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Abstract

In recent years evidence has accumulated to suggest that neuroinflammation might be an early
pathology of schizophrenia that later leads to neurodegeneration, yet the exact role in the etiology,
as well as the source of neuroinflammation, are still not known. The hypothesis of
neuroinflammation involvement in schizophrenia is quickly gaining popularity, and thus it is
imperative that we have reliable and reproducible tools and measures that are both sensitive, and,
most importantly, specific to neuroinflammation. The development and use of appropriate human
in vivo imaging methods can help in our understanding of the location and extent of
neuroinflammation in different stages of the disorder, its natural time-course, and its relation to
neurodegeneration. Thus far, there is little /n vivo evidence derived from neuroimaging methods.
This is likely the case because the methods that are specific and sensitive to neuroinflammation are
relatively new or only just being developed. This paper provides a methodological review of both
existing and emerging positron emission tomography and magnetic resonance imaging techniques
that identify and characterize neuroinflammation. We describe how these methods have been used
in schizophrenia research. We also outline the shortcomings of existing methods, and we highlight
promising future techniques that will likely improve state-of-the-art neuroimaging as a more
refined approach for investigating neuroinflammation in schizophrenia.
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INTRODUCTION

Schizophrenia is a severe psychiatric disease, noted for its chronic and often debilitating
processes, characterized by delusions and hallucinations, cognitive impairment, and blunted
affect (Bleuler, 1950; Kraepelin, 1971). Onset is during adolescence or young adulthood,
and it is often lifelong and chronic. Although progress has been made in delineating brain
abnormalities in schizophrenia (Fitzsimmons et al., 2013), the etiology, pathogenesis, and
biological course still remain elusive, with evidence suggesting a variety of deficiencies and
abnormalities, including neurodevelopmental and neurodegenerative abnormalities, as well
as a number of dopaminergic, myelin, oligodendrocyte, and volumetric alterations in a
number of brain regions that are not proximal but may reflect an underlying anatomical and
or functional connection (e.g., see reviews in Harrison, 1999; Jaaro-Peled et al., 2010;
Kubicki et al., 2005; Shenton et al., 2001).

The involvement of neuroinflammation in schizophrenia has long been hypothesized (DeLisi
et al., 1984; Ganguli et al., 1987; Pandey et al., 1981; Torrey and Peterson, 1973; Vartanian
etal., 1978). It is only recently, however, that evidence from neuropathological and
neuroimaging studies has emerged to suggest the possible role of neuroinflammation in the
etiology of schizophrenia (see recent reviews: Chew et al., 2013; Kahn and Sommer, 2014;
Moniji et al., 2009; Monji et al., 2013; Najjar and Pearlman, 2015). Neuroinflammation is a
normal, albeit, nonspecific response of the brain’s immune system to harmful stimuli such as
tissue damage or pathogen invasion (Streit et al., 2004).

While neuroinflammation is important for a healthy functioning brain, it has been suggested
that in neurodegenerative disorders, chronic neuroinflammation likely induces adverse
effects, and may be responsible for some of the symptoms that persist for many years during
the course of schizophrenia (Streit, 2006; Streit et al., 2004). Similarly, recent studies in
schizophrenia have investigated the hypothesis that neuroinflammation is an early indicator
of pathology in the etiology of schizophrenia, which may later lead to neurodegeneration
(Feigenson et al., 2014; Muller et al., 2004; Najjar and Pearlman, 2015).

Neuroinflammation is observed in many brain disorders, especially in those with a
neurodegenerative course such as Multiple Sclerosis, Alzheimer’s disease and Parkinson’s
disease (Schwartz, 2003; Weiner and Selkoe, 2002). The brain parenchyma is separated from
the periphery by the blood brain barrier (BBB), which, under normal conditions, prevents
immune cells that are in the blood from entering brain tissue (Schultzberg et al., 2007;
Zlokovic, 2008). Instead, the brain has its own innate immune system that operates mainly
through the function of astrocytes and microglia, where neuroinflammation is defined as the
activation of this system (Schwartz, 2003). Excellent reviews of the structure and function of
glia cells are available and the reader is referred to these for further details (e.g., Allaman et
al., 2011; Fontana et al., 1987; Rock et al., 2004; Schwartz et al., 2006; Streit et al., 1988;
Tilleux and Hermans, 2007). Briefly, microglia are the resident macrophages of the brain
and are usually the initial responders to tissue insult or damage. Receptors on the microglia
respond and activate the cells. When active, the cells change their shape and function and
initiate phagocytosis. In addition, activated microglia, in concert with astrocytes, emit
cytokines that lead to a cascade of events that modulate the neuroinflammatory response. As

Schizophr Res. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Pasternak et al.

Page 3

part of this process, the glia cells also emit oxidative and nitrosative products, as well as
excitotoxic metabolites that can damage surrounding tissue. An acute, or short-term
neuroinflammatory response is likely important for a healthy functioning brain and
contributes to the repair of damaged or infected tissue. However, when the inflammatory
process continues for a long period of time (weeks, months or even years), damage to the
surrounding brain tissue may become substantial. For example, a prolonged
neuroinflammatory response in the white matter may damage oligodendrocytes, and the
myelin sheath surrounding axons, thereby affecting network connectivity in the brain (Chew
et al., 2013; Deng, 2010). Exposure to oxidative, nitrosative, and excitotoxic metabolites
may also result in the loss of neuronal cell bodies and reduced extracellular matrix, evident
as brain atrophy (Bigler, 2013; Frodl and Amico, 2014; Jacobs et al., 2012; Versijpt et al.,
2005). Tissue degeneration, in turn, reactivates neuroinflammation, forming a “vicious
circle” of neuroinflammation and neurodegeneration (Jacobs et al., 2012).

The cause of neuroinflammation and its association with neurodegenerative disorders is not
yet known. Moreover, in most neurodegenerative disorders (e.g., Multiple Sclerosis,
Alzheimer’s disease, Parkinson’s disease, Huntington’s disease), the reason for the initial
inflammatory response is also not well known. This is also the case in schizophrenia, where
maternal and prenatal infections (Anderson and Maes, 2013), brain injury (Chew et al.,
2013), autoimmune disorder (Fineberg and Ellman, 2013), and stress response (Vogel et al.,
2011), have all been hypothesized, among other possible causes (Kirkpatrick and Miller,
2013; Meyer, 2013), as the source of neuroinflammation. The duration of
neuroinflammation, whether it is chronic or acute, its location and extent, as well as its
relation to symptoms, are also not known in schizophrenia. Nevertheless, if
neuroinflammation is indeed an earlier pathology that may lead to neurodegeneration, and if
it can be reliably detected, then it can potentially be treated, making the study of
neuroinflammation in schizophrenia an important and active field of research.

A key to understanding the involvement of neuroinflammation in schizophrenia, as well as
in other brain disorders, is our ability to monitor neuroinflammation with respect to when it
begins and as it progresses. However, monitoring neuroinflammation /n vivo in the brain is
challenging. Currently inflammatory signs in schizophrenia are mainly identified in blood
and cerebrospinal fluid (CSF) markers. Yet these markers may be limited in their sensitivity
and specificity (Feigenson et al., 2014), with CSF markers requiring highly invasive lumbar
punctures. Additionally, these markers cannot identify the location and extent of
neuroinflammation in the brain. It is therefore important to develop /n7 vivo imaging methods
that are sensitive and specific to neuroinflammation.

This paper is focused on existing and emerging neuroimaging methods that can identify and
characterize neuroinflammation /n vivo, by targeting different chemical, physical, and
geometrical changes that occur in the neuroinflammatory cascade. Methods reviewed
include positron emission tomography (PET), magnetic resonance spectroscopy (MRS),
anatomical and quantitative magnetic resonance imaging (MRI), and diffusion MRI.

These methods are depicted in Figure 1. To date, most of the evidence for
neuroinflammation in schizophrenia comes from ex vivo neuropathological studies, with
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only a small number of studies that have tried to utilize neuroimaging for the identification
of neuroinflammation in schizophrenia (Feigenson et al., 2014; Najjar and Pearlman, 2015).
The advancement of such neuroimaging methods is critical for our ability to identify and to
monitor neuroinflammation /in vivo in schizophrenia, as well as in other brain disorders.

IDENTIFYING NEUROINFLAMMATION WITH PET

PET is currently the main neuroimaging modality used for the identification of
neuroinflammation /n vivo (Jacobs et al., 2012). The PET scanner produces 3D images
representing levels of detected gamma rays emitted by tracers, which are radionuclides
chemically incorporated into a biologically active molecule and introduced to the body
(Muehllehner and Karp, 2006)

PK11195 targeting activated microglia

PET can detect neuroinflammation by using tracers that are ligands specific for the
translocator protein-18-kd (TSPO), which is a protein of the outer mitochondrial membrane
(\Venneti et al., 2013). Currently, the main tracer used for /in vivo studies is the Isoquinoline
ligand 1-[2-chlorophenyl]-N-methyl-N-[1-methyl-propyl]-3-isoquinoline carboxamide
(PK11195). Most human studies use [11C](R)-PK11195, which is the (R) enantiomer
labeled with carbon-11. The normal healthy brain expresses TSPO in areas such as the
choroid plexus, the ependymal layer, and in perivascular cells (Kannan et al., 2009).
However, in the injured nervous system TSPO is highly expressed in activated microglia.
TSPO is also expressed albeit to a lesser extent in reactive astrocytesand, and in
neuroblastoma and glioblastoma cell lines (Rupprecht et al., 2010).

In an insulted brain there is a robust and widespread increase in [11C](R)-PK11195 binding,
indicating the presence of activated microglia, and thus neuroinflammation. Increases in
[11C](R)-PK11195 estimates of binding potentials have been reported in patients with
stroke (Gerhard et al., 2005; Thiel et al., 2010), traumatic brain injury (Ramlackhansingh et
al., 2011), and in patients with chronic neurodegenerative conditions including Huntington's
disease (Politis et al., 2011) and Parkinson's disease (Gerhard et al., 2006). Binding potential
is estimated by fitting time-activity curves with a kinetic model, which estimates efflux of
[11C](R)-PK11195 between the modeled compartments (Kropholler et al., 2005). The
identification of increased estimated binding potential of [11C](R)-PK11195 in
neurodegenerative diseases, as well as in animal models, has made PET the most applied
imaging modality for the identification of neuroinflammation.

PK11195 studies in schizophrenia research

To date there are only two published studies that have quantified [11C](R)-PK11195 in
schizophrenia subjects to identify neuroinflammation. Van Berckel et al. (van Berckel et al.,
2008) compared the estimated binding potential of [11C](R)-PK11195 between ten patients
diagnosed with recent-onset schizophrenia and ten healthy controls, and found significantly
increased estimated binding potential in the entire gray matter of patients diagnosed with
schizophrenia. Doorduin et al. (Doorduin et al., 2009) compared seven patients diagnosed
with an acute episode of psychosis with eight age-matched controls. They found a
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significant regional estimated binding potential increase in the hippocampus of patients, and
a trend level increased estimated binding potential in the basal ganglia, midbrain,
cerebellum, and pons. Estimated binding potential in the entire gray matter was increased,
albeit not significantly. These findings suggest that in the early stages of schizophrenia there
may be a subtle neuroinflammatory effect, which is hard to detect with statistical
significance using [11C](R)-PK11195.

Emerging ligands for neuroinflammation detection

While PK11195 is currently the most utilized tracer to identify neuroinflammation, there are
debates about its affinity to TSPO in /n vivo human studies, as well as about its specificity to
activated microglia. Studies, in fact, show that /n vivo [11C](R)-PK11195 imaging suffers
from poor signal to noise characteristics (Venneti et al., 2013). Various analysis methods
have been used to increase the specificity and sensitivity of the output parameters to binding
potential. However, specificity is limited by, for example, the level of the TSPO receptor
density in the normal brain, which is ubiquitous (Venneti et al., 2013), whereas sensitivity is
limited by poor penetration of the BBB (Bartels et al., 2010). Furthermore, since TSPO is
sensitive both to activated microglia and activated astrocytes, the two may not be
distinguished (Lavisse et al., 2012), which is a limitation since the different cell types have
different roles in neuroinflammation and disease progression. Reliability and proper
selection of kinetic models, especially for use /n vivo, are also under debate (Turkheimer et
al., 2007).

In the past 15 years, a multitude of candidate second-generation TSPO tracers have been
developed in an attempt to obtain higher affinity and higher specificity to TSPO than
PK11195 (Chauveau et al., 2008). However, a limitation of second-generation tracers is that
they appear to have variable binding affinity in humans (Owen et al., 2011), likely related to
genetic variation (Guo et al., 2012). As a result, the analysis of second-generation TSPO
tracers is complicated by the need to account for three different groups: high affinity binders,
mixed affinity binders, and low affinity binders (Guo et al., 2012). This is opposed to
PK11195, which appears to bind with similar affinity across subjects (Owen et al., 2011).

Utilizing the second-generation tracer (N-5-fluoro-2-phenoxyphenyl)-N-(2,5-dimethoxyl-
benzyl) acetamide (DAA1106), which has been shown to have higher affinity to TSPO than
PK11195 (Maeda et al., 2004), Takano et al. (Takano et al., 2010) compared the estimated
binding potential of DAA1106 in 14 patients with chronic schizophrenia versus 14 healthy
controls. In this study there were no significant differences between groups in gray matter.
Nonetheless, the estimated binding potential in patients was correlated with positive
symptoms. Another study utilized the second-generation TSPO tracer N-acetyl-N-(2-
[18F]fluoroethoxybenzyl)-2-phe-noxy-5-pyridinamine ([18F]-FEPPA) to identify
neuroinflammation in gray and white matter in patients with chronic schizophrenia (Kenk et
al., 2015). In this study no group differences were reported between patients and controls.
This is despite the fact that a larger number of patients was scanned, and despite the
expected higher SNR and affinity of [18F]-FEPPA compared with [11C](R)-PK11195. Taken
together, these four studies that applied PET for the identification of neuroinflammation in
schizophrenia provide inconclusive evidence for the involvement of neuroinflammation in
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schizophrenia. This is in contrast to PET studies in neurodegenerative diseases
demonstrating a robust identification of an inflammatory component. The lack of findings in
schizophrenia may be explained, however, either by a lack of microglial activation, or by an
activation that is subtle, and is not detected even with the more sensitive second-generation
tracers. The fact that the two latter studies (Kenk et al., 2015; Takano et al., 2010) tested
chronic subjects might also explain the lack of findings, perhaps suggesting that
neuroinflammation might be more extensive in the earlier stages of the disorder, or that
antipsychotic medication reduces the inflammatory effect (Doorduin et al., 2009; Kenk et
al., 2015). Future studies using more sensitive PET ligands need to include patients
diagnosed with schizophrenia early in the course of illness.

Thus while PET ligands show promise in the identification of neuroinflammation, there are
major limitations in the applicability of PET studies in general, which are likely the reason
for the small number of published studies. PET scanners and cyclotrons, in which the
radioligands are being synthesized, are also expensive (Berger et al., 2003) and not widely
available in many clinical settings. In addition, and importantly, the injection of the
radioligand exposes subjects to radiation, which makes longitudinal studies more
problematic, and where longitudinal studies could shed more light on the trajectory of
neuroinflammation, and its association with neurodegeneration. Nevertheless, technical
improvements in the PET scanner, and, more importantly, new ligands that may have higher
sensitivity and specificity to neuroinflammation are being developed (Jacobs et al., 2012),
such as the promising 18F-GE-180 (Dickens et al., 2014; see Fig. 2). Other advances focus
on identifying targets other than TSPO that can identify neuroinflammation, and appropriate
ligands for the detection of these targets (Pulli and Chen, 2014). These promising
developments, when applied to patients diagnosed with schizophrenia, at different stages of
the disease, will likely lead to a further understanding of the role of neuroinflammation in
schizophrenia.

IDENTIFYING NEUROINFLAMMATION WITH MRS

MRS is one of the basic MRI experiments, providing probes of brain structure and function.
In MRI, the subject is inserted into a large and homogenous magnetic field. Radio frequency
(RF) coils are then used to introduce magnetic manipulations that provide electrical signal
reconstructed into images with contrasts that are sensitive to different molecular properties
(Haacke et al., 1999; Mansfield and Morris, 1982). Unlike PET, MRI does not impose
ionizing radiation, and most MRI acquisitions in the research arena do not require an
injection of a contrast agent. In addition, with MRI images it is possible to have higher
resolution than PET.

In MRS, the MR signal is used to measure metabolite concentrations. Typically a fairly large
region of interest (ROI), in the order of a few cm?3 is defined, and the acquisition results in a
spectrum that quantifies the abundance of different molecules within that ROl (Oz et al.,
2014). Both phosphorus (31P) and proton (*H) MRS have been used to study changes in
brain metabolite levels associated with neuroinflammation and neurodegenerative diseases.
Of these two options, IH MRS is used in the clinical setting in the overwhelming majority of
clinical studies (Chang et al., 2013), since the H nucleus forms the most sensitive, and most
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abundant naturally occurring nucleus. The higher sensitivity of 1H-MRS makes it better
suited for examining specific small brain regions, as opposed to 31P-MRS which necessitates
larger voxel and longer scan times for adequate signal to noise ratio (SNR) in regions of
similar sizes (Stanley et al., 2000).

Metabolites targeting glia changes

The IH MRS spectra is dominated by a water peak, which is about 100,000 times higher
than the signals of brain metabolites. Once the water resonance is suppressed, the spectra
has several peaks that can be robustly identified and related to specific metabolites, some of
which have a role in the neuroinflammatory process (Chang et al., 2013). These metabolites
include N-acetyl-aspartate (NAA), which is widely used as a marker of neuronal density,
since NAA is found within mature neurons (Rigotti et al., 2007). The resonance peak for
myo-inositol (MI) is a putative glial marker, since it is primarily present in glial cells,
functioning as an osmolyte that maintains glial cell volumes (Kantarci et al., 2008). Hence
activated glia, with enlarged cell volumes, tend to evince elevated MI. The peak for choline
compounds (Cho) is a marker for cell membrane metabolism and cellular turnover (Chang et
al., 2013; Oz et al., 2014). The total creatine (tCr) resonance peak includes proton
resonances from creatine and phosphocreatine, which reflects the levels of cellular energy
metabolites (Chang et al., 2013). Both Cho and tCr have two to three fold higher
concentrations in glial cells than in neurons (Brand et al., 1993), and may be elevated in
conditions that involve neuroinflammation.

The main utility of MRS for neuroinflammation detection is in identifying larger glia cell
content (Fig. 3), following the activation or migration of glia cells to the inflamed area, in
which case M, tCr, and Cho are expected to increase (Bitsch et al., 1999; Chang et al.,
2013). Using MRS, glia content can also be distinguished from neuronal integrity, which is
expected to show decreased NAA concentrations. Although recent studies suggest that NAA
may also appear, and be synthesized, in glia cells as well (Amaral et al., 2013).

Increased levels of M, tCr, and Cho, as well as correlations with other neuroinflammatory
markers have been reported in a variety of neurodegenerative disorders, including human
immunodeficiency virus, Multiple Sclerosis and Alzheimer’s disease (see, e.g., reviews in
Chang et al., 2013; Oz et al., 2014). However, other research shows evidence that metabolite
changes are not specific to neuroinflammation, and, in addition, may not always appear in
neuroinflammatory scenarios (Zahr et al., 2014), with the conclusion being that elevated
levels of metabolites must be interpreted within the context of the disease examined.

MRS studies in schizophrenia

Studies of MRS are very common in schizophrenia patients (e.g., see reviews in Port and
Agarwal, 2011; Schwerk et al., 2014), yet to the best of our knowledge there are no MRS
studies that are specifically aimed at identifying neuroinflammation in schizophrenia.

Nevertheless, some of the findings reported in the literature may be attributed to
neuroinflammation. For example, in a recent review it was concluded that NAA reductions,
especially in the dorsolateral prefrontal cortex, are the most robust metabolite changes
expected in MRS, and that NAA reductions implicate illness progression (Schwerk et al.,
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2014). In this comprehensive review, Schwerk et al. noted that changes in Ml, tCr, and Cho,
which might be associated with neuroinflammation, were inconsistent. Inconsistencies may
be due to using different sample sizes, often not sufficiently large to pick up subtle
metabolite changes. Other explanations for such inconsistencies include different cohorts of
schizophrenia patients that might be in different stages of the disorder (e.g., first-episode
versus chronic patients), and differences in types of medications that likely affect the
metabolite concentrations, as well as the neuroinflammatory process (Sommer et al., 2012;
Sommer et al., 2014). Further, different types of analyses might explain the lack of
reproducible results. It is now also becoming apparent that MRS studies need to correct for
partial volume and morphology in the analysis, they need to refrain from normalizing
metabolites by the tCr ratio (since tCr is expected to change), and they need to account for
several covariates such as age and gender in the analyses (Schwerk et al., 2014).

Emerging MRS techniques

There are several advances in the MRS acquisition and analysis field that allow for better
coverage, potentially smaller regions of interest and better spectral resolution, which could
improve sensitivity and specificity of MRS (Ng et al., 2014; Posse et al., 2013). These newer
more sophisticated acquisition methods utilize additional excitation pulses and scan time can
now provide information regarding spatial variations of metabolite within a large region of
interest (chemical shift imaging). Spectral editing methods can also increase chemical
specificity. More specifically, two-dimensional correlated spectroscopy (2D COSY) can
provide richer spectral information, making possible the identification of metabolites that are
hidden in conventional analyses (Ramadan et al., 2011). Finally, novel analysis methods
improve water suppression, decrease partial volume effects, and resolve other artifacts such
as those induced by mation.

These advances provide a more robust estimation of metabolites that are difficult to estimate
using conventional analysis methods. In addition, some of these metabolites could
potentially have higher specificity to neuroinflammatory processes. For example, glutathione
(GSH) is the main antioxidant of the brain, and it is easier to identify using 2D COSY. Since
oxidative stress can promote neuroinflammation via activation of nuclear factor kappa B
(NFKB) transcription factor (Najjar et al., 2013), GSH might be an additional indirect
neuroinflammatory marker (Anderson and Maes, 2013).

To conclude, MRS has the potential to identify molecular signatures of neuroinflammation,
and, unlike PET, MRS is a non-invasive imaging method that has high clinical availability.
Since neuroinflammation likely changes the levels of metabolites, there is always a necessity
to compare values across a group of patients with a group of healthy subjects. In
schizophrenia, these comparisons have not yielded consistent results that directly indicate a
neuroinflammatory process. However, recent developments in the acquisition and analysis of
MRS show promise in increasing sensitivity and specificity of MRS to neuroinflammation.

IDENTIFYING NEUROINFLAMMATION WITH ANATOMICAL MRI

The main restriction of MRS is its low spatial resolution. Therefore, the identification of
small or localized neuroinflammatory processes are limited using MRS. Anatomical MR,
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on the other hand, provides high resolution in the order of 1 mm3, which is much superior to
MRS as well as to PET in resolution. Many excellent books and reviews of MR physics are
available (see e.g., Haacke et al., 1999; Mansfield and Morris, 1982). Briefly, there are two
main relaxation times in MRI that can be evaluated, T, (also spin-lattice) relaxation time and
T, (also spin-spin) relaxation time. Images weighted by T1 have contrast sensitive to
macromolecular volume and the physicochemical environment of macromolecules. Thus, T,
weighted images provide nice contrast between different types of tissue (e.g., gray matter,
white matter, and CSF), and are useful for the segmentation and volume measure of various
brain areas. Images weighted by T, are sensitive to molecular motion and interactions
between neighboring molecules. The contrast is similar for gray and white matter, but is
higher for CSF and pathologies in which water is accumulating within tissue, such as
vasogenic edema, which is an extreme form of neuroinflammation (Stamatovic et al., 2008).

T, based contrasts

Two variants of T1-weighted images, namely gadolinium-enhanced T4, and magnetization
transfer (MT) images, have been thought to be useful for the identification of
neuroinflammation (Jacobs et al., 2012). In a gadolinium-enhanced acquisition, a dose of
gadolinium (Gd) is injected. The interaction between Gd and protons lowers the T4, and as a
result, areas in which Gd is accumulated have higher contrast comparing to regular tissue.
The Gd molecules cannot pass the BBB, and therefore hyper signal outside of blood vessels
indicates BBB breakdown, which is a surrogate marker for severe neuroinflammation (Bruck
etal., 1997). Gd enhanced T; weighted images have been used to detect severe
neuroinflammatory pathologies such as active lesions in MS (Gonzalez-Scarano et al., 1987;
Grossman et al., 1986), and in brain tumors (Claussen et al., 1985), but these images may
not detect subtle neuroinflammatory processes in which the BBB does not leak (Rausch et
al., 2003). In one study of schizophrenia that investigated Gd enhanced T1, there were no
group differences when comparing patients with controls (Szymanski et al., 1991),
suggesting that a severe neuroinflammatory response may not be extant in schizophrenia.

In MT, the second variant of T1-weighted images, the signal is sensitive to the exchange of
magnetization between mobile protons (e.g., free-water) and motional restricted protons,
such as those attached to macromolecules, through chemical processes, diffusion and cross
relaxation (Henkelman et al., 2001). MT is sensitive to macromolecules, which are
practically invisible to other MRI modalities. This is achieved by applying an off-resonance
RF pulse that excites only the motion-restricted pool, i.e., macromolecules.

Some of the magnetization is then transferred from the macromolecules to the mobile pool
(e.g., water in tissue) through magnetization interactions (dipolar exchange and chemical
exchange) and can be detected. A scalar parameter is often used to quantify the
magnetization transfer ratio (MTR), which is the normalized difference between the signal
obtained with and without the off-resonance RF pulse (Henkelman et al., 2001). The MTR
value is sensitive to the volume ratio between the two pools. Therefore, changes in the water
content of tissue due to inflammation would also change the MTR (Laule et al., 2007;
Vavasour et al., 2011). This hypothesis has been tested mainly in severe cases of
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neuroinflammation (e.g., edema in MS (Vavasour et al., 2011)). See below for MTR studies
in schizophrenia.

Brain segmentation and volumetric measures are currently the main utility of T1-weighted
images. In this context it is interesting to note that while volumetric changes are a robust
finding in schizophrenia (e.g., Levitt et al., 2010; Makris et al., 2010), longitudinal studies
have reported reversible changes in white matter volume (e.g., Christensen et al., 2004).
While most studies explain loss of volume as resulting from atrophy, the reversible nature
reported suggests that white matter volumetric measures may also be sensitive to
extracellular volume (Garver et al., 2008), and thus excessive water content resulting from
neuroinflammation may explain some of the volume changes, including reversible volume
changes, reported in schizophrenia.

MTR studies in schizophrenia

Studies using MTR to investigate schizophrenia have been conducted mainly in order to
quantify the macromolecule distribution, which may be a surrogate marker of demyelination
(Kubicki et al., 2005). However, recent studies suggest that changes in MTR observed in
schizophrenia might be explained by both changes in the macromolecule pool as well as in
the mobile pool, and thus neuroinflammation might explain some of the differences found
between schizophrenia patients and controls (Mandl et al., 2015; Mandl et al., 2010). This
means that both neuroinflammation and demyelination may affect the MTR signal, and as
such additional input is required in order to distinguish between the two. In general, findings
from MTR studies in schizophrenia vary, with some studies finding increased MTR and
some finding decreased MTR (Kubicki et al., 2005; Mandl et al., 2015), complicating further
the ability to relate MTR changes to a specific pathology that might be present in
schizophrenia. Nevertheless, since MT is likely sensitive to neuroinflammation, emerging
techniques (see below) could further increase its utility for the identification of
neuroinflammation.

Emerging T, techniques

In recent years ultra-small superparamagnetic particles of iron oxide (USP10) have been
developed for clinical MRI as contrast agents that complement Gd (Corot et al., 2006). The
iron oxide core of the USPIO induces a signal increase in T1-weighted images and increased
T2-weighted contrast. The enhanced contrast visualizes infiltration of macrophages as an
aspect of neuroinflammation that may be independent of BBB breakdown (Deddens et al.,
2012). Studies in tumors (e.g., Seyfer et al., 2014; Taschner et al., 2005), and in Multiple
Sclerosis (Tourdias and Dousset, 2013; Vellinga et al., 2008) show that USPIO provides
more enhancement than Gd in lesions, and therefore USPIO may identify more subtle
vascular integrity changes than Gd (Fig. 4). With the maturation in this technology, as well
as other molecular imaging technologies aimed at identifying neuroinflammation (Pulli and
Chen, 2014), these advances will likely become increasingly relevant for understanding the
type and role of neuroinflammation in schizophrenia.

More elaborate acquisitions of MT with variable off-resonance frequencies are emerging,
and these acquisitions enable quantitative models for MT, also called cross-relaxation
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imaging (Cercignani et al., 2005; Yarnykh, 2002; Yarnykh and Yuan, 2004). Such models
then provide separate estimations of the cross-relaxation rate between the two pools, as well
as the volume fraction of each pool. The volume fraction can also be estimated from a set of
t1-weighted images with varying flip-angle (Mezer et al., 2013). Three pool models may
also increase the robustness of parameter estimation (Mossahebi et al., 2014). A recent study
evaluated the utility of quantitative MT to identify neuroinflammation (Harrison et al.,
2014). In that study exposing subjects to typhoid vaccination experimentally induced low-
grade neuroinflammation. As a result, a significant increase in the MT exchange rate was
found, consistent with an increase in hydrophilic macromolecules. This finding highlights
quantitative MT as a promising modality for the identification of neuroinflammation, which
could be applied to schizophrenia patients as well. It should be noted, however, that the
findings in Harrison et al. (Harrison et al., 2014) do not support increased water content,
likely because the experimentally induced neuroinflammation was acute. This again
underscores the need for longitudinal studies that might identify the expected trajectory of
neuroinflammation for the acute and chronic stages.

To based contrasts

Unlike Ty, To-weighted images are used routinely in the clinic to identify edema, which is a
severe case of neuroinflammation. Edema appears hyperintense comparing to healthy brain
tissue (Barnes et al., 1987). This hyperintensity is explained by the increased water content
(Claudio et al., 1990), and by the fact that water has higher T, than brain tissue. Fluid
attenuation inversion recovery (FLAIR) can further highlight such hyperintensities, as well
as separate them from the similarly high To-weighted signal of CSF (Husstedt et al., 2000).
As a result, To-weighted, or FLAIR images, are widely used to identify edema in tumors,
MS (Fig. 4), stroke, and in brain injuries (Castillo and Mukherji, 2000).

In mild cases of neuroinflammation, the increased contrast may not be visible to the naked
eye, but it can be identified using statistical methods. However, comparing images between
groups requires a quantitative measure, where the To-weighted and FLAIR images are unit-
less and have an arbitrary scale that is likely different across acquisitions. However,
quantitative T, images can be extracted by acquiring a series of To-weighted images that
differ by their echo time (TE). The series of images can then be fitted to an exponential
function, with the T, value as its free-parameter (Haacke et al., 1999). Since the T, of water
is higher than that of tissue, it is expected that in neuroinflammation, as in edema, higher T,
values will be found. Quantitative T is therefore another viable option for identifying
neuroinflammation (Jacobs et al., 2012).

T, studies in schizophrenia

Increased T, has been found in several schizophrenia studies (Andreasen et al., 1991; Du et
al., 2012; Pfefferbaum et al., 1999; Supprian et al., 1997; Williamson et al., 1992), and these
increases have been hypothesized to be related to neuroinflammation (Pfefferbaum et al.,
1999). However, there are many other causes that could increase T», such as changes in iron,
molecular changes in the tissue composition, etc. It is possible to extract more information
from the T, decay by fitting the curve to multiple exponential compartments (Dula et al.,
2010), or to other models of T, distributions (Ropele et al., 2011). These models might
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potentially explain better the source of T, changes, yet they require lengthy acquisition time,
and depend upon elaborated mathematical fittings that are not always stable. Nevertheless,
quantitative T, may become an important modality for identifying neuroinflammation.

IDENTIFYING NEUROINFLAMMATION WITH DIFFUSION MRI

To-weighted contrast is also affected by self-diffusion, i.e., Brownian motion, of water
molecules. While the interference of diffusion in the T, acquisition may be negligible, in an
adaptation of a T, acquisition sequence it is possible to measure the signal attenuation
attributed to diffusion (Price, 1997). In general, this can be achieved by adding diffusion-
sensitizing gradients, which enhance the attenuation caused by the displacement of water
molecules along the direction of the gradient (Stejskal and Tanner, 1965). The diffusion MRI
signal is a function of the average displacement of all water molecules within a voxel,
which, in turn, depends on the diffusion coefficient as well as the geometry of the space in
which the molecules traverse during the experiment time -- typically shorter than a few tens
milliseconds. This makes the signal sensitive to micron scale displacement of water,
detecting geometrical structures in the scale of cellular tissue (Szafer et al., 1995).

Through mathematical modeling, the diffusion signal can be related to the apparent diffusion
coefficient (ADC), which depends on the actual diffusion coefficient as well as the geometry
of the scanned object. Additional parameters can be extracted with the diffusion tensor
imaging (DTI) model (Basser et al., 1994), which requires at least six differently oriented
measurements, fitted to a diffusion tensor. Parameters calculated from the diffusion tensor
include mean diffusivity (MD), which is the 3D equivalent of ADC, and fractional
anisotropy (FA), which measures the orientation dependent variance of the diffusion
coefficient, i.e., high in elongated shapes, and low in round shapes (Pierpaoli et al., 1996).
Diffusion imaging and especially DTI have been found to be useful in identifying multiple
brain disorders, mainly focused on white matter, where FA provides unique information
about directionality and consistency of white matter fibers (Assaf and Pasternak, 2008).

Diffusion MRI for the identification of increased water content

The utility of diffusion MRI to identify neuroinflammation is similar to that of T, where
increased water volume indirectly detects neuroinflammation (Alexander et al., 2007).
However, unlike T, which identifies changes in molecular interactions, the diffusion MRI
signal detects the geometrical changes that are caused by excessive water entering the tissue
from blood vessels, which, in turn, enlarge the extracellular space (Sykova and Nicholson,
2008). More specifically, vasogenic edema can be detected in DTI as having higher MD than
tissue, (Fig. 4) and, usually, due to partial volume with restricted tissue, lower MD than that
of CSF. Similarly, it is expected that milder cases of neuroinflammation will show increased
MD. The MD of edema, much like CSF, is higher than that of tissue, since the water
molecules are relatively free to diffuse, whereas water molecules in tissue are hindered or
restricted by membranes and other tissue structures (Assaf and Pasternak, 2008; Pasternak et
al., 2009). Diffusion MRI can thus indirectly detect neuroinflammation by geometry changes
caused by excessive water.
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Diffusion MRI in schizophrenia

Increased diffusivities are robust and ubiquitous findings in neurodegenerative diseases
(Agosta et al., 2011; Assaf and Pasternak, 2008; Inglese and Bester, 2010; Seppi and Poewe,
2010; Shenton et al., 2012), which are likely associated with neuroinflammation. Diffusion
MRI is increasingly a very popular modality for schizophrenia studies, mainly because white
matter abnormalities are often reported (e.g., see reviews in Fitzsimmons et al., 2013;
Kubicki et al., 2007). The most studied parameter is FA, which is usually lower in
schizophrenia, and thought to convey less organization or integrity in white matter bundles.
In addition, increased ADC or MD is also often reported in schizophrenia studies. Some of
these studies have hypothesized that increased MD may be due to processes related to
neuroinflammation, such as increased extracellular space (DeLisi et al., 2006), and also
associated with elevations in the proinflammatory cytokine IL-6 (Garver et al., 2008; Garver
et al., 2003). Interestingly, Garver et al. reported findings of increased MD during psychosis
(Garver et al., 2008) that was partially reversed following drug treatment, further supporting
an inflammatory process that was partially resolved. In this context it is worth noting that
even though MD is considered sensitive to neuroinflammation, FA decreases may be
explained by increased MD, since the two variables are not mathematically independent
(Pasternak et al., 2009). Therefore part of the ubiquitous finding of decreased FA in the
schizophrenia literature may also be related to increased extracellular space and
neuroinflammation.

Diffusion MRI, and its DTI model, remain a powerful and important modality for
identifying subtle abnormalities, yet their utility for the identification of neuroinflammation
is equivocal. This is mainly due to the lack of specificity of FA and MD measures, which
may be sensitive to neuroinflammation but also to many other geometrical changes that
occur in tissue, such as demyelination, changes in the organization of fibers, partial volume
effects and membrane permeability (Alexander et al., 2007; Assaf and Pasternak, 2008;
Jones et al., 2013). Care also must be taken in the acquisition and analysis of diffusion MRI
data in order to avoid biases and artifacts that may appear as signs of neuroinflammation
(Jones and Cercignani, 2010; O'Donnell and Pasternak, 2015).

Emerging diffusion MRI techniques to identify increased water content

A recent technique, the free-water model, enhances DTI by explicitly modeling the
contribution of extracellular free-water, or water molecules that are away from tissue
membranes and are free to diffuse, i.e., have isotropic diffusion with a diffusion coefficient
of water in body temperature (Pasternak et al., 2009). Initially purported to detect edema
(Pasternak et al., 2009), this free-water model monitors changes in the fractional volume of
the extracellular free-water, which is likely to be a more direct method for identifying
neuroinflammation than are diffusivities (Fig. 5). This is illustrated in a recent free-water
study (Fig. 6) of a cohort of first-episode schizophrenia that showed extensive increases in
the free-water fractional volume covering large areas of the brain, in both gray and white
matter (Pasternak et al., 2012b). When using this same free-water method in a chronic
schizophrenia population, the method showed a limited extent of increased free-water, and
instead showed more extensive decreases in FA corrected for free-water, which likely
indicate neurodegeneration (Pasternak et al., 2015). These two studies are consistent with
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the PET studies (Doorduin et al., 2009; van Berckel et al., 2008) and a DTI study by Garver
et al. (Garver et al., 2008), reviewed above, which show more signs of neuroinflammation in
the early stages of the disorder.

The free-water method requires the same data that a DTI acquisition requires (Pasternak et
al., 2009), yet other emerging techniques such as multi-shell based free-water (Hoy et al.,
2014; Pasternak et al., 2012a), diffusion basis spectrum imaging (DBSI) (Wang et al., 2011),
and neurite orientation dispersion and density imaging (NODDI) (Zhang et al., 2012) may
provide an even better evaluation of the extracellular space, providing that more elaborate
acquisitions are available. These methods could potentially increase both sensitivity and
specificity to extracellular changes. Nevertheless, care must be taken in interpreting
extracellular changes as surrogate markers of neuroinflammation. For example, reduction in
cell density, which is one of the main signs of atrophy, is also expected to increase
extracellular space. In schizophrenia, atrophy is expected to be present, especially in the
chronic stages, making distinctions between atrophy and neuroinflammation challenging.
For example, in the study of Pasternak et al., reviewed above (Pasternak et al., 2015), the
limited increases in extracellular space observed in chronic subjects may be attributed to
reduced cell density or to neuroinflammation. More specific measures of neurcinflammation
may become available through other emerging diffusion MRI methods that include non-
traditional gradient designs, such as double pulsed-field-gradients (double PFG) (Shemesh et
al., 2010), multiple PFG (Avram et al., 2013), and g-space trajectory imaging (QTI) (Westin
et al., 2014). These methods can further disentangle the contribution of various changes that
may appear as increased extracellular space, such as atrophy and permeability effects
(Nilsson et al., 2013), by explicitly modeling an extracellular component (Morozov et al.,
2013), or by identifying the underlying components that are responsible for variability in the
diffusion measures (Westin et al., 2014). These latter measures are not yet available in
clinical settings, yet preliminary pilot clinical studies indicate that they may become
available in the coming years.

DISCUSSION

Neuroinflammatory responses trigger a complicated cascade of processes yielding a variety
of subtle biological, chemical, and physical changes that can all influence imaging signal. It
is thus specificity to neuroinflammation that remains the main issue, and also currently
limits the interpretation of findings. As a consequence there are very few imaging studies
that attempt to directly identify neuroinflammation in schizophrenia. The limited available
studies do not provide definite evidence for neuroinflammation (Filiou et al., 2014).
However, based on the literature to-date, it can be concluded that if neuroinflammation
occurs in schizophrenia it is subtle, especially comparing to other neurodegenerative
disorders, and it is more likely to occur in the early stages of the disorder (Pasternak et al.,
2015).

The imaging methods covered in this review included PET, MRS, anatomical MRI and
diffusion MRI. These methods are also the leading clinically available /n vivo and minimally
or non-invasive imaging modalities used today. While none of these methods offers an
optimal tool for identifying neuroinflammation, emerging technological advances hold
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promising possibilities. PET currently provides the most direct measures, since the ligands
used are specifically designed to identify activated microglia (Pulli and Chen, 2014). Yet, the
sensitivity in human studies is under debate, and PET exposes subjects to ionizing radiation.
MRS measures do not expose subjects to ionizing radiation, and have relatively high
specificity in terms of being able to target metabolites that are in high concentration within
glia cells. Yet, poor spatial resolution, and limited coverage of the brain, reduce sensitivity to
subtle neuroinflammatory responses. On the other hand, anatomical MRI, and diffusion
MRI, are likely more sensitive to changes associated with neuroinflammation, yet their
specificity is not as good as that of PET and MRS, since these methods are very sensitive to
many types of tissue changes.

In light of the limitations of current technology, the emerging techniques reviewed here are
important to facilitate imaging of neuroinflammation, and to improving the specificity and
sensitivity of current state-of-the-art. The identification of neuroinflammation may also be
improved with multi-modal acquisitions, which combine the benefits of different imaging
modalities targeting different aspects of the neuroinflammatory response, such as microglial
activation, astroglial and microglial density, myelin destruction, and water content. For
example, combinations that hold the most promise include MT with diffusion MRI (Mandl
etal., 2015; Mandl et al., 2010), T, with MRS (Ongur et al., 2010), and MRS with diffusion
MRI (Du et al., 2013). Combining information across different imaging modalities is also
important in order to understand further the relation between neuroinflammation and other
well-documented abnormalities in brains of schizophrenia subjects, such as axonal
pathology and oligodendroglia pathology (Najjar and Pearlman, 2015). Here, emerging
technologies for the imaging of these additional pathologies (e.g., Oguz et al., 2009) show
the most promise.

It is also important to interpret the different imaging modality results within the context of
schizophrenia, as measured with clinical or cognitive measures. It is likely that patients in
different stages of schizophrenia will show a different extent of changes, and thus care
should be taken with study designs to include homogeneous populations. Other measures of
importance are blood markers and CSF measures that may support the presence of
neuroinflammation in the brain (Miller et al., 2011). For example, emerging blood essay
techniques show promise in identifying the occurrence of neuroinflammation with increased
specificity (Yeste and Quintana, 2013), and combined with imaging, the extent of
neuroinflammation could be validated as well. Further, the interaction of changes observed
by the imaging modalities and the effects of medications is a concern, as medications (both
anti-psychotic and non-psychotic) likely induce subtle changes that are detectable with
imaging, and may overlap with surrogate imaging markers of neuroinflammation
(Kirkpatrick and Miller, 2013). Complicating things further is the fact that many of the
medicines prescribed to patients diagnosed with schizophrenia may have anti-inflammatory
effects (Sommer et al., 2012; Sommer et al., 2014). Thus, care must be taken when
interpreting results in medicated patients.

Another issue involved in the development of imaging techniques is the critical need to have
appropriate validation methods. This is an issue, since currently validation of
neuroinflammation is done via ex vivo histopathology. However, if neuroinflammation in
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schizophrenia is expected mainly in the early stages of the disorder, ex vivo studies become
more improbable (Steiner et al., 2008). Further, with the lack of animal models for
schizophrenia, validation of imaging methods can still be conducted with animal models of
neuroinflammation. A common model is the injection of lipopolysaccharide (LPS), such as
purified endotoxins from Escherichia coli, or Salmonella abortus equi, or typhoid vaccine
containing endotoxin from S. &yphi, which induces robust microglia activation (Andersson et
al., 1992; Espinosa-Oliva et al., 2013; Montero-Menei et al., 1994). The LPS model was
used to demonstrate the sensitivity of different PET ligands to neuroinflammation, further
validated the use of histological markers that coincide with the PET signal (e.g., Dickens et
al., 2014; Dobos et al., 2012; Liraz-Zaltsman et al., 2011). The LPS model has also been
applied to other imaging modalities (e.g., Lodygensky et al., 2014; Moshkin et al., 2012; van
de Looij et al., 2012), including a small number of human studies (e.g., Harrison et al., 2014;
also see review in Schedlowski et al., 2014). Such models could also be used to validate
other imaging modalities, although some critics argue that LPS induces much higher levels
of microglial activations than are expected in neurodegenerative disorders (Streit et al.,
2014). Technologies to validate imaging results using histology are being developed (Budde
etal., 2011; Dauguet et al., 2007; Meyer et al., 2006) and, in combination with an
appropriate neuroinflammatory model, may provide an essential validation tool.

Additional challenges in the identification of neuroinflammation stem from the analysis
methods used to identify abnormalities. Specifically, since current imaging modalities often
provide noisy estimations, group comparisons are necessary to demonstrate statistical
significant findings. In schizophrenia, it appears that any changes induced by
neuroinflammation are subtle, and in addition, we do not know whether the changes should
be expected in the same brain areas across different subjects, or whether only a subset of
patients present neuroinflammatory markers. If spatial overlap between subjects is not
sufficient, findings in any modality may not have sufficient statistical power. New analysis
techniques are now emerging in which each individual subject is statistically compared to an
atlas composed of a cohort of controls (e.g., Bouix et al., 2013; Pasternak et al., 2014; White
et al., 2013; White et al., 2009). With such approaches, it is possible to construct group
analyses that tolerate low or even no spatial overlap between subjects. Such approaches
could improve dramatically the sensitivity of existing and emerging methods, as well as lay
a path towards imaging modalities as a personal diagnostic tool, as well as a tool to monitor
treatment efficacy in individual patients over time.

As the neuroinflammation hypothesis in schizophrenia gains popularity, and as technologies
improve, the number of imaging studies is bound to increase dramatically in the coming
years. The emerging imaging techniques thus offer a new playing field and new
armamentarium for understanding further the role of neuroinflammation in schizophrenia.
This new focus can lead to possible early intervention at the onset or even in the prodromal
stage, in order to curb the progression of brain changes that lead to neurodegenerative
pathology and chronic schizophrenia. Neuroinflammation may be the first sign that, if
addressed sufficiently early in the course of illness, or even in the prodromal stage, may halt
the progression to chronicity and perhaps lead to possible recovery, with a new focus on
anti-inflammatory agents.
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Figure 1. Overview of imaging methods useful for neuroinflammation identification
Positron emission tomography (PET) uses ligands that bind to activated microglia, which

initiate the inflammatory cascade. Magnetic Resonance Imaging (MRI) provides several
methods: MR spectroscopy (MRS) can identify metabolites that are sensitive to glial
volume, and to other molecular signatures of neuroinflammation; and Gadolinium (Gd)
enhanced T can identify blood-brain-barrier (BBB) breakdown, which occurs in severe
cases of neuroinflammation. Other MRI based methods can identify changes in water
content, which is expected to increase due to neuroinflammation, these include:
Magnetization transfer (MT) that can identify changes in the volume of the water pool
versus the macromolecular pool; T2 weighted imaging that can identify water content
changes through molecular interactions; and diffusion tensor imaging (DTI) that can identify
the water content changes through microstructural changes that affect the diffusivity of water
molecules. More advanced diffusion MRI based methods, such as free-water imaging, can
identify the extracellular volume, which is likely more specific to neuroinflammation than
water content changes.
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Figure 2. PET ligands binding in neuroinflammation
Representative in vitro autoradiography images from coronal striatal sections of a rat

injected with lipopolysaccharide (LPS) demonstrate that the second generation TSPO tracers
18F-GE-180 provides better binding to glial activation than PK11195. This figure was
originally published in JNM (Dickens et al., 2014) ©by the Society of Nuclear Medicine and
Molecular Imaging, Inc.
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Figure 3. Identifying neuroinflammation with MRS
Representative MR spectra and MRIs showing the voxel locations of the spectra from the

brains of patients with various neuroinflammatory disorders. The spectra demonstrate
elevated glial markers, especially myo-inositol (MI) and less often choline-containing
compounds (Cho) and total creatine (tCr). In addition, the neuronal markers, N-
acetylaspartate (NAA) and glutamate (Glu), may be decreased, which may be related
directly to the disorder, but also may be exacerbated by neuroinflammation. Reprinted with

permission from Chang et al. (2013).
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Figure 4. Identifying neuroinflammation with MRI
T2-weighted (T2w), Gd enhanced T1-weighted (T1w), apparent diffusion coefficient (ADC)

maps, ultra-small superparamagnetic particles of iron oxide (USP10) enhanced T1w, and
USPIO enhanced T2w maps from a relapsing-remitting multiple sclerosis patient
demonstrate a large inflammatory lesion. The Gd enhancement reflects BBB breakdown,
associated with USP1O enhancement (i.e., hyperintensity in T1w, and hypointensity in T2w)
reflecting concomitant macrophage invasion. At the same time, increased ADC and T2
suggest co-occurrence of vasogenic edema. Figure modified with permission from Tourdias
and Dousset (2013).
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Figure 5. Distinguishing neuroinflammation from neurodegeneration
Both neuroinflammation and neurodegeneration can cause similar changes in water content

that cannot be distinguished using measures such as FA and MTR. By explicitly modeling
free-water in the extracellular space it is possible to estimate the extracellular volume,
providing separate identification of neuroinflammatory changes in the extracellular space
and neurodegenerative changes affecting tissue.
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Figure 6. Identifying neuroinflammation with diffusion MRI
Statistical comparison of free-water maps, derived from diffusion MRI, between first-

episode schizophrenia patients and matching controls revealed global significant increase
(blue) in extracellular free-water volume. Significant changes in the tissue compartment
(red), were found in limited areas in the frontal lobe, which could suggest axonal
degeneration. Extracellular free-water volume is an emerging marker that is likely related to
neuroinflammation, and enhances current diffusion MRI measures. Figure modified with
permission from Pasternak et al. (2012b).
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