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Abstract

Executive function (EF) and cognitive processing speed (CPS) are two cognitive performance 

domains that decline with advanced age. Reduced EF and CPS are known to correlate with age-

related frontal-lobe volume loss. However, it remains unclear whether white matter microstructure 

in these regions is associated with age-related decline in EF and/or CPS. We utilized quantitative 

tractography metrics derived from diffusion-tensor MRI to investigate the relationship between the 

mean fiber bundle lengths (FBLs) projecting to different lobes, and EF/CPS performance in 73 

healthy aging adults. We measured aspects of EF and CPS with the Trail Making Test (TMT), 

Color-Word Interference Test, Letter-Number Sequencing (L-N Seq), and Symbol Coding. 

Results revealed that parietal and occipital FBLs explained a significant portion of variance in EF. 

Frontal, temporal and occipital FBLs explained a significant portion of variance in CPS. Shorter 
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occipital FBLs were associated with poorer performance on the EF tests TMT-B and CWIT 3. 

Shorter frontal, parietal, and occipital FBLs were associated with poorer performance on L-N Seq 

and Symbol Coding. Shorter frontal and temporal FBLs were associated with lower performance 

on CPS tests TMT-A and CWIT 1. Shorter FBLs were also associated with increased age. Results 

suggest an age-related FBL shortening in specific brain regions related to poorer EF and CPS 

performance among older adults. Overall, results support both the frontal aging hypothesis and 

processing speed theory, suggesting that each mechanism is contributing to age-related cognitive 

decline.
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1. Introduction

It is widely established that cognitive changes occur with the aging process (McDowell, Xi, 

Lindsay, & Tukko, 2004). Executive function (EF) is particularly sensitive to age-related 

changes (Raz, Gunning-Dixon, Head, Dupuis, & Acker, 1998). Along with EF, tasks that 

require rapid responses driven by cognitive processing speed (CPS) are likely to be 

compromised with advanced age (Jacobs et al., 2013; Lee et al., 2012; Lu, Lee, Tishler, 

Meghpara, Thompson, & Bartzokis, 2013).

Multiple processes mediate age-related cognitive decline; however, particular attention has 

focused on frontal lobe dysfunction as a major driver of cognitive changes in advanced age. 

The frontal aging hypothesis (Greenwood, 2000) suggests that cognitive performance on 

tasks associated with frontal brain regions (e.g., EF) is most vulnerable to aging processes. 

Normal age-related frontal lobe deterioration leads to neuropsychological impairments that 

are similar in nature and severity to individuals with frontal lobe lesions (Dempster, 1992). 

Others have noted, however, that aging effects are not restricted to the frontal lobe, but also 

involve other brain areas such as the temporal region (West, 1996). As such, the frontal 

aging hypothesis may be too restrictive, ignoring the complementary role between the 

prefrontal cortex and other areas such as the inferotemporal cortex (Fuster, Baurer, & 

Jervey, 1985; Yajeya, Quintana, & Fuster, 1988). Nonetheless, the importance of the frontal 

lobe to cognitive aging cannot be discarded.

The processing speed theory put forth by Salthouse (Salthouse, 1996) has gained support as 

an explanation of age-related cognitive difficulties beyond processes encapuslated by the 

frontal aging hypothesis. This theory suggests that overall cognitive performance is 

degraded due to slower execution of tasks such as divided thinking, inhibition, and 

resistance to distractions. Jacobs et al. (2013) identified empirical support for both the 

frontal aging hypothesis and processing speed theory by emphasizing the important 

relationship between EF and CPS. A similar study found considerable overlap between 

execution of tasks associated with EF and those related to CPS when investigating white 

matter (WM) integrity (Albinet, Boucard, Bouquet, & Audiffren, 2012). Results indicated 

that age-related variance in measures of EF overlapped with variance in measures of CPS, 
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implying that deficits in EF may be due to a slowing of CPS. Additional studies have 

underlined the importance of both EF and CPS in meditating the cognitive changes seen 

with advanced age. (Bugg, Zook, DeLosh, Davalos, & Davis, 2006; Charlton et al., 2008; 

Schretlen et al., 2000).

Along with cognitive decline, prior studies have identified reduced brain volume in older 

age (Allen, Bruss, Brown, & Damasio, 2005; Brickman et al., 2006; Cowell et al., 1994). 

White matter atrophy typically follows a geometric progression with age, and more overt 

changes (i.e., increased WM hyperintensity burden) are observed during middle adulthood 

(Jernigan et al., 2001; Raz & Rodrigue, 2006; Sowell et al., 2003). Multiple studies have 

demonstrated patterns of increased WM volume until the fourth decade, followed by 

reduced volume over time (Allen et al., 2005; Guttman et al., 1998). Histologic and 

magnetic resonance imaging (MRI) patterns of myelin integrity indicate that 

oligodendrocytes in later-myelinated areas (i.e., frontal lobes) are more susceptible to 

volumetric decline associated with advanced age (Bartzokis, Beckson, Neuechterlein, 

Edwards, & Mintz, 2001; Bartzokis et al., 2003; Bartzokis et al., 2007; Cowell et al., 1994; 

Jernigan et al., 2001; Raz & Rodrigue, 2006).

The microstructural basis of age-related WM changes and their relationship to EF and CPS 

as well as other cognitive abilities is unclear. In MRI diffusion-tensor imaging (DTI), the 

microscopic movements of water molecules are measured in living human brain tissues. The 

degree to which diffusion is directionally-dependent in ordered tissues is indicated by the 

scalar measure of anisotropy. Diffusion in cerebral WM is highly anisotropic due to the fast 

diffusion of water molecules along neuronal fiber bundles, whereas diffusion is slower 

across fiber bundles. Directionally-averaged mean diffusivity (MD) is another scalar 

measure that provides information about total diffusion rate within a voxel independent of 

tissue orientation. Water diffusion in the tissue exhibits anisotropy (directionality), 

providing sensitivity to microstructural changes in WM. Measurements of anisotropy and 

MD in WM are sensitive to age-related changes in WM (Bennett, Madden, Vaidya, Howard, 

& Howard, 2010; Correia et al., 2008; Madden, Bennett, & Song, 2009; Mosely, 2002). As 

such, both anisotropy and MD can detect microscopic effects of aging in both normal and 

diseased states. Higher anisotropy reflects more-intact WM pathways (and vice versa) 

(Madden et al., 2009). Conversely, with greater integrity, MD values typically decrease in 

WM (Sullivan & Pfefferbaum, 2006). Further, WM degeneration evidenced on DTI 

correlates with age-related cognitive decline (Madden et al., 2009; Salat et al., 2005; 

Voineskos et al., 2012). Charlton et al. (2006) revealed that cognitive performances on tests 

of working memory, EF, and CPS correlated with changes in anisotropy and MD. It has also 

been demonstrated that anisotropy relates to cognitive switching in older adults (Madden et 

al., 2009).

DTI can also measure the orientation of fiber bundles, which forms the basis for tracking 

neuronal fiber pathways (Conturo et al., 1999; Mori, Crain, Chacko, & Van Zijl, 1999). 

Quantitative tractography metrics (QTM) can be utilized to further investigate the 

microstructural integrity of the aging brain. Region-of-interest (ROI) measurements of DTI 

scalar metrics can be less sensitive to pathologic changes than measurements involving 

tractography (Tate et al., 2010). In this method, track lines are computed and geographically 
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rendered to represent neuronal fiber bundles. Basic DTI scalar metrics are combined with 

information about the curvature and detailed directionality of the WM paths in order to 

provide a more complete description of WM fiber bundles (Correia et al., 2008). This 

technique has successfully identified changes in WM tracts (Bolzenius et al., 2013; Correia 

et al., 2008; Salminen et al., 2013; Tate et al., 2010).

Prior to QTM technology, fiber length (FBL) could only be investigated using animal and 

autopsy studies (Conturo et al., 1999). Such post-mortem studies have revealed frontal WM 

fiber length reductions that are associated with older age (Marner, Nyengaard, Tang, & 

Pakkenberg, 2003; Tang, Nyengaard, Pakkenberg, & Gundersen, 1997). Based on these 

data, it has been proposed that the lengths of axonal fibers are particularly decreased in 

shorter, smaller-diameter myelinated fibers (Marner et al., 2003). As a sensitive noninvasive 

measure, tractography can help determine the location of FBL changes, whether these 

changes are a function of normal aging, and whether these changes are capable of impacting 

cognitive performance. We have recently reported significant alterations in FBL among 

older individuals compared to younger individuals (Baker et al., 2014), but no study has 

examined these imaging metrics in combination with cognitive performance.

The present study utilized QTM to determine whether lobar FBLs are significantly 

associated with cognitive performance in the domains of EF and CPS among healthy older 

adults. Based on previous studies focused on WM volume, cognitive ability, and age, it can 

be postulated that reduced FBLs in WM tracts are associated with reduced cognitive ability. 

Further, age-related compromise of fiber length may represent a biomarker of cognitive 

deficits observed in older adults (Marner et al., 2003; Meier-Ruge, Ulrich, Brühlmann, & 

Meier, 1992). As such, we hypothesized that shorter FBL by lobe would be significantly 

associated with poorer performance on cognitive measures of EF and CPS in a healthy-aging 

population.

2. Methods

2.1 Participants

Baseline MRI and behavioral data were acquired from individuals between the ages of 51 

and 85 years who were recruited for a longitudinal study on cognitive aging. Participants 

were recruited from the local community using print and radio ads; additional participants 

were recruited from the Research Participant Registry of the Washington University Institute 

of Clinical and Translational Sciences (ICTS). The Mini Mental Status Examination 

(MMSE; Folstein, Folstein, & McHugh, 1975) was administered to exclude individuals with 

possible dementia. One participant was removed from the study prior to data analysis, due to 

inability to perform one of the cognitive tests. The final sample size was 73 participants 

(male n = 25, female n = 48). The sample was primarily composed of Caucasian Americans 

(n = 54) and African Americans (n = 14). Demographics are listed in Table 1. Indivduals 

with missing data were (max = 2 individuals) due to administration error or computer error 

removed from the analysis involving that test (see Table 2). Exclusion criteria included any 

medical condition that could significantly affect cognitive functioning, history of traumatic 

brain injury resulting in loss of consciousness greater than five minutes, learning disorders, 

substance abuse issues, and a diagnosis of any major psychiatric disorder (e.g., all Axis I and 
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II disorders with the exception of treated depression). Full exclusion criteria are described in 

(Paul et al., 2011). The study was approved by the Institutional Review Boards of the 

respective institutions. All participants provided informed consent and were financially 

compensated for their participation.

2.2 MRI Protocol

Imaging acquisition took place using a head-only Magnetom Allegra 3T MRI scanning 

system (Siemens Medical Solutions, Erlangen, Germany) at Washington University - St. 

Louis. For quality assurance, identical pulse sequences and movement minimization tactics 

(e.g., tape across the forehead) were consistent throughout the course of the study. To ensure 

data reliability, daily quality control tests were performed, and stability was maximized by 

avoiding modifications to scanning software and equipment. This scanner has high-

performance gradients (max strength 40 mT/m in a 100-microsecond rise time on all three 

axes simultaneously; maximum slew rate 400 T/m/s on each axis), limiting the session time 

to one hour. Head placement was confirmed by a preliminary scout scan composed of three 

orthogonal planes.

2.3 Structural MRI Acquisition

Structural whole brain scans were collected through use of a T1-weighted magnetization-

prepared rapid acquisition gradient echo (MP-RAGE) sequence; a T2-weighted multislice 

turbo spin echo (TSE) sequence; and a T2-weighted multislice fluid-attenuated inversion-

recovery (FLAIR) TSE sequence. Slice coverage, field of view (FOV), and other acquisition 

parameters are described in our initial study (Paul et al., 2011) in which the structural MRI 

acquisition parameters were established.

2.4 Diffusion-Weighted Imaging (DWI) Acquisition

Axial diffusion-weighted images were acquired using a customized in-house single-shot 

multislice echo-planar pulse sequence. The tensor was encoded using 31 non-collinear 

diffusion-encoded directions consisting of 4 tetrahedral directions (Conturo, McKinstry, 

Akbudak, & Robinson, 1996) and 27 interspersed directions (diffusion weighting of b = 996 

s/mm2). Five I0 acquisitions with a diffusion weighting of ~0 s/mm2 were also employed to 

capture a reference T2-weighted image volume with high signal-to-noise ratio (SNR). The 

following parameters were used: TE = 86.2 ms; TR = 7.82 s; 64 contiguous 2.0-mm slices; 

and an acquisition matrix of 128 x 128 with a field of view of 256 x 256 mm (isotropic 2.0 x 

2.0 x 2.0 mm voxels). Two scan repeats were acquired, resulting in 10 T2-weighted (I0) 

volumes and 62 diffusion-weighted volumes. In addition, a custom protocol was used to 

allow for floating-point DWI image reconstruction. Prior studies have utilized this 

methodology (Bolzenius et al., 2013; Salminen et al., 2013).

2.5 Post-processing, Track Calculation/Extraction, and Length Measurement

Subject movement during scan time was corrected by registering each participant’s DWI 

and diffusion-encoding vectors to the I0 image using FSL FLIRT (mutual information 

metric; Jenkinson, Bannister, Brady, & Smith, 2002). Using dti_recon from the Diffusion 

Toolkit (DTK; Wang, Benner, Sorensen, & Wedeen, 2007), voxel-wise tensors and 
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fractional anisotropy (FA) were computed from the diffusion-encoding vectors, b-values, 

and DWIs. The diffusion tensor field was calculated using trilinear interpolation, from 

which curvilinear track lines (“tracks”) were constructed to represent WM fiber bundles. 

Tracks were computed using FACT (Mori et al., 1999), a continuous algorithm with one 

seed per voxel. Tracks were terminated if the FA fell below a threshold of 0.15, or if the step 

angle exceeded a threshold of 35 degrees over 1 mm. In order to isolate the tracks associated 

with a specific lobe, tracks were extracted if they passed into a lobar spatial selection 

volume (SSV; Conturo et al., 1999; Lori et al., 2002), and if they were a minimum of 10 mm 

in length. Because both low SNR and low pathway anisotropy can lead to foreshortening of 

tracks due to premature track termination (Lori et al., 2002), we used high-SNR acquisition 

conditions, conservative stopping criteria, and a length criterion to minimize this 

foreshortening effect. These approaches support the reliability of the length measurements. 

The stopping and length criteria are also consistent with previously used extraction methods 

(Correia et al., 2008), and provided optimal results that correspond to well-known WM 

structures.

To define the lobar SSVs, the FA image was registered to the ICBM T1 atlas (Mazziotta et 

al., 2001) utilizing FSL FLIRT (Correia et al., 2008). The lobar labels were mapped to each 

subject’s DWI space (Jenkinson et al., 2002) with nearest-neighbor interpolation. Brain 

regions included the frontal, temporal, parietal, and occipital lobes bilaterally, as well as the 

insular region. This provided a set of ten SSVs. Tracks were assigned to a specific lobe if at 

least one endpoint of the track was inside either the right or left lobe. A track could have 

both endpoints solely within one lobe of one hemisphere, or a track could project 

ipsilaterally to another lobe (in the same hemisphere), or could even project contralaterally 

(across the midline) to the same or different lobe. For example, a track with both endpoints 

in the right temporal lobe was assigned to be “temporal”. A track with endpoints in the right 

and left temporal lobe was also assigned to be “temporal”. A track with endpoints in the 

right temporal lobe and right parietal lobe was assigned to be both “temporal” and 

“parietal”. The logic of assigning tracks to lobes is further described in (Baker et al., 2014; 

Bolzenius et al., 2013; Salminen et al., 2013). For each subject, the mean track length was 

computed from the arc lengths and was normalized to intracranial volume. Prior to statistical 

comparison, FBLs were corrected for head size by using normalized algorithms combing the 

total number of streamtubes, summed length of the streamtubes, and weighted length 

metrics for linear and fractional anisotropy in each WM track. Further details of the 

normalization process are explained in previous work from our group (Bolzenius et al., 

2013; Baker et al., 2014; Correia et al., 2008; Salminen et al., 2013). Visulizations of mean 

FBL by lobe are depicted for a single subject (see Figure 1) and for inter subject variability 

(see Figure 2).

2.6 Cognitive Testing

Neuropsychological testing was completed within 30 days of MRI acquisition. The battery 

was administered to each participant using standardized testing procedures. Measurements 

of EF and CPS were obtained through the following tasks.
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2.6.1 Measures of EF

Trail Making Test Part B: The Trail Making Test (TMT) depends primarily on frontal 

lobe activation, and contains two conditions, A and B (Charlton et al., 2008; Moscovitch & 

Winocur, 1992). In the B condition of the Trail Making Test (TMT-B), participants are 

required to sequentially connect numbers and letters in an alternating pattern. Time to 

completion served as the dependent variable.

Color-Word Interference Test Conditions 3 & 4: The third portion of Color-Word 

Interference Test (CWIT 3), a subtest from the Delis-Kaplan Executive Function System (D-

KEFS), predominantly focuses on interference by having participants name the specified ink 

color of incongruently colored words (i.e. the word “red” depicted in green ink). The fourth 

portion of this test (CWIT 4) increases the difficulty by adding an additional level of 

inhibition. Participants must follow the same directions as in CWIT 3, but are told to read 

the word instead of naming the ink color when the stimulus is contained inside a box. 

Completion time in seconds was used as the dependent variable in both conditions.

Letter-Number Sequencing: Letter-Number Sequencing (L-N Seq) is a subtest obtained 

from the Wechsler Adult Intelligence Scale (WAIS-III) that measures working memory. 

Completion of the task requires participants to mentally organize a string of random orally-

presented letters and numbers in alphabetical and numerical order. Total number of correct 

responses served as the dependent variable.

2.6.2 Measures of CPS

Trail Making Test Part A: The TMT-B condition is described above. The TMT-A 

condition assesses attention, information processing, graphomotor speed, and visuospatial 

tracking while participants try to correctly connect 25 sequentially numbered circles as fast 

as possible. Completion time in seconds served as the dependent variable.

Color-Word Interference Test Condition 1: The first portion of the Color-Word 

Interference Test (CWIT 1) predominantly focuses on mental speed and control by having 

participants name the patches of ink color in order of presentation, as quickly as possible 

without making errors. Completion time in seconds served as the dependent variable.

Symbol Coding: This subtest of the Repeatable Battery for the Assessment of 

Neuropsychological Status (RBANS) measures processing speed. The task consists of boxes 

containing a numeral in the top line and a symbol in the bottom line. The participant must 

then write the symbol corresponding to each numeral in the worksheet provided. The 

participant must work as quickly as possible without making errors. The number of correct 

items recorded in 90 seconds served as the dependent variable.

2.7 Statistical Analyses

Multivariate linear models were used to examine the relationship between age and cognitive 

measures of the EF and CPS with FBL. As described above, the EF domain consisted of 

TMT-B, CWIT 3, CWIT 4, and L-N Seq scores, while the CPS domain consisted of CWIT 

1, TMT-A, and Symbol Coding scores. In the age-FBL multivariate analysis, the mean FBL 
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measures by lobe were entered as dependent variables, and age was entered as a predictor. In 

the FBL-cognition multivariate analysis, each FBL measure by lobe was entered as a 

predictor, and raw scores for each cognitive task were entered as dependent variables. 

Additional follow-up univariate linear models tested to what extent age predicted each mean 

FBL, and to what extent mean FBL by lobe predicted each cognitive measure. In each age-

FBL univariate model, the FBL measure was entered as the response, and age was entered as 

the predictor. In each FBL-cognition univariate model, the cognitive measure was entered as 

the response, and each mean FBL was entered as a predictor. To adjust for the effect of age 

in the FBL-cognition analysis, we also performed multivariate and univariate FBL-cognition 

models with age included as an additional covariate (see supplemental information for 

results). Mean FBL and cognitive test measures were logarithmically (base-10) transformed 

before inclusion in the models since all the measures were positive and demonstrated curved 

non-linear relationships between the responses and predictors. This transformation, 

suggested by Tukey’s Bulging Rule, yields better linear representation and better 

satisfaction of the assumptions of the linear model. All statistical computations were carried 

out in R (version 2.15.2, http://cran.r-project.org), and all p-values are two-sided.

3. Results

Age explained a significant portion of the FBL variance (Pillai-Bartlett statistic = 0.16, 

approximate F(5,67) = 2.0, p = 0.039 in the multivariate linear model for all FBL measures. 

A 1-year increase in age predicted a statistically-significant 0.14% decrease in mean frontal 

FBL (t(71) = −2.90, p = 0.005) and a statistically-significant 0.18% decrease in mean 

temporal FBL (t(71) = −2.92, p = 0.005). A 1-year increase in age was also marginally 

significant with decreases in mean occipital FBL (t(71) = −1.69, p = 0.09) and in mean 

parietal FBL (t(71) = −1.70, p = 0.09). The relation between age and insular FBL was not 

statistically significant (p = 0.96). The univariate results are detailed in Table 3.

In the EF domain, before age adjustment, mean parietal FBL explained a significant portion 

of the behavioral variance (Pillai-Bartlettt statistic = 0.17, approximate F(4, 64) = 3.40, p = 

0.015) in the multivariate linear model. After adjusting for age, mean parietal FBL remained 

significant (Pillai-Bartlettt statistic = 0.15, approximate F(4,63) = 2.79, p = 0.034). Mean 

occipital FBL was marginally significant in the multivariate analysis (Pillai-Bartlettt statistic 

= 0.11, approximate F(4, 64) = 2.0, p = 0.10) before the age adjustment but was no longer 

statistically significant after adjusting for age (Pillai-Bartlettt statistic = 0.09, approximate 

F(4,63) = 1.57, p = 0.19). All other FBLs were not significant in this EF analysis (p-values > 

0.39) with or without age adjustment. For the CPS domain before age adjustment, mean 

frontal FBL (Pillai-Bartlettt statistic = 0.13, approximate F(3, 66) = 3.00, p = 0.029) and 

mean occipital FBL (Pillai-Bartlettt statistic = 0.15, approximate F(3, 66) = 4.00, p = 0.013) 

explained a significant portion of the behavioral variance, while all other FBLs were not 

significant (p-values > 0.19). After correcting for age, mean occipital FBL (Pillai-Bartlettt 

statistic = 0.12, approximate F(3, 65) = 2.83, p = 0.045) remained significant, while all other 

FBLs were not significant (p-values > 0.21). The multivariate results are detailed in Table 4.

In the EF domain, a 1% decrease in mean parietal FBL predicted an average decrease of 

0.51% in L-N Seq scores (t(69) = 2.54, p = 0.013) and a 1% decrease in mean occipital FBL 
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predicted a marginally significant 0.62% increase in TMT-B completion time (t(71) = −1.94, 

p = 0.056). There were also trends in the occipital and frontal FBLs with respect to L-N Seq, 

and a trend in the occipital FBL with respect to CWIT 3.

In the CPS domain, a 1% decrease in mean frontal FBL predicted a 1.39% increase in 

completion time for TMT-A (t(70) = −3.11, p = 0.0027). A 1% decrease in mean temporal 

FBL predicted a 0.86% increase (t(70) = −2.33, p = 0.023) in TMT-A completion time. For 

CWIT 1, a 1% decrease in mean frontal FBL predicted 0.51% increase in completion time 

(t(69) = −2.55, p = 0.013). For Symbol Coding, a 1% decrease in mean frontal FBL 

predicted a 0.59% decrease (t(70) = 2.31, p = 0.024), and a 1% decrease in mean occipital 

FBL predicted a 0.46% decrease (t(70) = 3.41, p = 0.001). Details of the univariate results, 

and trends that did not reach statistical significance, are shown in Table 5.

4. Discussion

To our knowledge this is the first study to investigate the relationship between lobar fiber 

bundle length (FBL) and cognitive performance in a sample of healthy older individuals. 

Both EF measures and CPS measures revealed lower performance in association with 

shortened FBLs across various lobes. Specifically, for EF measures, performance on TMT-B 

was associated with shorter fiber bundles originating or terminating in the occipital lobe. 

The EF measure of L-N Seq was associated with shorter FBLs in frontal, occipital, and 

parietal lobes. Regarding CPS measures, lower performance on TMT-A was associated with 

shorter FBLs for frontal and temporal lobes whereas CWIT 1 was associated with shorter 

FBLs in the frontal lobe. Finally, Symbol Coding was associated with shorter FBLs in 

frontal, occipital, and parietal lobes.

In terms of anatomical region, a reduced length of fiber bundles connecting to/from the 

frontal lobe was found to be associated with poorer performance in both EF (LN-Seq) and 

CPS (TMT-A, CWIT 1, and Symbol Coding) cognitive domains. FBLs originating/

terminating in parietal lobe were also associated with performance in EF (LN-Seq) and CPS 

(Symbol Coding) domains. FBLs related to the occipital lobe were associated with both EF 

(LN-Seq, TMT-B) and CPS (Symbol Coding) scores. Only for the temporal lobe did FBLs 

show a relation to only one domain (CPS score of TMT-A). Collectively, the findings from 

the present study suggest that cognitive decline is related to compromised FBL in various 

brain regions among older adults.

Previous histologic studies have suggested that shortening of myelinated fiber length may be 

a mechanism of aging (Marner et al., 2003; Tang et al., 1997). However, such autopsy 

studies are usually limited by lack of neuropsychological test data in the same subjects. 

Application of the imaging appraoch in the present study alows for assessment of FBL and 

neuropsycholgoical perofrmance in vivo. The results of the multivariate and univariate 

analyses of the relation between age and lobar FBL herein are consistent with our prior 

cross-sectional age analyses of the same participants. We previously showed a correlation 

between FBL shortening and increased age for multiple lobes (Bolzenius et al., 2013; 

Salminen et al., 2013), with the strongest statistical significance in frontal and temporal 

lobes similar to Table 2. We also previously found a relation between shortened FBLs and 
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increased age for specific WM pathways using correlation analysis (Salminen et al., 2013) 

and univariate analysis (Baker et al., 2014). Taken together, our present and prior results 

indicate age-related FBL shortening at the lobar and pathway levels. Our present finding of 

decreased mean lobar FBL as a predictor of poorer cognitive performance indicates a 

relation between age-related FBL shortening and cognition, and provides a more direct link 

between FBL and cognitive aging. The role of WM as the primary facilitator of 

communication between brain regions suggests that minor changes in axonal integrity may 

interfere with cognitive abilities in EF and CPS domains (Albinet et al., 2012; Fields, 2008; 

Madden et al., 2009). Therefore, the observed association between reduced frontal FBL and 

decreased performance on specific tests of EF and CPS is consistent with previous results 

that suggest that decreased frontal WM integrity predicts poorer cognitive performance in 

these domains. Further support for our findings is gained from previous autopsy studies that 

determined that reduced neuronal lengths in the frontal WM are present in brain specimens 

from older donors (Marner et al., 2003; Tang et al., 1997).

Both the frontal aging hypothesis and the processing speed theory align with the findings 

presented in this study. The observed relations between FBL and EF performance (TMT-B 

and LN-Seq) described above are consistent with the frontal aging hypothesis (Greenwood, 

2000), which postulates that the cognitive abilities associated with the frontal lobe are most 

sensitive to aging. Additionally, specific cognitive changes associated with frontal FBL 

(e.g., L-N Seq and TMT-B) are congruent with previous studies and with the frontal aging 

hypothesis. In addition, the relation between FBL and reduced performance on CPS tasks 

(TMT-A, CWIT 1, and Symbol Coding) described above is consistent with the processing 

speed theory. Although previous studies have sought to prioritize either the frontal aging 

hypothesis or the cognitive processing theory, recent studies have reported a potential 

mutual relationship between these two theories (Albinet et al., 2012; Bugg et al., 2006; 

Schretlen et al., 2000). The results of the present study support the idea of a mutual 

relationship between EF and CPS functions. For example, both EF and CPS performance are 

associated with age-related shortening of FBLs. Moreover, both EF and CPS performance 

are associated with the lengths of fiber bundles connecting to/from the frontal lobe. While 

frontal FBLs were associated with scores on one EF test (LN-Seq), frontal FBLs were 

associated with scores one three CPS tests (TMT-A, CWIT 1, and Symbol Coding), even 

though EF is considered a prototypical function of the frontal lobe. Thus, the present study 

suggests that the frontal aging hypothesis and the cognitive processing theory should be 

considered collectively rather than as opposing, mutually-exclusive hypotheses to describe 

age-related changes in cognitive function.

The specific mechanism by which changes in FBL integrity influence cognitive function is 

not clear. Certainly global WM deterioration can interfere with the synchrony and speed of 

communication, resulting in slowed responses (Albinet et al., 2012; Bartzokis, 2004; Fields, 

2008). Further, diminished response speed can lead to disruption of tasks that require mental 

manipulation and control (Bartzokis et al., 2007; Lu et al., 2013). Furthermore, studies have 

shown that deterioration in myelinated networks occurs with advanced age (Guttman et al., 

1998; Nucifora, Verma, Lee, & Melhem, 2007). Aging affects WM microstructure, leading 

to inefficient communication between distinct brain regions, and a concomitant reduction in 
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performance on tasks of EF and CPS. The fact that a number of key WM tracts (e.g., 

superior longitudinal fasciculus) span multiple lobes underscores the importance of a whole-

brain conceptualization. Tract-specific studies will likely further clarify the mechanisms of 

age-related cognitive decline.

Our findings are consistent with prior results suggesting that compromised frontal lobe WM 

integrity is associated with reduced cognitive skills that require higher-order thinking 

(Dempster, 1992). Further, temporal lobe WM deterioration is also involved with reduced 

EF in healthy aging (West, 1996), a finding in line with our results herein. It is less clear 

why mean occipital FBL was significantly associated with age-related patterns of decline in 

EF and CPS. It is noteworthy that the occipital FBL measures herein involve many fiber 

pathways that enter/exit the occipital lobe from/to other lobes (e.g., frontal, temporal).

A few limitations of the present study should be noted. First, the generalizability of our 

results may be limited by the demographic weighting toward females and toward more 

educated individuals (Table 1). Thus, the results may not completely generalize to a large 

community-based population. Second, the present study did not examine specific WM 

tracts. Previously, our group found an overall age-related decline in FBL specific to the 

anterior thalamic radiation (Baker et al., 2014). This significant WM tract plays a key role in 

the prefrontal-subcortical circuits with damage to this region revealing executive 

dysfunction and impaired CPS (Behrens et al., 2003; Duering et al., 2011; Tekin & 

Cummings, 2002). In addition, WM alterations in association tracts such as the inferior 

fronto-occipital fasciculus (IFC), superior longitudinal fasciculus (SLF), and uncinate 

fasciculus (UF) have revealed impaired EF and CPS (Peters et al., 2014; Perry et al., 2009; 

Sun et al., 2014). It is possible that neuropsychological impairment is associated with shorter 

FBL in specific networks (Zakzanis et al., 2005; O’Sullivan et al., 2001).

Overall, our study provides the first in-vivo evidence that shortened FBLs in otherwise 

healthy aging are significantly associated with reduced cognitive performance. Future 

studies involving additional cognitive domains should be examined using QTM. 

Longitudinal investigation of healthy adults may also determine whether progressive FBL 

shortening follows the same timecourse as age-related cognitive decline.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Illustration of the tractography results for a single subject presented in four views. Whole-

brain tractography was segmented by connectivity in each lobe to create frontal (yellow), 

parietal (orange), occipital (blue), and temporal (green) groups.
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Fig. 2. 
Illustration of a left lateral view of tractography results in four different subjects to depict 

inter-subject variability. Whole-brain tractography was segmented by connectivity in each 

lobe to create frontal (yellow), parietal (orange), occipital (blue), and temporal (green) 

groups.
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Table 1

Demographic information and mean fiber bundle lengths.

N = 73 participants (25 males, 48 females)

Variable Mean SD Min Max

Demographicsa

 Age at MRI (years) 63.56 8.59 51 85

 Educationb (years) 15.38 2.53 11 20

Mean Fiber Bundle Length (mm)

 Frontal Lobe 33.21 2.85 27.7 40.21

 Insula 28.07 6.44 16.19 47.26

 Temporal Lobe 27.41 2.96 21.06 35.58

 Parietal Lobe 31.37 3.32 22.22 41.46

 Occipital Lobe 34.46 5.11 21.42 48.74

a
Demographics were calculated after one outlier was removed prior to analysis (see text).

b
Education was measured as highest year of school completed.

Brain Imaging Behav. Author manuscript; available in PMC 2016 December 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Behrman-Lay et al. Page 19

Table 2

Summary of cognitive scores

Cognitive task Mean score SD Min Max

TMT-B 85.33 53.1 36 300

CWIT 3 58.07 14.7 33 113

CWIT 4 67 18.82 43 130

LN-Seq 10.63 2.01 7 16

TMT-A 34.96 14.96 17 116

CWIT 1 29.94 4.57 21 46

Symbol Coding 47.56 8.77 28 68

TMT Trail Making Test, CWIT Color-Word Interference Test, LN-Seq Letter Number Sequencing
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Table 3

Univariate linear model analysis of how age predicted fiber bundle length.

Response Coefficient SE t p value

Frontal FBL −0.0014 0.0003 −2.9049 0.0049*

Insula FBL −0.0001 0.00013 −0.0545 0.9567

Occipital FBL −0.0016 0.0009 −1.6941 0.0946

Parietal FBL −0.0011 0.0006 −1.7018 0.0932

Temporal FBL −0.0018 0.0006 −2.9229 0.0046*

FBL fiber bundle length

*
Statistically significant p < 0.05
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Table 4

Multivariate linear model analysis of fiber bundle length and cognitive domains.

Pillai-Bartlett Statistic Approximate F Statistic df p value

Executive Function

Frontal FBL 0.062 1.053 4, 64 0.387

Occipital FBL 0.112 2.022 4, 64 0.102

Parietal FBL 0.174 3.367 4, 64 0.015*

Temporal FBL 0.041 0.692 4, 64 0.600

Insular FBL 0.055 0.940 4, 64 0.447

Cognitive Processing Speed

Frontal FBL 0.127 3.186 3, 66 0.029*

Occipital FBL 0.149 3.854 3, 66 0.013*

Parietal FBL 0.040 0.925 3, 66 0.434

Temporal FBL 0.044 1.002 3, 66 0.398

Insula FBL 0.069 1.640 3, 66 0.189

FBL fiber bundle length

*
Statistically significant p < 0.05
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Table 5

Univariate linear model analysis of fiber bundle length and specific cognitive tests.

Coefficient SE t p value

Tests ofExecutive Function

TMT-B

Frontal FBL −1.058 0.581 −1.821 0.073

Insula FBL −0.043 0.228 −0.188 0.851

Occipital FBL −0.621 0.320 −1.940 0.056

Parietal FBL 0.539 0.482 1.118 0.267

Temporal FBL −0.756 0.462 −1.634 0.107

CWIT 3

Frontal FBL −0.500 0.328 −1.525 0.132

Insula FBL −0.030 0.128 −0.233 0.816

Occipital FBL −0.287 0.179 −1.601 0.114

Parietal FBL −0.234 0.270 −0.866 0.389

Temporal FBL −0.304 0.259 −1.171 0.245

CWIT 4

Frontal FBL −0.473 0.339 −1.395 0.168

Insula FBL −0.083 0.131 −0.637 0.526

Occipital FBL −0.277 0.185 −1.496 0.139

Parietal FBL −0.143 0.282 −0.505 0.615

Temporal FBL −0.308 0.267 −1.152 0.253

L-N Seq

Frontal FBL 0.468 0.254 1.847 0.069

Insula FBL 0.106 0.101 1.045 0.300

Occipital FBL 0.274 0.146 1.872 0.066

Parietal FBL 0.513 0.202 2.540 0.013*

Temporal FBL 0.283 0.205 1.385 0.171

Tests ofCognitive Processing Speed

TMT-A

Frontal FBL −1.396 0.449 −3.112 0.003*

Insula FBL −0.151 0.178 −0.849 0.399

Occipital FBL −0.204 0.256 −0.798 0.427

Parietal FBL 0.027 0.382 0.071 0.944

Temporal FBL −0.863 0.370 −2.329 0.023*

CWIT 1

Frontal FBL −0.511 0.200 −2.554 0.013*

Insula FBL −0.064 0.082 −0.782 0.437

Occipital FBL −0.149 0.111 −1.339 0.185

Parietal FBL −0.109 0.168 −0.649 0.519
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Coefficient SE t p value

Temporal FBL −0.205 0.164 −1.250 0.215

Symbol Coding

Frontal FBL 0.592 0.256 2.315 0.024*

Insula FBL −0.163 0.103 −1.590 0.116

Occipital FBL 0.456 0.134 3.414 0.001*

Parietal FBL 0.328 0.211 1.550 0.126

Temporal FBL 0.150 0.212 0.706 0.482

FBL fiber bundle length, TMT Trail Making Test, CWIT Color-Word Interference Test, LN-Seq Letter Number Sequencing

*
Statistically significant p < 0.05
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