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White matter (WM) fractional anisotropy (FA) is thought to be related
to WM integrity and decline in FA is often used as an index of
decreasing WM health. However, the relationship of FA to other
structural indices of cerebral health has not been well studied. We
hypothesized that the decline in WM health will be associated with
changes in several other indices of cerebral health. In this manuscript
we studied the correlation between whole-brain/hemispheric/corpus
callosum FA and gray matter (GM) thickness, sulcal span, and the
volume of T2-hyperintense WM in a group of 31 healthy aging
individuals (12 males/19 females) aged 57-82 years old. Individual
subjects’ FA measures were calculated from diffusion tracing imaging
(DTI) data using tract-based spatial statistics—an approach specifi-
cally designed and validated for voxel-wise multi-subject FA analysis.
Age-controlled correlation analysis showed that whole-brain average
FA values were significantly and positively correlated with the subject’s
average GM thickness and negatively correlated with hyperintense
WM volume. Intra-hemispheric correlations between FA and other
measures of cerebral health had generally greater effect sizes than
inter-hemispheric correction, with correlation between left FA and left
GM thickness being the most significant (r=0.6, p<0.01). Regional
analysis of FA values showed that late-myelinating fiber tracts of the
genu of corpus callosum had higher association with other cerebral
health indices. These data are consistent with the hypothesis that late-
myelinating regions of the brain bear the brunt of age-related
degenerative changes.

© 2006 Elsevier Inc. All rights reserved.

* Corresponding author. Fax: +1 210 567 8152.
E-mail address: kochunov@uthscsa.edu (P. Kochunov).
Available online on ScienceDirect (www.sciencedirect.com).

1053-8119/8 - see front matter © 2006 Elsevier Inc. All rights reserved.
doi:10.1016/j.neuroimage.2006.12.021

Introduction and background

The cerebrum is a highly complex structure where aging trends
among cerebral compartments are thought to be highly inter-
related. A basic structural compartmentalization of the brain can
be achieved by separating the cerebrum into cortical gray matter
(GM) and sub-cortical white matter (WM) compartments. Each
compartment may exhibit characteristic degenerative changes,
some of which may be observed and quantified through non-
invasive imaging (yielding specific quantitative indices of
cerebral health). Histological and neuroimaging data suggest
that structural integrity of both WM and GM compartments
deteriorates with age, however, the interrelationship among
compartmental aging trends have not been studied well. Age-
related degenerative changes in human cerebrum are thought to
be heterochronic and regionally heterogeneous with the multi-
modal areas showing earlier and larger age-related alterations
than unimodal sensory and motor areas (Flood and Coleman,
1988; Morrison and Hof, 1997). This heterochronicity and
regional heterogeneity of aging are thought to be related to the
development of cerebral myelination (Braak and Braak, 1996;
Bartzokis et al., 2001, 2003, 2004; Royall et al.,, 2003;
Bartzokis, 2004a,b). Myelination of associative areas is thought
to follow a quadratic (inverted U) trajectory with age. Myelin
sheaths of associative areas continue to develop into middle
ages, which is then followed by a myelin breakdown and axonal
loss which we will refer herein as “demyelination”(Yakovlev and
Lecours, 1967; Miller et al., 1980; Benes et al., 1994; Bartzokis
et al., 2001, 2003, 2004; Ge et al., 2002; Sowell et al., 2003;
Bartzokis, 2004a,b; Allen et al., 2005; Jelsing et al., 2005;
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Table 1
Gray matter thickness and sulcal span were calculated for 12 primary and
secondary sulcal structures per hemisphere

Superior frontal sulcus
Inferior frontal sulcus
Pre-central sulcus
Post-central sulcus
Intraparietal fissure
Superior temporal sulcus
Cingulate sulcus

Lateral occipital, transverse occipital and lunate sulci
Calcarine fissure

Central sulcus
Parietaloccipital fissure
Collateral sulci

Walhovd et al.,, 2005). This age-related demyelination of
associative fibers is thought to be responsible for the degradation
of cerebral network connectivity, and likely contributes to
the age-related decline of higher cognitive function (Bartzokis
et al., 2003). We hypothesized that age-related decline in WM

B

integrity will correlate with changes in other structural indices of
cerebral health. We investigated whether reduction in WM
integrity was associated with changes in cortical GM thickness,
dilation and filling of cortical sulcal spaces with cerebro-spinal
fluid (CSF) and increase of T2-hyperintense white matter
(HWM) volume.

Cortical GM thickness can be defined as the distance from the
outer cortical surface to the inner cortical WM—GM boundary. In
aging, diminished cortical thickness is a neuroimaging index of
declining cortical health that is thought to be related to regional
reduction of neuronal density in the cortical mantle (Selemon et
al.,, 1995; Jelsing et al., 2005; Lerch and Evans, 2005).
Neuroimaging and histological studies report that GM thickness
diminishes significantly during normal aging (Raz et al., 1997;
Magnotta et al., 1999; Sowell et al., 2003). It is thought to
decrease with age from an average thickness of ~2.6 mm at the
age of 20 to about 2 mm for the age range of 80—90. The rate of
cortical thickness reduction in abnormal aging and degenerative
disorders was shown to be different from that in healthy aging
(Thompson et al., 2003, 2004).

Fig. 1. Image processing pipeline for extraction of indices of cerebral health.
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Fig. 2. Measurements of cortical cerebral health indices: average GM thickness average and average sulcal span.

Average sulcal span of cortical sulci is another readily
measured neuroimaging index of cerebral health. Cerebral
degeneration can result in dilation of cortical sulci and
compensatory filling of freed space by CSF, increasing the sulcal
span. This phenomenon is thought to be the combined result of the
reduction of thickness of the gyral GM mantle and atrophy of
gyral WM (Magnotta et al., 1999; Symonds et al., 1999; Jernigan
et al., 2001; Kochunov et al., 2005a,b). The average sulcal span,
specifically in the hippocampal, entorhinal and medial temporal
cortices is correlated with neurocognitive decline in the course of
mild cognitive impairment and dementia disorders (Bastos Leite
et al., 2004).

Hyper-intense white matter (HWM) lesions observable on T2-
weighted MR studies are a commonly used neuroimaging index of
degeneration of sub-cortical WM. HWM regions in T2-weighted
images in WM are a common finding in both normal and
abnormal aging and neurodegenerative disorders. The T2-
weighted signal is enhanced in cerebral regions where degradation
of the myelin sheath results in a local accumulation of edema. The
etiology of HWM is nonspecific and could be due to ischemia
from small/large vessel pathology, trauma, inflammatory response
and other causes (Pantoni and Garcia, 1995). The incidence of
HWM lesions in normal aging is reported to be as high as 60—100%
in normal subjects age 60 years old and above (Pantoni and Garcia,
1995; De Leeuw et al., 2001, 2005). As a marker for cerebral health,
the increase in HWM lesion volume has been shown to correlate
with: reduction in global WM and GM, volumes (Du et al., 2005;
Wen et al., 2006); increase in intersulcal spaces (Kochunov et al.,
2005a,b; Kochunov et al., in press); and severity of neurocognitive
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Fig. 3. Whole-brain average FA values plotted vs. subject’s age.

deficits in the neuropsychiatric and neurological disorders (Pantoni
and Garcia, 1995; Sachdev and Brodaty, 1999).

Fractional anisotropy (FA) of cerebral WM is often used as an
index of decreasing WM health. FA of water diffusion describes
directional selectivity of the random motion of water molecules
within a tissue (Basser, 1994; Ulug et al., 1995; Conturo et al.,
1996; Pierpaoli and Basser, 1996). Higher FA values (maximum
theoretical value is 1.0) are observed along heavily myelinated
WM tracts. High WM fractional anisotropy (FA), is thought to be
due to the structure of the axonal cell membranes and myelin
sheath which hinders the diffusion of water molecules in all but the
direction along the fiber tract (Pierpaoli and Basser, 1996). If the
water molecule environment is random, such as in GM and CSF
compartments, water motion is random, yielding so-called
isotropic diffusion with FA values close to zero. As an index of
cerebral health, a decline in FA is thought to offer insight into
degenerative changes in the micro-structural integrity of WM
tracts. White matter FA was shown to be sensitive to the
progression of various degenerative WM disorders that results in
axonal loss and/or destruction of myelin sheath such as multiple
sclerosis, leukoaraiosis, various dementias (Horsfield and Jones,
2002). FA has also been shown to decrease during the normal
aging (Abe et al., 2002; Moseley, 2002; Sullivan and Pfefferbaum,
2003; Lehmbeck et al., 2006). The FA decline with age was shown
to be due to an increase in the water diffusion in the direction
perpendicular to the direction of the WM fibers (Horsfield and
Jones, 2002; Smith et al., 2006) and this was interpreted as the
degeneration of the axonal myelin sheath (demyelination) and/or
replacement of axonal fibers with other cells (gliosis) (Mazziotta
et al., 1995).

Previously, we reported age-related trends and interrelation-
ships for several structural indices of cerebral health (Kochunov et
al., 2005a,b; Kochunov et al., in press). We discovered significant
(»<0.01) changes with age for GM thickness and dilation of
cortical sulcal sulci, but no significant age-corrected correlation for
the increase in HWM volume. We found that dilation of cortical
sulci was similarly and highly (p<0.01) correlated with both
reductions in the cortical GM thickness and increases in HWM

Table 2
Correlation between global indices of cerebral health and age

FA GMT SW HWM
r -0.39 -0.53 0.48 0.34
p <0.05 <0.01 <0.01 >0.05
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Table 3 Table 4
Correlation between hemispheric indices of cerebral health and age Correlations between FA and whole brain average indices of cerebral health
L-FA R-FA L-GMT R-GMT L-SW R-SW L-HWM R-HWM GMT SW HWM
r —037 -039 -0.53 —0.54 0.47 048 0.33 0.32 FA 0.57 (0.46%) -0.42 (-0.29%) —0.47 (0417
p <0.05 <0.05 <0.01 <0.01 <0.01 <0.01 >0.05 >0.05

volume, and that these correlations remained significant even when
correcting for age. The current paper extends that work by
examining whether these structural brain changes are associated
with changes in white matter integrity assessed with diffusion-
weighted imaging.

Materials and methods
Subjects

Thirty-one (12 males/19 females), normal, healthy subjects
aged 57-82 years (average age=66.3+£6.5 years old) were
recruited as a part of the International Consortium for Brain
Mapping (ICBM) (Mazziotta et al., 1995) (Mazziotta et al.,
2001) project. Each subject's medical history was reviewed to
rule out endocrinal, neurological and/or psychiatric illnesses.
All subjects underwent a comprehensive neurological exam-
ination, had their blood pressure measured to rule out
hypertension and were subjected to comprehensive neurocog-
nitive testing, before qualifying for imaging. All experiments
were performed with IRB approval and all subjects signed an
informed consent.

Imaging

All imaging was performed at the Research Imaging Center,
UTHSCSA, on a Siemens 3T Trio scanner using a high-resolution
8-channel head coil. An optimized, multimodality imaging protocol
was used to acquire high-resolution DTI, T1- and T2-weighted
images.

Diffusion-weighted imaging

Single-shot echo-planar gradient recalled echo, T2-weighted,
sequence was used to acquire diffusion-weighted data with the
spatial resolution of 1.7x1.7x3.0 mm. The sequence parameters
were TE/TR=87/8000 ms, with 86 diffusion-weighted directions
and two diffusion weighing B values of 0 and 700. The total
sequence acquisition time was 12 min.

# Indicates age-corrected partial correlation values.

T1-weighted imaging

High-resolution (isotropic 800 pm), high GM-WM contrast
(~25%) T1-weighted images were acquired using a retrospective
motion-corrected protocol (Kochunov et al., 2006, in press). With
this protocol, six full-resolution volumes are acquired using a T1-
weighted, 3D TurboFlash sequence with an adiabatic inversion
contrast pulse with the following scan parameters: TE/TR/
T1=3.04/2100/785 ms, flip angle=13°.

T2-weighted imaging

The T2-weighted data were acquired with a high-resolution
(isotropic 1 mm), 3D turbo-inversion recovery Fluid Attenuated
Inversion Recovery (FLAIR) sequence with the following para-
meters: TR/TE/TI/flip angle=5 s, 353 ms, 1.8 s, 180°. This
sequence uses a non-selective inversion recovery pulse to prevent
CSF pulsation artifacts (Bakshi et al., 2000).

Image processing

TBSS processing

We used a tract-based spatial statistics (TBSS) method that is
distributed as a part of FSL package for multi-subject analysis of
diffusion anisotropy (Smith et al., 2006). First, fractional
anisotropy (FA) images were created by fitting the diffusion tensor
to the raw diffusion data (Smith, 2002). During the next step, all
FA images are nonlinearly aligned to a group-wise, minimal-
deformation target (MDT) brain. The group's MDT brain is
identified by warping all individual brain images in the group to
each (Kochunov et al., 2001). MDT is selected as an image that
minimizes the amount of the required deformation from other
images in the group. Once the MDT brain is selected, all images in
the group are normalized using this brain as a target.

Next, individual FA images are averaged to produce a group-
average anisotropy image. This image is used to create a group-
wise skeleton of white matter tracts. The skeletonization procedure
is a morphological operation, which extracts the medial axis of an
object. This procedure is used to encode the medial trajectory of
the white matter fiber tracts with one-voxel thin sheaths.

0.5 0.5 0.51
0.49 . . 0491 * ¢ 0.49 1 * L
< 048 0.48 0.48
LE'- 0.47 0.47 0.47 1
= 046 0.46 0.46 1
% 0.45 0.45 0.45 1
§ 0.44 \ ] 0.44 . * . 0.44 1 . .
< 043 . 0.43 . 0.43 {
0.42 g 0.42 ' . 0.42 1 i
0.41 . . . : . 0.41 : . : . . ' 0.41 . i
1.9 2 2.1 22 23 24 15 17 19 21 23 25 27 041 1 10
GM thickness (mm) Sulcal width (mm) HWMV (cm?)

Fig. 4. Whole-brain average FA values plotted vs. whole-brain average GM thickness, sulcal span and HWM volume.
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Table 5
Age-corrected correlations for L/R-hemispheric average FA and other indices of cerebral health

L-FA R-FA L-GMT R-GMT L-SW R-SW L-HWM R-HWM
L-FA 1 0.96 0.56 0.48 -0.29 -0.24 0.40 0.41
R-FA 0.96 1 0.49 0.53 -0.19 -0.33 0.39 0.41

Finally, FA images are projected onto the group-wise skeleton
of white matter structures. This step accounts for residual
misalignment among individual white matter tracts. For individual
images, FA values are analyzed along the normal projection for
each point of the skeleton image and the peak value is assigned to
the skeleton. This step effectively corrects for misalignment of
individual fiber tracts. The FA values vary rapidly perpendicular to
the tract direction but very slowly along the tract direction. By
assigning the peak value to the skeleton, this procedure effectively
lines up the center of individual white matter tracts. The projection
operation is performed under two constraints. A distance map is
used to establish search borders for individual tracts. The borders
are created by equally dividing the distance between two nearby
tracts. Secondly, a multiplicative 20-mm full width at half-max
Gaussian weighting is applied during the search to limit maximum
projection distance from the skeleton.

T1-weighted images

Processing of T1-weighted images for extracting measures of
cortical GM thickness and sulcal span was previously described in

Kochunov et al. (2005a,b) and Kochunov et al. (in press). The GM
and sulcal span were measured concurrently for 12 primary and
secondary sulcal structures per hemisphere (Table 1). Briefly, the
processing was performed with the following steps: removal of
non-brain tissue, registration to the Talairach frame, RF inhomo-
geneity correction, brain tissue partial volume segmentation,
extraction of GM/WM pial surfaces, extraction and labeling and
verification of sulcal surfaces and measurements of GM thickness
and sulcal span (Fig. 1). The GM thickness and sulcal span were
calculated in the same operation. The thickness of GM ribbon was
sampled on both gyral banks of the sulcus (Fig. 2). The GM
thickness and sulcal span values for individual sulci/gyri were
averaged to obtain average whole-brain and hemispheric values.

T2-image processing

Processing of T2-weighted FLAIR images for HWM volume
measurements was described in Kochunov et al. (in press). In
short, FLAIR images were processed in the following steps:
removal of non-brain tissue, registration to the TI-weighted
images/Talairach frame, RF inhomogeneity correction and manual

Age

t=5.1
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t=-2.4

.t=75.1

Fig. 5. Voxel-wise, correlation between FA and age (top) and age-corrected voxel-wise correlation between left/right hemispheric FA and left/right GM thickness
(L/R GMT) rendered on the skeleton of cerebral WM tracts (right) and four coronal sections thought corpus callosum.
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delineation (painting) of hyper-intense lesions by two experienced
neuroanatomists.

Results

Previously, we reported whole-brain age-related trends and the
interrelationship among three cerebral health markers: average GM
thickness, average sulcal span and HWM volume. The emphasis of
this manuscript was to study correlations between the whole-brain/
regional FA measurements and other indices of cerebral health.

FA correlation with age

Average FA was inversely related to age (i.e., 0.01 FA units/
decade of life). This trend was significant (r=—0.39; p<0.05); see
also Fig. 3 and Table 2. Previously, we reported that the whole-
brain GM thickness measurements also decreased significantly
with age while sulcal span increased significantly with age (Table
2) (Kochunov et al., in press). The correlation between HWM
volume and age did not reach statistical significance (Table 2).

Inter-hemispheric age-related trends followed whole-brain
trends (Table 3). For three cerebral health markers (FA, GM
thickness and sulcal span), the correlation with age was
numerically greater for the right than for the left hemisphere.
However, these differences were slight and not statistically
significant (p~0.2-0.3). There were no inter-hemispheric differ-
ences for HWM volume trends.

Correlation between FA and other indices of cerebral health

Scatter plots (Fig. 4) and bivariate correlation analysis (Table 4)
indicated a statistically significant (»<0.05) correlation between
whole-brain FA and the three other cerebral health indices. Whole-

Body Sp"ef?fum

ce™

GM
Thickness*

Post

Ant

brain FA values had numerically greater correlation with the whole-
brain average GM thickness, followed by HWM volume and
average sulcal span (Table 4).

Age-controlled partial correlation analysis indicated that at the
whole-brain level, the average FA values correlated significantly
with the average GM thickness (pr=0.46; p<0.05) and the HWM
volume (pr=—0.41; p<0.05) (Table 4). The correlation between
FA and approached statistical significance (pr=—0.29; p<0.1).

The results of age-controlled partial correlations for the L/R
hemispheric cerebral health indices are shown in Table 5. Higher
correlation values were seen for the measurements from same
hemisphere vs. measurements from opposite hemispheres. How-
ever, the difference in correlation coefficients was not significant
(z-score =2.1, p~0.1). The highest correlation was observed
between left FA and left GM thickness (pr=0.57, p<0.01),
followed by right FA and right GM thickness (pr=0.52, p<0.01).
The correlation between FA and average sulcal span was also
higher for the same-side measurements, but none were significant
(Fig. 5). The correlation between HWM volume and FA was
symmetric (Table 5).

Voxel-wise correlation between FA and other markers of cerebral
degeneration

TBSS facilitated for a voxel-wise correlation analysis between
regional FA values and external covariates. The correlation patterns
were investigated for the whole brain, individual hemispheres and
three regions of corpus callosum and fornix.

Correlation maps between FA voxels and age were 3D rendered
on the skeleton of cerebral WM tracts (Fig. 6 top). The regional
correlation pattern indicates an overall uniformly negative correla-
tion between FA and age, with over 10% of the voxels showing a
significant negative correlation and less than 2% of the FA voxels

Sulcal Span* HWMV*

.t=5.1
t=2.4

.t=-2.4
t=-5.1

Fig. 6. Anterior-to-posterior subdivision of corpus callosum (top). Voxel-wise correlation between corpus callosum and body of fornix FA values and age, GM

thickness, sulcal span and HWM volume. (*)Age-corrected correlations.
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Table 6

The fractions of the FA voxels that showed statistically significant
correlation between FA, age and whole brain and left/right hemispheric
average health indices

Age (whole GM Sulcal width® HWM?

brain; left; thickness®  (left; right) (left; right)

right) (%) (%) (%)
r>0.365 14;15;12 22.2;213 22;2.1 2.5;25
r<—0.365 93;9.9;11.5 19;18 11.5; 11.0 9.1;9.2

? Indicates age-corrected correlations.

showing a significant positive correlation with age (Table 6). The
age-controlled L/R partial correlation map between FA and GM is
shown in Fig. 6 (bottom). Here, the spatial averages were
performed across brain voxels within a hemisphere and correlated
with GM thickness averaged over that same hemisphere. This
figure indicates a predominantly positive correlation pattern with
over 20% of FA voxels showing significant correlation (7>0.365)
with GM thickness (Table 6). The largest fraction of the
significantly correlated FA was observed between left FA/left
average GM thickness (~23%), followed by correlation between
right FA and right GM thickness (~21%) (Table 6).

Age-controlled voxel-wise correlation between regions of
corpus callosum (CC) and body of fornix (BF) FA values residing
in the 10 mm wide band of median CC/BF was performed in the
similar fashion. The whole-brain average GM thickness, sulcal
span and HWM volume values were used to avoid the ambiguity of
hemispheric division. The CC was subdivided into three regions:
genu, body and splenium each occupying 1/3 on the anterior—
posterior CC length (Kochunov et al., 2005a,b) (Fig. 6 top). The
regional maps of correlations are shown in Fig. 6 and the fraction
of statistically significant voxels is shown in Table 7. There were
apparent and striking differences in the regional fractions of
statistically significant correlations. The genu of the CC had the
largest fractions of significantly correlated voxels for age and
cerebral health indices with up to 67% of FA voxels showing
statistically significant positive correlation with whole-brain GM
thickness (Table 7). The body of the CC showed the smallest
fractions of significantly correlated voxels.

Further, regional FA values in CC were correlated with the
cortical health indices (GM thickness and sulcal span) calculated
from the areas that roughly correspond to the anterior—posterior

P. Kochunov et al. / Neurolmage 35 (2007) 478-487

subdivision of CC. GM thickness and sulcal span for the anterior
cortical region were calculated from superior frontal, intermediate
frontal and pre-central sulci. Likewise, posterior cortical health
indices were calculated from post-central and intra-parietal sulci,
and the central region was calculated within the central sulcus (Fig.
5). A partial correlation analysis was used to control for both age
and global GM thickness trend. Controlling for global GM
thickness was added to dissociate between the regional and global
GM thickness trends. The resulting correlation pattern (Table 8),
indicated that FA of the genu was highly correlated with GM
thickness, independent of cortical area.

Regional sulcal span correlations were also performed while
controlling for both age and global GM thickness. The sulcal span
measurements are sensitive to both: reduction in GM thickness and
the reduction in gyral WM volume (Kochunov et al., in press).
Controlling for whole-brain GM thickness was done to emphasize
the association between gyral WM volume and the FA of the tracts
originating from these gyri. Regional correlation with sulcal span
produced a pronounced regional correspondence between cortical
and CC regions (Table 8). For the anterior sulcal span measurement
the largest fraction of significantly correlated FA voxels was
observed in the genu and the sulcal span measurement for the central
region had the highest fraction of correlated voxels in the body of CC.

Discussion and conclusion

Our findings of age-related decline of FA with age and
relationship among FA and other structural indices of cerebral
health are consistent with a variety of findings published in the last
5-6 years. Pfeffrbaum, Sullivan and colleagues were the first to
utilize FA as an index of declining WM health in their reports on
age-related FA trends in normal aging (Pfefferbaum et al., 2000;
Sullivan et al., 2001). These reports were followed by other studies
with similar findings regarding change in FA with age (Abe et al.,
2002; Moseley, 2002; Sullivan and Pfefferbaum, 2003; Lehmbeck
et al.,, 2006). All these studies interpreted their findings of age-
related decline in cerebral FA as an indication of mild demyelina-
tion and/or axonal loss.

Of special interest are findings of differences in age-related
trends for different regions of corpus callosum. Regional hetero-
geneity in rates of diminishing FA in the CC was first noted by
Pfefferbaum et al. (2000). They reported that within the CC, FA
values diminished most rapidly with age in the genu but age-related

Table 7
The fraction of voxels with significant age-corrected correlation between FA of CC/body of fornix and whole-brain average GM thickness, sulcal span and HWM
volumes
CC genu (%) CC body (%) CC splenium (%) Fornix (%)
FA vs. Age
Positive (r>0.365) 0.1 10.3 2.6 1.7
Negative (r<—0.365) 24.7 7.6 12.3 18.7
FA vs. GMT?
Positive (r>0.365) 62.2 17.2 11.4 21.3
Negative (r<—0.365) 0 0 22 0
FA vs. SS*
Positive (#>0.365) 0 0.3 0 33
Negative (r<—0.365) 41.5 8.7 2.1 6.7
FA vs. HWM?
Positive (r>0.365) 0 0.2 0 2.9
Negative (r<—0.365) 40.2 11.2 10.1 53

# Indicates age-corrected correlations.
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Table 8

Voxel-wise correlation between CC FA values and GM/Sulcal span for
anterior (superior frontal, intermediate and pre-central sulci), central (central
sulcus) and posterior (post-central, intraparietal) is expressed as percentage
of voxels with statistically significant correlation (#>0.369) for GM
thickness and (»<—0.369) for sulcal span

Region GM thickness®

Sulcal span?

Genu  Body  Splenium  Genu  Body  Splenium
(%) (%) (%) (%) (%) (%)
Anterior 29 14 18 28 4 3
Central 32 10 2 3 9 3
Posterior 26 4 5 5 7 6

 Partial correlations were performed while controlling for both age and
whole brain GM thickness.

FA changes in the mid-body and splenium were not significant.
These finding were interpreted as micro-architectural differences
between the genu and the midbody/splenium. The genu of CC is
made up of densely packed, thinly myelinated frontal lobe
commissural fibers, which continue to be myelinated into the 4th
decade. The mid-body of the CC is composed of large and heavily
myelinated commissural fibers that carry motor and proprioceptive
information, which reach mature levels of myelination in the 1st to
2nd decades. Pfefferbaum, Sullivan and colleagues concluded that
the smaller WM fiber bundles in the genu were especially
vulnerable to age-related degenerative micro-structural changes
(Pfefferbaum et al., 2000; Sullivan et al., 2001). The results of our
ROl analysis of the CC for the age-related changes in FA agree with
Pfefferbaum, Sullivan and colleagues (Fig. 7, Table 7).

Global relationship between FA and cerebral health markers

Clinical studies of WM disorders including multiple sclerosis
(MS) and arterial leukoaraiosis (AL) often report significant
association between decline in FA and increase in HWM volume
(Horsfield and Jones, 2002). Recently, Vrenken and colleagues
reported that the decrease in cerebral FA in MS patients was
associated with an increased HWM volume and reduced GM/WM
volumes (Vrenken et al., 2006). A longitudinal study of MS patients
also indicated that decrease in cerebral FA was associated with an
increase in HWM volume and a decrease in brain volume (Oreja-
Guevara et al., 2005). We observed a similar pattern with decreasing
FA, an increase in HWM volumes, an increase in sulcal span, and
reduction in GM thickness. Our findings suggest that demyelination
during cerebral aging in a normal population might be similar in
nature and mechanisms to demyelination due to WM disorders. This
suggestion is also supported by the high incidence of hyperintense
WM lesions in both normal aging and demyelination disorders such
as MS and LA. In fact, all our subjects had HWM lesions, which is
consistent with a reported incidence rate of >90% in normal subjects
older than 60 years old (De Groot et al., 2001; De Leeuw et al.,
2001).

Regional relationship between FA and cerebral health markers

Thinly myelinated, associative fibers in the genu showed the
strongest FA decline with age. These fibers also showed the
strongest correlation with the whole-brain GM thickness, sulcal
span and HWM volume, even when partial correlation analysis

was used to account for age. Correlations between FA of the
thickly myelinated central CC with age and other cerebral health
markers were much weaker. In fact, FA assessment of the central
CC region revealed that a large fraction of voxels (>10%) was
positively correlated with age. Pfefferbaum et al. (2000) observed a
similar trend and hypothesized that this could be a remyelination
trend with age.

Interestingly, FA within the CC did not indicate a significant
regional correlation with GM thickness. However, FA of the genu
was significantly correlated with GM thickness independent of
cortical area, while FA of other CC regions did not appear to have a
strong global or regional relationship (Table 8). This might suggest
that changes in myelin levels in the thinly myelinated associative
tracts of the genu could be an indicator of an overall decline in GM
thickness.

Decreases in FA of the genu were strongly correlated with
increases in sulcal span in the anterior cortical region, even when
age and global GM thickness were controlled for. However, a
definite relationship between FA and sulcal span was not seen for
other regions of the CC. These findings indicate that a reduction of
gyral WM volume in the anterior region, reflected as an increase in
sulcal span, has a more direct regional association with the
corresponding CC region. It also suggests that late-developing,
thinly myelinated, associative fibers in the genu have a higher
sensitivity to reduction in gyral WM, than earlier developing
thickly myelinated fibers in other regions of the CC. Similar
conclusions were made from post mortem and imaging data which
showed that reduction in regional WM volume thorough myelin
breakdown and axonal loss is first observed in the thinly
myelinated regions of associative tracts and then progress to the
thickly myelinated WM regions of motor and sensory tracts (Peters
et al., 2000; Bartzokis et al., 2003, 2004).

Interpretation of correlation between FA to other degeneration
markers

We interpret our findings based on the hypothesis of a
differential WM aging proposed by Bartzokis et al. (2001, 2003,

BOdy Spl'em'Um
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Fig. 7. Regional correlation between FA of CC and cortical indices of
cerebral health. GM thickness and sulcal span for anterior cortical region
were calculation from superior frontal, pre-central and intermediate frontal
sulci. Likewise the indices for posterior region were calculated from post-
central and intra-parietal sulci. GM thickness and average sulcal span for
central region were calculated from the central sulcus.
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2004). This hypothesis is based on the finding that oligodendro-
cytes of associative WM tracks are among the most metabolically
active cells in the adult CNS and as such they are very vulnerable
to the accumulation of metabolic damage. This damage is gradual
in normal aging and more pronounced in demyelinating disorders
such as MS and LA. The mechanism that makes GM thickness and
sulcal span sensitive to this damage is not clear. It has been shown
that myelin damage and axonal loss adversely affect neurons
throughout the cortex due to increases in neuronal energy
expenditures (Hildebrand et al., 1993) and the loss of neurotrophic
factors (Dai et al., 2001; Wilkins et al., 2001, 2003). Further
investigations that include indices of regional cortical metabolism
such as glucose metabolism using PET are needed to address these
questions.

Limitations

It is important to note that the measurements presented in this
manuscript are cross-sectional. There are limitations to the
conclusions that can be made about longitudinal processes, such
as aging, from cross-sectional data as longitudinal studies often fail
to confirm the age-related trends obtained from cross-sectional
data. For example, longitudinal studies often report greater age
effects on the slopes of non-verbal and visuo-spatial measures,
suggesting the possibility of greater age effects on right hemisphere
structures (Royall et al., 2005). However, no striking asymmetry
could be confirmed from these cross-sectional data, although
several appeared to favor the right hemisphere, and FA asymmetry
correlated rather specifically with GM asymmetry (Tables 3, 5 and
6)). Further research is needed to confirm the cross-sectional trends
observed here using longitudinal study designs.

Summary

There is a significant interest in using diffusion tensor imaging
as a measure of fiber integrity in aging, dementia, and other disease
processes. We therefore examined the relationship between fiber
integrity ascertained with DTI and other sensitive indices of
cerebral health. The resulting data help to understand which of the
correlations are mediated by age-dependent atrophy and which
persist in the presence of age correction, and shed light on the
differential value of various complementary imaging techniques in
the assessment of brain aging.
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