution of 

macrostructural WMH load to the age-related white matter patterns in healthy older adults.  
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By investigating relations between multiple regional white matter diffusivity metrics and 

separate tests of executive functions, processing speed, and memory, while controlling for age, 

gender, and education, I demonstrated differential associations between each diffusivity metric 

and cognitive performance in chapter 3. I found effects of FA, MD, and RD on aspects of executive 

functions, but RD showed the most robust effects for all executive function tests as well as for 

processing speed abilities. Moreover, after additionally accounting for WMH load and 

hypertension status, FA and RD effects remained significant, whereas MD was reduced to non-

significance. Lastly, I found no effects for AD and no associations between the diffusivity metrics 

and memory performance. The consistent, prominent effects of RD on executive functions and 

processing speed and lack of effects of AD suggest that these DTI metrics may reflect differing 

underlying cellular mechanisms in the context of healthy aging. Given that animal and human 

studies have shown associations between RD and AD with myelin and axonal integrity, 

respectively (Concha, Gross, Wheatley, & Beaulieu, 2006; Song, Sun, Ramsbottom, Chang, 

Russell, & Cross, 2002), perhaps subtle cognitive differences, particularly for aspects of executive 

functions and processing speed, may be more greatly influenced by alterations in myelin integrity, 

separate from the effects of age and vascular risk factors, in a healthy aging sample.  

 To go beyond the effects of regional white matter integrity on cognition that are distinct 

from age, I assessed the relations between age, white matter integrity, and cognition in moderated 

mediation and simple mediation models in chapter 4. I derived regional white matter integrity 

network patterns for FA, MD, RD, and AD that predicted performance on individual cognitive 

tests of executive functions, processing speed, and memory and assessed their mediating effects 

on the relation between age and cognitive performance. I found moderating effects of age, with 

young-old and old-old differing only in memory performance, but no moderating effects of 
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hypertension status. I also demonstrated mediating effects of the cognitive-related FA patterns on 

set-shifting and processing speed tasks, while the cognitive-related RD and AD patterns showed 

effects only on set-shifting and processing speed, respectively. Together, these findings suggest 

that advancing age is associated with lower white matter integrity, which may reflect disruptions 

in both myelin and axonal integrity, and this relation in turn, particularly affects set-shifting and 

processing speed abilities. Moreover, poorer white matter integrity in a specified set of co-varying 

tracts impacted memory performance only for older ages, indicating that this cognitive domain 

may initially be less sensitive to white matter tract deterioration in those at the younger end of the 

aging spectrum. Given that few studies have examined the mediating role of white matter integrity, 

my findings contribute to determining how alterations in white matter integrity affect age-related 

differences in cognitive processes within healthy aging.  

 After investigating the contributions of regional white matter integrity metrics to cognitive 

aging, I assessed whether the combination of global measures of white matter may have differential 

impacts on age-related cognitive differences in chapter 5. I created multimodal global white matter 

indices, which were comprised of WMH load and white matter integrity measures, to evaluate the 

moderating effects of age and hypertension status on the mediating role of the indices in the 

association between age and cognition. Greater global WMH load was associated with lower FA 

and higher MD, RD, and AD, and these relations reflected overall poorer white matter integrity. I 

also found that increasing age was associated with a higher expression of the WMH-integrity 

indices for all diffusivity metrics that in turn, was related to poorer performance on tests assessing 

set-shifting and processing speed abilities. Furthermore, these effects were specific to only middle-

old and old-old ages, suggesting that the combined global effects of increased WMH load and 

lower tract integrity have significant impacts particularly on individuals who are on the older end 
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of the age range. My findings also indicate that multimodal global white matter indices can capture 

adverse effects on age-related cognitive differences in community-dwelling older adults, with 

preferential impacts on set-shifting and processing speed abilities. Further research with other 

neurologically- and cognitively-intact older populations will be important for evaluating the 

efficacy of multimodal global and regional white matter indices in aging. 

Together, the four studies contribute to further characterization of white matter differences 

in healthy older adults that influence the heterogeneity observed in cognitive aging. By identifying 

regional age-related white matter network patterns and by investigating differential effects of 

regional white matter integrity, regional cognitive-related white matter tract covariance patterns, 

and global white matter covariance indices on individual cognitive tests, these findings enhance 

the current understanding of neural mechanisms that play a role in cognitive differences and that 

may subsequently distinguish healthy from pathological aging. The results also demonstrate the 

importance of evaluating multiple diffusivity metrics and clarifying the cellular underpinnings that 

they may reflect, such as myelin and axonal integrity. Lastly, the findings may contribute to the 

development of preventative interventions that promote successful brain aging, which can 

potentially enhance and expand opportunities for successful cognitive aging in the growing 

population of older adults. 
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Abstract 

 

Diffusion tensor imaging (DTI), a non-invasive method for characterizing microstructural 

white matter, has been used to evaluate white matter integrity differences in aging. Previous studies 

have primarily applied univariate approaches for evaluating relations between age and DTI metrics 

of white matter integrity, with prominent results showing associations between advancing age and 

lower fractional anisotropy (FA) and higher mean diffusivity (MD), radial diffusivity (RD), and 

axial diffusivity (AD). We applied a multivariate method, the Scaled Subprofile Model (SSM), to 

identify separate white matter regional network patterns for each diffusivity measure that optimally 

predicted age in a sample of 196 neurologically healthy community-dwelling older adults, ages 

50-89. Additionally, we assessed the contributions of common vascular risk factors, including 

white matter hyperintensities (WMH), hypertension, and homocysteine, to each covariance 

pattern. We used TRACULA for automated probabilistic tractography to reconstruct 18 major 

white matter pathways and to generate estimates of FA, MD, RD, and AD. We used a multivariate 

model of regional network covariance (SSM) to identify regional patterns of white matter integrity 

associated with aging. We found distinct age-related regional patterns of white matter tracts for 

each diffusivity metric. Additionally, there were no interactive effects of vascular risk factors and 

age on the covariance patterns. Only WMH volume showed an additive effect on the white matter 

integrity network patterns, above and beyond the effects of age and other vascular risk factors, 

whereas hypertension and homocysteine did not show contributory effects. Together, these 

findings suggest that in the context of healthy aging, damage to white matter microstructural tracts 

may differentially predict advancing age through regionally specific tract effects and may be 

further influenced by macrostructural white matter lesion load. 
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Keywords: Diffusion tensor imaging, aging, white matter hyperintensities, vascular risk, 
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1. Introduction  

Age-related microstructural white matter changes have been characterized by decreased 

white matter tract integrity using diffusion tensor imaging (DTI) measures that have been 

suggested to reflect demyelination and degeneration of axons (Pierpaoli & Basser, 1996). DTI is 

sensitive to the degree and direction of water permeability throughout tissue with common 

measures, including fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), 

and axial diffusivity (AD). FA represents the degree of directionality of water diffusivity along the 

length of white matter fibers, with higher values indicating increased anisotropy due to restricted 

diffusion. MD reflects the average rate of diffusion along white matter fibers and is comprised of 

AD, which describes the primary direction of fibers (parallel diffusion), and RD, which describes 

the secondary direction of fibers (perpendicular diffusion).  

The predominant findings of age-related alterations in white matter integrity are decreased 

FA and increased MD, particularly in prefrontal regions and association tracts relative to the rest 

of the brain, as demonstrated in cross-sectional and longitudinal studies (Barrick et al., 2010; 

Grieve et al., 2007; Sala et al., 2012; Sullivan et al., 2010; Zhang et al., 2010). Previous studies 

have also shown more prominent age-related alterations in RD, particularly higher RD in healthy 

aging, whereas age-related AD differences have been variable with both increases and decreases 

observed across studies (Bennett et al., 2010; Davis et al., 2009; Sala et al., 2012). In addition, 

Bennett et al. (2010) and Burzynska et al. (2010) have further identified a pattern of age-related 

white matter integrity characterized by increased RD and decreased AD, which has been suggested 

to reflect secondary Wallerian degeneration resulting from axonal loss. Although differing study 
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samples and DTI analysis methods may contribute to the variability in directionality and regional 

findings across studies of aging, these differences may also reflect regionally specific effects, with 

some tracts more affected than others. Previous studies have evaluated global and individual region 

of interest or tract-based measures of microstructure, but have yet to address how patterns of 

regional interactions of white matter integrity relate to advancing age. 

Macrostructural changes in aging have been reflected by increased prevalence and severity 

of white matter hyperintensities (WMH), preferentially involving frontal and deep periventricular 

regions (Holland et al., 2008; Marquine et al., 2010). It has been suggested that WMH may result 

from chronic ischemia caused by cerebral small vessel disease or by hypoperfusion due to 

dysfunctional cardiovascular autoregulation (Prins & Scheltens, 2015; Simpson et al., 2007). 

Additionally, age-related cardiovascular changes, such as hypertension, have been associated with 

advancing age and increased WMH severity (Firbank et al., 2007). However, the underlying 

etiology of WMH remains unclear, as older adults without hypertension and those within the 

normal range of cardiovascular health have also shown increased WMH load (Gunning-Dixon et 

al., 2009; Raz et al., 2012). Moreover, the relation between age-associated changes in WMH load 

and white matter integrity is not clear, as prior studies have suggested that these measures may 

represent pathophysiologically distinct effects, while others have demonstrated that these indices 

may reflect inter-dependent processes (Pelletier et al., 2015; Vernooij et al., 2009). 

In addition, other vascular risk factors may play a role in age-related white matter 

differences. Hypertension, the most prevalent risk factor for cerebral vascular disease in the 

elderly, is commonly defined as sustained systolic blood pressure (SBP) greater than or equal to 

140mm Hg and diastolic blood pressure (DBP) greater than or equal to 90mm Hg (Burt et al., 

1995). However, a recent study has suggested that older adults may have decreased risk for major 
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cardiovascular events when maintaining SBP below 120 mm Hg (Williamson et al., 2016). 

Controlled hypertension with the use of antihypertensive treatment has been associated with 

decreased risk for cognitive decline and lowered WMH volume relative to those with untreated 

hypertension (Brady et al., 2005; Verhaaren et al., 2013). Although anti-hypertensive medications 

may provide some cognitive and brain protection for older adults, it remains unclear if this 

treatment is sufficient for maintaining cognitive and brain health (Nguyen et al., 2016). 

Hypertension has also been shown to exacerbate age differences in white matter integrity, 

particularly decreases in FA in frontal regions (Burgmans et al., 2010; Salat et al., 2012). 

Homocysteine, a sulfur-containing amino acid, is a risk factor for cardiovascular disease and stroke 

with high levels showing an association with increasing age and hypertension (Pikula et al., 2012; 

Wolfe et al., 1991). Elevated plasma homocysteine levels have shown associations with increased 

prevalence of WMH and increased MD in bilateral temporal white matter, brainstem, and bilateral 

cerebellar peduncles (Hsu et al., 2015; Raz et al., 2012; Wright et al., 2005). 

Much of the previous literature on age-related microstructural and macrostructural white 

matter differences has relied on univariate approaches for evaluating age effects on white matter 

integrity in various pathways and has highlighted both inter-dependent and separate relations 

between white matter integrity and WMH load. Multivariate analysis methods, such as the Scaled 

Subprofile Model (SSM), test for regional covariance among brain regions and may be more 

sensitive for detecting regionally distributed effects in neuroimaging data (Moeller et al., 1987). 

SSM is a modified form of principal component analysis that linearly combines the most 

meaningful component patterns to predict variables of interest and identifies group differences 

without needing conservative correction for multiple comparisons (Alexander & Moeller, 1994; 

Habeck et al, 2008). This approach has been previously applied to functional (Alexander et al., 
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1999; Alexander & Moeller, 1994; Habeck et al., 2003; Smith et al., 2006; Stern et al., 2005) and 

structural (Alexander et al., 2006, 2008; Bergfield et al., 2010; Brickman et al., 2007, 2008) 

neuroimaging studies. More recently, Gazes et al. (2016) used SSM to derive white matter tract 

covariance patterns that predicted performance on cognitive domains in a sample of young and 

older adults. In the current study, we sought to identify separate age-related, regionally distributed 

patterns of white matter integrity for diffusivity metrics (i.e., FA, MD, RD, and AD) in a sample 

of community-dwelling neurologically healthy older adults 50-89 years of age. We hypothesized 

that SSM network analysis would identify regional patterns of white matter tract integrity that were 

associated with increasing age for each of the diffusivity metrics. Additionally, we evaluated the 

impact of vascular risk factors on the age-related white matter integrity covariance patterns, above 

and beyond the effects of age. In this case, we hypothesized that greater WMH volume, 

hypertension status, and higher levels of homocysteine would have adverse additive effects on the 

regional network of age-related patterns of white matter diffusivity. 

 

2. Materials and Methods 

2.1. Participants  

One hundred and ninety-six participants who were 50-89 years of age were drawn from a 

cohort of 210 neurologically healthy older adults, as part of a longitudinal study on healthy 

cognitive aging. Fourteen participants were excluded from analyses due to data quality issues. 

Additionally, of the 196 participants, 174 participants had both homocysteine and DTI data 

available and were included for analyses utilizing vascular risk factors. Clinical and demographic 

characteristics are shown in Table 1. 
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Table 1 

Participant demographic and clinical characteristics  

 

N 196 

Gender (F/M) 95/101 

Age (years; range) 69.76 (10.58); 50-89 

Education (years) 15.83 (2.56) 

Clinic SBP 141.16 (17.87) 

Clinic DBP 80.56 (10.49) 

Hypertension (Y/N) 63/133 

Homocysteine (µmol/l)† 10.76 (2.95) 

Mini-Mental State Exam 28.96 (1.24) 

HAM-D 1.53 (1.81) 

Values are means (standard deviations). †N = 174 with homocysteine. SBP = systolic blood 

pressure; DBP = diastolic blood pressure; HAM-D = Hamilton Depression Rating Scale.  

 

To exclude those with a history of illness or injury that could affect cognitive function, all 

participants underwent medical, neurological, and psychiatric screening. Participants provided 

information regarding their medical history and medication status, underwent a physical and 

neurological examination by a neurologist who specializes in aging, and completed questionnaires 

assessing their functional capacity for activities of daily living (Lawton & Brody, 1969), family 

history of dementia, the Structured Clinical Interview for the DSM-IV (SCID; First et al., 2002), 

sleep quality (Buysse et al., 1989), and current depressive symptoms (Shiekh & Yesavage, 1986). 

To additionally screen for possible dementia and depression, participants completed the Mini-

Mental State Exam (MMSE; Folstein et al., 1975) and the Hamilton Depression Rating Scale 

(HAM-D; Hamilton, 1960). The data were part of a University of Arizona Institutional Review 

Board approved protocol, and each participant provided informed written consent to participate in 

this study on healthy aging.  
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2.2. Hypertension and Homocysteine 

Participants reported their hypertension status and were grouped as hypertensives and non-

hypertensives based on history of diagnoses and current antihypertensive medication use. Sixty-

three of the 196 participants were previously diagnosed with hypertension and were currently 

taking antihypertensive medications. Participants reported the number of hypertensive medications 

they were taking and the duration of their hypertension diagnosis. The hypertensive group’s mean 

clinic blood pressure reading obtained during the medical screen was systolic blood pressure of 

149.6mm Hg (SD = 16.2) and diastolic blood pressure of 84.6mm Hg (SD = 11.7). The non-

hypertensive group contained 133 participants who had never been diagnosed with hypertension 

and were not currently taking antihypertensive medications. Their mean clinical blood pressure 

was systolic blood pressure of 137.1mm Hg (SD = 17.3) and diastolic blood pressure of 78.6mm 

Hg (SD = 9.3). Blood samples were collected from the participants and included the assessment of 

total level of homocysteine.  

 

2.3. MRI acquisition  

Volumetric T1-weighted Spoiled Gradient Echo (SPGR) MRI scan (slice thickness = 

1.0mm, TR = 5.3ms, TE = 2.0ms, TI = 500ms, flip angle = 15°, matrix = 256x256, FOV = 25.6cm) 

and T2 Fluid-Attenuation Inversion Recovery (FLAIR) scans (slice thickness = 2.6mm, TR = 

11000ms, TE = 120ms, TI = 2250ms, flip angle = 90°, matrix = 256x256, FOV = 25.0cm) were 

acquired on a 3T GE Signa scanner with an eight-channel phased array coil (HD Signa Excite, 

General Electric, Milwaukee, WI). Diffusion-weighted images (DWI) were acquired in 51 



72 

 

 

directions with 8 B0 images using these parameters: b = 1000 s/mm2, slice thickness = 2.6mm, TR 

= 12500ms, TE = 70ms, flip angle = 90°, matrix = 128 x 128, FOV = 25cm, and 58 slices. 

 

2.4. White matter integrity: Image processing 

T1-weighted images were processed using FreeSurfer v5.3 (Dale et al., 1999; Fischl et al., 

2002; Fischl et al., 2004). Briefly, this processing stream involved skull stripping, intensity 

inhomogeneity correction, subcortical segmentation and labeling, and cortical surface generation 

and parcellation using non-linear registration to a spherical stereotaxic atlas. Cortical surfaces and 

subcortical segmentations were visually inspected for accuracy and corrected where necessary.  

Pre-processing of DWI involved registering the DWI scans to the b=0 image using FSL’s 

eddy_correct to correct for eddy current distortions. The affine registration parameters were used 

to re-orient the gradient vector matrix and compute measures of head motion along with signal 

quality measures (Yendiki et al., 2014). Susceptibility induced distortions were corrected using 

BrainSuite’s non-rigid registration based INVERSION method (Bhushan et al., 2015; Bhushan et 

al., 2014; Bhushan et al., 2012). These images were then processed further using TRACULA 

(Yendiki et al., 2011) to perform global probabilistic tractography using the outputs of FreeSurfer’s 

processing stream and to estimate the posterior probability distributions for 18 major white matter 

tracts. These tract distributions are modeled as a likelihood term using a Markov Chain Monte 

Carlo approach, which combines information about the pathway priors obtained from the training 

data generated from a manually labeled atlas, with the voxelwise diffusion orientation information 

generated using FSL’s ball-and-stick model (bedpostX; Behrens et al., 2007) with one isotropic 

and two anisotropic compartments. Tracts were visually inspected for accuracy and reinitialized 

to correct errors in reconstruction. Finally, the averages of the four diffusivity measures (FA, MD, 
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RD, AD) across the entire pathway distribution were computed for these 18 tracts (Figure 1): 

bilateral corticospinal tract (CST), bilateral inferior longitudinal fasciculus (ILF), bilateral 

uncinate fasciculus (UNC), bilateral anterior thalamic radiation (ATR), bilateral cingulum–

cingulate gyrus (supracallosal) bundle (CCG), bilateral cingulum–angular (infracallosal) bundle 

(CAB),  bilateral superior longitudinal fasciculus–parietal bundle (SLFP), bilateral superior 

longitudinal fasciculus–temporal bundle (SLFT), forceps major (FMAJ), and forceps minor 

(FMIN).   

 

 

 

 

 

 

 

 

 

Fig. 1. Averages across tracts for 196 participants in the sample. The 18 white matter tracts with 

associated regional labels are illustrated for fractional anisotropy. Fminor = forceps minor; UNC 

= uncinate fasciculus; ATR = anterior thalamic radiation; CCG = cingulum–cingulate gyrus; CST 

= corticospinal tract; ILF = inferior longitudinal fasciculus; SLFT = superior longitudinal 

fasciculus–temporal bundle; SLFP = superior longitudinal fasciculus–parietal bundle; CAB = 

cingulum–angular bundle; Fmajor = forceps major. 
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2.5. White matter hyperintensity loadings 

WMH global volume was computed with a multispectral, automated lesion segmentation 

toolbox (Schmidt et al., 2012) for the Statistical Parametric Mapping software (SPM12; Wellcome 

Trust Centre for Neuroimaging, London, UK), optimized for segmenting WMH in this healthy 

older adult cohort. The procedure involves co-registering the FLAIR images to the T1 scans, 

segmenting them into three tissue classes, obtaining their intensity distributions to determine 

outliers, weighting them by the spatial probability of belonging to white matter to create three 

classes of belief maps, and then merging them to create a unified belief map. The original 

procedure was modified using both the gray and white matter lesion belief maps at a kappa 

threshold of 0.35, to create seed regions for a region growing algorithm whose target is the unified 

belief map. This resulted in lesion probability maps which were thresholded at a probability of 1 

to obtain the total lesion volume. The global WMH volumes generated from this optimized method 

has shown high correspondence with manual and semi-automated WMH segmented volumes for 

characterizing WMH load in healthy older adults (Bharadwaj et al., 2015). 

 

2.6. Statistical analyses 

2.6.1. White matter integrity covariance patterns 

Fourteen participants’ diffusivity data were excluded due to motion artifacts and poor 

signal quality. Regional network analysis was performed using the SSM (Moeller et al., 1987) 

implemented in MATLAB (Math Works, Matick, Massachusetts, USA; Gazes et al., 2016), which 

was applied to each of the regional diffusivity measures (FA, MD, RD, AD). The processing steps 

for the SSM analysis were as follows. First, the regional diffusivity measures for each subject were 

natural log transformed. Second, the data were adjusted by linear regression for head motion 
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measures of rotation and translation (Yendiki et al., 2014). Third, the region-wise and subject-wise 

means were subtracted from each cell in the subject by regional diffusivity matrix. Subsequently, 

the SSM applied principal component analysis (PCA) and produced a set of regional network 

covariance patterns and individual subject scores that represent the degree to which each subject 

expresses the identified regional patterns (Alexander & Moeller, 1994). To identify the best 

combination of SSM component patterns, multiple linear regressions were performed using the 

Statistical Package for the Social Sciences (SPSS version 22, Chicago, IL, USA) in order to create 

a linear combination of patterns that maximally predicted age. The Akaike Information Criterion 

(AIC) was used as a model selection method to select the best set of SSM components in the 

regression model (Burnham & Anderson, 2002). A bootstrap resampling procedure with 10,000 

iterations was performed with the SSM analysis to provide reliability estimates for the regional 

white matter tract metric values for the observed pattern weights related to regional white matter 

integrity and age (Alexander et al., 2012; Efron & Tibshirani, 1994). The computed bootstrap 

distributions provided confidence intervals for the regional values in each pattern. Separate age-

related covariance patterns were derived for each diffusivity measure. As a multivariate method, 

SSM does not require correction for multiple comparisons since statistical tests are only applied 

to the subject scores corresponding to a small number of tests for the linearly combined AIC 

selected components (Alexander & Moeller, 1994; Habeck et al., 2008). To subsequently test the 

influence of gender on the age-related white matter network patterns, linear regressions were used 

to evaluate the main effects of gender and age by gender interactions.  

To additionally assess the utility of deriving age-related network covariance patterns for 

multiple diffusion metrics, rather than solely relying on individual tract values of FA, multiple 

linear regressions were performed. First, to compare univariate and multivariate findings, the 
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univariate associations between age and each white matter tract for each diffusivity measure (FA, 

MD, RD, AD) were evaluated, while accounting for the same head motion measures and with FDR 

correction for multiple comparisons. Second, to assess the univariate and multivariate results for 

FA, we selected the most significant white matter tract for FA from the univariate analyses, which 

was then entered initially in a multiple regression model, followed by the subject scores for the 

multivariate network pattern for FA to determine whether additional variance was explained. 

Third, to evaluate whether the network covariance patterns for MD, RD, and AD predicted age 

over and above the effects of the network covariance pattern for FA, multiple regressions were 

performed where the subject scores for FA pattern were entered as the initial factor in the model 

followed by the MD pattern subject scores, and then in a separate regression model the FA pattern 

subject scores were followed by those for the RD and AD patterns. 

 

2.6.2. Relation between white matter covariance patterns and vascular risk factors  

 To evaluate the relation between the derived age-related covariance patterns for each 

diffusivity measure and the vascular risk factors of WMH volume, hypertension, and 

homocysteine, multiple linear regressions were performed. Associations between gender and the 

vascular risk factors were assessed with independent t-tests and chi square tests, where appropriate. 

A hierarchical regression model assessed each vascular risk factor’s impact on the age-related 

covariance patterns for FA, MD, RD, and AD. Specifically, interactive effects of age and each 

vascular risk factor as well as main effects of each vascular risk factor, above and beyond the main 

effects of age, were evaluated. The model contained age as the initial factor, followed by each 

vascular risk factor, and then the interaction term comprised of age and either WMH volume, 

hypertension, or homocysteine. To also assess the effects of WMH volume over and above age, 
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hypertension, and homocysteine effects on the age-related covariance patterns for FA, MD, RD, 

and AD, a separate hierarchical regression model was performed. Age was initially entered in the 

model, followed by hypertension, homocysteine, and WMH volume. Follow-up analyses were 

performed to additionally account for gender effects in the regression models. Significance for all 

interactive and main effects was taken at p < 0.05, and all analyses were conducted using SPSS. 

 

3. Results 

3.1. Age-related white matter covariance patterns 

 Separate covariance patterns for FA, MD, RD, and AD that predicted age were identified 

using SSM analysis and are shown in Figures 2 and 3. The lowest AIC was used to select the first 

set of sequential components that were combined to create a linear combination of SSM patterns 

that best predicted age. The age-related component pattern for FA was characterized by the first 4 

principal components, accounting for 20.7% of the variance in age (F(4,191) = 12.43, p = 5.3E-

9), with negative loadings from FMAJ, left ILF, left SLFP, and left SLFT and positive 

contributions from bilateral CST. The age-related SSM pattern for MD included the first 4 

principal components, accounting for 10.4% of the variance in age (F(4,191) = 5.55, p < 0.001), 

with negative loadings from FMAJ and left CST. The age-related network pattern for RD was 

characterized by the first 6 principal components, accounting for 19.1% of the variance in age 

(F(6,189) = 7.44, p = 3.7E-7), with only negative loadings from bilateral CST. The age-related 

pattern expression for AD was comprised of the first 6 principal components, accounting for 27.5% 

of the variance in age (F(6,189) = 11.97, p = 2.3E-11), with negative loadings from FMAJ, left 

CCG, left SLFP, left SLFT and positive contributions from left ATR, bilateral CST, and right ILF. 
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Fig. 2. (A) Age-related FA loadings for the 18 white matter tracts (left), with blue bars indicating 

point estimate for the loading, red lines indicating the 95% confidence intervals, and asterisks 

reflecting significant tracts contributing to the FA covariance pattern. Scatterplot of the relation 

between FA subject scores and age (right; R2 = 0.207, p = 5.3E-9). (B) Age-related MD loadings 

for the 18 white matter tracts (left) and asterisks reflecting significant tracts contributing to the 

MD covariance pattern. Scatterplot of the association between MD subject scores and age (right; 
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R2 = 0.104, p < 0.001). Refer to White matter integrity: Image processing section for the white 

matter tract abbreviations. L = left; R = right. 

 

  

Fig. 3. (A) Age-related RD loadings for the 18 white matter tracts (left), with blue bars indicating 

point estimate for the loading, red lines indicating the 95% confidence intervals, and asterisks 

reflecting significant tracts contributing to the RD covariance pattern. Scatterplot of the relation 

between RD subject scores and age (right; R2 = 0.191, p = 3.7E-7). (B) Age-related AD loadings 
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for the 18 white matter tracts (left) and asterisks reflecting significant tracts contributing to the AD 

covariance pattern. Scatterplot of the association between AD subject scores and age (right; R2 = 

0.275, p = 2.3E-11). Refer to White matter integrity: Image processing section for the white matter 

tract abbreviations. L = left; R = right. 

 The potential effects of gender on the age-related white matter covariance patterns were 

subsequently evaluated. There were no age by gender interaction effects on the age-related 

network patterns for all diffusivity measures (Fchange(1, 192) = 0.01-2.39, 0.12 < p’s < 0.92). 

However, gender main effects were significantly related to the regional age-related covariance 

patterns for FA (R2
change = 0.035; Fchange(1,193) = 8.94, p = 0.003), MD (R2

change = 0.024; 

Fchange(1,193) = 5.41, p = 0.021), and AD (R2
change = 0.066; Fchange(1,193) = 19.21, p < 0.0001), but 

not for RD (Fchange(1,193) = 0.63, p = 0.429). Males showed higher expression for the significant 

age-related pattern gender effects. 

 To additionally assess the relative value of identifying age-related network covariance 

patterns, univariate versus multivariate diffusivity effects on age were evaluated. Univariate 

analyses for the relations between age and the 18 white matter tracts for each diffusivity measure, 

after accounting for the same head motion measures, are shown in Supplementary Table 1. The 

univariate effects of FA (F’s(1,194) = 7.38-31.56, FDRp ≤ 2.15E-02) on age showed some regional 

specificity, whereas the univariate effects of MD (F’s(1,194) = 8.40-64.38, FDRp ≤ 4.18E-03), 

RD (F’s(1,194) = 15.53-41.32, FDRp ≤ 1.27E-04), and AD (F’s(1,194) = 4.12-77.80, FDRp ≤ 

4.66E-02) showed significant associations with age for most all of the 18 white matter tracts.   

 Given the greater regional specificity for the univariate findings for the relation between 

white matter tracts for FA and age, we focused on the direct comparison of the univariate and 

multivariate findings for FA, selecting the most significant tract in the univariate analyses that was 
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also part of the multivariate network pattern, FMAJ. The age-related network covariance pattern 

for FA accounted for an additional 7.8% of the variance in age over and above the FA value for 

FMAJ (Fchange(1,193) = 19.21, p < 0.0001), which was individually associated with age.  

 The age-related network covariance patterns for MD and then for RD and AD were tested 

in relation to the network pattern for FA to evaluate the relative added value of including other 

diffusivity measures beyond FA. The subject scores for the age-related MD (R2
change = 0.062; 

Fchange(1,193) = 16.15, p < 0.0001) network pattern explained additional variance in age beyond 

the FA covariance pattern. In a separate regression analysis, the subject scores for the network 

covariance pattern for RD (R2
change = 0.036; Fchange(1,193) = 9.01, p < 0.0001) explained additional 

variance in age over and above the effects of the age-related FA covariance pattern. Adding the 

subject scores for the network covariance pattern for AD to this model accounted for an additional 

unique contribution to the variance in age (R2
change = 0.114; Fchange(1,193) = 33.73, p < 0.0001).  

 

3.2. Contributions of vascular risk factors to the age-related white matter covariance patterns 

After identifying age-related patterns of white matter integrity for each diffusivity measure, 

regression models were performed to assess the contributions of WMH volume, hypertension, and 

homocysteine to the age-related covariance patterns.  

We initially tested for gender differences for the vascular risk factors and then included 

gender in follow-up analyses for each of the regression models. Males had significantly greater 

WMH load (t(194) = -2.50, p < 0.013) and higher homocysteine levels (t(172) = -5.34, p < 2.92E-

7) than females. However, males and females did not significantly differ in hypertension status 

(χ2(1, N = 196) = 2.87, p = 0.09). 
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There was no age by WMH volume interactive effect on the age-related covariance patterns 

for all diffusivity measures (Fchange(1,192) = 0.13-1.25, 0.13 < p’s < 0.72). However, WMH volume 

main effects were significantly related to the regional network patterns for FA (R2
change = 0.022; 

Fchange(1,193) = 5.62, p = 0.019), MD (R2
change = 0.022; Fchange(1,193) = 4.86, p = 0.029), and AD 

(R2
change = 0.018; Fchange(1,193) = 4.89, p = 0.028), but showed a trend for RD (Fchange(1,193) = 

3.69, p = 0.056). For all WMH volume main effects, higher expression of the network covariance 

patterns were associated with greater WMH load. Follow-up analyses including gender as an initial 

additional covariate in the model also showed no significant interactive effects (Fchange(1,191) = 

0.06-1.97, 0.16 < p’s < 0.80), and the significant main effects of WMH volume were trends for 

FA, MD, and RD (Fchange(1,192) = 3.23-3.47, 0.06 < p’s < 0.07) and was non-significant for AD 

(Fchange(1,192) = 2.19, p = 0.14). 

There were no age by hypertension interactive effects on the age-related networks for all 

diffusivity measures (Fchange(1,192) = 0.01-1.31, 0.26 < p’s < 0.91 p = 0.32), and no hypertension 

main effects were significantly related to the covariance patterns for all diffusivity metrics 

(Fchange(1,193) = 0.13-1.96, 0.16 < p’s < 0.72). Follow-up analyses with gender as an additional 

covariate in the model demonstrated that the interactive (Fchange(1,191) = 0.14-1.75, 0.19 < p’s < 

0.70) and main effects (Fchange(1,192) = 0.01-1.18, 0.28 < p’s < 0.91) remained non-significant.  

Similarly, there were no age by homocysteine interactive effects on the age-related regional 

patterns for all diffusivity measures (Fchange(1,170) = 0.08-1.76, 0.08 < p’s < 0.78) and no main 

effects of homocysteine on the covariance patterns for all white matter integrity patterns 

(Fchange(1,171) = 1.72-2.84, 0.09 < p’s < 0.19). Interactive (Fchange(1,169) = 0.10-0.68, 0.41 < p’s < 

0.75) and main effects (Fchange(1,170) = 0.03-1.29, 0.26 < p’s < 0.87) remained non-significant 

after additionally controlling for gender in the model. 
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A follow-up analysis evaluated the effects of WMH volume above and beyond the effects 

of age, hypertension, and homocysteine. The relation between WMH volume and the covariance 

patterns for the diffusivity measures were significant for FA (R2
change = 0.028; Fchange(1,169) = 6.08, 

p = 0.015), MD (R2
change = 0.021; Fchange(1,169) = 4.15, p = 0.043), and RD (R2

change = 0.023; 

Fchange(1,169) = 4.92, p = 0.028), but showed a trend for AD (Fchange(1,169) = 2.95, p = 0.088). 

These WMH effects consistently demonstrated an association between higher expression of the 

network covariance patterns and greater WMH load. When gender was included as an additional 

initial covariate in follow-up analyses, the associations between WMH volume and the network 

patterns were significant for FA (R2
change = 0.02; Fchange(1,168) = 4.48, p = 0.036) and RD (R2

change 

= 0.02; Fchange(1,168) = 4.75, p = 0.031), while MD was reduced to a trend (Fchange(1,168) = 3.25, 

p = 0.073) and AD was not significant (Fchange(1,168) = 1.45, p = 0.23).  

 

4. Discussion 

We identified distinct age-related white matter covariance patterns for commonly reported 

diffusion imaging metrics that were comprised of regionally specific sets of white matter pathways 

in a cohort of neurologically healthy community-dwelling older adults. In addition, we 

demonstrated that WMH load had an additive effect on the expression of the network patterns, 

over and above age and other vascular risk factors, whereas hypertension and homocysteine did 

not. By using a multivariate network covariance method to assess patterns of microstructural 

integrity associated with aging, we sought to identify age-related contributions, distinct from 

global or individual regional white matter effects. With SSM analysis, we investigated regional 

interactions of white matter tracts for each diffusivity measure. To our knowledge, this is the first 

study to utilize a multivariate network approach to assess the regionally distributed effects of 
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healthy aging on white matter integrity, suggesting regionally specific impacts of aging on white 

matter tracts with preferential reductions in posterior and association tracts and relative increases 

in motor tracts. These findings indicate that differences in regional white matter microstructural 

characteristics may be important factors contributing to the heterogeneity observed in healthy brain 

aging. 

 

4.1. Age-related white matter tract covariance patterns  

The age-related covariance patterns for each diffusivity measure differed in regional tract 

contributions. The FA pattern was characterized by reductions in integrity for posterior and 

association pathways, including tracts passing through temporal, parietal, and occipital regions, as 

well as relative increases likely reflecting preservations in a tract spanning motor regions. The 

latter finding is consistent with previous research demonstrating earlier maturation of the CST and 

preservations in sensorimotor tracts relative to association pathways in elderly humans and rhesus 

monkeys that may suggest relative sparing of the CST with increasing age (de Groot et al., 2015; 

Makris et al., 2007; Voineskos et al. 2012; Westlye et al., 2009). FA reductions in white matter 

projections that span multiple regions throughout the brain were an expected finding given that 

increasing age has been associated with decreases in FA, impacting diffuse regions of the brain 

(Grieve et al., 2007; Sala et al., 2012; Zhang et al., 2010). Although there has been support for an 

anterior-posterior gradient of white matter integrity deterioration that implicates frontal regions 

with an initial increased vulnerability to age-related declines (Bucur et al., 2008; Michielse et al., 

2010; Salat et al., 2005b), this study’s age-related FA pattern suggests greater white matter 

integrity degradations in posterior regions compared to frontal pathways. Previous studies have 

found more pronounced differences in white matter fibers in posterior relative to anterior regions, 



85 

 

 

suggesting that age-related microstructural differences may not be specific to frontal regions and 

that the anterior-posterior gradient may not fully account for the white matter changes observed in 

healthy aging (Bennett et al., 2010; Salat et al., 2005a). Our findings using a multivariate network 

approach further support these regional pattern differences. Longitudinal studies are needed to 

determine the changes in tract integrity over time in older adults. 

The age-related MD pattern consisted of negative loadings from tracts spanning motor 

regions and posterior brain regions. Previous findings have demonstrated positive associations 

between MD and age, suggesting that increased MD may reflect decreased integrity in older adults 

(Sala et al., 2012; Sullivan et al., 2010). Accordingly, the negative tract contributions in this aging 

network pattern may reflect relative preservations in the rate of diffusion along a motor pathway, 

which corresponds to the FA pattern, as well as relative preservations in posterior pathways, which 

differs from our FA findings. This discrepancy may suggest that diffusivity parameters may have 

differing tract-specific impacts in the context of healthy aging. It may be that increasing age has a 

greater effect on the directionality than on the overall magnitude of diffusion along white matter 

pathways connecting posterior regions, like the FMAJ.  

Previous research has suggested that higher RD in healthy aging reflects poorer white 

matter integrity (Bennett et al., 2010; Davis et al., 2009). We expected to find positive 

contributions from tracts within the age-related RD pattern, but only observed negative loadings 

from bilateral CST within this regional network. This finding further suggests preservations in this 

motor pathway and remains consistent with our FA and MD patterns.  

In contrast to RD, the age-related AD pattern was comprised of multiple tracts, including 

negative loadings from motor, posterior, and association pathways, particularly tracts passing 

through corpus callosum and limbic, temporal, and parietal regions, along with positive 
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contributions from prefrontal and occipital projections. Previous findings have shown both age-

related increases and decreases in AD (Bennett et al., 2010; Davis et al., 2009; Sala et al., 2012). 

Our results showing negative and positive loadings from various tracts within our AD pattern 

indicate both relative reductions and preservations in integrity of fiber bundles that vary regionally 

across tracts. Our AD network pattern demonstrates the complexities in interpretation of AD in 

relation to brain aging and may provide some explanation for the inconsistencies in directionality 

of AD in other aging studies. 

By identifying age-related white matter covariance patterns for measures of FA, MD, RD, 

and AD, our findings suggest increased specificity for the directionality and rate of diffusion along 

specific white matter tracts in advancing age and show multiple regional contributions of tracts, 

particularly in network patterns for FA and AD. Among the four white matter patterns, we 

demonstrated differing effects of the diffusivity measures on multiple pathways in relation to 

increasing age. There were relative increases in tracts spanning parietal and temporal regions 

(SLFP and SLFT) for AD, with relative decreases for FA; relative increases in a tract connecting 

posterior regions (FMAJ) for MD and AD, with relative decreases for FA; relative decreases in a 

tract connecting temporal to occipital regions (ILF) for AD and FA patterns; relative increases in 

a tract connecting limbic areas (CCG) and relative decreases in a tract connecting thalamic to 

frontal regions (ATR) for AD only; and relative increases in a motor tract (CST) across all patterns.  

Furthermore, by applying a multivariate analysis with SSM to each diffusivity measure, 

we obtained regionally distributed effects of aging that indicated relative co-varying preservations 

in motor tracts and reductions in posterior and association pathways. Previous investigators have 

suggested that age-related individual differences in white matter integrity may reflect a global 

effect shared across white matter pathways that load highly on a single principle component (Penke 
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et al., 2010), whereas other studies have found both a global factor and a tract-specific effect, with 

the latter suggesting that individual differences in various pathways may be explaining more of 

the variance across tracts (Lövdén et al., 2013). Accordingly, previous studies may not have 

captured regional characteristics of certain pathways and may have diminished the specificity of 

white matter differences in aging by only evaluating a global factor of white matter integrity. 

Whole-brain diffusivity measures have also been unable to capture relations between individual 

tracts. The age-related regional covariance patterns derived from the present study extend the 

current knowledge of age-related microstructural white matter differences and demonstrate 

relations between integrity of pathways throughout the brain in the context of healthy aging.  

Although most studies have solely reported the effects of FA and MD, we included RD 

and AD in our study, as these individual components of the diffusion tensor contribute to MD and 

may reflect underlying differences in these DTI measures in the context of brain aging (Burzynska 

et al., 2010). We identified separate age-related covariance patterns for each diffusivity measure 

that contained distinct but also some overlapping white matter tracts. Bilateral CST in the RD 

pattern and FMAJ, bilateral CST, left SLFP, and left SLFT in the AD pattern were also part of the 

age-related FA pattern. Left CST in the RD pattern and FMAJ in the AD pattern contributed to the 

age-related MD pattern. These shared tracts across network patterns may reflect different 

underlying mechanisms of white matter microstructure that are altered in advancing age. In 

addition to commonalities in tract contributions across diffusivity measures, the age-related RD 

and AD regional networks yielded both positive and negative loadings from other pathways 

distinct from those of the FA and MD patterns. By evaluating RD and AD, we obtained differing 

regional patterns that further characterized white matter integrity for diffusion parallel and 

perpendicular to white matter fibers in a healthy aging sample.  
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Differences in the pattern loadings for RD and AD may reflect the underlying age-related 

cellular processes associated with these measures, each having corresponding systemic 

implications (Song et al., 2002). RD has been commonly associated with myelin integrity, while 

AD has been interpreted in the context of axonal integrity. Increased RD, which has been suggested 

to have greater sensitivity to demyelination than other DTI parameters (Song et al., 2005; Wu et 

al., 2011) and to reflect reductions in neuroglia and changes associated with gliosis (Beaulieu & 

Allen, 1994), has been primarily related to advancing age. Although less frequently demonstrated 

in previous aging studies, decreased RD has been proposed to characterize overproduction of 

myelin on axonal tracts, which may result in myelin thickening, thereby obstructing perpendicular 

water diffusion (Beaulieu, 2002). Increases and decreases in AD have been suggested to reflect 

changes in axon structure, particularly decreased axonal diameter or packing density (Beaulieu, 

2002), which may represent a biphasic pattern of changes (Concha et al., 2006). An initial decrease 

in AD may occur, which has been suggested to act as a response to increased extracellular matrix 

and glia that result in a reduced number of axons and diminished coherence in the orientation of 

axons. A subsequent increase in AD may then occur after microglia clears cellular debris, and the 

water molecules are able to diffuse parallel to the remaining axons. It has been proposed that these 

AD changes may also be characterized by macrostructural effects, including WMH formation, due 

to loosely aligned tracts and the resulting disrupted diffusion of water molecules (Bennett et al., 

2010; Salat, 2011). Given the potential distinct mechanisms of the diffusivity measures, our age-

related RD and AD covariance patterns may suggest both region-specific myelin and axonal 

degeneration with some preservation mainly associated with increasing age and with minor impact 

of macrostructural white matter properties. However, due to the complexities of the underlying 

cellular processes of RD and AD and the potential influence of non-pathological processes, such 
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as crossing fibers and partial voluming (Wheeler-Kingshott & Cercignani, 2009), more work is 

needed to further evaluate the regional patterns of diffusion data that can distinguish such crossing 

fiber effects (Özarslan et al., 2013; Zhang et al., 2012). 

Although there were no interactive effects of age and gender on the white matter network 

patterns, we did observe additive effects of gender on the age-related patterns, with males 

demonstrating greater pattern expression than the females. Previous studies that have investigated 

gender differences in white matter integrity have shown varied findings, with some studies 

reporting significant differences for FA and MD in frontal regions in males (Lebel et al., 2010), 

some observing age and gender interactive effects of lower FA and higher MD in males than for 

females (Abe et al., 2010), and others showing no age by gender interactions (Hsu et al., 2008). 

Our findings suggest that the males showed exacerbated aging effects in white matter integrity in 

our sample, which may be in part related to increased vascular risk burden. Further research is 

needed to address age-related differences in white matter integrity that may differ among males 

and females. 

 We also examined the relative utility of our multivariate approach in deriving age-related 

patterns for multiple diffusivity metrics. It is noteworthy that the univariate effects of MD, RD, 

and AD within our sample showed relatively global effects with age across the 18 white matter 

tracts (i.e., most all regional tracts were associated with age) and thus, did not demonstrate 

selective regional differences that were identified by the multivariate covariance analyses. This 

illustrates the added value of SSM network covariance analysis, which is able to extract regional 

patterns in neuroimaging data, unobscured by global mean effects, by focusing on regional 

covariance within this multivariate network approach (Alexander and Moeller, 1994). Moreover, 

by comparing univariate and multivariate findings specifically for FA, we found that the age-
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related covariance pattern for FA predicted age over and above the univariate effect of the most 

significant white matter tract for FA, further supporting the added value of using a multivariate 

approach to more fully capture the regional information in diffusion measures. Furthermore, we 

compared network patterns of MD, RD, and AD with FA in predicting age and found that these 

additional diffusivity covariance patterns each accounted for added variance in age over the FA 

regional covariance pattern alone. Together, these findings demonstrate the complementary value 

of utilizing a network covariance approach, like the SSM, with multiple diffusion metrics to more 

fully characterize the effects of age on white matter integrity. Applying this SSM network 

covariance approach to other higher order measures of diffusion would be warranted to further 

assess the regional tract effects of white matter integrity related to healthy and pathological aging.  

 

4.2. Contributions of vascular risk factors to white matter tract covariance patterns 

There were no interactive effects of age with each vascular risk factor of WMH volume, 

hypertension, and homocysteine on the age-related white matter covariance patterns for each 

diffusivity measure. Only WMH volume exhibited an additive effect on the age-related patterns 

for FA, MD, and AD, which is in line with previous findings demonstrating that higher WMH load 

was associated with alterations in white matter integrity, particularly decreased FA and increased 

MD, RD, and AD, in older adults compared to younger adults (Pelletier et al., 2015). The authors 

suggested that the presence of WMH load worsened the microstructural effects in the elderly. 

Although there may be an additive vascular component specific to WMH volume that may impact 

the integrity of certain white matter pathways in aging, the variance explained by adding WMH 

volume to the model only accounted for approximately 2% in our sample. These findings suggest 

that the white matter covariance patterns observed in this study may predominantly reflect an age 
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effect rather than the effect of common vascular risk factors and that WMH volume has a small 

but significant contribution to age-related patterns of white matter integrity in healthy community-

dwelling elderly. Our sample consisted of neurologically healthy older adults with treated 

hypertension, normal-to-moderate homocysteine levels (Schulz, 2007), and low prevalence of 

other vascular risk factors. Perhaps, the presence of a greater number of and increased severity of 

vascular risk factors might have resulted in more pronounced decreased white matter tract 

integrity, as shown in previous studies (Burgmans et al., 2010; de Groot et al., 2015; Kennedy & 

Raz, 2009). Additionally, hypertension and homocysteine may be associated with regional white 

matter patterns that differ from the age-related patterns, and this could be further assessed in future 

studies. 

After controlling for age, hypertension, and homocysteine, the additive WMH volume 

effects on the white matter covariance patterns remained for FA and MD, became a trend for AD, 

and became significant for RD. Although this effect still only accounted for approximately 2% of 

the variance, these findings suggest that WMH load may have an impact on white matter integrity 

in healthy community-dwelling older adults and that microstructural white matter tracts may be 

more sensitive to the effects of WMH than to other common vascular factors. In addition, this 

WMH effect on white matter integrity may have consistent associations with FA and MD but may 

differentially impact RD and AD when accounting for age and other vascular factors. Together, 

these findings suggest that RD may be more influenced by WMH load, while AD may be more 

affected by increasing age.  

We evaluated gender differences for the vascular risk factors in our sample, which showed 

that the males had higher WMH volumes and homocysteine levels. After including gender in the 

models that assessed interactive and main effects of WMH volume, the additive main effects of 
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WMH volume on the diffusivity covariance patterns were diminished given the higher WMH 

volumes in the males. However, after also evaluating the effects of WMH volume on the network 

patterns over and above gender, age, hypertension, and homocysteine, the additive effects of WMH 

volume remained significant for FA and RD. Together, these findings suggest that the exacerbated 

aging effects for males in our sample seem to be related to their high WMH load. Despite this 

gender difference, the additive effects of WMHs continued to be observed after controlling for 

gender differences and other vascular risk factors. 

 It is important to note that WMH load may have an impact on our diffusion imaging 

findings for those tracts that include WMH lesions. Maniega et al. (2015) evaluated the effects of 

diffusivity measures on normal-appearing white matter (NAWM) and WMH in community-

dwelling older adults and reported that FA and MD were significantly lower and higher, 

respectively, in WMH lesions than in NAWM. The authors proposed that regions with WMH may 

have poorer integrity than the surrounding NAWM. Given that the WMHs are a common feature 

of healthy brain aging, the combination of the regional distribution of these white matter lesions 

and age-related alterations in white matter tract integrity may reflect both separate and shared 

regional effects of aging on white matter. Future studies are needed to further evaluate the direct 

impact of regional patterns of WMH load on white matter integrity for specific regional tracts in 

relation to advancing age.  

  

4.4. Limitations  

There are potential limitations to this study. First, the microstructural and macrostructural 

white matter properties and the vascular risk factors were assessed at only one time point. Future 

research would benefit from evaluating longitudinal changes to the white matter regional 
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covariance patterns with increasing age and changes in severity of vascular risk factors to better 

understand how these brain and vascular factors contribute to healthy aging. Second, homocysteine 

levels were not collected for all participants, which resulted in a somewhat smaller sample for 

analyses containing this vascular factor. Third, this study focused on age-related white matter 

differences and did not assess gray matter effects that may be similarly and concurrently affected 

with microstructural and macrostructural white matter integrity. Previous research has applied 

such SSM analysis to gray matter and has shown that healthy aging has been associated with a 

regionally distributed pattern of atrophy in parietal, temporal, and subcortical regions (Alexander 

et al., 2006, 2008; Bergfield, et al., 2010; Brickman et al., 2007). Future research may benefit from 

testing the regional patterns of white matter integrity in independent samples of aging. 

Additionally, it may be valuable to extend the regional gray and white matter network findings by 

investigating how differences in gray and white matter effects relate to one another (e.g., Kern et 

al., 2017).  

 

5. Conclusions  

This study utilized a novel multivariate network approach for identifying regional patterns 

of microstructural white matter characteristics of advancing age and found specific sets of white 

matter pathways that co-varied together and differed across multiple diffusivity measures. We 

evaluated the contribution of macrostructural white matter differences to these age-related white 

matter patterns and demonstrated an additive effect of WMH load on brain aging of white matter 

integrity. Together, these findings suggest that regional white matter microstructural 

characteristics that are predominately influenced by age may contribute to the heterogeneity within 
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healthy brain aging and may be an important factor for understanding the transition between 

healthy and pathological aging (Alexander, 2017). 
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Supplementary Table 1 

Relations between age and diffusivity measures 

 

 

 

 

 

 

 

 

 

 

 

 

Linear regressions between age and fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity 

(AD), accounting for head motion measures. WM = white matter; L = left; R = right; β = standardized regression coefficient; p = p-

value, with significance taken at p < 0.05; * = p-FDR < 0.05; Refer to White matter integrity: Image processing section for the white 

matter tract abbreviations.

  FA  MD  RD  AD 

WM tracts  β p  β p  β p  β p 

FMAJ  -0.37 6.63E-08*  0.20 4.18E-03*  0.31 1.31E-05*  -0.03 7.29E-01 

FMIN  -0.14 4.94E-02  0.34 1.53E-06*  0.27 1.13E-04*   0.30 1.69E-05* 

L ATR  -0.08 2.61E-01  0.43 3.96E-10*  0.31 7.65E-06*   0.43 2.88E-10* 

L CAB  -0.05 4.61E-01  0.36 2.73E-07*  0.28 7.42E-05*   0.37 1.08E-07* 

L CCG  -0.13 7.69E-02  0.35 7.56E-07*  0.38 4.49E-08*   0.17 1.64E-02* 

L CST   0.23 1.40E-03*  0.23 1.42E-03*  0.02 7.75E-01   0.41 1.81E-09* 

L ILF  -0.28 8.15E-05*  0.47 3.13E-12*  0.42 9.81E-10*   0.40 9.16E-09* 

L SLFP  -0.34 1.14E-06*  0.33 2.43E-06*  0.39 2.22E-08*   0.14 4.37E-02* 

L SLFT  -0.31 1.31E-05*  0.37 7.96E-08*  0.37 1.35E-07*   0.27 1.38E-04* 

L UNC  -0.10 1.56E-01  0.44 9.80E-11*  0.36 3.37E-07*   0.45 3.48E-11* 

R ATR  -0.15 3.78E-02  0.44 8.23E-11*  0.39 2.32E-08*   0.38 4.14E-08* 

R CAB  -0.16 2.30E-02  0.35 4.06E-07*  0.30 1.98E-05*   0.33 3.16E-06* 

R CCG   0.03 6.88E-01  0.39 1.26E-08*  0.32 3.87E-06*   0.31 7.83E-06* 

R CST   0.10 1.54E-01  0.27 1.62E-04*  0.12 9.99E-02   0.39 1.15E-08* 

R ILF  -0.11 1.18E-01  0.50 9.56E-14*  0.39 2.34E-08*   0.54 6.58E-16* 

R SLFP  -0.19 7.18E-03*  0.39 2.47E-08*  0.37 8.04E-08*   0.30 1.82E-05* 

R SLFT  -0.13 7.06E-02  0.40 4.94E-09*  0.35 4.63E-07*   0.37 1.24E-07* 

R UNC  -0.08 2.50E-01  0.41 3.68E-09*  0.34 1.36E-06*   0.39 1.25E-08* 
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Abstract 

 

 Advancing age has been associated with reductions in cognitive performance and 

alterations in microstructural white matter integrity. Such white matter differences may also 

contribute to heterogeneity observed in cognitive and brain aging. Diffusion tensor imaging (DTI) 

has been commonly used to assess white mater tract integrity in relation to healthy cognitive aging, 

showing predominant findings of decreased fractional anisotropy (FA) and increased mean 

diffusivity (MD) with less commonly reported increases and decreases in radial diffusivity (RD) 

and axial diffusivity (AD). To assess white matter integrity in a sample of 196 neurologically 

healthy older adults, a global probabilistic tractography method (TRActs Constrained by 

UnderLying Anatomy; TRACULA) was used to reconstruct 18 white matter tracts and to derive 

estimates of FA, MD, RD, and AD. We evaluated the association between each DTI measure and 

performance on cognitive tests that are often affected by healthy aging, including aspects of 

executive functions, processing speed, and memory. Decreased FA and increased MD and RD 

were associated with poorer executive functions, particularly set-shifting and updating/monitoring 

abilities, and processing speed performance, after we controlled for age, gender, and years of 

education. AD was not significantly related to any cognitive measure, and all DTI metrics were 

not associated with performance on memory measures. After additionally adjusting for 

hypertension status and white matter hyperintensity load, effects remained for FA and RD. Our 

findings suggest that individual differences often observed in cognitive aging may be related to 

alterations in white matter integrity, distinct from the effects of age.  

 

Keywords: Diffusion tensor imaging, aging, cognition, white matter integrity, executive 

functions 
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Introduction  

Healthy aging has been associated with diminished cognitive abilities, preferentially 

affecting aspects of executive functions, processing speed, and memory (Alexander et al. 2012; 

Glisky 2007; Salthouse 1992). In addition to effects of age, there are individual differences in 

healthy older adults that may reflect the heterogeneity of cognitive aging. White matter tract 

integrity is also altered in the context of aging and may in part contribute to this cognitive 

heterogeneity. It has been suggested that efficiency of widely distributed networks throughout the 

brain rely on intact white matter microstructural integrity and that disruptions to these connections 

may contribute to cognitive differences during aging (Fjell et al. 2017).  

Diffusion tensor imaging (DTI), a commonly used neuroimaging method for evaluating 

white matter integrity, yields quantitative measures of water diffusion, including 

anisotropic/directional diffusion (fractional anisotropy; FA), mean rate of diffusion (mean 

diffusivity; MD), diffusion perpendicular (radial diffusivity; RD) to the major axis of the tensor, 

and diffusion parallel to and along the major axis (axial diffusivity; AD). Predominant findings in 

the literature have shown associations of advancing age with decreased FA and increased MD, 

RD, and AD (Barrick et al. 2010; Davis et al. 2009; Grieve et al. 2007; Sullivan et al. 2010; Zhang 

et al. 2010) and have been suggested to reflect demyelination (Song et al. 2002, 2005; Wu et al. 

2011) and axonal degeneration (Beaulieu 2002; Concha et al. 2006). However, some studies have 

not consistently shown these relations in healthy aging (Bennett et al. 2010; Sala et al. 2012). 

Previous studies have found associations between decreased white matter integrity in 

frontal and temporal brain regions and poorer performance on measures of working memory, long-

term memory, executive functions, and processing speed in older adults (Charlton et al. 2010, 

2006; Haász et al. 2013; Laukka et al. 2013; Lockhart et al. 2012; Lu et al. 2011). Across studies, 
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the regional specificity of these brain-behavior relationships varies and may be due in part to 

differing study samples and DTI methods. Prior findings have demonstrated region-specific 

relations between white matter integrity and cognitive performance in older compared to younger 

healthy adults, with older adults showing associations between decreased FA in frontal regions 

and poorer cognitive control, as well as reduced FA in temporal and parietal brain regions 

associated with deficits in episodic memory (Ziegler et al. 2010). Other regional effects of 

diminished FA on cognition have included decreased anterior white matter integrity related to 

poorer processing speed and working memory, degradation of posterior white matter integrity with 

decreased inhibition and task-switching abilities, and reductions in central white matter integrity 

with poorer episodic memory (Kennedy & Raz 2009). Furthermore, Gazes et al. (2016) identified 

distinct regional patterns of white matter integrity, specific to FA for perceptual speed, episodic 

memory, and fluid reasoning, using regional network covariance analysis assessed over 18 white 

matter tracts. 

In addition, there may be differing effects of diffusion properties in relation to cognitive 

performance. Much of the previous literature on microstructural white matter integrity and 

cognitive aging has focused on alterations in FA and MD and has not typically investigated 

differences in other DTI components (e.g., RD and AD). The few studies that have incorporated 

effects of RD and AD on cognitive performance have varied in sample characteristics, making it 

difficult to compare across studies. Borghesani et al. (2013) demonstrated that after accounting for 

age and gender in a healthy aging sample, FA was selectively associated with processing speed, 

while MD, RD, and AD were correlated with reasoning abilities and cognitive flexibility. The 

authors also found that reasoning was preferentially related to left prefrontal AD, whereas 

cognitive flexibility was associated with MD, RD, and AD throughout the brain. Moreover, age-
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related increases in RD and AD have been associated with poorer global cognition, information 

processing speed, and motor performance (Marques et al. 2016; Sullivan et al. 2010; Vernooij et 

al. 2009). Despite reported differences in both RD and AD, RD has been proposed to be more 

sensitive to age-related cognitive performance than AD, with some tasks showing stronger 

correlations between RD and cognition (Davis et al. 2009; Haász et al. 2013; Jacobs et al. 2013). 

More recently, Jolly et al. (2017) found a mediating effect of RD in global white matter and 

frontoparietal pathways on the relation between increasing age and poorer task-switching 

performance.  

Moreover, vascular factors of white matter hyperintensity (WMH) load and hypertension 

have been commonly associated with advancing age and have been suggested to contribute to 

cognitive and brain aging. Greater WMH volume has been associated with deficits in episodic 

memory, processing speed, and executive functions (Au et al. 2006; Maillard et al. 2012; Marquine 

et al. 2010; Smith et al. 2011) as well as with decreased FA and increased RD and AD (Vernooij 

et al. 2008). Hypertension has been related to poorer memory, processing speed, and cognitive 

flexibility (Hannesdottir et al. 2009; Nguyen et al. 2016) and has been shown to exacerbate age 

differences in white matter integrity, particularly reductions in FA in frontal and posterior regions 

(Burgmans et al. 2010; Kennedy and Raz 2009; Salat et al. 2012). Thus, these vascular factors may 

impact the association between white matter integrity and cognition, suggesting the need to 

account for these factors in aging studies. 

In this study, the effects of white matter tract integrity, as measured by diffusivity measures 

of FA, MD, RD, and AD, on cognitive domains that are often affected in the context of healthy 

aging were investigated. A global probabilistic tractography method, TRACULA (TRActs 

Constrained by UnderLying Anatomy; Yendiki et al. 2011), was used to reconstruct white matter 
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pathways throughout the brain for each diffusivity measure in a sample of community-dwelling 

older adults. This approach uses information from structural anatomy and utilizes a ball-and-stick 

model of diffusion that allows for modeling of fibers within each voxel of the brain (Behrens et al. 

2007; Behrens et al. 2003). In addition, unlike most studies, we evaluated the relation between 

white matter tract integrity and tests of cognitive performance over and above age, gender, 

education, and vascular factors that have shown consistent associations with advancing age. We 

expected that these white matter integrity differences may reflect a source of heterogeneity that 

can impact the observed cognitive performance in studies of healthy brain aging. We hypothesized 

that measures of executive functions, processing speed, and memory would be associated with 

decreased temporal and frontal white matter integrity, even after controlling for age and vascular 

risk factor effects, with decreased FA and increased MD, RD, and AD associated with poorer 

cognitive performance.  

 

Materials and Methods 

Participants  

A sample of 196 neurologically healthy older adults, ages 50-89 years, were enrolled in the 

study, from a cohort of 210 community-dwelling participants in a longitudinal study of healthy 

aging. Fourteen participants were excluded from analyses due to data quality issues. Clinical and 

demographic characteristics are shown in Table 1. 

Participants underwent medical, neurological, and psychiatric screening to exclude those 

with a history of illness that could affect cognition. Participants provided their medical history and 

medication status, were evaluated by a neurologist with a physical and neurological examination, 

completed the Mini Mental Status Exam (MMSE; Folstein et al. 1975), and completed 
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questionnaires and rating scales assessing their functional capacity for activities of daily living, 

family history of dementia, psychiatric history, and current depressive symptoms (HAM-D; 

Hamilton 1960), as described in Nguyen et al. (2016). Participants reported their hypertension 

status during the medical screen and provided information regarding their history of hypertension 

diagnosis and current antihypertensive medication use. Sixty-three of the 196 participants were 

previously diagnosed with hypertension and were currently taking antihypertensive medications. 

The data for this study were part of an Institutional Review Board approved protocol at the 

University of Arizona, and each participant provided informed written consent to participate in 

this study.  

 

Neuropsychological Battery   

Cognitive domains of executive functions, processing speed, and memory were assessed. 

We measured three aspects of executive functions, including set-shifting, inhibition, and 

updating/monitoring (Miyake et al. 2000). Trail Making Test – part B (Trails B; Reitan 1958), 

which is a timed task involving switching between number and letter sequences, assessed 

attentional set-shifting. The Stroop Color-Word Task – interference condition (Stroop 1935), a test 

of cognitive inhibition, consisted of naming the color of ink in a list of color-incompatible words 

within a time limit. The Wechsler Adult Intelligence Scale-IV Digit Span subtest (WAIS-IV; 

Wechsler 2008), which assessed auditory attention span and working memory, required 

participants to repeat an increasing series of numbers in forward order, backward order, and in 

numerical order. 

Processing speed was evaluated using Trail Making Test, part A (Trails A; Reitan 1958) 

and WAIS-IV Symbol Search and Coding subtests (Wechsler 2008). For Trails A, a timed test of 
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visual attention and rapid visual scanning, participants quickly drew lines connecting a sequence 

of numbers in numerical order. The WAIS-IV Symbol Search subtest consisted of scanning a 

group of symbols and indicating whether one of the two target symbols was present within a time 

limit. The WAIS-IV Coding subtest included quickly copying symbols that corresponded with 

specific numbers from a key within a time limit. 

Verbal and nonverbal memory were assessed using the Selective Reminding Test (SRT; 

Buschke 1973) and the Rey Complex Figure Test (RCFT; Meyers and Meyers 1995). Both tests 

included immediate and 30-minute delay recall trials. For the SRT, participants learned a list of 12 

unrelated words over 12 trials, immediately recalled the words after each trial, and were selectively 

reminded of words that were not recalled on each trial. After 30-minutes, participants were asked 

to recall the 12 words. For the RCFT, participants copied a complex line drawing, and subsequently 

recalled the figure from memory after 3-minute immediate and 30-minute delay recall conditions.  

 For Trails A and B, greater test timed values reflected worse performance, whereas for all 

other neuropsychological measures, higher scores indicated better performance. Six participants 

did not complete all the cognitive measures, including one participant each for the SRT, RCFT, 

Stroop, Trails A, and WAIS-IV coding tests, as well as 2 participants for Trails B. 

 

MRI acquisition  

Volumetric T1-weighted Spoiled Gradient Echo (SPGR) MRI scan (slice thickness = 

1.0mm, TR = 5.3ms, TE = 2.0ms, TI = 500ms, flip angle = 15°, matrix = 256x256, FOV = 25.6cm) 

and T2 Fluid-Attenuation Inversion Recovery (FLAIR) scans (slice thickness = 2.6mm, TR = 

11000ms, TE = 120ms, TI = 2250ms, flip angle = 90°, matrix = 256x256, FOV = 25.0cm) were 

acquired on a 3T GE Signa scanner with an eight-channel phased array coil (HD Signa Excite, 
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General Electric, Milwaukee, WI). Diffusion-weighted images (DWI) were acquired in 51 

directions using the following parameters: b = 1000 s/mm2, slice thickness = 2.6mm, TR = 

12500ms, TE = 70ms, flip angle = 90°, matrix = 128 x 128, FOV = 25cm, and 58 slices. In addition, 

eight images were collected with no diffusion weighting, i.e. b = 0 s/mm2. 

 

White matter integrity: Image processing 

We used FreeSurfer v5.3 to process T1-weighted images (Dale et al. 1999; Fischl et al. 

2002; Fischl et al. 2004). This included skull stripping, intensity inhomogeneity correction, 

subcortical segmentation and labeling, and cortical surface generation and parcellation using non-

linear registration to a spherical stereotaxic atlas. Visual inspections of cortical surfaces and 

subcortical segmentations were performed to assess for accuracy and were corrected when 

necessary.  

Pre-processing of the diffusion-weighted images (DWIs) included registering the DWI 

scans to the b=0 images using FSL’s eddy_correct to correct for eddy current distortions. The 

affine registration parameters were used to re-orient the gradient vector matrix as well as to 

compute measures of head motion and signal quality measures (Yendiki et al. 2014). BrainSuite’s 

non-rigid registration based INVERSION method was used to correct for susceptibility induced 

distortions (Bhushan et al. 2015; Bhushan et al. 2014; Bhushan et al. 2012). Subsequently, 

TRACULA (Yendiki et al., 2011), which utilizes prior anatomical information about white matter 

pathway trajectories derived from a manually labeled dataset, was used to further process these 

images, model voxel-wise diffusion using a multi-compartment ball-and-stick model (Behrens et 

al., 2007), perform global probabilistic tractography using the parcellations and segmentations 

from FreeSurfer’s processing stream, and estimate the posterior probability distributions for 18 
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major white matter tracts. In addition, TRACULA includes information about the brain regions 

adjoining or intersecting each white matter pathway along its trajectory, allowing for individual 

anatomical variability while estimating the posteriors for each white matter tract. We performed 

visual inspections of the tracts for accuracy and reinitialization of tracts to correct errors in 

reconstruction where necessary. Lastly, the averages of the four diffusivity measures (FA, MD, 

RD, AD) across the entire pathway distribution were computed for 18 tracts: bilateral corticospinal 

tract (CST), bilateral inferior longitudinal fasciculus (ILF), bilateral uncinate fasciculus (UNC), 

bilateral anterior thalamic radiation (ATR), bilateral cingulum–cingulate gyrus (supracallosal) 

bundle (CCG), bilateral cingulum–angular (infracallosal) bundle (CAB),  bilateral superior 

longitudinal fasciculus–parietal bundle (SLFP), bilateral superior longitudinal fasciculus–temporal 

bundle (SLFT), forceps major (FMAJ), and forceps minor (FMIN).   

 

White matter hyperintensity loadings 

A multispectral, automated lesion segmentation toolbox (Schmidt et al. 2012) for the 

Statistical Parametric Mapping software (SPM12; Wellcome Trust Centre for Neuroimaging, 

London, UK) computed the WMH global volume and was optimized for segmenting WMH in this 

healthy older adult cohort. Briefly, this procedure involved co-registering the T2-FLAIR image to 

the T1-weighted scan and segmenting the T1 scan into gray matter, white matter, and cerebrospinal 

fluid tissue types to construct their corresponding intensity distributions in the FLAIR image and 

to determine outliers. Initial lesion belief maps were produced for each tissue type using the tissue 

segmentation probability maps, where outliers were further weighted by their probability of 

belonging to the white matter. Subsequently, the three classes of belief maps were summed to 

create a unified lesion belief map. We modified the original algorithm and used a combination of 
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the gray and white matter lesion belief maps thresholded at a kappa value of 0.35 to produce seed 

regions for an iterative region growing algorithm whose target was the unified lesion belief map. 

Lesion probability maps were then thresholded at a probability of 1 to obtain the total lesion 

volume. This optimized method for producing global WMH volumes in healthy older adults has 

shown high concordance with manual and semi-automated WMH segmented volumes within the 

same aging sample (Bharadwaj et al., 2015). 

 

Statistical analyses 

 To evaluate the relation between white matter microstructural integrity for each diffusivity 

measure (i.e., FA, MD, RD, and AD) and cognitive test, after adjusting for age, gender, and 

education, multiple hierarchical linear regressions were performed. The model contained age, 

gender, and education as the initial factors, followed by the DTI measures for each white matter 

tract, as well as individual cognitive tests as outcome variables. To further investigate this relation 

over and above vascular effects, we performed follow-up regression analyses after adding 

hypertension status and WMH volume as additional covariates. Both models were corrected for 

multiple comparisons by using the false discovery rate (FDR; Benjamini and Hochberg 1995) 

criterion across all statistical tests within each diffusivity measure. Follow-up analyses specific to 

the relation between executive function performance and white matter tract integrity for each 

diffusivity measure included adjustments for potential contributions of processing speed (i.e., 

Trails A) in addition to covariates of age, gender, education, hypertension, and WMH volume. 

Significance for all effects was taken at an FDR-corrected value of p < 0.05. All analyses were 

conducted using the Statistical Package for the Social Sciences (SPSS version 22, Chicago, IL, 

USA). 
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Results 

Relation between white matter tract integrity and cognition, controlling for age, gender, and 

education 

 Differential associations between each diffusivity metric and cognitive measures were 

observed (Tables 2-4). We found significant associations between executive function abilities and 

FA, MD, and RD of certain white matter tracts. Performance on Trails B was negatively correlated 

with FA in FMAJ, right CST, and right SLFP; positively associated with MD in right ATR, 

bilateral SLFP, and bilateral SLFT and with a trend for an association with FMAJ and right CST; 

and positively related to RD in FMAJ, left CCG, left ILF, right ATR, right CST, bilateral SLFP, 

and bilateral SLFT. Stroop was positively related to FA in right CST and showed a trend for a 

negative association with RD in right CST. WAIS-IV digit span was positively correlated with FA 

in right CST and negatively associated with RD in right CST. 

Only RD was significantly associated with processing speed functions, while FA showed 

a trend limited to one tract, FMAJ. Trails A performance was positively related to RD in right 

SLFP and right SLFT, with a trend for a positive association with left ILF. WAIS-IV symbol 

search performance was negatively associated with RD in right SLFP and a trend for a negative 

association with right CST and left ILF. 

All diffusivity measures for each white matter tract were not significantly related to verbal 

and nonverbal memory performance for both immediate and delay recall (Supplementary Tables 

S2-4). AD for all tracts did not show associations with any cognitive measures (Supplementary 

Table S1). 
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Relation between white matter tract integrity and cognition, after accounting for age, gender, 

education, hypertension status, and WMH volume 

After including additional adjustments for hypertension status and WMH load in the model, 

findings were generally comparable to those accounting for effects of age, gender, and education 

alone. These effects are shown in Tables 2-4. Specifically, FA and RD showed significant 

associations with executive function performance, whereas previously significant effects for MD 

were reduced to trends. Trails B performance was negatively associated with FA for FMAJ and 

right CST (Fig. 1), with a trend for right SLFP; positively correlated with RD in left CCG, left 

ILF, right ATR, bilateral SLFP, bilateral SLFT, FMAJ, and right CST (Fig. 2); and trends for 

positive associations with MD in FMAJ, right ATR, right CST, bilateral SLFP, and bilateral SLFT. 

Stroop was positively related to FA in right CST, with a trend for a negative association with RD 

in right CST. WAIS-IV digit span was positively correlated with FA in right CST and negatively 

associated with RD in right CST. Once again, only RD was significantly related to processing 

speed performance, but distinct from the first model, only RD in right SLFP was negatively 

associated with WAIS-IV symbol search performance, while RD in right SLFP and right SLFT 

showed trends for Trails A. There were no significant associations between diffusivity measures 

and memory performance and no relations between AD and cognitive measures (Supplementary 

Tables S1-4). 

 

Relation between white matter tract integrity and executive functions, while accounting for 

age, gender, education, hypertension status, WMH, and processing speed 

To additionally control for potential contributions of processing speed effects that may 

influence performance on executive functions tasks, we performed a follow-up analysis adding 
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Trails A as an additional covariate, after controlling for age, gender, education, and vascular factors 

for each diffusivity metric. After applying FDR correction for multiple comparisons, all FA and 

MD effects on Trails B, Stroop, and WAIS-IV digit span were reduced to trends or non-

significance, while most of the RD effects remained significant, including positive associations 

between Trails B and FMAJ, left SLFT, right ATR, right CST, and bilateral SLFP as well as a 

negative association between WAIS-IV digit span and right CST (Tables 2-4). There were no 

significant AD effects. 

 

Discussion 

In our sample of community-dwelling neurologically healthy older adults, we found that 

regional tract differences, indicating less white matter microstructural integrity were related to 

poorer cognitive performance, over and above effects of age, gender, education, hypertension, and 

WMH load. By investigating relations between multiple diffusivity measures and individual 

cognitive tests, we demonstrated that FA, MD, RD, and AD were differentially associated with 

aspects of executive functions and processing speed, but not memory, and with the strongest and 

most extensive effects occurring for RD. Furthermore, we found that among executive function 

and processing speed measures, white matter integrity may preferentially affect set-shifting 

abilities in the context of healthy aging. When also accounting for vascular risk factors, effects of 

MD on cognitive performance were reduced to non-significance, while the effects of FA and RD 

remained robust. Together, these findings indicate that in the context of healthy aging, white matter 

microstructural measures are related to performance on specific cognitive tasks that may reflect 

heterogeneity of performance differences in cognitive aging. 
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Among the cognitive domains assessed, executive functions were preferentially affected 

by differences in white matter tract integrity for FA, MD, and RD, beyond the effects of age, 

gender, and education. By separately evaluating the relation between each diffusivity metric and 

individual components of executive functions, we showed effects that may not have been captured 

by only assessing FA and MD or by using a composite cognitive measure that combines cognitive 

tests across domains. We observed differing effects of diffusivity measures on tests of set shifting, 

inhibition of pre-potent responses, and information updating and monitoring, reflecting separable 

components of executive functions (Alexander et al., 2012; Miyake et al., 2000). 

The most prominent findings for the executive function domain were significant 

associations between set-shifting abilities and white matter diffusivity. After accounting for effects 

of age, gender, and education, set-shifting abilities were negatively related to FA in white matter 

pathways spanning posterior, parietal, and motor areas; positively associated with MD in tracts 

passing through parietal, temporal, and frontal regions, with positive trends in posterior and motor 

areas; and positively related to RD in diffuse tracts throughout the brain spanning frontal, temporal, 

occipital, parietal, posterior, limbic, and motor regions. Given the timed component of Trails B, a 

higher score reflected poorer set-shifting abilities. Thus, our findings suggest that degradation of 

white matter integrity, characterized by region-specific differences in anisotropy (FA) and rate of 

diffusion (MD) as well as global, widespread transverse diffusion (RD), adversely affects set-

shifting abilities in healthy aging. These results are in line with prior findings showing associations 

between task-switching abilities and decreased FA along with increased RD in frontoparietal and 

diffuse regions throughout the brain (Gold et al. 2010; Grieve et al. 2007; Jacobs et al. 2013; Jolly 

et al. 2017; Perry et al 2009). Specifically, deterioration of global and tract-specific neural 

networks containing long association tracts that connect anterior to posterior regions may underlie 
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inefficient task-switching performance. Our findings suggest that set-shifting relies on intact 

connectivity among multiple brain regions within global and region-specific networks, beyond 

frontal regions, that are differentially reflected by diffusivity measures, and with RD showing the 

greatest sensitivity to individual differences in this cognitive ability.  

FA and RD effects on set-shifting performance remained robust even after additionally 

adjusting for hypertension status and WMH load, whereas MD effects were reduced to trends. Of 

the prior studies that have controlled for these vascular risk factors in older adult populations, some 

have shown that the effects of lower FA and higher MD, RD, and AD on cognitive performance 

remained significant (Marques et al. 2016; Vernooij et al. 2009), while others have demonstrated 

that the effect of WMH load, and not mean arterial blood pressure, substantially reduced 

associations between microstructural white matter integrity and executive functions and 

processing speed performance (Jacobs et al. 2013). Given that RD and AD comprise MD and that 

the current study’s RD effects remained despite controlling for vascular factors, perhaps relations 

between AD and age, hypertension, or WMH load may have contributed to the observed reductions 

in our MD effects with cognition. It has been suggested that AD differences in aging may result 

from alterations in macrostructural organization that may be related to decreases in axonal packing 

density, reflecting loosely aligned white matter tracts (Bennett et al., 2010). Thus, reductions in 

MD effects on cognition may be more greatly influenced by AD than by RD when accounting for 

vascular risk factors as well as age. 

Inhibitory control and updating/monitoring were assessed using Stroop and WAIS-IV digit 

span tests, respectively, and were positively associated with FA and negatively related to RD in a 

white matter tract spanning motor regions, after controlling for effects of age, gender, and 

education. These effects remained significant after also accounting for hypertension status and 
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WMH load, indicating that decreased anisotropy and increased transverse diffusivity in one 

specific motor tract are associated with poorer performance on tasks involving inhibitory and 

working memory processes. Given previous findings showing correlations between deficits in 

working memory and inhibitory control and decreased FA and increased RD in multiple tracts 

throughout the brain, particularly pathways connecting association and prefrontal regions, 

(Charlton et al. 2006; Jacobs et al. 2013; Perry et al 2009; Zahr et al. 2009), we expected to observe 

involvement of a greater number of tracts. It may be that inhibitory control and 

updating/monitoring may be more impacted by particular neural systems (i.e., within prefrontal 

regions) that were not specifically assessed in this study. For instance, in a sample of healthy young 

adults, Smolker et al. (2015) found that FA of tracts connecting the ventromedial prefrontal cortex 

and ventrolateral prefrontal cortex with posterior and subcortical brain regions positively impacted 

performance on common executive functions and shifting-specific constructs. Overall, we 

evaluated DTI metric-specific effects in an older adult cohort, separate from age, in relation to 

executive functions in the context of healthy aging that may not have been captured by a cognitive 

composite measure that does not distinguish between subtypes of executive functions. Further 

research is needed to evaluate the differential effects of white matter diffusivity metrics on the 

specific executive function constructs in healthy aging. 

To assess the potential impact of processing speed abilities on executive function 

performance in set-shifting, inhibitory processes, and updating/monitoring, we added performance 

on Trails A as a covariate in follow-up analyses. Prior studies have shown associations between 

age-related deficits in processing speed and decreased microstructural integrity that contribute to 

the relation of performance on executive function measures and advancing age (Borghesani et al. 

2013). We sought to demonstrate that the effects of white matter tract integrity on aspects of 
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executive functions were separate from age, vascular risk factors, and processing speed. We found 

that FA and MD effects were reduced to non-significance, whereas most RD effects remained 

robust, which may suggest that executive functions may be more sensitive to alterations in myelin 

integrity, distinct from processing speed abilities. 

After adjusting for effects of age, gender, and education, we found focal RD effects in 

tracts spanning parietal and temporal brain regions on processing speed tasks, with increased RD 

showing relations with poorer performance on Trails A and WAIS-IV symbol search. The effects 

held after additionally accounting for hypertension status and WMH load and reflected higher 

diffusivity and poorer processing speed performance. These findings are consistent with previous 

reports showing associations between white matter alterations, specifically differences in FA and 

MD in motor, temporal, parietal, and occipital regions, and deficits in processing speed abilities 

(Haász et al. 2013; Lövdén et al. 2014; Sasson et al. 2013). However, contrary to prior studies, we 

only found an effect of RD and no significant effects of FA, MD, or AD in our sample. Our results 

are largely consistent with Penke et al.’s (2010) findings of associations between RD and 

processing speed performance and no significant relations with AD. Of note, most prior studies 

evaluating relations between processing speed and microstructural white matter integrity only used 

FA and MD and did not control for effects of age and other vascular risk factors that may have 

significant contributions. In the current study, we showed an effect solely of RD on processing 

speed, indicating that demyelination in the context of healthy aging may be a better predictor of 

individual differences in processing speed performance than other diffusivity measures. 

Contrary to our hypotheses and previous findings showing associations between deficits in 

episodic memory performance and decreased FA and MD in association tracts passing through 

frontal, temporal, and parietal regions (Kantarci et al. 2011; Lövdén et al. 2014; Sasson et al. 2012; 
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Voineskos et al. 2012; Ziegler et al. 2010), no significant relations between verbal and non-verbal 

memory with white matter microstructural integrity for any of the diffusivity measures within our 

healthy aging cohort were found. However, prior studies have also shown no significant effects of 

tract integrity on memory performance in older adults (Borghesani et al. 2013; Haász et al. 2013; 

Penke et al. 2010; Ritchie et al. 2015; Ystad et al. 2011). It has been suggested that higher order 

abilities, such as memory, may be preserved by compensatory processes in healthy aging (Park 

and Reuter-Lorenz 2009; Penke et al. 2010). Thus, it may be that subtle alterations in white matter 

integrity may not overtly influence memory performance, but rather, age-related structural gray 

matter differences may initially be a more sensitive marker of poorer memory performance in 

healthy community-dwelling older adults (Fjell and Walhovd 2010; Salthouse 2011). Further 

research is needed to clarify the role of white matter tract integrity and episodic memory in healthy 

advancing age. 

Given the few studies that have shown associations between increased RD and AD with 

poorer cognitive abilities in older adults, we expected to find RD- and AD-specific effects in tracts 

spanning frontal and temporal regions on memory, executive function, and processing speed 

performance, with greater effects of RD than AD. We demonstrated significant relations between 

increased RD and poorer performance on aspects of executive functions and processing speed, but 

no associations with AD. This prominent distinction of these two DTI measures may reflect 

differing underlying brain mechanisms. Animal and human brain lesion studies have suggested 

dissociations between cellular processes of RD and AD (Concha et al. 2006; Harsan et al. 2006; 

Schmierer et al. 2004; Song et al. 2002; Song et al. 2005; Sun et al. 2006; Wu et al. 2011), with 

RD reflecting myelination without major changes to AD and AD reflecting axonal integrity. 

Although there is no current evidence for a direct relation between DTI metrics and myelin 
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integrity in humans, a post mortem analysis of multiple sclerosis patients found that only FA and 

RD, but not AD, were significantly associated with myelin content (Schmierer et al 2004). Thus, 

our findings suggest that in healthy aging, deficits in executive functions and processing speed 

may be more dependent on demyelination in heterogeneous white matter tracts, in the absence of 

axonal changes. Perhaps cognitive differences in healthy aging may be largely influenced by 

changes in myelination rather than by axonal structure (Bartzokis 2004).  

 Limitations of this study should be considered. Given that this is a cross-sectional study, 

we cannot demonstrate brain-behavior causal relations and are only capturing white matter tract 

integrity and cognitive performance at one time point. To further determine the effects of specific 

diffusivity measures that reflect myelin and axonal integrity on cognitive domains that are 

preferentially impacted with advancing age, longitudinal studies are needed to assess white matter 

integrity and cognitive data over multiple time points. Moreover, our sample consisted of 

neurologically healthy, community-dwelling elderly who had minimal vascular risk factors. 

Consequently, we may not have captured the full spectrum of healthy brain and cognitive aging 

within the overall aging population. Furthermore, our assessment of executive functions was 

limited to one neuropsychological test for each subdomain. Future research may benefit from 

evaluating multiple tests assessing different aspects of set-shifting, inhibition, and 

updating/monitoring in relation to white matter integrity to more fully characterize these different 

cognitive effects. Finally, specific microstructural tissue properties that underlie the scalar 

diffusion parameters, including FA, MD, RD and AD, are not fully understood, and their 

relationship with different aspects of white matter integrity remains an active area of research.   

This study utilized a global probabilistic tractography DTI method to evaluate the 

associations between white matter tract integrity, as assessed by four diffusivity metrics, with 
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executive functions, processing speed, and memory performance in healthy older adults, while 

accounting for age, gender, education, and vascular factors. In the context of healthy aging, we 

found robust differences in white matter degradation, particularly demyelination was associated 

with poorer executive functions and processing speed abilities, with greater adverse effects on set-

shifting performance. Together, our findings suggest that white matter microstructural 

characteristics differentially contribute to observed heterogeneity in individual differences of 

cognitive aging. Understanding the origins of white matter changes and their relation to other 

aspects of brain structure and function may help to distinguish healthy from pathological aging 

(Alexander 2017; Kern et al. 2017), leading to opportunities for health and lifestyle interventions 

that can enhance white matter integrity and cognitive function over the lifespan (Raichlen and 

Alexander 2017). 
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Table 1 Participant demographic and clinical characteristics (mean and standard deviation)  

 

N 196 

Gender (F/M) 95/101 

Age (years); range 69.76 (10.58); 50-89 

Education (years) 15.83 (2.56) 

Hypertension (Y/N) 63/133 

Mini Mental Status Exam 28.96 (1.24) 

WAIS-IV FSIQ 112.44 (12.34) 

HAM-D 1.53 (1.81) 

Values are means (standard deviations). WAIS-IV FSIQ = Wechsler Adult Intelligence Scale-IV 

Full Scale Intelligence Quotient; HAM-D = Hamilton Depression Rating Scale  
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Table 2 Associations between fractional anisotropy with executive functions and processing speed measures 
 

 Executive Functions  Processing Speed 

 Trails B Stroop WAIS-IV DS  Trails A WAIS-IV SS WAIS-IV CD 

WM tracts β (FDRp) β (FDRp) β (FDRp)  β (FDRp) β (FDRp) β (FDRp) 

FMAJ -0.25   0.036*  0.15 0.205  0.03 0.898  -0.21 0.068  0.09 0.603  0.08 0.649 

FMIN -0.01 0.960  0.00 0.984  0.00 0.988  -0.07 0.711 -0.06 0.713 -0.07 0.711 

L ATR -0.06 0.743 -0.04 0.865 -0.02 0.906  -0.05 0.772 -0.04 0.861  0.00 0.984 

L CAB -0.14 0.260  0.10 0.393  0.13 0.349  -0.06 0.771  0.03 0.898  0.03 0.898 

L CCG -0.18 0.131  0.11 0.355  0.18 0.168  -0.12 0.350  0.09 0.550  0.12 0.325 

L CST -0.09 0.583  0.05 0.772  0.11 0.469  -0.05 0.772  0.02 0.945  0.01 0.984 

L ILF -0.21 0.060  0.15 0.189  0.08 0.713  -0.19 0.108  0.14 0.249  0.06 0.772 

L SLFP -0.20 0.100  0.15 0.189  0.11 0.550  -0.05 0.814  0.06 0.743  0.06 0.772 

L SLFT -0.13 0.350  0.07 0.711  0.03 0.898  -0.01 0.984  0.03 0.898  0.03 0.898 

L UNC -0.08 0.711  0.02 0.945  0.06 0.772  -0.04 0.865 -0.06 0.743 -0.03 0.898 

R ATR -0.16 0.189  0.04 0.865  0.03 0.898  -0.07 0.711  0.05 0.788  0.05 0.772 

R CAB -0.05 0.784  0.02 0.918  0.02 0.960  -0.06 0.772  0.03 0.898  0.00 1.000 

R CCG -0.11 0.398  0.07 0.711  0.14 0.325  -0.06 0.771  0.04 0.813  0.05 0.772 

R CST -0.22   0.036*  0.21   0.036*  0.23   0.036*  -0.11 0.404  0.14 0.189  0.15 0.180 

R ILF -0.13 0.326  0.01 0.984 -0.04 0.861  -0.12 0.355  0.03 0.898  0.01 0.984 

R SLFP -0.23 0.036  0.16 0.138  0.02 0.945  -0.14 0.249  0.14 0.205  0.10 0.404 

R SLFT -0.20 0.068  0.17 0.135  0.07 0.743  -0.17 0.154  0.11 0.393  0.11 0.395 

R UNC -0.04 0.865  0.09 0.533  0.08 0.711  -0.04 0.853 -0.07 0.711  0.03 0.898 

FDR corrected p-values (p) for multiple comparisons after controlling for age, gender, and education. *Significant effects remained after 

controlling for age, gender, education, hypertension, and white matter hyperintensity (WMH) load, with FDR corrections. β = 

standardized regression coefficient; WM = white matter; WAIS-IV DS = Wechsler Adult Intelligence Scale-IV Digit Span subtest; 

WAIS-IV SS = Wechsler Adult Intelligence Scale-IV Symbol Search subtest; WAIS-IV CD = Wechsler Adult Intelligence Scale-IV 

Coding subtest. Refer to White matter integrity: Image processing section for the white matter tract abbreviations. L = left; R = right 
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Table 3 Associations between mean diffusivity with executive functions and processing speed measures 
 

 Executive Functions  Processing Speed 

 Trails B Stroop WAIS-IV DS  Trails A WAIS-IV SS WAIS-IV CD 

WM tracts β (FDRp) β (FDRp) β (FDRp)  β (FDRp) β (FDRp) β (FDRp) 

FMAJ 0.21 0.051 -0.08 0.601  0.06 0.768  0.08 0.615 -0.08 0.584 -0.06 0.720 

FMIN 0.09 0.593  0.05 0.821  0.06 0.793  0.05 0.798  0.04 0.857  0.00 0.979 

L ATR 0.18 0.170 -0.01 0.930  0.02 0.921  0.04 0.857 -0.07 0.698 -0.06 0.749 

L CAB 0.05 0.800 -0.02 0.905  0.02 0.921  0.04 0.857  0.05 0.802  0.03 0.869 

L CCG 0.14 0.330 -0.08 0.592 -0.09 0.607  0.09 0.593 -0.07 0.681 -0.07 0.707 

L CST 0.16 0.180 -0.13 0.310 -0.15 0.290  0.10 0.523 -0.11 0.443 -0.05 0.800 

L ILF 0.22 0.090 -0.09 0.584  0.02 0.921  0.15 0.312 -0.17 0.170 -0.04 0.857 

L SLFP 0.27 0.007 -0.13 0.330 -0.09 0.601  0.17 0.170 -0.16 0.170 -0.13 0.330 

L SLFT 0.27 0.007 -0.11 0.491 -0.04 0.857  0.18 0.170 -0.17 0.170 -0.12 0.443 

L UNC 0.12 0.496  0.02 0.905  0.02 0.921  0.02 0.921 -0.02 0.921  0.01 0.961 

R ATR 0.26 0.036  0.00 0.979 -0.04 0.869  0.11 0.503 -0.11 0.463 -0.10 0.547 

R CAB 0.04 0.857  0.01 0.930  0.07 0.716  0.04 0.867  0.02 0.905  0.01 0.930 

R CCG 0.13 0.443 -0.07 0.700 -0.13 0.443  0.03 0.905 -0.06 0.736 -0.06 0.749 

R CST 0.22 0.051 -0.13 0.310 -0.16 0.262  0.11 0.491 -0.15 0.206 -0.10 0.503 

R ILF 0.18 0.170 -0.02 0.921  0.06 0.800  0.13 0.443 -0.11 0.501 -0.10 0.574 

R SLFP 0.25 0.019 -0.08 0.615 -0.05 0.821  0.19 0.162 -0.16 0.180 -0.11 0.463 

R SLFT 0.28 0.007 -0.06 0.749 -0.02 0.921  0.20 0.100 -0.16 0.170 -0.12 0.443 

R UNC 0.13 0.443  0.01 0.936  0.01 0.932  0.06 0.754 -0.02 0.921 -0.03 0.869 

FDR corrected p-values (p) for multiple comparisons after controlling for age, gender, and education. No significant effects remained 

after controlling for age, gender, education, hypertension, and white matter hyperintensity (WMH) load, with FDR corrections. β = 

standardized regression coefficient; WM = white matter; WAIS-IV DS = Wechsler Adult Intelligence Scale-IV Digit Span subtest; 

WAIS-IV SS = Wechsler Adult Intelligence Scale-IV Symbol Search subtest; WAIS-IV CD = Wechsler Adult Intelligence Scale-IV 

Coding subtest. Refer to White matter integrity: Image processing section for the white matter tract abbreviations. L = left; R = right 



135 

 

 

Table 4 Associations between radial diffusivity with executive functions and processing speed measures 

 Executive Functions  Processing Speed 

 Trails B Stroop WAIS-IV DS  Trails A WAIS-IV SS WAIS-IV CD 

WM tracts β (FDRp) β (FDRp) β (FDRp)  β (FDRp) β (FDRp) β (FDRp) 

FMAJ 0.25    0.010*† -0.13 0.220  0.03 0.899  0.16 0.135 -0.09 0.466 -0.07 0.672 

FMIN 0.05 0.779  0.01 0.923  0.02 0.901  0.08 0.618  0.05 0.724  0.06 0.713 

L ATR 0.14 0.230  0.01 0.923  0.03 0.889  0.06 0.729 -0.02 0.901 -0.03 0.840 

L CAB 0.10 0.440 -0.06 0.705 -0.05 0.806  0.06 0.705  0.03 0.889  0.00 0.965 

L CCG 0.22   0.033* -0.13 0.230 -0.19 0.125  0.15 0.203 -0.13 0.254 -0.12 0.284 

L CST 0.15 0.193 -0.11 0.295 -0.16 0.193  0.09 0.511 -0.08 0.545 -0.03 0.874 

L ILF 0.24   0.023* -0.13 0.256 -0.03 0.895  0.20 0.079 -0.18 0.084 -0.05 0.772 

L SLFP 0.32    0.001*† -0.16 0.123 -0.14 0.284  0.17 0.138 -0.17 0.103 -0.14 0.220 

L SLFT 0.25    0.010*† -0.09 0.466 -0.05 0.779  0.13 0.524 -0.14 0.203 -0.09 0.466 

L UNC 0.11 0.426  0.01 0.923 -0.02 0.901  0.03 0.889  0.02 0.901  0.02 0.901 

R ATR 0.25    0.012*† -0.02 0.901 -0.04 0.858  0.11 0.426 -0.10 0.399 -0.09 0.478 

R CAB 0.04 0.796  0.01 0.945  0.06 0.765  0.05 0.779  0.01 0.901  0.02 0.901 

R CCG 0.17 0.138 -0.10 0.376 -0.19 0.103  0.06 0.729 -0.08 0.530 -0.08 0.594 

R CST 0.24    0.010*† -0.18 0.051 -0.22    0.033*†  0.12 0.268 -0.17 0.079 -0.13 0.220 

R ILF 0.18 0.103 -0.01 0.901  0.06 0.772  0.14 0.223 -0.08 0.559 -0.05 0.765 

R SLFP 0.31    0.001*† -0.13 0.236 -0.07 0.713  0.21 0.042 -0.20   0.042* -0.13 0.236 

R SLFT 0.29   0.002* -0.10 0.376 -0.05 0.775  0.22 0.033 -0.17 0.103 -0.12 0.284 

R UNC 0.11 0.426 -0.03 0.858 -0.03 0.895  0.06 0.729  0.02 0.901 -0.04 0.810 

FDR corrected p-values (p) for multiple comparisons after controlling for age, gender, and education. *Significant effects remained after 

controlling for age, gender, education, hypertension, and white matter hyperintensity (WMH) load, with FDR corrections. †Significant 

effects remained after controlling for age, gender, education, hypertension, WMH load, and Trails A, with FDR corrections. β = 

standardized regression coefficient; WM = white matter; WAIS-IV DS = Wechsler Adult Intelligence Scale-IV Digit Span subtest; WAIS-

IV SS = Wechsler Adult Intelligence Scale-IV Symbol Search subtest; WAIS-IV CD = Wechsler Adult Intelligence Scale-IV Coding 

subtest. Refer to White matter integrity: Image processing section for the white matter tract abbreviations. L = left; R = right 
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Fig. 1 After controlling for age, gender, education, hypertension status, and white matter 

hyperintensity load, relation between Trails B performance and fractional anisotropy of FMAJ 

(left) and association between WAIS-IV digit span performance and fractional anisotropy of right 

CST (right). FA = fractional anisotropy; WAIS-IV = Wechsler Adult Intelligence Scale-IV; FMAJ 

= forceps major; CST = corticospinal tract 

 

 

 

Fig. 2 After controlling for age, gender, education, hypertension status, and white matter 

hyperintensity load, relation between Trails B performance and radial diffusivity of FMAJ (left) 

and association between WAIS-IV digit span performance and radial diffusivity of right CST 

(right). RD = radial diffusivity; WAIS-IV = Wechsler Adult Intelligence Scale-IV; FMAJ = 

forceps major; CST = corticospinal tract 
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Supplementary Material 

Table S1 Associations between axial diffusivity and executive functions, processing speed, and memory measures 

 Executive Functions.  Processing Speed 
 

Memory 

 Trails B Stroop WAIS-IV DS  Trails A WAIS-IV SS WAIS-IV CD  
SRT 

Sum Recall 
SRT  

Delay Recall 

RCFT  

Immediate 

Recall 

RCFT  
Delay Recall 

WM tracts β (FDRp) β (FDRp) β (FDRp)  β (FDRp) β (FDRp) β (FDRp) 
 β (FDRp) β (FDRp) β (FDRp) β (FDRp) 

FMAJ  0.08 0.908  0.03 0.991  0.09 0.908  -0.08 0.908 -0.05 0.991 -0.03 0.991  -0.08 0.908 -0.08 0.908 -0.01 0.994  0.02 0.991 

FMIN  0.11 0.908  0.08 0.908  0.09 0.908  -0.01 0.991 -0.02 0.991 -0.09 0.908  -0.01 0.991 -0.01 0.991 -0.06 0.962 -0.03 0.991 

L ATR  0.13 0.908 -0.05 0.991 -0.02 0.991  -0.02 0.991 -0.12 0.908 -0.08 0.908  -0.06 0.908 -0.06 0.962  0.00 0.997 -0.01 0.994 

L CAB -0.07 0.945  0.06 0.951  0.14 0.908  -0.02 0.991  0.07 0.908  0.07 0.908  -0.02 0.991 -0.04 0.991 -0.06 0.962 -0.06 0.989 

L CCG  0.00 0.997  0.00 0.997  0.04 0.991  -0.01 0.991  0.02 0.991  0.01 0.991   0.06 0.908  0.03 0.991  0.02 0.991  0.03 0.991 

L CST  0.12 0.908 -0.11 0.908 -0.09 0.908   0.07 0.908 -0.11 0.908 -0.06 0.951  -0.01 0.991 -0.07 0.908 -0.05 0.991 -0.05 0.991 

L ILF  0.05 0.991  0.02 0.991  0.09 0.908  -0.02 0.991 -0.06 0.932  0.00 0.997  -0.03 0.991 -0.09 0.908 -0.04 0.991 -0.02 0.991 

L SLFP  0.13 0.908 -0.04 0.991  0.00 0.997   0.12 0.908 -0.10 0.908 -0.08 0.908   0.01 0.997 -0.03 0.991 -0.07 0.908 -0.06 0.962 

L SLFT  0.20 0.450 -0.09 0.908 -0.01 0.991   0.19 0.450 -0.15 0.908 -0.11 0.908  -0.04 0.991 -0.04 0.991 -0.16 0.908 -0.15 0.908 

L UNC  0.07 0.908  0.04 0.991  0.09 0.908   0.00 0.997 -0.07 0.908 -0.01 0.991  -0.02 0.991 -0.04 0.991 -0.08 0.908 -0.05 0.991 

R ATR  0.12 0.908  0.04 0.991 -0.02 0.991   0.06 0.962 -0.07 0.908 -0.06 0.962   0.02 0.991 -0.06 0.991 -0.01 0.991  0.00 0.997 

R CAB  0.01 0.991  0.02 0.991  0.07 0.908   0.00 0.997  0.03 0.991  0.00 0.997  -0.05 0.991 -0.10 0.908  0.07 0.908  0.08 0.908 

R CCG  0.03 0.991  0.00 0.997 -0.01 0.996  -0.02 0.991 -0.01 0.991 -0.01 0.991   0.06 0.908  0.05 0.991  0.04 0.991  0.04 0.991 

R CST  0.08 0.908  0.02 0.991  0.02 0.991   0.03 0.991 -0.04 0.991  0.00 0.997   0.02 0.991 -0.02 0.991 -0.12 0.908 -0.14 0.908 

R ILF  0.10 0.908 -0.01 0.991  0.04 0.991   0.05 0.991 -0.11 0.908 -0.14 0.908   0.08 0.908  0.07 0.932  0.01 0.994  0.03 0.991 

R SLFP  0.09 0.908  0.02 0.991 -0.01 0.991   0.09 0.908 -0.05 0.991 -0.05 0.991  -0.01 0.991 -0.04 0.991 -0.05 0.991 -0.05 0.991 

R SLFT  0.17 0.908  0.03 0.991  0.04 0.991   0.10 0.908  0.09 0.908 -0.07 0.908  -0.01 0.991 -0.01 0.991 -0.04 0.991 -0.04 0.991 

R UNC  0.11 0.908  0.08 0.908  0.08 0.908   0.04 0.991 -0.08 0.908 -0.01 0.991   0.00 0.997 -0.04 0.991 -0.04 0.991 -0.01 0.991 

FDR corrected p-values (p) for multiple comparisons after controlling for age, gender, and education. There were no significant effects after controlling for age, gender, education, 

hypertension, and white matter hyperintensity load, with FDR corrections. β = standardized regression coefficient; WM = white matter; WAIS-IV DS = Wechsler Adult Intelligence 

Scale-IV Digit Span subtest; WAIS-IV SS = Wechsler Adult Intelligence Scale-IV Symbol Search subtest; WAIS-IV CD = Wechsler Adult Intelligence Scale-IV Coding subtest; 

SRT = Selective Reminding Test; RCFT = Rey Complex Figure Test. Refer to White matter integrity: Image processing section for the white matter tract abbreviations. L = left; 

R = right 
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Table S2 Associations between fractional anisotropy and memory measures 

 Memory 

 SRT Sum Recall SRT Delay Recall RCFT Immediate Recall RCFT Delay Recall 

WM tracts β (FDRp) β (FDRp) β (FDRp) β (FDRp) 

FMAJ  0.04 0.813 -0.01 0.984  0.03 0.898  0.02 0.954 

FMIN  0.05 0.772 -0.01 0.960  0.01 0.984 -0.03 0.898 

L ATR  0.03 0.898  0.00 0.984  0.07 0.711  0.04 0.861 

L CAB  0.05 0.743  0.02 0.898  0.02 0.960 -0.01 0.967 

L CCG  0.09 0.407  0.01 0.967  0.08 0.711  0.09 0.575 

L CST  0.04 0.814  0.03 0.898 -0.01 0.984  0.00 0.988 

L ILF  0.03 0.898  0.01 0.967  0.09 0.583  0.09 0.604 

L SLFP  0.03 0.865  0.03 0.898  0.14 0.323  0.13 0.369 

L SLFT -0.04 0.861  0.01 0.984  0.02 0.960 -0.01 0.984 

L UNC  0.00 0.984 -0.06 0.743 -0.05 0.788 -0.06 0.771 

R ATR  0.10 0.395  0.06 0.772  0.14 0.276  0.13 0.350 

R CAB  0.00 0.989 -0.07 0.713  0.08 0.711  0.05 0.853 

R CCG  0.10 0.360  0.08 0.604  0.04 0.887  0.03 0.898 

R CST  0.10 0.393  0.06 0.771  0.00 0.989 -0.01 0.984 

R ILF -0.03 0.861 -0.02 0.918  0.09 0.586  0.07 0.711 

R SLFP  0.04 0.814  0.02 0.929  0.10 0.533  0.07 0.711 

R SLFT  0.03 0.898  0.04 0.865  0.15 0.249  0.12 0.393 

R UNC -0.03 0.898 -0.14 0.249 -0.04 0.865 -0.05 0.784 

FDR corrected p-values (p) for multiple comparisons after controlling for age, gender, and education. There were no  

significant effects after controlling for age, gender, education, hypertension, and white matter hyperintensity load,  

with FDR corrections. β = standardized regression coefficient; WM = white matter; SRT = Selective Reminding Test;  

RCFT = Rey Complex Figure Test. Refer to White matter integrity: Image processing section for the white matter tract  

abbreviations. L = left; R = right 
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Table S3 Associations between mean diffusivity and memory measures 

 Memory 

 SRT Sum Recall SRT Delay Recall RCFT Immediate Recall RCFT Delay Recall 

WM tracts β (FDRp) β (FDRp) β (FDRp) β (FDRp) 

FMAJ -0.09 0.523 -0.06 0.720 -0.02 0.921  0.02 0.921 

FMIN -0.05 0.797 -0.01 0.934 -0.04 0.857  0.00 0.996 

L ATR -0.06 0.707 -0.04 0.867 -0.04 0.857 -0.02 0.921 

L CAB -0.05 0.749 -0.05 0.802 -0.05 0.821 -0.03 0.900 

L CCG  0.04 0.857  0.04 0.857 -0.03 0.876 -0.03 0.886 

L CST -0.03 0.869 -0.08 0.615 -0.04 0.857 -0.04 0.867 

L ILF -0.06 0.714 -0.10 0.568 -0.11 0.568 -0.09 0.601 

L SLFP -0.02 0.905 -0.07 0.681 -0.14 0.330 -0.13 0.443 

L SLFT  0.00 0.979 -0.06 0.749 -0.11 0.503 -0.10 0.574 

L UNC  0.00 0.984  0.03 0.905 -0.02 0.921  0.01 0.934 

R ATR -0.05 0.792 -0.09 0.601 -0.13 0.443 -0.11 0.550 

R CAB -0.04 0.821 -0.03 0.888  0.01 0.955  0.04 0.869 

R CCG  0.00 0.979 -0.01 0.930  0.01 0.979  0.01 0.948 

R CST -0.03 0.857 -0.04 0.857 -0.08 0.607 -0.10 0.522 

R ILF  0.08 0.601  0.06 0.768 -0.06 0.802 -0.03 0.905 

R SLFP -0.03 0.869 -0.06 0.762 -0.10 0.584 -0.09 0.601 

R SLFT -0.02 0.921 -0.05 0.821 -0.12 0.463 -0.11 0.522 

R UNC  0.04 0.857  0.08 0.615 -0.02 0.921  0.02 0.921 

FDR corrected p-values (p) for multiple comparisons after controlling for age, gender, and education. There were no  

significant effects after controlling for age, gender, education, hypertension, and white matter hyperintensity load,  

with FDR corrections. β = standardized regression coefficient; WM = white matter; SRT = Selective Reminding Test;  

RCFT = Rey Complex Figure Test. Refer to White matter integrity: Image processing section for the white matter tract  

abbreviations. L = left; R = right 
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Table S4 Associations between radial diffusivity and memory measures 

 Memory 

 SRT Sum Recall SRT Delay Recall RCFT Immediate Recall RCFT Delay Recall 

WM tracts β (FDRp) β (FDRp) β (FDRp) β (FDRp) 

FMAJ -0.07 0.555 -0.04 0.810 -0.02 0.901  0.01 0.936 

FMIN -0.06 0.705 -0.01 0.945 -0.02 0.901  0.02 0.901 

L ATR -0.04 0.779 -0.01 0.917 -0.05 0.786 -0.02 0.901 

L CAB -0.06 0.705 -0.05 0.779 -0.03 0.889 -0.01 0.945 

L CCG -0.01 0.945  0.03 0.869 -0.07 0.705 -0.08 0.667 

L CST -0.03 0.834 -0.06 0.705 -0.02 0.901 -0.02 0.901 

L ILF -0.07 0.672 -0.08 0.661 -0.11 0.426 -0.11 0.466 

L SLFP -0.04 0.810 -0.09 0.525 -0.16 0.203 -0.15 0.223 

L SLFT  0.02 0.901 -0.06 0.705 -0.06 0.736 -0.04 0.806 

L UNC  0.01 0.924  0.06 0.746  0.02 0.901  0.04 0.834 

R ATR -0.07 0.594 -0.08 0.594 -0.16 0.214 -0.13 0.284 

R CAB -0.03 0.866  0.02 0.901 -0.03 0.889  0.01 0.953 

R CCG -0.06 0.705 -0.07 0.705 -0.03 0.874 -0.02 0.901 

R CST -0.06 0.705 -0.04 0.779 -0.04 0.786 -0.06 0.713 

R ILF  0.06 0.705  0.04 0.810 -0.08 0.667 -0.05 0.779 

R SLFP -0.03 0.810 -0.06 0.729 -0.10 0.466 -0.09 0.525 

R SLFT -0.02 0.889 -0.06 0.713 -0.15 0.220 -0.13 0.284 

R UNC  0.05 0.765  0.13 0.262  0.00 0.977  0.03 0.889 

FDR corrected p-values (p) for multiple comparisons after controlling for age, gender, and education. There were no  

significant effects after controlling for age, gender, education, hypertension, and white matter hyperintensity load,  

with FDR corrections. β = standardized regression coefficient; WM = white matter; SRT = Selective Reminding Test;  

RCFT = Rey Complex Figure Test. Refer to White matter integrity: Image processing section for the white matter tract  

abbreviations. L = left; R = right
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ABSTRACT 

 Healthy aging has been associated with poorer cognitive functioning and decreased white 

matter microstructural integrity, with few prior studies evaluating the potential mediating role of 

differences in white matter integrity on cognitive aging. Diffusion tensor imaging has been used 

to assess white matter tract integrity by producing measures evaluating directionality and rate of 

diffusion, including fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), 

and axial diffusivity (AD). In a sample of 190 healthy community-dwelling older adults, 50 to 89 

years of age, we used a global probabilistic tractography method (TRActs Constrained by 

UnderLying Anatomy; TRACULA) to reconstruct major white matter tracts throughout the brain. 

We applied a multivariate statistical method to derive regional white matter network patterns for 

FA, MD, RD, and AD that predicted performance on cognitive measures. We sought to investigate 

the indirect effects of age on executive function, processing speed, and memory abilities through 

the white matter covariance pattern expressions. Increasing age was associated with greater 

expression of the executive function- and processing speed-related FA patterns, an executive 

function-related RD pattern, and processing speed-related AD patterns, which in turn adversely 

impacted cognitive performance. While there were no moderating effects of hypertension status, 

we found that age moderated the effect of the memory-related FA pattern expressions on verbal 

memory performance, with differences observed in young-old versus old-old. Together, these 

findings suggest that white matter integrity plays an important role in influencing age-related 

cognitive abilities contributing to the heterogeneity of cognitive performance in healthy aging. 

 

Keywords: diffusion tensor imaging, aging, cognition, white matter integrity, mediation, 

multivariate analysis  
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INTRODUCTION  

 Reductions in cognitive performance, particularly involving aspects of executive functions, 

processing speed, and memory, have been commonly associated with healthy aging (Alexander et 

al., 2012b; Brickman et al., 2006; Salthouse, 1992), but the neural mechanisms underlying these 

age-related cognitive differences are not fully understood. Microstructural white matter integrity 

has more recently been explored as a potential factor contributing to differences in cognitive aging 

and has often been evaluated using diffusion tensor imaging (DTI). Previous studies have primarily 

reported age-related decreases in fractional anisotropy (FA), reflecting directional diffusion and 

the degree of anisotropy along white matter pathways, and increases in mean diffusivity (MD), 

assessing the mean rate of diffusion along tracts (Grieve et al., 2007; Sala et al., 2012; Zhang et 

al., 2010). Age-related increases in radial diffusivity (RD) and both increases and decreases in 

axial diffusivity (AD), which measure transverse and parallel diffusion along pathways and are 

suggested to reflect myelin and axonal integrity, respectively (Concha et al., 2006; Schmierer et 

al., 2004; Song et al., 2002; Song et al., 2005), have been less frequently described in the literature 

(Davis et al., 2009; Marques et al., 2016). Moreover, poorer cognitive flexibility, processing speed, 

memory, and task-switching abilities have shown relations with decreased FA and increased MD, 

RD, and AD in different age cohorts (Borghesani et al., 2013; Jolly et al., 2017; Lockhart et al., 

2012; Vernooij et al., 2009).  

White matter integrity may have an important mediating role in the effects of age on 

cognition, but few studies have evaluated the indirect effects of age on cognitive abilities through 

white matter integrity. Methodological differences, such as differing samples and DTI measures, 

have resulted in variability in findings across studies. Alterations in white matter integrity, 

reflected by decreased FA and increased MD in widespread brain regions, have been shown to 
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influence age-related reductions in executive functions, processing speed, and memory in younger 

compared to older adults (Brickman et al., 2012; Charlton et al., 2008; Madden et al., 2009; Salami 

et al., 2012; Voineskos et al., 2012). Other studies have focused on RD and AD, demonstrating 

that effects of age on cognitive processing speed are mediated by increased RD in late-myelinating 

tracts and decreased AD in posterior brain regions in healthy elderly men as well as in younger 

and older adults (Burgmans et al., 2011; Lu et al., 2013). Additionally, most of these prior studies 

did not account for the potential effects of hypertension, a common vascular risk factor that has 

been associated with poorer cognitive and brain functioning in healthy aging (Burgmans et al., 

2010; Hannesdottir et al. 2009; Nguyen et al., 2016; Salat et al., 2012). 

 Moreover, previous studies have primarily utilized univariate statistical analyses to 

investigate the relation between cognitive aging and white matter integrity differences. However, 

some studies have begun to apply multivariate techniques, to characterize tract-based regional 

patterns, which may offer greater sensitivity in detecting regional contributions to age-related 

cognitive differences. In a recent study using the Scaled Subprofile Model (SSM) to identify 

regional patterns of white matter integrity associated with composite measures of cognition, Gazes 

and colleagues (2016) evaluated the indirect effects of age on cognition via FA network patterns 

in younger and older adults using composite measures of cognitive domains reflecting general 

memory, perceptual speed, reasoning, and language abilities. SSM has been used in numerous 

structural gray matter (Alexander et al., 2006, 2008; Bergfield et al., 2010) and functional imaging 

studies (Alexander et al., 1999; Alexander & Moeller, 1994; Habeck et al., 2003; Moeller et al., 

1996) of aging samples, but has only recently been applied to studies of white matter 

microstructure of aging (Nguyen et al., submitted) and cognition (Gazes et al., 2016). To further 

investigate the neural underpinnings associated with healthy cognitive aging, we derived 
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cognitive-related SSM white matter covariance patterns for diffusivity measures of FA, MD, RD, 

and AD and evaluated the indirect effect of age on cognitive performance through white matter 

pattern expression in a cohort of community-dwelling older adults, 50-89 years of age, while 

accounting for demographic characteristics and a common vascular risk factor in healthy aging. 

Furthermore, to capture specific cognitive effects that may not be apparent in composite 

neuropsychological measures, we assessed aspects of executive functions, processing speed, and 

memory using individual tests of these functions. 

 For this study, we focused on regional white matter covariance patterns associated with 

specific tests of executive functions, processing speed, and memory, as these cognitive domains 

are preferentially affected in healthy aging (Alexander et al., 2012b). To address the issue of 

multiple statistical tests in our analyses, we applied a hierarchical approach using the false 

discovery rate criterion (FDR; Benjamini and Hochberg 1995) correction in the generation of our 

initial multiple SSM cognitive-related white matter patterns, which were subsequently tested for 

mediation model effects. Given the high prevalence of hypertension in advancing age and observed 

associations with poorer cognitive and brain health, we expected that hypertension status would 

have a moderating effect on each path of our mediation models. In addition, we evaluated whether 

age would influence the mediating effect of white matter covariance patterns on age-related 

cognitive performance, such that the relation between white matter pattern expression and 

cognitive abilities would differ by age in the sample. We predicted that the effect of increasing age 

on poorer executive function, processing speed, and memory performance would be mediated by 

white matter integrity pattern expression, as reflected by separate cognitive-related regional 

covariance patterns for FA, MD, RD, and AD, involving widely distributed white matter tracts that 

engage frontal and posterior brain regions.  
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MATERIALS AND METHODS 

Participants  

Participants were 190 older adults, ages 50-89 years, who were drawn from a larger sample 

of 210, as part of a longitudinal study on healthy cognitive aging. Twenty participants were 

excluded due to motion artifacts and poor signal quality in the MRI scans (n = 14) as well as 

incomplete cognitive data (n = 6). Table I shows clinical and demographic characteristics of the 

sample. The University of Arizona Institutional Review Board approved the research procedures, 

and each participant provided informed written consent to participate in this study. All participants 

underwent medical, neurological, and psychiatric screening, which included providing their 

medical history and medication status, undergoing a physical and neurological examination by a 

neurologist, completing a brief cognitive screening test (Mini Mental State Exam; Folstein et al. 

1975), and completing questionnaires assessing their abilities to perform activities of daily living, 

family history of dementia, psychiatric history, and current depressive symptoms (Hamilton 

Depression Rating Scale; Hamilton 1960), as described in more detail in Nguyen et al. (2016). 

Hypertension status was determined by participant report of history of diagnosis and 

antihypertensive medication use, with 61 participants having hypertension.  

 

Neuropsychological Battery  

We evaluated executive functions, processing speed, and memory performance. Three 

constructs of executive functions, including set-shifting, inhibition, and updating/monitoring 

(Miyake et al. 2000), were assessed. Attentional set-shifting was evaluated with the Trail Making 

Test – part B (Trails B; Reitan 1958), during which participants quickly drew a continuous line 
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switching between randomly placed numbers and letters. Inhibition of pre-potent responses was 

assessed with the Stroop Color-Word Task – interference condition (Stroop 1935), which consisted 

of naming the color of ink in a color-incompatible condition within a time limit. Auditory attention 

span and working memory were measured using the Wechsler Adult Intelligence Scale-IV Digit 

Span subtest (WAIS-IV; Wechsler 2008), in which participants repeated a series of auditorily-

presented numbers in forward order, backward order, and in numerical order. 

To assess information processing speed, the Trail Making Test, part A (Trails A; Reitan 

1958) and WAIS-IV Symbol Search and Coding subtests (Wechsler 2008) were used. Visual 

attention and rapid visual scanning were evaluated with Trails A, a timed task in which participants 

drew lines connecting a sequence of randomly placed numbers in numerical order. To measure 

timed scanning abilities, the WAIS-IV Symbol Search subtest, which involved participants 

indicating whether one of two target symbols was present, as well as the WAIS-IV Coding subtest, 

which consisted of quickly copying symbols that corresponded with specific numbers with a key, 

were administered within a time limit. 

The Selective Reminding Test (SRT; Buschke 1973) and the Rey Complex Figure Test 

(RCFT; Meyers and Meyers 1995) assessed verbal and nonverbal memory, with immediate and 

30-minute delay recall trials. For the SRT, participants initially learned a list of 12 unrelated words, 

immediately recalled the words, and were then told the words that were not recalled after each 

trial, for a total of 12 trials. Participants were asked to recall the 12 words after a 30-minute delay, 

and scores were determined for the total sum recall across the immediate recall trials and for the 

delayed recall. The RCFT consisted of copying a complex line drawing and then recalling the 

figure from memory after an immediate and 30-minute delay.  
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Higher timed scores on Trails A and B reflect poorer processing speed and set-shifting 

performance, respectively. To aid interpretation of the findings, we reversed the Trails A and B 

scores by multiplying each participant’s score by -1 and adding a constant that was the maximum 

group value for each measure. Thus, for all analyses, higher scores reflected better performance, 

while lower scores suggested poorer performance across all neuropsychological measures. 

 

MRI acquisition  

Volumetric T1-weighted Spoiled Gradient Echo (SPGR) MRI scan (slice thickness = 

1.0mm, TR = 5.3ms, TE = 2.0ms, TI = 500ms, flip angle = 15°, matrix = 256x256, FOV = 25.6cm) 

and T2 Fluid-Attenuation Inversion Recovery (FLAIR) scans (slice thickness = 2.6mm, TR = 

11000ms, TE = 120ms, TI = 2250ms, flip angle = 90°, matrix = 256x256, FOV = 25.0cm) were 

acquired on a 3T GE Signa scanner with an eight-channel phased array coil (HD Signa Excite, 

General Electric, Milwaukee, WI). Diffusion-weighted images (DWI) were acquired in 51 

directions with 8 B0 images using these parameters: b = 1000 s/mm2, slice thickness = 2.6mm, TR 

= 12500ms, TE = 70ms, flip angle = 90°, matrix = 128 x 128, FOV = 25cm, and 58 slices. 

 

White matter integrity: Image processing 

FreeSurfer v5.3 was used to process T1-weighted images (Dale et al. 1999; Fischl et al. 

2002; Fischl et al. 2004), which involved skull stripping, intensity inhomogeneity correction, 

subcortical segmentation and labeling, and cortical surface generation and parcellation using non-

linear registration to a spherical stereotaxic atlas. Visual inspections of cortical surfaces and 

subcortical segmentations were performed and were corrected using control points or manual edits 

when necessary.  
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Pre-processing steps for the diffusion weighted images (DWI) included registering the 

DWI scans to the b=0 image using FSL’s eddy_correct to correct for eddy current distortions. To 

re-orient the gradient vector matrix and to compute measures of head motion and signal quality 

measures, the affine registration parameters were used (Yendiki et al., 2014). BrainSuite’s non-

rigid registration based INVERSION method was utilized to correct for susceptibility induced 

distortions (Bhushan et al., 2015; Bhushan et al., 2014; Bhushan et al., 2012). Next, the images 

were processed using TRACULA (TRActs Constrained by Underlying Anatomy; Yendiki et al., 

2011), which performs global probabilistic tractography using the parcellations and segmentations 

from FreeSurfer’s processing stream and utilizes prior anatomical information about 18 major 

white matter tract trajectories derived from a manually labeled dataset, and models voxel-wise 

diffusion using a multi-compartment ball-and-stick model (Behrens et al., 2007). As TRACULA 

includes information about the brain regions adjoining or intersecting each white matter pathway 

along its trajectory, it allows for individual anatomical variability while estimating the posteriors 

for each white matter tract. Quality control procedures involved visual inspection of the tracts for 

each subject to ensure the accuracy of processing streams comprising each tract and reinitialization 

of individual tracts to correct errors in reconstruction where necessary. Lastly, the averages of the 

four diffusivity measures (FA, MD, RD, AD) across the entire pathway distribution were 

computed for each of these 18 tracts: bilateral corticospinal tract (CST), bilateral inferior 

longitudinal fasciculus (ILF), bilateral uncinate fasciculus (UNC), bilateral anterior thalamic 

radiation (ATR), bilateral cingulum–cingulate gyrus (supracallosal) bundle (CCG), bilateral 

cingulum–angular (infracallosal) bundle (CAB),  bilateral superior longitudinal fasciculus–parietal 

bundle (SLFP), bilateral superior longitudinal fasciculus–temporal bundle (SLFT), forceps major 

(FMAJ), and forceps minor (FMIN).   
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Statistical analyses 

Utilizing the SSM (Moeller et al., 1987) implemented in MATLAB (Math Works, Matick, 

Massachusetts, USA), we performed regional covariance analysis for each of the diffusivity 

measures of FA, MD, RD, and AD in relation to each cognitive test. The SSM analysis included 

the following procedures: natural log transformation of the diffusivity measures for each subject, 

adjustments for head motion measures of rotation and translation (Yendiki et al., 2014), subtraction 

of the region-wise and subject-wise means from each cell in the subject by regional diffusivity 

matrix, and use of principal component analysis to produce sets of regional network covariance 

patterns and individual subject scores that reflected the expression of the identified patterns for 

each subject (Alexander & Moeller, 1994). To select the best set of SSM components, the Akaike 

Information Criterion (AIC) was used as a model selection method (Burnham & Anderson, 2002). 

Multiple linear regression was performed using the Statistical Package for the Social Sciences 

(SPSS version 22, Chicago, IL, USA) to create a linear combination of component patterns that 

best predicted each cognitive measure. Subsequently, we implemented a bootstrap resampling 

procedure with 10,000 iterations to derive reliability estimates for the observed pattern weights 

associated with white matter integrity and cognitive functions (Alexander et al., 2012b; Efron & 

Tibshirani, 1994) and to obtain confidence intervals for the regional values in each pattern. 

Separate network patterns associated with each cognitive task were extracted for the four 

diffusivity measures (i.e., FA, MD, RD, AD). Adjustments for multiple comparisons were not 

required within this multivariate analysis, as statistical tests were only applied to a small number 

of tests for the linearly combined pattern components (Alexander & Moeller, 1994; Habeck et al., 

2008). However, after deriving the linear combination of patterns that maximally predicted 
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cognitive performance, FDR was applied to correct for multiple comparisons across all statistical 

tests for the SSM analyses with each cognitive measure within each DTI metric. Significant effects 

were taken at an FDR-corrected value of p < 0.05, and the corrected tests that remained significant 

were used for all subsequent mediation model analyses with protected p-values of p < 0.05. 

We first determined whether demographic variables of gender and years of education as 

well as hypertension status should be included in our models as covariates, using independent 

samples t-tests and correlations. We found significant associations between gender and the white 

matter covariance patterns (t’s(188) = 1.99-6.23, 8.37E-7 < p’s < 0.008) for 15/21 tests, gender 

and cognitive performance (t’s(188) = 1.99-4.42, 0.000017 < p’s < 0.048) for 5/10 tests, 

hypertension status and the white matter network patterns (t’s(188) = 2.05-3.78, 0.0002 < p’s < 

0.042) for 19/21 tests, and hypertension status and cognitive abilities (t’s(188) = 1.99-2.13, 0.035 

< p’s < 0.048) for 2/10 tests, but no significant associations with years of education (r’s = 0.001-

0.12, 0.11 < p’s < 0.99). To be conservative, we controlled for gender and hypertension status in 

our subsequent analyses.  

Second, we evaluated the role of hypertension status as a potential moderator by initially 

implementing multiple linear regressions, while controlling for gender, to assess the following: 1) 

interactive effects of hypertension status and age on the cognitive-related white matter covariance 

patterns for each diffusivity measure and 2) interactive effects of hypertension status and the 

cognitive-related white matter network patterns on each cognitive test. The tests that were 

statistically significant at p < 0.05 were included in the subsequent moderated mediation model 

using the PROCESS macro for SPSS (version 2.16; Hayes, 2013), which evaluated the moderating 

role of hypertension status on the mediating effect of age on cognitive performance via the white 

matter integrity network patterns.  
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Third, in addition to age being a predictor in our mediation model, we assessed the potential 

moderating effects of age on the association between the cognitive-related white matter patterns 

for each DTI metric and cognitive abilities using PROCESS. Prior to testing this model, multiple 

linear regressions were performed to evaluate the interactive effects of age and the white matter 

tract patterns on cognition, while accounting for gender and hypertension status. The interactive 

effects that were statistically significant at p < 0.05 were then included in the subsequent 

moderated mediation model in PROCESS.  

Lastly, we performed a simple mediation model investigating the relations between age, 

white matter patterns, and cognitive performance for those cognitive-related white matter patterns 

that did not show a moderation effect. Prior to implementing the model in PROCESS, multiple 

linear regressions were performed to assess all paths of the model, while controlling for gender 

and hypertension status. This included the following: the relation between age and cognitive-

related white matter covariance patterns (path a), the association between white matter network 

patterns and cognitive performance, while additionally controlling for age (path b), and the direct 

effect of age on each cognitive measure (path c'). Tests that were statistically significant at p < 

0.05 for the age-independent effects of white matter pattern expression on cognition (path b) and 

that were not significantly moderated by hypertension status or age in prior analyses were included 

in the simple mediation model. Thus, we evaluated the indirect effects of age on cognitive 

performance through the expression of the cognitive-related network diffusivity patterns for the 

DTI measures.  

For all mediation and moderation analyses, the PROCESS macro implemented a bootstrap 

resampling procedure with 5000 iterations that produced bias-corrected 95% confidence intervals. 

Significant indirect effects were determined when confidence intervals did not include zero. 
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RESULTS 

Cognitive-related white matter covariance patterns 

Separate SSM cognitive-related white matter covariance patterns for FA, MD, RD, and AD 

were identified for each cognitive test. After FDR corrections for multiple omnibus statistical tests, 

the expression of 21 SSM patterns remained significant, including 7 for FA, 2 for MD, 6 for RD, 

and 6 for AD (tract contributions are shown in Table II). All other SSM analyses were 

nonsignificant with FDR corrections and are shown in Supporting Information Table S1. We then 

tested the cognitive-related white matter covariance patterns that were initially significant with 

FDR correction in the following mediation models using protected p-values: hypertension-

moderated mediation, age-moderated mediation, and simple mediation.  

 

Moderated mediations: hypertension status 

 Interactive effects of hypertension status and age on the cognitive-related white matter 

covariance patterns, with gender as a covariate, were initially performed using linear regressions. 

Significant effects were observed for the following FA covariance patterns: SRT sum recall 

(Fchange(1,187) = 4.46, p = 0.036), Trails B (Fchange(1,187) = 5.65, p = 0.019), Stroop (Fchange(1,187) 

= 5.44, p = 0.021), Trails A (Fchange(1,187) = 6.59, p = 0.011), WAIS-IV Symbol Search 

(Fchange(1,187) = 5.83, p = 0.017), and WAIS-IV Coding (Fchange(1,187) = 5.44, p = 0.021). For 

RD network patterns, interactive effects were only significant for Stroop (Fchange(1,187) = 4.89, p 

= 0.028). All other interactive effects for FA and RD cognitive-related patterns were not significant 

(Fchange(1,187) = 0.20-3.6, 0.06 < p’s < 0.69), and there were no significant interactive effects for 

cognitive-related MD and AD patterns (Fchange(1,187) = 0.20-3.6, 0.06 < p’s < 0.84). 
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In addition, linear regressions were performed to assess the interactive effects of 

hypertension status and the cognitive-related white matter patterns on cognitive performance, 

while controlling for gender. Significant interactions for cognitive-related FA patterns with 

hypertension included Trails B (Fchange(1,187) = 5.30, p = 0.022), Stroop (Fchange(1,187) = 5.0, p = 

0.027), and Trails A (Fchange(1,187) = 4.23, p = 0.041). For cognitive-related MD patterns, 

interactive effects were only significant for Trails B (Fchange(1,187) = 4.26, p = 0.040). For 

cognitive-related RD patterns, Trails B (Fchange(1,187) = 6.06, p = 0.011), Stroop (Fchange(1,187) = 

4.03, p = 0.046), and Trails A (Fchange(1,187) = 5.01, p = 0.026) were significant. All other 

interactive effects for cognitive-related FA, MD, and RD patterns were not significant 

(Fchange(1,187) = 0.003-2.9, 0.09 < p’s < 0.96), and there were no interactive effects for cognitive-

related AD patterns (Fchange(1,187) = 0.002-0.50, 0.48 < p’s < 0.96). 

The moderating effects of hypertension status on the mediating effects of white matter 

pattern expression on the relation between age and cognition, with gender as a covariate, were 

tested using moderated mediation models only for the significant patterns and cognitive tests from 

the linear regressions. There were no significant hypertension by age (β’s = 0.005-0.01, SE’s = 

0.01-0.02, 0.38 < p’s < 0.75) interactions and no hypertension by white matter pattern interactions 

(β’s = -9.68-1.61, SE’s = 1.30-5.51, 0.09 < p’s < 0.79). There were also no mediations for the 

following: cognitive-related FA patterns for SRT sum recall 95% CI [-0.101, 0.158], Trails B 95% 

CI [-0.277, 0.455], Stroop 95% CI [-0.042, 0.135], Trails A 95% CI [-0.053, 0.189], WAIS-IV 

Symbol Search 95% CI [-0.148, 0.038], and WAIS-IV Coding 95% CI [-0.120, 0.164]; cognitive-

related MD pattern for Trails B 95% CI [-0.170, 0.358]; and cognitive-related RD patterns for 

Trails B 95% CI [-0.075, 0.512], Stroop 95% CI [-0.018, 0.114], and Trails A 95% CI [-0.011, 

0.188].  
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Moderated mediations: age 

We initially performed linear regressions assessing interactive effects of age and the 

cognitive-related white matter covariance patterns on cognitive abilities, with gender and 

hypertension status as covariates, which showed significant effects for SRT sum recall 

(Fchange(1,186) = 6.77, p = 0.010) and SRT delayed recall (Fchange(1,186) = 4.65, p = 0.032) for FA 

patterns; Trails B (Fchange(1,186) = 6.86, p = 0.010) for MD patterns; and Trails B (Fchange(1,186) 

= 6.34, p = 0.013) and Trails A (Fchange(1,186) = 6.61, p = 0.011) for RD patterns. All other 

interactive effects for FA, MD, and RD patterns were not significant (Fchange(1,186) = 0.005-6.77, 

0.06 < p’s < 0.94), and there were no interactive effects for AD patterns (Fchange(1,186) = 0.0003-

2.71, 0.07 < p’s < 0.98). 

A moderated mediation model was then applied to the significant tests from the linear 

regressions to evaluate the moderating effects of age on the relation between white matter pattern 

expression and cognitive performance, while controlling for gender and hypertension status. There 

were significant interactions and mediations (Figure 1A) for age by SRT sum recall FA and SRT 

delayed recall FA covariance patterns, with the indirect effects of age on memory performance 

varying in young-old (-1 standard deviation below the mean), middle-old (mean age), and old-old 

adults (+1 standard deviation above the mean). The young-old demonstrated only a positive effect 

of age on immediate recall performance 95% CI [0.014, 0.166] through white matter pattern 

expression, whereas the old-old showed a negative effect of age on immediate 95% CI [-0.240, -

0.015] and delayed recall 95% CI [-0.038, -0.003] performance via white matter pattern 

expression. There were no significant differences in the middle-old adults. There were also no 

significant age by white matter pattern interactions or mediations for Trails B (β = 0.38, SE = 0.26, 
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p = 0.14, 95% CI [-0.022, 0.002]) for MD patterns and Trails B (β = 0.43, SE = 0.24, p = 0.07, 

95% CI [-0.027, 0.002]) and Trails A (β = 0.17, SE = 0.09, p = 0.05, 95% CI [-0.012, 0.001]) for 

RD patterns. 

 

Associations between age, white matter network patterns, and cognitive performance 

We performed linear regressions for the associations between age, cognitive-related white 

matter covariance patterns, and cognition to evaluate each path of our simple mediation model 

only for the white matter patterns that were not significantly moderated by hypertension status or 

age. We first evaluated the age-independent effects of the cognitive-related white matter 

covariance patterns on cognitive performance (path b), and subsequently tested path a, path c, and 

the simple mediation model, while controlling for gender and hypertension status, only for the 

significant tests from the path b analyses. 

For path b, higher white matter pattern expression was associated with greater performance 

on most measures of executive functions and processing speed, even after controlling for age, 

gender, and hypertension status (Table III). For the direct effect of age on cognition, increasing 

age was associated with poorer cognitive abilities, while controlling for gender and hypertension 

status, for all tests (Table III). Per the significant tests from path b, we assessed the relations 

between age and white matter pattern expression for path a. As summarized in Table IV, increasing 

age was associated with lower pattern expression for all these tests. 

 

Mediating effects of age on cognition through cognitive-related white matter patterns, while 

controlling for gender and hypertension status 
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After testing all direct paths of the mediation model, we evaluated the indirect effect of age 

on cognitive performance via effects of white matter covariance pattern expressions, accounting 

for gender and hypertension status. Increasing age was associated with lower pattern expression, 

and in turn, higher pattern expression was related to greater cognitive performance. The indirect 

effects of FA patterns for Trails B 95% CI [-0.1267, -0.0216], Stroop 95% CI [-0.1066, -0.0054], 

and WAIS-IV Symbol Search 95% CI [-0.1161, -0.0128]; RD pattern for Trails B 95% CI [-

0.0927, -0.0043]; and AD patterns for Trails A 95% CI [-0.1542, -0.0011] and WAIS-IV Symbol 

Search 95% CI [-0.1417, -0.0013] showed significant mediating effects on the relation between 

age and cognition (Figures 2A and 3A). The following analyses did not show significant indirect 

effects based on their 95% confidence intervals: MD patterns for Trails B 95% CI [-0.07, 0301] 

and WAIS-IV Symbol Search 95% CI [-0.06, 0.01] and RD patterns for WAIS-IV digit span 95% 

CI [-0.01, 0.06], Trails A 95% CI [-0.08, 0.0002], WAIS-IV Symbol Search 95% CI [-0.07, 

0.0007], and WAIS-IV Coding 95% CI [-0.06, 0.0008]. 

 

Significant regional white matter tract pattern contributions across all mediated models 

Regional contributions of the significant mediating patterns are shown in Table II and 

Figures 1-3B. The FA covariance patterns associated with aspects of executive functions, 

processing speed, and memory were significant mediators of cognitive aging, whereas no 

cognitive-related MD patterns were significant in the mediation models. For executive functions, 

the Trails B and Stroop FA covariance patterns were both characterized by the first 3 principal 

components, accounting for 10.8% of the variance in Trails B (F(3, 186) = 7.52, FDRp = 0.0004) 

and 10.5% of the variance in Stroop performance (F(3, 186) = 7.30, FDRp = 0.0004), with positive 

contributions from FMAJ, bilateral SLFP, and bilateral SLFT and negative loadings from left 
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ATR, left CST, and right UNC. Similarly, for processing speed, the WAIS-IV Symbol Search FA 

network pattern included the first 3 principle components, accounting for 11.2% of the variance in 

WAIS-IV Symbol Search performance (F(3, 186) = 5.77, FDRp = 0.0004), with positive 

contributions from FMAJ, bilateral SLFP, and bilateral SLFT and negative loadings from left CST 

and right UNC. For memory, the SRT sum recall and SRT delayed recall FA network patterns 

contained the first 2 principal components and accounted for 7.8% of the variance in SRT sum 

recall (F(2, 187) = 7.94, FDRp = 0.001) and 7.4% of the variance in SRT delayed recall 

performance (F(2, 187) = 7.46, FDRp = 0.001), with positive contributions from bilateral SLFP 

and bilateral SLFT for both SRT measures and negative loadings from right UNC only for SRT 

delayed recall. 

 The RD covariance patterns associated with executive functions, and the AD covariance 

patterns associated with processing speed were significant mediators of cognitive aging. The Trails 

B RD regional network pattern contained the first 3 principal components, accounting for 8.8% of 

the variance in Trails B performance (F(3, 186) = 5.99, FDRp = 0.003) and was characterized by 

positive contributions from left UNC and negative loadings from bilateral ILF, bilateral SLFP, and 

bilateral SLFT. The Trails A and WAIS-IV Symbol Search AD covariance patterns consisted of 

the first 4 and 6 principal components, respectively, accounting for 10.1% of the variance in Trails 

A (F(4, 185) = 5.18, FDRp = 0.003) and 13.0% of the variance in WAIS-IV Symbol Search 

performance (F(6, 183) = 4.55, FDRp = 0.022), with positive contributions from FMAJ and 

negative loadings from right ILF for both measures, positive contributions from FMIN only for 

Trails A, and negative loadings from left UNC only for WAIS-IV Symbol Search. 

 

DISCUSSION 
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 We derived regional white matter covariance patterns for MR diffusion measures of FA, 

MD, RD, and AD that predicted performance on individual cognitive measures and that mediated 

the relation between age and aspects of executive functions and processing speed abilities in a 

cohort of healthy community-dwelling older adults. Unlike previous studies, we sought to more 

comprehensively investigate the role of white matter tract integrity in influencing the effects of 

age on cognitive abilities by focusing on specific measures of cognition across multiple diffusion 

metrics, while using multivariate network analysis techniques, in a healthy aging cohort, 50 to 89 

years of age. While there were no moderating effects of hypertension status, we found that age 

moderated the indirect effect of the white matter pattern expressions on verbal memory 

performance, with the young-old demonstrating a positive effect and the old-old showing a 

negative effect of age on memory.  

 

Cognitive-related white matter network patterns  

The relative increases and decreases in regional tract contributions for each network pattern 

were expressed as a function of cognitive performance on each task, with a continuum of higher 

and lower performers. For the cognitive-related FA covariance pattern, higher performers showed 

greater expression of the patterns characterized by relative increases in FA in tracts with positive 

contributions and decreases in FA in tracts with negative loadings, whereas lower performers on 

each task had greater expression of patterns characterized by relative decreases in FA in tracts with 

positive contributions and relative increases in FA in tracts with negative loadings. For the 

cognitive-related RD and AD network patterns, higher performers demonstrated greater expression 

of patterns characterized by relatively higher RD/AD in tracts with positive contributions and 

lower RD in tracts with decreases, whereas lower performers on each task demonstrated greater 



160 

 

expression of patterns characterized by lower RD/AD in tracts with positive contributions and 

higher RD/AD in tracts with decreases. Higher and lower performers on each task differentially 

expressed the covariance patterns of increases and decreases in specific pattern-related white 

matter tracts. Thus, these findings suggest a set of regionally specific white matter tracts common 

to each identified DTI metric pattern, whose values covaried differentially in relation to high 

versus low task performance. 

We also found cognitive-related white matter patterns that were significant mediators 

within the age-moderated mediation or simple mediation models. The FA patterns derived for 

Trails B, Stroop, and WAIS-IV Symbol Search were characterized by relative decreases in tracts 

spanning prefrontal to medial temporal, frontal to thalamic, and motor regions in addition to 

relative increases in tracts passing through posterior, temporal, and parietal regions. The tract 

contributions specific to these cognitive tests are consistent with previous studies showing 

associations between processing speed and FA in motor, temporal, and occipital regions (Lövdén 

et al., 2014; Sasson et al., 2013) and associations between task-switching performance and 

inhibitory control with FA in pathways connecting prefrontal, association, posterior fibers of the 

corpus callosum, and other widespread regions (Gold et al., 2010; Grieve et al., 2007; Jacobs et 

al., 2013; Perry et al., 2009; Voineskos et al., 2012). Given the complexity of executive functions, 

these higher order abilities involve many cognitive processes that may be affected by disrupted 

widespread neural networks that connect anterior to posterior regions of the brain, as well as 

regions within frontal areas (Charlton et al., 2008). The FA tract patterns for executive function 

and processing speed tasks were generally comparable, with the exception of ATR involvement 

only in the tasks assessing set-shifting and inhibitory processes. The ATR has projections from the 

thalamus to frontal regions that have been related to higher order abilities (Sexton et al., 2012). 



161 

 

Moreover, the FA patterns associated with verbal memory performance included decreases in a 

tract connecting prefrontal to medial temporal regions and relative increases in tracts spanning 

parietal and temporal regions, which are in line with previous studies demonstrating associations 

between memory performance and white matter integrity in tracts passing through frontal, 

temporal, and parietal regions (Kantarci et al., 2011; Sasson et al., 2012). Together, our findings 

suggest that the directionality of diffusion has a coherent set of tract-specific impacts on 

differences in executive functions, processing speed, and memory performance in healthy older 

adults.  

The cognitive-related RD covariance patterns remained significant solely for executive 

function performance. The RD pattern predicting Trails B consisted of relative decreases in tracts 

spanning temporal, occipital, and parietal regions and relative increases in a tract connecting 

prefrontal to medial temporal regions. Our findings are consistent with a recent study showing an 

indirect effect of age on task-switching performance through increased RD in frontoparietal white 

matter pathways (Jolly et al., 2017). Moreover, tract contributions were similar to the executive 

function-related FA patterns, but with less tract loadings, which may suggest that transverse 

directional diffusion has generally comparable tract-specific effects to directionality of diffusion 

on set-shifting abilities in the context of healthy aging.  

The cognitive-related AD network patterns were significant only for processing speed 

abilities. The AD patterns associated with Trails A and WAIS-IV Symbol Search were 

characterized by a relative reduction in a tract connecting temporal to occipital regions and a 

relative increase in a tract spanning posterior regions. The AD pattern for Trails A also included a 

positive contribution from a tract connecting frontal regions, while the AD pattern for WAIS-IV 

Symbol Search also contained relative negative loadings from a tract spanning frontal to medial 
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temporal regions. These tract contributions are generally consistent with a previous finding 

demonstrating a relation between AD and information processing speed (Vernooij et al., 2009).  

 

Moderating effects of hypertension status and age 

 Given that prior studies have shown modifying effects of hypertension on white matter 

integrity in young and older adults (Kennedy & Raz, 2009), we expected to observe a moderating 

effect of hypertension status on age and on the cognitive-related white matter covariance patterns, 

which in turn would impact cognition. However, we did not find significant interactions between 

hypertension status and our predictor and mediator variables and did not find significant mediating 

effects within our moderated mediation model. The absence of moderating effects of hypertension 

may be due in part to the use of antihypertensive medications in those with hypertension in our 

sample, suggesting that treated hypertension may have less impact on cognitive performance 

(Brady, Spiro, & Gaziano, 2005). Perhaps a significant moderating effect of hypertension status 

would occur in a sample of older adults with a greater prevalence of hypertension and other 

vascular risk factors that are not well-managed. For instance, Jolly et al. (2017) investigated the 

effects of the presence of cardiovascular risk factors on task-switching performance and on white 

matter integrity, as reflected by RD, in a sample of middle-aged to older adults who either had no 

history of neurological disorder or a history of a possible mild stroke or transient ischemic attack. 

They found participants who reported the presence of at least one cardiovascular risk factor, with 

a maximum of four, demonstrated poorer task-switching abilities and increased RD compared to 

those who did not have cardiovascular risk factors.  

 In addition, we examined the moderating effects of age on our mediation model and found 

that age significantly influenced the associations between white matter covariance pattern 
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expression for FA and memory performance, with the young-old showing better immediate recall 

performance through higher expression of the white matter integrity network pattern and the old-

old demonstrating poorer immediate and delayed recall performance via lower expression of the 

white matter patterns. The moderating effect of age was specific to verbal memory performance, 

which may suggest that in healthy aging, older age has an important role in the mediating effects 

of white matter tracts sensitive to decreased immediate and delayed recall, whereas the tracts 

related to poorer executive function and processing speed abilities appear to be impacted 

throughout the older adult age ranges. Furthermore, our findings indicate a staged effect of white 

matter integrity on different cognitive processes throughout healthy aging, with white matter 

integrity more prominently mediating age-related reductions in memory performance specifically 

in older age and white matter integrity mediating age-related decreases in executive functions and 

processing speed across older age ranges. Although Gazes et al. (2016) did not find a moderating 

effect of age on associations between white matter pattern expressions and composite measures of 

memory, perceptual speed, and reasoning ability, our findings may differ given the cognitive 

measures and the nature of the study samples, with the current study utilizing individual cognitive 

tests and focusing solely on a cohort of healthy older adults, 50-89 years of age. While there can 

be clear benefits to using composite scores, such as reducing the number of statistical tests, 

information on more specific aspects of cognitive functions may not be assessed when averaged 

across broader cognitive domains.  

 

Simple mediation 

 We performed simple mediation analyses on those cognitive-related SSM patterns that did 

not show moderated mediating effects. This simple mediation model evaluated the indirect effects 
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of age on executive functions, processing speed, and memory abilities through the cognitive-

related white matter covariance patterns for FA, RD, and AD, while controlling for gender and 

hypertension status. Our results demonstrated mediating effects of age on cognition via FA 

patterns associated with set-shifting, inhibition, and processing speed performance, RD patterns 

associated with set-shifting abilities, and AD patterns associated with processing speed functions. 

We did not find a significant mediating effect of age on working memory performance through 

any of the DTI patterns, which is contrary to a previous study that used an ROI-based method for 

DTI analyses and only found mediating effects of white matter integrity, specifically increased 

MD, on working memory abilities and no mediating effects on other cognitive measures of fluid 

intelligence, flexibility, and processing speed in healthy older adults (Charlton et al., 2008). These 

differing findings suggest the need for future research to further evaluate the effects of multiple 

DTI metrics on cognitive aging within healthy older adult cohorts.  

The FA covariance patterns associated with set-shifting, inhibition of pre-potent responses, 

and processing speed measures and the RD network pattern associated solely with set-shifting 

performance significantly influenced the relation between increasing age and reductions in 

cognitive processes and were characterized by specific sets of similar widespread white matter 

tract contributions that spanned frontal, temporal, parietal, and motor regions. These findings are 

consistent with previous studies reporting mediating effects of age on reduced processing speed, 

task-switching, and fluid reasoning abilities through decreased FA and increased RD specific to 

frontoparietal pathways but also to a large number of widespread tracts in younger and older adults 

(Gazes et al., 2016; Jolly et al., 2017; Kerchner et al., 2012). In addition, our findings may indicate 

that aspects of executive functions have increased sensitivity to differences in myelin integrity, as 

animal and human brain lesion studies have demonstrated correlations between RD and myelin 
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properties of white matter (Janve et al., 2013; Klawiter et al., 2011; Song et al., 2003; Song et al., 

2002). Altered RD in a set of co-varying tracts may reflect underlying myelin disruption that can 

occur independent of or in conjunction with axonal loss (Madden et al., 2012). It may be that 

higher order complex cognitive processes are highly dependent on intact white matter tracts that 

connect widely distributed networks throughout the brain, which in turn, may have behavioral 

consequences (Fjell et al., 2017). 

The AD network patterns associated with two processing speed measures showed 

mediating effects on the relation between age and poorer processing speed abilities. These patterns 

consisted of sets of white matter tracts connecting frontal, posterior, occipital, and temporal 

regions. Few mediation studies have included AD and have reported discrepant findings, with two 

studies showing no indirect effect (Borghesani et al., 2013; Kerchner et al., 2012) and another 

study demonstrating an indirect effect of AD (Burgmans et al., 2011) on age-related decreases in 

processing speed performance in older adults. This variability in findings may be due in part to 

methodological differences in DTI methods and neuropsychological assessments across studies. 

More research is needed to further examine and clarify the specific influence of AD on age-related 

differences in cognitive functioning. Moreover, on a cellular level, our findings suggest that 

processing speed abilities may rely more heavily on intact axonal integrity, as reflected in rodent 

models demonstrating associations between axonal injury and AD (Sun et al., 2008; Underwood 

et al., 2011). 

Cognitive-related MD patterns did not show significant mediating effects on the relation 

between age and cognition. This was an unexpected finding, given that prior studies have shown 

a mediating role of MD on differences in cognitive aging (Borghesani et al., 2013; Salami et al., 

2012). In the current study, the RD and AD cognitive patterns showed mediating effects that 
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differed by cognitive function, with RD associated with executive functions and AD related to 

processing speed measures. Given that RD and AD comprise MD, perhaps the differing effects of 

the transverse and parallel directional diffusivity measures in our sample may serve to diminish 

each other’s effects, resulting in no net difference for the MD patterns. Our findings demonstrate 

the importance of evaluating measures of RD and AD in addition to the commonly reported metrics 

of FA and MD, as more information may be obtained regarding alterations of specific cellular 

mechanisms that contribute to differences in cognitive aging.  

 

Limitations  

 A limitation of this study is the cross-sectional design. Although this study utilized a 

mediation model to determine indirect effects of age on cognition through white matter covariance 

patterns, the direction of causality cannot be fully determined in a cross-sectional study and would 

benefit from longitudinal data over multiple time points (Gazes et al., 2016). Moreover, we used 

DTI alone to investigate the role of white matter integrity in cognitive aging. As Davis et al. (2009) 

suggest, implementing combinations of imaging methods may further assist in differentiating the 

cellular processes most sensitive to RD and AD metrics. Despite multiple animal and human 

studies evaluating the potential underlying cellular mechanisms of the diffusivity measures, 

caution is warranted in making causal inferences that RD and AD reflect myelin and axonal 

integrity, respectively (Wheeler‐Kingshott and Cercignani, 2009). Perhaps, a multimodal approach 

using measures of white matter integrity, white matter hyperintensity load, and structural gray 

matter may help to address the histological correlates of healthy brain aging in relation to 

performance on measures of executive functions, processing speed, and memory (Alexander, 

2017; Kern et al., 2017)..  
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Conclusions 

 Our study applied a multivariate network approach to derive cognitive-related white matter 

patterns that were comprised of co-varying white matter tracts for multiple diffusivity measures. 

In a sample of healthy community-dwelling older adults, we evaluated the indirect effects of age 

on executive function, processing speed, and memory performance through white matter network 

patterns and found differential mediating effects of the cognitive-related FA, RD, and AD patterns 

on aspects of executive functions and processing speed. In addition, we assessed moderating 

effects of hypertension status and age on the mediating effects of age on cognitive performance 

via the white matter patterns and found no moderating effects of hypertension but observed 

moderating effects of age on memory performance. Together, our results suggest that advancing 

age is associated with reductions in white matter integrity that may reflect myelin and axonal 

deterioration, which in turn, adversely affect cognitive functioning. These findings support a role 

of white matter as an important contributor to age-related cognitive differences in healthy aging, 

which may ultimately lead to the development of new health and cognitive interventions with the 

potential to enhance brain aging. 
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Table I. Participant demographic and clinical characteristics  

 

Measure  Mean (SD) 

N  190 

Gender (F/M) 95/95 

Hypertension (Y/N) 61/129 

Age (years) 69.42 (10.51)  

Education (years) 15.89 (2.55) 

Mini Mental Status Exam 28.98 (1.25) 

WAIS-IV FSIQ 112.52 (12.44) 

HAM-D 1.55 (1.82) 

 

Values are means (standard deviations) and ranges. WAIS-IV FSIQ = Wechsler Adult 

Intelligence Scale-IV Full Scale Intelligence Quotient; HAM-D = Hamilton Depression Rating 

Scale. 
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Table II. Tract contributions for significant cognitive-related white matter patterns, after FDR correction  
 

Cognitive-related SSM pattern Components R2 Positive tract contributions Negative tract contributions 

FA pattern expression - SRT Sum Recall  2 0.078 bilateral SLFP; bilateral SLFT --- 

FA pattern expression - SRT Delayed Recall 2 0.074 bilateral SLFP; bilateral SLFT R UNC 

FA pattern expression - Trails B  3 0.108 FMAJ; bilateral SLFP; bilateral SLFT L ATR; L CST; R UNC 

FA pattern expression - Stroop 3 0.105 FMAJ; bilateral SLFP; bilateral SLFT L ATR; L CST; R UNC 

FA pattern expression - Trails A  3 0.086 FMAJ; bilateral SLFP; bilateral SLFT L CST; R UNC 

FA pattern expression - WAIS-IV SS 3 0.112 FMAJ; bilateral SLFP; bilateral SLFT L CST; R UNC 

FA pattern expression - WAIS-IV CD 3 0.085 FMAJ; bilateral SLFP; bilateral SLFT L CST; R UNC 

MD pattern expression - Trails B  3 0.062 bilateral SLFP; R SLFT bilateral SLFP; bilateral SLFT 

MD pattern expression - WAIS-IV SS 3 0.073 L CAB bilateral ILF; bilateral SLFP; bilateral SLFT 

RD pattern expression - Trails B  3 0.088 L UNC --- 

RD pattern expression - Stroop 6 0.077 L CST L SLFP 

RD pattern expression - WAIS-IV DS 1 0.025 
FMAJ; FMIN; bilateral ATR; 

bilateral UNC; bilateral ILF 

bilateral CCG; bilateral CST; 

bilateral SLFP; bilateral SLFT 

RD pattern expression - Trails A  3 0.063 L CST bilateral ILF; bilateral SLFP; bilateral SLFT 

RD pattern expression - WAIS-IV SS 2 0.091 --- bilateral SLFP; bilateral SLFT 

RD pattern expression - WAIS-IV CD 2 0.052 --- bilateral SLFP; bilateral SLFT 

AD pattern expression - SRT Sum Recall  3 0.066 FMAJ --- 

AD pattern expression - Trails B  4 0.072 --- --- 

AD pattern expression - Stroop 6 0.101 FMAJ L CST; R ILF 

AD pattern expression - Trails A  4 0.101 FMAJ; FMIN R ILF 

AD pattern expression - WAIS-IV SS 6 0.130 FMAJ R ILF; L UNC 

AD pattern expression - WAIS-IV CD 6 0.091 FMAJ R ILF 
 

Positive and negative tract contributions, number of components, and R2 for the significant cognitive-related white matter covariance patterns after 

FDR corrections for multiple statistical comparisons. --- = no tract contributions; FA = fractional anisotropy; MD = mean diffusivity; RD = radial 

diffusivity; AD = axial diffusivity; SRT = Selective Reminding Test; WAIS-IV DS = Wechsler Adult Intelligence Scale-IV Digit Span; WAIS-IV 

SS = Wechsler Adult Intelligence Scale-IV Symbol Search; WAIS-IV CD = Wechsler Adult Intelligence Scale-IV Coding; L = left; R = right. 

Refer to the White matter integrity: Image processing section for the white matter tract abbreviations. 
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Table III. F-values for the associations between age, white matter pattern expressions, and cognitive performance  
 

 

 
SRT  

sum recall 

SRT  

delayed 

recall 

Trails B Stroop 
WAIS-IV 

DS 
Trails A 

WAIS-IV 

SS 

WAIS-IV 

CD 

Age 74.85*** 20.20*** 32.41*** 57.42***  5.30* 30.74*** 62.36*** 46.51*** 

FA pattern expression 0.13 2.23 6.95** 4.04* --- 2.45 5.79* 2.29 

MD pattern expression --- --- 10.29** --- --- --- 13.82** --- 

RD pattern expression --- --- 10.73** 3.05 6.17* 4.73* 13.82** 4.82* 

AD pattern expression 0.51 --- 3.70 0.83 --- 5.85* 4.79* 1.13 
 

F-values from linear regression analyses for associations between age and cognitive performance, while controlling for gender and 

hypertension status (path c՛) and associations between white matter pattern expressions for each diffusivity measure and cognitive 

performance, while controlling for age, gender, and hypertension status (path b). Reported F-values in the table were selected from those 

effects which were significant values from path b analyses as a criterion to perform path c and mediation analyses. --- = tests were not 

performed for cognitive-related patterns showing nonsignificant FDR corrected p-values in the initial SSM analyses; FA = fractional 

anisotropy; MD = mean diffusivity; RD = radial diffusivity; AD = axial diffusivity; SRT = Selective Reminding Test; WAIS-IV DS = 

Wechsler Adult Intelligence Scale-IV Digit Span; WAIS-IV SS = Wechsler Adult Intelligence Scale-IV Symbol Search; WAIS-IV CD 

= Wechsler Adult Intelligence Scale-IV Coding. * p < 0.05, ** p < 0.01, *** p < 0.0001.  
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Table IV. F-values for associations between age and pattern expression 

 β Age 

FA pattern expression - Trails B  -0.33 25.84*** 

FA pattern expression - Stroop -0.31 24.30*** 

FA pattern expression - WAIS-IV SS -0.32 26.13*** 

MD pattern expression - Trails B -0.06 0.70 

MD pattern expression - WAIS-IV SS -0.07 0.97 

RD pattern expression - Trails B -0.15 4.25* 

RD pattern expression - WAIS-IV DS 0.09 1.34 

RD pattern expression - Trails A -0.17 5.79* 

RD pattern expression - WAIS-IV SS -0.11 2.44 

RD pattern expression - WAIS-IV CD -0.11 2.38 

AD pattern expression - Trails A -0.37 45.04*** 

AD pattern expression - WAIS-IV SS -0.44 49.78*** 

 

F-values and regression coefficients from linear regression analyses for associations between age 

and white matter pattern expressions for each diffusivity measure, while controlling for gender 

and hypertension status (path a). Reported F-values in the table were selected from significant 

effects from path b analyses and for cognitive-related white matter patterns that did not show 

significant moderation effects as criteria to perform path a and mediation analyses. FA = fractional 

anisotropy; MD = mean diffusivity; RD = radial diffusivity; AD = axial diffusivity; WAIS-IV DS 

= Wechsler Adult Intelligence Scale-IV Digit Span; WAIS-IV SS = Wechsler Adult Intelligence 

Scale-IV Symbol Search; WAIS-IV CD = Wechsler Adult Intelligence Scale-IV Coding. * p < 

0.05, ** p < 0.01, *** p < 0.0001.  
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Figure 1. Moderated mediation of age effects 

 

A 

 

B 

A. Moderated mediation models for the moderating effects of age on the associations between the 

SRT sum recall-related FA pattern expression and SRT sum recall performance (left) and on the 

associations between the SRT delayed recall-related FA pattern expression and SRT delayed recall 

performance (right), while controlling for gender and hypertension status. The numbers above the 

lines are regression coefficients for each path of the moderated mediation model and the numbers 

in brackets are the 95% confidence intervals for the indirect effects. c' = direct effect; FA = 

fractional anisotropy; SRT = Selective Reminding Test; CI = confidence interval. * p < 0.05, ** p 

< 0.01, *** p < 0.0001.  
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B. SRT sum recall-related (left) and SRT delayed recall-related (right) FA loadings for the 18 

white matter tracts, with blue bars indicating point estimates for the loading, red lines indicating 

the 95% confidence intervals, and asterisks reflecting significant tracts contributing to the FA 

covariance patterns. L = left; R = right. Refer to the White matter integrity: Image processing 

section for the white matter tract abbreviations. 
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Figure 2. Mediation models for FA pattern expressions 

 

A 

 

B 
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A. Mediation models for the indirect effects of age on Trails B performance through Trails B-related FA pattern expression (left), 

indirect effects of age on Stroop performance through Stroop-related FA pattern expression (middle), and indirect effects of age on 

WAIS-IV SS performance through WAIS-IV SS-related FA pattern expression (right), while controlling for gender and hypertension 

status. The numbers above the lines are regression coefficients for each path of the moderated mediation model and the numbers in 

brackets are the 95% confidence intervals for the indirect effects. c = total effect; c' = direct effect; FA = fractional anisotropy; WAIS-

IV SS = Wechsler Adult Intelligence Scale-IV Symbol Search; CI = confidence interval. * p < 0.05, ** p < 0.01, *** p < 0.0001.  

B. Trails B-related (left), Stroop-related (middle), and WAIS-IV SS-related (right) FA loadings for the 18 white matter tracts, with blue 

bars indicating point estimates for the loading, red lines indicating the 95% confidence intervals, and asterisks reflecting significant 

tracts contributing to the FA covariance patterns. L = left; R = right. Refer to the White matter integrity: Image processing section for 

the white matter tract abbreviations. 
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Figure 3. Mediation models for RD and AD pattern expressions 

 

A 

 

B 

 

 



184 

 

A. Mediation models for the indirect effects of age on Trails B performance through Trails B-related RD pattern expression (left), 

indirect effects of age on Trails A performance through Trails A-related AD pattern expression (middle), and indirect effects of age on 

WAIS-IV SS performance through WAIS-IV SS-related AD pattern expression (right). The numbers above the lines are regression 

coefficients for each path of the moderated mediation model and the numbers in brackets are the 95% confidence intervals for the 

indirect effects. c = total effect; c' = direct effect; RD = radial diffusivity; AD = axial diffusivity; WAIS-IV SS = Wechsler Adult 

Intelligence Scale-IV Symbol Search; CI = confidence interval. * p < 0.05, ** p < 0.01, *** p < 0.0001.  

B. Trails B-related RD loadings (left), Trails A-related AD loadings (middle), and WAIS-IV SS-related AD loadings (right) for the 18 

white matter tracts, with blue bars indicating point estimates for the loading, red lines indicating the 95% confidence intervals, and 

asterisks reflecting significant tracts contributing the FA covariance pattern. L = left; R = right. Refer to the White matter integrity: 

Image processing section for the white matter tract abbreviations. 
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Supporting Information 

Table S1.  F-values and FDR-corrected p-values for the cognitive-related SSM patterns  

 
Cognitive-related SSM pattern F-value FDRp value 

FA pattern expression - SRT Sum Recall  7.94 0.001 

FA pattern expression - SRT Delayed Recall 7.46 0.001 

FA pattern expression - RCFT Immediate 2.26 0.080 

FA pattern expression - RCFT Delay 1.56 0.213 

FA pattern expression - Trails B  7.52 0.0004 

FA pattern expression - Stroop 7.3 0.0004 

FA pattern expression - WAIS-IV DS 1.89 0.190 

FA pattern expression - Trails A  5.80 0.001 

FA pattern expression - WAIS-IV SS 7.82 0.0004 

FA pattern expression - WAIS-IV CD 5.77 0.001 

MD pattern expression - SRT Sum Recall  0.41 0.581 

MD pattern expression - SRT Delayed Recall 0.002 0.963 

MD pattern expression - RCFT Immediate 1.30 0.422 

MD pattern expression - RCFT Delay 1.23 0.422 

MD pattern expression - Trails B  4.11 0.038 

MD pattern expression - Stroop 0.91 0.427 

MD pattern expression - WAIS-IV DS 3.54 0.123 

MD pattern expression - Trails A  2.70 0.123 

MD pattern expression - WAIS-IV SS 4.90 0.027 

MD pattern expression - WAIS-IV CD 3.00 0.123 

RD pattern expression - SRT Sum Recall  0.04 0.053 

RD pattern expression - SRT Delayed Recall 2.56  0.053 

RD pattern expression - RCFT Immediate 2.04 0.148 

RD pattern expression - RCFT Delay 1.73  0.180 

RD pattern expression - Trails B  5.99 0.003 

RD pattern expression - Stroop 2.55 0.043 

RD pattern expression - WAIS-IV DS 4.79 0.049 

RD pattern expression - Trails A  4.14 0.018 

RD pattern expression - WAIS-IV SS 9.40 0.001 

RD pattern expression - WAIS-IV CD 5.08 0.018 

AD pattern expression - SRT Sum Recall  4.36 0.013 

AD pattern expression - SRT Delayed Recall  2.99  0.076 

AD pattern expression - RCFT Immediate 0.001  0.979 

AD pattern expression - RCFT Delay  0.05  0.907 

AD pattern expression - Trails B  3.56 0.013 

AD pattern expression - Stroop 3.44 0.010 

AD pattern expression - WAIS-IV DS 1.14   0.360 

AD pattern expression - Trails A  5.18 0.003 

AD pattern expression - WAIS-IV SS 4.55 0.022 

AD pattern expression - WAIS-IV CD 3.04 0.013 

 

FDRp values in bolded font are significant at p < 0.05. FDR = false discovery rate criterion; SSM 

= Scaled Subprofile Model 
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ABSTRACT  

Objectives: To examine the mediating role of global white matter covariance indices on the 

relation between age and executive functions, processing speed, and memory in healthy aging. 

Methods: A cohort of 196 neurologically healthy community-dwelling older adults, 50-89 years 

of age, underwent neuropsychological testing and magnetic resonance imaging scans. Four white 

matter covariance indices comprised of global white matter hyperintensity (WMH) volume and 

global fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD), and axial 

diffusivity (AD) were derived. Moderated mediation models evaluating the moderating effects of 

age and hypertension status on the mediating effects of the white matter covariance indices on the 

relation between age and cognition were performed. Results: There were no moderating effects of 

hypertension status, but age significantly moderated the mediation models, with middle-old and 

old-old, but not young-old, showing negative effects of age on set-shifting and processing speed 

performance with greater expression of the white matter indices. Conclusions: Our findings 

indicate that multimodal global white matter indices reflecting the relation between lesion load 

and integrity may have an important role in influencing cognitive performance in healthy aging. 

 

Key words: diffusion tensor imaging, white matter integrity, white matter hyperintensities, 

cognition, mediation, aging 
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INTRODUCTION 

Advancing age has been characterized by alterations in cerebral white matter, particularly 

increased white matter hyperintensity (WMH) volume and decreased white matter integrity 

(Burgmans et al., 2010), as well as reductions in cognitive functioning preferentially affecting 

executive functions, processing speed, and memory performance (Alexander et al., 2012). WMH 

volume, assessed with T2 weighted magnetic resonance imaging (MRI) scans, has been suggested 

to reflect macrostructural changes associated with vascular pathologies, including chronic 

ischemia caused by cerebral small vessel disease (Prins & Scheltens, 2015). White matter integrity, 

measured by diffusion tensor imaging (DTI), reflects microstructural alterations related to 

diffusion in the white matter tracts, including directionality (fractional anisotropy; FA), rate of 

diffusion (mean diffusivity, MD), and diffusion perpendicular to (radial diffusivity; RD) and 

parallel to (axial diffusivity; AD) the major axis of the tensor. Healthy aging has shown 

associations with decreased FA and increased MD, RD, and AD throughout widespread brain 

regions, which have also been related to poorer cognitive performance (Borghesani et al., 2013). 

In addition, hypertension, a common vascular risk factor in older adults, has been shown to 

exacerbate age differences in white matter integrity and WMH volume (Burgmans et al., 2010) 

and has been related to poorer cognitive functioning (Nguyen et al., 2016). 

Although it is expected that WMH load may interact with DTI-based integrity of white 

matter to influence brain aging, only a few studies have concurrently evaluated and compared these 

measures. Burgmans et al. (2010) found that increasing age was associated with both greater WMH 

volume and decreased FA in older adults. Moreover, Vernooij et al. (2008) examined relations 

between age and multiple diffusivity metrics in healthy older adults, showing that age was 

negatively associated with FA and positively associated with RD and AD. However, when 
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accounting for WMH load, these age-related differences in white matter integrity were diminished. 

Furthermore, Burgmans et al. (2011) investigated the contributions of WMH load and white matter 

integrity on healthy cognitive aging and found no mediating effects of WMH volume, but observed 

an indirect effect of age on processing speed through increased AD. Furthermore, research is 

needed to investigate how the relation between WMH volume and white matter integrity impacts 

cognitive aging and whether the combination of WMH and integrity measures of white matter has 

a role in mediating the effects of age and cognition in healthy older adults. 

We sought to test the synergistic effect of the relation between macrostructural and 

microstructural white matter differences on cognitive aging by creating novel multimodal 

covariance indices of WMH-integrity, comprised of global WMH volume and diffusivity measures 

of FA, MD, RD, and AD, in a cohort of healthy adults, 50-89 years of age. We evaluated the 

mediating effects of the global white matter covariance indices on the relations between age and 

executive function, processing speed, and memory performance in healthy older adults. We 

assessed the potential moderating effects of age on the mediation of the global white matter indices 

for age-related cognitive differences. Given that hypertension has been shown to adversely affect 

cognitive and brain health in aging, we also tested whether hypertension status would have a 

moderating effect on our WMH-integrity indices and cognition.  

 

METHODS 

Participants 

 From a cohort of 210 neurologically healthy community-dwelling older adults, ages 50-89 

years, 196 participants were included in this study. Fourteen participants were excluded from 

analyses due to data quality issues. In the cohort, 95 were female and 101 were male, with a mean 
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of 15.83 ± 2.56 (mean ± standard deviation) years of education, a mean of 28.96 ± 1.24 on the 

Mini Mental State Exam, and a mean of 1.58 ± 1.81 on the Hamilton Depression Rating Scale. 

Participants received medical, neurological, cognitive, and psychiatric screening, as described in 

further detail in Nguyen et al. (2016). History of hypertension diagnosis and antihypertensive 

medication use was assessed, with 63 having hypertension. Research procedures were approved 

by the University of Arizona Institutional Review Board, and each participant provided informed 

written consent to participate in this study. 

 

Neuropsychological Tests 

 For the purpose of this study, three cognitive domains were used. Measures of executive 

functions included Trail Making Test – part B (Trails B; Reitan, 1958), Stroop Color-Word Task 

– interference condition (Stroop, 1935), and Wechsler Adult Intelligence Scale-IV Digit Span 

subtest (WAIS-IV; Wechsler, 2008). These measures assessed aspects of executive abilities, 

including set-shifting, inhibition, and updating/monitoring, respectively (Alexander et al., 2012). 

Processing speed abilities were evaluated using Trail Making Test, part A (Trails A; Reitan, 1958) 

and WAIS-IV Symbol Search and Coding subtests (Wechsler, 2008). Memory was assessed by 

immediate and delayed called on the Selective Reminding Test (SRT; Buschke, 1973) and the Rey 

Complex Figure Test (RCFT; Meyers & Meyers, 1995). 

Given that higher timed scores on Trails A and B reflected poorer performance, we 

reversed the Trails A and B scores by multiplying each participant’s score by -1 and adding a 

constant that was the maximum group value for each measure so that higher scores reflect better 

performance on all neuropsychological measures. 
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Six participants did not have all cognitive tests available, with one participant each not 

having scores for the SRT, RCFT, Stroop, Trails A, and WAIS-IV Coding tests and two for Trails 

B. 

 

MRI acquisition 

Volumetric T1-weighted Spoiled Gradient Echo (SPGR) MRI scan (slice thickness = 

1.0mm, TR = 5.3ms, TE = 2.0ms, TI = 500ms, flip angle = 15°, matrix = 256x256, FOV = 25.6cm) 

and T2 Fluid-Attenuation Inversion Recovery (FLAIR) scans (slice thickness = 2.6mm, TR = 

11000ms, TE = 120ms, TI = 2250ms, flip angle = 90°, matrix = 256x256, FOV = 25.0cm) were 

acquired on a 3T GE Signa scanner with an eight-channel phased array coil (HD Signa Excite, 

General Electric, Milwaukee, WI). Diffusion-weighted images (DWI) were acquired in 51 

directions with 8 B0 images using these parameters: b = 1000 s/mm2, slice thickness = 2.6mm, TR 

= 12500ms, TE = 70ms, flip angle = 90°, matrix = 128 x 128, FOV = 25cm, and 58 slices. 

 

White matter integrity: Image processing 

We processed T1-weighted images with Freesurfer v5.3 (Dale et al., 1999; Fischl et al., 

2004), which entailed skull stripping, intensity inhomogeneity correction, subcortical 

segmentation and labeling, and cortical surface generation and parcellation using non-linear 

registration to a spherical stereotaxic atlas.  

 To pre-process the DWI scans, we registered them to the b=0 image using FSL’s 

eddy_correct to correct for eddy current distortions. The affine registration parameters were used 

to re-orient the gradient vector matrix and to compute measures of head motion and signal quality 

measures. We used BrainSuite’s non-rigid registration based INVERSION method to correct for 
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susceptibility induced distortions (Bhushan et al. 2015). TRACULA further processed these 

images, performed global probabilistic tractography using the outputs of FreeSurfer’s processing 

stream, and estimated the posterior probability distributions for 18 major white matter tracts 

(Yendiki et al. 2011). These tract distributions were modeled as a likelihood term using a Markov 

Chain Monte Carlo approach, which combined information about the pathway priors obtained 

from the training data generated from a manually labeled atlas with the voxelwise diffusion 

orientation information generated using a ball-and-stick model, with one isotropic and two 

anisotropic compartments. Lastly, the averages of the four diffusivity measures (FA, MD, RD, 

AD) across the entire pathway distribution were computed. We conducted visual inspections 

throughout the processing stream, and edits for reconstruction were performed where necessary. 

 

White matter hyperintensity loadings 

We used a multispectral, automated lesion segmentation toolbox (Schmidt et al. 2012) for 

the Statistical Parametric Mapping software (SPM12; Wellcome Trust Centre for Neuroimaging, 

London, UK) to compute the global WMH volume, which was optimized for segmenting WMH 

in this healthy aging sample. The FLAIR images were co-registered to the T1 scans and segmented 

into three tissue types to construct their corresponding intensity distributions in the FLAIR image 

and to determine outliers. Initial lesion belief maps were created for each tissue type using the 

tissue segmentation probability maps, where outliers were further weighted by their probability of 

belonging to the white matter, and were then summed to create a unified lesion belief map. The 

original algorithm was modified by using a combination of the gray and white matter lesion belief 

maps thresholded at a kappa value of 0.35 to produce seed regions for a region growing algorithm 

whose target was the unified lesion belief map. The generated lesion probability maps were 
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subsequently thresholded at a probability of 1 to obtain the total lesion volume. This optimized 

method has shown high concordance with manual and semi-automated WMH segmented volumes 

within the same aging sample (Bharadwaj et al., 2015). 

 

Statistical Analyses 

Multiple linear regression was performed to create the standardized predicted value of 

global WMH volume with the global means of each DTI metric averaged across the 18 white 

matter tracts (i.e., FA, MD, RD, and AD) using the Statistical Package for the Social Sciences 

(SPSS version 22, Chicago, IL, USA). To determine covariates for our mediation models, 

independent sample t-tests and correlations between gender, years of education, and hypertension 

status with the global white matter covariance indices and the cognitive tests were evaluated. We 

found significant associations for gender with several measures of white matter covariance indices 

and tests of cognitive performance (t’s(194) = 1.98-4.78, 0.000003 < p’s < 0.049). Hypertension 

was also related to several measures of white matter covariance indices and cognitive tests 

(t’s(194) = -2.01-2.23, 0.027 < p’s < 0.045). There were no significant effects for years of 

education (r’s = -0.03-0.12, 0.09 < p’s < 0.66). Significant effects were taken at p < 0.05 

uncorrected to evaluate the relation of global WMH and integrity indices and to conservatively 

screen for potential covariates for inclusion in subsequent mediation models.  

To evaluate age as both a predictor in the mediation model and as a moderator on the 

associations between the global white matter covariance indices and cognition, we initially 

performed multiple linear regressions assessing the interactive effects of age and the WMH-

integrity indices on cognitive performance, while controlling for gender and hypertension status. 

The false discovery rate criterion (FDR; Benjamini and Hochberg, 1995) was applied to correct 
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for multiple comparisons across all statistical tests within each WMH-integrity index. Significant 

effects were taken at an FDR-corrected value of p < 0.05, and the tests that remained significant 

were included in the subsequent moderated mediation model, which controlled for gender and 

hypertension status. Paths of the moderated mediation model, included age as the predictor (x), 

WMH-integrity indices (i.e., WMH-FA, WMH-MD, WMH-RD, WMH-AD) as the mediators (m), 

cognitive tests as the outcome variables (m), and interactions between age and WMH-integrity 

indices (xm). We used the PROCESS macro for SPSS (version 2.16; Hayes, 2013), which 

performs a bootstrap resampling procedure with 5000 iterations and produces bias-corrected 95% 

confidence intervals, with significant indirect effects established when confidence intervals do not 

include zero. Criteria for using a moderated mediation model included either a significant effect 

of the mediator on the outcome variable or an interaction between the predictor and mediator (as 

discussed in Hayes, 2013). 

In an additional moderated mediation model, we evaluated the potential moderating effects 

of hypertension status on the indirect effect of age on cognition through the WMH-integrity 

indices. The same PROCESS procedures described above were used, including initial multiple 

regressions assessing interactive effects of hypertension and age on the global white matter indices 

and interactive effects of hypertension and the global white matter indices on cognitive 

performance, with FDR-corrected p-values to determine which tests to include in the moderated 

mediation model, and with gender as a covariate.  

 

RESULTS 

 The four global white matter covariance indices revealed negative associations between 

WMH volume and global FA (F(1,194) = 9.81, p = 0.002) and positive associations between WMH 
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volume and global MD (F(1,194) = 50.94, p = 1.86E-11), RD (F(1,194) = 42.72, p = 5.44E-10), 

and AD (F(1,194) = 39.08, p = 2.53E-9). 

For the age moderated mediation model, initial linear regressions with gender and 

hypertension status as covariates demonstrated significant associations between the interactive 

effects of age and the global white matter indices on Trails B, Trails A, and WAIS-IV symbol 

search for WMH-FA (Fchange(1,191) = 8.60-10.86, FDRp’s = 0.01); Trails B, Trails A, WAIS-IV 

symbol search, and WAIS-IV coding for WMH-MD (Fchange(1,191) = 7.25-20.94, 0.00009 < 

FDRp’s < 0.02); Trails B, Trails A, WAIS-IV symbol search, and WAIS-IV coding for WMH-RD 

(Fchange(1,191) = 10.40-22.67, 0.00004 < FDRp’s < 0.003); and Trails B for WMH-AD 

(Fchange(1,191) = 9.51, FDRp = 0.02). 

A moderated mediation model was then applied to the significant tests from the linear 

regressions to assess the moderating effects of age on the relation between the global white matter 

indices and cognitive performance in the cohort, while controlling for gender and hypertension 

status. There were significant mediations for all models except for the test of mediating effects of 

WMH-MD on age-related WAIS-IV symbol search performance (Figure 1 and Table 1).  

The indirect effects of age on executive function and processing speed measures varied in 

middle-old (mean age) and old-old adults (+1 standard deviation above mean age), but did not 

significantly differ in young-old adults (-1 standard deviation below mean age). The middle-old 

showed significant negative effects of age on Trails B 95% CI [-0.32, -0.03] and Trails A 95% CI 

[-0.09, -0.002] through WMH-FA and on Trails B 95% CI [-0.69, -0.06] through WMH-RD. The 

old-old demonstrated significant negative effects of age on Trails B 95% CI [-0.61, -0.06], Trails 

A 95% CI [-0.18, -0.02], and WAIS-IV Symbol Search 95% CI [-0.08, -0.01] through WMH-FA; 

on Trails B 95% CI [-1.38, -0.22], Trails A 95% CI [-0.41, -0.002], and WAIS-IV Coding 95% CI 
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[-0.29, -0.06] through WMH-MD; on Trails B 95% CI [-1.30, -0.23], Trails A 95% CI [-0.39, -

0.04], WAIS-IV Symbol Search 95% CI [-0.15, -0.02], and WAIS-IV Coding 95% CI [-0.26, -

0.05] through WMH-RD. Although an age-moderated effect of the global white matter index for 

AD on Trails B performance was observed, follow-up analyses did not show significant individual 

age differences for the young-old, middle-old, or old-old ages. 

For the hypertension moderated mediation model, initial linear regressions controlling for 

gender showed significant relations between the interactive effects of hypertension and age on the 

4 global white matter indices (Fchange(1,193) = 2.60-7.33, 0.002 < p’s < 0.04) and interactive effects 

of hypertension and the global white matter indices on SRT sum recall (Fchange(1,192) = 7.73, FDRp 

= 0.04) and Trails B (Fchange(1,192) = 7.70, FDRp = 0.04) for WMH-FA; Trails B (Fchange(1,192) 

= 10.24, FDRp = 0.02) for WMH-MD; and Trails B (Fchange(1,192) = 11.78, FDRp = 0.01) for 

WMH-RD. All other effects for global WMH-FA, WMH-MD, WMH-RD, and WMH-AD were 

not significant (Fchange(1,192) = 0.01-5.75, 0.06 < FDRp’s < 0.91). The effects of hypertension 

status on the mediating effects of the global white matter indices on the relation between age and 

cognition, with gender as a covariate, were then evaluated using moderated mediation models only 

for the significant tests from the linear regressions. We found no significant hypertension by age 

interactions (β’s = -0.002 - -0.008, SE’s = 0.007-0.008, 0.28 < p’s < 0.76), no significant 

hypertension by white matter pattern interactions (β’s = 2.08-3.32, SE’s = 1.27-2.70, 0.10 < p’s < 

0.34), and no significant mediations for WMH-FA for SRT sum recall 95% CI [-0.001, 0.23] and 

Trails B 95% CI [-0.10, 0.53]; WMH-MD for Trails B 95% CI [-0.51, 1.08]; and WMH-RD for 

Trails B 95% CI [-0.34, 1.10]. 

 

DISCUSSION 
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 The global WMH-integrity covariance indices for the four diffusivity metrics showed that 

increased WMH load was associated with decreased FA and increased MD, RD, and AD in our 

healthy aging sample. By investigating the combined effects of two white matter imaging 

measures, we found mediating roles of the multimodal MRI WMH-integrity indices on age-related 

differences in cognition. Overall, we found that increasing age predicted greater expression of the 

global WMH-integrity measures and that this led to decreased cognitive performance, with age 

moderating the relation between global WMH-integrity and executive function and processing 

speed abilities in community-dwelling older adults. Specifically, middle-old and old-old adults, 

but not young-old adults, showed associations between higher expression of the WMH-integrity 

indices and poorer cognitive performance. These findings suggest that differences observed in 

cognitive aging may be due in part to deterioration in multiple aspects of white matter that are 

exacerbated by effects of older age. 

The age-moderated mediation models showed a mediating impact of age on executive 

functions and processing speed through the four WMH-integrity indices and additionally 

demonstrated a moderating impact of age, in which the mediating effects of WMH-integrity were 

only apparent for middle-old and old-old adults. Our findings are consistent with previous studies 

demonstrating that a greater prevalence of WMH load throughout the brain as well as disruptions 

in tract integrity have been increasingly associated with advancing age (Bennett & Madden, 2014). 

Furthermore, our findings may suggest that a combined, multimodal global measure of white 

matter may capture subtle but important reductions in executive functions and processing speed 

that contribute to the heterogeneity observed in cognitive aging and that could potentially be 

utilized as a biomarker to help distinguish healthy from pathological processes during aging. 
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The four global WMH-integrity indices were generally comparable in their indirect effects 

on the associations between age with set-shifting and processing speed abilities, except for WMH-

AD only showing an indirect impact on set-shifting performance. These consistent effects may 

suggest that the covarying white matter indices that reflect global widespread decreased white 

matter integrity may have relatively specific adverse effects on age-related differences with 

selected aspects of executive functions and general processing speed abilities preferentially 

affected. Moreover, with WMH-AD only mediating age-related set-shifting performance and 

WMH-FA, WMH-MD, and WMH-RD indirectly affecting age-related set-shifting and processing 

speed abilities, our global WMH-integrity indices may also reflect cellular differences in myelin 

and axonal integrity that have been previously reported for RD and AD, respectively (Concha, 

Gross, Wheatley, & Beaulieu, 2006; Song, Sun, Ramsbottom, Chang, Russell, & Cross, 2002). 

Thus, within this healthy aging sample, it may be that the combined effects of increased lesion 

load and decreased myelin integrity may to a greater extent impact set-shifting and processing 

speed performance, whereas the combined effects of higher lesion load and decreased axonal 

integrity may predominantly affect set-shifting abilities. 

We did not find moderating effects of hypertension status on the mediation model, which 

may be due in part to the relatively low prevalence of vascular risk factors as well as treated 

hypertension within our healthy sample. Thus, it may be that within older adult samples with 

greater vascular risk, hypertension could potentially have a moderating effect on the relation 

between the global white matter indices and cognitive processes. Perhaps increased global WMH 

load and more pronounced alterations in white matter integrity may be more apparent in samples 

with more vascular risk, and in turn, may have a greater impact on aspects of cognition.  
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Furthermore, we did not find moderated mediating effects of age or hypertension on the 

relations between the white matter indices and memory. Our findings suggest that global white 

matter indices may be more sensitive to differences in executive functions and processing speed 

in healthy aging, as these functions may rely more heavily on intact connectivity among widely 

distributed brain regions (Fjell, Sneve, Grydeland, Storsve, & Walhovd, 2017), whereas regional 

white matter measures, especially localized to temporal and frontal lobes, may be better able to 

capture mediating effects on age-related memory differences (Kennedy & Raz, 2009). Future 

studies may consider deriving multimodal regional indices of white matter to evaluate the impact 

of global and regional white matter differences on cognitive aging. 

A limitation of our study was the cross-sectional design, which does not allow for full 

causal inferences even within a mediation model, thus, warranting the need to evaluate the indirect 

effect of multimodal white matter indices on cognitive aging in follow-up longitudinal studies.  

Prior studies have not focused on combined measures of WMH volume and diffusivity 

metrics, but have either investigated these measures separately, in comparison to one another 

(Burgmans et al., 2010), or in relation to integrity within WMH regions (Maniega et al., 2015). To 

our knowledge, this is the first study to derive multimodal indices of global white matter measures 

to assess their mediating role on the relation between age and cognitive performance within 

neurologically healthy older adults. Our findings may lead to a better understanding of the global 

impact of WMH lesion load and white matter integrity and their combined role in cognitive aging, 

providing opportunities to develop interventions and prevention therapies that promote optimal 

brain and cognitive health over the lifespan. 
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Table 1. Moderated mediation of age effects 

 Coefficient (SE) Coefficient (SE) Coefficient (SE) Coefficient (SE) 95% CI 

Cognitive Test  
a path 

(x → m) 

b path 

(m → y) 

c՛ path 

(x → y) 

Interaction  

(xm) 
LLCI ULCI 

WMH-FA       

   Trails B 0.02 (0.01)** -6.77 (2.24)** -1.07 (0.22)*** -0.58 (0.20)** -0.0317 -0.0016 

   Trails A 0.02 (0.01)** -1.51 (0.82) -0.41 (0.08)*** -0.21 (0.07)** -0.0103 -0.0010 

   WAIS-IV SS 0.02 (0.01)** -0.33 (0.47) -0.36 (0.04)*** -0.12 (0.04)** -0.0056 -0.0005 

WMH-MD       

   Trails B 0.05 (0.01)*** -7.29 (2.61)** -0.82 (0.24)** -0.80 (0.22)** -0.0742 -0.0085 

   Trails A 0.05 (0.01)*** -1.17 (0.97) -0.38 (0.09)*** -0.24 (0.08)** -0.0251 -0.0016 

   WAIS-IV SS 0.05 (0.01)*** -0.78 (0.55) -0.33 (0.05)*** -0.09 (0.05)† -0.0093  0.0002 

   WAIS-IV CD 0.05 (0.01)*** -0.70 (1.10) -0.58 (0.10)*** -0.28 (0.09)** -0.2936 -0.0624 

WMH-RD       

   Trails B 0.04 (0.01)*** -8.12 (2.53)** -0.82 (0.23)** -0.77 (0.21)** -0.0671 -0.0061 

   Trails A 0.04 (0.01)*** -1.47 (0.94) -0.37 (0.09)*** -0.26 (0.08)** -0.0234 -0.0031 

   WAIS-IV SS 0.04 (0.01)*** -0.65 (0.54) -0.33 (0.05)*** -0.12 (0.05)* -0.0098 -0.0009 

   WAIS-IV CD 0.04 (0.01)*** -0.61 (1.09) -0.59 (0.09)*** -0.26 (0.09)** -0.0201 -0.0030 

WMH AD       

   Trails B 0.04 (0.01)*** -3.69 (2.66) -1.04 (0.24)*** -0.63 (0.23)** -0.0643 -0.0004 

 

Moderated mediation models for the moderating effects of age on the mediating effects of white 

matter covariance indices on the relation between age and cognitive performance, while 

controlling for gender and hypertension status. Regression coefficients and standard errors (SE) 

for each path of the moderated mediation model, with x = age, m = white matter covariance indices 

(i.e., WMH-FA, WMH-MD, WMH-RD, WMH-AD), y = cognitive tests, xm = interaction between 

age and white matter covariance indices. CI = confidence interval; LLCI = lower limit confidence 

interval; ULCI = upper limit confidence interval; WMH = white matter hyperintensities; FA = 

fractional anisotropy; MD = mean diffusivity; RD = radial diffusivity; AD = axial diffusivity; 

WAIS-IV DS = Wechsler Adult Intelligence Scale-IV Digit Span; WAIS-IV SS = Wechsler Adult 

Intelligence Scale-IV Symbol Search; WAIS-IV CD = Wechsler Adult Intelligence Scale-IV 

Coding. * p < 0.05, ** p < 0.01, *** p < 0.0001, † Interactive effects were significant in linear 

regressions, but were reduced to a trend in the moderated mediation model. Bolded CI’s are 

significant.  
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Fig. 1. Moderated mediation models with age moderating the indirect effects of the global white 

matter indices (WMH-FA, WMHMD, WMH-RD) on the relation between age and cognitive 

performance, while controlling for gender and hypertension status. The numbers above the lines 

are regression coefficients for each path of the moderated mediation model and the numbers in 

brackets are the 95% confidence intervals for the indirect effects. FA = fractional anisotropy; MD 

= mean diffusivity; RD = radial diffusivity; c' = direct effect; WAIS-IV SS = Wechsler Adult 

Intelligence Scale-IV Symbol Search; Wechsler Adult Intelligence Scale-IV CD = WAIS-IV 

Coding; CI = confidence interval. * p < 0.05, ** p < 0.01, *** p < 0.0001.  

 

 

 

 

 

 


