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Abstract 

Background: Inflammation plays a crucial role in various metabolic disorders, highlighting the need for 

innovative diagnostic techniques. Molecular imaging has emerged as a powerful tool for visualizing 

inflammation and assessing disease progression through targeted imaging of immune cells. 

Methods: This review synthesizes current literature on molecular imaging modalities, including positron 

emission tomography (PET), magnetic resonance imaging (MRI), and computed tomography (CT). Specific 

emphasis is placed on the use of radiolabeled tracers and nanoparticles to enhance specificity in detecting 

inflammatory markers associated with cardiovascular disease, rheumatoid arthritis, chronic obstructive 

pulmonary disease (COPD), and gastrointestinal disorders. 

Results: The analysis reveals that 18F-fluorodeoxyglucose (FDG) PET is commonly employed to visualize 

macrophage activity in atherosclerosis, indicating heightened inflammation and plaque instability. 

Alternatives such as 11C-PK11195 and 68Ga-DOTATATE target specific receptors overexpressed in 

activated macrophages, offering improved specificity. Advances in MRI techniques, including 

superparamagnetic iron oxide nanoparticles (SPIONs) and chemical exchange saturation transfer (CEST), 

provide insights into metabolic alterations at inflammatory sites. 

Conclusion: Molecular imaging techniques significantly enhance the ability to visualize and understand 

inflammatory processes at the cellular level. This has implications for early diagnosis and personalized 

treatment strategies in metabolic disorders. The ongoing development of novel imaging agents and 
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methodologies promises to further refine our understanding of disease mechanisms and improve patient 

outcomes. 

Keywords: Molecular Imaging, Inflammation, Metabolic Disorders, Positron Emission Tomography, 

Magnetic Resonance Imaging. 
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1. Introduction 

Inflammation may occur throughout the body and often serves as a common factor across several 

illnesses and infections. There is a current increase in preclinical and translational research to elucidate the 

precise function of inflammation in disease progression for more accurate diagnosis. This study primarily 

focuses on visualizing inflammation via the targeting of the immune system. Upon the introduction of a 

pathogen, there is an increase in immune cells, including macrophages, monocytes, and lymphocytes [1]. 

Monocytes and macrophages are attracted to the site of infection, where they multiply and engulf the 

pathogen; this phagocytic process allows for the internalization of exogenous imaging agents and the 

visualization of the inflammatory response [2]. Imaging of lymphocytes primarily utilizes radiolabeled 

antibodies [3-6]. Molecular imaging of these cells allows the non-invasive, in vivo viewing of immune cells 

to assess the degree and severity of the illness. The visualization of these immune cells as inflammatory 

biomarkers will profoundly impact customized treatment and the early diagnosis of inflammatory diseases. 

Molecular imaging depends on endogenous or exogenous contrast chemicals to identify inflamed 

tissue. The dependence on endogenous contrast is noteworthy since it reduces patient risk; nevertheless, 

the lack of specificity of molecular processes constrains the precision and use of agents like hemoglobin 

and deoxyhemoglobin [7,8]. Molecular imaging has always necessitated tracer molecules that are particular 

to biological activities. These tracers include a contrast-generating substance, such as a fluorescent dye, 

which is directed toward a specific molecule or function inside the body. These tracers provide elevated, 

adjustable, and precise contrast, unattainable with endogenous contrast alone. Tracers have been employed 

in various modalities; for instance, radioactive atoms are used with sugars for metabolic tracking via 

positron emission tomography (PET)/SPECT, iodine-labeled tracers are utilized in X-ray imaging, and 

lanthanides that react to external magnetic fields are applied in MRI [9-11]. Nonetheless, the advancement 

of small molecule tracers has markedly decelerated owing to toxicity issues and inadequate sensitivity 

stemming from limited signal specificity and fast physiological elimination [1]. The use of nanoparticles is 

a promising approach to include exogenous contrast for molecular imaging, addressing the constraints 

often associated with fluorescent probes. Despite the promise of many nanoparticle forms, they often fail 

to meet expectations in clinical applications due to inadequate target specificity. Recent developments in 

active targeting have enhanced these prospects [12]. Methods for functionalizing nanoparticles enhance 

specificity by targeting extracellular receptors or critical characteristics of the target environment. The 

identification and use of the molecular signature of illnesses allow the creation of innovative imaging 

probes that disclose pathological information about tissue without invasive biopsies. 

Conventional clinical imaging modalities, including computed tomography (CT), magnetic resonance 

imaging (MRI), and ultrasound (US), primarily furnish anatomical data essential for diagnosis; however, 

they do not provide molecular information that may be pivotal for determining suitable treatments. The 

assessment of tumor response to treatment employs the Response Evaluation Criteria in Solid Tumors 

(RECIST) score, which depends on changes in tumor size [13]. A significant alteration in tumor size may 

need many weeks to manifest; yet, molecular alterations will occur before physical changes. Recent 

improvements in contrast agents enable the extraction of functional, molecular, and anatomical information 

from conventional imaging modalities. 

The selection of a contrast agent for MRI is contingent upon the purpose of the imaging session. T1-

weighted MRI requires the administration of a paramagnetic metal agent, often gadolinium-based, which 

reduces the T1 relaxation period, hence enhancing the signal [14]. The inadequate sensitivity and restricted 
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specificity of gadolinium-based contrast agents make T1-weighted MRI unsatisfactory for molecular 

imaging [15]. T2-weighted MRI often requires the administration of superparamagnetic iron oxide 

nanoparticles (SPIONs), leading to negative contrast enhancement. SPIONs typically measure between 10 

and 100 nm and are often coated with dextran to enhance biocompatibility [16,17]. The absorption of 

SPIONs by active macrophages at inflammatory locations renders T2-weighted MRI a suitable option for 

molecular imaging of inflammation [16,18].  

MR spectroscopy is an additional MR method that captures the molecular spectra of the target tissue 

to provide insights into the concentration and presence of various metabolites inside the tissue [19]. 

Although MR spectroscopy offers more information than conventional MRI, it is constrained by inadequate 

spatial resolution and low sensitivity, since the substances of interest are present in minimal amounts [20]. 

Chemical exchange saturation transfer (CEST) magnetic resonance imaging entails the transfer of 

magnetization from the target agent to adjacent water molecules, resulting in signal attenuation via the 

saturation effect that is observable only in the water molecules, not in the target agent. CEST imaging relies 

on the chemical composition of the target metabolite and the RF pulse that triggers the proton's chemical 

exchange [20]. The sensitivity of CEST imaging is strongly correlated with the chemical exchange rate of 

proton transfer, facilitating the molecular imaging of particular metabolites present in low quantities [21]. 

Although most research on CEST drugs mostly targets cancer, there has been a preclinical investigation into 

the use of CEST imaging and MR spectroscopy in neuroinflammation [22-25]. 

Given that inflammation is a characteristic of several illnesses, the capacity to visualize inflammatory 

indicators at the molecular level would enhance the comprehension of disease pathogenesis and, 

eventually, improve patient treatment. This study aims to elucidate the current molecular imaging methods 

used to evaluate the inflammatory conditions associated with cardiovascular disease, rheumatoid arthritis, 

chronic obstructive pulmonary disease, and gastrointestinal illnesses. 

2. Imaging of Inflammatory Disease 

Cardiovascular disease (CVD) is the predominant cause of mortality globally [26,27]. Cardiovascular 

disease (CVD) is an overarching term that includes several disorders affecting the heart and circulatory 

system, most of which progress gradually and are often recognized only upon the emergence of symptoms, 

frequently culminating in mortality, mostly due to heart attack or stroke [28]. In the United States, a person 

succumbs to cardiovascular disease (CVD) every 36 seconds. Given the rising prevalence of smoking and 

escalating obesity rates—two significant risk factors for CVD—it is imperative to prioritize the 

advancement of early screening tools to detect CVD markers before it becomes critical. 

Atherosclerosis transpires when plaque accumulates inside the artery; with time, this plaque hardens, 

causing the artery to constrict and impeding blood flow, often leading to cardiovascular disease [29-32]. 

Plaque accumulation is often identified only when symptoms arise, such as myocardial infarction or stroke, 

which are among the leading causes of death in the United States and Europe [31]. Currently, catheter-based 

X-ray angiography or intravascular ultrasonography is used to detect coronary atherosclerosis; however, 

this method is very invasive and provides only anatomical data about the extent of stenosis [26,33,34]. Non-

invasive molecular imaging methods should be used to assess plaque activity to identify individuals at very 

high risk who require prompt care. Coronary CT angiography (CCTA) is a technique for assessing the extent 

of stenosis and the makeup of plaques [35]. CCTA can quantify the extent of calcification in coronary 

plaques, serving as a robust predictor of significant cardiovascular events [36,37]. Although CCTA offers 

functional insights into cardiovascular disease, it cannot serve as a genuine molecular imaging tool, since it 

does not depict alterations at the molecular level. 

Elevated macrophage activity, indicative of inflammation, is associated with an increased risk of plaque 

rupture; hence, molecular imaging of macrophage activity in the arteries might assist in pinpointing regions 

where plaque accumulation may occur [38-40]. 18F-Fluorodeoxyglucose (FDG) PET imaging is often used 

to visualize the inflammatory aspect of atherosclerosis [41-44]. 18F-FDG is a radiolabeled glucose 

compound that is absorbed by cells using the same process used for glucose metabolism. Both 18F-FDG and 
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glucose undergo phosphorylation by hexokinase, resulting in the formation of 18F-FDG-6-phosphate and 

glucose-6-phosphate, respectively. 18F-FDG-6-phosphate is not further metabolized by glucose-6-

phosphate isomerase; hence it accumulates inside the cell for PET imaging [45]. Atherosclerosis involves 

the aggregation of macrophages at sites of active plaque formation, necessitating substantial glucose, which 

leads to the overexpression of glucose transporters on the macrophage surface. Consequently, elevated 18F-

FDG uptake will be seen in areas of heightened macrophage density, indicative of inflammation and active 

plaque formation (Figure 1) [38,46]. The impact of 18F-FDG absorption from other cells, including 

neutrophils, endothelial cells, and lymphocytes, on the reported signal remains uncertain [33,40]. After the 

calcification of plaque cells, 18F-FDG uptake will significantly diminish, rendering this kind of PET imaging 

useless. PET imaging of atherosclerosis with 18F-FDG necessitates a circulation duration of 2–3 hours to 

facilitate buildup in the artery wall and the reduction or elimination of background levels of 18F-FDG [40]. 

In oncology, 18F-FDG PET imaging generally requires one hour of circulation time before the 

commencement of imaging. 

Figure 1. 18F-Fluorodeoxyglucose (18F-FDG) positron emission tomography (PET)/computed 

tomography (CT) imaging of activated macrophages to elucidate susceptible plaques via enhanced 

glucose metabolism. 

18F-FDG PET imaging lacks specificity, complicating interpretations due to the presence of highly 

metabolic adjacent tissues, including cardiac cells and neurons [38,47,48]. The inhibition of myocardial 

18F-FDG absorption may be accomplished by dietary modification (high-fat, low-carbohydrate) to 

transition the body to beta-oxidation of fatty acids, therefore reducing glucose metabolism as the principal 

energy source and attempting to minimize background activity [49,50]. Alternative radiotracers unique to 

macrophages may be used, therefore minimizing the influence of other highly metabolic cells. Translocator 

protein (TSPO)/peripheral benzodiazepine (PBR) receptors are significantly overexpressed in activated 

macrophages, presenting an advantageous opportunity for active targeting [51-54]. Uptake of 11C-

PK11195 in individuals with atherosclerosis was elevated in those who had a myocardial infarction or 

stroke, in contrast to asymptomatic patients [53]. Additional radiolabeled TSPO-targeted ligands including 

18F-GE-180, demonstrated an improved signal-to-noise ratio and reduced non-specific binding; further 

validation of this radiotracer is necessary [55-57]. 
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68Ga-DOTATATE is a radiolabeled tracer used to target inflammatory plaques in atherosclerosis by 

binding to somatostatin receptor subtype 2 (SSR-2), which is overexpressed on activated macrophages. 

Copper radiolabel (64Cu) is often used in place of gallium because of its extended half-life and reduced 

positron range, enabling improved spatial resolution [47,58]. CXC-motif chemokine receptor 4 (CXCR-4) is 

overexpressed on several immune cells, including monocytes and macrophages, making this receptor an 

effective target for imaging inflammatory atherosclerotic plaques [59]. A radiolabeled ventilator, 68Ga-

pentixafor, specifically targets the CXCR-4 receptor to quantify arterial inflammation in atherosclerotic 

plaques [59-61]. 

As plaque accumulates inside the artery, macrophages become activated, and the area often 

experiences hypoxia owing to diminished oxygen diffusion efficiency resulting from the thickness of the 

arterial wall. Active macrophages indicate areas of inflammation, suggesting that their activity is partly 

influenced by hypoxia since atherosclerotic plaques have elevated levels of hypoxia-inducible factor 1-alpha 

(HIF-1α) [33,47,62]. Current research is focused on imaging hypoxia as a surrogate biomarker for plaque 

inflammation and atherosclerosis. Radiolabeled ligands, such 18F-fluoromisonidazole (FMISO) and 18F-

EF5, have been used to identify atherosclerotic plaques using PET imaging of hypoxia in preclinical studies; 

more research is necessary to translate these results to clinical applications [63-65]. 

3. Oncology 

The interplay of inflammation, infection, the immune system, and cancer is intricate and is a subject of 

ongoing research. Tumor cells multiply and release various cytokines and chemokines that attract 

leukocytes, often resulting in an inflammatory response. Leukocytes, including tumor-associated 

macrophages (TAMs), play a crucial role in the formation of the tumor microenvironment [66]. As 

previously stated, 18F-FDG PET imaging is often used to view inflammation and malignancy via heightened 

glucose metabolism [67]. This poses challenges in distinguishing active malignancies from inflammatory 

lesions since both exhibit heightened perfusion and metabolic activity. CT imaging using glucose-

functionalized gold nanoparticles (GF-GNPs) was used in preclinical murine models to distinguish between 

cancer and inflammation based on vascular changes. [68].  

Enhanced MRI imaging of ultrasmall superparamagnetic iron oxide particles (USPIO) effectively 

distinguished between inflammatory lesions and malignancies [69]. Recent advancements in multispectral 

optoacoustic tomography (MSOT) provide a singular imaging technique that may distinguish cancer from 

just inflammatory lesions by simultaneously detecting numerous biomarkers. This research describes 

many inflammatory indicators; tagging these markers with an NIR-sensitive fluorophore will facilitate 

imaging using MSOT. The advancement of NIR-sensitive, tumor-targeted imaging probes is presently a 

primary emphasis of MSOT research [70-72]. MSOT may distinguish several NIR-sensitive compounds by 

using spectral unmixing of distinct spectral profiles. This indicates that if inflammatory and tumor-targeted 

imaging agents are spectrally different, it will be possible to see cancer and inflammation concurrently. The 

capacity to detect a little focus of cancer amongst extensive inflammation holds considerable promise for 

facilitating earlier-stage diagnosis in individuals with pancreatic or colorectal malignancies associated with 

pancreatitis or inflammatory bowel disease. 

4. Imaging in Immunotherapy and Cellular Therapy 

Recent advancements in malignancy therapy have transitioned from traditional chemotherapeutics, 

which primarily inhibit development via toxic metabolites, to medicines and cellular therapies designed to 

enhance and/or guide host immune responses. Checkpoint inhibitors that stimulate and augment T-cell 

activity are widely used in both solid tumors and hematologic malignancies. Recently, cellular therapies 

have been authorized for the targeting of modified T lymphocytes to receptor sites in both leukemia and 

lymphoma. This change in treatment renders the diagnostic modalities of CT and FDG-PET, often used in 

cancer imaging, inadequate for distinctly distinguishing an immune response from tumor development. 

Consequently, novel imaging agents are being investigated to assess and monitor illness and immunological 

responses in an activated immune system. 
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Recent efforts to enhance diagnostics in this field have concentrated on tagging T cells with PET probes 

to accurately monitor and discern the impacts of T-cell activation in cellular therapy and graft-versus-host 

disease (GVHD). In murine models, FLT-PET has been used to detect proliferation in the gastrointestinal 

tract, correlating with immune recognition and response in the context of graft-versus-host disease [73]. 

Furthermore, human T cells with anti-melanoma T-cell receptors have been transduced with F-L-MAU and 

hdCKEmut PET probes to track and assess responses to melanoma lesions [74]. HSV1-TK transduced 

lymphocytes and CD19 CAR T cells with truncated epithelial growth factor receptors have been utilized to 

establish a platform for imaging and monitoring cellular responses, alongside the integration of suicide 

genes to ensure safety in cases of severe T cell immunologic responses or graft versus host disease [75]. 

Recently, a rat model has used 89ZrDFO-Inducible T-Cell COStimulator (ICOS)-monoclonal antibody (ICOS-

ImmunoPET) to exploit the heightened ICOS expression in activated CAR-T cells for monitoring 

responsiveness and localization [76]. Numerous investigations using innovative PET isotopes combined 

with either MRI or CT are being conducted to enhance diagnostic precision in GVHD, cellular therapy, and 

immune-based treatments. NCT03633955 FLT-CT in immunotherapy, F-18 ARA-G PET. As advancements in 

cellular therapy progress, the allogeneic and immunologic domains of cancer treatment extend to both 

hematologic and solid tumors, necessitating the ability to monitor, track, and quantitatively assess 

upregulated cellular components, which will require molecular imaging techniques. Moreover, the next 

investigations will need molecular imaging to monitor possible harm and early signs of effectiveness. 

Numerous studies indicate a need for bigger training datasets to more accurately delineate bias across 

various imaging modalities and to enhance their performance and generalizability due to dataset 

heterogeneity [77,78]. These investigations further underscore the need for enhanced clinical importance. 

A recent study on sinusitis showed a correlation between CNN scores and Lund–MacKay (LM) scores, the 

clinical visual assessment, whereas the evaluation of clinical significance was designated for further 

research. Certain investigations indicate the want for more algorithmic advancement, particularly the 

requirement for dependable techniques to differentiate specific sinus cavities [78]. In the context of COPD 

and inflammatory lung illness, the accuracies of microscopic image scoring algorithms are claimed to be 

comparable to those of pathologists; yet, both computer algorithms and pathologists encounter difficulties 

in distinguishing red blood cells from inflammatory cells when the staining is very dark [79]. In research 

involving CD, IBD, and inflammatory gastrointestinal lesions, selecting the useful segments of endoscopy 

and colonoscopy movies is sometimes challenging due to interference from out-of-focus regions and picture 

quality issues. Future research is required to correlate clinical data with endoscopic results to establish a 

completely automated system. Multiple sclerosis (MS) is a chronic inflammatory condition of the brain that 

often necessitates the segmentation of brain MRI images. The 3D patch-wise CNN methodology has been 

used for brain segmentation, although significant spatial variability complicates the process. Moreover, the 

use of 3D CNN necessitates an increased amount of volumetric data (weights) to mitigate overfitting [80]. 

5. Conclusions 

Inflammatory disorders are prevalent and exhibit significant morbidity and death rates in severe 

instances. Timely recognition of molecular traits offers the greatest opportunity to prevent irreparable 

harm. A non-invasive and highly precise method for imaging the pathophysiology of these disorders is 

needed. The immune system significantly influences inflammatory diseases, making immune cells and 

associated inflammatory cytokines the principal focus in the molecular imaging of such conditions. 

Advancements in molecular imaging provide early identification via particular biomarkers that may exist 

before symptom manifestation, resulting in improved patient treatment. 
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 دور التصوير الجزيئي في تقييم الالتهاب في الاضطرابات الأيضية: مراجعة 

 الملخص 

يلعب الالتهاب دورًا حاسمًا في العديد من الاضطرابات الأيضية، مما يبرز الحاجة إلى تقنيات تشخيصية مبتكرة. ظهر التصوير الجزيئي   :الخلفية

 .كأداة قوية لتصوير الالتهاب وتقييم تقدم المرض من خلال استهداف الخلايا المناعية

،  (PET) تستعرض هذه المراجعة الأدبيات الحالية حول تقنيات التصوير الجزيئي، بما في ذلك التصوير المقطعي بالإصدار البوزيتروني :الطرق

الدراسة على استخدام المتتبعات المشعة والجسيمات النانوية  تركز   .(CT) ، والتصوير المقطعي المحوسب(MRI) والتصوير بالرنين المغناطيسي

اد الرئوي  لتحسين الدقة في الكشف عن العلامات الالتهابية المرتبطة بأمراض القلب والأوعية الدموية، والتهاب المفاصل الروماتويدي، ومرض الانسد

 .، والاضطرابات المعوية(COPD) المزمن

التحليل أن استخدام   :النتائج يسُتخدم بشكل شائع   18F-fluorodeoxyglucose (FDG)يكشف  البوزيتروني  المقطعي بالإصدار  التصوير  في 

 11C-PK11195لتصوير نشاط البلعميات في تصلب الشرايين، مما يشير إلى زيادة الالتهاب وعدم استقرار اللويحات. تشمل البدائل الأخرى مثل  

بالرنين   68Ga-DOTATATEو التصوير  تقنيات  تقدم  محسّنة.  دقة  يوفر  مما  النشطة،  البلعميات  في  التعبير  مفرطة  معينة  مستقبلات  استهداف 

، رؤى حول التغيرات  (CEST) وتقنية النقل المشبع بتبادل كيميائي  (SPIONs) المغناطيسي، بما في ذلك جسيمات أكسيد الحديد الفائق المغناطيسية

 .واقع الالتهاب الأيضية في م

 تعزز تقنيات التصوير الجزيئي بشكل كبير القدرة على تصوير العمليات الالتهابية وفهمها على المستوى الخلوي. لهذه التقنيات آثار مهمة :الاستنتاج

ن في التشخيص المبكر واستراتيجيات العلاج المخصصة للاضطرابات الأيضية. يعد التطوير المستمر لعوامل التصوير والمنهجيات الجديدة بتحسي

 .نا لآليات المرض وتحسين نتائج المرضىفهم

 .التصوير الجزيئي، الالتهاب، الاضطرابات الأيضية، التصوير المقطعي بالإصدار البوزيتروني، التصوير بالرنين المغناطيسي :الكلمات المفتاحية

 


