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Abstract

Diffusion tensor imaging (DTI) consistently detects increased mean diffusivity and decreased
fractional anisotropy with advancing age in regions of primarily single white matter (WM) fiber
populations, but findings have been inconsistent in regions of more complex fiber architecture.
Given that DTI remains more common for characterizing aging WM than advanced diffusion MRI
models due to DTI’s simplicity, robustness, and efficiency, it is critical to strive to maximize

the information extracted from DTI across the entire WM. The present study uses an orthogonal
diffusion tensor decomposition based on the 3 eigenvalue moments (mean diffusivity, norm of
anisotropy, and mode of anisotropy), yielding clear voxelwise degeneration patterns across the
WM, including regions of complex fiber architecture. This indicates that the previous challenges
of DTI in these regions were due to the choice of tensor decomposition rather than the DTI

model itself. This study therefore presents a revised view of DTI of aging WM and indicates how
age-related degeneration in complex fiber architecture can manifest in forms other than decreased
fractional anisotropy.
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Introduction

The cognitive decline that accompanies normal adult aging is associated with alterations in
white matter (WM) microstructure, which can be classified into cellular and extracellular
changes. Cellular changes include degeneration of WM fibers, including Wallerian
degeneration and axonal death, as well as degradation, splitting, and ballooning of

myelin sheaths (Peters, 2002). Extracellular changes include enlargement of interstitial
and perivascular spaces, increased neuroinflammation and blood-brain-barrier breakdown
(Maclullich et al., 2004; Meier-Ruge et al., 1992; Sonntag et al., 2011; Sparkman and
Johnson, 2008). Accordingly, in vivo characterization of WM microstructure is highly
relevant for monitoring age-related changes and distinguishing normal versus pathological
aging. The method of choice in this regard has been diffusion tensor imaging (DTI),

which models the microscopic diffusion of water molecules as a second-order symmetric
positive-definite tensor that can be decomposed into scalar invariant metrics (Basser et al.,
1994). The trivial decomposition is a spectral decomposition into 3 orthogonal eigenvalues
that describe the magnitude of diffusion along each of the 3 dimensions. Since the early
days of DTI, however, metrics derived from the eigenvalues that holistically describe the
size and shape of the tensor have been acknowledged as a useful alternative to assessing
the directional diffusivities individually (Pierpaoli and Basser, 1996). DTI studies most
commonly use the metrics mean diffusivity (MD), a measure of the size of the tensor, and
fractional anisotropy of diffusion (FA), a measure of the shape of the tensor.

Studies of healthy WM have consistently reported the trend of increased MD and decreased
FA with advancing age, most pronounced in association tracts (superior longitudinal
fasciculus, arcuate fasciculus, fronto-occipital fasciculus, inferior longitudinal fasciculus,
and uncinate fasciculus) and genu of the corpus callosum, whereas less pronounced in the
corticospinal tract and the splenium of the corpus callosum. These trends of increased MD
and decreased FA with advancing age are typically interpreted as an overall decline in WM
microstructural integrity with advancing age (Cox et al., 2016; Lebel et al., 2012; Madden et
al., 2012; Sullivan and Pfefferbaum, 2006).

Voxelwise analyses have become a common procedure for DTI studies as they allow for
visualization of trends spatially across the WM. The standard approach is tract-based spatial
statistics (TBSS), which measures variation in DTI metrics across subjects per voxel of a
standardized WM skeleton (Smith et al., 2006). This allows for simultaneous assessment of
DTI trends in the lateral WM, which consists of short association fibers connecting adjacent
cortical areas, and the medial WM, which consists of more compact tracts, including the
corpus callosum (medial-lateral), projection tracts (superior-inferior), and association tracts
(anterior-posterior) (Catani and de Schotten, 2012). However, virtually all voxels of the WM
skeleton contain more than one distinct fiber orientation (Jbabdi et al., 2010). While short
association fibers in lateral voxels form primarily single fiber bundles, medial voxels contain
more complex fiber architecture, particularly in the corona radiata and internal capsule.
Here, the primary fibers stem from projection tracts, notably the corticospinal tract, and
secondary crossing fibers stem from association tracts. The conflation of multiple fiber tracts
within voxels may be even further exaggerated by imperfect cross-subject registration and
skeletonization during TBSS preprocessing (Bach et al., 2014). In the corona radiata and
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internal capsule, FA has been shown to exhibit weak sensitivity to age, and recent TBSS
studies with larger samples have found sporadic increases in FA with age (de Groot et al.,
2016; Miller et al., 2016). Increases in FA are often detected in these regions among patients
with Alzheimer’s disease relative to healthy controls, interpreted as selective degeneration
of the secondary association fibers, which would result in increased anisotropy along the
primary direction (Doan et al., 2017; Douaud et al., 2011; Mito et al., 2018; Teipel et

al., 2014). It has been suggested that increases in FA in normal adult aging also reflect
selective degeneration that occurs to a lesser extent than in neurodegenerative disease

(Chad et al., 2018; de Groot et al., 2016). This indicates that in the presence of complex
fiber architecture, WM degeneration does not always manifest itself as decreased FA, and
increased FA may serve as a proxy of selective degeneration of secondary fibers crossing
the primary tract. That said increased FA in normal aging is rarely detected across the
corona radiata and internal capsule despite selective degeneration of association fibers being
expected throughout these regions. This is presumably due to this increased anisotropy
resulting from selective degeneration being conflated with increased isotropic diffusion in
aging resulting from the extracellular processes mentioned earlier, which would explain the
low sensitivity of FA to age in these complex regions.

It is often maintained that DT1 is inherently limited in regions of complex fiber architecture
and alternative advanced diffusion MRI methods are necessary. For example, a two-
compartment free-water DT1 model has been used to model the increased diffusivity with
age into a separate free water compartment, such that the tissue compartment exhibited
clear and consistent positive age associations of tissue FA throughout the corona radiata
and internal capsule (Chad et al., 2018). Neurite orientation dispersion and density imaging
has been used to find negative age associations of fiber orientation dispersion in these
regions (Miller et al., 2016). Constrained spherical deconvolution has been used to explicitly
model a fiber orientation distribution function in patients with Alzheimer’s disease to
demonstrate selective degeneration in these regions relative to the controls (Mito et al.,
2018). Nevertheless, DTI remains the most commonly used diffusion MRI approach in
practice due to its simplicity, robustness (DTI does not rely on assumptions about the
tissue like advanced models), efficiency (applicability to any rapid single-shell acquisition,
which remains the most common clinical approach), and availability (abundance of legacy
single-shell data). Therefore, rather than relying on advanced diffusion models, it is crucial
to maximize the information that can be extracted from the DTI model for illuminating
age-related degeneration in regions of complex fiber architecture.

As mentioned, a key challenge of decomposing the tensor into FA in the corona radiata and
internal capsule is that increased anisotropy in aging (resulting from selective degeneration)
is conflated with the increased isotropic portion of MD in aging (resulting from extracellular
processes), thereby limiting the sensitivity of FA to age in these regions. In other words,
while FA describes the shape of the tensor, the measure is normalized by the size of the
tensor, and hence FA and MD are not orthogonal. It is therefore worthwhile to explore

a set of size and shape measures that provide a fully orthogonal decomposition of the
diffusion tensor (Ennis and KindImann, 2006). Here, we choose an alternative orthogonal
decomposition based on the eigenvalue moments: MD, norm of anisotropy (NA), and mode
of anisotropy (MO). Visualization of how MD, NA, and MO reflect tensor size and shape is

Neurobiol Aging. Author manuscript; available in PMC 2024 February 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chad et al.

2.

Page 4

displayed in Supplementary Figures 1 and 2. Briefly, while MD remains a measure for the
size of the tensor, NA is a shape measure directly based on the variance of the eigenvalues
and thus irrespective of alterations in MD (i.e., irrespective of alterations in isotropic
diffusion). Degeneration of primarily single-tract regions would manifest as decreased NA,
whereas selective degeneration of secondary crossing tracts would manifest as increased
NA. MO is another shape measure that corresponds with the skewness of the eigenvalues
and hence whether the anisotropy is linear (MO = 1), as in a “stick” shaped tensor, or
planar (MO = -1), as in a “pancake” shaped tensor. Because WM usually has positive values
of MO, decreases and increases in anisotropy are typically interpreted as decreases and
increases in linearity. The use of MO allows us to verify that decreased anisotropy in aging
is indeed decreased linear anisotropy, consistent with reduced microstructural integrity, and
that increased anisotropy in aging is indeed increased linear anisotropy, consistent with
selective degeneration of secondary fibers.

Given the aforementioned issues of sensitivity and interpretability of DTI findings in

aging, and also given the ongoing popularity of DTI while advanced diffusion MRI
techniques often remain unfeasible, this study aims to push the boundaries of a conventional
TBSS-style DTI analysis. The purpose of this study is to determine if the orthogonal
diffusion tensor decomposition based on the eigenvalue moments can allow DTI to provide
insight into age-related degeneration across the WM, including regions of complex fiber
architecture. In conjunction with our DTI analysis, we additionally use a crossing fiber
model to test the hypothesis that age-related differences in tensor shape in these regions
correspond to differences in the relative proportions of crossing fiber tracts. Accordingly,
rather than interpreting the diffusion tensor as representing a single fiber tract as encouraged
by the conventional FA decomposition, the orthogonal decomposition is used while bearing
in mind that degeneration in the presence of complex fiber architecture does not necessarily
manifest as decreased anisotropy.

Methods

2.1. Study participants

All participants of the present study were participants of the UK Biobank initiative. The

UK Biobank (ukbiobank.ac.uk) recruited 500,000 participants aged 40-69 across the United
Kingdom between 2006 and 2010, and has since embarked on a plan to image 100,000

of these participants. The UK Biobank received ethical approval under Research Ethics
Committee reference number 16/NW/0274 and all participants provided written consent.

The present study was conducted as a component of UK Biobank Application 40922. At

the time of application in 2018, 22,427 participants aged 44-80 years had been imaged.
Participants were excluded from our study if they reported a neurological, psychological, or
psychiatric disorder, neurological injury, or history of stroke. Participants were then divided
up into 7 age categories of [46-50, 51-55, 56-60, 61-65, 66—70, 71-75, 76-80] years,

and 50 male and 50 female participants were randomly selected from each of the 7 age
categories. The final sample thus consisted of 700 participants aged 46-80 years (50% male,
50% female).
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2.2. Diffusion MRI data

Detailed information about MRI data and processing from the UK Biobank can be found in
the study by Alfaro-Almagro et al. (2018). In brief, diffusion MRI data were acquired on a
Siemens Skyra 3T system with 5 b = 0, 50 b = 1000s/mm?2 and 50 b = 2000s/mm? volumes
(100 distinct directions) at TR = 3.6s, TE = 92 ms, matrix size = 104 x 104 x 72 with (2
mm)3 resolution, 6/8 partial Fourier, 3x multislice acceleration and no in-plane acceleration.
An additional 3 b = 0 volumes were acquired with a reversed phase encoding. The data were
corrected for eddy-current and susceptibility-related distortions via EDDY (Andersson and
Sotiropoulos, 2016) and TOPUP (Andersson et al., 2003), respectively.

2.3. Diffusion tensor imaging

The diffusion tensor D was computed voxelwise by fitting diffusion MRI signal from the b =
0 and b = 1000s/mm? shells to the DTI model (implemented in FSL’s DTIFIT as per the UK
Biobank preprocessing pipeline). D was decomposed into

D=D+D

@

Where

]|

=MD-I

@

in which I is the identity matrix such that D is an isotropic tensor based on the first moment
of the eigenvalues (MD is defined in Eqg. 5); and

D=D-D
®3)

is the residual anisotropy, based on the second moment of the eigenvalues. FA, the
conventional DTI metric for tensor shape, is defined by the ratio between || D || and || D ||,
where || is the Frobenius norm (square root of the sum of the squares of tensor elements):

31D _ 3 Dl
FA: =\/ =
2| D 2 —
ol Jsmp? + 1512

©

Eq. (4) demonstrates that FA depends on both the first (MD) and second (|| D || )) moment

of the eigenvalues of D. Therefore, for example, any increase in isotropic diffusivity (i.e.,
affecting MD but not || D ||) will cause FA to decrease (Supplementary Fig. 1B). This is
further discussed in Appendix A.
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For the present study, rather than merely describing the tensor with its 3 orthogonal
eigenvalues A, the size and shape of the tensor are described by further deriving 3 orthogonal
scalar invariants from the decomposition of Eq. 1 which is based on the first, second, and
third moments of tensor eigenvalues: MD, NA, and MO (Ennis and Kindlmann, 2006):

MEAM+ N

1
MD = §Tr(D) = 3

®)

NA= [| D]l =(h — MD)?+ (1 — MD)? + (3 — MD)2

©

MO =3 ﬁdet(” g ”) _ 35k = MD)G N—Azmm — MD)

O

where MD is a measure of the overall diffusivity, NA is a measure of anisotropy without
confounding any changes in diffusivity, and MO is a measure of whether the anisotropy

is linear (indicative of a single fiber tract) or planar (indicative of, for instance, crossing

or fanning fiber tracts). For this study, MD and MO are output directly from DTIFIT,
whereas NA is computed via Eq. 6 from the eigenvalue decomposition output by DTIFIT.
The relationship between these 3 metrics and the moments of the eigenvalue distribution is
shown in Table 1.

Note that in the study by Ennis and Kindlmann (2006), MO is erroneously described as
Mdads
NA3

MO = (i.e., the subtraction of MD from each eigenvalue is omitted). The scaling factor

3,/6 is used to normalize values of MO to lie between —1 and 1.

2.4. Explicit crossing-fiber modeling

The use of the aforementioned basis for tensor shape is motivated by the presence of
complex fiber architecture, but none of the orthogonal DTI metrics are actually specific

to crossing fibers. To aid in biological interpretation, the orientation of fiber bundles
underlying the tensor is explicitly modeled via BEDPOSTX (Bayesian estimation of
diffusion parameters obtained using sampling techniques) (Jbabdi et al., 2012), available

in FSL and implemented as part of the UK Biobank processing pipeline. This approach uses
Markov Chain Monte Carlo sampling from all shells of diffusion MRI data (i.e., both b =
1000s/mm?2 and b = 2000s/mm?) to estimate the posterior mean fractional voxel occupancy
of 3 tracts, that is, the proportion of the primary, secondary, and tertiary tract per voxel,
occupying fractions fq, f, and f3 of the voxel, respectively.
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2.5. Statistical analysi

This study is designed to emulate a standard DTI study of WM aging, but using alternative
tensor decomposition. FSL’s TBSS (Smith et al., 2006) was used with default parameters to
obtain a WM skeleton based on the 700-subject sample registered to MNI152 space (182 x
218 x 182). For voxelwise analysis, a significant correlation of metric with age was defined
by 0 < 0.05 with correction for multiple comparisons (clusterwise controlling familywise
error rate with 500 permutations) as per FSL’s randomize (Winkler et al., 2014). Age-related
difference in metric per year (effect size), defined as the slope of the regression line of
metric versus age, was calculated in each voxel using a general linear model (mri_gImfit)
as implemented in FreeSurfer (Fischl, 2012), and displayed only for statistically significant
associations. To control for potential sex differences in aging trajectories (Kodiweera et al.,
2016), the linear model was fit separately for males and females and the 2 regression line
slopes were averaged (i.e., mri_glmfit controlled for sex). Screenshots were taken for the
figures of this article at MNI coordinate (116, 130, 91).

3. Results

Fig. 1 displays significant associations of MD and FA with age across the 700-subject
sample from the UK Biobank. Positive associations of MD with age are widespread

across the WM skeleton, most notably in the genu and body of the corpus callosum, the
anterior and posterior corona radiata, and parts of the anterior limb of internal capsule (Fig.
1A). Negative associations of FA with age are also widespread across the WM skeleton,
particularly in the genu of the corpus callosum, anterior corona radiata and posterior
thalamic radiations (Fig. 1B). Conversely, select regions of the WM skeleton also display
positive associations of FA with age in the superior and posterior corona radiata, as well
as small portions of the posterior and retrolenticular limbs of the internal capsule. There
are also numerous areas exhibiting no significant association of FA with age, mostly in the
corona radiata, as well as the posterior most section of the anterior limb of the internal
capsule (shown in the coronal slice; Fig. 1B).

Fig. 2 displays significant age associations of the 3 eigenvalues, resulting from the trivial
orthogonal tensor decomposition. Positive associations of all 3 eigenvalues are ubiquitous
across the WM skeleton and exhibit much overlap, indicative of widespread positive
associations of isotropic diffusion with age. Fig. 2A represents the primary eigenvalue (axial
diffusivity), which exhibits positive age associations in much of the anterior and superior
WM, negative age associations in some of the posterior and inferior WM, and no significant
associations with age in other (primarily lateral) regions. The positive associations of

the primary eigenvalue with age are most pronounced in the corona radiata, internal

capsule and genu of the corpus callosum. The secondary (Fig. 2B) and tertiary (Fig. 2C)
eigenvalues exhibit significant positive associations with age in many of the regions that the
primary eigenvalue does not, consistent with decreasing anisotropy in aging. That said, it is
notable that whereas the tertiary eigenvalue is positively associated with age throughout the
WM skeleton, the secondary eigenvalue does not exhibit significant associations with age
through much of the corona radiata and internal capsule, and even exhibits some negative
associations with age in these regions. In such regions without positive age associations of
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the secondary eigenvalue, the magnitude of age-related increases in the tertiary eigenvalue is
smaller than those in the primary eigenvalue, whereas in the remainder of the WM skeleton,
the magnitudes of age-related increases in the tertiary eigenvalue (and secondary eigenvalue)
are larger than that of the primary eigenvalue.

To provide a more holistic representation of tensor shape (and thus aid in biological
intuition/comprehensibility), age associations of 3 orthogonal metrics based on the 3
moments of the eigenvalues are displayed in Fig. 3. Fig. 3B shows that the NA is negatively
associated with age across the lateral WM, as is FA. However, NA displays many more
positive associations with age across the WM skeleton than does FA, notably throughout the
corona radiata, internal capsule, and corpus callosum. Regions where NA displays positive
associations with age, whereas FA does not, include the anterior limb of the internal capsule
and the splenium of the corpus callosum, as well as parts of certain regions where FA

is negatively associated with age, such as the body of the corpus callosum. Accordingly,

as shown in Fig. 4, the relative age-related decline in NA is smaller than that in FA

across voxels exhibiting positive age associations of MD, further reiterating higher isotropic
diffusivity with advancing age (i.e., increase in all 3 eigenvalues with advancing age, as
shown in Fig. 2, and further interpreted in Appendix A). Fig. 3C shows that MO is also
associated with age across the WM skeleton. Most MO associations with age are negative
(i.e., the decreasing anisotropy is decreasing linear anisotropy—i.e., the tensor is less linear
and less anisotropic with advancing age—as opposed to decreasing planar anisotropy), and
the affected voxels largely overlap with those exhibiting negative age associations of NA.
Other regions of the WM skeleton exhibit positive age associations of MO (i.e., increasingly
linear with advancing age), largely overlapping with regions where NA exhibits positive age
associations. A summary of these results are displayed in Table 2, and corresponding scatter
plots of trends and their co-efficients of determination are displayed in Supplementary Fig.
3.

To help interpret this positive age association of linear anisotropy (positive age associations
of both NA and MO), BEDPOSTX was used to explicitly model the underlying fiber
architecture by estimating the fractional voxel signal occupancy of the primary and
secondary tracts. Fig. 5 displays that in medial WM regions (corona radiata, internal capsule,
and corpus callosum), the fractional voxel occupancy of the secondary tract decreases

with age faster than that of the primary tract (i.e., the ratio secondary:primary tract is
negatively associated with age, consistent with a “selective degeneration” scenario). This
selective degeneration largely overlaps with regions displaying positive associations of both
NA and MO with age, with the exception of the corpus callosum. In the corpus callosum,
BEDPOSTX models the primary tract as mediallateral (presumably callosal fibers) and the
secondary tract as anterior-posterior (presumably the cingulum). Negative age associations
of NA and MO are found in the genu of the corpus callosum, positive age associations of
NA and MO are found in the splenium of the corpus callosum, and negative age associations
of MO alongside positive age associations of NA are found in the body of the corpus
callosum (Fig. 6). BEDPOSTX indicates faster age-related decline of the secondary tract
than the primary tract throughout the corpus callosum, but this only corresponds to the
“selective degeneration” pattern of positive age associations of NA and MO in the splenium.
The situation in the genu and body differs from the selective degeneration in the corona
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radiata and internal capsule in that (1) there are less crossings in the corpus callosum than
the corona radiata and internal capsule in general, and (2) the proportion of the primary tract
in the corpus callosum still exhibits negative age associations, unlike in the corona radiata
and internal capsule, which only display negative age associations for the proportion of the
secondary tract.

4. Discussion

This study presents a revised view of voxelwise (TBSS) DTI trends in aging WM by using
an orthogonal tensor decomposition based on the 3 eigenvalue moments, yielding clear
degeneration patterns across the WM. This includes regions of complex fiber architecture
which exhibited limited age associations of FA. Specifically, while FA demonstrates low
sensitivity to age in the corona radiata and internal capsule, this study found that NA and
MO are consistently sensitive to age throughout these regions, indicating that the previous
challenges of DTI in these regions were due to the choice of decomposition rather than the
DTI model itself. Therefore, if an advanced diffusion MRI technique is not feasible, the
conventional DTI model can still be used to gain insight into crossing fiber regions by using
the orthogonal tensor decomposition, bearing in mind that the complex fiber architecture of
WM tissue means that degeneration does not always manifest itself as decreases in tensor
anisotropy.

FA has become a popular measure of tensor anisotropy due to its proven sensitivity to

tissue processes, at least in the lateral WM, where each voxel is more likely to represent a
single fiber population. In the case of aging, decreased FA in a single fiber population could
reflect both a change in the shape of the tensor, that is, less anisotropic diffusion resulting
from processes such as myelin breakdown and overall reduced microstructural integrity,

and change in the size of the tensor, that is, increase isotropy, resulting from extracellular
processes such as atrophy, enlarged interstitial space and increased inflammation. The

high sensitivity of FA to age detected in single fiber regions, including a decline of FA

by about 3% per decade, has already been established in the literature (Grieve et al.,

2007). In regions of selective degeneration of secondary fibers, however, the 2 processes—
increase in NA and increase in MD—effectively compete with one another, likely explaining
the low sensitivity of FA to age in these regions. Accordingly, because the isotropic
component does not contribute to changes in NA, in the lateral WM, NA exhibits a smaller
magnitude of normalized age-related decreases than does FA, and in regions of complex
fiber architecture, NA exhibits more positive age associations than does FA. Therefore,

NA is ostensibly a more specific measure of microstructural tissue anisotropy in aging

(e.g., myelin compactness) than FA, and its use holds particular promise in the presence of
partial voluming between WM tissue and cerebrospinal fluid or edema. These findings agree
with our previous work, which found that if positive age associations of MD in aging are
allocated to a separate free water compartment, then age associations of FA of the tissue
compartment are highly similar to those of NA found in the present study (Chad et al.,
2018). In other words, the present study reached analogous findings to the two-compartment
free water model by using the conventional DTI model: MD instead of free water and NA
instead of free-water eliminated (tissue) FA.
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By using a third metric, MO, we further tested the hypothesis that decreases and increases

in anisotropy in aging represent decreases and increases in linear anisotropy, under the
assumption that age-related changes of WM anisotropy are related to the /inear structure

of WM fibers. Positive and negative age associations of MO indeed largely overlapped

with positive and negative age associations of NA, respectively, supporting the interpretation
of decreased NA in aging as reduced microstructural integrity and increased NA in aging

as selective degeneration of secondary crossing fibers. The notable exception is the body

of the corpus callosum, in which positive age associations of NA overlapped spatially

with negative age associations of MO (i.e., the corpus callosum displayed positive age
associations of p/anaranisotropy). This implies increased diffusivity in both the primary and
secondary directions and is consistent with degeneration of both callosal fibers and partial-
volumed cingulum fibers in aging, which may be exaggerated by imperfect registration and
skeletonization during TBSS preprocessing (Bach et al., 2014). Such a finding suggests that
alterations in crossing fibers with age have a profound effect on the diffusion tensor in TBSS
analyses of the corpus callosum and goes undetected in the conventional DTI framework
without the use of the orthogonal decomposition, and likely interpreted erroneously. Hence,
attaining a complete representation of tensor shape with 3 orthogonal metrics, rather than
stopping short at MD and FA, provides insight into age-related tensor changes that muddle
conventional interpretations.

To support the interpretation of DTI in the presence of complex fiber architecture, alterations
in crossing fibers in aging were further assessed using BEDPOSTX given the pertinence of
selective degeneration for understanding the WM aging process. Our previous work had also
used BEDPOSTX to suggest selective degeneration of crossing fibers in the corona radiata
and internal capsule, but the study was limited in its use of a single low b-value of 700s/mm?
(Chad et al., 2018), adding value to the current replication. The present study used a
multishell approach with b = 1000s/mm? and 2000s/mm?, which is expected to reduce
uncertainty in resolving crossing fibers (Jbabdi et al., 2012). The finding that the secondary
tract modeled by BEDPOSTX exhibits greater age-related decline in these regions than the
primary tract in the corona radiata and internal capsule supports the hypothesis that selective
degeneration of secondary crossing fibers underlies positive associations of both NA and
MO (and FA) with age. Based on the tract orientations identified by BEDPOSTX, this effect
is presumably the selective degeneration of long association fibers (superior longitudinal
fasciculus, arcuate fasciculus, fronto-occipital fasciculus, inferior longitudinal fasciculus),
all of which are thought to be relevant for cognitive aging, while the corticospinal tract
remains relatively intact. The same effect was detected in the splenium of the corpus
callosum, presumably reflecting selective degeneration of any minor fibers crossing the
primary callosal fibers. Future microscopy work comparing tracts in aging is critical for
validating the interpretation of selective degeneration—to date, the only known microscopic
evidence supporting this interpretation is that the g-ratio (ratio of the inner and outer
diameters of a myelinated axon) of the corticospinal tract has been found to be unassociated
with age in rats (Xie et al., 2014). Moreover, because BEDPOSTX is insufficient for

being able to fully capture the extent of alterations in complex fiber architecture in

aging due to its limited three-stick model (and hence may not be able to perfectly
distinguish isotropic diffusion from 3 or more crossing tracts in the presence of noise),
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further investigating selective degeneration using advanced tractography approaches such as
constrained spherical deconvolution (Raffelt et al., 2017) is part of our future work.

Given the alterations in complex fiber architecture in aging deduced by this study, it would
of course be ideal, if feasible, to use more sophisticated tissue modeling approaches than
DTI, as the diffusion tensor is not specific to any single fiber tract. Nor does DTI reflect
any single tissue process, as it can reflect all of axonal membranes, density, dispersion,
myelination, and diameter (Beaulieu, 2002). However, given that diffusion MRI studies of
aging (as well as other neuroscience and clinical domains) continue to most commonly
apply DTI, it is nevertheless worthwhile to maximize the information extracted from the
tensor, especially if only legacy data are available for a population of interest. Clearly,

using three orthogonal metrics cannot increase the specificity of the tensor to the underlying
microstructure, and cannot lead to discernment of multiple tissue compartments or fiber
populations, as is the goal of more sophisticated methods. However, it does allow for a
complete representation of tensor shape to at least be available to aid in interpretation. We
note that any orthogonal triplet can accomplish a complete representation of tensor shape.
The 3 eigenvalues (Fig. 2) collectively provide the same information as the 3 eigenvalue
moments (Fig. 3), but the latter provide a more holistic representation of tensor shape

and thus convey more visually conspicuous trends. We also note that the full trivariate
decomposition is necessary to provide a complete representation of tensor shape. If the
secondary and tertiary eigenvalues are averaged to form “radial diffusivity”, the information
in Fig. 2 that demonstrates how selective degeneration manifests markedly different age
associations of the secondary and tertiary eigenvalues gets lost. Of course, it may still

be of interest to use FA rather than metrics described by the eigenvalue moments. FA’s
conflation of isotropic and anisotropic diffusion make it very sensitive to age in single

fiber bundles, where both processes collectively contribute to decreased FA with advancing
age, and FA is also useful for skeletonization in TBSS because it helps ensure that a

voxel contaminated with a significant amount of non-WM is not included in the skeleton.
As shown in Supplementary Fig. 4, an orthogonal triplet may be chosen that includes

FA as a means to still extract maximal information from the diffusion tensor (Ennis and
Kindlmann, 2006). That being said, because FA conflates isotropic and anisotropic diffusion,
caution should be taken when interpreting the metric in the presence of complex tissue
microstructure.

For this first investigation into the effect of orthogonal tensor decomposition, we chose to
emulate a standard TBSS analysis to provide a fair comparison with established DTI studies
of aging. Evidently, TBSS suffers from limitations in itself, which include dependency

of cross-subject registration to the target template (which is an MNI152 template in

this and most other studies). This can lead to misalignments between subjects with
anatomical differences that occur, for example, during neurodegeneration (Keihaninejad
etal., 2012). To help identify whether such issues substantially affected our findings, we
additionally conducted voxelwise analyses without TBSS skeletonization (Supplementary
Fig. 5). Negative age associations of FA are indeed exaggerated in the direct vicinity of the
ventricles, indicating issues with cross-registration amid ventricular enlargement in aging,
but these issues do not seem to be present in the deep WM, reiterating the purpose of
skeletonization. While skeletonization may collapse multiple fiber tracts atop each other,
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the effects of complex fiber architecture identified in our study do not seem to have

been artificially driven by skeletonization because positive age associations of FA (and
corresponding stronger positive age associations of NA) occur even without skeletonization.
In any case, while the present study was designed to address issues of complex fiber
architecture that were identified in established TBSS studies, important extensions of this
work include using a study-specific template, or to go beyond TBSS to average over regions
of interest or tracts.

As a limitation in terms of the statistical analysis, we note that all associations with

age in this study were modeled as linear correlations. DTI metrics across the life span,
from development to old age, can be better modeled by a quadratic or Poisson function
(Lebel et al., 2012; Peters et al., 2014). When only investigating adult aging, however, the
relationship of DTI metrics with age can be approximated as linear associations (Sullivan
and Pfefferbaum, 2006), and linear correlations are the simplest first step for demonstrating
the effect of the orthogonal tensor decomposition. Nonetheless, as larger sample sizes are
becoming increasingly available, nonlinearities of diffusion MRI metrics in adult aging

can be more easily detected, as was recently shown using 3513 participants of the UK
Biobank (Cox et al., 2016). Our inspection of the data used in the current study, based on a
700-subject subsample of UK Biobank participants, did not suggest significant nonlinearities
(Supplementary Fig. 3), but future work should explore more complex models of age-
associations of the 3 orthogonal DTI metrics, which can also include explicit modeling of
sex differences.

5. Conclusion

The orthogonal diffusion tensor decomposition based on the 3 eigenvalue moments enables
clear identification of degeneration patterns voxelwise across the WM, including regions of
complex fiber architecture where FA exhibits low sensitivity to age. Therefore, given the
ongoing ubiquity of DTI, this study demonstrates the utility of taking a few moments to fully
decompose the tensor.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Significant Difference in Tensor Shape per Year: Conventional DTI Metrics
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Fig. 1.
Widespread significant associations of conventional DTI metrics (MD and FA) with age

across the WM skeleton. Age associations are largely positive for MD and negative for

FA, although certain medial WM regions have no or positive age associations of FA.

Note that the contrast is the difference in metric per year derived from a linear regression
and displayed only in voxels with significant correlations with age. Voxels of the WM
skeleton without significant correlations with age are displayed in white. Abbreviations:
DTI, diffusion tensor imaging; MD, mean diffusivity; FA, fractional anisotropy; WM, white
matter.
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Significant Difference in Tensor Shape per Year: Raw Eigenvalues
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Fig. 2.
Widespread significant associations of the 3 orthogonal eigenvalues of the diffusion tensor

with age across the WM skeleton. The effect size of positive age associations of the primary
eigenvalue is smaller than those of the secondary and tertiary eigenvalue in lateral WM
regions, and larger than those of the secondary and tertiary eigenvalue in medial WM
regions. In these medial WM regions, the effect size of the positive age associations of the
secondary eigenvalue is smaller than of the tertiary eigenvalue, and the secondary eigenvalue
also displays insignificant or negative age associations in certain parts of the medial WM.
Note that the contrast is the effect size of metric per year derived from a linear regression
and displayed only in voxels with significant correlations with age. Voxels of the WM
skeleton without significant correlations with age are displayed in white. Abbreviations:
WM, white matter.
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Significant Difference in Tensor Shape per Year: Eigenvalue Moments
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Fig. 3.

W?despread significant associations of orthogonal DTI metrics based on eigenvalue
moments with age across the WM skeleton. NA exhibits more positive age associations
than FA (Fig. 1), and these positive age associations of NA largely overlap with positive
age associations of MO. MD maps are repeated from Fig. 1 for ease of visualization. Note
that the contrast is the effect size of metric per year derived from a linear regression and
displayed only in voxels with significant correlations with age. Voxels of the WM skeleton
without significant correlations with age are displayed in white. Abbreviations: DTI,
diffusion tensor imaging; MD, mean diffusivity; MO, mode of anisotropy; FA, fractional
anisotropy; WM, white matter.
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Difference in Age-Related Effects of Fractional vs. Norm of Anisotropy
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Fig. 4.

Dﬁ‘ference in age-related effect of fractional anisotropy versus norm of anisotropy. Units are
the slope of the regression line divided by the baseline of each metric, where “baseline”

is defined as the average of the metric in the voxel for participants aged 46-50 years. The
red-yellow in c indicates voxels where FA decreases with age faster than NA, that is, voxels
exhibiting higher isotropic diffusivity with advancing age. The blue in c indicates regions
where isotropic diffusivity is unassociated with age, and thus NA decreases with age slightly
faster than FA, as described mathematically in Appendix A. Abbreviations: FA, fractional
anisotropy; NA, norm of anisotropy. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)
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Significant Difference in BEDPOSTX-Modeled Tract Proportion per Year
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Fig. 5.
BEDPOSTX indicates that the proportion of the secondary tract decreases with advancing

age faster than the primary tract in the corona radiata, internal capsule and corpus callosum.
In much of the corona radiata and internal capsule specifically, only the proportion of

the secondary tract, but not primary tract, is negatively associated with age. Note that the
contrast is the effect size of metric per year derived from a linear regression and displayed
only in voxels with significant negative correlations with age. Voxels of the WM skeleton
without significant negative correlations with age are displayed in white. Abbreviations:
WM, white matter.
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Increasing Planar Anisotropy with Advancing Age
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Fig. 6.

In?erpreting positive associations of planar anisotropy with age in the body of the corpus
callosum. The body of the corpus callosum (callosum skeleton outlined in purple) is located
directly by the border with the cingulum (cingulum skeleton outlined in green), which

can presumably lead partial volume effects within the TBSS skeleton. Here the norm of
anisotropy (norm) is positively associated with age, whereas the mode of anisotropy (mode)
is negatively associated with age, consistent with alterations in more than one tract in aging
(e.g., Supplementary Figure 2c). Abbreviations: TBSS, tract-based spatial statistics. (For
interpretation of the references to color in this figure legend, the reader is referred to the
Web version of this article.)
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Table 1

Decomposing the tensor into invariant scalars based on the first 3 moments of the eigenvalue distribution

Raw moment Central moment Standar dized moment
First %Tr(D)“Mean" 0 0
Second %| |D ”2 % 1D 2“Variance”
Third % Y % D2, % MO “Skewness”

Il'is Frobenius norm (i.e., matrix extension of the L2 norm), whereas ||, 5 is the matrix extension of the L3 norm. D is the diffusion tensor
being assessed; D, the anisotropic portion of D, is defined in Eq. 3. In this study, the 3 orthogonal metrics chosen are MD = §Tr(D)

(“mean diffusivity”), NA = || D || (“norm of anisotropy”), and MO (“mode of anisotropy”), based on the first raw, second central and third
standardized moment, respectively. The first raw and second central moment are also the first 2 cumulants, and the third standardized moment is the
third standardized cumulant.
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