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Abstract

Diffusion tensor imaging (DTI) is a powerful tool for the in-vivo assessment of white matter
microstructure. The application of DTI methodologies to the study of schizophrenia has supported
and advanced the hypothesis of schizophrenia as a disorder of disrupted connectivity. In the
context of impaired structural connectivity, the extended time frame of white matter development
may offer unique opportunities for treatment that can capitalize on the neural flexibility that is still
present in the period leading up to and after disease onset. Therefore, it is important to gain a clear
understanding of white matter deficits and how they may emerge and change across the illness.
However, while there is broad consistency in the findings of white matter deficits in patients with
schizophrenia, there is also a great deal of variability in specific findings across studies. In this
review, the aim is to move beyond summarizing case-control analyses, to consider the many
factors that may impact DTI measures, to explain variability of findings, and to explore future
directions for the field. The topics explored include ways to parse DTI patterns associated with
different disease subtypes, ways in which novel and established treatments might interact with or
enhance white matter, ways of dissociating developmental change from the disease process itself,
and understanding the role of emerging analytic methodologies.
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Since the first application of diffusion tensor imaging (DTI) to examine schizophrenia in
1998 (1), white matter (WM) investigations in psychotic disorders have become a rapidly
growing area of research. Prior to the advent of DTI, our understanding of WM
abnormalities in schizophrenia was necessarily limited to post mortem cellular work (2-5)
and structural MRI protocols that were not easily able to differentiate individual WM tracts
(6-10). With the emergence of DTI, WM could be examined with significantly enhanced
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detail. DTI’s appeal is in part due to the growing evidence from other modalities, such as
fMRI, that schizophrenia is a disorder of connectivity (11,12). In addition, there is growing
awareness of schizophrenia as a developmental disorder, and WM matures up into the 4t
decade of life (13, 14), later than other developmental changes such as grey matter (GM)
pruning (15). This late maturation, which continues into and past the typical period of onset,
may offer special opportunities for developmentally targeted intervention, but first we must
be able to understand and quantify it.

Summary of Findings

Diffusion imaging is a powerful non-invasive tool for examining WM microstructure based
on patterns of water diffusion in neural tissue. By observing how and in what directions
diffusion is constrained, information about the surrounding tissue can be inferred. In the
field of diffusion imaging, the diffusion tensor model is most commonly employed, and
yields the frequently used fractional anisotropy (FA) measure, which is the ratio of the
longest and shortest directions of water diffusion, and indirectly indexes “neuronal
integrity”, putatively reflecting both myelination and organization of the WM tracts. In
addition, the secondary measures of radial (RD) and axial diffusivity (AD) are believed to
more specifically index myelination and axonal organization, respectively (16-18). The
majority of DTI studies in schizophrenia have shown decreased FA in long-range association
tracts, including the superior longitudinal fasciculus (SLF), cingulum bundle, uncinate
fasciculus (UF), inferior longitudinal fasciculus (ILF) and arcuate fasciculus (19-21). These
long connection fibers likely facilitate inter-regional communication and support a wide
range of cognitive abilities. Regions connected by these tracts largely correspond to the
higher order cortical regions often implicated in GM imaging studies in schizophrenia (22).

While there is a general theme of decreased FA across the DTI schizophrenia literature,
there is also much variability. For instance, a subset of studies has shown no patient-control
differences (20, 23-25), while others have found more global rather than regional effects
(26-28). It is an open question whether this is a function of disease state (21), of
developmental stage (29), or of another factor, such as medication. It is also possible that
differences in scan acquisition, motion correction, and analysis may contribute. One
important possibility is that over and above such technical issues, those differences exist
between studies because there are different WM profiles in patients of different ages or with
different patterns of cognitive deficits and symptomatology. This variability is critical to
characterize, particularly since neuroimaging is an attractive candidate for use in
“personalized” or “precision” medicine, which would require a deeper understanding of how
imaging measures may vary at an individual level. In this review, the aim is to go beyond a
simple summary of case-control analyses, to consider different factors that may impact DTI
measures, and future directions for the field. These topics will include ways to parse DTI
patterns associated with different disease subtypes, ways in which treatments might interact
with WM, dissociating development from the disease process itself, and understanding
emerging analytic methodologies.
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Open Questions and Future Directions

Dissociating development and disease process

One challenge that cuts across all of the analytic and interpretive issues that may be present
in psychosis research is that to some degree, the assessment of WM in schizophrenia is a
moving target. Different samples include patients of different ages, and as they progress
through disease stages, duration of illness and cumulative medication load become
irrevocably correlated with age. Late adolescence, the period of the prodrome and often the
onset of schizophrenia, is a key period for WM development. Higher order tracts, like the
cingulum bundle, UF and the SLF, mature later than tracts associated with more basic
functions, such as motor control (30). These later WM changes support the development of
higher-order cognitive functions, which are compromised even in early phase psychotic
disorders (31). It is thus important to consider that all illness related changes in young
patients are occurring against the background of developmental changes that may or may not
be the same as those observed in unaffected youth.

A number of studies have approached the issue of developmental vs. disease related change
in schizophrenia (for more comprehensive recent reviews in this area, see Peters and
Karlsgodt, 2015 (21); Kochunov and Hong, 2014 (29) and Chiapponi et al, 2013 (32)). For
instance, there has been work comparing first episode (FE) and chronic patients. Some
cross-sectional studies have found that WM deficits in chronic patients were either absent or
less severe than in FE patients (25, 33, 34), and a meta-analysis of FE and multi-episode
studies showed that longer duration of illness was associated with more severe WM
abnormalities (35). Similarly, research comparing patients with either adolescent or adult
onset psychosis has shown that age of onset may impact the degree of WM impairment (36—
38).

Research specifically aimed at capturing lifetime development has shown disrupted early
WM development in child-onset schizophrenia patients and their siblings, as well as in other
young genetic and clinical risk groups (39-42). Later in life, there is potential evidence for
accelerated aging, or decline after illness onset (21, 23, 43). However, this can be quite
difficult to dissociate from medication effects, particularly as longitudinal studies have
yielded findings of both increases and decreases in FA after antipsychotic treatment (44, 45)
(46-48).

In summary, there is support for an overall pattern of disrupted WM development especially
if the illness onset occurs in childhood or adolescence, and for more severe and extensive
abnormalities in chronic patients than in FE patients. While we do not yet know the cause of
these later changes, they may be related to abnormal or excessive aging, illness-related
neurotoxicity, or medication, but possibly also confounding cohort effects. In addition, just
as there may be subgroups of patients with different WM deficits in adulthood, there may be
different developmental routes to each of those end points. Moving forward, our growing
knowledge of the role of development presents both challenges and opportunities. First, it is
important to characterize not only current age and medications, but also duration of illness
as well as duration and age of onset of antipsychotic treatment. The interpretation of the
results should include these factors, as well as the understanding that results from any one
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sample might only represent a snapshot of a part of the larger picture across the lifespan.
Furthermore, consideration of such details when designing studies will help build a more
sophisticated approach to dissecting out effects of age and disease related factors. In general,
work that can more clearly distinguish the roles of different factors on the development of
WM deficits is very important, particularly if there may be an opportunity to target
treatments by stages of illness or development.

Parsing of disease subtypes

With the growth of “big data”, and steadily rising sample sizes, comes the potential to look
within large groups of patients to determine whether different patterns, or subtypes, of WM
deficits can be identified. The question of whether different deficit profiles exist is
particularly interesting given the phenotypic variability seen in schizophrenia patients. A
parsing approach is consistent with the notion of different patient sub groupings based on
biological characteristics- a “biotype” approach (49), as well as NIMH Research Domain
Criteria’s (RDoC’s) spectrum based conceptualization of psychiatric disorders. The existing
literature supports the idea that phenotypic differences are reflected in WM, with findings
that degree of WM impairment is correlated with cognitive impairments in schizophrenia
(50-59) as well as with symptomatology (54, 60—64).

Efforts to identify subgroups of patients with different WM patterns have begun. The
simplest approach is to divide patients into symptom-based groups and assess
neuroanatomical differences. For example, a number of studies have shown differences
between deficit and non-deficit patients, with deficit patients showing either more severe
(65, 66) or different (67) WM alterations compared to controls. However, a more
sophisticated approach, which relies more heavily on the existence of large data sets, is to
take a large group of subjects and use data driven techniques to determine different
neurobiological sub-types. Arnedo et al applied an unsupervised factorization technique to
Tract Based Spatial Statistic (TBSS) skeletons and identified four different general patterns
of FA changes. Each pattern was associated with different subsets of individual items from
the SANS and SAPS. This interesting analysis highlights the subtlety with which both
regional changes and symptom characterization must be characterized (68). Similarly, Sun et
al, in a large sample of unmedicated patients, employed a cluster analysis across a series of
ROIs, finding two distinct deficit patterns - one global deficit pattern and one focused in the
SLF, with more severe negative symptoms observed in the global deficit group (69).

Such results may be able to elucidate the basis of the diverse findings in the schizophrenia
DTI literature. They also raise the possibility that different treatments may be appropriate for
patients with different neurobiological profiles, and patients in these subgroups may have
different disease or developmental courses. The potential for multiple subtypes or biotypes
also highlights the critical question of whether it is realistic to search for neuroimaging
biomarkers or biosignatures for schizophrenia as a whole, or whether there are more likely
to be a number of biomarkers, each for specific aspects or subtypes of the disorder.
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Potential White Matter Interventions

Schizophrenia treatments have, up until recently, almost entirely focused on medications that
alter neurotransmitter function, in particular the dopaminergic and glutamatergic systems.
While much has been investigated about medication effects at a functional level, the
mechanistic basis of changes in WM structure as a result of altering neurotransmitter-
signaling patterns is not yet clear.

When considering which treatments might improve WM integrity and impact DTI measures,
it first helps to understand the possible neural underpinnings of WM deficits. Myelin sheaths
in the central nervous system are created from the lipid membranes of oligodendrocytes.
First, oligodendrocyte precursor cells (OPC) settle along the tract. Once a mature
oligodendrocyte develops, the cytoplasmic membrane extends out in long processes that
wrap around nearby axons (70), requiring the intensive synthesis of large amounts of
additional membranes. Polyunsaturated fatty acids (PUFAS) are the structural components of
membrane phospholipids. EPUFAs are the essential PUFAS; they cannot be synthesized and
must be consumed. Since they are limited by diet, EPUFA intake determines the rate of
phosopholipid synthesis, which impacts the quantity and quality of membrane
phospholipids; this is particularly important during the period of accelerated membrane
growth during myelination (71, 72). If lipids are unavailable during myelin synthesis,
amyelination or dysmyelination may occur (73). Interestingly, the relationship between
neurons and the oligodendrocytes that myelinate them is interactive. An individual
oligodendrocyte may create myelin sheaths of different thicknesses on different axons (74).
For instance, level of electrical activity of neurons has been known to influence the amount
of OPCs that accumulate nearby, which may encourage the myelination process to
strengthen the most active networks (70, 75). A recent optogenetic study supports this
notion, by showing that induced pre-motor cortex neural activity influenced not only the
number of adjacent OPCs, but also increased myelin thickness and improved motor
performance in the targeted region (76). Thus, the basic biology of myelination supports the
consideration of two potential treatments, both of which are currently being investigated:
neural stimulation techniques that might result in increased myelination of active regions,
and supplementation of fatty acids to provide extra building blocks for myelination.

Stimulation Techniques—Neurostimulatory techniques such as electroconvulsive
therapy (ECT), transcranial magnetic stimulation (TMS) and transcranial direct current
stimulation (tDCS) have received increasing recent attention. ECT has a long history of use
in both depression and schizophrenia (77). However, the mechanism by which ECT may
have antipsychotic effects is unknown. Candidate mechanisms include effects on specific
neurotransmitters, neurotrophic effects, or immunomodulatory effects, but the evidence for
any of these is sparse (78). Given the evidence that neural stimulation may facilitate
myelination, it is possible that myelin is one unexplored mechanism by which ECT has an
effect. Accordingly, it has been shown that ECT improved FA and decreased RD in fronto-
limbic tracts in depressed patients, both consistent with improved myelination (79, 80).

tDCS has somewhat more localized stimulatory effects than ECT, and may either facilitate
or inhibit neuronal excitability depending on its application. While still in relatively early

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karlsgodt Page 6

stages, tDCS is thought to work via short-term modulation of membrane potential (81-83)
with longer-term effects due to changes in synaptic connectivity (84). In patients with
schizophrenia, there have been efforts to use tDCS to modify specific symptoms, such as
auditory hallucinations (85). There may be a complex relationship between tDCS and
myelination. For instance, in stroke patients, changes in FA correlated with improvements in
motor impairment after treatment that included combined tDCS and behavioral modification
(86). However, the directionality and strength of structural connections may either facilitate
or limit the efficacy of tDCS. For instance, baseline DTl measures predicted how much
stroke patients were able to benefit from tDCS, with higher FA associated with greater
change (86). This raises the question of whether this treatment might be better suited to
patients with relatively intact WM, for instance, older patients who are past the phase of
myelination, and are without pronounced WM impairment.

Finally, cognitive remediation is being used in schizophrenia, although there are a number of
different approaches, each with varying effect sizes (87, 88). While cognitive remediation is
not technically stimulatory in the manner of tDCS and ECT, it does force the repeated
engagement and activation of brain regions supporting cognitive function. Similar to the
biological support for electrical neurostimulatory techniques as stimulators of myelination,
the basic science data favors the potential of cognitive remediation to change myelination as
measured by DTI. For instance, in healthy subjects, after two months of working memory
training, FA increased (89). Similar effects have been seen with learning a new language
(90) as well as learning physical skills in both humans (91, 92) and rats (93). However, only
one study has assessed WM changes before and after cognitive remediation in
schizophrenia. In a small sample Penades et al showed increases in FA in patients enrolled in
a cognitive remediation course (94). This is clearly an area in need of additional research, to
understand the interplay between neural changes and various treatment options.

Fatty Acid Supplementation—Administration of PUFAS as a potential supplementary
treatment for psychosis has garnered a great deal of attention in recent years. A well-
tolerated, low-cost, and easily accessible treatment is appealing, particularly for young
populations and those at risk (95). Rationale for PUFA based treatments derives, in part,
from the idea that if disrupted myelination occurs in schizophrenia, bolstering myelin
formation might ameliorate these changes. In addition, patients with schizophrenia have
lower blood PUFA levels than controls (96-101), potentially explaining their decreased
myelination as indexed by generally lower FA. Despite the promise, clinical trials have had
mixed results (102). While some reports have shown reductions in symptoms or need for
medication (103-106), a meta-analysis of randomized controlled trials revealed no beneficial
effect of EPUFA augmentation in established schizophrenia (107). These opposing results
may be related to patient age and disease state, or as discussed earlier, to the heterogeneity
of WM deficits within specific patient groups. In particular, age may be an important
predictor of efficacy, as it appears that the degree of the effects of dietary lipids on myelin
may be related to myelination stage (108-111), and while studies in animal models show
positive effects of EPUFA supplementation on myelination, the majority of these were
carried out in utero or in very early post-natal stages (112, 113). Consistent with this pattern,
the early phase of schizophrenia is where some of the most favourable PUFA studies have
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been conducted, particularly in at-risk populations showing prevention of transition to
psychosis (114, 115). EPUFA supplementation may also provide alternative benefits, such as
reduction of side effects (104, 106, 116). Thus, these putatively neuroprotective
interventions may be particularly effective in prevention of psychotic disorders, but not
necessarily in established schizophrenia where either the underlying neurobiological
changes have already progressed too far, or the patient is past the age range of maximal
myelination.

However, despite the clear role of PUFAs in myelination, there is very little data assessing
WM as related to PUFA supplementation in schizophrenia. There is some evidence for an
impact of fatty acid supplementation on FA and MD in normal infant development (117) and
normal aging (118) and evidence that variability in PUFA related genes impacts FA across
development (119). The only PUFA related DTI study in schizophrenia patients showed that
in FE patients, PUFA concentration correlated positively with FA across a number of brain
regions (120). This finding may support the hypothesis that lower PUFA levels in patients
are directly related to the frequently observed reduction in FA in schizophrenia compared to
healthy individuals. Further research may reveal whether treatments can be targeted, for
instance, in an optimal age range, or in people with either low FA or low PUFA levels at
baseline.

Going beyond FA

While the diffusion tensor model is the most commonly applied analysis model, particularly
in clinical research, and within that model, FA is by far the most commonly used DTI
measure, there has been recent movement towards employment of more sophisticated
measures to assess WM, as well as movement beyond simple tensor models in general. First,
in DTI studies it has become standard to report RD, AD, and MD along with FA for a deeper
characterization of observed changes. Secondly, our understanding of diffusion-weighted
imaging has become more sophisticated; it has become apparent that the structure of neural
tissue may be too complex to be easily captured by a single diffusion tensor. One voxel may
contain fibers in multiple orientations, which is a particular problem in areas where tracts
intersect and there are crossing fibers. In addition, there can be intracellular and extracellular
compartments within the tissue, which may have different diffusion properties as well as
different biological significance. Accordingly, there has been ongoing development of
alternative methods, both at the level of sequence development and at the level of analytic
techniques, for better characterizing WM microstructure (see Table 1). For example, new
analytic models have recently emerged such as free water imaging (FWI1), diffusion kurtosis
imaging (DKI), and neurite orientation distribution and density imaging (NODDI), as have
new ways of acquiring data, such as high angular resolution diffusion imaging (HARDI) and
diffusion spectrum imaging (DSI), that allow for new information to be gathered using the
same or slightly varied scan sequences. These different methods allow for calculation of
different metrics. As one example, quantitative anisotropy (QA) (121) may provide a better
basis than FA for tractography and show less interference from factors like crossing fibers
and has been incorporated into a number of fiber tracking algorithms.
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Some of these methods have begun to be implemented in schizophrenia. DKI uses a
different mathematical approach to modeling diffusion which may provide complementary
information to that from FA analyses (122). A few studies have employed DKI in
schizophrenia, one showing lower mean kurtosis (MK) and FA in the frontal lobe (123) and
another showing decreased kurtosis measures in areas known to have complex fiber
arrangements such as the corona radiata (124). DSI is another related technique aimed at
clearly mapping regions of crossing fibers, and which has been able to reveal entirely new
features of the organization of the WM (125-127). DSI has been only recently applied in
schizophrenia, in investigations of the mirror neuron network (128), language networks
(129), connectome based analyses (130), and a sibling study (128). Calculation of a
permeability diffusivity index (PDI) that can putatively model more complex aspects of
cellular microstructure has been used in schizophrenia, and found that membrane
permeability is decreased in patients (131) and may be an important part of the accelerated
aging observed in schizophrenia (132).

One alternative model that has captured the attention of schizophrenia researchers is FWI.
Interest in FWI is motivated by the hypothesis that neuroinflammation plays a role in the
etiology of schizophrenia (133) and that such inflammation might damage oligodendrocytes
and thereby impact myelin (134, 135). FWI is sensitive to increases in extracellular water, as
might be caused by edema (136, 137), and widespread changes in this measure have been
shown in FE schizophrenia (138). A chronic population showed results more consistent with
degeneration than active inflammation (139), which may imply that there are fundamentally
different neural changes at different stages of the disorder. This technique is intriguing, as it
would allow us to further understand the impact of immune factors on brain structure.
Moreover, there is evidence that omega-3 fatty acids have anti-inflammatory effects (140,
141). Thus, in addition to the previously discussed role for PUFA supplementation in
supporting myelination, it is also possible that the preventative effects are related to
inflammation. Inflammatory markers (CRP, IL-6) have been shown to correlate with FA and
RD in schizophrenia (142), and it will be of interest to explore similar markers as related to
FWI.

In general, very few of these advanced techniques have been used in large-scale
investigations in schizophrenia. This is in part due to the necessarily protracted time frame
of studies involving recruitment of patients, as well as the increasing use of longitudinal
designs, both of which can result in the use of somewhat older imaging sequences. However,
moving forward, it is imperative for the field to take advantage of these methodological
advances. Research using the tensor model has revealed important differences in WM in
schizophrenia patients that are related to developmental change, cognitive function, and
symptomatology. However while DTI has enabled a previously unprecedented look at WM
microstructure, we must go still further. Initial forays into DSI, DKI, and PDI have already
demonstrated that very subtle aspects of WM architecture are disrupted in schizophrenia. By
revealing new microstructural details, these techniques have the potential to help not only to
develop a deeper understanding of the disorder, but to identify new treatment targets that
may be able to improve WM deficits.

Biol Psychiatry Cogn Neurosci Neuroimaging. Author manuscript; available in PMC 2017 May 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Karlsgodt Page 9

Conclusions

After nearly two decades of diffusion imaging research in schizophrenia, our methodological
approaches have made enormous strides, and a large body of evidence has accumulated to
support the presence of WM deficits in schizophrenia. By carefully considering the unique
biological features of WM, and gaining a better characterization of the nature of the changes
seen in it in patients, DTI can help us glean important information about the biology of
schizophrenia. However, there are still areas in which much more can be learned.
Understanding the neuroanatomical differences in patients who may have different clusters
of anatomical deficits, or in patients of different age or illness stages, is a key step towards
being able to better target our interventions. Moreover, exploring the impact of novel
interventions on WM can help us both better understand the treatments themselves, as well
as develop new treatments. Finally, it is important to begin to include the most state-of-the-
art techniques in order to best understand the connectivity changes seen in schizophrenia.
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Table 1

Advanced diffusion imaging methods and models

Acronym

Name

How it differs from the traditional diffusion tensor approach

HARDI

High Angular Resolution
Diffusion Imaging

The tensor model is limited by the assumption that each voxel contains a single ellipsoid,
representing one primary direction. By using very high numbers of directions and
repetitions, HARDI acquisition allows the estimation of multiple directions per voxel, as
would be seen in the case of crossing fibers (143)

DSI

Diffusion Spectrum Imaging

DSI sequences also were developed to address the issue of crossing fibers and complex
tissue. DSI analyses can describe diffusion with a probability density function (PDF) and
orientation distribution function (ODF) and thus define multiple directions of diffusivity
(125, 144),

DKI

Diffusion Kurtosis Imaging

DKI models require multiple b-values (at least 3) during acquisition to quantify the degree
to which the patterns of diffusion are non-Gaussian, for instance because of the presence of
intracellular and extracellular compartments, or tissue barriers such as cell membranes. This
index may provide additional tissue characterization, including of heterogeneity of
diffusivity, a potential indicator of pathology (122, 145)

FWI

Free Water Imaging

FWI1 specifically models the diffusion of freely diffusing extracellular water or fluid. The
free-water can be looked at as a putative measure of inflammation, or can be removed from
the signal to give a more specific measure of FA within tissue (138)

PDI

Permeability Diffusivity Index

The diffusion tensor model assumes that what is measured is a single pool of diffusing
water, and thus uses an overly simplistic mono-exponential function to describe signal decay
due to diffusion. PDI uses a more complex bi-exponential model of the diffusion signal,
which is sensitive to permeability of cellular membranes and may index aspects of tissue
microstructure not captured by FA (146, 147)

NODDI

Neurite Orientation Distribution
and Density Imaging

NODDI models intracellular, extracellular and CSF tissue compartments, to characterize
neurite density and orientation distribution, allowing a more detailed view of WM
microstructure and better estimate of myelination than FA (148, 149)

QA

Quantitative Anisotropy

QA is a metric calculated using the distribution of spins that diffuse along the fiber
orientation. QA is less sensitive to partial volume effects and has been implemented in a
number of fiber tracking algorithms as it may more accurately determine tract termination
locations than FA (121, 150)
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