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Abstract

Structural brain change and concomitant cognitive decline are the seemingly unavoidable escorts of
aging. Despite accumulating studies detailing the effects of age on the brain and cognition, the
relationship between white matter features and cognitive function in aging have only recently
received attention and remain incompletely understood. White matter microstructure can be
measured with diffusion tensor imaging (DTI), but whether DTI can provide unique information on
brain aging that is not explained by white matter volume is not known. In the current study, the
relationship between white matter microstructure, age and neuropsychological function was assessed
using DTI in a statistical framework that employed white matter volume as a voxel-wise covariate
in a sample of 120 healthy adults across a broad age range (18-83). Memory function and executive
function were modestly correlated with the DTI measures while processing speed showed the greatest
extent of correlation. The results suggest that age-related white matter alterations underlie age-related
declines in cognitive function. Mean diffusivity and fractional anisotropy in several white matter
brain regions exhibited a non-linear relationship with age, while white matter volume showed a
primarily linear relationship with age. The complex relationships between cognition, white matter
microstructure, and white matter volume still require further investigation.

Introduction

The structural brain changes and accompanying cognitive changes that occur with aging are
incompletely understood. Though early cell count studies in neocortex suggested that normal
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aging was accompanied by extensive neuronal loss (H. Brody, 1955; H. Brody, 1970; Devaney
& Johnson, 1980; Henderson, Tomlinson, & Gibson, 1980), recent evidence suggests the loss
is significantly less dramatic than previously thought (Pakkenberg & Gundersen, 1997; Terry,
DeTeresa, & Hansen, 1987). Age related volume decline appears to be a consequence of
additional factors that include changes in synaptic density (Masliah, Mallory, Hansen,
DeTeresa, & Terry, 1993), shrinkage of neurons (Terry et al., 1987), and white matter decline
(Tang, Nyengaard, Pakkenberg, & Gundersen, 1997). Several recent studies using magnetic
resonance imaging support the notion that age-related white matter change is especially related
to age-associated cognitive change — including volumetric studies (Brickman et al., 2006;
Paul et al., 2007), studies of white matter hyperintensities, evident as signal change on T2
weighted imaging (Au et al., 2006; Baum, Schulte, Girke, Reischies, & Felix, 1996; de Groot
et al., 2000; Gunning-Dixon & Raz, 2003; Raz, Rodrigue, Kennedy, & Acker, 2007), and
studies employing diffusion tensor imaging (DTI) to assess age-related microstructural
changes in white matter function (Charlton et al., 2006; Deary et al., 2006; Grieve, Williams,
Paul, Clark, & Gordon, 2007; O'Sullivan et al., 2001; Persson et al., 2006; Shenkin et al.,
2005).

Diffusion tensor imaging (DTI) is sensitive to the random, diffusion-driven displacements of
molecules, providing the capability to investigate tissue structure at a microscopic scale
(Basser, 1995; Basser & Pierpaoli, 1996). Two typically reported indices derived from
diffusion weighted imaging are mean diffusivity (MD), a measure of the overall displacement
of water molecules during a specific time interval, and fractional anisotropy (FA), a measure
of the directionality of diffusion. With aging, white matter MD tends to increase, and FA tends
to decrease (Abe et al., 2002; Engelter, Provenzale, Petrella, DeLong, & MacFall, 2000;
Pfefferbaum et al., 2000; Salat et al., 2005). This pattern has been reported in multiple brain
areas, with several studies supporting an anterior to posterior gradient of change in aging (Head
et al., 2004; Pfefferbaum, Adalsteinsson, & Sullivan, 2005; Sullivan, Adalsteinsson, &
Pfefferbaum, 2006; Yoon, Shim, Lee, Shon, & Yang, 2007).

A typical method of DTI analysis uses a region of interest (ROI) approach where specific brain
structures are traced and diffusion values are extracted. While ROl methods have the advantage
of data sampling from white matter tracts in the native space of the individual, the effects of
age are diffuse and it may be beneficial to evaluate all white matter tracts simultaneously.
Voxel-wise analyses of brains in a common stereotactic space provide the opportunity to assess
the relationship between cognition and white matter microstructure over the entire brain,
without restricting analyses to predefined ROls. This is particularly appealing in studies of
white matter because there are fewer discrete boundaries or landmarks, and thus some (though
certainly not all) white matter ROls can be somewhat arbitrary. For example, using voxel-wise
analysis of fractional anisotropy maps as opposed to ROl based methods, Grieve et al. (Grieve
et al., 2007) found a relationship between executive function and FA in frontal white matter,
but also found unexpected relationships with parietal white matter and fibers projecting to the
thalamus.

Although DTI measures are purported to reflect the microstructural properties of tissue, brain
volume may confound DTI results and make it difficult to interpret diffusion changes as
representing a measure above and beyond the effects of atrophy. One solution to this problem
is to employ an integrated approach that statistically accounts for multiple imaging modalities
in addition to cognitive and demographic variables (Casanova et al., 2007; Oakes et al.,
2007). An integrated approach allows testing of more sophisticated models of brain aging, and
better characterization of the relative contribution of differing imaging modalities to brain and
cognitive aging.
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In the current study, the relationship between white matter microstructure and function in aging
was evaluated using a cross-sectional design in a large group of adults spanning in age from
early to late adulthood. We employed an integrated approach that allowed us to examine
microstructural white matter alterations that were independent of white matter volume loss on
a voxel by voxel basis using the Biological Parametric (BPM) toolbox (Casanova et al.,
2007). We hypothesized that tests that are typically considered measures of executive function
would be related to the integrity of frontal white matter tracts. Tests of memory, we
hypothesized, would be related to temporal white matter microstructure. However, because the
effects of age are diffuse, a voxel-wise approach was adopted to examine the relationship
between age, cognition, and white matter microstructure over the entire brain.

Three hundred and nine healthy non-patient participants were recruited and received
neuropsychological testing and MRI brain scanning as part of ongoing studies of aging,
traumatic brain injury, and Alzheimer’s disease (AD). In order to limit our analyses to
cognitively normal participants, 32 individuals were excluded based on one or more scores
that fell one standard deviation below the mean or more on a test of memory and/or executive
function, reducing our sample to 277 participants. Our lab recruits and attracts a high number
of participants between the ages of 40 and 65 with parental family history of Alzheimer’s
disease (a risk factor for AD). In order to ensure that our sample reflected a normally aging
population, we attempted to match the prevalence of family history and presence of ApoE &4
in these participants to the prevalence of these risk factors in the general population. Currently,
there are no published prevalence estimates for parental family history of AD; so family history
prevalence in our sample was matched to reported prevalence rates of AD in individuals 65
years of age and older (Evans et al., 1989), approximately 10% of the population. Participants
with reported and or confirmed family history of AD were removed from the sample using the
RAND function in Microsoft Excel until only 10% of the participants had a confirmed or
reported positive family history. The allele frequency of ApoE &4 differs drastically depending
on the population studied (Corbo & Scacchi, 1999); based on those participants for whom
genetic data was available, our sample contained a 17% allelic frequency of ApoE 4 following
adjustment for family history of AD. This prevalence of ¢4 is similar to that found in Northern
countries of Western Europe (Lucotte, Loirat, & Hazout, 1997).

Removing people with a positive family history reduced our sample from 277 to 223
participants. These two-hundred and twenty-three participants [89 males/134 females, (206
Caucasian, 8 African American, 5 Asian, 2 Hispanic, 2 Other), mean age = 49.62 years, (SD
= 15.12); age by decade distribution: under 20 yrs = 6, 20-29 yrs = 36, 30—-39 yrs = 7, 40-49
yrs = 30, 50-59 yrs = 85, 60-69 yrs = 54, 70-79 yrs = 4, over 80 yrs = 1] all had useable T1-
weighted images and were included in analyses of brain volume. Of this larger group of
participants, a subset of one-hundred and twenty people [49 males, 71 females, (107 Caucasian,
7 African American, 2 Asian, 1 Hispanic, 1 Other), mean age 52.35 (SD = 14.68), age by
decade distribution: under 20 yrs = 5, 20-29 yrs = 12, 30-39 yrs = 6, 40-49 yrs = 10, 50-59
yrs =49, 60-69 yrs = 33, 70-79 yrs = 4, over 80 yrs = 1] possessed both useable T1-weighted
images and diffusion tensor images and were used for the behavioral and voxel-wise analysis
of cognitive function. A summary of the demographics for the larger group with T1-weighted
images and the subset of people with both T1-weighted images and diffusion tensor images
are presented in Table 1.

Dev Neuropsychol. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bendlin et al. Page 4

Neuropsychological Testing

On the day of the scan, participants received comprehensive neuropsychological testing. We
report the results of analyses on nine of the neuropsychological test scores here, including:
BVMT (Brief Visuospatial Memory Test, Revised), total raw score, and delayed recall
(Benedict, 1997) to assess visuospatial learning and memory; COWAT (Controlled Oral Word
Association Test; Benton, Hamsher, & Sivan, 1983), raw score to assess verbal fluency; Trail
Making Test A & B, seconds to complete, (Reitan & Wolfson, 1993) to assess motor speed,
sequencing, and vigilance and in the case of Trails B, the additional functions of rapid set
shifting, serial retention and integration, verbal problem solving, and planning; Digit Span,
raw score (Wechsler, 1997) to assess the ability to hold information in working memory;
RAVLT (Rey Auditory Verbal Learning test) total over the five learning trials and 20 minute
delayed recall raw scores (Rey, 1964) to assess immediate and delayed verbal memory; and
WRAT-II1 (Wide Range Achievement Test, (Jastak Associates, 1993) reading subtest (WRAT-
I1IR) to assess verbal intellectual ability. Due to unforeseen time constraints in the
neuropsychological testing session, RAVLT and BVMT scores were unavailable for some
participants included in the study. Solutions for dealing with missing test scores are limited,
particularly in brain analyses, so participants were only included in an analysis if a score was
available; the total number of participants included in the analysis of each specific test are
shown in Table 2.

Subsets of participants also received additional neuropsychological testing, including CVLT
(California Verbal Learning Test, 2" Edition) Digit Symbol (from WAIS-II1), CPT
(Continuous Performance Task); and WCST (Wisconsin Card Sorting Test). Scores on these
tests were only available for small subsets of the participants and because of the small Ns were
not used in the regression analyses of the DTI measures.

Magnetic Resonance Imaging

All participants underwent magnetic resonance on a General Electric 3.0 Tesla SIGNA
(Waukesha, WI) MRI system with a quadrature birdcage head coil. Sequences included
diffusion-weighted imaging, and high resolution T1-weighted imaging. Many participants also
received various fMRI tasks as part of other studies; the fMRI results are reported elsewhere
(Johnson et al., 2004; Johnson et al., 2006; Ries et al., 2006; Schmitz, Kawahara, & Johnson,
2004; Trivedi et al., 2007).

Diffusion Tensor Imaging

The diffusion tensor imaging parameters have been published previously (Bendlin et al.,
2008). Briefly, DTI was performed using a cardiac-gated, diffusion-weighted, spin-echo,
single-shot, EPI pulse sequence, in twelve encoding directions, with 3 averages. The cerebrum
was covered using 39 contiguous 3-mm thick axial slices. The acquired voxel size of 2 x 2 x
3 mm was interpolated to 0.9375 mm isotropic dimensions (256 x 256 in plane image matrix).
High order shimming was performed prior to the DTI acquisition to optimize the homogeneity
of the magnetic field across the brain and to minimize EPI distortions. Residual spatial
distortions from BO inhomogeneities were corrected using a B0 field map, which was obtained
using a pair of non-EPI gradient echo images at two echo times.

T1l-weighted Imaging
A 3D T1-weighted image was obtained using an inversion recovery prepared fast gradient echo
pulse sequence. The whole brain was imaged in the axial plane with the following parameters:
T1 =600 ms; TR =9 ms; TE = 1.8 ms; flip angle = 20°; acquisition matrix = 256 x 192x 124,
interpolated to 256 x 256 x 124; FOV =240 mm; slice thickness = 1.2 mm (124 slices); receiver
bandwidth = + 16 kHz; acquisition time ~7.5 min.
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Diffusion tensor image processing

Image distortions in the DTI data caused by eddy currents were corrected using a 2D affine
coregistration function, align linear, in the Automated Image Registration (AIR) software
package (http://www.bishopw.loni.ucla.edu/AIR5/). Non-linear image distortion from static
field (BO) inhomogeneities was corrected using the acquired field map and the methods of
Jezzard and Balaban (Jezzard & Balaban, 1995) implemented in the Prelude (Phase Region
Expanding Labeler for Unwrapping Discrete Estimates) and Fugue (FMRIB's Utility for
Geometrically Unwarping EPIs) tools from the FSL software suite (S. M. Smith et al., 2004).
After distortion corrections, three-dimensional maps of the diffusion tensor and derived
measures, mean diffusivity (MD) and fractional anisotropy (FA), were calculated. Participant’s
FA maps were normalized to a custom FA template comprised of an average of 121 FA maps
acquired from non-patient participants who overlapped with (and matched the demographic
composition of) the current study sample. Normalization parameters were derived from the
normalization of each individual’s FA image to the FA template (via 12-parameter affine
transformation and nonlinear deformation with a 25 mm cut-off and 16 iterations), and then
applied to both their FA and MD maps. The normalized images were smoothed using an 8-
mm isotropic Gaussian kernel. The white matter mask generated during the cross-sectional
analysis of the T1-weighted images was used to restrict the DT analysis to white matter only.

Voxel-based morphometry (VBM)

Hypotheses

Processing of the T1-weighted images for the cross-sectional analysis was performed using
Statistical Parametric Mapping software http://www.fil.ion.ucl.ac.uk/spm (SPM5).
Segmentation in SPM5 employs a unified approach, combining: segmentation of the original
anatomical images into gray matter (GM), white matter (WM), and cerebrospinal fluid (CSF)
images; normalization of the segmented images to the Montreal Neurological Institute template
(specifically, a 12-parameter affine transformation and non-linear deformation with a warp
frequency cutoff of 25); and bias correction, in one iterative process. A modulation step was
also employed, which scales the final WM and GM images by the amount of contraction
required to warp the images to the template. The resulting images were GM and WM volume
maps for each participant, where original (hative space) GM and WM volume is preserved
even after warping. The normalized maps were smoothed using an 8-mm isotropic Gaussian
kernel to optimize signal to noise, facilitate comparison across participants, and match the
smoothing of the DTI maps. Analysis of white matter in the cross-sectional analysis of age
employed an absolute threshold masking of 0.1 to minimize the inclusion of gray matter voxels
in the white matter analysis. The final results were displayed using a cluster size threshold of
20 voxels.

and Statistical Analysis

In order to investigate the relationship between white matter microstructure and age, and
microstructure and cognitive function, we performed multiple regression analyses where the
DTI measure (either FA or MD) was the dependent variable and either age or cognitive function
(as reflected by one of the nine test scores) was the independent variable. In order to examine
white matter microstructure independently of white matter volume, we statistically controlled
for volume on a voxel by voxel basis using the Biological Parametric Mapping (BPM) Toolbox
implemented in SPM5. The BPM tool allows secondary imaging modalities to be used as
regressors in the analysis of a primary imaging modality of interest (in this case, either FA or
MD) in a massively univariate fashion. This is accomplished by solving a general linear model
with a different design matrix in each voxel—in this case, for every brain voxel of FA data
derived from the DTI scan, there was a matching voxel of volumetric white matter data derived
from the T1 weighted scan. Education, gender, and total intracranial volume (T1V) were
included as covariates for all of the analyses; age was included as an additional covariate for
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the analyses of cognitive data. Although TIV is not typically used as a covariate for DTI data,
it is commonly used to control for the confounding effect of head size in volume studies. Since
white matter volume was included in our model, TIV was employed as a covariate as well.
Based on the results of previous studies, we hypothesized that older age would be associated
with higher MD and lower FA, particularly in frontal tracts and tracts that serve as relays
between frontal and temporal brain areas such as the uncinate fasciculus and superior
longitudinal fasciculus. Furthermore, we hypothesized that cognitive function would be related
to the DTI measures, where better performance was associated with higher FA and lower MD.
Specifically, we expected that tests of frontal function would be related to frontal white matter,
while tests of memory function would be related to temporal white matter. With regard to tests
of memory, we further hypothesized that verbal memory tests would be related to left frontal
white matter, while visual memory tests would be related to white matter in visual processing
areas such as the inferior longitudinal fasciculus connecting the occipital and temporal lobes.

In order to examine the relationship between regional white matter volume and age, we used
linear and non-linear regression in a voxel-wise fashion. The relationship between total white
matter volume and age was assessed by performing linear and non-linear correlation and
employing the volume estimates derived from the results of the SPM5 segmentation (i.e. the
white matter probability maps), where white matter volume (in mms3) was determined by
summing the voxels in the modulated, spatially normalized images and multiplying by the
voxel volume. In addition to the imaging analyses, the relationship between the
neuropsychological test scores and age were analyzed using SPSS version 15.0 (SPSS, Inc.,
Chicago IL).

Demographic and Behavioral Relationships

In this sample, age was positively correlated with education, r = .34 (118), p < .001. Age was
also positively correlated with performance on Trails A, r = .22 (120), p <.05, and Trails B, r
=.18 (120), p <.05), with older adults performing more slowly. Scores on tests of memory
were negatively correlated with age, including RAVLT total, r = —.28 (94), p <.01, RAVLT
DR, r=—.27(94), p<.01, BVMT total, r = —.32 (118), p < .001, and BVMT DR, r = —.32 (118),
p <.001. The WRAT-I1II Reading score (a measure of crystallized intelligence that is not
expected to decline with age) was positively correlated with age, r =.23 (120), p <.01. Due to
the strong correlation between age and education, the relationships between the
neuropsychological test scores and age were also examined using partial correlation,
controlling for education. When controlling for education, age was still positively correlated
with Trails A, r =.35 (120), p < .001, but not Trails B (p =.09). RAVLT total remained
negatively correlated with age r = —.22 (94), p <.01, RAVLT delayed recall only had a
marginally significant correlation with age, r = —.20 (94), p<.06, and BVMT total remained
significantly correlated with age, r = —.29 (87), p < .01, as did BVMT delayed recall, r = —.27
(112), p < .01. Digit span, which initially only showed a small negative correlation with age,
became significant after controlling for education, r =—28 (120), p < .01. When education was
controlled, WRAT was no longer correlated with age. Table 2 provides a summary of the
correlation between test scores and age, both prior to, and when, controlling for education.

Total white matter volume; Age, Education and Gender

We predicted that white matter volume would show an age related decline. Using a partial
correlation that controlled for gender, education and TIV, we found a significant negative
correlation between age and white matter volume, r = —.18 (218), p < .01. We also tested a
non-linear relationship, Figure 1 shows a plot of the data, where the quadratic fit, r = —.24,
appears to account for more variability that the linear fit, though formal testing between the
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two correlations indicated that they were not statistically different. Previous research indicates
that men and women differ significantly in total white matter volume and patterns of age-related
decline (Allen, Damasio, Grabowski, Bruss, & Zhang, 2003;Good et al., 2001). We replicated
these findings in our sample, with men showing significantly greater white matter volume (M
=.49L, SD = .05) compared to women (M = .44L, SD = .04), p <.001. Women also showed a
significant non-linear (quadratic) relationship between white matter volume and age, rs = —.24
(132), p <.01; men did not show a significant non-linear relationship, rs = —.16 (87), p = .13.

Voxel-based morphometry: Regional relationship between age and white matter

Based on previous studies, we expected that white matter volume would decline with age, with
frontal areas demonstrating steeper declines, and posterior regions such as occipital areas
showing less decline. As can be seen in Figure 2, we found extensive white matter decline, in
frontal, temporal and parietal white matter. White matter volume was also negatively correlated
with age in posterior occipital regions, brain stem, corpus callosum, and the cerebellum, p <.
05, FDR, corrected. Because the analysis of total white matter volume suggested that white
matter decline may be explained by a non-linear function, we performed a quadratic voxel-
wise analysis where age-squared was entered as a variable in the regression analysis. Non-
linear white matter decline was found in all of the same major regions as were found in the
linear regression, with a slightly increased extent of change compared to the linear regression.
In order to determine whether the quadratic function was significantly different from the linear
function, we performed a voxel-wise test between the two slopes. Brain regions where the
quadratic function explained significantly greater variance than the linear function included a
small portion of anterior corpus callosum, white matter adjacent to right anterior limb of the
internal capsule, a small portion of superior longitudinal fasciculus, bilateral superior corona
radiata, left posterior limb of the internal capsule, and bilateral posterior corona radiata (p<.
001 unc). Having determined that volume was highly related to age both linearly and non-
linearly, our next question was: do the DT measures show relationships with age that are above
and beyond the effect of volume?

Diffusion Tensor Imaging: Relationship Between Age and White Matter Microstructure

Fractional Anisotropy and Age—We predicted that FA would be negatively correlated
with age, even when controlling for volume. As shown in Figure 3, FA in several major white
matter tracts did show a negative correlation with age. Although the majority of affected regions
were frontal, age effects extended to parietal, temporal and occipital white matter. Specific
brain regions and tracts affected included the genu and body of the corpus callosum, sagittal
stratum (inferior fronto-occipital fasciculus, inferior longitudinal fasciculus, and posterior
thalamic radiations), superior longitudinal fasciculus, internal capsule, anterior, superior, and
posterior corona radiata, and portions of the cingulum, p < .05, FDR corrected. In order to
evaluate whether the relationship between white matter microstructure and age was stronger
in frontal regions compared to posterior regions, we extracted the correlation coefficients in
areas where FA was significantly related to age. Values from peak voxels in medial frontal
white matter (16, 50, 12), anterior corpus callosum (=2, 18, 0), anterior temporal white matter
(—34, -1, —26), posterior temporal white matter (—34, —33, 6) and occipital white matter (69,
19, —71) were extracted and compared. In addition, since FA may differ intrinsically in different
white matter tracts independently from age, we also assessed multiple points along one tract
—the corpus callosum—specifically genu (8, 33, 0), body (8, 2, 28), and splenium (8, —34,
15). Negative correlations between age and FA were strongest in anterior temporal white
matter, r = —.47 (120), p< .001, posterior temporal white matter, r = —.47 (120), p< .001, and
frontal white matter, r = —.45 (12), p <.001, with a slightly smaller though still significant
correlation between age and FA in occipital white matter, r = —.25 (120), p < .01. Mean FA
was lowest in occipital white matter (m = 2.73), anterior temporal white matter (m = 2.77),
and frontal white matter (2.90), and highest in posterior temporal white matter (m = 4.15).
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Along the corpus callosum, the genu showed the strongest negative correlation with age r = —.
40 (120), p < .001, followed by the body of the corpus callosum, r = —22 (120), p < .05, and
finally the splenium, which did not show a significant correlation between age and FA, r = —.
08 (120), p = .39. Mean FA was lowest in the body of the corpus callosum (m = 4.77), followed
by the genu (m = 4.99), and splenium (m = 5.86).

Owing to the non-linear changes found in the white matter analyses, a non-linear analysis was
performed on the DTI data. Entering age-squared into the regression analysis resulted in
virtually the same white matter tracts showing an effect of age. A difference map of the two
images indicated that the non-linear fit extended slightly beyond the linear fit map, including
more white matter. A voxel-wise statistical comparison of the two slopes revealed that the non-
linear fit accounted for significantly more variability in FA than the linear fit in primarily
posterior brain regions (p<.001 unc). As seen in Figure 4, these regions included the splenium
of the corpus callosum, large bilateral regions of occipital white matter, bilateral cerebellar
white matter, right inferior fronto-occipital fasciculus, right posterior corona radiata, left
anterior thalamic radiation, left superior corona radiata, and right anterior limb of the internal
capsule.

Mean Diffusivity and Age—In contrast to FA, where higher values typically reflect more
intact white matter tissue, higher MD values tend to reflect a downturn in the health or integrity
of the tissue in which it is measured. Similar to previously published studies of aging, white
matter MD in the current sample was positively correlated with age. The extent of white matter
affected was less than that found in the FA analysis. Regions showing a significant positive
relationship with age were clustered anteriorly, including areas of prefrontal association fibers,
superior fronto-occipital fasciculus, fibers of the cingulum and fornix, and the genu of the
corpus callosum. In addition, MD in the cerebral peduncles and the thalamus was positively
correlated with age, p < .05, FDR corrected. A non-linear relationship between MD and age
was tested by entering age-squared into the regression analysis. MD showed a positive non-
linear relationship with age in the same tracts that showed a linear age effect. In addition,
several regions that did not show a linear effect did in fact show a non-linear effect. In particular,
additional portions of the cingulum bundle ventral to the thalamus, fornix, stria terminalis, and
fibers of the anterior thalamic radiation. A greater extent of involvement in the non-linear
analysis was also observed in the anterior corona radiata, the genu of the corpus callosum, the
retrolenticular and anterior limb of the internal capsule, and the uncinate fasciculus. In order
to determine where the non-linear fit explained more variance than a linear fit, we performed
a voxel-wise comparison of the linear and quadratic slopes. Interestingly, the non-linear fit was
stronger than the linear fit in several major white matter fiber tracts including corpus callosum,
cingulum, uncinate, superior and inferior longitudinal fasciculi, superior and inferior fronto-
occipital fasciculi, internal and external capsule, anterior and posterior thalamic radiations, and
short association fibers in frontal, temporal, parietal, and occipital white matter. Shown in
Figure 5 is a plot of mean diffusivity against age in the external capsule, as well as brain images
that demonstrate the widespread nature of the non-linear pattern. This differs from the FA
results, where the non-linear fit accounted for more variance in primarily posterior regions.
Having determined that white matter microstructure was related to age, we next examined
whether white matter integrity was related to cognitive function.

Diffusion Tensor Imaging : Relationship between Cognition and White Matter Microstructure

We hypothesized that white matter microstructure would be related to cognitive function. We
reasoned that using white matter volume as a covariate on a voxel by voxel basis would allow
us to measure the relationships with cognition not attributable to volume differences alone.
Indeed, we found that Trails A, Trials B, BVMT, Digit Span and WRAT all showed a
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relationship with at least one of the DTI measures. Age was included as a covariate in all of
the analyses. All results were thresholded at p <.001 unc.

Processing Speed—General processing (and/or motor) speed measured by Trails A was
related to both FA and MD. Mean diffusivity was extensively related to Trails A. As shown
in Figure 6, MD was positively correlated with Trails A in bilateral anterior corona radiata,
bilateral superior fronto-occipital fasciculus, bilateral superior longitudinal fasciculus, bilateral
internal capsule, posterior cingulum, right inferior fronto-occipital fasciculus, and small
portions of bilateral posterior corona radiata. A plot of the positive relationship between scores
on Trials A (measured in seconds) and MD in the cingulum is also shown in Figure 6. FA was
negatively correlated with Trails A in a small region of right sagittal stratum, a small region
in the left frontal short association fibers, and a small portion of stria terminalis adjacent to the
right lateral ventricle.

Working memory and episodic memory—Simple working memory, as measured by
digit span, was positively correlated with FA in regions that were clustered in fronto-parieto-
temporal white matter—portions of the superior corona radiata and short association fibers
adjacent to left corpus callosum. Visual memory as measured by BVMT showed a relationship
with both FA and MD. The BVMT delayed recall score was positively correlated with FA in
bilateral posterior corona radiata, bilateral anterior thalamus, a small region in left middle
frontal white matter, and a small region in left rostral mid-brain. Delayed recall was negatively
correlated with MD in bilateral anterior thalamus, and three regions of right sided white matter:
superior frontal, middle frontal, and a frontoparietal-temporal region. The BVMT total score
was positively correlated with white matter FA in bilateral anterior thalamus, right internal
capsule, left anterior corona radiata, bilateral posterior corona radiata, right superior corona
radiata, and right external capsule. BVMT total score was not related to MD. Verbal learning
and memory as measured by the RAVLT total and delayed scores was not related to the DTI
measures.

Scores on tests of executive function—Complex attention and rapid set shifting as
measured by Trails B was related to FA, but not MD. Higher Trails B scores (which reflect
poorer performance) were negatively correlated with FA in bilateral superior corona radiata,
and right superior longitudinal fasciculus. The Controlled Oral Word Association Test, thought
to represent frontal function, did not show a significant relationship with FA or MD in frontal
white matter or any other brain regions.

General Verbal Achievement—Verbal achievement as measured by WRAT-IIIR was
positively correlated with FA in right fornix. WRAT-1IIR also showed a negative relationship
with FA, where higher WRAT-IIIR scores were associated with lower FA scores in right frontal
uncinate fasciculus, two small areas of bilateral frontal association fibers and a small cluster
in left fronto-parietal white matter. There was no significant relationship between WRAT-IIIR
and MD.

Discussion

The current study assessed the relationship between cognitive function as measured by specific
neuropsychological test scores and white matter microstructure as measured by DTI. In order
to assess the relationship between microstructure and cognition independently of gross volume
loss, we controlled for white matter volume on a voxel by voxel basis using the Biological
Parametric Mapping toolbox. With the exception of one recent study (Hugenschmidt et al.,
2008), previous DTI studies have not controlled for the effect of volume on the DTI indices in
a voxel-wise fashion.
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As predicted, several of the neuropsychological tests were related to white matter
microstructure as measured with DTI. In terms of extent, Trails A showed the greatest
relationship with white matter microstructure in its positive relationship with MD. White matter
plays a critical role in processing speed, so it is not surprising that performance on this test was
related to white matter integrity. Trails B was also related to white matter microstructure,
specifically with FA, in bilateral superior corona radiata, and right superior longitudinal
fasciculus. Trails B is typically considered a test of frontal function, and has been associated
with functional activation in dorsolateral, and medial frontal regions, but also left middle and
superior temporal gyrus (Zakzanis, Mraz, & Graham, 2005). Since the superior longitudinal
fasciculus forms an anatomical connection between frontal and temporal regions, it is possible
that microstructural changes in this fiber tract account for variability in the performance of this
task. O’Sullivan et al. (2001) also found a relationship between Trails Making Test and
diffusion, specifically a positive correlation between anterior white matter diffusivity and
Trails B minus Trails A.

Both working and visual memory were related to age. This is not surprising, as memory change
is a chief complaint of older age. The relationship between white matter microstructure and
working memory as measured by digit span was lateralized to the left hemisphere. Performance
on the digit span task likely involves multiple strategies, including verbal rehearsal that invokes
left cerebral structures (especially in the case of digit span forward) and visual imagery
(especially in the case of digit span backward), which has been shown to involve both left and
right cerebral structures. Damage to the regions where we found a relationship with digit span,
is associated with disruptions to visual processing (Regan, Giaschi, Sharpe, & Hong, 1992).
Parietal gray matter near the tracts we observed are typically active during working memory
tasks (Jonides et al., 1998).

Visuospatial memory as measured by BVMT was associated with both FA and MD measures
in the anterior thalamus. Isolated lesions to the thalamus in humans are rare; however, animal
studies suggest that anterior thalamic lesions produce impairments in spatial memory tasks
(Aggleton, Hunt, Nagle, & Neave, 1996; Sziklas & Petrides, 1999). The BVMT was also
related to FA in the left anterior frontal lobe, a region implicated in several studies of non-
verbal memory (Courtney, Petit, Maisog, Ungerleider, & Haxby, 1998; Klingberg, O'Sullivan,
& Roland, 1997; Moritz, Johnson, McMillan, Haughton, & Meyerand, 2004; Ranganath,
Johnson, & D'Esposito, 2000).

When controlling for age and education, verbal memory as measured by RAVLT did not show
a significant relationship with age, and did not show a relationship with the DTI measures.
Rose et al. (S E Rose et al., 2006) have found a relationship between RAVLT and diffusion
indices, although they included participants with MCI in their sample. Our sample was limited
to cognitively normal participants, which may explain why we did not find a relationship.

Verbal fluency, as measured with COWAT, was not related to age or the DTI measures. We
have previously found COWAT to be related to left lateral inferior and middle frontal gyri
(Newman, 2007); however, that study employed a larger sample and investigated gray matter
only. O’Sullivan et al. (2001) have previously found a relationship between verbal fluency and
FA, though they employed an ROI approach which may account for this discrepancy.

The results of the DTI and age analyses replicate previous findings indicating that FA is
negatively correlated with age and MD is positively correlated with age. Wide-spread age
effects were observed in frontal white matter, though temporal and parietal, and occipital fibers
also showed a pattern of lower FA with higher age. The results are complementary to the
findings of Hugenschmidt et al., who also examined FA and age while controlling for white
matter volume (Hugenschmidt et al., 2008)—though the extent of the relationship with age
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found in the current study were somewhat greater than the extent reported by Hugenschmidt
et al. (2008). This may be due a variety of methodological differences including higher MRI
field strength and approximately double the number of subjects in the present report.

Previous research indicates that the effect of age on white matter microstructure appears to
follow an anterior to posterior gradient (Head et al., 2004; Salat et al., 2005; Sullivan et al.,
2001; Sullivan et al., 2006). In general, our results replicate previous findings. Extracting the
correlation coefficient from peak voxels in the corpus callosum indicated that the correlation
between age and fractional anisotropy was greatest in the genu, followed by the body of the
corpus callosum, and not significant in the splenium. Similarly, values extracted from medial
frontal white matter showed a stronger correlation between age and FA than values extracted
from the corpus callosum or occipital white matter. The exception to an anterior to posterior
gradient was the correlation between age and fractional anisotropy in temporal white matter,
with both anterior and posterior temporal white matter demonstrating a comparable correlation
to frontal white matter. Alterations to the medial temporal lobe have been attributed to
preclinical Alzheimer’s pathology in high risk populations such as MCI (Fellgiebel et al.,
2004; Huang, Friedland, & Auchus, 2007; S. E. Rose et al., 2006). It is unlikely that
Alzheimer’s disease risk was a strong determinant of the pattern found in this study, as we took
care to ensure that our sample was cognitively normal and not heavy on participants with
increased risk for Alzheimer’s disease by way of family history or presence of ApoE ¢4,
suggesting that medial temporal lobe alterations are indeed a component of normal aging.

The relationship between mean diffusivity and age was not as widespread as the relationship
found with FA, but still present even when controlling for white matter volume. Whereas FA
affected large fiber bundles such as the corpus callosum and superior longitudinal fasciculus,
age effects on MD were noted in relatively smaller regions such as clusters in prefrontal short
association fibers, the fornix, and thalamic white matter, and cerebral peduncles. Interestingly,
the relationship between age and mean diffusivity appears to be more non-linear than linear:
a voxel-wise comparison between the two fits revealed that a non-linear slope was stronger
than a liner slope across a wide expanse of brain white matter. These results complement
previous findings suggesting that white matter decline follows a non-linear course over the
lifespan (Bartzokis et al., 2001; Courchesne et al., 2000; Jernigan et al., 2001; Raz et al.,
2005). Itis interesting to note, however, that in the case of white matter volume—a significantly
better non-linear fit was only found in small portions of the major white matter tracts. In
comparison, the non-linear diffusivity pattern covered a much greater extent of the brain than
the non-linear volume pattern.

Significance testing between the linear and non-linear fits describing fractional anisotropy and
age indicated that a non-linear fit was superior primarily in posterior brain regions. These data
suggest that posterior brain regions, like frontal brain regions, undergo significant
microstructural changes across the life span but may follow a different pattern than do frontal
regions. That the FA results differed from the MD results suggest that different age-related
processes underlie the two measures.

Until recently, white matter integrity has been relatively understudied in relation to cognition
and aging in normal populations. Although volume loss has been well documented in aging,
itis possible that more subtle brain changes underlie age-related cognitive change, even before
loss of volume. Diffusion tensor imaging has the distinct advantage of measuring structural
alterations on a microscopic scale, allowing it to capture more information than gross
measurements of volume. Much of what is known about age-related structural white matter
change comes from studies of non-human primates (Peters, 2002); changes include splitting
of the myelin sheath, the formation of enclosures of dense cytoplasm, and ballooning of the
myelin in the form of round cavities that can include fluid filled spheres (Feldman & Peters,
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1998). It is possible that changes to myelin integrity could result in disturbances to rapid nerve
conduction, suggested by the relationship between mean diffusivity and processing speed in
the present study.

Although this study controlled for volume within a statistical framework, we can not rule out
the possibility that changes in MD and FA resulted in part from volumetric effects. Studies of
human brain tissue have indicated that there is a loss of white matter with increasing age (Tang
etal., 1997). In older brains, the total volume of white matter is lower by 15%, and there is an
age-related decline in small diameter myelinated fibers. In turn, evidence from diseases such
as multiple sclerosis suggests that the loss of white matter fibers can be accompanied by
decreased FA, (Ciccarelli et al., 2003; Kealey, Kim, & Provenzale, 2004; Schmierer et al.,
2007). Some of the age effects (though not all) were found in proximity to the ventricles. It is
possible that older subjects with atrophy did not normalize as well as younger subjects into the
common stereological space, a common problem with studies of aging. All of the normalized
maps were inspected for accuracy, but subtle variation in normalization across the life-span
can not be ruled out.

A few additional limitations should be noted. First, although this study adds to the growing
number of studies that combine imaging techniques, it is still limited by the inclusion of only
2 imaging modalities. Inclusion of T2 weighted images in the analyses would have greatly
assisted in controlling for the possibility of white matter hyperintensities in older adults,
particularly since diffusion measures are likely to be correlated with white matter
hyperintensities as identified on T2 weighted images (Kochunov et al., 2007). Another
limitation of the present study is its cross sectional nature. Total intracranial volume and
education were controlled, which can mitigate some of the concerns regarding cross-sectional
designs, since these factors have been shown to vary between younger and older adults and
can contribute to a cohort effect (Reynolds, Johnston, Dodge, DeKosky, & Ganguli, 1999; T.
W. Smith, 1993). Still, in order to assess true age-related change, longitudinal studies are
required. In our sample, education was positively correlated with age. This suggests that the
older adults in the current study represent a cohort that is experiencing optimal aging, making
the results somewhat less generalizable to a wider population. Furthermore, our sample was
largely Caucasian (91%), which may also limit the conclusions that can be made in regard to
normal aging in the general population. Finally, in order to ensure a clean sample, a number
of participants were excluded due to poor or missing cognitive scores or risk for Alzheimer’s
disease. These restrictions limited the number of participants, particularly in the 30-50 year
age range, which in turn may have limited the generalizability of the correlational analyses, or
possibly affected the slope of the correlations. Restricting the sample to cognitively normal
participants may also have limited the range and variability of our cognitive scores and
undoubtedly impacted our power to detect relationships with the DTI measures.

Despite the loss of participants, avoiding an over-representation of AD risk factors isimportant.
Though many studies control for ApoE &4 genotype, few if any imaging studies of normal
aging control for parental family history of AD. This clearly needs to be addressed in future
studies of aging, since family history can modulate brain measures even in cognitively normal,
healthy participants (Bassett et al., 2006; Johnson et al., 2007; Johnson et al., 2006; Mosconi
etal., 2007).

Conclusion

The present study found a relationship between cognitive function and white matter

microstructure while controlling for white matter brain volume on a voxel by voxel basis. The
results lend further support to accumulating evidence that cognitive changes in aging are related
to the integrity of white matter microstructure. The results also suggest that DTI is sensitive to
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microstructural brain changes that are independent from volumetric changes. The relationships
between memory and executive function and white matter microstructure were less extensive
than the relationship seen between age and white matter microstructure. Of the cognitive
domains, processing speed showed the largest extent of relationship with white matter
microstructure. Future studies will benefit from longitudinal designs, in addition to employing
additional imaging modalities to further refine structure-cognition relationships in aging.
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Figure 1.

Relationship between total white matter volume (adjusted for total intracranial volume, gender,
and education) and age. The cross-sectional pattern of white matter volume across the age span
from eighteen years of age to eighty-three appears to follow a non-linear course. The linear fit
is shown with a solid line and the quadratic fit is shown with a hatched line.

Dev Neuropsychol. Author manuscript; available in PMC 2011 May 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Bendlin et al. Page 19

SPM(T,, )

Figure 2.

Relationship between regional white matter volume and age, as assessed using voxel-wise
analysis. Linear regression was used in a cross-sectional sample to examine the relationship
between white matter volume and age. Total intracranial volume, gender, and education, were
included as covariates of no interest in the regression analysis. As can be seen on the glass
brain on the left, frontal, parietal, temporal, and occipital white matter volume showed a
negative relationship with age. In addition, brain stem, corpus callosum, and cerebellar white
matter volume showed a negative relationship with age. Colors are representative of a T-score,
shown by the color bar on the bottom right.
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Figure 3.

Relationship between regional fractional anisotropy (FA) and age, assessed using voxel-wise
analysis, controlling for white matter volume. There was a negative relationship between FA
and age in several brain white matter tracts. As can be seen in the glass brain on the left, frontal
white matter was particularly affected, but age effects on FA could be seen throughout the
brain, including extensive portions of the corpus callosum, inferior fronto-occipital fasciculus,
superior and inferior longitudinal fasciculus, internal capsule, anterior, superior, and posterior
corona radiata, portions of the cingulum and posterior thalamic radiations.
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Figure 4.

Voxel-wise comparison: linear and non-linear relationship between FA and age. Fractional
anisotropy demonstrated a significantly greater non-linear relationship with age compared to
a linear relationship, primarily in posterior brain regions such as the splenium of the corpus
callosum, large bilateral regions of occipital white matter, bilateral cerebellar white matter,
right inferior fronto-occipital fasciculus, and right posterior corona radiata. Small anterior
regions also showed a significant difference between the two slopes, including left anterior
thalamic radiation, left superior corona radiata, and the right anterior limb of the internal
capsule. Colors are representative of a T-score, shown by the color bar in the top left
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Figure 5.

Voxel-wise comparison: linear and non-linear relationship between MD and age. Shown on
the left are the white matter regions where mean diffusivity demonstrated a significantly greater
non-linear relationship with age compared to a linear relationship, including the corpus
callosum, cingulum, uncinate, superior and inferior longitudinal fasciculi, superior and inferior
fronto-occipital fasciculi, internal and external capsule, anterior and posterior thalamic
radiations, and short association fibers in frontal, temporal, parietal, and occipital white matter.
Colors represent T-scores indicated in the color bar. On the right is a plot of mean diffusivity
against age in the external capsule. The linear fit is shown with a solid line and the quadratic
fit is shown with a hatched line.
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TRAILS A

Relationship between white matter microstructure and processing speed. Of the cognitive
domains, processing speed showed the greatest extent of relationship to the diffusion tensor
imaging measures; the extent can be seen in the glass brain on the top. Regions where mean
diffusivity was positively correlated with performance on Trails A included bilateral anterior
corona radiata, bilateral superior fronto-occipital fasciculus, bilateral superior longitudinal
fasciculus, bilateral internal capsule, posterior cingulum, right inferior fronto-occipital
fasciculus, and small portions of bilateral posterior corona radiata. The colors in the sagittal
section on the left represent T-scores, indicated by the color bar on the top left.
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Table 1
Demographics
Group N Data Analyzed Age Sex Education
Mean (SD) Range Male/Female  Mean (SD) Range
Large Sample 223 T1 49.62 (15.12), 18-83yrs  89/134 16.15 (2.4), 12-20 yrs

Subset of Large Sample

120 T-1, DTI, and Behavioral =~ 52.35 (14.68), 18-83 yrs.  49/71

16.08 (2.39), 12-20 yrs.
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Table 2

Neuropsychological Test Performance: Correlations with Age

AGE AGE (Controlling for Education)

N
WRATIII-R 120
Digit Span 120
Trails A 120
Trails B 120
COWAT 120
RAVLT total 93

RAVLT delayed 93
BVMT total 118
BVMT delayed 118

r=.23 (p =.010)** r=-.18 (p =.099)
r=-.15 (p =.096) r=-.28 (p = .008)**
r=.22 (p=.016)* r=.35(p=.001)**
r=.18 (p =.053)* r=.18 (p =.087)
r=.08 (p=.411) r=-.02 (p =.843)
r=-28(p=.006)** r=-.22(p=.042)*
r=-27(p=.009)** r=-.20(p=.06)
r=-37(p<.00)** r=-29 (p=.007)**
r=-32(p<.000)** r=-27(p=.010)**

Significant at the .05 level (2-tailed)
Significant at the .01 level (2-tailed)
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