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We examined the relationship between white matter (WM) tract integrity, white matter 

hyperintensities (WMH), lobar gray matter (GM) volumes and cognition in the cross-sectional 

Framingham Offspring Study. 680 participants (71.7±7.7 years) completed cognitive testing and 

MRI. Diffusion tensor imaging (DTI) probabilistic tractography was used to reconstruct major 

WM tracts. We computed tract-specific mean fractional anisotropy (FA) and tract-specific WMH 

ratio. Linear regressions identified relations between tracts and lobar GM volumes. Partial least 

squares regression examined associations between integrity of combined tracts, lobar GM volumes 

and cognition, including scores of memory and processing speed. Five tracts were particularly 

vulnerable to WMH and tract-specific WMH volumes were inversely associated with tract-specific 

FA (p values <0.05). Tract-specific FA related to lobar GM volumes. Memory was associated with 

lobar GM, while processing speed related to both tract integrity and lobar GM volumes. We 

conclude that subtle microstructural WM tract degeneration relates to specific lobar GM atrophy. 

The integrity of associated WM tracts and GM lobes differentially impacts memory and 

processing speed.

Keywords

White Matter Hyperintensities; WMH; Cognitive Aging; Magnetic Resonance Imaging; Diffusion 
Tensor Imaging; Tractography

1. Introduction

Aging is associated with changes in brain structure (DeCarli et al., 2005b) and varying 

trajectories of cognitive performance (Wilson et al., 2000) including transition to dementia. 

Changes in brain structure include gray matter (GM) atrophy, subtle white matter (WM) 

degeneration as reflected by diffusion tensor imaging (DTI) and white matter 

hyperintensities (WMH)(Debette et al., 2010). DTI finds that microstructural WM injury in 

association with vascular risk factors may be present as early as middle age (Maillard et al., 

2012) and precede development of WMH (de Groot et al., 2013a; Maillard et al., 2014). 

While significant relationships between global measures of microstructural WM integrity 

and WMH (de Groot et al., 2013a; Maillard et al., 2011; Maillard et al., 2014) have been 

reported, the potential specificity of WM tract vulnerability to WMH and its impact on GM 

structures remains unclear. Individual WM tracts can be identified by DTI-based 

probabilistic tractography (de Groot et al., 2013b). Previous studies reported significant 

associations between tract-specific WM injury, age and vascular risk (de Groot et al., 2015). 

Tract-specific WM integrity related to worse cognitive performance (Cremers et al., 2016) 

and higher risk of mortality (Sedaghat et al., 2016). If this happens through disconnection of 

associated GM structures remains unclear (Friston, 1998) (Duering et al., 2012; Duering et 

al., 2015). Knowledge about the impact of localized vascular damage, either alone or in 

combination with neurodegeneration, on cognitive function in normal aging therefore 

remains limited.

Using probabilistic tractography, we aimed to characterize the specific vulnerability of major 

WM tracts to WMH development, investigated the relationship between the integrity of WM 

tracts and that of lobar GM volumes and examined the relationship between integrity of 
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associated WM tracts and GM lobes and cognitive performance (He et al., 2012) in 

individuals from the Offspring community-based cohort of the Framingham Heart Study 

(FHS).

2. Methods

2.1 Study population

The design of the FHS Offspring cohort studies has been detailed previously (Splansky et 

al., 2007). A total of 752 community-dwelling, cognitively healthy subjects underwent both 

structural brain MRI and DTI between 2009 and 2014. All subjects at assessment number 9 

were given the option to receive an MRI. As previously described (Massaro et al., 2004), all 

subjects who agreed to have MRI and were not excluded for health reasons were included in 

this analysis. Participants with prevalent stroke or dementia at the MRI evaluation, however, 

were excluded from the present analysis (55 participants). Briefly, stroke was defined as an 

acute onset focal neurologic deficit of presumed vascular etiology, lasting ≥24 hours or 

resulting in death. Dementia was diagnosed according to the criteria of the DSM-IV (First et 

al., 1997). Participants were also excluded from the present analysis for the following 

reasons: other neurologic disorders that might confound the assessment of brain volumes, or 

poor brain MRI quality (17 participants), resulting in a final sample of 680 individuals. 

Demographic characteristics are summarized in Table 1.

2.2 Standard protocol approvals, registrations, and patient consents

The Institutional Review Boards at all participating institutions approved this study, and 

subjects or their legal representatives gave written informed consent.

2.3 Cognitive outcomes

We used three memory summary scores from the Wechsler Memory Scale (Wechsler, 1945), 

derived by factor analysis from the larger FHS-cognitive battery (Au et al., 2004; Downer et 

al., 2015). All three summary scores showed high capability in differentiating between 

normal, multi-domain impaired, and dementia participants (Downer et al., 2015). In brief, 

the tests assess verbal memory (Logical Memory Immediate and Delayed recall [LM]), 

learning (Paired-Associate Memory Immediate and Delayed recall [PAS]), and visual 

memory (Visual Reproductions Immediate and Delayed recall [VR]). Two tests assessed 

visual-motor skills, set switching and processing speed (Trail Making Test A and B [TrA 

and TrB](Armitage, 1946)). For tests with immediate and delayed scores, the average of the 

two scores was computed and used as the outcome measure. TrA and TrB are timed 

assessments that require a participant to connect a random alphabetic sequence (TrA) and 

alphanumeric sequence (TrB). TrA and TrB measures were log-transformed to normalize 

population variance, and multiplied by −1 to harmonize directionality of effects among 

subtests. For each test, except for TrA and TrB, a higher score indicates better cognitive 

function.

2.4 Image acquisition and processing

Participants were evaluated with a 1.5-Tesla Siemens Avanto scanner. Three sequences were 

used: 3- dimensional T1-weighted coronal spoiled gradient-recalled echo (SPGR) 
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acquisition (repetition time (TR)=1900ms, echo time (TE)=2.96ms, inversion time 

(TI)=1100ms, 1,5mm isotropic resolution), fluid attenuated inversion recovery (FLAIR) 

sequence (TR=9000ms, TE=123ms, TI=2500ms, in-plane resolution 0.86×0.86mm, slice 

thickness 3mm), and diffusion tensor imaging (DTI). A DTI sequence suitable for fiber 

tractography (Mukherjee et al., 2008) was performed using the following parameters: 

TR=3600 ms, TE=94 ms, 25 contiguous slices total, with no gaps between sections, field-of-

view (FOV)=25 cm, acquisition matrix = 128 × 128, slice thickness = 5 mm. Acquisition 

was interleaved to prevent cross-talk between adjacent contiguous sections. Diffusion 

weighted images were generated using 30 gradient directions, repeated four times, with total 

gradient diffusion sensitivity of b= 1000 s/mm2, and four unweighted images with b =0 s/

mm2.

Centralized reading of all images was performed using in-house designed imaging, 

visualization and analysis software (Quanta 2) (DeCarli et al., 2005a). Segmentation of GM 

was performed on native T1-weighted images using an in-house implementation of a 

Bayesian maximum-likelihood expectation-maximization algorithm method (Dempster et 

al., 1977). Lobar GM volumes and total cranial volume (TCV) were quantified using 

previously reported analysis protocols (Lee et al., 2010). TCV was used to correct for 

differences in head size (DeCarli et al., 2005a). Tractography was performed using FSL 

tools (Jenkinson et al., 2012) including PROBTRACKX (Behrens et al., 2007), a Bayesian 

approach to probabilistic tractography, and AutoPTX (de Groot et al., 2015), a protocol for 

identifying major white matter tracts (de Groot et al., 2013b). Tractography and computation 

of fractional anisotropy (FA) was performed for each subject in the subject’s DTI image 

native space, after transformation of voxels’ dimension to isotropic (i.e., section thickness is 

the same as the inplane pixel length). For the present study, we used tracts that could be 

robustly identified (Mori et al., 2002; Wakana et al., 2004), including the cingulate gyrus 

part of cingulum (CGC), parahippocampal part of cingulum (CGH), forceps major (FMA), 

forceps minor (FMI), inferior fronto-occipital fasciculus (IFO), inferior longitudinal 

fasciculus (ILF), uncinate (UNC), superior longitudinal fasciculus (SLF), corticospinal tract 

(CST), superior thalamic radiation (STR), anterior thalamic radiation (ATR), acoustic 

radiation (ACR) and posterior thalamic radiation (PTR). The resulting tract-density 

(visitation count) images for each tract were normalized by division with the total number of 

particles (tracts) in the tractography run and thresholded (de Groot et al., 2015).

The segmentation of WMH was performed using a semi-automated procedure that has been 

previously described (DeCarli et al., 2005a) and which demonstrates high inter-rater 

reliability (Carmichael et al., 2010). For each individual, the subject’s FLAIR image was 

linearly coregistered into the subject’s DTI space, and resulting transformation parameters 

applied to the subject’s WMH map.

2.5 Tract-derived measures

For each subject and each tract, mean FA was computed by superimposing the thresholded 

tract map to the subject’s FA image and included voxels from the normal appearing WM 

(NAWM) and WMH voxels. Tract-specific total volume was defined as the number of voxels 

within the tract multiplied by the image voxel size. Tract-specific WMH volumes were 

Seiler et al. Page 4

Neurobiol Aging. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



computed by superimposing, for each subject individually, the WMH map onto tract images, 

and by multiplying WMH voxels within the tract by the image voxel size. Tract-specific 

WMH ratio was calculated by dividing tract-specific WMH volume by the corresponding 

tract total volume. Tract-specific WMH ratios were log-transformed to normalize population 

variance.

2.6 Statistical analysis

To identify tracts of interest, we screened the 13 original tracts for univariate correlations 

with cognition (linear regression with tract-based mean FA as independent and cognitive test 

scores as dependent variables, adjusted for age, sex and education). Those 9 tracts that 

showed at least one significant correlation (p<0.05) with a cognitive test score were included 

in further analyses (supplementary table 1). Tract-specific WMH ratios of 9 tracts of interest 

can be seen in Table 2 and Fig. 1.

For visualization purpose only, individuals’ WM tract and WMH maps were coregistered to 

a DTI template available in FSL (Jenkinson et al., 2012) (FMRIB58_FA template). 

Frequency maps were generated and thresholded (20%), resulting in a composite image of 

WM tracts as illustrated in Fig.2.

MRI variables, including tract-specific FA, tract-specific WMH ratio (log-transformed), 

lobar GM volumes, and cognitive measures, including scores in LM, VR, PAS, TrA and 

TrB, were first regressed against age, gender, systolic blood pressure, fasting blood glucose, 

education level and TCV using linear regressions. Resulting residuals were used in all 

analyses described below.

The first objective of the study was to characterize the potential tract-specific vulnerability 

to WMH. To address this goal, we used a linear mixed-effects model to investigate whether 

WM tracts were differentially subject to WMH development and whether FA may play a 

role in this tract-specific vulnerability. Regression included tract-specific WMH ratio as the 

dependent variable, tract-specific FA and tract label as independent variables and random 

effects due to subject’s identity. In a complementary analysis, we repeated this regression 

using tract-specific FA computed within voxels from the NAWM only (i.e. not including 

WMH voxels). The results did not change substantially (see Supplementary Table 2).

The second goal of the study was to investigate the relationships between tract-specific FA 

and WMH ratio separately with regional GM volumes. To assess this goal, we used linear 

regressions with lobar GM volumes, which have been reported to strongly and 

independently correlate with cognition in one of our recent studies (Fletcher et al., 2018). 

GM volumes were segmented and served as separate dependent variables and either tract-

specific FA or WMH ratio as independent variables.

Results were corrected for multiple comparisons using Bonferroni correction. Because 

localized and global brain injuries are strongly correlated, we included overall mean FA or 

overall WMH burden (log-transformed) as additional covariates (table 3).

Finally, we investigated the associations between cognitive performance, including scores in 

LM, VR, PAS, TrA and TrB, and the integrity of WM tracts and GM lobes that were found 
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significantly associated using partial least squares regression (PLSR). PLSR searches for a 

set of components that perform a simultaneous decomposition of X (i.e. combination of 

neural measures) and Y (cognitive performance) with the constraint that these components 

explain as much as possible of the covariance between X and Y. In the present study, we 

performed a PLSR regression for each of the four combinations of neural measures (each 

GM lobar volume along with the corresponding associated WM tracts) and each of the five 

cognitive tests. Our analyses aim to investigate two things: first, which combination of 

neural measures accounts for more variance in each test performance (assessed by the R2); 

and second, within this combination, the implication of each of the neural measures, in term 

of load size. Resulting p-values were corrected for multiple comparisons using Bonferroni 

correction. Statistical analyses were performed using R version 3.0.2 (R Development Core 

Team, 2013, Vienna, Austria).

3. Results

3.1 Tract-specific vulnerability to WMH

Distribution of WMH ratios and mean FA values across tracts are reported in Table 2 and are 

illustrated in Figs. 1 and 3. WMH ratios were differently distributed across tracts. 5 tracts 

were particularly prone to WMH occurrence. FMA was most affected (mean±SD WMH 

ratio: 3.94±4.57%), followed by PTR (2.85±3.92%), IFO (2.09±3.31%), FMI (1.94±2.75%), 

and ILF (1.84±2.82%). Fig. 4 shows the spatial distribution at voxel level of WMH ratio 

within these tracts across the study sample.

Logistic regression revealed a significant effect of tract label (χ2=2665.55, p<0.001), 

indicating that WMH ratios were significantly different across tracts, and of mean FA 

(χ2=3.88, p=0.049), indicating that decreased FA was significantly associated with 

increased WMH ratio. The model also indicated a significant interaction between the two 

variables (χ2=942.87, p<0.001). Post hoc analyses revealed that decrease in FA was 

associated with higher risk of WMH occurrence for all tracts (table 2). Logistic regression 

curves for the relationships between tract-specific WMH ratios on tract-specific mean FA are 

illustrated in Fig. 5.

3.2 Associations of tract-specific FA and WMH with lobar GM volumes

Frontal lobe gray matter volume was found to be associated with CGH FA (β=0.16, p<0.05), 

FMA FA (β=0.15, p<0.05) and FMI FA (β=0.25, p<0.001). Occipital lobe gray matter 

volume was found to be associated with CGC FA (β=−0.15, p<0.01), FMA FA (β=0.25, 

p<0.001), FMI FA (β=0.18, p<0.01) and PTR FA (β=0.17, p<0.01). Parietal lobe gray matter 

volume was found to be associated with CGH FA (β=0.14, p<0.05) and FMI FA (β=0.20, 

p<0.001) and temporal lobe gray matter volume with CHG FA (β=0.23, p<0.001), FMA FA 

(β=0.20, p<0.001) and UNC FA (β=0.20, p<0.001).

FMA WMH were significantly associated with occipital GM volume only (β =−0.22, 

p<0.01) (table 3).
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3.3 Relationship of integrity of associated tract-specific FA and lobar GM with cognitive 
performances

PLS regressions were performed to investigate the association between scores in LM, VR, 

PAS, TrA and TrB, tract-specific FA, and lobar GM volumes that were found to be 

associated with these tracts (frontal lobe with CGH, FMA and FMI, occipital lobe with 

CGC, FMA, FMI and PTR, parietal lobe with CGH and FMI, and temporal lobe with CGH, 

FMA, and UNC). Scores on tests of memory function were found to be associated with the 

combination of temporal lobe gray matter volume with CGH, FMA, and UNC FA (LM: 

R2=0.018,p<0.05, VR: R2=0.038, p<0.001, PAS: R2=0.021, p<0.01), combination of parietal 

lobe gray matter volume with CGH and FMI FA (VR: R2=0.035, p<0.001 and PAS: 

R2=0.017,p<0.05) and combination of frontal lobe gray matter volume with CGH, FMA and 

FMI FA (VR: R2=0.028, p<0.001). Standardized component coefficients associated with 

these associations mostly implicated lobar GM volumes (Table 4).

Scores on tests of information processing speed were found to be associated with 

combination of temporal lobe gray matter volume with CGH, FMA and UNC FA (TrA: 

R2=0.053, p<0.001; TrB: R2=0.049, p<0.001), combination of occipital lobe gray matter 

volume with CGC, FMA, FMI and PTR FA (TrA: R2=0.052, p<0.001; TrB: R2=0.028, 

p<0.001), combination of frontal lobe gray matter volume with CGH, FMA and FMI FA 

(TrA: R2=0.047, p<0.001; TrB: R2=0.036, p<0.001) and combination of parietal lobe gray 

matter volume with CGH and FMI FA (TrA: R2=0.039, p<0.001; TrB: R2=0.035, p<0.001). 

Standardized component coefficients associated with these associations were balanced 

between tract-specific FA and lobar GM volumes (Table 4), except for the association 

between TrA and combination of frontal lobe gray matter with CGH, FMA and FMI FA that 

indicated a predominant role of tract integrity measures as opposed to frontal GM (0.088, 

0.100 and 0.084 vs. 0.012).

4. Discussion

Our study has three major findings. First, specific WM tracts are particularly vulnerable to 

WMH occurrence, including the posterior thalamic radiation, the forceps minor and major 

and the inferior fronto-occipital and longitudinal fasciculi. Second, tract-specific integrity, as 

expressed with FA, is associated with specific lobar GM volumes.

Third, performance on test of memory are mostly associated with integrity of lobar GM, 

while performance on tests of information processing speed are associated with both 

integrity of white matter tracts and lobar GM volumes. We discuss the significance of each 

finding in turn.

4.1 Spatial distribution of WMH among tracts

Recent studies suggest that WMH volumes in individual tracts explain more variance in 

cognition than total WMH burden, emphasizing the importance of lesion location when 

addressing the functional consequences of WMH (Biesbroek et al., 2016). It is therefore 

important to characterize age-related vulnerability of specific tracts to WMH in the 

cognitively normal population, which, so far, has received limited investigation. The present 

Seiler et al. Page 7

Neurobiol Aging. Author manuscript; available in PMC 2019 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



study suggests that WMH impact WM tracts differently in the older population within the 

posterior thalamic radiation, the forceps minor and major as well as two major association 

tracts, including the inferior fronto-occipital and longitudinal fasciculi, being particularly 

susceptible to WMH development, confirming recent findings from the Rotterdam study 

(Langen et al., 2017). Conversely, some tracts, including the cingulum, the superior 

longitudinal fasciculus and the uncinate, do not appear to be particularly vulnerable to 

WMH development. There are two potential hypotheses to explain such localized specificity 

in WMH development. First, it may be explained by the intrinsic organization of the 

underlying WM tracts (Lee et al., 2009). Indeed, WM tracts are composed of fibers that are 

different in terms of number and diameter (Mori and van Zijl, 2002); and while the present 

study, as others (Langen et al., 2017), found that integrity of all WM tracts decreases with 

age (data not shown), such specific-tract properties may impact the delay by which more 

severe injury, as expressed by WMH, occurs. Second, WMH development may be higher 

within tracts that belong to vascular territories. Indeed, it has been reported that occurrence 

of WMH is particularly high in the WM periventricular watershed areas (Duering et al., 

2013), but also in WM regions with increased free water content (Maillard et al., 2017) 

which may be more specific to the watershed of the middle cerebral artery circulation. 

Recent studies on brain aging combining DTI and FLAIR imaging suggest that WM 

degeneration is a continuous process over time with subtle changes in WM integrity, as 

reflected with FA, that ultimately lead to WMH (de Groot et al., 2013a; Maillard et al., 

2014). On tract-level, the relationship between WM integrity and WMH has been less well 

documented. The present study suggests that, in a community-dwelling population of 

healthy adults, microstructural integrity of specific tracts is associated with WMH burden 

within the corresponding tract. With regards to accumulating evidence that microstructural 

WM changes, that can occur as early as the fourth decade in life, precede WMH 

development in the overall WM (de Groot et al., 2013a; Maillard et al., 2014), our result 

suggests that, in specific tracts, subtle WM degeneration may lead to greater localized 

WMH. This notion is further supported by our finding that correlations between tract-wise 

average FA and tract-wise FA in NAWM with tract-specific WMH were of similar 

magnitude and direction. Longitudinal studies are needed to confirm the direction of 

causality for these associations.

4.2 Relationship of tract-specific FA with adjacent GM volumes

The brain white matter consists primarily of myelinated axons that form the anatomic 

connections between various brain regions resulting in specific functional networks 

(Waxman et al., 1995). Major efforts have been deployed to understand brain intrinsic 

networks through functional connectivity studies (Huettel, 2009). Yet, despite overwhelming 

evidence that activities in different GM regions are dependent upon the microstructural 

organization of the axons connecting them (Greicius et al., 2009; Langen et al., 2017), 

characterizing structural connectivity, in terms of integrity and physiology, of WM tracts and 

GM terminals connected to the tracts has received limited attention, especially among 

cognitively normal individuals. It has been reported that fiber tracts FA correlated inversely 

with cerebral blood flow, and the GM terminals connected to the tract also tended to have a 

lower temporal synchrony in resting-state BOLD signal fluctuation (Aslan et al., 2011). It 

has also been reported that incident lacunar infarcts, which occur preferentially in the 
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vicinity of WMH (Duering et al., 2013), are related to adjacent cortical thinning through 

microstructural damage of connected WM tracts (Duering et al., 2012; Duering et al., 2015). 

The present study extends these findings by showing that subtle WM injury, as expressed by 

FA in specific tracts also relates to specific lobar GM volumes. Larger frontal GM volume 

was found to be associated with higher FA within the FMI and FMA. Association with FMI 

is biologically relevant, as FMI constitutes a fiber bundle that connects bilateral frontal 

cortices via the genu of the corpus callosum. One hypothesis to explain the correlation 

between frontal GM and the FMA may be that neuronal networks communicate across other, 

more subtle tracts not included in the present study, which focused mainly on major WM 

tracts. In this context, one recent study on tract-based WMH and functional connectivity 

between specific cortex regions is of note. The authors found that tract-specific WMH within 

specific tracts altered functional connectivity between cortex regions that were connected by 

other, different tracts, which were even less affected by WMH (Langen et al., 2017) . The 

uncinate fasciculus and the hippocampal part of the cingulum correlated strongly with 

temporal lobe GM, in accordance with their anatomical localization (Jones et al., 2013; 

Wakana et al., 2004). A weaker correlation between parietal lobe volume and CGH might be 

due to smaller tracts that are not represented in our study, including subtle temporo-parietal 

connections (Szczepanski and Saalmann, 2013). Indirect connections that elude our analysis 

might be better amenable to structural connectome analysis, performed on high-resolution 

DTI data, which allows identification of much subtler direct- and indirect connections 

(Sporns, 2013). We accounted for a possible unspecific confounding effect of global FA on 

GM volume by including global FA as covariate in our analysis, but indirect relationships 

remained significant. It is therefore possible that other factors, like AD pathology or vascular 

risk, mediate some of the indirect relationships. Tract-specific WMH burden was not found 

to substantially impact lobar GM volume. One potential explanation resides in that, as 

described above, WMH are the extreme expression of more general injury (Maillard et al., 

2011), but subtle vascular injury, as evidenced with reduced FA, has been reported to start as 

early as the fourth decade (Maillard et al., 2012), and its cumulative deleterious impact, over 

time, on GM volume may reach a stage that, when WMH finally emerge, is already too 

advanced.

4.3 Association between integrity of associated WM tracts and GM lobes and cognitive 
performance

Variance in memory scores was found to be explained by lobar GM volume rather than tract-

specific FA. Associations mostly implicated parietal and temporal GM atrophy. Volume loss 

of parieto-temporal GM is a hallmark of AD and has been reported to be detectable even in 

healthy adults at risk for the disease (Dickerson et al., 2012) (Smith et al., 2007). Parieto-

temporal GM atrophy has also been found to identify cognitively healthy individuals at risk 

for future memory decline (Chiang et al., 2011) and MCI (Smith et al., 2007). Consistent 

with prior studies, which reported weak associations between WM tracts integrity and 

memory performance (Cremers et al., 2016), we also found largely weaker associations as 

compared to those with lobar gray matter volumes. One hypothesis is that GM volume is 

more sensitive to individual differences in memory performance than FA from the assessed 

tracts, because tracts that are more involved in memory processing were not extensively 

studied. Because of limitations of the FSL-tool used, we could not include the fornix, where 
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neurodegeneration-related tract effects may be greater (Ezzati et al., 2016). In this context, 

however, one of our recent studies is of interest. We found that fornix microstructure related 

to memory performance, but not independent of hippocampus volume (Lee et al., 2012). A 

similar overshadowing effect of volume over connected white matter tracts with respect to 

memory performance might apply in the present study. We included uncinate and cingulum 

bundle, which did not show a substantially higher correlation with memory performance, as 

compared to their connected GM volumes. It remains unclear why lobar volumes in our 

study are more sensitive to individual differences in memory performance. One explanation 

could be that other white matter connections, besides the fornix, could be important for 

memory and were not captured by our analysis.

While the importance of WM tract network integrity to maintain information processing 

speed is well established (Cremers et al., 2016; Kuznetsova et al., 2016), the understanding 

of the concomitant role of GM structures, along with that of their associated tracts, remains 

limited (Tartaglia et al., 2012). In the present study, most GM-tract-combinations identified 

by our linear regression models correlated more strongly with processing speed than with 

memory. Within these combinations, we found shared influence of the load sizes of both 

temporal, parietal and occipital GM volumes and their connected WM tracts on processing 

speed, in line with the hypothesis of influence of complex relationships between different 

lobar GM volumes, white matter tracts and scores of executive function including processing 

speed (Collette et al., 2006; Turken et al., 2008) . Interestingly, this finding did not include 

the combination of frontal GM with its respective associated tracts (FMI, FMA, CGH). 

Within this combination, the individual load sizes for tract integrity were found to be up to 

eight times larger than that of frontal GM volume. The FMI and FMA connect frontal-and 

occipital cortical areas across the midline via the corpus callosum and are important for 

executive functioning, including processing speed (Duering et al., 2014) (Catani et al., 2003; 

Sullivan et al., 2006). Our segmentation of the frontal lobe GM volume might be simply too 

coarse to find correlations with processing speed scores. Future studies might want to avoid 

this constraint by using finer parcellations of the frontal GM.

4.4 Strengths and limitations

Strengths of our study are the large, population based sample with quantitative and sensitive 

measurements of WM integrity, thorough vascular risk factor assessments and detailed 

neuropsychological testing. We combined quantification of tract-specific alterations on a 

micro-and macrostructural level using modern and publicly available tractography methods 

(de Groot et al., 2013b), and assessed the relationship between these white matter tract-

specific alterations and gray matter volumes, to show their shared influences on processing 

speed and memory performance while correcting for effects of whole-brain micro-and 

macrostructural damage, age, and vascular risk factors. There are also limitations. Although 

the tract segmentation algorithm covers a fairly large number of white matter tracts (de 

Groot et al., 2013b), there are still other direct-and indirect white matter connections 

(Sporns, 2013) that are not segmented and therefore elude to our analysis. Future studies 

might want to use full graph analysis with a finer cortical- and subcortical parcellation to get 

a more fine-grained picture of the relationships between small cortical regions including 

hippocampus and thalamus, and more localized WM tracts. Furthermore, the biological 
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mechanisms by which altered tract microstructure may lead to atrophy of localized GM has 

to be determined. The present study does not enable to determine whether GM atrophy 

results from dendritic and cell-body atrophy or from neuronal loss as suggested by a recent 

study that examined the relationship between cortical neurofibrillary tangle counts and 

subcortical white matter integrity in the parietal region of individuals suffering with 

Alzheimer’s disease (McAleese et al., 2017). An alternative likely mechanism may be 

secondary neurodegeneration after the disruption of subcortical axons by vascular injury 

leading to transected neuronal degeneration as previously shown for lesions of the optic 

nerve and animal models of axotomy (Siffrin et al., 2010). Future studies will want to 

include neuroimaging techniques like FDG-PET, Amyloid-PET and tau-PET as well as AD 

genotyping to identify participants at risk for Alzheimer’s disease to more thoroughly 

identify prevalent Alzheimer’s pathology. The cross-sectional design of the present study 

does not permit conclusions on the chronology and direction of causality, either unilateral or 

bilateral, of these associations. Further longitudinal studies are needed to clarify these 

questions. Finally, the FHS cohort is mostly of white descent and therefore does not fully 

represent the general population of the United States. Replication of our results in an 

ethnically more diverse cohort would be warranted.

5. Conclusion

The present study finds that subtle microstructural WM tract degeneration is associated with 

tract-specific injury as reflected by higher WMH load, and with specific lobar GM atrophy. 

The integrity of associated WM tracts and lobar GM volumes was found to impact 

differentially episodic memory and information processing speed. These findings are of 

importance to better understand the impact of located vascular damage, either alone or in 

combination with neurodegeneration, on cognitive functions in normal aging.
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Highlights

Tract-specific WMH relate to tract-specific microstructural integrity (FA)

Tract-specific FA relates to specific cortical gray matter volumes

Combinations of tracts and cortical gray matter volumes are associated with cognition

Information processing speed relates to tract and cortical integrity

Memory relates more to cortical integrity
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Fig.1. Boxplot of tract-specific white matter hyperintensities (WMH) ratio
Abbreviations: CGC: cingulate gyrus part of cingulum, CGH: parahippocampal part of 

cingulum, FMA: forceps major, FMI: forceps minor, IFO: inferior fronto-occipital 

fasciculus, ILF: inferior longitudinal fasciculus, SLF: superior longitudinal fasciculus, PTR: 

posterior thalamic radiation, UNC: uncinate fasciculus.
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Fig.2. Composite map of white matter tracts
Composite map illustrates the frequency map (thresholded at 20%) for the nine white matter 

tracts, including the forceps major (FMA), forceps minor (FMI), inferior fronto-occipital 

fasciculus (IFO), inferior longitudinal fasciculus (ILF), posterior thalamic radiation (PTR), 

cingulate gyrus part of cingulum (CGC), parahippocampal part of cingulum (CGH), superior 

longitudinal fasciculus (SLF) and uncinate fasciculus (UNC). Colors onto the cortical 

surface indicate lobar regions.
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Fig.3. Boxplot of tract-specific mean fractional anisotropy (FA)
Abbreviations: CGC: cingulate gyrus part of cingulum, CGH: parahippocampal part of 

cingulum, FMA: forceps major, FMI: forceps minor, IFO: inferior fronto-occipital 

fasciculus, ILF: inferior longitudinal fasciculus, SLF: superior longitudinal fasciculus, PTR: 

posterior thalamic radiation, UNC: uncinate fasciculus.
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Fig. 4. Percentage of individuals with white matter hyperintensities at a voxel location
Spatial distribution of white matter hyperintensities in the study sample among nine different 

tracts including the forceps major (FMA), forceps minor (FMI), inferior fronto-occipital 

fasciculus (IFO), inferior longitudinal fasciculus (ILF), posterior thalamic radiation (PTR), 

cingulate gyrus part of cingulum (CGC), parahippocampal part of cingulum (CGH), superior 

longitudinal fasciculus (SLF) and uncinate fasciculus (UNC).
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Fig.5. Logistic regression curves.
Logistic regression curves relating tract-specific mean fractional anisotropy (FA) and white 

matter hyperintensities (WMH) ratio within the following tracts: CGC: cingulate gyrus part 

of cingulum, CGH: parahippocampal part of cingulum, FMA: forceps major, FMI: forceps 

minor, IFO: inferior fronto-occipital fasciculus, ILF: inferior longitudinal fasciculus, SLF: 

superior longitudinal fasciculus, PTR: posterior thalamic radiation, UNC: uncinate 

fasciculus.
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Table 1

Subject characteristics

mean/median/N SD Range/IQR

Age (y) 71.70 7.71 50.73; 91.52

Gender (male) 283 NA NA

Systolic Blood Pressure (mmHg) 125.40 14.98 88.00; 196.00

Fasting blood glucose (mg/dl) 102.10 19.24 69.00; 273.00

Total cranial volume (mm3) 1413.01 138.11 1063.19; 1899.36

Total white matter hyperintensities volume (cm3) 5.45 NA 2.38; 10.86

Overall mean fractional anisotropy (×10-3 mm/s2) 0.32 0.02 0.24; 0.46

Continuous data are presented as mean, standard deviation (SD) and range when normally distributed and as median and interquartile range (IQR) 
otherwise. Categorical variables are shown as N.
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Table 2

Tract-specific fractional anisotropy and white matter hyperintensities ratio distribution and association

FA WMH ratio (%)

Tract Mean SD Mean SD Median Odds Ratio

CGC 0.29 0.025 0.03 0.25 0 1.95 (<0.001) [1.8; 2.11]

CGH 0.17 0.016 0.01 0.06 0 0.71 (<0.001) [0.634; 0.80]

FMA 0.37 0.039 3.94 4.57 2.34 1.21 (<0.001) [1.2; 1.21]

FMI 0.36 0.040 1.94 2.75 1.12 1.09 (<0.001) [1.08; 1.1]

IFO 0.32 0.024 2.09 3.31 0.82 1.55 (<0.001) [1.54; 1.56]

ILF 0.31 0.022 1.84 2.82 0.75 1.59 (<0.001) [1.58; 1.6]

PTR 0.26 0.021 2.85 3.92 1.40 1.30 (<0.001) [1.29; 1.3]

SLF 0.33 0.025 0.87 3.70 0 4.01 (<0.001) [3.97; 4.04]

UNC 0.22 0.022 0.22 0.68 0 1.33 (<0.001) [1.3; 1.37]

Descriptive statistics for tract-specific fractional anisotropy (FA) and white matter hyperintensities (WMH) ratio in the sample. Odds ratio (p value) 
[95%CI] corresponds to the odds of increase in WMH ratio unit associated with a unit decrease in standardized FA. SD: standard deviation, CGC: 
cingulate gyrus part of cingulum, CGH: parahippocampal part of cingulum, FMA: forceps major, FMI: forceps minor, IFO: inferior fronto-occipital 
fasciculus, ILF: inferior longitudinal fasciculus, SLF: superior longitudinal fasciculus, PTR: posterior thalamic radiation, UNC: uncinate fasciculus.
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Table 4

Associations between scores of memory and processing speed and integrity-related MRI components

Memory Processing Speed

LM VR PAS TrA TrB

Frontal 0.042 0.100 0.021 0.012 0.050

CGH 0.058 0.060 0.082 0.088 0.084

FMA 0.026 0.043 0.084 0.100 0.076

FMI 0.026 0.041 −0.071 0.084 0.059

R2 0.011 0.028 *** 0.014 0.047 *** 0.036 ***

Occipital 0.001 0.058 0.030 0.040 0.053

CGC −0.054 −0.006 −0.087 0.044 0.014

FMA 0.039 0.046 0.07 0.089 0.070

FMI 0.039 0.045 −0.059 0.073 0.055

PTR 0.024 −0.003 −0.035 0.088 0.053

R2 0.007 0.011 0.016 0.052 *** 0.028 ***

Parietal 0.025 0.140 0.110 0.051 0.077

CGH 0.073 0.075 0.071 0.110 0.110

FMI 0.032 0.052 −0.062 0.110 0.079

R2 0.009 0.035 *** 0.017 * 0.039 *** 0.035 ***

Temporal 0.061 0.130 0.092 0.059 0.089

CGH 0.059 0.065 0.039 0.092 0.091

FMA 0.026 0.046 0.040 0.110 0.081

UNC 0.054 0.039 0.045 0.083 0.072

R2 0.018 * 0.038 *** 0.021 ** 0.053 *** 0.049 ***

Standardized component coefficients from partial least squares regressions including cognitive performance in memory (Logical Memory (LM), 
Paired Associates (PAS), Visual Reproductions (VR)), and information processing speed (Trail Making Test A (TrA) and B (TrB)) as dependent 
variables and combination of lobar gray matter (GM) volumes and fractional anisotropy of tracts identified as associated (table 3) as independent 
variables. Cognitive and MRI measures were formerly adjusted for age, gender, total cranial volume, education level, systolic blood pressure and 

blood glucose level. R2 indicates the correlation coefficient associated with the model.

***
: p value < 0.001

**
: p value <0.01

*
: p value<0.05.

CGC: cingulate gyrus part of cingulum, CGH: parahippocampal part of cingulum, FMA: forceps major, FMI: forceps minor, IFO: inferior fronto-
occipital fasciculus, ILF: inferior longitudinal fasciculus, SLF: superior longitudinal fasciculus, PTR: posterior thalamic radiation, UNC: uncinate 
fasciculus.
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