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Abstract

:

Positron emission tomography combined with computed tomography (PET/CT) is a nuclear imaging technique which is increasingly being used in infectious diseases. Because infection foci often consume more glucose than surrounding tissue, most infections can be diagnosed with PET/CT using 2-deoxy-2-[18F]fluoro-D-glucose (FDG), an analogue of glucose labeled with Fluorine-18. In this review, we discuss common infectious diseases in which FDG-PET/CT is currently applied including bloodstream infection of unknown origin, infective endocarditis, vascular graft infection, spondylodiscitis, and cyst infections. Next, we highlight the latest developments within the field of PET/CT, including total body PET/CT, use of novel PET radiotracers, and potential future applications of PET/CT that will likely lead to increased capabilities for patient-tailored treatment of infectious diseases.
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1. Introduction


Infectious diseases are one of the most common reasons for hospital admission worldwide [1]. Commonly diagnosed infections include pneumonia, urinary tract infection, and bloodstream infection [2]. The diagnosis of most infections is often straightforward based on history taking and physical examination, and complemented with laboratory examinations and conventional (chest) radiography when clinically indicated. Microbiologic cultures and antibiotic sensitivity tests can be performed to enable more targeted treatment with narrow-spectrum antibiotic therapy. In some patients with infectious diseases, however, the infection focus may be difficult to detect with conventional diagnostics. This is especially true in patients with implanted foreign materials and electronic devices, such as artificial valves, vascular stents, prosthetic joints, and pacemakers/ICDs [3]. Positron Emission Tomography (PET) is a functional imaging technique that utilizes properties of specific molecules labeled with positron-emitting isotopes to visualize tissues or processes of interest. PET combined with Computed Tomography (PET/CT) allows for the spatial localization of radiotracer accumulation and simultaneous visualization of anatomy and structural abnormalities. PET/CT can be used for a wide variety of diseases, including infections. The most commonly used PET tracer for evaluating infectious diseases is 2-deoxy-2-[18F]fluoro-D-glucose (FDG). FDG-PET/CT can be used to visualize glucose uptake throughout the whole body in a single noninvasive examination. White blood cells and other inflammatory cells that are drawn to infection foci have a high glucose metabolism compared to other cells. Additionally, inflammatory mediators cause a local upregulation of glucose transporters, resulting in an increased cellular FDG uptake. Therefore, infection sites are often readily visible on FDG-PET/CT, even before gross structural changes such as abscess formation have occurred [4].



PET/CT capacity and patient throughput is relatively lower than that of conventional diagnostics such as ultrasonography, CT, and even magnetic resonance imaging (MRI) in most hospitals. Because more time is necessary for patient preparation and scanning, the use of FDG-PET/CT is usually reserved for specific infections in which conventional diagnostics are of limited value for identifying the infection focus [5,6]. Nevertheless, research on the diagnostic role of FDG-PET/CT for various infectious diseases is rapidly expanding leading to more standard application of this technique in a number of infectious diseases [7,8]. In this review, we describe the most common diagnostic applications of FDG-PET/CT in infectious diseases, highlight alternative nuclear imaging techniques used for diagnosing infectious diseases, and discuss the latest developments in the field of PET/CT that will likely contribute to increased capabilities for patient-tailored treatment of infectious diseases.




2. Current Common Applications of FDG-PET/CT


2.1. Bloodstream Infection of Unknown Origin


Bloodstream infection, defined as the presence of viable bacteria or fungi in the blood, is a common reason for hospitalization [9] (Figure 1). The most important treatment for bloodstream infection consists of source control and antimicrobial treatment [10]. In patients with an unknown source of infection or with multiple potential infection foci, FDG-PET/CT has been shown to be valuable in diagnosing the infection focus and thereby enabling more targeted treatment [11]. In several large clinical studies, FDG-PET/CT was able to identify the primary infection focus in 56% to 68% of patients with bloodstream infection of unknown origin, and previously unidentified septic emboli in approximately 60% of patients with Staphylococcus aureus bacteremia [4,12,13,14,15]. Because timely identification of the infection focus is associated with higher survival rates and is also cost-efficient in, for example, Staphylococcus aureus bacteremia, the clinical use of FDG-PET/CT in bloodstream infection of unknown origin is increasing [16,17,18].



In addition to the identification of the primary infection focus, FDG-PET/CT is increasingly performed as a routine examination in patients with a known source of bacteremia that has a high risk of septic dissemination. Risk factors for this include bacteremia with Staphylococcus aureus, persisting positive blood cultures despite appropriate antibiotic treatment, the presence of foreign materials such as artificial cardiac valves or vascular stents, electronic devices, or persisting fever [4,14]. Because septic dissemination of a primary infection focus can occur throughout the body and the location of these septic infection foci may not be clinically apparent, FDG-PET/CT is usually the method of choice to examine the whole body for septic infection foci in a single procedure [4]. Additionally, the presence or absence of septic foci also has consequences for the duration of antibiotic treatment. For example, in case of Staphylococcus aureus bacteremia, patients are generally treated with antibiotics for two weeks in case of uncomplicated bacteremia. Dissemination of disease is a feature of complicated bacteremia which requires prolonged antibiotic treatment of four to six weeks [19]. Therefore, the results of FDG-PET/CT can be helpful in determining the appropriate duration or adaption of antibiotic treatment.




2.2. Fever of Unknown Origin


Fever, defined by an elevated body temperature of 38.3 degrees Celsius or higher, is a common symptom that can be caused by a large number of diseases [20] (Figure 2). The causes of fever can usually be categorized into infectious disease, noninfectious inflammatory disease, and malignant disease [21,22]. In some patients, diagnosing the cause of fever can present a diagnostic challenge. Although many different definitions are available, patients are usually considered to have fever of unknown origin when they have persistent fever for two to three weeks with no apparent cause after extensive clinical evaluation [21].



Because elevated glucose uptake occurs in many infectious, inflammatory, and malignant diseases, FDG-PET/CT can be an important aid in diagnosing the cause of the fever. A large number of studies has already been conducted to evaluate the use of FDG-PET/CT in finding the cause of fever. A recent study from 2017 described 15 retrospective studies including a total of 823 patients with fever of unknown origin and one prospective study including 48 patients [22]. In 58% of all patients, the FDG-PET/CT result was considered helpful, which was most often defined by identifying the cause of fever or guiding further therapy [22]. This is in line with a study of our own including 110 children with fever of unknown origin who underwent FDG-PET/CT, in whom the cause of fever was eventually identified in 62% [23]. In 48% of children, this was based on FDG-PET/CT. The most common causes of fever included endocarditis, systemic juvenile idiopathic arthritis, and inflammatory bowel disorder. Diseases such as Kawasaki arteritis, drug-induced fever, familial Mediterranean fever, and urinary tract infection were based on diagnostics other than FDG-PET/CT. Because FDG-PET/CT is able to identify the cause of fever in approximately half of patients with fever of unknown origin, clinicians should consider performing this technique in patients with persistent fever without apparent cause after extensive clinical evaluation. Performing FDG-PET/CT earlier on in patients with persistent fever of unknown origin may also be cost-effective, as it can lead to a faster diagnosis, reduce the number of diagnostic tests, and decrease hospitalization days [24,25].




2.3. Infective Endocarditis


Infective endocarditis is an endocardial infection with high morbidity and mortality [26] (Figure 3). Although artificial heart valves are an important risk factor for developing infective endocarditis, infective endocarditis also occurs in patients with native valves [27]. Currently, infective endocarditis is mostly diagnosed based on the modified Duke criteria. This diagnostic algorithm consists of major and minor criteria that represent common features of infective endocarditis. The sensitivity of these criteria for diagnosing infective endocarditis is approximately 72% [28]. One of the major criteria is the presence of valvular vegetations on transthoracic or transesophageal ultrasonography. However, the image quality of ultrasonography can be limited for various reasons such as the presence of artificial intracardiac material including artificial heart valves or vascular stents [29]. Because a definitive diagnosis of endocarditis has important treatment consequences such as prolonged intravenous use of antibiotics or even cardiac valve replacement, additional imaging such as FDG-PET/CT or alternatively white blood cell scintigraphy is often performed. Although FDG-PET/CT has a relatively low sensitivity of approximately 14% in patients with native valve endocarditis, it has a high sensitivity of 71–100% in patients with prosthetic valve endocarditis [30,31]. Nevertheless, FDG-PET/CT can still be valuable in native valve endocarditis for the detection of septic infection foci [30]. In current European Society of Cardiology guidelines for the management of infective endocarditis, FDG-PET/CT is only included as a diagnostic technique in patients with suspected, but not definite, prosthetic valve endocarditis [32]. However, a recent study also mentions a role for FDG-PET/CT in patients with definite prosthetic valve endocarditis to detect silent embolism and metastatic infection [33]. In addition, performing FDG-PET/CT seems cost-effective in patients with Gram positive bacteremia and risk factors for septic dissemination, including prosthetic valves. Therefore, a wider implementation of FDG-PET/CT may be recommended in future endocarditis guidelines [18,34].



To increase the sensitivity of FDG-PET/CT for diagnosing endocarditis, adequate patient preparation is very important. Because myocardial tissue is highly glucose metabolic, patients should be kept on a low carbohydrate diet at least 24 h prior to FDG-PET/CT to suppress physiologic FDG uptake of the heart as this masks pathologic FDG uptake of the valves in case of endocarditis [35].



In patients with an infected prosthetic heart valve, choosing between conservative treatment with antibiotics instead of surgical valve replacement can be a difficult decision. In case conservative antibiotic treatment is chosen, follow-up FDG-PET/CT may be performed to assess persisting or resolved FDG avidity of the infected valve, monitor septic complications, and the potential need for surgical replacement.




2.4. Vascular Graft Infection


Approximately 1% to 5% of patients with a vascular graft develop a vascular graft infection [36] (Figure 4). This can occur shortly after vascular graft implantation (within two months of surgery) which is defined as an early infection, or after more than two months after surgery, which is defined as a late infection [36].



Clinical signs of vascular graft infection include fever, pain located at the vascular graft, erythema around the surgical site, and positive blood cultures. CT angiography may show periprosthetic infiltration or abscess and the formation of gas bubbles in cases of vascular graft infection. To diagnose early vascular graft infection, CT angiography is usually preferred over FDG-PET/CT because postsurgical or foreign body inflammation may also result in elevated FDG uptake around the vascular graft, resulting in false positive results [37]. In late vascular graft infections, however, FDG-PET/CT is the imaging modality of choice due to superior sensitivity (95% for FDG-PET/CT versus 67% for CT angiography), with a specificity of 85% [38,39]. Additionally, the whole body can be assessed for septic infection foci, infected lymph nodes, or another primary focus of infection in case the vascular graft infection is secondary to another infection. Although CT angiography often remains the first step imaging in suspected vascular graft infection, FDG-PET/CT is now included in the standard imaging workflow in suspected vascular graft infection and should especially be considered when CT angiography shows inconclusive results or no signs of infection, while vascular graft infection is still clinically suspected [40].



Diagnosing a vascular graft infection always has major treatment consequences. Because of biofilm formation on the vascular graft, antibiotic therapy will rarely lead to complete eradication of the pathogen. The vascular graft either has to be surgically explanted, or the patient has to be treated with lifelong antibiotics. In patients with another primary focus of infection and only secondary infection of the vascular graft, antibiotic therapy may be sufficient to eliminate the pathogen [40]. Therefore, FDG-PET/CT can present valuable information in patients with suspected vascular graft infection.




2.5. Spondylodiscitis


Spondylodiscitis, including discitis and vertebral osteomyelitis, is a spinal infection that usually presents with back or neck pain, fever, and elevated serum inflammatory markers when the onset is acute (Figure 5). Because of these nonspecific signs, additional imaging is required to diagnose spondylodiscitis. MRI is usually the first modality of choice, with a reported sensitivity of between 67% and 96% for diagnosing spondylodiscitis [41]. The sensitivity of MRI largely depends on the stage of disease, as MRI has a lower sensitivity in patients with an early infection. Early diagnosis and adequate treatment are very important for treatment outcome, as a delayed diagnosis may lead to complications such as persisting back pain or even paraplegia [42].



Although MRI is often the modality of choice in patients with suspected spondylodiscitis, it can present important limitations in patients with foreign spinal materials (after spinal osteosynthesis, for example) causing scatter artefacts on MRI, which significantly decreases image readability. Some patients may also not be eligible for MRI due to non-MRI compatible implants or claustrophobia. In these patients, FDG-PET/CT is often used to examine patients with suspected spondylodiscitis. As FDG-PET/CT detects elevated glucose uptake associated with infection and does not rely on anatomical changes, it may also show higher sensitivity in early spondylodiscitis compared to MRI [43].



The reported sensitivity of FDG-PET/CT for diagnosing spondylodiscitis is 96%, with a specificity of 95% [41]. Because treatment for spondylodiscitis includes antibiotic treatment for at least six weeks, a definite diagnosis is very important to ensure an adequate duration of treatment, as antibiotics may be prescribed for a shorter duration and a lower dose when no infection focus is found on MRI or other diagnostics [42]. Follow-up FDG-PET/CT after a diagnosis of spondylodiscitis may also be performed to evaluate response to antibiotic treatment.




2.6. Cyst Infection


In patients with multiple abdominal cysts, including patients with autosomal dominant polycystic kidney disease (ADPKD) and polycystic liver disease (PLD), cyst infection can present a diagnostic challenge (Figure 6). Patients usually present with nonspecific signs such as abdominal pain and fever [44]. Conventional diagnostics such as ultrasonography or CT often show no signs of infection or nonspecific signs, such as cystic wall thickening [45]. The gold diagnostic standard is cyst puncture to obtain fluid that can be microbiologically cultured. However, this poses a risk of complications such as contamination of adjacent cysts or bleeding [46]. Therefore, percutaneous puncture is usually only performed in case of frank abscess formation, antibiotic treatment failure, or large infected cysts [47].



Achieving a definitive diagnosis is important for treatment, as cyst infections usually require specific antibiotic treatment with lipophilic antibiotics that can penetrate cyst walls, such as fluoroquinolones. Empirical antibiotic treatment is usually not suitable for treating cyst infections [44]. FDG-PET/CT has been shown to be valuable in diagnosing cyst infection, especially in patients with multiple cysts, with a reported sensitivity of 77–100% and specificity of 75–100% in patients with ADPKD [48,49,50,51]. When cyst infection is suspected, performing FDG-PET/CT early in the diagnostic workup can lead to faster diagnosis and subsequent faster initiation of adequate antibiotic treatment.





3. Limitations of FDG-PET/CT


Because most cells metabolize glucose for ATP synthesis, physiologic FDG uptake occurs throughout the body. Therefore, FDG uptake is not specific for infection. Besides infection, FDG uptake can be locally elevated for other reasons as well [8]. For example, tumors often show increased FDG uptake, inflammatory diseases such as vasculitis or rheumatoid arthritis can cause increased FDG uptake, and postsurgical inflammation can also present challenges in diagnosing infection in patients who recently underwent a surgical procedure [52]. Additionally, foreign materials such as prosthetic joints, prosthetic heart valves, or vascular grafts often cause mild sterile inflammation and subsequent FDG uptake, affecting FDG-PET/CT’s sensitivity and specificity for diagnosing infection [53]. Furthermore, not all infections can be diagnosed with FDG-PET/CT. For example, urinary tract infections may be difficult to diagnose due to renal FDG excretion.



Although conventional imaging such as CT or ultrasonography can often readily be performed, FDG-PET/CT requires adequate patient preparation. For example, patients have to fast for at least 6 h before FDG-PET/CT is performed, and refrain from carbohydrate-rich foods and (intravenous) fluids for at least 24 h when the possibility of endocarditis needs to be evaluated [7]. This can dissuade physicians from performing FDG-PET/CT in acutely ill patients, especially when FDG-PET/CT is only performed during office hours. Hospital capacity for FDG-PET/CT is usually also much lower than for stand-alone CT.



Antibiotic treatment may also negatively affect FDG-PET/CT’s ability to diagnose infection. In a study of our own, longer duration of antibiotic treatment was associated with a lower chance of detecting an infection focus on FDG-PET/CT in patients with bloodstream infection [15]. However, another study from 2017 found no significant effect between duration of antibiotic treatment and diagnosing infection on FDG-PET/CT [54]. It could be hypothesized that longer antibiotic treatment may clear the infection before FDG-PET/CT is performed, but future research is needed to confirm this. Nevertheless, FDG-PET/CT should not be delayed in patients with bloodstream infection of unknown origin, especially not when there are risk factors for septic dissemination [4].




4. White Blood Cell Cintigraphy


In some patients, radiolabeled white blood cells may be used to overcome these limitations, as the accumulation of leukocytes is generally more specific for infection than increased glucose uptake. White blood cell (WBC) scintigraphy is performed on a gamma camera. A common indication for WBC scintigraphy is suspected prosthetic joint infection. However, this is also dependent on the location of the infection. For example, in patients with a prosthetic hip infection, elevated FDG uptake due to sterile inflammation is expected around the head and neck of the prosthesis, but not at other sites [55]. Extensive, heterogeneous FDG uptake along the bone prosthesis interface, especially in the middle portion of the shaft, is indicative of periprosthetic infection. White blood cell scintigraphy is sometimes also performed in patients with suspected endocarditis or vascular graft infection, especially when results from FDG-PET/CT are inconclusive but clinical suspicion of infection remains.



Several tracers can be used to radiolabel leukocytes. One of the most commonly used tracers is Technetium 99 m. Because this radioisotope does not produce positrons but gamma radiation photons, Single-Photon Emission Computed Tomography (SPECT) is used for this procedure instead of PET. PET-tracers can also be used to label leukocytes. Because labelled leukocytes require 20–24 h to be recruited to infection sites, FDG is not suitable for radiolabeling glucose due to its short half-life [56].



WBC scintigraphy also presents important limitations compared to FDG-PET/CT. The procedure is much more complex than regular FDG-PET/CT, the resolution of SPECT is inferior to the resolution of PET, and WBC scintigraphy also presents logistical challenges. First, blood has to be drawn from patients to obtain autologous leukocytes. Then, the harvested leukocytes have to be radiolabeled and reinjected into the patient, which also poses a risk of blood mix-up with other patients. Usually, two scans at two different time intervals are necessary so they can be compared to be able to accurately diagnose infection. The whole procedure usually takes two days to complete. These factors often render white blood cell scintigraphy less favorable than FDG-PET/CT.




5. Future Applications of PET/CT


5.1. Total Body PET/CT


One of the most promising current advances in PET/CT technology is the development of total body PET/CT [57]. Current PET/CT systems mostly operate with a 20 cm wide detector ring and thus a maximum of 20 cm field of view per bed position. To image the whole body, the table is shifted through the detector ring while the patient has to lie still during the entire procedure. For PET imaging of the whole body, a short field of view presents important limitations. When positron annihilation occurs, two anticollinear high energy photons are ejected in a random direction. As FDG is distributed through the whole body, only 3–5% of the high energy photons emitted hit the detector ring and are recorded, and the photons emitted outside the 20 cm field of view are not recorded. This means that less than 1% of the positron annihilation events that occur in the patient during PET scanning are recorded on current PET/CT systems [58].



The new total body PET/CT systems try to overcome this limitation by significantly extending the field of view. Total body PET/CT systems have an extended field of view of up to 200 cm instead of 20 cm. During scanning, the patient will be placed in this 200 cm tube covered by PET detectors (or slightly shorter tube length, depending on the model), which will significantly decrease photon scattering outside the field of view. For a 200 cm total body PET/CT system, this could theoretically increase sensitivity by a factor of 40 compared to whole-body scans on current PET/CT systems with similar scanning time and FDG dosage. Alternatively, it could also decrease scanning time by a factor of 40 to 15–30 s with similar sensitivity and FDG dosage, or decrease FDG dosage by a factor of 40 to 0.2 mSv (equivalent to 2 chest X-rays) while maintaining similar sensitivity and scanning time [58,59]. The ideal settings and properties of these total body PET/CT systems will be depending on the type of examination and clinical experience, but it will likely revolutionize the possibilities of PET/CT. For infectious disease, it would likely be possible to detect much smaller metastatic infection foci, increase the possibilities of follow-up PET/CT imaging to monitor treatment response, increase the number of infection-specific radiotracers that can be effectively used in PET imaging, and enable real time imaging of various organ–organ axes. Severely ill patients can be scanned very rapidly, and this will benefit intensive care patients.




5.2. Infection-Specific Radiotracers


FDG is the most widely used radiotracer for diagnosing infectious disease with PET/CT. As already mentioned, elevated FDG uptake due to infection cannot always be distinguished from elevated FDG uptake due to sterile inflammation or due to postsurgical inflammation. Therefore, many studies have been performed and are still ongoing to develop more infection-specific radiotracers [60,61,62]. These include radiolabeled bacteria-specific monoclonal antibodies such as antibodies against Staphylococcus aureus surface molecule lipoteichoic acid labeled with Zirkonium-89 [63], radiolabeled antibiotics such as ciprofloxacin or fluoropropyl-trimethoprim labeled with Fluorine-18 [64,65] radiolabeled antimicrobial peptides such as ubiquicidin labeled with Gallium-68 [66], radiolabeled molecules involved in bacteria-specific synthesis pathways such as p-aminobenzoic acid labeled with Fluorine-18 [67], and fluorodeoxysorbitol labeled with Fluorine-18 which specifically targets Enterobacteriaceae [68] (Table 1). Most of these novel tracers have only been used in vitro, in animal models, or in small human-based research settings. Nevertheless, the clinical application of bacteria or infection-specific radiotracers could present important benefits compared to current diagnostic possibilities. In patients with nonspecific signs of prosthetic joint infection, for example, being able to distinguish aseptic loosening from infection could prevent invasive procedures such as repeated biopsies (which also pose a risk of infecting the prosthesis) or unnecessary surgical replacement of the prosthesis. In cases where biopsy may pose significant risks due to the anatomic location of the lesion of interest, bacteria-specific tracers may be used to identify the specific bacterial strain and subsequently enable more specific antimicrobial treatment.



The half-life of the isotope used in radiotracers has various implications. For medical practices, isotopes with a short half-life, such as FDG with a half-life of 110 min, are often preferred due to lower radiation exposure [70]. In most examinations such as FDG-PET/CT, FDG quickly reaches the target cells and PET/CT is often performed one hour after FDG administration. Some radiotracers, however, require more time to reach their target cells. In case of larger molecules such as radiolabeled antibodies, it takes several days for the antibodies to reach their target cells [74]. This requires the use of isotopes with a longer half-life, but is also associated with higher radiation exposure. However, total body PET/CT could significantly decrease this radiation exposure.



Limitations of bacteria-specific radiotracers include the fact that the number of bacteria present in a low-grade infection may be too low for current PET/CT systems to detect and visualize. However, an increased sensitivity of PET/CT with novel PET/CT systems such as total body PET/CT may enable more widespread bacteria-specific PET imaging. Of interest is the fact that alternative techniques to specifically diagnose these infections are also being explored, such as in vivo imaging using fluorescently labeled vancomycin [75].




5.3. Personalized Duration of Antibiotic Treatment


Most patients with infectious diseases are treated with antibiotics or antifungals for a standardized time duration, depending on the type and extent of infection, microorganism species, and clinical response to treatment in terms of symptoms and infection parameters such as C-reactive protein and leukocyte count. In uncomplicated infections such as urinary tract infections or mild pneumonia that only require a short duration of antimicrobial treatment without important side effects, a standardized duration of antibiotic treatment can be accepted even though some of those patients may not need to be treated for the standardized duration of time.



Patients with more complicated and difficult to treat infections, such as endocarditis, vascular graft infection, or hernia mesh infection may need to receive antimicrobial treatment for an extended period ranging from multiple weeks to lifelong suppression therapy [76]. These standardized treatment durations are often based on large cohorts of patients with limited attention to patient-specific characteristics. Physicians may be hesitant to deviate from these standardized long-term treatment plans. Not all patients need such prolonged antimicrobial treatment, but guidance is needed [77]. In these patients, it would be very interesting to follow up infection activity either by using PET/CT with FDG or with more infection-specific novel radiotracers. Future research could be aimed at the relation between infectious disease activity on PET/CT and clinical response over the course of treatment, as this may also allow more patient-tailored treatment. Quantitative FDG-PET/CT follow up is already performed in oncologic diseases such as lymphoma and melanoma to monitor treatment response, but may also be beneficial in patients with chronic infection and long-term antimicrobial treatment [78]. Additionally, (follow up) PET/CT may also aid physicians in deciding to switch from intravenous to oral antibiotic treatment, or from more expensive antifungals such as anidulafungin to the cheaper but maybe less effective fluconazole [79].



It is difficult to predict the cost effectiveness of applying such a technique. PET/CT may be a relatively expensive imaging technique, but prolonged hospitalization for intravenous administration of antibiotics or the placement of peripherally inserted central catheters for intravenous antibiotic treatment at home may be more expensive. Additionally, the prolonged use of antibiotics also increases the risk of severe side effects such as Clostridium difficile superinfection, bone marrow suppression, or toxic levels of aminoglycosides leading to deafness or kidney failure, which are all associated with significant morbidity costs and reduced quality of life [77].





6. Conclusions


PET/CT is a valuable imaging technique that is increasingly being used in infectious diseases. Although it can accurately diagnose a number of infectious diseases, its main benefits are derived from the ability to examine the whole body for an infection focus or septic infection foci in a single procedure, the ability to diagnose early infections before significant anatomical changes have occurred, and the ability to diagnose artificial material infections such as vascular graft infection, orthopedic prostheses, electronic implantable devices, or prosthetic valve endocarditis. Technological developments in PET/CT and tracers will likely contribute to more widespread use of PET/CT in diagnosing and monitoring infectious disease, allowing more patient-tailored treatment of infectious disease in terms of treatment duration and deciding between conservative antibiotic treatment or invasive surgical procedures.
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Figure 1. A 54-year-old woman was admitted to the hospital with fever. During hospitalization, she repeatedly had blood cultures positive for Escherichia coli and Klebsiella pneumoniae without localizing symptoms. Two years earlier, she had received a kidney transplant. Fused coronal2-deoxy-2-[18F]fluoro-D-glucose Positron Emission Tomography combined with Positron Tomography (FDG-PET/CT) showed increased FDG uptake at the left side of the sigmoid colon (A, green arrow), also shown on fused axial FDG-PET/CT (B, green arrow), indicative of either diverticulitis or abscess formation, as an explanation for the positive blood culture (Escherichia coli). Antibiotic treatment was started, but 9 days after PET/CT, the patient developed severe abdominal pain, and abdominal CT was performed. Axial CT also shows the abscess, with adjacent free intraperitoneal air, in keeping with perforated diverticulitis (C, green arrow). The kidney transplant in the right iliac fossa is also visible (B and C, red arrow). A laparotomic sigmoidectomy was performed, after which the patient recovered. 
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Figure 2. A 13-year-old boy presented to the hospital with a fever of three weeks, weight loss, and general malaise. He also had nonspecific pain in his legs and back and complained of nausea and vomiting. On physical examination, hepatomegaly was noticed. Laboratory testing showed normocytic anemia with a hemoglobin level of 5.2 mmol/L, leukopenia with a leukocyte count of 0.8 × 109/L, and elevated lactate dehydrogenase of 300 U/L. Abdominal ultrasonography confirmed the hepatomegaly, but showed no clear cause of the fever. A chest X-ray showed multiple pulmonary nodules (A, green arrows), suggestive of metastases of an unknown primary tumor. Because the patient had multiple nonguiding symptoms, FDG-PET/CT was performed. Coronal maximum intensity projection FDG-PET and fused FDG-PET/CT showed a large FDG-avid mass in the right lesser pelvis (C and D, yellow arrow), multiple pulmonary metastases (C and D, green arrows), and focally FDG avid bone marrow (C and D, orange arrows). Biopsy confirmed the diagnosis of metastasized Ewing sarcoma. MRI was performed before treatment was started, which also showed the primary site of the Ewing sarcoma in the right side of the pelvis (B, yellow arrow). After chemotherapy, radiotherapy, and an autologous stem cell transplant, the patient recovered and remained in complete remission for five years of follow-up. 
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Figure 3. A 39-year-old man presented with general malaise for one week, fever of 41 degrees Celsius, and petechiae. Blood cultures were positive for Streptococcus pneumoniae. One year earlier, his native aortic valve was replaced with a mechanical valve. Endocarditis was strongly suspected, but transthoracic and transesophageal ultrasound did not prove valvular vegetations or other signs of infection. Fused coronal and axial FDG-PET/CT showed FDG avidity of the prosthetic aortic valve suggestive of infection (A and B, green arrow). No other infection foci were found. The aortic valve is also shown on full-dose thoracic CT (C, green arrow), without any anatomical signs of infection. The aortic valve was surgically replaced after which the patient recovered. 
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Figure 4. A 72-year-old man with a vascular graft in the aortic arch, abdominal aorta, and left common iliac artery was admitted with a fever of 38.5 degrees Celsius. Blood cultures were positive for Enterococcus faecalis. A clinical diagnosis of endocarditis was made based on the modified Duke criteria, although transthoracic and transesophageal ultrasound did not show signs of endocarditis. Coronal maximum-intensity projection FDG-PET showed increased FDG uptake in the right lower pulmonary lobe suggestive of infection (A, green arrow), and multiple metabolically active mediastinal and paratracheal lymph nodes. Fused axial FDG-PET/CT showed increased FDG uptake of the aortic arch stent suggestive of infection (B, red arrow), as well as FDG avid lesions suggestive of pulmonary infection (C, green arrows). The patient died three days after the PET/CT. 
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[image: Jpm 11 00133 g004]







[image: Jpm 11 00133 g005 550] 





Figure 5. A 63-year-old man presented with fever and back pain. His left upper leg was also painful. Blood cultures were positive for Staphylococcus aureus. Sagittal fat-suppressed T2-weighted MRI showed increased signal intensity of thoracic vertebrae seven and eight, and the seventh and eighth intervertebral discs of the thoracic vertebrae–disc complex confirming the spondylodiscitis found on MRI (A, green arrow), but also showed increased FDG uptake at the left sacroiliac joint, indicative of sacroiliitis (B, red arrow). Antibiotic therapy was continued for six weeks after which the patient recovered. 
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Figure 6. A 68-year-old woman presented with general malaise and night sweats for two weeks. She did not have a fever. She had received a kidney transplant 20 years earlier due to kidney failure caused by autosomal dominant polycystic kidney disease (ADPKD). Blood cultures were positive for Escherichia coli. Abdominal CT showed multiple liver cysts consistent with ADPKD, but no obvious signs of infection (A, green arrow). Fused axial FDG-PET/CT demonstrated increased FDG uptake in a large cyst in liver segment VII, suggestive of infection (B, green arrow). Antibiotic therapy was started with ciprofloxacin, after which the patient recovered. 
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Table 1. Various examples of bacterial (novel)tracers for PET/CT.
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	Tracer
	Isotope (Half-Life)
	Ligand
	Target/Substrate
	Comment





	89Zr-SAC55
	Zirkonium-89

(78.4 h) [69]
	Monoclonal antibody
	Staphylococcus aureus surface molecule lipoteichoic acid
	Promising results from animal studies, currently no human studies available [63]



	18F-ciprofloxacin
	Fluorine-18

(110 min) [70]
	Ciprofloxacin
	Bacterial DNA gyrase or topoisomerase IV
	In-human studies did not indicate bacteria-specific binding [64]



	18F-fluoropropyl-trimethoprim
	Fluorine-18

(110 min) [70]
	Trimethoprim
	Bacterial dihydrofolate reductase
	No in-human studies available [65]



	68Ga-NOTA-UBI
	Gallium-68

(68 min) [71]
	Chelated ubiquicidin
	Bacterial cytoplasmic membrane
	Promising results in animal models, but very limited in-human experience [66]



	2-18F-F-p-Aminobenzoic Acid
	Fluorine-18

(110 min) [70]
	p-aminobenzoic acid
	Dihydropteroate synthase
	Promising results from animal studies, also targets different types of bacteria [72]



	2-18F-fluorodeoxysorbitol
	Fluorine-18

(110 min) [70]
	Sorbitol
	Sorbitol-6-phosphate dehydrogenase
	Promising results from animal studies, limited in-human experience. Sorbitol is not metabolized by Gram positive bacteria [73].
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