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Degeneration of cerebral white matter (WM), or structural disconnection, is one of the major 

neural mechanisms driving age-related decline in cognitive functions, such as processing speed. 

Past cross-sectional studies have demonstrated beneficial effects of greater cardiorespiratory 

fitness, physical activity, cognitive training, social engagement, and nutrition on cognitive 

functioning and brain health in aging. Here, we collected diffusion magnetic resonance (MRI) 

imaging data from 174 older (age 60–79) adults to study the effects of 6-months lifestyle 

interventions on WM integrity. Healthy but low-active participants were randomized into Dance, 

Walking, Walking + Nutrition, and Active Control (stretching and toning) intervention groups 

(NCT01472744 on ClinicalTrials.gov). Only in the fornix there was a time × intervention group 

interaction of change in WM integrity: integrity declined over 6 months in all groups but 

increased in the Dance group. Integrity in the fornix at baseline was associated with better 

processing speed, however, change in fornix integrity did not correlate with change in processing 

speed. Next, we observed a decline in WM integrity across the majority of brain regions in all 

participants, regardless of the intervention group. This suggests that the aging of the brain is 
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detectable on the scale of 6-months, which highlights the urgency of finding effective 

interventions to slow down this process. Magnitude of WM decline increased with age and 

decline in prefrontal WM was of lesser magnitude in older adults spending less time sedentary 

and more engaging in moderate-to-vigorous physical activity. In addition, our findings support 

the anterior-to-posterior gradient of greater-to-lesser decline, but only in the in the corpus 

callosum. Together, our findings suggest that combining physical, cognitive, and social 

engagement (dance) may help maintain or improve WM health and more physically active 

lifestyle is associated with slower WM decline. This study emphasizes the importance of a 

physically active and socially engaging lifestyle among aging adults. 

Introduction 

Disruption of (WM) microstructure—degeneration or loss of axons and myelin—is considered 

one of the primary mechanisms underlying age-related cognitive slowing and memory decline 

(Gunning-Dixon and Raz, 2000; Madden et al., 2012). Therefore, preventing age-related 

“structural disconnection” (Raz and Rodrigue, 2006) or improving WM integrity is key in 

preserving cognitive performance necessary for independent functioning in older individuals. 

WM microstructure can be studied non-invasively with diffusion magnetic resonance imaging 

(MRI). Diffusion imaging provides voxel-wise estimation of magnitude and directionality of 

water diffusion in WM. Fractional anisotropy (FA), is a measure of the directional dependence of 

diffusion (Basser, 1995), and reflects fiber orientation, density and coherence within a voxel 

(Beaulieu, 2002). Lowered FA has been observed in various conditions in which loss of fiber 

integrity occurs (Beaulieu, 2002), such as Alzheimer's disease (Medina et al., 2006). Radial 

diffusivity (RD) represents diffusivity perpendicular to the main fiber direction (Basser, 1995; 

Song et al., 2002). Increases in RD have been linked to degeneration or loss of myelin (Song et 

al., 2003, 2005). Axial diffusivity (AD) represents diffusion parallel to the axon fibers and is 

related to axonal integrity (Basser, 1995; Song et al., 2002). Finally, mean diffusivity (MD) 

reflects the magnitude of total water diffusion within a voxel, which depends on the density of 

physical obstructions such as cellular membranes (Beaulieu, 2002; Sen and Basser, 2005). 

Increased MD, paralleled by increases in both RD and AD, was observed in conditions of WM 

degeneration (Beaulieu et al., 1996; Beaulieu, 2002; Concha et al., 2006). 

To date, numerous neuroimaging studies described age-related differences in WM properties 

using cross-sectional comparisons (Burzynska et al., 2010; Madden et al., 2012). There are, 

however, two critical obstacles in understanding the age-related changes in WM and, 

subsequently, in slowing down or reversing these age-related changes in the human brain. First, 

there are still few studies describing age-related change in WM integrity in a longitudinal design. 

Specifically, there are only five studies that described changes in WM over time and across 

numerous WM regions or tracts
1
. Sexton et al. (2014) and Storsve et al. (2016) followed 203 

adults between 20 and 84 years of age over on average 3.5 years. They found extensive and 

overlapping, significant annual decreases in FA, paralleled by increases in RD, AD, and MD. 

Rieckmann et al. (2016) followed up 108 older adults over on average 2.6 years and found 

significant declines in FA and increases in RD, AD, and MD. Bender et al. (2016b) found 

changes in FA and RD over periods of time of 1 to 7 years in healthy adults of age 50–84. 
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Barrick et al. (2010) observed significant decline in FA in healthy adults 50–90 years old over 2 

years. 

Some of these studies reported acceleration of microstructural decline in older age (Sexton et al., 

2014; Bender et al., 2016b; Storsve et al., 2016), but other did not (Barrick et al., 2010). Some 

argued the superior-to-inferior gradient of greater-to-lesser decline (Sexton et al., 2014; Storsve 

et al., 2016), while longitudinal data (Barrick et al., 2010) did not support “last-in-first-out” 

hypothesis of anterior-to-posterior decline suggested in cross-sectional studies (Bartzokis et al., 

2010). 

Together, these studies show consistent decline in WM integrity represented by increases in RD, 

AD, and MD, and decreases in FA. However, there is no consensus on the spatial gradient of 

decline and WM decline has not been observed over periods shorter than a year. Knowing short-

term dynamics of WM decline would be useful in assessing the outcomes of typically short-term 

interventions (months) as well as in differentiating between normal and abnormal speed of 

decline in patients presenting first cognitive symptoms. Finally, there is little evidence for the 

ability to improve WM integrity in older adults. Cross-sectional studies suggest that lifestyle 

factors such as physical activity (PA) and cardiorespiratory fitness (CRF) are protective against 

cognitive and neural decline. For example, we have shown that greater PA and CRF are 

associated with greater WM integrity (Burzynska et al., 2014; Oberlin et al., 2016) and that older 

aerobically trained athletes have greater brain structural integrity and cognitive performance than 

their sedentary low-fit peers (Tseng et al., 2013; Burzynska et al., 2015; Young et al., 2016). 

However, a recent meta-analysis showed only modest cross-sectional effects of CRF and aerobic 

PA on WM in aging (Sexton et al., 2016). The longitudinal evidence for positive effect of 

exercise on WM is still very scarce. Voss et al. (2010) demonstrated in 70 adults (55–80 years 

old) that increases in CRF as a result of 1-year the aerobic walking intervention was associated 

with fronto-temporal increase in FA and enhanced short-term memory. However, there was no 

difference between the walking and the active control group (stretching and toning) in their 

changes of WM integrity over 1-year. 

In the current study we address these two critical limitations of the existing studies: short-term 

dynamics in WM change in different diffusivity parameters, and the effects of lifestyle 

interventions to improve WM integrity in aging. 

To this aim, we collected diffusion, cognitive, CRF and PA data from 174 healthy, non-

demented (MMSE>26) adults 60–79 years old at baseline
2
, and after a 6-months lifestyle 

intervention (randomized clinical trial, NCT01472744 on ClinicalTrials.gov). The interventions 

included aerobic exercise (Walking) and an Active Control group (stretching and toning, not 

aimed to increase CRF). In addition, we included a group that combined aerobic PA, cognitive, 

and social stimulation (Dance), and an aerobic Walking that also received a nutritional 

supplement (Walking + Nutrition). 

We expected to observe a time × group interaction, with Walking and Dance groups showing 

maintenance or increase in WM integrity as compared to the decline in the Active Control group. 

We expected to observe this effect especially in the frontal and temporal regions (Colcombe et 

al., 2006; Voss et al., 2010). Next, we expected to observe declines in FA and increases in MD, 
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RD, and AD across the WM and that this decline will be accelerated in the oldest, more 

sedentary, less active, and less fit (lower CRF) adults. However, given the shorter time scale, we 

expected these changes to be of smaller magnitude and more spatially restricted than in the 

existing studies with time lags greater than a year. Finally, we expected that change in FA in the 

Walking or Dance groups would be behaviorally relevant, i.e., be related to change in cognitive 

performance, especially in the speed and memory domains (Lövdén et al., 2014; Wang et al., 

2015; Bender et al., 2016a) as compared to crystallized and fluid abilities (Virginia Cognitive 

Aging Project Battery; Salthouse and Ferrer-Caja, 2003; Salthouse, 2004, 2005, 2010)
3
. 

Methods 

Participants 

The University of Illinois institutional review board approved this study, written informed 

consent was obtained from all participants and the study was performed in accordance with the 

1964 Declaration of Helsinki. The sample was recruited to participate in a randomized controlled 

exercise trial (“Influence of Fitness on Brain and Cognition II” at ClinicalTrials.gov, clinical 

study identifier NCT01472744). Healthy, low active older adults were recruited in the 

Champaign county area to participate in a series of neuroimaging, cognitive, and 

cardiorespiratory testing, before and after a 6-months aerobic exercise intervention program. Of 

the 1,119 participants recruited, 247 (n = 169 women) met inclusion criteria and agreed to enroll 

in the study (See Supplementary Material 1 for subject flow). Eligible participants met the 

following criteria: (1) were between the ages of 60 and 80 years old; (2) were free from 

psychiatric and neurological illness and had no history of stroke or transient ischemic attack; (3) 

scored <10 on the geriatric depression scale (GDS-15); (4) scored ≥75% right-handedness on the 

Edinburgh Handedness Questionnaire; (5) demonstrated normal or corrected-to-normal vision of 

at least 20/40 and no color blindness; (6) cleared for suitability in the MRI environment; that is, 

no metallic implants that could interfere with the magnetic field or cause injury, no 

claustrophobia, and no history of head trauma; (7) reported to have participated in no more than 

two moderate bouts of exercise per week within the past 6-months; (8) were not taking 

medication for cardiovascular disease (e.g., beta blocker, diuretics), neurological, or psychiatric 

conditions (e.g., antidepressant, neuroleptic, anxiolytic). The sample contained more females 

because fewer older males met the above inclusion criteria or showed willingness to participate 

in the study. After the baseline measurement, the participants were randomized using a computer 

data management system and baseline-adaptive randomization scheme (Begg and Iglewicz, 

1980) into four intervention group (Walking n = 54, Walking + Nutrition n = 54, Dance n = 69, 

Active Control n = 70). Randomization was stratified by gender and age. Neither self-reported 

nor objectively measured PA was used as a randomization criterion. 

The timeline for data collection was as follows: (1) Pre-Screening Interview and Mock MRI 

session; (2) Neuropsychological assessments (Virginia Cognitive Aging Battery but also spatial 

working memory task, task switching, not discussed here but described in the Supplementary 

Material 2); (3) Street crossing assessment (data presented elsewhere); (4) MRI session; (5) 

Treadmill test (CRF testing). We aimed to complete the above sessions within 3 weeks, but due 

to participant's availability it took longer for several subjects. All tests were completed at least 1 

day before intervention onset. Sessions 2–5 were repeated after 6-months intervention. 
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Interventions 

Following baseline cognitive and cardiorespiratory assessment, participants were randomized 

into one of the four intervention groups, taking into account equal distributions of age and 

gender: Dance, Walking, Walking + Nutrition, and Active Control. All participants attended 

supervised, 1-h sessions three times per week for 6-months. Dance: This intervention was 

designed to improve physical fitness as well as aspects of cognition necessary for learning 

complex social dance sequences in a socially engaging environment. Sessions were conducted in 

an appropriate dance space and were taught by experienced dance instructors. The 

choreographed dance combinations became progressively more challenging over the course of 

the 6-months program. Group social dance styles were selected (i.e., Contra and English Country 

dancing) to minimize lead-follow roles. Instead, these social dances required participants to 

move between partners during each dance. Each participant learned and alternated between two 

roles for each dance, increasing the cognitive challenge. Walking: This intervention was 

designed to increase CRF through brisk walking. Research staff supervised all walking sessions. 

Frequent assessment of heart rate, using either palpation or Polar Heart Rate Monitors, and rating 

of perceived exertion ensured that participants' exercise intensity was performed at the prescribed 

level. Exercise logs were completed after each exercise session to assess exercise frequency, 

intensity (RPE) and enjoyment levels. Walking + Nutrition: The Walking + Nutrition condition 

engaged in the same protocol as those in the walking condition. Additionally, they ingested a 

daily supplement supplied by Abbot Nutrition that contained beta-alanine. Beta alanine is 

thought to promote an increase in lean muscle mass (Zoeller et al., 2007), thereby enhancing the 

effect of increased CRF on brain health to boost the effect of increased CRF on brain health. 

Research staff supervised all walking sessions. Frequent assessment of heart rate, using either 

palpation or Polar Heart Rate Monitors, and rating of perceived exertion ensured that 

participants' exercise intensity was performed at the prescribed level. Exercise logs were 

completed after each exercise session. Participants were instructed to take the supplement drink 

daily, which was a liquid, milk-based formula supplied by Abbott Nutrition. Active Control: 

This intervention served as the active control group to account for the social engagement in the 

other interventions. A trained exercise specialist at a facility on the University of Illinois campus 

conducted all strength and balance sessions. This program focused on improving strength, 

stretching and stability for the whole body and was specifically designed for individuals 60 years 

of age and older. The program includes non-aerobic stretches, simple strength exercises, and 

basic balancing activities for all the large muscle groups. Each stretch was gently held to a point 

of slight tension but not pain for approximately 20–30 s. Each stretching and toning session 

included a 10–15 min warm-up and cool-down and 30–45 min of the above described stretching 

and toning exercises. Participants completed exercise logs on a weekly basis. The intervention 

was conducted in four waves from October 2011 to November 2014. 

Diffusion Tensor Imaging (DTI) 

Diffusion-weighted images were acquired on a 3T Siemens Trio Tim system with 45 mT/m 

gradients and 200 T/m/s slew rates (Siemens, Erlangen, Germany). All images were obtained 

parallel to the anterior-posterior commissure plane with no interslice gap. DTI images were 

acquired with a twice-refocused spin echo single-shot Echo Planar Imaging sequence (Reese et 

al., 2003) to minimize eddy current-induced image distortions. The protocol consisted of a set of 
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30 non-collinear diffusion-weighted acquisitions with b-value = 1,000 s/mm
2
 and two T2-

weighted b-value = 0 s/mm
2
 acquisitions, repeated two times (TR/TE = 5,500/98 ms, 128 × 128 

matrix, 1.7 × 1.7 mm
2
 in-plane resolution, FA = 90, GRAPPA acceleration factor 2, and 

bandwidth of 1698 Hz/Px, comprising 40 3-mm-thick slices). 

DTI Analysis 

DTI allows inferences about WM microstructure in vivo by quantifying the magnitude and 

directionality of diffusion of water within a tissue (Beaulieu, 2002). Visual checks were 

performed on every volume of the raw data of every participant by AZB and TC. In case a 

diffusion scan contained more than two volumes with artifacts, these volumes as well as the 

corresponding b-vectors and b-values were removed before processing. If artifacts were found in 

more than two volumes, such datasets were excluded from analyses, resulting in 174 good 

quality pre-post datasets (Supplementary Material 1). 

Next, DTI data were processed using the FSL Diffusion Toolbox v.3.0 (FDT: 

http://www.fmrib.ox.ac.uk/fsl) in a standard multistep procedure, including: (a) motion and eddy 

current correction of the images and corresponding b-vectors, (b) removal of the skull and non-

brain tissue using the Brain Extraction Tool (Smith, 2002), and (c) voxel-by-voxel calculation of 

the diffusion tensors. Using the diffusion tensor information, FA maps were computed using 

DTIFit within the FDT. All motion- and eddy-current outputs, as well as FA images were 

visually inspected. 

We used tract-based spatial statistics (TBSS, a toolbox within FSL v5.0.1), to create a 

representation of main WM tracts common to all subjects (also commonly known as the WM 

“skeleton”) (Tract-Based Spatial Statistics, Smith et al., 2004, 2006, 2007). This included: (1) 

nonlinear alignment of each participant's FA volume to the 1 × 1 × 1 mm
3
 standard Montreal 

Neurological Institute (MNI152) space via the FMRIB58_FA template using the FMRIB's 

Nonlinear Registration Tool (FNIRT, Rueckert et al., 1999), (2) calculation of the mean of all 

aligned FA images, (3) creation of the WM “skeleton” by perpendicular non-maximum-

suppression of the mean FA image and setting the FA threshold to 0.25, and (4) perpendicular 

projection of the highest FA value (local center of the tract) onto the skeleton, separately for each 

subject. The same procedures were applied to baseline and post-intervention images. 

Next, we selected regions of interest on the TBSS skeleton with the use of the DTI WM atlas to 

probe FA in the core parts of the selected tracts (Burzynska et al., 2013). The 20 WM tracts and 

their respective acronyms are specified in Figure 3. The prefrontal WM region was defined as y 

> 12 in MNI coordinate space and whole WM included the whole TBSS skeleton. Corpus 

callosum was segmented as in Hofer and Frahm (2006). 

Virginia Cognitive Aging Battery 

We administered a cognitive battery as described in the Virginia Cognitive Aging Project to 

measure latent constructs of fluid intelligence (Raven's Advanced Progressive Matrices test), 

perceptual speed (letter comparison, patter comparison, digit symbol substitution), and 

vocabulary (vocabulary, picture vocabulary, synonym vocabulary, and antonym vocabulary; 

http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B10
http://www.fmrib.ox.ac.uk/fsl
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B81
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B83
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B82
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B84
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B69
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B20
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#F3
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B41


Salthouse and Ferrer-Caja, 2003; Salthouse, 2004, 2005, 2010; Supplementary Material 2). The 

computer-based tasks were programmed in E-Prime version 1.1 (Psychology Software Tools, 

Pittsburgh, PA) and administered on computers with 17” cathode ray tube monitors. Several 

participants had missing or invalid data for single tasks 0.165 out of 174 had complete cognitive 

data. 

To obtain components representing the four cognitive constructs and to confirm the validity of 

task structure as presented in Salthouse and Ferrer-Caja (2003), we performed principal 

component analysis (PCA) with varimax rotation. Individual scores on each of the 16 tasks were 

first screened for outliers and winsorized [maximum 5 cases out of 174 (<3%) were adjusted per 

variable]. The resulting constructs are presented in Supplementary Material 2. The component 

scores were saved as variables. 

Cardiorespiratory Fitness (CRF) 

Baseline CRF was used to predict the change in FA over 6-months of intervention. Participants 

received consent from their personal physician before cardiorespiratory fitness testing was 

conducted. CRF (VO2 peak) was assessed by graded maximal exercise testing on a motor-driven 

treadmill. The protocol involves walking at a self-selected pace with incremental grades of 2–3% 

every 2 min. Measurements of oxygen uptake, heart rate and blood pressure were constantly 

monitored. Oxygen uptake (VO2) was measured from expired air samples taken at 30-s intervals 

until a peak or maximum VO2 (VO2 peak or max) was attained; test termination was determined 

by symptom limitation, volitional exhaustion, and/or attainment of VO2 peak as per ACSM 

guidelines (acsm.org). Due to technical problems CRF data was not collected from 2 

participants, resulting in n = 172 for CRF. 

Objective Physical Activity (PA) Assessment 

Quantitative baseline PA was used to assess baseline lifestyle PA and predict the change in FA 

over 6-months of intervention. PA was measured by accelerometer (Model GT1M or GT3X; 

Actigraph, Pensacola, FL). Each participant was instructed to wear the accelerometer on the non-

dominant hip during waking hours for 7 consecutive days, and record the time that they wore the 

device each day on a log. When scored with an interruption period of 60 min, those with at least 

10 h of wear time on at least 3 days were retained in analyses (Troiano et al., 2008; Peterson et 

al., 2010). These data were downloaded as activity counts, which represent raw accelerations that 

have been summed over a specific epoch length (e.g., 60 s), and these counts vary based on 

frequency and intensity of the recorded acceleration (Fanning et al., 2016). Next, these data were 

processed using cut points designed specifically for older adults (Copeland and Esliger, 2009) 

such that 50 or fewer counts per minute corresponded with sedentary behavior, 51–1,040 counts 

per minute corresponded to light PA, and 1,041 counts or greater represented moderate-to-

vigorous PA (MVPA), related to increased heart rate and ventilation (Rejeski et al., 2016). Five 

participants did not have valid accelerometer data, resulting in final sample of 169 for PA. 

Statistical Analyses 
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To investigate the effects of time and time x group interactions for the group of 174 participants 

we used repeated measures ANOVA in SPSS v.24 as our data were complete and the interval 

between baseline and post-intervention measurements was same for all participants (Liu et al., 

2012). 

Results 

Sample Characteristics at Baseline 

First, we tested whether randomization based on age and gender resulted in same baseline 

characteristics among the four intervention groups. Table 1 shows the demographics for the final 

sample of 174 people who had good quality of pre and post-intervention diffusion scans. One-

way ANOVA revealed that the different intervention groups did not differ at baseline with 

respect to age, gender, education, BMI, VO2 peak (n = 172), PA (N = 169), and cognitive status 

(MMSE). 

TABLE 1 

 

Table 1. Sample characteristics at baseline. 

Next, we investigated baseline characteristics in various diffusion measures. Regional values for 

FA, RD, MD, and AD for the whole sample and for each of the intervention groups are shown in 

the Supplementary Material 3. Using one-way ANOVA, we determined that FA, RD, AD and 

MD measures did not significantly differ among the four intervention groups at baseline in any 

of the region (for details see Supplementary Tables 3.1 to 3.4). 

Changes in WM Diffusivity Characteristics over 6-Months 

Next, we examined change in FA, RD, AD, and MD over 6-months of the intervention. We 

found that time had a significant effect on all diffusivity values in multiple regions. Table 2 

represents mean regional % change for the entire sample (n = 174, p < 0.05, uncorrected) and the 

Active Control group (no expected change in CRF or MVPA that would affect cognition or brain 

health). As we observed only one time x group interaction (fornix, see Section Change in 

diffusivity parameters: the effects of intervention), we consider the results of entire sample 

consistent with the Active Control. 

TABLE 2 

http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B46
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B46
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#T1
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#T2
http://www.frontiersin.org/files/Articles/239011/fnagi-09-00059-HTML/image_m/fnagi-09-00059-t001.jpg


 

Table 2. Percentage Δ in FA, RD, AD, and MD during 6-months for the entire sample and 

the active group. 

In sum, out of 21 regions, FA consistently decreased in 11 regions as well as in the prefrontal 

WM and the entire skeleton. RD increased in 13 regions as well as in the prefrontal WM and the 

entire skeleton. AD increased in 10 regions as well as in whole WM. MD increased in 10 

regions, as well as in the prefrontal WM and the entire skeleton. This regionally specific pattern 

of overlap of changes in FA, RD, and AD is summarized in Figure 1 (MD is not included as 

highly redundant to RD and AD). Only in fMAJ RD, AD, and MD decreased. 

FIGURE 1 

 

Figure 1. Change in diffusivity measures over 6-months in healthy older adults 60–79 years 

old. Different patterns of overlap of change in diffusivity parameters are represented by different 

colors. Superior corona radiata (SCR), superior longitudinal fasciculus (SLF), anterior and 

posterior limb of the internal capsule (ALIC, PLIC), external capsule (EC), fornix (FX), five 

regions of the corpus callosum (cc1–5), forceps major (fMAJ), forceps minor (fMIN), anterior 

and posterior cingulum (ACC, PCC), WM containing occipital portion of inferior longitudinal 

fasciculi and inferior frontal-occipital fasciculi (IFOF_ILF_occ), WM of the straight gyrus 

(gyrRect), parahippocampal WM (HIPP), ventral prefrontal part of uncinate fasciculus 

(UNC_pfc), WM containing uncinate and the inferior frontal-occipital fasciculi (IFOF_UNC), 

and WM of the temporal pole related to inferior longitudinal fasciculus (ILF_temp). Regions are 

overlaid on the FMRIB58_FA template. 

Change in Diffusivity Parameters: The Effects of Intervention 

We used repeated measures ANOVA with time as within-subject factor and the four intervention 

groups as between-subject factors to investigate differences in FA change between the three 

intervention groups and the Active Control group (Supplementary Material 4). Out of 21 regions, 

only the fornix showed significant time x group interaction: F(3, 170) = 5.6, p = 0.001 (significant 

after Bonferroni correction of the p-value from 0.05 to 0.002). Post-hoc pairwise comparisons 
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showed that FA in the fornix decreased in both Walking and the Active Control group, but in the 

Dance group increased on average by 0.68 × 10
−2

 (Figure 2). We found that this time x group 

interaction in the fornix was driven by RD and MD: There was a significant effect for RD [F(3, 

170) = 4.122, p = 0.007] and MD [F(3, 170) = 3.250, p = 0.023], where RD and MD increased to a 

significantly lesser extent in the Dance group compared to all other (Figure 2). The result on RD 

and MD was significant after Bonferroni correction of the p-value from 0.05 to 0.016. Pairwise 

post-hoc analyses are presented in Supplementary Material 5. 

FIGURE 2 

 

Figure 2. (A) Time × group interaction in diffusivity parameters in the fornix in the four 

intervention groups. SD, standard deviation; Df, degrees of freedom. (B) Graphic representation 

of changes (delta) in FA, RD, and MD during 6-months presented in (A). Error bars: standard 

deviation. 

Relation of Change in Diffusivity to Cognitive Performance 

We tested whether the increase in FA in the fornix in the Dance group had cognitive relevance. 

165 out of 174 participants had complete cognitive data. Using one-way ANOVA, we found no 

significant group differences for any of the four cognitive constructs at the baseline 

(Supplementary Material 6). Next, correlation of baseline fornix FA with the four cognitive 

constructs yielded a positive association only for processing speed (r = 0.19, p = 0.013, n = 165, 

2-tailed; significant after Bonferroni correction to p = 0.013 but not significant if controlled for 

age; Figure 3), but not for memory, vocabulary or reasoning (p > 0.05). Therefore, further 

analyses were restricted to the processing speed. First, we did post-hoc correlations between 

baseline fornix FA and the three tasks within the processing speed construct. They were all 

positively related to fornix FA: digit symbol (r = 0.18, p = 0.021, n = 173), pattern comparison (r 

= 0.17, p = 0.029, n = 174) and letter comparison (r = 0.15, p = 0.047, n = 174). These post-hoc 

analyses were not corrected for multiple comparisons. Repeated measures ANOVA on these 

three tasks revealed significant effect of time for the digit symbol [F(1, 166) = 3027.728, p = 0.000] 

and pattern comparison [F(1, 166) = 19.165, p = 0.002]: all groups showed increased performance 

over the 6-months of the trial (significant at corrected p = 0.016). Given lack of time x group 

interaction for processing speed, we correlated % change in the task performance with % change 

in fornix FA, but found no significant effects (r = −0.05, p = 0.492, n = 172). 

FIGURE 3 
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Figure 3. Correlation between fornix FA and processing speed construct at baseline (n = 

165). 

Effect of Age, CRF, and PA on FA Decline over 6-Months 

We investigated whether the decrease in FA accelerates in older age. To this aim, we correlated 

% change in FA with chronological age, controlling for the intervention group. The correlation 

was significant in fMAJ (r = −0.26, p = 0.000, df = 171), IFOF_ILF_occ (r = −0.16, p = 0.033, df 

= 171), SCR (r = −0.17 p = 0.025, df = 171), and whole WM (r = −0.19, p = 013, df = 171; 

Figure 4). Only fMAJ remained significant after Bonferroni correction. 

FIGURE 4 

 

Figure 4. Correlations between chronological age and % decline in FA over 6-months (n = 

174). 

Given the relationships between CRF and PA and WM integrity (Burzynska et al., 2014), we 

investigated whether greater CRF and levels of PA or sedentary time at baseline were associated 

with lesser decline in FA over 6-months. A correlation of baseline CRF or light PA and % 

change in FA, controlled for age, yielded no significant relationships
4
. Greater MVPA was 

related to more positive change in FA in the prefrontal WM, controlled for age (r = 0.15, p = 

0.048, not corrected). More time spend on sedentary behavior at baseline was associated with 

more negative change in FA in cc2 section of the corpus callosum (r = −0.18, p = 0.018, df = 

166) and in the prefrontal WM (r = −0.16, p = 0.036, df = 166, not corrected), controlled for age. 

Repeated measures ANOVA showed no significant interaction time × gender interaction, 

indicating no sex difference in FA decline over 6-months. 

Discussion 

We investigated changes in WM microstructure over 6-months in 174 healthy non-demented 

older adults that underwent four lifestyle interventions. Our main findings are: (1) Only the 
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fornix showed a time x intervention group interaction, namely, FA declined in all groups but 

increased in the Dance group. Changes in FA were paralleled by changes in RD and MD; (2) FA 

in the fornix at baseline was related to processing speed, however, there was neither time x 

intervention group interaction for processing speed nor correlation between change in speed and 

change in FA; (3) FA decreased over 6-months in the majority of tracts, while RD, AD, and MD 

increased; (4) There was a spatially-variable pattern of overlap of changes in FA, RD, AD, and 

MD; (5) Older age was related to greater magnitude of FA decline, especially in fMAJ, 

IFOF_ILF_occ, SCR, and whole WM; (6) Less sedentariness and more MVPA was associated 

with less negative change in FA. We discuss these finding in relation to recent longitudinal and 

intervention studies, theories of neurocognitive aging, and outline future research directions. 

Dance Intervention Improved FA in the Fornix 

We found that while FA in the fornix declined over 6-months in most groups, it increased in the 

Dance group. Greater FA in the fornix at baseline was associated with faster processing speed, 

also at baseline. We discuss this observation in terms of the role of the fornix in cognition, 

mechanisms underlying increase in FA, and dance as a complex intervention. 

Role of the Fornix in Cognition 

The fornix acts as the major output tract of the hippocampus that connects the medial temporal 

lobes to the mammillary nuclei of the hypothalamus, septal area, and the basal forebrain 

(Thomas et al., 2011). The fornix is known to play an important role in the encoding, 

consolidation, and recall of declarative and episodic memory (Thomas et al., 2011). Damage to 

the fornix as a result of mechanical injury, tumor, or neurodegenerative diseases has been linked 

to anterograde amnesia and episodic memory impairments (Douet and Chang, 2015). In addition, 

microstructural and volume changes to the fornix and mammillary bodies have been linked to 

transition from mild cognitive impairment to clinical Alzheimer's disease (Copenhaver et al., 

2006; Mielke et al., 2012; Fletcher et al., 2013; Rémy et al., 2015). In the current study, we 

observed no relationships between fornix FA and memory. Instead, we found associations with 

processing speed. We speculate that the relationships between WM microstructure and cognition 

may be different in clinical samples and in healthy age-related decline. For example, studies 

including lifespan or healthy older samples showed that fornix integrity correlates not only with 

episodic memory (Metzler-Baddeley et al., 2011), but also with working memory, motor 

performance and problem solving (Zahr et al., 2009). As most lifespan studies did not relate 

fornix integrity to a broader array of cognitive tasks, there is little evidence for the specific role 

of the fornix in other cognitive domains. Importantly, there is a study that reported specific 

relationships between fornix integrity and processing speed but not memory in temporal lobe 

epilepsy patients (Alexander et al., 2014). Together, our results confirm previous associations of 

WM microstructure and cognitive function in aging and suggest a role of the fornix in cognition 

beyond long-term memory (Madden et al., 2012). 

Mechanisms of Increased FA 

Increases in FA reflect increase in anisotropy of the tissue (Sen and Basser, 2005). This implies 

changes in the microstructure that would result in more directional diffusion if the water 
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molecules. We showed that this interaction was driven by lack of decrease in RD and the related 

maintenance of MD. This points to restricted diffusion perpendicular to main fiber direction, 

which is related to presence and integrity of axonal membrane and myelin. In other words, at the 

cellular level, the suggested increase in FA is most likely related to stabilization or increase in 

myelin integrity (Burzynska et al., 2010). There is in vitro and animal evidence that repetitive 

stimulation of certain WM connections, such as in learning of complex motor skills in mice, 

results in increased myelination (McKenzie et al., 2014). In addition, there is in vivo evidence for 

increases in FA as a result of training in healthy adults (Bengtsson et al., 2005; Scholz et al., 

2009; Sampaio-Baptista et al., 2013). 

However, there may be an alternative explanation for increased FA, and reduced RD and MD, 

namely, macrostructural rather than microstructural changes. Fornix is a thin tract surrounded by 

lateral ventricles and therefore affected by partial volume with cerebrospinal fluid. The Dance 

intervention might have increased the volume of the fornix, leading to decreased partial volume 

and decreased RD and MD. Local increases in WM volume and macrostructural integrity have 

been observed as a result of lifestyle interventions with physical activity (Colcombe et al., 2006; 

Bolandzadeh et al., 2015). In sum, we speculate that the observed increase in FA results from 

both macro- and micro-structural reorganization of the fornix. 

Dance as a Complex Intervention 

Dance is a pleasurable and captivating activity, which involves aerobic exercise, sensorimotor 

stimulation, and cognitive, visuospatial, social, and emotional engagement. Epidemiological 

studies found that ballroom dance has also been associated with a protective effective against 

dementia onset in older adults (Verghese et al., 2003) and reduced depression in community-

dwelling older adults with depression (Haboush et al., 2006). Indeed, there is increasing interest 

in dance as a therapeutic intervention for various clinical groups (Dhami et al., 2015), such as in 

Parkinson's disease (McNeely et al., 2015) and dementia (Ballesteros et al., 2015; Adam et al., 

2016). Our current data indicate that this broad, multimodal stimulation had greater benefit for 

WM integrity than aerobic exercise alone (i.e., Walking and Walking + Nutrition). This is in line 

with recent findings that combined exercise and cognitive interventions have more benefit for 

cognitive, physical, and mental health in older population than each intervention alone (Oswald 

et al., 2006; Law et al., 2014; Bamidis et al., 2015; Lauenroth et al., 2016). Combined cognitive 

and physical interventions may also have more long-lasting effects (Rahe et al., 2015). 

Interestingly, despite positive changes in the WM in the Dance group, we found no cognitive 

benefit for any of the intervention groups. This may be explained by the observation that changes 

in neuroimaging outcomes may precede changes in cognition by several years in older 

population (Jack and Holtzman, 2013). Therefore, improvements in cognition may not be 

detectable after 6-months of intervention, with most participants improving due to test-retest 

effect. Future interventions of longer duration are required to test this hypothesis of cognitive 

benefits following neural changes. Also, available evidence for correlations between decline in 

FA and cognitive change come from measurements acquired at least 2 years apart (Lövdén et al., 

2014; Ritchie et al., 2015; Bender et al., 2016a). Together, although evaluation of decline or 

increase in WM integrity over 6-months gives insight into short-term neural dynamics in old age, 

it may not be sufficient to detect robust brain-cognition correlations and effects of intervention 

groups on cognition. 

http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B21
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B49
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B15
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B75
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B75
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B74
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B26
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B17
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B97
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B38
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B32
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B50
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B3
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B1
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B1
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B55
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B55
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B44
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B4
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B43
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B59
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B42
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B47
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B47
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B68
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B13


WM Microstructure Changes over 6-Months 

We observed significant time effects on WM microstructure over a 6-months period in majority 

of tracts. Currently, this is the shortest period of time over which changes in WM microstructures 

in healthy older adults have been detected. We discuss our findings in terms of magnitude of 

annual % change, spatial overlap of changes in FA, RD, AD, and MD, and spatial gradient of 

change. 

Magnitude of Change 

We carefully compared the observed magnitudes of % change over 6-months with annual % 

changes reported in three previous longitudinal studies and one intervention. For this comparison 

we chose to focus on changes in diffusivity values for the whole WM as most comparable to 

global WM or averages across tracts reported in other studies. 

We observed the greatest semi-annual change in RD (+0.61, +0.85%), followed by MD (+0.44, 

+0.58%), FA (–0.38, –0.68%) and AD (+0.27, +0.32%; for whole sample and the active control, 

respectively). These values are of the same order and a very similar magnitude as annual % 

change in 203 neurologically healthy (MMSE>25) adults over the span of 3.6 years (Sexton et 

al., 2014). Specifically, using same tools as in the current study (TBSS) to create representation 

of major WM tracts, the authors reported the following annual % change for the whole WM 

skeleton: RD +0.50%, MD +0.30%, FA −0.30%, and AD +0.20% (Sexton et al., 2014). A 

subsequent tract-based analysis of a subset of this dataset (n = 118) yielded the average annual 

changes of RD +0.60%, MD +0.43%, AD +0.29%, and FA −0.27% (Storsve et al., 2016). 

Similarly, in a sample of 108 cognitively normal (MMSE>26) adults aged 66–87 measured on 

average 2.6 years apart, mean annual change in FA over several tracts was −0.5% (Rieckmann et 

al., 2016). Finally, Voss et al. (2013b) compared changes in lobar diffusivity properties of 55 to 

80 years old healthy adults (mMMSE>51) randomized into two intervention groups: aerobic 

walking group and stretching-tonic active control. We averaged diffusivity values of the 4 lobes 

to obtain annual % change for the whole WM (TBSS skeleton). The values were +0.43% for RD, 

−0.42% for FA, and +0.15% for AD for 35 adults in the stretching-toning group, consistent with 

the above reports. 

Together, magnitudes of % annual change are consistent across the existing studies and exceed 

estimates from cross-sectional designs (Barrick et al., 2010; Lövdén et al., 2014; Rieckmann et 

al., 2016). The small deviations in magnitude of change seem to depend on analysis method of 

the diffusion data: skeleton-based used by Sexton et al. (2016), Voss et al. (2013b), and current 

study, tract-based used by Storsve et al. (2016) and Rieckmann et al. (2016). In addition, 

sample's age may influence the observed FA decline. Studies reporting greater magnitude of 

change (Voss et al., 2013b; Rieckmann et al., 2016) included older sample (55+) while Sexton et 

al. (2014) and Storsve et al. (2016) used adult lifespan sample (age 23–87) to estimate annual 

change. Thus, greater magnitude of change observed in our study may be due to acceleration of 

changes in WM diffusivity in the 5th decade and thereafter (Sexton et al., 2014). It remains to be 

determined whether studying change in center of tracts with maximal tract coherence is more or 

less sensitive to detecting change in WM microstructure as compared to studying the entire 

volume of the tracts. 
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Patterns of Overlap in FA, RD, AD, and MD Changes 

We observed a pattern of spatial overlap of changes in different diffusivity parameters. The 

whole WM (i.e., the skeleton) showed significant decreases in FA overlapping with RD and AD 

increases (and the resulting increases in MD). This pattern was also present in projection fibers 

(both limbs of the internal capsule, superior corona radiate), limbic system structures (WM near 

hippocampus, fornix), association fibers (inferior fronto-occipital fasciculus), and in the 

commissural fibers (genu corpus callosum). In our earlier cross-sectional work we referred to 

this pattern of diffusivity changes as “chronic WM degeneration” (Burzynska et al., 2010), as it 

has been observed in chronic or advanced stages of WM degeneration. This involves an increase 

in extracellular volume fraction resulting from losses in both axons and myelin (Thomalla et al., 

2004; Cosottini et al., 2005; Sen and Basser, 2005; Concha et al., 2006; Lindquist et al., 2007; 

Sidaros et al., 2008; Sun et al., 2008). In line with our earlier cross-sectional work (Burzynska et 

al., 2010), we localized this “chronic” pattern of microstructural changes to the genu corpus 

callosum and association fibers. These structures are known to be most vulnerable to 

environmental and metabolic challenges due to thin myelin and low oligodendrocyte-to-axon 

ratio (Pfefferbaum and Sullivan, 2001; Bartzokis, 2004; Bartzokis et al., 2004). While in the 

cross-sectional study this “chronic” pattern accounted for 24% of WM volume showing age 

differences in FA (Burzynska et al., 2010), in the current longitudinal analyses the “chronic” 

pattern dominated the WM skeleton. 

We observed decreases in FA in parallel with increases in RD in association fibers (anterior 

cingulum, occipital part of the inferior fronto-occipital fasciculus, and prefrontal part of the 

uncinate fasciculus). This pattern of increased diffusivity change perpendicular to the main fiber 

direction has been associated with myelin loss or degeneration (Song et al., 2002, 2005; 

Ciccarelli et al., 2006; Burzynska et al., 2010) suggesting that these tracts undergo 

predominantly short–term myelin changes. 

We reported decrease increases in RD and AD, and MD without a net change in FA in the 

premotor section of the corpus callosum (cc2) and in the superior longitudinal fasciculus. We 

interpret this pattern as subtle changes in both axons and myelin, which are likely to progress to 

the “chronic” stage with significant FA decrease. We consider fiber reorganization less likely 

given increase in MD, indicating decrease in cellular barriers within these WM regions. In one 

region (fMAJ) we found decreases in both RD and AD. Decrease of diffusivity has been related 

to increase in tissue density such as in gliosis (Burzynska et al., 2010), or with increased partial 

volume with surrounding gray matter. 

Finally, some regions showed no significant change in diffusivity during 6-months. These 

include forceps minor (anterior thalamic radiations), WM of the gyrus rectus (fibers of frontal 

pole and orbitofrontal cortex), inferior longitudinal fasciculus (temporal lobe), posterior 

cingulum, and the body and splenium of the corpus callosum (motor, sensory and parieto-

occipital sections; cc3–cc5). These structures showed only weak age differences in FA or no age 

difference in our earlier cross-sectional work (Burzynska et al., 2010). Therefore, microstructure 

in these regions may be relatively stable throughout the adulthood, with subtle decline from early 

to late adulthood but no significant short-term changes during 7th and 8th decade of life. 
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In sum, longitudinal patterns of diffusivity changes confirm previous cross-sectional evidence for 

spatially variable increases in RD, AD, MD, and decreases in FA. In contrast to cross-sectional 

analyses, 6-months longitudinal data provided no evidence for decreases in MD, RD, and AD 

(except for fMAJ). Qualitative differences in diffusivity patterns across WM regions between 

cross-sectional and longitudinal samples suggest region-specific and non-linear time courses of 

adult age changes in WM microstructure. 

Spatial Gradients of Change 

There have been several attempts to organize the age-related changes using developmental or 

anatomical frameworks. Sexton et al. (2014) described an inferior-to superior gradient of lesser-

to-greater age related changes. This framework builds on cross-sectional evidence that superior 

fibers may be more vulnerable to age-related changes (Sullivan et al., 2010a; Sullivan and 

Pfefferbaum, 2010b) and that WM maturation proceeds from inferior to superior regions (Colby 

et al., 2011). The related “last in, first out” developmental framework posits that tracts that 

myelinate last in ontogenic development are most vulnerable and first undergo age-related 

deterioration (Bartzokis et al., 2010). Prefrontal regions and related association fibers myelinate 

late as compared to motor and sensory regions. Based on this, the “last in, first out” framework 

can be refined to anterior-to-posterior gradient of greater to lesser decline (Raz et al., 2005). 

Clearly, within the corpus callosum, our findings support the anterior-to-posterior, “last in, first 

out” hypothesis, with the “chronic” pattern of diffusivity changes in the genu and no changes 

observed in the posterior to middle sections. A similar gradient can be seen within the cingulum 

bundle. However, the mixed pattern of changes in the remaining tracts does not equivocally 

support any other developmental or anatomical framework. Namely, over 6-months, we observed 

changes in both superior, inferior, as well as both anterior and posterior association and 

projection tracts. 

Together, the reported WM changes over a 6-months period will have important implications for 

planning the timeline of future interventions and longitudinal studies, as well for diagnostic 

follow-ups. For example, knowing that change is robustly detectable over 6-months, the 

magnitude of decline in FA or other parameters could be used in identifying accelerated slopes 

and, therefore, individuals at risk of cognitive decline or conversion to MCI at early stages. 

Effects of Age, CRF, and PA on FA Decline 

We found that FA decline increased in magnitude with advancing age, especially in fMAJ, 

IFOF_ILF_occ, SCR, and whole WM. This is consistent with previous reports of accelerated 

WM decline after 5th decade of life (Storsve et al., 2016). We found no effects of gender and 

CRF on FA changes. Interestingly, we found that adults engaging in more MVPA and spending 

less time on sedentary behaviors showed less negative change in FA, especially in the prefrontal 

WM. Prefrontal regions have been shown previously to benefit from exercise interventions 

(Colcombe et al., 2006; Voss et al., 2013b). There are a number of not mutually exclusive 

mechanisms of action of active lifestyle on the brain: increased levels of neurotrophic and 

insulin-like growth factors (Carro et al., 2000; Zoladz et al., 2008; Rasmussen et al., 2009; Voss 

et al., 2013a), better brain perfusion and cerebrovascular health (Black et al., 1990; Bullitt et al., 

2009; Thomas and Baker, 2013), as well as lesser metabolic distress related to reduced sedentary 

http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B78
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B89
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B90
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B90
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B25
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B25
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B7
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B61
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B88
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B26
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B100
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B23
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B107
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B60
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B99
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B99
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B16
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B18
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B18
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B94


behaviors (Yanagibori et al., 1998; Hamilton et al., 2004; Demiot et al., 2007; Hamburg et al., 

2007). Our longitudinal results suggest, similar to our previous cross-sectional findings 

(Burzynska et al., 2014), that only exercise and avoiding sedentariness can slow down WM age-

related WM decline. 

We acknowledge that there may be other factors not addressed in the current study, such as 

genetic polymorphisms or diet that influence the magnitude of WM decline in aging. For 

example, greater amyloid burden was found to explain faster FA decline in parahippocampal 

cingulum, body corpus callosum, and forceps minor in healthy older adults (Rieckmann et al., 

2016), and those carrying the APOE-ε4 risk allele may also preferentially benefit from PA 

(Etnier et al., 2007; Smith et al., 2013). Future randomized clinical trials on larger samples are 

needed to understand individual differences in WM deterioration in healthy aging. 

Conclusions 

In conclusion, we provided first evidence for a dance intervention resulting in increased FA. We 

attribute this to the fact that dance is a combined cognitive, physical and social training, known 

to boost intervention outcomes. We found no relation of fornix FA to memory, but a rather 

unexpected relation to processing speed, suggesting a role of the fornix beyond the memory 

systems in healthy individuals. Importantly, knowing fornix FA can be increased with dance 

training may lead to new avenues for early treatments, for example, in genetically inherited 

dementias, characterized by reduced fornix FA at preclinical, asymptomatic stages (Ringman et 

al., 2007). We also provided first evidence for robust decline in WM integrity in healthy older 

adults over only 6-months. Patterns of change in different diffusivity parameters may reflect 

region-specific histological mechanisms of decline. Our findings support previous reports of 

accelerated decline with advancing age and for greater susceptibility of anterior than posterior 

corpus callosum fibers. However, we found no evidence for gender differences or anterior-to-

posterior or superior-to-inferior gradient of decline in the whole WM. Importantly, less time 

spend sitting and more time spent engaging in MVPA was associated with less negative change 

in FA, providing the first evidence of objectively measured lifestyle activities on change in WM 

health. 
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Footnotes 

1. ^Vik et al. (2015) found decline in fronto-striatal FA over a period of 3 years in 76 adults of 

49–80 age at inclusion (only FA for selected tracts was analyzed). Similarly, Pfefferbaum et 

al. (2014) reported decline in FA across white matter in 56 older individuals over 1–8 years 

(control sample). 

2. ^The total sample included 247 participants, but only 174 had good quality pre-post DTI data 

(see Methods). 

3. ^The detailed results for time × group effects on cognitive measures will be covered in another 

publication. Here we use cognitive data only to show cognitive relevance of WM 

microstructure and its changes over 6-months. 

4. ^Partial correlations controlling for gender, or age and gender yielded the same results. 

Correlations between % change in FA and baseline CRF within each gender group were also 

not significant (gender was included as VO2 max or peak differs between genders). 

References 

Adam, D., Ramli, A., and Shahar, S. (2016). Effectiveness of a combined dance and relaxation 

intervention on reducing anxiety and depression and improving quality of life among the 

cognitively impaired elderly. Sultan Qaboos Univ. Med. J. 16, e47–e53. doi: 

10.18295/squmj.2016.16.01.009 

PubMed Abstract | CrossRef Full Text | Google Scholar 

http://cnlm.illinois.edu/
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#note1a
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#note1a
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B57
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#B57
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#note2a
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#note3a
http://journal.frontiersin.org/article/10.3389/fnagi.2017.00059/full#note4a
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26909213
https://doi.org/10.18295/squmj.2016.16.01.009
http://scholar.google.com/scholar_lookup?author=D.+Adam&author=A.+Ramli&author=S.+Shahar+&publication_year=2016&title=Effectiveness+of+a+combined+dance+and+relaxation+intervention+on+reducing+anxiety+and+depression+and+improving+quality+of+life+among+the+cognitively+impaired+elderly&journal=Sultan+Qaboos+Univ.+Med.+J.&volume=16&pages=e47-e53


Alexander, R. P. D., Concha, L., Snyder, T. J., Beaulieu, C., and Gross, D. W. (2014). 

Correlations between limbic white matter and cognitive function in temporal-lobe epilepsy, 

preliminary findings. Front. Aging Neurosci. 6:142. doi: 10.3389/fnagi.2014.00142 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Ballesteros, S., Mayas, J., Prieto, A., Toril, P., Pita, C., Laura, P., et al. (2015). A randomized 

controlled trial of brain training with non-action video games in older adults: results of the 3-

month follow-up. Front. Aging Neurosci. 7:45. doi: 10.3389/fnagi.2015.00045 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Bamidis, P. D., Fissler, P., Papageorgiou, S. G., Zilidou, V., Konstantinidis, E. I., Billis, A. S., et 

al. (2015). Gains in cognition through combined cognitive and physical training: the role of 

training dosage and severity of neurocognitive disorder. Front. Aging Neurosci. 7:152. doi: 

10.3389/fnagi.2015.00152 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Barrick, T. R., Charlton, R. A., Clark, C. A., and Markus, H. S. (2010). White matter structural 

decline in normal ageing: a prospective longitudinal study using tract-based spatial statistics. 

Neuroimage 51, 565–577. doi: 10.1016/j.neuroimage.2010.02.033 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Bartzokis, G. (2004). Age-related myelin breakdown: a developmental model of cognitive 

decline and Alzheimer's disease. Neurobiol. Aging 25, 5–18. doi: 

10.1016/j.neurobiolaging.2003.03.001 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Bartzokis, G., Lu, P. H., Tingus, K., Mendez, M. F., Richard, A., Peters, D. G., et al. (2010). 

Lifespan trajectory of myelin integrity and maximum motor speed. Neurobiol. Aging 31, 1554–

1562. doi: 10.1016/j.neurobiolaging.2008.08.015 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Bartzokis, G., Sultzer, D., Lu, P. H., Nuechterlein, K. H., Mintz, J., and Cummings, J. L. (2004). 

Heterogeneous age-related breakdown of white matter structural integrity: implications for 

cortical “disconnection” in aging and Alzheimer's disease. Neurobiol. Aging 25, 843–851. doi: 

10.1016/j.neurobiolaging.2003.09.005 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Basser, P. J. (1995). Inferring microstructural features and the physiological state of tissues from 

diffusion-weighted images. NMR Biomed. 8, 333–344. doi: 10.1002/nbm.1940080707 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=25071551
https://doi.org/10.3389/fnagi.2014.00142
http://scholar.google.com/scholar_lookup?author=R.+P.+D.+Alexander&author=L.+Concha&author=T.+J.+Snyder&author=C.+Beaulieu&author=D.+W.+Gross+&publication_year=2014&title=Correlations+between+limbic+white+matter+and+cognitive+function+in+temporal-lobe+epilepsy,+preliminary+findings&journal=Front.+Aging+Neurosci.&volume=6&pages=142
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=25926790
https://doi.org/10.3389/fnagi.2015.00045
http://scholar.google.com/scholar_lookup?author=S.+Ballesteros&author=J.+Mayas&author=A.+Prieto&author=P.+Toril&author=C.+Pita&author=P.+Laura+&publication_year=2015&title=A+randomized+controlled+trial+of+brain+training+with+non-action+video+games+in+older+adults%3A+results+of+the+3-month+follow-up&journal=Front.+Aging+Neurosci.&volume=7&pages=45
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26300772
https://doi.org/10.3389/fnagi.2015.00152
http://scholar.google.com/scholar_lookup?author=P.+D.+Bamidis&author=P.+Fissler&author=S.+G.+Papageorgiou&author=V.+Zilidou&author=E.+I.+Konstantinidis&author=A.+S.+Billis+&publication_year=2015&title=Gains+in+cognition+through+combined+cognitive+and+physical+training%3A+the+role+of+training+dosage+and+severity+of+neurocognitive+disorder&journal=Front.+Aging+Neurosci.&volume=7&pages=152
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=20178850
https://doi.org/10.1016/j.neuroimage.2010.02.033
http://scholar.google.com/scholar_lookup?author=T.+R.+Barrick&author=R.+A.+Charlton&author=C.+A.+Clark&author=H.+S.+Markus+&publication_year=2010&title=White+matter+structural+decline+in+normal+ageing%3A+a+prospective+longitudinal+study+using+tract-based+spatial+statistics&journal=Neuroimage&volume=51&pages=565-577
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=14675724
https://doi.org/10.1016/j.neurobiolaging.2003.03.001
http://scholar.google.com/scholar_lookup?author=G.+Bartzokis+&publication_year=2004&title=Age-related+myelin+breakdown%3A+a+developmental+model+of+cognitive+decline+and+Alzheimer%27s+disease&journal=Neurobiol.+Aging&volume=25&pages=5-18
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=18926601
https://doi.org/10.1016/j.neurobiolaging.2008.08.015
http://scholar.google.com/scholar_lookup?author=G.+Bartzokis&author=P.+H.+Lu&author=K.+Tingus&author=M.+F.+Mendez&author=A.+Richard&author=D.+G.+Peters+&publication_year=2010&title=Lifespan+trajectory+of+myelin+integrity+and+maximum+motor+speed&journal=Neurobiol.+Aging&volume=31&pages=1554-1562
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15212838
https://doi.org/10.1016/j.neurobiolaging.2003.09.005
http://scholar.google.com/scholar_lookup?author=G.+Bartzokis&author=D.+Sultzer&author=P.+H.+Lu&author=K.+H.+Nuechterlein&author=J.+Mintz&author=J.+L.+Cummings+&publication_year=2004&title=Heterogeneous+age-related+breakdown+of+white+matter+structural+integrity%3A+implications+for+cortical+%E2%80%9Cdisconnection%E2%80%9D+in+aging+and+Alzheimer%27s+disease&journal=Neurobiol.+Aging&volume=25&pages=843-851


PubMed Abstract | CrossRef Full Text | Google Scholar 

Beaulieu, C. (2002). The basis of anisotropic water diffusion in the nervous system - a technical 

review. NMR Biomed. 15, 435–455. doi: 10.1002/nbm.782 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Beaulieu, C., Does, M. D., Snyder, R. E., and Allen, P. S. (1996). Changes in water diffusion due 

to Wallerian degeneration in peripheral nerve. Magn. Reson. Med. 36, 627–631. doi: 

10.1002/mrm.1910360419 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Begg, C. B., and Iglewicz, B. (1980). A treatment allocation procedure for sequential clinical 

trials. Biometrics 36, 81–90. doi: 10.2307/2530497 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Bender, A. R., Prindle, J. J., Brandmaier, A. M., and Raz, N. (2016a). White matter and memory 

in healthy adults: coupled changes over two years. Neuroimage 131, 193–204. doi: 

10.1016/j.neuroimage.2015.10.085 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Bender, A. R., Völkle, M. C., and Raz, N. (2016b). Differential aging of cerebral white matter in 

middle-aged and older adults: a seven-year follow-up. Neuroimage 125, 74–83. doi: 

10.1016/j.neuroimage.2015.10.030 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Bengtsson, S. L., Nagy, Z., Skare, S., Forsman, L., Forssberg, H., and Ullén, F. (2005). 

Extensive piano practicing has regionally specific effects on white matter development. Nat. 

Neurosci. 8, 1148–1150. doi: 10.1038/nn1516 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Black, J. E., Isaacs, K. R., Anderson, B. J., Alcantara, A. A., and Greenough, W. T. (1990). 

Learning causes synaptogenesis, whereas motor activity causes angiogenesis, in cerebellar cortex 

of adult rats. Proc. Natl. Acad. Sci. U.S.A. 87, 5568–5572. doi: 10.1073/pnas.87.14.5568 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Bolandzadeh, N., Tam, R., Handy, T. C., Nagamatsu, L. S., Hsu, C. L., Davis, J. C., et al. (2015). 

Resistance training and white matter lesion progression in older women: exploratory analysis of 

a 12-month randomized controlled trial. J. Am. Geriatr. Soc. 63, 2052–2060. doi: 

10.1111/jgs.13644 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=8739270
https://doi.org/10.1002/nbm.1940080707
http://scholar.google.com/scholar_lookup?author=P.+J.+Basser+&publication_year=1995&title=Inferring+microstructural+features+and+the+physiological+state+of+tissues+from+diffusion-weighted+images&journal=NMR+Biomed.&volume=8&pages=333-344
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12489094
https://doi.org/10.1002/nbm.782
http://scholar.google.com/scholar_lookup?author=C.+Beaulieu+&publication_year=2002&title=The+basis+of+anisotropic+water+diffusion+in+the+nervous+system+-+a+technical+review&journal=NMR+Biomed.&volume=15&pages=435-455
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=8892217
https://doi.org/10.1002/mrm.1910360419
http://scholar.google.com/scholar_lookup?author=C.+Beaulieu&author=M.+D.+Does&author=R.+E.+Snyder&author=P.+S.+Allen+&publication_year=1996&title=Changes+in+water+diffusion+due+to+Wallerian+degeneration+in+peripheral+nerve&journal=Magn.+Reson.+Med.&volume=36&pages=627-631
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=7370375
https://doi.org/10.2307/2530497
http://scholar.google.com/scholar_lookup?author=C.+B.+Begg&author=B.+Iglewicz+&publication_year=1980&title=A+treatment+allocation+procedure+for+sequential+clinical+trials&journal=Biometrics&volume=36&pages=81-90
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26545457
https://doi.org/10.1016/j.neuroimage.2015.10.085
http://scholar.google.com/scholar_lookup?author=A.+R.+Bender&author=J.+J.+Prindle&author=A.+M.+Brandmaier&author=N.+Raz+&publication_year=2016a&title=White+matter+and+memory+in+healthy+adults%3A+coupled+changes+over+two+years&journal=Neuroimage&volume=131&pages=193-204
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26481675
https://doi.org/10.1016/j.neuroimage.2015.10.030
http://scholar.google.com/scholar_lookup?author=A.+R.+Bender&author=M.+C.+V%C3%B6lkle&author=N.+Raz+&publication_year=2016b&title=Differential+aging+of+cerebral+white+matter+in+middle-aged+and+older+adults%3A+a+seven-year+follow-up&journal=Neuroimage&volume=125&pages=74-83
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16116456
https://doi.org/10.1038/nn1516
http://scholar.google.com/scholar_lookup?author=S.+L.+Bengtsson&author=Z.+Nagy&author=S.+Skare&author=L.+Forsman&author=H.+Forssberg&author=F.+Ull%C3%A9n+&publication_year=2005&title=Extensive+piano+practicing+has+regionally+specific+effects+on+white+matter+development&journal=Nat.+Neurosci.&volume=8&pages=1148-1150
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=1695380
https://doi.org/10.1073/pnas.87.14.5568
http://scholar.google.com/scholar_lookup?author=J.+E.+Black&author=K.+R.+Isaacs&author=B.+J.+Anderson&author=A.+A.+Alcantara&author=W.+T.+Greenough+&publication_year=1990&title=Learning+causes+synaptogenesis,+whereas+motor+activity+causes+angiogenesis,+in+cerebellar+cortex+of+adult+rats&journal=Proc.+Natl.+Acad.+Sci.+U.S.A.&volume=87&pages=5568-5572


PubMed Abstract | CrossRef Full Text | Google Scholar 

Bullitt, E., Rahman, F. N., Smith, J. K., Kim, E., Zeng, D., Katz, L. M., et al. (2009). The effect 

of exercise on the cerebral vasculature of healthy aged subjects as visualized by MR 

angiography. Am. J. Neuroradiol. 30, 1857–1863. doi: 10.3174/ajnr.A1695 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Burzynska, A. Z., Chaddock-Heyman, L., Voss, M. W., Wong, C. N., Gothe, N. P., Olson, E. A., 

et al. (2014). Physical activity and cardiorespiratory fitness are beneficial for white matter in 

low-fit older adults. PLoS ONE 9:e107413 doi: 10.1371/journal.pone.0107413 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Burzynska, A. Z., Garrett, D. D., Preuschhof, C., Nagel, I. E., Li, S.-C., Bäckman, L., et al. 

(2013). A scaffold for efficiency in the human brain. J. Neurosci. 33, 17150–17159. doi: 

10.1523/jneurosci.1426-13.2013 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Burzynska, A. Z., Preuschhof, C., Bäckman, L., Nyberg, L., Li, S. C., Lindenberger, U., et al. 

(2010). Age-related differences in white matter microstructure: region-specific patterns of 

diffusivity. Neuroimage 49, 2104–2112. doi: 10.1016/j.neuroimage.2009.09.041 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Burzynska, A. Z., Wong, C. N., Voss, M. W., Cooke, G. E., Gothe, N. P., Fanning, J., et al. 

(2015). Physical activity is linked to greater moment-to-moment variability in spontaneous brain 

activity in older adults. PLoS ONE 10:e0134819. doi: 10.1371/journal.pone.0134819 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Carro, E., Nuñez, A., Busiguina, S., and Torres-Aleman, I. (2000). Circulating insulin-like 

growth factor I mediates effects of exercise on the brain. J. Neurosci. 20, 2926–2933. doi: 

10.1016/j.tins.2006.06.011 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Ciccarelli, O., Behrens, T. E., Altmann, D. R., Orrell, R. W., Howard, R. S., Johansen-Berg, H., 

et al. (2006). Probabilistic diffusion tractography: a potential tool to assess the rate of disease 

progression in amyotrophic lateral sclerosis. Brain 129, 1859–1871. doi: 10.1093/brain/awl100 

PubMed Abstract | CrossRef Full Text | Google Scholar 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26456233
https://doi.org/10.1111/jgs.13644
http://scholar.google.com/scholar_lookup?author=N.+Bolandzadeh&author=R.+Tam&author=T.+C.+Handy&author=L.+S.+Nagamatsu&author=C.+L.+Hsu&author=J.+C.+Davis+&publication_year=2015&title=Resistance+training+and+white+matter+lesion+progression+in+older+women%3A+exploratory+analysis+of+a+12-month+randomized+controlled+trial&journal=J.+Am.+Geriatr.+Soc.&volume=63&pages=2052-2060
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19589885
https://doi.org/10.3174/ajnr.A1695
http://scholar.google.com/scholar_lookup?author=E.+Bullitt&author=F.+N.+Rahman&author=J.+K.+Smith&author=E.+Kim&author=D.+Zeng&author=L.+M.+Katz+&publication_year=2009&title=The+effect+of+exercise+on+the+cerebral+vasculature+of+healthy+aged+subjects+as+visualized+by+MR+angiography&journal=Am.+J.+Neuroradiol.&volume=30&pages=1857-1863
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=25229455
https://doi.org/10.1371/journal.pone.0107413
http://scholar.google.com/scholar_lookup?author=A.+Z.+Burzynska&author=L.+Chaddock-Heyman&author=M.+W.+Voss&author=C.+N.+Wong&author=N.+P.+Gothe&author=E.+A.+Olson+&publication_year=2014&title=Physical+activity+and+cardiorespiratory+fitness+are+beneficial+for+white+matter+in+low-fit+older+adults&journal=PLoS+ONE&volume=9&pages=e107413
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=24155318
https://doi.org/10.1523/jneurosci.1426-13.2013
http://scholar.google.com/scholar_lookup?author=A.+Z.+Burzynska&author=D.+D.+Garrett&author=C.+Preuschhof&author=I.+E.+Nagel&author=S.+-C.+Li&author=L.+B%C3%A4ckman+&publication_year=2013&title=A+scaffold+for+efficiency+in+the+human+brain&journal=J.+Neurosci.&volume=33&pages=17150-17159
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19782758
https://doi.org/10.1016/j.neuroimage.2009.09.041
http://scholar.google.com/scholar_lookup?author=A.+Z.+Burzynska&author=C.+Preuschhof&author=L.+B%C3%A4ckman&author=L.+Nyberg&author=S.+C.+Li&author=U.+Lindenberger+&publication_year=2010&title=Age-related+differences+in+white+matter+microstructure%3A+region-specific+patterns+of+diffusivity&journal=Neuroimage&volume=49&pages=2104-2112
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26244873
https://doi.org/10.1371/journal.pone.0134819
http://scholar.google.com/scholar_lookup?author=A.+Z.+Burzynska&author=C.+N.+Wong&author=M.+W.+Voss&author=G.+E.+Cooke&author=N.+P.+Gothe&author=J.+Fanning+&publication_year=2015&title=Physical+activity+is+linked+to+greater+moment-to-moment+variability+in+spontaneous+brain+activity+in+older+adults&journal=PLoS+ONE&volume=10&pages=e0134819
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10751445
https://doi.org/10.1016/j.tins.2006.06.011
http://scholar.google.com/scholar_lookup?author=E.+Carro&author=A.+Nu%C3%B1ez&author=S.+Busiguina&author=I.+Torres-Aleman+&publication_year=2000&title=Circulating+insulin-like+growth+factor+I+mediates+effects+of+exercise+on+the+brain&journal=J.+Neurosci.&volume=20&pages=2926-2933
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16672290
https://doi.org/10.1093/brain/awl100
http://scholar.google.com/scholar_lookup?author=O.+Ciccarelli&author=T.+E.+Behrens&author=D.+R.+Altmann&author=R.+W.+Orrell&author=R.+S.+Howard&author=H.+Johansen-Berg+&publication_year=2006&title=Probabilistic+diffusion+tractography%3A+a+potential+tool+to+assess+the+rate+of+disease+progression+in+amyotrophic+lateral+sclerosis&journal=Brain&volume=129&pages=1859-1871


Colby, J. B., Van Horn, J. D., and Sowell, E. R. (2011). Quantitative in vivo evidence for broad 

regional gradients in the timing of white matter maturation during adolescence. Neuroimage 54, 

25–31. doi: 10.1016/j.neuroimage.2010.08.014 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Colcombe, S. J., Erickson, K. I., Scalf, P. E., Kim, J. S., Prakash, R., McAuley, E., et al. (2006). 

Aerobic exercise training increases brain volume in aging humans. J. Gerontol. A Biol. Sci. Med. 

Sci. 61, 1166–1170. doi: 10.1093/gerona/61.11.1166 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Concha, L., Gross, D. W., Wheatley, B. M., and Beaulieu, C. (2006). Diffusion tensor imaging 

of time-dependent axonal and myelin degradation after corpus callosotomy in epilepsy patients. 

Neuroimage 32, 1090–1099. doi: 10.1016/j.neuroimage.2006.04.187 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Copeland, J. L., and Esliger, D. W. (2009). Accelerometer assessment of physical activity in 

active, healthy older adults. J. Aging Phys. Act. 17, 17–30. doi: 10.1123/japa.17.1.17 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Copenhaver, B. R., Rabin, L. A., Saykin, A. J., Roth, R. M., Wishart, H. A., Flashman, L. A., et 

al. (2006). The fornix and mammillary bodies in older adults with Alzheimer's disease, mild 

cognitive impairment, and cognitive complaints: a volumetric MRI study. Psychiatry Res. 

Neuroimag. 147, 93–103. doi: 10.1016/j.pscychresns.2006.01.015 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Cosottini, M., Giannelli, M., Siciliano, G., Lazzarotti, G., Michelassi, M. C., del Corona, A., et 

al. (2005). Diffusion-tensor MR imaging of corticospinal tract in amyotrophic lateral sclerosis 

and progressive muscular atrophy. Radiology 237, 258–264. doi: 10.1148/radiol.2371041506 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Demiot, C., Dignat-George, F., Fortrat, J.-O., Sabatier, F., Gharib, C., Larina, I., et al. (2007). 

WISE 2005: chronic bed rest impairs microcirculatory endothelium in women. Am. J. Physiol. 

Heart Circ. Physiol. 293, H3159–H3164. doi: 10.1152/ajpheart.00591.2007 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Dhami, P., Moreno, S., and DeSouza, J. F. X. (2015). New framework for rehabilitation-Fusion 

of cognitive and physical rehabilitation: the hope for dancing. Front. Psychol. 5:1478. doi: 

10.3389/fpsyg.2014.01478 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=20708693
https://doi.org/10.1016/j.neuroimage.2010.08.014
http://scholar.google.com/scholar_lookup?author=J.+B.+Colby&author=J.+D.+Van+Horn&author=E.+R.+Sowell+&publication_year=2011&title=Quantitative+in+vivo+evidence+for+broad+regional+gradients+in+the+timing+of+white+matter+maturation+during+adolescence&journal=Neuroimage&volume=54&pages=25-31
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17167157
https://doi.org/10.1093/gerona/61.11.1166
http://scholar.google.com/scholar_lookup?author=S.+J.+Colcombe&author=K.+I.+Erickson&author=P.+E.+Scalf&author=J.+S.+Kim&author=R.+Prakash&author=E.+McAuley+&publication_year=2006&title=Aerobic+exercise+training+increases+brain+volume+in+aging+humans&journal=J.+Gerontol.+A+Biol.+Sci.+Med.+Sci.&volume=61&pages=1166-1170
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16765064
https://doi.org/10.1016/j.neuroimage.2006.04.187
http://scholar.google.com/scholar_lookup?author=L.+Concha&author=D.+W.+Gross&author=B.+M.+Wheatley&author=C.+Beaulieu+&publication_year=2006&title=Diffusion+tensor+imaging+of+time-dependent+axonal+and+myelin+degradation+after+corpus+callosotomy+in+epilepsy+patients&journal=Neuroimage&volume=32&pages=1090-1099
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19299836
https://doi.org/10.1123/japa.17.1.17
http://scholar.google.com/scholar_lookup?author=J.+L.+Copeland&author=D.+W.+Esliger+&publication_year=2009&title=Accelerometer+assessment+of+physical+activity+in+active,+healthy+older+adults&journal=J.+Aging+Phys.+Act.&volume=17&pages=17-30
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16920336
https://doi.org/10.1016/j.pscychresns.2006.01.015
http://scholar.google.com/scholar_lookup?author=B.+R.+Copenhaver&author=L.+A.+Rabin&author=A.+J.+Saykin&author=R.+M.+Roth&author=H.+A.+Wishart&author=L.+A.+Flashman+&publication_year=2006&title=The+fornix+and+mammillary+bodies+in+older+adults+with+Alzheimer%27s+disease,+mild+cognitive+impairment,+and+cognitive+complaints%3A+a+volumetric+MRI+study&journal=Psychiatry+Res.+Neuroimag.&volume=147&pages=93-103
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16183935
https://doi.org/10.1148/radiol.2371041506
http://scholar.google.com/scholar_lookup?author=M.+Cosottini&author=M.+Giannelli&author=G.+Siciliano&author=G.+Lazzarotti&author=M.+C.+Michelassi&author=A.+del+Corona+&publication_year=2005&title=Diffusion-tensor+MR+imaging+of+corticospinal+tract+in+amyotrophic+lateral+sclerosis+and+progressive+muscular+atrophy&journal=Radiology&volume=237&pages=258-264
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17766475
https://doi.org/10.1152/ajpheart.00591.2007
http://scholar.google.com/scholar_lookup?author=C.+Demiot&author=F.+Dignat-George&author=J.+-O.+Fortrat&author=F.+Sabatier&author=C.+Gharib&author=I.+Larina+&publication_year=2007&title=WISE+2005%3A+chronic+bed+rest+impairs+microcirculatory+endothelium+in+women&journal=Am.+J.+Physiol.+Heart+Circ.+Physiol.&volume=293&pages=H3159-H3164


PubMed Abstract | CrossRef Full Text | Google Scholar 

Douet, V., and Chang, L. (2015). Fornix as an imaging marker for episodic memory deficits in 

healthy aging and in various neurological disorders. Front. Aging Neurosci. 7:343. doi: 

10.3389/fnagi.2014.00343 

CrossRef Full Text | Google Scholar 

Etnier, J. L., Caselli, R. J., Reiman, E. M., Alexander, G. E., Sibley, B. A., Tessier, D., et al. 

(2007). Cognitive performance in older women relative to ApoE-epsilon4 genotype and aerobic 

fitness. Med. Sci. Sports Exerc. 39, 199–207. doi: 10.1249/01.mss.0000239399.85955.5e 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Fanning, J., Porter, G., Awick, E. A., Ehlers, D. K., Roberts, S. A., Cooke, G., et al. (2016). 

Replacing sedentary time with sleep, light, or moderate-to-vigorous physical activity: effects on 

self-regulation and executive functioning. J. Behav. Med. 40, 1–11. doi: 10.1007/s10865-016-

9788-9 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Fletcher, E., Raman, M., Huebner, P., Liu, A., Mungas, D., Carmichael, O., et al. (2013). Loss of 

fornix white matter volume as a predictor of cognitive impairment in cognitively normal elderly 

individuals. JAMA Neurol. 70, 1389–1395. doi: 10.1001/jamaneurol.2013.3263 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Gunning-Dixon, F. M., and Raz, N. (2000). The cognitive correlates of white matter 

abnormalities in normal aging: a quantitative review. Neuropsychology 14, 224–232. doi: 

10.1037/0894-4105.14.2.224 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Haboush, A., Floyd, M., Caron, J., LaSota, M., and Alvarez, K. (2006). Ballroom dance lessons 

for geriatric depression: an exploratory study. Arts Psychother. 33, 89–97. doi: 

10.1016/j.aip.2005.10.001 

CrossRef Full Text | Google Scholar 

Hamburg, N. M., McMackin, C. J., Huang, A. L., Shenouda, S. M., Widlansky, M. E., Schulz, 

E., et al. (2007). Physical inactivity rapidly induces insulin resistance and microvascular 

dysfunction in healthy volunteers. Arterioscler. Thromb. Vasc. Biol. 27, 2650–2656. doi: 

10.1161/ATVBAHA.107.153288 

PubMed Abstract | CrossRef Full Text | Google Scholar 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=25674066
https://doi.org/10.3389/fpsyg.2014.01478
http://scholar.google.com/scholar_lookup?author=P.+Dhami&author=S.+Moreno&author=J.+F.+X.+DeSouza+&publication_year=2015&title=New+framework+for+rehabilitation-Fusion+of+cognitive+and+physical+rehabilitation%3A+the+hope+for+dancing&journal=Front.+Psychol.&volume=5&pages=1478
https://doi.org/10.3389/fnagi.2014.00343
http://scholar.google.com/scholar_lookup?author=V.+Douet&author=L.+Chang+&publication_year=2015&title=Fornix+as+an+imaging+marker+for+episodic+memory+deficits+in+healthy+aging+and+in+various+neurological+disorders&journal=Front.+Aging+Neurosci.&volume=7&pages=343
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17218903
https://doi.org/10.1249/01.mss.0000239399.85955.5e
http://scholar.google.com/scholar_lookup?author=J.+L.+Etnier&author=R.+J.+Caselli&author=E.+M.+Reiman&author=G.+E.+Alexander&author=B.+A.+Sibley&author=D.+Tessier+&publication_year=2007&title=Cognitive+performance+in+older+women+relative+to+ApoE-epsilon4+genotype+and+aerobic+fitness&journal=Med.+Sci.+Sports+Exerc.&volume=39&pages=199-207
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=27586134
https://doi.org/10.1007/s10865-016-9788-9
http://scholar.google.com/scholar_lookup?author=J.+Fanning&author=G.+Porter&author=E.+A.+Awick&author=D.+K.+Ehlers&author=S.+A.+Roberts&author=G.+Cooke+&publication_year=2016&title=Replacing+sedentary+time+with+sleep,+light,+or+moderate-to-vigorous+physical+activity%3A+effects+on+self-regulation+and+executive+functioning&journal=J.+Behav.+Med.&volume=40&pages=1-11
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=24018960
https://doi.org/10.1001/jamaneurol.2013.3263
http://scholar.google.com/scholar_lookup?author=E.+Fletcher&author=M.+Raman&author=P.+Huebner&author=A.+Liu&author=D.+Mungas&author=O.+Carmichael+&publication_year=2013&title=Loss+of+fornix+white+matter+volume+as+a+predictor+of+cognitive+impairment+in+cognitively+normal+elderly+individuals&journal=JAMA+Neurol.&volume=70&pages=1389-1395
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10791862
https://doi.org/10.1037/0894-4105.14.2.224
http://scholar.google.com/scholar_lookup?author=F.+M.+Gunning-Dixon&author=N.+Raz+&publication_year=2000&title=The+cognitive+correlates+of+white+matter+abnormalities+in+normal+aging%3A+a+quantitative+review&journal=Neuropsychology&volume=14&pages=224-232
https://doi.org/10.1016/j.aip.2005.10.001
http://scholar.google.com/scholar_lookup?author=A.+Haboush&author=M.+Floyd&author=J.+Caron&author=M.+LaSota&author=K.+Alvarez+&publication_year=2006&title=Ballroom+dance+lessons+for+geriatric+depression%3A+an+exploratory+study&journal=Arts+Psychother.&volume=33&pages=89-97
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17932315
https://doi.org/10.1161/ATVBAHA.107.153288
http://scholar.google.com/scholar_lookup?author=N.+M.+Hamburg&author=C.+J.+McMackin&author=A.+L.+Huang&author=S.+M.+Shenouda&author=M.+E.+Widlansky&author=E.+Schulz+&publication_year=2007&title=Physical+inactivity+rapidly+induces+insulin+resistance+and+microvascular+dysfunction+in+healthy+volunteers&journal=Arterioscler.+Thromb.+Vasc.+Biol.&volume=27&pages=2650-2656


Hamilton, M. T., Hamilton, D. G., and Zderic, T. W. (2004). Exercise physiology versus 

inactivity physiology: an essential concept for understanding lipoprotein lipase regulation. Exerc. 

Sport Sci. Rev. 32, 161–166. doi: 10.1097/00003677-200410000-00007 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Hofer, S., and Frahm, J. (2006). Topography of the human corpus callosum revisited—

comprehensive fiber tractography using diffusion tensor magnetic resonance imaging. 

Neuroimage 32, 989–994. doi: 10.1016/j.neuroimage.2006.05.044 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Jack, C. R. Jr., and Holtzman, D. M. (2013). Biomarker modeling of Alzheimer's disease. 

Neuron 80, 1347–1358. doi: 10.1016/j.neuron.2013.12.003 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Lauenroth, A., Ioannidis, A. E., and Teichmann, B. (2016). Influence of combined physical and 

cognitive training on cognition: a systematic review. BMC Geriatr. 16, 141. doi: 

10.1186/s12877-016-0315-1 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Law, L. L. F., Barnett, F., Yau, M. K., and Gray, M. A. (2014). Effects of combined cognitive 

and exercise interventions on cognition in older adults with and without cognitive impairment: a 

systematic review. Ageing Res. Rev. 15, 61–75. doi: 10.1016/j.arr.2014.02.008 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Lindquist, S., Bodammer, N., Kaufmann, J., König, F., Heinze, H.-J., Brück, W., et al. (2007). 

Histopathology and serial, multimodal magnetic resonance imaging in a multiple sclerosis 

variant. Mult. Scler. 13, 471–482. doi: 10.1177/1352458506071329 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Liu, S., Rovine, M. J., and Molenaar, P. C. M. (2012). Selecting a linear mixed model for 

longitudinal data: repeated measures analysis of variance, covariance pattern model, and growth 

curve approaches. Psychol. Methods 7, 15–30. doi: 10.1037/a0026971 

CrossRef Full Text | Google Scholar 

Lövdén, M., Köhncke, Y., Laukka, E. J., Kalpouzos, G., Salami, A., Li, T. Q., et al. (2014). 

Changes in perceptual speed and white matter microstructure in the corticospinal tract are 

associated in very old age. Neuroimage 102, 520–530. doi: 10.1016/j.neuroimage.2014.08.020 

PubMed Abstract | CrossRef Full Text | Google Scholar 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15604935
https://doi.org/10.1097/00003677-200410000-00007
http://scholar.google.com/scholar_lookup?author=M.+T.+Hamilton&author=D.+G.+Hamilton&author=T.+W.+Zderic+&publication_year=2004&title=Exercise+physiology+versus+inactivity+physiology%3A+an+essential+concept+for+understanding+lipoprotein+lipase+regulation&journal=Exerc.+Sport+Sci.+Rev.&volume=32&pages=161-166
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16854598
https://doi.org/10.1016/j.neuroimage.2006.05.044
http://scholar.google.com/scholar_lookup?author=S.+Hofer&author=J.+Frahm+&publication_year=2006&title=Topography+of+the+human+corpus+callosum+revisited%E2%80%94comprehensive+fiber+tractography+using+diffusion+tensor+magnetic+resonance+imaging&journal=Neuroimage&volume=32&pages=989-994
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=24360540
https://doi.org/10.1016/j.neuron.2013.12.003
http://scholar.google.com/scholar_lookup?author=C.+R.+Jack&author=D.+M.+Holtzman+&publication_year=2013&title=Biomarker+modeling+of+Alzheimer%27s+disease&journal=Neuron&volume=80&pages=1347-1358
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=27431673
https://doi.org/10.1186/s12877-016-0315-1
http://scholar.google.com/scholar_lookup?author=A.+Lauenroth&author=A.+E.+Ioannidis&author=B.+Teichmann+&publication_year=2016&title=Influence+of+combined+physical+and+cognitive+training+on+cognition%3A+a+systematic+review&journal=BMC+Geriatr.&volume=16&pages=141
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=24632497
https://doi.org/10.1016/j.arr.2014.02.008
http://scholar.google.com/scholar_lookup?author=L.+L.+F.+Law&author=F.+Barnett&author=M.+K.+Yau&author=M.+A.+Gray+&publication_year=2014&title=Effects+of+combined+cognitive+and+exercise+interventions+on+cognition+in+older+adults+with+and+without+cognitive+impairment%3A+a+systematic+review&journal=Ageing+Res.+Rev.&volume=15&pages=61-75
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17463070
https://doi.org/10.1177/1352458506071329
http://scholar.google.com/scholar_lookup?author=S.+Lindquist&author=N.+Bodammer&author=J.+Kaufmann&author=F.+K%C3%B6nig&author=H.+-J.+Heinze&author=W.+Br%C3%BCck+&publication_year=2007&title=Histopathology+and+serial,+multimodal+magnetic+resonance+imaging+in+a+multiple+sclerosis+variant&journal=Mult.+Scler.&volume=13&pages=471-482
https://doi.org/10.1037/a0026971
http://scholar.google.com/scholar_lookup?author=S.+Liu&author=M.+J.+Rovine&author=P.+C.+M.+Molenaar+&publication_year=2012&title=Selecting+a+linear+mixed+model+for+longitudinal+data%3A+repeated+measures+analysis+of+variance,+covariance+pattern+model,+and+growth+curve+approaches&journal=Psychol.+Methods&volume=7&pages=15-30
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=25139001
https://doi.org/10.1016/j.neuroimage.2014.08.020
http://scholar.google.com/scholar_lookup?author=M.+L%C3%B6vd%C3%A9n&author=Y.+K%C3%B6hncke&author=E.+J.+Laukka&author=G.+Kalpouzos&author=A.+Salami&author=T.+Q.+Li+&publication_year=2014&title=Changes+in+perceptual+speed+and+white+matter+microstructure+in+the+corticospinal+tract+are+associated+in+very+old+age&journal=Neuroimage&volume=102&pages=520-530


Madden, D. J., Bennett, I. J., Burzynska, A., Potter, G. G., Chen, N.-K., and Song, A. W. (2012). 

Diffusion tensor imaging of cerebral white matter integrity in cognitive aging. Biochim. Biophys. 

Acta 1822, 386–400. doi: 10.1016/j.bbadis.2011.08.003 

PubMed Abstract | CrossRef Full Text | Google Scholar 

McKenzie, I. A., Ohayon, D., Li, H., Paes de Faria, J., Emery, B., Tohyama, K., et al. (2014). 

Motor skill learning requires active central myelination. Science 346, 318–322. doi: 

10.1126/science.1254960 

PubMed Abstract | CrossRef Full Text | Google Scholar 

McNeely, M. E., Duncan, R. P., and Earhart, G. M. (2015). A comparison of dance interventions 

in people with Parkinson disease and older adults. Maturitas 81, 10–16. doi: 

10.1016/j.maturitas.2015.02.007 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Medina, D., DeToledo-Morrell, L., Urresta, F., Gabrieli, J. D. E., Moseley, M., Fleischman, D., 

et al. (2006). White matter changes in mild cognitive impairment and AD: a diffusion tensor 

imaging study. Neurobiol. Aging 27, 663–672. doi: 10.1016/j.neurobiolaging.2005.03.026 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Metzler-Baddeley, C., Jones, D. K., Belaroussi, B., Aggleton, J. P., and O'Sullivan, M. J. (2011). 

Frontotemporal connections in episodic memory and aging: a diffusion MRI tractography study. 

J. Neurosci. 31, 13236–13245. doi: 10.1523/JNEUROSCI.2317-11.2011 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Mielke, M. M., Okonkwo, O. C., Oishi, K., Mori, S., Tighe, S., Miller, M. I., et al. (2012). 

Fornix integrity and hippocampal volume predict memory decline and progression to 

Alzheimer's disease. Alzheimer's Dementia 8, 105–113. doi: 10.1016/j.jalz.2011.05.2416 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Oberlin, L. E., Verstynen, T. D., Burzynska, A. Z., Voss, M. W., Prakash, R. S., Chaddock-

Heyman, L., et al. (2016). White matter microstructure mediates the relationship between 

cardiorespiratory fitness and spatial working memory in older adults. Neuroimage 131, 91–101. 

doi: 10.1016/j.neuroimage.2015.09.053 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Oswald, W. D., Gunzelmann, T., Rupprecht, R., and Hagen, B. (2006). Differential effects of 

single versus combined cognitive and physical training with older adults: the SimA study in a 5-

year perspective. Eur. J. Ageing 3, 179–192. doi: 10.1007/s10433-006-0035-z 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=21871957
https://doi.org/10.1016/j.bbadis.2011.08.003
http://scholar.google.com/scholar_lookup?author=D.+J.+Madden&author=I.+J.+Bennett&author=A.+Burzynska&author=G.+G.+Potter&author=N.+-K.+Chen&author=A.+W.+Song+&publication_year=2012&title=Diffusion+tensor+imaging+of+cerebral+white+matter+integrity+in+cognitive+aging&journal=Biochim.+Biophys.+Acta&volume=1822&pages=386-400
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=25324381
https://doi.org/10.1126/science.1254960
http://scholar.google.com/scholar_lookup?author=I.+A.+McKenzie&author=D.+Ohayon&author=H.+Li&author=J.+Paes+de+Faria&author=B.+Emery&author=K.+Tohyama+&publication_year=2014&title=Motor+skill+learning+requires+active+central+myelination&journal=Science&volume=346&pages=318-322
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=25771040
https://doi.org/10.1016/j.maturitas.2015.02.007
http://scholar.google.com/scholar_lookup?author=M.+E.+McNeely&author=R.+P.+Duncan&author=G.+M.+Earhart+&publication_year=2015&title=A+comparison+of+dance+interventions+in+people+with+Parkinson+disease+and+older+adults&journal=Maturitas&volume=81&pages=10-16
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16005548
https://doi.org/10.1016/j.neurobiolaging.2005.03.026
http://scholar.google.com/scholar_lookup?author=D.+Medina&author=L.+DeToledo-Morrell&author=F.+Urresta&author=J.+D.+E.+Gabrieli&author=M.+Moseley&author=D.+Fleischman+&publication_year=2006&title=White+matter+changes+in+mild+cognitive+impairment+and+AD%3A+a+diffusion+tensor+imaging+study&journal=Neurobiol.+Aging&volume=27&pages=663-672
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=21917806
https://doi.org/10.1523/JNEUROSCI.2317-11.2011
http://scholar.google.com/scholar_lookup?author=C.+Metzler-Baddeley&author=D.+K.+Jones&author=B.+Belaroussi&author=J.+P.+Aggleton&author=M.+J.+O%27Sullivan+&publication_year=2011&title=Frontotemporal+connections+in+episodic+memory+and+aging%3A+a+diffusion+MRI+tractography+study&journal=J.+Neurosci.&volume=31&pages=13236-13245
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=22404852
https://doi.org/10.1016/j.jalz.2011.05.2416
http://scholar.google.com/scholar_lookup?author=M.+M.+Mielke&author=O.+C.+Okonkwo&author=K.+Oishi&author=S.+Mori&author=S.+Tighe&author=M.+I.+Miller+&publication_year=2012&title=Fornix+integrity+and+hippocampal+volume+predict+memory+decline+and+progression+to+Alzheimer%27s+disease&journal=Alzheimer%27s+Dementia&volume=8&pages=105-113
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26439513
https://doi.org/10.1016/j.neuroimage.2015.09.053
http://scholar.google.com/scholar_lookup?author=L.+E.+Oberlin&author=T.+D.+Verstynen&author=A.+Z.+Burzynska&author=M.+W.+Voss&author=R.+S.+Prakash&author=L.+Chaddock-Heyman+&publication_year=2016&title=White+matter+microstructure+mediates+the+relationship+between+cardiorespiratory+fitness+and+spatial+working+memory+in+older+adults&journal=Neuroimage&volume=131&pages=91-101


CrossRef Full Text | Google Scholar 

Peterson, M. J., Morey, M. C., Giuliani, C., Pieper, C. F., Evenson, K. R., Mercer, V., et al. 

(2010). Walking in old age and development of metabolic syndrome: the health, aging, and body 

composition study. Metab. Syndr. Relat. Disord. 8, 317–322. doi: 10.1089/met.2009.0090 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Pfefferbaum, A., Rosenbloom, M. J., Chu, W., Sassoon, S. A., Rohlfing, T., Pohl, K. M., et al. 

(2014). White matter microstructural recovery with abstinence and decline with relapse in 

alcohol dependence interacts with normal ageing: a controlled longitudinal DTI study. Lancet 

Psychiatry 1, 202–212. doi: 10.1016/S2215-0366(14)70301-3 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Pfefferbaum, A., Sullivan, E. V., and Carmelli, D. (2001). Genetic regulation of regional 

microstructure of the corpus callosum in late life. Neuroreport 12, 1677–1681. doi: 

10.1097/00001756-200106130-00032 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Rahe, J., Becker, J., Fink, G. R., Kessler, J., Kukolja, J., Rahn, A., et al. (2015). Cognitive 

training with and without additional physical activity in healthy older adults: cognitive effects, 

neurobiological mechanisms, and prediction of training success. Front. Aging Neurosci. 7:187. 

doi: 10.3389/fnagi.2015.00187 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Rasmussen, P., Brassard, P., Adser, H., Pedersen, M. V., Leick, L., Hart, E., et al. (2009). 

Evidence for a release of brain-derived neurotrophic factor from the brain during exercise. Exp. 

Physiol. 94, 1062–1069. doi: 10.1113/expphysiol.2009.048512 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Raz, N., Lindenberger, U., Rodrigue, K. M., Kennedy, K. M., Head, D., Williamson, A., et al. 

(2005). Regional brain changes in aging healthy adults: general trends, individual differences and 

modifiers. Cereb. Cortex 15, 1676–1689. doi: 10.1093/cercor/bhi044 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Raz, N., and Rodrigue, K. M. (2006). Differential aging of the brain: patterns, cognitive 

correlates and modifiers. Neurosci. Biobehav. Rev. 30, 730–748. doi: 

10.1016/j.neubiorev.2006.07.001 

PubMed Abstract | CrossRef Full Text | Google Scholar 

https://doi.org/10.1007/s10433-006-0035-z
http://scholar.google.com/scholar_lookup?author=W.+D.+Oswald&author=T.+Gunzelmann&author=R.+Rupprecht&author=B.+Hagen+&publication_year=2006&title=Differential+effects+of+single+versus+combined+cognitive+and+physical+training+with+older+adults%3A+the+SimA+study+in+a+5-year+perspective&journal=Eur.+J.+Ageing&volume=3&pages=179-192
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=20367219
https://doi.org/10.1089/met.2009.0090
http://scholar.google.com/scholar_lookup?author=M.+J.+Peterson&author=M.+C.+Morey&author=C.+Giuliani&author=C.+F.+Pieper&author=K.+R.+Evenson&author=V.+Mercer+&publication_year=2010&title=Walking+in+old+age+and+development+of+metabolic+syndrome%3A+the+health,+aging,+and+body+composition+study&journal=Metab.+Syndr.+Relat.+Disord.&volume=8&pages=317-322
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26360732
https://doi.org/10.1016/S2215-0366%2814%2970301-3
http://scholar.google.com/scholar_lookup?author=A.+Pfefferbaum&author=M.+J.+Rosenbloom&author=W.+Chu&author=S.+A.+Sassoon&author=T.+Rohlfing&author=K.+M.+Pohl+&publication_year=2014&title=White+matter+microstructural+recovery+with+abstinence+and+decline+with+relapse+in+alcohol+dependence+interacts+with+normal+ageing%3A+a+controlled+longitudinal+DTI+study&journal=Lancet+Psychiatry&volume=1&pages=202-212
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=11409738
https://doi.org/10.1097/00001756-200106130-00032
http://scholar.google.com/scholar_lookup?author=A.+Pfefferbaum&author=E.+V.+Sullivan&author=D.+Carmelli+&publication_year=2001&title=Genetic+regulation+of+regional+microstructure+of+the+corpus+callosum+in+late+life&journal=Neuroreport&volume=12&pages=1677-1681
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26528177
https://doi.org/10.3389/fnagi.2015.00187
http://scholar.google.com/scholar_lookup?author=J.+Rahe&author=J.+Becker&author=G.+R.+Fink&author=J.+Kessler&author=J.+Kukolja&author=A.+Rahn+&publication_year=2015&title=Cognitive+training+with+and+without+additional+physical+activity+in+healthy+older+adults%3A+cognitive+effects,+neurobiological+mechanisms,+and+prediction+of+training+success&journal=Front.+Aging+Neurosci.&volume=7&pages=187
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19666694
https://doi.org/10.1113/expphysiol.2009.048512
http://scholar.google.com/scholar_lookup?author=P.+Rasmussen&author=P.+Brassard&author=H.+Adser&author=M.+V.+Pedersen&author=L.+Leick&author=E.+Hart+&publication_year=2009&title=Evidence+for+a+release+of+brain-derived+neurotrophic+factor+from+the+brain+during+exercise&journal=Exp.+Physiol.&volume=94&pages=1062-1069
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15703252
https://doi.org/10.1093/cercor/bhi044
http://scholar.google.com/scholar_lookup?author=N.+Raz&author=U.+Lindenberger&author=K.+M.+Rodrigue&author=K.+M.+Kennedy&author=D.+Head&author=A.+Williamson+&publication_year=2005&title=Regional+brain+changes+in+aging+healthy+adults%3A+general+trends,+individual+differences+and+modifiers&journal=Cereb.+Cortex&volume=15&pages=1676-1689
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16919333
https://doi.org/10.1016/j.neubiorev.2006.07.001
http://scholar.google.com/scholar_lookup?author=N.+Raz&author=K.+M.+Rodrigue+&publication_year=2006&title=Differential+aging+of+the+brain%3A+patterns,+cognitive+correlates+and+modifiers&journal=Neurosci.+Biobehav.+Rev.&volume=30&pages=730-748


Reese, T. G., Heid, O., Weisskoff, R. M., and Wedeen, V. J. (2003). Reduction of eddy-current-

induced distortion in diffusion MRI using a twice-refocused spin echo. Magn. Reson. Med. 49, 

177–182. doi: 10.1002/mrm.10308 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Rejeski, W. J., Marsh, A. P., Brubaker, P. H., Buman, M., Fielding, R. A., Hire, D., et al. (2016). 

Analysis and interpretation of accelerometry data in older adults: the LIFE study. J. Gerontol. A 

Biol. Sci. Med. Sci. 71, 521–528. doi: 10.1093/gerona/glv204 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Rémy, F., Vayssière, N., Saint-Aubert, L., Barbeau, E., and Pariente, J. (2015). White matter 

disruption at the prodromal stage of Alzheimer's disease: relationships with hippocampal atrophy 

and episodic memory performance. Neuroimage Clin. 7, 482–492. doi: 

10.1016/j.nicl.2015.01.014 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Rieckmann, A., Van Dijk, K. R. A., Sperling, R. A., Johnson, K. A., Buckner, R. L., and 

Hedden, T. (2016). Accelerated decline in white matter integrity in clinically normal individuals 

at risk for Alzheimer's disease. Neurobiol. Aging 42, 177–188. doi: 

10.1016/j.neurobiolaging.2016.03.016 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Ringman, J. M., O'Neill, J., Geschwind, D., Medina, L., Apostolova, L. G., Rodriguez, Y., et al. 

(2007). Diffusion tensor imaging in preclinical and presymptomatic carriers of familial 

Alzheimer's disease mutations. Brain 130, 1767–1776. doi: 10.1093/brain/awm102 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Ritchie, S. J., Bastin, M. E., Tucker-Drob, E. M., Mu-oz Maniega, S., Engelhardt, L. E., Cox, S. 

R., et al. (2015). Coupled changes in brain white matter microstructure and fluid intelligence in 

later life. J. Neurosci. 35, 8672–8682. doi: 10.1523/JNEUROSCI.0862-15.2015 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Rueckert, D., Sonoda, L. I., Hayes, C., Hill, D. L. G., Leach, M. O., and Hawkes, D. J. (1999). 

Nonrigid registration using free-form deformations: application to breast MR images. IEEE 

Trans. Med. Imaging 18, 712–721. doi: 10.1109/42.796284 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Salthouse, T. A. (2004). Localizing age-related individual differences in a hierarchical structure. 

Intelligence 32, 541–561. doi: 10.1016/j.intell.2004.07.003 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12509835
https://doi.org/10.1002/mrm.10308
http://scholar.google.com/scholar_lookup?author=T.+G.+Reese&author=O.+Heid&author=R.+M.+Weisskoff&author=V.+J.+Wedeen+&publication_year=2003&title=Reduction+of+eddy-current-induced+distortion+in+diffusion+MRI+using+a+twice-refocused+spin+echo&journal=Magn.+Reson.+Med.&volume=49&pages=177-182
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26515258
https://doi.org/10.1093/gerona/glv204
http://scholar.google.com/scholar_lookup?author=W.+J.+Rejeski&author=A.+P.+Marsh&author=P.+H.+Brubaker&author=M.+Buman&author=R.+A.+Fielding&author=D.+Hire+&publication_year=2016&title=Analysis+and+interpretation+of+accelerometry+data+in+older+adults%3A+the+LIFE+study&journal=J.+Gerontol.+A+Biol.+Sci.+Med.+Sci.&volume=71&pages=521-528
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=25685715
https://doi.org/10.1016/j.nicl.2015.01.014
http://scholar.google.com/scholar_lookup?author=F.+R%C3%A9my&author=N.+Vayssi%C3%A8re&author=L.+Saint-Aubert&author=E.+Barbeau&author=J.+Pariente+&publication_year=2015&title=White+matter+disruption+at+the+prodromal+stage+of+Alzheimer%27s+disease%3A+relationships+with+hippocampal+atrophy+and+episodic+memory+performance&journal=Neuroimage+Clin.&volume=7&pages=482-492
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=27143434
https://doi.org/10.1016/j.neurobiolaging.2016.03.016
http://scholar.google.com/scholar_lookup?author=A.+Rieckmann&author=K.+R.+A.+Van+Dijk&author=R.+A.+Sperling&author=K.+A.+Johnson&author=R.+L.+Buckner&author=T.+Hedden+&publication_year=2016&title=Accelerated+decline+in+white+matter+integrity+in+clinically+normal+individuals+at+risk+for+Alzheimer%27s+disease&journal=Neurobiol.+Aging&volume=42&pages=177-188
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17522104
https://doi.org/10.1093/brain/awm102
http://scholar.google.com/scholar_lookup?author=J.+M.+Ringman&author=J.+O%27Neill&author=D.+Geschwind&author=L.+Medina&author=L.+G.+Apostolova&author=Y.+Rodriguez+&publication_year=2007&title=Diffusion+tensor+imaging+in+preclinical+and+presymptomatic+carriers+of+familial+Alzheimer%27s+disease+mutations&journal=Brain&volume=130&pages=1767-1776
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26041932
https://doi.org/10.1523/JNEUROSCI.0862-15.2015
http://scholar.google.com/scholar_lookup?author=S.+J.+Ritchie&author=M.+E.+Bastin&author=E.+M.+Tucker-Drob&author=S.+Mu-oz+Maniega&author=L.+E.+Engelhardt&author=S.+R.+Cox+&publication_year=2015&title=Coupled+changes+in+brain+white+matter+microstructure+and+fluid+intelligence+in+later+life&journal=J.+Neurosci.&volume=35&pages=8672-8682
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=10534053
https://doi.org/10.1109/42.796284
http://scholar.google.com/scholar_lookup?author=D.+Rueckert&author=L.+I.+Sonoda&author=C.+Hayes&author=D.+L.+G.+Hill&author=M.+O.+Leach&author=D.+J.+Hawkes+&publication_year=1999&title=Nonrigid+registration+using+free-form+deformations%3A+application+to+breast+MR+images&journal=IEEE+Trans.+Med.+Imaging&volume=18&pages=712-721


PubMed Abstract | CrossRef Full Text | Google Scholar 

Salthouse, T. A. (2005). Relations between cognitive abilities and measures of executive 

functioning. Neuropsychology 19, 532–545. doi: 10.1037/0894-4105.19.4.532 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Salthouse, T. A. (2010). Influence of age on practice effects in longitudinal neurocognitive 

change. Neuropsychology 24, 563–572. doi: 10.1037/a0019026 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Salthouse, T. A., and Ferrer-Caja, E. (2003). What needs to be explained to account for age-

related effects on multiple cognitive variables? Psychol. Aging 18, 91–110. doi: 10.1037/0882-

7974.18.1.91 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Sampaio-Baptista, C., Khrapitchev, A. A., Foxley, S., Schlagheck, T., Scholz, J., Jbabdi, S., et al. 

(2013). Motor skill learning induces changes in white matter microstructure and myelination. J. 

Neurosci. 33, 19499–19503. doi: 10.1523/jneurosci.3048-13.2013 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Scholz, J., Klein, M. C., Behrens, T. E. J., and Johansen-Berg, H. (2009). Training induces 

changes in white-matter architecture. Nat. Neurosci. 12, 1370–1371. doi: 10.1038/nn.2412 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Sen, P. N., and Basser, P. J. (2005). A model for diffusion in white matter in the brain. Biophys. 

J. 89, 2927–2938. doi: 10.1529/biophysj.105.063016 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Sexton, C. E., Betts, J. F., Demnitz, N., Dawes, H., Ebmeier, K. P., and Johansen-Berg, H. 

(2016). A systematic review of MRI studies examining the relationship between physical fitness 

and activity and the white matter of the ageing brain. NeuroImage 131, 81–90. doi: 

10.1016/j.neuroimage.2015.09.071 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Sexton, C. E., Walhovd, K., Storsve, A. B., Tamnes, C. K., Westlye, L. T., Johansen-Berg, H., et 

al. (2014). Accelerated changes in white matter microstructure during ageing: a longitudinal 

diffusion tensor imaging study. J. Neurosci. 34, 15425–15436. doi: 10.1523/JNEUROSCI.0203-

14.2014 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=24357886
https://doi.org/10.1016/j.intell.2004.07.003
http://scholar.google.com/scholar_lookup?author=T.+A.+Salthouse+&publication_year=2004&title=Localizing+age-related+individual+differences+in+a+hierarchical+structure&journal=Intelligence&volume=32&pages=541-561
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16060828
https://doi.org/10.1037/0894-4105.19.4.532
http://scholar.google.com/scholar_lookup?author=T.+A.+Salthouse+&publication_year=2005&title=Relations+between+cognitive+abilities+and+measures+of+executive+functioning&journal=Neuropsychology&volume=19&pages=532-545
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=20804244
https://doi.org/10.1037/a0019026
http://scholar.google.com/scholar_lookup?author=T.+A.+Salthouse+&publication_year=2010&title=Influence+of+age+on+practice+effects+in+longitudinal+neurocognitive+change&journal=Neuropsychology&volume=24&pages=563-572
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12641315
https://doi.org/10.1037/0882-7974.18.1.91
http://scholar.google.com/scholar_lookup?author=T.+A.+Salthouse&author=E.+Ferrer-Caja+&publication_year=2003&title=What+needs+to+be+explained+to+account+for+age-related+effects+on+multiple+cognitive+variables%3F&journal=Psychol.+Aging&volume=18&pages=91-110
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=24336716
https://doi.org/10.1523/jneurosci.3048-13.2013
http://scholar.google.com/scholar_lookup?author=C.+Sampaio-Baptista&author=A.+A.+Khrapitchev&author=S.+Foxley&author=T.+Schlagheck&author=J.+Scholz&author=S.+Jbabdi+&publication_year=2013&title=Motor+skill+learning+induces+changes+in+white+matter+microstructure+and+myelination&journal=J.+Neurosci.&volume=33&pages=19499-19503
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19820707
https://doi.org/10.1038/nn.2412
http://scholar.google.com/scholar_lookup?author=J.+Scholz&author=M.+C.+Klein&author=T.+E.+J.+Behrens&author=H.+Johansen-Berg+&publication_year=2009&title=Training+induces+changes+in+white-matter+architecture&journal=Nat.+Neurosci.&volume=12&pages=1370-1371
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16100258
https://doi.org/10.1529/biophysj.105.063016
http://scholar.google.com/scholar_lookup?author=P.+N.+Sen&author=P.+J.+Basser+&publication_year=2005&title=A+model+for+diffusion+in+white+matter+in+the+brain&journal=Biophys.+J.&volume=89&pages=2927-2938
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26477656
https://doi.org/10.1016/j.neuroimage.2015.09.071
http://scholar.google.com/scholar_lookup?author=C.+E.+Sexton&author=J.+F.+Betts&author=N.+Demnitz&author=H.+Dawes&author=K.+P.+Ebmeier&author=H.+Johansen-Berg+&publication_year=2016&title=A+systematic+review+of+MRI+studies+examining+the+relationship+between+physical+fitness+and+activity+and+the+white+matter+of+the+ageing+brain&journal=NeuroImage&volume=131&pages=81-90


CrossRef Full Text | Google Scholar 

Sidaros, A., Engberg, A. W., Sidaros, K., Liptrot, M. G., Herning, M., Petersen, P., et al. (2008). 

Diffusion tensor imaging during recovery from severe traumatic brain injury and relation to 

clinical outcome: a longitudinal study. Brain 131, 559–572. doi: 10.1093/brain/awm294 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Smith, J. C., Nielson, K. A., Antuono, P., Lyons, J.-A., Hanson, R. J., Butts, A. M., et al. (2013). 

Semantic memory functional MRI and cognitive function after exercise intervention in mild 

cognitive impairment. J. Alzheimer's Dis. 37, 197–215. doi: 10.3233/JAD-130467 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Smith, S. M. (2002). Fast robust automated brain extraction. Hum. Brain Mapp. 17, 143–155. 

doi: 10.1002/hbm.10062 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Smith, S. M., Jenkinson, M., Johansen-Berg, H., Rueckert, D., Nichols, T. E., Mackay, C. E., et 

al. (2006). Tract-based spatial statistics: voxelwise analysis of multi-subject diffusion data. 

Neuroimage 31, 1487–1505. doi: 10.1016/j.neuroimage.2006.02.024 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Smith, S. M., Jenkinson, M., Woolrich, M. W., Beckmann, C. F., Behrens, T. E., Johansen-Berg, 

H., et al. (2004). Advances in functional and structural MR image analysis and implementation 

as FSL. Neuroimage 23(Suppl 1), S208–S219. doi: 10.1016/j.neuroimage.2004.07.051 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Smith, S. M., Johansen-Berg, H., Jenkinson, M., Rueckert, D., Nichols, T. E., Miller, K. L., et al. 

(2007). Acquisition and voxelwise analysis of multi-subject diffusion data with tract-based 

spatial statistics. Nat. Protoc. 2, 499–503. doi: 10.1038/nprot.2007.45 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Song, S.-K., Sun, S.-W., Ju, W.-K., Lin, S.-J., Cross, A. H., and Neufeld, A. H. (2003). Diffusion 

tensor imaging detects and differentiates axon and myelin degeneration in mouse optic nerve 

after retinal ischemia. Neuroimage 20, 1714–1722. doi: 10.1016/j.neuroimage.2003.07.005 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Song, S.-K., Sun, S.-W., Ramsbottom, M. J., Chang, C., Russell, J., and Cross, A. H. (2002). 

Dysmyelination revealed through MRI as increased radial (but Unchanged Axial) diffusion of 

water. Neuroimage 17, 1429–1436. doi: 10.1006/nimg.2002.1267 

https://doi.org/10.1523/JNEUROSCI.0203-14.2014
http://scholar.google.com/scholar_lookup?author=C.+E.+Sexton&author=K.+Walhovd&author=A.+B.+Storsve&author=C.+K.+Tamnes&author=L.+T.+Westlye&author=H.+Johansen-Berg+&publication_year=2014&title=Accelerated+changes+in+white+matter+microstructure+during+ageing%3A+a+longitudinal+diffusion+tensor+imaging+study&journal=J.+Neurosci.&volume=34&pages=15425-15436
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=18083753
https://doi.org/10.1093/brain/awm294
http://scholar.google.com/scholar_lookup?author=A.+Sidaros&author=A.+W.+Engberg&author=K.+Sidaros&author=M.+G.+Liptrot&author=M.+Herning&author=P.+Petersen+&publication_year=2008&title=Diffusion+tensor+imaging+during+recovery+from+severe+traumatic+brain+injury+and+relation+to+clinical+outcome%3A+a+longitudinal+study&journal=Brain&volume=131&pages=559-572
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=23803298
https://doi.org/10.3233/JAD-130467
http://scholar.google.com/scholar_lookup?author=J.+C.+Smith&author=K.+A.+Nielson&author=P.+Antuono&author=J.+-A.+Lyons&author=R.+J.+Hanson&author=A.+M.+Butts+&publication_year=2013&title=Semantic+memory+functional+MRI+and+cognitive+function+after+exercise+intervention+in+mild+cognitive+impairment&journal=J.+Alzheimer%27s+Dis.&volume=37&pages=197-215
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12391568
https://doi.org/10.1002/hbm.10062
http://scholar.google.com/scholar_lookup?author=S.+M.+Smith+&publication_year=2002&title=Fast+robust+automated+brain+extraction&journal=Hum.+Brain+Mapp.&volume=17&pages=143-155
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16624579
https://doi.org/10.1016/j.neuroimage.2006.02.024
http://scholar.google.com/scholar_lookup?author=S.+M.+Smith&author=M.+Jenkinson&author=H.+Johansen-Berg&author=D.+Rueckert&author=T.+E.+Nichols&author=C.+E.+Mackay+&publication_year=2006&title=Tract-based+spatial+statistics%3A+voxelwise+analysis+of+multi-subject+diffusion+data&journal=Neuroimage&volume=31&pages=1487-1505
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15501092
https://doi.org/10.1016/j.neuroimage.2004.07.051
http://scholar.google.com/scholar_lookup?author=S.+M.+Smith&author=M.+Jenkinson&author=M.+W.+Woolrich&author=C.+F.+Beckmann&author=T.+E.+Behrens&author=H.+Johansen-Berg+&publication_year=2004&title=Advances+in+functional+and+structural+MR+image+analysis+and+implementation+as+FSL&journal=Neuroimage&volume=23&pages=S208-S219
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=17406613
https://doi.org/10.1038/nprot.2007.45
http://scholar.google.com/scholar_lookup?author=S.+M.+Smith&author=H.+Johansen-Berg&author=M.+Jenkinson&author=D.+Rueckert&author=T.+E.+Nichols&author=K.+L.+Miller+&publication_year=2007&title=Acquisition+and+voxelwise+analysis+of+multi-subject+diffusion+data+with+tract-based+spatial+statistics&journal=Nat.+Protoc.&volume=2&pages=499-503
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=14642481
https://doi.org/10.1016/j.neuroimage.2003.07.005
http://scholar.google.com/scholar_lookup?author=S.+-K.+Song&author=S.+-W.+Sun&author=W.+-K.+Ju&author=S.+-J.+Lin&author=A.+H.+Cross&author=A.+H.+Neufeld+&publication_year=2003&title=Diffusion+tensor+imaging+detects+and+differentiates+axon+and+myelin+degeneration+in+mouse+optic+nerve+after+retinal+ischemia&journal=Neuroimage&volume=20&pages=1714-1722


PubMed Abstract | CrossRef Full Text | Google Scholar 

Song, S.-K., Yoshino, J., Le, T. Q., Lin, S.-J., Sun, S.-W., Cross, A. H., et al. (2005). 

Demyelination increases radial diffusivity in corpus callosum of mouse brain. Neuroimage 26, 

132–140. doi: 10.1016/j.neuroimage.2005.01.028 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Storsve, A. B., Fjell, A. M., Yendiki, A., and Walhovd, K. B. (2016). Longitudinal changes in 

white matter tract integrity across the adult lifespan and its relation to cortical thinning. PLoS 

ONE 11:e0156770. doi: 10.1371/journal.pone.0156770 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Sullivan, E. V., Rohlfing, T., and Pfefferbaum, A. (2010a). Quantitative fiber tracking of lateral 

and interhemispheric white matter systems in normal aging: relations to timed performance. 

Neurobiol. Aging 31, 464–481. doi: 10.1016/j.neurobiolaging.2008.04.007 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Sullivan, E. V., Rohlfing, T., and Pfefferbaum, A. (2010b). Longitudinal study of callosal 

microstructure in the normal adult aging brain using quantitative DTI fiber tracking. Dev. 

Neuropsychol. 35, 233–256. doi: 10.1080/87565641003689556 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Sun, S.-W., Liang, H.-F., Cross, A. H., and Song, S.-K. (2008). Evolving Wallerian degeneration 

after transient retinal ischemia in mice characterized by diffusion tensor imaging. Neuroimage 

40, 1–10. doi: 10.1016/j.neuroimage.2007.11.049 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Thomalla, G., Glauche, V., Koch, M. A., Beaulieu, C., Weiller, C., and Röther, J. (2004). 

Diffusion tensor imaging detects early Wallerian degeneration of the pyramidal tract after 

ischemic stroke. Neuroimage 22, 1767–1774. doi: 10.1016/j.neuroimage.2004.03.041 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Thomas, A. G., Koumellis, P., and Dineen, R. A. (2011). The fornix in health and disease: an 

imaging review. Radiographics 31, 1107–1121. doi: 10.1148/rg.314105729 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Thomas, C., and Baker, C. I. (2013). Teaching an adult brain new tricks: a critical review of 

evidence for training-dependent structural plasticity in humans. Neuroimage 73, 225–236. doi: 

10.1016/j.neuroimage.2012.03.069 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12414282
https://doi.org/10.1006/nimg.2002.1267
http://scholar.google.com/scholar_lookup?author=S.+-K.+Song&author=S.+-W.+Sun&author=M.+J.+Ramsbottom&author=C.+Chang&author=J.+Russell&author=A.+H.+Cross+&publication_year=2002&title=Dysmyelination+revealed+through+MRI+as+increased+radial+%28but+Unchanged+Axial%29+diffusion+of+water&journal=Neuroimage&volume=17&pages=1429-1436
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15862213
https://doi.org/10.1016/j.neuroimage.2005.01.028
http://scholar.google.com/scholar_lookup?author=S.+-K.+Song&author=J.+Yoshino&author=T.+Q.+Le&author=S.+-J.+Lin&author=S.+-W.+Sun&author=A.+H.+Cross+&publication_year=2005&title=Demyelination+increases+radial+diffusivity+in+corpus+callosum+of+mouse+brain&journal=Neuroimage&volume=26&pages=132-140
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=27253393
https://doi.org/10.1371/journal.pone.0156770
http://scholar.google.com/scholar_lookup?author=A.+B.+Storsve&author=A.+M.+Fjell&author=A.+Yendiki&author=K.+B.+Walhovd+&publication_year=2016&title=Longitudinal+changes+in+white+matter+tract+integrity+across+the+adult+lifespan+and+its+relation+to+cortical+thinning&journal=PLoS+ONE&volume=11&pages=e0156770
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=18495300
https://doi.org/10.1016/j.neurobiolaging.2008.04.007
http://scholar.google.com/scholar_lookup?author=E.+V.+Sullivan&author=T.+Rohlfing&author=A.+Pfefferbaum+&publication_year=2010a&title=Quantitative+fiber+tracking+of+lateral+and+interhemispheric+white+matter+systems+in+normal+aging%3A+relations+to+timed+performance&journal=Neurobiol.+Aging&volume=31&pages=464-481
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=20446131
https://doi.org/10.1080/87565641003689556
http://scholar.google.com/scholar_lookup?author=E.+V.+Sullivan&author=T.+Rohlfing&author=A.+Pfefferbaum+&publication_year=2010b&title=Longitudinal+study+of+callosal+microstructure+in+the+normal+adult+aging+brain+using+quantitative+DTI+fiber+tracking&journal=Dev.+Neuropsychol.&volume=35&pages=233-256
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=18187343
https://doi.org/10.1016/j.neuroimage.2007.11.049
http://scholar.google.com/scholar_lookup?author=S.+-W.+Sun&author=H.+-F.+Liang&author=A.+H.+Cross&author=S.+-K.+Song+&publication_year=2008&title=Evolving+Wallerian+degeneration+after+transient+retinal+ischemia+in+mice+characterized+by+diffusion+tensor+imaging&journal=Neuroimage&volume=40&pages=1-10
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=15275932
https://doi.org/10.1016/j.neuroimage.2004.03.041
http://scholar.google.com/scholar_lookup?author=G.+Thomalla&author=V.+Glauche&author=M.+A.+Koch&author=C.+Beaulieu&author=C.+Weiller&author=J.+R%C3%B6ther+&publication_year=2004&title=Diffusion+tensor+imaging+detects+early+Wallerian+degeneration+of+the+pyramidal+tract+after+ischemic+stroke&journal=Neuroimage&volume=22&pages=1767-1774
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=21768242
https://doi.org/10.1148/rg.314105729
http://scholar.google.com/scholar_lookup?author=A.+G.+Thomas&author=P.+Koumellis&author=R.+A.+Dineen+&publication_year=2011&title=The+fornix+in+health+and+disease%3A+an+imaging+review&journal=Radiographics&volume=31&pages=1107-1121


PubMed Abstract | CrossRef Full Text | Google Scholar 

Troiano, R. P., Berrigan, D., Dodd, K. W., Mâsse, L. C., Tilert, T., and McDowell, M. (2008). 

Physical activity in the United States measured by accelerometer. Med. Sci. Sports Exerc. 40, 

181–188. doi: 10.1249/mss.0b013e31815a51b3 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Tseng, B. Y., Uh, J., Rossetti, H. C., Cullum, C. M., Diaz-Arrastia, R. F., Levine, B. D., et al. 

(2013). Masters athletes exhibit larger regional brain volume and better cognitive performance 

than sedentary older adults. J. Magn. Reson. Imaging 38, 1169–1176. doi: 10.1002/jmri.24085 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Verghese, J., Lipton, R. B., Katz, M. J., Hall, C. B., Derby, C. A., Kuslansky, G., et al. (2003). 

Leisure activities and the risk of dementia in the elderly. N. Eng. J. Med. 348, 2508–2516. doi: 

10.1056/NEJMoa022252 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Vik, A., Hodneland, E., Haász, J., Ystad, M., Lundervold, A. J., and Lundervold, A. (2015). 

Fractional anisotropy shows differential reduction in frontal-subcortical fiber bundles-A 

longitudinal MRI study of 76 middle-aged and older adults. Front. Aging Neurosci. 7:81. doi: 

10.3389/fnagi.2015.00081 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Voss, M. W., Erickson, K. I., Prakash, R. S., Chaddock, L., Kim, J. S., Alves, H., et al. (2013a). 

Neurobiological markers of exercise-related brain plasticity in older adults. Brain Behav. Immun. 

28, 90–99. doi: 10.1016/j.bbi.2012.10.021 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Voss, M. W., Heo, S., Prakash, R. S., Erickson, K. I., Alves, H., Chaddock, L., et al. (2013b). 

The influence of aerobic fitness on cerebral white matter integrity and cognitive function in older 

adults: results of a one-year exercise intervention. Hum. Brain Mapp. 34, 2972–2985. doi: 

10.1002/hbm.22119 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Voss, M. W., Prakash, R. S., Erickson, K. I., Basak, C., Chaddock, L., Kim, J. S., et al. (2010). 

Plasticity of brain networks in a randomized intervention trial of exercise training in older adults. 

Front. Aging Neurosci. 2:32. doi: 10.3389/fnagi.2010.00032 

PubMed Abstract | CrossRef Full Text | Google Scholar 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=22484409
https://doi.org/10.1016/j.neuroimage.2012.03.069
http://scholar.google.com/scholar_lookup?author=C.+Thomas&author=C.+I.+Baker+&publication_year=2013&title=Teaching+an+adult+brain+new+tricks%3A+a+critical+review+of+evidence+for+training-dependent+structural+plasticity+in+humans&journal=Neuroimage&volume=73&pages=225-236
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=18091006
https://doi.org/10.1249/mss.0b013e31815a51b3
http://scholar.google.com/scholar_lookup?author=R.+P.+Troiano&author=D.+Berrigan&author=K.+W.+Dodd&author=L.+C.+M%C3%A2sse&author=T.+Tilert&author=M.+McDowell+&publication_year=2008&title=Physical+activity+in+the+United+States+measured+by+accelerometer&journal=Med.+Sci.+Sports+Exerc.&volume=40&pages=181-188
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=23908143
https://doi.org/10.1002/jmri.24085
http://scholar.google.com/scholar_lookup?author=B.+Y.+Tseng&author=J.+Uh&author=H.+C.+Rossetti&author=C.+M.+Cullum&author=R.+F.+Diaz-Arrastia&author=B.+D.+Levine+&publication_year=2013&title=Masters+athletes+exhibit+larger+regional+brain+volume+and+better+cognitive+performance+than+sedentary+older+adults&journal=J.+Magn.+Reson.+Imaging&volume=38&pages=1169-1176
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=12815136
https://doi.org/10.1056/NEJMoa022252
http://scholar.google.com/scholar_lookup?author=J.+Verghese&author=R.+B.+Lipton&author=M.+J.+Katz&author=C.+B.+Hall&author=C.+A.+Derby&author=G.+Kuslansky+&publication_year=2003&title=Leisure+activities+and+the+risk+of+dementia+in+the+elderly&journal=N.+Eng.+J.+Med&volume=348&pages=2508-2516
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=26029102
https://doi.org/10.3389/fnagi.2015.00081
http://scholar.google.com/scholar_lookup?author=A.+Vik&author=E.+Hodneland&author=J.+Ha%C3%A1sz&author=M.+Ystad&author=A.+J.+Lundervold&author=A.+Lundervold+&publication_year=2015&title=Fractional+anisotropy+shows+differential+reduction+in+frontal-subcortical+fiber+bundles-A+longitudinal+MRI+study+of+76+middle-aged+and+older+adults&journal=Front.+Aging+Neurosci.&volume=7&pages=81
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=23123199
https://doi.org/10.1016/j.bbi.2012.10.021
http://scholar.google.com/scholar_lookup?author=M.+W.+Voss&author=K.+I.+Erickson&author=R.+S.+Prakash&author=L.+Chaddock&author=J.+S.+Kim&author=H.+Alves+&publication_year=2013a&title=Neurobiological+markers+of+exercise-related+brain+plasticity+in+older+adults&journal=Brain+Behav.+Immun.&volume=28&pages=90-99
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=22674729
https://doi.org/10.1002/hbm.22119
http://scholar.google.com/scholar_lookup?author=M.+W.+Voss&author=S.+Heo&author=R.+S.+Prakash&author=K.+I.+Erickson&author=H.+Alves&author=L.+Chaddock+&publication_year=2013b&title=The+influence+of+aerobic+fitness+on+cerebral+white+matter+integrity+and+cognitive+function+in+older+adults%3A+results+of+a+one-year+exercise+intervention&journal=Hum.+Brain+Mapp.&volume=34&pages=2972-2985
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=20890449
https://doi.org/10.3389/fnagi.2010.00032
http://scholar.google.com/scholar_lookup?author=M.+W.+Voss&author=R.+S.+Prakash&author=K.+I.+Erickson&author=C.+Basak&author=L.+Chaddock&author=J.+S.+Kim+&publication_year=2010&title=Plasticity+of+brain+networks+in+a+randomized+intervention+trial+of+exercise+training+in+older+adults&journal=Front.+Aging+Neurosci&volume=2&pages=32


Wang, R., Fratiglioni, L., Laukka, E. J., Lövdén, M., Kalpouzos, G., Keller, L., et al. (2015). 

Effects of vascular risk factors and APOE ε4 on white matter integrity and cognitive decline. 

Neurology 84, 1128–1135. doi: 10.1212/WNL.0000000000001379 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Yanagibori, R., Kondo, K., Suzuki, Y., Kawakubo, K., Iwamoto, T., and Itakura, H. (1998). 

Effect of 20 days' bed rest on the reverse cholesterol transport system in healthy young subjects. 

J. Intern. Med. 243, 307–312. doi: 10.1046/j.1365-2796.1998.00303.x 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Young, J. C., Dowell, N. G., Watt, P. W., Tabet, N., and Rusted, J. M. (2016). Long-term high-

effort endurance exercise in older adults: diminishing returns for cognitive and brain aging. J. 

Aging Phys. Act. 24, 659–675. doi: 10.1123/japa.2015-0039 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Zahr, N. M., Rohlfing, T., Pfefferbaum, A., and Sullivan, E. V. (2009). Problem solving, 

working memory, and motor correlates of association and commissural fiber bundles in normal 

aging: a quantitative fiber tracking study. Neuroimage 44, 1050–1062. doi: 

10.1016/j.neuroimage.2008.09.046 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Zoeller, R. F., Stout, J. R., O'Kroy, J. A., Torok, D. J., and Mielke, M. (2007). Effects of 28 days 

of beta-alanine and creatine monohydrate supplementation on aerobic power, ventilatory and 

lactate thresholds, and time to exhaustion. Amino Acids 33, 505–510. doi: 10.1007/s00726-006-

0399-6 

PubMed Abstract | CrossRef Full Text | Google Scholar 

Zoladz, J. A., Pilc, A., Majerczak, J., Grandys, M., Zapart-Bukowska, J., and Duda, K. (2008). 

Endurance training increases plasma brain-derived neurotrophic factor concentration in young 

healthy men. J. Physiol. Pharmacol. 59(Suppl. 7), 119–132. 

PubMed Abstract | Google Scholar 

Keywords: DTI, diffusion, randomized clinical trial, fractional anisotropy, processing speed, 

physical activity, fitness, brain 

Citation: Burzynska AZ, Jiao Y, Knecht AM, Fanning J, Awick EA, Chen T, Gothe N, Voss 

MW, McAuley E and Kramer AF (2017) White Matter Integrity Declined Over 6-Months, but 

Dance Intervention Improved Integrity of the Fornix of Older Adults. Front. Aging Neurosci. 

9:59. doi: 10.3389/fnagi.2017.00059 

http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=25672924
https://doi.org/10.1212/WNL.0000000000001379
http://scholar.google.com/scholar_lookup?author=R.+Wang&author=L.+Fratiglioni&author=E.+J.+Laukka&author=M.+L%C3%B6vd%C3%A9n&author=G.+Kalpouzos&author=L.+Keller+&publication_year=2015&title=Effects+of+vascular+risk+factors+and+APOE+%CE%B54+on+white+matter+integrity+and+cognitive+decline&journal=Neurology&volume=84&pages=1128-1135
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=9627145
https://doi.org/10.1046/j.1365-2796.1998.00303.x
http://scholar.google.com/scholar_lookup?author=R.+Yanagibori&author=K.+Kondo&author=Y.+Suzuki&author=K.+Kawakubo&author=T.+Iwamoto&author=H.+Itakura+&publication_year=1998&title=Effect+of+20+days%27+bed+rest+on+the+reverse+cholesterol+transport+system+in+healthy+young+subjects&journal=J.+Intern.+Med.&volume=243&pages=307-312
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=27117009
https://doi.org/10.1123/japa.2015-0039
http://scholar.google.com/scholar_lookup?author=J.+C.+Young&author=N.+G.+Dowell&author=P.+W.+Watt&author=N.+Tabet&author=J.+M.+Rusted+&publication_year=2016&title=Long-term+high-effort+endurance+exercise+in+older+adults%3A+diminishing+returns+for+cognitive+and+brain+aging&journal=J.+Aging+Phys.+Act.&volume=24&pages=659-675
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=18977450
https://doi.org/10.1016/j.neuroimage.2008.09.046
http://scholar.google.com/scholar_lookup?author=N.+M.+Zahr&author=T.+Rohlfing&author=A.+Pfefferbaum&author=E.+V.+Sullivan+&publication_year=2009&title=Problem+solving,+working+memory,+and+motor+correlates+of+association+and+commissural+fiber+bundles+in+normal+aging%3A+a+quantitative+fiber+tracking+study&journal=Neuroimage&volume=44&pages=1050-1062
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=16953366
https://doi.org/10.1007/s00726-006-0399-6
http://scholar.google.com/scholar_lookup?author=R.+F.+Zoeller&author=J.+R.+Stout&author=J.+A.+O%27Kroy&author=D.+J.+Torok&author=M.+Mielke+&publication_year=2007&title=Effects+of+28+days+of+beta-alanine+and+creatine+monohydrate+supplementation+on+aerobic+power,+ventilatory+and+lactate+thresholds,+and+time+to+exhaustion&journal=Amino+Acids&volume=33&pages=505-510
http://www.ncbi.nlm.nih.gov/sites/entrez?Db=pubmed&Cmd=ShowDetailView&TermToSearch=19258661
http://scholar.google.com/scholar_lookup?author=J.+A.+Zoladz&author=A.+Pilc&author=J.+Majerczak&author=M.+Grandys&author=J.+Zapart-Bukowska&author=K.+Duda+&publication_year=2008&title=Endurance+training+increases+plasma+brain-derived+neurotrophic+factor+concentration+in+young+healthy+men&journal=J.+Physiol.+Pharmacol.&volume=59&pages=119-132


Received: 28 October 2016; Accepted: 28 February 2017; 

Published: 16 March 2017. 

Edited by: 

Thomas Espeseth, University of Oslo, Norway 

Reviewed by: 

Jennifer Rusted, University of Sussex, UK 
Eugen Bogdan Petcu, Griffith University School of Medicine, USA 
Yunglin Gazes, Columbia University Medical Center, USA 

Copyright © 2017 Burzynska, Jiao, Knecht, Fanning, Awick, Chen, Gothe, Voss, McAuley and 

Kramer. This is an open-access article distributed under the terms of the Creative Commons 

Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, 

provided the original author(s) or licensor are credited and that the original publication in this 

journal is cited, in accordance with accepted academic practice. No use, distribution or 

reproduction is permitted which does not comply with these terms. 

*Correspondence: Agnieszka Z. Burzynska, aga.burzynska@colostate.edu 

 

http://loop.frontiersin.org/people/14271/overview
http://loop.frontiersin.org/people/185829/overview
http://loop.frontiersin.org/people/36594/overview
http://loop.frontiersin.org/people/397823/overview
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:aga.burzynska@colostate.edu

