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Abstract
Positron Emission Tomography (PET) provides spatially localized information about brain metabolism and function and innovative tracers have extended this potential to the study of neuroinflammation (NI), an important process in the pathophysiology of several neurological disorders. However, PET is limited by low spatial resolution. Conversely, Magnetic Resonance Imaging (MRI) affords high-resolution information about brain anatomy and metabolism which can complement PET-related information as well as aid in post-processing of PET data. For sequentially acquired MR/PET data, anatomical correspondence is often capped by the limited structural detail afforded by PET, and the  assumption that no significant changes in subject state has occurred between sessions. 
Hybrid PET/MRI  offers the unique opportunity to overcome these limitations by providing access to temporal and spatial cross-modal alignment/synchronization, hence opening novel avenues for exploiting multivariate and multiparametric information regarding brain structure and function. While, the clinical applicability and impact on diagnostic accuracy of PET/MRI in neurological disorders is still under investigation, the study of NI, a complex processes mediated by multiple metabolic pathways and hence likely characterized by different biomarkers, represents an opportunity to characterize the added value of joint MRI-PET techniques in a clinical context. This would in turn offer improved diagnostic and prognostic tools in several neurological disorders in which NI is a key mediator. 
This review aims at summarizing the current state as well as future potential of using hybrid PET/MRI for characterizing NI phenomena, both in terms of technical challenges and clinical relevance.
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Introduction

Role of neuroinflammation in the pathogenesis of neurological disorders

It is well-established that neuroinflammation (NI) plays a key pathogenetic role in a broad range of neurological disorders including multiple sclerosis (MS), stroke, neoplasia, and traumatic brain injury (Herranz et al., 2016, Putatunda et al., 2018, Rayasam et al., 2018). In addition, an important role of NI in the pathophysiology of several neurodegenerative disorders is emerging and becoming an important topic for prevention and development of disease-modifying treatments. Comparative and human research has found that microglia, the brain’s innate immune system, is significantly activated in Alzheimer’s disease (AD), Parkinson’s disease (PD), progressive supranuclear palsy (PSP), and other related neurodegenerative disorders (Edison et al., 2008, Fernandez-Botran et al., 2011, Schuitemaker et al., 2013, Fan et al., 2015a, Stefaniak and O'Brien, 2016, Passamonti et al., 2018). More specifically, it has been observed that in AD, PSP, and PD the activated microglia is responsible for releasing a number of cytokines like interleukin-1ß and TGF-ß, which can in turn accelerate the rate of neurodegeneration, synaptic loss, and synaptic dysfunction (Fernandez-Botran et al., 2011). However, there is evidence that activated microglia might also increase phagocytosis and clearance of amyloid plaques, which obviously carries potential neuroprotective effects (Wisniewski et al., 1991, Frackowiak et al., 1992) . Evidence for a key role of NI in AD has also been provided by a series of genetic associations studies which have reported the occurrence of specific variations in genes that mediate immune response in patients with neurodegenerative conditions like AD (Villegas-Llerena et al., 2016). This not only supports the importance of NI in the pathophysiology of AD and related-disorders but, perhaps more importantly, raises the possibility of using immune-therapeutic strategies to prevent or slow the progression of these disabling diseases. However, there are still a series of key open questions that need to be answered before therapeutic strategies that target NI can be efficiently employed in clinical trials. First, it is necessary to assess in more detail the clinico-pathological correlations of NI in neurodegenerative conditions; in other words, we need to better understand how post mortem markers of NI relate to ante mortem clinical indices that characterize each distinct neurodegenerative condition (e.g., episodic memory loss in AD). This implies that further neuro-pathological studies in well-characterized clinical samples are warranted. Second, it is still unclear whether NI is a consequence of neurodegeneration or whether, alternatively, neurodegeneration itself is a secondary effect of an initial neuroinflammatory insult. It is also possible that there is no clear causal relationship between neurodegeneration and NI and that these two elements are co-existing phenomena that simultaneously sustain each other in a vicious circle. Third, it is fundamental for clinical studies as well as everyday clinical practice to develop biomarkers that are proven to be reliable and capable of measuring NI in vivo as well as tracking its course over time, for prognosis and monitoring of effects of disease-modifying therapies. In this context, two neuroimaging techniques have  traditionally been shown to play a pivotal role: 1) PET imaging for assessing in vivo NI, and 2) MRI to indirectly evaluate neurodegeneration and cell loss as well as their associated structural and functional deficits at the mesoscopic level (i.e. circuits and neural networks). More specifically, NI can be measured via PET imaging through the use of specific radio-ligands like [11C]PK11195, which is known to bind to the mitochondrial translocator protein (TSPO) in activated microglia. However, it is important to bear in mind that microglia activation is only an element (although a critical one) of the complex cascade of molecular and cellular events that lead to NI. In this respect, while additional TSPO radio-ligands with possibly higher affinity to TSPO have been developed (see below), [11C]PK11195 still is considered an established biomarker of NI. Overall, several studies have detected abnormal [11C]PK11195 binding in a broad range of neurodegenerative disorders including AD, PD, PSP, and Huntington’s disease (Edison et al., 2008, Fernandez-Botran et al., 2011, Schuitemaker et al., 2013, Fan et al., 2015a, Stefaniak and O'Brien, 2016, Passamonti et al., 2018). Interestingly, some studies have found that the patterns of [11C]PK11195 binding in these conditions mirror the well-known distribution of neurodegeneration across different brain areas and circuits (e.g., posterior cortical regions in AD), which in turn speaks for a primary implication of NI in the early disease stages or at least for a critical involvement of activated microglia in mediating important pathogenetic effects. Likewise, PET imaging and pathology studies have provided evidence that NI could be a feature of dementia with Lewy body as well as dementia in Parkinson’s disease (Edison et al., 2012, Iannaccone et al., 2013, Surendranathan et al., 2015). In vivo inflammation has also been found in patients with mild cognitive impairment (MCI), although findings across studies have been mixed (Zhang, 2015, Stefaniak and O'Brien, 2016). While PET studies of NI in the FTD spectrum are scarce, several authors have suggested a potential increase of NI in this condition(Zhang, 2015, Stefaniak and O'Brien, 2016). Recently, NI has also attracted interest in psychiatry research. There is some evidence that NI can represent an important mechanism underlying common disorders like major depression, especially in old-age. Consistent with this view, a preliminary study from our group has found that NI in depression was specifically present in important disease ‘hubs’ in depression like the sub-genual cingulate cortex (Su et al., 2016). 

Hybrid PET/MR Technology 

The recently introduced PET/MR hybrid scanners (Heiss, 2016) represent the new frontier for imaging complex pathophysiological processes like NI. They offer the unique opportunity to simultaneously acquire both metabolic/biological information (through PET imaging) as well as functional and/or morphological data with excellent tissue contrast (via MRI). Beyond the advantages in terms of patient compliance and the immediate potential of combining functional and structural imaging (Aiello et al., 2016, Marchitelli et al., 2018) functional information provided by both MRI and PET may also specifically and synergistically complement one another in the study of concurrent phenomena, such as diffusion (by MR), perfusion (by MR or PET) and glucose metabolism (by PET). Hybrid PET/MR imaging has been made possible by the development and use of MR-compatible PET detectors, which are based on either avalanche photodiodes (APD), as implemented in the Siemens Biograph mMR system, or silicon photomultipliers (SiPM) as implemented in the GE SIGNA system (Boellaard et al., 2015). While most practical issues posed by the interaction of PET hardware with magnetic fields as well as radio frequency impulses have been resolved, some challenges remain unaddressed (Zaidi and Del Guerra, 2011). From a quantitative prospective, an essential drawback of hybrid PET/MRI scanners lies in PET attenuation correction (AC). Correction for attenuation of photons in brain and skull tissues in neurological studies is one of the most important factor that can affect both visual interpretation and quantitative assessments of PET data (Zaidi and Del Guerra). While clinical PET/CT scanners can exploit electron density information provided by x-ray transmission scanning (Zaidi et al., 2004), the MRI signal is related to proton density and hence intrinsically unable to provide electron density estimates. Currently available solutions are essentially based on the combination of tailored MRI acquisition/ processing strategies and/or pattern recognition and template-matching techniques. In the majority of such approaches, the MRI signal is acquired through Dixon or Ultra-short Time Echo (UTE) sequences. For brain studies, Dixon-based AC techniques perform poorly in the presence of high attenuation structures such as cortical bones, and recent studies show this can result in slightly spatially biased metabolic pattern estimates as compared to CT-based AC (Carney et al., 2006, Hitz et al., 2014). This issue could be overcome through UTE-based techniques which, in brief, considering cortical bones as regions with very short transverse relaxation times, estimate them by differencing of two images with shortest and longer echo times (Keereman et al., 2010). Additionally, several methods which aim to generate synergistic improvements between PET and MR image quality such as better motion correction strategies, arterial input function (AIF) estimation, and better partial volume effect (PVE) correction are under active development. Specifically, MRI data can be exploited to obtain high-temporal-resolution rigid-body motion estimates which can subsequently be applied to correct PET data (Catana et al., 2010). On the other hand, PVE affecting PET data can be corrected by using anatomical detail of MR images intrinsically coregistered to functional images. Also, the technical complexity and invasive nature of conventional dynamic PET studies can be avoided by exploiting angiographic MRI techniques to estimate the AIF. Finally, the development and validation of an efficient and reliable PET/MR dual imaging probe with multi-modal tracers is essential. This would allow truly simultaneous acquisition as well as guarantee temporal and spatial co-localization of the two imaging modalities. While the probe concentration in vivo is usually unknown and will vary in time as well as between healthy and diseased tissue, initial studies have shown that PET can be used to estimate the overall concentration while the MR signal can be used to determine the molar relaxivity of the agent, hence providing giving an accurate estimation of its specific biochemical or physiologic target(Frullano et al., 2010, Vecchione et al., 2017) 

PET/MR imaging in neuroinflammation

In the context of this review, the neuroinflammatory process can be schematized as: (i) misfolded protein aggregation (e.g., beta-amyloid, synuclein, tau aggregates); (ii) activated microglia and reactive astrocytosis; (iii) release of mediators with pro- anti-inflammatory imbalance and blood flow increase; (iv) neurotoxicity and neuronal damage.  While for the sake of clarity we describe these events in a specific order, we do not necessarily imply any causal relationship between them or sequential concatenations of causes and effects. In other words, it is not known if these key biological steps happens all at once or in a sequential order following specific cause-effects relationship. In the following, the role of both PET and MRI in elucidating each of these processes will be discussed.

 Misfolded protein aggregates in neurodegeneration

The misfolding, aggregation, and accumulation of certain proteins might trigger glial response and determine neurotoxicity in a number of neurodegenerative diseases, although a direct causal relationship between these events cannot be assumed and it is important to bear in mind that even the opposite relationship is possible (i.e. NI could be a consequence of neurodegeneration rather than its primary driver). It is also possible that neurodegeneration and NI co-exist and sustain each other in a vicious cycle. Whichever the hyhpothesis, NI and protein misfolding are critical pathogenetic mechanisms and potential targets for disease-modifying treatments. 
The neurodegenerative disorders are commonly classified in terms of the main protein that shows misfolding including amyloid, tau, synuclein, prion, TAR DNA-binding protein 43 (TDP-43) and FUS (or FET) (Kovacs, 2016), although complex interactions exist between these protein and some condition (including AD and other conditions) involve the presence of multiple misfolded protein (in particular, but not only, tau and amyloid) and cannot be strictly classified using only one of the proteins mentioned above.
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]A number of PET tracers have been developed to selectively target protein aggregates in the brain. The [11C]-Pittsburgh compound, also known as [11C]-PIB, is a specific radiotracer that binds β-amyloid fibers both in neurite plaques and non-neurite plaques (Edison et al., 2012, Fan et al., 2015b). Other specific β-amyloid tracers currently available are (18F)-labeled derivatives like [18F]-Florbetaben, [18F]-Florbetapir, and [18F]-Flutemetamol (Morris et al., 2016). 
In addition, hyperphosphorylation and abnormal aggregation of tau, a microtubule-associated protein essential to neuronal stability and functioning, can be imaged with specific tracers such as THK5117, THK5351 and the pyrido-indole derivative AV-1451 (also known as T807 and Flortaucipir; and the phenyl/pyridinyl-butadienyl-benzothiazole/benzothiazolium derivative PBB3 (Passamonti et al., 2017, Saint-Aubert et al., 2017). In addition, a number of neurodegenerative disorders associated with NI are accompanied by the accumulation of iron- and ferritin-containing macrophages. Since iron has the ability to promote production of toxic reactive radicals and induce protein aggregation (Berg et al., 2002, Andersen et al., 2013), the study of iron deposition has the potential to provide new insights in the production and distribution of misfolded protein aggregates. In this context, useful information can be obtained with MR-based quantitative susceptibility mapping (QSM) with myelin correction (Schweser et al., 2011). Such technique have demonstrated the importance of the central vein in the formation of lesions in multiple sclerosis (Hagens et al., 2016) (Pontillo et al., 2017) and are under investigation as possibly useful biomarkers in PD and Parkinsonian syndromes (Saeed et al., 2017), where increased iron accumulation in the substantia nigra is related to disease severity (Martin-Bastida et al., 2017). Fig. 1 shows a comparison of different patterns of amyloid and iron deposition imaged by amyloid-PET and QSM, highlighting the potentially complementary information afforded by the two techniques (Fazlollahi et al., 2016, Ayton et al., 2017, Choi et al., 2017).




Fig. 1 The top row shows PiB-PET images of Aβ-plaque-load in gray matter, which is highly increased in the frontal regions in a MCI subject (right), the signal in the white matter is non-specific to Aβ-plaque-load and is also observed in the control subject (left). The bottom row shows QSM maps of the same slices indicating regions with high iron load (high cortical suceptibility) such as the basal ganglia (MCI and control) and frontal regions (MCI). Reproduced from  Van Bergen, J. M. G., et al. "Colocalization of cerebral iron with amyloid beta in mild cognitive impairment." Scientific reports 6 (2016).

 Glial activation and maladaptive plasticity

As outlined in the introduction, TSPO is an external mitochondrial membrane transporter whose expression in the central nervous system (CNS) is low under physiological conditions but increases with microglial cell activation (Cosenza-Nashat et al., 2009). Also, given that microglia activation triggers a metabolic reprogramming based on an increased glucose uptake and a strengthening of anaerobic glycolysis (Gimeno-Bayón et al., 2014), the well known [18F]-Fluoro-2-deoxy-D-glucopyranose (FDG)-PET could, in principle, be employed to indirectly study microglia activation. In this context, while an estimation of neuroinflammatory status by FDG-PET is difficult because physiological FDG uptake can obscure inflammation-specific signal, recent studies suggest that the study of dynamic FDG uptake curve could help to differentiate inflammation from non-inflammatory uptake (Yang et al., 2015). Also, in recent years, numerous TSPO-specific PET radiotracers have been synthesized, both carbon-11 (i.e., [11C]-PK11195, 11C‐PBR28) and fluoroine-18 labeled (e.g., [18F]GE-180, [18F]DPA-714, and [18F]-PBR06). These compounds have been applied mainly in preclinical studies and in particular in multiple sclerosis models, where microglia/macrophage activation plays a central role in the inflammatory process (Kuhnast et al., 2012, Airas et al., 2015). In this context, the potential of TSPO (see Figure 2) as a PET imaging molecular target is limited by: i) TSPO gene polymorphisms which can affect binding affinity (Owen et al., 2010); ii) TSPO expression non restricted to activated microglia, which can also occur on astrocytes, inﬁltrating cells from mononuclear-phagocyte lineage, or endothelial cells (Lavisse et al., 2012). Regarding astrocytic response, radiotracers [18F]-FA and [18F]-EFA - two analogues of 2-fluoroacetate, a toxic compound used as a specific inhibitor of glial cell metabolism - are selectively transported into the metabolic compartment (Marik et al., 2009) and have been therefore proposed as candidates able to evaluate glial metabolism. In addition, a novel tracer named [18F]-FEPPA carries a high potential for PET imaging of TSPO/NI in humans. This is due to its high affinity for TSPO, an appropriate metabolic profile with high brain penetration and good pharmacokinetics (as shown by animal studies (Rusjan et al., 2011). As example of TSPO distribution in multiple sclerosis compared with cortical lesions Figure 2 shows cortical areas of increased 11C‐PBR28 standardized uptake values normalized by a pseudoreference region on a subject with secondary‐progressive multiple sclerosis  compared with a detail of cortical lesions at  3T and 7T anatomical MR scan.




Figure 2:  (A) Fused magnetic resonance and positron emission tomography (MR‐PET) images in a subject with secondary‐progressive multiple sclerosis (SPMS) and a high‐affinity binding (HAB) genotype (A1) showing cortical areas of increased 11C‐PBR28 standardized uptake values normalized by a pseudoreference region (SUVR). (A2) Detail of cortical lesions visible on the 3T anatomical scan fused with SUVR images and (A3) on coregistered 7T 
images. (B) Fused 11C‐PBR28 SUVR MR‐PET images in an HAB MS subject (B1) and in an HAB age‐matched healthy control (HC; B2) showing increased 11C‐PBR28 SUVR uptake in the thalamus of the patient. Figure and caption are reproduced from (Herranz et al., 2016) under editor permission.

In this context, advanced MRI techniques based on macrophage labeling through ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles have been developed several years ago (Jander et al., 2007). In spite of possible advantages such as intrinsically enhancing spatial resolution of PET images, their use is not however yet widespread and remains confined to research applications, possibly due to handling and synthesis issues in standard PET imaging centers. Targeting neuroinﬂammatory changes with USPIO has also been pioneered in the clinical setting, where no correlation was found between iron oxide-based enhancement and infarct size in human studies (Nighoghossian et al., 2007, Nighoghossian et al., 2008). Also, magnetic resonance spectroscopy (MRS) studies, albeit hampered by limited specificity, have shown that NI can result in elevated levels of myoinositol (which participates in regulating astrocyte volume and is present in glial cells) as well as of compounds which contain Choline (Chang et al., 2013). Myoinositol has been implicated in MS-related NI in the late as well as early phases of the disease (Fernando et al., 2004, Srinivasan et al., 2005, Bagory et al., 2012, Kirov et al., 2013) as well as in infection-related NI as detected with 11C-(R)-PK11195 PET (Grover et al., 2012), and increased Choline has been found in a number of conditions which are not considered primary inflammatory (e.g. brain tumors (Callot et al., 2008), epilepsy (Filibian et al., 2012) and stroke (Stuckey et al., 2005)) as well as in events like traumatic brain injury (Brooks et al., 2000). Finally, in an additional perspective, one of the most popular approaches to assessing immune-mediated response in the brain though MRI is the study of Blood-Brain-Barrier (BBB) integrity. While in principle a change in BBB permeability is not a one-to-one indicator of NI, most inflammatory insults affect this parameter through a multitude of mechanisms (Quarantelli, 2015). In this context, the continuous acquisition of MR sequences which are sensitive to the concentration of a contrast agent like e.g. Gadolinium (i.e. dynamic contrast-enhanced MRI or DCE-MRI) has been used to quantify vessel permeability in a local manner. While traditionally these strategies target the estimation of trans-capillary leakage of the contrast media (i.e. forward volumetric transfer or Ktrans), cerebral blood flow changes are known to represent a significant confound. In this context, more sophisticated modeling approaches have been developed which, based on a two-compartment model (Brix et al., 2004), are able to simultaneously estimate (Sourbron and Buckley, 2013, Heye et al., 2014) both blood flow and BBB permeability.

Release of neuro-immunomediators 

Although TSPO is considered the gold standard to assess NI in vivo, we must bear in mind that TSPO imaging can only assess microglia activation which is only a part of the complex cascade of events in NI. Therefore, additional molecular targets have been proposed to provide a more comprehensive description of in vivo NI (Tronel et al., 2017). 
Cyclooxygenase (COX) is an enzyme involved in inﬂammatory processes as well as in the production of pro-inflammatory mediators. While highly-selective COX-2 radioligands, such as 11C-Celecoxib (Majo et al., 2005), have failed to become sensitive PET tracers of NI, COX-1 radioligands, like 11C-KTP-Me, have showed promising results in animal models of AD (Shukuri et al., 2015). Cannabinoid receptor type 2 (CB2R) is another upregulated molecule in activated microglial cells in several neurodegenerative conditions (Benito et al., 2008) and its activation has been linked to a neuroprotective effect (Palazuelos et al., 2009). Recently, compounds like 11C-RS-016 have demonstrated an highspecific binding in postmortem amyotrophic lateral sclerosis  tissues (Slavik et al., 2015), hence positioning CB2R as possible target for PET imaging of NI. Other promising targets which have been explored mainly in preclinical studies include the purinergic receptor P2X7 (i.e. 11C-GSK1482160) (Territo et al., 2016) and the adenosine receptor A2AR (i.e., 11C-TMSX). The latter imaging target has also been exploited in MS patients, where binding correlated with the severity of symptoms as well as with the loss of cerebral tissue (Rissanen et al., 2013). Also, given that microglia activation is capable of modulating microcirculation, measuring changes in local perfusion can also provide an indirect way of assessing the early effects of NI (Wuerfel, 2004). While cerebral blood flow (CBF) is classically measured through PET imaging with intravenously administered oxygen-15-labeled water (Raichle et al., 1983), the recently developed arterial spin labeling (ASL) technique offers an alternative by differentiating blood inflow magnetization from the one of a so called “static” image (Petcharunpaisan et al., 2010) through magnetic tagging of arterial blood water before it enters the tissue of interest. While the signal-to-noise ratio afforded by ASL is inherently low (the signal from the labeled inflowing blood only represents around 1% of the full tissue signal) and depends on a number of parameters, ASL data can be exploited to derive tissue perfusion-related indicators (Petcharunpaisan et al., 2010) which in general agree well with PET data in AD (Chen et al., 2011) and have been seen to reproduce PET findings in fronto-temporal dementia(hypoperfusion in right frontal regions as compared to controls and higher perfusion than AD in the parietal regions and posterior cingulate) (Du et al., 2006). Other clinical applications include detection of abnormal perfusion PD (Melzer et al., 2011), cerebrovascular disease (Detre et al., 1998) and MS (Ge et al., 2012). Also, ASL data have been successfully combined with DCE-MRI acquisitions to produce a more robust blood flow correction strategy (Liu et al., 2015).

Neurotoxicity and neuronal damage

Decreased glucose metabolism measured with FDG-PET is a downstream marker of neuronal injury and neurodegeneration, and in this context bilateral temporoparietal hypometabolism - which includes hippocampal, posterior cingulate, and precuneal cortices - has been long known to be a valid indicator of synaptic dysfunction that accompanies neurodegeneration in AD (Mosconi, 2013). In this context, it is interesting to note that MRI detection of glucose (or, more precisely, of the surrogate molecule 2-Deoxy-D-glucose [2DG]) is possible through the use of signal amplification mechanisms such as chemical exchange saturation transfer (CEST). In particular, it has recently been shown that the CEST signal is directly related to 2DG concentration, responds to modulatory interventions expected to decrease glucose metabolism (such as administering general anesthetic), and is not directly related to changes in cerebral blood flow (Nasrallah et al., 2013).  Gluco-CEST therefore carries the potential for imaging deoxyglucose/glucose uptake and metabolism in vivo without the need for radio labeling. At the same time, neuronal damage caused by neuroinflammation can be estimated by measuring N-acetyl-aspartate (NAA), a selective marker of mature neurons, through MRS.(See above). Accordingly, NAA decreases as well as lactate modifications have consistently allowed the assessment of a possible relationship between NI and neuronal loss in a number of both neurodegenerative and infectious conditions (Chang et al., 2013). Also, T1-based voxel-based morphometry (VBM) (Ashburner, 2009) has been widely used in studying cortical atrophy and/or detecting regional brain volumetric changes, possibly related to neuronal loss, in a number of pathologies (Kakeda and Korogi, 2010) including MS (Prinster et al., 2006, Sepulcre et al., 2006). In this context, it should be noted that more sophisticated techniques like tensor based morphometry (Mascalchi et al., 2014, Tessa et al., 2014) can provide a more precise insight into longitudinal volume changes which is not directly reliant on estimating atrophy from image intensities. Also, Diffusion tensor imaging (DTI) (Basser and Jones, 2002) has gained biomarker status in in investigating white matter microarchitecture, connectivity and integrity in a clinical setting, and it has been widely employed in studies investigating AD, MCI (Bozzali and Cherubini, 2007, Chua et al., 2008, Hess, 2009) as well as several other pathologies (Nucifora et al., 2007, Garaci et al., 2009, Pardini et al., 2009, Pardini et al., 2012). Estimating the apparent water self-diffusion tensor in brain parenchyma can also provide tract-specific orientation information through deterministic or probabilistic approaches (Jones, 2008) and DTI-derived rotational invariants such as Mean Diffusivity (MD), Fractional Anisotropy (FA) (Giannelli et al., 2011) can aid in quantifying fiber integrity through ROI, voxel- or Tract-Based Spatial Statistics based approach (Chua et al., 2008). A decrease in FA (possibly accompanied by an increase of MD) is typically the hallmark of unspecific bundle degeneration. Also, it should be noted that the model of a Gaussian propagator which underlies DTI may not be appropriate in regions/voxels containing mixed tissue types and/or where two or more fiber bundles cross (Alexander et al., 2001). To this end, more advanced protocols such as Diffusion Spectrum Imaging (Wedeen et al., 2008), Diffusional Kurtosis Imaging (Hui et al., 2008, Jensen and Helpern, 2010, Fieremans et al., 2011), higher order tensor models (Alexander, 2005), compartment models (Assaf and Basser, 2005, Assaf et al., 2008) and anomalous diffusion (Alexander et al., 2010, De Santis et al., 2011a), which can be optimized in order to enhance their suitability in a clinical setting (De Santis et al., 2011b), have been already been successfully employed in augmenting information about tissue degeneration in several neurodegenerative  pathologies (Mintun et al., 2006, Falangola et al., 2008, Iraji et al., 2011, Wang et al., 2011). 

PET/MR studies in NI

In spite of the added value of multimodality and spatial as well as temporal co-localization discussed above, the number of PET/MR studies specifically targeting NI-related research question is still limited, possibly due to the fact that the adoption of this technology can be considered to be still in its early stages. Here we report the findings of studies which integrate (also with standalone scanners) both modalities. In a study on three patients with frontotemporal dementia with parkinsonism linked to chromosome 17, microglial activation probed with [11C]-DAA1106-PET was investigated in conjunction with striatal dopaminergic function, acetylcholinesterase and hippocampal atrophy measured though MRI (Miyoshi et al., 2010). This study suggested the hypothesis that NI might be viewed as an in vivo signature of tau pathology at a prodromal stage, which standalone PET techniques may not be able to reveal. More recently, a pilot multi-modal study on patients with human T-lymphotropic virus type 1-associated myelopathy showed that a asymptomatic NI can be detected and monitored by using an integrated approach employing [11C]-PBR28-PET, structural and diffusion weighted MRI (Dimber et al., 2016). Also, a simultaneous PET/MR study (Loggia et al., 2015) demonstrated the occurrence of glial activation, as measured by an increase of [11C]-PBR28 binding, most prominently in the thalamus, in patients with chronic pain. Interestingly, in this paper MRI data is employed exclusively for voxel-wise analysis of PET data through exploitation of inherent co-registration and hence of the availability of an accurate anatomical reference for spatial image normalization. TSPO imaging with [18F]-FEPPA-PET, and specifically total distribution volume as an index of TSPO density, has been assessed as a potential biomarker for NI in PD, showing however poor performance (Ghadery et al., 2017). Similarly to another study (Loggia et al., 2015), the authors employed MR images exclusively for  coregistration with the corresponding PET image and anatomical delineation of the regions of interest. Also, a similar study (Kenk et al., 2014) found no peculiar patterns of NI imaged by [18F]-FEPPA-PET in schizophrenia. In a study on two rare variants of MS, lesions which were studied with a multiparametric PET/MR probe (MRS, DWI, PWI, [18F]-FDG-PET and [18F]- fluoromethylcholine (FCH)) displayed different structural and metabolic imaging features, probably reflecting the histological heterogeneity of the disease and hence providing interesting insights on its etiology (Bolcaen et al., 2012).


Discussion and Conclusion 

NI is increasingly regarded as playing a pivotal role in several neurodegenerative disorders. Still, it is unclear how it relates to key aspect of neuro-pathology, including amyloid or tau deposition (e.g. in AD and other tauophathies), as well to structural and functional changes in the brain. It is also unknown whether and how NI is associated to disease severity in vivo and post mortem and whether it can be used to stage disease progression or possibly predict the rate of disease progression. The causal relationship between NI and neurodegeneration has also not been investigated yet. In order to address these issues, it is imperative to: 1) conduct longitudinal studies to track the evolution of NI and relate this to clinical features as well as other important molecular aspects of different neurodegenerative diseases (e.g., amyloid and tau deposition in AD); 2) conduct multi-tracer PET studies and multi-modal MRI imaging research that can provide complementary information regarding different biological aspects underlying a series of neurodegenerative diseases. 
This latter aspect is particularly important to better understand whether NI is associated with high pathological burden, for example in terms of amyloid and tau deposition in AD. Furthermore, it is critical to investigate the consequences of NI at the level of brain mesoscopic structure and function (i.e., anatomy and function at the circuit level). For example, is NI in distinct brain regions and network associated with their impaired functionality (at the level of single brain areas as well as specific circuits)? Is NI coupled with significant changes in the rate of neurodegeneration over time? In other words, are patients which present signs of NI progressing faster than those with lower levels of NI? Although the answers to these questions may seem obvious or at least within easy reach, it is important to note that no experiments so far have been conducted to address each of these key and open issues. We hypothesize that this knowledge gap is related to: a) the necessity of large samples to be able to reliably test phenotypic associations with potential brain biomarkers; b) the financial burden and complexity of multi-tracer PET study as well as MRI multi-imaging studies, c) the general difficulty and financial burden of running and conducting longitudinal studies. Nevertheless, we believe that such studies are timely and necessary especially in terms of developing more efficient clinical trials which can exploit more precise patient stratification deriving from sensible in interpretable brain biomarkers. In this context, another key aspect that is frequently overlooked is the relationship between NI and peripheral markers of inflammation (e.g., in blood). In particular, it remains to be clarified whether a peripherally visible marker of inflammatory insult is related to neurodegeneration. This type of insight would not only be important for developing minimally invasive and low-cost biomarkers of inflammation for neurodegenerative disorders but may also have important therapeutic implications. 
PET imaging provides good sensitivity as well as specificity to a variety of biological mechanisms related to NI, which have the potential to be dissected through a large choice of radiotracers. Furthermore, future developments in the field of radiochemistry will offer virtually unlimited possibilities to improve on current results. On the other hand, standalone PET suffers from inherently very low (for current neuroimaging standards) spatial resolution and, as a purely metabolic imaging technique, is not able to provide an anatomical reference which may be able to compensate for this shortcoming. The non-negligible cost of a PET exam, the intrinsic internal radiation exposure risk and additional subsequent patient discomfort/limitations several hours after a PET exam pose additional limitations on its applicability. In contrast, MRI offers multiple imaging contrasts with a more cost-effective, intrinsically multimodal strategy which only employs non-ionizing radiation and hence carries no limitation in terms of exam frequency and risk of radiation-induced pathologies. Several MRI techniques for imaging NI are however still under development, and their specificity as well as reliability remains to be tested. In this context, the opportunity to combine a PET and an MRI exam in a single session unlocks a wide range of scenarios for mutual improvement of the two imaging techniques. MRI provides a naturally high resolution anatomical reference for co-registration, can afford complementary functional information while eliminating time-dependent intra-patient variability, and allows to the employment variety of integrated processing pipelines that can additionally increase efficiency as well as sensitivity and specificity of both modalities. For example, as described in the introduction, the accuracy of the PET estimates can be improved by considering the MRI anatomical information underlying the distribution of the PET signal, such as in the case of PVE and rigid motion correction. Additional straightforward, synergistic extensions would be automated regional radiotracer uptake quantification on MR-driven parcellations and the possible use of PET imaging to validate novel MR probes (e.g. such as ASL or CEST techniques) thanks to its ability to provide absolute quantitative information. Given the large number of both PET and MR probes which are already available and/or are under development, the number of specific combinations of contrasts and hence of different mechanisms that can be studied in a hybrid scanner, possibly in combination with the exciting and developing field of dual tracers which can generate both MR and PET contrasts, has the potential to generate a significant step-change in the field of multimodal imaging in general and to open a novel window to improve our understanding of the intricate mechanisms underlying NI in neurodegenerative and other neurological disorders.
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