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Editorial on the Research Topic

Advances in PET-CT imaging

This Research Topic collected 15 articles that underlined the advances of positron

emission tomography/computer tomography (PET/CT) imaging both in clinical and

preclinical settings. In recent years, the use of PET/CT imaging has grown steadily,

demonstrating its added value in the assessment of a wide range of diseases, including

for example, neoplasms and inflammatory-infectious conditions. In this setting, the

continuous development of different radiopharmaceuticals allows an expansion of the

application scope of this imaging modality, providing ongoing new research opportunities

and potential future clinical applications.

[18F]fluorodesoxyglucose ([18F]FDG) is currently the most widely used radiotracer,

since its ability to underline the increased glycolytic activity of cells and tissue in different

pathological conditions. In this setting, Yu et al. assessed the diagnostic efficacy and

necessity of [18F]FDG PET/CT in fever of unknown origin, demonstrating sensitivity of

79.5%, specificity of 61.1%, positive predictive value of 75.6% and negative predictive value

of 66.3% for the final diagnosis. In addition, in the case of true-positive PET imaging,

correlations with localized pain and prolonged activated partial thromboplastin time were

found, identifying therefore clinical factors associated with PET positivity.

Blockmans et al. applied [18F]FDG PET/CT imaging for the evaluation of giant cell

arteritis, revealing that in addition to the extent and the intensity of the initial vascular

inflammation, aortic inflammation may contribute to the development of aneurysms of

the thoracic aorta.

An interesting case reported by Qi et al. underlined the possible clinical application

of [18F]FDG PET/CT in the evaluation of Rosai-Dorfman disease, reporting a rare

case of unifocal extranodal localization that occurred in the sigmoid. Interestingly, a

sort of similar pattern of appearance between the contrast-enhanced CT scan (mild to

moderate enhancement) and the PET/CT scan (mild to moderate tracer uptake) was

reported. Similarly, Hu, Zhao, Yu, et al. presented an interesting case of a 10-year-old girl

diagnosed with inflammatory myofibroblastic tumor of the sigmoid colon, a rare site for

its presentation, characterized as a mass with uneven enhancement on contrast-enhanced

CT and increased [18F]FDG uptake.

Not moving from the oncological setting, a case report by Hu, Li, et al. provided a

valuable reference for imaging findings in primary clear cell carcinoma of the liver, a rare

subtype of hepatocellular carcinoma, which presented at [18F]FDG PET/CT as unevenly

low-density with increased tracer uptake, while on contrast-enhanced CT or T1WI it may
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present significant enhancement. Hu, Zhao, Li, et al. reported an

interesting and rare case of a pulmonary mixed squamous cell and

glandular papilloma that presented as a lung solid nodule with

no lobulation or spiculation but with significant enhancement on

contrast-enhanced CT and increased [18F]FDG uptake on PET/CT;

the subsequent literature review revealed that tracer uptake can

range from mild to significant.

Yu and Chen performed a head-to-head comparative meta-

analysis to evaluate [18F]FDG PET/CT vs. [18F]FDG PET/magnetic

resonance imaging (MRI) in the staging of non-small cell lung

cancer (NSCLC). The sensitivity and specificity for detecting nodal

metastases were 0.82 (0.68–0.94) vs. 0.86 (0.70–0.97) and 0.88

(0.76–0.96) vs. 0.90 (0.85–0.94), for the two modalities respectively,

while focusing on distant metastases, the values were 0.86 (0.60–

1.00) vs. 0.93 (0.63–1.00) and 0.89 (0.65–1.00) vs. 0.90 (0.64–1.00),

respectively. No significant differences were reported, showing

that the two modalities has similar value for the evaluation of

NSCLC localization.

As mentioned, different radiotracers can be used to image

different metabolic pathways with PET imaging. Fibroblast

activation protein (FAP) inhibitor (FAPI) is used for the assessment

of fibroblasts activity. In this setting Dai et al. evaluate the impact

of milk consumed prior to PET/CT on [18F]AlF-NOTA-FAPI-04

uptake in normal abdominal organs to avoid gallbladder and biliary

tract uptake, revealing that there was a reduction in gallbladder

uptake in treated group (p < 0.001, average SUVmean 2.19 ± 2.01

vs. 10.04 ± 9.66). A subgroup analysis revealed that [18F]FAPI

uptake of liver and small intestine was significantly lower than

[18F]FDG uptake in both the treated and control group (p< 0.001).

The diagnostic yield of FAPI tracers in the evaluation of thyroid

cancer was investigated in a systematic review by Rizzo et al.. In

a per-patients analysis on the detection of local recurrence and

distant metastases of differentiated thyroid cancer, overall detection

rate of approximately 85%, overall sensitivity and specificity of 96%

and 50% respectively and detection rate for lymph node metastases

of 86%, for lung lesions of 81.7% and bone secondaries of 100%

were reported. In a per-lesion analysis, sensitivity and specificity

for neck lesions were 83% and 42% respectively and detection rate

for distant and nodal metastases of 79% and 95.4%, respectively.

FAPI imaging was able to reveal a higher number of lesions in

lymph nodes, lung, bone and liver compared to [18F]FDG, however

its superiority was not statistically significant in most of the cases.

Additionally, FAPI PET demonstrated high accuracy for detecting

local recurrences and distant metastases of medullary thyroid

cancer when compared to [68Ga]Ga-DOTANOC PET/CT.

The detection of cardiac neuroendocrine tumor metastases

with somatostatin receptor PET/CT was evaluate in a meta-analysis

by Campanale et al. Compared to other radiological techniques,

PET/CT was able to detect earlier these metastases and patients

were often asymptomatic and had other disease localization.

The pooled prevalence of cardiac metastases of neuroendocrine

neoplasm among those performing PET/CT was 1.5% [95%

confidence interval (CI) 1.0%−1.9%].

Prostate specific membrane antigen (PSMA) is a

radiopharmaceutical typically used for the evaluation of prostate

cancer. A meta-analysis comparing [68Ga]Ga-PSMA-11 PET

and multiparametric magnetic resonance imaging (mpMRI) in

the diagnosis of initial lymph node staging was performed by

Wang et al. PET imaging demonstrated an overall sensitivity of

73% (95% CI 51%−91%) and an overall specificity of 94% (95%

CI 88%−99%), while mpMRI showed a sensitivity of 49% (95%

CI 30%−68%) and a specificity of 94% (95% CI 88%−99%).

Despite that, the differences in sensitivity and specificity were not

statistically significant.

Immuno-PET is an innovative medical imaging technique that

combines antibodies or similar immuno-targeting molecules with

positron-emitting radionuclides, enabling therefore the detection

of specific cells. In this setting, Koenen et al. reported a case series

of patients imaged with [89Zr]Zr-crefmirlimab berdoxam PET/CT

to assess CD8+ T-cell localization during active COVID-19

infection. In particular, PET imaging demonstrated the differential

distribution of CD8+ T-cells in the mucosa and associated

lymphoid organs of the upper respiratory tract during early and

later stages of the infection, underscoring the concept of spatial and

temporal compartmentalization of T-cell responses to respiratory

viral infection. Moreover, differences in patterns of CD8+ T-

cell distribution across mucosa, primary and secondary lymphoid

organs, blood pool, and peripheral tissues could be correlated

with changes in CD8+ T-cell functional phenotypes and had a

coincidence with different intensity of tracer uptake. Habte and

Natarajan proposed the basis for the initial validation of the

potential usage of ultra-low-dose clinical practices using target-

specific immuno-PET, by developing a novel immuno-PET with an

intact rituximab antibody labeled with [64Cu]Cu to image human

CD20 in a transgenic mouse model for non-Hodgkin’s lymphoma

imaging. They underlined that an ultra-minimal dose administered

in a mouse model [25 µCi] showed good image quality with high

signal-to-noise ratio without compromising quantitative accuracy.

Moving to a more technical field, Metrard et al. proposed

an interesting literature review of contrast-enhanced PET/CT,

reporting that the use of iodinated contrast enhanced its overall

performances by combining sensitivity and specificity of PET

with those of diagnostic CT. In addition, improvement in patient

dosimetry, facilitating pathology management and decreasing the

administered volumes of contrast agent were important factors

taken into account. Despite that, side effects related to contrast

agents injection may be present and needs therefore to evaluated

when assessing their use. Lastly, Thormann et al. compared two

different software packages for the evaluation of acute ischemic

stroke at perfusion CT (CTP), underscoring significant variability

in their ability to reliably rule out small lacunar infarcts. In

particular, one of them demonstrated a good specificity, suggesting

that dependable CTP-based stroke exclusion is achievable with

advanced post-processing.

In conclusion, this Research Topic includes different papers

that underline the potential applications of PET/CT in different

fields. Different radiotracers will probably constantly gain relevant

role for the assessment of several pathological conditions, aiming

therefore a more personalized evaluation of the patients.
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Comprehensive literature review 
of oral and intravenous 
contrast-enhanced PET/CT: a 
step forward?
Gilles Metrard               1,2*†, Clara Cohen 3† and Matthieu Bailly 1,2†

1 Nuclear Medicine Department, Orléans University Hospital, Orléans, France, 2 Centre de Biophysique 
Moléculaire, CNRS UPR 4301, Université d’Orléans, Orléans, France, 3 Radiology Department, Orléans 
University Hospital, Orléans, France

The integration of diagnostic CT scans into PET/CT facilitates a comprehensive 
single examination, presenting potential advantages for patients seeking a 
thorough one-shot check-up. The introduction of iodinated contrast media 
during PET scanning raises theoretical concerns about potential interference 
with uptake quantification, due to the modification of tissue density on CT. 
Nevertheless, this impact appears generally insignificant for clinical use, compared 
to the intrinsic variability of standardized uptake values. On the other hand, with 
the growing indications of PET, especially 18F-FDG PET, contrast enhancement 
increases the diagnostic performances of the exam, and provides additional 
information. This improvement in performance achieved through contrast-
enhanced PET/CT must be carefully evaluated considering the associated risks 
and side-effects stemming from the administration of iodinated contrast media. 
Within this article, we  present a comprehensive literature review of contrast 
enhanced PET/CT, examining the potential impact of iodinated contrast media 
on quantification, additional side-effects and the pivotal clinically demonstrated 
benefits of an all-encompassing examination for patients. In conclusion, the 
clinical benefits of iodinated contrast media are mainly validated by the large 
diffusion in PET protocols. Contrary to positive oral contrast, which does not 
appear to offer any major advantage in patient management, intravenous iodine 
contrast media provides clinical benefits without significant artifact on images 
or quantification. However, studies on the benefit–risk balance for patients are 
still lacking.

KEYWORDS

PET/CT, iodine, contrast enhanced, one-shot, examination

1 Introduction

A recent editorial has brought forth the question: “PET/contrast-enhanced CT in 
oncology: to do, or not to do, that is the question” (1).

Positron Emission Tomography (PET) is a molecular imaging technique that enhances 
diagnostic performance (2), therapeutic response monitoring (3), prognosis evaluation (4, 5) 
and modifies the management of patients with hematological (6) or solid malignancy (7). 
However, it is sensitive to attenuation. Unlike Single Photon Emission Tomography (SPECT), 
PET reconstruction needs the detection of two simultaneous 511 keV photons produced by 
β + annihilation. The increased interaction probability of at least one of two photons versus 
only one results in a decreased sensitivity with patient’s depth.
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This attenuation has been historically corrected with a 511 keV 
attenuation map generated using a 68Germanium transmission source. 
The primary drawback of this technique was its inherent slowness, 
significantly elongating the examination duration. Subsequent PET 
generation introduced a shift where attenuation correction map was 
substituted with a simulated high-energy attenuation map derived from 
Computed Tomography (CT). The first hybrid PET/CT systems offered 
enhanced accuracy in pinpointing the anatomical uptake location.

Gradually, PET manufacturers integrated the same diagnostic CT 
used as in radiology. With the potentially comparable performances 
capabilities, the redundancy between radiological CT and PET/CT 
prompted physicians to enhance the CT parameters of PET for 
minimizing overall patient’s exposure, especially in oncology, and the 
economic impact (8).

The quest to the one-stop-shop anatomic and metabolic exam 
potentially required contrast-enhanced CT but the attenuation map 
modification by contrast medium could potentially lead to PET 
artefacts (9, 10). In this article, we propose a comprehensive literature 
review on the physical and clinical impacts of intravenous and positive 
oral contrast-enhanced CT in PET (cePET/CT).

2 Physical impact on standardized 
uptake value

The standardized uptake value (SUV) is the main quantitative 
parameter in PET to assess the radiopharmaceutical concentrations in 
tissues, while accounting for radioactive decay.

SUV body weighted (SUVbw or SUW) is determined by the ratio 
of the activity concentration in the tissue under examination to the 
activity concentration in the entire body.

However, SUVbw assumed a uniform distribution of the 
radiopharmaceutical throughout the body which was not the case. 
Particularly for the mainly used radiopharmaceuticals, the activity 
level in white adipose tissue was considerably low and led to an SUVbw 
overestimation in patients with obesity (11). To rectify this, a more 
accurate approach involved scaling the SUV according to the lean 
body mass (SUVlbm or SUL) (12) for adults or to the body surface area 
(SUA) in pediatric patients (13).

Furthermore, various other factors could potentially interfere with 
radiopharmaceutical distribution, such as injected activity, post-
injection uptake time, blood glucose level, attenuation correction (14).

There was also multiple methods for quantifying SUV in a region 
of interest (ROI). SUVmean represented the average activity in the ROI 
while SUVmax captured only the maximum pixel value. However, 
SUVmax was more sensitive to noise (15) and SUVmean tended to lower 
the quantitative values with a better repeatability (16). An alternative 
approach could involve SUVpeak which computed the mean pixel value 
in the vicinity of the pixel with the maximum value and is less sensitive 
to changes in reconstruction parameters (17).

2.1 Intravenous iodine contrast media

On anthropomorphic phantom with and without Iodine Contrast 
Media (ICM), the study conducted by Razac et al. revealed a marginal 
absolute difference ΔSUVmax and ΔSUVmean, of 0.2 and 0.4, respectively 
(18). This disparity was more pronounced in the most metabolically 

active simulated lesion (ΔSUV = 1.5 for a SUVmax of 22). Nevertheless, 
these discrepancies were not clinically or statistically significant. These 
findings corroborated those of Bunyaviroch et al. which indicated a 
maximum SUV relative difference of 7% on phantom studies and a 
lower variance with 5.9% in clinical application (19). A variability of 
up to 8% was also found in conventional and digital systems 
complying with EARL accreditation but a more than 30% SUV 
difference could be observed on a limited number of lesions (17).

In clinical practice, the SUV fluctuation was heightened in highly 
contrast-enhanced regions, although these differences were not 
deemed significant (20, 21). Even when the variability was statistically 
significant, the authors did not observe any discernible clinical impact 
(22). This ICM SUV induced difference remained relatively negligible 
compared to the 20–30% global SUV variability in tumors (16). For 
this reason, it was recommended to use a 25% SUV decreased 
threshold for tumor reduction and a 33% SUV increased threshold for 
tumor progression in follow-up (23).

To mitigate the effects of ICM on attenuation correction, 
numerous research groups have explored how to refine the injection 
protocol, such as adjusting the ICM dose, concentration, or flow rate.

Regarding dose adjustment, an adaptation to the body surface 
area demonstrated a decrease in SUV variability, compared to a fixed-
dose approach, and an improved interpatient homogeneity of contrast 
enhancement (24).

Similarly, the same researchers compared the effects of ICM 
dosage, finding no significant difference between 300 and 370 mgI/ml 
(25). When using an even higher iodine concentration of 400 mgI/ml, 
in a multiphase contrast enhanced CT protocol, Aschoff et al. noted 
only a minimal to negligible influence on 2-[18F]FDG (18F-FDG) 
quantification (26). It was advisable to opt for a single-phase CT rather 
than a multiphasic protocol to minimize coregistration errors (27).

2.2 Oral contrast media

Similarly to ICM, positive oral contrast agents could influence 
SUV values. This effect was demonstrated on phantom with SUV 
overestimation for high-density oral contrast agent (28) and the 
absence of significant artifact for low-density barium oral contrast 
agents (29). However, in a small patient cohort, Otsuka et al. did not 
find a significant correlation between SUV and Hounsfield 
density (30).

On simulated PET reconstructions, Dizendorf et al. demonstrated 
that oral contrast agents overestimated PET attenuation coefficients 
by 26.2% with only a small effect on SUV PET. The error was measured 
at 4.4% and did not appear to be clinically significant (31).

3 Additional risks of contrast media in 
cePET/CT

In clinical use and because of their route of administration, 
positive oral contrast media were remarkably safe and side effects were 
exceedingly rare (32). Most complications were observed with 
intravenous contrast agents.

ICM allowed the enhancement of vascular structures and tissue 
contrast. They were classified into two major categories: highly 
hyperosmolar ICM and hypo- or iso-osmolar non-ionic ICM. Both 
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types could induce side effects, with a higher prevalence seen in ionic 
ICM. This discrepancy in side effects prevalence was the reason why 
non-ionic ICM were preferred (33).

Warming iodine contrast media at 37°C could also reduce the risk 
of allergic or physiologic reactions (34).

3.1 Pseudo-allergic and allergic reactions

While ionic ICM previously resulted in side effects for 12% of 
patients, the use of non-ionic ICM had significantly decreased this 
occurrence to 0.7–3.1% and the most severe reactions have been 
drastically reduced from 0.22 to 0.02–0.04%.

ICM reactions were mostly non-fatal and manifested in 70% of 
patients within the first 5 min following ICM injection (35).

The majority of ICM reactions were non-allergic. Hyperosmolality 
induced fast vascular volume changes or direct chemotoxicity which 
could lead to physiological responses such as flushing, nausea and 
altered taste. Another reaction came from a non-allergic 
hypersensitivity caused by the direct release of histamine from mast 
cells and basophils. This mechanism could result in allergic-like 
symptoms like urticaria. For mild reactions, simple monitoring or 
H1-antihistamines treatment was generally sufficient.

IgE-mediated allergy was uncommon. In more severe cases 
involving laryngeal edema, corticosteroid therapy was often initiated 
while resuscitation measures were implemented during anaphylactic 
shocks (36).

For at-risk patients, a prophylactic treatment could 
be implemented (H1-antihistamines, corticosteroids) (37).

3.2 Nephrotoxicity

ICM increased the risk of acute kidney injury within 48 h 
following injection. This risk, previously overestimated, could now 
be  prevented by hydration when clearance was below 30 mL/
min/1.73 m2 or for high-risk patients without contra-indication (38). 
As contrast enhanced CT was optional in PET, it might be advisable 
to refrain from administering ICM to these patients. For the specific 
case of myeloma, a meta-analysis suggested that no special precaution 
was needed if the calcium level was within the normal range (39).

3.3 Metformin

Metformin is an oral antihyperglycemic medication commonly 
prescribed for diabetes. In the context of ICM injection, patients 
might potentially develop lactic acidosis coupled with renal failure 
(35). The European Society of Urogenital Radiology (ESUR) 
guidelines and American College of Radiology manual recommended 
discontinuing the treatment for 48 h and monitoring renal function 
when the baseline clearance was below 30 mL/min/1.73 m2 or if there 
were signs of acute renal failure.

3.4 Extravasation

Compared to the low injected volume of radiopharmaceuticals, 
ICM injection is carried out at higher pressure and for a larger volume. 

The risk of extravasation reported in the literature ranged from 0.1 to 
0.9% and was increased when using an automatic injector (40, 41) or 
in cancer patients (42).

The risks associated with extravasation increased with osmolality 
but also depended on its direct toxicity. This toxicity was notably more 
pronounced with ionic ICM, as well as the anatomical location or 
volume. While most cases were relatively benign resulting in minor 
issues like skin erythema, there was potential for more severe side 
effects such as compartment syndrome or necrosis (40).

The widespread use of non-ionic ICM usually did not expose 
patients to the risk of severe complications. Therefore, a surgical 
consultation might be advised only for volumes exceeding 150 mL or 
in case of compressive signs (impaired perfusion or altered 
sensibility) (40).

3.5 Contrast-induced thyroid dysfunction

A typical radiological dose of ICM contains a substantial amount 
of free iodine, equivalent to the iodine needs for several months. 
When the body encountered excess iodine, the Wolff-Chaikoff effect 
was triggered, causing a fast downregulation in thyroid hormone 
synthesis. Prolonged exposure to high iodine levels could disrupt this 
regulatory mechanism, potentially resulting in either hyperthyroidism 
or hypothyroidism.

Moreover, this excess iodine load had the potential to exacerbate 
existing thyroid pathology or even directly cause thyroid toxicity (43).

3.6 ICM transformation products and 
potential toxicity

While ICM themselves were not inherently toxic, their presence 
in source waters raised concerns due to the formation of potentially 
toxic transformation products detected in drinking water (44). 
Specifically, ICM could react with commonly used disinfectants like 
chlorine, leading to formation of iodinated disinfection byproducts 
(iodo-DBP). Studies indicated that these iodo-DBP were highly 
genotoxic or cytotoxic, surpassing the conventional DBPs in toxicity. 
This situation highlighted concerns regarding the effectiveness of 
current treatment technologies and raised serious questions about 
disinfecting water containing ICM (45). Recent proposals suggested 
measures aimed at reducing and collecting ICM residues (46).

These potential side effects needed to be balanced against the 
clinical benefits of an enhanced CT for the patients. Table  1 
summarizes the main advantages and disadvantages of ICM injection 
in PET/CT.

4 Clinical added value of cePET/CT

4.1 Head and neck tumors

Squamous cell carcinoma (SCC) represents the most common 
head and neck tumor type (95%). 18F-FDG cePET/CT with dual phase 
has been proved superior to conventional imaging by MRI or CT for 
diagnosis and staging of patients with laryngeal carcinoma, with an 
higher rate of regional nodal, distant metastasis, and synchronous 
tumors (5, 47). More globally, 18F-FDG PET/CT is a recognized 
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modality for the staging and follow-up of head and neck SCC (48, 49). 
In cases with cervical lymph node metastasis from an unknown 
primary tumor, 18F-FDG PET/CT revealed primary tumors that went 
undetected by CT or MRI in about 25% of cases (50). However, in 
those studies the difference between PET/CT and cePET/CT was 
not evaluated.

Prognosis for head and neck SCC is partly influenced by Human 
Papilloma Virus (HPV) status, with evidence that virally induced 
tumors responded far better to radiotherapy (51, 52). Using the 
hypoxia-specific tracer 18F-fluoroazomycin arabinoside (FAZA), Saksø 
et al. demonstrated that the risk of locoregional recurrence was higher 
among patients with more hypoxic, non-HPV tumors (57% 
[21–94%]), when comparing to less hypoxic, non-HPV tumors, with 
a risk difference of 45% [4–86%] (53).

Integrated 18F-FDG PET/perfusion CT showed that tumoral 
perfusion was significantly increased compared to surrounding soft 
tissue, especially for advanced tumors, and that meant blood flow was 
decreased in HPV-negative tumors (54).

Suenaga et al. showed that cePET/CT and PET/CT statistically 
showed larger AUC than contrast enhanced CT (ceCT) for recurrent 
head and neck squamous cell carcinoma (55). Even though minimal, 
the difference between cePET/CT and PET/CT for local recurrence 
reached a significant level (p = 0.039).

These works highlighted the distinctions between HPV-positive 
and negative tumors and emphasized the utility of analyzing the 
microvasculature features of tumoral head and neck SCC to predict 
their aggressiveness. This illustrated the necessity of integrating 
non-morphologic parameters, and also looking beyond the 
SUV uptake.

4.2 Digestive tumors

18F-FDG ceCT had a higher predictive positive value for any PET 
pathologic findings than CT in the whole gastrointestinal tract, as well 
as in the separate evaluation of the upper and lower gastrointestinal 
tract (56). The sensitivity for the detection of a malignant lesion was 
100% for ceCT and 29.4% for CT (p = 0.0001). The false negative rate 
for any pathology was 31.1% for ceCT and 68.9% for CT; this rate was 
however lower in the lower gastro-intestinal tract for CT (12.5% vs. 
37.5% for ceCT).

18F-FDG PET and ceCT seemed to have similar value in the 
detection of unsuspected recurrence of high-risk colorectal cancer in 

a patient-based analysis: sensitivity and specificity of 86 and 88%, 86 
and 92%, 86 and 85%, respectively for PET, ceCT and cePET/CT (57). 
However, the combined assessment of cePET/CT improved the 
accuracy in the lesion-based analysis: sensitivity of 56, 71 and 97%, 
respectively for PET, ceCT and cePET/CT.

Regarding rectal tumors, cePET/CT was superior to non-enhanced 
PET/CT for precise definition of regional nodal status in rectal cancer 
with a better characterization of pararectal, internal iliac and obturator 
lymph nodes (58).

A retrospective study explored the diagnostic value of the cross-
modality fusion images provided by 18F-FDG PET/CT and ceCT in 
differentiating malignant from benign pancreatic lesions and staging 
pancreatic cancer (59). The authors found higher sensitivity and 
accuracy of cePET/CT compared to PET/CT and ceCT conducted 
individually both for diagnosing pancreatic malignant tumor and 
peripancreatic vessel invasion. Regarding regional lymph node 
metastasis, there was no significant differences between the three 
methods: however, regarding distant metastasis, cePET/CT improved 
sensitivity and negative predictive value in comparison to ceCT alone. 
cePET/CT had also higher sensitivity and accuracy than PET/CT, but 
the difference was not statistically significant.

Considering neuroendocrine tumors, a recent study emphasized 
that ceCT in 68Ga-DOTATATE PET should be included for staging. 
The overall lesion-based sensitivity, specificity, negative predictive 
value and positive predictive value were 97% versus 85, 86% versus 73, 
93% versus 72, 93% versus 85%, respectively, for full-dose cePET/CT 
and low dose PET/CT (60).

In the case of positive oral contrast media, several studies have 
demonstrated an improvement in digestive distension which was a 
potential help for diagnosis (61–63), but few have been able to 
demonstrate a clinical benefit. Chen et al. reported a more accurate 
delayed PET/CT with laxative-augmented contrast medium than 
conventional PET/CT for the evaluation of colorectal foci (64) and 
Guo et al. reported a case of enterovesical fistula revealed with oral 
contrast (65). The main challenge in assessing the impact of oral 
contrast agents was the hyperfixation of digestive structures (66), 
particularly due to distension, increased motility, and irritative 
phenomena (30). Regarding these digestive fixations, they were less 
pronounced with negative oral contrast agents (67–69) or those with 
low iodine density (62, 70).

4.3 Gynecological tumors

Considering malignant ovarian tumors, 18F-FDG cePET/CT 
outperformed ceCT with sensitivity, specificity, negative predictive 
value, positive predictive value, and accuracy of 96 versus 84%, 92 
versus 59%, 90 versus 59%, 97 versus 84%, and 95 versus 76%, 
respectively for cePET/CT and PET/CT alone (71). cePET/CT 
represented an accurate imaging modality for staging ovarian 
cancer (72).

Regarding ovarian cancer recurrence, cePET/CT seemed to 
be more accurate. Some data suggested higher sensitivity, specificity, 
and accuracy of cePET/CT: 86.9, 95.9, and 92.5%, respectively, 
(compared to 78.3, 95.0, and 88.3%, respectively for PET/CT) 
(p = 0.023 at least) (73). Another study found a better identification of 
smaller peritoneal/lymph node lesions close to physiological FDG 

TABLE 1  Main advantages and disadvantages of cePET/CT.

Pros Cons

Better lesion contrast especially in 

low-contrast lesions

Better delineation of anatomic 

structures (digestive and vascular 

structures, liver, muscles…)

Better PET/CT performance: 

sensitivity, specificity, accuracy

Better visualization of urinary tract

More comfortable for the patient

Overall cost lower than 2 exams

A more complex exam scheduling: 

kidney function, allergies, medications

Additional risks: pseudo-allergic and 

allergic reactions, kidney failure…

Artefacts with SUV overestimation

No additional reimbursement in many 

countries
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uptake sources with cePET/CT (74). With a better accuracy compared 
to non-contrast PET/CT and enhanced CT, cePET/CT could lead to 
changes in patient management for 39% of them (75).

Similarly, for uterine cancer, cePET/CT seemed to perform 
slightly better (sensitivity and accuracy) for nodal staging (p = 0.046 
and 0.047) (76). cePET/CT was accurate for recurrence, reducing the 
frequency of equivocal interpretations (77) and leading to more 
appropriate subsequent clinical management than that resulting from 
PET alone or ceCT alone (78).

4.4 Melanoma

A previous study recommended to perform 18F-FDG PET/CT 
instead of cePET/CT for staging of malignant melanoma patients (79). 
Comparison between CT and ceCT alone clearly revealed higher 
sensitivity and specificity for ceCT. However, when directly comparing 
lesion-based evaluation of combined PET/CT and cePET/CT, there 
was a difference in sensitivity of 3% only and no difference in 
specificity. As a limit, this study was conducted on a non-time-of-
flight PET/CT system.

4.5 Hematological cancers

Integrated cePET/CT could improve the evaluation of pelvic 
lymphatic pathways nodal status in patients with malignant lymphoma 
(external and internal iliac, common iliac lymph nodes); diagnostic 
accuracies of retroperitoneal lymph nodes seemed to be  similar 
between PET/CT and cePET/CT (80). However, the contribution of 
ceCT in nodal staging (Ann Arbor) seemed to remain limited (81). 
Similarly, the response evaluation applying the Deauville score and 
Lugano classification criteria remained unchanged with cePET/
CT (82).

Thus, cePET/CT could be  performed in the management of 
lymphoma patients, especially for a precise target delineation before 
radiotherapy (83).

CePET/CT approach should also be  considered in pediatric 
exams. It could offer dose savings at similar image quality for children 
and young adults with lymphoma who had indications for both PET 
and diagnostic CT examinations (84).

4.6 Other malignancies

18F-FDG cePET/CT showed similar results compared with CT/
MRI in the detection of primary renal tumors, but it was superior to 
conventional methods in the detection of metastasis and staging (85). 
Once again, in this study, the authors did not compare directly PET/
CT and cePET/CT.

Similarly, the same authors also showed higher diagnostic 
accuracy of 18F-FDG cePET/CT for staging bladder cancer (89% vs. 
57% for conventional imaging: CT and MRI), with upstaging in 37% 
of patients, resulting in changes of patient management.

The use of contrast has also been described as useful in 18F-FDG 
cePET/CT as an initial imaging modality in patients presenting with 
metastatic malignancy of undefined primary origin (86).

In the specific case of lung and breast cancers, although these 
cancers were frequent, the clinical contribution of iodinated contrast 

injection has not been studied. It had only been demonstrated for lung 
cancers that non-ionic contrast injection did not cause significant 
artifact (21).

Figure 1 illustrates the improved visualization of low-contrast 
lesions, especially in difficult areas for diagnosis.

4.7 Non-tumor pathologies: inflammation 
and infection

A recent study focused on the diagnostic challenge in suspected 
infected aortic aneurysms, showing the high diagnostic accuracy of 
PET/CT for the detection of infection (sensitivity between 85 and 
100% vs. between 63 and 88% for ceCT) (87). However, the authors 
raised the question of specificity because of false positive findings. The 
combined acquisition and analysis of PET and ceCT could help to 
improve this specificity.

In vasculitis, cePET/CT could be useful for identifying stenotic 
lesions in Takayasu arteritis, but data are insufficient to support its 
routine use for giant cell arteritis large vessel vasculitis. Guidelines 
recommended a low-dose CT prior to ceCT for attenuation correction 
and subsequent SUV calculations (88).

Recent guidelines in the management of infectious endocarditis 
recommended cePET/CT, as it allowed the detection of metabolic 
findings (FDG uptake distribution and intensity) and anatomical 
findings (endocarditis-related lesions like abscess) within a single 
imaging procedure, resulting in the clinical clarification of 
indeterminate findings and change in the management of the patients. 
This might be  particularly helpful in complex settings like aortic 
grafts (89).

Lastly, contrast enhancement with an ICM enabled the detection 
of others pathologies, mostly not visible in PET/CT, such as lesions 
below the system resolution or pulmonary embolism, which were 
common in oncology (90).

5 Clinical added value of cePET/CT 
with other radiotracers

5.1 18F-choline

Despite being widely used for prostate cancer in many countries, 
only a few studies on parathyroid glands have been published. In a 
meta-analysis, Piccardo et al. found a better pooled sensitivity for 4D 
cePET/CT compared to PET/CT in primary hyperparathyroidism 
(Sensitivity of 0.93 and 0.89, respectively) with an identical detection 
rate (0.86) (91). In a cohort comprising 44 primary 
hyperparathyroidism patients, the same researchers confirmed the 
higher sensitivity of cePET/CT over PET/CT (with sensitivity of 1.0 
and 0.8, respectively) and a better detection rate of 0.72 compared to 
0.56, respectively (92).

5.2 68Ga-DOTATOC

For neuroendocrine tumors, 68Ga-DOTATOC cePET/CT 
demonstrated a minimal increase in sensitivity and specificity 
compared to unenhanced exam (93). Ruf et al. recommended the 
same multiphase protocol for cePET/CT as for CT scan (94, 95).
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5.3 68Ga-PSMA ligand

Although the injection of contrast media did not yield a significant 
difference in diagnostic performance between PET/CT and cePET/
CT, contrast enhancement seemed to improve the delineation of 
genitourinary system and increased the diagnostic certainty and 
interobserver agreement (96, 97).

However, CT acquisition during the contrast urinary excretion 
allowed for a better identification of the urinary tract. In a large 
retrospective study of 247 patients, Rosar et al. demonstrated that CT 
urography increased diagnostic confidence (in 48.6% of patients) 
while providing substantial support for interpretation (24.3%). In 
12.1% of patients, urography changed the disease staging with a 
potential impact on patient management (98).

Tulipan et  al. also showed that iodinated contrast agent 
sedimentation in the bladder created an activity gradient that 
improved visualization of the prostatic bed and the posterior 
bladder (99).

6 Issues raised by the all-in-one PET/
CT exam

The one-stop-shop PET exam with ICM blurs the boundary 
between nuclear medicine and radiology. Depending on the 

country, this may rise issues of legislation and reimbursement. In 
addition, the choice of cePET/CT injection protocol is not 
standardized and differs from one nuclear medicine department to 
another (100).

7 Conclusion

The use of iodinated contrast media (ICM) in PET/CT scans 
enhanced the overall examination performance by combining the 
PET sensitivity and specificity with those of diagnostic enhanced 
CT. This synergistic performance enhancement was achievable 
through an all-in-one examination, improving patient dosimetry, 
facilitating pathology management, and decreasing the administered 
volumes of ICM especially in the field of oncology. In contrast, 
although positive oral contrast media enhanced distension and 
contrast of digestive structures, their clinical utility in PET imaging 
appeared more modest.

However, the ICM injection was not exempt from side effects, 
most of which were moderate. For the most severe forms, the 
additional risk remained low, as most patients would have 
undergone an ICM enhanced CT as part of their assessment. 
Apart from contraindications, injecting less than  
150 mL of non-ionic ICM into patients with a renal clearance 
greater than 30 mL/min/1.75 m2 could maximize the safety of 

FIGURE 1

Right corpora cavernosa metastasis from penile carcinoma. on PET images (early acquisition B, late acquisition D), there was a focal uptake [(B) black 
arrow], without significant lesion on unenhanced CT (A), in an area close to the physiological urinary activity. With contrast medium injection on a 
dedicated acquisition (C), this uptake corresponded to a metastatic lesion clearly visible on CT (white arrow).
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ICM use in PET as long as no benefit–risk studies have been  
carried out.
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Background: A positive PET scan at diagnosis was associated with a greater

yearly increase in ascending and descending aortic diameter and thoracic aortic

volume in patients with giant cell arteritis (GCA). Radiologic and histopathologic

vascular abnormalities persist in a subset of treated patients despite clinical

remission. The aim of this study was to evaluate the association between

vascular FDG uptake during follow-up and the development of thoracic aortic

aneurysms.

Methods: We recently performed a prospective cohort study of 106 GCA

patients, who underwent FDG PET and CT imaging at diagnosis and CT imaging

yearly for a maximum of 10 years. In this post hoc analysis, GCA patients who

also have had FDG PET imaging during follow-up were included. PET scans were

visually scored (0–3) at 7 vascular areas. PET scans were considered positive in

case of FDG uptake ≥grade 2 in any large vessel.

Results: Eighty-eight repeat PET scans were performed in 52 out of 106 GCA

patients, who were included in the original prospective cohort. Fifty-five (63%)

PET scans were done at the time of a relapse and 33 (38%) were done while in

remission. Nine out of ten patients with an incident thoracic aortic aneurysm

had both a positive PET scan at diagnosis and during follow-up.

Conclusion: In addition to the intensity and extent of the initial vascular

inflammation, ongoing aortic inflammation may contribute to the development

of thoracic aortic aneurysms in GCA. However, this hypothesis should be

confirmed in a large prospective trial with repeat PET scans at predefined time

points during follow-up.
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Introduction

Recently, we reported our results of a prospective
study investigating the association between vascular 18F-
fluorodeoxyglucose (FDG) uptake at diagnosis and changes
in aortic dimensions in 106 giant cell arteritis (GCA) patients
(1). We found that GCA patients with a positive FDG positron
emission tomography (PET) scan at diagnosis (defined as a scan
with FDG uptake grade 2 or higher in any large vessel) had a
greater increase in ascending and descending aortic diameter
and thoracic aortic volume compared to those with a negative
scan. There were no differences in abdominal aortic dimensions.
In addition, higher total vascular score (defined as the sum of
vascular scoring 0–3 in 7 vascular areas) was associated with a
greater yearly increase in thoracic aortic diameters and volume.
During follow-up, 15 patients developed a new thoracic aortic
aneurysm, most frequently in the descending aorta. Fourteen of
these 15 thoracic aortic aneurysms were seen in patients who were
PET positive at diagnosis and 87% of the patients had thoracic
aortic dilatation in a region with elevated FDG uptake at diagnosis.
There was no association between the development of a thoracic
aortic aneurysm and the duration of glucocorticoid treatment, the
cumulative glucocorticoid dose during the first two years after
diagnosis, the use of glucocorticoid-sparing agents or the relapse
rate. Hence, we concluded that the intensity and extent of the initial
inflammation determines the risk for subsequent aortic dilatation.

However, initial aortic wall inflammation may not be the only
determining factor in aneurysm formation. Radiologic vascular
abnormalities persist in a subset of treated GCA patients despite
clinical remission (2–5). It is unclear whether this represents
active inflammation or vascular remodeling. In a recent study,
histopathological evaluation of aortic surgical specimens after
aortic repair showed active aortitis in most GCA patients, who
were treated and were in clinical remission (6). This finding
suggests that steroid-resistant, smoldering aortic inflammation
possibly contributes to the development of thoracic aortic
aneurysms in GCA.

In order to test this hypothesis, we wanted to evaluate if there
was an association between persistent vascular FDG uptake and
the development of thoracic aortic aneurysms as an exploratory
post hoc analysis of the previously published prospective cohort of
GCA patients (1).

Methods

This study was a post hoc analysis of the observational
prospective study investigating the association between vascular
FDG uptake at diagnosis and change in aortic dimensions in 106
GCA patients. Details on the study protocol and outcomes have
been recently published (1). Briefly, we included GCA patients, who
were evaluated in the department of General Internal Medicine
of the University Hospitals Leuven between 2012 and 2020 and
who had undergone FDG PET imaging at diagnosis within 3 days
after the initiation of glucocorticoids. Patients with a previous
diagnosis of GCA, in whom a PET scan and yearly computed
tomography (CT) of the aorta were available, were also included. In
this post hoc analysis, only patients who also had undergone FDG

PET imaging during follow-up, were included. PET scans during
follow-up were not part of the initial protocol, but were done at the
discretion of the treating physician as judged necessary in real life,
for instance when the treating physician was in doubt whether there
was a relapse or not.

Patients underwent a CT scan of the thorax and abdomen at
diagnosis and yearly thereafter for a maximum of 10 years. The
aortic diameter was measured perpendicular to the axis of blood
flow at 6 different levels (ascending aorta, aortic arch, descending
thoracic aorta, suprarenal, juxtarenal and infrarenal aorta) and
the thoracic and abdominal aortic volumes were measured. The
ascending aorta was considered aneurysmatic when the diameter
was ≥45 mm, the aortic arch ≥40 mm and the descending aorta
≥35 mm (7, 8).

The study was conducted in accordance with the Declaration of
Helsinki and approved by the ethical committee of the University
Hospitals Leuven.

PET imaging and analysis

Patients were required to fast for at least 6 h before
intravenous injection of 4–5 MBq/kg of 18F-FDG, and glycemia
levels were determined in all patients (as per procedure, should be
<140 mg/dl). A whole-body PET scan was performed 60 min after
tracer administration. PET scans were performed between 2003
and 2020, consecutively acquired on four different PET cameras
(ECAT HR + PET, Hirez Biograph 16 PET/CT, Truepoint Biograph
40 PET/CT [Siemens, Knoxville, TN, USA] or Discovery MI-4
PET/CT [GE, Milwaukee, WI, USA]). Since gamma rays from the
positron annihilation in PET are absorbed by the body, a correction
for this attenuation allows quantitatively accurate judgment of
internal regions in the body. On the PET/CT systems, either a low-
dose CT scan or a diagnostic, high-dose CT scan was performed
immediately before PET acquisition. The CT scan was used for
attenuation correction and for anatomical localization. For the
older HR + acquisitions, no attenuation correction was performed.
Attenuation-corrected PET images were thus only available for the
scans performed on a PET/CT system (n = 71, 81%). PET data were
corrected for scatter and randoms. Data were reconstructed using
iterative OSEM reconstruction, with image quality parameters
improving over the years.

Reconstructed PET images were re-evaluated visually by 1
specialist in nuclear medicine (LB), who was blinded to all other
patient information. FDG PET uptake was scored visually at
7 vascular regions (thoracic and abdominal aorta, subclavian,
axillary, carotid, iliac, and femoral arteries) as 0 (no FDG uptake),
1 (minimal but not negligible FDG uptake), 2 (clearly increased
FDG uptake), or 3 (very marked FDG uptake). PET scans were
considered positive in case of FDG uptake ≥grade 2 in any large
vessel. If a patient had multiple PET scans during follow-up, the
patient was considered to be PET positive during follow-up when
one of the PET scans was positive.

Statistical analysis

Categorical and continuous variables were expressed as count
(percentage) and as median ± interquartile range (IQR) and range
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TABLE 1 Comparison between patients with (included in this post hoc analysis) and without (excluded) repeat PET scan during follow-up.

Characteristics Total (n = 106) Included in post hoc
analysis (n = 52)

Excluded from post hoc
analysis (n = 54)

Age at inclusion, years, mean (SD) 70 (8) 70 (8) 70 (8)

Sex, no. of females, n (%) 70 (66%) 33 (63%) 37 (69%)

Symptom duration until diagnosis, week, median (IQR) 6 (3–14)11 7 (4–17)7 4 (2–9)4

Cardiovascular risk factors/events at diagnosis

# Active or past tobacco use, n (%) 48 (48%)7 26 (51%)1 22 (46%)6

# Antihypertensive medication, n (%) 51 (48%) 24 (46%) 27 (50%)

# Statin use, n (%) 33 (31%) 12 (23%) 21 (39%)

# Diabetes mellitus, n (%) 5 (5%) 1 (2%) 4 (7%)

# History of stroke, n (%) 5 (5%) 2 (4%) 3 (6%)

# History of myocardial infarction or angina, n (%) 2 (2%) 0 (0%) 2 (4%)

# History of peripheral vascular, disease, n (%) 2 (2%) 1 (2%) 1 (2%)

# Betablocker at diagnosis, n (%) 39 (37%) 16 (31%) 23 (43%)

# Betablocker during follow-up, n (%) 54 (51%) 25 (48%) 29 (54%)

AORTA score, median (IQR) 3.09 (2.97–3.22) 3.05 (2.94–3.21) 3.10 (2.98–3.22)

Symptoms at diagnosis

# Cranial symptoms, n (%) 80 (75%) 39 (75%) 41 (76%)

# PMR, n (%) 39 (37%) 19 (37%) 20 (37%)

# Constitutional symptoms, n (%) 93 (88%) 45 (87%) 48 (89%)

# Limb claudication, n (%) 4 (4%) 3 (6%) 1 (2%)

Laboratory tests at diagnosis

# ESR, mm/h, median (IQR) 68 (48–105)16 93 (57–110)3 57 (45–70)13

# CRP, mg/l, median (IQR) 89 (48–135) 105 (46–157) 81 (48–129)

Positive temporal artery biopsy at diagnosis, n (%) 54 (64%)22 25 (60%)10 29 (69%)12

PET results at diagnosis

# Positive PET, n (%) 75 (71%) 37 (71%) 38 (70%)

# Positive PET in thoracic aorta, n (%) 61 (58%) 32 (62%) 29 (54%)

# TVS, median (IQR) 7 (1–14) 8 (1–16) 6 (2–14)

# Number of vessels with FDG uptake ≥grade 2, median
(IQR)

3 (0–5) 3 (0–5) 2 (0–5)

# Intensity of FDG uptake in affected vessels, median
(IQR)◦

2.8 (0.0–3.0) 2.8 (0.0–3.0) 2.7 (0.0–3.0)

Treatment

# Duration of GC treatment, months, median (IQR) 33 (21–64)3 60 (33–96)2 24 (17–34)

# Cumulative GC dose in first 2 years after diagnosis, g
methylprednisolone, mean (SD)

4.5 (3.7–5.4)6 5.3 (3.9–6.4)4 4.1 (3.6–4.8)2

# Use of glucocorticoid-sparing agents during follow-up, n
(%)

32 (31%)2 23 (46%)2 9 (17%)

#Duration of follow-up, months, median (IQR) 78 (40–110) 94 (64–120) 55 (29–95)

#Relapse, n (%) 69 (65%) 48 (92%) 21 (39%)

Cardiovascular event during follow-up

# Aortic dissection, n (%) 0 (0) 0 (0) 0 (0)

# Vascular stenosis, n (%) 14 (13%) 10 (19%) 4 (7%)

# Vascular surgery, n (%) 7 (7%) 6 (12%) 1 (2%)

# Myocardial infarction, n (%) 3 (3%) 2 (4%) 1 (2%)

# Stroke, n (%) 11 (10%) 6 (12%) 5 (9%)

# AION, n (%) 2 (2%) 1 (2%) 1 (2%)

Mortality, n (%) 15 (14%) 7 (13%) 8 (15%)

AION, anterior ischemic optic neuropathy; CRP, C-reactive protein; ESR, erythrocyte sedimentation rate; FDG, fluorodeoxyglucose; GC, glucocorticoids; IQR, interquartile range; no., number;
PET, positron emission tomography; PMR, polymyalgia rheumatica; SD, standard deviation; TVS, total vascular score. Number of missing values are reported in superscript. ◦Calculated as
total vascular score divided by the number of vessels with FDG uptake ≥grade 2.
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TABLE 2 Reasons for repeat PET imaging stratified by disease activity.

N (%) Total (n = 88) Relapse (n = 55) Remission (n = 33)

Suspected relapse 76 (86%) 55 (100%) 21 (64%)

Other disorders 5 (6%) 0 (0%) 5 (15%)

PET/CT scan performed instead of standalone CT scan 5 (6%) 0 (0%) 5 (15%)

Simultaneous participation to another study protocol 2 (%) 0 (0%) 2 (6%)

as appropriate. Given the expected bias and small patient number
due to the fact that PET scans during follow-up were not part of the
initial protocol, we only performed a descriptive analysis and did
not perform statistical comparisons.

Results

Eighty-eight repeat PET scans were performed in 52 out of
106 GCA patients, who were included in the original prospective
cohort. Compared to patients without repeat PET scan during
follow-up, GCA patients with a PET scan during follow-up
included in this post hoc analysis had a longer symptom duration
until diagnosis (7 vs 4 weeks), more frequently experienced relapse
(92% vs 39%) and were treated longer (60 vs 24 months) with
a higher cumulative glucocorticoid dose in the first 2 years
(5.3 vs 4.1 g methylprednisolone) and more frequently with a
glucocorticoid-sparing agent (46 vs 17%) (Table 1). There were
no differences in age, sex, cardiovascular risk factors, symptoms,
PET results, and temporal artery biopsy result at diagnosis and
cardiovascular events during follow-up. Median time between
PET scan at diagnosis and PET scans during follow-up was
28 months (IQR 17–56 months, range 2–109 months). Median
daily methylprednisolone dose at time of repeat PET scan was 1 mg
(IQR 0–4 mg, range 0–16 mg). Reasons for repeat PET imaging
were described in Table 2. After interpreting all data (clinical signs
and symptoms, acute phase response and PET results), 55 (63%)
PET scans were done at the time of a relapse and 33 (38%) were
done while the patient was in remission. At the time of relapse, 43
(78%) patients had PMR symptoms, 27 (49%) cranial symptoms,
35 (64%) constitutional symptoms and 3 (5%) patients had limb
claudication. Among the patients with a positive PET scan at
diagnosis (n = 37), 31 (84%) were persistently positive and 6 (16%)
were negative during follow-up. Among the patients with a negative
PET scan at diagnosis (n = 15), 12 (80%) remained negative and 3
(20%) were positive during follow-up.

Four out of 52 (8%) patients had a thoracic aortic aneurysm on
the first CT scan, who all had both a positive PET scan at diagnosis
and during follow-up. Ten (19%) out of 52 patients developed a
thoracic aortic aneurysm during follow-up at a median time since
diagnosis of 60 months (IQR 34–75), of which 9 patients had
both a positive PET scan at diagnosis and during follow-up and 1
patient twice had a negative PET scan. Of the 9 patients with an
incident thoracic aortic aneurysm and both a positive PET scan at
diagnosis and during follow-up, 7 patients had twice a positive PET
scan in the thoracic aorta, one patient had a positive PET scan in
the thoracic aorta at diagnosis, but not during follow-up and one
patient had twice a negative PET scan in the thoracic aorta. Figure 1
shows the Kaplan-Meier curve of the proportion of patients with

an incident thoracic aortic aneurysm stratified according to PET
positivity in any large vessel (Figure 1A) and PET positivity in the
thoracic aorta (Figure 1B).

Considering all 88 PET scans performed in these 52 patients,
14/17 (82%) PET scans performed during relapse were positive in
patients with an incident thoracic aortic aneurysm compared to
26/38 (68%) PET scans in those without an incident thoracic aortic
aneurysm (Figure 2). Of the PET scans performed while the patient
was in remission, 2/3 (67%) PET scans were positive in patients
with an incident thoracic aortic aneurysm compared to 8/30 (27%)
PET scans in those without.

Discussion

In our recently published prospective cohort study, we found
that total vascular score at diagnosis was associated with a greater
yearly increase in thoracic aortic diameters and volume (1). There
was no association between the development of a thoracic aortic
aneurysm and the treatment regimen or relapse rate. Hence, we
concluded that the intensity and extent of the initial inflammation
determines the risk for subsequent aortic dilatation.

However, in this post hoc analysis we found that nine out of
ten incident thoracic aortic aneurysms occurred in GCA patients
with both a positive PET scan at diagnosis and during follow-
up. This suggests that ongoing aortic inflammation also may
contribute to the development of thoracic aortic aneurysms in
GCA. Since the majority of repeat PET scans in patients with
an incident thoracic aortic aneurysm were performed at the time
of a relapse, it is not possible to draw conclusions about FDG
uptake in remission in these patients. However, our group earlier
described the persistence of FDG uptake in a subset of treated
asymptomatic GCA patients (3). In addition, recent reports of
the group of Cornelia Weyand on the histopathological evaluation
of repeat temporal biopsies (9) and aortic surgical specimens
after aortic repair (6) showed ongoing vascular inflammation
despite treatment and lack of clinical signs. This smoldering
aortic inflammation may be caused by IFN-γ producing Th1
lymphocytes, which are more resistant to glucocorticoids in
contrast to Th17 lymphocytes (10). Targeted therapies against Th1
cells may be necessary in addition to glucocorticoids to control
chronic, smoldering vasculitis and to prevent the development of
thoracic aortic aneurysms.

Four thoracic aortic aneurysms were already present on the
first CT scan. These aneurysms may also be caused by smoldering
vascular inflammation, which may have been already present prior
to the development of symptomatic GCA.

The hypothesis that ongoing aortic inflammation may
contribute to the development of thoracic aortic aneurysms in
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FIGURE 1

Kaplan-Meier curve of the proportion of patients with an incident thoracic aneurysm stratified according to panel (A) PET positivity in any large
vessel and (B) PET positivity in the thoracic aorta. The first PET scan is at diagnosis, the second during follow-up.

GCA is in contrast with the lack of association between occurrence
of thoracic aortic aneurysms and treatment regimen or relapse
rate. This may be explained by a difference in the number of
relapses with large vessel vasculitis and relapses without large vessel

vasculitis (e.g., isolated PMR or isolated cranial relapses). However,
since there are no specific symptoms of large vessel vasculitis and
since we did not routinely perform imaging at time of relapse, we
could not prove this hypothesis.
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FIGURE 2

Proportion of positive PET scans stratified according to disease activity and to the presence of an incident thoracic aortic aneurysm.

Besides the limitations already mentioned in the original study
(PET scans performed over a long time with increasing device
quality, part of CT scans performed with contrast or on a PET/CT
system, missing CT scans, single-center study and treatment at
the discretion of the physician), this study has a major additional
limitation. Repeat PET scans at predefined time points during
follow-up were not included in the study protocol of the original
prospective cohort study. The repeat PET scans during follow-up
in this study were performed as driven by clinical practice, most
frequently when a relapse was suspected. As a result, there is an
important selection bias and the number of patients included is
too small to draw solid conclusions. In addition, the data are very
heterogeneous, both in terms of disease activity, disease duration
since diagnosis and dose of glucocorticoids at the time of the repeat
PET scan. Given these important limitations, we only performed a
descriptive analysis and did not perform statistical comparisons.

In conclusion, nine out of ten patients with an incident thoracic
aortic aneurysm, were PET positive at diagnosis and remained PET
positive during follow-up. This finding suggests that in addition to
the intensity and extent of the initial inflammation, ongoing aortic
inflammation may contribute to the development of thoracic aortic
aneurysms in GCA. However, this should be confirmed in a large
prospective trial with repeat PET scans at predefined time points
during follow-up.
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of Nuclear Medicine, E.O. “Ospedali Galliera,” Genoa, Italy, 7Clinic of Nuclear Medicine, Imaging
Institute of Southern Switzerland, Ente Ospedaliero Cantonale, Bellinzona, Switzerland, 8Faculty
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Background: Several recent studies have proposed the possible application of

positron emission tomography/computed tomography (PET/CT) administering

radiolabelled fibroblast-activation protein (FAP) inhibitors for various forms of

thyroid cancer (TC), including differentiated TC (DTC), and medullary TC (MTC).

Methods: The authors conducted an extensive literature search of original

studies examining the effectiveness of FAP-guided PET/CT in patients with

TC. The papers included were original publications exploring the use of FAP-

targeted molecular imaging in restaging metastatic DTC and MTC patients.

Results: A total of 6 studies concerning the diagnostic yield of FAP-targeted

PET/CT in TC (274 patients, of which 247 DTC and 27 MTC) were included in this

systematic review. The included articles reported high values of FAP-targeted

PET/CT detection rates in TC, ranging from 81 to 100% in different anatomical

sites and overall superior to the comparative imaging method.

Conclusion: Although there are promising results, the existing literature on the

diagnostic accuracy of FAP-guided PET in this context is still quite limited. To

thoroughly evaluate its potential significance in TC patients, it is needed to

conduct prospective randomized multicentric trials.

KEYWORDS

thyroid cancer, FAPI, PET, nuclear medicine, oncology, systematic review

Frontiers in Medicine 01 frontiersin.org24

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2024.1381863
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2024.1381863&domain=pdf&date_stamp=2024-03-25
https://doi.org/10.3389/fmed.2024.1381863
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fmed.2024.1381863/full
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/


fmed-11-1381863 March 20, 2024 Time: 16:31 # 2

Rizzo et al. 10.3389/fmed.2024.1381863

1 Introduction

Differentiated thyroid cancer (DTC) is the leading malignant
tumour affecting the endocrine system, and its global occurrence
continues to increase annually due to the implementation of
enhanced screening methods, such as neck ultrasonography and
fine needle aspiration biopsy in everyday clinical practice, for
detecting and characterising small thyroid nodules (1). Most of
these TCs encompass small and asymptomatic papillary TCs
(PTCs) belonging to a significant subclinical group of slow-
growing tumours (2) and high-risk DTCs in a lower percentage
(3). Adjuvant post-surgical Radioiodine (RAI) therapy and
relative post-therapeutic whole-body scan performed after RAI
administration have traditionally been crucial in assessing the
extent of tumour burden in high-risk DTC and the ability of
residual or recurrent illness to concentrate RAI (3). Regrettably,
only around two-thirds of patients with metastatic DTC exhibit
uptake of RAI in their lesions. Conversely, the remainder of
patients either develop metastases that do not exhibit significant
RAI uptake on post-therapeutic whole-body scan (or lose the
ability to concentrate it) or experience disease progression after
RAI treatment (3, 4). As a result of this statement, the concept
of RAI-refractoriness (RAI-R) was introduced in the literature.
According to the latest American and European Thyroid and
Nuclear Medicine Societies, RAI-R is defined as follows: patients
with abnormal thyroglobulin (Tg) levels or evidence of disease
in other diagnostic examinations without RAI concentration on a
diagnostic or post-therapeutic RI scan; tumour foci that show RAI
uptake while others do not; progressive disease despite evidence of
RAI uptake in DTC lesions (3).

Concerning the diagnostic instrumental investigations
currently employed to manage RAI-R DTC patients, whole-
body contrast-enhanced computed tomography (CT) is the
most diffused examination due to its ability to assess the
development of locally recurrent invasive disease, lymph node
and distant metastases as well as its worldwide availability and
cost-effectiveness (5). However, several authors have observed
how fluorine-18 fluorodeoxyglucose ([18F]FDG) positron emission
tomography (PET)/CT may play a role in the management of these
patients, particularly as a prognosis predictor, despite its variable
accuracy, which is usually affected by different pathology features
such as tumour dedifferentiation and burden (3, 6, 7).

Among the variety of tumours which can onset in the
context of thyroid gland, it does worth mention the medullary
thyroid cancer (MTC), which is a rare neuroendocrine neoplasm
originating from the para-follicular C-cells of the thyroid and
encompasses for 3 to 10% of all TCs (8–10). Calcitonin is the
most commonly used serum marker for screening and monitoring
patients diagnosed with MTC (11). When MTC is detected, the
metastatic spread to the cervical lymph nodes is a frequent
condition (12). Regarding MTC, CT is the primary cross-sectional
imaging technique used to evaluate the severity of the disease in
individuals with elevated calcitonin levels, particularly for lymph
nodes and liver metastases (although magnetic resonance imaging
is more effective in detecting bone lesions) (13, 14). Regarding the
molecular imaging of MTC, PET/CT is a highly beneficial nuclear
medicine technology in comparison to conventional scintigraphic
techniques. The PET radiopharmaceuticals most typically utilized

in MTC restaging (when blood tumour marker levels rise) are [18F]
dihydroxyphenylalanine ([18F]DOPA), [18F]FDG and [68Ga]Ga-
labelled somatostatin analogs and, among them, [18F]DOPA has the
best detection rate (15, 16).

Overall, there is an urgent need of more accurate molecular
imaging methods focused on new targets for evaluating RAI-
R DTC and MTC.

For several decades, carcinomas were thought to be made up of
altered cells with cell-autonomous hyper-proliferative and invasive
survival features. Nevertheless, the tumour microenvironment
(TME), which includes tumour-associated stromal cells and the
extracellular matrix, is also crucial in tumour invasion and
metastases onset, promoting cell migration (17–19); for example,
cancer-associated fibroblasts (CAFs) are a significant component
of the tumour stroma. CAFs, also known as reactive fibroblasts
or myofibroblasts, are found in a variety of malignant tumours,
including head and neck malignancies other than TC (20, 21).
FAP expression may also variate according to the solid tumours’
grading, such as in prostate cancer (22, 23). Despite CAFs being
stromal cells, which are part and parcel of neoplastic lesions, they
do not express epithelial, endothelial, or leukocyte markers and
are notably devoid of oncogene mutations (24). Finally, CAFs
have been found to express a variety of receptors on their cell
membrane, including alpha-smooth muscle actin and fibroblast-
activating protein (FAP) (25). FAP expression is typically slight in
physiologic adult tissues but significantly higher in sites undergoing
tissue remodelling, such as malignancies (26). According to these
findings, FAP became an attractive target for molecular imaging
of various cancers and non-oncological disorders. Subsequently,
different radiolabelled FAP inhibitors (FAPi) have been synthesised
in order to assess the in vivo expression of FAP by PET imaging
in various malignancies, including TC (27). The purpose of this
systematic is to thoroughly evaluate the diagnostic performance
of FAP-guided PET imaging in detecting TC lesions in different
clinical scenarios.

2 Materials and methods

2.1 Protocol and review question

A preconceived protocol guided the development of the
current systematic review (28). Namely, it was based on the
“Preferred Reporting Items for a Systematic Review and Meta-
Analysis” (PRISMA 2020 statement) for its put in writing
(29). Supplementary Table 1 reports the thorough PRISMA
checklist. The present systematic review was not registered
in any comprehensive listing of systematic review protocols
(e.g., PROSPERO).

The first step was defining a review question according
to the PICO (Population, Intervention, Comparator, Outcomes)
framework: which is the diagnostic yield (outcome) of FAP-guided
PET imaging (intervention) in patients with TC (patient) compared
with other imaging methods (comparator)? This predefined review
question has guided the choice of eligibility criteria for the inclusion
of pertinent studies in the systematic review.

The comprehensive literature search, study selection, quality
assessment and data extraction were all performed by two reviewers
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(AR and GT) independently. Any disagreements among the
reviewers were resolved through a discussion with a third reviewer.

2.2 Literature search strategy and
information sources

As stated, the authors searched for articles concerning the
employment of FAP guided PET in the management of TC using
two distinct electronic bibliographic databases (Cochrane Library
and PubMed/MEDLINE).

Taking into account the predefined review question, a search
algorithm was created based on a combination of the following
terms: (A) “FAP” OR “FAPi” AND (B) “thyroid.” Terms such as
“PET,” “positron,” and “cancer” were deliberately excluded from the
search algorithm since the authors agreed on opting for a more
sensitive research string than for a specific one, trying to collect all
the articles concerning the preconceived topic.

No restrictions were applied regarding the articles’ language or
publication year. Moreover, reviewers screened included studies’
references, searching for additional eligible articles considering
the review question. The literature search was last updated on
06 December 2023.

2.3 Eligibility criteria

This systematic review deemed clinical trials reporting data on
the diagnostic yield of FAP-guided PET imaging in TC patients
appropriate for inclusion. Editorials, letters, reviews, comments,
case reports, minor case series, and original investigations on
different topics than the preconceived one (including pre-clinical
studies) were excluded. Moreover, since the present review had
the aim to assess the potential role of FAP-guided PET in
TC diagnostics, studies concerning the role of FAP-targeting
radiopharmaceuticals as radioligand therapy agents were not
considered as papers in the field of interest.

2.4 Selection process

At least two review authors (AR and GT) separately examined
the titles and abstracts from the list of records generated using
the search string in the selected bibliographic databases. They
chose the studies eligible for the systematic review based on the
stated inclusion and exclusion criteria, explaining their reasoning
for each selection.

2.5 Data collection process and data
extraction

The reviewers (AR and GT) gathered data from all of the
included studies, taking advantage of full-text, tables, and figures
regarding general study information (authors, publication year,
country, study design, funding sources); patients’ characteristics
(sample size, age, sex ratio, clinical setting, histological TC subtypes,

serum markers levels); and index text characteristics (employed
radiopharmaceuticals, hybrid imaging protocol, administered
radiopharmaceutical activity, uptake time).

2.6 Quality assessment (risk of bias
assessment)

QUADAS-2, a methodology for evaluating quality in diagnostic
test accuracy studies, was chosen to analyse the risk of bias in
individual studies and their applicability to the review question
(28). Two authors (AR and GT) graded the research in the
systematic review based on the potential for bias in four areas
(patient selection, index test, reference standard, and flow and
timing) and applicability in three categories (patient selection,
index test, and reference standard).

3 Results

3.1 Literature search and study selection

The literature search was updated on 06 December 2023 and
yielded 244 records. Subsequently, 238 publications were excluded
based on the previously stated selection criteria. Of these, 217
were deemed irrelevant to the field of interest, five were reviews,
editorials, book chapters, or letters related to the analysed topic,
and 16 were case reports within the field of interest. At the end,
six publications were judged as eligible by the review authors
and they were included in the qualitative synthesis based on the
preconceived inclusion criteria (30–35). Reviewers were unable
to locate any further appropriate publications by examining the
references of these articles. Figure 1 provides a concise overview
of the approach used to select the studies for this analysis.

3.2 Study characteristics

The present systematic review includes six studies satisfying
the inclusion criteria. These studies involve 247 TC patients and
are comprehensively analysed in Tables 1–3 (30–35). The chosen
studies were published by Chinese (3/6), Indian (2/6), and Turkish
(1/6) groups during the years 2022 and 2023. Half of the studies
reported in the analysis utilized a prospective design, while the
remaining half conducted a retrospective analysis of their case
studies. Each trial included in the review was performed in a single
Institution. Additionally, two studies mentioned the sources of
funding in their text.

Table 2 provides details regarding the TC patients included
across the different studies. The number of individuals involved
ranged from 24 to 117, with an average age of 42.4 to 53.2 years.
The proportion of male participants varied from 24 to 51%. The
index test was only employed for restaging RAI-R DTC patients in
two papers (29, 32). In three research, it was utilized for restaging
DTC patients regardless of their refractoriness to RAI (31–33). The
last study focused on employing the index test for both staging
and restaging MTC patients (35). Regarding histologic subtypes,
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FIGURE 1

Comprehensive overview of the study selection process for the systematic review.

TABLE 1 General study information.

References Country Study design/number
of involved centres

Funding sources

Chen et al. (30) China Prospective/single centre National Natural Science Foundation of China; Natural Science Foundation of Fujian;
Fujian Provincial Health Commission Science and Technology and Programme.

Fu et al. (31) China Prospective/single centre None declared

Mu et al. (32) China Prospective/single centre Guangxi Health Commission; Key Laboratory of Nanomedical Technology
(Education Department of Fujian Province); School of Pharmacy, Nano Medical
Technology Research Institute, Fujian Medical University; Key Laboratory for
Endocrine-Related Cancer Precision Medicine of Xiamen.

Sayiner et al. (33) Türkiye Retrospective/Single centre None declared

Ballal et al. (34) India Retrospective/single centre None declared

Ballal et al. (35) India Retrospective/Single centre None declared

five studies included individuals with DTC, with the most common
variant being papillary thyroid cancer (PTC) with 184 patients (30–
34). The remaining research specifically targeted patients who had
been diagnosed with MTC (33). Regarding the five investigations

dealing with DTC, the average value of Tg varied from 60 to
1552 ng/mL (30–34). Conversely, the only study including patients
diagnosed with MTC revealed a central value of calcitonin at
666.5 pg/mL (35). Ultimately, tree research studies compared
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TABLE 2 Patient key characteristics and clinical settings.

References Sample
size

Mean/median
age (years)

Gender
(male %)

Clinical setting (no.
patients)

Histopathological TC
subtypes (no. patients)

Mean/Median Tg /
calcitonin

Comparative imaging

Chen et al. (30) 24 Mean: 49.6 ± 10.5 29% RAI-R DTC 22 PTC
2 n.a.

Mean Tg: 791.7 ng/mL CT

Fu et al. (31) 35 Median: 44 51% Restaging DTC 32 PTC
2 FTC
1 Hürthle TC

Median Tg: 60.2 ng/mL [18F] FDG PET/CT

Mu et al. (32)* 42 Median: 45 38% Relapsing DTC 36 PTC
5 FTC
1 Hürthle TC

Tg < 10 ng/mL in 24 patients
Tg > 10 ng/mL in 18 patients

TxWBS, [18F] FDG PET/CT

Sayiner et al. (33) 29 Mean: 45.8 ± 16.4 24% Relapsing DTC 25 PTC
4 PDTC

Mean Tg: 1552.9 [18F] FDG PET/CT

Ballal et al. (34) 117 Mean: 53.2 ± 11.7 42% RAIR-R DTC 69 PTC
17 FTC
PDTC

Median Tg: 183 ng/mL [18F] FDG PET/CT

Ballal et al. (35) 27 Mean: 42.4 ± 13.2 78% Staging and restating MTC 27 MTC Median calcitonin: 666.5 pg/mL [68Ga]Ga-DOTANOC

CT, computed tomography; DTC, differentiated thyroid cancer; FDG, fluorodeoxyglucose; FTC, follicular thyroid cancer; MTC, medullary thyroid cancer; n.a., not available; PET, positron emission tomography; PDTC, poorly differentiated thyroid cancer; PTC,
papillary thyroid cancer; RAI-R, radioiodine refractory; TC, thyroid cancer; Tg, thyroglobulin; TxWBS, post-therapeutic radioiodine whole-body scan.
*Only a part of the included patients underwent comparative imaging (13 patients and 11 patients were submitted to TxWBS and [18F] FDG PET/CT).

TABLE 3 Index test key characteristics.

References Tracer Hybrid imaging Tomograph Administered activity Uptake time (minutes) Image analysis

Chen et al. (30) [68Ga]Ga-DOTA-FAPi-04 Analogic PET/CT Biograph mCT 64 (Siemens R©) 1.85–2.22 MBq/Kg 30 Qualitative, semiquantitative
(SUVmax , SUVmean , TBR)

Fu et al. (31) [68Ga]Ga-DOTA-FAPi-04 Digital PET/CT Discovery MI (GE R©) 1.8–2.2 MBq/Kg 60 Qualitative, semiquantitative
(SUVmax)

Mu et al. (32) [18F]FAPi-42 AnalogicPET/CT Ingenuity TF (Philips R©) 215 MBq 60 Qualitative, semiquantitative
(SUVmax , TBR)

Sayiner et al. (33) [68Ga]Ga-DOTA-FAPi-04 Digital PET/CT Discovery IQ (GE R©) 185–222 MBq 30 Qualitative, semiquantitative
(SUVmax)

Ballal et al. (34) [68Ga]Ga-DOTA.SA.FAPi Analogic PET/CT Discovery 710 (GE R©) 180 MBq 60 Qualitative, semiquantitative
(SUVmax , SULpeak)

Ballal et al. (35) [68Ga]Ga-DOTA.SA.FAPi Analogic PET/CT Discovery 710 (GE R©) 185 MBq 60 Qualitative, semiquantitative
(SUVmax , SULpeak)

CT, computed tomography; FAPi, fibroblast activation protein inhibitor; MBq, MegaBecquerel; PET, positron emission tomography; SUL, standard uptake value corrected for lean body mass; SUV, standardized uptake value; TBR, target-to-background ratio.
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the results obtained from the index test using only [18F]FDG
PET/CT (31, 33, 34); another publication compared the index test
to [18F]FDG PET/CT and post-therapeutic RAI whole-body scan
(32); one paper utilised contrast-enhanced CT as a comparator (30),
while the last paper employed [68Ga]Ga-DOTANOC PET/CT (35).

The index test features exhibited substantial variation among
the studies taken into account, as seen in Table 3 of the
present review. Three experiments utilised [68Ga]Ga-DOTA-FAPi-
04 (30, 31, 33), two studies employed [68Ga]Ga-DOTA-SA-FAPi
(34, 35), and one utilised [18F]FAPi-42 (32). The administered
activity varied between 180 and 222 MBq when measured using
absolute values and between 1.8 and 2.22 MBq/Kg when measured
using relative values. Furthermore, there was a time interval of
30 to 60 min between the administration of the experimented
radiopharmaceutical and the PET imaging procedure. All the
experiments utilised PET/CT as a hybrid imaging technique. PET
scans in all the included studies were analysed using qualitative
and semiquantitative techniques (30–35). The PET metrics assessed
in the included publications were the target-to-background uptake
ratio (TBR), as well as the maximal and mean standardised uptake
values (SUVmax and SUVmean) of the pathological findings
under examination. Regarding the PET metrics documented in the
research, two articles authored by the same group presented the
standardised uptake value adjusted for the lean body mass of the
analysed lesions (SULpeak) (34, 35).

3.3 Risk of bias and applicability

The authors assessed the risk of bias and the relevance of the
included publications using the QUADAS-2 tool, extracting the
information presented in each investigation. Figure 2 presents the
findings concerning the quality evaluation as well as the concerns
regarding the applicability of the included research.

3.4 Results of individual studies
(qualitative synthesis)

None of the reports included in the analysis revealed
any negative effects following the injection of FAP-targeting
radiopharmaceuticals (30). None of the included papers evaluated
the inter-reader agreement of FAP-targeted PET images in
assessing thyroid malignancies. All the studies dealing with DTC
evaluated the uptake of FAP-targeting radiopharmaceuticals in
both regional and metastatic sites: in the majority of reports, the
tumour uptake was reported to be higher than the surrounding
background. Concerning the semiquantitative metrics, average
SUVmax reported values ranged from 4.2 and 12.6 for local
recurrences and varied between 4.1 and 9.1 for metastatic
lesions, including neck lymph nodes and distant metastases in
lung, bone, liver and pleura. The high heterogeneity observed
among the included studies may be explained by differences
in the administered FAP-targeting radiopharmaceutical forms,
radiolabelled with different positron-emitters radionuclides, in the
PET devices employed and in the uptake times (30–35).

Among the studies exploring the role of FAP-targeted PET
in DTC patients, one expressed the uptake of the lesions using

standardized uptake value corrected for lean body mass (SULpeak)
as the unit of measurement; subsequently, it was not feasible to
compare its results to the other included studies. Among the
included papers, four assessed the FAP-guided PET diagnostic yield
in the detection of local recurrences as well as of distant metastases
in DTC based on a per-patient analysis: two of them reported
an overall value of detection rate (DR) of approximately 85%,
one reported an overall sensitivity and specificity of 96 and 50%,
respectively, and one assessed a DR for lymph node metastases
of 86%, for lung lesions of 81.7% and bone secondaries of 100%.
Conversely, only two of the included studies performed a per lesion
analysis, with one paper reporting a sensitivity and specificity for
neck lesions of 83 and 42%, respectively, and a DR for distant
metastases of 79%, and the other reporting a DR for lymph node
metastases of 95.4% (30–34).

When compared to [18F]FDG PET, the index test overall
showed a superior diagnostic performance; FAP-guided PET was
indeed able to reveal a higher number of lesions both in lymph
nodes as well as in lung, bone, and liver; however, its superiority
was not statistically relevant in most of the cases. The results of
the included papers dealing with DTC, including semiquantitative
metrics, sites of the lesions, and diagnostic yield of the index test,
are reported in Table 4 (30–34).

Only one of the included papers focused on patients diagnosed
with MTC, enrolling subjects both in a staging and restaging
setting. A comprehensive overview of the FAP-guided PET metrics
and diagnostic accuracy reported in the paper are presented in
Table 4. Concerning the diagnostic performance of the index
test when compared to [68Ga]Ga-DOTANOC PET/CT, it showed
higher accuracy in detecting both local recurrences and distant
metastases (35).

With regard to FAP-guided PET imaging accuracy in different
TC histopathologic subtypes, none of the included studies
made a statistical analysis to assess differences in uptake values
among the explored histopathologic variants. Moreover, it is
worth noting that none of the included studies incorporated an
immunohistochemistry (IHC) analysis in its design to assess the
immunostaining of FAP in biopsy samples; in this setting, only one
of the included papers performed an IHC analysis to evaluate the
expression of FAP in the TME only on one pleural lesion.

Since each study explored the diagnostic yield of FAP-
guided PET using a single radiopharmaceutical form, no reports
are available concerning the differences in the accuracy of the
different FAP-targeting radiopharmaceuticals available in this
clinical setting.

4 Discussion

The upregulation of FAP on the cell membrane of stromal cells
in the TME offers a promising opportunity for molecular imaging
and potentially radioligand therapy (35). In the past few years, there
has been a consistent increase in clinical research investigating
the application of PET imaging using radiolabelled FAPi in
several contexts, mainly in oncology. This emerging research
provides crucial insights into the potential applications of this
innovative diagnostic approach. Moreover, recent investigations
have demonstrated that FAP-guided PET has displayed remarkable
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FIGURE 2

An iconographic summary of the quality assessment carried out with the QUADAS-2 tool. The researchers classified the papers included in the
qualitative synthesis according to their degree of bias or applicability concerns for specific areas indicated on the ordinate axis. By contrast, the
abscissa axis displays the percentage of studies. Based on the graph, about the 40% of the assessed studies demonstrate a notable risk of bias in the
“patient selection” and “reference standard” domains.

TABLE 4 Main results of the included studies.

References Lesions’ PET metrics Lesions site Diagnostic performance Outcome

Per patient Per lesion

Chen et al. (30) Mean SUVmax

Lymph node: 7.06 ± 0.39
Lung: 6.39 ± 0.91
Bone: 4.01 ± 0.48

Lymph node
Lung Bone
Pleura

DR: 87.5% n.a. DTC lesions showed
intermediate-to-high uptake on
FAP-guided PET images.

Fu et al. (31) Median SUVmax

Local recurrence: 12.6
Lymph node: ranging from 6.0
to 9.1 depending on the region
Lung: 1.7 Bone: 6.0

Local recurrence
Lymph node
Lung
Bone
Liver

Sensitivity: 96%
Specificity: 50%

Neck lesions
sensitivity: 83%
specificity: 42%
Distant metastases
DR: 79%

FAP-guided PET has superior
diagnostic performance over
FDG PET in a per-lesion analysis.

Mu et al. (32) Median SUVmax

Local recurrence: 4.2
Lymph node: 3.9
Lung: 1.3

Local recurrence
Lymph node
Lung
Bone

n.a. n.a. FAP-guided PET had comparable
performance to FDG PET.

Sayiner et al. (33) Mean SUVmax

All lesions: 7.5 ± 3.41
n.a. DR: 86.2% n.a. FAP-guided PET was able to

individuate more positive patients
than FDG PET.

Ballal et al. (34) Median SULpeak

Lymph node: 6.86
Lung: 5.64
Bone: 8.24

Primary tumour
Local recurrence
Lymph node
Lung
Pleura
Bone
Liver
Brain

Lymph node DR: 86%
Lung DR: 81.7%
Bone DR: 100%

Lymph node
DR: 95.4%

FAP-targeted PET revealed fewer
false-positive and false-negative
findings than FDG PET.

Ballal et al. (35) Median SULpeak

Local recurrence: 6.5
Lymph node: 6.9
Lung: 4.6
Bone: 5.8
Liver: 6.0

Primary tumour
Lymph nodes
Lung
Pleura
Bone
Liver
Brain

Primary tumour
DR: 100%
Lymph node
DR: 100%
Lung DR: 81.3%
Bone DR: 91.6%

Lymph node
DR: 98.3%
Lung DR: 93.5%
Bone DR: 92.4%

FAP-guided PET exhibited a
superior accuracy than
DOTA-NOC PET in detecting
both local recurrence and distant
metastases.

DR, detection rate; FAP, fibroblast activation protein; FAPi, fibroblast activation protein inhibitors; n.a., not available; PET, positron emission tomography; SULpeak , standardized uptake value
corrected for lean body mass; SUVmax , maximum standardized uptake value.
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results in identifying various malignancies, including tumours
frequently associated with limited or insignificant [18F]FDG uptake
(36–38). FAP-targeted PET imaging offers several advantages, since
it exhibits relatively lower levels of background activity in muscle
and blood pool compared to other tracers (39).

Over the past 2 years, various clinical studies have attempted
to assess the diagnostic yield of PET imaging using radiolabelled
FAPi in TCs. The research aimed to determine the accuracy of
FAPi in various clinical scenarios and to identify its conceivable
applications for individuals diagnosed with DTC and MTC
(30–35). These research papers have included newly diagnosed
individuals and those who previously had surgical procedures or
systemic treatments, including RAI therapy. The objective of this
systematic review was to collect the existing data, analyse variations
among the included studies, and advocate for future research
perspectives to ultimately establish a more accurate assessment of
the effectiveness of FAP-guided PET.

One of the main issues concerning the regular employment of
FAP-targeting radiopharmaceuticals, both as a diagnostic probe or
as a theragnostic compound, is the radiopharmaceutical retention
in the target cells, especially in monomeric pharmaceutical forms,
irrespectively of the radionuclide it is radiolabelled with (36). This
statement opens a debate on the best uptake time to acquire
emissive images. In the studies gathered in this systematic review,
the uptake time ranged between 30 and 60 min, and none of them
included a dynamic acquisition in their design. Theoretically, using
a shorter uptake time should forestall the radiopharmaceutical
excretion; however, dynamic studies of biodistribution in different
neoplasms are warranted to assess the best uptake time and
advocate for univocal procedure guidelines.

Concerning the diagnostic performance of FAP-targeted PET in
DTC, despite most of the studies gathered in this systematic review
where proof of concept trials enrolling a constrained number of
DTC patients, the evidence is relatively homogeneous (30–34).
Indeed, the four studies assessing the DR of this novel instrumental
examination observed optimal values in neck lesions (expressed
as local recurrence and lymph node metastases) as well as distant
metastases in typical and atypical anatomic sites, including lung,
liver, bone, and pleura. Interestingly, when compared to [18F]FDG
PET, FAP-targeted PET imaging showed more true positive findings
and fewer false negative results (30, 31, 33, 34). Despite these
differences in terms of number of lesions were not statistically
significant in any of the included papers, more studies are needed
to assess if the increased DR of this novel imaging technique
might be able to change DTC patients’ stage and, subsequently,
management. The difference in terms of DR of these two
instrumental examinations might underlie the variable diagnostic
accuracy of [18F]FDG PET in DTC, which is affected by several
different clinical and histological features (40–42); however, since
none of the included studies assessed the differences in diagnostic
accuracy of both examinations based on histologic variants and
clinical features; it is not feasible to validate this hypothesis. In this
setting, it is noteworthy that [18F]FDG has a valuable diagnostic
performance in DTC patients with hematogenous metastases, as
stated in a recent meta-analysis of literature (43); unfortunately,
it is currently not feasible to make an indirect comparison of
these two imaging techniques since the data gathered in this
systematic review does not allow to pool the diagnostic accuracies
reported in the included studies. More studies are needed in this

setting to assess which patients might benefit from FAP-targeted
imaging rather than [18F]FDG PET. Furthermore, given the recent
technologic developments in PET devices, which allow dual-tracer
acquisition protocols, future research should explore the potential
impact of an imaging technique assessing two metabolic pathways
(related on glucose metabolism and fibroblastic tissue remodelling,
respectively) in DTC patients (44, 45).

Regarding the diagnostics of DTC, recent IHC and molecular
imaging studies explored the in vitro and in vivo expression
of prostate-specific membrane antigen (PSMA, also known as
carboxypeptidase type II), reporting a variable expression of
this transmembrane protein on the surface of neo endothelial
cells within tumour’s neo angiogenesis and conflicting results
concerning the potential employment of PSMA-targeted PET
in DTC patients (46–48). Given the lack of existing literature
comparing these two tracers in DTC patients and the recent
development of bispecific radiopharmaceuticals designed to target
both FAP and PSMA, it is necessary to conduct prospective studies
encompassing both diagnostic methods in order to assess which
instrumental examination is more dependable for this type of
malignancy (49).

Only one of the included studies explored the diagnostic
accuracy of FAP-targeted PET in MTC, reporting an optimal DR
in the detection of neck lesions as well as distant metastases,
superior to [68Ga]Ga-DOTA-NOC PET (35). In recent literature,
it is reported that FAP is highly expressed in peritumoral
and intratumoral stromal compartments of MTC and that the
expression of AP positively correlates with the level of desmoplasia
determined in the histological analysis (50–52). Moreover, it
has been reported that desmoplasia is associated with a higher
incidence of lymph node metastases in both PTC and MTC. The
high uptake of radiolabelled FAPi in MTC lesions is likely explained
by the stromal development and the abundant stromal components
found even at the early stages of MTC onset (52). As well
known, neuroendocrine neoplasms accumulate amine precursors
and amino acids, including dihydroxyphenylalanine (DOPA). This
molecule, labelled with [18F]F, has been successfully used as an
imaging compound for PET/CT investigations in neuroendocrine
tumours and is currently considered the best choice for imaging
MTC patients in various clinical settings (53, 54). In order to assess
the actual advantage of using FAP-targeting radiopharmaceuticals
rather than currently available tracers in MTC and advocate
for their regular employment in clinical practice, it is necessary
to develop clinical trials comparing FAP-targeted imaging to
[18F]DOPA PET in patients diagnosed with this malignancy.

So far, RAI has been the most often used additional treatment
for patients with intermediate- or high-risk of disease recurrence
or metastatic DTC (55). However, patients with advanced DTC
either have inherent resistance or develop resistance to this
treatment (56). Additionally, MTC and anaplastic TC do not
exhibit a valuable response to RAI therapy due to their inability
to metabolize iodine. Despite significant advancements in Tyrosine
Kinase inhibitor treatments for RAI-R TC in recent years, the
presence of drug resistance continues to pose a significant challenge
in enhancing prognosis (57). To date, there are no alternative
therapies accessible to individuals with progressive tumours who
have either completed or declined traditional treatment choices
(58). Based on these statements, FAP-targeted therapy with
radiolabelled FAPI might provide a potential therapeutic option for
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TABLE 5 Synthesis of papers dealing with FAP-targeted radioligand therapy.

References No.
patients

Histopathological TC
subtypes (no. patients)

Radiopharmaceutical Main results

Ballal et al. (59) 1 1 MTC [177Lu] Lu-DOTAGA.(SA.FAPi)2 Significative reduction of the tumour burden
with significant improvement in the quality of
life of the patient.

Ballal et al. (60) 15 15 RAI-R DTC [177Lu]-DOTAGA.(SA.FAPi)2 About half of the enrolled patients had partial
response to treatment or stable disease. None
of the patients experienced grade III/IV
hematological, renal, or hepatotoxicity.

Fu et al. (61) 1 RAI-R DTC [177Lu] Lu-FAPi-46 The patient had stable disease after a
four-cycles treatment.

Fu et al. (62) 12 RAI-R DTC [177Lu] Lu-EB-FAPi Overall, the radiopharmaceutical was well
tolerated by all patients with high radiation
doses delivered to mRAIR-TC lesions.

Martin et al. (63) 1 MTC [177Lu] Lu-DOTAGA.Glu.(FAPi)2 The employed radiopharmaceutical showed
longer retention than other pharmaceutical
forms.

FAPi, fibroblast activation protein inhibitors; MTC, medullary thyroid cancer; RAI-R, radioiodine refractory; DTC, differentiated thyroid cancer.

RAI-R TC patients. In this setting, several [177Lu]Lu-radiolabelled
FAP-targeting compounds were tested to assess their safety; as a
result, these pharmaceuticals were well tolerated by RAI-R TC
patients. Moreover, the preliminary data on the efficacy of these
novel radiopharmaceuticals encourage further research to assess
if they can significantly prolong survival in this clinical scenario
(59–63). Table 5 synthesizes the main results of these trials.

This systematic review represents the first thorough
literature examination concerning the use of FAP-targeting
PET radiopharmaceuticals in patients with thyroid malignancies.
However, it is worth noting that it accounts for significant
limitations, including the limited number of studies in the field
of interest with constrained sample sizes and their heterogeneity,
which hampered the possibility of drawing up a quantitative
analysis of the retrieved data. Furthermore, potential sources of
bias about patient selection and comparative imaging domains
were found in the included studies.

5 Conclusion

The presented systematic review has furnished qualitative
data underscoring the potential role of FAP-targeted
radiopharmaceuticals in the diagnostics of different forms of
TC, and potentially in its employment as theragnostic agent.
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Preliminary evidence of localizing 
CD8+ T-cell responses in 
COVID-19 patients with PET 
imaging
Hans J. P. M. Koenen 1, Ilse J. E. Kouijzer  2, Michel de Groot 3, 
Steffie Peters 3, Daphne Lobeek  3, Evelien A. J. van Genugten 3, 
Dimitri A. Diavatopoulos 1, Nienke van Oosten 2, 
Sanne Gianotten 2, Mathias M. Prokop  3, Mihai G. Netea  2, 
Frank L. van de Veerdonk  2 and Erik H. J. G. Aarntzen  1*
1 Department of Laboratory Medicine, Radboud University Medical Center, Nijmegen, Netherlands, 
2 Department of Internal Medicine and Radboud Center for Infectious Diseases, Radboud University 
Medical Center, Nijmegen, Netherlands, 3 Department of Medical Imaging, Radboud University 
Medical Center, Nijmegen, Netherlands

The upper respiratory tract (URT) is the entry site for severe acute respiratory 
syndrome-coronavirus-2 (SARS-CoV-2), from where it further disseminates. 
Early and effective adaptive immune responses are crucial to restrict viral 
replication and limit symptom development and transmission. Current vaccines 
increasingly incorporate strategies to boost mucosal immunity in the respiratory 
tract. Positron emission tomography (PET) is a non-invasive technology 
that measures cellular responses at a whole-body level. In this case series, 
we  explored the feasibility of [89Zr]Zr-crefmirlimab berdoxam PET to assess 
CD8+ T-cell localization during active COVID-19. Our results suggest that 
CD8+ T-cell distributions assessed by PET imaging reflect their differentiation 
and functional state in blood. Therefore, PET imaging may represent a novel 
tool to visualize and quantify cellular immune responses during infections at a 
whole-body level.

KEYWORDS

SARS-CoV2, PET imaging, mucosal immunity, CD8+ T-cells, trafficking

Introduction

The upper respiratory tract (URT) represents the site of entry for severe acute respiratory 
syndrome coronavirus 2 (SARS-CoV-2) (1). In the absence of an adequate mucosal immune 
response, including T-cells (2), it may replicate and spread to the lower respiratory tract (LRT) 
and eventually distant organ sites (3). Mucosal T-cells help control the viral load (4) and limit 
the (progression of) disease, thus reducing viral spread in the population (5). CD8+ T-cells 
are major effector cells of these local cytotoxic responses to viral infection and are rapidly 
recruited to the nasopharynx following a controlled challenge of volunteers with SARS-CoV-2 
(6). Although CD8+ T-cells are important for the clearance of infected cells, delayed and 
persistent bystander activation of CD8+ T-cells in hospitalized patients suggests that they may 
also contribute to lung pathology (7, 8).

Little is known about the spatial distributions of CD8+ lymphocytes at a whole-body level 
(9) during acute coronavirus disease 2019 (COVID-19). This case series describes the in vivo 
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distribution of CD8+ T-cells in hospitalized patients during active 
SARS-CoV-2 infection using positron emission tomography (PET) 
imaging and functional characterization of circulating lymphocytes 
using flow cytometry.

Methods

Study design

A prospective observational, open-label, non-randomized pilot 
study was performed on patients admitted to the hospital with active 
SARS-CoV-2 infection. Eligibility criteria included age > 50 years and 
PCR-confirmed SARS-CoV-2 infection. Patients underwent a [89Zr]
Zr-crefmirlimab berdoxam PET/CT scan; 20 mL EDTA blood and 
10 mL EDTA plasma were collected immediately before tracer 
injection. Patients were monitored, and vital signs were measured 
every 6 h during admission. The protocol was approved by the 
Institutional Review Board, and all patients provided written informed 
consent (ClinicalTrials.gov identifier NCT04874818). In total, 6 
patients were counseled for this study, 4 were eligible, and three 
patients underwent scanning. One patient did provide informed 
consent but was not scanned as a tracer dose was not available. Two 
patients did not provide informed consent due to claustrophobia (n = 1) 
and radiation dose (n = 1). As the SARS-CoV-2 pandemic resided, 
further enrollment was halted, and the data were preliminarily analyzed.

Positron emission tomography imaging

[89Zr]Zr-crefmirlimab berdoxam is a 79,946 Da minibody (Mb) 
directed to the CD8 antigen, conjugated with deferoxamine (Df) and 
radiolabeled with 89Zr for imaging CD8+ cells in humans. The total 
molecular weight of the [89Zr]Zr-crefmirlimab berdoxam imaging 
agent is 81,453.8 Da. It binds to both CD8αα and CD8αβ, thus 
binding to mature T-cells, developing thymocytes, TCRαβ-expressing 
gut intra-epithelial T-cells, some γδT-cells, and some natural killer 
and dendritic cell subsets. The lack of Fc-receptor interaction 
domains makes it pharmacologically inert with respect to 
Fcγ-receptor-mediated effector functions. [89Zr]Zr-crefmirlimab 
berdoxam was produced according to Good Manufacturing Practice 
as described previously (10, 11) and obtained from ImaginAb Inc. A 
single dose of 37 MBq ± 10% (range 37 to 39.3 MBq) of [89Zr]
Zr-crefmirlimab berdoxam (total minibody mass of 1.5 mg) was 
administered as a slow bolus intravenously over 5 min. No 
premedication was administered. At 21–27 h post-injection, PET 
acquisitions were performed from the skull to the greater trochanter 
on a Siemens Biograph mCT (Siemens Healthineers, Knoxville, 
United States), using 5 min per bed position for the chest and 3 min 
per bed position for the remainder. Images were reconstructed into a 
200 × 200 matrix TrueX+TOF (21 subsets; 3 iterations). A low-dose 
CT scan without iodinated contrast was used for anatomical reference 
and attenuation correction. Volumes of interest were drawn manually 
to compute maximum and mean standardized uptake values (SUVmax 
and SUVmean, respectively). For the individual organ sites, tracer 
uptake values are expressed as tissue-to-blood ratio (TBR) calculated 
as the SUVmean of the tissue divided by the SUVmean of the blood 
pool, measured in a spherical volume-of-interest of at least 10 mm 
diameter in the descending aorta.

Flow cytometry

A 10-color flow cytometry of freshly drawn blood samples was 
performed and analyzed as described previously (12). The following 
monoclonal antibodies were used: CD57-FITC, CD45RA-ECD, 
CD8APC-AF750, CD45-KO (Beckman Coulter), CD196-PE, CD194-
PC7, CD199-AF488, CD25-APC (BD Biosciences) CD183-PerCpCy5.5, 
CD197-BV421, KLRG1-PerCpCy5.5 (Biolegend), CD4-AF700, CD279-
PC7 (eBioscience), and CD28-PE (Dako). Two 10-color panels were 
used; panel 1 included CD45RA, CD196, CD8, CD183, CD194, CD25, 
CD4, CD199, CD197, and CD45 and panel 2 included CD57, CD28, 
CD45RA, KLRG1, CD279, CD25, CD4, CD8, CD197, and CD45.

Staining

All cells were surface stained in 25 μL of surface staining master 
mix at RT for 20 min. The cells were washed twice by adding 
PBS + 0.2% bovine serum albumin (BSA) and centrifuged at 250 xg 
for 2.5 min. The buffer was removed by flicking the plates. Before 
acquisition, whole blood-derived cells were resuspended in 100 μL 
PBS + 0.2% BSA.

For intracellular staining, the surface-stained peripheral blood 
mononuclear cells (PBMC) were fixed and permeabilized using the Fix/
Perm solution (eBioscience, Vienna, Austria). After 30 min at 4°C, 
protected from light, the cells were washed and centrifuged at 250 xg for 
2.5 min twice using a permeabilization buffer (eBioscience, Vienna, 
Austria). Then, 25 μL of the intracellular staining master mix was 
applied, and the samples were incubated for 30 min at 4°C, protected 
from light. After a second washing step using permeabilization buffer, 
the cells were resuspended in 100 μL PBS + 0.2% BSA for data acquisition.

Gating strategy

Each sample was analyzed by two multi-color antibody panels, as 
described previously. For each panel, the single cells, identified by 
plotting the FS Time Of Flight (FS TOF) against FS, within the 
leukocyte (CD45+) population were first gated, and then the lymphoid 
cells were gated.

In both panels, the lymphocytes were discriminated by forward 
scatter and side scatter. Within the CD8 + CD4- cells, maturation 
stages were defined based on CD45RA and CCR7 expression, namely, 
CD45RA+/CD197+ naïve cells, CD45RA-/CD197+ central memory 
(CM) cells, CD45RA-/CD197 effector memory (EM) cells, and 
CD45+/CD197- terminally differentiated effector memory (TEMRA) 
cells. Within these T-cell maturation stages, the percentage of CD196, 
CD183, CD194, and CD199 (panel1) and CD57, CD28, KLRG1, 
CD279, and CD25 (panel 2) expressing cells was determined.

Flow cytometry measurements and data 
analysis

Data were acquired using a Navios Flow Cytometer, as described 
above. Each sample suspended in 100 μL was measured for 60 s, 
representing 75% of the sample volume. This prevented the intake of 
air, leading to a non-specific signal at the end of the measurement. For 
the flow cytometry analysis, a manual gating strategy was conducted. 
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Each analysis was verified by two independent specialists to prevent 
gating errors. Analyzed data were stored batch-wise per 20 samples 
each. The statistics were exported batch-wise for further analysis.

Results

Patient characteristics

The study was performed in an acute clinical setting where 
patients were admitted with respiratory symptoms and PCR-test 
positive for SARS-CoV-2. During the period of subject enrollment in 
February and March 2022, the SARS-CoV-2 delta-variant BA.1 and 
BA.2 were dominant in The Netherlands.1 However, the determination 
of virus variants and exact viral load was not routinely performed and 
is not available for this cohort.

Case 1 was a 79-year-old man with chronic obstructive pulmonary 
disease (COPD) who was admitted to the hospital with respiratory 
stress 4 days after the onset of COVID-19 symptoms. He had not been 
previously vaccinated. PCR testing of the nasopharyngeal swab for 
SARS-CoV-2 on admission was positive, with a cycle threshold of 16. 
The oxygen saturation level was 94% without additional oxygen 
needed. Laboratory evaluation showed lymphopenia (0.44 × 109/L, 
normal values 1.00–3.50 × 109/L) and a C-reactive protein level of 
17 mg/L (normal values <5 mg/L). Treatment with prednisone 30 mg 
once daily was initiated under suspicion of exacerbation of COPD 
triggered by SARS-CoV-2 infection. PET/CT imaging was performed 
on day 7 after the onset of symptoms, and the patient was discharged 
from the hospital 6 days after admission.

Case 2 was an 83-year-old man with type 2 diabetes, hypertension, 
and chronic idiopathic thrombocytopenic purpura admitted to the 
hospital with respiratory stress and worsening of known late-onset 
cerebellar ataxia 2 days after the onset of symptoms. He was vaccinated 
twice against SARS-CoV-2 with BNT162b2 (Tozinameran) and 
received a booster vaccination with the same vaccine before 
admission. On admission, PCR testing of the nasopharyngeal swab for 
SARS-CoV-2 was positive, with a cycle threshold of 20. The oxygen 
saturation level was 96% without additional oxygen needed. 
Laboratory evaluation showed normal lymphocyte counts 
(1.34 × 109/L, normal values 1.00–3.50 × 109/L) and a C-reactive 
protein level of 70 mg/L. Treatment with intravenous immunoglobulin 
and donor-platelet infusion was initiated because of 
thrombocytopenia. PET/CT imaging was performed on day 5 after 
the onset of symptoms, and the patient was discharged from the 
hospital 8 days after admission.

Case 3 was an 89-year-old man with COPD and cardiovascular 
disease admitted to the hospital with respiratory stress 10 days after 
the onset of symptoms. He  was vaccinated with BNT162b2 
(Tozinameran) and had received a booster vaccination with the same 
vaccine prior to admission. PCR testing of the nasal swab for SARS-
CoV-2 was positive, with a cycle threshold of 23. Oxygen saturation 
was 90% with 4 L/min oxygen. Laboratory evaluation showed 
lymphopenia (0.22 × 109/L, normal values 1.00–3.50 × 109/L) and a 
C-reactive protein level of 81 mg/L. Treatment with dexamethasone 

1  https://www.rivm.nl/en/coronavirus-covid-19/current/variants

6 mg once daily was initiated. PET/CT imaging was performed on day 
13 after the onset of symptoms, and the patient was discharged 22 days 
after admission.

Visualizing CD8+ T-cells during early and 
late stages of COVID-19

High tracer accumulation is commonly observed in CD8+ T-cell-
rich organs, such as the spleen and bone marrow, as well as activity in 
the excretory organs, such as the hepatobiliary tract, which 
subsequently results in bowel activity (10, 11). Patients 1 and 2 were 
imaged at early time points after the onset of symptoms, on days 7 and 
5, respectively. Both patients presented with mild symptoms and were 
discharged soon after imaging. PET/CT imaging showed an increased 
presence of CD8+ T-cells in the nasal mucosa in these patients, 
compared to patient 3 (TBR 6.8 and 4.3 vs. TBR 1.4, respectively) 
(Figures 1, 2). A similar pattern was observed in the URT-associated 
lymphoid tissue, e.g., tonsils (TBR 7.4 and 5.3 vs. TBR 1.4) and 
cervical lymph nodes (TBR 13.4 and 3.1 vs. TBR 3.9). No tracer uptake 
was observed in the lower respiratory tract in patients 1 and 2 
(Figures 1, 2).

Patient 3 presented with dyspnea and increased oxygen demand, 
suggesting involvement of the lower respiratory tract. This patient was 
imaged on day 10, and no tracer uptake in the URT was observed 
(Figure  1). Although absolute tracer uptake in the affected lung 
parenchyma was increased (SUVmax 6.6) as compared to patients 1 and 
2 (SUVmax 3.4 and 2.2), TBR was in the same range (TBR 2.4 vs. 4.2 
and 1.1) (Figure 2), indicating the mere presence of tracer in the 
increased blood volume in the affected parenchyma, rather than trans-
endothelial migration of CD8+ T-cells into the interstitial space.

In addition to the distribution patterns in the respiratory tract, 
patient 1 also showed markedly increased presence of CD8+ T-cells 
across primary (bone marrow and spleen) and distant secondary 
(inguinal and mediastinal lymph nodes) lymphoid organs, as well as 
other organ sites, including the liver, kidney, and gluteal muscle.

PET-based distribution patterns 
correspond to CD8+ T-cell phenotype

The increased TBR in the URT in patients 1 and 2 coincided with 
higher expression of C-C chemokine receptor type 6 (CCR6/CD196) 
on the peripheral blood total CD8+ cells, in comparison to patient 3 
(8.1 and 7.1% vs. 4.3%) (Figure 3).

Patient 2 showed increased TBR in primary, distant secondary 
lymphoid organs, and non-lymphoid organs, suggestive of rapid in- 
and efflux of CD8+ T-cells from the circulation. In this patient, the 
fraction of C-X-C motif chemokine receptor 3 (CXCR3/CD183) 
positive lymphocytes among the total CD8+ population was higher 
than in patients 1 and 3 (Figure 3).

In both patients 1 and 2 imaged earlier after the onset of 
symptoms, the CD8+ T-cell population was dominated by an 
abundance of CD45RA-/CD197+ effector memory (Tem) and 
CD45RA+/CD197- terminally differentiated effector memory 
(Temra) phenotypes, indicative of recent priming (Figure 4). At a later 
stage of infection in patient 3, the CD8+ T-cell population was 
characterized by an increase in Temra phenotypes, as well as 
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CD45RA+/CD197+ naïve T-cells (Figure 4), suggestive of prolonged 
antigen stimulation and a replenished CD8+ T-cell reservoir. In 
addition to the evidence of evolving CD8+ T-cell differentiation, 
patient 3 also had higher frequencies of senescent/exhausted CD8+ 
T-cells as indicated by the loss of expression of CD28 (35.9% vs. 62.5 
and 72.0%) and reduced programmed death receptor-1 (CD297) 
expression (6.9% vs. 31.4 and 23.0%) among the total CD8+ 
population (Figure 3).

Discussion

Cellular immune responses are important for viral clearance and 
limitation of disease severity of SARS-CoV-2 infection. CD8+ T cells 
can help restrict viral replication, disease, and transmission (2, 13) but 
may also contribute to pathology (7, 8). An early and balanced 
recruitment and activation of CD8+ T cells in the mucosa and their 
expansion in secondary lymph nodes is a complex process that 
involves a concerted response of multiple immune cell populations 
and inflammatory mediators (13, 14). Previous studies highlighted 
that T-cell migration in response to inflammatory stimuli is governed 
by cell-intrinsic and cell-extrinsic factors, which vary throughout 
stages of differentiation and organ sites (15). This results in a spatial 
and temporal compartmentalization of T-cell subsets (16), which is 
difficult to infer from peripheral blood samples, which contain only a 
fraction of the total T-cell population (17). This study responds to the 

need for technologies that allow evaluation of the presence and 
dynamics of T-cells on a whole-body scale. PET imaging meets these 
prerequisites as it provides quantitative data in a non-invasive fashion 
and is feasible in clinical studies. We  employed a radiolabeled 
minibody targeting the human CD8α subunit (10, 11) to interrogate 
the in vivo distribution of CD8 T-cells in patients admitted to the 
hospital with COVID-19.

Albeit in a small series of patients, PET imaging demonstrated the 
differential distribution of CD8+ T-cells in the mucosa and associated 
lymphoid organs of the URT during early and later stages of SARS-
CoV-2 infection, underscoring the concept of spatial and temporal 
compartmentalization of CD8+ T-cell responses to respiratory viral 
infection. Furthermore, the observed differences in patterns of CD8+ 
T-cell distribution across mucosa, primary and secondary lymphoid 
organs, blood pool, and peripheral tissues can be  correlated with 
changes in CD8+ T-cell functional phenotypes. The chemokine 
receptor CXCR3 generally regulates leukocyte trafficking, promoting 
T-helper 1 recruitment and maturation (18). CXCR3 expression was 
the highest in patient 3, coinciding with the highest tracer uptake 
values across both lymphoid and non-lymphoid organs, suggesting 
increased trafficking of CD8+ T-cells from the circulation into 
peripheral tissues. Furthermore, the expression levels of the 
chemokine receptor CCR6, which directs T-cells to mucosal tissues in 
response to its ligand macrophage inflammatory protein 3 alpha 
(MIP-3α/CCL20) (18), were the highest in the two patients scanned 
earlier during their course of the disease and were associated with the 

FIGURE 1

PET imaging visualizes the in vivo distribution of CD8+ T-cells in acute COVID-19. Using a Zirconium-89-labeled CD8α chain targeting minibody for 
PET/CT images, the in vivo distribution of CD8+ T-cell was visualized at a whole-body level in three subjects with acute COVID-19 (A–C). The left-
upper panel displays the maximum intensity projections (MIP), the right panels display the PET-only transversal view of the upper respiratory tract 
(upper-middle panel) and lower respiratory tract (upper-right panel), and PET/CT fused transversal view (lower panels). CD8+ T-cell-rich organs, e.g., 
spleen and bone marrow, show the highest uptake and activity in the excretory organs, such as the hepatobiliary tract, resulting in bowel activity. In 
patients 1 and 2, the uptake in the nasal mucosa is markedly increased (arrows).
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highest tracer uptake values in the nasal mucosa. Finally, in the patient 
with a prolonged course of disease and features of exhaustion and 
senescence, predominantly in the circulating terminally differentiated 
CD8+ lymphocyte compartment, the lowest tissue-to-blood ratios 
were observed. This finding is consistent with the limited capacity of 
exhausted CD8+ T-cells to infiltrate into tissues (19). These 
observations hint at the potential of PET/CT imaging to develop 

quantitative parameters inferred from the spatial and dynamic 
substrates of CD8+ T-cell behavior.

It is important to note that these cases provide anecdotal 
observations and warrant further studies that include translational 
data linking functional or phenotypic characterization of CD8+ 
T-cells to tracer distribution patterns observed on PET imaging. In 
general terms, CD8+ T-cell responses in elderly patients, as in this case 

FIGURE 2

Quantification of CD8 targeting PET signal in acute COVID-19. Quantification of the PET signal in either maximum standardized uptake value (SUVmax) 
(A) or target-to-blood ratios (B) for the upper respiratory tract (URT), cervical lymph nodes (cLN), tonsils, lower respiratory tract (LRT), hilar lymph 
nodes (hLN), mediastinal lymph nodes (mLN), spleen, and bone marrow (BM).

FIGURE 3

Flow cytometric analysis of CD8+ cells at time point of PET imaging. The percentages of CD8+ cells expressing chemokine receptors (A) or activation 
markers (B) at the time point of PET imaging were assessed using multipanel flow cytometry (chemokine receptor profiles: CD197  =  CCR7, homing to 
secondary lymphoid organs; CD196  =  CCR6, homing to mucosal tissues; CD183  =  CXCR3, a general leukocyte trafficking receptor; CD199  =  CCR9, 
homing to gastrointestinal organs, CD194  =  CCR4, Th2 T-cell trafficking). (activation marker profiles: CD25  =  interleukin (IL)-2 receptor; CD57  =  human 
natural killer-1 (HNK1), marker of immune aging; CD279  =  programmed death receptor (PD)-1; CD28  =  co-stimulatory receptor, KLRG-1  =  Killer cell 
lectin-like receptor subfamily G member 1, a co-inhibitory receptor on late-differentiated T-cells).
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series, may be  impaired by reduced clonal diversity (20) and 
proliferative capacity (21) and increased exhaustion (22), also shown 
to be relevant in SARS-CoV2 infection. It is yet unknown how these 
aspects of CD8+ T-cell behavior in vivo affect the distribution and 
quantification of [89Zr]Zr-crefmirlimab berdoxam. The limited 
number of subjects in this study, sharing general characteristics such 
as age, gender, and SARS-CoV2 variant, preclude assumptions of a 
direct correlation with PET imaging findings. In this respect, studies 
using this tracer in healthy volunteers under steady-state conditions 
are not available as references. Such studies are currently only feasible 
on ultra-sensitive PET systems (23) that allow for reducing the 
administered dose of Zirconium-89 to match the ICRP62 risk category 
IIIa, balancing the acquisition of knowledge regarding serious disease 
with additional effective doses by study-related radiological 
procedures. Furthermore, a robust analytical framework for 
interpretation that allows for quantitative correlation between the 

high-dimensional data from flow cytometry on a selected fraction of 
CD8+ T-cells from the blood compartment and the spatial 
information described by PET parameters is to be developed. The 
simple linear associations presented in this article should 
be  interpreted as illustrative, aiming to stimulate researchers in 
immunological domains to embrace imaging technology in addition 
to established assays.

However, acknowledging the importance of early and local control 
of respiratory viruses by the adaptive immune system, a key objective 
of new vaccines is to develop strategies that induce robust mucosal 
cellular responses (24, 25). Biomarker technologies that allow early 
and quantitative assessment of changes in CD8+ T-cell distributions, 
e.g., from lymphoid compartments to mucosal linings, may provide 
alternative endpoints that can accelerate the development of effective 
vaccination approaches. Similarly, novel treatment strategies in 
immune-mediated inflammatory conditions that are dominated by 

FIGURE 4

CD8+ cell maturation stages and flowcytometric subtyping. Distribution of different maturation stages, based on differential expression of CD45RA 
and CD197, within the CD8+ lymphocyte compartment in the peripheral blood at the time point of scanning for each patient in percentages, as well as 
the expression profiles of activation markers and chemokine receptors among the Tnaive (light blue), Teffector memory (dark blue, hatched), Tcentral memory (dark 
blue filled), and Temra (grey hatched) populations within CD8+ T-cells. The size of the pie chart corresponds to the absolute number of CD8+ T-cells (in 
×106/mL) for each subject (A–C).
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CD8+ T-cells (26) or in which CD8+ T-cells are therapeutically 
targeted may benefit from non-invasive imaging approaches. The 
observations made in this case series highlight PET imaging with 
immune cell-specific tracers as an imaging biomarker that may 
complement current immunological assays with information on the 
spatiotemporal distributions of CD8+ T-cells on a whole-body scale, 
assessing yet another aspect of CD8+ T-cell biology (9).

In conclusion, PET/CT imaging with a radiolabeled minibody 
targeting CD8α on T-cells allows the localization of CD8+ T-cell 
responses in vivo in COVID-19 patients.
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Multimodal imaging findings of 
primary liver clear cell carcinoma: 
a case presentation
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Primary clear cell carcinoma of liver (PCCCL) is a special and relatively rare 
subtype of hepatocellular carcinoma (HCC), which is more common in people 
over 50  years of age, with a preference for men and a history of hepatitis B or C 
and/or cirrhosis. Herein, we present a case of a 60-year-old woman who came 
to our hospital for medical help with right upper abdominal pain. The imaging 
examination showed a low-density mass in the right lobe of his liver. In contrast 
enhanced computed tomography (CT) or T1-weighted imaging, significant 
enhancement can appear around the tumor during the arterial phase, and over 
time, the degree of enhancement of the tumor gradually decreases. The lession 
showed obviously increased fluorine-18 fluorodeoxyglucose (18F-FDG) uptake 
on positron emission tomography/CT. These imaging findings contribute to the 
diagnosis of PCCCL and differentiate it from other types of liver tumors.

KEYWORDS

liver, clear cell carcinoma, imaging findings, MRI, PET/CT

Introduction

Primary clear cell carcinoma of liver (PCCCL) is a relatively rare subtype of hepatocellular 
carcinoma (HCC) in histology, with clear cells accounting for 50% or more of the tumor and 
an incidence rate of approximately 0.9 to 8.8% of liver cancer (1, 2). The pathogenesis of 
PCCCL is not well understood. One study believed that its pathogenesis may be caused by the 
decrease of blood supply to the portal static vein, relative ischemia of the tumor, and the 
subsequent lipid and glycogen turbulence, and the organelles in the cytoplasm are replaced by 
glycogen and lipids, making the tumor cells appear clear or vacuolar (3). It is more common 
in more than 50 years of age, preferring men, most of them have a history of hepatitis B or C 
and/or cirrhosis, the patient has no characteristic clinical symptoms, mostly due to right upper 
abdominal pain or physical examination found liver occupation (4). PCCCL is a low-grade 
malignant tumor, mostly well differentiated, and often has a pseudocapsule, making it easier 
to undergo complete surgical resection. Its prognosis and survival rate are superior to other 
types of liver carcinoma, so obtaining a correct diagnosis before surgery is crucial (5). Herein, 
we present the diagnosis and treatment of a patient with primary PCCCL, focusing on its 
multimodal imaging features including computed tomorgraphy (CT), magnetic resonance 
imaging (MRI), and positron emission tomography (PET)/CT, with a view to increasing 
awareness of this rare disease.
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Case presentation

A 60-year-old woman had dull pain in the right upper abdomen 
without obvious reasons a month ago, no radiating pain in the 
shoulder and back, each pain lasting from 30 min to 1 h, 1–2 times a 
day, and the frequency increased in the past week, during which no 
treatment was performed. Ultrasound from an external hospital 
indicates a liver occupying lesion, and the patient came to our hospital 
for further diagnosis and treatment on February 3, 2024. Physical 
examination revealed tenderness in the right upper abdomen without 
significant rebound pain or other positive signs. The patient denied 
any history of hepatitis or other liver problems, and she and her family 
denied any history of cancer or genetic problems. The results of 
laboratory examination indicated that the liver function was impaired 
(the parameters of abnormal liver function are shown in Table 1) 
while the renal function index was within the normal reference value 
range. The results of serum tumor markers revealed an increase in 
carbohydrate antigen-199 (Ca-199) and alpha fetoprotein (AFP), with 
values of 541 U/mL (normal: 0–30 U/mL) and 66.9 g/L (normal: 
0–20 ug/L), respectively. The values of other gastrointestinal tumor 
markers were within the normal range.

The upper abdominal CT scan (CT examination was performed 
using 16-detector-row scanners [Siemens, Germany] from the top of 
the liver to the lower pole of the kidney; The contrast-enhanced scan 
was performed with iohexol [300 mg I/mL]1.5 mL/kg, and a single 
phase injection at a rate of 3.0 mL/s was performed with a high 
pressure syringe) showed a circular low-density lession near the 
gallbladder fossa in the right lobe of the liver, with uneven mild 
enhancement on contrast-enhanced scanning (as shown in Figure 1); 
Moreover, CT showed that the left and right lobes of the liver were 
disproportioned, the left lobe was enlarged, and the liver fissure was 
widened, suggesting possible cirrhosis. The MRI (GE 3.0 T Signa 
HDxt superconducting magnetic resonance instrument, with 
abdominal coil; Conventional T1WI and T2WI sequence plain scan 
and contrast-enhanced scan were performed; and the contrast-
enhanced scan was intravenously injected with 0.1mmoL/kg 
meglumine gadopenate, and the injection flow rate was 3.0 mL/s) of 
the upper abdomen showed that the lesion presented equal signal on 
T1WI and slightly uneven high signal on T2WI (Figure 2). Based on 
these imaging findings, the patient was initially suspected to have 
intrahepatic cholangiocarcinoma. In order to further evaluate the 
nature of the tumor and determine the optimal treatment plan for the 
patient, she underwent fluorine-18 fluorodeoxyglucose (18F-FDG) 
PET/CT examination (Biograph mCT, Siemens, Germany; The 

injection dose of 18F-FDG was 9.0 mCi [0.15 mCi/kg]), and the results 
revealed increased 18F-FDG uptake in the lesion, while no other 
increased radioactive uptake lessions were observed in the rest of body 
(Figure 3). After a thorough evaluation of the patient’s condition by 
the clinician, she underwent “total hepatectomy and allogeneic 
orthotopic liver transplantation” under general anesthesia on February 
13, 2024. Postoperatively, the excised liver tissue will be  sent for 
pathological examination. Under the microscope, the surface of the 
liver was miliary nodules, and a mass was found in the right lobe of 
the liver near the gallbladder, about 55 × 30 × 20 mm. The section was 
grayish-yellow solid, medium in quality, and the boundary between 
the surrounding tissues was clear. Hematoxylin–eosin staining showed 
that most of the lesions were clear cells with rich and clear cytoplasm, 
and the nucleus was located in the center, deeply stained and irregular 
(Figure 4). The immunohistochemical results showed that the tumor 
cells expressed hepatocyte paraffin 1 (Hep par1), CK, Glypican 
(GPC3), HSP70 (partially), and Ki67 (about 40%) positively, while 
AFP, CD10, and CD68 were negatively expressed. Based on these 
findings, the patient was ultimately diagnosed with PCCCL. After liver 
transplantation, the patient underwent contrast-enhanced CT scan of 
the upper abdomen, which showed rich liver blood supply, indicating 
successful surgery. The patient did not complain of any discomfort 
during follow-up up to now. A detailed summary of the patient’s 
journey is shown in Table 2.

Discussion

As is well known, the common pathological type of liver cancer is 
not otherwise specified hepatocellular carcinoma (NOS-HCC), while 
clear cell carcinoma is a relatively rare subtype of HCC. Like 
NOS-HCC, PCCCL also tend to prefer middle-aged and elderly 
people, and most patients have a history of hepatitis B or hepatitis C, 
cirrhosis, and can be accompanied by increased AFP (2). Our patient 
was a 60-year-old woman with elevated serum AFP, consistent with 
the clinical profile of PCCCL. However, she had not been checked for 
chronic liver disease before, and the imaging examination of this time 
indicated cirrhosis, revealing that the patient may have long-term 
chronic liver disease such as hepatitis B or C, but she did not know it.

Imaging examinations play a significant role in the diagnosis and 
differential diagnosis of liver tumor lesions. In clinical practice, due to 
the low incidence rate of PCCCL, there are relatively few research 
reports on its imaging characteristics. On CT, PCCCL mostly presents 
low-density shadows, and the higher the proportion of transparent 

TABLE 1  Abnormal indixes of the patient’s liver function.

Indexes Results Unit Annotation Reference

Alanine aminotransferase 95.0 U/L up 7–40

Aspartate aminotransferase 41.0 U/L up 13–35

Glutamyltransferase 186.0 U/L up 7–45

Total bilirubin 21.1 μmol/L up 5–21

Direct bilirubin 9.0 μmol/L up 0–3.4

Albumin 27.8 g/L down 40–55

Globulin 47.0 g/L down 20–40

Albumin/Globulin 0.6 down 1.2–2.4
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cells, the lower the density of the tumor (6). On contrast-enhanced 
scanning, the lesion showed uneven enhancement and mainly 
peripheral enhancement during the arterial phase, and decreased 
enhancement in the portal vein stage and delayed stage (7). However, 
there are also a few cases of rapid reinforcement in the arterial phase, 
rapid decline in the portal phase of the “fast in and fast out” sign (8). 
The diversity of enhancement modes may be related to the content of 
clear cells: the higher the content of clear cells, the more inconsistent 
the enhancement mode is with NOS-HCC; on the contrary, the lower 
the content of clear cells, the more inclined the enhancement mode is 
to the “fast in and fast out” enhancement formula of typical 
hepatocellular carcinoma (9). On MRI, PCCCL mostly showed equal 
or slightly lower signals on T1WI sequences, and mixed high or 
slightly higher signals on T2WI sequences. Compared with CT, MRI 
is more sensitive to reveal the fat components in tumors, and on T2WI 
sequences, patchy or nodular signal reduction can be seen in lesions, 
which is one of its characteristic findings, but the probability of 
occurrence is low (6, 9). Our case showed a slightly low-density 
shadow on CT, and the contrast-enhanced scan showed rapid 
enhancement at the edge of the lesion in the arterial phase. With the 
passage of time, the enhancement degree of the lesion gradually 
decreased, which was different from the enhancement pattern of most 
PCCCL reported in the above literature. As for MRI findings, our case 
was consistent with literature reports, that is, the lesion showed equal 
signal on T1WI sequence and uneven slightly higher signal on T2WI 

sequence. To our knowledge, there have been few studies reported on 
the PET/CT findings of primary PCCCL. The pathologic properties 
of PCCCL are the same as those of clear cell carcinoma of kidney, 
ovary and adrenal gland, so it is presumed that its PET/CT findings 
are consistent with theirs, and it may also be presented by high uptake 
of 18F-FDG, which is reflected in our case, but this needs to be verified 
in a large number of cases in the future.

PCCCL, as a special subtype of HCC, needs to be differntiated from 
other subtypes of HCC such as NOS-HCC, macrotrabecular massive 
subtype HCC (MMS-HCC), steatohepatitic subtype HCC (SHS-HCC), 
and fibrolamellar subtype HCC (FS-HCC). As the most common 
subtype of HCC, NOS-HCC showed non-rim arterial phase 
hyperenhancement and rapid regression in the portal venous phase, 
presenting a “fast in and fast out” enhancement pattern (10). MMS-HCC 
is more prone to macrovascular invasion and significant elevation of 
serum AFP, and the volume of the tumor is usually larger, with a length 
diameter usually greater than 5.0 cm (11, 12). Steatosis occurs in about 
80% of SHS-HCC and is typically characterized by low signal on the 
inverse-phase T1WI of MRI, and the proportion of steatosis is far more 
than that of PCCCL (11, 13). For FS-HCC, there are no specific imaging 
features, but it is more common in younger patients and tends to favor 
women (14). Moreover, PCCCL also needs to be differentiated from 
other non HCC diseases including intrahepatic cholangiocarcinoma 
(IHC), hepatic perivascular epithelioid cell tumors, hepatic 
hemangioma, etc. IHC on contrast-enhanced CT or T1WI presents 

FIGURE 1

(A) Abdominal computed tomography (CT) scan showed a circular low-density shadow near the gallbladder fossa in the right lobe of the liver (arrow); 
moreover, the volume of the left lobe of the liver increases, the ratio of the left and right lobes is unbalanced, and the widening of the liver cleft can 
also be seen, suggesting cirrhosis; (B) In the arterial phase of contrast-enhanced CT scan, the lesion showed uneven enhancement, mainly with 
peripheral enhancement of the lesion (arrow); During the portal vein phase (C) and delayed phase (D), the degree of enhancement of the lesion 
gradually declines (arrows).
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mainly peripheral or compartmented enhancement, similar to the 
enhancement pattern in our patient, but IHC is usually accompanied by 
adjacent hepatic capsule atrophy and intrahepatic bile duct dilatation, 

which is different from PCCCL (15). Most of the perivascular epithelioid 
cell tumors in the liver are angiomyolipomas. Hepatic angiomyolipoma 
(HAL) showed uneven density on CT, including solid components of 
the tumor with equal density to the liver parenchyma and low density 
fat components. On PET, the solid components of the tumor can also 
present increased 18F-FDG uptake, but the maximum standard uptake 
value (SUVmax) is lower than that of PCCCL. Moreover, HAL usually 
shows a “fast in and fast out” enhancement pattern on contrast-
enhanced CT or T1WI (16). Hepatic hemangiomas usually show 
uniform isodense or slightly low density on CT. On contrast-enhanced 
CT or T1WI, peripheral nodular enhancement is common in arterial 
phase, and progressive centripetal filling is common in venous phase 
and extended phase (17), which can be differentiated from PCCCL.

As with most tumors, the diagnosis of PCCCL is determined by 
histopathological examination. Under the microscope, most of the 
tumor tissues were clear cells with abundant and bright cytoplasm, 
and the nucleus was located in the center, which was deeply stained 
and irregular. Some of the liver cells around the tumor were lipoid 
degeneration, showing chronic interstitial hepatitis changes (18). 
Immunohistochemical examination showed that almost all PCCCL 
were positive for Hep par1, and most of them were positive for CK, 
but few were positive for AFP (19, 20). The case we reported showed 
diffuse distribution of clear cells within the tumor tissue under the 
microscope, and the tumor cells expressed positive Hep par1 and CK, 
which met the pathological diagnostic criteria of PCCCL.

Surgical radical resection of tumors is the main treatment method 
for PCCCL, and surgical intervention can improve the prognosis of 
patients (21). For PCCCL with a diameter less than 5.0 cm, some 
researchers believe that radiofrequency ablation treatment can 
be performed; however, radiotherapy is not effective in improving the 
prognosis of patients (22, 23). PCCCL has a better prognosis than 

FIGURE 2

On magnetic resonance imaging (MRI), the lesion showed equal signal on both in-phase (A) and out-phase (B) of T1-weighted imaging (T1WI, arrows), 
and uneven slightly higher signal on T2WI ((C), arrow). On contrast-enhanced T1WI, the lesion showed mild to moderate enhancement in arterial 
phase ((D), arrow), portal phase ((E), arrow) and delayed phase ((F), arrow), mainly peripheral enhancement.

FIGURE 3

(A) The maximum intensity projection of the positron emission 
tomography (PET)/computed tomography (CT) showed a lesion in 
the liver region with increased uptake of fluorine-18 
fluorodeoxyglucose (18F-FDG), with a maximum standardized uptake 
value (SUVmax) of 8.5. Axial CT (B) showed the lesion in the right 
lobe of the liver (arrow). Axial PET (C) and PET/CT fusion image 
(D) showed obviously increased 18F-FDG uptake of the mass (arrows).
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other types of liver cancer, but the 5-year survival rate is still low, only 
28.1% (24). Therefore, understanding the imaging features of PCCCL 
is helpful to obtain accurate diagnosis and intervention treatment at 
an early stage, so as to improve its prognosis. Studies revealed that the 
size of the mass greater than 5.0 cm in diameter and the absence of 
surgical resection were independent prognostic factors for PCCCL 

(22–24). Due to the large mass size of the patient we reported, the 
maximum diameter of which exceeded 5.0 cm, and the combination 
of cirrhosis, after full consideration by clinicians and communication 
with the patient, she chose to undergo total hepatectomy and artificial 
liver transplantation. After the operation, the patient has been 
followed up so far, and she is still alive with free of disease.

FIGURE 4

(A) Hematoxylin–eosin staining showed diffuse distribution of clear cells with abundant cytoplasm, centrally located nuclei and deep staining. 
Immunohistochemistry showed positive expression of tumor cells CK (B), Hep par1 (C), and Glypican (GPC3, (D)), HSP70 (partially, (E)), and Ki67 (about 
40%, (F)). All images are 200 × magnification.

TABLE 2  The outline of the patient journey.

Time flow Affair Results

02/01/2024 The patient had dull right upper abdominal pain without obvious cause No processing is performed

01/02/2024 Abdominal ultrasound was performed in an outside hospital A space-occupying lesion was found in the liver

03/02/2024 He was admitted to the Department of Gastroenterology of our hospital, 

and underwent laboratory examination of liver and renal function, 

serum tumor markers and so on

Abnormal liver function, elevated tumor marker alpha-fetoprotein.

04/02/2024 CT examination of the upper abdomen Space occupying lesion at the junction of the left and right lobes of 

the liver, suspected malignant tumor

05/02/2024 MRI examination of the upper abdomen It is suspected that the liver occupying lesion may 

be cholangiocarcinoma

07/02/2024 Whole body PET/CT examination Liver malignancy, no obvious signs of metastasis were found in the 

rest of the body scan.

13/02/2024 The patient underwent “total hepatectomy and allogeneic orthotopic liver 

transplantation”

Successful surgery

13/02/2024–19/02/2024 Pathological immunohistochemical examination Clear cell carcinoma of the liver was diagnosed

21/02/2024 CT examination of the upper abdomen Liver blood flow is abundant, indicating the success of liver 

transplantation.

22/02/2024 Patient discharge Patient discharge

26/03/2024 Telephone follow-up The patient did not report any discomfort
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Conclusion

In summary, our case study provides a reference for imaging 
findings of PCCCL, a relatively rare subtype of HCC. On PET/CT, 
tumors are usually unevenly low-density, along with increased uptake 
of 18F-FDG. On contrast-enhanced CT or T1WI, significant 
enhancement can appear around the tumor during the arterial phase, 
and over time, the degree of enhancement of the tumor gradually 
decreases. Moreover, because tumor cells contain more glycogen and 
lipid components, resluting in the tumor shows equal or slightly 
higher signal on T1WI, with certain specificity. These imaging features 
may provide insight into PCCCL, a relatively rare subtype of HCC, 
and thus improve its preoperative diagnostic accuracy.
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Case report: A rare case of 
isolated sigmoid Rosai-Dorfman 
disease on contrast-enhanced CT 
and 18F-FDG PET/CT
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Rosai-Dorfman disease (RDD) is an uncommon histiocytic disorder that occurs 
in nodal and/or extranodal sites. Extranodal RDD exhibits a wide range of clinical 
and radiological presentations, frequently leading to misdiagnoses. Involvement 
of the gastrointestinal (GI) system is uncommon, accounting for less than 1% 
of the reported cases. Here we  present a case of a 54-year-old male who 
complained of abdominal distention and was diagnosed with RDD affecting the 
sigmoid colon, manifesting as a sigmoid mass. The patient had a past medical 
history of liver transplantation due to hepatocellular carcinoma (HC). This report 
details the multiphase contrast-enhanced computed tomography (CT) and 
fluorodeoxyglucose (18F-FDG) positron emission tomography (PET-CT) imaging 
findings of RDD involving the sigmoid colon without lymphadenopathy, and a 
review of the relevant literature is provided.

KEYWORDS

Rosai-Dorfman disease, histiocytosis, CT, 18F-FDG, PET/CT

Introduction

Rosai-Dorfman disease (RDD), initially described by Pierre Paul Louis Lucien 
Destombes in 1965 (1), was later characterized pathologically by Juan Rosai and Ronald 
Dorfman in 1969 (2), has the potential to affect any tissue or organ. Approximately 25–43% 
of patients present with extranodal involvement, including the skin, orbits, bones, upper 
respiratory tract, gastrointestinal (GI) system, genitourinary system, central nervous system, 
and endocrine glands (3). Although extranodal disease frequently occurs with nodal 
involvement, isolated extranodal disease is uncommon. This report documents a case of a 
54-year-old male with RDD confined to the sigmoid colon. We discuss the imaging findings 
and diagnosis from multi-phase contrast-enhanced computed tomography (CT) and 
fluorodeoxyglucose (18F-FDG) positron emission tomography (PET-CT), as well as the 
patient’s treatment and follow-up. While RDD can involve the GI system, such cases are still 
infrequent in the literature (4–9). To the best of our knowledge, this is the first report of 
RDD affecting the sigmoid colon, and the utility of PET/CT in such a case has not been 
previously described.
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Case description

A 54-year-old male patient presented with abdominal fullness for 
20 days before admission. He  denied symptoms of fever, nausea, 
vomiting, hematemesis, melena, weight loss, night sweats, and lymph 
node enlargement. Moreover, the patient underwent a liver 
transplantation eight years ago due to hepatocellular carcinoma (HC) 
and has since made a good recovery.

After admission, the patient underwent a series of related 
laboratory tests, a multiphase contrast-enhanced CT, and an 18F-
FDG PET/CT. The results of the blood routine tests showed that 
white blood cell count, red blood cell count, and C-reactive protein 
levels were all within normal limits. Tumor markers such as 
carcinoembryonic antigen (CEA), alpha-fetoprotein (AFP), and 
cancer antigen 19–9 (CA19-9) were within normal ranges. The plain 
CT scan image (Figure 1A) identified a nodular mass with isodensity 
in the left lower quadrant of the abdomen, measuring approximately 
2.3 × 3.1 cm, with an indistinct border in relation to the sigmoid 
colon. No enlarged lymph nodes were observed in the surrounding 
fat spaces or in other areas of the body. The multiphase contrast-
enhanced CT scan images (Figures 1B–D) demonstrated the lesion 
exhibiting mild to moderate enhancement. The CT values recorded 
for each phase are as follows: non-contrast scan phase 46 HU, 
arterial phase 57 HU, venous phase 67 HU, and delayed phase P70 
HU. Based on these findings, the preliminary CT interpretation 
favored an inflammatory lesion, with a recommendation for 
follow-up after antibiotic therapy. Given the patient’s history of HC, 
an PET-CT scan was performed to rule out the possibility of 
metastasis. The maximum intensity projection (MIP) image 
(Figure 2A) revealed a focal area of increased FDG uptake in the left 
lower quadrant of the abdomen. The axial CT and fused axial 
PET-CT images (Figures 2B,C) revealed an isolated, round, soft-
tissue mass with isodensity in the left lower quadrant, showing 
increased FDG uptake and a maximum standardized uptake value 
(SUVmax) of 3.6. The corresponding coronal and sagittal CT and 
fused PET-CT images (Figures 2D–G) demonstrated that the mass 

had an indistinct margin in relation to the sigmoid colon, suggesting 
a gastrointestinal stromal tumor (GIST) as a likely diagnosis. The 
whole-body PET/CT showed the absence of any FDG avid visible 
lymph node or FDG avid visible disease elsewhere in the regions of 
the body surveyed.

To further investigate the possibility of the lesion originating from 
the intestinal tract, a sigmoidal-rectal endoscopic ultrasonography 
was conducted, which yielded no evidence of abnormality. 
Experiencing abdominal discomfort and harboring significant 
concern over the potential for malignancy, the patient underwent 
laparoscopic resection to obtain a definitive diagnosis. Intraoperative 
visualization indicated a smooth intestinal mucosa with an ill-defined, 
tough, off-white area in the serosal layer. Microscopic examination 
disclosed aggregates of obese histiocytes and plasma cells within the 
serosal and muscularis propria layers, with lymphocytes present in 
focal clusters. Peripheral collagenous fibers were observed in a 
braided, bundled arrangement. The presence of small lymphocytes 
and plasma cells within the cytoplasm of some histiocytes, a 
phenomenon known as emperipolesis, was noted (Figures  3A,B). 
Immunohistochemical analysis confirmed that the histiocytes were 
positive for CD68 (Figure 3C), S100 (Figure 3D), and CD163, while 
negative for CK, ALK, CD1a, and Langerin. The pathological findings 
were consistent with a diagnosis of Rosai-Dorfman disease affecting 
the serosal surface and deep muscular layer of sigmoid colon. A year 
post-surgery, routine follow-up examinations have revealed no signs 
of recurrence.

Discussion

Rosai-Dorfman disease (RDD) is currently regarded as a 
neoplastic condition characterized by the clonal expansion of 
histiocytes in lymph nodes and/or extranodal sites (10). It is 
noteworthy that RDD is a rare disorder, with an estimated prevalence 
of 1 in 200,000 and an annual incidence of approximately 100 cases 
(11). The precise etiology of RDD remains elusive, but proposed 
factors include viral infections, such as Epstein–Barr virus and other 
human herpesviruses, autoimmune dysregulation, genetic mutations, 
and disruptions in signaling pathways (11–17). Being widely 
heterogeneous and presenting a variety of clinical manifestations, 
RDD can range from isolated cases to those associated with other 
diseases such as autoimmune, hereditary, malignant or IgG4 (18, 19). 
The GI system is one of the least commonly affected sites. It 
predominantly affects middle-aged females, presenting with a range 
of non-specific symptoms that include abdominal pain, diarrhea, 
rectal bleeding, and weight loss (7–9). This report details a case of 
RDD confined to the sigmoid colon in a 54-year-old male patient, who 
presented with abdominal distention. Given that neoplasia-associated 
RDD refers to RDD that occurs either precedes or arises subsequent 
to lymphoma or myelodysplastic syndrome (20), the present case, 
despite having a history of HC, still falls under the category of an 
isolated form of RDD.

Histopathologically, RDD lesions are distinguished by the 
infiltration of large histiocytes within the tissue, set against a backdrop 
of mixed inflammation. These extranodal lesions resemble nodal RDD 
but tend to exhibit increased fibrosis, sclerosis, a lower density of 
histiocytes, and less pronounced emperipolesis (21). A panel of 
immunostains is typically employed to confirm the diagnosis, with 

FIGURE 1

Plain CT imaging [(A), arrow ↑] revealed a round soft tissue density 
lesion in the left lower quadrant abdomen, with the boundary of the 
lesion with the sigmoid colon not being distinct. On multiphasic 
contrast-enhanced CT scans [(B–D), arrow ↑], the lesion 
demonstrated mild to moderate enhancement. The CT values for 
the non-contrast scan phase, arterial phase, venous phase, and 
delayed phase were 46 HU, 57 HU, 67 HU, and 70 HU, respectively.
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positive markers including S100, CD68, and CD163, and negative 
markers such as CD1a, ALK, and langerin (22).

The radiological characteristics of extranodal RDD vary 
depending on the organ involved. On plain CT scans, extranodal RDD 
typically presents as well-demarcated, single or multiple lesions with 
isodense or hyperdense masses. Multiphasic contrast-enhanced CT 
often reveals significant and progressive homogeneous enhancement 
(20, 23, 24). MRI findings include lesions that are predominantly 
hypointense to isointense on T1-weighted (T1WI) images and display 
variable signal intensity on T2-weighted (T2WI) images, which may 
correspond to the presence of free radicals generated by macrophages 
during active phagocytosis (23, 25, 26). As most RDD-involved sites 

are FDG-avid, 18F-FDG PET/CT could identify lesions that were not 
visible on conventional examinations, which has higher sensitivity and 
lower false-positive rates (27). The FDG avidity in RDD lesions is due 
to the high glucose metabolism of the proliferating histiocytes (28). A 
decrease in FDG uptake can signify effective treatment or spontaneous 
regression of RDD (27). Thus, the 18F-FDG PET/CT imaging is a 
whole-body examination that, despite lacking specificity for the 
diagnosis of RDD, plays a crucial role in assessing disease extent, 
providing a comprehensive staging of the condition, guiding the 
biopsy, and monitoring treatment efficacy, considering that RDD can 
occur in any tissue or organ. In this case, the contrast-enhanced CT 
scan revealed the lesion with mild to moderate enhancement, and the 
PET/CT scan displayed correspondingly mild to moderate FDG 
uptake. Both the intensity of enhancement and the SUVmax values 
were lower than those reported in previous literature (20, 27, 28). 
These findings could be related to the proportional composition of the 
histiocytes, lymphocytes, and fibrosis within the lesion.

RDD in the ileum and colon can be difficult to distinguish from 
other intestinal pathologies such as Crohn’s disease, ulcerative colitis, 
and colon cancer. GI RDD tends to present with more substantial 
intestinal wall thickening than Crohn’s disease and ulcerative colitis, 
and it may be accompanied by intestinal obstruction (7). Endoscopic 
ultrasound-guided fine needle aspiration and cytological examination 
can provide a qualitative diagnosis (29). In this case, due to the 
patient’s history of HC, it was necessary to differentiate from 
metastasis. However, the occurrence of HC spreading to the sigmoid 
colon was uncommon, and the lesion in this region lacked significant 
enhancement. Furthermore, the patient’s AFP levels were normal. 
Taking all these aspects into account, metastasis was not suspected in 
the diagnosis. Since the sigmoid mass only invaded the serosal layer 
and muscularis propria layer of the intestine, endoscopic 
ultrasonography failed to detect any obvious abnormalities. Generally, 
GI RDD poses diagnostic challenges and requires a multi-modal 
approach to identification.

FIGURE 2
18F-FDG PET-CT MIP image [(A), arrow ▲] revealed a lesion with increased FDG uptake in the left lower quadrant of the abdomen. Axial CT [(B), 
arrow ▲] and fused axial PET-CT [(C), arrow ▲] images depicted an isolated, round soft tissue density mass in the same area, with increased FDG 
uptake and a SUVmax of 3.6. Coronal and sagittal CT images [(D,F), arrow ▲] and their corresponding fused PET-CT counterparts [(E,G), arrow ▲] 
revealed an indistinct boundary between the mass and the sigmoid colon.

FIGURE 3

Histological and immunohistochemical characteristics of sigmoid 
RDD. The histological section exhibited clusters of histiocytes amidst 
lymphocytes and plasmacytes, with a fibrotic background. 
Emperipolesis, characterized by small lymphocytes and plasmacytes 
within the cytoplasm of the histiocytes, was evident [(A,B); HE 20×]. 
The large histiocytes were positive for CD68 [(C); HE 40×] and S100 
[(D); HE 40×].
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The treatment of RDD remains without a standardized protocol, with 
diverse management strategies. In general, observation is appropriate for 
patients with uncomplicated lymphadenopathy and asymptomatic 
cutaneous lesions. Surgical excision is often curative for patients with 
solitary extranodal disease (30). Systemic therapies are typically employed 
for multifocal or treatment-resistant cases (11, 31). Therefore, timely and 
intuitive assessment of the treatment efficacy through PET/CT is critical 
for determining effective options when selecting new treatments (27). In 
this case, the isolated lesion in the sigmoid colon was surgically removed, 
and the patient’s prognosis was positive.

Conclusion

In conclusion, we report a rare case of unifocal extranodal RDD 
occurring in the sigmoid. CT imaging showed a round, ill-defined 
isodense mass with mild to moderate enhancement on multiphasic 
contrast-enhanced scans. Simultaneous PET/CT imaging showed 
mild to moderate FDG uptake. Given the FDG-avid nature of RDD 
lesions, PET/CT offers advantages over conventional imaging 
modalities for initial assessment, treatment strategy adjustment, and 
efficacy evaluation. Recognizing the imaging characteristics of RDD 
necessitates the accumulation of more case studies and the synthesis 
of clinical experience. The ultimate diagnosis of RDD still depends on 
biopsy or immunohistochemical analysis.

Data availability statement

The original contributions presented in the study are included in 
the article/supplementary material, further inquiries can be directed 
to the corresponding authors.

Ethics statement

The studies involving humans were approved by Jiangxi Provincial 
People’s Hospital Medical Ethics Committee. The studies were 

conducted in accordance with the local legislation and institutional 
requirements. Written informed consent for participation in this study 
was provided by the participants’ legal guardians/next of kin. Written 
informed consent was obtained from the individual(s) for the 
publication of any potentially identifiable images or data included in 
this article.

Author contributions

WQ: Writing – review & editing, Writing – original draft, 
Methodology. ZL: Writing – original draft, Formal analysis. MS: 
Writing – review & editing, Data curation. MC: Writing – review & 
editing, Investigation. FL: Writing – review & editing, Methodology. 
LH: Writing – review & editing, Data curation.

Funding

The author(s) declare that no financial support was received for 
the research, authorship, and/or publication of this article.

Conflict of interest

The authors declare that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 
organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
	1.	Destombes P. Adénites avec surcharge lipidique, de l'enfant ou de l'adulte jeune, 

observées aux Antilles et au Mali. (Quatre observations) [Adenitis with lipid excess, in 
children or young adults, seen in the Antilles and in Mali. (4 cases)]. Bull Soc Pathol Exot 
Filiales. (1965) 58:1169–75. French.

	2.	Rosai J, Dorfman RF. Sinus histiocytosis with massive lymphadenopathy. A newly 
recognized benign clinicopathological entity. Arch Pathol. (1969) 87:63–70.

	3.	Bruce-Brand C, Schneider JW, Schubert P. Rosai-Dorfman disease: an overview. J 
Clin Pathol. (2020) 73:697–705. doi: 10.1136/jclinpath-2020-206733

	4.	Alatassi H, Ray MB, Galandiuk S, Sahoo S. Rosai-Dorfman disease of the 
gastrointestinal tract: report of a case and review of the literature. Int J Surg Pathol. 
(2006) 14:95–9. doi: 10.1177/106689690601400119

	5.	 Noggle E, Ortanca I, Clark I, Yadak N, Glazer ES. Synchronous Colon and Pancreatic 
Rosai-Dorfman disease. Am Surg. (2021) 87:486–91. doi: 10.1177/0003134820950294

	6.	Nathwani RA, Kenyon L, Kowalski T. Rosai-Dorfman disease of the colon. 
Gastrointest Endosc. (2008) 68:194–6. doi: 10.1016/j.gie.2007.11.007

	7.	Baran B, Karaca C, Soyer OM, Yonal I, Isiklar AD, Cakmak R, et al. Rosai-Dorfman 
disease with diffuse gastrointestinal involvement. Eur J Gastroenterol Hepatol. (2013) 
25:869–74. doi: 10.1097/MEG.0b013e32836019f8

	8.	Alruwaii ZI, Zhang Y, Larman T, Miller JA, Montgomery EA. Rosai-Dorfman 
disease of the digestive system-beware vasculopathy: a Clinicopathologic analysis. Am 
J Surg Pathol. (2019) 43:1644–52. doi: 10.1097/PAS.0000000000001343

	9.	 Lauwers GY, Perez-Atayde A, Dorfman RF, Rosai J. The digestive system manifestations 
of Rosai-Dorfman disease (sinus histiocytosis with massive lymphadenopathy): review of 
11 cases. Hum Pathol. (2000) 31:380–5. doi: 10.1016/s0046-8177(00)80254-3

	10.	Ravindran A, Rech KL. How I diagnose Rosai-Dorfman disease. Am J Clin Pathol. 
(2023) 160:1–10. doi: 10.1093/ajcp/aqad047

	11.	Abla O, Jacobsen E, Picarsic J, Krenova Z, Jaffe R, Emile JF, et al. Consensus 
recommendations for the diagnosis and clinical management of Rosai-Dorfman-
Destombes disease. Blood. (2018) 131:2877–90. doi: 10.1182/blood-2018-03-839753

	12.	Paulli M, Bergamaschi G, Tonon L, Viglio A, Rosso R, Facchetti F, et al. Evidence 
for a polyclonal nature of the cell infiltrate in sinus histiocytosis with massive 
lymphadenopathy (Rosai-Dorfman disease). Br J Haematol. (1995) 91:415–8. doi: 
10.1111/j.1365-2141.1995.tb05313.x

	13.	Delacrétaz F, Meugé-Moraw C, Anwar D, Borisch B, Chave JP. Sinus histiocytosis 
with massive lymphadenopathy (Rosai Dorfman disease) in an HIV-positive patient. 
Virchows Arch A Pathol Anat Histopathol. (1991) 419:251–4. doi: 10.1007/BF01626356

	14.	Chougule A, Bal A, Das A, Singh G. IgG4 related sclerosing mastitis: expanding 
the morphological spectrum of IgG4 related diseases. Pathology. (2015) 47:27–33. doi: 
10.1097/PAT.0000000000000187

	15.	Diamond EL, Durham BH, Haroche J, Yao Z, Ma J, Parikh SA, et al. Diverse and 
targetable kinase alterations drive histiocytic neoplasms. Cancer Discov. (2016) 
6:154–65. doi: 10.1158/2159-8290.CD-15-0913

53

https://doi.org/10.3389/fmed.2024.1425112
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1136/jclinpath-2020-206733
https://doi.org/10.1177/106689690601400119
https://doi.org/10.1177/0003134820950294
https://doi.org/10.1016/j.gie.2007.11.007
https://doi.org/10.1097/MEG.0b013e32836019f8
https://doi.org/10.1097/PAS.0000000000001343
https://doi.org/10.1016/s0046-8177(00)80254-3
https://doi.org/10.1093/ajcp/aqad047
https://doi.org/10.1182/blood-2018-03-839753
https://doi.org/10.1111/j.1365-2141.1995.tb05313.x
https://doi.org/10.1007/BF01626356
https://doi.org/10.1097/PAT.0000000000000187
https://doi.org/10.1158/2159-8290.CD-15-0913


Qi et al.� 10.3389/fmed.2024.1425112

Frontiers in Medicine 05 frontiersin.org

	16.	Garces S, Medeiros LJ, Patel KP, Li S, Pina-Oviedo S, Li J, et al. Mutually exclusive 
recurrent KRAS and MAP2K1 mutations in Rosai-Dorfman disease. Mod Pathol. (2017) 
30:1367–77. doi: 10.1038/modpathol.2017.55

	17.	Richardson TE, Wachsmann M, Oliver D, Abedin Z, Ye D, Burns DK, et al. BRAF 
mutation leading to central nervous system rosai-dorfman disease. Ann Neurol. (2018) 
84:147–52. doi: 10.1002/ana.25281

	18.	Chen LYC, Slack GW, Carruthers MN. IgG4-related disease and Rosai-Dorfman-
Destombes disease. Lancet. (2021) 398:1213–4. doi: 10.1016/S0140-6736(21)01812-2

	19.	Tatit RT, Raffa PEAZ, de Almeida Motta GC, Bocchi AA, Guimaraes JL, Franceschini 
PR, et al. Rosai-Dorfman disease mimicking images of meningiomas: two case reports and 
literature review. Surg Neurol Int. (2021) 12:292. doi: 10.25259/SNI_918_2020

	20.	Li H, Li D, Xia J, Huang H, Jiao N, Zheng Z, et al. Radiological features of Rosai-
Dorfman disease: case series and review of the literature. Clin Radiol. (2022) 
77:e799–805. doi: 10.1016/j.crad.2022.07.008

	21.	McClain KL, Bigenwald C, Collin M, Haroche J, Marsh RA, Merad M, et al. 
Histiocytic disorders. Nat Rev Dis Primers. (2021) 7:313. doi: 10.1038/s41572-021-00307-9

	22.	Rech KL, He R. Challenges in the histopathologic diagnosis of histiocytic 
neoplasms. J Natl Compr Cancer Netw. (2021) 19:1305–11. doi: 10.6004/jnccn.2021.7098

	23.	Alimli AG, Oztunali C, Boyunaga OL, Pamukcuoglu S, Okur A, Borcek AO. MRI 
and CT findings of isolated intracranial Rosai-Dorfman disease in a child. Neuroradiol 
J. (2016) 29:146–9. doi: 10.1177/1971400915628020

	24.	Rittner RE, Baumann U, Laenger F, Hartung D, Rosenthal H, Hueper K. Whole-
body diffusion-weighted MRI in a case of Rosai-Dorfman disease with exclusive 

multifocal skeletal involvement. Skeletal Radiol. (2012) 41:709–13. doi: 10.1007/
s00256-011-1328-7

	25.	Karajgikar J, Grimaldi G, Friedman B, Hines J. Abdominal and pelvic 
manifestations of Rosai-Dorfman disease: a review of four cases. Clin Imaging. (2016) 
40:1291–5. doi: 10.1016/j.clinimag.2016.09.006

	26.	Nguyen PX, Nguyen NV, Le TD. Spinal extranodal Rosai-Dorfman disease: a case 
report and literature review. Int J Surg Case Rep. (2021) 88:106491. doi: 10.1016/j.
ijscr.2021.106491

	27.	Lu X, Wang R, Zhu Z. The value of 18F-FDG PET/CT in the systemic evaluation of 
patients with Rosai-Dorfman disease: a retrospective study and literature review. 
Orphanet J Rare Dis. (2023) 18:116. doi: 10.1186/s13023-023-02711-8

	28.	Gupta N, Verma R, Belho ES, Manocha A. Isolated Extranodal Rosai-Dorfman 
disease on 18F-FDG PET-CT scan. Indian J Nucl Med. (2019) 34:319–20. doi: 10.4103/
ijnm.IJNM_152_19

	29.	Ioannidis I, Manolakis C, Laurini JA, Roveda KP, de Melo S, Jr AB, et al. Rectal 
extranodal Rosai-Dorfman disease diagnosed by EUS-FNA: a case report and review of 
the literature. Diagn Cytopathol. (2015) 43:40–4. doi: 10.1002/dc.23112

	30.	Zhang GJ, Ma XJ, Zhang YP, Hao LF, Wang L, Zhang JT, et al. Surgical management 
and outcome of primary intracranial Rosai-Dorfman disease: a single-institute 
experience and pooled analysis of individual patient data. Neurosurg Rev. (2023) 46:76. 
doi: 10.1007/s10143-023-01983-9

	31.	Xu H, Zhang H, Li W, Zhang C, Wang H, Wang D. Nasal presentations of Rosai-
Dorfman disease: clinical manifestation and treatment outcomes. Ear Nose Throat J. 
(2023):1455613231162226. doi: 10.1177/01455613231162226

54

https://doi.org/10.3389/fmed.2024.1425112
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1038/modpathol.2017.55
https://doi.org/10.1002/ana.25281
https://doi.org/10.1016/S0140-6736(21)01812-2
https://doi.org/10.25259/SNI_918_2020
https://doi.org/10.1016/j.crad.2022.07.008
https://doi.org/10.1038/s41572-021-00307-9
https://doi.org/10.6004/jnccn.2021.7098
https://doi.org/10.1177/1971400915628020
https://doi.org/10.1007/s00256-011-1328-7
https://doi.org/10.1007/s00256-011-1328-7
https://doi.org/10.1016/j.clinimag.2016.09.006
https://doi.org/10.1016/j.ijscr.2021.106491
https://doi.org/10.1016/j.ijscr.2021.106491
https://doi.org/10.1186/s13023-023-02711-8
https://doi.org/10.4103/ijnm.IJNM_152_19
https://doi.org/10.4103/ijnm.IJNM_152_19
https://doi.org/10.1002/dc.23112
https://doi.org/10.1007/s10143-023-01983-9
https://doi.org/10.1177/01455613231162226


Frontiers in Medicine 01 frontiersin.org

68Ga-PSMA-11 PET and mpMRI in 
the diagnosis of initial lymph 
node staging of prostate cancer: 
a head-to-head comparative 
meta-analysis
Yuanrong Wang 1*, Ren Jing 2, Haiyan Wang 1 and Qiuyan Zhao 3

1 Department of Geriatric Medical Center, West China Hospital of Sichuan University, Chengdu, China, 
2 Department of International Medical Center, West China Hospital of Sichuan University, Chengdu, 
China, 3 Outpatient Department, West China Hospital of Sichuan University, Chengdu, China

Purpose: This meta-analysis evaluates the comparative diagnostic efficacy of 
68Ga-prostate-specific membrane antigen-11 PET (68Ga-PSMA-11 PET) and 
multiparametric MRI (mpMRI) for the initial lymph node staging of prostate cancer.

Methods: We searched PubMed and Embase databases through October 2023 
for studies that provide a head-to-head comparison of 68Ga-PSMA-11 PET and 
mpMRI, using pelvic lymph node dissection as the gold standard. We assessed 
sensitivity and specificity using the DerSimonian and Laird method, with 
variance stabilization via the Freeman-Tukey double inverse sine transformation. 
The quality of included studies was evaluated using the Quality Assessment of 
Diagnostic Performance Studies (QUADAS-2) tool.

Results: The meta-analysis incorporated 13 articles, involving a total of 1,527 
patients. 68Ga-PSMA-11 PET demonstrated an overall sensitivity of 0.73 (95% CI: 
0.51–0.91) and a specificity of 0.94 (95% CI: 0.88–0.99). In comparison, mpMRI 
showed a sensitivity of 0.49 (95% CI: 0.30–0.68) and a specificity of 0.94 (95% 
CI: 0.88–0.99). Although 68Ga-PSMA-11 PET appeared to be more sensitive than 
mpMRI, the differences in sensitivity (p = 0.11) and specificity (p = 0.47) were not 
statistically significant.

Conclusion: Our findings indicated that 68Ga-PSMA-11 PET and mpMRI exhibit 
similar sensitivity and specificity in the diagnosis of initial lymph node staging of 
prostate cancer. However, given that most included studies were retrospective, 
further prospective studies with larger sample sizes are essential to validate 
these results.

Systematic Review Registration: PROSPERO code is CRD42023495266.

KEYWORDS

68Ga-PSMA-PET, mpMRI, lymph node metastases, prostate cancer, meta-analysis

1 Introduction

The 2020 World Cancer Report data indicates that prostate cancer ranks as the 6th most 
common malignancy in terms of incidence and the 9th in terms of mortality among males 
(1). In the realm of prostate cancer diagnostics and therapeutics, the evaluation for lymph 
node metastasis is imperative, given its critical role as a prognostic determinant (2). The 
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identification of cancer metastasis to lymph nodes aids physicians in 
gauging the disease’s severity, devising more targeted treatment 
strategies, and estimating patient survival rates and quality of life, 
thereby underscoring its significance in comprehensive prostate 
cancer management (3). Given the limitations of pelvic lymph node 
dissection (PLND) in terms of increased risk of complications and 
longer hospital stays, there has been a focus on alternative approaches 
to improve diagnostic accuracy while minimizing adverse effects (3, 
4). Conventional imaging techniques such as computed tomography 
(CT) and magnetic resonance imaging (MRI) have been widely used 
to assess pelvic lymph nodes. However, their effectiveness is hindered 
by limitations in sensitivity, specificity, and spatial resolution (5, 6).

In recent years, 68Ga-prostate-specific membrane antigen-11 PET 
(68Ga-PSMA-11 PET) and multiparametric MRI (mpMRI) have 
emerged as promising technologies in enhancing the accuracy of 
initial lymph node staging in prostate cancer (7). These methods have 
garnered attention for their improved diagnostic precision, yet debates 
and research continue regarding their relative efficacy, reliability, and 
accessibility. Several studies present conflicting views on the 
comparative efficacy of 68Ga-PSMA-11 PET and mpMRI in prostate 
cancer staging. While some studies highlight the superior sensitivity 
of 68Ga-PSMA-11 PET, others report comparable diagnostic 
performance between the two modalities (8–20).

In light of these discrepancies, this meta-analysis aims to 
systematically evaluate and amalgamate existing research concerning 
the diagnostic accuracy of 68Ga-PSMA-11 PET and mpMRI in the 
initial lymph node staging of prostate cancer. To ensure consistency 
and reduce variability between studies, only those investigations 
where both modalities were utilized in the same patient cohort have 
been included.

2 Method

The methodology adhered to the Preferred Reporting Items for a 
Systematic Review and Meta-analysis of Diagnostic Test Accuracy 
(PRISMA-DTA) guidelines, ensuring comprehensive and transparent 
reporting (21). Furthermore, the protocol for this meta-analysis has 
been registered with PROSPERO (CRD42023495266).

2.1 Search strategy

To gather relevant literature, an extensive search was conducted 
across databases including PubMed and Embase, covering publications 
up to October 2023. The search strategy incorporated key terms such as 
“Positron-Emission Tomography,” “Multiparametric Magnetic 
Resonance Imaging,” and “Prostatic Neoplasms,” ensuring a focused 
approach to identifying pertinent studies. For more detailed information 
regarding the search strategy, refer to Supplementary Table S1.

Additionally, the reference lists of all included studies were 
manually scrutinized, aiming to uncover any additional relevant 
articles that may have been missed during the initial database search.

2.2 Inclusion and exclusion criteria

For inclusion in this meta-analysis, studies had to meet specific 
criteria: population (P): patients undergoing pelvic lymph node 

staging before radical prostatectomy for prostate cancer; intervention 
(I): 68Ga-PSMA-11 PET imaging; comparison (C): mpMRI imaging; 
outcome (O): sensitivity and specificity of each imaging modality in 
staging pelvic lymph nodes; study design (S): retrospective or 
prospective design.

Exclusion criteria were applied to maintain study quality and 
relevance: (1) duplicated articles, abstracts without full texts, editorial 
comments, letters, case reports, reviews, meta-analyses, irrelevant 
titles and abstracts, (2) non-English full-text articles were excluded; 
(3) studies lacking complete or clear data necessary for calculating 
sensitivity or specificity of the studied imaging modality; (4) patients 
less than 10; (5) without employing histopathology confirmation from 
PLND as the reference standard.

The screening process involved two researchers independently 
evaluating titles and abstracts of retrieved articles. Subsequently, full-
text versions of remaining articles were assessed to determine their 
eligibility for inclusion. Any disagreements between the researchers 
were resolved through consensus.

2.3 Quality assessment

Two researchers independently assessed the quality and clinical 
applicability of included studies using the Quality Assessment of 
Diagnostic Performance Studies (QUADAS-2) tool, which 
encompasses four critical domains: patient selection, index test, 
reference standard, and flow and timing. Within each domain, the risk 
of bias and concerns regarding clinical applicability were categorized 
as “high risk,” “low risk,” or “unclear risk.” This systematic approach 
ensured a rigorous evaluation of study quality and provided insights 
into the practical relevance and applicability of the findings in 
clinical settings.

2.4 Data extraction

Two researchers independently conducted data extraction from 
the included articles, covering a range of essential information. This 
included details about the author, publication year, and the specific 
imaging test employed in the study. Additionally, data encompassed 
various study features such as country, design, analysis methods, and 
duration. Patient characteristics, such as the number of patients or 
lesions, PSA levels, mean or median age, and Gleason scores, were also 
extracted. Technical aspects such as scanner modality, ligand dosage, 
and image analysis techniques were included as well. In instances 
where discrepancies arose, the researchers engaged in discussions 
until a consensus was achieved, ensuring the accuracy and reliability 
of the extracted data.

2.5 Statistical analysis

The DerSimonian and Laird method was employed to assess 
sensitivity and specificity, which were then transformed using the 
Freeman–Tukey double inverse sine transformation. To determine the 
precision of these values, the Jackson method was used to calculate 
confidence intervals.

Heterogeneity within and between groups was evaluated using the 
Cochrane Q and I2 statistics. Significantly differing heterogeneity 
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(p < 0.10 or I2 > 50%) prompted further investigation through meta-
regression and sensitivity analysis to identify potential sources.

Publication bias was assessed using both funnel plot analysis and 
Egger’s test, ensuring the examination of potential reporting biases. 
Statistical significance was set at p < 0.05 for all tests conducted. All 
statistical analyses were performed using R software version 4.3.2.

3 Results

3.1 Study selection

The preliminary search identified 1,473 publications, of which 855 
were duplicates and 602 did not meet the eligibility criteria, leading to 
their exclusion. Subsequently, a comprehensive review of the full texts 
of the remaining 16 articles was conducted. Among these, three 
articles were deemed ineligible due to missing data, resulting in their 
exclusion from the study. Ultimately, 13 articles that evaluated the 
diagnostic efficacy of 68Ga-PSMA-11 PET and mpMRI met all criteria 
and were included in the meta-analysis (8–20). The process of article 
selection of the PRISMA flow diagram was illustrated in Figure 1.

3.2 Study description and quality 
assessment

The 13 eligible studies encompassed a total of 1,527 breast cancer 
patients, with the sample size ranging from 10 to 780 across the studies. 
Among these, 12 articles adopted a retrospective study design, while 1 
article employed a prospective approach. Regarding the analysis 
methods, 12 studies utilized patient-based analysis, while 1 study 
employed lesion-based analysis. Detailed characteristics of these studies 
are summarized in Tables 1, 2, providing an overview of the study and 
technique specifics related to 68Ga-PSMA-11 PET and mpMRI.

The risk of bias assessment, conducted using the QUADAS-2 tool, 
is visually represented in Figure 2. Specifically, 5 studies were identified 
as having a “high risk” in terms of the index test bias due to 
undetermined cut-off values. Additionally, 3 studies were categorized 
as “high risk” in terms of the reference standard bias as the final 
diagnosis lacked independent confirmation by multiple physicians. 
Moreover, 4 studies were graded as “high risk” in the flow and timing 
domain due to participant exclusion from data analyses. Overall, despite 
these specific biases identified, the overall quality assessment did not 
raise major concerns regarding the quality of the included studies.

3.3 Comparing the sensitivity of 
68Ga-PSMA-11 PET and mpMRI for 
diagnosis of initial lymph node staging of 
prostate cancer

The analysis included a total of 13 studies. The pooled sensitivity 
of 68Ga-PSMA-11 PET for diagnosing initial lymph node staging of 
prostate cancer was 0.73 (95% CI: 0.51–0.91), while mpMRI showed 
an overall sensitivity of 0.49 (95% CI: 0.30–0.68), as depicted in 
Figure 3. Interestingly, there was no significant difference in sensitivity 
between 68Ga-PSMA-11 PET and mpMRI (p = 0.11), as indicated by 
Figure 3.

In terms of heterogeneity, the I2 values for the pooled overall 
sensitivity were 84% for 68Ga-PSMA-11 PET and 79% for mpMRI, 
highlighting substantial heterogeneity (Figure 3). Despite this, meta-
regression and sensitivity analysis did not identify any potential sources 
of heterogeneity, as illustrated in Figures 4, 5 and Table 3. Notably, the 
results from the sensitivity analysis remained stable, with only minor 
variations observed (ranging from 0.66 to 0.78 for 68Ga-PSMA-11 PET 
and from 0.43 to 0.53 for mpMRI), as shown in Figures 4, 5.

3.4 Comparing the specificity of 
68Ga-PSMA-11 PET and mpMRI for 
diagnosis of initial lymph node staging of 
prostate cancer

The analysis comprised 13 studies. The pooled specificity of 68Ga-
PSMA-11 PET for diagnosing initial lymph node staging of prostate 
cancer was 0.94 (95% CI: 0.88–0.99), while mpMRI demonstrated an 
overall specificity of 0.90 (95% CI: 0.79–0.98), as illustrated in 
Figure 6. Notably, there was no significant difference in the overall 
specificity between 68Ga-PSMA-11 PET and mpMRI (p = 0.47), as 
shown in Figure 6.

In terms of heterogeneity, the pooled overall specificity exhibited 
I2 values of 87% for 68Ga-PSMA-11 PET and 91% for mpMRI, 
indicating substantial heterogeneity (Figures  7, 8). Interestingly, 
further analysis revealed that the number of patients included in the 
mpMRI analysis (>50 vs. ≤50, p = 0.02) may be  the source of this 
heterogeneity, as detailed in Table 4. However, sensitivity analysis did 
not identify any potential sources of heterogeneity and the results 
remained stable, with only minor variations observed (ranging from 
0.93 to 0.97 for 68Ga-PSMA-11 PET and from 0.89 to 0.93 for mpMRI), 
as depicted in Figures 7, 8.

3.5 Publication bias of 68Ga-PSMA-11 PET 
and mpMRI for diagnosis of initial lymph 
node staging of prostate cancer

Funnel plot asymmetry test showed that there was a significant 
publication bias for specificity of 68Ga-PSMA-11 PET and mpMRI 
(Egger’s test: p = 0.01 and p = 0.00), and no significant publication bias 
was observed for sensitivity of 68Ga-PSMA-11 PET and mpMRI 
(Egger’s test: p = 0.89 and p = 0.41) (Supplementary Figures S1–S4).

4 Discussion

In the realm of diagnosing initial lymph node staging in prostate 
cancer, there exists considerable uncertainty and debate regarding the 
comparative diagnostic effectiveness of 68Ga-PSMA-11 PET and 
mpMRI. In 2022, Arslan et al. (20) stated that the sensitivity of both 
PSMA-PET/CT and mpMRI in the detection of metastatic lymph 
nodes was low. Berger et  al. (19) highlighted the superior lesion 
detection capabilities of PSMA-PET/CT, particularly in terms of 
sensitivity, as compared to mpMRI. Conversely, Zhang et  al. (8) 
found no significant difference in the detection of lymph node 
metastases (LNMs), particularly with respect to the diameter of the 
LNMs, between these two modalities. This discrepancy in findings 

57

https://doi.org/10.3389/fmed.2024.1425134
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Wang et al.� 10.3389/fmed.2024.1425134

Frontiers in Medicine 04 frontiersin.org

underscores the ongoing debate and the need for comprehensive 
meta-analyses to clarify these differences. To mitigate the impact of 
bias and enhance the internal validity and reliability, this study using 
histopathology as the reference, presents a head-to-head comparison 
of 68Ga-PSMA-11 PET and mpMRI.

In our meta-analysis, the pooled sensitivity of 68Ga-PSMA-11 PET 
in the initial lymph node staging of prostate cancer was found to 
be 0.73 (95% CI: 0.51–0.91), while mpMRI demonstrated a sensitivity 
of 0.49 (95% CI: 0.30–0.68). It can be observed that 68Ga-PSMA-11 
PET demonstrates higher sensitivity in detecting early lymph node 
metastasis in prostate cancer. However, no significant difference was 
observed. Wang et al. (22) evaluated the diagnostic performance of 
68Ga-PSMA-11 PET in comparison to mpMRI for prostate cancer 
lymph node staging. Their article suggests that 68Ga-PSMA-11 PET/

CT exhibits a higher sensitivity (71% vs. 40%). However, statistical 
tests for differences in sensitivity and specificity between the two 
diagnostic tools were not performed in their article. Our study 
conducted statistical tests for differences to determine if there are 
significant difference in performance between these two methods, 
rather than merely observing a trend.

Furthermore, the specificity was 0.94 (95% CI: 0.88–0.99) for 
68Ga-PSMA-11 PET and 0.90 (95% CI: 0.79–0.98) for mpMRI in our 
study. Wang’s study suggested noting comparable specificity (92% vs. 
92%) between the two methods. However, this contrasts with the 
findings of Chow et  al. (23). The direct comparison in the study 
revealed a significant specificity advantage of 15.0 percentage points 
for PSMA-PET (95% CI 6.7–23.2; p < 0.001). This may be related to 
this study’s use of various tracers in PSMA-PET imaging, such as 

FIGURE 1

PRISMA flow diagram illustrating the study selection process.
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TABLE 1  Study and patient characteristics of the included studies.

Author Year Study characteristics Number 
of 

patients 
(lesion)

Patient characteristics

Country Study 
design

Analysis Period PSA level 
(ng/mL)

Age (year) Gleason score Reference 
standard

Hotker et al. 2023 Switzerland Retro PB 2016–2019 41 NA Median: 65 Gleason = 7 (36.6%) Gleason ≥8 (63.4%) PLND

Arslan et al. 2022 Turkey Retro LB 2015–2020 780 Median: 5.6 Mean: 62.47 Gleason = 7 (84.6%) Gleason ≥8 (15.4%) ePLND

Skawran et al. 2022 Switzerland Retro PB 2016–2019 35 Median: 18.3 Mean: 66 Gleason = 7 (26.5%) Gleason ≥8 (73.5%) PLND

Szigeti et al. 2022 Austria Pro PB 2017–2020 81 Mean: 15.4 Mean: 64.5 Gleason ≤6 (1.9%) Gleason = 7 (59.3%) Gleason ≥8 (38.8%) ePLND

Damme et al. 2021 Belgium Retro PB 2016–2019 81 Median: 12.29 Median: 67 NA PLND

Celen et al. 2020 Turkey Retro PB NA 22 Mean: 9.49 Mean: 65.07 Gleason ≤6 (23.3%) Gleason = 7 (40.0%) Gleason ≥8 (36.7%) PLND

Kulkarni et al. 2020 India Retro PB 2016–2018 51 Mean: 39.4 Mean: 66 Gleason ≤7 (51.0%) Gleason >7 (49.0%) PLND

Frumer et al. 2020 Israel Retro PB 2016–2019 89 Median: 8.5 Median: 66.9 Gleason ≤7 (79.8%) Gleason >7 (20.2%) PLND

Franklin et al. 2020 Australia Retro PB 2014–2019 233 Mean: 7.4 Mean: 68 NA PLND

Yilmaz et al. 2019 Turkey Retro PB 2016–2018 10 NA NA NA rPLND

Berger et al. 2018 Australia Retro PB 2015–2017 50 Mean: 10.6 Mean: 64.9 Gleason ≤6 (2%) Gleason = 7 (66%) Gleason ≥8 (32%) ePLND

Gupta et al. 2017 India Retro PB 2014–2015 12 Median: 24.3 Mean: 61.75 Gleason ≤6 (8.3%) Gleason = 7 (16.7%) Gleason ≥8 (75%) ePLND

Zhang et al. 2017 China Retro PB 2017 42 Mean: 52.31 Mean: 68.86 Gleason = 7 (42.9%) Gleason ≥8 (57.1%) PLND

Pro, prospective; Retro, retrospective; PB, patient-based; LB, lesion-based; ePLND, extended lymph node dissection; rPLND, retroperitoneal lymph node dissection; PLND, lymph node dissection; NA, not available.
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TABLE 2  Technical aspects of included studies.

Author Year Types of 
imaging 
tests

Scanner modality for PET Scanner modality for 
mpMRI

Ligand dose Image 
analysis

TP, FP, FN, TN 
(PET/CT)

TP, FP, FN, TN 
(mpMRI)

Hotker et al. 2023 [68Ga]Ga-PSMA 

PET vs. mpMRI

SIGNA PET/MR, GE Healthcare, Waukesha, 

United States; or Discovery MI PET/CT, GE 

Healthcare, Waukesha, WI, United States

MAGNETOM Skyra, Siemens 

Healthineers, Erlangen, Germany

2 MBq/kg Visual and 

semiquantitative

TP: 7, FP: 0, FN: 4, 

TN: 30

TP: 9, FP: 15, FN: 2, 

TN: 15

Arslan et al. 2022 [68Ga]Ga-PSMA 

PET vs. mpMRI

GE Discovery 710 (General Electric, Milwaukee WI), 

GE Discovery IQ (General Electric, Milwaukee WI), or 

Siemens (Siemens, Erlangen, Germany) Biograph 20 

mCT

3.0 T MR Siemens Healthineers, 

Magnetom

Skyra, Erlangen, Germany

NA Visual TP: 2, FP: 4, FN: 9, 

TN: 765

TP: 4, FP: 3, FN: 7, TN: 

766

Skawran et al. 2022 [68Ga]Ga-PSMA 

PET vs. mpMRI

SIGNA PET/MR; GE Healthcare, Waukesha, USA MAGNETOM Skyra, Siemens 

Healthineers, Erlangen, Germany

134 ± 18.8 MBq Visual and 

semiquantitative

TP: 5, FP: 0, FN: 4, 

TN: 26

TP: 9, FP: 3, FN: 5, TN: 

6

Szigeti et al. 2022 [68Ga]Ga-PSMA 

PET vs. mpMRI

Philips Ingenuity TF, Amsterdam/the Netherlands, and 

Siemens Biograph mCT, Erlangen/Germany

Achieva, Philips Medical Systems, 

Best/The Netherlands

2.15 MBq/kg Visual and 

semiquantitative

TP: 6, FP: 4, FN: 4, 

TN: 34

TP: 5, FP: 1, FN: 5, TN: 

37

Damme et al. 2021 [68Ga]Ga-PSMA 

PET vs. mpMRI

PSMA-HBED-11 labelling kits provided by ABX, 

Germany; 68Ge/68Ga Galli Ad generator, IRE Elite, 

Fleurus, Belgium

Ingenia, Philips Medical Systems, 

The Netherlands

110 MBq Visual and 

semiquantitative

TP: 31, FP: 2, FN: 0, 

TN: 48

TP: 18, FP: 0, FN: 9, 

TN: 54

Celen et al. 2020 [68Ga]Ga-PSMA 

PET vs. mpMRI

Gemini TF TOF PET-CT; Philips, Cleve-land, OH, 

United States

Ingenia, Philips Medical Systems, 

The Netherlands

125–317 MBq Visual and 

semiquantitative

TP: 1, FP: 11, FN: 0, 

TN: 10

TP: 1, FP: 0, FN: 9, TN: 

12

Kulkarni et al. 2020 [68Ga]Ga-PSMA 

PET vs. mpMRI

General Electric Medical Systems with eight slice 

helical CT scanner, Chicago, Illinois, United States

GE Discovery MR 750 W, Illinois, 

United States

111–166 MBq Visual and 

semiquantitative

TP: 13, FP: 3, FN: 3, 

TN: 16

TP: 7, FP: 9, FN: 4, TN: 

15

Frumer et al. 2020 [68Ga]Ga-PSMA 

PET vs. mpMRI

NA 3.0-T MR scanner or a 1.5-T 

scanner with a trans-rectal coil

112–187 MBq Visual and 

semiquantitative

TP: 3, FP: 4, FN: 9, 

TN: 73

TP: 1, FP: 2, FN: 8, TN: 

71

Franklin et al. 2020 [68Ga]Ga-PSMA 

PET vs. mpMRI

Philips Healthcare, Best, The Nederlands Skyra; Siemens healthcare, 

Erlingen, Germany

200 MBq Visual and 

semiquantitative

TP: 28, FP: 14, FN: 

30, TN: 161

TP: 13, FP: 9, FN: 45, 

TN: 166

Yilmaz et al. 2019 [68Ga]Ga-PSMA 

PET vs. mpMRI

NA Verio; Siemens Medical Solutions, 

Erlangen, Germany

175 MBq Visual and 

semiquantitative

TP: 2, FP: 0, FN: 0, 

TN: 8

TP: 2, FP: 5, FN: 0, TN: 

3

Berger et al. 2018 [68Ga]Ga-PSMA 

PET vs. mpMRI

Philips Gemini TF 64 PET/CT 3 Tesla machines NA Visual and 

semiquantitative

TP: 1, FP: 4, FN: 1, 

TN: 44

TP: 0, FP: 2, FN: 1, TN: 

47

Gupta et al. 2017 [68Ga]Ga-PSMA 

PET vs. mpMRI

Biograph TruePoint40 with LSO crystal from Siemens 

Healthcare

NA 2 MBq/kg Visual and 

semiquantitative

TP: 7, FP: 1, FN: 0, 

TN: 4

TP: 4, FP: 1, FN: 3, TN: 

4

Zhang et al. 2017 [68Ga]Ga-PSMA 

PET vs. mpMRI

United Imaging Healthcare (UIH), Shanghai, China Achieva 3.0 T TX, Philips Medical 

Systems, The Netherlands

130.6–177.6 MBq Visual and 

semiquantitative

TP: 14, FP: 1, FN: 1, 

TN: 26

TP: 14, FP: 2, FN: 1, 

TN: 25

TP, true positive; TN, true negative; FP, false positive; FN, false positive; NA, not available.

60

https://doi.org/10.3389/fmed.2024.1425134
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Wang et al.� 10.3389/fmed.2024.1425134

Frontiers in Medicine 07 frontiersin.org

68Ga-PSMA-11, 18F-DCFPyL, 18F-PSMA-1007, leading to higher 
heterogeneity in the articles. In cases of high heterogeneity, their study 
did not employ techniques such as meta-regression or sensitivity 
analysis to explore the source of heterogeneity. Therefore, in our study, 
we conducted meta-regression and sensitivity analysis specifically for 
one imaging tracer, 68Ga-PSMA-11, and incorporated the latest studies.

In addition, our study find substantial heterogeneity was identified 
in the sensitivity and specificity of 68Ga-PSMA-11 PET and mpMRI, as 
evidenced by high I2 values (84 and 79% for sensitivity, 87 and 91% for 
specificity, respectively). Hence, in response to this high level of 
heterogeneity, we utilized meta-regression and sensitivity analysis to 
explore potential sources of this heterogeneity. Through meta-regression 
analysis, only patient numbers emerged as a statistically significant 

factor for the specificity of mpMRI (p < 0.05). This finding suggests the 
influence of sample size on heterogeneity, yet the limited identification 
of sources indicates the complexity of factors affecting diagnostic tool 
performance. The complexity of this outcome may stem from multiple 
factors. Firstly, the diversity in study samples, encompassing variations 
in geography, ethnicity, and age among populations, might not have 
been fully addressed in the analysis. Secondly, the differences in the 
application of diagnostic tool models and the subjective assessment 
criteria across various studies may obscure the true sources of 
heterogeneity. Additionally, although factors such as region, number of 
patients included, reference standard, image analysis, and study design 
were incorporated in the meta-analysis, pinpointing specific sources of 
heterogeneity remains a formidable challenge.

FIGURE 2

Risk of bias and applicability concerns of the included studies using the Quality Assessment of Diagnostic Performance Studies QUADAS-2 tool.

61

https://doi.org/10.3389/fmed.2024.1425134
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Wang et al.� 10.3389/fmed.2024.1425134

Frontiers in Medicine 08 frontiersin.org

FIGURE 3

Forest plot showing the head-to-head comparison of pooled sensitivities of 68Ga-PSMA-11 PET and mpMRI in pelvic lymph node metastases of 
prostate cancer patients. The plot displays individual study estimates (squares) with corresponding 95% confidence intervals (horizontal lines) and the 
pooled sensitivity estimate (diamond) for both modalities. The size of the squares represents the relative weight of each study in the meta-analysis.

FIGURE 4

Forest plot showing the pooled sensitivity of 68Ga-PSMA-11 PET in pelvic lymph node metastases of prostate cancer patients. The plot displays 
individual study estimates (squares) with corresponding 95% confidence intervals (horizontal lines) and the pooled sensitivity estimate (diamond). The 
size of the squares represents the relative weight of each study in the meta-analysis.
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The current meta-analysis indicates that 68Ga-PSMA-11 PET 
exhibits similar sensitivity to mpMRI in detecting initial lymph node 
staging in prostate cancer patients. However, it’s crucial to consider the 
availability of 68Ga-PSMA-11 PET, which may not be  uniformly 
accessible across medical centers and can be influenced by location and 
resources. Moreover, one of the main limitations of 68Ga-PSMA-11 PET 
is the potential exposure to ionizing radiation, particularly concerning 
for younger patients or those requiring repeated imaging exams. On the 
other hand, mpMRI combines multiple imaging modalities, providing 
detailed anatomical and functional information about tumors. Its lower 

economic cost compared to 68Ga-PSMA-11 PET contributes to its 
widespread use in clinical practice. The choice between the two 
modalities will depend on factors such as the clinical scenario, 
accessibility of the imaging technique, and physician preferences.

Our study has several limitations that need to be acknowledged. 
Firstly, despite employing rigorous statistical methods, we  were 
unable to identify specific sources of heterogeneity for sensitivity and 
specificity. This suggests that there may be underlying complexities, 
highlighting the need for further research to pinpoint these sources 
of heterogeneity. Secondly, due to the limited number of included 

FIGURE 5

Forest plot showing the pooled sensitivity of mpMRI in pelvic lymph node metastases of prostate cancer patients. The plot displays individual study 
estimates (squares) with corresponding 95% confidence intervals (horizontal lines) and the pooled sensitivity estimate (diamond). The size of the 
squares represents the relative weight of each study in the meta-analysis.

TABLE 3  Meta-regression analysis for sensitivity of 68Ga-PSMA-11 PET and mpMRI.

Covariate Studies Sensitivity for 68Ga-
PSMA-11 PET (95% CI)

p-value Sensitivity for 
mpMRI (95% CI)

p-value

Region 0.42 0.16

Oceania 2 0.48 [0.33; 0.63] 0.12 [0.02; 0.27]

Asia 7 0.76 [0.40; 1.00] 0.51 [0.22; 0.80]

Europe 4 0.77 [0.43; 0.99] 0.61 [0.42; 0.78]

Number of patients included 0.33 0.35

>50 6 0.60 [0.29; 0.88] 0.41 [0.22; 0.61]

≤50 7 0.87 [0.64; 1.00] 0.59 [0.25; 0.90]

Reference standard 0.99 0.58

PLND 8 0.75 [0.49; 0.95] 0.48 [0.24; 0.72]

ePLND 4 0.61 [0.16; 0.98] 0.43 [0.22; 0.66]

rPLND 1 1.00 [0.16; 1.00] 1.00 [0.16; 1.00]

Image analysis 0.11 0.69

Visual and semiquantitative 12 0.78 [0.57; 0.94] 0.50 [0.30; 0.71]

Visual 1 0.18 [0.02; 0.52] 0.36 [0.11; 0.69]

Study design 0.77 0.97

Prospective 1 0.60 [0.26; 0.88] 0.50 [0.19; 0.81]

Retrospective 12 0.74 [0.50; 0.93] 0.49 [0.28; 0.70]
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FIGURE 6

Forest plot showing the head-to-head comparison of pooled specificities for 68Ga-PSMA-11 PET and mpMRI in pelvic lymph node metastases of 
prostate cancer patients. The plot displays individual study estimates (squares) with corresponding 95% confidence intervals (horizontal lines) and the 
pooled specificity estimate (diamond) for both modalities. The size of the squares represents the relative weight of each study in the meta-analysis.

FIGURE 7

Forest plot showing the pooled specificity of 68Ga-PSMA-11 PET in pelvic lymph node metastases of prostate cancer patients. The plot displays 
individual study estimates (squares) with corresponding 95% confidence intervals (horizontal lines) and the pooled specificity estimate (diamond) for 
both modalities. The size of the squares represents the relative weight of each study in the meta-analysis.

64

https://doi.org/10.3389/fmed.2024.1425134
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Wang et al.� 10.3389/fmed.2024.1425134

Frontiers in Medicine 11 frontiersin.org

studies, we were unable to divide our analysis into patient-based and 
lesion-based analyses. Future head-to-head comparison studies 
focusing on these distinct analysis methods may provide more precise 
and accurate conclusions. Thirdly, it’s important to note that the 
majority of studies included in our meta-analysis were retrospective 
(only one out of 13 was prospective), which could potentially 
introduce bias into our findings.

5 Conclusion

Our findings indicated that 68Ga-PSMA-11 PET and mpMRI 
exhibit similar sensitivity and specificity in the diagnosis of initial 
lymph node staging of prostate cancer. However, given that most 
included studies were retrospective, further prospective studies with 
larger sample sizes are essential to validate these results.

FIGURE 8

Forest plot showing the pooled specificity of mpMRI in pelvic lymph node metastases of prostate cancer patients. The plot displays individual study 
estimates (squares) with corresponding 95% confidence intervals (horizontal lines) and the pooled specificity estimate (diamond) for both modalities. 
The size of the squares represents the relative weight of each study in the meta-analysis.

TABLE 4  Meta-regression analysis for specificity of 68Ga-PSMA-11 PET and mpMRI.

Covariate Studies Specificity for 68Ga-
PSMA-11 PET (95% CI)

p-value Specificity for 
mpMRI (95%CI)

p-value

Region 0.38 0.51

Oceania 2 0.92 [0.88; 0.95] 0.95 [0.92; 0.98]

Asia 7 0.91 [0.76; 1.00] 0.89 [0.70; 1.00]

Europe 4 0.97 [0.92; 1.00] 0.88 [0.60; 1.00]

Number of patients included 0.64 0.02

>50 6 0.95 [0.89; 0.99] 0.96 [0.87; 1.00]

≤50 7 0.93 [0.78; 1.00] 0.82 [0.62; 0.96]

Reference standard 0.62 0.53

PLND 8 0.93 [0.82; 0.99] 0.89 [0.75; 0.98]

ePLND 4 0.96 [0.84; 1.00] 0.99 [0.94; 1.00]

rPLND 1 1.00 [0.63; 1.00] 0.38 [0.09; 0.76]

Image analysis 0.09 0.15

Visual and semiquantitative 12 0.93 [0.86; 0.98] 0.89 [0.77; 0.97]

Visual 1 0.99 [0.99; 1.00] 1.00 [0.99; 1.00]

Study design 0.69 0.49

Prospective 1 0.89 [0.75; 0.97] 0.97 [0.86; 1.00]

Retrospective 12 0.95 [0.87; 0.99] 0.89 [0.77; 0.98]
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Clinical and imaging features of 
pulmonary mixed squamous cell 
and glandular papilloma: a case 
report and literature review
Xianwen Hu 1, Wei Zhao 2, Fangming Li 1, Pan Wang 1* and 
Jiong Cai 1*
1 Department of Nuclear Medicine, Affiliated Hospital of Zunyi Medical University, Zunyi, China, 
2 Department of Pathology, Affiliated Hospital of Zunyi Medical University, Zunyi, China

Pulmonary mixed squamous cell and glandular papilloma (MSGP) is a rare benign 
lung tumor with both squamous and glandular epithelial components. Reports 
on primary lung MSGP are few, and the aim of this study is to describe the imaging, 
including computed tomography (CT) and positron emission tomography (PET) 
findings, and histopathological characteristics of a case of MSGP in our hospital. 
A 53-year-old woman with no smoking history who underwent a chest CT scan 
revealed a nodule in the upper lobe of the left lung. The solid nodule showed 
no lobulation or spiculation but demonstrated significant enhancement on 
contrast-enhanced CT and increased fluorine-18 fluorodeoxyglucose (18F-FDG) 
uptake on PET. Moreover, a literature review identified 19 cases of lung MSGPs 
involving imaging findings, including CT and/or PET imaging. Except for one 
patient with a ground glass nodule, the rest were solid and ranged in size from 
0.7 to 8.2  cm, which can present as a mildly to significantly increased 18F-FDG 
uptake on PET. MSGP is a rare benign tumor entity, and understanding its 
imaging findings and pathological immunohistochemical characteristics will 
help to improve the accurate diagnosis of MSGP so as to avoid unnecessary 
lobectomy and mediastinal lymph node dissection.

KEYWORDS

mixed squamous cell and glandular papilloma, lung, lung cancer, PET/CT, CT

Introduction

Solitary papillomas, first reported by Spencer et al. in 1980, are very rare, accounting for 
less than 0.5% of lung tumors (1). In the fifth edition of the WHO Classification of Thoracic 
Tumors in 2021, the papillaries of the lungs are divided into three types according to the 
composition and growth mode of the clad epithelium, namely squamous cell papilloma 
(including exophytic and varus), glandular papilloma, and mixed squamous cell and glandular 
papilloma (MSGP) (2). Among them, the MSGP is the rarest, accounting for only 15.7% of 
solitary papillomas (3). It contains both squamous and glandular epithelial components, each 
of which accounts for at least one-third of the tumor cells (4). The disease mostly occurs in 
middle-aged and elderly people with a history of smoking, and the median age of onset is 
60 years old, with a male-to-female ratio of 16 to 5 (5). Most tumors occur within the main or 
lobar bronchi, with only a few occurring within the lumen of the peripheral bronchi. Its 
clinical manifestations are non-specific and can present as coughing, sputum production, chest 
pain, and difficulty breathing. Due to the rarity of MSGP and the non-specificity of its clinical 
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features, it is difficult to obtain a correct diagnosis before surgery. 
Herein, we present the diagnosis and treatment process of a 53-year-
old woman with MSGP and review the relevant literature to 
systematically summarize its imaging features, aiming to improve 
understanding of this rare disease.

Case presentation

A 53-year-old woman came to our hospital on 22 September 2023 
for medical assistance due to coughing and sputum production for 
approximately a week. The physical examination did not reveal any 
positive signs. She had a history of falls a month ago. A chest computed 
tomography (CT) scan at an external hospital revealed multiple 
fractures of the right ribs, but there were no obvious signs of 
dislocation or displacement at the fracture end, so she only received 
conservative treatment, which improved her condition. Additionally, 
the CT scan also found a nodule in the upper lobe of her left lung, 
which she did not notice. She denied that she had a history of chronic 
diseases such as hypertension, diabetes, coronary heart disease, and 
infectious diseases such as tuberculosis and hepatitis. Moreover, 
neither she nor her family had a history of cancer or genetic diseases. 
On 23 September 2023, the results of the fasting blood routine, tumor 
markers, and other laboratory tests were negative. On the same day, a 
chest CT revealed a soft tissue density nodule with a size of 
approximately 1.1 cm × 1.0 cm in the upper lobe of the left lung, which 
showed significant enhancement on contrast-enhanced scan 
(Figure 1), suspected to be lung cancer. To further evaluate the nature 
of the pulmonary nodule, the patient underwent fluorine-18 
fluorodeoxyglucose (18F-FDG) positron emission tomography (PET)/
CT examination. The injection dose of 18F-FDG was 8.5 mCi 
(0.15 mCi/kg), and imaging started 1 h after injection, on 25th 
September. The results showed significantly increased 18F-FDG uptake 
of the left upper lobe nodule (Figure 2), and multiple enlarged lymph 
nodes with increased uptake of 18F-FDG were observed in the 
mediastinum, suggesting the possibility of left upper lobe lung cancer 
with mediastinal lymph node metastasis. After completing the 
relevant preoperative routine examination, the patient underwent 
surgical resection of the lesion under general anesthesia on 26th 
September. The results of the intraoperative frozen section indicated 
lung adenocarcinoma. Consequently, the patient underwent a left 

superior lobectomy, thoracoscopic mediastinal lymph node dissection, 
and closed thoracic drainage. Postoperatively, the excised tissue was 
sent for pathological examination. Hematoxylin–eosin staining 
showed that the nodule in the left upper lobe of the lung is an epithelial 
tumor of the lung, with some areas arranged in a papillary pattern and 
accompanied by mucus secretion. The immunohistochemical results 
showed that tumor cells expressed cytokeratin (CK), CK5/6, CK7, 
P63, and thyroid transcription factor 1 (TTF1) positively (Figure 3). 
However, they did not express CK20 or Napsin-A. Based on these 
histopathological findings, the final diagnosis of the left upper lobe 
nodule was an MSGP. Moreover, the pathological results showed that 
all mediastinal lymph nodes had inflammatory lesions. The patient 
received anti-infection treatment for 3 days after the operation and 
was discharged on 29th September. Up to now, the patient has not 
complained of any discomfort, and no tumor recurrence has been 
found on the chest CT examination.

Literature review

The PubMed, Embase, and Web of Science databases were 
searched for English-language case reports and case series of lung 
MSGPs as of 1 May 2024. The keywords mixed squamous cell, 
glandular papilloma, or solitary papillomas, and lung or pulmonary 
were used. For each enrolled case, the first author, publication year, 
and country, as well as the patient’s age, gender, smoking history, 
clinical symptoms, imaging findings, including CT and PET, and 
follow-up results, were recorded (Table 1).

Through a systematic search, 19 cases of lung MSGPs involving 
imaging findings, including CT and/or PET, were identified and 
published prior to our present case (6–24). In total, there are 20 
patients, including our patient, consisting of 9 male (45%) and 11 
female (55%) patients, with a median age of 59 years (range, 17–76). 
All these patients are all from Asia, including Japan, China, and Korea. 
Among these patients, fewer than half (9 out of 19) had a history of 
smoking, and there was a lack of characteristic clinical symptoms. The 
incidence of lesions in the left and right lobes was scattered, and most 
lesions were in the central region (13 out of 20) of the lung. Except for 
one case of ground glass nodule, the rest were solid, and two of them 
were accompanied by cavity formation. The maximum diameter (MD) 
of the nodule or mass was mostly less than 3.0 cm (14 out of 19), with 

FIGURE 1

Chest computed tomography (CT) pulmonary window (A) and mediastinal window (B) revealed a soft tissue density nodule with a size of 
approximately 1.1  cm  ×  1.0  cm in the upper lobe of the left lung (arrows); no obvious lobulation or spiculation were found, which showed significant 
enhancement on the contrast-enhanced scan (C, arrow).
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a mean MD of 2.4 cm. It can present as a mildly to significantly 
increased 18F-FDG uptake on PET, with a median maximum 
standardized uptake value (SUVmax) of 7.8 (range, 1.5–23.8). The 
detailed imaging features of lung MSGP patients are shown in 
Figure 4.

Discussion

Pulmonary MSGPs are relatively rare benign tumors, common in 
middle-aged and elderly patients. They can present with symptoms 
such as cough, phlegm, chest pain, and other non-specific clinical 
manifestations (4). Moreover, patients’ serum tumor markers are 
usually negative, and elevation of serum carcinoembryonic antigen is 
only seen in a small number of patients (6, 16, 19). Our patient is a 
53-year-old woman who was found to have pulmonary nodules on 
imaging examination following trauma, which were subsequently 
surgically resected and pathologically confirmed as MSGP. To further 
understand the clinical features of the disease, we  conducted a 
systematic review of the relevant literature. The results showed that the 
median age of onset of MSGPs is 59 years, and most patients are found 
by chance during physical examinations, consistent with the 
characteristics of MSGP reported in the abovementioned literature. 
However, our results showed no significant difference between men 
and women in MSGP patients, and most patients had no history of 
smoking, especially women, which is inconsistent with the literature 
reporting a preference for men and a history of smoking (3, 4). Thus 
far, the etiology of MSGP is unclear, and a study suggested that it may 
be related to human papillomavirus (HPV) infection (25), while the 

FIGURE 2

(A–D) Fluorine-18 fluorodeoxyglucose (18F-FDG) positron emission 
tomography (PET)/CT imaging of the patient; The maximum 
intensity projection (MIP, A) showed a significantly increased 18F-FDG 
uptake in the left lung (black arrow) and a moderately increased 
18F-FDG uptake in the right lung (red arrow). Moreover, multiple 
nodules with increased 18F-FDG uptake were also seen in the 
mediastinum region (asterisk arrow), which were later pathologically 
confirmed as inflammatory lymph nodes. Axial CT (B), PET (C), and 
PET/CT fusion (D) show that the nodule with significantly increased 
18F-FDG uptake on the left side was located in the upper lobe of the 
left lung (black arrows), with an SUVmax of 8.8, and the lesion with 
moderately increased 18F-FDG uptake on the right side was the right 
rib fracture (red arrows).

FIGURE 3

(A) Hematoxylin–eosin staining showed that the tumor tissue was epithelial, and some areas were arranged in a papillary manner with mucous 
secretion. Immunohistochemistry showed tumor cells positively expressed CK (B), CK5/6 (C), CK7 (D), P63 (E), and TTF1 (F). All images are 
100  ×  magnification.
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TABLE 1  Clinical and imaging features of the cases of lung MSGP from the literature review and current case.

Case, 
no.

Author/
year/
country

Gender 
/age

Smoking Symptom CEA (ng/mL; 
Reference<5.0)

CT imaging PET 
(SUVmax)

HPV Follow-
up 
[month]Morphological MD 

(cm)
Location Lobulation Spiculation CECT

1 (6) Zhang J/ 

2024/China

69/F NA Chance upon 63.3 Solid 2.6 RLL, central (−) (−) NA 23.8 NA NA

2 (7) Abiko 

T/2010/ 

Japan

55/F No Chance upon (−) Solid 2.6 LUL, 

peripheral

(−) (+) NA 9.01 NA NA

3 (8) Miyoshi R/ 

2017/Japan

72/M Yes Chance upon (−) Solid 2.3 RML, central (+) (+) NA 2.5 (−) 12/NR

4 (9) Masunaga 

A/ 2017/

Japan

56/F Yes Chance upon NA Solid with voids 1.3 RLL, central (−) (+) NA 4.1 NA NA

5 (10) Cao 

Q/2024/ 

China

67/M Yes Chance upon NA Solid 1.5 LUL, central (−) (−) NA 1.5 NA 2/NR

6 (11) Kozu 

Y/2014/ 

Japan

60/M Yes Chance upon NA Solid 1.8 RML, central (−) (−) NA 3.4 NA 3/NR

7 (12) An 

AR/2020/ 

Korea

76/M Yes Cough and 

sputum

NA, Solid 4.9 RML, central (+) (+) NA NA (−) NA

8 (13) Inamura K/ 

2011/Japan

49/M Yes Hemoptysis (−) Solid 3.0 LLL, central (−) (−) OE NA (−) NA

9 (14) Lin D/2013 

/China

64/F No Chest pain NA Solid 1.3 RLL, 

peripheral

(−) (−) NA NA NA 24/NR

10 (15) Yun 

JS/2014/ 

Korea

64/F No Chance upon NA Solid 4.0 LLL, central (+) (−) NA 6.7 NA 18/NR

11 (16) Kawamoto 

N/ 2022/

Japan

59/F No Cough 11.0 Solid 8.2 LLL, central (−) (−) OE 20.2 (−) 12/NR

12 (17) Inamura K/ 

2011/Japan

49/M Yes Back pain (−) Solid 1.1 RLL, 

peripheral

(−) (−) OE 2.29 NA 36/NR

(Continued)

71

https://doi.org/10.3389/fmed.2024.1437597
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


H
u

 et al.�
10

.3
3

8
9

/fm
ed

.2
0

24
.14

3
759

7

Fro
n

tie
rs in

 M
e

d
icin

e
fro

n
tie

rsin
.o

rg

TABLE 1  (Continued)

Case, 
no.

Author/
year/
country

Gender 
/age

Smoking Symptom CEA (ng/mL; 
Reference<5.0)

CT imaging PET 
(SUVmax)

HPV Follow-
up 
[month]Morphological MD 

(cm)
Location Lobulation Spiculation CECT

13 (18) Kawagishi 

K/ 2023/

Japan

55/M No Chance upon NA Solid 1.3 RML, 

peripheral

(−) (−) NA NA NA 6/NR

14 (19) Yabuki K/ 

2018/Japan

76/M Yes Chance upon 7.3 Solid with voids NA RLL, central (−) (+) NA 13.3 NA 30/NR

15 (20) Abe J/2016/ 

Japan

66/F Yes Chance upon (−) Solid 1.0 LUL, 

peripheral

(−) (−) NA NA (−) 6/NR

16 (21) Wang 

X/2022/ 

China

74/M Yes Chance upon NA GGO 0.7 RUL, 

peripheral

(−) (+) NA NA (−) 16/NR

17 (22) Saraya 

T/2019/ 

Japan

17/F No Cough, chest 

pain

(−) Solid 3.0 RUL, central (+) (+) OE 11.8 (−) NA

18 (23) Yang 

C/2022/ 

China

57/F No Chance upon (−) Solid 2.6 RLL, 

peripheral

(−) (−) NA NA NA 6/NR

19 (24) Zhang 

Y/2022/ 

China

52/F No Cough (−) Solid 1.4 RLL, LUL, 

central

(−) (−) OE NA NA 12/NR

20 Our case 53/F No Cough and 

sputum

(−) Solid 1.1 LUL, central (−) (−) OE 8.8 (−) 7/NR

MSGP, mixed squamous cell and glandular papilloma; MD, maximum diameter; PET, positron emission tomography; SUVmax, maximum standard uptake value; CT, computed tomography; CECT, contrast-enhanced computed tomography; CEA, carcinoembryonic 
antigen; RLL, right lower lobe; LUL, left upper lobe; RML, right middle lobe; LLL, left lower lobe; OE, obvious enhancement; GGO, ground-glass opacity; RUL, right upper lobe; HPV, human papillomavirus; NR, no recurrence; NA, not applicable; (−), negative; (+) 
positive.
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patient we reported and many studies in the literature have shown 
negative HPV test results (8, 12, 13, 16, 20–22), so this idea needs to 
be confirmed in more cases in the future.

The imaging findings of MSGPs are likely to occur at the central 
or periphery regions of the lungs, where they present as a solid nodule 
with clear boundaries. Based on the patient we reported and a review 
of previously published literature, most nodules or masses occurring 
in the central region of the lungs and almost all occurring in the 
peripheral region of the lungs were less than 3.0 cm, with few 
lobulations and spiculations. Only a few tumors occurring in the 
central region of the lung had an MD greater than or equal to 3.0 cm, 
which may be  accompanied by lobulations and spiculations. On 
contrast-enhanced CT scans, MGSPs typically showed significant 
enhancement, with unenhanced low-density necrotic areas visible 
within larger nodules or masses. These tumors can also present 
varying degrees of increased uptake of 18F-FDG on PET scans. A 
previous study (9) suggested that a high SUVmax of MGSPs could 
predict a potential for malignant transformation, although further 
confirmation is necessary. In the current case, the SUVmax was 8.8, 
indicating significantly increased 18F-FDG uptake, making it difficult 
to differentiate between a benign tumor and lung cancer.

The diagnosis of MSGP mainly depends on histopathological 
examination, of which classical histological morphology is mainly 
composed of a mixture of surface-covered glandular epithelial cells 
and a papilla with a vascular axis consisting of squamous epithelial 
cells and basal cells below the glandular epithelial cells (13, 15). Due 
to its complex composition, it is difficult to make an accurate 
diagnosis in intraoperative frozen sections. A previous study (17) 
showed that the misdiagnosis rate of MSGP tumor properties based 
on pathological examination of intraoperative frozen section is 
52.6%. This high rate of misdiagnosis can lead to mistaking these 
benign tumors for various types of lung cancer, resulting in 
unnecessary overtreatment. The intraoperative frozen section of the 
patient we  reported was also misdiagnosed as adenocarcinoma, 
resulting in unnecessary mediastinal lymph node dissection. Based 
on the current cases and misdiagnosed cases in the literature, 

we analyzed the reasons leading to misdiagnosis. These include: 
limited sampling of frozen section examination, difficulty in 
identifying different epithelial components when one component is 
dominant, and challenges in identifying ciliated columnar 
epithelium ciliated components in frozen sections (26). Second, the 
tumor obstructed the bronchial lumen, resulting in mucus 
extravasation, and the extravasated tumor cells could spread along 
the alveolar lumen or even float in the mucus lake, which could 
easily be  misdiagnosed as adenocarcinoma or mucinous 
adenocarcinoma (12, 14). Moreover, MSGPs often contain multiple 
layers of squamous epithelial cells, which may exhibit atypical 
features that can be  exaggerated in frozen sections, leading to 
misdiagnosis as squamous cell carcinoma or mucoepidermoid 
carcinoma (20). When conventional hematoxylin–eosin staining is 
insufficient for diagnosing MSGP, further immunohistochemical 
examination is needed. The glandular epithelium of the tumor cells 
expresses CK7 and TTF1 positively, the mucinous columnar 
epithelium expresses MUC5AC, and squamous cells express CK5/6, 
P63, and P40 (1, 26, 27). The tumor tissue of the patient we reported 
showed characteristic papillary structure and components of 
papillary epithelium under the microscope, and 
immunohistochemistry showed that the tumor cells expressed 
positive CK5/6, CK7, P63, and TTF1, which met the diagnostic 
criteria of MSGP.

The prognosis of MSGP patients is good, and the purpose of 
radical treatment can be generally achieved by lung wedge-shaped 
resection or lesion excision, although postoperative recurrence and 
malignant transformation are rarely reported (3). In our current case 
and literature review results, no tumor recurrence or malignant 
transformation was found during 2–36 months of follow-up.

In conclusion, MSGP is a rare benign tumor entity of the lung. 
Our current case study reveals that its imaging features and 
intraoperative frozen section examination should be considered as 
one of the differential diagnoses of lung cancer. Understanding the 
imaging and pathological immunohistochemical characteristics of 
MSGP will help to improve the accurate diagnosis of MSGP so as to 
avoid unnecessary lobectomy and mediastinal lymph node dissection.
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Imaging findings of inflammatory 
myofibroblastic tumor of sigmoid 
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Inflammatory myofibroblastic tumor (IMT) is an intermediate tumor 
composed of differentiated myofibroblastic spindle cells with inflammatory 
cell infiltration. It can occur in all parts of the body, with the lungs being 
the most common, while the tissues outside the lungs, including the 
sigmoid colon, are rare. Herein, we  present a case of a 10-year-old girl 
with sigmoid IMT who presented to our hospital with abdominal pain. An 
abdominal computed tomography (CT) revealed a well-defined, slightly 
low-density mass in her lower abdomen that was not clearly demarcated 
from the sigmoid colon. The mass showed significant uneven enhancement 
on contrast-enhanced CT and increased fluorine-18 fluorodeoxyglucose 
(18F-FDG) uptake on positron emission tomography (PET). Moreover, a 
systematic review of the published literature on sigmoid IMT was conducted 
and its clinical and radiographic features were summarized to increase the 
understanding of this rare disease.

KEYWORDS

inflammatory myofibroblastic tumor, sigmoid colon, 18F-FDG, PET/CT, CT

Introduction

Inflammatory myofibroblastic tumor (IMT) is a rare intermediate mesenchymal 
tumor, which has previously been described as inflammatory pseudotumor, plasma cell 
granuloma, and inflammatory myofibrous histiocytic proliferation, consisting of 
differentiated myofibroblastic spindle cells, often accompanied by extensive lymphocyte 
and/or plasma cell infiltration (1). The etiology of IMTs is unknown and may be related 
to certain special bacterial or EB virus infections, chromosomal mutations (2). It can 
be seen at any age, but is mainly found in children and young adults, with females being 
more common (3). The tumor can occur in various parts of the body, of which the lung 
is the most common, accounting for 95%, while the organ tissues outside the lung, 
including mesentery, omentum, liver, retroperitoneum and limbs, are rare (4). The disease 
symptoms of patients are related to the disease site, including fever, pain, anemia and 
mass, without specificity (5). It is precisely because of the rarity of IMTs and the 
non-specificity of clinical manifestations that it is difficult to make a correct diagnosis 
before surgery. Here, we  present the diagnosis and treatment of a rare patient with 
sigmoid IMT and review the literature with a view to increasing awareness of this 
rare disease.
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Case presentation

A 10-year-old girl with abdominal pain for 3 days underwent an 
abdominal ultrasound examination in an outside hospital on November 
20, 2023 and found a large mass in her pelvic cavity. She was admitted to 
our hospital on 23 November 2023 for further diagnosis and treatment. 
She and her family denied any history of tumors or genetic diseases. 
Physical examination revealed a large, hard, low-motion mass palpable in 
her pelvic cavity, while no significant positive signs were found in the rest 
of her body. The laboratory test results, including serum tumor markers, 
were all negative. On November 24th, the patient underwent an abdominal 
CT examination (Figure 1) and the results showed a slightly low-density 
mass with unclear boundary with the sigmoid colon in her pelvic cavity, 
which presented significant uneven enhancement on contrast-enhanced 
CT, suggesting a possible malignant tumor. In order to further evaluate the 
nature of the tumor and determine the treatment plan, she underwent 
18F-FDG PET/CT examination the following day. The results showed 
obviously increased 18F-FDG uptake in this lesion, and no hot spot lesions 
were observed in the rest of the body (Figure 2). Based on these imaging 
findings, the patient was initially suspected to have a malignant lesion. 
After a series of evaluations, the patient underwent an exploratory 
laparotomy, radical tumor resection and ileostomy on November 29 under 
anesthesia. Hematoxylin–eosin staining revealed diffuse spindle shaped 
tumor cells and scattered inflammatory cells in resected tumor tissue 
(Figure 3). Immunohistochemical results showed that the tumor cells 
positively expressed smooth muscle actin (SMA), anaplastic lymphoma 
kinase (ALK), CD117, vimentin, but negatively expressed cytokeratin 
(CK), Desmin and Dog-1. Based on these histopathological features, the 
patient was diagnosed with an inflammatory myofibroblastic tumor. The 
patient improved after receiving 3 days of anti-inflammatory treatment 
with ceftriaxone after surgery and was discharged on December 1, 2023. 
On June 2, 2024, she underwent abdominal ultrasound examination and 
showed no signs of tumor recurrence. The patient has been following up 
for 6 months now and has not reported any discomfort.

Literature review

The PubMed and Web of Science databases were searched for case 
reports and series of sigmoid colon IMT as of June 10, 2024, with 

language limitations in English. The search strategy was as follows: 
(“inflammatory myofibroblastic tumor” OR “inflammatory 
pseudotumor” OR “plasma cell granuloma” OR “inflammatory 
myofibrous histiocytic proliferation”) AND “sigmoid colon.” For each 
enrolled case, the first author, publication year, as well as the patient’s 
gender, age, clinical symptoms, imaging findings including CT and 
PET, and follow-up results were recorded (Table 1).

After a systematic search and careful reading of the full text of the 
preliminary screening, it was finally determined that there were seven 
cases of sigmoid IMT published before our case (6–12). Including the 
current patient that we reported, a total of eight sigmoid IMT cases, 
consisting of three male (3/8) and five female (5/8) patients, with a 
median age of 10.5 years (range, 9 months-81 years old), were included in 
the analysis. Common clinical symptoms include abdominal pain, 
vomiting, fever, and abdominal discomfort. IMTs are generally large in 
size, with a mean maximum diameter of 9.1 cm. Most of the patients (7/8) 
underwent surgery, and only one patient received conservative treatment 
due to poor lung function. The prognosis of IMT was good, and no 
significant signs of tumor recurrence were found in all patients who 
underwent surgical resection of the mass during the follow-up period.

Discussion

IMT in the sigmoid colon is rare. Our current study presents a 
case of a child diagnosed with sigmoid IMT who complained of 
abdominal pain. To further understand the characteristics of this 
disease, we conducted a systematic review of relevant literature, and 
the results showed that most IMT patients in the sigmoid colon were 
children and young adults, with more females than males. This is 
consistent with the epidemiology of IMT patients occurring in other 
parts of the body (13). Most patients seek medical help due to 
vomiting, fever, abdominal pain, and abdominal discomfort. The 
literature reported that the etiology of IMT may be related to chronic 
infections, autoimmune diseases, and trauma (2). However, our case 
and previous literature on IMT in the sigmoid colon have not reported 
any such medical history, so this viewpoint may need to be confirmed 
in the future.

Imaging examinations play a significant role in the diagnosis of 
IMT, and the imaging of IMT in the sigmoid colon has certain 

FIGURE 1

Abdominal CT revealed a regular low-density mass (A, arrow) in the pelvic cavity, about 9.3  cm  ×  9.0  cm  ×  6.7  cm in size; which presented significant 
uneven enhancement on contrast-enhanced CT (B, arrow).
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characteristics. On CT, it usually presents as a large isodense soft 
tissue mass with smooth edges, and there may be low-density cystic 
necrosis area within the mass. On contrast-enhanced CT, the mass 
showed obvious uniform or uneven enhancement (6–10). Unlike 
previous literature reports, the current case showed a uniform 
low-density mass on CT, but still showed significant enhancement on 
contrast-enhanced CT. At present, research on the 18F-FDG/glucose 
metabolism of IMT is relatively rare and is mostly seen in case 
reports. Most IMTs present significantly increased 18F-FDG uptake 
on PET and are often misdiagnosed as malignant tumors in the 
corresponding area (14–16). The mechanism of 18F-FDG uptake by 
IMT may be  correlated with tumor cellularity, inflammatory cell 
infiltration and Ki-67 expression. The higher tumor cellularity, more 
composition of inflammatory cell and higher Ki67 expression, the 
greater SUVmax (17). The patient we reported presented with low 
density on CT, with exudative shadows around the mass and obvious 
uptake of 18F-FDG on PET, which may be  related to the strong 
inflammatory cell infiltration of the mass. To our knowledge, our case 
study is the first to report PET findings of sigmoid colon IMT, which, 
like IMT occurring in other organ tissues, also showed significantly 
increased 18F-FDG uptake.

According to the imaging findings of IMT, IMT originating 
from the sigmoid colon needs to be  differentiated from 
gastrointestinal stromal tumors (GISTs), lymphoma and sigmoid 
colon cancer. GISTs also presented as large, circular or lobulated 
soft tissue masses on CT, with cystic necrosis at the center of the 
mass and uneven delayed enhancement on contrast-enhanced CT 
(18). On PET, GISTs with different risk levels show varying levels of 
increased 18F-FDG uptake, and high-risk GISTs presenting a higher 
SUVmax than medium-to low-risk GISTs (19). Moreover, due to the 
fact that GISTs typically grow outside the intestinal lumen, GISTs 
located in the lower abdomen may exhibit migration of the mass 
over time on dual-time point PET/CT, which is a relatively specific 
sign (20). Lymphomas that occur in the intestine are mostly B-cell 
non-Hodgkin lymphomas. Like IMT, it presents significantly 
increased 18F-FDG uptake on PET (21). However, intestinal 
lymphoma usually infiltrates along the intestinal wall, presenting as 
a circular thickening of the intestinal wall, and rarely causing 
proximal intestinal duct dilation and obstruction (22). 
Adenocarcinoma is the most common tumor in the sigmoid colon, 
and it also shows significantly increased 18FDG uptake on 
PET. However, sigmoid colon cancer often grows infiltratively along 

FIGURE 2

Fluorine-18 fluorodeoxyglucose (18F-FDG) positron emission tomography (PET)/CT imaging of the patient. The maximum intensity projection (MIP, A) 
showed a significantly increased 18F-FDG uptake in the lower abdominal area (arrow). Axial CT (B), PET (C) and PET/CT fusion (D) showed that the 
lesion with significantly increased 18F-FDG uptake, with a SUVmax of 9.3 (arrows), which was located in the serosal surface of the sigmoid colon, and 
the adjacent intestinal tube is compressed, the proximal intestinal tube is dilated, and liquid exudation shadow is seen around the mass, and a small 
amount of fluid is seen in the pelvic cavity.
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FIGURE 3

(A) Hematoxylin–eosin staining revealed diffuse spindle shaped tumor cells and scattered inflammatory cells within the lesion; Immunohistochemical 
results showed that the tumor cells positively expressed SMA (B), ALK (C) and vimentin (D). Notes: SMA, smooth muscle actin; ALK, anaplastic 
lymphoma kinase.

TABLE 1  Clinical and imaging features of the cases of sigmoid colon sigmoid colon IMT from the literature review and current case.

Case, 
no.

Author/
year/
country

Gender /
Age 
(years)

Symptom CT imaging PET 
(SUVmax)

Treatment Follow-
up 

(month)Morphological 
changes

MD 
(cm)

CECT

1(6) Dhuria S/ 2018/

India

F/2 vomiting, fever, oval, isodense solid 

soft tissue mass with 

low-density necrosis

8.0 OUE NA Surgery 36/NR

2 (7) Pandit N/ 2019/

Nepal

M/35 blood mixed 

stool, fever, 

weight loss

lobulated isodense soft 

tissue mass

8.0 OEE NA Surgery 12/NR

3 (8) Chinnakkulam 

KS/2020/India

F/40 abdominal 

pain, vomiting,

constipation

suborbicular isodense 

soft tissue mass

6.0 OEE NA Surgery 18/NR

4 (9) Kavirayani V/ 

2023//India

F/9 months abdominal 

distension

suborbicular isodense 

soft tissue mass with 

low-density necrosis

9.4 OUE NA Surgery 6/NR

5 (10) Wu L/2023 /

China

M/11 months vomiting, fever, lobulated cystic solid 

mass

12.0 OUE NA Surgery 24/NR

6 (12) Uysal S/2005 /

Turkey

M/11 abdominal 

pain, difficult 

defecation

suborbicular isodense 

soft tissue mass with 

low-density necrosis

11.0 OUE NA Surgery 6/NR

7 (11) Nakamura Y/ 

2010/Japan

F/82 abdominal 

pain

NA NA NA NA Conservative 

treatment

24/NR

8 Present case F/10 abdominal 

pain

suborbicular low-

density mass

9.3 OUE 15.4 Surgery 6/NR

IMT, inflammatory myofibroblastic tumor; MD, maximum diameter; PET, positron emission tomography; SUVmax, maximum standard uptake value; CT, computed tomography; CECT, 
contrast-enhanced computed tomography; OUE, obvious uneven enhancement; OEE, obvious even enhancement; NR, no recurrence; NA, not applicable.
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the intestinal wall and has an irregular shape on CT (23), which is 
significantly different from IMT.

Pathological examination is currently the gold standard for 
diagnosing IMT. Microscopically, the characteristic fusiform 
myofibroblast proliferation was observed, accompanied by abundant 
infiltration of chronic inflammatory cells such as plasma cells, T 
lymphocytes, neutrophils, and eosinophils (24). 
Immunohistochemistry showed that tumor cells positively expressed 
vimentin, SMA, and Desmin usually, and CK, CD68, CD30 and ALK 
were partially expressed positively, while CD117 and CD34 were 
usually negative expressed (25). In the tumor tissue of the patient 
we reported, diffuse fusiform tumor cells and scattered inflammatory 
cells were found in the lesion under microscope. Immunohistochemical 
results showed that the tumor cells positively expressed vimentin, 
SMA, and ALK, which was consistent with the pathological 
diagnosis of IMT.

At present, radical surgical resection of tumor tissue is the 
preferred treatment for IMT. Only when the tumor cannot 
be  surgically removed, other treatment options including 
chemotherapy, immunomodulatory therapy, corticosteroids, 
radiotherapy, nonsteroidal anti-inflammatory drugs and so on should 
be considered (26, 27). Since IMT is an intermediate tumor with the 
possibility of recurrence and metastasis, close and careful follow-up 
after complete surgical resection of the tumor tissue is crucial to 
improve the prognosis of patients (28). The patient we reported did 
not show any signs of tumor recurrence or metastasis during follow-up 
after surgical removal of the tumor.

In conclusion, sigmoid IMT is a relatively rare intermediate tumor 
and should be considered in the differential diagnosis of other sigmoid 
malignancies such as GISTs and cancers. It appears as a large, smooth 
edge, or low-density mass on CT, with obvious uniform or uneven 
enhancement on contrast-enhanced CT, which showed significantly 
increased 18F-FDG uptake on PET. These imaging findings contribute 
to the diagnosis of IMT.
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Background: Cardiac neuroendocrine tumour metastases (CNTM) are rare, 
but advancements in molecular imaging including somatostatin receptor PET/
CT (SSTR-PET/CT) could lead to a more frequent identification. The aim of this 
article is to perform a systematic review and meta-analysis on the detection of 
CNTM by SSTR-PET/CT.

Methods: A comprehensive literature search of studies on CNTM detected by 
SSTR-PET/CT was carried out. Three different bibliographic databases were 
screened (Cochrane library, PubMed/MEDLINE, EMBASE) until 20 August 
2024. Two review authors independently selected the eligible original articles 
and performed the quality assessment and the data extraction. Main findings 
of eligible studies were summarized and a proportion meta-analysis on the 
prevalence of patients with CNTM among those with neuroendocrine neoplasm 
(NEN) performing SSTR-PET/CT was carried out using a random-effects model.

Results: Ten articles reporting data on 163 patients with CNTM were included in 
the systematic review. SSTR was able to detect CNTM earlier compared to other 
radiological imaging techniques. Most patients with CNTM had other metastatic 
sites and CNTM were often asymptomatic. The meta-analysis of seven articles 
demonstrated a pooled prevalence of 1.5% (95% confidence interval: 1.0–1.9%) 
of patients with CNTM (n  =  119) among those performing SSTR-PET/CT for NEN 
(n  =  9,300). Moderate statistical heterogeneity was found (I2 test: 62%).

Conclusion: Evidence-based data demonstrate that SSTR-PET/CT enables 
early and better detection of CNTM compared to other radiological imaging 
methods. CNTM are encountered with a pooled prevalence of 1.5% of NEN 
patients performing SSTR-PET/CT. Prospective and multicentric studies are 
warranted to better clarify the impact of CNTM detection by SSTR-PET/CT on 
overall survival and clinical decision-making in NEN patients.
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Introduction

Neuroendocrine neoplasms (NEN) include heterogeneous 
tumours arising from neuroendocrine cells. Most NEN are well-
differentiated neuroendocrine tumours with indolent disease biology, 
whereas poorly differentiated NEN with rapid disease progression 
are less frequent (1). The incidence and prevalence of NENs 
continues to rise globally and gastroenteropancreatic NEN represent 
the most common subtype. Metastatic disease from NEN is frequent 
and the most frequent metastatic sites are lymph nodes liver, and 
bone (1).

Cardiac neuroendocrine tumours metastases (CNTM) are rare 
with an estimated incidence lower than 1% (1, 2). However, the 
incidence of CNTM is likely underestimated as they often remain 
undetected until autopsy (1). CTNM are also difficult to diagnose due 
to their anatomic location and their small size especially in their early 
stages. Notably, CNTM can lead to a poor clinical outcome and their 
prompt diagnosis is relevant to start the most effective treatment and 
for their management (3).

Advancements in molecular imaging including somatostatin 
receptor PET/CT (SSTR-PET/CT) have led to more frequent 
identification of NEN lesions compared to conventional imaging 
including CT and magnetic resonance imaging (MRI). Evidence-
based data have demonstrated that SSTR PET/CT (using somatostatin 
analogues radiolabelled with gallium-68 or copper-64) has high 
diagnostic performance in detecting NEN lesions due to their usual 
high SSTR expression (4–6).

After the first case of CNTM detected by SSTR-PET/CT in 2010 
(7), several articles and case series were published on this topic (3). 
Two examples of CNTM detected by SSTR-PET/CT are reported in 
Figure 1. We hypothesize that SSRT-PET/CT could lead to a more 
frequent identification of CNTM. Therefore, the aim of this evidence-
based article is to perform a systematic review of the literature and a 
meta-analysis on the detection of CNTM by SSTR-PET/CT.

Methods

Protocol, review authors and review 
question

This article was written according to a predefined protocol for 
systematic reviews and meta-analysis of diagnostic tests (8) and 
following the updated version “Preferred Reporting Items for a 
Systematic Review and Meta-Analysis of Diagnostic Test Accuracy 
Studies” statement (9).

The working group was composed of one cardiologist (DC) and 
five nuclear medicine physicians or radiologists working in different 
European centers with experience in hybrid imaging in NEN and 
systematic reviews/meta-analyses (AI, DA, AR, AP, and GT).

The first step of the working group was to formulate a clear review 
question (“Which is the role of SSTR-PET/CT in detecting CNTM 

compared to other imaging methods?”) created using the following 
PICO (Patients/Intervention/Comparison/Outcome) framework:

	-	 Patients: individuals with CNTM.
	-	 Intervention: SSTR-PET/CT performed for NEN staging/

restaging.
	-	 Comparison: other imaging methods for detecting CNTM.
	-	 Outcomes: in patients with NEN performing SSTR-PET/CT the 

outcomes evaluated were: prevalence of patients with CNTM, site 
of CNTM, tracer uptake of CNTM, presence of concurrent 
metastases, presence of cardiac symptoms, performance of 
SSTR-PET/CT in detecting CNTM compared to other 
radiological imaging methods, management of CNTM after 
SSTR-PET/CT.

Search strategy

To reduce possible biases, two review authors (DC as junior 
researcher and GT as senior researcher) independently performed a 
comprehensive literature search using three different bibliographic 
databases (Cochrane library, PubMed/MEDLINE and EMBASE) to 
find published original articles on the role of SSTR-PET/CT in 
detecting CNTM. The following search string combining several free 
text key words was used: (A) “PET” OR “positron” AND (B) 
“somatostatin” OR “DOTA*” OR “neuroendocrine” OR “NET” OR 
“NEN” and (C) “cardiac” OR “myocardial” OR “heart.” Last date of the 
literature search was 20 August 2024. For a more comprehensive 
literature search no beginning date limit nor language restrictions 
were used and references of retrieved eligible articles were screened 
searching for additional studies.

Study selection

Predefined inclusion criteria were: studies or subsets of studies 
investigating the role of SSTR-PET/CT in detecting CNTM. The 
predefined exclusion criteria were: (a) articles outside the field of 
interest of this review (b) review articles, letters, editorials, comments 
and conference proceedings in the field of interest of this review; (c) 
case reports (less than 4 patients with CNTM described) in the field 
of interest of this review.

Three review authors (DC, AR, and GT) applied the inclusion 
and exclusion criteria mentioned above and independently 
screened the titles and abstracts of the retrieved records using the 
predefined search string in the selected bibliographic databases. 
After the exclusion of non-eligible records, the same three 
researchers then independently screened the full-texts of the 
potential eligible articles. Eligible articles were included in the 
systematic review after a virtual consensus meeting of the whole 
working group to solve any possible disagreement. Articles 
included in the systematic review were included in the 
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meta-analysis only when there was absence of patient data overlap 
and when both overall number of NEN patients performing 
SSTR-PET/CT and number of CNTM detected by SSTR-PET/CT 
were specified.

Data extraction

Two review authors (DC and GT) independently extracted the 
following information from the selected eligible articles using 
predefined data collection forms: basic study characteristics (authors, 
year of publication, country of origin, study design and funding), 
patient characteristics (number and subtype of NEN patients 
performing SSTR-PET/CT, patients with CNTM detected by 
SSTR-PET/CT, male percentage and mean age of patients with 
CNTM, primary NEN site and grading in patients with CNTM), 
technical aspects (hybrid imaging modality, date of SSTR-PET/CT 
imaging, PET tracer and injected activity, time interval between tracer 
injection and image acquisition, image analysis, comparison with 
other imaging methods), outcome data in patients with NEN 
performing SSTR-PET/CT (prevalence of patients with CNTM, site 
of CNTM, tracer uptake of CNTM, presence of concurrent metastases, 
presence of cardiac symptoms, performance of SSTR-PET/CT in 
detecting CNTM compared to other radiological imaging methods, 
therapeutic management of CNTM after SSTR-PET/CT).

Quality assessment

The overall quality of the studies included in this systematic 
review was performed using the QUADAS-2 tool (“Revised Quality 
Assessment of Diagnostic Accuracy Studies”) (10).

Statistical analysis

We calculated through a meta-analysis the prevalence of patients 
with CNTM among those with NEN performing SSTR-PET/CT. This 
proportion meta-analysis was performed using a random-effects 
model which considers the variability between studies. Pooled data 
were presented with their respective 95% confidence interval (95%CI) 
values and displayed using a forest plot. Heterogeneity was estimated 
through the I-square (I2) or inconsistency index (11). The publication 
bias was assessed through the Egger’s test (12). Subgroup analyses 
were planned in case of significant statistical heterogeneity. 
OpenMeta[Analyst] was used as free open-source software for the 
meta-analyses.1

1  http://www.cebm.brown.edu/openmeta/index.html

FIGURE 1

Examples of CNTM detected by SSTR-PET/CT in two NEN patients. Case 1: Myocardial metastasis of left ventricular latero-basal wall (arrows) detected 
by SSTR-PET/CT (A: anterior MIP) in a 74-year-old patient with G2 pancreatic NEN. The CNTM appeared at cardiac magnetic resonance (CMR) as a 
22-mm nodule with intermediate intensity on T1-weighted images (B, short axis), with peripheral contrast-enhancement on phase sensitive inversion 
recovery sequence (C, short axis). Fused SSTR-PET/CMR image is also showed (D, short axis). Case 2: 76-year-old patient with inter-atrial myocardial 
lesion (arrows) of metastatic G1 small intestinal NEN detected by SSTR-PET/CT (E: anterior MIP). Echocardiography (4-chamber view) showed 
hypoechoic mass on the right side of interatrial septum (F). The CNTM showed a slight peripheral enhancement on delayed post-contrast inversion 
recovery CMR sequences (G, short axis). Fused SSTR-PET/CMR image is also showed (H, axial slice).
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Results

Literature search

Figure 2 summarizes the results of the systematic literature 
search. A total of 654 records were identified using the selected 
databases. Titles and abstracts of 654 records were screened and 
619 were excluded because they were outside the field of interest 
of this review. Then, the full text of 35 remaining records was 
screened and 25 articles were excluded (22 as case reports and 3 
as reviews or editorials). Finally, 10 studies reporting data on 163 
patients with CNTM were included in the systematic review (13–
22) and no additional studies were found screening the reference 
list of the retrieved articles. Seven of these 10 studies were also 
included in the meta-analysis (13, 15, 18–22). Three studies were 
included in the systematic review but excluded from the 
meta-analysis because they did not provide sufficient information 
on the overall number of NEN patients performing SSTR-PET/CT 
(14, 16, 17).

Qualitative analysis (systematic review)

The characteristics of the included studies are presented in 
Tables 1–4. The overall quality assessment (including risk of bias and 
applicability concerns) of the 10 studies included in the systematic 
review is illustrated in Figure 3.

Basic study characteristics
Ten studies including data on 163 patients with CNTM 

detected by SSTR-PET/CT were selected (Table  1) (13–22). 
Publication year of the included studies ranged from 2013 to 2024. 
The studies were performed mainly in European countries (8 out 
of 10), one in North America and one in Australia. All the studies 
were retrospective and most of them were single-centre 
studies (90%).

Patients’ characteristics
Patients’ characteristics are summarized in Table 2 (13–22). The 

number of NEN patients performing SSTR-PET/CT in the included 

FIGURE 2

Flow chart of the search for eligible studies on the role SSTR-PET/CT for CNTM detection.
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studies ranged from 128 to 4,210. The NEN subtypes performing 
SSTR-PET/CT were not specified in most of the studies. The 
number of patients with CNTM detected by SSTR-PET/CT in the 
included studies ranged from 4 to 35 with a prevalence of male 
patients in most of the studies and a mean age ranging from 54 to 
74 years. When reported, the primary NEN site in patients with 
CNTM was small bowel in most of the cases and the NEN grading 
was G1 or G2  in the majority of cases thus representing well-
differentiated NEN.

Technical aspects
The technical aspects about SSTR-PET/CT are summarized in 

Table  3 (13–22). The hybrid imaging modality was PET/CT by 
using low-dose CT or contrast-enhanced CT. When reported the 
injected PET radiotracer was [68Ga]Ga-DOTATATE or [68Ga]
Ga-DOTATOC with heterogeneous injected activity. The time 
interval between radiotracer injection and image acquisition ranged 
from 30 to 75 min. Analysis of PET/CT images was performed 
using visual/qualitative analysis in all studies considering suspicious 
for CNTM a focal uptake of the tracer higher than the background. 
In some studies, semi-quantitative image analysis through the 
calculation of standardized uptake value (SUVmax) was carried out. 
The most frequent radiological imaging methods used for 
comparison of SSTR-PET/CT findings were CT, cardiac MRI 
and echocardiography.

Main outcome data
Main outcomes from included studies are showed in Table 4 (13–

22). The prevalence of patients with CNTM among NEN patients 
performing SSTR-PET/CT ranged from 0.8 to 3.1% and the most 
frequent site of CNTM detected by SSTR-PET/CT was the left 
ventricle even if other cardiac sites and multifocal CNTM were 
described. The mean SUVmax of CNTM ranged from 7.5 to 25.6 and 
most of the detected CNTM showed high tracer uptake according to 
the Krenning score (14, 15). An excellent inter-reader agreement in 
detecting CNTM by using SSTR-PET/CT was reported (19).

Other NEN metastases were present in most of the patients with 
CNTM, in particular liver, lymph node and bone metastases. However, 
no significant difference in median overall survival between metastatic 
NEN with CNTM and metastatic NEN without CNTM was 
reported (17).

Most of the patients with CNTM were asymptomatic for cardiac 
symptoms. The performance of other radiological imaging methods 
in detecting CNTM was lower compared to SSTR-PET/CT. CT 
showed a very low sensitivity in detecting CNTM (19) and most 
CNTM were not visualized by echocardiography (15, 17). Kunz et al. 
(19) reported that CT showed a sensitivity of 19% and a specificity of 
100% for the detection of CNTM. Echocardiography was able to 
detect CNTM only in 7–18% of patients (15, 17). SSTR-PET/CT 
identified more CNTM than cardiac MRI. In the study of Arnfield 
et al. (14) 10 patients with CNTM had performed both cardiac MRI 
and SSTR-PET/CT. At least one CNTM was identified in 9/10 patients 
who had cardiac MRI and in 10/10 with SSTR-PET/CT; in these 10 
patients, 14 CNTM were identified on cardiac MRI and 25 CNTM 
were identified on SSTR-PET/CT. Notably, when identified on cardiac 
MRI, CNTM metastases were more accurately localized (14, 15), thus 
suggesting a complementary role among SSTR-PET/CT and cardiac 
MRI for the detection and localization of CNTM (Figure 1).

There were very limited data of SSTR-PET/CT compared to other 
PET/CT methods in detecting CNTM. However, the diagnostic 
performance of SSTR-PET/CT in this setting is reported as clearly 
superior compared to [18F]FDG PET/CT (17) and similar to that of 
[18F]FDOPA PET/CT (16).

The therapeutic management of CNTM detected by SSTR-PET/CT 
included therapy with cold somatostatin analogues and/or peptide 
receptor radionuclide therapy (PRRT) in most of the cases. Few CNTM 
underwent histological verification of SSTR-PET/CT findings due to the 
missing necessity for a myocardial biopsy in the overall management of 
metastatic NEN (13–22). Overall, there were insufficient data about false 
positive findings for CNTM at SSTR-PET/CT.

Quantitative analysis (meta-analysis)

Seven articles including 9,300 NEN patients performing 
SSTR-PET/CT for staging/restaging and 119 CNTM detected by 
SSTR-PET/CT were selected for the meta-analysis. The pooled 
prevalence of patients of CNTM among those performing SSTR-PET/
CT for NEN was 1.5% (95% confidence interval: 1.0–1.9%) as 
illustrated in Figure 4. A moderate statistical heterogeneity was found 
(I2: 62%). A significant publication bias was not demonstrated through 
the Egger’s test (p = 0.5).

TABLE 1  Basic study characteristics of included studies.

Authors Publication year Country Study design Funding

Wedin et al. (13) 2024 Sweden Retrospective multicentre None reported

Arnfield et al. (14) 2023 Australia Retrospective single centre None reported

Wang et al. (15) 2023 USA Retrospective single centre American Heart Associate Award

El Ghannudi et al. (16) 2022 France Retrospective single centre None reported

Liu et al. (17) 2021 United Kingdom Retrospective single centre China Postdoctoral Science Foundation

Moyade et al. (18) 2019 United Kingdom Retrospective single centre None reported

Kunz et al. (19) 2018 Germany Retrospective single centre None reported

Bonsen et al. (20) 2016 Netherlands Retrospective single centre None reported

Calissendorff et al. (21) 2014 Sweden Retrospective single centre None reported

Carreras et al. (22) 2013 Germany Retrospective single centre None reported
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Performing a subgroup analysis including only the studies 
published in the last 5 years, a similar pooled prevalence was obtained 
(1.4%; 95% confidence interval: 1.1–1.8%), respectively, but without 
statistical heterogeneity (I2: 0%).

Discussion

To the best of our knowledge, this is the first systematic review 
and meta-analysis focused on the detection of CNTM by 

TABLE 2  Patients’ characteristics of included studies.

Authors Number of 
NEN patients 
performing 

SSTR-PET/CT

Subtype of NEN 
performing SSTR 
PET/CT

Patients 
with CNTM 

detected 
by SSTR-
PET/CT

Male 
percentage 

among 
patients with 

CNTM

Mean age 
of patients 

with 
CNTM 
(years)

Primary 
NEN site 
in patients 
with 
CNTM

NEN 
grading in 
patients 
with 
CNTM

Wedin et al. (13) 1,171
Small intestinal and 

pancreatic NEN
15 NR NR

Small bowel 

(93%), 

pancreas (7%)

NR

Arnfield et al. 

(14)
NR Not specified 19 58% 63

Small bowel 

(79%), lung 

(21%)

Grade 1: 42%

Grade 2: 26%

Unknown: 32%

Wang et al. (15) 1,426
Gastroenteropancreatic 

NEN
25 56% 64

Small bowel 

(36%), colon 

(8%), pancreas 

(16%), 

mesentery 

(4%), unknown 

(36%)

Grade 1: 44%

Grade 2: 20%

Unknown: 36%

El Ghannudi 

et al. (16)
NR Not specified 4 100% 74

Small bowel 

(100%)

Grade 1: 50%

Grade 2: 50%

Liu et al. (17) NR Not specified 21 56% 64

Small bowel 

(84%), 

pancreas (4%), 

lung (4%), 

unknown (8%)

grade 1: 44%

Grade 2: 36%

Grade 3: 8%

Unknown: 12%

Moyade et al. 

(18)
1,463 Not specified 19 74% 65

Small bowel 

(32%), colon 

(16%), 

pancreas (5%), 

paraganglia 

(5%), von 

Hippel–Lindau 

syndrome 

(5%), unknown 

(37%)

NR

Kunz et al. (19) 629 Not specified 15 60% 65

Small bowel 

(73%), colon 

(20%), 

unknown (7%)

Grade 1: 33%

Grade 2: 20%

Grade 3: 13%

Unknown: 33%

Bonsen et al. 

(20)
273 Not specified 6 83% 54

Small bowel 

(50%), rectum 

(17%), ovary 

(17%), 

unknown 

(17%)

Grade 1: 66%

Grade 2: 33%

Calissendorff 

et al. (21)
128 Ileal NEN 4 25% 62

Small bowel 

(100%)
Grade 1: 100%

Carreras et al. 

(22)
4,210 Not specified 35 NR NR NR NR

CNTM, cardiac neuroendocrine tumour metastases; NEN, neuroendocrine neoplasm; NR, not reported; SSTR-PET/CT, somatostatin receptor positron emission tomography/computed 
tomography.
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SSTR-PET/CT. Compared to a previous evidence-based article on 
CNTM (23), we have focused our review on SSTR-PET/CT only. 
The reason of this choice is that we hypothesized a better ability 
of SSTR-PET/CT in detecting CNTM compared to other 
radiological imaging methods, including CT, cardiac MRI 
and echocardiography.

Several studies have used SSTR-PET/CT for detecting CNTM, 
some of them with few cases of CNTM reported (13–22). We have 
summarized data from the literature through a systematic review and 
meta-analysis to provide more robust data on the selected topic 
compared to the single studies included in our analysis (8).

Our analysis shows that the pooled prevalence of patients with 
CNTM among those performing SSTR-PET/CT is low as expected, 
but not negligible (1.5%).

We have also demonstrated that the left ventricle is the most 
common site of CNTM even if localization to other cardiac sites or 
multifocal CNTM are described (13–22).

Patients with small bowel NEN have the highest tendency to 
develop CNTM compared to other NEN subtypes (13–22). This 
finding is quite expected as well-differentiated small bowel NEN are 
the most frequent NEN.

Most of the patients with CNTM had concurrent metastatic 
lesions to other organs and this would suggest that CNTM is correlated 
with the overall metastatic burden (15).

SSTR-PET/CT allows early detection of CNTM due to their SSTR 
overexpression and most of the patients with these metastatic lesions 
did not show any cardiac symptoms (13–22). The clinical 
manifestations of CNTM are nonspecific and depend on their 
location; moreover, the clinical pattern correlates with the degree of 
cardiac infiltration (23). However, as patients with CNTM may 
develop severe clinical consequences with poor clinical outcome, 
earlier detection of CNTM is relevant to start the most effective 
treatment and for their management (23).

Advancements in molecular imaging including SSTR-PET/CT, 
evaluating the SSTR status of NEN, led to a more frequent 
identification of CNTM compared to other radiological imaging 
methods (13–22). This finding is not surprising as hybrid imaging, 
including SSTR-PET/CT in NEN, may detect early functional 
abnormalities that usually precede morphological changes detected by 
conventional radiological imaging (3). On SSTR-PET/CT, CNTM 
lesions typically demonstrate very high target-to-background 
radiotracer uptake ratio (due to the absent tracer uptake in the heart 

TABLE 3  Technical aspects of included studies.

Authors Hybrid 
imaging 
modality

Date of 
SSTR-PET/
CT scan

Type of 
tracer (mean 
injected 
activity)

Time interval 
between tracer 
injection and 
image 
acquisition

Image analysis Other imaging 
modalities used 
for comparison

Wedin et al. (13)
PET/CT (contrast-

enhanced CT)
01.2010–06.2022

[68Ga]Ga-

DOTATOC 

(2 MBq/kg)

60 min Visual NR

Arnfield et al. (14) PET/CT 01.2015–05.2020

[68Ga]Ga-

DOTATATE (120–

200 MBq)

45–75 min

Visual and 

semiquantitative 

(SUVmax)

MRI, echocardiography

Wang et al. (15) PET/CT 10.2017–03.2020

[68Ga]Ga-

DOTATATE 

(185 MBq)

40 min

Visual and 

semiquantitative 

(SUVmax)

CT, MRI, 

echocardiography

El Ghannudi et al. 

(16)
PET/CT NR

[68Ga]Ga-

DOTATOC (NR)
NR

Visual and 

semiquantitative 

(SUVmax)

CT, MRI, 

echocardiography, [18F]

FDOPA PET/CT

Liu et al. (17) PET/CT NR
[68Ga]Ga-

DOTATATE (NR)
NR Visual

CT, MRI, 

echocardiography, [111In]

In-pentreotide SPECT/

CT, [18F]FDG PET/CT

Moyade et al. (18) PET/CT 2013–2018 NR (150–250 MBq) 60 min Visual NR

Kunz et al. (19)

PET/CT

(contrast-enhanced 

CT)

03.2012–03.2017

[68Ga]Ga-

DOTATATE 

(223 MBq)

60 min

Visual and 

semiquantitative 

(SUVmean and SUVmax)

CT, MRI

Bonsen et al. (20) PET/CT 08.2011–06.2015
[68Ga]Ga-

DOTATATE (NR)
NR Visual CT

Calissendorff et al. 

(21)

PET/CT

(contrast-enhanced 

CT)

01.2010–04.2012

[68Ga]Ga-

DOTATOC 

(135 MBq)

30 min

Visual and 

semiquantitative 

(SUVmean and SUVmax)

CT, echocardiography

Carreras et al. (22) PET/CT 07.2004–12.2009 NR NR Visual NR

[18F]FDG, fluorine-18 fluorodeoxyglucose; [18F]FDOPA, fluorine-18 dihydroxyphenylalanine; [68Ga]Ga-DOTATOC and [68Ga]Ga-DOTATATE, somatostatina analogues labelled with 
gallium-68; CT, computed tomography; MBq, megabequerel; min, minutes; MRI, magnetic resonance imaging; NR, not reported; PET, positron emission tomography; SPECT, single photon 
emission computed tomography; SSTR, somatostatin receptor; SUVmax, maximal standardized uptake value; SUVmean, mean standardized uptake value.
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TABLE 4  Outcome data of included studies.

Authors Prevalence 
of patients 
with CNTM 
among NEN 
patients 
performing 
SSTR-PET/
CT

Specific 
site of 
CNTM 
detected 
by SSTR-
PET/CT

Mean 
SUVmax 
of CNTM 
(range)

Presence of 
concurrent 
metastases 
in patients 
with CNTM

Patients 
with CNTM 
without 
cardiac 
symptoms

Performance 
of other 
radiological 
imaging in 
detecting 
CNTM 
compared to 
SSTR-PET/CT

Management 
of CNTM

Wedin et al. 

(13)
15/1,171 (1.28%)

Left ventricle 

(60%), 

pericardium 

(20%), left 

atrium (13%), 

right ventricle 

(7%)

NR Most cases NR NR NR

Arnfield et al. 

(14)
19/NR (NC)

Left ventricle 

(59%), right 

ventricle (23%), 

septum (9%), 

other sites (9%)

7.5 (2–137.8) Most cases Most cases Lower

PRRT + SSA (58%), 

SSA (21%), PRRT 

(5%), other (16%)

Wang et al. (15) 25/1,426 (1.75%)

Left ventricle 

(50%), septum 

(21%), right 

ventricle (19%), 

pericardium 

(12%)

9 (NR) Most cases Most cases Lower NR

El Ghannudi 

et al. (16)
4/NR (NC)

Left ventricle 

(75%), septum 

(25%)

25.6 (5.6–

37.1)
Most cases Most cases Lower

SSA (75%), SSA + 

PRRT (25%)

Liu et al. (17) 21/NR (NC)

Left ventricle 

(52%), right 

ventricle (44%), 

pericardium 

(14%), septum 

(12%), left 

atrium (8%), 

right atrium 

(4%)

NR All cases Most cases Lower
SSA (88%), PRRT 

(64%), other (40%)

Moyade et al. 

(18)
19/1,463 (1.3%)

Left ventricle 

(42%), 

pericardium 

(32%), septum 

(16%), right 

ventricle (5%), 

atrium (5%)

NR Most cases Most cases NR SSA and/or PRRT

Kunz et al. (19) 15/629 (2.38%)

Left ventricle 

(43%), septum 

(43%), right 

ventricle (14%)

8.6 (5.2–

17.4)
Most cases All cases Lower NR

Bonsen et al. 

(20)
6/273 (2.2%)

Septum (33%), 

left atrium 

(17%), right 

ventricle (17%), 

pericardium 

(17%), multiple 

sites (17%)

NR Most cases All cases Lower SSA (83%)

(Continued)
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and the usually high tracer uptake in CNTM), thus facilitating the 
excellent lesion detection.

Available literature data clearly demonstrate that 
echocardiography and CT miss most of the CNTM detected by 
SSTR-PET/CT (15, 17, 19). The main limitations of 
echocardiography are the operator dependence, the poor tissue 
contrast and the low performance in detecting small lesions (14). 
Echocardiography remains the imaging modality of choice to 
identify and characterize carcinoid heart disease which is a separate 
clinical manifestation of NEN involving the cardiac valves (15).

About cardiac MRI, this imaging method evaluating mass 
morphology and tissue characterization, showed excellent accuracy, 
superior to echocardiography and CT, representing the gold standard 
imaging method for detection and characterization of cardiac masses 
(24). Even if cardiac MRI may detect a lower number of CNTM 
compared to SSTR-PET/CT, it may have a complementary role in this 
setting providing a more accurate localization and lesion 

characterization of CNTM compared to SSTR-PET/CT due to its 
high contrast resolution and tissue characterization; anatomical 
information is crucial for surgical planning optimization (14). The 
limitation of SSTR-PET/CT in determining the exact location, size 
and functional significance of CNTM may be explained by several 
factors including the relatively limited spatial resolution of PET, the 
possible misregistration among PET and CT data due to cardiac or 
respiratory motion and the relatively lower anatomical details 
provided by low-dose CT compared to MRI (14). Overall, the clinical 
role of cardiac MRI could be  limited to a further delineation of 
CNTM identified by SSTR-PET/CT rather than its use as frontline 
screening of CNTM (14, 15).

Even if cardiac MRI remains the preferred radiological imaging 
method for CNTM characterization, cardiac CT offers a valuable 
diagnostic alternative, superior to echocardiography, in further 
evaluation of CNTM detected by SSTR-PET/CT in particular in 
patients with contraindications to cardiac MRI (16).

TABLE 4  (Continued)

Authors Prevalence 
of patients 
with CNTM 
among NEN 
patients 
performing 
SSTR-PET/
CT

Specific 
site of 
CNTM 
detected 
by SSTR-
PET/CT

Mean 
SUVmax 
of CNTM 
(range)

Presence of 
concurrent 
metastases 
in patients 
with CNTM

Patients 
with CNTM 
without 
cardiac 
symptoms

Performance 
of other 
radiological 
imaging in 
detecting 
CNTM 
compared to 
SSTR-PET/CT

Management 
of CNTM

Calissendorff 

et al. (21)
4/128 (3.12%)

Left ventricle 

(25%), right 

ventricle (25%), 

multiple sites 

(50%)

14.2 (7.7–

29.8)
All cases All cases Lower SSA (100%)

Carreras et al. 

(22)
35/4,210 (0.83%) NR NR NR NR NR NR

CNTM, cardiac neuroendocrine tumour metastases; NEN, neuroendocrine neoplasm; NR, not reported; PRRT, peptide receptor radionuclide therapy; SSTR-PET/CT, somatostatin receptor 
positron emission tomography/computed tomography; SSA, somatostatin analogues; SUVmax, maximal standardized uptake value.

FIGURE 3

Overall quality assessment of the studies included in the systematic review according to the QUADAS-2 tool.
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Notably, there are no published studies performing SSTR-PET/
MRI instead of SSTR-PET/CT in CNTM. Hybrid PET/MRI 
combining the advantages of PET and MRI could be  particularly 
useful and effective in this setting (3, 25), but its availability in clinical 
routine is still relatively limited compared to PET/CT (26).

About other PET tracers, compared to [18F]FDG PET/CT, 
SSTR-PET/CT has a higher performance in detecting CNTM (17). 
This is not surprising as most NEN usually have slow growth and low 
glucose consumption compared to more aggressive tumours, 
explaining their usually low [18F]FDG uptake (5). Furthermore, unlike 
SSTR tracers, the heart could be  a site of physiological [18F]FDG 
uptake and this is another factor explaining the low sensitivity of [18F]
FDG PET/CT in detecting CNTM (17).

[18F]FDOPA is another PET tracer used NEN imaging, because 
these tumours can accumulate decarboxylate biogenic amines such as 
L-DOPA (27). In patients with serotonin-secreting small bowel NEN 
the ability of [18F]FDOPA PET/CT to detect CNTM is expected to 
be similar compared to SSTR-PET/CT (16, 28, 29).

Clinical management of CNTM includes different therapeutic 
options. To date, no standard treatment has been defined for 
CNTM. Specific treatment is often not needed due to the lack of 
functional cardiac involvement. As most patients with CNTM present 
concurrent metastatic sites in other organs, a systemic treatment is 
usually performed. The most frequent therapeutic options used in 
patients with CNTM in the included studies were cold somatostatin 
analogues or PRRT, which are safe and justified by the usually high 
expression of SSTR by neuroendocrine tumours metastases. More 
invasive treatments were performed only in few cases, mainly due to 
the functional consequences of CNTM (13–22).

The prognostic implication of CNTM detection by SSTR-PET/CT is 
still unknown. The clinical significance of CNTM detection could be not 
high, due to the relatively slow evolution of well-differentiated NEN, 
leading to a comparable survival in NEN patients without CNTM (17). 
However, the early CNTM detection would allow the introduction of 
different treatments in the earliest stages of the disease reducing the 
functional impact of CNTM with potential better outcome (16).

Some limitations of our analysis should be underlined. The first 
limitation is the relative low number of included studies, but this 
number is in line with the infrequent finding of CNTM. The second 
limitation is the retrospective nature of all the included studies 
resulting in possible selection bias. Third, we have found a moderate 
degree of heterogeneity among the included studies, in particular 

related to patients’ characteristics and technical aspects. Lastly, 
histopathological verification of SSTR-PET/CT findings in CNTM as 
gold-standard is reported only in few cases, but invasive diagnosis was 
not justified in most of the patients included in the selected studies 
considering their characteristics (most of them were metastatic 
patients with a known primary NEN and without cardiac symptoms) 
and the high diagnostic accuracy of SSTR-PET/CT. However, as only 
few CNTM detected by SSTR-PET/CT were confirmed through 
histology, false positive cases cannot be excluded.

Based on the data reported in our systematic review and meta-
analysis, we would like to suggest the design of a large multicentric 
and prospective study on the detection of CNTM by SSTR-PET/CT. In 
particular, further studies are needed to analyze the clinical impact of 
CNTM detection by SSTR-PET/CT on the outcome of patients with 
metastatic NEN.

Conclusion

Evidence-based data demonstrate that SSTR-PET/CT enables 
early detection of CNTM which are encountered with a pooled 
prevalence of 1.5% of NEN patients performing SSTR-PET/CT. The 
ability of SSTR-PET/CT in detecting CNTM is better compared to 
other radiological imaging methods. Prospective and multicentric 
studies are warranted to better clarify the impact of CNTM detection 
by SSTR-PET/CT on overall survival and clinical decision-making in 
NEN patients.
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Purpose: [18F]AlF-NOTA-FAPI-04 demonstrates significant physiological 
uptake in the gallbladder and biliary tract system, representing a limitation of 
this positron emission tomography (PET) tracer. The aim of this study was to 
evaluate the impact of milk consumed prior to a PET/CT scan on [18F]AlF-NOTA-
FAPI-04 uptake in normal abdominal organs.

Materials and methods: A total of 86 patients who underwent [18F]AlF-NOTA-
FAPI-04 PET/CT imaging took part in this single-center retrospective clinical 
study at the Hunan Cancer Hospital between December 2020 and August 
2021. Patients were divided into two groups according to their pre-PET scan 
diet: treated group, who consumed 250  mL of milk 10  ±  5  min after the tracer 
injection, while the control group was permitted no food intake subsequent to 
the radiotracer administration. The mean standardized uptake value (SUVmean) of 
gallbladder, liver, small intestine and pancreas were measured in 18F-FAPI and 
18F-FDG PET/CT.

Results: There was a statistically significant difference in the 18F-FAPI uptake in 
the gallbladder between the treated group and the control group (p  <  0.001). 
The average SUVmean in the treated group was 2.19  ±  2.01, which was significantly 
lower than the average SUVmean of 10.04  ±  9.66  in the control group. In the 
subgroup analysis of patients who underwent paired [18F]FDG and [18F]FAPI 
PET/CT scans, the 18F-FAPI uptake of liver and small intestine was significantly 
lower than the 18F-FDG uptake in both the treated group and the control group 
(p  <  0.001).

Conclusion: This study suggests that milk consumption decreases physiological 
18F-FAPI uptake in the gallbladder, potentially enhancing the diagnostic accuracy 
for gallbladder cancer.

KEYWORDS

milk, [18F]AlF-NOTA-FAPI-04, positron emission tomography, gallbladder, SUVmean

Introduction

Fibroblast activation protein (FAP), highly expressed in cancer-associated fibroblasts, 
is a type II transmembrane glycoprotein enzyme with peptidase activity (1–4). FAP 
inhibitors (FAPIs) labeled with radioactive tracers (68Ga, 18F, or 177Lu) are currently 
utilized in clinical practice for diagnosis and treatment in a wide range of malignant 
tumors and their associated metastases, demonstrating significant superiority over 
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18F-fluoro-2-deoxy-D-glucose (18F-FDG) in certain contexts. FAPI 
PET/CT has considerable promise for precise cancer 
assessment (5–9).

Among the extensively studied and reported PET molecular 
imaging probes, 68Ga-FAPI-04 demonstrates a remarkably high 
tumor-to-background ratio across more than 30 different types of 
cancer (10–13). However, the application of 68Ga-FAPI-04 is limited 
due to its relatively short half-life (68 min), low overall activity 
production (only sufficient for 2–3 patients in one batch), and 
sub-optimal spatial resolution. Due to its longer half-life of 110 min 
compared to [68Ga], [18F] facilitates large-scale production and long-
distance transportation, making it the most commonly used 
radioisotope in clinical practice (14, 15). Several 18F-labeled FAPIs 
have been developed for either preclinical or clinical evaluation (16–
21). [18F]AlF-NOTA-FAPI-04 is one of the 18F-labeled FAPIs that has 
demonstrated superior tumor imaging capabilities in several clinical 
evaluations, exhibiting improved physical properties, high yields, and 
favorable imaging characteristics. [18F]AIF-NOTA-FAPI-04 has the 
potential to serve as an ideal radiopharmaceutical for PET imaging 
(18, 22, 23). However, there are abundant differences in biodistribution 
between 18F-FAPI and 18F-FDG. Although 18F-FAPI uptake was lower 
than 18F-FDG in most normal tissues, the SUVmean of the gallbladder 
and pancreas was notably higher in 18F-FAPI compared to 18F-FDG 
(24). Previous studies have reported that 18F-FAPI demonstrates 
significant physiological uptake in the gallbladder and biliary tract 
system, which hampers the detection of their associated malignancies 
(20, 24). Oral intake of milk after 18F-FAPI administration may 
increase the hepatobiliary clearance rate of 18F-FAPI. Full-fat milk can 
induce the secretion of cholecystokinin(CCK) from the cells of the 
small intestine mucosa, with effects similar to those observed after 
direct administration of cholecystokinin, potentially stimulating 
gallbladder contraction and accelerating the transit of the tracer from 
the liver to the gastrointestinal tract (25). This approach, which 
involves the consumption of items such as full-fat milk or milkshakes, 
is commonly employed in nuclear medicine for myocardial perfusion 
imaging (26, 27).

The aim of this study was to assess the impact of fat intake on 
normal abdominal organs uptake of [18F] AlF-NOTA-FAPI-04 and to 
conduct a comparison on the physiological abdominal organ uptake 
of [18F] AlF-NOTA-FAPI-04 and 18F-FDG.

Materials and methods

Patients

A total of 86 patients who underwent whole-body/abdominal 
[18F]AlF-NOTA-FAPI-04 PET/CT imaging at the Hunan Cancer 
Hospital between December 2020 and August 2021 were included in 
our study. Informed consent was obtained from each participant prior 
to 18F-FAPI PET/CT imaging. Patients were divided into two groups 
according to their diet before the PET scan: treated group, comprised 
of patients who consumed 250 mL milk 10 ± 5 min after the tracer 
injection. The volume of the milk was 250 mL, and contained 
284 kJ/100 mL, fat content per 100 milliliters was 4.0 g. Control group, 
permitted no food intake subsequent to the radiotracer administration, 
which was the standard patient preparation. 64 patients underwent 
paired 18F-FDG and [18F]AlF-NOTA-FAPI-04 PET/CT scans.

Study design

This was a single-center retrospective study conducted at Hunan 
Cancer Hospital. This research complied with the Declaration of 
Helsinki’s recommendations for biomedical research involving human 
subjects and received approval from the Medical Ethics Committee of 
Hunan Cancer Hospital. Prior to the scan, patients in the treated 
group did give verbal informed consent to consume milk. The primary 
endpoint of this study was the physiological 18F-FAPI and 18F-FDG 
uptake in the gallbladder, liver, small intestine and pancreas, measured 
as mean standardized uptake value (SUVmean).

Radiosynthesis and quality control

The F-18 radionuclide was synthesized in situ by subjecting 
O-18-H2O to a 9.8 MeV proton bombardment using a GE MINItrace 
cyclotron (GE HealthCare, Milwaukee, WI, USA). The FAPI-04 
precursor was procured from PET Science and Technology CO., LTD 
(Beijing, China). [18F]AlF-NOTA-FAPI-04 was labeled using the 
procedure detailed by Jiang et al. (18). The manufacturing of 18F-FDG 
followed the standard procedure, utilizing the coincidence 18F-FDG 
synthesis module (AIO; TRSIS, China). Both [18F] AlF-NOTA-
FAPI-04 and 18F-FDG exhibited a radiochemical purity exceeding 
95%. The final product was sterile and met all the requirements 
stipulated by our institution before to use.

PET/CT scanning

Patients must strictly fast for 4 h before imaging. The 
administered intravenous dose of both 18F-FAPI and 18F-FDG was 
3.7 MBq (0.1 mCi)/kg. Fifteen minutes before the 18F-FDG 
injection, height, weight, and fasting blood glucose levels should 
be measured, with the blood glucose level required to be below 
7.0 mmol/L; otherwise, an appropriate amount of insulin should 
be administered subcutaneously to ensure compliance with the 
standard. An hour following intravenous delivery, all patients 
underwent a PET/CT scan on a digital detector scanner (Discovery 
MI, GE, Healthcare, Milwaukee, WI, USA). The computed 
tomography (CT) scan covered the area from the whole skull to the 
upper thighs, using a tube voltage of 110 kV, a tube current of 
120 mA, and a slice thickness of 3.75 mm. After the CT scan, a PET 
scan was done right away in 3D acquisition mode, taking 2 min for 
each position and 5 to 6-bed positions. Ordered subset expectation 
maximization (OSEM) was used to construct 18F-FDG and 18F-
FAPI PET/CT images on an Advantage Workstation (AW 4.7, GE 
HealthCare, Milwaukee, WI, USA). After attenuation correction 
using the CT data, the reconstructed images were co-registered for 
analysis. The paired 18F-FDG and [18F]AlF-NOTA-FAPI-04 PET/
CT scans were performed within 14 days.

18F-FAPI and 18F-FDG PET data analysis

All images were independently reviewed by two board-certified 
nuclear medicine physicians with expertise in interpreting PET/CT 
examinations. Any discrepancies in the image interpretations were 
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resolved through consensus discussion. The intensity of physiological 
18F-FAPI and 18F-FDG uptake in organs was quantified as the mean 
standardized uptake value (SUVmean). Areas of interest were drawn 
from tissues on the gallbladder, liver (right lobe), proximal jejunum 
and pancreas (tail/corpus). The volumes of interest (VOIs) were drawn 
in three consecutive slices on the PET images focused on the 
maximum voxel value for the mentioned organs, and the mean values 
of the SUV in the VOIs were recorded. To minimize a partial volume 
effect, VOIs were always positioned inside the bounds of the activity 
distribution. VOIs were delineated at 1 cm for minor tissues and at 
2 cm for major organs such as the liver. Additionally, VOIs included 
intestinal walls and possible luminal content but not extraintestinal 
content. SUVmean were automatically extracted from the defined VOIs 
using the AW Workstation.

Statistical analysis

SPSS (version 25.0; SPSS Inc., Chicago, IL, USA) was employed 
for the analysis. Continuous variables were expressed as 
mean ± standard deviation (SD) when the data were normally 
distributed, otherwise, the median and interquartile range were 
reported. Categorical variables were represented as percentages 
(%). Fisher’s exact test or chi-square test was used to compare 
unordered categorical variables represented as numbers and 
percentages. Semiquantitative parameters measured using the 18F-
FAPI and 18F-FDG were analyzed using the Mann–Whitney U test, 
with statistical significance defined by a probability (p) 
value ≤0.05.

Results

Participant characteristics

Our cohort initially enrolled 105 consecutive patients, 
however, after excluding 15 patients with cholecystectomy and 4 
patients with poor image quality, a total of 86 patients were 
ultimately included for the evaluation of the effect of pre-scan 
dietary preparations on the physiologic 18F-FAPI and 18F-FDG 
uptake of the gallbladder. The characteristics of the patients are 
summarized in Table 1. The treated group comprised 67 patients 
who drank milk subsequent to the radiotracer administration, 
while the Control group included 19 patients who underwent no 
food intake after the tracer injection. No statistically significant 
differences were observed between the two groups of patients in 
terms of age, gender, weight, body mass index, injection dose, 
and history of gastrectomy. All patients tolerated this test well, 
with no drug-related pharmacologic effects or physiologic 
reactions. No patient noticed any symptoms or experienced any 
adverse reactions during the injection process until the end of 
the examination.

Comparison of physiological 18F-FAPI 
uptake in treated group versus control 
group

The physiological 18F-FAPI uptake in various organs for the 
two groups are presented in Table 2. Quantitative analysis revealed 

TABLE 1  Patients’ characteristics of the treated group and control group (n  =  86).

Characteristics Treated
(n  =  67)

Control
(n  =  19)

p-value

Age, years 54.34 ± 11.63 49.0 ± 10.82 0.076

Gender

 � Male 36 9 0.624

 � Female 31 10

Weight, kg 56.0 ± 11.62 57.42 ± 9.59 0.627

Height, cm 160.57 ± 7.56 160.05 ± 7.91 0.796

BMI, kg/m2 21.61 ± 3.59 22.47 ± 3.71 0.361

Injected dose, MBq 236.3 ± 34.45 242.3 ± 24.85 0.477

Resection

 � Gastric resection 18 5 0.962

 � Non-gastric resection 49 14

TABLE 2  Physiological 18F-FAPI uptake (SUVmean) per food intake protocol and per organ.

Organ Treated (n  =  67) Control (n  =  19) p-value

Gallbladder 2.19 ± 2.01 10.04 ± 9.66 <0.001

Liver 0.80 ± 1.08 0.62 ± 0.12 0.216

Small intestine 0.65 ± 0.19 0.64 ± 0.14 0.923

Pancreas 1.78 ± 1.02 2.92 ± 3.60 0.545

Values are presented as average and standard deviation.
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moderate-to-low uptake in the average SUVmean in the liver, small 
intestine and pancreas. No significant differences were observed 
in the physiologic 18F-FAPI uptake in these organs between treated 
group and control group. There was a statistically significant 
difference in the 18F-FAPI uptake in the gallbladder between the 
treated group and the control group (p < 0.001). The average 
SUVmean in the treated group was 2.19 ± 2.01, which was 
significantly lower than the average SUVmean of 10.04 ± 9.66 in the 
control group. Figure 1 illustrates the distribution of physiological 
tracer uptake in the gallbladder, liver, small intestine and pancreas 
between the treated group and control group.

Comparison of physiological 18F-FAPI 
uptake and physiological 18F-FDG uptake in 
treated group/control group

Subgroup analysis was performed on patients (n = 64) who 
underwent both 18F-FAPI and 18F-FDG PET/CT scan, In the treated 
group and control group, the 18F -FAPI uptake of the liver (p ≤ 0.001) 
and small intestine (p ≤ 0.001) were significantly lower compared to 
18F-FDG uptake. However, in the treated group and control group, the 
18F-FAPI uptake of the gallbladder (p ≤ 0.002) and pancreas (p ≤ 0.005) 
were significantly higher compared to 18F-FDG uptake (Table 3).

FIGURE 1

Physiological 18F-FAPI uptake in gallbladder, liver, small intestine and pancreas for different food intake protocols.

TABLE 3  Physiological 18F-FAPI and 18F-FDG uptake (SUVmean) in treated group and control group.

Organ Treated (n  =  51) Control (n  =  13)

18F-FAPI 18F-FDG p-value 18F-FAPI 18F-FDG p-value

Gallbladder 2.41 ± 2.18 0.76 ± 0.39 <0.001 9.30 ± 9.63 0.83 ± 0.35 0.002

Liver 0.87 ± 1.23 2.10 ± 0.68 <0.001 0.62 ± 0.14 1.85 ± 0.30 0.001

Small intestine 0.68 ± 0.20 1.45 ± 0.47 <0.001 0.68 ± 0.13 1.18 ± 0.27 0.001

Pancreas 1.90 ± 1.12 1.37 ± 0.47 0.002 3.33 ± 3.09 1.26 ± 0.17 0.005
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Comparison of physiological 18F-FAPI 
uptake (SUVmean) in treated group/control 
group after gastric resection

In a subgroup analysis of gastrectomy patients, there was significant 
difference in physiologic gallbladder uptake between two groups(p = 0.04), 
the average SUVmean in the treated group was 2.56 ± 2.12, which was 
significantly lower than the average SUVmean of 14.62 ± 14.71 in the control 
group. Apart from this, there were no difference in the physiologic 
18F-FAPI uptake of liver, small intestine and pancreas between treated and 

control group after gastric resection (Table 4). Figure 2 illustrates the clear 
visual difference in the physiological 18F-FAPI uptake of gallbladder 
between the treated group and control group after gastric resection or 
without gastric resection.

Discussion

Radiolabelled FAPI has been reported to achieve better results 
in a variety of tumor imaging and is considered a suitable 

TABLE 4  Physiological 18F-FAPI uptake (SUVmean) in treated group and control group after gastric resection.

Organs Treated (n  =  18) Control (n  =  5) p-value

Gallbladder 2.56 ± 2.12 14.62 ± 14.71 0.04

Liver 0.64 ± 0.29 0.64 ± 0.05 0.234

Small intestine 0.81 ± 0.23 0.74 ± 0.13 0.596

Pancreas 2.37 ± 1.39 4.30 ± 3.20 0.191

FIGURE 2
18F-FAPI PET/CT scans of cancer patients demonstrate that pre-scan milk has a significant effect on reducing physiological uptake in the gallbladder 
after gastric resection or without gastric resection. (a) A patient without gastric resection in the control group showed significantly 18F-FAPI uptake in 
the gallbladder (blue arrow). (b) A patient after gastric resection in control group, with increased physiological uptake in the gallbladder (blue arrow). (c) 
A patient without gastric resection in the treated group, without visible gallbladder uptake (blue arrow). (d) A patient after gastric resection in the 
treated group, without visible gallbladder uptake (blue arrow) due to gallbladder emptying.
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alternative to 18F-FDG (28, 29). The application of 68Ga-FAPI-04 is 
restricted due to its relatively short half-life, low overall activity 
production, and sub-optimal spatial resolution. On the other hand, 
18F-labeled FAPIs have shown to possess superior tumor imaging 
abilities in various clinical evaluations, which exhibit improved 
physical properties, high yields, and favorable imaging 
characteristics (14, 15). Nevertheless, previous research 
demonstrated that 18F-FAPI has a generally high physiologic uptake 
in the normal gallbladder, reducing the diagnostic accuracy of 
primary and metastatic gallbladder lesions (20, 22, 24). We assessed 
the impact of pre-PET/CT ingestion of milk on the biodistribution 
of 18F-FAPI within normal abdominal organs in a tumor 
patient cohort.

In this study, physiological uptake of 18F-FAPI in the gallbladder was 
significantly lower in the treated group patients compared to the control 
group, which facilitates the visualization of gallbladder tumors. The 
principle of decreased gallbladder uptake of 18F-FAPI is based on the 
physiological metabolic characteristics of 18F-FAPI. Previous 
experiments on animals have indicated that 18F-FAPI is mainly excreted 
through the urinary and biliary systems (16). FAPI is a lipophilic tracer 
that can be excreted into the intestine by binding to bile acids in the 
biliary system (16, 18, 30). According to Heraghty’s study (31), a fatty 
meal can increase the hepatobiliary clearance of contrast agent, which 
is consistent with our findings. It is noteworthy that among the control 
group, two patients with the highest gallbladder uptake had undergone 
gastric cancer surgery years ago. Postoperative metabolic changes may 
alter bile acid production and lead to the formation of biliary sludge, 
increasing the incidence of gallbladder pathology and thus affecting 
gallbladder uptake (32).

Furthermore, we  compared the results of 64 patients who 
underwent both 18F-FDG and 18F-FAPI PET/CT scans. We observed 
the physiologic 18F-FAPI uptake by the liver and small intestine in the 
treated group and control group was lower than 18F-FDG, and the 
18F-FDG uptake of gallbladder and pancreas was significantly lower 
than the 18F-FAPI uptake in the treated group and control group, 
which is aligned with the previous studies (20, 22, 24, 33). Our study 
demonstrated that 18F-FAPI PET/CT can effectively reduce the 
physiological uptake of liver and small intestine, improving the 18F-
FAPI visualization, thereby improving the lesion detection rate. A 
higher background 18F-FAPI uptake in gallbladder and pancreas 
might unbeneficial in detecting tumors and metastatic lesions in the 
abdominal cavity. However, one study has indicated that FAPI-PET 
is a reliable diagnostic method for pancreatic cancers (34), which 
suggests that a minor difference of SUVmean between 18F-FAPI and 
18F-FDG cannot affect the accuracy of diagnosis in this type of cancer. 
We hypothesized that the slight increase in gallbladder uptake of 
treated group on 18F-FAPI PET/CT did not affect the detection of 
gallbladder lesions.

In the subgroup analysis of gastrectomy patient, the treated group 
and control groups did not exhibit substantial changes in liver, small 
intestines and pancreas uptake. However, the physiologic 18F-FAPI 
uptake of gallbladder in the treated group was significantly lower than 
the control group. There is a lack of definitive studies on physiologic 
18F-FAPI uptake in gastrectomy patient. The physiological mechanisms 
related to the effect of fat intake on gallbladder contraction after 
gastrectomy remain unclear. Inoue. K highlighted that the release of 
CCK serves as the chief mechanism through which the ingestion of a 
fatty meal causes contraction of the gallbladder even after gastrectomy 

as well as before gastrectomy (35). Watanapa. P suggested that hyper-
cholecystokininaemia persists for up to 15 months and may even 
increase with time after gastrectomy (36). However, some studies 
showed delayed emptying of the gallbladder after a gastric resection 
or vagotomy. The contraction of the gallbladder is caused by the 
stimulation of the vagal nerve and impaired gallbladder motor 
function could result from vagal denervation (37). Our study shows 
that milk consumption similarly promotes gallbladder emptying and 
decreases physiological gallbladder 18F-FAPI uptake in gastrectomy 
patients, which supports a major role for CCK in gallbladder 
contraction after gastrectomy.

Our study has several limitations: firstly, the sample size was small 
and the number of patients in the two groups were unbalanced. 
Statistical analysis may lack generalizability, and the conclusion need 
to be verified in larger studies. Secondly, SUVbw (normalized by Body 
Weight) is occasionally overestimated, particularly in obese 
individuals, which can lead to systematic bias for serial scans of 
patients with multiple follow-ups throughout the course of treatment. 
Our study would benefit from SUV measures normalized by lean body 
mass (38). Thirdly, the 18F-FAPI uptake of gallbladder was higher than 
the 18F-FDG uptake in the treated group. Consideration of 18F-FAPI 
or 18F-FDG for visualization is crucial in the comprehensive 
assessment of gallbladder cancer patients. Despites these limitations, 
it is believed that this study has undoubtedly enhanced our 
understanding of the influence of fat intake on [18F] AlF-NOTAFAPI-04 
uptake in the normal abdominal organs.

Conclusion

In this retrospective study, we showed that the 18F-FAPI uptake of 
gallbladder in treated group was significantly lower than control 
group, which suggested that consumption of 250 mL of milk after the 
tracer injection potentially stimulate gallbladder contraction. 
Integration of pre-scan milk into routine 18F-FAPI PET/CT may 
enhance identification of gallbladder lesions, and may improve the 
diagnosis of gallbladder cancer in the future. On the other hand, the 
18F-FAPI uptake of liver and small intestine was significantly lower 
than the 18F-FDG uptake, and the 18F-FDG uptake of gallbladder and 
pancreas was significantly lower than the 18F-FAPI uptake in both the 
treated group and the control group. 18F-FDG and 18F-FAPI serve as 
complementary tracers, thus dual tracer imaging holds significant 
clinical value.
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SUPPLEMENTARY FIGURE S1

Schematic diagram of the volume of interest (VOI) delineation. The volumes 
of interest (VOIs) were drawn in three consecutive slices on the PET images 
focused on the maximum voxel value for the mentioned organs, and the 
mean values of the SUV in the VOIs were recorded. VOIs were delineated at 
1 cm for minor tissues and at 2 cm for major organs such as the liver. The 
VOI of gallbladder and small intestine are located within the lumen, 
excluding the wall.

References
	1.	Brennen WN, Isaacs JT, Denmeade SR. Rationale behind targeting fibroblast 

activation protein-expressing carcinoma-associated fibroblasts as a novel 
chemotherapeutic strategy. Mol Cancer Ther. (2012) 11:257–66. doi: 10.1158/1535-7163.
Mct-11-0340

	2.	Liu R, Li H, Liu L, Yu J, Ren X. Fibroblast activation protein: a potential therapeutic 
target in cancer. Cancer Biol Ther. (2012) 13:123–9. doi: 10.4161/cbt.13.3.18696

	3.	Christiansen VJ, Jackson KW, Lee KN, Downs TD, McKee PA. Targeting inhibition 
of fibroblast activation protein-α and prolyl oligopeptidase activities on cells common 
to metastatic tumor microenvironments. Neoplasia. (2013) 15:348–58. doi: 10.1593/
neo.121850

	4.	Hamson EJ, Keane FM, Tholen S, Schilling O, Gorrell MD. Understanding fibroblast 
activation protein (FAP): substrates, activities, expression and targeting for cancer 
therapy. Proteomics Clin Appl. (2014) 8:454–63. doi: 10.1002/prca.201300095

	5.	Lindner T, Loktev A, Altmann A, Giesel F, Kratochwil C, Debus J, et al. 
Development of Quinoline-based Theranostic ligands for the targeting of 
fibroblast activation protein. J Nucl Med. (2018) 59:1415–22. doi: 10.2967/
jnumed.118.210443

	6.	Giesel FL, Kratochwil C, Lindner T, Marschalek MM, Loktev A, Lehnert W, et al. 
(68)Ga-FAPI PET/CT: biodistribution and preliminary dosimetry estimate of 2 DOTA-
containing FAP-targeting agents in patients with various cancers. J Nucl Med. (2019) 
60:386–92. doi: 10.2967/jnumed.118.215913

	7.	Kratochwil C, Flechsig P, Lindner T, Abderrahim L, Altmann A, Mier W, et al. (68)
Ga-FAPI PET/CT: tracer uptake in 28 different kinds of Cancer. J Nucl Med. (2019) 
60:801–5. doi: 10.2967/jnumed.119.227967

	8.	Lindner T, Altmann A, Krämer S, Kleist C, Loktev A, Kratochwil C, et al. Design 
and development of (99m)Tc-labeled FAPI tracers for SPECT imaging and (188)re 
therapy. J Nucl Med. (2020) 61:1507–13. doi: 10.2967/jnumed.119.239731

	9.	Watabe T, Liu Y, Kaneda-Nakashima K, Shirakami Y, Lindner T, Ooe K, et al. 
Theranostics targeting fibroblast activation protein in the tumor stroma: (64)cu- and 
(225)ac-labeled FAPI-04 in pancreatic Cancer xenograft mouse models. J Nucl Med. 
(2020) 61:563–9. doi: 10.2967/jnumed.119.233122

	10.	Guo W, Pang Y, Yao L, Zhao L, Fan C, Ke J, et al. Imaging fibroblast activation 
protein in liver cancer: a single-center post hoc retrospective analysis to compare [(68)
Ga]Ga-FAPI-04 PET/CT versus MRI and [(18)F]-FDG PET/CT. Eur J Nucl Med Mol 
Imaging. (2021) 48:1604–17. doi: 10.1007/s00259-020-05095-0

	11.	Pang Y, Zhao L, Luo Z, Hao B, Wu H, Lin Q, et al. Comparison of (68)Ga-FAPI 
and (18)F-FDG uptake in gastric, duodenal, and colorectal cancers. Radiology. (2021) 
298:393–402. doi: 10.1148/radiol.2020203275

	12.	Qin C, Liu F, Huang J, Ruan W, Liu Q, Gai Y, et al. A head-to-head comparison of 
(68)Ga-DOTA-FAPI-04 and (18)F-FDG PET/MR in patients with nasopharyngeal 
carcinoma: a prospective study. Eur J Nucl Med Mol Imaging. (2021) 48:3228–37. doi: 
10.1007/s00259-021-05255-w

	13.	Zhang Z, Jia G, Pan G, Cao K, Yang Q, Meng H, et al. Comparison of the diagnostic 
efficacy of (68) Ga-FAPI-04 PET/MR and (18)F-FDG PET/CT in patients with 
pancreatic cancer. Eur J Nucl Med Mol Imaging. (2022) 49:2877–88. doi: 10.1007/
s00259-022-05729-5

	14.	Fowler JS, Ido T. Initial and subsequent approach for the synthesis of 18FDG. 
Semin Nucl Med. (2002) 32:6–12. doi: 10.1053/snuc.2002.29270

	15.	Sahnoun S, Conen P, Mottaghy FM. The battle on time, money and precision: 
Da[(18)F] id vs. [(68)Ga]liath. Eur J Nucl Med Mol Imaging. (2020) 47:2944–6. doi: 
10.1007/s00259-020-04961-1

	16.	Toms J, Kogler J, Maschauer S, Daniel C, Schmidkonz C, Kuwert T, et al. 
Targeting fibroblast activation protein: Radiosynthesis and preclinical evaluation 
of an (18)F-labeled FAP inhibitor. J Nucl Med. (2020) 61:1806–13. doi: 10.2967/
jnumed.120.242958

	17.	Giesel FL, Adeberg S, Syed M, Lindner T, Jiménez-Franco LD, Mavriopoulou E, 
et al. FAPI-74 PET/CT using either (18)F-AlF or cold-kit (68)Ga labeling: 
biodistribution, radiation dosimetry, and tumor delineation in lung Cancer patients. J 
Nucl Med. (2021) 62:201–7. doi: 10.2967/jnumed.120.245084

	18.	Jiang X, Wang X, Shen T, Yao Y, Chen M, Li Z, et al. FAPI-04 PET/CT using [(18)
F]AlF labeling strategy: automatic synthesis, quality control, and in vivo assessment in 
patient. Front Oncol. (2021) 11:649148. doi: 10.3389/fonc.2021.649148

98

https://doi.org/10.3389/fmed.2024.1464779
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmed.2024.1464779/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmed.2024.1464779/full#supplementary-material
https://doi.org/10.1158/1535-7163.Mct-11-0340
https://doi.org/10.1158/1535-7163.Mct-11-0340
https://doi.org/10.4161/cbt.13.3.18696
https://doi.org/10.1593/neo.121850
https://doi.org/10.1593/neo.121850
https://doi.org/10.1002/prca.201300095
https://doi.org/10.2967/jnumed.118.210443
https://doi.org/10.2967/jnumed.118.210443
https://doi.org/10.2967/jnumed.118.215913
https://doi.org/10.2967/jnumed.119.227967
https://doi.org/10.2967/jnumed.119.239731
https://doi.org/10.2967/jnumed.119.233122
https://doi.org/10.1007/s00259-020-05095-0
https://doi.org/10.1148/radiol.2020203275
https://doi.org/10.1007/s00259-021-05255-w
https://doi.org/10.1007/s00259-022-05729-5
https://doi.org/10.1007/s00259-022-05729-5
https://doi.org/10.1053/snuc.2002.29270
https://doi.org/10.1007/s00259-020-04961-1
https://doi.org/10.2967/jnumed.120.242958
https://doi.org/10.2967/jnumed.120.242958
https://doi.org/10.2967/jnumed.120.245084
https://doi.org/10.3389/fonc.2021.649148


Dai et al.� 10.3389/fmed.2024.1464779

Frontiers in Medicine 08 frontiersin.org

	19.	Lindner T, Altmann A, Giesel F, Kratochwil C, Kleist C, Krämer S, et al. (18)
F-labeled tracers targeting fibroblast activation protein. EJNMMI Radiopharm Chem. 
(2021) 6:26. doi: 10.1186/s41181-021-00144-x

	20.	Wang S, Zhou X, Xu X, Ding J, Liu S, Hou X, et al. Clinical translational evaluation 
of Al(18)F-NOTA-FAPI for fibroblast activation protein-targeted tumour imaging. Eur 
J Nucl Med Mol Imaging. (2021) 48:4259–71. doi: 10.1007/s00259-021-05470-5

	21.	Hu K, Li J, Wang L, Huang Y, Li L, Ye S, et al. Preclinical evaluation and pilot 
clinical study of [(18)F]AlF-labeled FAPI-tracer for PET imaging of cancer associated 
fibroblasts. Acta Pharm Sin B. (2022) 12:867–75. doi: 10.1016/j.apsb.2021.09.032

	22.	Wei Y, Zheng J, Ma L, Liu X, Xu S, Wang S, et al. [(18)F]AlF-NOTA-FAPI-04: 
FAP-targeting specificity, biodistribution, and PET/CT imaging of various cancers. Eur 
J Nucl Med Mol Imaging. (2022) 49:2761–73. doi: 10.1007/s00259-022-05758-0

	23.	Li X, Lu N, Lin L, Chen Y, Yang S, Wang H, et al. (18)F-FAPI-04 outperforms (18)
F-FDG PET/CT in clinical assessments of patients with pancreatic adenocarcinoma. J 
Nucl Med. (2024) 65:206–12. doi: 10.2967/jnumed.123.266283

	24.	Mu X, Huang X, Li M, Sun W, Fu W. Comparison of physiological uptake of 
normal tissues in patients with cancer using 18F-FAPI-04 and 18F-FAPI-42 PET/CT. 
Front Nucl Med. (2022) 2:2. doi: 10.3389/fnume.2022.927843

	25.	Inoue Y, Komatsu Y, Yoshikawa K, Akahane M, Isayama H, Ohtomo K, et al. 
Biliary motor function in gallstone patients evaluated by fatty-meal MR cholangiography. 
J Magn Reson Imaging. (2003) 18:196–203. doi: 10.1002/jmri.10340

	26.	Purbhoo K, Vangu MD. Efficacy of full-fat milk and diluted lemon juice in 
reducing infra-cardiac activity of (99m)Tc sestamibi during myocardial perfusion 
imaging. Cardiovasc J Afr. (2015) 26:171–6. doi: 10.5830/cvja-2015-033

	27.	Hofman M, McKay J, Nandurkar D. Efficacy of milk versus water to reduce 
interfering infra-cardiac activity in 99mTc-sestamibi myocardial perfusion 
scintigraphy. Nucl Med Commun. (2006) 27:837–42. doi: 10.1097/01.
mnm.0000237989.60196.71

	28.	Dong Y, Zhou H, Alhaskawi A, Wang Z, Lai J, Yao C, et al. The superiority of 
fibroblast activation protein inhibitor (FAPI) PET/CT versus FDG PET/CT in the 
diagnosis of various malignancies. Cancers (Basel).. (2023) 15:1193. doi: 10.3390/
cancers15041193

	29.	Li C, Tian Y, Chen J, Jiang Y, Xue Z, Xing D, et al. Usefulness of [(68)Ga]FAPI-04 
and [(18)F]FDG PET/CT for the detection of primary tumour and metastatic lesions in 
gastrointestinal carcinoma: a comparative study. Eur Radiol. (2023) 33:2779–91. doi: 
10.1007/s00330-022-09251-y

	30.	Kou Y, Jiang X, Yao Y, Shen J, Jiang X, Chen S, et al. Physiological tracer 
distribution and benign lesion incidental uptake of Al18F-NOTA-FAPI-04 on PET/CT 
imaging. Nucl Med Commun. (2022) 43:847–54. doi: 10.1097/mnm.0000000000001563

	31.	Heraghty N, Peters AM. Hepatic bile acid transport increases in the postprandial 
state: a functional (11)C-CSar PET/CT study in healthy humans. JHEP Rep. (2021) 
3:100357. doi: 10.1016/j.jhepr.2021.100357

	32.	Alsallamin I, Chakhachiro D, Bawwab A, Nassar M, Alsallamin A. Prevalence of 
symptomatic gallbladder disease after bariatric surgery: a literature review. Cureus. 
(2023) 15:e37777. doi: 10.7759/cureus.37777

	33.	Giesel FL, Kratochwil C, Schlittenhardt J, Dendl K, Eiber M, Staudinger F, et al. 
Head-to-head intra-individual comparison of biodistribution and tumor uptake of (68)
Ga-FAPI and (18)F-FDG PET/CT in cancer patients. Eur J Nucl Med Mol Imaging. 
(2021) 48:4377–85. doi: 10.1007/s00259-021-05307-1

	34.	Chen H, Pang Y, Wu J, Zhao L, Hao B, Wu J, et al. Comparison of [(68)Ga]Ga-
DOTA-FAPI-04 and [(18)F] FDG PET/CT for the diagnosis of primary and metastatic 
lesions in patients with various types of cancer. Eur J Nucl Med Mol Imaging. (2020) 
47:1820–32. doi: 10.1007/s00259-020-04769-z

	35.	Inoue K, Fuchigami A, Hosotani R, Kogire M, Huang YS, Miyashita T, et al. 
Release of cholecystokinin and gallbladder contraction before and after gastrectomy. 
Ann Surg. (1987) 205:27–32.

	36.	Watanapa P, Flaks B, Oztas H, Deprez PH, Calam J, Williamson RC. Enhancing 
effect of partial gastrectomy on pancreatic carcinogenesis. Br J Cancer. (1992) 65:383–7. 
doi: 10.1038/bjc.1992.77

	37.	Hahm J, Park J, Cho Y, Eun C, Lee Y, Choi H, et al. Changes in gallbladder motility 
in gastrectomized patients. Korean J Intern Med. (2000) 15:19–24. doi: 10.3904/
kjim.2000.15.1.19

	38.	Hume R. Prediction of lean body mass from height and weight. J Clin Pathol. 
(1966) 19:389–91. doi: 10.1136/jcp.19.4.389

99

https://doi.org/10.3389/fmed.2024.1464779
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://doi.org/10.1186/s41181-021-00144-x
https://doi.org/10.1007/s00259-021-05470-5
https://doi.org/10.1016/j.apsb.2021.09.032
https://doi.org/10.1007/s00259-022-05758-0
https://doi.org/10.2967/jnumed.123.266283
https://doi.org/10.3389/fnume.2022.927843
https://doi.org/10.1002/jmri.10340
https://doi.org/10.5830/cvja-2015-033
https://doi.org/10.1097/01.mnm.0000237989.60196.71
https://doi.org/10.1097/01.mnm.0000237989.60196.71
https://doi.org/10.3390/cancers15041193
https://doi.org/10.3390/cancers15041193
https://doi.org/10.1007/s00330-022-09251-y
https://doi.org/10.1097/mnm.0000000000001563
https://doi.org/10.1016/j.jhepr.2021.100357
https://doi.org/10.7759/cureus.37777
https://doi.org/10.1007/s00259-021-05307-1
https://doi.org/10.1007/s00259-020-04769-z
https://doi.org/10.1038/bjc.1992.77
https://doi.org/10.3904/kjim.2000.15.1.19
https://doi.org/10.3904/kjim.2000.15.1.19
https://doi.org/10.1136/jcp.19.4.389


Frontiers in Medicine 01 frontiersin.org

[18F]FDG PET/CT versus [18F]FDG 
PET/MRI in staging of non-small 
cell lung cancer: a head-to-head 
comparative meta-analysis
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Department of Clinical Pharmacy, Traditional Chinese Medical Hospital of Zhuji, Shaoxing, China

Purpose: This meta-analysis aims to compare the diagnostic efficacy of [18F]
FDG PET/CT and [18F]FDG PET/MRI in patients with non-small cell lung cancer 
(NSCLC).

Methods: An extensive literature search was conducted throughout the 
PubMed, Embase, and Web of Science databases for works accessible through 
September 2024. We included studies assessed the diagnostic efficacy of [18F]
FDG PET/CT and [18F]FDG PET/MRI in NSCLC.

Results: The meta-analysis includes six studies with a total of 437 patients. 
The sensitivity and specificity of [18F]FDG PET/CT and [18F]FDG PET/MRI for 
detecting lymph node metastasis were similar, at 0.82 (0.68–0.94) vs. 0.86 
(0.70–0.97) and 0.88 (0.76–0.96) vs. 0.90 (0.85–0.94), respectively, with 
no significant differences (p = 0.70 for sensitivity, p = 0.75 for specificity). 
For distant metastasis, the sensitivity of [18F]FDG PET/CT and [18F]FDG PET/
MRI was 0.86 (0.60–1.00) and 0.93 (0.63–1.00), and specificity was 0.89 
(0.65–1.00) vs. 0.90 (0.64–1.00), respectively, also showing no significant 
differences (p = 0.66 for sensitivity, p = 0.97 for specificity).

Conclusion: Our meta-analysis shows that [18F]FDG PET/MRI has similar 
sensitivity and specificity to [18F]FDG PET/CT in identifying lymph node 
and distant metastases in patients with NSCLC. Additional larger sample 
prospective studies are needed to confirm these findings.

Systematic review registration: https://www.crd.york.ac.uk/prospero/display_
record.php?ID=CRD42023479817, CRD42023479817.

KEYWORDS

[18F]FDG PET/CT, [18F]FDG PET/MRI, non-small cell lung cancer, meta-analaysis, 
staging

1 Introduction

Lung cancer is recognized as the most typical diagnosis malignancy globally, also 
notable for its high mortality rates (1). Lung cancer remains the most prevalent cancer 
globally in 2022, accounting for approximately 2.5 million new cases, which represents 
one in eight cancer diagnoses worldwide (12.4% of all global cancer incidences) (2). In 
this setting, roughly 80% of lung malignancies are categorized as non-small cell lung 
cancer (NSCLC), which is the main cancer diagnosis worldwide (3, 4). Surgery, 
radiation, chemotherapy, immunotherapy, and targeted therapy can all be used to treat 
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NSCLC, depending on the stage of the tumor (5). The 
effectiveness of these treatments and the overall prognosis of the 
patient are profoundly impacted by the initial stage of the cancer 
(6). As a result, thorough and precise imaging-based staging is 
important for optimal care of NSCLC patients.

Currently, clinical methods used for NSCLC staging include 
computed tomography (CT), magnetic resonance imaging (MRI), 
and biopsy (7, 8). However, each of these modalities has its 
inherent limitations. While CT scanning excels in identifying the 
tumor’s location and determining lymph node enlargement, its 
limited ability to determine or exclude mediastinal metastasis 
imposes certain constraints on the accurate staging of lung cancer 
(9). MRI is often considered less effective than CT for detecting 
small cancer lesions, due to its sensitivity to cardiac and 
respiratory motion artifacts, extremely low T2 values, lung 
magnetic field heterogeneity, and the low proton density of lung 
parenchyma (10). Biopsies, although crucial for delivering 
definitive results, are associated with inherent risks and may not 
always be feasible. The most common complication encountered 
is pneumothorax, which occurs in 20–64% of all CT-guided 
biopsies (11, 12). Additionally, hemorrhage from the lung 
parenchyma stands as another notable complication, frequently 
resulting from the needle track crossing a pulmonary vessel (13).

Positron emission tomography (PET) plays a crucial role in 
diagnosing NSCLC, from initial detection to staging and 
monitoring tumor metastasis (14). Integrating PET with 
18F-fluorodeoxyglucose ([18F]FDG) into PET/CT and PET/MRI 
systems has considerably revolutionized cancer imaging by 
integrating metabolic and anatomical information (15). [18F]FDG 
PET/CT plays an important role in managing NSCLC, notably in 
evaluating the nodal status and finding occult metastatic disease, 
where it outperforms the capabilities of CT scanning alone (16). 
The NCCN guidelines emphasize the importance of rapid access 
to PET/CT for accurate staging in NSCLC, highlighting its role 
in guiding management decisions and predicting prognosis 
across all stages of the disease, particularly in detecting 
metastases (17). One of its main benefits over traditional imaging 
approaches is its increased sensitivity for detecting extra-thoracic 
metastases (18, 19). Dahlsgaard-Wallenius et al. found that PET/
MRI and PET/CT had comparable diagnostic capacities for 
N-staging in NSCLC (20). Combining the metabolic data from 
PET with the special characteristics of MRI—such as low 
radiation exposure and excellent soft tissue contrast—makes 
PET/MRI an advantageous test (21). In several studies, evidence 
suggested that PET/MRI may outperform PET/CT in detecting 
metastases within the pleura, brain, liver, and bone (22, 23). This 
is also in accordance with the results of a prospective single-
center research of 330 exams, where PET/MRI found brain and 
liver metastases that were undetectable by PET/CT (24). Thus, 
the use of a hybrid PET/MRI in lung cancer patients may 
sometimes assist the detection of distant metastases, because 
NSCLC metastases are primarily situated in the brain, liver, and 
bone (25, 26). However, the included trials gave minimal data on 
extra-thoracic metastatic illness, making it unable to draw 
conclusions about the potential advantage of PET/MRI. Due to 
the relative novelty of PET/MRI and the limited availability of 
direct comparison studies, inconsistencies in the literature 
regarding their comparative efficacy warrant careful examination.

The goal of this meta-analysis is to comprehensively evaluate the 
diagnostic performance of [18F]FDG PET/MRI to [18F]FDG PET/CT 
in NSCLC through head-to-head comparison.

2 Methods

The meta-analysis followed the Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses of Diagnostic Test Accuracy 
(PRISMA-DTA) standards (27). The protocol for this meta-analysis is 
registered with PROSPERO (CRD42023479817).

2.1 Search strategy

An extensive literature search was conducted in PubMed, Embase, 
and Web of Science to identify pertinent publications available up to 
September 2024. The search utilized the following keywords: (“PET/MRI” 
or “PET/CT”) AND (“lymph node metastasis”) AND (“distant 
metastasis”) AND (“non-small cell lung cancer”). Further details are 
available in Supplementary Table S1. The reference lists of the listed 
studies were meticulously manually examined to identify additional 
relevant literature.

2.2 Inclusion and exclusion criteria

This meta-analysis included studies that satisfied the PICOS 
framework: Population (P): patients diagnosed with NSCLC; Intervention 
(I): diagnostic imaging using [18F]FDG PET/CT and/or [18F]FDG PET/
MRI; Comparison (C): studies comparing PET/CT and PET/MRI; 
Outcomes (O): studies that report diagnostic performance in assessing 
lymph node involvement and/or distant metastases; Study design (S): 
studies with a sample size greater than ten.

Studies were excluded if they were (1) animal studies, (2) non-research 
articles such as reviews, case reports, conference abstracts, meta-analyses, 
letters to the editor, or (3) non-randomized designs including case–
control, cohort, and cross-sectional studies. Additionally, studies 
employing other radiotracers were also omitted. For studies utilizing the 
same data sets, only the most recent were considered.

2.3 Quality assessment

Two researchers independently evaluated the quality of the included 
studies using the Quality Assessment of Diagnostic Accuracy Studies-2 
(QUADAS-2) tool (28). This tool addresses four key domains: patient 
selection, index test, reference standard, and flow and timing. Each study 
was independently rated, and any disagreements were resolved through 
discussion to reach consensus. The QUADAS-2 tool allowed for a 
structured and transparent appraisal of study quality, highlighting areas 
with potential risk of bias or applicability concerns.

2.4 Data extraction

Two researchers extracted data separately from the selected 
papers. This data encompassed details as author, year of publication, 
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imaging test type, study characteristics (country, study design, study 
duration, analysis, and reference standard), patient characteristics 
(number of patients, radiologists involved, and mean/median age), 
and technical specifics [scanner modality, ligand dose, image analysis, 
and true positives (TP), false positives (FP), false negatives (FN), true 
negatives (TN)].

2.5 Outcome measures

The primary endpoints were the sensitivity and specificity of [18F]
FDG PET/CT and [18F]FDG PET/MRI in detecting lymph node 
metastasis and distant metastasis. Sensitivity was defined as the 
proportion of TP scans relative to the sum of TP and FN scans, 
reported at either the patient or lesion level. Specificity was defined as 
the proportion of TN scans relative to the total of TN and FP scans, 
as documented.

2.6 Statistical analysis

The DerSimonian and Laird methods were used to assess 
sensitivity and specificity, which were then combined with the 
Freeman-Tukey double inverse sine transformation. Confidence 
intervals were calculated employing the Jackson method. 
Heterogeneity both within and across groups was evaluated using the 
Cochrane Q and I2 statistics (29). Significant heterogeneity (p < 0.10 
or I2 > 50%) warranted sensitivity analysis and meta-regression to 
identify individual studies contributing to heterogeneity.

Both funnel plots and Egger’s test were used to investigate 
publication bias. For all statistical analyses, a significance level of 
p < 0.05 was set. R software version 4.1.2 was used for computation 
and graphical display of statistical analyses.

3 Results

3.1 Study selection

A total of 1,515 publications were found in the first search. 
Nevertheless, 323 studies were found to be duplicates and were not eligible 
for this study, leaving 1,192 studies for further analysis. After a thorough 
review of the remaining 13 articles, 7 more were deemed ineligible due to 
unavailable data (TP, FP, FN, and TN) (n = 1) or different radiotracers 
(n = 4). Additionally, non-English articles (n = 2) were excluded. 
Ultimately, the meta-analysis included 6 articles (23, 30–34) evaluating 
the diagnostic efficacy of [18F]FDG PET/CT and [18F]FDG PET/MRI. The 
article PRISMA selection process is illustrated in Figure 1.

3.2 Study description and quality 
assessment

The six qualifying trials included a total of 437 NSCLC patients 
aged 35 to 89. All included articles were prospective design. All 
studies included N-stage evaluations, and three studies provided data 
regarding distant metastasis (23, 31, 32). Concerning analysis 
methods, each of the six articles employed patient-level analysis. Two 

articles adopted pathology as the reference standard, whereas four 
utilized either pathology or follow-up imaging for this purpose. 
Table 1 shows the study and patient characteristics for [18F]FDG PET/
CT and [18F]FDG PET/MRI, whereas Tables 2, 3 describes the 
technical parameters.

Figure 2 depicts the risk of bias in each study, as assessed using the 
QUADAS-2 technique. When examining the risk of bias for patient 
selection, we discovered that one research was classified as “high risk” 
due to the absence of consecutive patients. One research classified the 
flow and timing criteria as “high risk” because certain subjects were 
excluded from the data analysis. The overall quality evaluation found 
that the included studies were good in quality.

3.3 Comparing the sensitivity of [18F]FDG 
PET/CT and [18F]FDG PET/MRI for detecting 
lymph node metastasis in NSCLC

The analysis incorporated six studies, revealing a pooled 
sensitivity of 0.82 (95% CI: 0.68–0.94) for [18F]FDG PET/CT in 
detecting lymph node metastases in NSCLC. On the other hand, 
[18F]FDG PET/MRI showed an overall sensitivity of 0.86 (95% CI: 
0.70–0.97). As shown in Figure 3, there was no discernible change 
in sensitivity between [18F]FDG PET/CT and [18F]FDG PET/MRI 
(p = 0.70).

I2 values for [18F]FDG PET/CT and [18F]FDG PET/MRI were 84 and 
90%, respectively. No discernible sources of heterogeneity were found 
using leave-one-out sensitivity analysis (Supplementary Figures S1, S2). 
The meta-regression analysis for [18F]FDG PET/CT also failed to find 
the origin of heterogeneity (Table 4). According to the meta-regression 
analysis for [18F]FDG PET/MRI, the difference in reference standard 
(p = 0.01) might be the source of heterogeneity (Table 5).

3.4 Comparing the specificity of [18F]FDG 
PET/CT and [18F]FDG PET/MRI for detecting 
lymph node metastases in NSCLC

Six studies were included, and a pooled specificity of 0.88 (95% 
CI: 0.76–0.96) for [18F]FDG PET/CT in identifying lymph node 
metastases in NSCLC. In contrast, [18F]FDG PET/MRI had a pooled 
specificity of 0.90 (95% CI: 0.85–0.94) (Figure  4). There was no 
significant difference in specificity between [18F]FDG PET/CT and 
[18F]FDG PET/MRI (p = 0.75).

The I2 for sensitivity of [18F]FDG PET/CT was 74%. After omitting 
Lee et al.’s study, the I2 value reduced to 21%, indicating that this study 
might be a source of heterogeneity. Nonetheless, the findings of the 
specificity study were similar, with only modest differences between 
0.85 and 0.93, as shown in Supplementary Figure S3.

3.5 Comparing the sensitivity of [18F]FDG 
PET/CT and [18F]FDG PET/MRI for detecting 
distant metastases in NSCLC

The analysis incorporated three studies, revealing a pooled 
sensitivity of 0.86 (95% CI: 0.60–1.00) for [18F]FDG PET/CT in 
detecting distant metastases in NSCLC. In contrast, [18F]FDG PET/
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MRI had an overall sensitivity of 0.93 (95% CI: 0.63–1.00) (Figure 5). 
There was no significant difference in sensitivity between [18F]FDG 
PET/CT and [18F]FDG PET/MRI (p = 0.66).

3.6 Comparing the specificity of [18F]FDG 
PET/CT and [18F]FDG PET/MRI for detecting 
distant metastases in NSCLC

The analysis incorporated three studies, revealing a pooled 
specificity of 0.89 (95% CI: 0.65–1.00) for [18F]FDG PET/CT in 
detecting distant metastases in NSCLC. In contrast, [18F]FDG 
PET/MRI had an overall specificity of 0.90 (95% CI: 0.64–1.00) 
(Figure  6). There was no significant difference in  
specificity between [18F]FDG PET/CT and [18F]FDG PET/MRI 
(p = 0.97).

3.7 Publication bias

Funnel plot asymmetry tests were conducted to assess 
publication bias in [18F]FDG PET/CT and PET/MRI. For PET/CT, 
results indicated no significant bias for sensitivity (Egger’s 
p = 0.33, Supplementary Figure S4) or specificity (Egger’s p = 0.13, 
Supplementary Figure S5). For PET/MRI, significant bias was 
found in sensitivity (Egge’s p = 0.04, Supplementary Figure S6), 
while specificity showed no substantial bias (Egger’s p = 0.84, 
Supplementary Figure S7).

4 Discussion

The continuing controversy in the field of nuclear medicine 
regarding the comparative usefulness of [18F]FDG PET/CT and [18F]

FIGURE 1

PRISMA flow diagram illustrating the study selection process.
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FDG PET/MRI in the assessment of lymph node and distant 
metastases in NSCLC requires a comprehensive meta-analysis (20, 
22, 23). This analysis is critical for elucidating the diagnostic accuracy 
of these modalities, thereby informing clinical decision-making.

Our meta-analysis incorporated six studies to compare these 
imaging techniques. We discovered that [18F]FDG PET/CT had a 
pooled sensitivity of 0.82 and specificity of 0.88  in identifying 
lymph node metastases, whereas [18F]FDG PET/MRI had a 

TABLE 1  Study and patient characteristics of the included studies.

Author Year Country Study 
duration

Study 
design

Analysis Reference 
standard

No. of 
expert 
readers

No. of 
patients

Mean/median 
age

Heusch 

et al.
2014 Germany NA Pro PB Pathology 2 22 Mean ± SD:65.1 ± 9.1

Ohno et al. 2015 Japan 2012–2013 Pro PB Pathology 2 140 Mean ± SD:72.0 ± 7.4

Huellner 

et al.
2016 Switzerland 2012–2014 Pro PB

Pathology and/or 

follow-up imaging
2 42 Median(range):65(35–89)

Lee et al. 2016 Korea 2013–2014 Pro PB
Pathology and/or 

follow-up imaging
3 45 Mean ± SD:62.9 ± 9.9

Kirchner 

et al.
2018 Germany NA Pro PB

Pathology and/or 

follow-up imaging
2 84 Mean ± SD:62.5 ± 9.1

Ohno et al. 2020 Japan 2014–2015 Pro PB
Pathology and/or 

follow-up imaging
2 104 Mean ± SD:71.1 ± 6.3

PB patient-based; LB lesion-based; pro prospective; retro retrospective; NA not available.

TABLE 2  Technical aspects of included studies.

Author Year, 
journal

Histological 
subtypes 
(percentage)

Distribution of TNM 
stages (percentage)

Manufacturer 
for PET/CT

Manufacturer 
and magnet 
strength for 
PET/MRI

Ligand dose Image 
analysis

Heusch et al.
2014, Journal of 

Nuclear Medicine

Adenocarcinoma: 63.6%, 

Squamous cell carcinoma: 

22.7%, Large cell carcinoma: 

13.6%

NA

Siemens Molecular 

Imaging

Siemens Healthcare, 

Biograph mMR, 1.5 T
300 ± 45 MBq

Visual and 

semiquantitative

Ohno et al. 2015, Radiology

Adenocarcinoma:87.9%, 

Squamous cell 

carcinoma:9.3%, 

Adenosquamous cell 

carcinoma:2.1%, Large cell 

carcinoma: 0.7%

T stages: T1a 14.3%, T1b 

37.1%, T2a 21.4%, T2b 14.3%, 

T3 7.1%, T4 5.7%;

N stages: N0 55.7%, N1 24.3%, 

N2 11.4%, N3 8.6%;

M stages: M0 88.6%, M1a 

4.3%, M1b 7.1%

Aquilion 64 and 

One, Toshiba 

Medical Systems

GE Healthcare, Signa 

Excite XL Echospeed, 

1.5 T; Philips 

Healthcare, Achieva 

1.5 T

3.3 MBq/kg Visual

Huellner 

et al.

2016, Journal of 

Nuclear Medicine

NA NA Discovery PET/CT 

690 VCT; GE 

Healthcare

GE Healthcare, 

Discovery MR 750w, 

1.5 T

350 MBq
Visual and 

semiquantitative

Lee et al.
2016, European 

Radiology

Adenocarcinoma: 71.1%, 

Squamous cell carcinoma: 

17.8%, Other subtypes: 

11.1%

T stages: T1 32.5%, T2 52.5%, 

T3 15.0%;

N stages: N0 50.0%, N1 16.7%, 

N2 28.6%, N3 4.8%;

M stages: M0 86.7%, M1 

13.3%

Siemens Medical 

Solutions, Knoxville, 

TN

Siemens Healthcare, 

Biograph mMR, 1.5 T
5.2 MBq/kg

Visual and 

semiquantitative

Kirchner 

et al.

2018, European 

Journal of 

Nuclear Medicine 

and Molecular 

Imaging

Adenocarcinoma: 70.2%, 

Squamous cell carcinoma: 

25.0%, Large cell carcinoma: 

2.4%, Others: 2.4%

NA

Siemens Healthcare 

GmbH, Erlangen, 

Germany

Siemens Healthcare 

GmbH, Biograph mMR, 

1.5 T

275.7 ± 47.4 MBq
Visual and 

semiquantitative

Ohno et al.

2020, American 

Journal of 

Roentgenology

Adenocarcinoma: 74%; 

Squamous cell carcinoma: 

20.2%, Large cell carcinoma: 

5.8%

T stages: T1 35.6%, T2 36.5%, 

T3 6.7%, T4 6.7%;

N stages: N0 60.6%, N1 15.4%, 

N2 13.5%, N3 10.6%;

M stages: M0 87.5%, M1 

12.5%

Discovery ST Elite 

Performance, GE 

Healthcare

Canon Medical Systems, 

Vantage Titan 3 T
3.3 MBq/kg Visual

NA not available; T primary tumor; N lymph node metastasis; M distant metastasis.

104

https://doi.org/10.3389/fmed.2024.1517805
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Yu and Chen� 10.3389/fmed.2024.1517805

Frontiers in Medicine 06 frontiersin.org

sensitivity of 0.86 and specificity of 0.90, with no significant 
differences identified. Similarly, in identifying distant metastases, 
[18F]FDG PET/CT had a sensitivity of 0.86 and specificity of 0.89, 
whereas [18F]FDG PET/MRI had a sensitivity of 0.93 and specificity 
of 0.90, with no significant differences found. The slightly higher 
sensitivity of PET/MRI may be attributed to its superior soft tissue 
contrast provided by MRI, which enables better differentiation 
between tissues, especially in complex anatomical areas such as the 
lungs and lymph nodes (35). Unlike PET/CT, which uses X-ray 
imaging, MRI offers much higher resolution for soft tissue, allowing 
for more accurate detection of small or ambiguous lesions (36). 
However, the overlapping confidence intervals suggest that these 
differences might not be clinically significant.

Compared to the previous studies by Mojahed et al. (37) and 
Zhang et al. (35), which evaluated the diagnostic accuracy of [18F]FDG 
PET/CT versus [18F]FDG PET/MRI in T and N staging, our analysis 
reveals equivalent effectiveness of these modalities in detecting N and 
M stages in NSCLC patients. However, unlike Mojahed et al. and 
Zhang et al., we included evaluations of distant metastases, a crucial 
aspect of NSCLC staging. In addition to building on the previous 
analyses, our meta-analysis incorporates four new studies (23, 31, 32, 
34), particularly those focusing on M stage (distant metastasis) 
assessment (23, 31, 32). This addition provides a more comprehensive 
understanding of [18F]FDG PET/MRI’s capabilities, addressing both 
nodal and metastatic assessments in NSCLC staging.

Zhang et al.’s (21) meta-analysis included 14 papers, five of which 
focused on lung cancer. In an analysis of five lung cancer trials 
including 429 patients, [18F]FDG PET/CT exhibited better sensitivity 

TABLE 3  Summary of 2×2 contingency table for diagnostic performance for N and M staging using [18F]FDG PET/CT and [18F]FDG PET/MRI.

Author Modality N staging M staging Total 
patients

TP (No. 
patients)

FP (no. 
patients)

FN (no. 
patients)

TN (no. 
patients)

TP (no. 
patients)

FP (no. 
patients)

FN (no. 
patients)

TN (no. 
patients)

Heusch 

et al. (30)

[18F]FDG 

PET/CT
6 2

2 12 NA NA NA NA 22

[18F]FDG 

PET/MRI
7 1

1 13 NA NA NA NA 22

Ohno 

et al. (31)

[18F]FDG 

PET/CT
105 4

7 24 115 4 9 12 140

[18F]FDG 

PET/MRI
112 2

0 36 124 2 0 14 140

Huellner 

et al. (32)

[18F]FDG 

PET/CT
14 3

1 24 10 3 5 24 42

[18F]FDG 

PET/MRI
11 6

1 24 9 9 3 21 42

Lee et al. 

(23)

[18F]FDG 

PET/CT
10 14

6 12 8 11 7 16 42

[18F]FDG 

PET/MRI
3 0

3 39 5 0 1 39 45

Kirchner 

et al. (33)

[18F]FDG 

PET/CT
42 1

5 36 NA NA NA NA 84

[18F]FDG 

PET/MRI

42 2 5 35 NA NA NA NA 84

Ohno 

et al. (34)

[18F]FDG 

PET/CT
23 3

18 60 NA NA NA NA 104

[18F]FDG 

PET/MRI

33 8 8 55 NA NA NA NA 104

TP true positive; TN true negative; FP false positive; FN false positive; N lymph node metastasis; M distant metastasis; NA not available.

FIGURE 2

Risk of bias and applicability concerns of the included studies using 
the quality assessment of diagnostic performance studies QUADAS-2 
tool.
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(0.87 vs. 0.84) and slightly worse specificity (0.95 vs. 0.96) than PET/
MRI. In contrast, our meta-analysis found that [18F]FDG PET/MRI 
had similar sensitivity and specificity to [18F]FDG PET/CT in 
detecting lymph nodes and distant metastases in NSCLC patients. The 
discrepancy may stem from several factors. One key reason could 
be that Zhang et al.’s meta-analysis included patients with small cell 
lung cancer in addition to those with NSCLC. Small cell lung cancer 
generally presents with different patterns of lymph node and 
metastatic involvement compared to NSCLC, which may affect the 
diagnostic performance of [18F]FDG PET/CT and PET/MRI.

While PET/CT and PET/MRI modalities offer similar diagnostic 
efficacy, their cost and accessibility differ markedly, influencing their 
clinical integration. PET/CT, significantly more affordable, emerges as a 
cost-effective solution for healthcare providers (38). Its broader availability 
enhances its utility across diverse medical environments, proving 
especially advantageous in areas lacking advanced medical infrastructure. 
In instances where both techniques yield comparable sensitivity and 

FIGURE 3

Forest plot of sensitivity comparison between [18F]FDG PET/CT and [18F]FDG PET/MRI in detecting lymph node metastasis in non-small cell lung 
cancer.

TABLE 4  Subgroup and meta-regression analysis of lymph node metastasis detection for [18F]FDG PET/CT.

Covariate Studies, n Sensitivity (95%CI) p-value Specificity (95%CI) P-value

Reference standard 0.49 0.78

Pathology 2 0.90[0.66–1.00] 0.86[0.73–0.95]

Pathology and/or follow-up 

imaging

4 0.79[0.60–0.93] 0.88[0.69–0.99]

Race 0.55 0.46

White 3 0.90(0.81–0.97) 0.93[0.83–0.99]

Yellow 3 0.77(0.49–0.96) 0.83[0.57–0.99]

Image analysis 0.83 0.55

Visual and semiquantitative 4 0.86(0.78–0.93) 0.88(0.80–0.94)

Visual 2 0.86(0.80–0.92) 0.93(0.86–0.98)

TABLE 5  Subgroup and meta-regression analysis of lymph node 
metastasis detection for [18F]FDG PET/MRI.

Covariate Studies, n Sensitivity 
(95%CI)

P-value

Reference standard 0.01

Pathology 2 0.99[0.74–1.00]

Pathology and/or 

follow-up imaging
4 0.79[0.66–0.89]

Race 0.70

White 3 0.84[0.67–0.96]

Yellow 3 0.88[0.58–1.00]

Image analysis 0.22

Visual and 

semiquantitative
4 0.82[0.73–0.90]

Visual 2 0.98[0.95–1.00]
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FIGURE 4

Forest plot of specificity comparison between [18F]FDG PET/CT and [18F]FDG PET/MRI in detecting lymph node metastasis in non-small cell lung cancer.

FIGURE 5

Forest plot of sensitivity comparison between [18F]FDG PET/CT and [18F]FDG PET/MRI in detecting distant metastasis in non-small cell lung cancer.

FIGURE 6

Forest plot of specificity comparison between [18F]FDG PET/CT and [18F]FDG PET/MRI in detecting distant metastasis in non-small cell lung cancer.
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specificity, PET/CT is frequently the preferred option. This preference 
stems not only from its cost-efficiency and wider accessibility, which 
promote extensive use, but also from its role in fostering more equitable 
healthcare access, particularly in under-resourced regions. Thus, 
balancing sophisticated diagnostic capabilities for practicalities such as 
affordability and accessibility, PET/CT distinctly outperforms when both 
modalities present equivalent diagnostic outcomes (36). A comprehensive 
comparison of the pros and cons of both imaging modalities is detailed 
in Supplementary Table S2.

Our study has some limitations. The inclusion of only six studies, and 
our analysis limited by the lack of detailed diagnostic performance data 
for different organ sites of metastasis, suggests a need for more extensive 
research in this area. Additionally, not all patients underwent pathological 
biopsy, some diagnoses were based on a combination of biopsy and 
clinical imaging follow-up. Future research should focus on studies using 
pathology as the sole gold standard to further validate these findings.

5 Conclusion

Our meta-analysis shows that [18F]FDG PET/MRI has similar 
sensitivity and specificity to [18F]FDG PET/CT in identifying lymph 
node and distant metastases in patients with NSCLC. Additional 
larger sample prospective studies are needed to confirm 
these findings.
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Background: Despite advancements in medical examination equipment and 
techniques, fever of unknown origin (FUO) remains challenging in internal 
medicine.

Purpose: This study evaluates the diagnostic efficacy and necessity of 
18F-fluorodeoxyglucose positron emission tomography/computed tomography 
(18F-FDG PET/CT) in patients with FUO.

Methods: We retrospectively analyzed the results of 18F-FDG PET/CT in a 
cohort of 284 patients with FUO admitted to the Department of Infection at 
the First Hospital of Jilin University between January 2018 and March 2024. 
All patients received a final clinical diagnosis after various treatments, which 
helped determine the diagnostic relevance of identified lesions using 18F-FDG 
PET/CT. Additionally, univariate and multivariate logistic regression analyses 
were performed to evaluate the predictive value of relevant laboratory indices 
on the true-positive results of 18F-FDG PET/CT. The diagnostic performance 
for different etiologies of FUO was assessed by calculating the area under the 
receiver operating characteristic curve.

Results: Of the 284 enrolled patients, infectious diseases were diagnosed in 53 
(18.7%), non-infectious inflammatory diseases in 76 (26.8%), malignant tumors 
in 66 (23.2%), and 89 (31.3%) remained undiagnosed. The final diagnoses of 
136 patients (47.9%) correlated with their 18F-FDG PET/CT results, yielding a 
sensitivity of 79.5%, specificity of 61.1%, positive predictive value of 75.6%, 
and negative predictive value of 66.3%. Furthermore, a correlation was found 
between localized pain, prolonged activated partial thromboplastin time, and 
true-positive 18F-FDG PET/CT results.

Conclusion: The high diagnostic efficacy of 18F-FDG PET/CT in FUO suggests 
its potential as a routine imaging modality, which could enhance patient 
management and reduce the need for costly and unnecessary invasive 
procedures. The identification of clinical factors that are predictive of true-
positive diagnosis could facilitate more effective allocation of PET/CT imaging.
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fever of unknown origin (FUO), 18F-FDG PET/CT, diagnostic value, image analysis, 
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1 Introduction

Fever of unknown origin (FUO) was first defined in 1961 by 
Petersdorf and Beeson as a recurrent fever exceeding 38.3°C, 
persisting for more than 3 weeks, and remaining undiagnosed after at 
least 1 week of hospitalization” (1). In 1991, Durack and Street revised 
these criteria to “include recurrent fevers above 38.3°C lasting over 
3  weeks, which remain undiagnosed following either a three-day 
inpatient stay or 3 outpatient visits” (2). Currently, FUO is defined by 
(1) at least two episodes of fever ≥38.3°C (≥ 101°F), (2) an illness 
duration of ≥ 3  weeks, or multiple fever episodes within this 
timeframe; and (3) the absence of any known immunocompromised 
state (excluding patients with nosocomial infections, known HIV 
infections, or other immune-compromised conditions); (4) despite 
comprehensive history taking, physical examinations, and relevant 
testing, the diagnosis remains elusive (3).

Currently, more than 200 causes of FUO (50) are identified. 
Differential diagnosis traditionally categorizes these into four types: 
infectious diseases, non-infectious inflammatory diseases (NIID), 
malignant tumors, and miscellaneous causes. With advances in 
examination techniques, the precision of instruments, and broader 
scientific knowledge, the proportion of FUO cases attributed to 
infections and malignant tumors has decreased. Nonetheless, the rate 
of undiagnosed FUO cases in various studies still ranges from 7 to 
53% (4).

FUO continues to pose significant challenges in internal medicine, 
often due to undetectable molecular, cellular, or microbial 
abnormalities in a patient’s blood or body fluids. While traditional 
non-invasive imaging tests such as X-rays, ultrasound, computed 
tomography (CT), and magnetic resonance imaging (MRI) can 
identify localized lesions, they may fall short in detecting early-stage 
diseases that exhibit primarily metabolic rather than anatomical 
changes. Therefore, these conventional imaging methods frequently 
lack accuracy in early-stage infections, inflammatory conditions, or 
patients with unaltered anatomy due to the disease process (5). 
Contrarily, 18F-FDG, a glucose analog, behaves similarly to glucose 
in the bloodstream and tissues, entering cells via GLU-1 to GLU-5 
transporter proteins on the cell membrane. Once inside the cell, 
phosphorylated 18F-FDG cannot be further metabolized and thus 
remains trapped. Crucially, 18F-FDG uptake is not exclusive to tumor 
cells; it also occurs in all activated leukocytes (granulocytes, 
lymphocytes, and monocytes), which enables the imaging of both 
acute and chronic inflammatory processes (6). 18F-FDG PET can 
detect disease activity at the cellular and even molecular levels before 
morphological changes occur, and it can differentiate between active 
and inactive disease states, as well as distinguish between infections 
and sterile inflammatory or malignant tumors (7).

Following the introduction of PET/CT, integrating metabolic 
pathophysiological data with anatomical-pathological information 
from CT has significantly enhanced clinical disease diagnosis, 
improved anatomical resolution, and increased the accuracy of 
18F-FDG PET (8). In clinical practice, 18F-FDG PET/CT is 
instrumental in diagnosing patients with FUO, offering high accuracy, 
sensitivity, resolution, and a brief interval between injection and 
imaging time (3, 9, 10).

For patients with FUO, enduring fever without identifying a 
specific cause imposes a significant economic burden and 
psychological strain. Therefore, timely diagnosis and appropriate 

treatment are crucial for improving the prognosis of patients 
with FUO.

2 Materials and methods

2.1 Patient population

In this study, we  conducted a comprehensive search of the 
clinical database at the First Affiliated Hospital of Jilin University for 
patients with FUO who were admitted to the Department of 
Infectious Diseases and underwent 18F-FDG PET/CT scans between 
January 2018 and March 2024. All included patients met the current 
criteria for FUO, and despite exhaustive investigations—including 
detailed history taking, physical examination, and relevant 
laboratory testing—the cause of the fever remained undetermined. 
The laboratory tests conducted included routine blood and urine 
analysis, culture of various body fluids, measurement of 
ultrasensitive C-reactive protein and calcitoninogen levels, 
erythrocyte count determination, testing for EBV and 
cytomegalovirus antibodies or nucleic acids, rubella virus antibody 
and toxoplasmosis antibody testing, brucella agglutination tests, 
HIV tests, testing for Mycobacterium tuberculosis and 
non-tuberculosis mycobacteria, tuberculosis T-spot testing, and 
parasitic worm antibody and egg testing. Additional diagnostics 
included anti-nuclear and anti-neutrophil antibody screening, cyclic 
citrullinated peptide antibody testing, anti-cardiac phospholipid 
antibody screening, bone marrow smears, immunohistochemical 
examination, and imaging tests such as X-ray, ultrasound, CT, 
and MRI.

Ultimately, 284 patients were enrolled. We  retrospectively 
analyzed the 18F-FDG PET/CT findings and clinicopathological data 
of these patients. All patients were followed for at least 3 months to 
establish a definitive diagnosis. Consistent with prior studies and 
consensus, symptoms of the disease typically manifest within this 
timeframe; hence, only diagnoses made within 3 months (11) post-
18F-FDG PET/CT were deemed pertinent to the findings. The 
Regional Ethics Committee of the First Hospital of Jilin University 
approved this study (2024-1133). Given its retrospective nature, 
informed consent from the patients was deemed unnecessary.

2.2 18F-FDG PET/CT imaging

Patients were instructed to adhere to a high-fat, low-carbohydrate 
diet and fast for a minimum of 6 h before undergoing 18F-FDG PET/
CT, ensuring glucose levels were below 11.1 mmol/L before 
administering the radiotracer. For those with cardiovascular 
implantable electronic devices or prosthetic heart valves, where 
cardiac infection is suspected to cause FUO, a specific preparatory 
regimen was initiated to inhibit glucose metabolism in cardiomyocytes. 
This involved starting a high-fat, low-carbohydrate diet 3 days before 
imaging (4).

An intravenous injection of 3.7  MBq/KG of 18F-FDG was 
administered 60 min before scanning, using an integrated PET/CT 
scanner (Siemens Biograph 16 HR, 2 min/bed). The scanning protocol 
covered from head to mid-thigh, with additional lower extremity 
scans performed as clinically necessary.
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2.3 18F-FDG PET/CT image analysis

All 18F-FDG PET/CT images were reviewed by at least one 
experienced nuclear medicine physician and one radiologist, both 
familiar with the clinical data. A positive result was defined as 
18F-FDG uptake intensity exceeding the physiologic biodistribution 
of the radiopharmaceutical in any anatomical structure not 
attributable to physiologic processes. Negative results indicated 
18F-FDG uptake of only physiologic significance, with no pathological 
findings on CT images. Scans deemed inconclusive were reassessed by 
another nuclear medicine physician blind to the original image 
interpretation, the patient’s clinical history, and all associated 
laboratory and microbiological data.

2.4 Diagnostic reference criteria

The final diagnosis of a patient with fever of FUO relies not solely 
on the results of 18F-FDG PET/CT but on an integrative analysis 
encompassing various laboratory tests conducted during 
hospitalization, microbiological cultures, other imaging modalities, 
biopsies of pathological tissues, the empirical judgment of the 
clinician, and at least 3 months of clinical follow-up. The diagnostic 
efficacy of 18F-FDG PET/CT is assessed according to these 
multifaceted criteria.

When abnormal 18F-FDG uptake in organs or tissues correlates 
with clinical, imaging, and histopathological findings confirming it as 
the cause of the fever, it is classified as a “True Positive” (TP). 
Conversely, if the uptake is deemed unrelated to the fever’s cause or if 
the cause remains unidentified during follow-up, it is categorized as a 
“False Positive” (FP).

A “True Negative” (TN) classification is assigned when there is no 
abnormal 18F-FDG uptake, and one of the following conditions is 
met: the cause of the fever remains undetected after at least 3 months 
of clinical follow-up, the fever resolves spontaneously without specific 
treatment, or the patient succumbs to another illness unrelated to 
the fever.

Conversely, a “False Negative” (FN) is recorded when an infection, 
malignancy, or other disease is identified as the fever’s cause within 
the three-month follow-up, the fever persists beyond the follow-up 
period, or if the patient dies from FUO without a definitive diagnosis.

2.5 Data analysis

The data collected for this study were organized, tabulated, and 
analyzed using SPSS 27.0 (Statistical Product and Service Solutions) 
software. The diagnostic performance of 18F-FDG PET/CT for 
identifying active disease—including sensitivity, specificity, accuracy, 
positive predictive value (PPV), and negative predictive value 
(NPV)—was calculated based on standard definitions. Count data 
were represented as [n (%)]; Receiver operating characteristic (ROC) 
curve analysis was conducted using Medcalc software, with subsequent 
plotting of ROC curves. The DeLong test evaluated differences in the 
AUC between the new and existing models.

Additionally, factors such as age, gender, medical history, duration 
of fever, and various laboratory test results were analyzed as 
independent variables, with 18F-FDG PET/CT outcomes as the 

dependent variables. These outcomes were classified into two 
categories: true positive and non-true positive (encompassing false 
positive, false negative, or true negative). Odds ratios (OR) and 95% 
CI were computed for these classifications. A p-value of less than 0.05 
was considered to indicate statistical significance.

Variables exhibiting a p-value of 0.10 or less in univariate analysis 
were further included in stepwise multivariate logistic regression 
models to refine the predictive accuracy. The significance level for tests 
was set at α = 0.05, where p < 0.05 indicated a statistically 
significant difference.

3 Results

3.1 Patient characteristics and final 
diagnosis

This study included 284 subjects, comprising 149 males (52.5%) 
and 135 females (47.5%). Fifteen patients (5.3%) had positive blood 
cultures, and four patients (1.4%) succumbed to their conditions. 
Most of 208 out of 284 patients (73.2%) received empirical antibiotic 
treatment, while 34 patients (12.0%) were treated with glucocorticoids 
before undergoing 18F-FDG PET/CT. Subsequent adjustments to the 
treatment regimen were made for 125 patients (44.0%) based on the 
PET/CT results. Age distribution was represented by a quartile range 
of 63 years (interquartile range: 47.25 to 69 years), hospitalization 
duration was 12 days (interquartile range: 8 to 16), duration of 
intermittent fever prior to admission was 25 days (interquartile range: 
18.25, 40), and the peak temperature during fever episodes was 39°C 
(interquartile range: 38.7 to 39.5°C). The main demographic and 
clinical characteristics of the patients included in this study are 
summarized in Table 1.

TABLE 1  Basic information about the research subjects.

Characteristic Categorization [n (%), M 
(P25, P75)]

Genders Male 149 (52.5)

Female 135 (47.5)

Final diagnosis Infectious diseases 53 (18.7)

Malignant tumors 66 (23.2)

Non-infectious inflammatory 

diseases
76 (26.8)

FUO 89 (31.3)

Blood culture Negative 269 (94.7)

Positive 15 (5.3)

Vest Existence 280 (98.6)

Dead 4 (1.4)

Treatment change No 159 (56.0)

Yes 125 (44.0)

Age 63 (47.25, 69)

Days of hospitalization 12 (8, 16)

Number of days of intermittent fever before hospitalization 25 (18.25, 40)

High temperature at the time of fever 39 (38.7, 39.5)
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Among the 284 cases enrolled, 53 patients (18.7%) were diagnosed 
with infectious diseases, including tuberculosis (TB, n = 3), Epstein–
Barr virus and cytomegalovirus infection (n = 7), other viral infections 
(n = 4), brucellosis (n = 3), liver abscess (n = 5), abdominal infections 
(n = 1), pelvic infections (n = 1), parasitic infections (n = 2), infective 
pericarditis (n = 1), infective endocarditis (n = 1), sepsis (n = 10), 
pulmonary invasive aspergillosis (n = 1), co-infection with 
pseudoaneurysm of the head and arm trunks (n = 1), bronchiectasis 
with pneumonia (n = 11), and other unspecified infections (n = 2). 
Additionally, 76 patients (26.8%) were diagnosed with non-infectious 
inflammatory diseases, including vasculitis (n = 18), adult-onset Still’s 
disease (AOSD, n = 19), hemophagocytic syndrome (n = 7), 
necrotizing lymphadenitis (n = 14), IgG4-related disease (n = 2), 
eosinophilic dermatitis (n = 1), recurrent polychondritis (n = 2), 
arthritis (n = 5), interstitial pneumonia (n = 1), cutaneous 
lymphadenitis (n = 1), reactive lymphadenitis (n = 1), and 
undifferentiated connective tissue disease (UCTD) (n = 5). 
Furthermore, 66 patients (23.2%) were diagnosed with malignant 
tumors, including bladder cancer (n = 4), nasopharyngeal carcinoma 
(n = 1), lymphoma (n = 28), other hematologic malignancies (n = 1), 
lung cancer (n = 17), hepatocellular carcinoma (n = 3), renal cancer 
(n = 2), prostate cancer (n = 2), colorectal cancer (n = 3), duodenal 
adenocarcinoma (n = 1), adrenal carcinoma (n = 1), endometrial 
carcinoma (n = 1), squamous carcinoma of the groin (n = 1), and 
invasive squamous cell carcinoma of the skin (n = 1).

Ultimately, the cause of fever remained unknown in 89 patients 
(89/284, 31.3%), as detailed in Table 2.

3.2 Diagnostic performance of 18F-FDG 
PET/CT imaging

There is a debate regarding the diagnostic utility of 18F-FDG PET/
CT for patients with FUO. Some scholars, such as Jaruskova and 
Belohlavek (12), assert that negative 18F-FDG PET/CT scans do not 
aid in diagnosing FUO, similar to the findings of Georgia et al. (13), 
who noted that scans other than true positives do not contribute to 
the diagnosis (4). Conversely, Keidar et  al. (13) argue that true 
negatives can be  crucial by essentially excluding focal infections, 
malignant tumors, arthritis, vasculitis, and other immune system 
disorders, which are vital for shaping the patient’s future treatment 
plan and improving prognosis.

In our study, only true-positive scans were considered beneficial 
for clinical diagnosis, as negative 18F-FDG PET/CT scans failed to 
elucidate the cause of the fever until the patient’s symptoms resolved 
spontaneously. A retrospective evaluation of the diagnostic 
performance of 18F-FDG PET/CT, based on the final clinical 
diagnosis of enrolled patients18F-FDG PET/CT imaging, identified 
characteristic changes corresponding to a confirmed diagnosis in 136 
of the 284 patients with FUO (47.9%). 18F-FDG PET/CT may have 
contributed to the final clinical diagnosis in 47.9% of FUO cases. The 
sensitivity of 18F-FDG PET/CT in diagnosing FUO was 79.5% 
(136/171), the specificity was 61.1% (69/113), the positive predictive 
value was 75.6% (136/180), and the negative predictive value was 
66.3% (69/104). Detailed sensitivity, specificity, and accuracy for each 
disease category are provided in Table 3.

3.3 Clinicopathologic features and 
18F-FDG PET/CT findings

18F-FDG PET/CT is not recommended for general screening in 
the early stages of clinical assessment due to its high cost compared to 
other diagnostic tests. Therefore, timing the use of 18F-FDG PET/CT 
is crucial to maximize its diagnostic value for fever of FUO. This study 
collected clinicopathologic data including gender, age, medical history, 
white cell count, neutrophil percentage, lymphocyte percentage, 
C-reactive protein (CRP) levels, procalcitonin (PCT) levels, 
erythrocyte sedimentation rate (ESR), and ferritin levels as 
independent variables,18F-FDG PET/CT outcomes were analyzed as 
dependent variables through both univariate and multivariate logistic 
regression to determine the association of these risk factors with true-
positive 18F-FDG PET/CT results. Only the most recent data 
preceding the 18F-FDG PET/CT exam were considered for statistical 
analysis. Our findings indicate that a clinical presentation of fever with 
localized pain and prolonged activated partial thromboplastin time 
(APTT) is associated with true-positive 18F-FDG PET/CT results, as 
detailed in Table 4 (14).

3.4 Cost-effectiveness of 18F-FDG PET/CT 
in diagnosing FUO

For patients with FUO 18F-FDG PET/CT, this imaging technique 
shows potential as a routine, cost-effective option. It can avoid 
unnecessary, invasive, and costly investigations while providing timely 
diagnostic clues that expedite the diagnostic process and reduce 

TABLE 2  Disease spectrum profile of the study population.

Final diagnosis Total cases Number of true-
positive PET/CT 

results

Infectious diseases 53 29

 � Virus infection 11 5

 � Bacterial infection 36 19

 � Mycobacterium tuberculosis 

infection
3

2

 � Parasitic and fungal 

infections
3

3

Malignant tumors 66 61

 � Solid tumor 37 34

 � Lymphomas 28 26

 � Other hematologic tumors 1 1

Non-infectious inflammatory 

diseases
76

46

 � Adult-onset Still’s disease 19 9

 � Vasculitis 18 17

 � Osteoarthritis 5 5

 � Necrotizing lymphadenitis 14 9

 � Other types of connective 

tissue diseases 20 6

Fever of unknown origin 89 0
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hospitalization duration. Although our study lacks a control group—
since all participants underwent 18F-FDG PET/CT post-admission—
previous research reveals its cost-effectiveness when performed early 
during hospitalization. A 2020 retrospective study revealed that 
patients undergoing 18F -FDG PET/CT within the first 7 days of 
admission experienced significantly fewer mean hospitalization days 
and lower healthcare costs before diagnosis than those scanned after 
7 days (15). Another study compared 46 FUO patients who underwent 
18F-FDG PET/CT upon admission against 46 who did not, finding 
that the latter group had more extended hospital stays (21 days vs. 
6.9 days) and higher costs (€5,298 vs. €12,614) (16).

The early use of 18F -FDG PET/CT in the diagnostic workflow 
can facilitate prompt diagnosis, streamline decision-making, shorten 
hospital stays, and reduce costs by avoiding redundant tests. 
Additionally, some researchers highlight that early 18F-FDG PET/CT 
applications can allow for timely adjustments in treatment regimens, 
enhancing therapeutic outcomes. For instance, a retrospective study 
(17) observed that 53% of FUO patients had their treatment regimens 
adjusted 18F-FDG PET/CT. In our study, 44% (125/284) of patients 
had adjustments made to their treatment 18F-FDG PET/CT. However, 
due to the retrospective nature of these studies, it is sometimes 
challenging to directly attribute clinical treatment adjustments to 
18F-FDG PET/CT results, particularly when changes involve the same 
class of drugs. For example, most patients suspected of having 
connective tissue disease in our study were already receiving empirical 
treatment with glucocorticoids, immunosuppressants, or nonsteroidal 
anti-inflammatory drugs before undergoing 18F-FDG PET/CT, and 
some reported symptomatic relief, leading to minimal changes in their 
treatment approach post-imaging.

4 Discussion

In their seminal study defining FUO, Petersdorf and Beeson 
identified the etiologies as infectious diseases (36%), tumors (19%), 
and miscellaneous or unknown causes (26%) (1). Since that time, the 
disease characteristics of FUO have evolved significantly due to 
advancements in diagnostic technologies. A recent cohort study by 
Yong et  al. (18). analyzed retrospective data from 2002 to 2012, 
revealing that in northern China, the prevalence of infectious diseases, 
NIID, malignant tumors, and other undiagnosed cases was 51.5, 18.4, 
11.9, and 7.1%, respectively. Their analysis of six studies from Western 
countries between 2003 and 2016 showed frequencies of 29.1% for 
infectious diseases, 25.8% for NIID, 11.6% for malignant tumors, and 
26.1% for other undiagnosed cases.

Currently, infectious diseases are the predominant cause of 
FUO. Another study retrospectively analyzed data from 2005 to 2015, 
encompassing 18 studies and 3,164 patients, and identified infectious 
diseases as the primary cause (19). Most participants in this study 
were from Jilin Province in northern China, which features a 
subtropical, inland, and dry climate. The incidence of infectious 
diseases in this study (18.7%, 53/284) was lower compared to the 
broader region of northern China. However, the incidences of NIID 
(26.8%, 76/284) and malignant tumors (23.2%, 66/284) were higher. 
These discrepancies likely stem from regional environmental, 
geographic, and economic differences. For instance, healthcare teams 
in infectious disease departments may conduct pathogen identification 
tests more rapidly, leading to earlier detection of infectious diseases 
before cases are classified as FUO. Furthermore, the preliminary use 
of antibiotic therapy prior to examinations with ^18F-FDG PET/CT 
might influence the diagnosis of infectious diseases.

These variations are also attributable to advanced diagnostic 
techniques and the continuous refinement of diagnostic approaches. 
For example, the rising frequency of diagnosed malignant tumors may 
relate to enhanced cancer detection methods in hospitals. Fusco et al. 
(19) observed a significant increase in confirmed NIID diagnoses over 
time, which they attributed not only to advances in medical knowledge 
and greater awareness among clinicians but also to the integration of 
basic immunologic tests into the FUO diagnostic process, thereby 
aiding in the identification of NIID clues in patients. Therefore, 
optimizing FUO diagnostic strategies should consider the prevalent 
causes of fever in different regions, local epidemiology, and 
available resources.

Minamimoto et al. (20) synthesized findings from previous meta-
analyses on the diagnostic role of 18F-FDG PET/CT in managing 
FUO, demonstrating that this imaging technique offers high sensitivity 
(79.5%, 136/171) and moderate specificity (61.1%, 69/113) for FUO 
diagnosis. These figures align with the results from two recent meta-
analyses that also support the utility of 18F-FDG PET/CT in this 
context (21–23).

However, the absence of a universally accepted gold standard for 
FUO complicates comparisons of sensitivity and specificity across 
different studies due to variations in patient characteristics and 
diagnostic test sequencing. Therefore, assessing the clinical usefulness 
of 18F-FDG PET/CT, rather than its sensitivity and specificity alone, 
becomes more relevant (7). Kouijzer et al. (3) concluded that 18F-FDG 
PET/CT is particularly valuable when it leads to a definitive etiological 
diagnosis of FUO, contributing to the final diagnosis in 38 to 75% of 
cases. In this specific study, 18F-FDG PET/CT proved helpful in 
47.9% (136/284) of cases and contributed to the final diagnosis in 
69.7% (136/195) of the 195 patients who received a definitive 
diagnosis, consistent with earlier research (7, 24, 25).

The timing of 18F-FDG PET/CT in the diagnostic process is 
critical; earlier use can potentially alter the course of the investigation, 
as preliminary blood results and other imaging studies might already 
provide diagnostic clues, discouraging further testing and reserving 
^18F-FDG PET/CT for more challenging cases.

Moreover, the pre-examination use of empirical treatments, 
such as glucocorticoids or antibiotics, remains contentious. In this 
cohort, 73.2% (208/284) of patients were given antibiotics, and 
12.0% (34/284) received glucocorticoids before undergoing 
18F-FDG PET/CT. While some studies suggest that antibiotics 
might reduce the detection of infected lesions in 18F-FDG PET/CT 

TABLE 3  Diagnostic performance of 18F-FDG PET/CT in various disease 
categories.

Final 
diagnosis

Sensitivity Specificity Accuracy

Infectious 

diseases

54.7% 89.6% 83.1%

Malignant 

tumors

92.4% 91.3% 91.5%

Non-infectious 

inflammatory 

diseases

60.5% 96.2% 86.6%
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TABLE 4  Regression analysis of clinical history data and true-positive 18F-FDG PET/CT.

Single factor regression analysis Multifactor regression analysis

Indicators OR(95%) p OR(95%) p

Chills 1.335 (0.83, 2.147) 0.233

Muscle pain 0.62 (0.362, 1.064) 0.083

Joint pain 0.909 (0.518, 1.593) 0.738

Localized pain 2.108 (1.248, 3.559) 0.005 2.491 (1.398, 4.436) 0.002

Diabetes 1.529 (0.8, 2.924) 0.199

High blood pressure 1.167 (0.702, 1.94) 0.552

Chronic kidney disease 2.25 (0.662, 7.649) 0.194

Chronic lung disease 0.589 (0.193, 1.805) 0.355

Heart attack 0.872 (0.403, 1.887) 0.728

Gout 1.647 (0.271, 10.007) 0.588

Connective tissue disease 0.212 (0.024, 1.837) 0.159

Disease of the blood 1.465 (0.322, 6.666) 0.622

Surgical history 1.097 (0.666, 1.806) 0.717

Allergy history 1.231 (0.647, 2.343) 0.527

Previous antibiotic use 0.891 (0.527, 1.507) 0.667

Prior glucocorticoid use 0.639 (0.307, 1.333) 0.233

Hepatosplenomegaly 0.673 (0.37, 1.223) 0.194

Lymph node Enlargement 1.168 (0.705, 1.935) 0.547

Skin rash 0.831 (0.485, 1.422) 0.499

Days of hospitalization 1.011 (0.983, 1.04) 0.429

Age 1.003 (0.99, 1.017) 0.642

Number of days of intermittent 

fever before hospitalization
1.002 (0.999, 1.005) 0.126

High temperature at the time of 

fever
0.997 (0.692, 1.436) 0.986

WBC 0.993 (0.957, 1.031) 0.729

N% 1.252 (0.261, 6.004) 0.779

L% 0.451 (0.086, 2.362) 0.346

Creatinine 1.008 (1, 1.016) 0.053

ALT 1.001 (0.999, 1.003) 0.442

AST 0.999 (0.997, 1.002) 0.59

Ferrous protein 1 (1, 1) 0.113

Lactate dehydrogenase 1 (0.999, 1) 0.414

Cholesterol 1.275 (0.983, 1.652) 0.067

Triglyceride 0.876 (0.647, 1.188) 0.395

PCT 1.005 (0.968, 1.044) 0.782

CRP 1 (0.997, 1.003) 0.913

ESR 1.004 (0.997, 1.011) 0.315

APTT 0.939 (0.886, 0.996) 0.035 0.933 (0.876, 0.994) 0.031

PT 0.997 (0.88, 1.13) 0.964

PTA 1.006 (0.991, 1.021) 0.443

FBG 0.957 (0.851, 1.075) 0.455

HB 1.003 (0.992, 1.013) 0.607

(Continued)
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TABLE 4  (Continued)

Single factor regression analysis Multifactor regression analysis

Indicators OR(95%) p OR(95%) p

PLT 0.999 (0.998, 1.001) 0.499

Albumin 1.003 (0.962, 1.046) 0.889

FIGURE 1

Diagnostic efficacy of 18F-FDG PET/CT in different types of diseases.
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FIGURE 2

18F-FDG PET/CT findings in a 60-year-old male FUO patient with a final diagnosis of liver abscess. (A) Whole-body 18F-FDG PET coronal section 
showing an aggregated foci of metabolic activity in the right hepatic lobe. CT axial section (B) and imaging fusion (C) showing foci of increased uptake 
in the right hepatic lobe (SUVmax 8.1).

(26), others argue that antibiotics do not significantly impact 
diagnostic accuracy. Conversely, corticosteroid use is associated 
with false-negative results (27), particularly affecting the detection 
of inflammatory diseases such as vasculitis and polymyalgia 
rheumatica. The prolonged use of corticosteroids before 18F-FDG 
PET/CT examinations tends to have a more significant negative 
impact, thus halting their use prior to imaging is recommended to 
enhance diagnostic accuracy (28, 29).

In this study, 89 patients remained with an unresolved cause of 
fever; 69 of these individuals exhibited no positive results from 
18F-FDG PET/CT scans. Among these, one patient died due to 
diabetic complications, one from a cerebral infarction, and two from 
cardiac infarctions. The remaining 65 patients saw their fever 
symptoms resolve post-discharge, as confirmed through subsequent 
follow-up. Retrospective analysis suggests a high likelihood of 
spontaneous fever resolution in patients without anemia or 

TABLE 5  Delong test results between the new and the old models.

Type of disease Old model New model Statistic p NRI

AUC 95%CI AUC 95%CI

Infectious diseases 0.634 0.556–0.712 0.774 0.696–0.852 −3.751 0.0002 0.858

Malignant tumors 0.664 0.591–0.738 0.931 0.889–0.973 −7.3795 <0.001 1.647

Non-infectious 

inflammatory diseases
0.708 0.641–0.775 0.857 0.805–0.910 −4.993 <0.001 1.122
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hypoalbuminemia (30). Takeuchi et  al. (31) similarly noted that 
patients with FUO, who lacked a definitive diagnosis after extensive 
diagnostic evaluations and had negative 18F-FDG PET/CT results, 
were likely to experience spontaneous symptom remission.

Kouijzer et al. (3) observed that in cases of persistent FUO with 
negative 18F-FDG PET/CT results, it may be more prudent to await 
the emergence of new diagnostic clues rather than to proceed 
immediately with further testing. Therefore, if 18F-FDG PET/CT does 
not yield significant positive findings, additional testing might not 
be recommended; instead, a wait-and-see approach or the empirical 
application of NSAIDs and corticosteroid therapy could be considered 
in the clinical management of patients with undiagnosed FUO 
(3, 32–34).

Furthermore, this study assessed the diagnostic efficacy of 
18F-FDG PET/CT in identifying different types of diseases causing 
FUO through ROC analysis, as detailed in Figure 1. The ROC analysis 
showed an AUC of 0.722 for infectious diseases, with a sensitivity of 
54.7% and a specificity of 89.6%. The analysis for non-infectious 
inflammatory diseases showed an AUC of 0.783, sensitivity of 60.5%, 
and specificity of 96.2%. The AUC was notably higher for malignant 
tumors at 0.919, with a sensitivity of 92.4% and a specificity of 91.3%. 

Thus, compared to infectious and non-infectious inflammatory 
diseases,18F-FDG PET/CT demonstrates greater sensitivity and 
specificity in diagnosing malignant diseases.

The final diagnosis of a disease relies on a multifactorial analysis 
rather than the outcome of a single diagnostic test. This study 
evaluated whether the diagnostic efficacy improved when 18F-FDG 
PET/CT results were integrated into the existing diagnostic model. 
The original model included five independent variables: CRP, ESR, 
PCT, leukocytes, and ferritin. The new model incorporated the results 
of 18F-FDG PET/CT alongside these existing variables.

To assess the effectiveness of the updated model, we employed the 
Delong test to analyze the difference in the AUC between the old and 
new models. A positive NRI indicates that the revised model offers 
superior diagnostic capabilities compared to its predecessor. The 
findings revealed that the AUC for the new model was superior in 
diagnosing infectious diseases, malignant neoplastic diseases, and 
non-infectious inflammatory diseases. This enhancement suggests 
that including 18F-FDG PET/CT results significantly improves 
predictive efficacy. As detailed in Table 5, integrating 18F-FDG PET/
CT findings into the diagnostic process mainly benefits the 
management of suspected malignancies causing FUO, showing the 

FIGURE 3

18F-FDG PET/CT findings in a 62-year-old male FUO patient with a final diagnosis of lymphoma. (A) Maximum intensity projection (MIP) images of 
whole-body 18F-FDG PET coronal sections show hypermetabolic sites in the left hepatic lobe (SUVmax 23.1), spleen (SUVmax 8.5), and throughout the 
skeleton (SUVmax 16.8). Representative axial sections of CT (B) and image fusion (C) show increased uptake in the left hepatic lobe and spleen.
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FIGURE 4

18F-FDG PET/CT findings in a 72-year-old patient with a final 
diagnosis of large vessel vasculitis. (A) Coronal section of whole-
body 18F-FDG PET showing cumulative FDG uptake in the aorta, 
subclavian artery, and carotid artery (SUVmax 5.2).

heightened diagnostic performance of 18F-FDG PET/CT in these 
scenarios. This refined approach allows for more accurate and timely 
identification of the underlying causes of FUO, facilitating more 
targeted and effective clinical interventions (35).

This study also explored the specific diagnostic capabilities of 
18F-FDG PET/CT for different causes of FUO. Over the past decade, 
18F-FDG PET/CT has become a staple in tumor imaging due to its 
ability to detect cells with high glycolytic activity. However, 18F-FDG 
is not specific to tumor cells; it also accumulates in activated 
leukocytes (36), which is pivotal in its application beyond oncology. 
Since the initial observation of high FDG uptake in abdominal 
abscesses (37), 18F-FDG PET/CT has been extensively utilized in 
diagnosing and managing infectious diseases. In the context of this 
study, abnormal 18F-FDG PET/CT findings were present in all 
patients diagnosed with liver abscesses. This is consistent with early 
findings that FDG is taken up by large numbers of neutrophils and 
lymphocytes at infection sites, which supports the idea (38) that 
18F-FDG PET/CT is particularly effective in identifying abscessed 
lesions due to their significant leukocyte infiltration compared to 
other infections. For illustration, Figure  2 in this study depicts a 
hypermetabolic lesion in the right hepatic lobe of a 60-year-old patient 
with an FUO-related liver abscess.

18F-FDG PET/CT also demonstrates considerable diagnostic 
value for identifying lymphoma as a cause of fever of FUO. This study 
identified 28 of the 66 patients diagnosed with malignant tumors with 

lymphoma. Among these, 18F-FDG PET/CT imaging strongly 
suggested lymphoma in 26 patients, aligning with their final diagnoses. 
However, two patients presented with 18F-FDG PET/CT findings 
indicative of inflammatory lesions but were later diagnosed with 
lymphoma, highlighting some challenges in differential diagnosis.

Conversely, there were 17 cases where 18F-FDG PET/CT was 
highly suggestive of lymphoma, yet subsequent pathologic evaluation 
of lymph node biopsies ruled out lymphoma. These patients were 
diagnosed with other conditions: three with necrotizing 
lymphadenitis, 2 with Adult Still’s disease, 2 with mixed hepatocellular 
carcinoma-cholangiocarcinoma, 2 with hemophagocytic syndrome, 
and 1 with an infectious disease. The remaining seven cases remained 
undiagnosed, although their conditions improved following 
relevant treatments.

The sensitivity of 18F-FDG PET/CT in diagnosing lymphoma in 
patients with FUO was notably high at 92.9% (26/28) with a PPV of 
60.5% (26/43). Another study supports these findings and emphasizes 
the importance of 18F-FDG PET/CT in the diagnostic workflow for 
suspected lymphoma in FUO cases. Additionally, the study developed 
a lymphoma prediction model based on 18F-FDG PET/CT 
characteristics, further enhancing the diagnostic efficiency for 
FUO (39).

Retrospective analyses have explored the prognostic capabilities 
of 18F-FDG PET/CT parameters such as maximum standardized 
uptake value (SUVmax), whole-body metabolic tumor volume, and 
whole-body total lesion glycolysis (40, 41). These metrics are 
instrumental in not only diagnosing but also predicting the prognosis 
of lymphoma in FUO patients.

Illustratively, Figure  3 in this study shows 18F-FDG PET/CT 
detecting hypermetabolic activity in the left liver lobe, spleen, and 
bones of a 62-year-old patient with FUO, who was later diagnosed 
with lymphoma.

In this study, NIID emerged as the second most frequent cause of 
FUO (accounting for 26.8%, 76/284) cases, with vasculitis being 
particularly prevalent within this group, representing 23.7% (18/76) 
of the NIID cases. 18F-FDG PET/CT played a pivotal role in 
diagnosing these conditions, aligning with the final diagnosis of 
vasculitis in 17 of the 18 patients diagnosed with this condition. The 
high diagnostic yield of 18F-FDG PET/CT for detecting active large 
vessel vasculitis is well-documented (42–44). The utility of 18F-FDG 
PET/CT in this context is indicated by its favorable diagnostic 
performance, making it a valuable tool in the clinical evaluation of 
patients with suspected active large vessel vasculitis.

Illustratively, Figure 4 highlights the capabilities of 18F-FDG PET/
CT in this regard. The imaging detected a significant accumulation of 
FDG, with a maximum SUV of 5.2, in the aorta, subclavian arteries, 
and carotid arteries of a 72-year-old patient diagnosed with large 
vessel vasculitis.

In recent years, researchers have started leveraging traditional risk 
factors to enhance the diagnostic performance of 18F-FDG PET/CT 
for FUO by identifying characteristics of patients who are most likely 
to benefit from this imaging modality. Our study observed a notable 
correlation between localized pain, prolonged APTT, and true-
positive 18F-FDG PET/CT results.

Prolonged APTT can occur in various febrile conditions, 
though the mechanisms behind this are not fully understood. For 
instance, one study linked prolonged APTT in severe fever with 
thrombocytopenia syndrome (SFTS) to a deficiency in coagulation 

119

https://doi.org/10.3389/fmed.2024.1511710
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org


Yu et al.� 10.3389/fmed.2024.1511710

Frontiers in Medicine 11 frontiersin.org

factor XI caused by SFTS virus infection (45). Similarly, another 
study indicated that in dengue hemorrhagic fever, prolonged 
APTT may result from the secretion of dengue virus nonstructural 
protein 1 (NS 1), which inhibits plasminogen activation (46). 
These complex underlying mechanisms warrant 
further investigation.

Moreover, other variables have been identified as relevant in 
previous studies. Mahajna et  al. (11) found associations between 
weight loss, low hemoglobin levels, and diagnostic outcomes via 
18F-FDG PET/CT. Another retrospective study suggested that 
combining 18F-FDG PET/CT findings with CRP levels could 
improve the accuracy of FUO diagnoses (47). A comprehensive 

retrospective analysis involving 498 patients established the predictive 
value of CRP and ESR in producing positive 18F-FDG PET/CT 
results. Notably, elevated CRP levels more accurately reflected the 
presence and extent of inflammation compared to ESR, with the study 
reporting a 100% true negative rate for 18F-FDG PET/CT in patients 
with CRP levels below 5 mg/L. However, while diagnosis rates 
increased with rising CRP levels, no optimal CRP threshold was 
determined (14).

Crouzet et al. (48) found significant correlations between high 
CRP levels (>30 mg/L), anemia, and beneficial 18F-FDG PET/CT 
results. Contrarily, Bleeker-Rovers et al. (49) noted that 18F-FDG 
PET/CT may not be indicated for FUO patients with normal CRP and 

TABLE 6  Infectious diseases.

Indicators Single-factor regression analysis Multifactor regression analysis

OR (95%) p OR (95%) p

Chills 1.31 (0.44–3.89) 0.631

Muscle pain 0.16 (0.04–0.68) 0.013 0.24 (0.03–2.30) 0.218

Joint pain 0.80 (0.18–3.61) 0.771

Localized pain 0.45 (0.14–1.44) 0.178

Chronic kidney disease 0.18 (0.02–1.72) 0.136

Chronic lung disease 0.11 (0.01–0.97) 0.046 2.78 (0.08–97.44) 0.573

Heart attack 0.25 (0.07–0.86) 0.029 0.21 (0.02–2.17) 0.191

Gout 0.25 (0.02–2.58) 0.244

Connective tissue disease 0.10 (0.00–3.38) 0.199

Disease of the blood 0.09 (0.00–2.03) 0.132

Hepatosplenomegaly 1.04 (0.25–4.41) 0.956

Lymph node Enlargement 0.03 (0.01–1.14) <0.001 0.16 (0.02–1.16) 0.070

Skin rash 0.81 (0.15–4.42) 0.806

WBC 0.83 (0.72–0.96) 0.013 1.06 (0.83–1.37) 0.626

N% 2.62 (0.06–116.72) 0.619

L% 0.11 (0.00–8.65) 0.319

HB 1.01 (0.98–1.04) 0.409

PLT 1.00 (0.99–1.00) 0.100

Creatinine 0.98 (0.97–1.00) 0.087

ALT 1.00 (1.00–1.00) 0.639

AST 1.00 (0.99–1.00) 0.618

Albumin 0.97 (0.88–1.08) 0.585

Ferrous protein 1.00 (1.00–1.00) 0.452

Lactate dehydrogenase 1.00 (1.00–1.00) 0.356

Cholesterol 0.88 (0.50–1.55) 0.662

Triglyceride 0.52 (0.23–1.13) 0.098

PCT 1.08 (0.89–1.30) 0.454

CRP 1.00 (0.99–1.00) 0.400

ESR 0.99 (0.98–1.01) 0.402

APTT 0.99 (0.88–1.12) 0.908

PT 1.11 (0.85–1.44) 0.448

PTA 0.99 (0.96–1.03) 0.642

FBG 0.80 (0.59–1.08) 0.143
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TABLE 7  Non-infectious inflammatory diseases.

Indicators Single-factor regression analysis Multifactor regression analysis

OR (95%) p OR (95%) p

Chills 0.42 (0.16–1.09) 0.075

Muscle pain 2.34 (0.80–6.88) 0.121

Joint pain 0.67 (0.26–1.71) 0.401

Localized pain 0.31 (0.12–0.82) 0.018 0.23 (0.02–2.84) 0.251

Chronic kidney disease 0.04 (0.00–0.32) 0.003 0.03 (0.00–0.92) 0.044

Chronic lung disease 2.44 (0.03–212.56) 0.696

Heart attack 0.35 (0.08–1.59) 0.173

Gout 1.36 (0.00–597.98) 0.921

Connective tissue disease 1.37 (0.02–103.81) 0.888

Disease of the blood 1.38 (0.06–30.67) 0.838

Hepatosplenomegaly 0.62 (0.14–2.69) 0.522

Lymph node Enlargement 0.26 (0.09–0.70) 0.008 0.10 (0.01–1.19) 0.069

Skin rash 2.13 (0.72–6.29) 0.169

WBC 0.98 (0.91–1.06) 0.567

N% 0.09 (0.00–3.16) 0.186

L% 10.79 (0.24–494.01) 0.223

HB 1.01 (0.98–1.03) 0.583

PLT 1.01 (1.00–1.01) 0.006 1.00 (0.99–1.01) 0.453

Creatinine 1.00 (0.98–1.03) 0.690

ALT 1.00 (0.99–1.01) 0.917

AST 1.00 (0.99–1.00) 0.504

Albumin 1.01 (0.92–1.10) 0.896

Ferrous protein 1.00 (1.00–1.00) 0.777

Lactate dehydrogenase 1.00 (1.00–1.00) 0.440

Cholesterol 1.31 (0.75–2.31) 0.346

Triglyceride 0.82 (0.42–1.60) 0.569

PCT 1.25 (0.76–2.05) 0.382

CRP 1.00 (1.00–1.01) 0.549

ESR 1.02 (1.00–1.03) 0.066

APTT 0.97 (0.87–1.07) 0.519

PT 1.22 (0.86–1.74) 0.264

PTA 0.98 (0.94–1.01) 0.158

FBG 1.59 (1.20–2.10) 0.001 0.79 (0.36–1.72) 0.548

ESR levels. These differences among studies can be  attributed to 
variations in research methodology, including how true positives are 
defined (i.e., whether they are useful solely for diagnosis or include 
both true positives and true negatives).

Additionally, while CRP and white blood cell counts generally 
indicate infection and inflammation, their patterns may not uniformly 
align across different diseases. For example, high CRP levels are common 
in autoinflammatory diseases, such as vasculitis and arthritis, even when 
white blood cell counts remain normal or only moderately elevated (17).

To address this, our study also examined the predictive value 
of the same laboratory indicators for true-positive 18F-FDGPET/

CT results across different disease types. Surprisingly, only patients 
with a history of chronic kidney disease who were diagnosed with 
non-infectious inflammatory diseases demonstrated a higher 
likelihood of a true-positive 18F-FDG PET/CT result, a finding 
not previously reported. This novel insight is detailed in 
Tables 6–8.

There are several limitations in our study. Firstly, the definition 
of FUO in some current studies is not uniform and lacks a 
diagnostic gold standard, which may introduce some errors in 
comparison. Secondly, due to the retrospective design of this study, 
the diagnostic workup of patients prior to 18F-FDG PET/CT was 
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not fully standardized. Clinicians determined the patient’s overall 
course of treatment at their discretion, including adjusting 
treatment regimens and selecting examination sequences. 
Therefore, we  could not ascertain whether comprehensive 
preliminary evaluations were conducted on every FUO patient 
before performing 18F-FDG PET/CT. Thirdly, there is controversy 
among various studies regarding whether true-negative 18F-FDG 
PET/CT results have diagnostic value, introducing some bias when 
comparing the diagnostic utility of 18F-FDG PET/CT across 
different studies. Fourthly, because this was a retrospective study, 
all patients enrolled underwent 18F-FDG PET/CT; thus, a control 
group was lacking.

5 Conclusion

The use of 18F-FDG PET/CT in our department has aided in the 
diagnosis of tuberculosis, abscesses, solid tumors, lymphomas, and 
vasculitis in patients with FUO and achieved high diagnostic 
accuracies in those diseases. Since early potential diagnostic clues can 
be obtained from 18F-FDG PET/CT, unnecessary further testing can 
be  avoided, thus facilitating the initiation of the most effective 
treatments more rapidly and improving the overall prognosis of 
patients. The identifications of clinical factors that related to true-
positive PET/CT diagnosis could further improve the diagnostic 
accuracy and facilitate more effective imaging allocation.

TABLE 8  Malignant tumors.

Indicators Single factor regression analysis Multifactor regression analysis

OR (95%) p OR (95%) p

Chills 0.60 (0.09–3.87) 0.595

Muscle pain 0.29 (0.04–1.99) 0.210

Joint pain 0.67 (0.26, 1.70) 0.401

Localized pain 0.32 (0.05–2.10) 0.238

Chronic kidney disease 0.08 (0.01–0.65) 0.019 0.14 (0.01–1.44) 0.099

Chronic lung disease 4.95 (0.01–2135.30) 0.605

Heart attack 0.35 (0.08–1.58) 0.173

Gout 0.09 (0.00–37.08) 0.428

Connective tissue disease 0.09 (0.00–37.08) 0.428

Disease of the blood 0.03 (0.00–7.49) 0.206

Hepatosplenomegaly 1.81 (0.19–17.29) 0.607

Lymph node Enlargement 0.35 (0.05–2.26) 0.270

Skin rash 2.13 (0.72–6.28) 0.170

WBC 0.99 (0.86–1.14) 0.867

N% 0.09 (0.00–3.19) 0.189

L% 0.07 (0.00–26.49) 0.382

HB 1.01 (0.97–1.05) 0.772

PLT 1.00 (0.99–1.01) 0.822

Creatinine 1.00 (0.97–1.03) 0.830

ALT 0.99 (0.98–1.00) 0.039 1.00 (0.99–1.01) 0.949

AST 0.99 (0.99–1.00) 0.103

Albumin 1.14 (0.92–1.41) 0.228

Ferrous protein 1.00 (1.00–1.00) 0.552

Lactate dehydrogenase 1.00 (1.00–1.00) 0.093

Cholesterol 1.76 (0.52–5.92) 0.361

Triglyceride 13.03 (0.36–476.74) 0.162

PCT 0.99 (0.91–1.08) 0.793

CRP 1.00 (0.98–1.01) 0.618

ESR 0.99 (0.97–1.02) 0.544

APTT 1.00 (0.82–1.23) 0.977

PT 1.00 (0.59–1.70) 0.999

PTA 1.00 (0.95–1.06) 0.982

FBG 0.87 (0.53–1.42) 0.571
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Antibodies (Abs) and their fragments can be  labeled with PET radioisotope 
(immunoPET) for in  vivo diagnostic imaging. Compared to the conventional 
FDG-PET, immunoPET can be designed to target in vivo cancer-specific antigen 
expression levels for various tumors and metastasis, which makes immunoPET 
(iPET) a powerful technique for molecular imaging and therapy monitoring. 
However, achieving the optimal dose to minimize radioisotope toxicity without 
compromising the visualization of the smallest tumor is challenging. To find an 
ultra-minimal tracer dose, we have developed a novel iPET with an intact rituximab 
Ab labeled with 64Cu to image human CD20 (hCD20) in a transgenic mouse model 
for non-Hodgkin’s lymphoma (NHL) imaging. Using phantom and in vivo mouse 
models, we optimized the minimal dose that can be administered in a mouse 
using a high-specific iPET tracer prepared from 64Cu-rituximab. A phantom study 
was used to characterize the scanner capability and limit for imaging using low 
doses. An ultra-minimal dose administered in a mouse model showed good 
image quality with high signal-to-noise ratio without compromising quantitative 
accuracy. The phantom study with below 50 μCi dose level indicated a slight 
increase in variability due to reduced dose specifically for target regions with 
lower uptakes (<3:1 ratio) relative to the background. In vivo study performed with 
four groups of mice (n = 3), each group injected with ~90, ~50, ~25, and ~10 μCi 
showed a linear increase of tracer uptake measured as percentage injected dose 
per gram (%ID/g). This tracer has shown high specific uptake in the spleen, where 
most B-cells are engineered to express hCD20. The study demonstrated that the 
lowest dose threshold limit for 64Cu-antibody-based iPET was about 25 μCi while 
achieving a high-quality image and quantitative accuracy.

KEYWORDS

immunoPET, ultra low dose, PET/CT imaging, human CD20, dosimetry

1 Introduction

Immuno-positron emission tomography (immunoPET) a.k.a. antibody-based PET 
molecular imaging strategy is performed taking advantage of the high specificity of monoclonal 
antibody (mAb) and the inherent high sensitivity of PET (1–10). Several radionuclides and 
mAbs have been exploited to develop immunoPET (iPET) probes, some of which have already 
been successfully translated for clinical use (4, 7, 8, 11–13). iPET is becoming the method of 
choice for imaging specific tumor markers, immune cells, immune checkpoints, inflammatory 
processes, and guide mAb-based therapy (12, 14–18). Superior to conventional FDG-PET, 
immunoPET can characterize and quantify antigen expression specific to a tumor type, 
making iPET a powerful molecular strategy for tracking, visualizing, and measuring the tumor 
gene expression (18–24). FDG-PET, taken up into the body through glucose transporters, has 
very poor specificity and can be seen in areas with high levels of metabolism and glycolysis, 
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such as sites with inflammation or tissue repair (23–28). iPET has the 
potential to image specific diseases and quantify them for clinical 
diagnostic applications. Several iPETs are already in clinical 
investigations for cancer staging and therapy monitoring using 
FDA-approved mAbs (4, 29). We have recently developed a novel 
iPET tracer using mAb (rituximab) labeled with 64Cu and 89Zr to 
image human CD20 as a marker for NHL. Evaluation of these new 
tracers in a transgenic mouse model and humans showed specific 
imaging of hCD20-expressing B-cells (30–33). Such new iPET tracers 
in development have immense potential in the clinical setting as the 
antibody can bring radiation directly to the lymphoma cells (34–38).

When compared to FDG-PET, the iPET is linked with long-half-
life radioisotopes to match the slow uptake and clearance of antibodies 
selected for iPET imaging. As a result, the radiation burden on the 
patient when using antibody-based tracers is relatively high compared 
to conventional rapidly clearing PET tracers such as [18F]FDG (35, 
36). This limitation could hinder the development and practical 
application of antibody-based tracers, and therefore, it is paramount 
to reduce the radiation exposure whenever feasible. Advances in iPET 
imaging uses modified antibody fragments with small size and shorter 
elimination half-life allowing the use of short half-life radioligands to 
perform iPET imaging on the same day while reducing radiation 
exposure (38–43).

Engineered smaller size affibody proteins and antibody fragments 
retaining the essential specificities and affinities of a full antibodies, 
have become desirable pharmacokinetics for PET imaging using 
various options of PET isotopes (3, 38, 40). While these new iPET 
imaging strategies will play a big role in reducing radiation exposure, 
we also believe that administration of an optimized minimum dose 
could also substantially decrease the overall radiation burden on the 
patient (43–45). However, since PET inherently produces noisy 
images, it is challenging to optimize the minimum dose (46–49). 
Reducing the injected dose amount may further compromise the 
image quality (44, 45). Since PET measures the biodistribution of a 
particular tracer administrated to the body, the number of detected 
tracers counts on a selected region of interest defines the image quality 
and quantitative accuracy. Hence, dose administration could 
be specific to each tracer behavior or condition of the study. This 
means, there is a limit and variation to the minimum dose required 
that provides adequate counts for obtaining a non-biased signal-to-
noise ratio and quantitative diagnostic value specific to each study 
(45). To evaluate this more quantitatively, in this study we evaluated 
the ultra-low injected dosage capability of iPET using phantom and 
live animal models. The combined effect of the high sensitivity of PET/
CT and the high specificity of iPET tracers (32, 43) may allow the 
administration of ultra-low doses without compromising the image 
quality and quantitative accuracy.

2 Materials and methods

2.1 iPET tracer and animal model

GMP grade 64Cu labeled iPET tracer preparation was already 
reported (33, 50). To test the tracer capability for low-dose diagnostic 
imaging, we  have used a transgenic mouse model that expresses 
hCD20. In this mouse model, hCD20 is expressed in B cells homing 
in the spleen, providing the highest tracer uptake. For this tracer 

development, the anti-hCD20 antibody (IgG; rituximab) was 
conjugated to DOTA for radiolabeling of 64Cu. In another study, 
we have reported the evaluation of the dosimetry of 64Cu-mAb tracer 
in the hNSG mouse model using the standard average injected dose 
of 100 μCi (32).

2.2 Phantom study

To evaluate the ultra-low dose counting accuracy of the scanner, 
we used a cylindrical phantom (Data Spectrum Corp) with a 40 mm 
inner diameter, 82 mm height, and four micro-hollow fillable spheres 
(Figure 1). The cylindrical phantom was filled with water and ~95 μCi 
of 64Cu to provide ~1 μCi/cc radiotracer concentration as a 
background signal for the phantom study. To represent the foreground 
signal and emulate high tracer uptake in an animal model, we prepared 
a 20 ml methanol and ~150 μCi of 64Cu solution. Due to its lower 
density relative to water, methanol was used as a contrast agent to 
provide slight CT image contrast in the PET/CT imaging. The mix 
provided ~7.5 μCi/cc 64Cu tracer concentration to fill each hollow four 
spheres (~1, 0.5, 0.25, and 0.031 ml). For the first scan, the total initial 
activity of the background and foreground was ~92 μCi. The Phantom 
was scanned using Inveon MicroPET/CT (Preclinical Solutions; 
Siemens Healthcare Molecular Imaging, Knoxville, TN) for 30 min at 
different time points while decaying over 48 h. Three image frames of 
5, 10, and 20 min from the acquired images were reconstructed using 
the Ordered-subset expectation maximization (OSEM 2D) algorithm 
(51). Inveon Research Workspace (IRW) analysis software (Siemens 
Healthcare) was used for analysis and quantitation. Regions of Interest 
(ROI) were drawn over the four spheres and the background to obtain 

FIGURE 1

Left, Cylindrical tube with four insertable fillable hollow spheres of 
different sizes (~1, 0.5, 0.25, and 0.031 ml) used as a phantom. Right, 
PET/CT image of phantom after filling the cylinder tube with low 
radiotracer concentration (~1 μCi/cc) as background and hollow 
spheres with ~7.5 μCi/cc as foreground uptake.
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the mean radiotracer distribution (μCi/cc). Doses at each scan time 
were calculated from the decayed 64Cu tracer.

2.3 Animal study

Animal studies were performed in compliance with approval from 
the Administrative Panel on Laboratory Animal Care (APLAC) at 
Stanford University. The hCD20 transgenic mice models (Genentech, 
South San Francisco, CA) were used for the experiment. Prior to the 
animal study, transgenic mice were screened by RT-PCR to confirm 
the expression of hCD20 positivity. We injected 8–10, 20–25, 45–55, 
and 75–80 μCi via the tail vein in a group of four mice for each dose. 
After radiotracer administration, the animals were imaged at ~1–5, 
15, and 24 h using Inveon MicroPET/CT within 20–30 min intervals.

2.4 PET imaging and analysis

PET imaging was performed on the Inveon MicroPET/CT system 
following standard routine acquisition protocol in our facility. The CT 
scan was acquired using an 80 kVp and 500 μA, two-bed position, half 
scan 220° of rotation, and 120 projections per bed position for both 
anatomic reference and PET attenuation correction. PET scans were 
performed using the default settings of a coincidence timing window 
of 3.4 ns and an energy window of 350 to 650 keV. Static 5 min was used 
to acquire first-time point acquisitions (1–5 h post-injection), followed 
by static 10 min acquisition for later time points (15 and 24 h). The 
images were reconstructed using the OSEM 2D algorithm. Using IRW, 
manual three-dimensional regions of interest (ROIs) were drawn over 
the heart, liver, and leg muscles. A semi-automatic ROI histogram-
based segmentation technique was used to segment the spleen to reduce 
reader variability. The average radioactivity concentration in the ROI 
was obtained from the mean pixel values within the ROI volume, which 
is converted to a percentage injected dose per gram of tissue (%ID/g).

2.5 Statistical analysis

The quantitative data were expressed as mean ± SD. Means were 
compared using the student t test. A 95% confidence level was chosen 

to determine the significance between groups, with p values of less 
than 0.05 indicating significant differences.

3 Results

3.1 Phantom study

Figure  2 shows a qualitative comparison of phantom images 
between conventional and ultra-low doses at scan time. After a 
suitable image intensity adjustment, the effect of low ultra-low dose 
<10 μCi shows nonhomogeneous uptake in all spheres. However, all 
hollow spheres, including the smallest (0.031 ml, S4), which shows the 
lowest uptake due to the partial volume effect, showed higher uptake 
than the background. Figure 3 quantitatively assesses the mean values 
extracted from ROIs drawn over each hollow sphere based on the CT 
images. The computed mean ROI vs. dose at scan time showed 
comparable linearity with the expected partial volume effect 
(Figure 3A). For comparison, we also computed the coefficient of 
variance of images reconstructed at different times of acquisition (5, 
10, and 20 min) for each dose (Figure 3B, showing only the S2 (second 
largest) and S4 (smallest) sphere sizes). The result indicates that the 
computed variability increases slightly for doses less than 40 μCi for 
larger spheres independent of scan duration with expected 
improvement for images acquired with longer acquisition time (10 
and 20 min).

3.2 Animal study

In vivo, animal imaging using the target-specific 64Cu iPET 
radiotracer, as expected, showed high uptake in the spleen for all dose 
amounts (Figure 4A). Relatively low uptake was also seen in the heart 
and liver. The spleen consistently showed increased uptake in %ID/g 
of 3 to 10 folds relative to the liver with a decreased injected dose 
(Figure 4D), showing improved tracer specificity and image contrast. 
In contrast, the spleen-to-liver uptake ratio steadily increased (3–5 
folds) with a decrease of dose up to 20 μCi. The spleen-to-liver uptake 
increased non-linearly over nine-fold for ultra-low injected dose 
<10 μCi (p < 0.03). At 15 h post-injection (p.i.), high tracer uptake in 
the spleen was obtained (Figure 4D).

FIGURE 2

Left, CT images showing the hollow fillable spheres of the phantom. Right, Qualitative comparison of PET/CT images of the phantom for selected 
three low doses.
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Figure  5 shows a quantitative assessment of inter-subject 
variability. For the spleen, we observed similar inter-subject variability 
with slight variation between doses (Figure 5A) and slightly higher 
variability (CV = ~30%) at the early time points (1 to 5 h). At the later 
time point (24 h.), the variability drops on average to one-third 
(CV = ~10%) due to tracer clearance (Figure 5B).

4 Discussion

As the most popular molecular imaging tool, PET/CT imaging 
has always been attractive for both preclinical and clinical applications 

due to its superior sensitivity. However, the inability to accurately 
determine the optimum dose that may be administrated to the subject 
may make to operate non optimally especially regarding minimization 
of radiation exposure to the subject and associated cost of the target 
tracer (43, 45). Specifically, the challenge is to find a standard 
minimum dosage (SMD) that is sufficient to acquire clinically relevant 
diagnostic information, which inherently involves multiple factors. 
Assuming a fixed scanner sensitivity limited by its specific geometric 
configuration and detector characteristics, the optimum minimum 
dosage may vary on several image acquisition parameters such as 
reconstruction type, subject size and positioning, and scanner 
acquisition protocols (43). Within the selected optimum acquisition 

FIGURE 3

Phantom images quantitative assessments: (A) extracted mean ROI value vs. administered dose showing an expected linear increase with lower slop 
for smaller size spheres due to partial volume effect and (B) Computed percentage coefficient of variation showing only for S2 (second to largest) and 
S4 (smallest) sphere sizes for 5, 10, 20 min acquisition time as function of administrated dose.

FIGURE 4

(A) Representative iPET/CT images showing tracer uptake 24 hr post injection in the spleen of the humanized transgenic mice. Each mice group 
received doses (ranging from 8 to 80 μCi). (B–D) Depicted the iPET signal corresponding to the tracer uptake from the heart, liver, and spleen of the 
mouse at different time points.
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and reconstruction parameters, dosage may also vary with the specific 
choice of radiopharmaceutical and its associated factors, including the 
tracer uptake specificity, clearance pattern, molecular size of the tracer, 
tracer half-life, and others.

Imaging of iPET using mAb labeled with Cu-64 or Zr-89 isotope 
provides relatively high specificity compared to the non-specific tracer 
such as FDG. This is because mAbs are specifically designed to bind 
to targeted organs or tumors selectively. Hence, a small tracer dose 
(26, 32) could specifically bind to the intended in vivo target organ or 
receptors. Using phantom and animal studies, our results indicated 
that as low as 20 μCi of tracer dose can be sufficient to image using the 
most commonly available MicroPET/CT scanners without 
significantly affecting or compromising image quality and quantitative 
value. Furthermore, iPET animal imaging has shown better image 
contrast with reduced background noise at lower doses compared to 
conventionally administered doses (~100 μCi per mouse). The overall 
results (Figure 4) indicate that an optimal suitable lower dose may 
improve image quality and quantitative accuracy while reducing 
radiation exposure. It is also expected to improve the image quality at 
lower doses by extending the scanning time (Figure 3B).

In the animal study, the spleen express hCD20 marker for NHL, 
showing the highest uptake of iPET tracer which is consistent as 
reported elsewhere (33, 50). This gives a promising application for 
tracing and tracking the metabolic activity in tumors expressing 
antigen CD20. This tracer has been specifically developed to target 
B-lymphocytes expressing hCD20 seen in the spleen with increased 
numbers in non-Hodgkin’s Lymphoma (32). It was anticipated to 
accumulate in the spleen with some lower uptakes in the heart and 
liver due to their roles in removing toxins from the body. If the tracer 
uptake in the spleen saturates, the extra tracer clears through the liver. 
Hence, the increased amount of tracer doses tends to bind on other 
organs non-specifically, such as the uptake seen in the liver 
(Figure 4C). On the other hand, lower administrated doses show to 
decrease non-specific organs uptake while increasing target-
specificity. Spleen-to-liver ratios demonstrated distinctively that even 
at the lowest doses (<8 μCi) and after 24 h of decay, the spleen shows 
strong uptake with relatively good image quality. An estimated dose 
of 20 to 25 μCi, as reported in this study, could be assumed as the 
lower dose limit that may provide comparable image quality and 
accuracy relative to the commonly used higher doses for in  vivo 
mouse iPET imaging. This study provides initial validation for the 
important and challenging tradeoffs in PET imaging between image 

quality and radiation exposure. The study demonstrates that with 
increased specificity of specific tracer a significantly lower dose up to 
one fourth as estimated in Figure 4 relative to conventional dose 
(~100 μCi) may be used without changes of the imaging protocols 
and compromising the image quality. Minimizing radiation exposure 
reduces the risks associated with ionizing radiation and the overall 
imaging costs, but it is also very important to have good image quality 
practically for all clinical and research applications (47, 48). We also 
expect this study to provide a bases for further validation of the 
optimum minimum dose for clinical practice, which is relatively 
more important due to the ever-increasing concerns related to 
radiation exposure in patients requiring multiple examinations or 
those at a higher lifetime risk for developing cancer (e.g., pediatric 
patients) (49).

5 Conclusion

Our study provides the basis for the initial validation of the 
potential usage of ultra-low-dose clinical practices using target-
specific iPET imaging studies without impacting the overall image 
quality and quantitative accuracy. Low doses may also improve 
specificity and reduce radiation in non-targeted areas and non-specific 
uptake by other clearing organs such as the liver and kidney. With the 
evolving research on early cancer detection and immunotherapies, 
imaging with more targeted tracers will help reduce misdiagnoses and 
unnecessary radiation exposure. This study reveals that optimal 
low-dose estimation is vital to all diagnostic imaging tracers prior to 
clinical translation studies, saving tracer costs and reducing systemic 
radiation exposure.
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Background: Computed tomography perfusion (CTP) is frequently used for 
the rapid assessment of suspected acute ischemic stroke (AIS). However, small 
lacunar infarcts often remain undetected by automated software, leading to 
false negatives and additional imaging. We  compared the specificity of two 
commonly used CTP software packages in patients without evidence of stroke 
on follow-up diffusion-weighted imaging (DWI).
Methods: In this single-center retrospective study, 58 consecutive patients 
with suspected AIS but negative follow-up DWI–MRI were included. All 
patients underwent CTP on the same scanner. Perfusion data were processed 
using (1) syngo.via (Siemens Healthcare) with three parameter settings—A: 
CBV < 1.2 mL/100 mL, B: additional smoothing filter, and C: rCBF <30%—and (2) 
Cercare Medical Neurosuite (CMN). Software-reported ischemic core volumes 
were compared with the MRI findings.
Results: CMN showed the highest specificity, indicating zero infarct volume in 
57/58 patients (98.3%). Conversely, all three syngo.via settings produced false-
positive ischemic cores, with median volumes ranging from 21.3 mL (setting C) 
to 92.1 mL (setting A). Only syngo.via setting C reported zero infarct volume in 
some patients, yet still showed substantial overestimation (maximum 207.9 mL).
Conclusion: Our findings underscore the significant variability in the ability of 
different CTP software packages to reliably rule out small (lacunar) infarcts. 
CMN demonstrated good specificity, suggesting that dependable CTP-based 
stroke exclusion is achievable with advanced post-processing. High specificity 
could reduce reliance on follow-up MRI in acute stroke pathways if validated, 
thereby improving resource allocation and patient throughput.
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Introduction

Computed tomography perfusion (CTP) is frequently utilized to 
assess patients with clinical suspicion of acute ischemic stroke (AIS), 
as it offers rapid assessment of cerebral perfusion deficits and core size 
(Koopman et  al., 2019; Kim et  al., 2024; Hoving et  al., 2022; 
Abdalkader et al., 2023). The two main aims of CTP are to identify 
patients with large vessel occlusions (LVOs) or distal vessel occlusions 
(DVOs) suitable for endovascular treatment and to assess tissue 
viability (Zedde et  al., 2023). Perfusion parameters can influence 
clinical decision-making and shape prognosis. For example, Mei et al. 
(2025) showed that CTP results and applied thresholds influence 
triage decisions. Lakhani et  al. (2024) demonstrated that CTP 
parameters predicted poor functional outcomes in AIS.

Lacunar strokes, primarily resulting from small vessel disease 
or atherothrombotic involvement of the parent artery that occludes 
a perforating branch, are not commonly addressed in this context. 
Perfusion changes corresponding to lacunar infarcts are often not 
detectable on post-processed core-penumbra maps due to 
smoothing by automated software, which only includes relatively 
large clusters of hypoperfused pixels in the map (Zedde et al., 2023). 
The reliability of perfusion maps is therefore low. In current 
practices, patients with suspected stroke but inconclusive CTP 
findings often undergo an additional MRI to confirm or exclude 
ischemia, since diffusion-weighted imaging (DWI) has excellent 
sensitivity for acute infarction.

However, MRI is costly and often not promptly accessible in 
hyperacute and acute stroke management. As a more widely available 
alternative, CTP performance varies significantly due to differences 
in patient characteristics, spatial/temporal resolution, and post-
processing methods (Biesbroek et al., 2013). Notably, CTP maps 
have lower sensitivity for small lacunar infarcts, which can lead to 
false-negative results (Biesbroek et  al., 2013). For better patient 
triage and the efficient use of healthcare resources, high specificity 
of CTP in detecting lacunar infarcts is warranted. Ideally, this would 
eliminate the need for MRI resources for patients without a 
detected stroke.

The purpose of this study was to compare the specificity of CTP 
for ischemic stroke using two commonly used perfusion software 
packages: syngo.via (Siemens Healthcare, Erlangen, Germany) and 
Cercare Medical Neurosuite (CMN, Cercare Medical, Aarhus, 
Denmark), a newly developed automated CTP analysis package.

Materials and methods

Study population

In this single-center retrospective analysis, we  included all 
consecutive patients with no detectable stroke on DWI–MRI between 
January 2021 and November 2022. The sample size reflects all eligible 
patients during the study period.

The inclusion criteria were as follows:

	•	 Clinical suspicion of acute ischemic stroke.
	•	 Availability of a CTP dataset prior to treatment.
	•	 Follow-up MRI with DWI sequence performed, confirming 

no infarct.

The exclusion criteria were as follows:

	•	 Patients who received intravenous (IV) thrombolysis between 
CTP and MRI.

	•	 Severe motion artifacts or poor scan quality on CTP or MRI.
	•	 Failed automated perfusion post-processing.
	•	 Evidence of chronic infarct on FLAIR/DWI in the region of 

perfusion abnormality.
	•	 Vessel occlusion or stenosis on CT angiography.

The patient selection process is detailed in Figure 1.
The study was approved by the local ethics committee.

Imaging acquisition and post-processing

All CTP scans were performed on the same scanner model 
(Somatom Definition AS)+ (Siemens Healthcare, Germany). Imaging 
parameters were as follows: Kernel: T20F, contrast agent: Imeron 300 
(Bracco Imaging, Germany), injection rate: 5 mL/s, and start of 
acquisition: 3 s after injection.

MRI examinations were performed using three scanner models 
with different field strengths (1.5 T systems Intera, Philips 
Healthcare, Best, The Netherlands or Magnetom Sola, Siemens 
Healthcare, Erlangen, Germany; 3.0 T system Achieva, Philips 
Healthcare, Best, The Netherlands). B-values were 0 and 1,000 s/
mm2 on all scanners to minimize potential scanner-related 
variability. The reference standard was no acute infarct on follow-up 
MRI (DWI ± FLAIR), with a mean delay of 68.1 ±  38.5 h, to 
minimize DWI-negative early scans. The risk of interval infarction 
or lesion evolution was minimized by the study design. A false-
positive CTP core was defined on a per-patient basis as an automated 
CTP-identified ischemic core volume >0 with no corresponding 
acute infarct on follow-up DWI and FLAIR imaging. Conversely, 
true negatives were defined as patients with no core on CTP and no 
lesion on DWI.

All perfusion data were post-processed using two fully automated 
software packages: syngo.via CT Neuro Perfusion (version VB60A) 
and CMN (version CMN 15.0). All software packages apply automated 
registration, segmentation, and motion correction. Outputs were 
recorded as calculated by the software. We focused on infarction core 
calculations only.

syngo.via CT Neuro Perfusion employs a delay-insensitive 
deconvolution model and interhemispheric comparison. It determines 
the lesion side by identifying the highest time-to-drain, using the 
contralateral side as a reference for relative values. Summary maps 
emphasize the ischemic core and its volumes.

Adopting the approach by Koopman et al. (2019), analysis with 
syngo.via was performed using three different settings. In method 
A, maps were generated based on the software’s default settings. 
Ischemic core volume was defined as a CBV of <1.2 mL/100 mL. In 
method B, an additional smoothing filter was added to the same 
threshold. In method C, the ischemic core was defined as a reduction 
in cerebral blood flow (CBF) to < 30% compared to healthy brain 
tissue. The standard software setting for syngo.via corresponded to 
setting B.

Cercare Medical Neurosuite (CMN) is a recent addition to the 
market. The software uses a model-based approach to quantify 
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cerebral blood flow (CBF). Instead of relying solely on standard 
mathematical deconvolution via singular value decomposition 
(SVD), CMN uses a gamma distribution-based model of the tissue 
residue function. By capturing the natural variability in transit 
times through the microvasculature, CMN claims its method 
provides accurate measurements in low-flow regions, ensuring that 
ischemic tissue is properly identified and leading to a more precise 
depiction of the affected area.

A total of two neuroradiologists independently reviewed each 
software’s perfusion maps to verify the presence or absence of a core 
lesion as defined by the software and rule out potential matches with 
older tissue defects. There were no disagreements.

Clinical data collection

All case-specific and demographic data were obtained from the 
hospital information system.

Statistical analysis

Data were presented as mean +/− standard deviation (SD), 
median (interquartile range (IQR)), and number (percentage), as 
appropriate. The Wilcoxon test for paired differences was used as a 
non-parametric test. The root mean square error (RMSE) and mean 
absolute error (MAE) were calculated to quantify the errors. 
Furthermore, 95% confidence intervals were estimated using 
bootstrap resampling (1,000 iterations) of the residuals, without 
assuming normality. A p-value of <0.05 was considered 
statistically significant.

Results

A total of 58 patients met the inclusion criteria for analysis. The 
average age was 69.6 years (SD 15.7 years). A total of 29 patients were 
male, and 29 patients were female. In addition, six patients received 
intravenous thrombolysis. The patients’ baseline characteristics are 
summarized in Table  1. Extended patient details are given in 
Supplementary Table 1. The average time from CTP to MRI was 68.12 h 
(SD 38.53 h). One CTP scan could not be processed by syngo.via B and 
C due to unknown errors. Exemplary outputs are illustrated in Figure 2.

CMN yielded a median ischemic core volume of 0.0 mL (IQR 
0.0–0.0 mL, range 0.0–4.7 mL) and a mean of 0.1 mL (SD 0.5 mL) on 
CTP, matching the 0 mL infarct confirmed on DWI in 57 out of the 
58 cases.

By contrast, perfusion analysis with syngo.via indicated 
substantially higher core volumes in the patients with no infarct:

	•	 Setting A: median 92.1 mL (IQR 66.2–117.8 mL), minimum 
29.6 mL, maximum 203.1 mL; mean 94.7 ± 41.4 mL.

	•	 Setting B: median 37.8 mL (IQR 24.6–51.5 mL), minimum 
9.5 mL, maximum 93.9 mL; mean 40.8 ± 22.6 mL.

	•	 Setting C: median 21.3 mL (IQR 6.7–40.3 mL), minimum 
0.0 mL, maximum 207.9 mL; mean 39.0 ± 31.1 mL.

The results are summarized in Table 2.
Figure 3 illustrates the infarct volumes calculated by each software 

for all 58 patients (true infarct volume by DWI = 0 for all). Notably, 
syngo.via setting C was the only setting to report a 0 mL core volume 
in one patient, but it still calculated false-positive infarction volumes 
in most cases. Settings A and B falsely identified a non-zero infarct 
core in every patient within this no-stroke cohort.

FIGURE 1

Screening and inclusion flowchart. The final dataset comprised 58 patients.
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Figure 4 illustrates the cumulative distribution of the ischemic 
core volumes calculated by each software across all included patients. 
CMN reported negligible infarct volumes, closely matching the DWI 
findings. Syngo.via overestimated infarct volumes for almost all 
patients. Figure  5 shows the corresponding histogram analysis 
comparing the calculated infarct volume distributions.

Discussion

Our study aimed to determine the specificity of two CT perfusion 
software packages in acute ischemic stroke. Overall, CMN 
demonstrated higher accuracy than syngo.via settings in correctly 
ruling out infarction. Our results indicate that CMN shows high 
specificity in excluding infarction in a DWI-negative cohort suspected 
of AIS, while syngo.via calculations are prone to false-positive results 
across all three settings, as illustrated in Figure 5. As previously shown, 
applying an additional smoothing filter to syngo.via improved 
agreement, albeit with reduced accuracy compared to CMN 
(Koopman et al., 2019).

DWI, while highly sensitive for infarction, can miss a small subset 
of strokes— reported to be up to 6.8% in the literature—particularly 

minor strokes and those in the posterior circulation (Edlow et al., 
2017; Alkhiri et al., 2024). However, Chalela et al. found that DWI 
negativity was strongly associated with MRI acquisition within less 
than 3 h. Similarly, Simonsen et al. (2015) found that patients with 
DWI-negative stroke underwent MRI scanning sooner after symptom 
onset compared to patients with DWI-positive infarction (Chalela 
et  al., 2007). Generally, the specificity of DWI is reported to 

FIGURE 2

Representative CTP output maps of syngo.via (A,D) showing diffuse hypoperfused (yellow) and infarct core (red) areas. CMN hyperperfusion/core maps 
(B,E) show no infarct core. Corresponding MRI DWI (C,F) images show no signs of acute infarction

TABLE 1  Patients’ baseline characteristics.

Characteristic Value

Total patients 58

Male — n (%) 29 (50.0%)

Female — n (%) 29 (50.0%)

Intravenous thrombolysis 6 (10.3%)

Age, mean (SD) 69.6 (15.7)

NIHSS, median (min–max) 1 (0–10)

mRS (pre-admission), median (min–max) 0 (0–4)

mRS (at admission), median (min–max) 2 (0–5)

mRS (at discharge), median (min–max) 1 (0–4)
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be 95–100% (Abdalkader et al., 2023). We attempted to mitigate the 
DWI-negativity effect by performing delayed MRI (mean: 68 h after 
CTP). By this time, even small infarcts are typically detectable on 
DWI/FLAIR. However, we acknowledge that MRI is not infallible and 
very small or rapidly resolved infarcts (e.g., in a TIA) could have 
escaped our detection.

Differences in perfusion processing techniques and threshold 
definitions across software platforms lead to substantial variability in 
calculated core volumes (Katyal and Bhaskar, 2021). The specificity of 

various CTP software packages has been assessed in prior studies. For 
example, Straka et al. (2010) reported approximately 91% specificity 
for perfusion-diffusion mismatch detection using RAPID software. 
Similarly, Benson et  al. (2016) found specificity up to 98.7% for 
lacunar infarct detection with Vitrea.

Despite these generally high specificity values, most automated 
solutions still struggle to rule out small infarcts. In one study by Lin 
et al. (2009) 13 of 23 infarcts missed on initial CTP were small cortical 
or lacunar infarcts. Consistently, Biesbroek et al. (2013) found an 

TABLE 2  Summary of ischemic core volume measurements by Cercare Medical Neurosuite (CMN) and syngo.via software settings (A, B, C) in the 
patients without detectable infarcts on follow-up diffusion-weighted imaging (DWI).

Parameter Vol CMN syngo.via A syngo.via B syngo.via C

Median (IQR) infarct volume, ml 0.0 (0.0 to 0.0) 0.0 (0.0 to 0.2) 92.1 (66.2 to 117.8) 37.4 (24.6 to 51.5) 21.6 (6.7 to 40.3)

Min/Max infarct volume, ml 0.0/0.0 0.0/4.7 29.6/203.2 9.5/93.9 0.0/207.9

Mean (STD) infarct volume, ml 0.0 (0.0) 0.2 (0.7) 94.7 (41.4) 40.8 (22.6) 29.0 (32.1)

Infarct volume normal distribution (Shapiro–Wilk) (p-value) 1.000 0.000 0.088 0.001 0.000

Mean (SD) error, ml 0.2 (0.7) 94.7 (41.4) 40.8 (22.6) 29.0 (32.1)

Mean Absolute Error (CI 95%), ml 0.2 (0.1 to 0.4) 94.7 (84.5 to 105.7) 40.8 (35.0 to 47.1) 29.0 (22.0 to 38.3)

Root Mean Square Error (CI 95%), ml 0.7 (0.2 to 1.1) 103.3 (92.0 to 114.2) 46.5 (40.1 to 52.4) 43.1 (29.1 to 59.8)

Median (IQR) error, ml 0.0 (0.0 to 0.2) 92.1 (66.2 to 117.8) 37.4 (24.6 to 51.5) 21.6 (6.7 to 40.3)

Limits of agreement, ml −1.1, 1.6 13.5, 176.0 −3.5, 85.1 −34.0, 92.0

Wilcoxon-Signed-Rank 715.500 (p-val: 0.230) 0.000 (p-val: 0.000) 0.000 (p-val: 0.000) 0.500 (p-val: 0.000)

FIGURE 3

Scatter plot displaying ischemic core volumes calculated by CMN and syngo.via (settings A, B, and C) in a DWI-negative cohort (reference infarct 
volume = 0 mL). Note the consistent overestimation by syngo.via, potentially risking patient mis-triage. CMN estimates were zero for 57/58 patients.
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overall CTP specificity of ~95% for acute ischemic stroke, with nearly 
two-thirds of false negatives attributable to lacunar infarcts. Similarly, 
Eckert et al. (2011) noted that lacunar infarcts were the most frequent 
cause of false-negative findings on multimodal CT imaging. A 2017 
meta-analysis by Shen et al. (2017) also confirmed that most stroke 
cases missed by CTP were of the lacunar subtype.

Lacunar strokes account for approximately 25% of ischemic 
strokes (Kolominsky-Rabas et al., 2001). However, perfusion deficits 
from lacunar infarcts are usually not apparent on standard CTP maps, 
especially for small deep or posterior circulation lesions (Garcia-
Esperon et al., 2021). This limitation can lead to underdiagnosis of 
lacunar stroke on CTP alone (Arba et al., 2020). One reason for these 
false negatives is the coarse spatial resolution of perfusion CT, along 
with the tendency of automated algorithms to smooth or average 
values over small regions. In practice, patients presenting with a 
lacunar stroke syndrome but a negative CTP study typically undergo 
additional MRI. MRI with DWI (and FLAIR) has greater sensitivity 
for detecting recent small infarcts and is generally well-tolerated in 
patients with lacunar stroke (Wardlaw et al., 2024). However, MRI 
availability is limited in many stroke centers, and it is time-consuming 
and resource-intensive. This underscores the value of highly specific 
CTP software for ruling out lacunar stroke without the need for MRI.

When evaluating patients with suspected acute ischemic stroke 
(AIS), the ability to confidently exclude ischemia—particularly 
lacunar infarcts—has significant clinical value. Beyond core and 
penumbra volumes, recent multi-center and registry analyses indicate 

that rCBV thresholds and hypoperfusion intensity ratios (HIRs) 
stratify outcomes in LVO cohorts (Mei et al., 2025; Lakhani et al., 
2024). By focusing on specificity in small infarct scenarios, our results 
complement these selection frameworks by reducing the risk of false 
positives that could affect treatment decisions.

Robust specificity allows clinicians to avoid unnecessary MRI 
scans, thereby reducing costs and improving workflow efficiency. In 
our study, CMN showed a specificity of almost 100%. The difference 
compared to the syngo.via results in the same cohort was remarkable 
(Figure 3). syngo.via, across all tested threshold settings, consistently 
produced false-positive infarct detections. Both syngo.via setting A 
and setting B wrongly detected strokes in all included patients. Only 
setting C, using an infarct core threshold of rCBF <30%, correctly 
detected a 0 mL infarct core in some patients, albeit still with a median 
core of 21.6 mL and a maximum infarct core detection of 
207.9 mL. Conversely, CMN maintained high specificity by 
consistently reporting negligible core volumes in the patients without 
true infarcts. CMN’s gamma distribution-based model is designed to 
capture a wider range of flow patterns in low-flow regions, potentially 
explaining its higher specificity in excluding small infarcts.

The limited immediate availability of MRI in many stroke centers 
drives reliance on CTP. Our study indicates that CTP is able to add value 
to NCCT in the setting of ischemic stroke. Our findings highlight the 
importance of accurate CTP software in the assessment of acute stroke. 
In clinical practice, a fast and widely available screening tool that can 
reliably rule out both large-vessel and small-vessel (lacunar) strokes could 

FIGURE 4

Cumulative distribution of calculated ischemic core volumes by the software packages (CMN and syngo.via settings A, B, C, n = 58), illustrating the 
disparity between the true negative results from CMN and the false-positive core volumes reported by syngo.via.
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streamline patient management. If confirmed, accurate CTP results could 
decrease the need for follow-up MRI in a large proportion of patients with 
clinical suspicion of acute stroke. Limited MRI slots could be prioritized 
for patients for whom advanced imaging is crucial.

While our study uniquely examines specificity in stroke-mimic 
patients using CMN and syngo.via, direct comparisons of CMN with 
established reference software packages such as RAPID or MIStar are 
not yet available. However, CMN’s FDA clearance was based on 
demonstrated equivalence to RAPID’s analytic approach. Our results 
suggest that in the specific context of excluding small infarcts, CMN 
performs strongly. Future studies should confirm if this finding holds 
true against established platforms in broader populations.

Our study has limitations that need to be acknowledged. It was 
retrospective in nature and restricted to DWI-negative patients, which 
allowed us to focus on specificity. Our study did not assess the 
sensitivity of the included software packages, as AIS-positive cases 
were excluded by design. While high specificity is desirable to reduce 
false-positive cores, clinical decision-making requires a balance with 
sensitivity. Performance in mixed cohorts should be assessed in future 
studies. The real-world performance of CMN in a standard cohort 
(with both AIS and non-AIS cases) is not addressed here and should 
be the subject of future studies. For CMN, we used standard settings 
only for post-processing. While settings in CMN can be modified, 
there are no published threshold sensitivity analyses for the software. 
An extended software-specific threshold analysis was beyond the 
scope of our study. Our performance estimates reflect the specific 
software versions tested. Should future vendor updates alter thresholds 
or deconvolution approaches, the generalizability of our findings may 

change and would warrant re-evaluation. Follow-up MRI DWI was 
performed on three different scanners with different field strengths. 
Scanner heterogeneity may affect small lesion conspicuity and permit 
interval changes. The average interval to follow-up MRI was long. A 
total of six patients received IV thrombolysis, potentially influencing 
the MRI results. Finally, our sample size, while focused on a specific 
no-stroke cohort, was modest, reflecting the number of eligible 
patients during the study period.

Our study underscores the value of a highly specific CTP software 
package for excluding acute stroke, including lacunar subtypes, 
thereby reducing unnecessary MRI utilization. In our cohort, CMN 
demonstrated a specificity of almost 100% for small strokes. Despite 
improvements in various commercial CTP solutions, substantial 
variability persists, and software selection may have a direct impact on 
patient triage, treatment decisions, and overall stroke care costs. 
Accurate CTP core quantification and reliable exclusion of small 
infarcts will remain critical. Future studies should test integrated 
pipelines that pair high-specificity core estimation with venous 
outflow/collateral metrics and mismatch indices, as recently suggested 
(Barghash et al., 2025), assessing whether combined models enhance 
accuracy and clinical outcome prediction.

Data availability statement

The raw data supporting the conclusions of this article will be 
made available by the authors, without undue reservation upon 
reasonable request.

FIGURE 5

Histograms illustrating the distribution of the calculated ischemic core volumes by Cercare Medical Neurosuite (CMN) and the three parameter settings 
(A, B, and C) of the syngo.via software. CMN consistently shows no infarct volume, aligning with the reference findings. In contrast, the syngo.via 
settings (A–C) overestimate infarct volumes, showing significant false-positive rates and potentially leading to patient mis-triage.
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