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Abstract

There is still limited knowledge about the relationship between different structural brain parameters,
despite huge progress in analysis of neuroimaging data. The aim of the present study was to test the
relationship between fractional anisotropy (FA) from diffusion tensor imaging (DTI) and regional
white matter (WM) volume. As WM volume has been shown to develop until middle age, the focus
was on changes in WM properties in the age range of 40 to 60 years. 100 participants were scanned
with magnetic resonance imaging (MRI). Each hemisphere was parcellated into 35 WM regions, and
volume, FA, axial, and radial diffusion in each region were calculated. The relationships between
age and the regional measures of FA and WM volume were tested, and then FA and WM volume
were correlated, corrected for intracranial volume, age, and sex. WM volume was weakly related to
age, while FA correlated negatively with age in 26 of 70 regions, caused by a mix of reduced axial
and increased radial diffusion with age. 23 relationships between FA and WM volume were found,
with seven being positive and sixteen negative. The positive correlations were mainly caused by
increased radial diffusion. It is concluded that FA is more sensitive than volume to changes in WM
integrity during middle age, and that FA-age correlations probably are related to reduced amount of
myelin with increasing age. Further, FA and WM volume are moderately to weakly related and to a
large extent sensitive to different characteristics of WM integrity.

Introduction

Integrity of the brain's white matter (WM) is postulated to be significant for cognitive function
in both health and disease (Cardenas et al., 2005; Charlton et al., 20086, in press; Choi et al.,
2005; Grieve et al., 2007; Tuch et al., 2005; Walhovd and Fjell, 2007). WM change is also a
crucial factor in brain aging (Abe et al., 2008; Allen et al., 2005; Bartzokis et al., 2004;
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Kochunov et al., 2007a,?; Salat et al., 2005a,b; Walhovd et al., 2005a; Wozniak and Lim,
2006). WM consists largely of myelinated long distance axonal projections of neurons (see
below), and is important for integration between brain areas. Using structural magnetic
resonance imaging (MRI) it is possible to quantify cerebral WM volume. In addition, diffusion
tensor imaging (DTI) can be used to obtain information about the microstructure of WM. Since
the diffusion will be stronger parallel with, rather than perpendicular to, myelinated nerve
fibers, DTI can be used to gain information about the integrity of nerve fibers. The fractional
anisotropy (FA) index is a frequently used metric that expresses the proportion of principal or
axial diffusion to radial diffusion, that is, how strongly directional the water diffusion is within
a given voxel (Smith et al., 2006). However, a vital question in the understanding and
application of DTI and WM volumetry is how they relate to each other. Both are interpreted
as measures of WM tissue integrity (Salat et al., 2005b), but little is known about the
relationship between them.

The principal aim of the present article is to investigate regional FA and WM volume relations.
A large sample of healthy participants between 40 and 60 years was chosen, since cross-
sectional MR-studies have indicated that volumetric increase of WM stops sometime around
this age range (Allen et al., 2005; Bartzokis et al., 2003; Walhovd et al., 2005a), e.g. at about
45 years (Walhovd et al., 2005a). Insights into microstructural changes associated with this
turning point in WM development may contribute to understanding of age-related changes in
WM. A newly developed algorithm was used, parcellating WM into 35 different areas in each
hemisphere. This procedure was applied for both volumetric estimates and calculation of FA
values, thus alleviating the problem of spurious effects due to inaccurate inter-subject
registration of DTI volumes and anatomical brain differences (see below). The results of this
approach were also compared to the results of a tract-based method described below.

There is reason to expect a relationship between FA and WM volume. FA is related to several
aspects of the microstructure of WM, some of which are likely to also affect volume, e.g. degree
of myelination and axonal degeneration (Wozniak and Lim, 2006). Both FA (Cascio et al.,
2007; Klingberg et al., 1999; Schmithorst et al., 2002; Snook et al., 2007) and WM volume
(Courchesne et al., 2000; Giedd, 2004; Giedd et al., 1999, 1996; Pfefferbaum et al., 1994;
Wozniak and Lim, 2006) increase in childhood and adolescence, and one underlying factor
may be amount of myelin. A similar pattern is seen in the other part of the life-span: WM
volume (Allen et al., 2005; Bartzokis et al., 2004; Courchesne et al., 2000; Fotenos et al.,
2005; Guttmann et al., 1998; Walhovd et al., 2005a) and FA are then negatively correlated
with age (Head et al., 2004; Hugenschmidt et al., 2008; Salat et al., 2005a,b), although the non-
linear trajectory often observed for volume has not been reported for FA (Salat et al., 2005b).
Age changes in WM tissue in monkeys, e.g. loss of small myelinated fibers and demyelination
(Peters et al., 2000), likely affect both WM volume and FA (Hugenschmidt et al., 2008).
Postmortem studies have confirmed WM loss (Piguet et al., in press) and myelin breakdown
in normal aging (Meier-Ruge et al., 1992; Nielsen and Peters, 2000; Peters et al., 2000; Tang
etal., 1997). It is possible that breakdown in tissue integrity, as measured by FA, is an early
marker for atrophy that only at a later stage will be detectable by volumetric WM measures.
Indirect evidence for myelin state as a possible common factor for WM volume and FA has
been reported by Bartzokis and colleagues. After first identifying decline in WM volume with
advancing age (Bartzokis et al., 2001), the finding was replicated in a later study by measuring
transverse relaxation time, which is assumed to change as a result of myelin breakdown
(Bartzokis et al., 2003). This indicates that volumetric changes in aging could be related to
myelin breakdown, which likely can be measured by DTI as well.

Still, it must be stressed that FA and volume do not index unitary properties of WM
development and aging, but may be sensitive to tissue changes at a number of levels. Even
though WM consists of myelinated fibers, they are of different types depending on e.g. the
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neurons of origin, of different axon diameters, and are affected by age to different degrees.
Axons myelinated later in life often have smaller diameters and seem more vulnerable to age
(Bartzokis et al., 2004; Marner et al., 2003; Tang et al.,1997). Further, a large part of WM
consists of glial cells, i.e. oligodendrocytes and astrocytes, which may be differentially affected
by age (Hayakawa et al., 2007). Thus, many features of WM are not directly related to myelin,
and may affect FA and WM volume in different ways. FA reflects aspects of axonal integrity
and organization that are not related to myelin (Beaulieu, 2002; Neil et al., 2002; Wozniak and
Lim, 2006), and myelin is not necessary for fibers to have significant diffusion anisotropy
(Beaulieu and Allen, 1994; Prayer et al., 1997; Wimberger et al., 1995; Wozniak and Lim,
2006). For instance, a packed arrangement of non-myelinated axons may be sufficient to hinder
perpendicular water diffusion and thus create anisotropy (Beaulieu and Allen, 1994). Mori and
Zhang noted that increased FA in development could be due to myelination, increased axon
density, or axonal caliber (Mori and Zhang, 2006). A simple relationship between degeneration
of myelin and WM atrophy in aging has not been definitively established (Peters et al., 2000;
Peters and Sethares, 2002). Among complicating factors are redundant myelination, sometimes
observed with higher age (Peters et al., 2000), which may have different effects on FA and
WM volume. The same may be true for fluid bubbles in the myelin sheet, which also have been
observed with age (Peters and Sethares, 2002). Finally, FA likely reflects partly different brain
characteristics during different phases of development (Wozniak and Lim, 2006) and aging,
so that the relationship between FA and WM volume may change during the life-span. In sum,
even though a positive correlation between FA and WM volume is expected, there are many
factors that may diminish or even reverse this relationship.

So far, only a handful of studies have tested relationships between WM volume and FA.
Prefrontal FA has been found to correlate with prefrontal WM volume, but only in participants
above 40 years of age (Salat et al., 2005b). In a recent study, correlations between FA and
combined voxel-based morphometry were found in several WM areas, including corpus
callosum (for length), temporal and parietal regions of the corona radiata, and centrum
semiovale (Hugenschmidt et al., 2008). It was suggested that FA reductions precede WM
atrophy in parts of the brain. In another study, it was found that FA was negatively related to
age, while total WM volume did not correlate with age (Abe et al., 2008). It was concluded
that diffusion properties and brain volume are complementary markers of brain aging.

Looking at axial and radial diffusion in addition to FA may yield additional information about
WM microstructure. Studying shiverer mice with incomplete myelination but normal axons,
Song et al. (2002) found increased radial but not changed axial diffusion. Further, Song et al.
(2003) found that axial diffusivity was sensitive to axonal degeneration in mice, and later
demyelination was associated with increased radial diffusivity. In a more recent experiment,
the same group demonstrated that radial diffusivity was sensitive to both demyelination and
re-myelination (Song et al., 2005). Still, Song et al. (2002) found that near complete lack of
myelin resulted only in a 20% increase in radial diffusion, demonstrating that factors other than
myelin contribute significantly to DTI measures (Wozniak and Lim, 2006). Further, Concha
et al. (2006) demonstrated that axial diffusion follows a bi-phasic pattern after injury, where
short term increase in diffusion is followed by decrease after longer time periods. This causes
problems for the interpretability of axial diffusion parameters, because at the time point of
scanning, nearby fibers may be in different phases of axial increase or decrease after minor
injuries.

The main aim of the present paper was to investigate the differential relationships between age
and regional WM volume and FA, and between these two measures of WM properties in
themselves in middle-age. Our main hypothesis was that there is a positive correlation between
regional WM volume and regional FA. However, this hypothesis must be regarded as tentative,
since there are very few published reports addressing these questions. Further, since the age
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range of 40 to 60 years represents a turning point in the development of WM volume, it was
expected that WM volume would be relatively insensitive to age. FA, on the other hand, has
been found to be linearly related to age, and thus it was expected that negative correlations
between FA and age would be found. In addition to FA, axial and radial diffusion were also
related to age and WM volume.

Materials and methods

Sample

The sample was drawn from a large longitudinal research project in Oslo, called Cognition and
Plasticity through the Life-Span. The study was approved by the Regional Ethical Committee
of South Norway (REK-Sgr), and written informed consent was obtained from all participants
prior to the examinations. VVolunteers were recruited by newspaper advertisements. Participants
were required to be right handed native Norwegian speakers in the age range 40 to 60 years,
feel healthy, not use medicines known to affect central nervous system (CNS) functioning,
including psychoactive drugs, not be under psychiatric treatment, be free from worries
regarding their memory abilities, and not have injury or diseases known to affect CNS function,
including neurological or psychiatric illness, serious head injury, or history of stroke. 105
participants satisfied these criteria. Four participants were excluded due to lack of MRI data.
All MR scans were subjected to a radiological evaluation by a specialist in neuroradiology,
and the participants were required to be deemed free of significant injuries or conditions. This
led to the exclusion of one additional participant, reducing the n to 100. For these (58 F/42 M),
mean age was 51.7 years (40-60 years, SD = 4.9). All scored < 16 on Beck Depression
Inventory (Beck, 1987) and 27 on Mini Mental State Examination (MMSE) (Folstein et al.,
1975). Mean full-scale 1Q as measured by Wechsler Abbreviated Scale of Intelligence
(Wechsler, 1999) was 113.4 (96-128, SD = 7.2).

MR acquisition

Imaging data were collected using a 12 channel head coil on a 1.5-Tesla Siemens Avanto
scanner (Siemens Medical Solutions, Erlangen, Germany). The pulse sequence used for
diffusion weighted imaging was a single-shot twice-refocused spin echo-EPI pulse sequence
with 30 diffusion gradient directions and the following parameters: repetition time (TR)/echo
time (TE) = 8200 ms/82 ms, b-value = 700s/mm?, pixel size = 2.0 x 2.0 x 2.0 mm. This sequence
is optimized to minimize eddy current-induced image distortions (Reese et al., 2003). The
sequence was repeated in two successive runs with 10 nondiffusion-weighted images in
addition to 30 diffusion weighted images collected per acquisition. Each volume consisted of
64 axial slices. Total scanning time was 11 min, 21s.

The pulse sequences used for morphometric analysis were: two 3D T1-weighted Magnetization
Prepared Rapid Gradient Echo (MP-RAGE), with the following parameters: TR/TE/TI/FA =
2400 ms/3.61 ms/1000 ms/8°, matrix 192 x 192, field of view = 240. Each of the two scans
took 7min, 42 s. Each volume consisted of 160 sagittal slices with voxel sizes 1.25 x 1.25 x
1.20 mm. The two MP-RAGEs were averaged to increase the signal-to-noise-ratio.

Morphometric analysis

Regional WM volume was calculated using FreeSurfer
(http://surfer.nmr.mgh.harvard.edu/fswiki). The WM parcellation depends on the preceding
cortical parcellation (Dale et al., 1999; Dale and Sereno,1993; Fischl and Dale, 2000; Fischl
etal., 2001,1999a,b; Segonne et al., 2004, 2005). Briefly, the following procedure was used:
A representation of the gray/white matter boundary was reconstructed (Dale et al., 1999; Dale
and Sereno, 1993), using both intensity and continuity information from the entire 3D MR
volume in the segmentation and deformation procedures. Maps were created using spatial
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intensity gradients across tissue classes, and were therefore not simply reliant on absolute signal
intensity. Next, by use of an automated labeling system (Desikan et al., 2006; Fischl et al.,
2004), the cortex was divided into 33 different gyral-based areas in each hemisphere, as shown
in Fig. 1. Mean intra class correlation between this method and manual labeling has been
reported to be .84 across all 66 areas, with a mean distance error of less than 1 mm (Desikan
etal., 2006). All labels were manually inspected for accuracy. With the exception of the anterior
cingulate, the labeling gave accurate results. However, for some of the scans, non cortical areas
(medial wall, corpus callosum) extended a bit into the anterior cingulate. Examples of such
parcellations are given in Supplementary Fig. 1. Thus, the volume estimation of the anterior
cingulate labels was not very accurate for this subset of scans. Analyses for these labels were
re-run with the non-optimally parcellated scans excluded.

Based on this cortical parcellation, a newly developed algorithm was used to calculate the WM
volume in the gyrus underneath each cortical label. Each WM voxel within a gyrus was labeled
according to the label of the nearest cortical voxel. Deep WM was not assigned to a particular
cortical area, with a 5mm distance limit. This yielded 33 WM areas in each hemisphere,
corresponding to the 33 cortical areas, as shown in Fig. 2. In addition, we obtained the volume
of deep WM, which consists of all WM voxels not assigned a cortical label, as well as corpus
callosum. The volume of each region was obtained by counting the number of 1mm3 voxels
included (all scans were re-sampled to 1mm isotropic voxels during the first FreeSurfer
processing step).

Estimated intracranial volume (ICV) was used to correct the volumetric data. This was
calculated by use of an atlas normalization procedure described by Buckner and colleagues
(Buckner et al., 2004). The atlas scaling factor is used as a proxy for ICV, shown to correlate .
93 with manually derived ICV (Buckner et al., 2004).

DTl analyses were done with FreeSurfer. The preprocessing of the 30 direction balanced-echo
diffusion data involve motion and eddy-current correction, and averaging across the two
continuous runs. Each DW image is registered to the T2-weighted low-b (b = 0) image (i.e.
the image with no diffusion encoding). This registration is a 12 parameter affine one, and
accounts for both motion between scans, and for residual eddy-current distortions present in
the diffusion weighted images. Note that for the balanced echo sequences the eddy current
distortions are small, and in our experience the 12 parameter transforms are sufficient to remove
the remaining warping. Finally, a rigid transform is computed that maximizes the mutual
information between the T1-weighted anatomical and the T2-weighted low-b image. General
linear modeling was used to fit the tensors to the data and create the FA and tensor maps, in
addition to three eigenvector and eigenvalue maps. The low-b volume was registered to each
subject's anatomical volume, and the FA, eigenvector, and eigenvalue maps were analyzed in
register with the low-b. Mean FA, principal/axial (A1), and radial (A, + A3)/2) diffusion were
calculated in each of the 33 gyral WM regions in each hemisphere. To avoid the problem of
partial volume effects near the GM/WM border, each label was eroded by one voxel. Only FA
values within the remaining WM area were used in the analyses. An example of the eroded
mask is given in Fig. 3. The mask lay well inside the WM volume, and the probability of gray
matter voxels being included was assumed to be extremely low. Since each participant's FA
volume is only registered to the same participant’s anatomical volume, the problem of spurious
differences in FA due to imperfect inter-participant registration and gross anatomical
differences is almost eliminated. In addition to FA, we calculated the axial (principal) and
radial diffusion properties. The axial diffusion direction equals the principal diffusion, while
the radial equals the mean of the second and third diffusion directions.
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Since the DTI analysis strategy used was novel, the analyses were also combined with and
compared to an alternative approach. The anatomical T1 volume for each participant was
linearly transformed (12 DOF affine registration, cost function: correlation ratio, trilinear
interpolation) into MNI1152 space by use of FLIRT (Jenkinson and Smith, 2001) from FSL
(http://www.fmrib.ox.ac.uk/fsl/index.html), and the subsequent transformation matrix was
applied to the FA volume and the FreeSurfer WM parcellations for each participant. Next,
masks based on the Mori probabilistic atlas (the JHU white-matter tractography atlas) provided
with FSL were created, with a threshold of 5 (of 100). The atlas contains eleven major WM
tracts in each hemisphere, which were identified probabilistically by averaging the results of
deterministic tractography on 28 normal participants (Hua et al., 2008; Mori et al., 2005;
Wakana et al., 2007). The relatively liberal probability threshold was chosen in order to
accommodate for inter-subject variation in gross WM fiber architecture. The WM parcellations
from FreeSurfer and the different tracts from the Mori atlas were simultaneously used as masks
for the FA images. For each FreeSurfer parcellation, the number of voxels that overlapped with
each of the eleven Mori tracts was counted. This made it possible to decide which major tracts
contributed to each of the FreeSurfer defined WM regions for each participant, and to correlate
mean FA from each FreeSurfer WM region with FA from each of the constituting tracts. High
positive correlations were expected. These analyses were done for validation purposes, and
were thus restricted to one (left, randomly picked) hemisphere only to save space. In addition,
mean FA in each of the tracts, not restricted to the overlap with the FreeSurfer WM areas, was
calculated. This information was used to test whether use of FreeSurfer WM areas to restrict
the FA calculation of the tracts would change the relationship between FA and age. 3D slicer
(http://www.slicer.org/) was used to create three dimensional renderings of the
probabilistically defined tracts. These tracts were projected onto a semi-transparent template
brain (“fsaverage” distributed with FreeSurfer). The FreeSurfer WM parcellations were also
projected onto this brain, as well as the result of the FreeSurfer whole-brain segmentation
(Fischl et al., 2002). This way, it was possible to visually inspect the anatomical locations of
the tracts used, and also the overlap with the FreeSurfer WM parcellations. The three-
dimensional renderings are shown in Fig. 4.

All analyses were run with statistical outliers excluded. An outlier was defined as an
observation for which the studentized deleted residuals exceeded £2.0. To obtain optimal
accuracy, this was done for each correlation separately. First, total and hemispheric gyral WM
volume, mean total and hemispheric cortical thickness, and mean and hemispheric gyral WM
FA, were correlated with each other and with age. Next, regional WM volume and FA were
correlated with age. The correlations were corrected for the influence of sex, and in case of
WM volume also ICV. It was also tested whether a non-linear (quadratic) term added
significantly to the amount of explained variance. The relationships between FA and WM
volume were tested by partial correlations for each label, controlling for age, sex, and ICV.
Since the two labels in the anterior cingulate were inaccurate for some of the participants, these
correlations were also re-run without these participants. Relationships were investigated further
by re-running the correlations with axial and radial diffusion as dependent variables. For
comparison purposes, regional FA was also correlated with cortical thickness. Several brain
areas that probably correlate with one another were investigated, and Bonferroni corrections
for multiple comparisons may thus be too conservative since this approach assumes that the
dependent variables are not correlated. Because of this, both uncorrected and corrected p-values
(by a factor of 35) were presented.

The results were compared with atlas based tractography in the following manner: First, mean
FA in each of the FreeSurfer WM regions was correlated with FA in overlapping tracts, and
also with the weighted mean of all tracts included in each WM area. The weighted mean was
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obtained by multiplying FA in each tract with the number of voxels overlapping with the given
FreeSurfer parcellation, summing these products, and dividing by the total number of
overlapping voxels for that area. The weighted mean for each FreeSurfer WM parcellation was
then correlated with age and WM volume. T-tests of Fisher's z-transformed correlations were
computed to check whether significant differences in the sensitivity to age and/or volume could
be detected between the two approaches. In addition, mean FA in each of the eleven tracts was
calculated independently of any overlap with the FreeSurfer parcellation. The FA in each of
these tracts was correlated with age, and the results compared to the FreeSurfer approach and
the combined FreeSurfer — tract-based approach.

Global analyses

Total gyral WM FA correlated —.36 (p <.001) with age (sex partialled out), —.28 (p <.01) with
WM volume (age, sex and ICV partialled out), and .21 (p < .05) with cortical thickness (sex

and ICV partialled out). When ICV was not partialled out, WM volume and FA did not correlate
(r =-.01, p =.95). When hemispheres were analyzed separately, right and left FA correlated
—.26 (p<.05) and —.40 (p<.05) with age (sex partialled out), respectively. The FA-correlations
with right and left WM volume were —.23 (p < .05) and —.24 (p < .05), and .11 and .06 (n.s.)

for right and left cortical thickness (sex, age, and ICV partialled out).

Total gyral WM volume correlated .17 (n.s.) with age, and the hemispheric correlations were .
14 and .16 (n.s.) for right and left, respectively (sex and ICV partialled out). For cortical
thickness, the age-correlations were —.45 (p<10~°) for mean thickness, and —.44 (p<10~°) and
—.39 (p<.001) for right and left hemisphere (sex and ICV partialled out), respectively. After
these global analyses, regional analyses were conducted.

Regional analyses: Age effects on WM volume and FA

Mean FA and volume in each parcellated region are presented in Supplementary Table 1.
Correlations between age and WM volume, where ICV and sex were controlled for, and
between age and FA, where sex was controlled for, are presented in Table 1. Color-coded
correlations, projected onto a model of the WM surface, are displayed in Fig. 5. As expected,
age and volume were generally weakly related, with ten significant correlations (uncorrected,
none survived Bonferroni correction), all positive. When ICV and sex were not regressed out,
five correlations were significant, all negative. Follow-up analyses showed that three of the
relationships between age and WM volume were best described as non-linear (left posterior
cingulate and right and left parietal cortex). The results for these three relationships are
presented in Supplementary Table 2.

FA and age were more consistently correlated, and significant negative relationships were
identified in 26 regions, five surviving Bonferroni corrections. In no case was a positive
correlation significant. Areas with significant correlations were found in frontal (e.g. superior
frontal gyrus bilaterally), temporal (e.g. left middle temporal gyrus and temporal pole), and
parietal WM (e.g. paracentral gyrus bilaterally), and were often symmetrically distributed
across hemispheres. In eight cases significantly better fits were obtained by introducing a
quadratic term (lateral occipital and precentral gyrus bilaterally, left paracentral, postcentral,
and posterior cingulate gyrus, and right entorhinal WM). These relationships are presented in
Supplementary Table 3.

The FA-age correlations were investigated further by studying axial (principal) and radial
diffusion, and the results are presented in Table 1. Seven positive correlations between radial
diffusion and age were observed in the left hemisphere (one survived Bonferroni correction),
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while axial diffusion and age correlated significantly negatively in five cases (one survived
Bonferroni correction). In five cases where a negative FA-age correlation was found, neither
axial nor radial diffusion were significantly related to age. In the right hemisphere, ten negative
correlations between age and axial diffusion were found (three surviving Bonferroni
correction), and three positive between age and radial diffusion were observed (none surviving
Bonferroni correction). In nine cases where a negative FA-age correlation was found, neither
axial nor radial diffusion were significantly related to age.

Relationships between FA and WM volume

Partial correlations between FA and WM volume, where age, sex, and ICV were controlled
for, are presented in Table 2. Color coded correlations are displayed in Fig. 5, and scatterplots
are shown in Fig. 6. 23 correlations were significant (p < .05). This was above what one would
expect by chance (three to four correlations should reach p <.05 by chance), and eight survived
Bonferroni correction. Both positive and negative correlations were identified. In the left
hemisphere, positive correlations between FA and WM volume were found in caudal anterior
cingulate, cuneus, and entorhinal WM, while negative correlations were found in inferior
parietal WM, isthmus of the cingulate, lateral orbitofrontal WM, pars orbitalis, precuneus,
rostral anterior cingulate, superior frontal gyrus, and the temporal pole. For the right
hemisphere, positive correlations were found in the banks of the superior temporal sulcus,
caudal anterior cingulate, cuneus, and rostral middle frontal gyrus, while negative were found
in the fusiform gyrus, isthmus of the cingulate, pars orbitalis, postcentral gyrus, precuneus,
superior frontal gyrus, superior parietal gyrus, and supramarginal gyrus. Thus, positive
correlations that were stable across hemispheres were observed in caudal anterior cingulate
WM and cuneus, while symmetric negative correlations were found in isthmus of the cingulate,
pars orbitalis, precuneus, and superior frontal gyrus. The correlations for anterior cingulate
were re-run with the less accurate parcellations excluded. The positive correlations in left
hemisphere in the caudal part (Ih: r = .39, p <.05) survived, while the positive correlation in
right hemisphere (r = .20, p < .10) was only marginally significant. The negative correlations
in the left rostral part was now only marginally significant (r = —.21, p <.10), while the right
still correlated weakly (r = .07, n.s.).

The correlations were investigated further by correlating WM volume with axial (principal)
and radial diffusion, and the results are presented in Table 2. The positive correlations between
FA and WM volume were mostly explained by less radial diffusion in the participants with
larger WM volumes. In left caudal anterior cingulate, both axial (positive) and radial (negative)
diffusion correlated with volume. In cases of negative correlations between FA and volume,
positive correlations between radial diffusion and volume were generally found. In four cases
(left caudal middle frontal, superior frontal gyrus bilaterally, right supramarginal WM) both
axial and radial diffusion were positively related to volume. Generally, radial diffusion was
more strongly related to WM volume, with 21 significant correlations across hemispheres
(eight positive and thirteen negative), compared to the nine significant correlations between
axial diffusion and volume (seven positive, two negative).

Relationships between FA and cortical thickness

For comparison purposes, regional FA was also correlated with cortical thickness, and the
results are presented in Table 3. Ten correlations were significant (six in left and four in right
hemisphere), of which nine were positive (two survived Bonferroni correction). Bilateral
positive correlations were found in the lingual gyrus and precuneus.

Comparison of the WM parcellation and the probabilistic atlas approach

The number of voxels from each of the eleven major WM tracts (see Fig. 4) from the Mori
atlas (Hua et al., 2008;Mori et al., 2005;Wakana et al., 2007) was counted for each of the
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FreeSurfer WM areas, and the results are presented in Fig. 7. For some WM areas, e.g. the
parahippocampal gyrus, only one tract from the Mori atlas contributed (the hippocampal part
of the cingulate gyrus), while others included several tracts from the atlas, e.g. isthmus of the
cingulate (contributions from the cingulum gyrus, the cingulum-hippocampal gyrus, and
forceps major). Typically, each WM area received substantial contributions from two to four
tracts although the range was from only one and up to six (and nine for the deep white matter
area).

The FA in each part of the tracts that overlapped with the FreeSurfer parcellations was
calculated. In addition, a weighted mean of the FA across the contributing tracts within each
FreeSurfer WM area was calculated. This was done by multiplying the FA in each tract with
the number of voxels overlapping with the FreeSurfer defined WM area, summing the products
across tracts in each area, and then dividing by the total number of voxels included. The mean
FA of the voxels in each FreeSurfer WM area that was also a part of a Mori tract is presented
in Supplementary Table 1. The FAs from the atlas-based tractography approach were generally
slightly lower than the FA from the WM parcellation approach alone. The mean difference in
FA was .024, which means that the regional tract FA was 5.73% lower than the regional FA
based on the FreeSurfer parcellations. Even though the absolute difference in FA between the
two approaches was small, an ANOVA with 2 quantification methods (parcellation based, tract
based) X FA from 35 WM regions yielded a significant main effect of method (F [1,93] =
693.84, p<10~*4). Next, the correlations between FA in the different FreeSurfer areas and FA
in each of the contributing tracts were calculated, and these are presented in Table 4. As
expected, the correlations were robust and positive. In addition, the mean FA across tracts
within each FreeSurfer area was correlated with the FA from that whole area. As expected,
robust positive correlations were obtained, and the median correlation reached .82. Thus, the
results from the parcellation scheme correlates highly with the results from the atlas-based
probabilistic approach.

The sensitivity of each approach to age was compared by checking for significant differences
of the correlations obtained by the respective approaches by t-tests of Fishers z-transformed
correlation coefficients. The results are presented in Supplementary Table 4. For seven of 35
areas the age-correlation was significantly stronger with the parcellation approach than the
tract-based approach. Still, the results from the two approaches were quite similar, in that
thirteen and fourteen significant correlations with age was obtained with parcellation-based
and the tract-based method, respectively, and for ten regions the correlations were significant
with both methods. Finally, FA in each of the eleven tracts was correlated with age without
constraining the voxels by the FreeSurfer parcellation scheme. The results are presented in
Supplementary Table 5. If no threshold value was used for FA, three significant correlations
were found (anterior thalamic radiation r = —.37; forceps minor r = —.27; uncinate fasciculus
r =—.20). If only voxels with FA>.20 was used, uncinate fasciculus no longer correlated
significantly with age (r = —.16, n.s.).

Discussion

Three main conclusions can be drawn from the presented results. First, FA was sensitive to
aging even in a relatively narrow age span of 20 years. This was caused by a mix of reduced
axial and increased radial diffusion with age. Second, regional WM volume and FA were
moderately to weakly related, with correlations going in both directions. FA in the global gyral
WM correlated negatively with volume, although this relationship vanished when ICV was not
partialled out. Thus, the neurobiological properties underlying individual differences in WM
volume and FA are probably somewhat overlapping, but clearly differ to a substantial degree.
There were fewer significant correlations between FA and cortical thickness than FA and gyral
WM volume, but all except one were in the expected positive direction. Finally, the specific
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positive correlations that were identified between FA and WM volume were mainly caused by
radial diffusion, suggesting that degree of myelination may contribute to both WM volume and
degree of anisotropy in these cases.

Since WM volume is known to stop increasing in middle age, it was expected that the
correlation between WM volume and age would be weak. This was confirmed. However, FA
correlated with age even within this relatively narrow age range. Thus, age-related changes in
WM integrity occur without corresponding observable volumetric reductions. This explanation
fits with a view of FA as an early marker for atrophy that at a later stage may be detectable by
volumetric WM measures. The FA correlations could partly be explained by increased radial
diffusion, suggesting demyelination with increasing age (see below). This is in accordance
with results from animal, postmortem studies and MR studies (Bartzokis et al., 2003;
Hugenschmidt et al., 2008; Meier-Ruge et al., 1992; Nielsen and Peters, 2000; Peters et al.,
2000; Tang etal., 1997) suggesting myelin breakdown with normal aging. Since most cognitive
functions depend on distributed neural networks, changes in the myelin integrity will probably
affect cognitive function in aging (Bartzokis et al., 2004). This fits with general
neuropsychological findings of reduced mental abilities with increasing age, even though the
relationship between structural brain changes and cognition is not straightforward (Greenwood,
2007; Raz and Rodrigue, 2006; Raz et al., 2007; Walhovd et al., 2005b). Several of the WM
areas where FA and age correlated were frontal (e.g. superior frontal cortex), fitting with the
“frontal hypothesis” of aging (West and Bell, 1997; West, 1996), but correlations were found
also in several other areas (e.g. inferior parietal and lingual WM).

Regional WM volume and FA were moderately correlated, but to a lesser extent than what was
hypothesized. 23 significant correlations are more than expected by chance, but do not indicate
a very close relationship. Further, the majority of the correlations were negative, which was
contrary to the hypothesis, and the correlation between global gyral WM volume and FA was
negative. Of the seven positive correlations, four were symmetrically distributed across the
hemispheres (caudal anterior cingulate, cuneus), while eight of the negative correlations were
symmetrically distributed (isthmus of the cingulate, pars orbitalis, precuneus, superior frontal
gyrus). Even though FA and WM volume are fundamentally different measures, there were
several reasons to expect a relationship between the two. Both are negatively affected by age
(Head et al., 2004; Hugenschmidt et al., 2008; Salat et al., 2005a,b), even though non-linear
age effects on FA are still not established, whereas non-linear age-effects on WM volume have
been demonstrated in several cross-sectional studies (e.g. Salat et al., 2005b; Walhovd et al.,
2005a,b). Further, both FA and volumetric measures are to some degree related to myelination,
at least in mice (Hugenschmidt et al., 2008; Peters et al., 2000; Peters and Sethares, 2002). The
latter is in accordance with the present results, in that radial diffusion explained most of the
few observed positive relationships.

Several possible explanations may be put forth for why the relationships between FA and WM
volume were not stronger. First, FA is probably sensitive to several properties of WM that may
not influence volume, e.g. overall variations in brain water content. Further, as argued above,
some age-related neurobiological processes have opposite effects on FA and WM volume, e.g.
redundant myelination (Peters et al., 2000) and fluid bubbles in the myelin sheets (Peters and
Sethares, 2002). Another factor is the complexity of circuitry. Increase in WM volume until
middle age may partly be a result of increased complexity of myelinated nerve fibers, with
more frequent occurrence of fiber crossing. Increased degree of fiber crossing will reduce the
FA index (Tuch et al., 2005), but may contribute to larger WM volume. Myelination of small
fibers that are not organized in a parallel fashion will yield low FA, since the voxel size of a
typical DTI study is too large to capture the diffusion parallel with the thin fibers. This is a
typical property of the WM tissue near the GM/WM border of the brain. The degree of
myelination in such areas will affect WM volume and FA in different ways. Thus, it is likely
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that a set of different neurobiological processes in sum account for the moderate to weak
relationships between WM volume and FA in the present data. It is also interesting to note that
the correlations between WM volume and FA generally exceeded the correlations between FA
and cortical thickness, but that the latter were positive only.

Studying axial and radial diffusion separately also cast some light on the observed negative
correlations between FA and WM volume. For four (left caudal middle frontal, superior frontal
gyrus bilaterally, right supramarginal gyrus) of the negative correlations, both axial and radial
diffusion correlated positively with volume, indicating increased diffusion in all directions.
Further, for twelve of the negative correlations, radial diffusion correlated positively with WM
volume. These phenomena can be caused for instance by lower fiber density with more
extracellular space. It is possible that such changes will affect diffusion measures and
volumetric measures in different ways, although the mechanism behind this is unclear. The
positive correlations between radial diffusion and volume may also be caused by increased
myelination in areas of substantial fiber crossing. Myelination will probably increase WM
volume, but may decrease FA through increased observed radial diffusion because the voxel
size is too large to enable disentanglement of small, myelinated crossing fibers. Axon diameter
may also influence the radial diffusion, and is an additional candidate explanation for the
positive relationship between volume and radial diffusion. The same is degree of fiber packing
density, which possibly will affect volume and radial diffusion differently. Beaulieu (Beaulieu,
2002) noted that the non-myelinated olfactory nerve of the garfish has higher anisotropy than
the myelinated trigeminal and optical nerves, which may be related to the smaller axonal
diameter in the former. However, it must be stressed that the candidate causal relationships
discussed here are largely based on speculations, and that more research is needed. Still,
studying axial and radial diffusion is probably a fruitful approach in interpreting the
microbiological underpinnings for the FA metric.

The present results stand partly in contrast to two previous studies. In one study, correlations
between FA and combined voxel-based morphometry (VBM) derived volumes were found in
several WM areas (Hugenschmidt et al., 2008). This study had a wide age-range, with 64
participants spanning in age from 18 to 80 years. This probably created more variance in both
FA and WM volume than in the present study, thus increasing the probability of identifying
significant relationships. Still, the FA-WM correlations were found independently of age, so
age-variance per se can probably not explain the divergent results. In another study (Salat et
al., 2005b), prefrontal FA and WM volume correlated positively. This correlation was found
only when the analysis was restricted to the participants over 40 years. The lack of correlation
between FA and WM volume in younger participants was explained by pointing to the typically
continued increase in WM volume in this age range in the presence of FA reductions. The age-
range in that study, however, was much larger than in the present, extending up to the late
seventies. This probably increased the variance in both measures, and age as a common factor
for both volume and FA may have added to the likelihood of identifying a relationship. It is
possible that WM volume and FA are more strongly correlated in higher age than in middle
age. Future research should detail the age trajectories in both WM volume and FA within the
same sample.

Comparisons of the parcellation- and tract-based approaches

The purpose of the present paper was not to test approaches to DTI analyses per se, but since
the method used is novel, we felt the need for comparing the output of this method with more
traditional procedures. The quantification of number of voxels from each of the 11 atlas based
tracts in each WM parcellation made it possible to interpret each area in terms of contributing
fiber tracts. As expected, areas like superior parietal gyrus and deep WM received contributions
from several tracts. All long-projecting fibers in the brain pass though the deep WM, so it was
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not surprising that this area received contributions from multiple tracts. The number of tracts
included in an area corresponds well to the role of each area in cognitive processing. For
instance, the isthmus of the cingulate is an important structure in memory consolidation, as it
has connections with medial temporal lobe structures (e.g. hippocampus) and projections
forward to the prefrontal cortex (Buckner, 2004). It was therefore expected that this structure
would include different fiber tracts. The adjacent posterior cingulate, however, included almost
exclusively the cingulum bundle, with a minor contribution from the corticospinal tract. In
short, the distribution of tracts within the different parcellations seemed reasonable.

Next, the median correlation of .82 between FA from all the voxels included in a given
anatomical WM region and the voxels that were a part of predefined tracts indicated that the
parcellation approach yielded comparable results to the more established tract-based method.
Further, mean FA in each WM region and the weighted mean of the tracts included in each
region was quite similar, with mean differences of about 5%. This difference was highly
significant, but the actual difference in mean FA was only .024. The slightly higher FA from
the parcellation approach than the tract-based approach may be caused by the relatively low
probabilistic threshold that was used for definition of tract. With higher thresholds, the results
would probably converge even more.

Finally, when FA from both methods was correlated with an external variable, the results were
quite similar. The parcellation approach was slightly more sensitive to age, in that seven of the
35 correlations were higher with this approach. Still, the absolute differences between the
coefficients were mostly small, and the low significance levels observed were mainly due to
the extremely high correlations between the methods. For instance, the correlations between
FA and age in middle temporal WM were —.31 vs. —.21 for the parcellation- vs. the tracts based
approach, and this relatively minor difference was significant due to the correlations between
FA from the two approaches being as high as .87 for this area. Still, the results were generally
similar between the methods. When FA in each tract was calculated without restricting the
solutions by the FreeSurfer parcellations, only two tracts correlated significantly with age
(anterior thalamic radiation and forceps minor). Thus, FA in gyral WM, whether it was
calculated based on the parcellation scheme or the tract-based approach, seemed more sensitive
to age than FA in the whole tracts. One reason for this may be that all tracts include a substantial
part of the deep WM, which seems to be less influenced by age. This fits with theories of aging
of the brain's WM, postulating that later-myelinated fibers, e.g. near the cortex, are more
vulnerable to aging than early myelinated fibers (Bartzokis et al., 2004). However, studies
employing individual fiber tracking in addition to probabilistic labeling would be an interesting
extension of the approach used in the current study.

A major advantage with the parcellation based method is that it facilitates analyses of multi-
modal imaging data, in that WM volume and FA is calculated from the same voxels, and both
are defined based on the cortical parcellation scheme. Thus, comparisons with cortical
variables, such as thickness or volume, can be made. Further, other types of data, e.g. PET
metabolism, can be registered to the same volumes and the parcellation scheme can be used
for regional analyses of metabolic data.

A limitation associated with studies of brain variables in age-homogenous groups, is that the
relationships between different variables are treated as static. This may not be an accurate
description, however, and FA and WM follow different age-trajectories (Salat et al., 2005b),
as also evident from the present data. It has been argued that DTI measures reflect different
neurobiological properties of WM at different ages in development (Wozniak and Lim,
2006), and the same is probably true in adult aging as well. Thus, statements about the
relationship between brain variables should be restricted to the type of population used in the
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study. It is possible that correlations between FA and WM volume will be different in children,
middle aged participants, and in elderly. The present results can be regarded as snapshots of a
relationship that is in continuous change. The present analyses should be expanded by
increasing the age range both upwards and downwards, and by including other groups of
participants, e.g. with different types of neurological conditions. This would increase the
between-subject variance in the data, and probably the chance of identifying relationships
between morphometric and DTI measures. Finally, it is important to keep in mind that even
though myelin is an important part of WM, and influences FA to a significant degree, there are
other features of WM that also are of importance. Glial cells, i.e. oligodendrocytes and
astrocytes, make up a large part of WM.

Conclusions

The present results suggest that regional FA is sensitive to age changes even in a relatively
narrow age span of 20 years, at an age where WM volume increases reach a plateau. The
reduction of FA with age seems to be partly caused by increased radial diffusion, indicating
changes in the integrity of myelin. However, reduced axial diffusion seemed to be as important
as increased radial diffusion in explaining age-reductions in FA. Further, WM volume and FA
were moderately to weakly correlated. Positive correlations were driven by radial diffusion,
presumably related to amount of myelination, while axial diffusion, related to axonal integrity,
had relatively less impact on the relationships between FA and volume. Still, at least in healthy,
age-homogenous middle aged participants, volume and FA appear sensitive to partly different
properties of WM, as evidenced by several negative and non-significant correlations. In
conclusion, the results suggest that even though WM volume and FA are to some degree related,
great caution should be taken when comparing results from volumetric and FA-studies of WM.
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Parcellation of the cerebral cortex. The brain surface was parcellated into 33 different gyral
based areas, as previously described (Desikan et al., 2006). These areas are shown in different
colors on a semi-inflated template brain. The inflation procedure makes it possible to see areas
buried inside sulci that would otherwise be hidden from view.
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Parcellation of the gyral white matter. Gyral white matter was labeled according to the cortical
parcellation of the gyri. The image to the left shows the intensity normalized, motion corrected,
and skull-stripped mprage scans of a representative participant (58 year old male). In the second
image from the left, the gray/white boundaries (orig surface) and the brain/CSF boundaries
(pial surface) are illustrated by the red and green line. Examples of the cortical and the WM
parcellations are shown in the two right images (coronal and horizontal views, respectively).
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FA volume
on WM

Fig. 3.

Registration of FA to anatomical volumes. The FA images were registered to the anatomical
scans, and mean FA in each of the WM parcellations (see Fig. 2) was calculated. Each
parcellation was eroded by one voxel, to avoid effects of partial voluming along the cortical/
WM boundary. The upper left image shows the brain volume with the eroded WM mask
displayed. The upper right image shows the segmented WM volume with the eroded mask
overlaid. As can be seen, the eroded WM mask is embedded well within the WM volume, and
the risk of partial voluming is minute. The lower left image is the vector volume registered to
the anatomical brain volume, and the lower right image is the transparent vector volume
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displayed on the non-eroded WM volume. All images are from the same participant as those
in Fig. 2
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Fig. 4.

3D renderings of the probabilistic tracts overlaid on a transparent template brain with the
FreeSurfer WM parcellations and whole-brain segmentation. The 11 atlas-based probabilistic
tracts from the Mori atlas is shown as 3D renderings, displayed on a semi-transparent template
brain from FreeSurfer (fsaverage). The subcortical structures are results from FreeSurfer's
whole brain segmentation procedure. The colors on the cortical surface are the cortical
parcellations on which the WM parcellations are based (see Fig. 1 and Fig. 2). The figure was
made by use of 3D slicer software (http://www.slicer.org/).
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Fig. 5.

Correlations between age, FA, WM volume, and cortical thickness. The significance of the
correlations between age and FA (upper panel), age and WM volume (2nd panel), FA and WM
volume (3rd panel), and FA and cortical thickness (bottom panel) in each parcellation is color
coded, and projected onto a template of the brain's WM (three upper panels) or cortical (bottom
panel) surface. The correlations involving WM volume and cortical thickness are corrected for
the influence of sex and ICV. The blue color indicate a positive correlation, the pink color
indicate a negative correlation.
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Scatterplots of superior frontal gyrus. The figure illustrates the relationship between FA/axial
diffusion/radial diffusion and age and WM volume for one selected area (superior frontal
gyrus). Note that the scatterplots represent the raw data, while statistics are done with different
variables partialled our (age, sex, and/or ICV). In addition, outliers were excluded from all
analyses based on a criterion of not exceeding +2 studentized deleted residuals, but are included
in the scatterplots.
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Overlap between FreeSurfer parcellations and major tracts from the Mori probabilistic atlas.

The bar plots show the number of voxels in each left hemisphere FreeSurfer WM parcel that
overlapped with each of the 11 major tracts in the probabilistic atlas used (Mori). Tract numbers
referto 1. ATR, 2. CCG, 3. CHG, 4. CST, 5. FMa, 6. FMi, 7. IFOF, 8. ILF, 9. SLF, 10. SLFTP,
11. UF (see also Fig. 4 and Table 4).
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Table 3

Partial correlations (controlling for sex and ICV) between FA and cortical thickness (outliers are excluded, +2
studentized deleted residuals)

Label LH RH
Banks Sup Temp S 17 -.05
Caudal anterior cingulate —.46 -.20
Caudal middle frontal .22 .00
Cuneus .20 19
Entorhinal -10 -.03
Fusiform -.04 17
Inferior parietal -.02 .20
Inferior temporal .09 -.10
Isthmus cingulate .20 13
Lateral occipital .08 .10
Lateral orbitofrontal .10 15
Lingual .30 .44
Medial orbitofrontal -19 —-.04
Middle temporal -.01 .10
Parahippocampal -.03 22
Paracentral .16 .05
Pars opercularis .06 22
Pars orbitalis 13 .06
Pars triangularis .28 .08
Pericalcarine -.00 19
Postcentral .20 =12
Posterior cingulate .10 -.03
Precentral .23 .08
Precuneus 31 .26
Rostral anterior cingulate .04 -13
Rostral middle frontal -.08 -19
Superior frontal .03 .05
Superior parietal 12 21
Superior temporal .18 -.01
Supramarginal .07 .05
Frontal pole .18 —-.04
Temporal pole -.03 .02
Transverse temporal —-.05 .04

Bold indicates p < .05, df = 88-95.

Underlined indicates p < .05 after Bonferroni correction.
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