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Inflammatory bowel disease (IBD), which encompasses ulcerative
colitis and Crohn disease, is a chronic inflammatory disorder resulting
from an aberrant immune response, though its exact cause is
unknown. The current mainstay standard of care for the diagnosis and
surveillance of IBD is endoscopy. However, this methodology is inva-
sive and images only superficial tissue structures, revealing very little
about the molecular drivers of inflammation. Accordingly, there is an
unmet need for noninvasive imaging tools that provide reliable and
quantitative visualization of intestinal inflammation with high spatial
and molecular specificity. In recent years, several PET agents for
imaging IBD have been reported. Such agents allow noninvasive visu-
alization and quantification of dynamic molecular inflammatory pro-
cesses in vivo. This review focuses on recent advancements in the
development of PET tracers for imaging biomarkers of interest in
IBD pathogenesis, such as cell-surface molecules that are overex-
pressed on immune cells and cytokines that perpetuate inflammatory
signaling.
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Inflammatory bowel disease (IBD), which encompasses Crohn
disease (CD) and ulcerative colitis (UC), is a chronic inflammatory
disorder of the gastrointestinal tract (1). Although the exact etiol-
ogy of IBD is unknown, it is closely associated with the loss of
intestinal epithelial barrier functions, resulting in excessive bacte-
rial translocation and activation of an excessive mucosal immune
response (2).
Currently, diagnosis of IBD is based on endoscopy and barium-

assisted radiologic examination, both of which are invasive and
lack specificity (3). Accordingly, new technologies for noninva-
sive imaging of IBD-specific molecules that drive its pathophysi-
ology, monitor disease activity, and evaluate treatment efficacy are
required (4).
Appropriate imaging agents for PET can visualize the molecular

signatures that initiate, drive, and sustain IBD with high sensitivity
while also providing quantitative information (5). However, there
are currently no Food and Drug Administration (FDA)–approved
PET tracers specifically for IBD, and their development is cur-
rently limited to preclinical studies. This review provides an

overview of PET radiopharmaceuticals developed and evaluated
specifically for the diagnosis of IBD in both preclinical and clini-
cal settings.

PATHOGENESIS OF IBD

The pathogenesis of IBD is not completely understood because
of its complexity and multitude of interrelated mechanisms.
Currently, experimental data implicate abnormal gut microbiota,
immune response dysregulation, environmental changes, and gene
variants in its pathogenesis (2). A primary mechanism by which
IBD develops lies in the disruption of homeostasis within the muco-
sal membrane. The mucosal barrier is susceptible to defects and
modifications that increase its permeability (Supplemental Fig. 1;
supplemental materials are available at http://jnm.snmjournals.org),
leading to an imbalance of microbe communities, which is termed
dysbiosis. This dysbiotic state elicits an innate immune response
against intestinal pathogens, wherein activated immune cells
(macrophages, neutrophils, and dendritic cells) exhibiting increased
production of proinflammatory cytokines infiltrate the gastrointesti-
nal walls (6). These innate immune cells produce reactive oxygen
species, which are agents of inflammation and mucosal injury, as
well as the cytokines interleukin (IL)-1b, IL-12, tumor necrosis fac-
tor (TNF)–a, and IL-23 (7). The stimulation of IL-23 along with
TNF-a triggers a proinflammatory cascade that further drives
CD41 T cells to proliferate into pathogenic T helper (Th) 17 cells,
sustaining chronic intestinal inflammation (8).
The strong implication of IL-23 and TNF-a in the pathogenesis

of IBD has led to FDA approval of therapies that block TNF-a
(Remicade; Janssen) and the p40 subunit shared between IL-12
and IL-23 (Stelara; Janssen) (9,10). However, increased resistance
to therapy is often observed. Accordingly, there is an unmet need
for noninvasive strategies to assess disease response and inform a
deeper understanding of the exact mechanisms underlying IBD
relapse.

CURRENT APPROACHES FOR IMAGING IBD

There are several standard-of-care imaging techniques that are
used to diagnose and monitor IBD. These include fluoroscopic
imaging, ultrasound, MRI, and CT scans (11). Even though these
diagnostic tools have been approved by the FDA as a standard of
care, they can image only anatomic structures. Delineation of
inflammation using PET probes is potentially superior for visualiz-
ing dynamic molecule-mediated events, mapping areas of
inflammation, and providing quantitative information on disease
severity, thus providing critical information that can guide effec-
tive patient treatments and interventions.
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INFLAMMATORY BIOMARKERS FOR MOLECULAR IMAGING
OF IBD

The use of molecular imaging with PET to visualize inflamma-
tory biomarkers in IBD has been the subject of numerous preclini-
cal and clinical studies in recent years (12–14). Attractive targets
that allow the delineation of IBD include molecules that are found
on cell surfaces or are required for intracellular signaling and
molecules released into the extracellular milieu that are critical to
the pathogenesis of IBD, such as soluble cytokines.

Glucose Metabolism
[18F]FDG PET imaging has emerged as a valuable tool for diag-

nosing and monitoring IBD. It capitalizes on the heightened glu-
cose metabolism in proinflammatory immune cells, enabling the
detection and assessment of disease severity (15). [18F]FDG PET
provides a noninvasive means of visualizing inflammation and has
shown promise in distinguishing active disease areas. It offers
advantages over conventional endoscopy, particularly when com-
bined with CT imaging, providing detailed anatomic and func-
tional insights (16). Additionally, it has proven useful in pediatric
IBD cases in which invasive procedures are less suitable (17).
However, [18F]FDG PET is not specific for inflammation and may
yield false-positive results due to physiologic gut activity, poten-
tially limiting its accuracy. Furthermore, coexisting conditions
such as diabetes and certain medications can interfere with the
interpretation (18).

Cell-Surface Molecules
In recent years, there has been growing interest in the potential

use of cell-surface molecules as biomarkers for the advancement
of molecular imaging techniques in IBD. Targeting these mole-
cules or their interactions has been the basis for the development
of various PET imaging agents and will be discussed in the fol-
lowing sections.
b7 Integrin. As discussed above, the infiltration of lymphocytes

is a mediator of chronic inflammation. Lymphocytes that have
been stimulated at intestinal inductive regions highly express the b
integrin subunit (Supplemental Fig. 2A) (19). Therefore, b7-posi-
tive leukocyte subsets are promising targets for imaging. 64Cu-
labeled anti–b7-integrin antibody FIB504.64 is an immune PET
agent that was evaluated for imaging inflammation using a dextran
sodium sulfate (DSS)–induced acute colitis mouse model (20). In
the study, mice with experimental colitis induced by 2% DSS
were injected with either [64Cu]Cu-anti–b7 integrin or a 64Cu-
labeled antibody isotope control and then imaged by PET at 1, 24,
and 48 h after injection. The volume of interest of the intestine
was calculated by manually drawing a region of interest on
the PET images. At 48 h, the results showed higher uptake of
the [64Cu]Cu-anti–b7 integrin in the gut for the DSS group
(5.476 2.0 percentage injected dose [%ID]/g) than for the control
group (4.446 1.2 %ID/g) and the DSS group injected with
nonspecific antibody (2.246 0.14 %ID/g). However, no statisti-
cally significant differences were observed among all groups.
An ex vivo biodistribution study indicated significantly higher
uptake of the radiotracer in the gut of the colitis model mice than
in the healthy control mice (6.496 2.25 vs. 3.646 1.12 %ID/g,
P 5 0.038). Nevertheless, no significant differences were observed
in the uptake of the radiotracer in the colon of the DSS mice
injected with 64Cu-labeled anti–b7 integrin and that in the DSS
mice injected with 64Cu-labeled nonspecific antibody (6.49 vs.
3.97 %ID/g, P 5 0.095).

That work was expanded to evaluate Fab (50kDa) and F(ab9)2
(110kDa) fragments derived from the full-length FIB504.64 anti-
body with the goal of accelerating clearance from nontarget organs
(21). PET imaging data indicated improved pharmacokinetic pro-
files for both 64Cu-labeled fragments with faster clearance from
healthy tissues. PET imaging data at 4 h after injection demon-
strated that uptake of 64Cu-labeled FIB504.64F(ab9)2 in the colons
of the DSS group was comparable to that observed for the intact
antibody (7.7 vs. 5.7 %ID/g) but with lower nonspecific accumula-
tion in nontarget tissues. The 64Cu-labeled FIB504.64 Fab frag-
ment showed greater gastrointestinal uptake in the DSS-treated
mice at approximately 5 %ID/g than in the control group after 4 h.
Conversely, the radiolabeled F(ab9)2 fragment presented high
uptake values in the gut at 1 and 4 h after injection (12–14 %ID/g).
The FIB504.64 Fab tracer displayed similar pharmacokinetics in
both DSS-treated and control mice at 24 h after injection and was
not retained well in the inflamed gut. At similar time points, greater
contrast was achieved by the FIB504.64F(ab9)2 with approximately
7 %ID/g in the inflamed gut, representing a 3- to 4-fold higher accu-
mulation than in the alimentary tract of control mice, likely due to
its divalent and relatively slow-clearing nature. The overall results of
this study indicated that [64Cu]Cu-FIB504.64F(ab9)2 exhibits
improved characteristics in terms of stronger and persistent uptake in
the inflamed gut and clearance from nontarget tissues as compared
with the Fab fragment.
Translocator Protein. The translocator protein (TSPO) is an

18-kDa protein that is found at high levels on the mitochondria of
immune cells such as macrophages and microglia. TSPO has been
found to play a role in the inflammatory response in the gut, as it
modulates the function of immune cells in the intestines, including
macrophages and T cells (22). The pyrazolopyrimidine ligand
N,N-diethyl-2-(2-[4-(2-fluoroethoxy)phenyl]-5,7-dimethylpyrazolo
[1,5-a]pyrimidin-3-yl)acetamide (DPA-714) demonstrated high
specificity and binding to TSPO. Its radiofluorinated analog
[18F]DPA-714 was developed for PET imaging of inflammation in
many neurologic diseases and conditions (23,24). The feasibility
of [18F]DPA-714 for imaging inflammation in 2 different acute
IBD animal models was explored, and it was further compared
with [18F]FDG (25). The first model of colitis was induced by
DSS treatment in rats, wherein overexpression of TSPO in the
colon was observed after 7 d of DSS treatment (26). DSS-induced
IBD rats were imaged using [18F]FDG and [18F]DPA-714 at
days 7 and 8, respectively. Enhanced uptake in the colon of DSS-
treated animals was observed for both radiotracers in comparison
with healthy animals. The uptake of [18F]FDG showed a slight
increase in the colon of the rats with induced inflammation com-
pared with the healthy group, albeit with no statistically significant
distinction (P 5 0.053). Unlike [18F]FDG, quantitative analysis of
[18F]DPA-714 uptake in the colon indicated a difference between
DSS-treated and nontreated rats (0.506 0.17 vs. 0.356 0.15
%ID/mL, P 5 0.040). The second IBD model was developed by
administering male Wistar rats with trinitrobenzenesulfonic acid in
a 50% ethanol–water solution via enema. In contrast to the DSS
model, inflammation induced by trinitrobenzenesulfonic acid is
more localized (mainly in the upper part of the ascending colon),
which was delineated by both radiotracers. Colon uptake of
[18F]FDG and [18F]DPA-714 was significantly higher in the trini-
trobenzenesulfonic acid–treated animals than in the untreated con-
trol mice. In both DSS and trinitrobenzenesulfonic acid IBD
models, the gut uptake of [18F]DPA-714 was associated with the
overexpression of TSPO in the colon tissue, as confirmed by
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immunohistochemistry. The proof of concept achieved in this
study may be extended to enable the detection and precise staging
of IBD in patients, allowing monitoring of therapeutic efficiency
or disease progression.
CD4. As discussed above, CD41 T cells play a significant role in

the pathogenesis of IBD (Supplemental Fig. 2B) (27). Recent studies
have shown that CD41 T cells are triggered in the periphery of
DSS-induced colitis mice and infiltrate the colon during the first 3–7
d of a DSS treatment. Freise et al. used 89Zr-labeled GK1.5 cys-
diabody, an antimouse CD4 antibody fragment derived from the
GK1.5 hybridoma, as a probe for targeting CD41 T cells in a DSS-
induced acute mouse model (12). Anti-CD4 immunohistochemistry
showed enhanced numbers of CD41 T cells in the colons of the coli-
tis mice. PET imaging showed that [89Zr]Zr-anti-CD4 visualized
CD41 T cells in the distal colons, ceca, and mesenteric lymph nodes
of the colitis mice (Fig. 1A). Furthermore, quantitative analysis of
radiotracer uptake in the distal colon region and mesenteric lymph
nodes revealed a significant increase of uptake in mice with colitis.
Results of in vivo imaging were confirmed by ex vivo scans showing
enhanced uptake in colons, ceca, and mesenteric lymph nodes from
colitis mice. Although [89Zr]Zr-anti-CD4 enables detection of overall
CD41 cells in the gut, a serious drawback in targeting this immune
molecule for IBD diagnosis is that it does not provide information on
its activation and proliferation status or on which specific subsets
(e.g., Th1, Th2, Th17, or regulatory T cells) are present.
System xC

–. System xC
–, an antiporter that imports cystine, is a

major source of glutamate release during oxidative stress. It is
upregulated in activated macrophages and plays a pivotal role in
the control of the innate and adaptive immune systems (Supple-
mental Fig. 2C) (13). An 18F-labeled L-glutamate derivative, (4S)-
4-(3-18F-fluoropropyl)-L-glutamate ([18F]FSPG), has been shown
to detect inflammation of the lungs and sarcoidosis by targeting
system xC

– (28). The diagnostic utility of [18F]FSPG PET/CT was
then investigated in IBD mouse models induced with either DSS
or adoptive T-cell transfer (13). Both showed increased colonic
uptake of [18F]FSPG compared with healthy mice, and the SUV-

max for radiotracer uptake was found to be positively correlated
with clinical disease activity and pathologic score (Fig. 1B).
The radiotracer was further examined in 20 patients clinically

diagnosed with UC (n 5 10) or CD (n 5 10). For the UC patients,
[18F]FSPG PET/CT correctly identified active inflammation in
4 of 6 patients (67%) and endoscopic remission in 2 of 4 patients
(50%). The summed SUVmax demonstrated a significant correla-
tion with the UC endoscopic index of severity, whereas no signifi-
cant associations were observed with the partial Mayo score,
C-reactive protein levels, or fecal calprotectin. All 8 CD patients
with active inflammation and 2 with endoscopic remission were
correctly diagnosed using [18F]FSPG-based PET/CT. The summed
SUVmax showed robust correlations with the CD activity index,
C-reactive protein levels, fecal calprotectin, and the CD endo-
scopic index of severity. The diagnostic validity of [18F]FSPG
PET for the assessment of disease activity in subjects with IBD is
currently in phase 2 clinical trials (NCT03546868).
CD11b. CD11b is a subunit of the integrin family of cell adhe-

sion molecules and is primarily expressed on the surfaces of white
blood cells, including neutrophils, monocytes, and macrophages
(Supplemental Fig. 2D) (29). CD11b plays a critical role in mediat-
ing leukocyte adhesion and migration to sites of inflammation, and
it has been implicated in IBD development. Immuno-PET using an
antibody directed to CD11b was used for the detection of colonic
inflammation in a DSS-induced IBD mouse model, and its ability

to detect inflammation in colitis was compared with standard
[18F]FDG PET and MRI (5). A monoclonal a-CD11b antibody was
conjugated with desferrioxamine (DFO) via an isothiocyanate linker
and labeled with 89Zr. Uptake of [89Zr]Zr-a-CD11b in the inflamed
distal colon was increased approximately 5-fold compared with that
in the control mice (Fig. 1C). The sensitivity of CD11b-based
immuno-PET for detecting colonic inflammation was found to be
comparable to that of [18F]FDG PET and higher than that for MRI.
However, unlike [18F]FDG, no correlation was observed between
colitis severity as measured by percent body weight loss and the
volumes of interest in the colon for [89Zr]Zr-a-CD11b. Ex vivo tis-
sue distribution studies revealed that uptake of the radiotracer was
increased throughout the gastrointestinal tract. Uptake of the tracer
in the colon and cecum of colitis mice was found to be 26- and
21-fold higher than in healthy mice. However, increased uptake of
[89Zr]Zr-a-CD11b was observed in the nongastrointestinal tissues of
the colitis mice.

Inflammatory Cytokines
Cytokines play a pivotal role in mediating IBD and are critical

for initiating disruption of physiologic gut homeostasis (Supple-
mental Fig. 1) (27). In this subsection, PET agents developed to
visualize specific cytokines are discussed.
TNF-a. TNF-a is a proinflammatory cytokine that plays a sig-

nificant role in the pathogenesis of IBD. Produced by macro-
phages, it is an important therapeutic target of the FDA-approved
biologics infliximab (Remicade) and adalimumab (Humira; Abb-
vie) for IBD indications (30). Although endoscopic assessment of
patients treated with TNF-a therapy can determine its expression
levels in biopsy samples, comprehensive measurement of TNF-a
levels throughout the entire colon is still difficult to achieve. This
suggests that a molecule-based tool is needed for monitoring the
efficacy of anti–TNF-a therapy. In a recent study by Yan et al.,
infliximab was labeled with 89Zr and investigated for imaging
TNF-a levels in mice with colitis (14). Female Kunming mice
were subjected to colitis development through administration of a
5% DSS solution for a duration of 7 d. Healthy and DSS-treated
mice injected with [89Zr]Zr-DFO-infliximab were imaged 2–72 h
after injection. Maximum uptake of TNF-a immuno-PET in the
inflamed colon was observed at 2 h after injection (Fig. 2A). At
this time point, the uptake of [89Zr]Zr-DFO-infliximab in the
colon of DSS mice was around 4 times higher than in healthy
mice (7.16 0.3 vs. 1.76 0.2 %ID/g). The colon uptake of the
radiotracer in colitis mice was retained at high levels 22 10 h
after injection. The in vivo specificity of the [89Zr]Zr-DFO-inflixi-
mab was challenged by coinjection with a 5-fold excess of unla-
beled infliximab. PET imaging results indicated that uptake of
TNF-a immuno-PET in the colon of DSS-treated mice was nota-
bly decreased in the blocked cohort, indicating in vivo specificity
of the radiotracer. Ex vivo biodistribution was studied after the
last time-point imaging. The colon-to-muscle ratio in the DSS-
treated group was measured to be 3.96 0.5, which was signifi-
cantly higher than the ratios for both the healthy control group
and the blocked DSS cohort. These results agree with those
obtained from PET imaging. The findings of this study will facili-
tate the in vivo assessment of TNF-a levels using [89Zr]Zr-DFO-
infliximab before and after therapy in patients, not only in IBD
patients but also in other TNF-a–related conditions, thus offering
a companion diagnostic to TNF-a–targeted therapies.
IL-1b. IL-1b is a potent proinflammatory cytokine produced by

monocytes and macrophages that plays a role in the development
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FIGURE 1. Immuno-PET imaging of cell-surface molecules. (A) Immuno-PET directed to CD41 T cells for imaging colitis. Representative CT and PET/CT
images of healthy and DSS-induced colitis mice were acquired 20h after injection of [89Zr]Zr-mal-DFO-GK1.5 cys-diabody. Colon of DSS-treated mice
showed high uptake of radiotracer, whereas healthy control mice showed little to no uptake in colon. (B) PET imaging of system xC

– in mice given DSS (top
panel) using [18F]FSPG shows increased tracer uptake in colon (white arrows). Inflammation (black arrows) in the distal colon, sigmoid colon, and rectum
(middle panel) was delineated by same tracer in 55-y-old male UC patient, as shown in maximum-intensity projection images. Axial PET images (bottom,
left) provide semiquantitative measurement of tracer uptake, which correlates with endoscopic image of colon (bottom, right). (C) [89Zr]Zr-a-CD11b PET
imaging of colonic inflammation. Shown are representative PET images of DSS and healthy mice after injection of radiotracer. Increased uptake of [89Zr]Zr-
a-CD11b was observed in inflamed colon compared with control. ALN5 axillary lymph node; B5 bone; Bl5 bladder; CLN5 cervical lymph node; ILN5

inguinal lymph node; Ki5 kidney; Li5 liver; MIP5 maximum-intensity projection; MLN5 mesenteric lymph node; Pa5 pancreas; PLN5 popliteal lymph
node; Sp5 spleen; St5 stomach; Ur5 ureter. (Reprinted from (5,12,13).)
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FIGURE 2. Immuno-PET imaging of inflammatory cytokines in IBD. (A) Immuno-PET imaging of TNF-a in colitis mice. Shown are representative PET
images of control, DSS-treated, and blocked DSS-treated mice at different time points after injection of [89Zr]Zr-DFO-infliximab. Tracer clearly delineated
inflamed colon as early as 2h after injection. (Reprinted with permission of (14).) (B) [89Zr]Zr-a-IL-1b PET imaging of colonic inflammation. Shown are rep-
resentative PET images of DSS and healthy mice acquired 24h after injection of tracer. (Reprinted from (5).) (C) Immuno-PET/CT imaging of IL-12/23p40
in healthy and DSS-treated mice. Shown are representative PET/CT (maximum-intensity projection) images of healthy and colitis mice acquired at 24
and 48h after injection of [89Zr]Zr-DFO-anti-IL-12/23p40. Tracer clearly delineated intestinal inflammation. (Reprinted from (34).) Li5 liver.
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and prolongation of intestinal inflammation in IBD (31). The util-
ity of immuno-PET directed to IL-1b as a marker of innate immu-
nity was investigated for imaging inflammation in DSS-induced
colitis mice and compared with standard [18F]FDG and MRI
approaches (5). PET imaging and ex vivo distribution analysis
indicated that distal colonic uptake of [89Zr]Zr-a-IL-1b was
increased about 3-fold (P , 0.05) relative to that in the control
mice. The detection rate was found to be similar to that for
[18F]FDG, and it was more sensitive than MRI (Fig. 2B). Further-
more, a strong correlation between colonic uptake of [89Zr]Zr-
a-IL-1b and colitis severity was observed. Although the findings
of this study support the potential utility of IL-1b as an imaging
biomarker for IBD, the clinical relevance of IL-1b in IBD remains
unclear as its blockade in patients did not result in positive
responses (32).
IL-12 and IL-23. Recent studies have identified a pivotal role

of cytokine IL-23 in the pathogenesis of IBD. IL-23, a member of
the IL-12 family of cytokines, exerts a proinflammatory effect by
promoting the activity of Th17. Increased production of the p40
subunit of IL-12 and IL-23 has been observed in colitis mouse
models and in patients with IBD (33). The ability of an immuno-
PET for targeting IL-12/23p40 was investigated for imaging
inflammation in a DSS-induced colitis mouse model. In a study by
Rezazadeh et al. (34), an anti–IL-12/23p40 immuno-PET agent
was developed by radiolabeling an antimouse IL-12/23p40 anti-
body with the PET radionuclide 89Zr using DFO as the chelator.
The tracer clearly delineated intestinal inflammation in the colon,
cecum, and small intestine of DSS mice at 24 and 48 h after injec-
tion (Fig. 2C). The colonic uptake of [89Zr]Zr-DFO anti–IL-12/
23p40 in DSS and healthy mice indicated higher uptake of IL-12/
23p40 immuno-PET in inflamed colons compared with that in the
healthy control. The in vivo specificity of the radiotracer was eval-
uated by imaging a separate cohort of DSS mice injected with
89Zr-radiolabeled isotype control antibody, which did not show
specific accumulation in the colon. Ex vivo PET imaging of the
large intestine showed focal uptake in the cecum and mid colon.
The tracer uptake correlated with increased IL-12/23p40 levels in
the serum. This novel imaging technology can aid in the detection
and precise staging of IBD in patients by creating a comprehensive
in vivo map of IL-12/23p40–driven inflammation throughout the
entire gastrointestinal tract. It can further serve as a companion
diagnostic to ustekinumab.

DISCUSSION

Detecting and tracking chronic inflammation in the gastrointes-
tinal tract are critical to improving outcomes among patients with
IBD. None of the available standard-of-care diagnostic tools,
whether used alone or in combination, completely meets the needs
for safe, accessible, reliable, and quantitative visualization of gas-
trointestinal inflammation with high spatial and molecular specifi-
city (35). Thus, there is an unmet clinical need for diagnostic
alternatives.
Applications of PET imaging in IBD have only recently started

gaining traction and have not received widespread attention.
Most prominently, [18F]FDG, considered the gold standard for
staging cancer, has been investigated in IBD settings (36). How-
ever, because [18F]FDG is a marker of metabolism, [18F]FDG-
based PET provides indirect information as it marks the energy
consumption of the mucosal layer infiltrating immune cells within
the inflamed tissue (18). As an alternative to [18F]FDG PET,

several biomarkers that are clinically relevant to IBD can be tar-
geted and imaged via PET. Most of the tracers are still in preclin-
ical studies, with only 2 agents progressing to clinical trials.
PET/CT imaging using [18F]FSPG for assessing disease activity
in patients with UC and CD is in phase 2 clinical trials
(NCT03546868). Another PET tracer in clinical trials for diagno-
sis of IBD is [68Ga]Ga-fibroblast activation protein inhibitor, a
radiotracer that targets the fibroblast activation protein, which is
often overexpressed in various cancers and inflammatory condi-
tions (37). A prospective study in early phase 1 is currently under
way to investigate whether [68Ga]Ga-fibroblast activation protein
inhibitor PET/CT may be superior to [18F]FDG PET/CT for diag-
nosis, therapy response assessment, and follow-up for IBD
(NCT04507932).
There is a clear and compelling need to direct research efforts

toward imaging this autoimmune condition on the molecular level,
not only to interrogate IBD pathobiology for clinical treatment
guidance but also to alleviate patient burden arising from extensive
preparations and procedures necessitated by endocolonoscopies.
However, there are several surmountable challenges to move these
agents from the bench to the clinic. At the forefront of these chal-
lenges is a lack of understanding of the mediators of IBD that can
be targeted via PET. By understanding the underlying molecular
targets or pathways, it becomes possible to develop PET tracers
that specifically bind to these biomarkers, enabling accurate visu-
alization and characterization of IBD-related inflammation. Pre-
clinical studies should focus on optimizing tracer design, targeting
mechanisms, and imaging properties. It is crucial that the tracer’s
specificity, sensitivity, pharmacokinetics, and toxicity are assessed
using suitable animal models that mimic IBD.
Another remaining challenge related to using PET tracers in

clinical practice is distinguishing between inflammation and infec-
tion. Both inflammation and infection can trigger increased meta-
bolic activity and recruitment of immune cells, leading to similar
PET signal uptake. This similarity can make it difficult to accu-
rately diagnose and distinguish one over the other. Combining
PET imaging with other diagnostic modalities, including blood-
based molecular assays, may provide complementary information
to improve diagnostic specificity.
Once successful preclinical validation of these PET imaging

agents is achieved, translation of these PET imaging agents from
the bench to IBD patients can be initiated. PET/CT imaging of the
abdominal region provides a critical advantage over endoscopies,
as the former can provide full-abdominal images whereas the latter
can only scope through specific areas of the alimentary tract.
Moreover, endoscopies cannot be performed frequently because
of their extensive preparatory procedures and risk of bowel
perforation.
There are practical considerations to take into account if we

are to move PET/CT toward translation. These radiotracers must
be produced in accordance with good manufacturing practices.
A clinical team consisting of a gastroenterologist and a nuclear
medicine physician would ensure continuous IBD patient referral
to clinical trial recruitment. Another main consideration for effec-
tive translation centers on establishing imaging protocols. It is
important to identify whether an intravenous CT contrast is nec-
essary for accurate full abdominal mapping (38). Metrics for
analysis of acquired images need to be established to ensure a
harmonized protocol for readers. For example, with [18F]FDG-
based PET/CT, semiquantitative SUV readings of the tracer
uptake in the bowel are compared against hepatic SUVs (e.g.,
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grades 0–1, normal; grade 2, bowel SUV . liver SUV but not
more than 3-fold; grade 3, bowel SUV . 3 3 liver SUV) (15,39).
Others have used a global PET/CT scoring system that sums the
SUVmax for all bowel segments (15). As mentioned above, radiation
exposure can be a limiting factor for frequent PET/CT scans of IBD
patients. Dose calculations have shown that approximately 45% of
radiation exposures are from CT scans in patients administered 3.7
MBq/kg (4.6 mSv for the CT, 5.7 mSv for [18F]FDG PET) (15).
The dose absorbed in the bowel is 0.5 mSv with a 185-MBq
(5mCi) [18F]FDG dose (17). An alternative to CT is to use PET
with MRI. Other ways to further minimize exposure is to lower the
doses of the PET agents needed to be evaluated for optimization
and to consider longer acquisition times. Moreover, detector sensi-
tivity has improved since the development of PET/CT scanners in
the early 2000s, with more sophisticated scanners having higher
sensitivity. Although this list is not exhaustive, these factors are crit-
ical to effectively transition current and new PET tracers from
bench to bedside, with the future outlook being to launch and estab-
lish these agents as the mainstream standard of care.

CONCLUSION

There exists a need to address the current limitations of standard-
of-care diagnosis in IBD. Although the application of PET imaging
in IBD diagnosis and detection is still in its infancy, there is a clear
opportunity for nuclear medicine to move in this direction and to
develop new tools for surveillance and more accurate diagnosis.
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