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Abstract

Diffusion weighted imaging (DWI) is a neuroimaging technique that has allowed us an 

unprecedented look at the role that white matter microstructure may play in mental illnesses, such 

as psychosis. Psychosis related illnesses, including schizophrenia, are increasingly viewed as 

existing along a spectrum; spectrums may be defined based on factors such as stage of illness, 

symptom severity, or genetic liability. This review first focuses on an overview of some of the 

recent findings from DWI studies. Then, it examines the ways in which DWI analyses have been 

extended across the broader psychosis spectrum, or spectrums, and what we have learned from 

such approaches.
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Diffusion Weighted Imaging and Schizophrenia

Diffusion weighted imaging (DWI) refers to a set of techniques that use the diffusion 

patterns of water molecules to characterize tissue properties. DWI is a powerful yet non-

invasive tool, and can be performed using a standard magnetic resonance imaging (MRI) 

machine. It has provided insights into a diverse range of topics including our understanding 

of overall white matter (WM) architecture and microstructure, brain-structure changes such 

as myelination during healthy development, and altered WM properties in mental illnesses 

such as schizophrenia. Schizophrenia is a multifaceted disorder associated with a diverse 

constellation of symptoms. These include both the commonly described positive (e.g. 

hallucinations and delusions) and negative symptoms (e.g. flattened affect), as well as a 

number of associated cognitive and social deficits. Due to their complexity, it is difficult to 

attribute the symptoms of schizophrenia to impairment in any one brain region or structure 

— the symptoms often appear to occur as the result of a breakdown in multiple-component 

functions. Likewise, the cognitive functions which are impaired in patients with 

schizophrenia are often complex processes relying on widespread brain networks. Thus, in 

part because of the nature of these deficits, it has been hypothesized that, at its heart, 
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schizophrenia may be a disorder of disrupted connectivity [1, 2]. That is to say, it’s not due 

to the impairment of any one brain region, but rather to an impairment of multiple regions 

and of the coordination and connections between them. This growing focus on connectivity 

is one of the reasons why DWI measures of structural connectivity, both within and between 

brain regions and networks, is a rapidly growing area of research.

The review first briefly covers the state of the existing body of DWI work in schizophrenia, 

followed by a discussion of emerging directions of particular interest in diffusion research in 

psychosis. In particular, neuroimaging work has recently begun to reflect the idea of seeing 

schizophrenia as part of a psychosis spectrum, with analyses including not only diagnosed 

patients but also those at clinical high risk, those showing subclinical level symptoms, and 

those showing variations of genetic risk. In addition, beyond focusing on the spectrum of 

severity within schizophrenia, there has been more work recently on cross-diagnostic 

approaches, or spectrums of symptoms that vary between diagnoses, for example, varying 

degrees of psychosis across schizophrenia and bipolar disorder. Both of these 

conceptualizations of a spectrum-based illness are consistent with the NIMH Research 

Domain Criteria (RDoC) approach, which seeks to understand, across disorders and levels of 

affectedness, the way that variability in function of different domains (e.g. executive 

function, social function) may scale with variability in underlying biological changes. In 

addition, the review will cover some of the future directions for the field necessary for 

building a richer understanding of WM connectivity, including integration with other 

imaging modalities, predictive utility of imaging measures, and the extension of newly 

developed diffusion techniques to clinical populations.

White Matter Alterations in Schizophrenia

In the DWI field, the diffusion tensor model (DTI model) is the most frequently employed 

technique. DTI analysis yields an index known as fractional anisotropy (FA), a measure 

that reflects a combination of myelination, neural fiber coherence, axon diameter, and 

organization of the WM tracts, and is thought to serve as a general index of “neuronal 

integrity” [3]. Furthermore, FA can be broken down into secondary measures of radial (RD) 

and axial diffusivity (AD) which putatively serve as more specific indices of myelination 

and axonal organization, respectively [4] (Figure 1). However, recent evidence may support 

the notion that even these measures are more complex than previously thought and may 

include other factors such as tract spacing [5].

DTI studies in schizophrenia and related disorders have primarily focused on cortico-cortico 

connections, consisting of the WM tracts that serve as the physical links between major 

cortical regions, including the majority of large-scale brain networks, such as the default 

mode network (DMN) and executive network. In general, while there has been some 

variability in findings, the overwhelming consensus of the literature — including from the 

largest study thus far, performed by the ENIGMA consortium [6] — is that on the whole, FA 

is decreased in patients with schizophrenia across a number of tracts, including most major 

WM fasciculi [7]. Decreased FA has been related to cognitive functions such as processing 

speed [8, 9], inhibitory processes [10], episodic memory [11, 12], social function [13, 14] 

and executive functions [15, 16] as well as variation in symptom severity [17, 18], indicating 

Karlsgodt Page 2

Trends Neurosci. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that these structural changes have functional relevance. Beyond the initial work on cortical 

connectivity, there is a growing interest in integrating other brain regions into the picture, 

such as subcortical structures; this seems particularly relevant given that many of the 

etiological models of schizophrenia are based on hypothesized alterations in subcortical-

cortical loops. One example is the growing body of imaging work, including both structural 

and functional approaches, focused on thalamocortical connections [19–22]. The thalamus 

has long been implicated in schizophrenia, and thalamic volume reductions represent some 

of the earliest neuroimaging findings [23]. The roles of the thalamus, including its 

integration with the cortex and brainstem have resulted in the hypothesis that disruption in 

thalamic connectivity might result in a diverse array of sensory and cognitive disruptions, as 

are seen in schizophrenia [22, 24]. In general, across modalities, connectivity patterns have 

taken the form of a reduction in thalamo-prefrontal connectivity [19, 25] and an increase in 

thalamo-somatomotor connectivity [26]. In addition, there has also been a growing focus on 

striatal connections [27–30], in part because cortico-striatal loops have been implicated in 

foundational models of disrupted dopamine function in schizophrenia [31] and thus such 

studies may have the potential to address key questions pertaining to the neurobiological 

underpinnings of psychosis. Further, with technical and analytic developments allowing 

more fine-grained analyses, it is also now possible to look at the more local striatal-midbrain 

connections associated with dopaminergic function [32].

Complicating factors in patient-control analyses are medication status, duration of illness, 

and developmental stage, each of which has the potential to impact WM [7]. However, 

reductions in FA have been found even in unmedicated patients [33, 34], as well as 

unaffected first-degree relatives [35–37], indicating that effects are not likely to be solely 

attributable to medication confounds. Furthermore, WM deficits, as indexed by FA, have 

been found even in individuals in the very early stages of the illness [38–41], indicating that 

this may be a core feature of the disorder. Similarly, how or whether observed deficits might 

change with age, duration of illness, or across disease progression is an active topic of 

investigation. In terms of lifespan development, very few studies have looked at age-related 

trajectories within groups of diagnosed patients, either early in development or in aging 

populations. Of those that have, multiple studies that have investigated age-related change in 

younger patients have shown a blunted pattern that is consistent with a hypothesized failure 

to exhibit the normal adolescent increase in myelination and thus in FA [42, 43]. However, 

data on mid-adulthood age-related differences in FA are less clear, with some showing no 

age by group interactions at all [44]. However, recent graph theory-based analyses have 

revealed changes in more subtle features — such as “small world” connectivity metrics or a 

reduced integration of brain networks over time — even in adult patients [45], indicating 

that neural changes may be occurring at a level more refined than that indexed by standard 

tract based FA approaches. In advanced aging populations, there is some evidence for 

differential age related change [46] that may point to potential increases in age-related 

decline [18, 47]. Finally, in a relatively newer area of the literature, there is a growing 

attention on the potential for an alteration in “brain age” as a key feature of schizophrenia 

based on a hypothesis of overall accelerated aging [48–50]. Most of this work has been in 

structural MRI of gray matter. However, one must question the degree to which the pattern 

of ‘aging’ would expect to be consistent or synchronized across tissue types. Recently, there 
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have been extensions to considering how altered (accelerated or lagged) aging might 

manifest in WM [18, 47]. An important consideration for this emerging area is the degree to 

which “brain age” changes reflect consistent delay or acceleration of brain aging across the 

lifespan, or whether there may be developmentally staged periods associated with either 

acceleration or lags. Thus, more work is needed to understand progressive change and how it 

may vary across the lifespan.

Investigations Across the Spectrum

Schizophrenia is increasingly being understood as a spectrum disorder, which is an approach 

based on similarities in symptom expression and neural changes across related disorders. For 

example, individuals with schizoaffective disorder, schizophrenia, and schizophreniform 

disorder all experience psychosis, as do some individuals with major depressive disorder or 

bipolar disorder. This has led to both a corresponding increase in spectrum-based work, 

defined as variability either in 1) psychosis symptom severity from very mild to severe, 2) 

progression across disease stage, or 3) psychosis symptoms across different disorders, such 

as major depressive disorder with psychosis (Figure 2).

Clinical High Risk

In particular, there is growing research emphasis on individuals on the low end of the 

spectrum, due to either low level symptoms or variable levels of genetic risk. The largest 

body of spectrum-based work has been in individuals identified as being at clinical high risk 

(CHR) for developing a schizophrenia or psychotic spectrum disorder also referred to as an 

at-risk mental state (ARMS). Such individuals are typically considered to be showing 

symptoms consistent with the prodromal stage of the disease. CHR studies have a unique 

strength, as longitudinal tracking of such individuals has the potential to help gain a clearer 

understanding of the changes that occur with onset of psychosis. This may help predict 

which individuals will convert to a psychosis spectrum disorder, as well as develop early 

interventions. However, there are also challenges with interpretation of data from CHR 

samples, as only a subset of individuals characterized as being at risk will progress to a 

diagnosed psychotic disorder, with others either improving or remaining in a subclinical 

state [51].

CHR individuals are typically identified based on a combination of factors. For example, 

individuals may show sub-diagnostic psychotic symptoms (symptoms that are the same as 

those in schizophrenia but that are experienced at a lower level of intensity), brief psychotic 

symptoms (symptoms the same as, and as intense as, those in schizophrenia but too 

infrequent to meet diagnostic criteria), or a gradual decline in functioning occurring in the 

context of genetic risk [51]. To achieve sufficient sample sizes, such studies are often carried 

out through large scale consortiums such as the North American Longitudinal Prodromal 

Study (NAPLS) or the European Prediction of Psychosis (EPOS) study. Recent high-risk 

studies have found WM alterations, primarily decreases in FA, to be present even in these 

relatively early stages of illness [39, 41, 52, 53]. Moreover, there appear to be differences in 

the maturational patterns, or patterns of change across time in these populations. This is 

similar to what has been observed in diagnosed patient groups, where there may be a 
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blunting or deceleration of WM maturation [39, 40, 54, 55]. In addition, as previously 

discussed, subcortical regions may be particularly relevant for investigations focused on 

illness onset and etiology. Accordingly, subcortical investigations have started to be carried 

out in CHR populations as well [20, 56]. These findings are of interest as they may be able 

to shed unique light on the course of disease onset and early progression of illness. 

Furthermore, recent work employing more sophisticated network analyses [53] or 

combinations of structural and functional connectivity assays [57] indicates that it may be 

possible to differentiate CHR/ARMS patients who more closely resemble patients versus 

controls in an effort to predict which individuals may ultimately transition to a psychosis 

spectrum disorder.

Subclinical Psychosis Symptoms

The concept that subclinical (low level) symptoms can exist on a spectrum contiguous with 

typical experiences [58, 59] has inspired long-standing debate [60]. However, in the last 

several years there has been a notable increase in the number of neuroimaging studies 

looking at individuals who experience low levels of subclinical symptoms but who may or 

may not ever progress to a diagnosed psychosis spectrum disorder [61]. This research trend 

is likely driven, in part, by the growing availability of large publicly shared data sets such as 

the Philadelphia Neurodevelopmental Cohort (PNC; [62]) and Human Connectome Project 

(HCP [63]), in which large numbers of individuals from the community have undergone 

cognitive assessments, clinical assessments, and neuroimaging procedures. These samples 

include natural variability in low level symptomatology and typically include individuals 

who, unlike most CHR/ARMS populations, are not seeking treatment for their symptoms. 

This has enabled the study of neural correlates of variability in relatively low levels of 

symptoms [64–66]. Essentially, a focus on such subclinical symptoms, sometimes referred 

to as psychotic-like experiences or PLEs, is consistent with the idea that the low end of the 

psychosis spectrum may be conceptualized in a way similar to how we now treat high-

functioning autism spectrum individuals, or to how we have come to think of mild cases of 

depression and anxiety, with the idea that there are individuals who live with and manage 

persistent low levels of symptoms, perhaps for their entire lives [67], and who do not 

necessarily progress to a diagnosed disorder. However, while many people with such 

symptoms do not develop a clinically-diagnosed disorder, there is a higher than typical rate 

of progression to a psychotic illness among them [60, 68–71]. In addition, such individuals 

can be at a higher risk for not only psychosis, but a range of other mental illnesses [72], 

which is consistent with our growing appreciation for the overlap, in terms of both 

symptoms and neurobehavioral phenotypes, between disorders.

Some recent studies in this domain have used network based statistics to show that there is a 

decrease in whole brain structural connectivity that correlates with scores on the Prodromal 

Questionnaire (PQ) [38] in addition to changes in temporal-lobe-based tracks [6, 73, 74]. 

Other investigators have found differences in network topology [75] as well as decreased FA 

and decreased centrality of parietal hubs [76]. Furthermore, effects of developmental risk 

factors for schizophrenia (birthweight, childhood IQ) on the presence of subclinical 

symptoms was found to be mediated by WM [77], indicating that PLEs may have a shared 

etiology with schizophrenia and that WM may play a key role. In further support of this 
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notion, a collection of risk factors, such as cannabis use, subclinical symptoms, and 

childhood trauma were shown to be collectively associated with WM deficits [78]. In 

addition, as with youth with schizophrenia and CHR youth, cross-sectional developmental 

trajectories show a deviation such that in youth with subclinical symptoms there is a failure 

to show the normal age-related increase in FA [64]. Such changes may have functional 

implications, as differences in FA at baseline have been shown to be predictive of social 

competence in youth with PLEs at 12-month follow-up [79].

Taken together, the evidence indicates that, even in individuals with very subtle levels of 

symptom expression, there may be functionally relevant alterations in WM integrity. This 

further supports the notion of WM as an intermediate endophenotype, and also supports the 

use of such large-scale community data as a mechanism for gaining traction on the neural 

changes associated with broadly defined symptom spectrums.

Along the Genetic Spectrum

In addition to spectrums based on symptom levels or illness stage, it is also possible to 

conceptualize a spectrum based on genetic liability. The liability threshold model of 

psychosis [80, 81] would predict that the degree of subclinical affectedness, as well as the 

severity of intermediate endophenotypes such as WM changes, would be expected to vary 

with the level of genetic and environmental load. Family and twin studies have long 

supported the idea that neural changes may scale with genetic risk—for example, finding 

WM alterations that are greater in those more closely related to (share more genes with) the 

proband [82]. Concordantly, studies in individuals with first degree relatives with 

schizophrenia show connectivity differences [83–86]. Such neural differences may 

contribute to cognitive deficits often observed in unaffected relatives [87]. Moreover, there is 

evidence that genetic liability may affect developmental trajectories of WM change as well 

[37].

Familial high-risk studies, as just discussed, can show the differences between individuals 

known to be at overall different levels of risk without focusing on individual genes. Some 

recent work has built upon this knowledge base, using more sophisticated techniques to 

delve into the underlying genetic architecture of the risk. One aspect of genetic risk studies 

has focused on understanding neural changes associated with individual genes that are rare, 

but highly penetrant, and known to independently impart high levels of risk [88]. As one 

example, 22q11.2 deletion syndrome is a copy number variation (CNV) that has been 

associated with neural changes including WM deficits [89–93], and these have been 

associated with functional changes such as cognitive decline and symptom levels [89, 92]. 

Further, individuals with 22q11.2 deletion syndrome vary in their level of psychosis 

proneness, and recent studies have found that there may be subgroups of these individuals 

with distinct patterns of WM anomalies, which may contribute to some of this variability in 

susceptibility to psychosis [90, 91].

In addition to work on individual rare risk loci, genetic research on psychosis in recent years 

has also focused on understanding the cumulative effects of common genetic risk variants 

each with relatively small effect [94]. This work has led to a growing emphasis on 

investigation into how neural changes may scale with polygenetic risk scores (PGRS), which 

Karlsgodt Page 6

Trends Neurosci. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



are summary scores that can be calculated based on an individual’s relative load of common 

schizophrenia risk alleles [94]. Recent studies have investigated the degree to which PGRS 

correlate with imaging measures [95], in many cases leveraging large scale public datasets. 

For example, in the UK Biobank study using a massive community sample, no effect of 

PGRS on global WM integrity was found [96]. Two different studies have looked at the 

Generation R birth cohort, one found no association between PGRS and whole brain FA 

[97], and another finding null results for both global and tract-based FA in [98]. However, a 

study in healthy older adults did find alterations in longitudinal change over time, both in 

standard DTI measures and graph theory metrics, indicating that the PGRS might impact 

age-related decline in patients and those at genetic risk [99]. This also may indicate that 

perhaps more subtle metrics than global WM integrity must be investigated, or that the 

impact of risk genes may emerge across lifespan development. Finally, these studies assess 

PGRS in population samples, but while work focused on PGRS specifically in patients is 

limited, it has been shown to correlate with clinical outcome and symptom severity [100, 

101]. It is therefore possible that PGRS may also scale with neural alterations within patient 

groups, explaining some of the observed heterogeneity.

Thus, with multiple avenues through which to experimentally approach the concept of a 

genetic risk spectrum, there is now evidence from multiple types of studies that WM, as 

measured with diffusion weighted imaging, may be one of the neural metrics that scales with 

genetic differences and putatively contributes to subtle variation in illness presentation.

Cross Disorder Spectrums

Symptom severity and genetic risk, discussed above, are indices of degrees of severity 

within the schizophrenia spectrum. However, there is also a growing appreciation for the 

degree to which symptoms (and genetic and environmental risk factors) may be shared 

between different mental illnesses. Thus, there are increasing efforts to understand the 

similarities and differences between neural changes in highly overlapping disorders, such as 

schizophrenia, bipolar disorder, and major depressive disorder. In particular, based on the 

NIMH RDoC approach, there is interest in the degree to which neural phenotypes may scale 

with factors such as specific symptom or cognitive domains across multiple illnesses [102]. 

The most substantial body of literature in this area is on the commonalities and dissociations 

between schizophrenia and bipolar disorder given the shared genetic factors, similar ages of 

onset, and overlapping phenotypes (for instance bipolar disorder with psychosis, or 

schizophrenia with mood symptoms). Findings have been somewhat mixed (for a recent 

review see [103]), both in terms of impacted regions as well as direction of effects. However, 

it is to be expected that not all deficits will be identical between the disorders, and perhaps 

the most interesting aspect of such studies is in the degree to which overlap is related to 

shared symptomatology [104], particularly psychosis.

In a related direction, emerging largely in this age of big datasets and publicly shared data, 

there is an effort to capitalize on what differences may exist between disorders to use data 

driven classification-based approaches to analysis of neuroimaging data, including diffusion 

data [105, 106]. One such study found that combined evaluation of structural and functional 

connectivity across three core large-scale brain networks, the salience, executive, and default 
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mode networks, was able to distinguish between patients with schizophrenia and major 

depressive disorder, with the schizophrenia-specific structural findings being largely located 

in frontal and, to a lesser extent, parietal regions [107]. As datasets including large samples 

of individuals with multiple major psychiatric disorders are relatively less common, some 

hurdles in such studies include the ability to merge very different datasets and to create 

algorithms that can perform well not just within a given dataset, but also when applied to 

other data sets. However, despite current limitations, such methods have the potential to be a 

powerful tool in personalized or precision medicine. Other approaches, such as in work by 

the Bipolar-Schizophrenia Network for Intermediate Phenotypes (B-SNIP), have been trying 

to look at neural changes, regardless of disorder, that characterize subgroups of 

phenotypically similar patients [108], who might then also share risk factors or benefit from 

the same treatments. Similarly, in large-scale community datasets that include individuals 

with subclinical symptoms, there have been efforts to explore the neural basis of dimensions 

of psychopathology that may span across disorders [109]. However, such approaches have 

more often included structural MRI or functional connectivity and less frequently diffusion-

based analyses. Extending such work to include more diffusion imaging may help 

understand the degree to which WM variability contributes to cross-disorder symptom 

expression, and whether there may be differences in WM integrity between disorders. 

Further, one challenge in the use of the kind of large, multi-site datasets that might allow 

dimensional or subgroup analyses is the frequent inclusion of data from multiple scanners. 

This is the case, for example, in the work from consortia such as the HCP, or the Adolescent 

Brain and Cognitive Development Study (ABCD) [110]. To address potential issues based 

on scanner differences or incompatibilities, there have been recent efforts to establish 

harmonization techniques [111] as well as pre-processing pipelines, or to standardize 

processing strategies as is done with the ENIGMA consortium [112].These are important 

steps towards improving big data style analyses of diffusion data.

Concluding Remarks

While there is support for the notion that changes in WM are associated with psychotic 

illness and may scale with symptom severity and risk, additional research is needed. First, 

although there is a growing body of work in individuals at the low end of the spectrum, as 

defined by either level of symptoms or genetic risk, research in this area is at relatively early 

stages. There is also need for deeper understanding of the specific nature (regionally or in 

terms of affected microstructural measures) and replicability of observed deficits. Moreover, 

more work on the long-term clinical and neural trajectories of those at the low end of the 

spectrum is important. With the availability of large population datasets that include DWI 

data as well as clinical indices, this is likely to be a growing area of investigation. Next, it 

would be informative to have more cross-modality analyses, for instance DWI combined 

with functional connectivity as measured by fMRI. While there is work on this area in 

healthy and developmental samples [113], and some studies in schizophrenia patients, more 

is needed across the broader psychosis spectrum. Relatedly, there have been technical 

advances in DWI, such as free-water imaging, diffusion kurtosis imaging (DKI), and neurite 

orientation dispersion density imaging (NODDI), but they are slow to translate into clinical 

samples [7]. Many of these techniques require advanced imaging sequences, but with the 

Karlsgodt Page 8

Trends Neurosci. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



growing adoption of HCP style sequences, these new and potentially more sensitive 

techniques will hopefully become more integrated into new studies. Finally, when studying 

WM in a disease context, it is important to consider that WM varies dynamically across the 

lifespan [48]. Many studies on schizophrenia or the psychosis spectrum do not adequately 

consider the effects of neurodevelopmental stage on acquired measures. However, there is a 

growing interest in developmental factors and how they may impact the onset and course of 

mental illness, which will hopefully yield an increase in work focused on development in 

major mental illness, for instance in adolescent psychosis.

In sum, over the last decade we have gained a much deeper understanding of how WM is 

disrupted in schizophrenia. Moreover, indices of WM disruption scale across (widely 

construed) spectrum-based approaches, including degrees of symptom severity, levels of 

genetic risk, and across disorders. These findings support the promise of WM differences as 

endophenotypes, potential predictors of risk, and future treatment targets. With this strong 

base of existing work, it is now important to continue to push the field forward, with the 

hope of ultimately being able to contribute to illness prediction and development of 

treatment targets.
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Glossary

Diffusion tensor model
Diffusion tensor imaging (DTI) is a version of diffusion weighted imaging. In the diffusion 

tensor model, water diffusion is characterized as an ellipse, yielding a measure known as 

fractional anisotropy (FA) that represents the ratio of the longest and shortest axes of the 

ellipse.

Diffusion weighted imaging (DWI)
a neuroimaging technique that can be performed on a standard magnetic resonance imaging 

(MRI) scanner. DWI uses the pattern of movement of water molecules, and the contours 

where they are restricted by tissue, to characterize the microstructure of brain structures such 

as white matter.

Fractional Anisotropy
also known as FA, fractional anisotropy is the main measure yielded from DTI models. 

Water diffusion can be described as an ellipse, and FA indicates the eccentricity of that 

ellipse. FA ranges from 0 to 1, with 0 indicating water flow that is unrestricted in any 

direction (a sphere, as in CSF) and 1 representing the most directionally restricted flow (as 

in a highly myelinated region).

Polygenic risk score
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is a number that summarizes, across a large number of genetic loci, the aggregate risk an 

individual has for a disorder or trait

Prodromal
the prodrome to an illness is a period in which early, but often non-specific, symptoms are 

present prior to the full onset of acute illness. In schizophrenia, the prodromal period may 

include manifestations such as a decline in social or role function, as well as symptoms that 

are either infrequent or low in severity such as increased suspiciousness, social withdrawal, 

or changes in visual perception.

Schizophrenia
schizophrenia is a major mental illness primarily associated with a combination of ‘positive’ 

symptoms (such as delusions, hallucinations, paranoia, disorganization) and ‘negative’ 

symptoms (such as flat affect, social withdrawal, and lack of motivation). In addition, 

schizophrenia has been associated with cognitive deficits and neural changes.
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Outstanding Questions

• Based on a spectrum model of psychosis, white matter changes in those at the 

low end on the spectrum should be milder than those in individuals with 

diagnosed schizophrenia. Across the literature, do effect sizes scale with 

severity of psychosis symptomatology or degree of risk?

• What is the long-term developmental trajectory of white matter 

microstructure in those at the lower end of the spectrum? Is it different in 

those with transient vs. chronic PLEs?

• Would more recently developed advanced diffusion imaging techniques, such 

as free water imaging (FWI) or NODDI be more sensitive to sub-syndromal 

white matter difference than diffusion tensor imaging?

• Can cross-modality analyses (e.g. structural and functional connectivity) help 

gain better understanding of variability in subclinical psychosis?

• What best practices need to be employed to maximally leverage emerging 

large multisite datasets? Examples of possible practices include 

harmonization of data pre- or post-acquisition, standardization of analytic 

pipelines, and replicability studies.
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Highlights

• In recent years, there has been a growing emphasis on approaching psychosis-

related illnesses, including schizophrenia, as spectrum-based disorders.

• Spectrum-based approaches to psychosis have included investigating 

spectrums of symptom severity from mild to severe, spectrums of clinical and 

genetic risk levels, and spectrums of symptoms that manifest to varying 

degrees across different disorders such as schizophrenia and mood disorders.

• There is evidence that microstructural changes in the white matter as indexed 

by diffusion weighted imaging scale across these spectrums, and are present 

at even low levels of symptom expression or genetic loading.

• Taken together, these findings may indicate that white matter-based structural 

connectivity changes may be a core feature underlying the expression of 

psychotic symptoms.
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Figure 1. 
Water diffusion patterns associated with different diffusion tensor imaging metrics. Top Left: 

Mean Diffusivity (MD), a pattern of isotropic diffusion seen in cerebrospinal fluid and areas 

without directional impediments such as grey matter. Top Middle: Fractional Anisotropy 

(FA), anisotropic diffusion that occurs in regions with directional constraints, such as in 

white matter tracts. Top Right: Radial (RD) and Axial (AD) diffusivity, measures used to 

provide more detailed information than FA about restricted diffusion perpendicular and 

parallel to the long axis of the ellipse. Lower panel: Example of regions with higher FA 

(corpus callosum, with unidirectional white matter), medium FA (smaller white matter tracts 

or those with crossing fibers), and low FA (ventricles, grey matter). Scans displayed are MP-

RAGE and DTI (FA) images from a single participant in the Human Connectome Project 

(HCP).

Karlsgodt Page 18

Trends Neurosci. Author manuscript; available in PMC 2021 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Different theoretical approaches to the psychosis spectrum. Top panel: symptom severity-

based spectrum, ranging from no symptoms, to subclinical psychotic-like experiences 

(PLEs), to the clinical high-risk state (CHR) to a psychosis spectrum diagnosis. Individuals 

may progress through the levels of symptoms, or, as indicated by the arrows, those with 

PLEs or in the CHR state may either improve (pattern a), remain stable (pattern b), or 

advance to a diagnosis (pattern c). Middle panel: spectrum of genetic liability; genetic 

liability may be assessed as related to degree of relatedness to an affected individual 

(proband), number of common low penetrance risk genes, and presence of highly penetrant 

rare variants, including copy number variations (CNVs) such as 22q deletion syndrome. 

Bottom panel: severity of specific symptom domains may also vary across disorders, for 

instance psychosis or mood symptoms may be present in major depressive disorder (MDD) 

or bipolar disorder (BP) or psychosis at varying degrees of severity.
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