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Abstract
Human brain imaging has seen many advances in the quantification of white matter in vivo. For
example, these advances have revealed the association between white matter damage and vascular
disease as well as their impact on risk for and development of dementia and depression in an aging
population. Current neuroimaging methods to quantify white matter damage provide a foundation
for understanding such age-related neuropathology; however, these methods are not as adept at
determining the underlying microstructural abnormalities signaling at risk tissue or driving white
matter damage in the aging brain. This review will begin with a brief overview of the use of
diffusion tensor imaging (DTI) in understanding white matter alterations in aging before focusing
in more detail on select advances in both diffusion-based methods and multi-component
relaxometry techniques for imaging white matter microstructural integrity within myelin sheaths
and the axons they encase. While DTI greatly extended the field of white matter interrogation,
these more recent technological advances will add clarity to the underlying microstructural
mechanisms that contribute to white matter damage. More specifically, the methods highlighted in
this review may prove more sensitive (and specific) for determining the contribution of myelin
versus axonal integrity to the aging of white matter in brain.
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White matter damage, detectable on T2-weighted magnetic resonance imaging (MRI) as
white matter hyperintensities, becomes increasingly common with advancing age (1).
Present in over 40% of non-demented healthy controls at autopsy, such white matter damage
is associated with increased risk for cognitive and affective declines. Though the
microstructural basis for age-associated white matter damage is not fully known, MRI-based
neuropathology studies have shown that when confluent, white matter hyperintensities
usually represent cerebral small vessel disease (CSVD) (2). Vascular risk factors for CSVD
include hypertension, diabetes and hypercholesterolemia (3,4) and ‘vascular risk-factor-
related’ CSVD has been cited as a distinct pathological feature of white matter damage in
the aging brain (5). In conjunction or isolation, vascular risk factors promote white matter
damage that negatively impact cognition in normal (6) and pathological aging (7). This
combination of white matter damage and cognitive impairment associated with vascular risk
increases the risk for and development of dementia (8,9) as well as depression (10,11).

The extent of white matter damage associated with vascular risk in aging is difficult to
determine since the T2-weighted and Fluid-Attenuated Inversion Recovery (FLAIR) MRI
sequences used for white matter hyperintensity quantification are unable to detect subtle, but
potentially critical structural alterations in otherwise normal appearing white matter. For
example, in patients with hypertension normal appearing white matter as seen on
conventional MRI shows reductions in cerebral blood flow when compared to normal
controls (12) and white matter biochemical changes akin to individuals with dementia (13)
suggesting at risk tissue can be identified before T2-detectable white matter damage occur.
Thus, by the time white matter neuropathology is detected via traditional structural imaging,
the opportunity for preventative measures such as aggressive vascular risk factor control
may have passed. Early detection of subtle changes in white matter combined with an
increased understanding of the underlying microstructural damage driving these changes
may make it possible to devise interventions that will slow or even stop the progression of
white matter neuropathology in at-risk older adults.

This review begins with a brief overview of the use of diffusion tensor imaging (DTI) to
understand white matter alterations in aging and quickly moves to a more targeted
discussion of select advances in both diffusion imaging and multi-component relaxometry
(MCR) for visualizing white matter microstructure including myelin sheaths and the axons
they encase. We begin with DTI because it revealed that normal appearing white matter as
seen on conventional T2-weighted MRI has diffusion-specific changes that allow for a more
detailed measure of tissue structure and organization (14). While DTI-derived metrics of
fractional anisotropy, axial and radial diffusivity greatly extended the field of white matter
interrogation; more recent technological advances including MCR may add more sensitive
and specific information to the underlying microstructural mechanisms contributing to white
matter damage in aging not hitherto obtainable in vivo.

DTI of White Matter: Initial metrics of white matter damage
DTI is one technique to determine subtle alterations in white matter in vivo. Water diffusion
in normal white matter is predominantly along the direction of white matter fiber tracts. If
these tracts are disrupted, directional diffusion is impaired resulting in a reduction of
fractional anisotropy (FA), a primary measure extracted from DTI data. Of the diffusion
tensor eigenvalues that make up FA, the largest (or eigenvalue 1; Table 1) that corresponds
to the principal eigenvector represents water movement parallel to the axonal fibers or axial
diffusivity (AD). The average of the remaining eigenvalues 2 and 3 (Table 1) represent
radial diffusivity (RD) or water movement perpendicular to the axonal fibers (15,16). In
mice, axonal damage results in significant decreases in AD (and little to no alteration in RD)
while demyelination significantly increases radial but not axial diffusivity (15,16).
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Increasingly these mouse model indices of white matter microstructure have been applied to
human neuroimaging studies.

Neuroimaging studies using these DTI-derived metrics support the general hypothesis that
white matter damage negatively impacts cognitive and affective functioning in the aging
brain (17). Focusing briefly on FA, alterations in this metric have been linked with
alterations in such abilities as working memory (e.g., 18), attention switching (19), episodic
memory (20) and elevations in depressive symptomatology (21). Region of interest analyses
reveal that reductions in prefrontal FA may be accounting for the more ‘executive’
correlations (22) as well as those related to depression, particularly in older adults with late
life depression (23,24,25). Tractography studies based on DTI show an anterior to posterior
gradient of FA results among neural pathways intimately connected to the prefrontal cortex
(26,27). Other studies incorporating tractography reveal the importance of posterior white
matter involvement in age-related executive dysfunction (28,29) and dementia (30). Patterns
of these results support the retrogenesis hypothesis of aging (28) while others also support
theories of white matter (dis-)connectivity in age-related cognitive and affective impairment
(31) long advocated by the likes of Norman Geschwind (32,33) and Alexander Luria (34).

Thus, the DTI-derived metric of FA provided greater specificity than T2-FLAIR in white
matter associated cognitive and affective functioning in aging (see 17 for a directed review);
however, the DTI-derived metrics of axial and radial diffusivity have not provided a clearer
understanding of the underlying microstructure driving age-related white matter damage and
its behavioral associations. Using prefrontal structure and function as an example, initial
studies suggested greater age-related alterations in radial compared to axial diffusivity
within this region (35) that correlated with executive dysfunction (27). Although this finding
is still reported in the literature (36), it is not without caveats (28). For example, AD results
are highly variable in aging with reported increases and/or decreases paired with more
consistent age-related increases in RD (26,37,38). Other studies report alterations in both
radial and axial diffusivity (e.g., 39) and associations of both indices to executive tasks (40).
In fact, there are over five distinct permutations relating FA, radial and axial diffusivity in
the aging literature (26,37,39). While some investigators interpret the various combinations
of results as indicative of diversity in neurodegeneration across brain regions including the
prefrontal cortex (e.g., 37), there is a lack of longitudinal data empirically testing this
assumption.

Other investigators cite problems with the microstructure metrics derived from DTI that may
explain the varying results and restrict the interpretations one can make using axial and
radial diffusivity data (41). From a practical standpoint, the initial AD and RD metrics were
derived from a rodent species known for loosely packed, very thin or absent myelin sheaths
and lacking inflammation or axonal loss in brain (15) with the implication being water
displacement is much less restricted. Such an environment cannot be so well isolated in the
aging brain and may not accurately reflect the microstructural changes that occur in aging.
For example, normal age-related neuropathology includes inflammation as well as lacunar
infarctions and general atrophy. Furthermore, such age-related neuropathology may
negatively impact not only the shape of the calculated cell ellipsoid but also the magnitude
of individual eigenvectors and associated eigenvalues (42,43). Age-related cerebral atrophy
may also introduce additional fluid/tissue interface issues that further corrupt axial and
radial diffusion.

Some critics argue that the only way to ensure DTI-derived eigenvalues of axial and radial
diffusion are measuring axonal and myelin integrity respectively is to check the alignment of
the corresponding eigenvectors to the underlying tissue structure (44). Evidence exists
documenting that AD and RD values may be unrelated to actual tissue organization and that
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the primary eigenvectors of comparison may even measure (i.e., point to) different
directions (44). Such issues are particularly important when comparing healthy to diseased
tissue either within- or between- groups.

Furthermore, DTI-based RD may be altered by more than demyelination, making it more a
composite index of white matter microstructure than a specific myelin marker. For example,
decreased axonal diameter and reduction in axons or axonal density may contribute to this
variable (17). All of these aforementioned confounds may i) contribute to variations in
previous results, ii) explain the high degree of collinearity between measures and iii) explain
the limited divergent information relating axial and radial diffusivity to behavior seen in
aging studies. In addition, these metrics, like many other MRI techniques, vary based on
scanner platform and lack a standardized metric to address these differences and allow for
better comparison across studies.

Thus, critical barriers remain to understanding the contribution of axonal loss and
demyelination to white matter alterations as measured by axial and radial diffusivity;
barriers that necessitate the development of more specific neuroimaging techniques to
visualize white matter microstructure in vivo. For example, age-related white matter damage
may be related to a variety of microstructural changes including axonal density and size,
neurofibril degeneration and/or demyelination; the imaging of which may be negatively
impacted by a variety of macrostructural alterations including microbleeds and infarcts. It is
key to have sensitive imaging methods that quantify specific aspects of white matter
alterations if we are to fully understand the processes involved in risk for and development
of cognitive decline, dementia and depression in aging.

Developing Methods for White Matter Microstructural Imaging in vivo
Recent and developing neuroimaging techniques attempt to quantify white matter
microstructure with increased accuracy by addressing many of the limitations inherent in
DTI. Brain white matter is heterogeneous at a microscopic level with key constituents being
glia (subtypes including astrocytes, oligodendrocytes and resulting myelination of axons),
axonal projections and blood vessels. There is also accumulating evidence for an additional
glial subtype, oligodendrocyte pre-cursor cells (45). While DTI is sensitive to overall
alterations in white matter, increasingly investigators are calling for caution when
attempting to use this method beyond a ‘first port of call in investigations of white matter’
(41). Thus, advanced neuroimaging techniques have emerged for the quantification of white
matter microstructure including myelin (e.g., by interrogating the water trapped within the
lipid bilayers of the myelin sheath) and even the diameter of the encapsulated axons
surrounded by the myelin sheath (i.e., axonal integrity). Given the increasing support for the
notion that declines in either myelin or axonal integrity signal alterations may be the
harbinger of risk for the development of dementia and/or depression in older adults, we will
focus on two emerging techniques to quantify these underlying neuropathologies, i.e.,
advanced DTI techniques for quantifying axonal diameter distribution (AxCaliber) and
multi-component relaxometry imaging for quantifying myelin water volume fraction within
the myelin sheath.

While these techniques are in various stages of development for in vivo work in humans,
they are already proving to be more accurate assessments of white matter microstructure
based on head-to-head neuroimaging and histological comparisons. It should be noted that
although glial cells contribute to overall myelin volume, protons within these cells are
typically believed to be ‘invisible’ to magnetic resonance given their rapid transverse
relaxivity (i.e., relaxation properties T2 < 10us) (46). As a result, this review will be
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restricted to MRI methodological advances to visualize the myelination of axons resulting
from oligodendrocyte activity and axonal integrity in vivo.

Axonal Integrity
It is possible that white matter vulnerability in aging may be investigated with novel
techniques to reveal the contribution of reductions in axonal integrity and associated
neuronal transmission. Axonal diameter, one of the major MRI metrics of axonal integrity
being quantified to date (47,48), may be thought of as a proxy measure of neuronal
transmission. Large axonal diameters, like those found in the axons of the body of the
corpus callosum and the corticospinal tract, allow for the fast transfer of information – an
asset for motor and visual processing. In contrast, small axonal diameters allow for a higher
quantity of higher-level information transfer like those found within regions such as the
genu of the corpus callosum (49). Thus, axonal diameter differs across brain regions and
information processing streams; when quantified, it may serve as a proxy for age-related
degradation in neural transmission for vulnerable brain regions (e.g., prefrontal cortices)
and/or types of behavior (e.g., higher-order executive functions).

Diffusion MRI is a primary tool for measuring axonal integrity (50). Standard DTI methods
for determining axonal integrity within white matter regions assume that water molecules
diffuse predominantly in parallel to the axonal axis. Disruption of this process is thought to
be an indication of disrupted axonal integrity (i.e., AD) and perhaps even an indication of
increased axonal diameter. Such an assumption, however, does not account for the fact that
some axons fan, bend or cross within an image voxel resulting in disrupted water diffusion
for no other reason than changes in axonal flow or direction (51). If left unaccounted for,
mere changes in axonal direction may lead to overestimation of axonal loss and inflation in
presumed axonal diameter. Several methods with improved ability to reveal complicated
fiber structures including q-ball (52) and diffusion spectrum imaging (53) as well as
spherical deconvolusion (54,55) have been developed to take this altered dispersion
secondary to fanning, bending or crossing fibers into account. These methodological
advances are especially useful when determining the contribution of axonal diameter to
white matter microstructural integrity.

Diffusion MRI can quantify more than a global measure of water dispersion. By considering
water trapped within the axon as showing restricted diffusion based on axonal diameter and
water outside of the axon as showing hindered diffusion based on axonal flow and number
(e.g., a tightly packed bundle of axons will hinder water more so than a loosely packed
bundle of axons) one can separate these two types of diffusion for a more accurate
assessment of axonal flow and hence, a more accurate quantification of the axonal
compartment (56). Combining this two-pool concept with the knowledge that a range of
small and large axonal diameters exist in cerebral white matter led investigators to develop a
technique known as AxCaliber (47) that samples white matter across multiple diffusion
times. Given that the diffusion of restricted intra-axonal water is dependent on axonal
diameter, i.e., smaller axons experiencing diffusion at shorter diffusion times while larger
axons experiencing diffusion at longer diffusion times, the probability function and
displacement associated with water diffusion can be obtained and an axonal diameter
distribution determined with sub-micrometer accuracy (47).

Unlike conventional DTI, AxCaliber does not assume a Gaussian diffusion process and can
directly infer the tissue microstructures through which water molecules diffuse. Animal as
well as computer modeling experiments of axonal diameter have confirmed the accuracy of
this non-invasive MRI technique (49) with correspondence across histological measurement
of sciatic and optic nerve fibers nearing 1 in some instances (47). This suggests the axonal
diameter distribution detected on MRI is highly correlated to the actual axon diameter as
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seen in histological stains of the same material (47). While this method appears extremely
powerful, restrictions including the relatively long scan time, the limited diffusion-weighting
gradient amplitudes available on commercial clinical MRI scanners and floor effects in the
ability to image axonal diameters smaller than 0.4 μm may limit its applicability.

In addition to AxCaliber, many other diffusion imaging techniques are emerging together
with associated models to relate the diffusion MRI signals with tissue microstructures for
axonal integrity quantification. For example, recent developments enable estimation of
axonal diameter as well as axonal density in vivo (57–59) by combining several approaches
to diffusion imaging including, but not limited to aspects of AxCaliber, orientational
invariance and/or diffusion kurtosis analysis (57,58). These methods take advantage of
known fiber orientation of major white matter pathways to maximize the assumptions made
about axonal orientation for determination of axonal characteristics using diffusion imaging
(60). Other high b-value diffusion imaging techniques to model underlying white matter
microstructure exist (61,62) including the fractional order calculus model (63,64) which may
provide a method for delineating white matter tissue structure such as tightly packed axons.
While more work is needed on determining axonal integrity metrics within a clinically
acceptable time frame, it is clear the addition of such indices holds great promise toward
uncovering the contributions of key aspects of white matter microstructural degradation in
the aging brain.

Myelin Integrity
Increasing evidence exists from neuropathology, histology and neuroimaging studies of the
role of demyelination in normal (65) and pathological (66) aging. For example, animal
studies suggest that age-related white matter damage is primarily driven by alterations in
myelin integrity (67). Human imaging points toward the role of demyelination in aging and
decreased motor functioning (66); however, this work was conducted using the DTI-derived
radial diffusivity metric and hence subject to all the limitations of myelin quantification as
previously discussed. Given that myelin breakdown begins as early as the fourth decade of
life (68,69) and accelerates with aging (38,68), exploring measures of myelin that overcome
the limits of conventional imaging techniques holds great promise in identifying a more
subtle biomarker for future white matter research.

A novel MRI technique based in multi-component relaxometry provides quantitative
assessment of myelin content with high spatial resolution throughout the brain in clinically
acceptable scan times for use across aging populations. Briefly, the MCR technique (70–72)
aims to decompose the measured MR signal into contributions from discrete
microanatomical tissue environments based on their unique T1 and T2 relaxation
characteristics. In brain tissue, two such environments are detectable, one corresponding to
the ‘free’ intra and extra-cellular water and one attributed to the ‘restricted’ water trapped
within the lipid bilayers of the myelin sheath (70). By quantifying this latter environment’s
contribution through such techniques as multicomponent-driven equilibrium single-pulse
observation of T1 and T2 (mcDESPOT), a surrogate marker of myelin volume, which some
investigators call the myelin water volume fraction (MWF) (71,72) may be calculated that
corresponds strongly with gold standard histological assessments (73–76). Additionally,
MWF is insensitive to edema and inflammation as well as to tissue geometry and
architecture (e.g., crossing fibers) known to pose problems for DTI research (75,76).
Further, by promoting the use of study-specific templates (77), proponents of this technique
address problems in comparisons based on age-related atrophy.

Research to date using mcDESPOT and other MCR-based technology has shown it to be
more sensitive compared to other imaging modalities like T2/FLAIR or DTI and more
specific to myelin growth and degeneration. Thus, prior studies have shown the MWF
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derived from myelin mapping techniques to be a superior marker of myelin content and
integrity than DTI or magnetization transfer metrics (76,78). In a study of over 150 infants
and toddlers, Deoni and colleagues (77) have mapped myelin maturation across the first 5
years of life. The progression delineated from this neuroimaging technique is almost
identical to that documented using post-mortem histological studies of a similar age cohort
(79). In addition to growth, myelin decline or degradation has been documented in mid-life
demyelination disorders such as multiple sclerosis using MCR techniques (80).
Additionally, researchers are addressing the role of demyelination in risk for and
development of dementia (81).

Additional Considerations
Rightly, novel methods of imaging brain including white matter microstructure increasingly
require extensive validation to post-mortem human tissue; users of these techniques should
be aware of the assumptions made about human in vivo white matter imaging and the degree
to which these assumptions are validated by such confirmatory evidence. Across the key
neuroimaging methods discussed in this review (i.e., DTI, AxCaliber, MCR), all owe some
degree of validation to direct comparisons of animal and/or human MRI to histopathology;
the key is knowing the extent of these validation. DTI-derived metrics of axonal and myelin
integrity showed remarkable accuracy when compared to post-mortem staining of axonal
and myelin integrity in mice (15,16). To our knowledge, little to no confirmatory evidence
exists in humans regarding the accuracy of these metrics. Computer modeling as well as
animal neuroimaging/histological comparisons have confirmed the accuracy of both
AxCaliber (47,49) and MCR (73,75,76). Comparisons of recorded histology on pediatric
myelin maturation and in vivo MWF maps in a similar age cohort (77) as well as a direct
comparison of myelin content in post-mortem brains of individuals with multiple sclerosis
imaged for MWF and also stained for myelin content (74) further confirm the accuracy of
MCR.

Some of the white matter microstructural techniques discussed above have the additional
benefit of standardized output metrics that show good consistency and reliability across time
and across scanner platforms and scanner sites. For example, the standardized MWF z-map
allows for highly reproducible values longitudinally (82) and may allow for comparisons of
results across research sites as well as research scanners making multi-center studies on
varying scanner platforms possible. While empirical testing of such repeatability and multi-
center reliability has yet to be conducted for axonal diameter imaging in humans, many
investigators using these techniques feel their applicability across longitudinal and multi-
center studies would be robust (47).

Conclusion and Future Directions
The techniques of AxCaliber and MCR discussed in this review represent state-of-the-art
methods for visualizing white matter microstructure in vivo. While not all metrics are fully
optimized, the groundwork has been laid and optimization continues in such areas as
decreasing scan time and increasing water compartment conceptualization. For example,
acquisition of MWF via mcDESPOT includes a series of sequences across multiple flip
angles within as little as 10–12 minutes of total scan time for whole brain coverage. Further,
increases in the number of compartments available to water diffusion and image capture for
the accurate quantification of white matter microstructure have begun to include such
environments as cerebrospinal fluid filled regions and the extra-cellular matrix (83,84).
Initial work incorporating these compartments suggests that expanding the number of water
compartments captured beyond the traditional two or three significantly increases the
accuracy of the final metrics of white matter microstructure (84). Although the modeling
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needed to extract the relaxation rates for this increasing number of compartments is
complex, the end result will be a more accurate depiction of the underlying microstructural
components driving white matter damage in the aging brain.

Although we have focused our review on advancing our understanding of white matter
hyperintensities and CSVD in aging, it is important to remain considerate of the contribution
of alternative forms of white matter damage including lacunar infarctions and microbleeds –
not only as they negatively impact the acquisition of DTI-based imaging data as discussed
above – but also on how they negatively impact the aging process more generally.
Techniques like susceptibility weighted imaging (SWI) (85) exist to quantify infarctions and
microbleeds; however few move beyond visual inspection and volumetric quantification for
a more robust measure of resulting white matter disruption via disconnectivity or overall
vasculature in vivo. Thus, more work is needed to quantify and merge information about
lacunar infarctions and microbleeds into metrics of white matter damage in an aging
population. A brief summary of ways to image infarctions and microbleeds – as well as the
microstructural integrity of axons and myelin – may be found in Table 2.

Additional work is also needed to put these techniques into a larger ‘multimodal’ context.
For example, the means by which white matter microstructural damage negatively impacts
functional connectivity as determined through functional MRI remains to be fully
investigated; as does the ability of the brain to compensate or adapt to white matter damage
by altering not only structural but functional connectivity networks to increase successful
performance. Determining thresholds of damage beyond which such compensation is no
longer feasible, using more sensitive measures of white matter microstructure like those
outlined in this review, will also ensure early identification of risk. Early identification of
risk provides the potential to implement interventions to stave off development of dementia
and/or depression, a primary aim for aging research. Methods such as diffusional kurtosis
imaging and anomalous diffusion imaging are using the diffusion signal to better
characterize tissue architecture (86,87). The aim of these methods is to increase our ability
to detect changes in tissue and thus monitor disease progression and perhaps even treatment
efficacy.

Despite the work that remains, findings across the two main imaging techniques reviewed
are promising for the highly sensitive delineation of white matter microstructural damage
not only in aging but for use across the lifespan. Although DTI greatly expanded on earlier
methods including T2-weighted/FLAIR to visualize subtle alterations in white matter not
hitherto seen with MRI in vivo, now, as was then, the field is pushing forward. Novel
methods to image white matter microstructure will add clarity to the mechanisms that
contribute to the DTI signals and the commonly used DTI-derived metrics of axial and
radial diffusivity. Further, these newer methods may provide, as some have already (76,78),
a more sensitive and specific technique for determining the contribution of axonal and
myelin integrity (or lack thereof) to the ever changing aging brain.
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Table 1

DTI-derived variables of interest

Fractional Anisotrophy (FA)

Axial Diffusivity (AD) λ1 denoted as λ||

Radial Diffusivity (RD) (λ2+λ3)/2 denoted as λ⊥

NOTE: λ1, λ2, & λ3 represents the eigenvalues from the diffusion tensor & λ represents mean diffusivity
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