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Abstract

With the emergence of immune-modulating therapies, brain tumors present important diagnostic 

imaging challenges. These challenges include planning personalized treatment and adjudicating 

accurate monitoring approaches and therapeutically specific response criteria. The challenges have 

been due, in part reliance on nonspecific imaging metrics, such as gadolinium contrast-enhanced 

MRI or FDG PET, and rapidly evolving biologic understanding of neuroinflammation. The 

importance of the tumor immune interaction and ability to therapeutically augment inflammation 

to improve clinical outcomes make it necessary for radiologists to develop a working knowledge 

of the immune system and its role in clinical neuroimaging. The purpose of this article is to review 

relevant biologic concepts of the tumor microenvironment of primary and metastatic brain tumors, 

the interactions between the tumors and the immune system, and MRI and PET methods for 

imaging inflammatory elements associated with these malignancies. In recognition of the growing 

fields of immunotherapeutics and precision oncology, clinically translatable imaging metrics 

for the diagnosis and monitoring of brain tumor neuroinflammation are highlighted. Practical 

guidance is provided for implementing iron nanoparticle imaging, including imaging indications, 

protocols, interpretation, and pitfalls. A comprehensive understanding of the inflammatory 

mechanisms within brain tumors and their imaging features will facilitate the development of 

innovative noninvasive prognostic and predictive imaging strategies for precision oncology.
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Importance of Imaging of Neuroinflammation in the Era of Immunotherapy 

and Precision Oncology

Neurooncology has entered an exciting phase of cutting-edge treatments that integrate 

targeting of tumor-specific inflammation and unique protein alterations, termed precision 

oncology [1]. Critical challenges remain in bringing the precision oncology paradigm 

to neurooncology, including adjudicating accurate monitoring approaches and specific 

therapeutic response criteria. Neuroimaging has the potential to help overcome these 

challenges. The brain tumor–immune interface is central to these new interventions. 

Immunotherapies directly target specific immune components or their interactions 

within the tumor immune microenvironment. The biologic sequelae of immunotherapy 

directly influence clinical imaging phenotypes, necessitating better understanding of the 

inflammatory elements associated with neuroimaging characteristics. A comprehensive 

understanding of the inflammatory mechanisms within brain tumors and their imaging 

features fosters the development of innovative noninvasive prognostic and predictive 

imaging strategies for use in precision oncology.

In this article, we review the tumor microenvironment of primary and metastatic brain 

tumors, interactions between these tumors and the immune system, and clinically applicable 

methods for imaging elements of brain tumor neuroinflammation.

Active Immune Component of the Tumor Environment in Primary and 

Metastatic CNS Malignancies

The CNS was long considered an immune-privileged site, protected from systemic 

inflammation by the blood-brain barrier. The CNS is now recognized to harbor resident cells 

with immunologic functions that constitute a system for immune surveillance augmented by 

infiltrating systemic immune cells and a meningeal lymphatic system [2–6]. Within primary 

and metastatic brain tumors, cellular and protein immune components are important features 

of the brain tumor microenvironment; they influence tumor survival, growth, and treatment 

response. Collectively, the brain tumor microenvironment contains malignant cells, resident 

brain cells (including astrocytes, microglia, pericytes, and endothelial cells), and systemic 

immune cells (commonly macrophages and lymphocytes) [5] (Fig. 1).

Reactive astrocytes are present in and immediately surround brain tumors, where they 

display substantial plasticity (i.e., can change their cellular functions and physical shape) 

[7]. In the tumor microenvironment, some astrocytes promote tumor growth and survival 

by enhancing their invasive capacity or by protecting malignant cells from therapeutic 

and immune attack [8, 9]. Conversely, other astrocytes may exhibit antitumor effects, for 

instance by releasing exosomes containing micro-RNA that inhibits tumor growth [10].
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Microglia, pericytes, and endothelial cells also influence tumor growth and 

neuroinflammation, which can produce key clinical imaging features. Microglia are 

described later in this article. Pericytes exist on the abluminal surface of vasculature, where 

they affect tumor vascularization, blood-brain barrier integrity, and tumor dormancy [11, 

12]. Endothelial cells form the tumor vasculature, which directly impacts tumor survival 

through various mechanisms [13, 14]. The endothelial cells also facilitate a tumor immune 

reaction by producing and secreting neuroimmune substances, including numerous cytokines 

that propagate neuroinflammation signaling [15].

Tumor vasculature includes previously established vasculature and neovasculature that 

develop in response to local hypoxia, metabolic demands, and elevated levels of vascular 

endothelial growth factor [14, 16]. Tumor vasculature can be abnormal in its structure and 

function, causing increased, but variable, permeability in brain tumors [17, 18] (Fig. 1B). 

Typically, the bulk tumor region has more dysfunctional vasculature, whereas peritumoral 

vasculature resembles normal cerebral blood vessels, as exemplified by enhancement 

on MRI after administration of a gadolinium-based contrast agent (GBCA) [13, 17]. IV-

administered GBCAs enter the extracellular space in the brain parenchyma through leaky 

tumor vasculature, manifesting as regions of hyperintensity on T1-weighted MR images. 

Importantly, nonenhancing regions of brain surrounding areas of enhancement can exhibit 

tumor cells histologically, highlighting that the presence or absence of tumor cells does not 

directly correlate with blood-brain barrier leakiness [19].

Clinically Relevant Interactions Between the Immune System and Brain 

Tumors

The brain has unique immune monitoring mechanisms, including a meningeal lymphatic 

vessel, a parenchymal glymphatic pathway, a system for immune cell surveillance, and a 

resident CNS phagocytic cell population (i.e., microglia) [2, 5, 20].

Microglia and macrophages can account for more than 30% of the bulk tumor mass and 

play key roles in tumor progression [3, 9, 21]. Microglia migrate to the brain from yolk 

sac precursor cells in embryonic development to form a self-propagating resident phagocytic 

cell population [22]. Macrophages migrate to the brain throughout life from circulating 

bone marrow–derived monocytes. Collectively, microglia and macrophages associated with 

malignancies are termed tumor-associated macrophages (TAMs). Approximately 85% of 

TAMs in glioblastomas are from the systemic circulation [23]. Lineage-tracing experiments 

in brain metastases have shown that both microglia and bone marrow–derived monocytes 

infiltrate these tumors [24].

TAMs in brain tumors can activate into a spectrum of proinflammatory (M1) to 

antiinflammatory (M2) macrophage phenotypes that influence the inflammatory cascade, 

lymphocyte activation, angiogenesis and vascular function, tissue remodeling, treatment 

sensitivity, and tumor survival [5, 24–28] (Fig. 1C). Although the M1/M2 bipolarization 

model likely operates as ends of a spectrum, it provides a framework to conceptualize their 

multifaceted roles [29]. M1 macrophages characteristically function in pathogen and tumor 

killing. In comparison, M2 macrophages function to contain and resolve inflammatory 
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reactions and thus can promote tumor survival by blunting the activity of cytotoxic immune 

cells [27, 30].

A dysregulated adaptative immune response within the tumor microenvironment also 

contributes to cell survival. The functional and prognostic roles of these cells are an area of 

ongoing research. For instance, CD8+ T-cell infiltrates in glioblastoma have been associated 

with prolonged patient survival, whereas regulatory T cells have been correlated with worse 

prognosis despite their limited presence [31].

The ability of the immune system to function in tumor control is greatly influenced by 

immune checkpoints. Physiologically, immune checkpoints inhibit immune responses to 

self-antigens. Many neoplasms, including CNS tumors and metastases, use this mechanism 

to prevent immune cells from recognizing and mounting an inflammatory response [32].

Immunotherapies target the tumor immune interaction. Such therapies include immune 

checkpoint modulators, engineered chimeric antigen receptor (CAR) T cells, oncolytic viral 

vectors, and vaccines (Fig. 2). Immune checkpoint inhibition and vaccines are thought to 

primarily function therapeutically by means of disinhibiting T-cell activation. Vaccine-based 

immunotherapies entail the use of tumor-associated antigens to train the immune system 

to target tumor cells through various immune mechanisms in an effort to induce cytotoxic 

tumor effects. Tumor antigens are presented to antigen-presenting immune cells, such as 

dendritic cells, ex vivo. These cells are then administered to the patient, inducing a potent 

adaptive immune stimulus. Thus, cell populations in both the innate and adaptive arms of the 

immune system may be therapeutically mobilized to increase immune-mediated tumor cell 

death.

Methods for Imaging Brain Tumor Inflammation

The workhorses of biologically specific noninvasive assessment of neuroinflammation 

are MRI, PET, and SPECT. These modalities yield information about neuroinflammation 

through labeling of cells and molecules that have immune function, evaluation of blood-

brain barrier breakdown based on contrast agent leakage, identification of the consequences 

of neuroinflammation, and association of phenotypic imaging patterns with inflammatory 

genomic or transcriptomic patterns, a technique broadly termed imaging genomics.

Practical Guide for Implementing Iron Nanoparticle Contrast-Enhanced MRI

Directly labeling key immune cells is a rapidly developing area of neuroinflammation 

imaging (Fig. 1D). Most work in brain tumor–associated neuroinflammation has focused on 

labeling TAMs. Because MRI is integral to clinical brain tumor evaluation and monitoring, 

novel methods of applying MRI-based neuroinflammation imaging are readily adaptable to 

clinical practice.

Indications for Use of Iron Nanoparticle Contrast Agents

In CNS malignancies, GBCAs are used to differentiate areas with varying contrast 

dynamics (i.e., blood-brain barrier leakage) to identify bulk tumor. Alternatively, contrast 

agents such as ultrasmall superparamagnetic iron oxide (USPIO) nanoparticles have 
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added ability to capture inflammation because such agents can be taken up by cells 

with phagocytic functions. One such agent is ferumoxytol (Feraheme, AMAG), a 

17- to 31-nm USPIO nanoparticle [33, 34]. Ferumoxytol-enhanced MRI is actively 

being studied in pediatric and adult brain tumors to evaluate its safety and imaging 

properties (clinicaltrials.gov identifiers NCT00978562, NCT00103038, NCT00660543, 

NCT00659126, NCT00769093, and NCT00659776). Ferumoxytol traffics preferentially to 

reactive lesions during inflammation. In a rodent brain model, ferumoxytol was present 

24 hours after delivery in reactive astrocyte end feet and in CD163+/CD68+ microglia 

and macrophages [35, 36]. Importantly, in this model, ferumoxytol was not taken up by 

the tumor cells. This finding highlights the utility of delayed ferumoxytol-enhanced MRI 

performed 24 hours after infusion as a method to identify a reactive immune component of 

brain tumors.

The use of ferumoxytol as an MRI contrast agent is off label from the approved clinical 

indication. Ferumoxytol is currently FDA approved for the treatment of iron deficiency 

anemia in adults who are intolerant of or whose condition is medically refractory to 

oral therapy or who have chronic kidney disease. However, ferumoxytol has been used 

as an alternative contrast agent in clinical scenarios in which GBCA administration 

is contraindicated, including renal failure and medically refractory life-threating GBCA 

allergy. This usage pattern is noninferior to use of GBCAs for the detection of primary and 

metastatic brain tumors [37, 38].

Iron Nanoparticle MRI Protocol

Ferumoxytol has been studied as an MRI contrast agent at doses ranging from 1 to 11 

mg/kg, with a total dose up to 510 mg. Immediately after IV infusion, ferumoxytol serves 

as a blood pool contrast agent (Fig. 3). Use of T2*-based dynamic susceptibility-weighted 

contrast-enhanced technique allows quantification of perfusion metrics, such as cerebral 

blood volume (CBV). The absence of marked brain vascular leakage allows acquisition 

of high-resolution CBV maps by means of steady-state T2*-weighted or susceptibility-

weighted technique without sophisticated leakage correction mathematic modeling.

The use of ferumoxytol as an MRI contrast agent to assess neuroinflammation has 

potential biologic advantages over use of a GBCA. Ferumoxytol has a 14- to 21-hour 

plasma half-life. This prolonged circulating time allows localization within the brain 

tumor interstitial space through intracellular trafficking of the iron nanoparticles within 

TAMs or through slow leakage from the neovascular space and subsequent phagocytosis. 

Irrespective of the mechanism, brain parenchymal MRI signal changes within regions of 

tumor-associated neuroinflammation maximally occur within 48 hours of IV administration 

(Fig. 3). Typically, ferumoxytol induces T1, T2, and T2* shortening within sites of 

neuroinflammation (Fig. 4).

We have found a ferumoxytol dose of 4–7 mg/kg (to a total dose of 510 mg) sufficient for 

assessment of brain tumor vascularity and neuroinflammatory characteristics. A ferumoxytol 

dose of 1 mg/kg achieves quality similar to that of MRA performed with a clinical dose of 

GBCA [34]. Nonetheless, the signal-to-noise ratio at a dose of 2 mg/kg may be insufficient 

for generation of dynamic susceptibility contrast images or a steady-state CBV map [39]. 
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Practically, assessment of brain tumor neuroinflammation requires imaging in the delayed 

phase 24–48 hours after prior ferumoxytol administration if recent unenhanced T1-weighted 

imaging has been performed. Multiple consensus recommendations describe techniques that 

are compliant with the standardized brain tumor imaging protocol [40–43]. A brain tumor 

imaging protocol–compliant ferumoxytol contrast-enhanced MRI protocol is provided in 

Table 1.

Interpretation of Iron Nanoparticle Contrast-Enhanced MRI

Interpretation of T1-weighted ferumoxytol contrast-enhanced MRI appears to depend 

on the clinical context. Before chemoradiotherapy, primary and metastatic brain tumors 

have similar characteristics on GBCA- and ferumoxytol-enhanced images [34, 38, 

44] (Fig. 4). However, the enhancing features are dissimilar in patients with therapy-

induced neuroinflammation. Immunotherapies can elicit a neuroinflammatory effect that 

results in increased gadolinium enhancement and T2 hyperintensity on MRI, appearing 

similar to tumor growth but subsequently undergoing spontaneous regression (Fig. 5). 

This imaging pattern, termed pseudoprogression, is observed in approximately 30% of 

patients with glioblastoma undergoing chemoradiotherapy and is now seen in patients 

treated with immune checkpoint inhibitors [45]. Given the mechanism of action, the 

incidence of immunotherapeutically induced neuroinflammatory changes may be higher 

with immunotherapies than with standard chemoradiation. The clinical significance of 

pseudoprogression remains debated, though pseudoprogression may be associated with 

improved survival [46]. Thus, differentiating pseudoprogression from tumor growth is 

critical for clinical decision-making. An extensive body of literature [47–50] describes 

the use of perfusion-weighted imaging for the differentiation of these two processes. Meta-

analyses [51–53] provide evidence that the use of biologically nonspecific imaging metrics 

as surrogate markers of neuroinflammation may be clinically limited; for example, CBV 

has pooled sensitivity and specificity that are both approximately 80%. However, strong 

evidence indicates that physiologic metrics such as CBV improve on qualitative metrics, 

such as contrast enhancement, which performs considerably worse (e.g., pooled sensitivity 

of 68% and specificity of 77% [51]).

To address the shortcomings of gadolinium-based response criteria for patients with brain 

tumors undergoing immunotherapy, the Response Assessment for Neuro-Oncology Working 

Group published the Immunotherapy Response Assessment in Neuro-Oncology guidelines 

in 2015 [54]. Use of these guidelines may be difficult when new or progressively enhancing 

lesions develop in a patient who has no symptoms. If the patient started immunotherapy 

more than 6 months previously, the imaging changes are presumed to represent disease 

progression. If the patient is less than 6 months from initiation of immunotherapy, the 

change in enhancement is considered equivocal. The MRI examination showing initial 

radiologic progression becomes the new baseline examination, and follow-up MRI 1–3 

months later is recommended. Treatment failure and inflammation can cause similar GBCA 

enhancement. If the enhancement has continued to worsen at the 3-month follow-up 

examination, disease progression is presumed.
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The diagnostic potential of imaging with USPIO nanoparticles is being assessed to 

differentiate pseudoprogression from tumor growth (NCT00660543) [44] (Figs. 6 and 

7). Preliminary results suggest that glioblastoma pseudoprogression may be defined 

by disproportionate T1 shortening of the USPIO-enhancing area with respect to the 

corresponding GBCA-enhancing area. ROC curve analysis of the natural log of the 

ferumoxytol-to-GBCA sum of products diameter ratio suggests a threshold value of 0.56 

(1.75 natural log ratio) in isocitrate dehydrogenase 1 (IDH1) wild-type glioblastoma as the 

cutoff value for the diagnosis of pseudoprogression, having 100% sensitivity and specificity 

in the study sample. This potential imaging biomarker of immunotherapy-associated 

neuroinflammation is being prospectively assessed in patients with newly diagnosed 

glioblastoma treated with standard-of-care and concurrent pembrolizumab administration 

(NCT03347617). The tracking of TAMs is also expected to be important in the context 

of biologically specific checkpoint inhibition directed at CD47, also known as integrin-

associated protein, to improve phagocytic properties.

Iron Nanoparticle Imaging Precautions and Pitfalls

The FDA in March 2015 issued a black box warning about the risk of potential acute 

hypersensitivity reactions to bolus injection of undiluted ferumoxytol during therapeutic 

administration [55]. Seventy-nine instances of serious adverse events were reported among 

an estimated 1.2 million injections. The FDA issued updated recommendations for 

therapeutic prescription of ferumoxytol that included dilution (1:4 ratio with normal saline 

solution), infusion over 15 minutes, and hemodynamic monitoring for up to 30 minutes 

after infusion. Nguyen et al. [56] reported the positive safety profile of ferumoxytol as 

a diagnostic MRI contrast agent. Data in the FeraSafe multicenter MRI registry, which 

includes 3215 adult and pediatric patients who underwent a total of 4240 injections, suggest 

that the use of ferumoxytol as a diagnostic MRI contrast agent is well tolerated, is associated 

with no serious adverse events, and is implicated in few adverse reactions [56]. Despite 

this reported safety profile, it is prudent (and the FDA recommends) that ferumoxytol be 

administered only when personnel and therapies are immediately available for the treatment 

of anaphylaxis and other hypersensitivity reactions. Regardless, all MRI centers should be 

prepared for the treatment of the acute hypersensitivity reactions that are also observed with 

GBCA administration. The American College of Radiology [57] provides recommendations 

for the treatment of contrast reactions. In addition, Lim et al. [58] also provide expert panel 

consensus guidance for the management of hypersensitivity reactions to IV iron in adults 

(Fig. 8).

Several imaging pitfalls unique to iron nanoparticle imaging warrant mention. First, 

intravascular signal persists and contributes to the observed parenchymal signal at the 

delayed imaging time point. A prospective pilot study [59] confirmed that in adults with 

newly diagnosed high-grade gliomas, delayed ferumoxytol imaging captures TAMs in 

the tumor microenvironment. In that study, positive correlations were identified between 

susceptibility and relaxation rates R2*(1/T2*) and R2(1/T2) with the number of CD163- and 

CD68-positive macrophages found at histopathologic analysis. Although ferumoxytol-based 

MRI of TAMs is accomplished by imaging 24 hours after nanoparticle infusion, imaging 

immediately after infusion captures the nanoparticle while it is in the intravascular phase, 
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allowing identification of highly vascularized tissue [39]. Differentiating these intravascular 

from extravascular ferumoxytol pools in brain tumors is an emerging imaging tool for TAM 

identification. Segregation and extravascular localization of ferumoxytol imaging (SELFI) is 

a novel technique whereby ferumoxytol-enhanced early and delayed susceptibility-weighted 

imaging is used to account for persistent intravascular ferumoxytol signal and more 

precisely identify the TAM content of glioblastoma [60]. In addition, the radiologist should 

be aware of the prolonged clearance time of iron nanoparticles. Changes in ferumoxytol 

signal may remain present in brain abnormalities several days after administration [34]. 

This persistent signal change is an important diagnostic consideration during short-interval 

follow-up examinations, because it may be confused with early subacute blood products. 

Finally, decreased signal intensity in liver, spleen, and bone marrow may be observed on 

MRI for several months.

PET

PET has been widely studied for imaging of neuroinflammation. PET is a noninvasive 

molecular imaging technique that records the distribution of positron-emitting isotopes 

bound to select tracer molecules [61]. Tracer molecules that are specific and sensitive for 

immune elements, such as activated microglia and macrophages, have been the backbone 

of this research effort. Applying PET techniques to brain pathology has been challenged 

by limited PET ligand CNS bioavailability due to systemic plasma protein binding, low 

blood-brain barrier permeability within non–gadolinium-enhancing tumor components, and 

active extrusion across the cerebral vasculature. Despite these obstacles, progress has been 

made in this area.

The first widely studied radiotracer imaging of neuroinflammation targeted the 18-kDa 

protein called translator protein (TSPO), originally known as the peripheral benzodiazepine 

receptor [61, 62]. TSPO is a mitochondrial transmembrane protein expressed in macrophage 

lineage cells, including microglia, that is upregulated in response to neuroinflammation, 

brain injury, and CNS tumors [62–64]. TSPO expression has also been identified in reactive 

astrocytes, but this expression varies with neurologic insult and research model [65, 66]. 

TSPO may also be expressed in neoplastic glioma cells and endothelial cells [67–69]. 

The prototype TSPO ligand, isoquinoline carboxamide 11C-PK11195, was identified in the 

1990s. Since then, second- and third-generation ligands of TSPO that have higher binding 

affinity and that circumvent the issue of TSPO allelic variability in humans have been 

developed [70, 71]. This work has resulted in more than 13 unique TSPO radiotracers in 

five structural classes [66, 71]. TSPO ligands for use in malignant brain pathology that 

have improved tumor-to-background brain signal and that entail nanocarrier technology to 

enhance CNS bioavailability are under development [63, 72, 73]. These tracers are already 

showing promise in delineating clinically important neuroinflammation tumor features, such 

as radiation necrosis [74]. Although TSPO tracers non-invasively capture general reactive 

gliosis in neuroinflammation, evaluating the utility of TSPO tracers in selective imaging of 

polarized immunotypes remains an active area of investigation. There is evidence of TSPO 

upregulation in proinflammatory and immunosuppressive conditions [61, 68, 75].
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PET tracers targeting additional neuroinflammatory proteins that map reactive glia can 

also be used in neuroinflammation imaging. These targets include monoamine oxidase 

B, glycogen synthase 3, cyclooxygenase-1 and −2, arachidonic acid, several arachidonic 

acid receptors, the nicotinic acetylcholine receptor α4β2, imidazole-2 binding sites, 

sphingosine-1 phosphate receptor 1, purinergic receptors (P2X7 and P2Y12), and the 

cannabinoid-2 receptor [61, 66]. The varied expression of these molecular targets in 

reactive microglia versus astrocytes has been reviewed [61]. To date, the utility of these 

targets in neuroinflammation imaging has been studied in nonneoplastic noninfectious brain 

abnormalities and has yet to be evaluated in tumors.

Whereas systemic immune cells are present in CNS malignancies, less research has been 

conducted on infiltrating cells such as T cells, B cells, and natural killer (NK) cells than 

on reactive glia and TAMs. Historically, tracking these cells was accomplished by injecting 

autologous leukocytes that had been incubated with a radiotracer [76]. In rodent models 

of nonmalignant CNS pathology, this technique has identified neutrophils, CD4+ T cells, 

and CD8+ T cells trafficking to inflammatory brain regions [77–79]. In a patient with 

recurrent high-grade glioma, this technique was used to deliver genetically engineered CD8+ 

cytotoxic T cells with image tracking by PET [80]. After treatment, the infused cells were 

visualized within the tumor, albeit not quantifiably. Advances in CAR T-cell techniques have 

provided new opportunities for in vivo imaging of ex vivo tagged immune cells. Keu et al. 

[81], in a pilot study of recurrent glioblastoma, reported on the safety and utility of PET with 

9-(4-18F-fluoro-3-[hydroxymethyl]butyl)guanine (18F-FHBG) to longitudinally track stably 

transfected T cells. Theoretically, this technique applies to evaluating brain trafficking of 

other leukocyte populations in tumors. Tracers targeting multiple immune cells influenced 

by cancer immunotherapies are being developed. For instance, Shaffer et al. [82] developed 

and completed preclinical in vitro and in vivo validation of two antibody-based PET probes 

targeting a specific protein upregulated on activated NK cells. Although their study focused 

on renal cell carcinoma, this or similar technology could be applied to evaluating CNS 

malignancies.

As immunotherapies are being used and studied in oncology, novel imaging techniques 

are being developed to measure antigen expression, quantify drug delivery, and assess 

therapeutic efficacy. These techniques largely rely on labeling and imaging of molecular 

targets of immunotherapies and immune cell populations activated by their effects. 

Immunotherapy targets can be imaged with immuno-PET, a method that conjugates 

radionucleotides with antibodies or fragments of antibodies targeting immune constituents 

(Fig. 1E). Initial human studies investigating immuno-PET were conducted with the 

radioligands 89Zr-nivolumab and 89Zr-atezolizumab. They targeted programmed cell death-1 

and programmed cell death ligand 1 and found feasibility in binding extracranial and 

intracranial targets [83, 84]. Targets on CD8+ T cells are also being evaluated. A novel 

radioligand, 18F-clofarabine, the substrate for the enzyme deoxycytidine kinase that is 

overexpressed in CD8+ T cells, has shown promise for imaging the immune response in 

glioblastoma during immune-modulating treatment and is under investigation in humans 

[85].
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Insights Into Brain Tumor Neuroinflammation From Imaging Genomics

Imaging genomics is another technique for assessing neuroinflammation. It entails 

development of imaging biomarkers of underlying tissue DNA and RNA patterns indicative 

of tumor biology or immune states. Imaging genomics is the study of the relation 

between imaging features and patterns of gene expression, genetic mutations, and protein 

modifications [86, 87]. Imaging genomics has begun to yield noninvasive biomarkers of 

molecular hallmarks and key biology of glioblastoma, including O6-methylguanine-DNA 

methyltransferase (MGMT) methylation status, IDH1 mutation status, tumor subtype, and 

immunoreactivity [86, 88–90]. Analytic techniques now allow complex whole genomic 

analyses of samples based on computer-identified image spatial textures and advanced 

imaging elements [87, 91]. In one of the first imaging genomics reports that associated brain 

tumor immunotypes with image patterns, Cho et al. [92] completed radiogenomic profiling 

of 60 patients with glioblastoma. The study identified positive correlations of CD68 (TAMs), 

CSF1R (TAMs), CD33 (myeloid-derived suppressor cell), and CD4 (helper and regulatory 

T cells) with CBV and negative correlations of CD3e (helper and cytotoxic T cells) and 

CD49d with ADC. Imaging genomics remains an area with potential for influencing clinical 

care by bridging medical imaging and molecular tumor characteristics.

Conclusion

In the era of immunotherapy and precision oncology, a focus only on imaging of 

brain tumor growth in isolation is inadequate for developing predictive biomarkers and 

defining therapy-mediated neuroinflammation. To this end, MRI and PET characteristics of 

tumor-associated neuroinflammation are under active investigation. Results of preliminary 

work suggest that USPIO nanoparticle-enhanced MRI may be useful in identifying 

the macrophage or microglial component of brain tumors, particularly in patients with 

treatment-induced neuroinflammation. PET has promise for determining tumor and brain 

microenvironment antigen expression, quantifying drug delivery, and evaluating therapeutic 

efficacy. Future research directions include the use of novel PET radiotracers and MRI 

contrast agents combined with imaging genomic techniques to define and quantify the 

degree of neuroinflammatory components in the tumor microenvironment. Collectively, 

these efforts to predict and monitor personalized therapeutic efficacy by noninvasive 

neuroinflammation imaging will help bring precision oncology strategies to treatment of 

brain tumors and improve the lives of patients.
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HIGHLIGHTS

• This article reviews the use of biologically specific noninvasive imaging 

biomarkers of brain tumor therapeutic monitoring and treatment-induced 

neuroinflammation.

• Delayed phase iron nanoparticle contrast-enhanced MRI can capture tumor-

associated neuroinflammation, which may be indicative of therapeutic 

efficacy and clinical outcomes.

• Immunologic PET tracers can be used to monitor the brain tumor–immune 

interface.
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Fig. 1. 
Chart shows neuroinflammation in brain tumor microenvironment presenting noninvasive 

imaging targets.

A, Cellular components of brain tumor microenvironment include milieu of resident and 

infiltrating cells, including neoplastic primary or metastatic tumor cells, lymphocytes, 

tumor-associated macrophages (TAMs), astrocytes, pericytes, and endothelial cells. NK = 

natural killer.

B, Blood-brain barrier (BBB) has variable permeability in brain tumors that is clinically 

visualized as intraparenchymal leakage of gadolinium contrast agent. NVU = neurovascular 

unit, ↓ = decreased.

C, TAMs in brain tumors can be differentially activated into proinflammatory and 

antiinflammatory reactive states that have opposing effects on tumor control and 

further propagate neuroinflammation through production and secretion of soluble immune-

modulating factors. IL = interleukin, Treg = regulatory T cells, TGFβ = transforming growth 

factor β, TNF = tumor necrosis factor.
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D, Intravascularly delivered contrast agents and radioligands have potential for selective 

labeling of key immune elements of brain tumor microenvironment for noninvasive tracking. 

Specific expression and uptake distribution of these molecules is area of active investigation 

that is debated. USPIO = ultrasmall superparamagnetic iron oxide, TSPO = translator 

protein.

E, Immune checkpoints in brain tumor microenvironment are expressed by several cell 

types. Recent evidence suggests possible contribution of innate immune cell types. These 

checkpoints are target of multiple immunotherapies, and development of radiotracers to 

track their expression is underway. MHC = major histocompatibility complex, PD1 = 

programmed cell death 1, PD-L1 = programmed cell death ligand 1.
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Fig. 2. 
Charts show mechanisms of brain tumor immunotherapy. Various immunotherapeutic 

strategies have been developed to overcome tumor immune evasion and to reprogram 

dysregulated immune microenvironment as means of improving clinical outcomes. 

Checkpoint pathways (top left) play critical role in maintaining immune homeostasis by 

inhibiting cytotoxic T-cell efficacy, facilitating tumor immune evasion. This recognition led 

to development of monoclonal antibodies targeting these receptors. Disrupting checkpoint 

signaling unlocks cytotoxic T cell–mediated tumor cell killing, reduces numbers of 

regulatory T cells, and promotes proinflammatory cytokines within tumor bed. Use of 

immune checkpoint blockade has markedly improved overall survival in several solid 

tumors, including metastatic melanoma, leading to great interest in its use in glioblastoma. 

PD-L1 = programmed cell death ligand 1. Chimeric antigen receptor (CAR) T cells 

(top right) have gained wide use in therapy for various hemopoietic-based lymphomas 

and are emerging as potential therapeutic avenue in glioblastoma. CAR T cells are 

genetically modified to express CAR. This incorporates antigen-recognition moieties that 

endow autologous T cells with specificity against glioblastoma antigens, such as epidermal 

growth factor receptor variant III. Major area of therapeutic cancer research is construction 

of oncolytic viruses (bottom left) that not only target cancer cells but also retain their 

ability to infect, usurping host replication machinery and releasing newly made progeny 

to infect other transformed cells after lysing and killing host cell. One approach is to 

deliver therapeutic genes, such as inactivating mutation in thymidine kinase gene, via viral 

vector. Second approach is direct induction of tumor cell cytotoxicity. Both approaches 

subsequently present tumor antigen and potentiate adaptive immune response. In vaccine-
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based immunotherapies (bottom right), tumor-associated antigens are used to train immune 

system to target tumor cells through various immune mechanisms in effort to induce 

cytotoxic tumor effects. Tumor antigens are presented to antigen-presenting immune cells, 

such as dendritic cells, ex vivo. These administered cells then induce potent adaptive 

immune stimulus against tumor.
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Fig. 3. 
Chart shows phases of gadolinium-based contrast agent (GBCA) and iron nanoparticle 

(ferumoxytol) MRI changes in early and delayed phases of imaging. A and B, Unlike 

GBCAs (A), ferumoxytol (B) has long intravascular half-life that results in long blood 

pool phase before detectable contrast extravasation within brain tumor microenvironment. 

This facilitates dual assessment of GBCA and ferumoxytol T1-weighted enhancement 

characteristics for assessment of brain tumor–associated neuroinflammation. (Reprinted 

from Kidney International, 92, Toth GB, Varallyay CG, Horvath A, et al., Current 

and potential imaging applications of ferumoxytol for MRI, 47–66, Copyright [2017], 

www.sciencedirect.com/journal/kidney-international, with permission from International 

Society of Nephrology)
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Fig. 4. 
63-year-old man with recurrent metastatic lung cancer within right frontal lobe. Example 

of time-dependent signal changes observed with ferumoxytol-enhanced MRI. Baseline 

unenhanced MRI (left) shows T2-hyperintense mass with susceptibility along resection 

cavity margin and absence of intrinsic T1 shortening. Gadolinium-based contrast 

agent (GBCA)-enhanced T1-weighted image (second from left) shows typical masslike 

enhancement consistent with recurrent disease. Early intravascular phase ferumoxytol 

(Fe)-enhanced imaging (second from right) performed immediately after infusion shows 

negligible T1 and T2 change within brain parenchyma. However, T2*/susceptibility-

weighted imaging (SWI) shows marked intravascular susceptibility effect (star, second from 
right) within cerebral vasculature. This forms basis for steady-state cerebral blood volume 

map calculation (not shown). Delayed extravascular phase ferumoxytol imaging (right) 
shows marked T1 shortening, similar to that with GBCA. This highlights noninferiority 
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of ferumoxytol as alternative contrast agent for detection of primary and metastatic brain 

parenchymal foci. T2-weighted image shows hypointensity (arrow) similar in distribution 

to that on T2*/SWI. Persistence of intravascular signal (star, right) in delayed phase 

contaminates assessment of brain parenchyma. This forms basis for segregation and 

extravascular localization of ferumoxytol (SELFI) map calculation (not shown).
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Fig. 5. 
MRI appearance of glioblastoma neuroinflammatory pseudoprogression. Stupp protocol 

(chemoradiotherapy [CRT] and oral temozolomide) combined with fractionated external 

beam radiation therapy can induce neuroinflammation in patients with glioblastoma. 

Standard gadolinium-enhanced (top row) and T2-weighted/FLAIR (bottom row) 

morphologic MRI sequences, performed before and at multiple time points after CRT, 

are markedly limited for specifically defining therapy-induced neuroinflammatory changes. 

Both treatment failure and neuroinflammation manifest as enlarging enhancement and T2 

hyperintensity (yellow, red). Unlike that of growing tumor, pseudoprogression enhancement 

spontaneously regresses and resolves without intervention (green). Retrospectively, this is 

diagnostic of neuroinflammation. However, response assessment in neurooncology criteria 

would not differentiate findings from those of growing tumor at height of inflammatory 

process (red), necessitating changes in therapy or biopsy. This exemplifies dilemma of 

monitoring pseudoprogression with gadolinium-based contrast agent, nonspecific biomarker 

of neurovascular unit integrity.
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Fig. 6. 
Ultrasmall superparamagnetic iron oxide (USPIO) ferumoxytol contrast enhancement 

may define glioblastoma neuroinflammatory pseudoprogression. Marked prominence of 

activated macrophage and microglia as cellular constituent of neuroinflammatory-mediated 

pseudoprogression has been impetus for investigating use of USPIO as biologically specific 

MRI metric. T1-weighted MR images show disproportionate enhancement (right) between 

USPIO ferumoxytol enhancement (middle) and gadolinium enhancement (left) in isocitrate 

dehydrogenase wild-type glioblastoma at time of presumed progression. Gadolinium-

based contrast agent to ferumoxytol mismatch technique has shown preliminary promise 

in defining otherwise therapeutically induced neuroinflammation. Correlative histologic 

analysis with image-guided tissue sampling showed increased tumor-associated macrophage 

accumulation within regions of ferumoxytol enhancement.
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Fig. 7. 
Histopathologic correlation of lesions enhancing after ferumoxytol (Fe)- and gadolinium 

(Gd)-based contrast agent administration in newly diagnosed and recurrent glioblastoma. 

Photomicrographs show regional image-guided tissue samples based on ferumoxytol 

and gadolinium contrast enhancement (CE) patterns. Standard-of-care stereotactic tissue 

sampling was performed in three patients with isocitrate dehydrogenase 1 (IDH1) wild-

type glioblastoma at time of initial diagnosis or at time of disease recurrence. Tissue 

samples were classified by presence of gadolinium (left) or ferumoxytol (second from 
left) contrast enhancement. Tissue specimens were histopathologically characterized by 

presence of tumor and microvascular proliferation (H and E, ×20; 100-μm scale bar [second 
from right]) and presence of activated microglia or macrophages (ionized calcium-binding 

adapter molecule 1 [Iba1] stain, ×40; 50-μm scale bar [right]). Regions of ferumoxytol 

contrast enhancement but absence of gadolinium enhancement (NCE) were observed in 

patients with newly diagnosed glioblastoma (purple, circles, top row) and disease recurrence 

(green, circles, middle row). Ferumoxytol-only enhancing regions in patients with newly 

diagnosed IDH1 wild-type glioblastoma exhibited infiltrating glioma with low cellularity, 

delicate vasculature, and activated microglia (Iba1 brown-staining cells [white arrows]). 

Ferumoxytol-only enhancing regions in patients with recurrent IDH1 wild-type glioblastoma 

(blue, circles, bottom row) exhibited therapeutic changes evidenced by widespread vascular 

hyalinization (white arrowhead) with scattered macrophages without evidence of viable 

tumor. Dual contrast-enhancing sites (bottom row) appeared biologically similar in new 
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diagnosis and disease recurrence settings, being characterized by highly cellular tumor 

with microvascular proliferation (black arrowhead) and tumor-associated macrophages with 

epithelioid appearance (black arrow). (Reprinted from [44] and in public domain)
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Fig. 8. 
Chart shows potential hypersensitivity reaction management algorithm for IV iron 

administration. aInfusions should be conducted at site where personnel and resuscitative 

interventions are immediately available for treatment of severe hypersensitivity reactions. 
bRefer to product monograph for recommended rates of infusion. cHypotension defined 

as 30 mm Hg decrease in systolic blood pressure (SBP) from baseline or SBP < 90 

mm Hg. HCP = health care professional, CV = cardiovascular, GI = gastrointestinal, 

IM = intramuscular, MD = physician, CPR = cardiopulmonary resuscitation, ED = 
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emergency department. (Reprinted from Lim W, Waqqas Afif W, Knowles S, et al., 

doi.org/10.1111/vox.12773, 2019, subject to terms and including disclaimer in Section 5 

of Creative Commons Attribution-NonCommercial License, creativecommons.org/licenses/

by-nc/4.0/legalcode)
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