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Abstract
Background: Schizophrenia is thought to be a neurodevelopmental disorder with pathophysiological processes
beginning in the brain prior to the emergence of clinical symptoms. Recent evidence from neuroimaging studies
using techniques such as diffusion tensor imaging has identified white matter abnormalities that are suggestive of
disrupted brain myelination and neuronal connectivity. Identifying whether such effects exist in individuals at high
risk for developing psychosis may help with prevention and early intervention strategies. In addition, there is
preliminary evidence for a role of lipid biology in the onset of psychosis, along with well-established evidence of its
role in myelination of white matter tracts. As such, this article synthesises the literature on polyunsaturated fatty
acids (PUFAs) in myelination and schizophrenia, hypothesizing that white matter abnormalities may potentially
mediate the relationship between PUFAs and schizophrenia.
Methods: Diffusion tensor imaging studies were identified through a systematic search of existing literature.
Studies examined white matter integrity in ultra-high risk (UHR) samples, as assessed using structured diagnostic
interviews. Data was extracted and summarised as a narrative review.
Results: Twelve studies met inclusion criteria, and findings identified reduced fractional anisotropy and higher
diffusivity. Although the exact location of abnormalities remains uncertain, fronto-temporal and fronto-limbic
connections, including the superior longitudinal and uncinate fasiculus, cingulum, and corpus callosum appear to
be implicated. Because of preliminary evidence suggesting lipid biology may be relevant for the onset of psychosis,
a discussion is provided of the role of polyunsaturated fatty acids (PUFAs) in myelination and risk for psychosis.
Conclusions: While the function of PUFAs in myelination is well-established, there is growing evidence of reduced
PUFA concentration in UHR samples, highlighting the need for research to examine the relationship between PUFA
and white matter integrity in high-risk samples and age-matched healthy controls. Such investigations will help to
better understand the pathophysiology of the disorder, and potentially assist in the development of novel
treatment and early intervention strategies.
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Background
Schizophrenia is often a chronic disorder, characterised
by delusions, hallucinations, blunted affect and cognitive
impairment [1, 2], which commonly presents during late
adolescence or early adulthood [3]. Though it has long
been postulated to be a disorder of neurodevelopment
with pathophysiological processes beginning in the brain
prior to the onset of clinical symptoms [1, 2], the advent
of neuroimaging techniques has been instrumental in
probing these neurobiological processes. While these
techniques have provided unique insights into various
aspects of brain morphometry and function, of particular relevance to psychosis is diffusion tensor imaging
(DTI) studies on white matter integrity in fibre tracts
connecting brain regions. We review this research within
samples at ultra-high risk (UHR) for psychosis, in order
to identify white matter abnormalities that may be implicated in the development of the illness. There is also a
substantial body of evidence for lowered cell membrane
polyunsaturated fatty acids (PUFA) concentrations in
schizophrenia, which compose the myelin sheath
surrounding white-matter tracts. Therefore, we end the
review with a discussion about the role of PUFAs in
myelination and schizophrenia, hypothesizing that white
matter abnormalities may potentially mediate the relationship between PUFAs and schizophrenia. We also
highlight the need to examine these relationships in further detail among UHR samples to better understand
the pathophysiology of the disorder, and potentially assist in the development of novel treatment and early
intervention strategies.
DTI measures the diffusion of water molecules
through tissues, and provides a measure of net directionality and magnitude (diffusivity). The net directionality
of diffusion, indexed by fractional anisotropy (FA), is the
most common index of white matter integrity. Lower FA
has been associated with reduced axonal caliber and
packing density, myelin pathology, as well as less coherent fibres or crossing fibres within a voxel [4]. Mean diffusivity (MD) is another frequently used index that
quantifies overall diffusion within a particular voxel, with
higher values suggestive of disrupted axonal integrity
[5]. Research on normative developmental patterns of
white matter integrity has identified significant increases
in FA and decreases in diffusivities during childhood and
adolescence across all the major fibre tracts [6]. While
most of these changes are complete by the end of adolescence, some association tracts (i.e. inferior and superior longitudinal and fronto-occipital fasciculi) continue
to develop during early adulthood [7]. It is particularly
important to consider these normative developmental
trajectories when interpreting white matter integrity in
UHR samples, given that most of these individuals are
adolescents.
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White matter integrity in schizophrenia

DTI studies have provided extensive evidence for lowered
white matter integrity across the brain in schizophrenia,
including the uncinate fasiculus and fornix, frontooccipital fasiculus, arcuate fasiculus, anterior commissure,
cingulum bundle and corticospinal tract [for review, see
[8, 9]]. However, it is uncertain whether these white matter abnormalities are intrinsic to schizophrenia, given that
these studies are often confounded by multiple factors, including chronicity of the illness, treatment with antipsychotic medication [10, 11], sex and age of participants
[12], and even heavy cigarette smoking [13].
Longitudinal research on individuals at UHR for
psychosis enables assessment prior to, during and following the onset of illness. These individuals represent a
‘clinical high-risk’ group, who present with sub-threshold
or brief psychotic symptoms, may have trait factors such
as a genetic risk for the disorder, and exhibit a significant decline in functioning [14]. This prodromal phase
is associated with enhanced risk for development of
schizophrenia compared to the general population or to
those at genetic risk for the illness, with transition rates
ranging from 18 % after six months to 35 % after a ten
year period [15, 16]. Thus, by following these individuals
over time, it is possible to identify factors that may predict
transition to psychotic illnesses, as well as better understand the neurobiological processes underlying this progression [17, 18], including white matter abnormalities
during transition to psychosis [19]. This information may
help identify early intervention and preventative measures
that may halt the progression from sub-threshold symptoms to fully-fledged illness. Below, we provide a systematic
review of DTI findings in individuals at UHR for psychosis.

Methods
We followed the Preferred Reporting Items for Systematic Reviews and Meta-Analyses’ (PRISMA) guidelines.
An electronic search was conducted in PubMed and
Medline, using the key words high risk, psychosis, diffusion tensor imaging and white matter, to identify studies
published in this field to date (July 2015). Inclusion criteria for the review were: i. employed DTI, ii. included
subjects at ultra high risk for psychosis, assessed using
structured diagnostic interviews (such as the Structured
Interview for Prodromal Syndromes [20] or the Comprehensive Assessment of At-Risk Mental States [21]), iii.
compared these participants to a healthy control group
on DTI measures, and iv. were written in English. The
reference lists of identified articles were also searched
for further relevant articles. Figure 1 summarizes the
search strategy used for selecting studies [identification,
screening, eligibility, inclusion process] in the present review. We excluded studies that were classified as high
risk based only on familial risk alone. In total, 12 studies
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Fig. 1 PRISMA 2009 Flow Diagram

were identified that fit the above-mentioned criteria (See
Table 1 for details).

Results and discussion
DTI studies of individuals at ultra high risk for psychosis

Peters and colleagues [22] conducted the first DTI study
to investigate white matter abnormalities in a UHR sample, and failed to identify any differences in FA within a
priori white matter tracts using fibretracking (including
the uncinate and arcuate fasciculus, anterior and dorsal
cingulum, sub-divisions of the corpus callosum) between
10 male UHR subjects, 10 with recent-onset schizophrenia and 10 healthy controls. However, a subsequent
study on the same sample using whole brain voxel-wise
analysis identified significantly reduced FA in UHR patients compared to controls within the white matter of
the right superior frontal lobe and left middle frontal
lobe [23]. While those with schizophrenia were found to
have significantly reduced FA in the left frontal and

bilateral temporal and parietal regions compared to controls, no significant differences were identified between
UHR and schizophrenia patients. Similarly, Epstein et al.
[24] found lowered FA in the bilateral corticospinal tract,
left inferior longitudinal fasciculus and left inferior
fronto-occipital fasciculus in UHR adolescents and those
with schizophrenia compared to healthy controls,
though no significant differences were identified between
the two groups. A recent study that investigated whole
brain differences in DTI measures also identified a trend
towards reduced FA in UHR [25]. Stronger effects were
identified in relation to MD, with significantly increased
levels [reflecting a reduction in white matter integrity]
present in the UHR group in the superior longitudinal
fasiculus, corona radiata and corpus callosum.
While the aforementioned studies have identified
white matter differences in a range of white matter fasciculi, they did not examine transition to psychosis
within UHR samples. As mentioned earlier, while some

Reference

Population

UHR
DTI parametersa
assessment

Technique

Major Findings

Bloemen et al., [30]

27 UHR-N (18 M, mean age = 18.9),
10 UHR-P (8 M, mean age = 20.7),
10 HC (8 M, mean age = 22.7)

SIPS

VBA, whole brain

UHR-P vs. HC: ↓ FA in bilateral medial frontal lobes.

3 T, EPI, 48 continuous
3 mm slices, 2x2x3mm

UHR-P vs. UHR-N: ↓ FA lateral to right putamen and
left superior temporal lobe,↑FA in left medial
temporal
lobe.
Positive PANSS negatively correlated with FA in left
medial temporal lobe in UHR-P group, and right
superior temporal lobe in total UHR group.

Carletti et a., [31]

Baseline: 32 UHR (19 M, mean
age = 23.4), 14 EOS (14 M, mean
age = 25.9), 32 HC (27 M,
mean age = 25.9)

CAARMS

1.5 T, EPI, 60 contiguous 2.5 mm
axial slices, 1.875x1.875x2.5 mm

VBA, whole brain

Longitudinal UHR-P vs. UHR-N: ↓ FA over time in left
frontal white matter, CC, SCR and SFOF. But no
significant within group change.

Follow-up: 22 UHR (5 UHR-P, 17 UHR-N)
subjects (11 M, mean age = 26.6), 8 NC
(17 M, mean age = 29.6)
Bernard et al., [29]

26UHR (20 M, mean age = 18.5), 21 HC
(15 M, mean age = 17.77)

Baseline: FA was lowest in EOS, highest in HC and
intermediate in UHR group. Clusters comprised in
areas corresponding to CC, left ILF & SLF, left IFOF
and cortico-subcortical pathways.

SIPS

3 T, EPI, GRAPPA parallel imaging
factor 2, 72 slices, 2x2x2mm

Clemm von Hohenberg 28 UHR (18 M, mean age = 20.6), 34 HC
et al., [25]
(18 F, mean age = 20.4)

TBSS, ROI = thalamichippocampal tract

SOPS

3 T, EPI, 75 contiguous axial 2 mm TBSS, whole brain
slices, 2x2x2mm

UHR vs. HC: MD ↑ in several right hemisphere
clusters (most notably SLF, posterior corona radiata,
and CC). RD ↑ posterior parietal lobe.

Epstein et al. [24]

21 UHR (18 M, mean age = 16.1), 55 EOS
(31 M, mean age = 16.9), 55 HC (27 M,
mean age = 16.5), 31 cannabis use
(non-psychotic, 22 M, mean age = 17.6).

SIPS

3 T, EPI, 64 sagittal 2 mm slices,
2x2x2mm

EOS and UHR vs. HC and cannabis: FA ↓ bilateral
CST

36 UHR (27 M, mean age = 17.0), 25 HC
(12 M, mean age = 18.0)

SIPS

Follow-up: 15UHR, 15 HC

Karlsgodt et al., [27]
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Table 1 Diffusion tensor imaging studies on ultra-high risk samples

Fiber tracking, ROIs = CB,
SLF, CST, ILF, IFOF, and UF

UHR vs. HC: Significant group*time interaction.
Controls FA ↑ over 12 months, while UHR FA ↓ over
time (but no significant main effect of time).

EOS and UHR vs. HC: FA ↓ left ILF and IFOF
1.5 T, EPI, 75 contiguous 2 mm
TBSS, ROIs = UF, AF, CB,
AC-PC interleaved slices, 2x2x2mm ILF, MTL, ATR

UHR vs. HC: FA ↓ SLF at baseline. Did not increase
FA with
age in MTL and ILF.
FA ↓ MTL and ILF at baseline predicted reductions
in functional outcomes in UHR.

SIPS

1.5 T, EPI, 30 axial slices, 1.02 ×
1.02 × 5 mm

TBSS, whole brain for
baseline analyses,
followed by ROI (CC) for
longitudinal analyses

Baseline: UHR vs. HC: ↓ FA in CC. Result also present in
UHR-N vs. HC. Longitudinal: UHR-N improvements in
positive symptoms at follow-up, which correlated with
increased FA in the CC.

SIPS

3 T, EPI, GRAPPA parallel imaging
factor 2, 72 slices, 2x2x2mm

TBSS, ROI = SCP

UHR vs. HC: No group differences in baseline SCPs.
Controls FA ↑ over 12 months, while UHR FA ↓ over
time.

3 T, EPI, 48 continuous
(para)transversal slices,
3x3.5x2.2 mm

Fiber tracking, ROIs = UF,
AF, CB, CC

No group differences

Katagiri et al., [32]

16HC (8 M, mean age = 23.2), 11 UHRNN(3 M, mean age = 24.2), 23 UHR-NA
(6 M, mean age = 23.4), 7 UHR-P (1 M,
mean age = 20.7)

Mittal et al., [28]

33UHR (20 M, mean age = 18.5), 35 HC
(15 M, mean age = 17.77)

Peters et al., [22]

10 UHR (mean age = 21.2), 10 EOS (mean SIPS
age = 21.6) and 10 HC (mean age = 21.1).
All male sample.

Follow-up: same groups as above
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Follow-up: 15UHR, 15 HC

Peters et al., [23]

Same subjects as Peters et al. (2008)

SIPS

As above

VBA, whole brain

UHR vs. HC: FA ↓ bilateral superior and middle
frontal
EOS vs. HC: FA ↓ bilateral temporal & parietal, and
left frontal

Peters et al., [26]

10 UHR-N (mean age = 21.2), 7 UHR-P
(mean age = 22.6), 10 HC (mean age =
21.1). All male sample.

SIPS

As above

Fiber tracking, ROIs = UF,
AF, CB, CC

No group differences

Petersson-Yeo et al.,
[33]

19 (12 M) pairs EOS (mean age = 24.37)
vs. HC (mean age = 24.89)

CAARMS

3 T, EPI, 60 contiguous
axial 2.4 mm slices

TBSS, whole brain

FA differentiated UHR and EOS from HC. Pattern of
findings were widely and diffusely spread, with no
clear concentration of regions.

19 (9 M) pairs UHR (mean age = 22.42)
vs. HC (mean age = 23.32)

FA did not differentiate UHR and EOS.

15 (9 M) pairs UHR (mean age = 23.2)
vs. EOS (mean age = 23.2)
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Table 1 Diffusion tensor imaging studies on ultra-high risk samples (Continued)

a
DTI parameters: field strength, acquisition technique, slice number/thickness/direction, voxel dimensions AC-PC: anterior commissure - posterior commissure; AF = arcuate fasiculus; ATR = anterior thalamic radiation;
CAARMS: Comprehensive Assessment of At-Risk Mental States; CB = cingulate bundle; CC = corpus callosum; CST = cortiospinal tract; EOS = early onset schizophrenia; EPI: echo planar imaging; GRAPPA = generalized
autocalibrating partially parallel acquisitions; HC = healthy controls; IFOF = inferior fronto-occipital fasiculus; ILF = inferior longitudinal fasiculus; ROI = region of interest; SCP = Superior cerebellar peduncle; SCR = superior
corona radiata; SFOF = superior frontal occipital fasciculus; SIPS: Structured Interview for Prodromal Syndromes; SLF = superior longitudinal fasiculus; SOPS: Scale of Prodromal Symptoms; TBSS = tract based spatial statistics; UF
= uncinate fasiculus; UHR = ultra high risk for schizophrenia; UHR-P = ultra-high risk subjects who transitioned to psychosis; UHR-N = ultra-high risk subjects who did not transition to psychosis; UHR-NA = ultra-high risk subjects
who did not transition to psychosis and were prescribed antipsychotic mediation; UHR-NN = ultra-high risk subjects who did not transition to psychosis and were not prescribed antipsychotic mediation; VBA = voxel
based analyses
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of these UHR individuals go on to develop full-threshold
psychosis, others have resolution of symptoms and some
have persistent non-psychotic disorders (i.e. low-level
sub-threshold symptoms). Therefore, it is important to
look at longitudinal clinical and functional outcomes
within UHR populations.
Among the first of the few studies to prospectively follow UHR subjects, Peters et al. [26] failed to identify any
baseline differences in FA for a priori defined white matter tracts [uncinate and arcuate fasciculi, anterior and
dorsal cingulate, and subdivisions of the corpus callosum] in UHR subjects who transitioned to psychosis
(UHR-P, N = 7), those who did not transition to psychosis (UHR-N, N = 10), and healthy controls (N = 10).
However, it should be noted that the small sample size
in this study may have led to Type II error. In comparison, Karlsgodt et al.’s [27] region of interest study of 36
UHR subjects and 25 controls found lower baseline FA
in the UHR group within the superior longitudinal fasiculus. Cross-sectional analysis of age-effects revealed
that the UHR group did not exhibit the expected agerelated increase in FA within the medial temporal lobe.
Lower FA in the medial temporal lobe and inferior longitudinal fasiculus was also found to predict lower functioning within the UHR group at 15-month follow-up.
Further, there was a trend towards lower FA in the medial temporal lobe in UHR-P (17 %) compared to UHR-N
subjects.
Similarly, Mittal and colleagues’ [28] study of the
cerebellar-thalamic tract did not identify any significant
differences at baseline between UHR subjects (N = 33)
and controls (N = 35). However, 12-month follow-up of
a subset of participants [15 UHR, 15 controls] found
that UHR subjects exhibited a significant reduction in
FA over time compared to healthy controls, resulting in
significantly lower FA at follow-up. Although the study
did not examine transition to psychosis, they did find
that positive and negative symptoms declined over time
in UHR subjects. A subsequent study by the researchers
identified a similar group × time interaction within the
thalamic-hippocampal tract [29]. Specifically, UHR subjects (N = 26) exhibited a significant reduction in FA
over time in comparison to healthy controls (N = 21).
This was driven by a pattern of increased FA in controls
over the 12-month follow-up period and reduced FA in
UHR subjects, although main effect of time was not significant within either group.
Only three longitudinal studies have used a whole brain
approach to examine FA differences to date. The first of
these studies by Bloemen and colleagues [30] combined
baseline neuroimaging assessments with clinical follow-up
of UHR individuals at 24 months to ascertain transition to
psychosis. They identified lower baseline FA in UHR-P (N =
10) compared to controls (N = 10) in the medial frontal
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lobes bilaterally, approximate to the left anterior thalamic radiation and inferior fronto-occipital fasciculus. Lower FA
was also identified in white matter lateral to the right putamen and left superior temporal lobe in UHR-P compared to
UHR-N (N = 27) groups. Interestingly, the same group comparison identified higher FA in those who transitioned
within the left white matter of the medial temporal lobe. In
addition, positive symptoms were negatively correlated with
FA in the medial temporal lobe within those who transitioned, and were also negatively correlated with FA in the
right superior temporal lobe within the overall UHR group.
Carletti et al. [31] were the first to investigate longitudinal differences in white matter, having neuroimaging
follow-up of UHR subjects and healthy controls after
28 months, along with baseline scans of first episode
psychosis patients. They found that first episode patients
exhibited widespread reductions in FA, as well as increased radial and axial diffusivities, compared to controls at baseline. The UHR group was found to lie in
between these two groups on various DTI indices, including within the parietal region, encompassing the
SLF, corpus callosum, and inferior fronto-occipital fasciculus. However post-hoc analyses failed to identify any
significant differences between UHR and control groups.
Longitudinal follow-up revealed that UHR-P subjects
(N = 5) exhibited a progressive reduction in FA in left
frontal white matter, including the anterior limb of the internal capsule, corpus callosum, superior corona radiata
and superior frontal occipital fasciculus in comparison to
UHR-N subjects (N = 17). However, neither group exhibited significant within-group change, nor were any significant differences in comparison to controls reported. The
only other study to longitudinally examine white matter
changes identified significantly lowered FA within the corpus callosum in UHR subjects compared to healthy controls at baseline [32]. They were unable to examine
longitudinal FA change in UHR subjects who transitioned
compared to those who did not transition at 12-month
follow-up due to small sample size of the former group
(N = 4). However, they did identify a significant negative
correlation between change in positive symptoms and
change in FA within the same region in UHR-N subjects.
This effect remained significant after accounting for age,
sex and antipsychotic use. The authors argued that preservation of white matter may therefore reduce the risk of
developing psychosis, thus acting as a protective neurobiological factor.
A recent study by Pettersson-Yeo et al. [33] used machine learning to examine the ability of structural magnetic resonance imaging (MRI) and functional magnetic
resonance imaging (fMRI), DTI, genetic and cognitive
data to differentiate between UHR, first episode patients
and healthy controls at the single-subject level. They
found that first episode patients were identifiable at the
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individual level using a range of biological and cognitive
measures. Specifically, the algorithm was able to accurately classify first episode patients in comparison to controls using genotype (68 %), DTI (66 %), fMRI (66 %) and
cognitive data (74 %). It was also able to differentiate first
episode and UHR patients using structural MRI (77 %),
fMRI (73 %) and cognitive data (67 %). In comparison,
only structural MRI and DTI discriminated UHR from
control participants, with an accuracy of 68 % and 66 %,
respectively. These findings support the notion that white
matter integrity is implicated prior to the onset of psychosis and is a sensitive measure of risk for transition.
Although limited in number, these studies provide
some evidence for lower FA and higher MD in UHR
subjects who transition to psychosis, relative to UHR individuals who do not transition, and healthy controls
(refer to Table 1 for an overview). While the exact pattern of white matter differences is not consistent across
studies, frontal, fronto-temporal and fronto-limbic connections, including the superior longitudinal and uncinate fasiculus, cingulum, and corpus callosum appear to
be implicated. These findings in UHR samples suggest
that white matter abnormalities may play an important
role in the development of psychotic disorders, although
further longitudinal research is needed that examines
within-subject change in FA along with progression to
psychosis. In addition, the small sample size of many
studies to date, along with variations in DTI analytic
methods, may be partly responsible for the inconsistencies in findings. Along this line, future meta-analyses
may have help clarify the exact location and nature of
white matter abnormalities in high-risk samples.
White matter and polyunsaturated fatty acids

There is evidence to suggest that the observed changes in
DTI indices of white matter integrity are due, at least in
part, to damage to the myelin sheath that insulates axons
and transmits electric signals between nerves in schizophrenia patients [34, 35]. The myelin sheath is formed by
the membrane of oligodendrocytes and consists of approximately 70 % lipids, with phospholipids and cholesterol accounting for the largest proportion of membrane
lipids in mammals [36, 37]. PUFAs are important components of the phospholipid layers in all cell membranes, including oligodendrocytes. Arachidonic acid (AA, C20:4n6), docosahexaenoic acid (DHA, C22:6n-3) and nervonic
acid (NA, C24:1n-9) are among the most important fatty
acids in the nervous system. They impact on neuronal
functioning through two main mechanisms. Firstly, they
play a role in maintaining membrane structure, and
modulating the function of membrane receptors, ion
channels and enzymes [38]. Secondly, they are a source of
precursors for eicosanoids, including prostaglandins,
thromboxanes and leukotrienes, which play an important
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role in immune and inflammatory responses, and also act
as second messengers in intra- and inter-cellular signal
transduction [38].
PUFAs are acquired through dietary intake and the
amount of intake affects the rate of phospholipid synthesis, which in turn impacts on the quantity and quality of
membrane phospholipids [39]. If PUFAs are not available during myelin synthesis, there is disruption resulting in amyelination or dysmyelination. Such myelin
changes have been identified in rats with PUFA deficiency [40], and dietary supplementation of omega-3
fatty acids in rats has been found to simulate the expression of myelin proteins in the brain [41]. In humans,
dietary supplementation of PUFAs has been found to reduce the occurrence of white matter abnormalities in
the elderly [42], and the exacerbation rate and disability
in patients with multiple sclerosis [43]. Apart from dietary intake, genetic factors also impact the synthesis of
PUFAs. The human-specific haplotype of fatty-acid desaturase (FADS) genes has been associated with decreased
blood levels of DHA and AA (suggestive of lower biosynthesis of PUFAs), as well as decreased white matter
development from childhood to adulthood [44].
Peters and colleagues [45] report the only study to
date examining the relationship between myelination
and PUFAs in healthy individuals using DTI. They investigated whether white matter integrity, using DTI analysis, was associated with blood levels of PUFA
concentrations and the activity of phospholipase A2 (the
main enzyme regulating membrane PUFA metabolism)
in 9 to 20 year olds. Interestingly, they found that lower
blood PUFA concentrations were related to higher FA in
the corticospinal tract, anterior thalamic radiation, inferior fronto-occipital fasiculus and cingulum. In addition,
lower blood PUFA concentrations were related to lower
RD in the same regions, as well as the uncinate, superior
and inferior longitudinal fasiculi. The authors argue that
active white matter myelination during adolescence may
require more vigorous consumption of PUFAs from peripheral membranes, given the continued white matter
changes that have been identified during this period
[46]. Hence while these findings highlight a relationship
between blood PUFA concentrations and DTI-indices of
white matter integrity, it remains uncertain whether the
same direction of association would be present following
this developmental period. There is a need for further
research across different ages, ideally using longitudinal
research to examine potential developmental effects and
better understand these complex associations.
Polyunsaturated fatty acids and white matter in
schizophrenia

Given the relationship between PUFAs and myelination,
we propose that white matter integrity may mediate the
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relationship between PUFAs and risk for schizophrenia.
There is a substantial body of evidence for lowered
blood PUFA concentrations in schizophrenia. These include reductions in blood levels of DHA, AA, NA, docosapentaenoic acid (DPA) and linoleic acid (LA) in
patients [47–49], including medication-naïve patients
[50, 51]. Similar findings have also been identified in
postmortem studies [52]. Consistent with these findings,
there is evidence that omega-3 PUFA dietary supplementation may prevent the transition from UHR to
psychosis, with Amminger et al.’s [53] placebocontrolled clinical trial finding that 12 weeks of PUFA
supplementation reduced the risk of transition at 12months follow-up. In this study, omega-3 PUFAs also
significantly reduced positive, negative, and general
symptoms, and improved functioning at follow-up compared to the placebo. A subsequent study found that
higher NA levels were significantly related to lower
negative and positive symptoms, as well as higher global
functioning in the same UHR sample at baseline [54].
However, AA and DHA levels did not exhibit any significant associations with symptoms or functioning. They
also found that lower levels of NA predicted transition
to psychosis in individuals who received the placebo
(those who received the omega-3 PUFA supplementation
were excluded due to significant treatment effects on
transition). These findings remained after controlling for
variables known to influence fatty acid metabolism, including age, cigarette smoking, cannabis use and antidepressant
use. Notably, the observation that supplementation with
omega-3 PUFAs may prevent transition to psychosis suggests that omega-3 fatty acids may offset the risk conferred
by decreased levels of NA.
There is also preliminary DTI research specifically investigating the relationship between PUFA, white matter
integrity and schizophrenia. Peters et al.’s [55] study of
12 patients with recent-onset schizophrenia, identified a
significant positive correlation between total blood
PUFA concentration and FA in the uncinate fasciculus,
the white matter tract connecting the anterior temporal
lobe with the orbitofrontal lobe, using a region-ofinterest approach. A subsequent whole brain voxelwise
analysis of 30 male patients with recent-onset schizophrenia found that lower total blood PUFA concentration was related to lower FA levels across the brain,
including the corpus callosum, and bilateral parietal, occipital, temporal and frontal regions [56]. This relationship was primarily driven by AA concentration, and to a
lesser extent by NA, LA and DPA concentrations.
Greater severity of negative symptoms was also related
to lower FA and NA concentration. These findings provide support for the notion that white matter abnormalities are related to PUFA levels in schizophrenia.
Although the exact mechanism remains uncertain, it has

Page 8 of 11

been hypothesised that reduced PUFA levels may be related to lowered FA via inflammatory processes [56].
Specifically, AA can be transformed to proinflammatory
prostaglandins and leukotrienes after being released
from cell membranes, while omega-3 fatty acids can
transform to anti-inflammatory factors [57]. Thus increased metabolism of omega-3 and −6 fatty acids, possible through altered immune function, may result in
white matter inflammation and consequently disrupted
myelination in schizophrenia. It is also possible that oxidative stress may play a role, as reduced antioxidant enzymes and increased plasma lipid peroxides have been
related to lowered PUFA concentrations in first episode
and never-medicated patients [58]. Further research is
needed to fully unpack these potential mechanisms and
gain a better understanding of biological processes that
may be implicated in schizophrenia. We are currently conducting a study funded by the National Health and Medical
Research Council Australia (NHMRC; APP1067040) to establish if membrane PUFA concentrations correlate with
reduced white matter (WM) integrity in UHR individuals.
This study investigates the clinical relevance of WM integrity and PUFA interaction in relation to illness progression
in the prodromal phase of psychosis.
There are inconsistencies in the literature based on
these preliminary studies that need to be addressed.
Firstly, the direction of association is not consistent with
that identified in healthy adolescents [45]. As mentioned
above, these differences may relate to the age of samples,
and there is a need for more research examining potential development effects on the relationship between
blood PUFA concentration and white matter integrity in
healthy individuals. Furthermore, Peters et al.’s [56] findings within the temporal lobe were reduced to trend
level effects when controlling for medication and duration of illness. Therefore, it would be valuable to examine the relationship between PUFA and white matter
integrity in UHR samples not confounded by such factors. It is also possible that different mechanisms underlie the relationship between blood PUFA concentrations
and white matter in healthy individuals and those with
schizophrenia, and future research comparing these two
groups in an age-matched sample may help us better
understand these differences and the potential neurobiological processes underlying schizophrenia. There are
also inconsistencies in relation to the specific fatty acid
that may be implicated in the disease process, and associations in PUFA alterations and symptoms may be specific to stage of illness [18]. For example, in UHR
individuals, NA was found to be associated with symptoms [54], while DTI research in individuals with recent
onset schizophrenia shows that AA (and to a lesser extent NA) is more strongly associated with fractional anisotropy [55]. Hence, certain PUFA alterations may be
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salient in the at-risk stage of illness, marking the potential to evolve into a psychotic disorder, without necessarily having a direct and causal relationship with
schizophrenia [59]. This would explain why PUFA supplementation may be of benefit to very early stages of
psychotic disorder (i.e., UHR individuals) and less beneficial in patients with established schizophrenia [60].

Conclusions
There is much to be learnt about the biological underpinnings of the symptoms and deterioration of functioning
characteristic of UHR individuals, and the predictive value
of these markers for conversion to psychosis. There are
strong international research efforts currently aimed at addressing these issues [61–63], with the hopes of developing
predictive tools using imaging and other biological markers
to complement currently used clinical phenotypic criteria.
Specifically addressing the issue of PUFAs and white
matter integrity in UHR is the Myelin Integrity Neuroimaging (MINT) study at Orygen - The National Centre
of Excellence in Youth Mental Health, Australia. This is
the first study to combine neuroimaging and bloodbased assessments with longitudinal clinical assessments,
which will allow examination of the interaction between
PUFA and white matter prior to the onset of schizophrenia. In addition, the project will examine the role of
PUFAs and white matter integrity in disease progression
(i.e., transition to psychosis, poorer functional outcomes)
in UHR patients. It will provide us with new insight into
the pathophysiology of psychosis, which will help us better understand the effectiveness of interventions altering
cell membrane lipids and potentially provide the basis
for development of novel treatments. Together with
other cutting-edge research in this area, this study will
also ultimately aid in predicting which UHR subjects will
actually transition to psychosis, and their likely functional and symptomatic outcomes.
Abbreviations
AA, arachidonic acid; DHA, docosahexaenoic acid; DPA, docosapentaenoic
acid; DTI, diffusion tensor imaging; FA = fractional anisotropy; FADS, fatty-acid
desaturase; fMRI, functional magnetic resonance imaging; LA, linoleic acid;
MD, mean diffusivity; MRI, magnetic resonance imaging; NA, nervonic acid;
PRISMA, preferred reporting items for systematic reviews and meta-analyses;
PUFAs, polyunsaturated fatty acids; UHR, ultra-high risk; UHR-N, ultra-high risk
negative; UHR-P, ultra-high risk positive; WM, white matter
Acknowledgements
Not applicable.
Funding
This research was supported by grants from the National Health and Medical
Research Council of Australia (NHMRC Project Grant ID: 1067040; Program
Grant ID: 566529). Paul Amminger was supported by NHMRC Senior
Research Fellowship (ID: 1080963). Christos Pantelis and Patrick McGorry
were supported by NHMRC Senior Principal Research Fellowships (IDs:
628386/1105825; 1060996). Barnaby Nelson and Sarah Whittle were
supported by NHMRC Career Development Fellowships (IDs: 1027532;
1007716). Daniel Hermens was supported by NHMRC Centre of Research

Page 9 of 11

Excellence grant (ID: 1061043), and Simon Rice was supported by an Early
Career Fellowship from the Society of Mental Health Research.
Availability of data and materials
Data supporting the present findings can be obtained in the relevant cited
publications.
Authors' contributions
This review was primarily conceived by PA and NV, in consultation with all
authors. NV undertook systematic searching and data extraction. Initial
manuscript development was undertaken by PA, NV. Drafting and editing of
the manuscript was undertaken by SR, CB, TW, DH, BN, SW, CP, PM, and MS.
All authors read and approved the final manuscript.
Authors’ information
Not applicable.
Competing interests
The authors declare that they have no competing interests. The authors
report no biomedical financial interests or potential conflicts of interest.
Consent for publication
Not applicable.
Ethics approval and consent to participate
Not applicable.
Author details
1
Orygen, The National Centre of Excellence in Youth Mental Health, The
University of Melbourne, 35 Poplar Road, Parkville, Victoria 3052, Australia.
2
Department of Psychology, University of Oregon, Eugene, USA. 3School of
Psychology, UNSW Australia, Sydney, Australia. 4Brain & Mind Research
Institute, Central Clinical School, University of Sydney, Sydney, Australia.
5
Melbourne Neuropsychiatry Centre, The University of Melbourne,
Melbourne, Australia.
Received: 26 November 2015 Accepted: 15 June 2016

References
1. Kraepelin E. Dementia Praecox and Paraphrenia. New York: Churchill
Livingstone; 1919.
2. Bleuler E. Dementia Praecox or the Group of Schizophrenias. New York:
International Universities Press Inc; 1911.
3. Häfner H, Maurer K, Löffler W, Riecher-Rössler A. The influence of age and
sex on the onset and early course of schizophrenia. Br J Psychiatry.
1993;162:80–6.
4. Pierpaoli C, Jezzard P, Basser PJ, Barnett A, Di Chiro G. Diffusion tensor MR
imaging of the human brain. Radiology. 1996;201:637–48.
5. Burzynska AZ, Preuschhof C, Bäckman L, Nyberg L, Li S-C, Lindenberger U,
Heekeren HR. Age-related differences in white matter microstructure:
region-specific patterns of diffusivity. NeuroImage. 2010;49:2104–12.
6. Jernigan TL, Baaré WFC, Stiles J, Madsen KS. Postnatal brain development:
structural imaging of dynamic neurodevelopmental processes. Prog Brain
Res. 2011;189:77–92.
7. Lebel C, Beaulieu C. Longitudinal development of human brain wiring
continues from childhood into adulthood. J Neurosci. 2011;31:10937–47.
8. Fitzsimmons J, Kubicki M, Shenton ME. Review of functional and anatomical brain
connectivity findings in schizophrenia. Curr Opin Psychiatry. 2013;26:172–87.
9. Kubicki M, McCarley R, Westin C-F, Park H-J, Maier S, Kikinis R, Jolesz FA,
Shenton ME. A review of diffusion tensor imaging studies in schizophrenia.
J Psychiatr Res. 2007;41:15–30.
10. Konopaske GT, Dorph-Petersen K-A, Sweet RA, Pierri JN, Zhang W, Sampson AR,
Lewis DA. Effect of chronic antipsychotic exposure on astrocyte and
oligodendrocyte numbers in macaque monkeys. Biol Psychiatry. 2008;63:759–65.
11. Minami T, Nobuhara K, Okugawa G, Takase K, Yoshida T, Sawada S, Ha-Kawa
S, Ikeda K, Kinoshita T. Diffusion tensor magnetic resonance imaging of
disruption of regional white matter in schizophrenia. Neuropsychobiology.
2003;47:141–5.

Vijayakumar et al. BMC Psychiatry (2016) 16:287

12. Pfefferbaum A, Sullivan EV. Increased brain white matter diffusivity in
normal adult aging: relationship to anisotropy and partial voluming. Magn
Reson Med. 2003;49:953–61.
13. Cullen KR, Wallace S, Magnotta VA, Bockholt J, Ehrlich S, Gollub RL,
Manoach DS, Ho BC, Clark VP, Lauriello J, Bustillo JR, Schulz SC, Andreasen
NC, Calhoun VD, Lim KO, White T. Cigarette smoking and white matter
microstructure in schizophrenia. Psychiatry Res. 2012;201:152–8.
14. Fusar Poli P, Borgwardt S, Bechdolf A, Addington J, Riecher-Rössler A,
Schultze-Lutter F, Keshavan M, Wood S, Ruhrmann S, Seidman LJ, Valmaggia
L, Cannon T, Velthorst E, de Haan L, Cornblatt B, Bonoldi I, Birchwood M,
McGlashan T, Carpenter W, McGorry P, Klosterkötter J, McGuire P, Yung A.
The psychosis high-risk state: a comprehensive state-of-the-art review. JAMA
Psychiatry. 2013;70:107–20.
15. Nelson B, Yuen HP, WOOD SJ, Lin A, Spiliotacopoulos D, Bruxner A,
Broussard C, Simmons M, Foley DL, Brewer WJ, Francey SM, Amminger GP,
Thompson A, McGorry PD, Yung AR. Long-term follow-up of a group at
ultra high risk (“prodromal”) for psychosis: the PACE 400 study. JAMA
Psychiatry. 2013;70:793–802.
16. Fusar Poli P, Bonoldi I, Yung AR, Borgwardt S, Kempton MJ, Valmaggia L, Barale F,
Caverzasi E, McGuire P. Predicting psychosis: meta-analysis of transition outcomes
in individuals at high clinical risk. Arch Gen Psychiatry. 2012;69:220–9.
17. PANTELIS C, Yücel M, WOOD SJ, Velakoulis D, Sun D, Berger G, Stuart GW,
Yung A, Phillips L, McGorry PD. Structural brain imaging evidence for
multiple pathological processes at different stages of brain development in
schizophrenia. Schizophr Bull. 2005;31:672–96.
18. McGorry P, Keshavan M, Goldstone S, Amminger P, Allott K, Berk M, Lavoie S,
PANTELIS C, Yung A, Wood S, Hickie I. Biomarkers and clinical staging in
psychiatry. World Psychiatry. 2014;13:211–23.
19. Walterfang M, McGuire PK, Yung AR, Phillips LJ, Velakoulis D, WOOD SJ,
Suckling J, Bullmore ET, Brewer W, Soulsby B, Desmond P, McGorry PD,
PANTELIS C. White matter volume changes in people who develop
psychosis. Br J Psychiatry. 2008;193:210–5.
20. Miller TJ, McGlashan TH, Rosen JL, Cadenhead K, Cannon T, Ventura J,
McFarlane W, Perkins DO, Pearlson GD, Woods SW. Prodromal assessment
with the structured interview for prodromal syndromes and the scale of
prodromal symptoms: predictive validity, interrater reliability, and training to
reliability. Schizophr Bull. 2003;29:703–15.
21. Yung AR, Yuen HP, McGorry PD, Phillips LJ, Kelly D, Dell'Olio M, Francey SM,
Cosgrave EM, Killackey E, Stanford C, Godfrey K, Buckby J. Mapping the
onset of psychosis: the Comprehensive Assessment of At-Risk Mental States.
Aust N Z J Psychiatry. 2005;39:964–71.
22. Peters BD, de Haan L, Dekker N, Blaas J, Becker HE, Dingemans PM,
Akkerman EM, Majoie CB, van Amelsvoort T, Heeten den GJ, Linszen DH.
White matter fibertracking in first-episode schizophrenia, schizoaffective
patients and subjects at ultra-high risk of psychosis. Neuropsychobiology.
2008;58:19–28.
23. Peters BD, Schmitz N, Dingemans PM, van Amelsvoort TA, Linszen DH, de
Haan L, Majoie CB, Heeten den GJ. Preliminary evidence for reduced frontal
white matter integrity in subjects at ultra-high-risk for psychosis. Schizophr
Res. 2009;111:192–3.
24. Epstein KA, Cullen KR, Mueller BA, Robinson P, Lee S, Kumra S. White matter
abnormalities and cognitive impairment in early-onset schizophrenia-spectrum
disorders. J Am Acad Child Adolesc Psychiatry. 2014;53:362–72.e1–2.
25. Clemm von Hohenberg C, Pasternak O, Kubicki M, Ballinger T, Vu M-A,
Swisher T, Green K, Giwerc M, Dahlben B, Goldstein JM, Woo T-UW,
Petryshen TL, Mesholam-Gately RI, Woodberry KA, Thermenos HW, Mulert C,
McCarley RW, Seidman LJ, Shenton ME. White matter microstructure in
individuals at clinical high risk of psychosis: a whole-brain diffusion tensor
imaging study. Schizophr Bull. 2014;40:895–903.
26. Peters BD, Dingemans PM, Dekker N, Blaas J, Akkerman E, van Amelsvoort
TA, Majoie CB, Heeten den GJ, Linszen DH, de Haan L. White matter
connectivity and psychosis in ultra-high-risk subjects: a diffusion tensor fiber
tracking study. Psychiatry Res. 2010;181:44–50.
27. Karlsgodt KH, Niendam TA, Bearden CE, Cannon TD. White matter integrity
and prediction of social and role functioning in subjects at ultra-high risk
for psychosis. Biol Psychiatry. 2009;66:562–9.
28. Mittal VA, Dean DJ, Bernard JA, Orr JM, Pelletier-Baldelli A, Carol EE, Gupta T,
Turner J, Leopold DR, Robustelli BL, Millman ZB. Neurological soft signs
predict abnormal cerebellar-thalamic tract development and negative
symptoms in adolescents at high risk for psychosis: a longitudinal
perspective. Schizophr Bull. 2014;40:1204–15.

Page 10 of 11

29. Bernard JA, Orr JM, Mittal VA. Abnormal hippocampal–thalamic white
matter tract development and positive symptom course in individuals at
ultra-high risk for psychosis. NPJ Schizophr. 2015;1:15009.
30. Bloemen OJN, de Koning MB, Schmitz N, Nieman DH, Becker HE, de Haan L,
Dingemans P, Linszen DH, van Amelsvoort TAMJ. White-matter markers for
psychosis in a prospective ultra-high-risk cohort. Psychol Med. 2010;40:
1297–304.
31. Carletti F, Woolley JB, Bhattacharyya S, Perez-Iglesias R, Fusar Poli P,
Valmaggia L, Broome MR, Bramon E, Johns L, Giampietro V, Williams SCR,
Barker GJ, McGuire PK. Alterations in white matter evident before the onset
of psychosis. Schizophr Bull. 2012;38:1170–9.
32. Katagiri N, PANTELIS C, Nemoto T, Zalesky A, Hori M, Shimoji K, Saito J, Ito S,
Dwyer DB, Fukunaga I, Morita K, Tsujino N, Yamaguchi T, Shiraga N, Aoki S,
Mizuno M. A longitudinal study investigating sub-threshold symptoms and
white matter changes in individuals with an “at risk mental state” (ARMS).
Schizophr Res. 2015;162:7–13.
33. Pettersson-Yeo W, Benetti S, Marquand AF, Dell'acqua F, Williams SCR, Allen
P, Prata D, McGuire P, Mechelli A. Using genetic, cognitive and multi-modal
neuroimaging data to identify ultra-high-risk and first-episode psychosis at
the individual level. Psychol Med. 2013;43:2547–62.
34. Basser PJ. Inferring microstructural features and the physiological state of
tissues from diffusion-weighted images. NMR Biomed. 1995;8:333–44.
35. Song S-K, Sun S-W, Ramsbottom MJ, Chang C, Russell J, Cross AH.
Dysmyelination revealed through MRI as increased radial (but unchanged
axial) diffusion of water. NeuroImage. 2002;17:1429–36.
36. Sastry PS. Lipids of nervous tissue: composition and metabolism. Prog Lipid
Res. 1985;24:69–176.
37. Baumann N, Pham-Dinh D. Biology of oligodendrocyte and myelin in the
mammalian central nervous system. Physiol Rev. 2001;81:871–927.
38. Fenton WS, Hibbeln J, Knable M. Essential fatty acids, lipid membrane
abnormalities, and the diagnosis and treatment of schizophrenia. Biol
Psychiatry. 2000;47:8–21.
39. Arvindakshan M, Ghate M, Ranjekar PK, Evans DR, Mahadik SP.
Supplementation with a combination of omega-3 fatty acids and
antioxidants (vitamins E and C) improves the outcome of schizophrenia.
Schizophr Res. 2003;62:195–204.
40. Trapp BD, Bernsohn J. Essential fatty acid deficiency and CNS myelin. J
Neurol Sci. 1978;37:249–66.
41. Salvati S, Natali F, Attorri L, Di Benedetto R, Leonardi F, Di Biase A, Ferri F,
Fortuna S, Lorenzini P, Sanchez M, Ricceri L, Vitelli L. Eicosapentaenoic acid
stimulates the expression of myelin proteins in rat brain. J Neurosci Res. 2008;
86:776–84.
42. Virtanen JK, Siscovick DS, Longstreth WT, Kuller LH, Mozaffarian D. Fish
consumption and risk of subclinical brain abnormalities on MRI in older
adults. Neurology. 2008;71:439–46.
43. Nordvik I, Myhr KM, Nyland H, Bjerve KS. Effect of dietary advice and n-3
supplementation in newly diagnosed MS patients. Acta Neurol Scand.
2000;102:143–9.
44. Peters BD, Voineskos AN, Szeszko PR, Lett TA, DeRosse P, Guha S, Karlsgodt KH,
Ikuta T, Felsky D, John M, Rotenberg DJ, Kennedy JL, Lencz T, Malhotra AK.
Brain white matter development is associated with a human-specific
haplotype increasing the synthesis of long chain fatty acids. J Neurosci. 2014;
34:6367–76.
45. Peters BD, McNamara RK, Smesny S, Ikuta T, DeRosse P, Amminger P, Szeszko
PR, Malhotra AK. Polyunsaturated fatty acid status and brain white matter
microstructure across adolescence: A diffusion tensor imaging study. In press.
46. Asato MR, Terwilliger R, Woo J, Luna B. White matter development in
adolescence: a DTI study. Cereb Cortex. 2010;20:2122–31.
47. Assies J, Lieverse R, Vreken P, Wanders RJ, Dingemans PM, Linszen DH.
Significantly reduced docosahexaenoic and docosapentaenoic acid
concentrations in erythrocyte membranes from schizophrenic patients compared
with a carefully matched control group. Biol Psychiatry. 2001;49:510–22.
48. Evans DR, Parikh VV, Khan MM, Coussons C, Buckley PF, Mahadik SP. Red
blood cell membrane essential fatty acid metabolism in early psychotic
patients following antipsychotic drug treatment. Prostaglandins Leukot
Essent Fatty Acids. 2003;69:393–9.
49. Reddy RD, Keshavan MS, Yao JK. Reduced red blood cell membrane
essential polyunsaturated fatty acids in first episode schizophrenia at
neuroleptic-naive baseline. Schizophr Bull. 2004;30:901–11.
50. Arvindakshan M, Sitasawad S, Debsikdar V, Ghate M, Evans D, Horrobin DF,
Bennett C, Ranjekar PK, Mahadik SP. Essential polyunsaturated fatty acid and lipid

Vijayakumar et al. BMC Psychiatry (2016) 16:287

51.

52.
53.

54.

55.

56.

57.
58.

59.

60.

61.

62.

63.

Page 11 of 11

peroxide levels in never-medicated and medicated schizophrenia patients. Biol
Psychiatry. 2003;53:56–64.
Khan MM, Evans DR, Gunna V, Scheffer RE, Parikh VV, Mahadik SP. Reduced
erythrocyte membrane essential fatty acids and increased lipid peroxides in
schizophrenia at the never-medicated first-episode of psychosis and after
years of treatment with antipsychotics. Schizophr Res. 2002;58:1–10.
Yao JK, Leonard S, Reddy RD. Membrane phospholipid abnormalities in
postmortem brains from schizophrenic patients. Schizophr Res. 2000;42:7–17.
Amminger GP, Schäfer MR, Papageorgiou K, Klier CM, Cotton SM, Harrigan SM,
Mackinnon A, McGorry PD, Berger GE. Long-Chain ω-3 Fatty Acids for Indicated
Prevention of Psychotic Disorders: A Randomized, Placebo-Controlled Trial. Arch
Gen Psychiatry. 2010;67:146–54.
Amminger GP, Schäfer MR, Klier CM, Slavik J-M, Holzer I, Holub M,
Goldstone S, Whitford TJ, Mcgorry PD, Berk M. Decreased nervonic acid
levels in erythrocyte membranes predict psychosis in help-seeking
ultra-high-risk individuals. Mol Psychiatry. 2011;17:1150–2.
Peters BD, Duran M, Vlieger EJ, Majoie CB, Heeten den GJ, Linszen DH, de
Haan L. Polyunsaturated fatty acids and brain white matter anisotropy in
recent-onset schizophrenia: A preliminary study. Prostaglandins Leukot
Essent Fatty Acids. 2009;81:61–3.
Peters BD, Machielsen MWJ, Hoen WP, Caan MWA, Malhotra AK, Szeszko PR,
Duran M, Olabarriaga SD, de Haan L. Polyunsaturated Fatty Acid
Concentration Predicts Myelin Integrity in Early-Phase Psychosis. Schizophr
Bull. 2013;39:830–8.
Yao JK, van Kammen DP. Membrane phospholipids and cytokine interaction
in schizophrenia. Int Rev Neurobiol. 2004;59:297–326.
Bongarzone ER, Pasquini JM, Soto EF. Oxidative damage to proteins and
lipids of CNS myelin produced by in vitro generated reactive oxygen
species. J Neurosci Res. 1995;41:213–21.
Smesny S, Milleit B, Hipler U-C, Milleit C, Schäfer MR, Klier CM, Holub M,
Holzer I, Berger GE, Otto M, Nenadic I, Berk M, Mcgorry PD, Sauer H,
Amminger GP. Omega-3 fatty acid supplementation changes intracellular
phospholipase A2 activity and membrane fatty acid profiles in individuals at
ultra-high risk for psychosis. Mol Psychiatry. 2014;19:317–24.
Fusar Poli P, Berger G. Eicosapentaenoic acid interventions in schizophrenia:
meta-analysis of randomized, placebo-controlled studies. J Clin
Psychopharmacol. 2012;32:179–85.
European Network of National Networks studying Gene-Environment
Interactions in Schizophrenia (EU-GEI), Van Os J, Rutten BP, Myin-Germeys I,
Delespaul P, Viechtbauer W, van Zelst C, Bruggeman R, Reininghaus U,
Morgan C, Murray RM, Di Forti M, McGuire P, Valmaggia LR, Kempton MJ,
Gayer-Anderson C, Hubbard K, Beards S, Stilo SA, Onyejiaka A, Bourque F,
Modinos G, Tognin S, Calem M, O'Donovan MC, Owen MJ, Holmans P,
Williams N, Craddock N, Richards A, et al. Identifying gene-environment
interactions in schizophrenia: contemporary challenges for integrated, largescale investigations. Schizophr Bull. 2014;40:729–36.
Addington J, Cadenhead KS, Cornblatt BA, Mathalon DH, McGlashan TH,
Perkins DO, Seidman LJ, Tsuang MT, Walker EF, Woods SW, Addington JA,
Cannon TD. North American Prodrome Longitudinal Study (NAPLS 2):
overview and recruitment. Schizophr Res. 2012;142:77–82.
Koutsouleris N, Riecher-Rössler A, Meisenzahl EM, Smieskova R, Studerus E,
Kambeitz-Ilankovic L, Saldern von S, Cabral C, Reiser M, Falkai P, Borgwardt S.
Detecting the psychosis prodrome across high-risk populations using
neuroanatomical biomarkers. Schizophr Bull. 2015;41:471–82.

Submit your next manuscript to BioMed Central
and we will help you at every step:
• We accept pre-submission inquiries
• Our selector tool helps you to find the most relevant journal
• We provide round the clock customer support
• Convenient online submission
• Thorough peer review
• Inclusion in PubMed and all major indexing services
• Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit

