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Abstract

Schizophrenia is a disorder with a pronounced developmental component. Accordingly, there is a 

growing interest in characterizing developmental changes in the period leading up to disease onset, 

in an effort to develop effective preventative interventions. One of the ongoing 

neurodevelopmental changes known to occur in the late adolescent period that often overlaps with 

the prodromal phase and time of onset is white matter development and myelination. In this 

critical review, a disruption in the normal trajectory of white matter development could potentially 

play an important role in the onset of psychosis. We seek to summarize the existing state of 

research on white matter development in prodromal subjects, with a particular focus on diffusion 

tensor imaging (DTI) measures. First, we describe the physiological basis of developmental white 

matter changes and myelination. Next, we characterize the pattern of white matter changes 

associated with typical development across adolescence as measured with DTI. Then, we discuss 

white matter changes observed in adult patients with schizophrenia and in individuals seen in 

genetic and clinical high risk states. Finally, we discuss the implications of these findings for 

future research directions and for potential therapeutic interventions.
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INTRODUCTION

There is substantial evidence that schizophrenia has a strong developmental component, in 

part because onset consistently occurs in late adolescence. The pattern of onset is insidious, 

and changes are distributed across the lifespan. The interaction of schizophrenia risk genes 

and environmental factors with normal developmental processes results in a pattern where 

there are certain periods of special vulnerability across development. The prenatal period is 

one such window of risk, when maternal stress and infection can have a very deleterious 
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impact on the developing fetal brain, and another such period is in late adolescence, 

proximal to the period when disease onset often occurs. During adolescence, 

neurodevelopmental changes in both grey and white matter (WM) are ongoing even in 

healthy individuals. That the development of WM occurs during the period associated with 

disease onset is of special interest, as schizophrenia has been hypothesized to be a disorder 

of disrupted or reduced connectivity [1–4]. Moreover, structural disruptions in WM have 

been implicated in disease pathogenesis in schizophrenia [5]. Evidence includes 

neuroimaging studies that report WM volume reductions and structural abnormalities [6–8] 

as well as myelin-related gene abnormalities [9, 10]. It therefore seems plausible that a 

disruption in the normal trajectory of WM development could potentially play an important 

role in the onset of psychosis.

Interest in the changes that occur during this adolescent period, and during the time leading 

up to onset, has lead to the rapid growth of an area of research focused on individuals 

putatively in the early ‘prodromal’ period of schizophrenia. Generally, this type of research 

consists of identifying individuals who are at a heightened risk for developing psychosis, 

either due to genetic factors, such as having a first relative with a psychotic disorder, or due 

to clinical changes consistent with the prodromal phases of the illness, such as sub-threshold 

psychotic symptoms accompanied by a decline in functioning [11]. The strength of 

performing investigations during this period is that if individuals convert to a psychotic 

disorder during the course of follow-up there is a unique opportunity to gain traction on 

what factors lead to their conversion. In addition, these individuals are free of the 

confounding factors that can come with long term pharmacological treatment and illness 

chronicity [12].

In recent years there has been a notable increase in the number of studies assessing neural 

changes in high-risk adolescents. There is a particular growth in the number of studies using 

neuroimaging techniques to assess grey and WM integrity in these individuals. In this 

critical review, we seek to summarize the existing state of research on WM integrity in 

prodromal or high risk subjects, with a particular focus on diffusion tensor imaging (DTI) 

measures. First, we will describe the structural basis of WM change during adolescence, 

then characterize the pattern of WM changes associated with typical development across 

adolescence, and finally to discuss changes observed in adults with schizophrenia and those 

seen in high risk states. Then, we will address the implications of these findings for 

intervention and treatment.

NEURAL BASIS OF WHITE MATTER DEVELOPMENT

It is clear that while myelination may occur to some extent throughout the lifespan, there are 

phasic periods in which the process is greatly accelerated. For instance, in the rat, myelin has 

been found to increase by 500% between 15–30 postnatal days, a period that generally 

corresponds to late childhood or early adolescence, while during the same period brain 

volume increases by only 20%. [13]. Some regions, particularly those associated with motor 

and sensory processes, are myelinated beginning even in utero. The first phase of 

myelination begins around 10 weeks in the spinal cord; by the time of birth the pons and 

cerebellar peduncles are myelinated, followed by the internal capsule, splenium of the 
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corpus callosum, anterior limb of the internal capsule, and genu, with parts of the frontal, 

parietal and temporal lobes myelinating by about a year after birth [14]. In fact, in human 

fetuses the timing of CNS myelination of different pathways is so specific that age can be 

determined just based on observing which pathways have been myelinated [15]. However, 

while the most rapid periods are indeed during these earlier stages, substantial myelination 

continues to occur up to the second decade of human life, with higher level association areas 

being the final regions to be fully myelinated [15, 16]. For instance, the hippocampus and 

frontal lobes undergo the majority of their myelination during adolescence and do not finish 

until early adulthood [17, 18] (See Fig. 1). These structural changes are also occurring, and 

potentially lending to, refinement in neuronal signalling where more efficient focal cortical 

activity is taking place in these regions [19]. In fact, normally during early adolescence, 

while the grey matter (GM) volume is decreasing, likely due to increased synaptic pruning 

and decreased neuropil, the WM volume actually undergoes a simultaneous increase [20]. 

This increase may be related to either increase in the thickness of the myelin sheath, or to 

increases in axonal diameter (or both).

When considering the possibility of a disruption in the trajectory of WM development as a 

contributing factor to the onset of psychosis, it is useful to consider the neural underpinnings 

of the observed changes. This allows us to think about what our histological and imaging 

measures are truly indexing, and consider what might be appropriate targets for treatment. 

Myelin in the central nervous system is comprised of the lipid membranes of 

oligodendrocytes; the cytoplasmic membrane folds out and extends away from the cell body 

to form long processes that tightly wrap around local axons and provide insulation [15]. This 

wrapped double layer of lipid membrane is what gives myelin its well-known fatty 

composition. In fact, myelin consists of 70% lipids, and membrane lipids comprise 50–60% 

of solid matter in the brain [21]. Membrane lipids in all mammalian species include 

glycolipids, phosopholipids and cholesterol, with phosopholipids and cholesterol accounting 

for the largest proportion of membrane lipids [15, 22]. Polyunsatureated fatty acids (often 

known as PUFAs) are structural components of these membrane phospholipids. EPUFAs are 

the essential PUFAs, which cannot by synthesized and must be provided through the diet. 

Two of these are arachidonic acid (AA) and docosahexaenoic acid (DHA), and together AA 

and DHA comprise more than 90% of EPUFAs [23]. Since they must be acquired dietarily, 

the amount of EPUFA intake determines the rate of phosopholipid synthesis, which in turn 

influences the quantity and quality of membrane phospholipids found in both the peripheral 

and central nervous systems [23]. Presumably because of this link, dietary lipids have been 

associated with biogenesis of myelin [24]. Accordingly, if these lipids are unavailable during 

myelin synthesis, disruptions in the form of amyelination or dysmyelination have been 

found to occur [25]. The findings that fatty acid intake may be a limiting factor for 

myelination has intriguing implications for disorders with disrupted WM development. 

However, the relevance of these data to schizophrenia must be interpreted with caution, as it 

appears that the degree of the effects are related to stage of myelination [26–29], and while 

there translational studies showing positive effects of EPUFA supplementation in animal 

models, the majority of these have been carried out in utero or in very early post-natal stages 

[13, 30], not in adults or adolescents.
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It is important to consider what impact a deficit in myelination might have on other aspects 

of neuronal integrity. Interestingly, there is evidence for a great deal of interaction between 

the neurons being myelinated and the oligodendrocytes that myelinate them. First, electrical 

activity of cells can influence the amount of oligodendrocyte precursor cells that accumulate 

nearby [15, 31]. Secondly, features of the axon may influence how thick the myelin sheath is 

[32]. However, the interaction also goes in the other direction. Signals from a myelinating 

glial cell can influence the degree of axon growth and girth [32], and play a role in axonal 

survival and maintenance [15]. In addition, in axons that have been myelinated, 

oligodendrocytes may inhibit neurite growth, something that would have a bigger effect on 

the late myelinating tracts that are of particular interest during adolescence. It is possible that 

the reason for this in healthy individuals is so that oligodendrocytes can serve as a “guard 

rail” to keep those later myelinating tracts inside appropriate boundaries [34]. Thus, it is 

possible to imagine that in a disorder in which myelination was delayed, or the trajectory 

was abnormal, there could be profound implications of these interactions on not just the 

WM, but on the GM as well. This interactive relationship is particularly important for a 

disorder such as schizophrenia, which may be associated with disruptions in both grey and 

WM development-these two phenomena are usually discussed as independent entities, but it 

is possible that they are more highly intertwined (for an excellent review of oligodendrocyte 

biology and development, see Baumann, 2001).

NEUROIMAGING MEASURES OF WHITE MATTER DEVELOPMENT

Early attempts to quantify WM changes were based on anatomical dissection and standard 

structural MRI. Historically, neuro-imaging techniques have not had the fidelity to allow 

detailed analysis of WM microstructure in vivo, and so investigations have been 

predominately post-mortem. These studies carry the benefit of being able to identify specific 

changes at the cellular level, and thus provide invaluable insight into the mechanisms of 

development. However, there are a variety of methodological issues associated with post-

mortem studies that can seriously complicate interpretation of the data collected, these issues 

include the influence of postmortem interval and cause of death on the tissue, as well as the 

necessity of relying on registry data or medical records for patient diagnoses [35]. As an 

alternative to histological and dissection studies, there has been a shift towards using 

neuroimaging techniques for the investigation of WM in living subjects as these 

technologies have become more widely available. However, while traditional MRI does 

allow a general overview of the WM structure, it is largely limited to measures such as gross 

WM volume, or the presence of WM hyperintensities. Traditional MRI cannot assess 

whether cells are in place but improperly connected, whether axonal tracts are disorganized, 

or whether cells are functioning normally; in each case volumetric WM measures may 

remain unchanged while functional connectivity may be fundamentally altered.

Diffusion tensor imaging (DTI) is a relatively newer technique that can be performed on a 

standard MRI scanner, and that allows for a more detailed analysis of the integrity of the 

WM tracts. The data collected during DTI are based on the idea that it is possible to measure 

the pattern of Brownian motion (the natural motion driven by thermal energy) of water 

molecules and use measures about the ways in which diffusion is restricted to glean 

information about the environment in which the water is moving [36]. If unobstructed, as in 
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cerebral spinal fluid, that motion has an equal likelihood of going in any direction, a pattern 

known as isotropic diffusion. Water molecules in the brain, however, are moving in an 

environment full of axons, cell membranes, fibers, and other tissue components that limit 

their motion. In WM tracts, the motion of the molecules is restricted by the myelinated 

axons and tends to move more easily in the direction along the axon than perpendicular to it, 

creating motion in an ellipsoid shape rather than a spherical one (a pattern known as 

anisotropic diffusion; see Fig. 2). The shape of this ellipsoid can give information such as 

the degree of myelination, the number of axons, the average fiber diameter, fiber packing/

axon density, and the similarity in the direction of the fibers within the tract [37, 38]. The 

most widely reported index of diffusivity is fractional anisotropy (FA) which characterizes 

the eccentricity of the ellipsoid, and is commonly interpreted as a measure of WM integrity. 

The mean diffusivity (MD) index measures the overall diffusion area, it may index changes 

in intra and extracellular space, and in GM may index decreases in neuropil. Radial and 

axial diffusion measures of the length of the longest and shortest axes of the ellipse and are 

thought to index tract organization or axonal integrity and myelination, respectively [39–41]. 

The direction of the ellipsoid can give information about the orientation of fibers in that 

region. Using fiber orientation data it is possible to use a technique known as tractography to 

trace fiber tracts through adjacent voxels with a common principle direction [42,43]. This 

procedure allows the tracing of anatomical connections between regions of interest, or the 

determination of whether the tracts themselves are appropriately placed and connected. With 

these capabilities, coupled with the ability to perform the technique in a standard MRI 

scanner over relatively short scan periods, DTI has become a very practical way to 

investigate structural integrity of fiber tracts in living subjects.

WHITE MATTER DEVELOPMENT IN TYPICAL ADOLESCENCE AS 

REVEALED BY DTI

Advances in the rapidly developing field of diffusion weighted MR imaging have resulted in 

a series of informative studies which have enabled researchers to track WM development 

across the lifespan (see [44–46]). To date, there are over 30 published studies of WM 

development using DTI measures which have included adolescents as a part of their 

examined age cohort (for a recent review see [47]). However, only a handful of studies have 

specifically examined changes over adolescence rather than across the lifespan. Age-related 

changes in WM volume and diffusivity measure rarely occur in a linear fashion, nor do they 

mirror contemporaneous GM volume changes. Findings from the large NIH longitudinal 

study of healthy brain development [48] indicate that volumetric WM development across 

the lifespan is best described by a combination of linear and cubic models depending on 

which regions are the focus of interest. More recent studies of corresponding developmental 

changes in DTI diffusivity measures (FA, MD radial and axial) are consistent with models of 

WM change [45], showing corticospinal, external capsule, corona radiata, and internal 

capsule to be early maturing tracts, with regions associated with higher level functions, such 

as corpus callosum, cingulum bundle, sagittal stratum, superior longitudinal fasiculus (SLF) 

and the fronto-occipital fasciculi to be later maturing [49]. Taken together the existing 

studies suggest a pattern of increasing FA with corresponding decreases in MD and radial 

diffusivity in frontal and temporal regions and corpus callosum across early development 
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and into adolescence. Such diffusivity changes are consistent with previously observed 

concurrent changes in WM volume and density [49]. The neurobiological basis for the 

observed changes in diffusivity has been recently reviewed by Paus [50]. On the basis of 

existing neuropathological evidence he concludes that developmental changes in both axon 

diameter and myelination are driving the changes in MRI diffusion signal. Interestingly, the 

most consistent finding across studies is gender effects, different developmental trajectories 

for genders, males increasing WM volume but girls demonstrate increased maturity of white 

mater microstructure as measured by DTI [51–53].

Given the growing evidence that there are ongoing maturational changes in areas associated 

with higher level function, even up into young adulthood, there has been growing interest in 

the relationship between the acquisition of cognitive abilities and newly acquired skills and 

diffusivity measures in healthy adults [54]. With respect to developmental trajectory, there is 

some evidence that, independent of age and gender, maturation of WM in the left 

hemisphere is directly associated with verbal cognitive abilities [55]. While only a handful 

of studies have specifically examined the relationship between cognitive function and WM 

development as measured by DTI (reviewed [47]) there is growing evidence that maturation 

of these two domains are robustly related. Further, Olson et al [56] found that increased 

impulsive behavior in children and adolescents was associated with relatively decreased FA 

in bilateral frontal and temporal tracts suggesting delayed or interrupted maturation in this 

regions. These findings support the notion that honing of the white matter that occurs in 

adolescence has measurable functional relevance, and further highlight the importance of 

understanding not only the cognitive changes that can be expected when this process is 

normal, but also when the trajectory is disrupted.

There are a few key issues that make integration of existing findings problematic. Often, 

there are as many reported discrepancies between studies as common findings, most likely 

due to methodological differences. Acquisition parameters (for instance, number of diffusion 

directions, slice thickness) vary widely by site, and often age ranges are non-overlapping 

between studies, with some focusing on younger and some on older subjects. In addition, the 

analytical approach adopted can have a profound effect on how easily data can be compared 

between studies. In particular, while both region of interest (ROI) based approaches and 

whole brain voxel-wise analyses have their own costs and benefits, the results can 

sometimes be hard to reconcile. In addition, a voxel-based morphometry (VBM) approach 

that takes into account all tissue types and is very vulnerable to registration issues can be 

difficult to compare with output from the recently developed Tract Based Spatial Statistics 

(TBSS; FMRIB Software Library) program, which focuses the statistical comparisons on a 

WM “skeleton” that represents areas in which all subjects have data. Significantly, we are 

aware of only one longitudinal investigation of WM microstructure change in adolescence 

[57]. Overall, the findings of this study support prior cross-sectional investigations showing 

relative increases in diffusivity in fronto-temporal tracts as well as thalamic radiations and 

portions of the internal capsule. It is critical to continue to explore these changes 

longitudinally, to gain a deeper understanding of both within subject and between subject 

changes, and to provide a comprehensive backdrop against which to interpret disorders with 

alterations in the trajectory of WM development.
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WHITE MATTER ALTERATIONS IN PATIENTS WITH SCHIZOPHRENIA AND 

THOSE AT RISK

Disconnectivity in Schizophrenia

Observations that schizophrenia has its onset in late adolescence during the period when 

higher level association areas are still myelinating have prompted the notion that 

schizophrenia is a disconnection syndrome adversely affecting the structure of 

neurocognitive networks in the brain [1, 4, 57]. Here, we propose that this disconnection 

syndrome may arise from the disruption of the normal neurodevelopmental trajectory during 

adolescence.

The disconnection hypothesis has received copious amounts of empirical support from 

functional brain imaging studies. These findings point to potential mechanisms at the 

synaptic or molecular level, however functional studies show a lack of consensus on which 

brain networks are the site of the primary abnormality. Some investigators propose that the 

core abnormality is a disruption of frontal-temporal integration [1] while others propose a 

disruption of cortico-cerebellar-thalamo-cortical circuitry (CCTCC) integration [59]. 

Another model suggests that fronto-temporo-limbic interactions with the ventral striatum are 

impaired [60, 61], which could partially be explained by the dopamine hypothesis of 

schizophrenia [62]. Aberrant parietal activity has been less emphasized in schizophrenia 

research but there is emerging evidence that fronto-parietal integration may be abnormal [63, 

64]. Yoon et al. [65] found a pattern of connectivity in controls, between dorsal lateral 

prefrontal cortex (DLPFC) and right inferior parietal lobule during context processing when 

performing a continuous performance test (CPT), the AX-CPT, however schizophrenia 

patients did not show any regions with enhanced functional connectivity to the DLPFC.

With the growing interest in the prodromal phase and timing of disease onset, functional 

connectivity investigations in clinical high-risk (CHR) youth are of special interest. 

Recently, Benetti et al. [66] explored effective connectivity during a working memory task in 

first-episode, at-risk and healthy control subjects. They set out to assess bi-directional 

connectivity between the PFC and hippocampus, particularly between the IFG which has 

prominent projects to the posterior subdivision of the hippocampus. They examined correct 

recognitions to previously presented stimuli and found reduced effective connectivity from 

the right posterior hippocampus to the right inferior frontal gyrus in the first-episode and at-

risk subjects, compared to controls. Findings of decreased functional connectivity in subjects 

at high-risk is consistent with reports of abnormal PFC, posterior, and also sub-cortical brain 

regions functional connectivity [67]. Recent reports echoing the functional findings in CHR 

have discovered volumetric reductions in PFC and medial temporal cortices [68–70]. 

Disruptions in fronto-hippocampal connectivity are rapidly becoming a compelling 

vulnerability marker in individuals who are at-risk.

DTI and Schizophrenia

Post-mortem evidence has revealed disturbed myelin pathology in patients with 

schizophrenia. Changes include alterations in the distribution of the interstitial cells of the 

WM [71–73] as well as significant reductions in the number of oligodendroglial cells and 
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ultrastructural alterations of myelin sheaths, mainly in the PFC and caudate nucleus, which 

may underlie other structural abnormalities in schizophrenia [74]. DTI evidence supporting 

disturbed connectivity in schizophrenia has been evidenced by decreased FA in widespread 

brain regions. These include prefrontal, temporo-parietal, and parieto-occipital regions [75], 

with meta-analytic reviews showing particular deficits in left frontal WM [76] and along the 

cingulum, arcuate, and uncinate fasciculus [77]. Sophisticated network analyses have 

revealed impaired connectivity between medial frontal, parietal/occipital and left temporal 

nodes, supporting the idea of widespread disconnectivity across key regions [78]. 

Interestingly, in a study examining FA, axial, and radial diffusion, Seal and colleagues [79] 

found that FA changes in the external capsule could be attributed to increases in radial but 

not axial diffusivity, consistent with the idea that the observed changes in schizophrenia are 

due to decreased or abnormal myelination rather than to axonal damage or profound tract 

disorganization. This confirmation of a specific myelin disruption highlights the importance 

of understanding the trajectory of myelination in young and at risk subjects.

The superior longitudinal fasciculus (SLF) is one fiber tract of particular interest in 

schizophrenia, serving as the primary connection between the frontal and parietal lobes and 

its role in supporting working memory functions [80]. FA reductions along the SLF have 

been found in schizophrenia patients [81]. In addition, a recent network analysis indicated 

that a fronto-parietal-occipital network was specifically impaired in schizophrenia patients 

[78]. FA reductions have been found in first-episode, young adult patients and are associated 

with impaired verbal working memory [82] and executive functioning [83]. Similar WM 

alterations along the SLF and uncinate fasciculus have also been found in a separate first 

episode psychosis sample and were more prominent in patients with a poorer functional 

outcome [84].

The cingulum fiber bundle is another structural region area of interest in schizophrenia 

because of functional deficits found in the connected regions [85, 86]. The cingulum 

connects the PFC, cingulate gyrus, medial temporal lobe, including the hippocampus and 

parahippocampus, and precuneus [87]. There have been a number of findings of reduced FA 

in schizophrenia patients in this tract [88–91], specifically falling in PFC [92], cingulate 

gyrus [90, 93], and hippocampus in children and adolescents with schizophrenia [94]. 

Structural abnormalities in the hippocampus are believed to be a result of aberrant 

neurodevelopment, effecting synaptic organization and neuronal connectivity, rather than 

neurodegenerative tissue damage, since it is observed in first-episode patients (Harrison, 

2004). A combined fMRI and DTI study of working memory revealed hypoactivity in the 

PFC, superior parietal lobe, and occipital lobe along with FA reductions in the right 

parahippocampal gyrus and right frontal lobe of schizophrenia patients [95]. At this stage 

the cingulum is serving as an intriguing area of reduced microstructural integrity which 

could serve as an early indicator of the risk for the illness which persists throughout the 

various stages of the disease progression.

White Matter Neurodevelopment and Schizophrenia

During normal cortical development the brain undergoes progressive neuronal pruning 

moving from posterior (in the parietal lobe), to anterior regions (in the prefrontal and 
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temporal cortices) [96, 97]. In early-onset schizophrenia GM tissue loss in these regions 

follows the same pattern, beginning in the parietal cortex, but is accelerated [98] particularly 

in the superior medial frontal and cingulate gyrus [99]. Although there is evidence to suggest 

that accelerated GM loss is apparent in early and adult onset-schizophrenia few studies have 

explored if WM abnormalities found in the disease-state are related to the age of onset. In a 

cross-sectional DTI study comparing FA in adolescent-onset and adult-onset schizophrenia 

differential effects of age were found to interact with the pattern of FA reductions [100]. 

Adolescent-onset patients showed reduced FA within parietal WM, while adult-onset 

revealed reductions in frontal and temporal lobes compared to their age-matched controls. In 

the direct comparison of age of onset between the adolescent and adult patient groups there 

were two bilateral regions in the medial frontal WM showing group differences. In these 

frontal regions higher FA was found in the younger adolescent-onset patients than younger 

adult-onset patients and younger controls; however, the older adolescent-onset patients failed 

to show normal WM increases with age and instead had drastically reduced FA than the 

older adult-onset group and older controls. This study provides strong evidence to account 

for neurodevelopment stage and age when exploring WM changes related to the disease.

Longitudinal changes in WM in adolescent-onset schizophrenia patients has been explored 

[101] Baseline adolescent patient data revealed reduced FA along the pyramidal fiber tract, 

which facilitates motor control, and in the arcuate fasciculus, which in an integral tract for 

connecting brain regions involved in language production and comprehension. However, 

after longitudinal follow-up, roughly 2.5 years, the differences in WM disappeared and 

patients had similar increases in WM to their adolescent control subjects. The initial 

reductions in FA along the pyramidal fiber tract are important to understanding the 

neuromotor abnormalities which are found in schizophrenia patients in those at-risk, which 

have been previously found. The tract is associated with the corticospinal tract and the 

sensori-motor regions falling along it are still developing during adolescence [102, 103]. FA 

reductions in this region could reflect a marker of motor skill delays related to WM 

maturational delays which occur in adolescent-onset schizophrenia, due to the coinciding 

refinement of motor capacities which occur during childhood and adolescence [104].

DTI in High-Risk Schizophrenia Studies

Genetic High-Risk—Investigations in individuals who are at risk for, but are not yet 

diagnosed with, schizophrenia or psychosis represent a powerful approach to understanding 

the factors that contribute to disease onset, and can also help identify points of potential 

intervention. Two common ways of identifying at-risk individuals are through familial 

loading for schizophrenia (siblings, children, or twins of probands) and through observation 

of clinical features consistent with the prodromal period of schizophrenia. Studies exploring 

WM FA in individuals at-risk have predominately used a genetic high-risk approach. This 

strategy is powerful in that all subjects assessed do share risk genes for schizophrenia, 

whether or not they ultimately convert to the disorder themselves, and this allows us to 

observe the effects of these genes in the absence of confounds such as treatment or frank 

psychosis. Genetic high-risk studies have yielded a rich literature describing cognitive and 

anatomical endo-phenotypes for schizophrenia. For instance, unaffected twins of 

schizophrenia patients show a similar magnitude of reduced FA in the left PFC and the 
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relative to healthy controls [105]. However, the schizophrenia patients exhibited reduced 

WM FA in the left ACC, which was not found in either the relative or control groups. 

Therefore, the left PFC and the hippocampus may be related to higher genetically-mediated 

risk for developing schizophrenia while WM disruptions in the left ACC may be specific to 

the presence of the disease. Muñoz Maniega et al. [106] examined FA in unaffected relatives 

and schizophrenia probands and healthy controls. Lower FA was found in both patients and 

unaffected relatives in the anterior limb of the internal capsule. This revealed lower FA in 

fronto-temporal WM which may be a possible genetically-mediated indicator of a higher 

vulnerability to develop schizophrenia. DeLisi and colleagues [107] utilized diffusion 

weighted imaging to investigate the appearance of cortical atrophy in individuals at a high 

genetic-risk (aged 12–30) along with schizophrenia patients (aged 20–55 years old) and 

controls. They found an increase in the amount of cerebral spinal fluid occupying the 

interstitial brain space in the region of the left parahippocampal gyrus in both patients and 

risk subjects. This increase indicates that tissue atrophy may be occurring in this region. 

Additional FA reductions have also been observed along the SLF at baseline examination in 

individuals at a high genetic-risk [108]. Another study of young adults at high genetic-risk 

found focal FA reductions within the parietal lobe, angular gyrus and right precuneus, in the 

at-risk group compared to healthy controls [109]. These findings suggest that the FA 

reduction in the parietal region of the SLF may be apparent in the risk stage of the disease. 

Additionally, these reductions have been correlated with verbal working memory 

performance in first-episode, young adult patients [82], suggesting a disruption along this 

fiber track has implications on a core cognitive dysfunction which is observed through all 

stages of the disease.

Another approach used in identifying risk biomarkers for psychosis is to examine genetic 

variations which may lead to the disruptions in WM in schizophrenia. One example of a 

gene of interest in this regard is the schizophrenia risk gene neuregulin-1 (NRG1), which is 

involved in neuronal migration, axon guidance and myelination [110]. A haplotype in the 5′ 
end region of the gene, which is a genetic variation found to double the risk for 

schizophrenia in an Icelandic population [111], with reduced medial frontal FA significantly 

associated with the NRG1 gene variation. This finding suggests that a single nucleotide 

polymorphism in a specific region along the NRG1 gene may contribute to the risk for 

schizophrenia via its impact on myelination in frontal lobe WM. McIntosh et al. [112] also 

explored NRG1 and WM, but in unaffected subjects who were genotyped at the NRG1 

single nucleotide polymorphism locus. Subjects with the risk-associated genotype had 

reduced WM volume and FA in the anterior limb of the internal capsule. They therefore 

provide the first imaging evidence that genetic variation in NRG1 is associated with reduced 

WM density and integrity in human subjects. In addition to NRG1, its receptor, ErbB4 has 

also been investigated. One such study focused on a SNP (rs4673628), found that variation 

at this site was related to white matter reductions in bilateral regions of the anterior limb of 

the internal capsule [113]. Another candidate gene (ZNF804A) has become a point of 

interest, as the most commonly implicated SNP (rs1344706) potentially serves as a binding 

site for myelin transcription factor [114], although existing DTI studies have not revealed 

significant differences.
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Clinical High-Risk—To complement genetic-risk studies, a second approach to 

identifying high-risk individuals is through use of clinical characteristics. Typically, these 

samples consist of individuals in the age-range associated with onset who are experiencing a 

decline in functioning accompanied by below-threshold psychotic symptoms. The strength 

of these studies lies in the possibility of assessing the same individual before, during, and 

after onset, which offers an unprecedented opportunity to fully characterize the factors 

contributing to or associated with transition to psychosis. However, such studies can be 

methodologically challenging, as only a portion of recruited individuals will develop full-

blown schizophrenia. To date, only a few studies have examined WM integrity in CHR 

individuals. Karlsgodt and colleagues [108] were the first to explore WM alterations in a 

CHR sample. They found lower baseline WM FA in CHR compared to healthy controls, and 

furthermore this deficit was predictive of a steep decline in psychosocial functioning in the 

CHR group. Additionally the CHR group failed to show the normal age-related increase in 

medial temporal lobe WM. In the first DTI study to examine conversion to psychosis they 

compared baseline WM FA within regions of interest along a priori WM tracts in CHR 

subjects who converted to psychosis and those who did not [115]. In this study they did not 

find any baseline differences between the psychosis groups and the healthy subjects or 

between the converters and non-converters. Bloemen and colleagues [116] carried out a 

prospective study of risk for conversion to psychosis in which they investigated whole-brain 

FA maps for high-risk individuals who later converted to psychosis compared to those who 

did not. They found reduced FA in the converters compared to the controls in the left 

anterior thalamic radiation and along the inferior fronto-occipital fasciculus. They also found 

reduced FA along the SLF and inferior longitudinal fasciculus in the superior temporal gyrus 

and inferior fronto-occipital fasciculus in high-risk individuals who converted compared to 

those who did not. In a study of children aged 11–13 who were experiencing sub-threshold 

psychotic-like symptoms whole-brain derived FA differences were explored between this 

symptomatic high-risk group and healthy control children [117]. They found decreased FA 

in the high-risk group along the inferior fronto-occipital fasciculus within the visual cortex, 

along the cingulum within the parahippocampal gyrus and along the inferior longitudinal 

fasciculus in the superior temporal gyrus. This study was the first to identify WM deficits in 

a non-treatment seeking sample of at-risk children and gives rise to the notion that these 

subtle microstructural differences in WM integrity may be apparent not only in the risk state 

but are identifiable at a younger age than previously suspected. Reduced WM volume within 

the superior temporal lobe has also been found in high-risk subjects compared to healthy 

controls [118, 119]. Increased corticial thinning over time within the superior temporal gyrus 

has also been found to be predictive of CHR who convert to psychosis compared to those 

who did not [120]. A multimodal imaging study has uncovered a direct association between 

the WM volume underlying the right supramarginal gyrus extending into the right arcuate 

fasciculus and the electrophysiological alterations (as measured with P300 amplitude) of 

CHR subjects [121] Such correlation was pathological as it was observed in the CHR but not 

in the control group. Previous MRI-EEG studies showed that superior temporal gyrus 

volume is associated with smaller P300 in chronic [122] and first episode [123] 

schizophrenia. These findings are in line with recent theories suggesting that 

electrophysiolgical alterations in schizophrenia are associated with early temporo-parietal 

maturation abnormalities followed by further functional impairments later in life [124].
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One of the key goals of high risk studies is to assess individuals across the transition to 

psychosis. However, this is technically difficult due to time limitations of follow-up, impact 

of treatments offered during the course of the study, and subject retention. However, in the 

first DTI study to examine conversion to psychosis baseline WM FA within regions of 

interest along a priori WM tracts was compared between in CHR subjects who converted to 

psychosis and those who did not [125, 126]. In this study they did not find any baseline 

differences between the high risk group as a whole and the healthy subjects or between the 

converters and non-converters. However, at follow-up, when using an uncorrected analysis, 

they found that the CHR converters and non-converters had increased FA in the right 

anterior cingulate. While this study cannot be conclusive, due to a very small sample size it 

is an important first step to further studies focused on the important issue of conversion.

IMPLICATIONS AND FUTURE DIRECTIONS

As we have highlighted above an important component of investigations focused on risk and 

onset are longitudinal studies. Understanding which aspects of WM abnormalities are 

present before the onset of the illness and are specifically disrupted in those who progress to 

the disease state will help researchers to converge on WM tracts of interest in targeting for 

disease prevention. In pursuit of this goal, a number of multi-site studies across the globe are 

ongoing, including the North American Prodrome Longitudinal Study (NAPLS), which is 

collecting structural data, including DTI and fMRI in a sample of ~720 adolescent and 

young adult CHR patients. In addition to understanding the process of onset, another 

important goal of studies in CHR subjects is to develop algorithms that can predict which 

subjects will progress to disease onset, or will need additional intervention. We have shown 

evidence that baseline levels of WM integrity may be predictive of both later functional 

outcome [108] or even conversion to psychosis [116]. Further work, and larger longitudinal 

samples, are necessary to determine whether the WM deficits can be specifically defined 

enough to be used (either alone or as part of a more complex combination of measures) as a 

disease or risk marker.

The idea that dysfunctional WM development may be a central component of disease onset 

begs the question of whether it would be possible to intervene and repair, halt, or blunt, the 

disrupted process. The hope would be that for patients with a WM disruption, development 

of an intervention that can help normalize this pattern may play a critical role in rescuing 

their function as adults. One area of study that has grown out of the findings is the absence 

of sufficient fatty acid intake results in deficits in myelination. There is an interest in 

whether in the case of injury or pathology, the long chain EPUFAs of the omega-3 group 

(DHA) might have potential as a therapeutic agents. For instance, omega-3 EPUFAs may 

offer neuroprotection after ischemic and traumatic spinal cord injury, both after 

administration as an acute post-injury injection and as the result of a longer term enhanced 

diet [127–129]. In part because of such findings, this treatment has been repeatedly been 

proposed across a wide range of psychiatric disorders [127, 130–133]. However, clinical 

trials in which EPUFAs have been administered have had mixed results [134]. A recent 

meta-analysis has comprehensively assessed the antipsychotic efficacy of EPUFA in about 

160 schizophrenic subjects randomly allocated to standard antipsychotic treatment with or 

without EPA augmentation [135]. Meta-analysis of RCTs on symptomatic outcome revealed 
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no beneficial effect of EPA-augmentation in established schizophrenia. However, no 

conclusion can be made for medium to long-term effects of EPA in schizophrenia, in 

particular on relapse prevention in the early course of psychotic disorders.

Although there is only limited evidence supporting that EPA augmentation of antipsychotic 

medication in established psychosis improves symptomatic outcome, they may exert positive 

effects as a preventive agents, in particular during the pre-psychotic phases. A recent study 

has confirmed a mixture of EPA and DHA significantly reduces transition rates in subjects at 

ultra high risk for psychosis [136] pointing to a potential neuroprotective effect of omega-3 

fatty acids supplementation in at risk mental states. There is growing evidence suggesting 

that the emergence of psychosis is associated with subtle structural (for a review see [137]), 

functional (for reviews see [138, 139]) and neurochemical (mostly involving dopamine and 

glutamate, for reviews see [140, 141]) alterations which may ultimately lead to the onset of 

frank psychosis. The potential underlying mechanism of the therapeutic action of omega-3 

fatty acids during the pre-psychotic phases may be neuroprotective, e.g. via modulation of 

the antioxidative intracellular defense [142], antiapoptotic actions [143] or be the result of a 

direct interaction between EPA and glutamatergic neurotransmission (for a review on 

omega-3 fatty acid interventions in early psychosis see [144]). In particular, glutamate 

alterations have been shown to predate the onset of psychosis and to be directly related to 

the GM abnormalities [145], neurofunctional alterations [146] and dopaminergic 

abnormalites [147] observed in subjects at risk for psychosis. It is thus possible to speculate 

the EPA neuroprotective effects during this phase may be associated with a modulation of 

glutamatergic cycle between the neuronal and glial compartment [148]. In line with such a 

hypothesis, a recent magnetic resonance spectroscopy study in first episode subjects has 

confirmed that EPA augmentation modulates glutathione and the glutamine/glutamate cycle 

in early psychosis, with some of the metabolic brain changes being correlated with negative 

symptom improvement [142]. The EPA neuroprotective interventions may therefore be 

particularly effective in indicated or secondary prevention of psychotic disorders, but not 

necessarily in treatment of established schizophrenia where the underlying neurobiological 

changes may have progressed too far and we are dealing with an end stage of an illness. 

However, while the idea of a fatty acid based intervention for developmental 

neuropsychiatric disorders is highly intriguing, basic research is still needed so that we can 

understand whether or not we can expect supplementation with fatty acids to have a 

significant effect on typical outcome measures. Importantly, it is necessary to determine if 

there is an optimal age range in which to target these treatments. If this intervention does 

impact myelination in younger subjects, then it may be a reasonable first line of intervention 

in disorders association with dysregulated myelination. If it fails to show an effect in older 

subjects, this may mean that for those individuals, further treatments need to be developed.

In general, it appears that as the symptoms of schizophrenia emerge in late adolescence or 

early adulthood, a period associated with continuing brain development in healthy 

individuals [98, 149], understanding how Đand when-brain development in schizophrenia 

may diverge from that in typical development is critical for conceptualizing the emergence 

of the disorder and its associated functional deficits. The proximity of these changes to the 

age of onset of schizophrenia raises the question of whether an alteration in development of 

the WM connections that facilitate neural connectivity may have a causal influence on the 
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emergence of schizophrenia symptomatology and cognitive deficits. Understanding the 

relationship of these structural changes to the emergence of cognitive deficits and 

symptomatology will give us a unique window into the process of disease onset, and to 

potential windows for intervention.
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Fig. (1). 
Graphical rendition of timing of myelination in different tracts. Based on data and figure 

from Yakovlev and Lecours, 1966 [150].
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Fig. (2). 
The basis of the diffusion tensor imaging (DTI) signal is the pattern of diffusion. Isotropic 

diffusion would occur when the water molecules are unobstructed, for instance in the 

cerebral spinal fluid filled ventricles. Anisotropic diffusion, where the ellipse is narrowed 

and the eccentricity of the ellipse is increased, would occur in white matter tracts where 

diffusion is obstructed in a particular direction.
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Fig. (3). 
Potential trajectories of grey and white matter development in schizophrenia. Patients show 

decreased cortical thickness and myelination in adulthood, as the result of either an early 

insult, a later insult, a disrupted developmental trajectory, or a combination of these factors.
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