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Introduction: Little is still known about the effects of risk factors for Alzheimer’s disease (AD) on white matter

microstructure in cognitively healthy adults. The purpose of this cross-sectional study was to assess the effect 

of two well-known risk factors for AD, parental family history and APOE4 genotype. 

Methods: This study included 343 participants from the Wisconsin Registry for Alzheimer’s Prevention, 

who underwent diffusion tensor imaging (DTI). A region of interest analysis was performed on fractional 

anisotropy maps, in addition to mean, radial, and axial diffusivity maps, aligned to a common template space 

using a diffeomorphic, tensor-based registration method. The analysis focused on brain regions known to be 

affected in AD including the corpus callosum, superior longitudinal fasciculus, fornix, cingulum, and uncinate 

fasciculus. Analyses assessed the impact of APOE4, parental family history of AD, age, and sex on white matter

microstructure in late middle-aged participants (aged 47–76 years). 

Results: Both APOE4 and parental family history were associated with microstructural white matter differ- 

ences. Participants with parental family history of AD had higher FA in the genu of the corpus callosum and

the superior longitudinal fasciculus. We observed an interaction between family history and APOE4, where 

participants who were family history positive but APOE4 negative had lower axial diffusivity in the uncinate 

fasciculus, and participants who were both family history positive and APOE4 positive had higher axial dif- 

fusivity in this region. We also observed an interaction between APOE4 and age, whereby older participants 

( ≥65 years of age) who were APOE4 carriers, had higher MD in the superior longitudinal fasciculus and in the

portion of the cingulum bundle running adjacent to the cingulate cortex, compared to non-carriers. Older 

participants who were APOE4 carriers also showed higher radial diffusivity in the genu compared to non- 

carriers. Across all participants, age had an effect on FA, MD, and axial and radial diffusivities. Sex differences 

were observed in FA and radial diffusivity. 

Conclusion: APOE4 genotype, parental family history of AD, age, and sex are all associated with microstructural 

white matter differences in late middle-aged adults. In participants at risk for AD, alterations in diffusion 

characteristics—both expected and unexpected—may represent cellular changes occurring at the earliest 

disease stages, but further work is needed. Higher mean, radial, and axial diffusivities were observed in par- 

ticipants who are more likely to be experiencing later stage preclinical pathology, including participants who 

were both older and carried APOE4, or who were positive for both APOE4 and parental family history of AD. 
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1. Introduction 

Axonal degeneration and myelin degeneration are known features

of Alzheimer’s disease (AD) ( Bronge et al., 2002 ; Chalmers et al., 2005 ;

de la Monte, 1989 ; Ihara et al., 2010 ; Roher et al., 2002 ; Scheltens et al.,

1995 ). Brain imaging studies show reduced white matter volume in

AD ( Balthazar et al., 2009 ; Baxter et al., 2006 ; Chaim et al., 2007 ; Im et

al., 2008 ; Li et al., 2008 ; Salat et al., 2009 ; Stout et al., 1996 ; Teipel et al. ,

1998 , 2002 ; Vermersch et al., 1994 ; Wang et al., 2006 ), white matter

atrophy over time ( Hua et al., 2010 ) and microstructural alterations as

indexed by diffusion tensor imaging (DTI) ( Bozzali et al., 2002 ; Canu

et al., 2009 ; Duan et al., 2006 ; Fellgiebel et al., 2008 ; Hanyu et al.,

1999 ; Huang et al. , 2007 , 2012 ; Medina et al., 2006 ; Rose et al., 2008 ;

Salat et al., 2010 ; Stahl et al., 2007 ; Takahashi et al., 2002 ; Wang et al.,

2012 ; Xie et al., 2006 ). Brain changes in AD occur several years before

memory symptoms appear, and accordingly, risk factors for AD are

also associated with white matter changes, including apolipoprotein

E ε4 genotype (APOE4) ( Bartzokis et al., 2006 ; Bartzokis et al., 2007 ;

Filippini et al., 2009 ; Heise et al., 2011 ; Honea et al., 2009 ; Nierenberg

et al., 2005 ; Persson et al., 2006 ; Ryan et al., 2011 ; Westlye et al.,

2012 ) and parental family history of AD ( Bendlin et al., 2010 ; Xiong

et al., 2011 ). 

While abnormalities in diagnosed disease are becoming well-

known, the number of studies that clarify the pattern of early AD-

related white matter change in at-risk populations is still low. Par-

ticularly lacking are studies of white matter health and AD risk that

focus on middle-age. Given that AD pathogenesis may be related to

patterns of white matter development over the lifespan ( Bartzokis,

2004 ), the purpose of this study was to map out the effect of AD risk

factors on white matter microstructure in late middle-age, a stage

when AD-related brain degeneration is suspected to be already oc-

curring ( Bendlin et al., 2010 ; Chen et al. , 2007 , 2012 ; Fleisher et al.,

2005 ; Johnson et al., 2007 ; Langbaum et al., 2012 ; Okonkwo et al.,

2012 ; Patel et al., 2013 ; Reiman et al. , 1996 , 2001 ; Xiong et al., 2011 ;

Xu et al., 2009b ). 

Participants were recruited from the Wisconsin Registry for

Alzheimer’s Prevention, a well-characterized cohort of adults who are

followed longitudinally ( Sager et al., 2005 ). We utilized DTI, a highly

sensitive method for characterizing microstructural differences in the

brain. The study examined fractional anisotropy (FA) and mean dif-

fusivity (MD), in addition to axial diffusivity and radial diffusivity. FA

is a sensitive scalar measure of the directional coherence of water

diffusion that reflects tissue microstructure and is especially sensi-

tive to white matter features that include myelination, axonal diam-

eter, axonal density and cytoskeletal features ( Alexander et al., 2007 ;

Beaulieu, 2002 ). MD is the average of the three diffusion tensor eigen-

values and is inversely modulated by the density of tissue membranes

and is sensitive to cellular structure, edema, and necrosis ( Alexander

et al., 2011 ). Axial and radial diffusivities may provide additional in-

formation, as several animal studies suggest that they are related to

axonal and myelin health, respectively ( Bennett et al., 2012 ; Budde

et al., 2007 ; Feng et al., 2009 ; Harsan et al., 2006 ; Hofling et al., 2009 ;

Janve et al., 2013 ; Song et al. , 2002 , 2005 ; Sun et al., 2006 ; Wu et al.,

2007 ). 

In order to limit the number of comparisons, we focused on se-

lect regions of interest chosen based on their vulnerability to AD.

In particular, we were interested in examining white matter tracts

 

that subserve gray matter regions affected by AD. The medial and lat-

eral parietal, medial and lateral temporal, and inferior frontal cortices

show substantial structural and functional changes in AD ( Lee et al.,

2003 ; Poulin and Zakzanis, 2002 ; Reiman and Jagust, 2012 ), and ac-

cordingly, the fiber tracts connecting these cortical regions have also

shown alteration in AD, including the uncinate ( Kiuchi et al., 2009 ;

Villain et al., 2010 ; Yasmin et al., 2008 ; Zhang et al., 2009 ), fornix

( Huang et al., 2012 ; Mielke et al., 2009 ; Oishi et al., 2012 ), cingulum

( Canu et al., 2013 ; Liu et al., 2011 ; Villain et al., 2008 ; Zhang et al. ,

2007c , 2009 ), superior longitudinal fasciculi ( Benitez et al., 2013 ; Liu

et al., 2011 ), and the corpus callosum ( Di Paola et al., 2010a ; Pitel

et al., 2010 ; Teipel et al., 2002 ; Teipel et al., 2012 ). We hypothesized

that participants with risk factors for AD would show lower FA, higher

MD, higher radial diffusivity and higher axial diffusivity in these white

matter regions compared to participants without risk. While risk for

Alzheimer’s was our primary focus, the study provided an opportu-

nity to examine the effects of age and sex in a large sample. Based on

prior studies—including work from our group—suggesting that older

age, sex, and carrying multiple risk factors contribute to the degree

of presymptomatic AD-related neural damage, we also tested for in-

teractions between age and risk (APOE4 or parental family history)

( Ryan et al., 2011 ), sex and risk ( Damoiseaux et al., 2012 ), and APOE4

and parental family history ( Bendlin et al., 2010 ). 

2. Materials and methods 

Study procedures were approved by the University of Wisconsin

Health Sciences Institutional Review Board and were in accordance

with U.S. federal regulations. All participants provided written in-

formed consent. 

2.1. Participants 

Three hundred fifty-eight participants from the Wisconsin Reg-

istry for Alzheimer’s Prevention (WRAP) underwent brain imaging as

part of studies on memory, aging, and risk for AD. WRAP is a reg-

istry of cognitively normal adults who are followed longitudinally

and comprise a cohort whose members either have a family history

(FH) of late onset AD or no family history of AD ( Sager et al., 2005 ).

A positive family history was defined as having one or both parents

with autopsy-confirmed or probable AD as defined by research cri-

teria ( McKhann et al., 1984 ; McKhann et al., 2011 ), reviewed by a

multidisciplinary diagnostic consensus panel. Absence of family his-

tory of AD was verified through detailed medical history surveys and

phone interview with the participants. Further, absence of family his-

tory of AD required that the father survive to at least age 70 and the

mother to age 75 without incurring a formal diagnosis of dementia or

exhibiting cognitive deterioration. 

The inclusion criteria for this study consisted of the following: nor-

mal cognitive function determined by neuropsychological evaluation,

no contraindication for magnetic resonance imaging (MRI) and a sub-

sequent normal MRI scan, no current diagnosis of major psychiatric

disease or other major medical conditions (e.g., myocardial infarction,

or recent history of cancer), and no history of head trauma. All partici-

pants underwent MRI and neuropsychological testing. Based on com-

prehensive cognitive testing, four cognitive factor scores were derived

from a factor analytic study of the WRAP neuropsychological battery

http://creativecommons.org/licenses/by/3.0/
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nd adapted from work published in Dowling et al. (2010) . Factor 

cores represented cognitive domains known to change with age: 

mmediate Memory, Verbal Learning and Memory, Working Mem- 

ry, and Speed and Flexibility. 

A total of 15 participants were excluded from the final analysis. 

our were removed due to compromised data quality, and two par- 

icipants were removed due to mild cognitive impairment as shown 

y cognitive testing. An additional nine participants were excluded 

ue to brain abnormalities found by the reviewing radiologist. The 

nal sample comprised 343 participants; demographics and mean 

ognitive factor scores are provided in Table 1 . 

.2. APOE genotyping 

Determination of APOE genotype has previously been described 

 Johnson et al., 2011 ). APOE alleles were classified as having an ε2, 

3, or ε4 isoform. Participants were distinguished using a binary cat- 

gorical variable, where participants were classified as carriers (one 

r more ε4 alleles present) or non-carriers (no ε4 allele present). 

.3. Magnetic resonance imaging 

.3.1. DTI acquisition 

Participants were imaged on a General Electric 3.0 Tesla Discov- 

ry MR750 (Waukesha, WI) MRI system with an 8-channel head coil 

nd parallel imaging (ASSET). DTI was acquired using a diffusion- 

eighted, spin-echo, single-shot, echo planar imaging (EPI) pulse se- 

uence in 40 encoding directions at b = 1300 s / mmˆ2, with eight 

on-diffusion weighted ( b = 0) reference images. The cerebrum was 

overed using contiguous 2.5 mm thick axial slices, FOV = 24 cm, 

R = 8000 ms, TE = 67.8 ms, matrix = 96 × 96, resulting in isotropic 

.5 mm 

3 voxels. High order shimming was performed prior to the DTI 

cquisition to optimize the homogeneity of the magnetic field across 

he brain and to minimize EPI distortions. 

.3.2. Image analysis 

The study was designed to take advantage of tools optimized for 

TI analysis. When conducting analyses across a large sample, it is 

ritical to ensure accurate registration of individual brain imaging 

aps into a common space. In order to ensure the best possible meth- 

ds, we employed a robust processing pipeline, based on methods in 

hang et al. (2007a) . 

The processing stream is depicted in Fig. 1 . First, head motion and 

mage distortions (stretches and shears) due to eddy currents were 

orrected with affine transformation in the FSL (FMRIB Software Li- 

rary) package ( http: // www.fmrib.ox.ac.uk / fsl / ). Geometric distor- 

ion from the inhomogeneous magnetic field applied was corrected 

ith the b = 0 field map and PRELUDE (phase region expanding labeler 

or unwrapping discrete estimates) and FUGUE (FMRIB’s utility for 

eometrically unwarping EPIs) from FSL. Twenty-nine of the partici- 

ants that underwent diffusion-weighted imaging did not have field 

aps acquired during their imaging session. Because these partici- 

ants did not differ in FH, APOE4 genotype, sex, or age compared to the 

articipants that had field map correction, they were included in order 

o enhance the final sample size. All images are visually inspected at 

his stage to ensure that data with substantial artifact (loss of frontal 

r temporal lobe signal) or geometric distortions are not included in 

he final sample. Brain tissue was extracted using FSL’s BET (Brain 

xtraction Tool). Tensor fitting was performed using a nonlinear least 

quares method in Camino ( http: // cmic.cs.ucl.ac.uk / camino / ). 

.3.3. Template creation 

Individual maps were registered to a population specific tem- 

late constructed using Diffusion Tensor Imaging ToolKit (DTI- 

K), http: // www.nitrc.org / projects / dtitk / , which is an optimized 

TI spatial normalization and atlas construction tool ( Wang et al., 
2011 ; Zhang et al. , 2006 , 2007b ) that has been shown to perform su- 

perior registration compared to scalar based registration methods 

( Adluru et al., 2012 ). The template is constructed in an unbiased way 

that captures both the average diffusion features (e.g., diffusivities 

and anisotropy) and the anatomical shape features (tract size) in the 

population ( Zhang et al., 2007b ). A subset of 80 diffusion tensor maps 

was used to create a common space template. All diffusion tensor 

maps were normalized to the template with rigid, affine, and diffeo- 

morphic alignments and interpolated to 2 × 2 × 2 mm 

3 voxels. With 

DTI-TK, FA maps were calculated in the normalized space, while MD, 

λ1, λ2, and λ3 were calculated in native space then warped to the 

same normalized space as the FA maps with a 2 × 2 × 2 mm 

3 voxel 

dimension. All FA maps are visually inspected to rule out inclusion of 

maps with missing data in regions of interest or other artifacts. 

2.3.4. Registration 

White matter alignment was performed using a diffeomorphic 

(topology preserving) registration method ( Zhang et al., 2007a ) that 

incrementally estimates the displacement field using a tensor-based 

registration formulation ( Zhang et al., 2006 ). Tensor-based registra- 

tion provides optimal alignment between subjects by taking advan- 

tage of similarity measures comparing whole tensors via explicit op- 

timization of tensor reorientation ( Alexander et al., 2001b ; Alexander 

and Gee, 2000 ). By computing image similarity on the basis of full 

tensor images rather than scalar features, the algorithm incorporates 

local fiber orientations as features to drive the alignment of individ- 

ual white matter tracts. Using full-tensor information is highly effec- 

tive in spatially normalizing tract morphology and tensor orientation, 

and enhances sensitivity to microstructural variations ( Zhang et al., 

2007a ). 

The Johns Hopkins International Consortium for Brain Mapping 

(ICBM) FA template was warped to the study’s template space using 

Advanced Normalization Tools (ANTS). ANTS has been demonstrated 

to be among the most accurate intensity-based normalization method 

among fourteen different methods ( Klein et al., 2009 ). Using ANTS, the 

Johns Hopkins ROIs ( Wakana et al., 2004 ) were individually warped to 

the study’s template space. Seven ROIs were chosen for analysis, see 

Fig. 2 : the genu and splenium of the corpus callosum, the fornix (body 

and column), the cingulum bundles adjacent to the cingulate cortex 

(cingulum-CC, left and right averaged), the cingulum bundle projec- 

tions to the hippocampus (cingulum-HC, left and right averaged), the 

superior longitudinal fasciculi (SLF, left and right averaged), and the 

uncinate fasciculi (left and right averaged). The FA map for each sub- 

ject in normalized template space was masked by the chosen ROIs. 

The resulting FA ROIs were thresholded at 0.2 to reduce inclusion of 

gray matter voxels in the white matter masks. The thresholded FA 

ROIs were binarized and used as ROI masks to isolate the white mat- 

ter ROIs of each subject’s standard space FA, MD, λ1 (axial diffusivity), 

and ( λ2 + λ3) / 2 (radial diffusivity) maps. Finally, the average val- 

ues of FA, MD, and axial and radial diffusivities within each subject’s 

ROI-masked maps were calculated. 

2.4. Statistical analysis 

2.4.1. Brain image analysis 

We conducted multivariate analyses of variance (MANOVAs) to 

test the effects of APOE4, FH, sex, and age, on FA, MD, and axial and 

radial diffusivities in all seven ROIs. In addition to main effects, we 

tested for all 2-way interactions, in addition to a 3-way interaction 

for age * APOE4 * FH. The data set met the requirement of equal 

covariance matrices, as assessed with Box’s M Test ( p > 0.01). In all 

models, the independent factors of interest were APOE4, FH, age, and 

sex, while the dependent variables were either FA, MD, axial diffu- 

sivity, or radial diffusivity for all 7 ROIs. All independent factors were 

modeled as binary indicator variables. Age was split at < 65 years 

and ≥65 years. For each model, we report the results of the omnibus 

http://www.fmrib.ox.ac.uk/fsl/
http://cmic.cs.ucl.ac.uk/camino/
http://www.nitrc.org/projects/dtitk/
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Table 1 

Demographics, vascular risk and cognitive function among risk groups. 

APOE4 + APOE4 − FH + FH −

Demographics and vascular risk 

factors M SD M SD t p M SD M SD t p 

Age (years) 60.12 6.81 61.54 6.63 1.89 0.06 60.29 6.89 62.96 5.84 3.32 0.001 

Education (years) 16.33 2.22 16.24 2.47 –0.34 0.74 16.33 2.33 16.10 2.50 –0.81 0.42 

Systolic BP 122.85 15.41 125.28 15.89 1.38 0.17 125.10 15.51 122.54 16.3 –1.34 0.18 

Diastolic BP 73.82 9.1 74.16 9.85 0.72 0.48 74.23 9.53 72.92 9.72 –1.12 0.26 

BMI 28.40 5.47 27.84 5.37 –0.92 0.36 28.33 5.31 27.26 5.59 –1.64 0.10 

Fasting glucose 93.92 13.58 96.70 20.28 1.30 0.19 96.02 20.1 94.92 11.4 –0.49 0.63 

Fasting insulin 8.51 5.36 9.97 8.98 1.62 0.11 9.66 8.22 8.84 6.95 –.84 0.40 

Total cholesterol 197.58 32.63 194.32 35.67 –0.83 0.41 196.65 34.59 192.41 34.59 –1.01 0.31 

HDL cholesterol 58.34 16.8 61.56 19.08 1.53 0.13 59.58 17.67 62.70 19.98 1.37 0.17 

N N χ 2 p N N χ 2 p 

Sex (female) 86 (68%) 144 

(66%) 

0.13 0.72 166 

(66%) 

64 

(69%) 

0.18 0.67 

Cognitive factor score M SD M SD F p M SD M SD F p 

Speed and Flexibility (Z) 0.28 0.92 0.15 0.91 0.40 0.53 0.24 0.90 0.09 0.94 0.03 0.86 

Working Memory (Z) 0.21 1.00 0.07 1.01 1.36 0.24 0.06 1.01 0.26 0.99 3.07 0.08 

Verbal Learning (Z) 0.084 1.03 0.055 1.00 0.03 0.87 0.03 1.00 0.17 1.02 2.75 0.10 

Immediate Memory (Z) –0.04 1.06 0.05 1.02 1.20 0.27 –0.02 1.05 0.10 0.98 1.78 0.18 

Cognitive factor scores were derived from a factor analytic study of the WRAP neuropsychological battery. Individual neuropsychological tests loaded onto separate factors. 

Rey Auditory Verbal Learning Test ( Spreen and Strauss, 1998 ), Trials 1 and 2 loaded onto the Immediate Memory factor. Rey Auditory Verbal Learning Test ( Spreen and 

Strauss, 1998 ), Trials 3–5 and Delayed Recall Trial loaded onto the Verbal Learning and Memory factor. Wechsler Adult Intelligence Scale—3rd edition ( Wechsler, 1997 ), Digit 

Span, Arithmetic, and Letter-Numbering Sequencing subtests loaded onto the Working Memory factor. The interference trial from the Stroop test ( Trenerry, 1989 ), and Trail 

Making Test A and B ( Reitan and Wolfson, 1993 ) loaded onto the Speed and Flexibility factor. The Speed and Flexibility factor score was unavailable for nine participants. 

The ANCOVA for cognitive function controlled for age, years of education, and sex. APOE4: apolipoprotein epsilon 4 allele; FH: family history of Alzheimer’s disease; M: 

mean; SD: standard deviation; BP: blood pressure; BMI: body mass index; HDL: high density lipoprotein. Missing data: A sub-set of participants did not have vascular risk 

factors available; blood pressure, BMI, and cholesterol were missing for one participant, insulin was missing for 12 participants, and HDL and glucose were missing for 11 

participants. 

Fig. 1. DTI processing stream. Shown here is the diffusion tensor imaging “processing pipeline”. Images underwent eddy current correction, field inhomogeneity correction, skull 

stripping and tensor fitting using tools from the FMRIB Software Library (FSL). Tensor fitting was performed using the University College London, Camino Diffusion MRI Toolkit. Next, 

images were normalized utilizing Diffusion Toolkit for DTI analysis (DTI-TK). Advanced Normalization Tools (ANTS) was used to warp the Johns Hopkins International Consortium 

for Brain Mapping (JHU ICBM) FA template and white matter regions of interest (ROIs) to the study’s template space. ROIs were used to extract fractional anisotropy (FA), mean 

diffusivity (MD), axial diffusivity, and radial diffusivity values from individual subject DTI maps in template space. ROIs are depicted in Fig. 2 . 
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Fig. 2. Regions of interest. We analyzed fractional anisotropy and mean, axial, and 

radial diffusivity values extracted from the regions of interest depicted here: genu of 

the corpus callosum (red), splenium of the corpus callosum (yellow), fornix (orange), 

superior longitudinal fasciculus, left and right combined (blue), cingulum bundle adja- 

cent to the cingulate gyrus (called cingulum-CC in the manuscript text), left and right 

combined (green), cingulum projections to the hippocampus (called cingulum-HC in 

the manuscript text), left and right combined (magenta), and uncinate, left and right 

combined (blue). L = left, R = right. 
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ANOVA. The results of the univariate tests are reported where the 

verall MANOVA was significant. While we adopted a multivariate 

tatistical procedure which is designed to help protect against the 

lpha inflation problem, there may still be the possibility for Type 1 

rror. Thus we also assessed whether results would survive a Bonfer- 

oni correction. Alpha was divided by the number of tested ROIs (i.e. 7) 

cross each imaging modality (i.e. 4), for a corrected alpha of (.05 / 28) 

.00178. We specify in parentheses which omnibus MANOVA results 

ould survive a Bonferroni correction. 

.4.2. Non-brain analysis 

Demographic features, cognitive function, and cardiovascular risk 

actors including systolic blood pressure, diastolic blood pressure, 

ody mass index, glucose, insulin, total cholesterol and high density 

ipoprotein were compared between APOE4 carriers and non-carriers, 

nd between participants with and without parental family history 

f AD using t -tests, chi-square, and ANCOVA where appropriate. 

. Results 

Demographic, cognitive factor scores, and cardiovascular risk fac- 

ors did not differ between groups based on risk, as shown in Table 1 . 

f the participants who were APOE4 carriers, 103 also had a parent 

ith AD, while 20 had no family history of AD. Of the participants 

ho were non-carriers, 147 had a parent with AD, while 73 had no 

arent with AD. Of the APOE4 carriers, 14 participants were homozy- 

ous for ε4, while the remaining 109 participants were heterozygous. 

articipants included in the final analysis were all non-demented; 

ne participant had a Mini-Mental State Examination score of 25, six 

articipants had a score of 26, and the remaining participants had 

MSE ≥ 27. 
3.1. Fractional anisotropy 

Participants with parental family history of AD differed from those 

without parental family history, as shown by a significant multivariate 

effect of FH, Hotelling’s T (7, 325) = 2.16, p < .05. While we expected 

that participants with positive FH would show lower FA, the univari- 

ate tests showed that participants with parental FH of AD had higher 

FA in the genu, F (1,11) = 6.53, p = .01 and SLF, F (1,11) = 5.07, p < .05,

compared to participants without parental FH of AD. This effect is 

shown in Fig. 3 . 

As expected, higher age was associated with lower FA, as shown 

by a significant multivariate effect of age on FA, Hotelling’s T (7, 

325) = 7.33, p < .001 (survives corrected alpha). The univariate tests 

showed that in the older age group ( ≥65 years) there was lower FA 

in the genu, F (1,11) = 35.17, p < .001 ( Fig. 4 ), fornix, F (1,11) = 15.61,

p < .001, and cingulum-CC, F (1,11) = 7.82, p < .01, compared to the 

younger age group ( < 65 years). There was also a significant multi- 

variate effect of sex, Hotelling’s T (7, 325) = 6.28, p < .001 (survives 

corrected alpha). The univariate tests showed that men had higher 

FA compared to women in the splenium F (1,11) = 10.82, p = .001, 

cingulum-CC, F (1,11) = 15.61, p < .001, cingulum-HC, F (1,11) = 6.71, 

p = .01, SLF, F (1,11) = 9.55, p = .01 and uncinate, F (1,11) = 16.68, 

p = .01. 

3.2. Mean diffusivity 

The MANOVA showed no significant main effect of FH or APOE4. 

There was however, a significant interaction between age and APOE4 

genotype, Hotelling’s T (7, 325) = 2.09, p < .05, with the univariate 

tests indicating that the interaction was present in the cingulum-CC, 

F (1,11) = 11.45, p = .001, and in the SLF, F (1,11) = 9.01, p < .01.

As shown in Fig. 5 , in older age, APOE4 carriers show higher MD in 

the cingulum-CC ( M = 0.96, SD = 0.03) compared to APOE4 non- 

carriers ( M = 0.94, SD = 0.03), F (1,113) = 6.96, p = 0.01, whereas 

in younger age, there is no significant difference in means, p = 0.83. 

Similarly, in the SLF, older APOE4 carriers show higher MD ( M = 0.91, 

SD = 0.03) compared to APOE4 non-carriers ( M = 0.90, SD = 0.03), 

F (1,113) = 6.54, p < 0.05, whereas in younger age, there is no signifi- 

cant difference in means, p = 0.85 ( Fig. 5 ). 

The MANOVA also showed a significant main effect of age on MD, 

Hotelling’s T (7, 325) = 5.75, p < .001 (survives corrected alpha). The 

univariate tests showed that the older age group ( ≥65 years) had 

higher MD in the genu, F (1,11) = 23.06, p < .001 (Fig. 4) , the splenium, 

F (1,11) = 9.88, p < .01, and the fornix, F (1,11) = 24.93, p < .001. There

was no effect of sex on MD. 

3.3. Axial diffusivity 

The MANOVA demonstrated a significant multivariate effect of FH, 

Hotelling’s T (7, 325) = 2.36, p < .05, in the uncinate F (1,11) = 6.94, 

p < .01. This was explained by a significant interaction between FH 

and APOE4, Hotelling’s T (7, 325) = 3.74, p = .001, with the univari- 

ate analysis indicating that the interaction was significant only in the 

uncinate, F (1,11) = 17.24, p < .001. As shown in Fig. 6 , the inter- 

action was such that in the APOE4 − group, participants who were 

FH + had lower axial diffusivity ( M = 1.46, SD = 0.04) compared to 

FH − ( M = 1.47, SD = 0.03), F (1,215) = 4.61, p < .05; whereas in the

APOE4 + group, participants who were FH + had higher axial diffu- 

sivity ( M = 1.48, SD = 0.04) compared to FH − ( M = 1.45, SD = 0.04),

F (1,215) = 9.21, p < .01. 

The MANOVA also showed a significant main effect of age on axial 

diffusivity, Hotelling’s T (7, 325) = 5.02, p < .001 (survives corrected 

alpha). The univariate tests showed that with older age, there was 

higher axial diffusivity in the genu ( Fig. 4 ), F (1,11) = 28.39, p < .001, in

addition to the splenium, F (1,11) = 16.20, p < .001, and cingulum-HC, 

F (1,11) = 5.94, p < .05. There was no effect of sex on axial diffusivity. 
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Fig. 3. Effects of parental family history on fractional anisotropy. Participants with parental family history (FH) of AD showed higher mean FA in the genu of the corpus callosum 

and the superior longitudinal fasciculus (SLF) compared to participants who were family history negative. The bar graph shows the regional mean FA adjusted for age and sex. 

FA = fractional anisotropy; error bars are standard error of the mean. NB: while means in the genu and SLF appear very similar, they were not exactly the same (the correlation 

between genu and SLF FA across all participants was strong, R = .43). 

Fig. 4. Effect of age. Shown here are the patterns of change in the genu, a region that showed change across all DTI maps. The points represent individual participants. With older 

age, FA is lower, and mean, axial, and radial diffusivities are higher. 
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Fig. 5. Interaction between APOE4 and age: mean diffusivity. There was a significant interaction between APOE4 and age, whereby carriers of the APOE4 allele showed higher mean 

diffusivity (MD) in older age ( ≥65 years) compared to younger age ( < 65 years). The effect was significant in the cingulum bundle adjacent to the cingulate cortex (cingulum-CC), 

shown on the left, and the superior longitudinal fasciculus (SLF), shown on the right. Participants who were carriers of the APOE4 allele are represented by green circles. 

Fig. 6. Interaction between APOE4 and parental family history of AD. When evaluating 

the effect of risk for AD on axial diffusivity, we observed a cross-over interaction. Par- 

ticipants who were both APOE4 positive (APOE4 + ) and family history positive (FH + ) 

showed higher axial diffusivity in the uncinate fasciculus. In contrast participants who 

were only FH + showed lower axial diffusivity compared to FH −. The finding suggests 

that stages of white matter pathology may differ at different levels of risk for AD. 

Participants with positive family history of AD are represented by green circles. 
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Fig. 7. Interaction between APOE4 and age: radial diffusivity. We observed an interac- 

tion between APOE4 and age in the genu, where older APOE4 carriers had higher radial 

diffusivity in the genu compared to APOE4 non-carriers. 

 

.4. Radial diffusivity 

The multivariate analysis revealed a significant effect of FH, 

otelling’s T (7, 325) = 2.97, p < .01. However, in follow-up univariate 

nalyses, none of the individual ROIs were statistically significant at 

he .05 alpha threshold. This suggests that the multivariate finding 

as not driven by any individual ROI but rather reflects the pooled 

ffect of FH on all ROIs taken together. There were no main effects of 

POE4, however, the MANOVA showed a significant interaction be- 

ween age and APOE4, Hotelling’s T (7, 325) = 3.52, p = .001 (survives 

orrected alpha), with the univariate tests showing that the interac- 

ion was significant in the genu, F (1,11) = 8.38, p < .01. A plot of the 

ata indicates that older APOE4 carriers showed higher radial diffu- 

ivity compared to older non-carriers ( Fig. 7 ). The simple effects test 
indicated that among younger participants, there was no difference 

between APOE4 carriers and non-carriers ( p = .37), whereas among 

older participants, APOE4 carriers had higher radial diffusivity in the 

genu ( M = 0.84, SD = 0.05) compared to APOE4 non-carriers ( M = 0.82, 

SD = 0.05), t (1, 113) = −2.16, p < .05, (shown in Fig. 7 ). 

As found within the analyses of the other DTI indices, results from 

the MANOVA demonstrated a significant multivariate effect of age, 

Hotelling’s T (7, 325) = 7.40, p < .001 (survives corrected alpha), with 

the univariate tests showing that the older age group had higher ra- 

dial diffusivity in all ROIs studied: the genu ( Fig. 4 ), F (1,11) = 38.697, 

p < .001 (as noted above, this region showed a significant interac- 

tion between age and APOE4, thus main effects should not be in- 

terpreted here), the splenium, F (1,11) = 11.60, p = .001, the fornix, 

F (1,11) = 25.54, p < .001, the cingulum-CC, F (1,11) = 14.53, p < .001, 

the cingulum-HC, F (1,11) = 19.65, p < .001, the SLF, F (1,11) = 9.43, 

p < .01 and the uncinate, F (1,11) = 3.89, p < .05. There was also a mul-

tivariate effect of sex, Hotelling’s T (7, 325) = 4.13, p < .001 (survives 
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corrected alpha), with the univariate tests showing that women had

higher radial diffusivity compared to men, in the fornix, F (1,11) = 5.00,

p < .05, in the cingulum-CC, F (1,11) = 14.01, p < .001, and in the SLF,

F (1,11) = 5.86, p < .05. 

4. Discussion 

4.1. General 

This study tested the effect of age, sex, and risk factors for AD on

white matter microstructure in late middle-aged adults. In addition

to examining the fairly commonly reported measures of FA and MD,

the study also examined effects on axial and radial diffusivities. There

was a significant effect of parental family history on FA, in addition

to an interaction between family history and APOE4 found in the

analysis of axial diffusivity. APOE4 by itself did not have an effect

on any of the diffusivity measures, but APOE4 did interact with age.

Interactions were found in both the analysis of MD and the analysis

of radial diffusivity. Across all participants, age had a significant effect

on all tested DTI indices. Sex had an effect on FA and radial diffusivity.

In the next sections, we discuss the regional findings in greater detail. 

4.2. Effect of parental family history 

Several studies from our group and others have suggested that

family history of AD is associated with preclinical brain changes

( Bassett et al., 2006 ; Fleisher et al., 2009 ; Johnson et al. , 2006 , 2007 ;

Schmitz et al., 2004 ; Trivedi et al., 2007 ; Xiong et al., 2011 ; Xu et

al., 2009a ). Based on prior findings with regard to risk, and patterns

observed in AD and mild cognitive impairment, we expected that

parental family history of AD would be associated with lower FA, and

higher diffusivities. Interestingly, we found that parental family his-

tory was associated with higher FA in the genu and the SLF. This was

unexpected, given that in AD, the genu undergoes a decline in volume

( Black et al., 2000 ; Canu et al., 2009 ; Chaim et al., 2007 ; Di Paola et al.,

2010b ) and patients show lower FA ( Di Paola et al., 2010a ; Pitel et al.,

2010 ; Ukmar et al., 2008 ). While unexpected, there are two possible

interpretations that may be considered here. The first is that parental

FH of AD has a paradoxical beneficial effect on white matter health.

This is unlikely given that parental FH confers an approximate six-fold

increased risk for AD ( Green et al., 2002 ; Jayadev et al., 2008 ; Mayeux

et al., 1991 ) and AD is associated with axonal and myelin degenera-

tion. A second possibility is that FH confers a negative effect on the

genu and SLF that is manifesting as increased FA. Loss of fibers, such as

occurs in aging and disease could potentially alter FA measurements.

The genu of the corpus callosum caries fibers that connect prefrontal

cortices, regions that are susceptible to both age and disease related

decline. In rhesus macaque, frontal white matter undergoes a 20%

reduction in the number of nerve fibers, but degenerative processes

are accompanied with continued myelination ( Bowley et al., 2010 ).

Electron micrographs in rhesus macaque show loss of axons with

preserved myelin sheaths in aged animals ( Luebke et al., 2010 ), a mi-

crostructural feature that if not masked by signal related to significant

tissue loss, could plausibly result in higher FA. Higher FA in partici-

pants with parental family history of AD, controlling for other factors

such as age, may reflect axonal loss, and / or reparative myelination.

Histological data would provide more conclusive evidence. 

Interestingly, a recent study on presymptomatic and symptomatic

carriers of the presenilin 1 mutation that results in familial AD indi-

cates that patients in the earliest disease stage (asymptomatic) have

higher regional FA compared to healthy controls ( Ryan et al., 2013 ).

Significant effects on FA were found in the bilateral thalamus and

caudate. Presymptomatic carriers also showed decreased mean dif-

fusivity and axial diffusivity in the right cingulum. In contrast, symp-

tomatic carriers showed patterns typical to those reported in studies

of late-onset AD ( Acosta-Cabronero et al., 2010 ; Bozzali et al., 2012 ),
including lower FA, and higher mean, axial, and radial diffusivities

across several white matter regions, compared to healthy controls.

The exception to this was higher FA observed in the putamen, in

symptomatic carriers. Ryan et al. attribute their finding of higher FA to

selective degeneration of fibers. For example, degeneration of axonal

fibers could manifest as higher FA if the myelin sheath is preserved, or

alternatively, fiber loss could contribute to a decline in crossing fibers,

which tends to lower measures of anisotropy. At least one prior study

found higher diffusion anisotropy in the SLF in patients with mild

cognitive impairment compared to control-likely attributable to loss

of crossing fibers ( Douaud et al., 2011 ). 

In the current study we found higher FA not only in the SLF which

is similar to Douaud et al. (2011) , but also in the corpus callosum,

which contains few crossing fibers. This may suggest that axonal loss

is a more likely explanation of higher FA in our presymptomatic co-

hort. When examining axial diffusivity in our sample, a measure that

is suggested to be sensitive to axonal health, we found an interaction

between parental family history of AD and APOE4 in the uncinate fas-

ciculus. The interaction was such that in the APOE4 negative group,

participants who had parental family history of AD had lower axial

diffusivity, whereas in the APOE4 positive group, participants who

were also family history positive had higher axial diffusivity. When

examined in AD patients, the uncinate shows lower FA ( Stricker et al.,

2009 ; Taoka et al., 2006 ; Yasmin et al., 2008 ), in addition to higher ax-

ial diffusivity compared to controls ( Zhang et al., 2009 ). The data may

suggest that in middle-aged adult children of Alzheimer’s patients,

having family history risk results in early stage axonal pathology that

manifests as reduced axial diffusion, while adding the additional risk

factor of APOE4 carriage advances the pathology to overt tissue loss,

manifesting as higher axial diffusion. The results reported in Ryan et

al. (2013) , combined with the observations in this study, suggest that

different disease stages in AD are accompanied by microstructural

alterations that have a non-linear course as the disease progresses.

More work will be needed to fully characterize the progression of

white matter alteration from preclinical to symptomatic late-onset

AD. 

4.3. Effect of APOE4 

The APOE4 gene is the most well-known risk factor for AD. The

ε4 allele frequency is approximately 15% in the general population

but approximately 40% in patients with AD ( Roses, 1996 ). Over the

total sample studied here, 36.7% of the participants were carriers of

at least one copy of the APOE4 allele. This is likely due to the fact that

greater than 2 / 3 of the sample has a parent with AD. The frequency

of APOE4 in the family history positive group was 39.6% compared

to 29% in the family history negative group. Previous studies have

shown an effect of APOE4 on white matter microstructure ( Honea et

al., 2009 ; Ryan et al., 2011 ; Salminen et al., 2013 ; Westlye et al., 2012 ).

While we did not find main effects of APOE4, we found an interac-

tion between APOE4 and parental family history of AD as described

above, in addition to an interaction between APOE4 and age. Partic-

ipants in the older age group ( ≥65 years) who were APOE4 carriers

showed higher MD compared to non-carriers in the SLF and in the

part of the cingulum bundle running adjacent to the cingulate cortex.

An interaction between age and APOE was also observed in radial

diffusivity, whereby older APOE4 carriers showed higher MD in the

genu compared to non-carriers. Interactions between APOE4 and age

have been observed previously in studies of white matter ( Ryan et al.,

2011 ), cognition ( Jochemsen et al., 2012 ), blood oxygenation level-

dependent activation ( Nichols et al., 2012 ), and amyloid deposition

measured by Florbetapir positron emission tomography ( Fleisher et

al., 2013 ). 

Regionally, the observed interactions between APOE4 and age

found for MD did not overlap with the regions found for radial dif-

fusivity. The radial diffusivity effect was found in the genu, a region
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ffected both in AD ( Di Paola et al., 2010a ; Pitel et al., 2010 ; Ukmar et

l., 2008 ) and in normal aging ( Bucur et al., 2008 ; Madden et al., 2009 ;

ahr et al., 2009 ). The interaction between APOE4 and age on MD was 

ound in the SLF, which carries fibers that connect wide-spread parts 

f the cerebrum, including the frontal, occipital, parietal, and tempo- 

al lobes ( Makris et al., 2005 ). SLF fibers are affected in AD ( Douaud 

t al., 2011 ; Guo et al., 2012 ; Pievani et al., 2010 ; Rose et al., 2000 ;

tricker et al., 2009 ) and in mild cognitive impairment ( Amlien et al., 

013 ; Liu et al., 2011 ). The MD effect was also observed in the cingu- 

um bundle, which carries fibers connecting association cortices in the 

rontal, parietal, and temporal lobes, thalamus, insular cortices, and 

he hippocampal formation, ( Goldman-Rakic et al., 1984 ; Makris et al., 

002 ), and fibers originating from the cingulate cortex ( Mufson and 

andya, 1984 ). The posterior cingulate gyrus is affected in early stages 

f AD and this cortical region shows alterations in people at increased 

isk for AD, including APOE4 carriers ( Reiman et al., 1996 ; Valla et 

l., 2010 ) and in adults with parental family history of AD ( Johnson 

t al., 2007 ; Mosconi et al., 2007 ; Scarmeas et al., 2004 ; Small et al., 

000 ). Similarly, the cingulum bundle, which is rich in fibers whose 

ell bodies are located in the posterior cingulate cortex, is likely one 

f the earliest white matter tracts affected by AD ( Villain et al. , 2008 , 

010 ). Adults who are at increased risk for AD show differences in the 

ingulum, including carriers of APOE4 ( Smith et al., 2010 ) and those 

ith parental family history of AD ( Bendlin et al., 2010 ), reinforcing 

he notion that this region is disrupted early in the disease process. 

n a prior study from our group ( Bendlin et al., 2010 ), we found a 

ain effect of parental family history of AD in the posterior portion 

f the cingulum bundle, adjacent to the posterior cingulate cortex, in 

ddition to an additive effect of APOE4. The primary differences in the 

urrent study include a larger sample of adults, with a slightly higher 

ean age, acquisition of higher resolution data, parallel imaging, a 

etter characterized diffusion tensor, newer developments in image 

egistration, and an ROI approach. Overall, both studies point toward 

n early vulnerability of the cingulum bundle. 

.4. Effects of age and sex 

We found an effect of age on all of the DTI maps, and it is worth 

oting that the effects of age appeared to be more robust than the 

ffects of AD risk factors given that all of the age results survived 

orrection for multiple comparisons. The effect was consistent across 

ndices in the genu of the corpus callosum, a region that has been 

hown to change with age in several prior DTI studies ( Abe et al., 

002 ; Bucur et al., 2008 ; Davis et al., 2009 ; Madden et al., 2004 ;

fefferbaum et al., 2000 ; Salat et al., 2005 ). With some differences in 

hich regions differed across DTI maps, age group also had a signif- 

cant effect on the splenium, the fornix, the portion of the cingulum 

undle running adjacent to the cingulate cortex, and the portion pro- 

ecting to the hippocampus. The pattern of age related change was 

onsistent with other studies, with FA showing a decrease in older 

ge, and MD and radial diffusivity increasing. Axial diffusivity has 

een reported to either decrease or increase with age, depending on 

he region studied ( Bennett et al., 2010 ). In this study, axial diffusivity 

n the genu, the splenium, and the portion of the cingulum projecting 

o the hippocampus was higher in the older age group, which has been 

bserved in other studies of aging ( Sullivan et al., 2010 ). It should be 

oted that the effects of age may be overestimated, given that certain 

tructures such as the genu and the fornix are susceptible to partial 

olume effects due to proximal CSF ( Metzler-Baddeley et al., 2012 ). 

ne approach to minimizing CSF contamination is to fit multi-tissue 

ompartment models to the diffusion weighted MR signal ( Alexander 

t al., 2001a ), which may be best achieved by obtaining multiple 

hell diffusion weighted data which allows more accurate fitting of a 

ultiple-component model ( Zhang et al., 2012 ). Features of our study 

hich reduced CSF contamination to a certain extent include thresh- 

lding of the region of interest masks using an FA cut-off of 0.2 to 
reduce gray matter and CSF inclusion, and a reasonable voxel size of 

2.5 mm 

3 . In this sample of participants, neither the uncinate nor the 

SLF showed a group effect of age, although this may have been due to 

the age split at 65 years for the MANOVA models. 

With regard to sex, differences were only observed in FA and radial 

diffusivity. Both of these effects survived correction for multiple com- 

parisons, whereas the effect of family history on FA did not survive 

correction for multiple comparisons. Women showed lower FA in the 

splenium, both portions of the cingulum, the SLF, and the uncinate. 

Higher radial diffusivity in women was observed in the cingulum ad- 

jacent to the cingulate cortex, in the fornix, and in the SLF. Total and 

regional white matter volume is higher in men compared to women 

( Driesen, 1995 ; Luders et al., 2002 ; Salat et al., 2009 ) which may result 

in less partial volume effect on diffusion measures in men; although 

some regional microstructural differences between men and women 

may also be present ( Westerhausen et al., 2011 ). We did not find that 

sex interacted with any of the AD risk variables, but the results un- 

derscore that it is important to control for sex in DTI studies due to 

potential sex differences on the measures. 

4.5. Limitations 

A few limitations deserve mention. While the sample is large, this 

was a cross-sectional analysis. Individual change over time is likely 

to be a better metric for assessing risk of pathological aging com- 

pared to measurements at one time point. Further, the sample was 

heavily weighted toward female participants and participants with 

risk; approximately 67% of the participants were women and less 

than 20% of the participants had neither APOE4 nor family history 

of AD. We should also note that APOE4 is a single genetic risk, and 

parental family history of AD likely encompasses several genetic risk 

factors. More work is needed to understand the contributions of other 

AD-risk genes on white matter microstructure. Lastly, in the absence 

of histology or more direct MRI proxy measures of myelin and ax- 

onal density, the interpretation of differences in measures such as FA 

and the lambda maps remains speculative. Advances in multi-shell 

diffusion-weighted imaging ( Hsu et al., 2008 ), application of novel 

models ( Zhang et al., 2012 ), and acquisition of complementary imag- 

ing techniques ( Deoni et al., 2008 ) are expected to further clarify the 

white matter changes occurring in age and disease. 

4.6. Summary 

Both APOE4 and parental family history of AD have an effect on 

white matter microstructure in cognitively healthy late middle-aged 

adults. Overall, the findings in this study suggest that patterns of white 

matter microstructural change, particularly at various disease stages 

may be more complex than initially thought. We observed higher FA 

in participants with greater risk of developing AD due to parental 

family history, which while unexpected, has been observed in other 

patient groups that include Williams Syndrome ( Hoeft et al., 2007 ), 

fibromyalgia ( Lutz et al., 2008 ), bipolar disorder ( Yurgelun-Todd et 

al., 2007 ) and multiple sclerosis ( Hannoun et al., 2012 ). Additional 

evidence for a non-linear pattern was apparent in participants with 

varying risks, where participants who had a parent with AD, but did 

not carry APOE4 showed lower axial diffusivity in the uncinate fas- 

ciculus, whereas participants who had both risk factors for AD had 

higher axial diffusivity in this region. Similarly, being older and car- 

rying an APOE4 allele were associated with higher mean and radial 

diffusivities, an observation consistent with more advanced neurode- 

generation. Additional work is needed to characterize the course of 

brain changes that occur at presymptomatic disease stages in late- 

onset AD. 



N. Adluru et al. / NeuroImage: Clinical 4 (2014) 730–742 739 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Acknowledgments 

This project was supported by the Alzheimer’s Association, NIRG-

09-132626 , the National Institute on Aging ( R01 AG037639 [BBB], R01

AG027161 [MAS], ADRC P50 AG033514 [SA], R01 AG021155 [SCJ],

the University of Wisconsin Institute for Clinical and Translational

Research, funded through a National Center for Research Resources /
National Institutes of Health Clinical and Translational Science Award,

1UL1RR025011 , a program of the National Center for Research Re-

sources, United States National Institutes of Health), by the Vet-

eran’s Administration [ I01CX000165 ], and by the Waisman Center

Core grant P30 HD003352-45 from the Eunice Kennedy Shriver Na-

tional Institute of Child Health and Human Development. The project

was also facilitated by the facilities and resources at the Geriatric

Research, Education and Clinical Center (GRECC) of the William S.

Middleton Memorial Veterans Hospital, Madison, WI ( GRECC MS #

2013-08 ). The authors gratefully acknowledge Nancy Davenport-Sis,

Amy Hawley, Sandra Harding, Caitlin Cleary, Jennifer Bond, Jennifer

Oh, and Chuck Illingworth, and the support of researchers and staff

at the Waisman Center, University of Wisconsin-Madison, for their

assistance in recruitment, data collection, and data analysis. Above

all, we wish to thank our dedicated volunteers for their participation

in this research. 

References 

Abe, O., Aoki, S., Hayashi, N., Yamada, H., Kunimatsu, A., Mori, H. et al, 2002. Nor-
mal aging in the central nervous system: quantitative MR diffusion-tensor analy-

sis. Neurobiology of Aging 23, 433–41. http://dx.doi.org/10.1016/S0197-4580(01)
00318-9 , 11959406 . 

Acosta-Cabronero, J., Williams, G.B., Pengas, G., Nestor, P.J., 2010. Absolute diffusivities

define the landscape of white matter degeneration in Alzheimer’s disease. Brain:
A Journal of Neurology 133, 529–39, 19914928 . 

Adluru, N., Zhang, H., Fox, A.S., Shelton, S.E., Ennis, C.M., Bartosic, A.M. et al, 2012.
A diffusion tensor brain template for rhesus macaques. Neuroimage 59, 306–18.

http://dx.doi.org/10.1016/j.neuroimage.2011.07.029 , 21803162 . 
Alexander, A.L., Hasan, K.M., Lazar, M., Tsuruda, J.S., Parker, D.L., 2001. Analysis of

partial volume effects in diffusion-tensor MRI. Magnetic Resonance in Medicine:

Official Journal of the Society of Magnetic Resonance in Medicine / Society of
Magnetic Resonance in Medicine 45, 770–80. http://dx.doi.org/10.1002/mrm.1105 ,

11323803 . 
Alexander, A.L., Hurley, S.A., Samsonov, A.A., Adluru, N., Hosseinbor, A.P., Mossahebi, P.

et al, 2011. Characterization of cerebral white matter properties using quantitative
magnetic resonance imaging stains. Brain Connectivity 1, 423–46, 22432902 . 

Alexander, A.L., Lee, J.E., Lazar, M., Field, A.S., 2007. Diffusion tensor imaging of the

brain. Neurotherapeutics: the Journal of the American Society for Experimen-
tal NeuroTherapeutics 4, 316–29. http://dx.doi.org/10.1016/j.nurt.2007.05.011 ,

17599699 . 
Alexander, D.C., Gee, J.C., 2000. Elastic matching of diffusion tensor images. Computer

Vision and Image Understanding 77, 233–50. http://dx.doi.org/10.1006/cviu.1999.
0817 . 

Alexander, D.C., Pierpaoli, C., Basser, P.J., Gee, J.C., 2001. Spatial transformations of

diffusion tensor magnetic resonance images. IEEE Transactions on Medical Imaging
20, 1131–9. http://dx.doi.org/10.1109/42.963816 , 11700739 . 

Amlien, I.K., Fjell, A.M., Walhovd, K.B., Selnes, P., Stenset, V., Grambaite, R. et al, 2013.
Mild cognitive impairment: cerebrospinal fluid tau biomarker pathologic levels

and longitudinal changes in white matter integrity. Radiology 266, 295–303. http:
//dx.doi.org/10.1148/radiol.12120319 , 23151827 . 

Balthazar, M.L., Yasuda, C.L., Pereira, F.R., Pedro, T., Damasceno, B.P., Cendes, F., 2009.
Differences in grey and white matter atrophy in amnestic mild cognitive im-

pairment and mild Alzheimer’s disease. European Journal of Neurology: the Of-

ficial Journal of the European Federation of Neurological Societies 16, 468–74.
http://dx.doi.org/10.1111/j.1468-1331.2008.02408.x , 19138329 . 

Bartzokis, G., 2004. Age-related myelin breakdown: a developmental model of cognitive
decline and Alzheimer’s disease. Neurobiology of Aging 25, 5–18, [Author reply 49–

62] 14675724 . 
Bartzokis, G., Lu, P.H., Geschwind, D.H., Edwards, N., Mintz, J., Cummings, J.L., 2006.

Apolipoprotein E genotype and age-related myelin breakdown in healthy individu-

als: implications for cognitive decline and dementia. Archives of General Psychiatry
63, 63–72. http://dx.doi.org/10.1001/archpsyc.63.1.63 , 16389198 . 

Bartzokis, G., Lu, P.H., Geschwind, D.H., Tingus, K., Huang, D., Mendez, M.F. et al, 2007.
Apolipoprotein E affects both myelin breakdown and cognition: implications for

age-related trajectories of decline into dementia. Biological Psychiatry 62, 1380–7.
http://dx.doi.org/10.1016/j.biopsych.2007.03.024 , 17659264 . 

Bassett, S.S., Yousem, D.M., Cristinzio, C., Kusevic, I., Yassa, M.A., Caffo, B.S. et al,

2006. Familial risk for Alzheimer’s disease alters fMRI activation patterns. Brain:
A Journal of Neurology 129, 1229–39. http://dx.doi.org/10.1093/brain/awl089 ,

16627465 . 
Baxter, L.C., Sparks, D.L., Johnson, S.C., Lenoski, B., Lopez, J.E., Connor, D.J. et al, 2006. Re-

lationship of cognitive measures and gray and white matter in Alzheimer’s disease.
Journal of Alzheimer’s Disease: JAD 9, 253–60, 16914835 . 

Beaulieu, C., 2002. The basis of anisotropic water diffusion in the nervous system—a
technical review. NMR in Biomedicine 15, 435–55. http://dx.doi.org/10.1002/nbm.

782 , 12489094 . 

Bendlin, B.B., Ries, M.L., Canu, E., Sodhi, A., Lazar, M., Alexander, A.L. et al, 2010. White
matter is altered with parental family history of Alzheimer’s disease. Alzheimer’s

& Dementia: the Journal of the Alzheimer’s Association 6, 394–403. http://dx.doi.
org/10.1016/j.jalz.2009.11.003 , 20713315 . 

Benitez, A., Fieremans, E., Jensen, J.H., Falangola, M.F., Tabesh, A., Ferris, S.H. et al, 2013.
White matter tract integrity metrics reflect the vulnerability of late-myelinating

tracts in Alzheimer’s disease. NeuroImage: Clinical 4, 64–71, 24319654 . 
Bennett, I.J., Madden, D.J., Vaidya, C.J., Howard, D.V., Howard, J.H. Jr., 2010. Age-related

differences in multiple measures of white matter integrity: a diffusion tensor imag-

ing study of healthy aging. Human Brain Mapping 31, 378–90, 19662658 . 
Bennett, R.E., Mac, Donald C.L., Brody, D.L., 2012. Diffusion tensor imaging detects

axonal injury in a mouse model of repetitive closed-skull traumatic brain injury.
Neuroscience Letters 513, 160–5. http://dx.doi.org/10.1016/j.neulet.2012.02.024 ,

22343314 . 
Black, S.E., Moffat, S.D., Yu, D.C., Parker, J., Stanchev, P., Bronskill, M., 2000. Callosal

atrophy correlates with temporal lobe volume and mental status in Alzheimer’s

disease. Canadian Journal of Neurological Sciences. le Journal Canadien des Sciences
Neurologiques 27, 204–9, 10975532 . 

Bowley, M.P., Cabral, H., Rosene, D.L., Peters, A., 2010. Age changes in myelinated
nerve fibers of the cingulate bundle and corpus callosum in the rhesus monkey.

Journal of Comparative Neurology 518, 3046–64. http://dx.doi.org/10.1002/cne.
22379 , 20533359 . 

Bozzali, M., Falini, A., Franceschi, M., Cercignani, M., Zuffi, M., Scotti, G. et al, 2002.

White matter damage in Alzheimer’s disease assessed in vivo using diffusion tensor
magnetic resonance imaging. Journal of Neurology, Neurosurgery, and Psychiatry

72, 742–6. http://dx.doi.org/10.1136/jnnp.72.6.742 , 12023417 . 
Bozzali, M., Giulietti, G., Basile, B., Serra, L., Spano, B., Perri, R. et al, 2012. Damage to the

cingulum contributes to Alzheimer’s disease pathophysiology by deafferentation
mechanism. Human Brain Mapping 33, 1295–308. http://dx.doi.org/10.1002/hbm.

21287 , 21520352 . 

Bronge, L., Bogdanovic, N., Wahlund, L.O., 2002. Postmortem MRI and histopathology
of white matter changes in Alzheimer brains. A quantitative, comparative study.

Dementia and Geriatric Cognitive Disorders 13, 205–12. http://dx.doi.org/10.1159/
000057698 , 12006730 . 

Bucur, B., Madden, D.J., Spaniol, J., Provenzale, J.M., Cabeza, R., White, L.E. et al, 2008.
Age-related slowing of memory retrieval: contributions of perceptual speed and

cerebral white matter integrity. Neurobiology of Aging 29, 1070–9. http://dx.doi.

org/10.1016/j.neurobiolaging.2007.02.008 , 17383774 . 
Budde, M.D., Kim, J.H., Liang, H.F., Russell, J.H., Cross, A.H., Song, S.K., 2007. Axonal injury

detected by in vivo diffusion tensor imaging correlates with neurological disability
in a mouse model of multiple sclerosis. NMR in Biomedicine 21 (6), 589–97. 

Canu, E., Agosta, F., Spinelli, E.G., Magnani, G., Marcone, A., Scola, E. et al, 2013. White
matter microstructural damage in Alzheimer’s disease at different ages of onset.

Neurobiology of Aging 34, 2331–40. http://dx.doi.org/10.1016/j.neurobiolaging.
2013.03.026 , 23623599 . 

Canu, E., McLaren, D.G., Fitzgerald, M.E., Bendlin, B.B., Zoccatelli, G., Alessandrini, F.

et al, 2010. Microstructural diffusion changes are independent of macrostructural
volume Loss in moderate to Severe Alzheimer’s disease. Journal of Alzheimer’s

Disease: JAD 19, 963–76, 20157252 . 
Chaim, T.M., Duran, F.L., Uchida, R.R., Perico, C.A., de Castro, C.C., Busatto, G.F., 2007.

Volumetric reduction of the corpus callosum in Alzheimer’s disease in vivo as
assessed with voxel-based morphometry. Psychiatry Research 154, 59–68. http:

//dx.doi.org/10.1016/j.pscychresns.2006.04.003 , 17174533 . 

Chalmers, K., Wilcock, G., Love, S., 2005. Contributors to white matter damage in the
frontal lobe in Alzheimer’s disease. Neuropathology and Applied Neurobiology 31,

623–31. http://dx.doi.org/10.1111/j.1365-2990.2005.00678.x , 16281911 . 
Chen, K., Ayutyanont, N., Langbaum, J.B., Fleisher, A.S., Reschke, C., Lee, W. et al,

2012. Correlations between FDG PET glucose uptake–MRI gray matter volume
scores and apolipoprotein E epsilon4 gene dose in cognitively normal adults:

a cross-validation study using voxel-based multi-modal partial least squares.

NeuroImage 60, 2316–22. http://dx.doi.org/10.1016/j.neuroimage.2012.02.005 ,
22348880 . 

Chen, K., Reiman, E.M., Alexander, G.E., Caselli, R.J., Gerkin, R., Bandy, D. et al, 2007.
Correlations between apolipoprotein E epsilon4 gene dose and whole brain atrophy

rates. American Journal of Psychiatry 164, 916–21. http://dx.doi.org/10.1176/appi.
ajp.164.6.916 , 17541051 . 

Damoiseaux, J.S., Seeley, W.W., Zhou, J., Shirer, W.R., Coppola, G., Karydas, A. et al, 2012.

Gender modulates the APOE epsilon4 effect in healthy older adults: convergent
evidence from functional brain connectivity and spinal fluid tau levels. Journal of

Neuroscience: the Official Journal of the Society for Neuroscience 32, 8254–62.
http://dx.doi.org/10.1523/JNEUROSCI.0305-12.2012 , 22699906 . 

Davis, S.W., Dennis, N.A., Buchler, N.G., White, L.E., Madden, D.J., Cabeza, R., 2009.
Assessing the effects of age on long white matter tracts using diffusion tensor trac-

tography. NeuroImage 46, 530–41. http://dx.doi.org/10.1016/j.neuroimage.2009.

01.068 , 19385018 . 
de, la Monte S.M., 1989. Quantitation of cerebral atrophy in preclinical and end-stage

Alzheimer’s disease. Annals of Neurology 25, 450–9. http://dx.doi.org/10.1002/ana.
410250506 , 2774485 . 

Deoni, S.C., Rutt, B.K., Arun, T., Pierpaoli, C., Jones, D.K., 2008. Gleaning multicomponent
T1 and T2 information from steady-state imaging data. Magnetic Resonance in

http://dx.doi.org/10.1016/S0197-4580(01)00318-9
http://www.ncbi.nlm.nih.gov/pubmed/11959406
http://www.ncbi.nlm.nih.gov/pubmed/19914928
http://dx.doi.org/10.1016/j.neuroimage.2011.07.029
http://www.ncbi.nlm.nih.gov/pubmed/21803162
http://dx.doi.org/10.1002/mrm.1105
http://www.ncbi.nlm.nih.gov/pubmed/11323803
http://www.ncbi.nlm.nih.gov/pubmed/22432902
http://dx.doi.org/10.1016/j.nurt.2007.05.011
http://www.ncbi.nlm.nih.gov/pubmed/17599699
http://dx.doi.org/10.1006/cviu.1999.0817
http://dx.doi.org/10.1109/42.963816
http://www.ncbi.nlm.nih.gov/pubmed/11700739
http://dx.doi.org/10.1148/radiol.12120319
http://www.ncbi.nlm.nih.gov/pubmed/23151827
http://dx.doi.org/10.1111/j.1468-1331.2008.02408.x
http://www.ncbi.nlm.nih.gov/pubmed/19138329
http://www.ncbi.nlm.nih.gov/pubmed/14675724
http://dx.doi.org/10.1001/archpsyc.63.1.63
http://www.ncbi.nlm.nih.gov/pubmed/16389198
http://dx.doi.org/10.1016/j.biopsych.2007.03.024
http://www.ncbi.nlm.nih.gov/pubmed/17659264
http://dx.doi.org/10.1093/brain\protect $\relax /\penalty \exhyphenpenalty $awl089
http://www.ncbi.nlm.nih.gov/pubmed/16627465
http://www.ncbi.nlm.nih.gov/pubmed/16914835
http://dx.doi.org/10.1002/nbm.782
http://www.ncbi.nlm.nih.gov/pubmed/12489094
http://dx.doi.org/10.1016/j.jalz.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/20713315
http://www.ncbi.nlm.nih.gov/pubmed/24319654
http://www.ncbi.nlm.nih.gov/pubmed/19662658
http://dx.doi.org/10.1016/j.neulet.2012.02.024
http://www.ncbi.nlm.nih.gov/pubmed/22343314
http://www.ncbi.nlm.nih.gov/pubmed/10975532
http://dx.doi.org/10.1002/cne.22379
http://www.ncbi.nlm.nih.gov/pubmed/20533359
http://dx.doi.org/10.1136/jnnp.72.6.742
http://www.ncbi.nlm.nih.gov/pubmed/12023417
http://dx.doi.org/10.1002/hbm.21287
http://www.ncbi.nlm.nih.gov/pubmed/21520352
http://dx.doi.org/10.1159/000057698
http://www.ncbi.nlm.nih.gov/pubmed/12006730
http://dx.doi.org/10.1016/j.neurobiolaging.2007.02.008
http://www.ncbi.nlm.nih.gov/pubmed/17383774
http://dx.doi.org/10.1016/j.neurobiolaging.2013.03.026
http://www.ncbi.nlm.nih.gov/pubmed/23623599
http://www.ncbi.nlm.nih.gov/pubmed/20157252
http://dx.doi.org/10.1016/j.pscychresns.2006.04.003
http://www.ncbi.nlm.nih.gov/pubmed/17174533
http://dx.doi.org/10.1111/j.1365-2990.2005.00678.x
http://www.ncbi.nlm.nih.gov/pubmed/16281911
http://dx.doi.org/10.1016/j.neuroimage.2012.02.005
http://www.ncbi.nlm.nih.gov/pubmed/22348880
http://dx.doi.org/10.1176/appi.ajp.164.6.916
http://www.ncbi.nlm.nih.gov/pubmed/17541051
http://dx.doi.org/10.1523/JNEUROSCI.0305-12.2012
http://www.ncbi.nlm.nih.gov/pubmed/22699906
http://dx.doi.org/10.1016/j.neuroimage.2009.01.068
http://www.ncbi.nlm.nih.gov/pubmed/19385018
http://dx.doi.org/10.1002/ana.410250506
http://www.ncbi.nlm.nih.gov/pubmed/2774485


740 N. Adluru et al. / NeuroImage: Clinical 4 (2014) 730–742 

D

D

D

D

D

D

F

F

F

F

F

F

G

G

G

H

H

H

H

H

H

H

 

Medicine: Official Journal of the Society of Magnetic Resonance in Medicine / 
Society of Magnetic Resonance in Medicine 60, 1372–87. http://dx.doi.org/10.1002/ 
mrm.21704 , 19025904 . 

i, Paola M., Di, Iulio F., Cherubini, A., Blundo, C., Casini, A.R., Sancesario, G. et al, 
2010. When, where, and how the corpus callosum changes in MCI and AD: a 

multimodal MRI study. Neurology 74, 1136–42. http://dx.doi.org/10.1212/WNL. 

0b013e3181d7d8cb , 20368633 . 
i, Paola M., Luders, E., Di, Iulio F., Cherubini, A., Passafiume, D., Thompson, P.M. et al, 

2010. Callosal atrophy in mild cognitive impairment and Alzheimer’s disease: dif- 
ferent effects in different stages. NeuroImage 49, 141–9. http://dx.doi.org/10.1016/ 

j.neuroimage.2009.07.050 . 
ouaud, G., Jbabdi, S., Behrens, T.E., Menke, R.A., Gass, A., Monsch, A.U. et al, 2011. 

DTI measures in crossing-fibre areas: increased diffusion anisotropy reveals early 
white matter alteration in MCI and mild Alzheimer’s disease. Neuroimage 55, 880–

90. http://dx.doi.org/10.1016/j.neuroimage.2010.12.008 , 21182970 . 

owling, N.M., Hermann, B., La, Rue A., Sager, M.A., 2010. Latent structure and fac- 
torial invariance of a neuropsychological test battery for the study of preclini- 

cal Alzheimer’s disease. Neuropsychology 24, 742–56. http://dx.doi.org/10.1037/ 
a0020176 , 21038965 . 

riesen, N.R., Raz, N., 1995. The influence of sex, age, and handedness on corpus callo- 
sum morphology: a meta-analysis. Psychobiology 23, 240–7. 

uan, J.H., Wang, H.Q., Xu, J., Lin, X., Chen, S.Q., Kang, Z. et al, 2006. White 

matter damage of patients with Alzheimer’s disease correlated with the de- 
creased cognitive function. Surgical and Radiologic Anatomy: SRA 28, 150–6. 

http://dx.doi.org/10.1007/s00276- 006- 0111- 2 , 16614789 . 
ellgiebel, A., Schermuly, I., Gerhard, A., Keller, I., Albrecht, J., Weibrich, C. et al, 

2008. Functional relevant loss of long association fibre tracts integrity in early 
Alzheimer’s disease. Neuropsychologia 46, 1698–706. http://dx.doi.org/10.1016/j. 

neuropsychologia.2007.12.010 , 18243252 . 

eng, S., Hong, Y., Zhou, Z., Jinsong, Z., Xiaofeng, D., Zaizhong, W. et al, 2009. Monitoring 
of acute axonal injury in the swine spinal cord with EAE by diffusion tensor imaging. 

Journal of Magnetic Resonance Imaging: JMRI 30, 277–85. http://dx.doi.org/10. 
1002/jmri.21825 , 19629996 . 

ilippini, N., Zarei, M., Beckmann, C.F., Galluzzi, S., Borsci, G., Testa, C. et al, 2009. 
Regional atrophy of transcallosal prefrontal connections in cognitively normal 

APOE epsilon4 carriers. Journal of Magnetic Resonance Imaging: JMRI 29, 1021–6. 

http://dx.doi.org/10.1002/jmri.21757 , 19388128 . 
leisher, A.S., Chen, K., Liu, X., Ayutyanont, N., Roontiva, A., Thiyyagura, P. et al, 2013. 

Apolipoprotein E epsilon4 and age effects on florbetapir positron emission tomog- 
raphy in healthy aging and Alzheimer disease. Neurobiology of Aging 34, 1–12. 

http://dx.doi.org/10.1016/j.neurobiolaging.2012.04.017 , 22633529 . 
leisher, A.S., Houston, W.S., Eyler, L.T., Frye, S., Jenkins, C., Thal, L.J. et al, 2005. Iden- 

tification of Alzheimer disease risk by functional magnetic resonance imaging. 

Archives of Neurology 62, 1881–8. http://dx.doi.org/10.1001/archneur.62.12.1881 , 
16344346 . 

leisher, A.S., Podraza, K.M., Bangen, K.J., Taylor, C., Sherzai, A., Sidhar, K. et al, 2009. 
Cerebral perfusion and oxygenation differences in Alzheimer’s disease risk. Neu- 

robiology of Aging 30, 1737–48, 18325636 . 
oldman-Rakic, P.S., Selemon, L.D., Schwartz, M.L., 1984. Dual pathways connecting 

the dorsolateral prefrontal cortex with the hippocampal formation and parahip- 
pocampal cortex in the rhesus monkey. Neuroscience 12, 719–43. http://dx.doi. 

org/10.1016/0306- 4522(84)90166- 0 , 6472617 . 

reen, R.C., Cupples, L.A., Go, R., Benke, K.S., Edeki, T., Griffith, P.A. et al, 2002. Risk of 
dementia among white and African American relatives of patients with Alzheimer 

disease. JAMA: the Journal of the American Medical Association 287, 329–36. http: 
//dx.doi.org/10.1001/jama.287.3.329 , 11790212 . 

uo, X., Han, Y., Chen, K., Wang, Y., Yao, L., 2012. Mapping joint grey and white matter 
reductions in Alzheimer’s disease using joint independent component analysis. 

Neuroscience Letters 531, 136–41. http://dx.doi.org/10.1016/j.neulet.2012.10.038 , 

23123779 . 
announ, S., Durand-Dubief, F., Confavreux, C., Ibarrola, D., Streichenberger, N., Cotton, 

F. et al, 2012. Diffusion tensor-MRI evidence for extra-axonal neuronal degenera- 
tion in caudate and thalamic nuclei of patients with multiple sclerosis. AJNR. Amer- 

ican Journal of Neuroradiology 33, 1363–8. http://dx.doi.org/10.3174/ajnr.A2983 , 
22383236 . 

anyu, H., Asano, T., Sakurai, H., Imon, Y., Iwamoto, T., Takasaki, M. et al, 1999. 

Diffusion-weighted and magnetization transfer imaging of the corpus callosum 

in Alzheimer’s disease. Journal of the Neurological Sciences 167, 37–44. http: 

//dx.doi.org/10.1016/S0022- 510X(99)00135- 5 , 10500260 . 
arsan, L.A., Poulet, P., Guignard, B., Steibel, J., Parizel, N., de Sousa, P.L. et al, 2006. 

Brain dysmyelination and recovery assessment by noninvasive in vivo diffusion 
tensor magnetic resonance imaging. Journal of Neuroscience Research 83, 392–

402. http://dx.doi.org/10.1002/jnr.20742 , 16397901 . 

eise, V., Filippini, N., Ebmeier, K.P., Mackay, C.E., 2011. The APOE ε4 allele modulates 
brain white matter integrity in healthy adults. Molecular Psychiatry 16, 908–16. 

http://dx.doi.org/10.1038/mp.2010.90 , 20820167 . 
oeft, F., Barnea-Goraly, N., Haas, B.W., Golarai, G., Ng, D., Mills, D. et al, 2007. More 

is not always better: increased fractional anisotropy of superior longitudinal fas- 
ciculus associated with poor visuospatial abilities in Williams syndrome. Journal 

of Neuroscience: the Official Journal of the Society for Neuroscience 27, 11960–5. 

http://dx.doi.org/10.1523/JNEUROSCI.3591-07.2007 , 17978036 . 
ofling, A.A., Kim, J.H., Fantz, C.R., Sands, M.S., Song, S.K., 2009. Diffusion tensor imaging 

detects axonal injury and demyelination in the spinal cord and cranial nerves of 
a murine model of globoid cell leukodystrophy. NMR in Biomedicine 22, 1100–6, 

19650072 . 
onea, R.A., Vidoni, E., Harsha, A., Burns, J.M., 2009. Impact of APOE on the healthy 
aging brain: a voxel-based MRI and DTI study. Journal of Alzheimer’s Disease: JAD 

18, 553–64, 19584447 . 
Hsu, J.L., Leemans, A., Bai, C.H., Lee, C.H., Tsai, Y.F., Chiu, H.C. et al, 2008. Gender differ- 

ences and age-related white matter changes of the human brain: a diffusion tensor 
imaging study. NeuroImage 39, 566–77. http://dx.doi.org/10.1016/j.neuroimage. 

2007.09.017 , 17951075 . 

Hua, X., Lee, S., Hibar, D.P., Yanovsky, I., Leow, A.D., Toga, A.W. et al, 2010. Map- 
ping Alzheimer’s disease progression in 1309 MRI scans: power estimates for 

different inter-scan intervals. Neuroimage 51, 63–75. http://dx.doi.org/10.1016/ 
j.neuroimage.2010.01.104 , 20139010 . 

Huang, H., Fan, X., Weiner, M., Martin-Cook, K., Xiao, G., Davis, J. et al, 2012. Distinctive 
disruption patterns of white matter tracts in Alzheimer’s disease with full diffusion 

tensor characterization. Neurobiology of Aging 33, 2029–45. http://dx.doi.org/10. 
1016/j.neurobiolaging.2011.06.027 , 21872362 . 

Huang, J., Friedland, R.P., Auchus, A.P., 2007. Diffusion tensor imaging of normal- 

appearing white matter in mild cognitive impairment and early Alzheimer disease: 
preliminary evidence of axonal degeneration in the temporal lobe. AJNR. Ameri- 

can Journal of Neuroradiology 28, 1943–8. http://dx.doi.org/10.3174/ajnr.A0700 , 
17905894 . 

Ihara, M., Polvikoski, T.M., Hall, R., Slade, J.Y., Perry, R.H., Oakley, A.E. et al, 2010. 
Quantification of myelin loss in frontal lobe white matter in vascular dementia, 

Alzheimer’s disease, and dementia with Lewy bodies. Acta Neuropathologica 119, 

579–89. http://dx.doi.org/10.1007/s00401- 009- 0635- 8 , 20091409 . 
Im, K., Lee, J.M., Seo, S.W., Hyung, Kim S., Kim, S.I., Na, D.L., 2008. Sulcal morphol- 

ogy changes and their relationship with cortical thickness and gyral white matter 
volume in mild cognitive impairment and Alzheimer’s disease. Neuroimage 43, 

103–13. http://dx.doi.org/10.1016/j.neuroimage.2008.07.016 , 18691657 . 
Janve, V.A., Zu, Z., Yao, S.Y., Li, K., Zhang, F.L., Wilson, K.J. et al, 2013. The radial diffusivity

and magnetization transfer pool size ratio are sensitive markers for demyelination 

in a rat model of type III multiple sclerosis (MS) lesions. Neuroimage 74, 298–305. 
http://dx.doi.org/10.1016/j.neuroimage.2013.02.034 , 23481461 . 

Jayadev, S., Steinbart, E.J., Chi, Y.Y., Kukull, W.A., Schellenberg, G.D., Bird, T.D., 2008. 
Conjugal Alzheimer disease: risk in children when both parents have Alzheimer 

disease. Archives of Neurology 65, 373–8, 18332250 . 
Jochemsen, H.M., Muller, M., van, der Graaf Y., Geerlings, M.I., 2012. APOE epsilon4 

differentially influences change in memory performance depending on age. The 

SMART-MR study. Neurobiology of Aging 33, e815–e822, 21908077 . 
Johnson, S.C., La, Rue A., Hermann, B.P., Xu, G., Koscik, R.L., Jonaitis, E.M. et al, 2011. The 

effect of TOMM40 poly-T length on gray matter volume and cognition in middle- 
aged persons with APOE epsilon3 / epsilon3 genotype. Alzheimer’s & Dementia: the 

Journal of the Alzheimer’s Association 7, 456–65. http://dx.doi.org/10.1016/j.jalz. 
2011.05.1319 , 21784354 . 

Johnson, S.C., Ries, M.L., Hess, T.M., Carlsson, C.M., Gleason, C.E., Alexander, A.L. et al, 

2007. Effect of Alzheimer disease risk on brain function during self-appraisal in 
healthy middle-aged adults. Archives of General Psychiatry 64, 1163–71. http: 

//dx.doi.org/10.1001/archpsyc.64.10.1163 , 17909128 . 
Johnson, S.C., Schmitz, T.W., Trivedi, M.A., Ries, M.L., Torgerson, B.M., Carlsson, C.M. 

et al, 2006. The influence of Alzheimer disease family history and apolipoprotein E 
epsilon4 on mesial temporal lobe activation. Journal of Neuroscience: the Official 

Journal of the Society for Neuroscience 26, 6069–76. http://dx.doi.org/10.1523/ 
JNEUROSCI.0959-06.2006 , 16738250 . 

Kiuchi, K., Morikawa, M., Taoka, T., Nagashima, T., Yamauchi, T., Makinodan, M. et al, 

2009. Abnormalities of the uncinate fasciculus and posterior cingulate fasciculus in 
mild cognitive impairment and early Alzheimer’s disease: a diffusion tensor trac- 

tography study. Brain Research 1287, 184–91. http://dx.doi.org/10.1016/j.brainres. 
2009.06.052 , 19559010 . 

Klein, A., Andersson, J., Ardekani, B.A., Ashburner, J., Avants, B., Chiang, M.C. et al, 2009. 
Evaluation of 14 nonlinear deformation algorithms applied to human brain MRI 

registration. NeuroImage 46, 786–802. http://dx.doi.org/10.1016/j.neuroimage. 

2008.12.037 , 19195496 . 
Langbaum, J.B., Chen, K., Launer, L.J., Fleisher, A.S., Lee, W., Liu, X. et al, 2012. 

Blood pressure is associated with higher brain amyloid burden and lower glu- 
cose metabolism in healthy late middle-age persons. Neurobiology of Aging 33, 

e811–e829, 21821316 . 
Lee, B.C., Mintun, M., Buckner, R.L., Morris, J.C., 2003. Imaging of Alzheimer’s dis- 

ease. Journal of Neuroimaging: Official Journal of the American Society of 

Neuroimaging 13, 199–214. http://dx.doi.org/10.1177/105122840301300300110. 
1111/j.1552-6569.2003.tb00179.x , 12889165 . 

Li, S., Pu, F., Shi, F., Xie, S., Wang, Y., Jiang, T., 2008. Regional white matter de- 
creases in Alzheimer’s disease using optimized voxel-based morphometry. Acta 

Radiologica (Stockholm, Sweden: 1987) 49, 84–90. http://dx.doi.org/10.1080/ 
02841850701627181 , 18210317 . 

Liu, Y., Spulber, G., Lehtimaki, K.K., Kononen, M., Hallikainen, I., Grohn, H. et al, 2011. 

Diffusion tensor imaging and tract-based spatial statistics in Alzheimer’s disease 
and mild cognitive impairment. Neurobiology of Aging 32, 1558–71. http://dx.doi. 

org/10.1016/j.neurobiolaging.2009.10.006 , 19913331 . 
Luders, E., Steinmetz, H., Jancke, L., 2002. Brain size and grey matter volume in 

the healthy human brain. Neuroreport 13, 2371–4. http://dx.doi.org/10.1097/ 
00001756- 200212030- 00040 , 12488829 . 

Luebke, J., Barbas, H., Peters, A., 2010. Effects of normal aging on prefrontal area 46 in 

the rhesus monkey. Brain Research Reviews 62, 212–32. http://dx.doi.org/10.1016/ 
j.brainresrev.2009.12.002 . 

Lutz, J., Jager, L., de Quervain, D., Krauseneck, T., Padberg, F., Wichnalek, M. et al, 2008. 
White and gray matter abnormalities in the brain of patients with fibromyalgia: 

a diffusion-tensor and volumetric imaging study. Arthritis and Rheumatism 58, 
3960–9. http://dx.doi.org/10.1002/art.24070 , 19035484 . 

http://dx.doi.org/10.1002/mrm.21704
http://www.ncbi.nlm.nih.gov/pubmed/19025904
http://dx.doi.org/10.1212/WNL.0b013e3181d7d8cb
http://www.ncbi.nlm.nih.gov/pubmed/20368633
http://dx.doi.org/10.1016/j.neuroimage.2009.07.050
http://dx.doi.org/10.1016/j.neuroimage.2010.12.008
http://www.ncbi.nlm.nih.gov/pubmed/21182970
http://dx.doi.org/10.1037/a0020176
http://www.ncbi.nlm.nih.gov/pubmed/21038965
http://dx.doi.org/10.1007/s00276-006-0111-2
http://www.ncbi.nlm.nih.gov/pubmed/16614789
http://dx.doi.org/10.1016/j.neuropsychologia.2007.12.010
http://www.ncbi.nlm.nih.gov/pubmed/18243252
http://dx.doi.org/10.1002/jmri.21825
http://www.ncbi.nlm.nih.gov/pubmed/19629996
http://dx.doi.org/10.1002/jmri.21757
http://www.ncbi.nlm.nih.gov/pubmed/19388128
http://dx.doi.org/10.1016/j.neurobiolaging.2012.04.017
http://www.ncbi.nlm.nih.gov/pubmed/22633529
http://dx.doi.org/10.1001/archneur.62.12.1881
http://www.ncbi.nlm.nih.gov/pubmed/16344346
http://www.ncbi.nlm.nih.gov/pubmed/18325636
http://dx.doi.org/10.1016/0306-4522(84)90166-0
http://www.ncbi.nlm.nih.gov/pubmed/6472617
http://dx.doi.org/10.1001/jama.287.3.329
http://www.ncbi.nlm.nih.gov/pubmed/11790212
http://dx.doi.org/10.1016/j.neulet.2012.10.038
http://www.ncbi.nlm.nih.gov/pubmed/23123779
http://dx.doi.org/10.3174/ajnr.A2983
http://www.ncbi.nlm.nih.gov/pubmed/22383236
http://dx.doi.org/10.1016/S0022-510X(99)00135-5
http://www.ncbi.nlm.nih.gov/pubmed/10500260
http://dx.doi.org/10.1002/jnr.20742
http://www.ncbi.nlm.nih.gov/pubmed/16397901
http://dx.doi.org/10.1038/mp.2010.90
http://www.ncbi.nlm.nih.gov/pubmed/20820167
http://dx.doi.org/10.1523/JNEUROSCI.3591-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/17978036
http://www.ncbi.nlm.nih.gov/pubmed/19650072
http://www.ncbi.nlm.nih.gov/pubmed/19584447
http://dx.doi.org/10.1016/j.neuroimage.2007.09.017
http://www.ncbi.nlm.nih.gov/pubmed/17951075
http://dx.doi.org/10.1016/j.neuroimage.2010.01.104
http://www.ncbi.nlm.nih.gov/pubmed/20139010
http://dx.doi.org/10.1016/j.neurobiolaging.2011.06.027
http://www.ncbi.nlm.nih.gov/pubmed/21872362
http://dx.doi.org/10.3174/ajnr.A0700
http://www.ncbi.nlm.nih.gov/pubmed/17905894
http://dx.doi.org/10.1007/s00401-009-0635-8
http://www.ncbi.nlm.nih.gov/pubmed/20091409
http://dx.doi.org/10.1016/j.neuroimage.2008.07.016
http://www.ncbi.nlm.nih.gov/pubmed/18691657
http://dx.doi.org/10.1016/j.neuroimage.2013.02.034
http://www.ncbi.nlm.nih.gov/pubmed/23481461
http://www.ncbi.nlm.nih.gov/pubmed/18332250
http://www.ncbi.nlm.nih.gov/pubmed/21908077
http://dx.doi.org/10.1016/j.jalz.2011.05.1319
http://www.ncbi.nlm.nih.gov/pubmed/21784354
http://dx.doi.org/10.1001/archpsyc.64.10.1163
http://www.ncbi.nlm.nih.gov/pubmed/17909128
http://dx.doi.org/10.1523/JNEUROSCI.0959-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16738250
http://dx.doi.org/10.1016/j.brainres.2009.06.052
http://www.ncbi.nlm.nih.gov/pubmed/19559010
http://dx.doi.org/10.1016/j.neuroimage.2008.12.037
http://www.ncbi.nlm.nih.gov/pubmed/19195496
http://www.ncbi.nlm.nih.gov/pubmed/21821316
http://dx.doi.org/10.1177/105122840301300300110.1111\protect $\relax /\penalty \exhyphenpenalty $j.1552-6569.2003.tb00179.x
http://www.ncbi.nlm.nih.gov/pubmed/12889165
http://dx.doi.org/10.1080/02841850701627181
http://www.ncbi.nlm.nih.gov/pubmed/18210317
http://dx.doi.org/10.1016/j.neurobiolaging.2009.10.006
http://www.ncbi.nlm.nih.gov/pubmed/19913331
http://dx.doi.org/10.1097/00001756-200212030-00040
http://www.ncbi.nlm.nih.gov/pubmed/12488829
http://dx.doi.org/10.1016/j.brainresrev.2009.12.002
http://dx.doi.org/10.1002/art.24070
http://www.ncbi.nlm.nih.gov/pubmed/19035484


N. Adluru et al. / NeuroImage: Clinical 4 (2014) 730–742 741 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Madden, D.J., Spaniol, J., Costello, M.C., Bucur, B., White, L.E., Cabeza, R. et al, 2009.

Cerebral white matter integrity mediates adult age differences in cognitive perfor-
mance. Journal of Cognitive Neuroscience 21, 289–302. http://dx.doi.org/10.1162/

jocn.2009.21047 , 18564054 . 
Madden, D.J., Whiting, W.L., Huettel, S.A., White, L.E., MacFall, J.R., Provenzale, J.M.,

2004. Diffusion tensor imaging of adult age differences in cerebral white matter:

relation to response time. NeuroImage 21, 1174–81. http://dx.doi.org/10.1016/j.
neuroimage.2003.11.004 , 15006684 . 

Makris, N., Kennedy, D.N., McInerney, S., Sorensen, A.G., Wang, R., Caviness, V.S. Jr. et al,
2005. Segmentation of subcomponents within the superior longitudinal fascicle in

humans: a quantitative, in vivo, DT-MRI study. Cerebral Cortex (New York, N.Y.:
1991) 15, 854–69. http://dx.doi.org/10.1093/cercor/bhh186 , 15590909 . 

Makris, N., Pandya, D.N., Normandin, J.J., Papadimitriou, G.M., Rauch, S.L., Caviness, V.S.
et al, 2002. Quantitative DT-MRI investigations of the human cingulum bundle.

C.N.S. Spectrums 7, 522–8. 

Mayeux, R., Sano, M., Chen, J., Tatemichi, T., Stern, Y., 1991. Risk of dementia in
first-degree relatives of patients with Alzheimer’s disease and related disor-

ders. Archives of Neurology 48, 269–73. http://dx.doi.org/10.1001/archneur.1991.
00530150037014 , 2001183 . 

McKhann, G., Drachman, D., Folstein, M., Katzman, R., Price, D., Stadlan, E.M., 1984.
Clinical diagnosis of Alzheimer’s disease: report of the NINCDS-ADRDA Work Group

under the auspices of Department of Health and Human Services Task Force on

Alzheimer’s Disease. Neurology 34, 939–44. http://dx.doi.org/10.1212/WNL.34.7.
939 , 6610841 . 

McKhann, G.M., Knopman, D.S., Chertkow, H., Hyman, B.T., Jack, C.R. Jr., Kawas, C.H.
et al, 2011. The diagnosis of dementia due to Alzheimer’s disease: recommenda-

tions from the National Institute on Aging–Alzheimer’s Association workgroups on
diagnostic guidelines for Alzheimer’s disease. Alzheimer’s & Dementia: the Journal

of the Alzheimer’s Association 7, 263–9. http://dx.doi.org/10.1016/j.jalz.2011.03.

005 , 21514250 . 
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. Neurobiology of Aging 27, 663–72. http://dx.doi.

org/10.1016/j.neurobiolaging.2005.03.026 , 16005548 . 
Metzler-Baddeley, C., O’Sullivan, M.J., Bells, S., Pasternak, O., Jones, D.K., 2012. How and

how not to correct for CSF-contamination in diffusion MRI. Neuroimage 59, 1394–

403. http://dx.doi.org/10.1016/j.neuroimage.2011.08.043 , 21924365 . 
Mielke, M.M., Kozauer, N.A., Chan, K.C., George, M., Toroney, J., Zerrate, M. et al,

2009. Regionally-specific diffusion tensor imaging in mild cognitive impair-
ment and Alzheimer’s disease. NeuroImage 46, 47–55. http://dx.doi.org/10.1016/j.

neuroimage.2009.01.054 , 19457371 . 
Mosconi, L., Brys, M., Switalski, R., Mistur, R., Glodzik, L., Pirraglia, E. et al, 2007.

Maternal family history of Alzheimer’s disease predisposes to reduced brain glu-

cose metabolism. Proceedings of the National Academy of Sciences of the United
States of America 104, 19067–72. http://dx.doi.org/10.1073/pnas.0705036104 ,

18003925 . 
Mufson, E.J., Pandya, D.N., 1984. Some observations on the course and composition of

the cingulum bundle in the rhesus monkey. Journal of Comparative Neurology 225,
31–43. http://dx.doi.org/10.1002/cne.902250105 , 6725639 . 

Nichols, L.M., Masdeu, J.C., Mattay, V.S., Kohn, P., Emery, M., Sambataro, F. et al, 2012.
Interactive effect of apolipoprotein E genotype and age on hippocampal activation

during memory processing in healthy adults. Archives of General Psychiatry 69,

804–13. http://dx.doi.org/10.1001/archgenpsychiatry.2011.1893 , 22868934 . 
Nierenberg, J., Pomara, N., Hoptman, M.J., Sidtis, J.J., Ardekani, B.A., Lim, K.O., 2005.

Abnormal white matter integrity in healthy apolipoprotein E epsilon4 carriers.
Neuroreport 16, 1369–72. http://dx.doi.org/10.1097/01.wnr.0000174058.49521.

16 , 16056141 . 
Oishi, K., Mielke, M.M., Albert, M., Lyketsos, C.G., Mori, S., 2012. The fornix sign: a

potential sign for Alzheimer’s disease based on diffusion tensor imaging. Journal of

Neuroimaging: Official Journal of the American Society of Neuroimaging 22, 365–
74. http://dx.doi.org/10.1111/j.1552-6569.2011.00633.x , 21848679 . 

Okonkwo, O.C., Xu, G., Dowling, N.M., Bendlin, B.B., Larue, A., Hermann, B.P. et al,
2012. Family history of Alzheimer disease predicts hippocampal atrophy in

healthy middle-aged adults. Neurology 78, 1769–76. http://dx.doi.org/10.1212/
WNL.0b013e3182583047 , 22592366 . 

Patel, K.T., Stevens, M.C., Pearlson, G.D., Winkler, A.M., Hawkins, K.A., Skudlarski, P. et al,

2013. Default mode network activity and white matter integrity in healthy middle-
aged ApoE4 carriers. Brain Imaging and Behavior 7 (1), 60–7, 23011382 . 

Persson, J., Lind, J., Larsson, A., Ingvar, M., Cruts, M., Van Broeckhoven, C. et al, 2006.
Altered brain white matter integrity in healthy carriers of the APOE epsilon4

allele: a risk for AD? Neurology 66, 1029–33. http://dx.doi.org/10.1212/01.wnl.
0000204180.25361.48 , 16606914 . 

Pfefferbaum, A., Sullivan, E.V., Hedehus, M., Lim, K.O., Adalsteinsson, E., Moseley,

M., 2000. Age-related decline in brain white matter anisotropy measured with
spatially corrected echo-planar diffusion tensor imaging. Magnetic Resonance in

Medicine: Official Journal of the Society of Magnetic Resonance in Medicine / So-
ciety of Magnetic Resonance in Medicine 44, 259–68. http://dx.doi.org/10.1002/

1522- 2594(200008)44:2 < 259::AID- MRM13 > 3.0.CO;2- 6 , 10918325 . 
Pievani, M., Agosta, F., Pagani, E., Canu, E., Sala, S., Absinta, M. et al, 2010. Assessment

of white matter tract damage in mild cognitive impairment and Alzheimer’s dis-

ease. Human Brain Mapping 31, 1862–75. http://dx.doi.org/10.1002/hbm.20978 ,
20162601 . 

Pitel, A.L., Chanraud, S., Sullivan, E.V., Pfefferbaum, A., 2010. Callosal microstruc-
tural abnormalities in Alzheimer’s disease and alcoholism: same phenotype, dif-

ferent mechanisms. Psychiatry Research 184, 49–56. http://dx.doi.org/10.1016/j.
pscychresns.2010.07.006 , 20832253 . 
Poulin, P., Zakzanis, K.K., 2002. In vivo neuroanatomy of Alzheimer’s disease: evi-

dence from structural and functional brain imaging. Brain and Cognition 49, 220–5,
15259395 . 

Reiman, E.M., Caselli, R.J., Chen, K., Alexander, G.E., Bandy, D., Frost, J., 2001. Declin-
ing brain activity in cognitively normal apolipoprotein E epsilon 4 heterozygotes:

a foundation for using positron emission tomography to efficiently test treat-

ments to prevent Alzheimer’s disease. Proceedings of the National Academy of
Sciences of the United States of America 98, 3334–9. http://dx.doi.org/10.1073/

pnas.061509598 , 11248079 . 
Reiman, E.M., Caselli, R.J., Yun, L.S., Chen, K., Bandy, D., Minoshima, S. et al, 1996.

Preclinical evidence of Alzheimer’s disease in persons homozygous for the epsilon
4 allele for apolipoprotein E. New England Journal of Medicine 334, 752–8. http:

//dx.doi.org/10.1056/NEJM199603213341202 , 8592548 . 
Reiman, E.M., Jagust, W.J., 2012. Brain imaging in the study of Alzheimer’s dis-

ease. Neuroimage 61, 505–16. http://dx.doi.org/10.1016/j.neuroimage.2011.11.

075 , 22173295 . 
Reitan, R.M., Wolfson, D., 1993. The Halstead–Reitan Neuropsychological Test Battery:

Theory and Clinical Interpretation. Neuropsychology Press. 
Roher, A.E., Weiss, N., Kokjohn, T.A., Kuo, Y.M., Kalback, W., Anthony, J. et al, 2002.

Increased A beta peptides and reduced cholesterol and myelin proteins characterize
white matter degeneration in Alzheimer’s disease. Biochemistry 41, 11080–90.

http://dx.doi.org/10.1021/bi026173d , 12220172 . 

Rose, S.E., Chen, F., Chalk, J.B., Zelaya, F.O., Strugnell, W.E., Benson, M. et al, 2000.
Loss of connectivity in Alzheimer’s disease: an evaluation of white matter tract

integrity with colour coded MR diffusion tensor imaging. Journal of Neurology,
Neurosurgery, and Psychiatry 69, 528–30. http://dx.doi.org/10.1136/jnnp.69.4.528 ,

10990518 . 
Rose, S.E., Janke, A.L., Chalk, J.B., 2008. Gray and white matter changes in Alzheimer’s

disease: a diffusion tensor imaging study. Journal of Magnetic Resonance Imaging:

JMRI 27, 20–6. http://dx.doi.org/10.1002/jmri.21231 , 18050329 . 
Roses, A.D., 1996. Apolipoprotein E alleles as risk factors in Alzheimer’s disease. Annual

Review of Medicine 47, 387–400. http://dx.doi.org/10.1146/annurev.med.47.1.387 ,
8712790 . 

Ryan, L., Walther, K., Bendlin, B.B., Lue, L.F., Walker, D.G., Glisky, E.L., 2011. Age-related
differences in white matter integrity and cognitive function are related to APOE

status. Neuroimage 54, 1565–77. http://dx.doi.org/10.1016/j.neuroimage.2010.08.

052 , 20804847 . 
Ryan, N.S., Keihaninejad, S., Shakespeare, T.J., Lehmann, M., Crutch, S.J., Malone, I.B.

et al, 2013. Magnetic resonance imaging evidence for presymptomatic change in
thalamus and caudate in familial Alzheimer’s disease. Brain: A Journal of Neurology

136, 1399–414. http://dx.doi.org/10.1093/brain/awt065 , 23539189 . 
Sager, M.A., Hermann, B., La, Rue A., 2005. Middle-aged children of persons with

Alzheimer’s disease: APOE genotypes and cognitive function in the Wisconsin Reg-

istry for Alzheimer’s Prevention. Journal of Geriatric Psychiatry and Neurology 18,
245–9. http://dx.doi.org/10.1177/0891988705281882 , 16306248 . 

Salat, D.H., Greve, D.N., Pacheco, J.L., Quinn, B.T., Helmer, K.G., Buckner, R.L. et al, 2009.
Regional white matter volume differences in nondemented aging and Alzheimer’s

disease. Neuroimage 44, 1247–58. http://dx.doi.org/10.1016/j.neuroimage.2008.
10.030 , 19027860 . 

Salat, D.H., Tuch, D.S., Greve, D.N., van, der Kouwe A.J., Hevelone, N.D., Zaleta, A.K.
et al, 2005. Age-related alterations in white matter microstructure measured by

diffusion tensor imaging. Neurobiology of Aging 26, 1215–27. http://dx.doi.org/10.

1016/j.neurobiolaging.2004.09.017 , 15917106 . 
Salat, D.H., Tuch, D.S., van, der Kouwe A.J., Greve, D.N., Pappu, V., Lee, S.Y. et al, 2010.

White matter pathology isolates the hippocampal formation in Alzheimer’s disease.
Neurobiology of Aging 31, 244–56, 18455835 . 

Salminen, L.E., Schofield, P.R., Lane, E.M., Heaps, J.M., Pierce, K.D., Cabeen, R. et al,
2013. Neuronal fiber bundle lengths in healthy adult carriers of the ApoE4 allele:

a quantitative tractography DTI study. Brain Imaging and Behavior 7 (3), 274–81.

http://dx.doi.org/10.1007/s11682- 013- 9225- 4 , 23475756 . 
Scarmeas, N., Habeck, C., Anderson, K.E., Hilton, J., Devanand, D.P., Pelton, G.H. et al,

2004. Altered PET functional brain responses in cognitively intact elderly per-
sons at risk for Alzheimer disease (carriers of the epsilon4 allele). American

Journal of Geriatric Psychiatry: Official Journal of the American Association for
Geriatric Psychiatry 12, 596–605. http://dx.doi.org/10.1176/appi.ajgp.12.6.59610.

1097/00019442- 200411000- 00005 , 15545327 . 

Scheltens, P., Barkhof, F., Leys, D., Wolters, E.C., Ravid, R., Kamphorst, W., 1995.
Histopathologic correlates of white matter changes on MRI in Alzheimer’s disease

and normal aging. Neurology 45, 883–8. http://dx.doi.org/10.1212/WNL.45.5.883 ,
7746401 . 

Schmitz, T.W., Kawahara-Baccus, T.N., Sager, M., Rowley, H.A., Asthana, S., Johnson,
S.C., 2004. Apolipoprotein E genotype affects neural activation in the mesial tem-

poral lobe of a cognitively normal cohort with familial history of AD. International

Neuropsychological Society Annual Meeting, Baltimore. 
Small, G.W., Ercoli, L.M., Silverman, D.H., Huang, S.C., Komo, S., Bookheimer, S.Y.

et al, 2000. Cerebral metabolic and cognitive decline in persons at genetic risk
for Alzheimer’s disease. Proceedings of the National Academy of Sciences of the

United States of America 97, 6037–42. http://dx.doi.org/10.1073/pnas.090106797 ,
10811879 . 

Smith, C.D., Chebrolu, H., Andersen, A.H., Powell, D.A., Lovell, M.A., Xiong, S. et al, 2010.

White matter diffusion alterations in normal women at risk of Alzheimer’s disease.
Neurobiology of Aging 31, 1122–31. http://dx.doi.org/10.1016/j.neurobiolaging.

2008.08.006 , 18801597 . 
Song, S.K., Sun, S.W., Ramsbottom, M.J., Chang, C., Russell, J., Cross, A.H., 2002. Dysmyeli-

nation revealed through MRI as increased radial (but unchanged axial) diffusion
of water. Neuroimage 17, 1429–36. http://dx.doi.org/10.1006/nimg.2002.1267 ,

http://dx.doi.org/10.1162/jocn.2009.21047
http://www.ncbi.nlm.nih.gov/pubmed/18564054
http://dx.doi.org/10.1016/j.neuroimage.2003.11.004
http://www.ncbi.nlm.nih.gov/pubmed/15006684
http://dx.doi.org/10.1093/cercor\protect $\relax /\penalty \exhyphenpenalty $bhh186
http://www.ncbi.nlm.nih.gov/pubmed/15590909
http://dx.doi.org/10.1001/archneur.1991.00530150037014
http://www.ncbi.nlm.nih.gov/pubmed/2001183
http://dx.doi.org/10.1212/WNL.34.7.939
http://www.ncbi.nlm.nih.gov/pubmed/6610841
http://dx.doi.org/10.1016/j.jalz.2011.03.005
http://www.ncbi.nlm.nih.gov/pubmed/21514250
http://dx.doi.org/10.1016/j.neurobiolaging.2005.03.026
http://www.ncbi.nlm.nih.gov/pubmed/16005548
http://dx.doi.org/10.1016/j.neuroimage.2011.08.043
http://www.ncbi.nlm.nih.gov/pubmed/21924365
http://dx.doi.org/10.1016/j.neuroimage.2009.01.054
http://www.ncbi.nlm.nih.gov/pubmed/19457371
http://dx.doi.org/10.1073/pnas.0705036104
http://www.ncbi.nlm.nih.gov/pubmed/18003925
http://dx.doi.org/10.1002/cne.902250105
http://www.ncbi.nlm.nih.gov/pubmed/6725639
http://dx.doi.org/10.1001/archgenpsychiatry.2011.1893
http://www.ncbi.nlm.nih.gov/pubmed/22868934
http://dx.doi.org/10.1097/01.wnr.0000174058.49521.16
http://www.ncbi.nlm.nih.gov/pubmed/16056141
http://dx.doi.org/10.1111/j.1552-6569.2011.00633.x
http://www.ncbi.nlm.nih.gov/pubmed/21848679
http://dx.doi.org/10.1212/WNL.0b013e3182583047
http://www.ncbi.nlm.nih.gov/pubmed/22592366
http://www.ncbi.nlm.nih.gov/pubmed/23011382
http://dx.doi.org/10.1212/01.wnl.0000204180.25361.48
http://www.ncbi.nlm.nih.gov/pubmed/16606914
http://dx.doi.org/10.1002/1522-2594(200008)44:2\protect $\relax \mathless $259::AID-MRM13\protect $\relax \mathgreater $3.0.CO;2-6
http://www.ncbi.nlm.nih.gov/pubmed/10918325
http://dx.doi.org/10.1002/hbm.20978
http://www.ncbi.nlm.nih.gov/pubmed/20162601
http://dx.doi.org/10.1016/j.pscychresns.2010.07.006
http://www.ncbi.nlm.nih.gov/pubmed/20832253
http://www.ncbi.nlm.nih.gov/pubmed/15259395
http://dx.doi.org/10.1073/pnas.061509598
http://www.ncbi.nlm.nih.gov/pubmed/11248079
http://dx.doi.org/10.1056/NEJM199603213341202
http://www.ncbi.nlm.nih.gov/pubmed/8592548
http://dx.doi.org/10.1016/j.neuroimage.2011.11.075
http://www.ncbi.nlm.nih.gov/pubmed/22173295
http://dx.doi.org/10.1021/bi026173d
http://www.ncbi.nlm.nih.gov/pubmed/12220172
http://dx.doi.org/10.1136/jnnp.69.4.528
http://www.ncbi.nlm.nih.gov/pubmed/10990518
http://dx.doi.org/10.1002/jmri.21231
http://www.ncbi.nlm.nih.gov/pubmed/18050329
http://dx.doi.org/10.1146/annurev.med.47.1.387
http://www.ncbi.nlm.nih.gov/pubmed/8712790
http://dx.doi.org/10.1016/j.neuroimage.2010.08.052
http://www.ncbi.nlm.nih.gov/pubmed/20804847
http://dx.doi.org/10.1093/brain\protect $\relax /\penalty \exhyphenpenalty $awt065
http://www.ncbi.nlm.nih.gov/pubmed/23539189
http://dx.doi.org/10.1177/0891988705281882
http://www.ncbi.nlm.nih.gov/pubmed/16306248
http://dx.doi.org/10.1016/j.neuroimage.2008.10.030
http://www.ncbi.nlm.nih.gov/pubmed/19027860
http://dx.doi.org/10.1016/j.neurobiolaging.2004.09.017
http://www.ncbi.nlm.nih.gov/pubmed/15917106
http://www.ncbi.nlm.nih.gov/pubmed/18455835
http://dx.doi.org/10.1007/s11682-013-9225-4
http://www.ncbi.nlm.nih.gov/pubmed/23475756
http://dx.doi.org/10.1176/appi.ajgp.12.6.59610.1097\protect $\relax /\penalty \exhyphenpenalty $00019442-200411000-00005
http://www.ncbi.nlm.nih.gov/pubmed/15545327
http://dx.doi.org/10.1212/WNL.45.5.883
http://www.ncbi.nlm.nih.gov/pubmed/7746401
http://dx.doi.org/10.1073/pnas.090106797
http://www.ncbi.nlm.nih.gov/pubmed/10811879
http://dx.doi.org/10.1016/j.neurobiolaging.2008.08.006
http://www.ncbi.nlm.nih.gov/pubmed/18801597
http://dx.doi.org/10.1006/nimg.2002.1267


742 N. Adluru et al. / NeuroImage: Clinical 4 (2014) 730–742 

S

S

S

S

S

S

S

T

T

T

T

T

T

T

U

V

V

V

V

W

W

12414282 . 

ong, 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, 

132–40. http://dx.doi.org/10.1016/j.neuroimage.2005.01.028 , 15862213 . 
preen, O., Strauss, E., 1998. A Compendium of Neuropsychological Tests: Adminis- 

tration, Norms, and Commentary. second edition New York: Oxford University 

Press. 
tahl, R., Dietrich, O., Teipel, S.J., Hampel, H., Reiser, M.F., Schoenberg, S.O., 2007. White 

matter damage in Alzheimer disease and mild cognitive impairment: assessment 
with diffusion-tensor MR imaging and parallel imaging techniques. Radiology 243, 

483–92. http://dx.doi.org/10.1148/radiol.2432051714 , 17456872 . 
tout, J.C., Jernigan, T.L., Archibald, S.L., Salmon, D.P., 1996. Association of dementia 

severity with cortical gray matter and abnormal white matter volumes in dementia 
of the Alzheimer type. Archives of Neurology 53, 742–9. http://dx.doi.org/10.1001/ 

archneur.1996.00550080056013 , 8759980 . 

tricker, N.H., Schweinsburg, B.C., Delano-Wood, L., Wierenga, C.E., Bangen, K.J., Haa- 
land, K.Y. et al, 2009. Decreased white matter integrity in late-myelinating fiber 

pathways in Alzheimer’s disease supports retrogenesis. NeuroImage 45, 10–16. 
http://dx.doi.org/10.1016/j.neuroimage.2008.11.027 , 19100839 . 

ullivan, E.V., Rohlfing, T., Pfefferbaum, A., 2010. Longitudinal study of callosal 
microstructure in the normal adult aging brain using quantitative DTI fiber 

tracking. Developmental Neuropsychology 35, 233–56. http://dx.doi.org/10.1080/ 

87565641003689556 , 20446131 . 
un, S.W., Liang, H.F., Trinkaus, K., Cross, A.H., Armstrong, R.C., Song, S.K., 2006. Non- 

invasive detection of cuprizone induced axonal damage and demyelination in the 
mouse corpus callosum. Magnetic Resonance in Medicine: Official Journal of the 

Society of Magnetic Resonance in Medicine / Society of Magnetic Resonance in 
Medicine 55, 302–8. http://dx.doi.org/10.1002/mrm.20774 , 16408263 . 

akahashi, S., Yonezawa, H., Takahashi, J., Kudo, M., Inoue, T., Tohgi, H., 2002. Selective 

reduction of diffusion anisotropy in white matter of Alzheimer disease brains mea- 
sured by 3.0 Tesla magnetic resonance imaging. Neuroscience Letters 332, 45–8. 

http://dx.doi.org/10.1016/S0304- 3940(02)00914- X , 12377381 . 
aoka, T., Iwasaki, S., Sakamoto, M., Nakagawa, H., Fukusumi, A., Myochin, K. et al, 

2006. Diffusion anisotropy and diffusivity of white matter tracts within the tem- 
poral stem in Alzheimer disease: evaluation of the “tract of interest” by diffu- 

sion tensor tractography. AJNR. American Journal of Neuroradiology 27, 1040–5, 

16687540 . 
eipel, S.J., Bayer, W., Alexander, G.E., Zebuhr, Y., Teichberg, D., Kulic, L. et al, 2002. Pro- 

gression of corpus callosum atrophy in Alzheimer disease. Archives of Neurology 
59, 243–8. http://dx.doi.org/10.1001/archneur.59.2.243 , 11843695 . 

eipel, S.J., Hampel, H., Alexander, G.E., Schapiro, M.B., Horwitz, B., Teichberg, D. et al, 
1998. Dissociation between corpus callosum atrophy and white matter pathology 

in Alzheimer’s disease. Neurology 51, 1381–5. http://dx.doi.org/10.1212/WNL.51. 

5.1381 , 9818864 . 
eipel, S.J., Wegrzyn, M., Meindl, T., Frisoni, G., Bokde, A.L., Fellgiebel, A. et al, 2012. 

Anatomical MRI and DTI in the diagnosis of Alzheimer’s disease: a European 
multicenter study. Journal of Alzheimer’s Disease: JAD 31 (Suppl. 3), S33–S47, 

22992380 . 
renerry, M.R., 1989. Stroop Neuropsychological Screening Test Manual. Psychological 

Assessment Resources. 
rivedi, M.A., Schmitz, T.W., Ries, M.L., Hess, T.M., Fitzgerald, M.E., Atwood, C.S. et al, 

2008. fMRI activation during episodic encoding and metacognitive appraisal across 

the lifespan: risk factors for Alzheimer’s disease. Neuropsychologia 46, 1667–78, 
18241895 . 

kmar, M., Makuc, E., Onor, M.L., Garbin, G., Trevisiol, M., Cova, M.A., 2008. Evaluation 
of white matter damage in patients with Alzheimer’s disease and in patients with 

mild cognitive impairment by using diffusion tensor imaging. La Radiologia Medica 
113, 915–22. http://dx.doi.org/10.1007/s11547- 008- 0286- 1 , 18618077 . 

alla, J., Yaari, R., Wolf, A.B., Kusne, Y., Beach, T.G., Roher, A.E. et al, 2010. Reduced 

posterior cingulate mitochondrial activity in expired young adult carriers of the 
APOE epsilon4 allele, the major late-onset Alzheimer’s susceptibility gene. Journal 

of Alzheimer’s Disease: JAD 22, 307–13, 20847408 . 
ermersch, P., Scheltens, P., Barkhof, F., Steinling, M., Leys, D., 1994. Evidence for atro- 

phy of the corpus callosum in Alzheimer’s disease. European Neurology 34, 83–6, 
8174599 . 

illain, N., Desgranges, B., Viader, F., de, la Sayette V., Mezenge, F., Landeau, B. et al, 

2008. Relationships between hippocampal atrophy, white matter disruption, and 
gray matter hypometabolism in Alzheimer’s disease. Journal of Neuroscience: the 

Official Journal of the Society for Neuroscience 28, 6174–81. http://dx.doi.org/10. 
1523/JNEUROSCI.1392-08.2008 , 18550759 . 

illain, N., Fouquet, M., Baron, J.C., Mezenge, F., Landeau, B., de, la Sayette V. et al, 2010. 
Sequential relationships between grey matter and white matter atrophy and brain 

metabolic abnormalities in early Alzheimer’s disease. Brain: A Journal of Neurology 

133, 3301–14. http://dx.doi.org/10.1093/brain/awq203 , 20688814 . 
akana, S., Jiang, H., Nagae-Poetscher, L.M., van Zijl, P.C., Mori, S., 2004. Fiber tract- 

based atlas of human white matter anatomy. Radiology 230, 77–87. http://dx.doi. 
org/10.1148/radiol.2301021640 , 14645885 . 

ang, P.J., Saykin, A.J., Flashman, L.A., Wishart, H.A., Rabin, L.A., Santulli, R.B. et al, 
2006. Regionally specific atrophy of the corpus callosum in AD, MCI and cogni- 

tive complaints. Neurobiology of Aging 27, 1613–17. http://dx.doi.org/10.1016/j. 
neurobiolaging.2005.09.035 , 16271806 . 

Wang, P.N., Chou, K.H., Lirng, J.F., Lin, K.N., Chen, W.T., Lin, C.P., 2012. Multiple dif- 
fusivities define white matter degeneration in amnestic mild cognitive impair- 

ment and Alzheimer’s disease. Journal of Alzheimer’s Disease: JAD 30, 423–37, 

22430530 . 
Wang, Y., Gupta, A., Liu, Z., Zhang, H., Escolar, M.L., Gilmore, J.H. et al, 2011. DTI 

registration in atlas based fiber analysis of infantile Krabbe disease. Neuroimage 
55, 1577–86. http://dx.doi.org/10.1016/j.neuroimage.2011.01.038 , 21256236 . 

Wechsler, D., 1997. WAIS-III: Wechsler Adult Intelligence Scale. Psychological Corpo- 

ration. 
Westerhausen, R., Kompus, K., Dramsdahl, M., Falkenberg, L.E., Gruner, R., Hjelmervik, 

H. et al, 2011. A critical re-examination of sexual dimorphism in the cor- 
pus callosum microstructure. Neuroimage 56, 874–80. http://dx.doi.org/10.1016/ 

j.neuroimage.2011.03.013 , 21397702 . 
Westlye, L.T., Reinvang, I., Rootwelt, H., Espeseth, T., 2012. Effects of APOE on brain 

white matter microstructure in healthy adults. Neurology 79, 1961–9. http://dx. 

doi.org/10.1212/WNL.0b013e3182735c9c , 23100402 . 
Wu, Q., Butzkueven, H., Gresle, M., Kirchhoff, F., Friedhuber, A., Yang, Q. et al, 2007. 

MR diffusion changes correlate with ultra-structurally defined axonal degenera- 
tion in murine optic nerve. Neuroimage 37, 1138–47. http://dx.doi.org/10.1016/j. 

neuroimage.2007.06.029 , 17689104 . 
Xie, S., Xiao, J.X., Gong, G.L., Zang, Y.F., Wang, Y.H., Wu, H.K. et al, 2006. Voxel- 

based detection of white matter abnormalities in mild Alzheimer disease. 

Neurology 66, 1845–9. http://dx.doi.org/10.1212/01.wnl.0000219625.77625.aa , 
16801648 . 

Xiong, C., Roe, C.M., Buckles, V., Fagan, A., Holtzman, D., Balota, D. et al, 2011. Role 
of family history for Alzheimer biomarker abnormalities in the Adult Children 

Study. Archives of Neurology 68, 1313–19. http://dx.doi.org/10.1001/archneurol. 
2011.208 , 21987546 . 

Xu, G., McLaren, D.G., Ries, M.L., Fitzgerald, M.E., Bendlin, B.B., Rowley, H.A. et al, 

2009. The influence of parental history of Alzheimer’s disease and apolipoprotein 
E epsilon4 on the BOLD signal during recognition memory. Brain 132 (2), 383–

91. 
Xu, G., McLaren, D.G., Ries, M.L., Fitzgerald, M.E., Bendlin, B.B., Rowley, H.A. et al, 

2009. The influence of parental history of Alzheimer’s disease and apolipoprotein 
E epsilon4 on the BOLD signal during recognition memory. Brain: A Journal of 

Neurology 132, 383–91, 18829694 . 

Yasmin, H., Nakata, Y., Aoki, S., Abe, O., Sato, N., Nemoto, K. et al, 2008. Diffusion abnor- 
malities of the uncinate fasciculus in Alzheimer’s disease: diffusion tensor tract- 

specific analysis using a new method to measure the core of the tract. Neuroradi- 
ology 50, 293–9. http://dx.doi.org/10.1007/s00234- 007- 0353- 7 , 18246334 . 

Yurgelun-Todd, D.A., Silveri, M.M., Gruber, S.A., Rohan, M.L., Pimentel, P.J., 2007. White 
matter abnormalities observed in bipolar disorder: a diffusion tensor imaging 

study. Bipolar Disorders 9, 504–12. http://dx.doi.org/10.1111/j.1399-5618.2007. 
00395.x , 17680921 . 

Zahr, N.M., Rohlfing, T., Pfefferbaum, A., 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, 1050–62. http: 

//dx.doi.org/10.1016/j.neuroimage.2008.09.046 , 18977450 . 
Zhang, H., Avants, B.B., Yushkevich, P.A., Woo, J.H., Wang, S., McCluskey, L.F. et al, 2007. 

High-dimensional spatial normalization of diffusion tensor images improves the 
detection of white matter differences: an example study using amyotrophic lateral 

sclerosis. IEEE Transactions on Medical Imaging 26, 1585–97. http://dx.doi.org/10. 

1109/TMI.2007.906784 , 18041273 . 
Zhang, H., Schneider, T., Wheeler-Kingshott, C.A., Alexander, D.C., 2012. NODDI: prac- 

tical in vivo neurite orientation dispersion and density imaging of the human 
brain. Neuroimage 61, 1000–16. http://dx.doi.org/10.1016/j.neuroimage.2012.03. 

072 , 22484410 . 
Zhang, H., Yushkevich, P.A., Alexander, D.C., Gee, J.C., 2006. Deformable registra- 

tion of diffusion tensor MR images with explicit orientation optimization. Med- 

ical Image Analysis 10, 764–85. http://dx.doi.org/10.1016/j.media.2006.06.004 , 
16899392 . 

Zhang, H., Yushkevich, P.A., Rueckert, D., Gee, J.C., 2007. Unbiased white mat- 
ter atlas construction using diffusion tensor images. Medical Image Comput- 

ing and Computer-Assisted Intervention: MICCAI ... International Conference 
on Medical Image Computing and Computer-Assisted Intervention 10, 211–18, 

18044571 . 

Zhang, Y., Schuff, N., Du, A.T., Rosen, H.J., Kramer, J.H., Gorno-Tempini, M.L. et al, 
2009. White matter damage in frontotemporal dementia and Alzheimer’s disease 

measured by diffusion MRI. Brain: A Journal of Neurology 132 (9), 2579–92. http: 
//dx.doi.org/10.1093/brain/awp071 , 19439421 . 

Zhang, Y., Schuff, N., Jahng, G.H., Bayne, W., Mori, S., Schad, L. et al, 2007. Diffusion 
tensor imaging of cingulum fibers in mild cognitive impairment and Alzheimer dis- 

ease. Neurology 68, 13–19. http://dx.doi.org/10.1212/01.wnl.0000250326.77323. 

01 , 17200485 . 

http://www.ncbi.nlm.nih.gov/pubmed/12414282
http://dx.doi.org/10.1016/j.neuroimage.2005.01.028
http://www.ncbi.nlm.nih.gov/pubmed/15862213
http://dx.doi.org/10.1148/radiol.2432051714
http://www.ncbi.nlm.nih.gov/pubmed/17456872
http://dx.doi.org/10.1001/archneur.1996.00550080056013
http://www.ncbi.nlm.nih.gov/pubmed/8759980
http://dx.doi.org/10.1016/j.neuroimage.2008.11.027
http://www.ncbi.nlm.nih.gov/pubmed/19100839
http://dx.doi.org/10.1080/87565641003689556
http://www.ncbi.nlm.nih.gov/pubmed/20446131
http://dx.doi.org/10.1002/mrm.20774
http://www.ncbi.nlm.nih.gov/pubmed/16408263
http://dx.doi.org/10.1016/S0304-3940(02)00914-X
http://www.ncbi.nlm.nih.gov/pubmed/12377381
http://www.ncbi.nlm.nih.gov/pubmed/16687540
http://dx.doi.org/10.1001/archneur.59.2.243
http://www.ncbi.nlm.nih.gov/pubmed/11843695
http://dx.doi.org/10.1212/WNL.51.5.1381
http://www.ncbi.nlm.nih.gov/pubmed/9818864
http://www.ncbi.nlm.nih.gov/pubmed/22992380
http://www.ncbi.nlm.nih.gov/pubmed/18241895
http://dx.doi.org/10.1007/s11547-008-0286-1
http://www.ncbi.nlm.nih.gov/pubmed/18618077
http://www.ncbi.nlm.nih.gov/pubmed/20847408
http://www.ncbi.nlm.nih.gov/pubmed/8174599
http://dx.doi.org/10.1523/JNEUROSCI.1392-08.2008
http://www.ncbi.nlm.nih.gov/pubmed/18550759
http://dx.doi.org/10.1093/brain\protect $\relax /\penalty \exhyphenpenalty $awq203
http://www.ncbi.nlm.nih.gov/pubmed/20688814
http://dx.doi.org/10.1148/radiol.2301021640
http://www.ncbi.nlm.nih.gov/pubmed/14645885
http://dx.doi.org/10.1016/j.neurobiolaging.2005.09.035
http://www.ncbi.nlm.nih.gov/pubmed/16271806
http://www.ncbi.nlm.nih.gov/pubmed/22430530
http://dx.doi.org/10.1016/j.neuroimage.2011.01.038
http://www.ncbi.nlm.nih.gov/pubmed/21256236
http://dx.doi.org/10.1016/j.neuroimage.2011.03.013
http://www.ncbi.nlm.nih.gov/pubmed/21397702
http://dx.doi.org/10.1212/WNL.0b013e3182735c9c
http://www.ncbi.nlm.nih.gov/pubmed/23100402
http://dx.doi.org/10.1016/j.neuroimage.2007.06.029
http://www.ncbi.nlm.nih.gov/pubmed/17689104
http://dx.doi.org/10.1212/01.wnl.0000219625.77625.aa
http://www.ncbi.nlm.nih.gov/pubmed/16801648
http://dx.doi.org/10.1001/archneurol.2011.208
http://www.ncbi.nlm.nih.gov/pubmed/21987546
http://www.ncbi.nlm.nih.gov/pubmed/18829694
http://dx.doi.org/10.1007/s00234-007-0353-7
http://www.ncbi.nlm.nih.gov/pubmed/18246334
http://dx.doi.org/10.1111/j.1399-5618.2007.00395.x
http://www.ncbi.nlm.nih.gov/pubmed/17680921
http://dx.doi.org/10.1016/j.neuroimage.2008.09.046
http://www.ncbi.nlm.nih.gov/pubmed/18977450
http://dx.doi.org/10.1109/TMI.2007.906784
http://www.ncbi.nlm.nih.gov/pubmed/18041273
http://dx.doi.org/10.1016/j.neuroimage.2012.03.072
http://www.ncbi.nlm.nih.gov/pubmed/22484410
http://dx.doi.org/10.1016/j.media.2006.06.004
http://www.ncbi.nlm.nih.gov/pubmed/16899392
http://www.ncbi.nlm.nih.gov/pubmed/18044571
http://dx.doi.org/10.1093/brain\protect $\relax /\penalty \exhyphenpenalty $awp071
http://www.ncbi.nlm.nih.gov/pubmed/19439421
http://dx.doi.org/10.1212/01.wnl.0000250326.77323.01
http://www.ncbi.nlm.nih.gov/pubmed/17200485

	White matter microstructure in late middle-age: Effects of apolipoprotein E4 and parental family history of Alzheimer's disease
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 APOE genotyping
	2.3 Magnetic resonance imaging
	2.4 Statistical analysis

	3 Results
	3.1 Fractional anisotropy
	3.2 Mean diffusivity
	3.3 Axial diffusivity
	3.4 Radial diffusivity

	4 Discussion
	4.1 General
	4.2 Effect of parental family history
	4.3 Effect of APOE4
	4.4 Effects of age and sex
	4.5 Limitations
	4.6 Summary

	Acknowledgments
	References


