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Cardiac remodeling after myocardial infarction is one of the key factors affecting
patient prognosis. Myocardial fibrosis is an important pathological link of adverse
ventricular remodeling after myocardial infarction, and early fibrosis is reversible.
Timely detection and intervention can effectively prevent its progression to
irreversible ventricular remodeling. Although imaging modalities such as CMR
and echocardiography can identify fibrosis, their sensitivity and specificity are
limited, and they cannot detect early fibrosis or its activity level. Positron
emission tomography (PET) allows non-invasive visualization of cellular and
subcellular processes and can monitor and quantify molecules and proteins in
the fibrotic pathway. It is valuable in assessing the extent of early myocardial
fibrosis progression, selecting appropriate treatments, evaluating response to
therapy, and determining the prognosis. In this article, we present a brief
overview of mechanisms underlying myocardial fibrosis following myocardial
infarction and several routine imaging techniques currently available for
assessing fibrosis. Then, we focus on the application of PET molecular
imaging in detecting fibrosis after myocardial infarction.
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1 Introduction

Adverse ventricular remodeling after myocardial infarction (MI) and its consequent

left ventricular dysfunction and heart failure are the leading causes of death in patients

with MI (1). Myocardial fibrosis is one of the core pathophysiological aspects of adverse

ventricular remodeling after MI, which is characterized by excessive deposition of

extracellular matrix (ECM) proteins leading to interstitial dilatation of the myocardium.

This adverse ventricular remodeling is closely associated with cardiac diastolic and

systolic dysfunction, arrhythmias, and a poor prognosis (2, 3). Although significant

progress in the medical literature on the mechanism of post-MI fibrosis has revealed

many potential therapeutic targets, clinical practice tends to focus more on improving

myocardial function deterioration than on the fibrotic pathological process (4).

Currently, treatment following MI still primarily relies on traditional drugs, such as

angiotensin-converting enzyme inhibitors (ACEI), aldosterone antagonists, and

β-blockers. Although these drugs can alleviate symptoms to some extent, they fail to

provide personalized treatment based on individual patient differences, thus affecting

their overall therapeutic effects (4). Anti-fibrotic therapy after MI remains a pressing
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therapeutic issue. Recent studies have shown that new anti-fibrotic

treatments, such as pirfenidone pharmacotherapy and CAT-T cell

therapy, have shown great potential (5, 6). Therefore, accurate

assessment and comprehensive understanding of myocardial

fibrosis are essential. Commonly used clinical imaging tools such

as cardiac magnetic resonance (CMR) and echocardiography can

aid in diagnosing fibrosis but have low sensitivity for detecting

early fibrosis and its activity level. When mature fibrosis is

detected, no appropriate treatment is frequently available (7, 8).

Positron emission tomography (PET) is a non-invasive imaging

technique that enables the more direct and specific detection of

post-MI fibrosis activity by utilizing molecular probes that target

fibrotic tissue. This technique can serve as a surrogate marker to

identify high-risk individuals and determine the appropriate time

to initiate treatment. In this review, we describe the

pathophysiology of post-MI fibrosis, provide a brief overview of

other non-invasive imaging techniques and focus on PET

imaging assessment of MI fibrotic activity and its current

research advances.
2 Post-MI fibrosis

Myocardial fibrosis is a critical pathological process involved in

the development and progression of various cardiac diseases. The

pathological mechanism for this is that healthy myocardial

fibroblasts differentiate into pathological myofibroblasts under

mechanical strain or the action of inflammatory stimuli and

secrete excessive extracellular matrix (ECM), leading to
FIGURE 1

Overview of types of fibrosis occurring in different regions of post-MI fibrosis
tracers that have diagnostic and prognostic function (B). Examples of the p
metalloproteinases; FAP, fibroblast activation protein; ATR1, angiotensin rec
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remodeling of myocardial tissue structure (9, 10). Based on the

characteristics and location of ECM protein deposition,

myocardial fibrosis following MI can be mainly categorized into

two main types: reparative fibrosis and reactive fibrosis (Figure 1A).

Reparative fibrosis predominantly occurs within the infarct

zone, where it manifests as the replacement of necrotic

cardiomyocytes with fibrotic scar formation, helping protect the

heart from rupture. Reactive fibrosis is characterized by diffuse

and disproportionate collagen deposition around the myocardial

interstitium and blood vessels in the border zone of infarction

and the distal non-infarcted myocardium. This type of fibrosis is

attributed to incomplete inflammation resolution or an overactive

reparative response (11, 12). The exact mechanisms of reactive

fibrosis have not been completely elucidated, but increased

mechanical strain on the non-infarcted left ventricular wall is

one contributing factor. Additionally, persistently activated

myofibroblasts within the infarct scar release pro-fibrotic factors,

which may traverse remote myocardial regions, promoting local

fibroblast activation and proliferation, thereby increasing collagen

deposition in the interstitium space (13).

Unstable reparative fibrosis can result in the formation of a low

tensile strength scar, which promotes ventricular dilatation and

contributes to the development of systolic heart failure. On the

other hand, excessive fibrotic activation may exacerbate reactive

fibrosis in the infarct border zone, which in turn increases the

risk of diastolic dysfunction (14). The optimal therapeutic

approach for MI patients is to maintain moderate early fibrosis

to preserve the structural integrity of the heart while suppressing

late excessive fibrosis to prevent adverse ventricular remodeling.
(A) and pathophysiological pathways in fibrotic activity for emerging PET
rimary PET radiotracers for each target are shown above. MMPs, matrix
eptor type I.
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To date, only a few antifibrotic therapies can slow the progression

of fibrosis, and they are generally unable to reverse established

fibrosis (7). Therefore, selecting an appropriate non-invasive

imaging technique to detect and visualize early fibrosis is crucial

for guiding timely therapeutic intervention.
3 Non-invasive imaging techniques

Myocardial fibrosis can be comprehensively evaluated in a non-

invasive manner using modern imaging techniques, including

cardiac magnetic resonance (CMR), echocardiography, and

nuclear imaging. Cardiac computed tomography can also be used

to evaluate fibrosis, but due to its limited clinical application, it

will not be discussed further. The imaging techniques available

for clinical practice are summarized in Table 1.
3.1 Cardiac magnetic resonance (CMR)

CMR is considered the gold standard for diagnostic imaging of

myocardial fibrosis, as it allows non-invasive qualitative and

quantitative assessment of focal and diffuse myocardial fibrosis
TABLE 1 Non-invasive imaging techniques for assessment of myocardial
fibrosis.

Imaging
techniques

Advantages Disadvantages

CMR (LGE, T1
mapping, ECV)

• Multi-parameter
assessment of
cardiac structure
and function

• Gold standard
• LGE for focal

fibrosis
• T1 mapping and

ECV for diffuse
fibrosis

• Presence of
contraindication

• Lack of robust
standardization and
reference range

• Not specific for fibrosis
• Identify fibrosis at a

relatively late stage

Echocardiography (TDI,
STI)

• Low cost
• High accessibility
• Multi-parameter

assessment of
cardiac structure
and function

• Operator-dependent
• Not specific for fibrosis
• Identify fibrosis at a

relatively late stage
• Inability to identify

fibrosis type and quantify
fibrosis

SPECT (Targeted probes
for collagen, αvβ3, and
ATRI…)

• Detect fibrosis at an
early stage

• Molecular
specificity

• Relative
quantification

• Radiation exposure
• Low spatial resolution
• Lack in vivo human

experience

PET (Targeted probes
for FAP, αvβ3, and
collagen…)

• High sensitivity
• Detect fibrosis at an

early stage
• Molecular

specificity
• Absolute

quantification

• Radiation exposure
• High cost
• Limited availability of

tracers
• Clinical application is

limited and requires
further exploration of its
exact value

LGE, delayed gadolinium enhancement imaging; ECV, extracellular volume fraction; TDI,

tissue doppler echocardiographic imaging; STE, speckle tracking echocardiography; FAP,

fibroblast activation protein; ATRⅠ, angiotensin receptor type 1.
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(15). Delayed gadolinium enhancement imaging (LGE), T1

mapping, and extracellular volume fraction (ECV) are commonly

used techniques in CMR for assessing myocardial fibrosis.

LGE has been regarded as the clinical standard for evaluation

of focal myocardial replacement fibrosis. Both the expansion of

extracellular space and a decrease in clearance rates can result in

the retention of gadolinium-based contrast agents (GBCAs)

within fibrotic areas. Increased gadolinium uptake in myocardial

infarction (MI) scar, compared to normal myocardium, causes

focal areas with a higher signal intensity, which corresponds to

macroscopic scar observed on histology in both the acute and

chronic phases of infarction (16). However, when fibrosis is

diffuse and evenly distributed, the difference in signal intensity

between fibrotic and normal myocardium is slight, which makes

it difficult for LGE to distinguish fibrotic areas from normal

myocardium. Therefore, the application of LGE in assessing

diffuse interstitial fibrosis is restricted (17). Moreover, LGE is

influenced by various technical parameters and is not reliable for

quantitative assessment of myocardial fibrosis (18). In general,

LGE is mainly used for qualitative assessment of fibrosis regions

by observing high signal areas to determine whether fibrosis exists.

T1 mapping and ECV are advanced CMR relaxometry

techniques that allow quantitative measurement of myocardial

interstitial fibrosis. T1 mapping can be performed before or after

the administration of gadolinium-based contrast agents to

quantify the exact T1 of tissue, which reflects changes in tissue

characteristics. Native T1 describes the signal within the

myocardial tissue, thereby representing a combined signal from

all components present. Fibrosis can cause local or global

changes in signal intensity, resulting in an increase in T1 value

(19, 20). Native T1 is reproducible and, more importantly, does

not need gadolinium contrast medium, which allows its use in

MI patients with renal dysfunction. T1 mapping can also be used

in combination with the administration of gadolinium, which

increases proton relaxation and reduces T1 relaxation time. Post-

contrast T1 values are lower in the presence of myocardial

fibrosis, in contrast to the native T1 relaxation time (19, 20).

Both native and post-contrast T1 mapping can identify an

increase in ECM volume that is not detectable by LGE, thereby

reflecting interstitial fibrosis. The calculation of ECV relies on the

ratio of the contrast agent concentration in the tissue to that in

blood (i.e., the partition coefficient). Fibrotic tissue generally has

a higher ECV, indicating an expanded extracellular space capable

of retaining more contrast agents (21). Coregistration by

T1 mapping can also generate pixel-wise ECV maps to locate

diffuse fibrosis (22, 23).

CMR is the leading technique for the diagnosis of myocardial

fibrosis. Also, it provides a comprehensive assessment of cardiac

structure and function, including chamber size, vessel diameters,

blood flow, and myocardial relaxation times (24). Although it has

been widely accepted as a well-established non-invasive imaging

technique, there are also several limitations. First, the application

of CMR is significantly restricted for patients with implanted

medical devices and those who have claustrophobia. Second,

CMR-obtained parameters such as LGE, T1, and ECV measure

extracellular expansion rather than fibrosis itself. While
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extracellular expansion is usually caused by fibrosis, it can also

result from other pathological processes, including oedema,

infiltration, and protein deposition (25, 26). Therefore, CMR-

derived parameters can serve as surrogate markers of fibrosis

only after other potential causes of extracellular expansion have

been excluded. Third, standardizations in data acquisition and

postprocessing are lacking for T1 mapping, which may result in

variations in results depending on the equipment, imaging

parameters, and analysis methods used (27, 28).
3.2 Echocardiography

Echocardiography is a user-friendly, cost-effective, and

portable imaging technique used more frequently in clinical

settings to assess cardiac morphology, structure, and function. It

lacks any relative contraindications. In MI patients,

echocardiography can be used to assess parameters such as left

ventricular ejection fraction (LVEF), regional wall motion

abnormalities (RWMA), and chamber size and to identify

complications, including ventricular aneurysms, cardiac rupture,

and papillary muscle dysfunction (29).

Regional strain is a dimensionless measure of myocardial

deformation that quantifies myocardial function by expressing

the fractional or proportional change in myocardium relative to

its original size during deformation. Strain rate is the speed at

which myocardial deformation occurs. These parameters allow

earlier detection of functional abnormalities during myocardial

fibrosis. While both echocardiography and CMR can measure

myocardial strain, echocardiography-derived strain is more

widely used in clinical settings to detect, monitor, and guide

interventions in various cardiac conditions (30, 31). Compared to

conventional echocardiographic techniques, Tissue Doppler

echocardiographic imaging (TDI) and speckle tracking

echocardiography (STE) are more helpful in measuring

myocardial strain during the early stages of myocardial fibrosis.

These advanced echocardiographic imaging techniques can detect

strain abnormalities before fibrosis causes significant myocardial

functional decline, indirectly indicating the presence of

fibrosis (32, 33). Strain imaging has proven beneficial in

patients with MI. In particular, global longitudinal strain

(GLS) has been shown to be associated with fibrosis, poor

remodeling, and prognosis (31).

However, it is worth mentioning that echocardiography does

not specifically detect fibrosis or accurately determine its

underlying type. Therefore, it cannot be used independently to

measure and monitor the extent and progression of myocardial

fibrosis. In addition, the results of echocardiographic assessment

are highly dependent on the operator’s skill level and experience,

resulting in poor reproducibility.
3.3 SPECT molecular imaging

While the imaging techniques mentioned above can provide

information about the formed fibrosis and its alternative
Frontiers in Cardiovascular Medicine 04
indicators, they cannot detect the early stages of fibrogenesis and

give information on ongoing disease activity. As an emerging

noninvasive tool, nuclear imaging with positron emission

tomography (PET) or single-photon emission computed

tomography (SPECT) can visualize fibrotic processes at cellular

and subcellular levels. Therefore, targeting the molecules or

proteins involved in pro-fibrotic activity can improve the

accuracy of early post-MI fibrosis diagnosis (34, 35).

Several radiotracers developed for molecular imaging have been

employed to directly or indirectly identify early post-MI fibrosis in

multiple animal studies by SPECT (36). Muzard et al. (34) designed

a new and original specific probe for collagen, 99mTc-labeled

collagelin. In a rat model of MI, in vivo SPECT imaging showed

significant tracer uptake in regions where fibrosis was

histologically confirmed but not in controls. SPECT imaging with
99mTc-labeled CRIP can identify myocardial fibrosis activity

indirectly by targeting αvβ3 integrins expressed on cardiac

fibroblasts as well as other cell types, such as endothelial cells

and macrophages (37–39). In a murine model of MI, 99mTc-

CRIP uptake peaked 2 weeks after myocardial injury and then

gradually decreased (37). Tracer uptake also correlated negatively

with echocardiographic left ventricular ejection fraction and

strain parameters and was related to histological collagen fiber

deposition (40). Angiotensin II type-1 receptor (AT1R)

expression is linked to interstitial fibrosis. SPECT imaging with
99mTc-losartan targeting AT1R has also been proven feasible in a

murine model (41). Although numerous SPECT imaging studies

have been conducted on post-MI fibrosis in animal models, there

is still a lack of experience in human subjects. Consequently, it is

challenging to conduct a comprehensive evaluation of the cardiac

kinetics and safety of these molecular probes in human subjects.
3.4 PET molecular imaging

PET imaging has higher spatial resolution and sensitivity than

SPECT imaging, allows for absolute quantification, and is often

combined with CT or MRI to provide a more detailed fusion of

functional and anatomical images (42). However, the associated

radiation dose with PET should be carefully considered, as it

varies depending on the specific radiotracer and protocol used.

Similarly, SPECT imaging also involves radiation exposure.

When PET or SPECT is combined with CT for fusion imaging,

which is frequently done to provide accurate anatomical

localization, the total radiation dose is the sum of both

modalities (43). Despite the concern over radiation exposure, the

superior specificity and sensitivity of PET imaging make it more

effective for early lesion detection and diagnosis.

In recent years, with the development of molecular probes

targeting fibrosis-specific or fibrosis-associated processes, PET

imaging has become an active area of research in cardiovascular

diseases (44). PET molecular imaging can non-invasively monitor

and quantify early post-MI myocardial fibrosis, contributing to an

in-depth understanding of the fibrosis progression rate or

regression. The identification of key molecules and proteins

involved, such as fibroblast activation proteins, integrin receptors,
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collagens, and their precursors, using targeted tracers (Figure 1B),

may provide valuable information about the activity or

mechanisms of post-MI fibrosis, enable early diagnosis of fibrosis,

guide clinical practice, and facilitate early antifibrotic therapy as

well as earlier assessment of therapeutic response. Preclinical and

clinical studies in MI have been conducted on PET imaging for

these targets, some of which have progressed (Table 2). Here, we

will discuss current research advances in PET imaging for

different targets in detecting myocardial fibrosis after MI.
3.4.1 PET imaging of FAP
The healing process of post-MI cardiac wounds undergoes pro-

inflammatory to anti-inflammatory to reparative responses, and

cardiac (myo)fibroblasts play a pivotal role in the process (14).

Fibroblast activation protein (FAP), a membrane-bound serine

protease, is highly expressed in activated (myo)fibroblasts and is

closely associated with myocardial fibrosis (68). Fibroblast

activation protein inhibitor (FAPI) binds to FAP with high affinity

and specificity, and PET molecular imaging using radio-labeled

FAPI can visualize activated fibroblasts and identify early active

fibrosis. In recent years, FAPI PET molecular imaging has been

applied in MI (69). Table 3 lists relevant studies and key findings

of PET molecular probes targeting FAP in post-MI fibrosis.

Varasteh et al. (35) first used 68Ga-FAPI-04 PET imaging to

study the dynamics of fibrosis in acute myocardial infarction
TABLE 2 PET imaging to identify myocardial fibrosis after myocardial
infarction.

Target Probe Application Reference
FAP 68Ga-FAPI-04 Preclinical（rat MI model)/

Clinical
(35, 45)

68Ga-MHLL1 Preclinical (mouse MI
model)

(46)

68Ga-FAPI-46 Clinical (47, 48)
18F-AlF-
NOTA-FAPI-
04

Clinical (49)

68Ga-DOTA-
FAPI-04

Clinical (50)

αvβ3 integrin 18F-galacto-
RGD

Preclinical (rat MI model)/
Clinical

(51–54)

68Ga-
NODAGA-
RGD

Preclinical (mouse MI
model/rat MI model/pig MI
model)/Clinical

(53, 55–57)

18F-Fluciclatide Clinical (58)
68Ga-DOTA-E
[c(RGDyK)]2

Preclinical (rat MI model/pig
MI model)/Clinical

(59–63)

18F-AlF-
NOTA-PRGD2

Preclinical (rat MI model) (64)

68Ga-TRAP
(RGD)3

Preclinical (rat MI model) (53)

Collagen 64Cu-NOTA-
Collagelin

Preclinical (rat MI model) (65)

64Cu-NOTA-
CRPA

Preclinical (rat MI model) (65)

Proline trans-4-18F-
fluoro-L-
proline

Preclinical（rat MI model) (66)

Angiotensin II
receptor Ⅰ

11C-KR31173 Preclinical (pig MI model) (67)
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(AMI) rats at different time points and found that FAPI uptake

in the MI territory peaked 6 days after coronary artery ligation

then gradually declined, returning to baseline level after 2 weeks.

Tracer uptake was higher in the infarct border zone than in the

infarct and remote non-infarct zones. They did not observe

increased uptake of 68Ga-FAPI-04 in the remote non-infarcted

myocardium. Langer et al. (46), using 68Ga-MHLL1 (another

FAP-targeted tracer) imaging of AMI mice, obtained similar

results, and they observed FAPI uptake in the infarct zone and

the border zone persisted up to 21 days after AMI. Interestingly,

Unlike the former study, they observed a signal of 68Ga-MHLL1

in remote non-infarction myocardium, indicating the presence of

reactive fibrosis. One possible reason for this is that the

infarction in MI rats in the former study occurred over a short

period and had not yet progressed to the stage of heart failure,

resulting in reactive fibrosis that may be weak or not yet

apparent. Another possibility is that 68Ga-FAPI-04 PET imaging

is not sensitive enough to identify early minimal fibrosis (35, 45).

These animal studies support the feasibility of FAPI PET in early

post-MI reparative fibrosis imaging.

Kessler et al. (47) conducted 68Ga-FAPI-46 PET imaging in 10

AMI patients undergoing PCI. They observed focal FAPI uptake in

all patients, with the affected myocardial FAPI uptake partially or

completely matching the culprit lesion confirmed by coronary

angiography. Furthermore, fibroblast activation volume (FAV)

was strongly correlated with peak creatine kinase levels and

negatively correlated with left ventricular function. Diekmann

et al. (48) performed 68Ga-FAPI-46 PET imaging on 35 AMI

patients within 11 days after revascularization. They found that

FAPI uptake significantly exceeded the infarcted myocardium

area and involved non-infarcted myocardium (Figure 2). Patients

with higher FAPI uptake volume at baseline exhibited more

severe left ventricular systolic dysfunction during follow-up. In

addition, 68Ga-FAPI uptake did not completely correlate with

myocardial tissue characteristics assessed by CMR, suggesting

that the tissue fibrosis information provided by the two

modalities might be complementary. A similar finding was

reported by Xie et al. (49). In addition to exceeding the area of

the infarcted area, FAPI uptake also exceeded the area of edema

detected by MRI. Interestingly, in the region of coronary

microvascular obstruction (MVO) identified by LGE, FAPI

imaging demonstrated a low uptake area within a high uptake

area, suggesting that FAPI imaging is not only able to detect

infarcted regions but also identifies areas of microvascular

obstruction, which is vital for further understanding of

myocardial injury and repair processes. Following AMI, the

typical feature of the fibrosis repair process is a significant

increase in activated fibroblasts and myofibroblasts in the

infarcted and border zones (14). Regardless of preclinical or

clinical studies, the uptake extent of FAPI consistently exceeds

the actual extent of the infarction, reflecting ongoing tissue

repair. Some researchers suggest this indicates that FAP

upregulation plays a role in reactive fibrosis, potentially affecting

the non-infarcted myocardium (48). This interpretation is

supported by an animal study (70). Alternatively, other

researchers propose that FAP upregulation in the border zone
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TABLE 3 FAPI PET imaging in post-myocardial infarction fibrosis.

Probe Application Key findings Reference
68Ga-FAPI-04 Preclinical (AMI rats, N = 20) • FAPI uptake in the MI territory peaked 6 days after coronary artery ligation, then gradually

declined, returning to baseline level after 2 weeks.
• Tracer uptake was higher in the infarct border zone than in the infarct zone and remote non-

infarct zone.

(35)

68Ga-MHLL1 Preclinical (AMI mouse, N = 14) • FAPI signal in the infarct and border zone persisted up to 21 days after AMI.
• FAPI signal was observed in the remote non-infarction myocardium.

(46)

68Ga-FAPI-46 Clinical (STEMI patients, N = 5,
NSTEMI patients, N = 5)

• Affected myocardium showed a partial to complete match between tracer uptake and
confirmed culprit lesion by coronary angiography.

• FAV strongly correlated with peak creatine kinase levels and negatively correlated with left
ventricular function.

(47)

68Ga-FAPI-46 Clinical (STEMI patients, N = 35) • FAPI uptake significantly exceeded the infarcted myocardium area.
• FAP signal does not match regional CMR tissue characteristic.
• FAP volume significant negatively correlated with LV ejection fraction obtained at later

follow-up.

(48)

18F-AlF-NOTA-
FAPI-04

Clinical (STEMI patients, N = 14) • FAPI uptake exceeded the area of edema and infarcted myocardium.
• In the area of MVO identified by LGE, FAPI imaging showed lower FAPI uptake compared

with the surrounding myocardium.

(49)

68Ga-DOTA-
FAPI-04

Clinical (STEMI patients, N = 26) • Compared with baseline clinical characteristics, CMR imaging, and cardiac function
parameters, FAPI uptake volume showed superior predictive ability in predicting late left
ventricular remodeling 12 months after AMI.

• FAPI uptake can still be detected 12 months post-MI.

(50)

AMI, acute myocardial infarction; STEMI, ST-segment elevation myocardial infarction; NSTEMI, Non-ST-segment elevation myocardial infarction; FAPI, fibroblast activation protein inhibitor;

FAV, fibroblast activation volume; CMR, cardiac magnetic resonance; LV, left ventricular; MVO, microvascular obstruction; LGE, Delayed gadolinium enhancement imaging.
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may represent the migration of cardiac fibroblasts during

inflammatory and proliferative phases, emphasizing the dynamic

cellular activities involved in these processes (71). The precise

relationship between the extent of FAPI and reactive fibrosis

remains unclear and warrants further investigation.

To evaluate the value of FAPI PET in predicting late left

ventricular remodeling in AMI patients, Zhang et al. (50)

prospectively enrolled 26 AMI patients and performed FAPI PET

imaging at baseline and 12 months later. Compared with

baseline clinical characteristics, CMR imaging, and cardiac

function parameters, FAPI uptake volume showed superior

predictive ability in predicting late left ventricular remodeling 12

months after AMI (AUC = 0.938, p < 0.001). Moreover, different

from preclinical studies, FAPI uptake in infarcted myocardium

can still be detected 12 months post-MI, indicating the presence

of activated myofibroblasts in the human heart involved in

cardiac repair or LV remodeling for a much longer period than

those in animal models.

FAPI PET has demonstrated significant potential in assessing

early post-MI fibrosis activity and predicting post-MI cardiac

remodeling, offering robust support for future clinical

applications. Recent clinical studies have indicated FAPI uptake

volume rather than FAPI uptake signal intensity as a prognostic

indicator (48, 50). In the early stages following AMI, FAP signal

intensity reflects the level of fibroblast activation, which may vary

over time. In contrast, FAPI uptake volume represents the overall

extent of myocardial fibroblast activation and is closely associated

with the infarct size (50). Given that infarct size tends to remain

relatively stable in the early phase of AMI, the FAPI uptake

volume may exhibit less time-dependent variability. This

characteristic may explain why FAPI uptake volume is a more

reliable prognostic indicator for adverse left ventricular
Frontiers in Cardiovascular Medicine 06
remodeling. However, despite these promising findings, there are

still some challenges in the clinical application of FAPI PET

imaging. Due to the substantial pathological resemblance

between reparative and reactive fibrosis, distinguishing the two

using FAPI PET imaging is challenging. Besides, owing to

individual variations among MI patients, current research has

not yet established a definitive FAPI uptake threshold for guiding

timely intervention. Therefore, more research is needed in the

future to clarify its clinical value in guiding MI patients.

3.4.2 PET Imaging of αvβ3 integrin
αvβ3 integrin is a transmembrane cell surface receptor that

promotes cell migration, proliferation, and interaction with the

extracellular matrix, offering the potential for imaging

angiogenesis and fibrogenesis. Expression of αvβ3 integrin is low

in resting endothelial cells but is significantly upregulated in the

state of intramyocardial angiogenesis after MI (58). In addition

to endothelial cells, activated myocardial (myo)fibroblasts and

macrophages also express αvβ3 during migration and chemotaxis

(38, 39). αvβ3 molecular imaging is based on tracers containing

an exposed RGD (arginine-glycine-aspartate) sequence peptides,

which have a high affinity for binding to αvβ3 integrin. A range

of PET tracers targeting αvβ3 integrin have been evaluated in

experimental models of MI, including 18F-galacto-RGD (51–54),
68Ga-NODAGA-RGD (53, 55–57), 18F-AlF-NOTA-PRGD2 (64),
68Ga-TRAP(RGD)3 (53), 68Ga-DOTA-E[c(RGDfK)]2 (59–63) and
18F-Fluciclatide (58), some of which have been used in clinical

applications (54, 57–59).

In preclinical animal studies, RGD-based PET tracers aggregated

at the infarct and peri-infarct regions as early as 3 days, peaked at 1–

3 weeks after coronary artery occlusion (51, 64), and high levels of

tracer uptake in the infarcted zone early after MI were correlated
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FIGURE 2

Myocardial perfusion imaging show a perfusion defect which
indicating infarct zone. Area of fibroblast activation as indicated by
68Ga-FAPI-46 PET signal exceeds infarct area and LGE signal. HLA,
horizontal long axis; SA, short axis; VLA, vertical long axis.
Reprinted with permission from “Myocardial perfusion images
using 99mTc-tetrofosmin at rest, 68Ga-FAPI PET, LGE from CMR,
and schematic drawings of LV. Area of fibroblast activation as
indicated by 68Ga-FAPI-46 PET signal exceeds infarct area and
LGE signal, the most common type of myocardial FAP distribution.
HLA = horizontal long axis; SA = short axis; VLA = vertical long
axis” by Johanna Diekmann, Tobias Koenig, James T. Thackeray,
Thorsten Derlin, Christoph Czerner, Jonas Neuser, Tobias L. Ross,
Andreas Schäfer, Jochen Tillmanns, Johann Bauersachs and Frank
M. Bengel, licensed under CC BY 4.0. This research was originally
published in JNM. Cardiac Fibroblast Activation in Patients Early
After Acute Myocardial Infarction: Integration with MR Tissue
Characterization and Subsequent Functional Outcome. J Nucl
Med. 2022;63:1415-1423 © SNMMI.
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with the absence of LV remodeling at 12 weeks (52). Jenkins et al.

(58) demonstrated that 18F-fluciclatide uptake was increased in

segments displaying functional recovery and associated with an

increase in the probability of regional recovery in MI patients. In a

recent study, 68Ga-NODAGA-RGD PET imaging was performed

on 31 AMI patients within 3–14 days after PCI, and the results

showed that the uptake of 68Ga-NODAGA-RGD in the ischemic

and injured myocardium increased in the early stage after MI.

Additionally, the uptake intensity of 68Ga-NODAGA-RGD was

related to the improvement of global left ventricular function

during the 6-month follow-up (57). Of note, Unlike FAPI imaging,

high uptake of αvβ3-targeted tracers predicted recovery regions.

This phenomenon may be related to the unique role of αvβ3

integrin in cardiac repair.

However, αvβ3 integrin upregulation occurs not only on

activated fibroblasts but also on macrophages and micro vessel-

activated endothelial cells. Therefore, its uptake may represent

angiogenic, inflammatory, or fibrotic activity. Due to the difficulty

in distinguishing the imaging signal from the cell type or specific

pathological process, using αvβ3 integrin as a marker for fibrosis is

constrained. In addition to αvβ3 integrin, activated fibroblasts can
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express multiple integrin subtypes (72). αvβ1 integrin is highly

expressed on fibroblasts and plays a crucial role in the activation

of latent TGF-β1, which is a pivotal factor in the pathogenesis of

tissue fibrosis (73). Similarly, αvβ6 integrin is also highly expressed

on activated fibroblasts, and blocking its expression reduces tissue

fibrosis formation (74). Recently, ligands for other integrin

subtypes have also been developed (75), which may be useful for

targeted visualization of myocardial tissue fibrosis.

3.4.3 PET imaging of collagen
Collagen (especially type I collagen) is a major component of

the ECM, and targeting collagen synthesis itself is an excellent

strategy to accurately and directly quantify post-MI fibrotic

activity by observing the cumulative levels of active collagen.

Molecular probes targeting collagen have important applications

in the detection of fibrosis through various imaging techniques

such as MRI and SPECT, and these probes have demonstrated

their ability to image post-MI fibrosis (76). Accurate

quantification is essential for assessing disease progression and

response to therapy. Although MRI and SPECT have their

respective strengths in specific areas, PET imaging is

undoubtedly superior in accurately quantifying and dynamically

monitoring collagen accumulation.

Kim et al. (65) developed two collagen-targeting tracers (64Cu-

NOTA-Collagelin and 64Cu-NOTA-CRPA) and utilized them for

dynamic PET imaging in MI rats. The findings of the study

revealed that the washout kinetics of both 64Cu-labeled peptides

and the non-specific control tracer 64Cu-DOTA in fibrous tissue

were comparable, indicating a lack of specific binding of the
64Cu-labeled peptides to collagen. Hence, further enhancement of

the affinity and specificity of collagen-binding ligands is required

for effective collagen-targeted imaging in vivo. Collagen-targeted

PET imaging for MI remains relatively scarce. However, there are

relevant PET imaging applications for detecting fibrosis in other

systems, providing techniques and experience for collagen-

targeted PET imaging in post-MI settings.

Désogère et al. (77) conducted a study using 68Ga-CBP8, a

tracer targeting type I collagen, in a mouse model of bleomycin-

induced idiopathic pulmonary fibrosis (IPF). The study

demonstrated higher tracer uptake in fibrotic lung regions

compared to healthy controls. The researchers also analyzed ex

vivo lung tissue samples from three IPF patients, observing a

linear correlation between 68Ga-CBP8 signal and degree of

fibrosis. Additionally, they found that 68Ga-CBP8 exhibited a

greater affinity for newly formed collagen in active disease than

mature, established collagen. This investigation validates the

potential use of 68Ga-CBP8 for assessing active fibrosis. The

peptide LRELHLNNN has been recognized as a selective binder

to collagen I. Rosestedt et al. (78) designed two radiolabeled

LRELHLNNN PET tracers, 68Ga-DOTA-PEG2-LRELHLNNN

and18F-AlF-NOTA-PEG2-LRELHLNNN, and evaluated their

distribution in healthy rats. Compared to 18F-AlF-NOTA-PEG2-

LRELHLNNN, 68Ga-DOTA-PEG2-LRELHLNNN showed lower

background binding in the liver. Therefore, they further

evaluated this tracer in a mouse model of liver fibrosis. The

results demonstrated that 68Ga-DOTA-PEG2-LRELHLNNN can
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specifically bind to hepatic fibrotic lesions in vitro, indicating its

potential for PET imaging in detecting early-stage fibrosis.

However, its low stability in vivo remains a challenge that needs

to be addressed.

Collagen-targeted PET imaging has primarily been investigated

in the context of liver and lung fibrosis, with relatively limited

exploration in myocardial fibrosis. More preclinical or clinical

studies are necessary to explore the applications of these probes

in post-MI fibrosis.

3.4.4 PET imaging of proline
Amino acid proline and its derivative hydroxyproline account

for approximately one-quarter of the collagen composition (79).

Proline is found almost exclusively in collagen, so it has great

potential for clinical use in detecting active fibrosis. PET imaging

of 18F-labelled proline derivatives 18F-fluoro-proline can

recognize the process of collagen synthesis. However, it has four

different stereoisomers: cis-L, cis-D, trans-L, and trans-D, which

exhibit large differences in metabolism, uptake behavior, and

biodistribution. D-isomers are less stable and have a lower

affinity than the L-isomers, making the L-isomers a preferred

probe for targeting collagen biosynthesis in vivo (80, 81). Balogh

et al. (66) conducted a preclinical study of radionuclide-labeled

proline in MI rats. PET imaging was performed on rats injected

with trans- or cis-4-18F-fluoro-L-proline one week after

infarction. The results showed that uptake of trans-proline was

accumulated in the infarcted area. Trans-proline SUVr was

strongly inversely correlated with ventricular ejection fraction

(r2 = 0.93), scar tissue size as measured by magnetic resonance

imaging, and fibrotic regions as determined by PSR staining. To

date, apart from this study, no other relevant studies have been

conducted on PET imaging of proline in MI. More research and

experimental data are still needed to fill this shortage in the future.

3.4.5 PET imaging of other fibrosis-related targets
Several regulatory systems are involved in post-MI fibrosis,

including the activation of the renin-angiotensin system,

thrombin-activated Factor XIII (FXIII), and the activation of

matrix metalloproteinases (MMPs).

In the renin-angiotensin system, AngⅡ is one of the main active

substances. It can bind to AT1R on myofibroblasts and promote

their proliferation, migration, and induction of ECM synthesis and

deposition (82). AT1R has been considered as a possible target for

imaging myofibroblasts. In a study by Fukushima et al. (67), probe
11C-KR31173 targeted at angiotensin receptors was evaluated in a

pig model of MI. After MI, tracer myocardial retention increased

in infarcted and non-infarcted regions compared with healthy

controls. Similarly, the study also conducted initial clinical imaging

trials to demonstrate the feasibility and safety of imaging. While

the tracer uptake in the human body was lower than the level

observed in the pig experiments, the retention of the tracer was

sufficient for PET imaging.

Thrombinactivated FXIII also plays an important role in post-

MI fibrosis, mediating the deposition and cross-linking of collagen

after tissue damage (83). The feasibility of using 111In-DOTA-FXIII

for targeted SPECT imaging of FXIII has been validated in a mouse
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model of MI (83). In this experiment, 111In-DOTA-FXIII was

cross-linked by FXIII to extracellular matrix proteins and

accumulated in regions of increased FXIII activity. While SPECT

imaging has demonstrated the feasibility of targeting factor FXIII,

there remains a significant gap in the development of PET

probes. Moreover, in recent years, there has been a lack of

research focused on using FXIII activity detection to evaluate

myocardial fibrosis, and its potential value in this context still

requires further investigation and validation.

Matrix metalloproteinases (MMPs) are a family of zinc-

dependent proteinases involved in cardiac fibrosis and scar

formation (84). When collagen deposition increases in cardiac

tissue, MMPs exhibit higher activity levels, promoting excessive

collagen hydrolysis and degradation. This increased activity of

MMPs suggests that they may serve as biomarkers for early

cardiac fibrosis formation (85). The SPECT tracer 99mTc-RP805,

which specifically binds to MMPs, was imaged in vivo in a

porcine model of MI (86). The retention of the tracer in the

infarct region peaked with a fourfold increase one week post-MI

and remained elevated for up to four weeks. Radiotracer uptake

was correlated with MMPs activity and predicted late post-MI

LV remodeling. A novel PET radioisotope-labeled probe, 64Cu-

RYM2, has been designed to target MMPs and has been

evaluated in a murine model of abdominal aortic aneurysm

(AAA) as well as in human aortic tissue (87). The study

demonstrated that 64Cu-RYM2 exhibits good stability, rapid renal

clearance, and specific binding to MMPs, which closely

correlated with MMP activity. Considering the crucial role of

MMPs in the fibrotic process following MI, 64Cu-RYM2 may

also have potential value in the clinical setting of MI.
4 Summary and future directions

Myocardial fibrosis is part of the repair process of the

myocardium after MI. However, this repair process may become

dysregulated in some cases, leading to excessive fibrosis and adverse

cardiac remodeling. Despite the clear association between

myocardial fibrosis and poor prognosis in MI patients, developing

antifibrotic strategies remains challenging due to the heterogeneity

and complexity of its pathophysiology. Therefore, it is vital to screen

suitable individuals and administer antifibrotic therapy at the

optimal time. PET imaging of different targets can reflect various

stages of early post-MI myocardial fibrosis, which cannot be

achieved with conventional imaging methods. Molecular probes

represented by FAPI can assess the extent and distribution of early

fibrosis accurately and in real time, providing valuable prognostic

information. In contrast to targeted FAP and integrin PET imaging,

other molecular imaging techniques lack empirical support for

clinical applications. Notably, ECM remodeling is a relatively late

pathological process in myocardial fibrosis after MI. Therefore, PET

imaging of collagen and its precursor proline, a late product of

fibroblast activation, may offer limited clinical benefit for patients.

In the future, more clinical studies are required to explore the exact

clinical value of fibrotic PET imaging for guiding MI. Further

research should focus on exploring more targets and developing the
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most promising imaging tracers, which can bring breakthroughs in

diagnostic accuracy and the development of individualized

therapies, ultimately improving the prognosis of patients.
Author contributions

QW: Conceptualization, Writing – original draft, Writing –

review & editing. JS: Visualization, Writing – review & editing.

WL: Writing – review & editing. LL: Conceptualization,

Supervision, Writing – review & editing. SL: Supervision, Writing –

review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. This work

was supported by National Natural Science Foundation of China

(Grant Nos. 82001873, U22A6008).
Frontiers in Cardiovascular Medicine 09
Acknowledgments

The authors wish to thank Society of Nuclear Medicine and
Molecular Imaging for providing Figure 2.
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. Mangion K, McComb C, Auger DA, Epstein FH, Berry C. Magnetic resonance
imaging of myocardial strain after acute ST-segment–elevation myocardial
infarction: a systematic review. Circ Cardiovasc Imaging. (2017) 10(8):e006498.
doi: 10.1161/CIRCIMAGING.117.006498

2. Frantz S, Hundertmark MJ, Schulz-Menger J, Bengel FM, Bauersachs J.
Left ventricular remodelling post-myocardial infarction: pathophysiology, imaging,
and novel therapies. Eur Heart J. (2022) 43(27):2549–61. doi: 10.1093/eurheartj/
ehac223

3. Reindl M, Reinstadler SJ, Tiller C, Feistritzer HJ, Kofler M, Brix A, et al.
Prognosis-based definition of left ventricular remodeling after ST-elevation
myocardial infarction. Eur Radiol. (2019) 29(5):2330–9. doi: 10.1007/s00330-018-
5875-3

4. Bahit MC, Kochar A, Granger CB. Post-Myocardial infarction heart failure. JACC
Heart Fail. (2018) 6(3):179–86. doi: 10.1016/j.jchf.2017.09.015

5. Rurik JG, Tombácz I, Yadegari A, Fernández POM, Shewale SV, Li L, et al. CAR
T Cells Produced in vivo to Treat Cardiac Injury. (2022).

6. Schreiber J, Schütte W, Koerber W, Seese B, Koschel D, Neuland K, et al. Clinical
course of mild-to-moderate idiopathic pulmonary fibrosis during therapy with
pirfenidone: results of the non-interventional study AERplus. Pneumologie. (2024)
78(04):236–43. doi: 10.1055/a-2267-2074

7. Barton AK, Tzolos E, Bing R, Singh T, Weber W, Schwaiger M, et al. Emerging
molecular imaging targets and tools for myocardial fibrosis detection. Eur Heart
J Cardiovasc Imaging. (2023) 24(3):261–75. doi: 10.1093/ehjci/jeac242

8. Raina S, Lensing SY, Nairooz RS, Pothineni NVK, Hakeem A, Bhatti S, et al.
Prognostic value of late gadolinium enhancement CMR in systemic amyloidosis.
JACC Cardiovasc Imaging. (2016) 9(11):1267–77. doi: 10.1016/j.jcmg.2016.01.036

9. Frangogiannis NG. Cardiac fibrosis: cell biological mechanisms, molecular
pathways and therapeutic opportunities. Mol Aspects Med. (2019) 65:70–99. doi: 10.
1016/j.mam.2018.07.001

10. Berk BC, Fujiwara K, Lehoux S. ECM Remodeling in hypertensive heart disease.
J Clin Invest. (2007) 117(3):568–75. doi: 10.1172/JCI31044

11. Talman V, Ruskoaho H. Cardiac fibrosis in myocardial infarction-from repair
and remodeling to regeneration. Cell Tissue Res. (2016) 365(3):563–81. doi: 10.1007/
s00441-016-2431-9

12. van Amerongen MJ, Harmsen MC, van Rooijen N, Petersen AH, van Luyn MJA.
Macrophage depletion impairs wound healing and increases left ventricular
remodeling after myocardial injury in mice. Am J Pathol. (2007) 170(3):818–29.
doi: 10.2353/ajpath.2007.060547

13. Weber KT, Sun Y, Bhattacharya SK, Ahokas RA, Gerling IC. Myofibroblast-
mediated mechanisms of pathological remodelling of the heart. Nat Rev Cardiol.
(2013) 10(1):15–26. doi: 10.1038/nrcardio.2012.158
14. Venugopal H, Hanna A, Humeres C, Frangogiannis NG. Properties and
functions of fibroblasts and myofibroblasts in myocardial infarction. Cells. (2022) 11
(9):1386. doi: 10.3390/cells11091386

15. Bozkurt B, Colvin M, Cook J, Cooper LT, Deswal A, Fonarow GC, et al. Current
diagnostic and treatment strategies for specific dilated cardiomyopathies: a scientific
statement from the American Heart Association. Circulation. (2016) 134(23):
e579–646. doi: 10.1161/CIR.0000000000000455

16. Kim RJ, Fieno DS, Parrish TB, Harris K, Chen EL, Simonetti O, et al.
Relationship of MRI delayed contrast enhancement to irreversible injury, infarct
age, and contractile function. Circulation. (1999) 100(19):1992–2002. doi: 10.1161/
01.CIR.100.19.1992

17. Flett AS, Hasleton J, Cook C, Hausenloy D, Quarta G, Ariti C, et al. Evaluation
of techniques for the quantification of myocardial scar of differing etiology using
cardiac magnetic resonance. JACC Cardiovasc Imaging. (2011) 4(2):150–6. doi: 10.
1016/j.jcmg.2010.11.015

18. Spiewak M, Malek LA, Misko J, Chojnowska L, Milosz B, Klopotowski M, et al.
Comparison of different quantification methods of late gadolinium enhancement in
patients with hypertrophic cardiomyopathy. Eur J Radiol. (2010) 74(3):e149–53.
doi: 10.1016/j.ejrad.2009.05.035

19. Eijgenraam TR, Silljé HHW, De Boer RA. Current understanding of fibrosis in
genetic cardiomyopathies. Trends Cardiovasc Med. (2020) 30(6):353–61. doi: 10.1016/
j.tcm.2019.09.003

20. Taylor AJ, Salerno M, Dharmakumar R, Jerosch-Herold M. T1 mapping: basic
techniques and clinical applications. JACC Cardiovasc Imaging. (2016) 9(1):67–81.
doi: 10.1016/j.jcmg.2015.11.005

21. Ugander M, Oki AJ, Hsu LY, Kellman P, Greiser A, Aletras AH, et al.
Extracellular volume imaging by magnetic resonance imaging provides insights into
overt and sub-clinical myocardial pathology. Eur Heart J. (2012) 33(10):1268–78.
doi: 10.1093/eurheartj/ehr481

22. Kellman P, Wilson JR, Xue H, Bandettini WP, Shanbhag SM, Druey KM, et al.
Extracellular volume fraction mapping in the myocardium, part 2: initial clinical
experience. J Cardiovasc Magn Reson. (2012) 14(1):61. doi: 10.1186/1532-429X-14-64

23. Kellman P, Wilson JR, Xue H, Ugander M, Arai AE. Extracellular volume
fraction mapping in the myocardium, part 1: evaluation of an automated method.
J Cardiovasc Magn Reson. (2012) 14(1):60. doi: 10.1186/1532-429X-14-63

24. Kawel-Boehm N, Hetzel SJ, Ambale-Venkatesh B, Captur G, Francois CJ,
Jerosch-Herold M, et al. Reference ranges (“normal values”) for cardiovascular
magnetic resonance (CMR) in adults and children: 2020 update. J Cardiovasc Magn
Reson. (2020) 22(1):87. doi: 10.1186/s12968-020-00683-3

25. Ertel A, Pratt D, Kellman P, Leung S, Bandettini P, Long LM, et al. Increased
myocardial extracellular volume in active idiopathic systemic capillary leak syndrome.
J Cardiovasc Magn Reson. (2015) 17(1):76. doi: 10.1186/s12968-015-0181-6
frontiersin.org

https://doi.org/10.1161/CIRCIMAGING.117.006498
https://doi.org/10.1093/eurheartj/ehac223
https://doi.org/10.1093/eurheartj/ehac223
https://doi.org/10.1007/s00330-018-5875-3
https://doi.org/10.1007/s00330-018-5875-3
https://doi.org/10.1016/j.jchf.2017.09.015
https://doi.org/10.1055/a-2267-2074
https://doi.org/10.1093/ehjci/jeac242
https://doi.org/10.1016/j.jcmg.2016.01.036
https://doi.org/10.1016/j.mam.2018.07.001
https://doi.org/10.1016/j.mam.2018.07.001
https://doi.org/10.1172/JCI31044
https://doi.org/10.1007/s00441-016-2431-9
https://doi.org/10.1007/s00441-016-2431-9
https://doi.org/10.2353/ajpath.2007.060547
https://doi.org/10.1038/nrcardio.2012.158
https://doi.org/10.3390/cells11091386
https://doi.org/10.1161/CIR.0000000000000455
https://doi.org/10.1161/01.CIR.100.19.1992
https://doi.org/10.1161/01.CIR.100.19.1992
https://doi.org/10.1016/j.jcmg.2010.11.015
https://doi.org/10.1016/j.jcmg.2010.11.015
https://doi.org/10.1016/j.ejrad.2009.05.035
https://doi.org/10.1016/j.tcm.2019.09.003
https://doi.org/10.1016/j.tcm.2019.09.003
https://doi.org/10.1016/j.jcmg.2015.11.005
https://doi.org/10.1093/eurheartj/ehr481
https://doi.org/10.1186/1532-429X-14-64
https://doi.org/10.1186/1532-429X-14-63
https://doi.org/10.1186/s12968-020-00683-3
https://doi.org/10.1186/s12968-015-0181-6
https://doi.org/10.3389/fcvm.2024.1479777
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Wu et al. 10.3389/fcvm.2024.1479777
26. Scully PR, Bastarrika G, Moon JC, Treibel TA. Myocardial extracellular volume
quantification by cardiovascular magnetic resonance and computed tomography. Curr
Cardiol Rep. (2018) 20(3):15. doi: 10.1007/s11886-018-0961-3

27. Gottbrecht M, Kramer CM, Salerno M. Native T1 and extracellular volume
measurements by cardiac MRI in healthy adults: a meta-analysis. Radiology. (2019)
290(2):317–26. doi: 10.1148/radiol.2018180226

28. Messroghli DR, Moon JC, Ferreira VM, Grosse-Wortmann L, He T, Kellman P,
et al. Clinical recommendations for cardiovascular magnetic resonance mapping of
T1, T2, T2* and extracellular volume: a consensus statement by the society for
cardiovascular magnetic resonance (SCMR) endorsed by the European association
for cardiovascular imaging (EACVI). J Cardiovasc Magn Reson. (2016) 19(1):75.
doi: 10.1186/s12968-017-0389-8

29. Esmaeilzadeh M, Parsaee M. The Role of Echocardiography in Coronary Artery
Disease and Acute Myocardial Infarction. 2013.

30. Chadalavada S, Fung K, Rauseo E, Lee AM, Khanji MY, Amir-Khalili A, et al.
Myocardial strain measured by cardiac magnetic resonance predicts cardiovascular
morbidity and death. J Am Coll Cardiol. (2024) 84(7):648–59. doi: 10.1016/j.jacc.
2024.05.050

31. Gherbesi E, Gianstefani S, Angeli F, Ryabenko K, Bergamaschi L, Armillotta M, et al.
Myocardial strain of the left ventricle by speckle tracking echocardiography: from physics
to clinical practice. Echocardiography. (2024) 41(1):e15753. doi: 10.1111/echo.15753

32. Trivedi SJ, Altman M, Stanton T, Thomas L. Echocardiographic strain in clinical
practice. Heart Lung Circ. (2019) 28(9):1320–30. doi: 10.1016/j.hlc.2019.03.012

33. Lisi M, Cameli M, Mandoli GE, Pastore MC, Righini FM, D’Ascenzi F, et al.
Detection of myocardial fibrosis by speckle-tracking echocardiography: from
prediction to clinical applications. Heart Fail Rev. (2022) 27(5):1857–67. doi: 10.
1007/s10741-022-10214-0

34. Muzard J, Sarda-Mantel L, Loyau S, Meulemans A, Louedec L, Bantsimba-
Malanda C, et al. Non-invasive molecular imaging of fibrosis using a collagen-
targeted peptidomimetic of the platelet collagen receptor glycoprotein VI. Leri A,
editor. PLoS One. (2009) 4(5):e5585. doi: 10.1371/journal.pone.0005585

35. Varasteh Z, Mohanta S, Robu S, Braeuer M, Li Y, Omidvari N, et al. Molecular
imaging of fibroblast activity after myocardial infarction using a (68)Ga-labeled
fibroblast activation protein inhibitor, FAPI-04. J Nucl Med Off Publ Soc Nucl Med.
(2019) 60(12):1743–9. doi: 10.2967/jnumed.119.226993

36. Eriksson O, Velikyan I. Radiotracers for imaging of fibrosis: advances during the
last two decades and future directions. Pharmaceuticals. (2023) 16(11):1540. doi: 10.
3390/ph16111540

37. van den Borne SWM, Isobe S, Verjans JW, Petrov A, Lovhaug D, Li P, et al.
Molecular imaging of interstitial alterations in remodeling myocardium after
myocardial infarction. J Am Coll Cardiol. (2008) 52(24):2017–28. doi: 10.1016/j.jacc.
2008.07.067

38. Atkinson SJ, Ellison TS, Steri V, Gould E, Robinson SD. Redefining the role(s) of
endothelial αvβ3-integrin in angiogenesis. Biochem Soc Trans. (2014) 42(6):1590–5.
doi: 10.1042/BST20140206

39. Antonov AS, Kolodgie FD, Munn DH, Gerrity RG. Regulation of macrophage
foam cell formation by αVβ3 integrin. Am. J. Pathol. (2004) 165(1):247–58. doi: 10.
1016/S0002-9440(10)63293-2

40. Van Den Borne SWM, Isobe S, Zandbergen HR, Li P, Petrov A, Wong ND, et al.
Molecular imaging for efficacy of pharmacologic intervention in myocardial remodeling.
JACC Cardiovasc Imaging. (2009) 2(2):187–98. doi: 10.1016/j.jcmg.2008.11.011

41. Verjans JWH, Lovhaug D, Narula N, Petrov AD, Indrevoll B, Bjurgert E, et al.
Noninvasive imaging of angiotensin receptors after myocardial infarction. JACC
Cardiovasc Imaging. (2008) 1(3):354–62. doi: 10.1016/j.jcmg.2007.11.007

42. Alqahtani FF. SPECT/CT and PET/CT, related radiopharmaceuticals, and areas
of application and comparison. Saudi Pharm J. (2023) 31(2):312–28. doi: 10.1016/j.
jsps.2022.12.013

43. Salvatori M, Rizzo A, Rovera G, Indovina L, Schillaci O. Radiation dose in
nuclear medicine: the hybrid imaging. Radiol Med. (2019) 124(8):768–76. doi: 10.
1007/s11547-019-00989-y

44. Bengel FM, Diekmann J, Hess A, Jerosch-Herold M. Myocardial fibrosis: emerging
target for cardiac molecular imaging and opportunity for image-guided therapy. J Nucl
Med. (2023) 64(Supplement 2):49S–58. doi: 10.2967/jnumed.122.264867

45. Qiao P,WangY, ZhuK, Zheng D, Song Y, JiangD, et al. Noninvasive monitoring of
reparative fibrosis after myocardial infarction in rats using (68)Ga-FAPI-04 PET/CT.Mol
Pharm. (2022) 19(11):4171–8. doi: 10.1021/acs.molpharmaceut.2c00551

46. Langer LBN, Hess A, Korkmaz Z, Tillmanns J, Reffert LM, Bankstahl JP, et al.
Molecular imaging of fibroblast activation protein after myocardial infarction using
the novel radiotracer [(68)Ga]MHLL1. Theranostics. (2021) 11(16):7755–66. doi: 10.
7150/thno.51419

47. Kessler L, Kupusovic J, Ferdinandus J, Hirmas N, Umutlu L, Zarrad F, et al.
Visualization of fibroblast activation after myocardial infarction using 68Ga-FAPI
PET. Clin Nucl Med. (2021) 46(10):807–13. doi: 10.1097/RLU.0000000000003745

48. Diekmann J, Koenig T, Thackeray JT, Derlin T, Czerner C, Neuser J, et al.
Cardiac fibroblast activation in patients early after acute myocardial infarction:
Frontiers in Cardiovascular Medicine 10
integration with MR tissue characterization and subsequent functional outcome.
J Nucl Med Off Publ Soc Nucl Med. (2022) 63(9):1415–23. doi: 10.2967/jnumed.121.
263555

49. Xie B, Wang J, Xi XY, Guo X, Chen BX, Li L, et al. Fibroblast activation protein
imaging in reperfused ST-elevation myocardial infarction: comparison with cardiac
magnetic resonance imaging. Eur J Nucl Med Mol Imaging. (2022) 49(8):2786–97.
doi: 10.1007/s00259-021-05674-9

50. Zhang M, Quan W, Zhu T, Feng S, Huang X, Meng H, et al. [(68)Ga]Ga-DOTA-
FAPI-04 PET/MR in patients with acute myocardial infarction: potential role of
predicting left ventricular remodeling. Eur J Nucl Med Mol Imaging. (2023) 50
(3):839–48. doi: 10.1007/s00259-022-06015-0

51. Higuchi T, Bengel FM, Seidl S, Watzlowik P, Kessler H, Hegenloh R, et al.
Assessment of αvβ3 integrin expression after myocardial infarction by positron
emission tomography. Cardiovasc Res. (2008) 78(2):395–403. doi: 10.1093/cvr/
cvn033

52. Sherif HM, Saraste A, Nekolla SG, Weidl E, Reder S, Tapfer A, et al. Molecular
imaging of early α v β3 integrin expression predicts long-term left-ventricle remodeling
after myocardial infarction in rats. J Nucl Med. (2012) 53(2):318–23. doi: 10.2967/
jnumed.111.091652

53. Laitinen I, Notni J, Pohle K, Rudelius M, Farrell E, Nekolla SG, et al.
Comparison of cyclic RGD peptides for αvβ3 integrin detection in a rat model of
myocardial infarction. EJNMMI Res. (2013) 3(1):38. doi: 10.1186/2191-219X-3-38

54. Makowski MR, Rischpler C, Ebersberger U, Keithahn A, Kasel M, Hoffmann E,
et al. Multiparametric PET and MRI of myocardial damage after myocardial
infarction: correlation of integrin αvβ3 expression and myocardial blood flow. Eur
J Nucl Med Mol Imaging. (2021) 48(4):1070–80. doi: 10.1007/s00259-020-05034-z

55. Grönman M, Tarkia M, Kiviniemi T, Halonen P, Kuivanen A, Savunen T, et al.
Imaging of α(v)β(3) integrin expression in experimental myocardial ischemia with
[(68)Ga]NODAGA-RGD positron emission tomography. J Transl Med. (2017) 15
(1):144. doi: 10.1186/s12967-017-1245-1

56. Lang CI, Döring P, Gäbel R, Vasudevan P, Lemcke H, Müller P, et al. [(68)Ga]-
NODAGA-RGD positron emission tomography (PET) for assessment of post
myocardial infarction angiogenesis as a predictor for left ventricular remodeling in
mice after cardiac stem cell therapy. Cells. (2020) 9(6):1358. doi: 10.3390/cells9061358

57. Nammas W, Paunonen C, Teuho J, Siekkinen R, Luoto P, Käkelä M, et al.
Imaging of myocardial α(v)β(3) integrin expression for evaluation of myocardial
injury after acute myocardial infarction. J Nucl Med Off Publ Soc Nucl Med. (2024)
65(1):132–8. doi: 10.2967/jnumed.123.266148

58. Jenkins WSA, Vesey AT, Stirrat C, Connell M, Lucatelli C, Neale A, et al. Cardiac
α V β 3 integrin expression following acute myocardial infarction in humans. Heart.
(2017) 103(8):607–15. doi: 10.1136/heartjnl-2016-310115

59. Sun Y, Zeng Y, Zhu Y, Feng F, Xu W, Wu C, et al. Application of 68 ga-PRGD2
PET/CT for α v β 3 -integrin imaging of myocardial infarction and stroke.
Theranostics. (2014) 4(8):778–86. doi: 10.7150/thno.8809

60. Kiugel M, Dijkgraaf I, Kytö V, Helin S, Liljenbäck H, Saanijoki T, et al. Dimeric
[(68)Ga]DOTA-RGD peptide targeting αvβ 3 integrin reveals extracellular matrix
alterations after myocardial infarction. Mol Imaging Biol. (2014) 16(6):793–801.
doi: 10.1007/s11307-014-0752-1

61. Rasmussen T, Follin B, Kastrup J, Brandt-Larsen M, Madsen J, Emil Christensen
T, et al. Angiogenesis PET tracer uptake ((68)Ga-NODAGA-E[(cRGDyK)]₂) in
induced myocardial infarction and stromal cell treatment in minipigs. Diagn Basel
Switz. (2018) 8(2):33. doi: 10.3390/diagnostics8020033

62. Bentsen S, Clemmensen A, Loft M, Flethøj M, Debes KP, Ludvigsen TP, et al.
[(68)Ga]ga-NODAGA-E[(cRGDyK)](2) angiogenesis PET/MR in a porcine model
of chronic myocardial infarction. Diagn Basel Switz. (2021) 11(10):1807. doi: 10.
3390/diagnostics11101807

63. Bentsen S, Jensen JK, Christensen E, Petersen LR, Grandjean CE, Follin B, et al.
[(68)Ga]ga-NODAGA-E[(cRGDyK)](2) angiogenesis PET following myocardial
infarction in an experimental rat model predicts cardiac functional parameters and
development of heart failure. J Nucl Cardiol Off Publ Am Soc Nucl Cardiol. (2023)
30(5):2073–84. doi: 10.1007/s12350-023-03265-9

64. Gao H, Lang L, Guo N, Cao F, Quan Q, Hu S, et al. PET Imaging of angiogenesis
after myocardial infarction/reperfusion using a one-step labeled integrin-targeted
tracer 18F-AlF-NOTA-PRGD2. Eur J Nucl Med Mol Imaging. (2012) 39(4):683–92.
doi: 10.1007/s00259-011-2052-1

65. Kim H, Lee SJ, Kim JS, Davies-Venn C, Cho HJ, Won SJ, et al. Pharmacokinetics
and microbiodistribution of 64Cu-labeled collagen-binding peptides in chronic
myocardial infarction. Nucl Med Commun. (2016) 37(12):1306–17. doi: 10.1097/
MNM.0000000000000590

66. Balogh V, Spath N, Alcaide-Corral C, Walton T, Lennen R, Jansen M, et al. P16
assessment of myocardial fibrosis activity using 18 f-fluoroproline positron emission
tomography (pet) in rat models of cardiovascular disease. Heart journal—sCF. Br
Med J. (2020) 106:A11.2–A11. doi: 10.1136/heartjnl-2020-SCF.26

67. Fukushima K, Bravo PE, Higuchi T, Schuleri KH, Lin X, Abraham MR, et al.
Molecular hybrid positron emission tomography/computed tomography imaging of
cardiac angiotensin II type 1 receptors. J Am Coll Cardiol. (2012) 60(24):2527–34.
doi: 10.1016/j.jacc.2012.09.023
frontiersin.org

https://doi.org/10.1007/s11886-018-0961-3
https://doi.org/10.1148/radiol.2018180226
https://doi.org/10.1186/s12968-017-0389-8
https://doi.org/10.1016/j.jacc.2024.05.050
https://doi.org/10.1016/j.jacc.2024.05.050
https://doi.org/10.1111/echo.15753
https://doi.org/10.1016/j.hlc.2019.03.012
https://doi.org/10.1007/s10741-022-10214-0
https://doi.org/10.1007/s10741-022-10214-0
https://doi.org/10.1371/journal.pone.0005585
https://doi.org/10.2967/jnumed.119.226993
https://doi.org/10.3390/ph16111540
https://doi.org/10.3390/ph16111540
https://doi.org/10.1016/j.jacc.2008.07.067
https://doi.org/10.1016/j.jacc.2008.07.067
https://doi.org/10.1042/BST20140206
https://doi.org/10.1016/S0002-9440(10)63293-2
https://doi.org/10.1016/S0002-9440(10)63293-2
https://doi.org/10.1016/j.jcmg.2008.11.011
https://doi.org/10.1016/j.jcmg.2007.11.007
https://doi.org/10.1016/j.jsps.2022.12.013
https://doi.org/10.1016/j.jsps.2022.12.013
https://doi.org/10.1007/s11547-019-00989-y
https://doi.org/10.1007/s11547-019-00989-y
https://doi.org/10.2967/jnumed.122.264867
https://doi.org/10.1021/acs.molpharmaceut.2c00551
https://doi.org/10.7150/thno.51419
https://doi.org/10.7150/thno.51419
https://doi.org/10.1097/RLU.0000000000003745
https://doi.org/10.2967/jnumed.121.263555
https://doi.org/10.2967/jnumed.121.263555
https://doi.org/10.1007/s00259-021-05674-9
https://doi.org/10.1007/s00259-022-06015-0
https://doi.org/10.1093/cvr/cvn033
https://doi.org/10.1093/cvr/cvn033
https://doi.org/10.2967/jnumed.111.091652
https://doi.org/10.2967/jnumed.111.091652
https://doi.org/10.1186/2191-219X-3-38
https://doi.org/10.1007/s00259-020-05034-z
https://doi.org/10.1186/s12967-017-1245-1
https://doi.org/10.3390/cells9061358
https://doi.org/10.2967/jnumed.123.266148
https://doi.org/10.1136/heartjnl-2016-310115
https://doi.org/10.7150/thno.8809
https://doi.org/10.1007/s11307-014-0752-1
https://doi.org/10.3390/diagnostics8020033
https://doi.org/10.3390/diagnostics11101807
https://doi.org/10.3390/diagnostics11101807
https://doi.org/10.1007/s12350-023-03265-9
https://doi.org/10.1007/s00259-011-2052-1
https://doi.org/10.1097/MNM.0000000000000590
https://doi.org/10.1097/MNM.0000000000000590
https://doi.org/10.1136/heartjnl-2020-SCF.26
https://doi.org/10.1016/j.jacc.2012.09.023
https://doi.org/10.3389/fcvm.2024.1479777
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Wu et al. 10.3389/fcvm.2024.1479777
68. Tillmanns J, Hoffmann D, Habbaba Y, Schmitto JD, Sedding D, Fraccarollo D,
et al. Fibroblast activation protein alpha expression identifies activated fibroblasts after
myocardial infarction. J Mol Cell Cardiol. (2015) 87:194–203. doi: 10.1016/j.yjmcc.
2015.08.016

69. Diekmann J, Bengel FM. Cardiac applications of fibroblast activation protein
imaging. PET Clin. (2023) 18(3):389–96. doi: 10.1016/j.cpet.2023.03.004

70. Nagaraju CK, Dries E, Popovic N, Singh AA, Haemers P, Roderick HL, et al.
Global fibroblast activation throughout the left ventricle but localized fibrosis after
myocardial infarction. Sci Rep. (2017) 7(1):10801. doi: 10.1038/s41598-017-09790-1

71. Notohamiprodjo S, Nekolla SG, Robu S, Villagran Asiares A, Kupatt C, Ibrahim
T, et al. Imaging of cardiac fibroblast activation in a patient after acute myocardial
infarction using (68)Ga-FAPI-04. J Nucl Cardiol Off Publ Am Soc Nucl Cardiol.
(2022) 29(5):2254–61. doi: 10.1007/s12350-021-02603-z

72. Conroy KP, Kitto LJ, Henderson NC. Αv integrins: key regulators of tissue
fibrosis. Cell Tissue Res. (2016) 365(3):511–9. doi: 10.1007/s00441-016-2407-9

73. Reed NI, Jo H, Chen C, Tsujino K, Arnold TD, DeGrado WF, et al. The α v β 1

integrin plays a critical in vivo role in tissue fibrosis. Sci Transl Med. (2015)
7(288):288ra79. doi: 10.1126/scitranslmed.aaa5094

74. Schinner C, Xu L, Franz H, Zimmermann A, Wanuske MT, Rathod M, et al.
Defective desmosomal adhesion causes arrhythmogenic cardiomyopathy by
involving an integrin-αVβ6/TGF-β signaling cascade. Circulation. (2022) 146
(21):1610–26. doi: 10.1161/CIRCULATIONAHA.121.057329

75. Steiger K, Quigley NG, Groll T, Richter F, Zierke MA, Beer AJ, et al. There is a
world beyond αvβ3-integrin: multimeric ligands for imaging of the integrin subtypes
αvβ6, αvβ8, αvβ3, and α5β1 by positron emission tomography. EJNMMI Res. (2021)
11(1):106. doi: 10.1186/s13550-021-00842-2

76. De Haas HJ, Arbustini E, Fuster V, Kramer CM, Narula J. Molecular imaging of
the cardiac extracellular matrix. Circ Res. (2014) 114(5):903–15. doi: 10.1161/
CIRCRESAHA.113.302680

77. Désogère P, Tapias LF, Hariri LP, Rotile NJ, Rietz TA, Probst CK, et al. Type I
collagen-targeted PET probe for pulmonary fibrosis detection and staging in preclinical
models. Sci Transl Med. (2017) 9(384):eaaf4696. doi: 10.1126/scitranslmed.aaf4696

78. Rosestedt M, Velikyan I, Rosenström U, Estrada S, Åberg O, Weis J, et al.
Radiolabelling and positron emission tomography imaging of a high-affinity peptide
Frontiers in Cardiovascular Medicine 11
binder to collagen type 1. Nucl Med Biol. (2021) 93:54–62. doi: 10.1016/j.
nucmedbio.2020.11.006

79. Barbul A. Proline precursors to sustain mammalian collagen synthesis. J Nutr.
(2008) 138(10):2021S–4. doi: 10.1093/jn/138.10.2021S

80. Geisler S, Ermert J, Stoffels G, Willuweit A, Galldiks N, Filss CP, et al. Isomers of
4-[18F]fluoro-proline: radiosynthesis, biological evaluation and results in humans
using PET. Curr Radiopharm. (2014) 7(2):123–32. doi: 10.2174/
1874471007666140902152916

81. Wester HJ, Herz M, Senekowitsch-Schmidtke R, Schwaiger M, Stöcklin G,
Hamacher K. Preclinical evaluation of 4-[18F]fluoroprolines: diastereomeric effect
on metabolism and uptake in mice. Nucl Med Biol. (1999 ) 26(3):259–65. doi: 10.
1016/S0969-8051(98)00107-3

82. Weber KT, Sun Y, Katwa LC. Myofibroblasts and local angiotensin II in rat
cardiac tissue repair. Int J Biochem Cell Biol. (1997) 29(1):31–42. doi: 10.1016/
S1357-2725(96)00116-1

83. Nahrendorf M, Hu K, Frantz S, Jaffer FA, Tung CH, Hiller KH, et al. Factor XIII
deficiency causes cardiac rupture, impairs wound healing, and aggravates cardiac
remodeling in mice with myocardial infarction. Circulation. (2006) 113
(9):1196–202. doi: 10.1161/CIRCULATIONAHA.105.602094

84. DeLeon-Pennell KY, Meschiari CA, Jung M, Lindsey ML. Matrix
metalloproteinases in myocardial infarction and heart failure. Prog Mol Biol Transl
Sci. (2017) 147:75–100. doi: 10.1016/bs.pmbts.2017.02.001

85. Liu H, Yan W, Ma C, Zhang K, Li K, Jin R, et al. Early detection of cardiac
fibrosis in diabetic mice by targeting myocardiopathy and matrix metalloproteinase
2. Acta Biomater. (2024) 176:367–78. doi: 10.1016/j.actbio.2024.01.017

86. Sahul ZH, Mukherjee R, Song J, McAteer J, Stroud RE, Dione DP, et al.
Targeted imaging of the spatial and temporal variation of matrix
metalloproteinase activity in a porcine model of postinfarct remodeling:
relationship to myocardial dysfunction. Circ Cardiovasc Imaging. (2011) 4
(4):381–91. doi: 10.1161/CIRCIMAGING.110.961854

87. Toczek J, Gona K, Liu Y, Ahmad A, Ghim M, Ojha D, et al. Positron emission
tomography imaging of vessel wall matrix metalloproteinase activity in abdominal
aortic aneurysm. Circ Cardiovasc Imaging. (2023) 16(1):e014615. doi: 10.1161/
CIRCIMAGING.122.014615
frontiersin.org

https://doi.org/10.1016/j.yjmcc.2015.08.016
https://doi.org/10.1016/j.yjmcc.2015.08.016
https://doi.org/10.1016/j.cpet.2023.03.004
https://doi.org/10.1038/s41598-017-09790-1
https://doi.org/10.1007/s12350-021-02603-z
https://doi.org/10.1007/s00441-016-2407-9
https://doi.org/10.1126/scitranslmed.aaa5094
https://doi.org/10.1161/CIRCULATIONAHA.121.057329
https://doi.org/10.1186/s13550-021-00842-2
https://doi.org/10.1161/CIRCRESAHA.113.302680
https://doi.org/10.1161/CIRCRESAHA.113.302680
https://doi.org/10.1126/scitranslmed.aaf4696
https://doi.org/10.1016/j.nucmedbio.2020.11.006
https://doi.org/10.1016/j.nucmedbio.2020.11.006
https://doi.org/10.1093/jn/138.10.2021S
https://doi.org/10.2174/1874471007666140902152916
https://doi.org/10.2174/1874471007666140902152916
https://doi.org/10.1016/S0969-8051(98)00107-3
https://doi.org/10.1016/S0969-8051(98)00107-3
https://doi.org/10.1016/S1357-2725(96)00116-1
https://doi.org/10.1016/S1357-2725(96)00116-1
https://doi.org/10.1161/CIRCULATIONAHA.105.602094
https://doi.org/10.1016/bs.pmbts.2017.02.001
https://doi.org/10.1016/j.actbio.2024.01.017
https://doi.org/10.1161/CIRCIMAGING.110.961854
https://doi.org/10.1161/CIRCIMAGING.122.014615
https://doi.org/10.1161/CIRCIMAGING.122.014615
https://doi.org/10.3389/fcvm.2024.1479777
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Recent advances in positron emission tomography for detecting early fibrosis after myocardial infarction
	Introduction
	Post-MI fibrosis
	Non-invasive imaging techniques
	Cardiac magnetic resonance (CMR)
	Echocardiography
	SPECT molecular imaging
	PET molecular imaging
	PET imaging of FAP
	PET Imaging of αvβ3 integrin
	PET imaging of collagen
	PET imaging of proline
	PET imaging of other fibrosis-related targets


	Summary and future directions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


