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Gallium-68 fibroblast activation protein inhibitor [(68Ga)Ga-FAPI] is a new radiopharmaceutical positioning itself as the preferred agent in patients with malignant tumours, competing with 2-Deoxy-2-[18F]fluoro-d-glucose [2-(18F)FDG] using positron emission tomography (PET). While imaging oncology patients with [68Ga]Ga-FAPI PET, incidental uptake of [68Ga]Ga-FAPI has been detected in the myocardium. This review summarises original research studies associating the visualisation of FAPI-based tracers in the myocardium with underlying active cardiovascular disease.
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1. Introduction

Gallium-68 fibroblast activation protein inhibitor [68Ga]Ga-FAPI is a new radiopharmaceutical widely used when imaging patients with various malignancies, inflammatory and pre-fibrotic conditions. The tumour environment predominantly consists of cancer-associated fibroblasts (CAF) and non-malignant cells that play a role in cancer metabolism and regulate tumour growth and aggressiveness (1). These CAF overexpress the fibroblast activation protein, a binding site for [68Ga]Ga-FAPI. Similarly, increased fibroblast activation protein (FAP) expression in patients with cardiac disease has been identified at day seven post myocardial infarction (2). When a myocardial injury occurs, fibroblasts differentiate into myofibroblasts which produce components of the extracellular matrix (ECM), predominantly collagen, to allow healing and maintaining the structural integrity of the heart.



2. Gallium-68 fibroblast activation protein inhibitor positron emission tomography

Fibroblasts are elongated spindle-shaped cells with a basophilic cytoplasm, an oval nucleus, a well-developed Golgi apparatus, and an abundantly rough endoplasmic reticulum (Figure 1). Fibroblasts originate from mesenchymal cells derived from stem cells. They are the most abundant cell type in the connective tissue of various organs. The cellular membrane of activated fibroblasts expresses FAP, a transmembrane serine protease composed of amino acids with an intracellular domain of six amino acids, and a transmembrane domain of 20 amino acids (3).
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FIGURE 1
Morphological transformation of fibroblasts after myocardial infarction. Fibroblasts transform from a resting state into proto-myofibroblasts and myofibroblasts expressing fibroblast activation protein, the binding site for fibroblast activation protein inhibitor-based imaging agents.


Gallium-68 fibroblast activation protein inhibitor positron emission tomography (PET) has positioned itself as the preferred imaging modality for the staging and restaging of various oncological malignancies such as head, neck, and abdominal tumours, almost overthrowing 2-Deoxy-2-[18F]fluoro-d-glucose [2-(18F)FDG] PET (4). The ease of onsite preparation and the high tissue-to-background contrast ratio of gallium-labelled ligands render them ideal imaging agents over [2-(18F)FDG]. In some studies, [68Ga]Ga-FAPI PET has been used for radiation treatment planning and evaluation of biodistribution kinetics (5).

The synthesis of FAPI precursors for tumour binding and potential therapy, FAPI-02 up to FAPI-15, has been reported by Linder et al. (6). In their study, FAPI-04 had a favourable tumour-to-blood volume in patients with metastatic breast cancer. Also, FAPI-04 was more stable in human serum (6). Other FAPI precursors include FAP-34, which has been labelled with technetium-99m, FAPI-74, and FAPI-46 (7). Novel techniques for synthesising [68Ga]Ga-FAPI-46 involve mixing a buffer solution with ascorbic acid and 50 micrograms (µ) of FAPI-46 and transferring the mixture into the reactor vial. Gallium-68 is eluted from a Germanium-68/Gallium-68 generator, typically with 5 millilitres of 0.1 M hydrochloric acid, and then preheated. The [68Ga]GaCl3 solution eluted from the generator is mixed with 50 µg of the FAPI-46 precursor and heated at 90° C for 4 min (8).

Once the radiopharmaceutical has been administered intravenously, it travels in the bloodstream and enters the myocardium. Eventually, the [68Ga]Ga-FAPI complex binds to the fibroblast activation protein expressed on the cell membrane of activated fibroblasts. On the PET images of the myocardium, the localisation of the radiopharmaceutical in actively healing tissue will manifest as focal and sometimes diffuse increased uptake of [68Ga]Ga-FAPI as seen in cardiac amyloidosis. This has been demonstrated in case reports and retrospective studies conducted on patients with malignant or inflammatory diseases (9–11).



3. Preclinical studies supporting the use of a Gallium-68 fibroblast activation protein inhibitor post myocardial infarction

Preclinical studies have shown promising results on the role of [68Ga]Ga-FAPI in studying cardiac remodelling after myocardial infarction (MI) and in heart failure. Varasteh et al. induced MI in 20 rats by ligating the left anterior descending coronary artery, and a sham procedure was performed in four rats (2). A series of [68Ga]Ga-FAPI-04 positron emission tomography/computerised tomography (PET/CT) images were acquired on days 1, 3, 6, 14, 23, and 30 after MI, and the [68Ga]Ga-FAPI uptake peaked on day 6 and decreased rapidly by day 14. Immunofluorescence staining analyses on infarcted hearts on day 7 showed selective accumulation of FAP-positive cells in the peri-infarct zone (2).

Also, Qiao et al. noninvasively monitored reparative fibrosis in rats using [68Ga]Ga-FAPI PET/CT. In their study, they induced myocardial infarction in 16 rats by performing a thoracotomy and ligating the left anterior descending coronary artery (12). A thoracotomy was done on another 17 rats without ligating any coronary arteries (sham procedure). Serial imaging with [68Ga]Ga-FAPI PET/CT was performed in rats at different time points, from day 1 to day 35 post-surgery. Also, the excised cardiac tissue specimens from two rats with induced myocardial infarction and two sham-operated rats were subjected to histological examination, autoradiography, and immunofluorescence staining.

In the rats with MI, the excised cardiac tissue revealed an infiltrate of inflammatory cells, dissolved and broken muscle fibres, necrosis, and features of replacement fibrosis. Autoradiography showed an accumulation of FAPI in the infarcted myocardium and infarct border zone (12). Similarly, FAP-positive cells were identified in the infarcted area, specifically on days 3, 6, and 15 after the infarction. The myocardium of sham-operated rats exhibited normal morphology with neatly arranged myocardial fibres (12). Both of these studies demonstrated the feasibility of monitoring ventricular remodelling after MI.

Gallium-68 FAPI PET/CT findings have also been correlated with histopathological changes in rats with heart failure. Serial imaging was performed on the experimental and control groups of mice on day 0 before inducing heart failure with isoproterenol hydrochloride and 7, 14, 21, and 28 days thereafter (13). In rats with heart failure, [68Ga]Ga-FAPI uptake increased on days 7 and 14 and declined on days 21 and 28. Histological evaluation of heart tissue specimens showed fibrotic activity, which increased from day 0 to day 28 in rats with heart failure. No tracer uptake was seen on day 0, and a peak uptake was observed on day 7. Serial echocardiography findings showed a decline in systolic function on day 7. After day 7, ventricular chamber enlargement, ventricular wall thinning, and a reduction in myocardial contractility were observed. Also, the heart-to-muscle uptake ratio was the highest on day 7, gradually decreasing over time (13).



4. Clinical studies demonstrating the use of a Gallium-68 fibroblast activation protein inhibitor positron emission tomography in patients with various cardiovascular diseases

We conducted a systematic literature search on PubMed and Web of Science to identify original research studies and case reports demonstrating the use of FAPI on subjects known or suspected to have underlying cardiovascular diseases (CVD). The following search terms and associated Medical Subject Headings (MeSH) were used: “Gallium-68 AND Fibroblast activation protein” OR “Flourine-18 AND Fibroblast activation protein.” We retrieved 15 studies focused on the clinical utility of FAPI-based PET tracers labelled with either Gallium-68 or Flourine-18 on conditions such as coronary artery diseases, cardiomyopathies, infiltrative heart diseases, immune checkpoint inhibitor-related myocarditis, systemic sclerosis, and other pathologies such as pulmonary arterial hypertension, which may lead to fibrotic changes in the right ventricle (Table 1). Most of the evidence supporting the potential role of FAPI-based tracers in identifying active cardiac disease and managing CVD originates from original research studies with small sample sizes, case reports, or a retrospective review of FAPI PET images in patients with malignancies referred for PET imaging. In studies reporting incidental visualisation of cardiac uptake of FAPI in patients with underlying malignancies, logistic regression analysis reporting odds ratios and correlation studies reporting correlation coefficients were used to associate the visualisation of FAPI with CVD or its risk factors.


TABLE 1 Summary of original clinical research studies evaluating the uptake of fibrin-activating protein inhibitors in the myocardium of subjects with known or suspected cardiovascular disease.
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4.1. Coronary artery disease

FAPI for ST-segment elevation myocardial infarction (STEMI) has been primarily used in patients with coronary artery disease. Zhang et al. studied 26 patients with STEMI after percutaneous coronary intervention referred for imaging with [68Ga]Ga-DOTA-FAPI Positron emission tomography/magnetic resonance imaging (PET/MRI) and found that both the volume and intensity of FAPI decreased over time when comparing the baseline and follow-up scan performed 12 months later. However, on the PET/MR images acquired 12 months after the acute myocardial infarction, FAPI uptake persisted in all patients studied (17). Similarly, in another study involving 35 patients with STEMI, [68Ga]Ga-DOTA-FAPI uptake was significantly elevated in the territory of the stenosed coronary artery (18).

Atherosclerotic coronary artery disease, presenting as chronic coronary or acute unstable syndromes, results from traditional risk factors such as hypertension and smoking, known to cause coronary vascular endothelial damage by inducing inflammation, as evidenced by elevated C-reactive protein plasma levels (27). In addition, atherosclerosis may occur as a secondary element of vascular inflammation, despite the absence of cardiovascular risk factors (28, 29). Acute coronary syndromes are precipitated by the thrombotic occlusion of an unstable, complicated atherosclerotic plaque. During myocardial ischaemia, the reduction in blood flow and subsequent delivery of oxygen to the heart muscle induces necrosis in the myocyte. Once the vessel is damaged, it attempts to “seal” the damaged area by depositing lipids and recruiting inflammatory cells (30). The diameter of the vessel where the atheroma is located narrows over time.

In response to myocardial ischaemia, a series of signalling mechanisms lead to the transformation of the structure of fibroblasts from the resting state to an activated proto-myofibroblast, which ultimately transforms into a myofibroblast (Figure 1).

Recurrent, small thrombotic non-occlusive ischaemic episodes and reperfusion or occlusive non-reperfused episodes are usually followed by the recruitment of macrophages and fibroblasts to the injured area of the myocardium or endocardium, a hallmark of myocardial fibrosis. As demonstrated by Zhang and colleagues, the persistent activation of fibroblasts may suggest the presence of underlying ventricular remodelling, in which the heart attempts to repair the infarcted area, or adverse ventricular remodelling, where the recruitment of fibroblasts will result in excessive deposition of collagen, which will eventually impair the contractility of the heart muscles.

Non-invasive fibroblast activation detection after acute myocardial infarction may identify areas of adverse ventricular remodelling depicted by persistent [68Ga]Ga-FAPI-04 uptake despite re-perfusion therapy. This persistent uptake has been demonstrated by Diekmann et al., who studied 35 patients with post acute STEMI. These patients were referred for imaging with single photon emission computed tomography (SPECT), PET, and CMR after percutaneous coronary intervention and dual-antiplatelet therapy (18). Despite receiving reperfusion therapy, [68Ga]Ga-FAPI-04 PET images showed uptake in the anterior and septal walls and, partially, in the apex (Figure 2)(18). The clinical significance of cardiac fibroblast activation after reperfusion therapy needs further exploration, as this finding may be indicative of adverse or expected ventricular remodelling after restoring myocardial perfusion.


[image: Figure 2]
FIGURE 2
Cardiac images acquired after reperfusion therapy for acute myocardial infarction. The first row depicts single photon emission computed tomography (SPECT) myocardial perfusion images acquired at rest using [99mTc]Tc-tetrofosmin, followed by [68Ga]Ga-FAPI-04 PET images in the second row. The third row depicts cardiovascular magnetic resonance imaging. There are no perfusion defects visualised after reperfusion therapy in the SPECT resting perfusion images. However, a large area of cardiac fibroblast activation is visualised in the anterior and septal walls and partially in the apex. There is no evidence of late gadolinium enhancement in the corresponding myocardial images on CMR. HLA, horizontal long axis; SA, short axis; VLA, vertical long axis. This research was originally published in JNM. Johanna Diekmann et al. (18). © SNMMI.




4.2. Hypertrophic cardiomyopathy

Fibroblast activation has been studied in patients with dilated and hypertrophic cardiomyopathies (14, 15). In patients with hypertrophic cardiomyopathy (HCM), interstitial fibrosis is one of the typical histological features predisposing patients to arrhythmias and heart failure (31). Wang et al. performed PET imaging with Fluorine 18 [18F]-AlF-NOTA-FAPI (18F-FAPI) on 50 patients with HCM and 22 age and sex-matched healthy volunteers (14). They found intense and inhomogeneous tracer uptake in all patients with HCM, and the uptake was weakly correlated (r = 0.32) with a 5-year risk of sudden cardiac death (14). The potential role of FAPI-based tracers in HCM is for the selection of patients at high risk of sudden cardiac death (SCD), where an implantable cardioverter-defibrillator (ICD) may be implanted prophylactically to prevent lethal arrhythmias and heart failure in patients exhibiting FAPI uptake on imaging.



4.3. Amyloidosis

Amyloidosis is a systemic infiltrative disease characterised by the extracellular deposition of insoluble proteins in various organs, including the heart, and the abnormal accumulation of amyloid proteins in solid organs may lead to organ dysfunction (32). Non-invasive imaging modalities such as echocardiography and CMR imaging help to identify cardiac involvement in subjects with systemic amyloidosis (32). In a study involving 30 patients with biopsy-proven systemic light-chain amyloidosis, [68Ga]Ga-FAPI-04 PET/CT was used to assess cardiac fibroblast activation (16). Patchy and diffuse uptake patterns were found in 80% of patients, suggesting active cardiac remodelling (16). Gou and Chen explored the clinical utility of staging multiple myeloma with [68Ga]Ga-FAPI-04 PET/CT. Diffuse and inhomogeneous FAPI uptake was visualised in the left ventricle, suggesting cardiac amyloidosis (21). In patients with cardiac involvement, FAPI-based imaging may also play a role in identifying patients at risk for SCD requiring ICDs.




5. Assessment of myocardial fibrosis

Fibrosis in the heart indicates an area in the myocardium that cannot contract effectively, leading to myocardial contractile dysfunction, heart failure, a possible nidus for ventricular arrhythmias, and SCD (33–35). The endomyocardial biopsy allows for histological, immunohistochemical, and molecular evaluation of a specimen of cardiac tissue (36). Ideally, the biopsy should be performed under image guidance to increase the probability of sampling abnormal tissue. The major drawback of performing an endomyocardial biopsy is the limited access to cardiac catheterisation laboratories in most low-and middle-income countries.

Newer imaging techniques, such as the visualisation of late gadolinium enhancement and the quantification of the extracellular volume using CMR imaging, have proven to be helpful in identifying fibrotic tissue in patients with ischaemic and non-ischaemic dilated cardiomyopathy (37–39). In research settings, human cardiac tissue has been excised during coronary artery bypass graft (CABG) surgery, left ventricular assist device implantation, and cardiac transplant surgery to assess for micro- and macroscopic evidence of myocardial fibrosis (40). The characteristics of non-invasive imaging methods for evaluating myocardial fibrosis are summarised in Table 2.


TABLE 2 Non-invasive imaging modalities for the assessment of myocardial fibrosis.
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6. Future Studies and Recommendations

Cardiac fibroblast activation has been studied in patients with various CVDs, mostly in patients with ischaemic heart disease. Whether the visualisation of FAPI uptake on the myocardium suggests the presence of an underlying normal response to myocardial injury or adverse remodelling remains to be elucidated. Future studies should attempt to perform non-invasive imaging at multiple time points and correlate imaging findings with inflammatory markers. The frequency of imaging could be extrapolated from animal models. In addition, subjects known to have coronary artery diseases should be subjected to coronary angiography and subsequently randomised to imaging with FAPI-based tracers and CMR imaging to evaluate the clinical impact of FAPI in defining clinically relevant outcomes such as cardiovascular death, all-cause mortality, and the rate of rehospitalisation. Furthermore, considering that the activation of fibroblasts is a momentary phase in the life cycle of fibroblasts, the window of opportunity for intervening should be clearly defined. Moreover, the utility of FAPI-based tracers could be further explored in patients with chronic coronary syndromes, potentially selecting candidates for coronary revascularisation.



7. Conclusions

Evidence supporting the application of FAPI-based radiopharmaceuticals in cardiac diseases is still in its infancy, comprising data collated from original research studies with small sample sizes, case reports, and retrospective studies on patients with oncological conditions. After a myocardial injury, the heart attempts to repair the damaged tissue and maintain its structural integrity by orchestrating a series of processes, including the deposition of extracellular matrix components and the activation of fibroblasts. Unresolved pertinent issues related to imaging activated fibroblasts include the appropriate timing for imaging and the need for a definitive management plan in patients with FAPI uptake in the myocardium.
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Wang et al. (14) | Fluorine 18 ['*F|-AIF- | Case vs. 72 Hypertrophic cardiomyopathy | Cases: To explore the characteristics of Tmages were acquired 60 min | Patients with HCM had intense but
NOTA-FAPI (*F- FAPI) | control (HCM), (n=50) 430+130 cardiac FAPI PET/CT imaging and its | post tracer injection. inhomaogeneous FAPI activity in the LV,
(2.5-30 MBq/kg) relationship with the risk of sudden which was higher than that of control
cardiac death (SCD) in HCM. participants.
Controls (n=22) Controls: 450 = Controls: no abnormal cardiac FAPI uptake
17.0 visualised.
Myocardial uptake of '*F-FAPI was
associated with a 5-year sudden cardiac death
sk score (r= 003).
‘Wang et al. (15) | [*Ga]Ga-FAPI -04 Prospective 29 Dilated cardiomyopathy (DCM) | 43.14 = 16.94 To investigate in vivo myocardial [**Ga]Ga-FAPI -04 PET/CT | Inhomogeneous increased **Ga-FAPI-04
(157.3+252 MBq) (n=10), Inflammatory fibroblast activation in different performed 60 min after tracer | uptake in the left ventricle in 22 (75.9%)
cardiomyopathies with connective subtypes of non-ischaemic administration. patients. Among the 22 patients, 10 (34.5%)
tissue disorders (n = 10), cardiomyopathies showed slightly diffuse uptake in the right
Hypertrophic cardiomyopathy (HCM) ventricle, including 1 RCM patient, 2 DCM
(n=3), Left ventricular patients, 3 HCM patients and 4 IC patients.
noncompaction (LVNC) (n=3),
Restrictive cardiomyopathy
(RCM) (1= 1), Hyperthyroidism- SUVR defined as the Uptake of tracer seen in 22 patients:
induced cardiomyopathy (HIC) SUVmean of the myocardial | SUVmax = 416 = 2.75, SUVmean=2.09 =
(n=1) Immune checkpoint inhibitor- volume of interest (VOI) 131, SUVR=1.92+ 118,
related myocarditis (ICIM) (n= 1) divided by the SUVmean of | Left ventricular metabolism volume
the blood pool of descending | (LVMV) = 196.13 + 64.93.
thoracic aorta VOI (1 em”).  "§(jVimax, SUVR, and the LYMV correlated
with the LVEDD (r=0.407,
r=0424, P=0.025; and r= 0.
respectively).
Correlation between the LVMYV and the
LVESD (r=0545, P=0011).
Wang etal. (16) | [¥GaGa-FAPI -04 Prospective | 30 Detection of fibroblast activation in Increased left ventricular tracer uptake was
patients with biopsy-proven systemic visualised in 24 of 30 (80%).
amyloid light chain amyloidosis Among the 24 patients, 20 had a diffuse
pattern of tracer uptake, and four had patchy
uptake.
The SUVymeaq correlated with NT-proBNP
levels (= 0.625), LVESV (r =0.607), and the
ECV % (r=0519)
Songetal (13) | [¥Ga]GaFAPLO4 (18- | Prospective | 7 Heart failure patients and 3175 To assess the suitability of using Nitrogen-13 ammonia PET | [68Ga]Ga-FAPI uptake was inconsistent
2.2 MBq/kg) and retrospective ®Ga-FAPI data from [**Ga]Ga-FAPI PET to quantify perfusion imaging followed by | with *>N-NH3 perfusion. Diffuse FAPI
NH3 20 subjects without cardiovascular cardiac FAP and visualise cardiac | **Ga-FAPI injection 2 h later. | uptake, sometimes slight. SUV
diseases (CVD) fibrosis in patients with HF secondary | Imaging at 45-minute time | normalised (2.57-9.00)
to DCM, HCM, and CAD. points for 20 min.
Zhang etal. (17) | [**Ga]Ga-DOTA-FAPL04 | Prospective | 26 patients referred for percutaneous | 62.0 +8.4 To quantitatively assess the Baseline cardiac [*Ga]Ga- | Correlation between [¥Ga]Ga-DOTA-
(2202 MBq/kg) coronary intervention (PCI) for ST- longitudinal changes in the intensity | DOTA-FAPL-04 PET/MR FAPI-04 uptake volume (UV) and the
elevation myocardial infarction and extent of myocardial fibroblast | scans done after a mean LVEDV (r = 0,680, p <0.001), LVESY
(STEMI) activation and explore its predictive | duration of 4.5 15 days (3-8 | (r=0720, p <0.001) and the LVEF
value for late LV remodelling days) after STEMI. (r=~0.681, p<0.001) at baseline.
approximately 12 months after acute ‘The intensity and volume of [68GalGa-
myocardial infarction (MI). DOTA-FAPI-04 uptake decreased from
baseline to 12-month follow-up, but
‘myocardial [**Ga]Ga-DOTA-FAPI-04
uptake persisted for 12 months after acute
MI in all patients.
[*Ga]Ga-DOTA-FAPI-04 UV was
associated with an increase in the LVEDV
Negative correlation between [*Ga]Ga-
DOTA-FAPL-04 UV (r=~0.783, p <0.001)
and TBRmax (r = ~0.484, p = 0.019) and the
LVEF at the time of 12-month follow-up.
Diekmann et al. | [**Ga]Ga-FAPI-46 (114 + | Retrospective | 35 patients, after percutaneous 57511 “To test the hypotheses that: [*Ga]Ga- | Perfusion imaging with 388 = 32 | Increased uptake of [*Ga]Ga-FAPI-46 PET
(18) 22 MBq) coronary intervention (PCI) for ST- FAPI-46 PET reflects a myocardial | MBq of **™Tc-tetrofosmin in the territory of the culprit infarct vessel
elevation myocardial infarction signal early after acute MI that is not | single photon emission (SUVpeak, 6.4 + 1.5) in all patients.
(STEMD) identical to CMR-derived tissue computed tomography
characteristics. (SPECT), 5.0+ 1.5 days after
acute MIL
[**Ga]Ga-FAPI 46 predicts the later | FAP-targeted PET was. Seven patients with complete reperfusion
development of ventricular performed at 7.5+ 1.3 days. | and no perfusion defects on SPECT also
dysfunction. PET images were acquired | showed increased tracer uptake in the
60 min after tracer injection | affected vascular territory.
for 20 min.
CMR: T1 and T2 weighted | FAPI volume correlated with the maximum
images, LGE creatine kinase (r=0.42, p=0012) and
inflammatory markers (maximum C-
reactive protein: 7 = 0.43, p =0.010;
maximum white blood cell count: = 031,
07).
Patients with diabetes mellitus had a larger
FAP volume (134 =53 cm® vs. 93 + 36 cm®,
p=0012),
Correlation between the FAP volume and
0.69, p=0001), end-diastolic
volume (r=0.58, p=0.001).
Treutlein et al. [**Ga]Ga-FAPI-04 (15 | Prospective | Systemic sclerosis (SSc) + myocardial | SSc + MF: To test the hypothesis that [*Ga]Ga- | [**Ga]Ga-FAPI-04-PET/CT, | Increased [**Ga]Ga-FAPI-04 uptake in
(19) MBq/kg body weight) fibrosis (MF), n=6 Median 595 | FAPL-04 uptake can differentiate | with a non-enhanced CT of | patients with $Sc without myocardial
(IQR: 58.0-63.3) | systemic sclerosis (SSc) patients with | the thorax after 15 min. fibrosis
myocardial fibrosis from SSc patients
without myocardial fibrosis.
SSc and no MF, n=6 SSc and no MF: | To test the hypothesis that increased
‘median age 56.5 | [**Ga]Ga-FAPI-04 uptake is
years (IQR: associated with unfavourable
47.8-67) prognostic factors in $Sc-MF and that
$Sc with previous myocardial disease | Controls: [**Ga]Ga-FAPI-04 uptake assesses
and 6o ME, =2 median age 51 | current molecular fibroblast activity
Controls:(n = 2) heart transplanted | years (IQR: | rather than accumulating disease
patients with healthy donor hearts | 44.3-543) damage.
Gu etal. (20) [*Ga]Ga-FAPI-04 (148~ | Pilot study | Pulmonary arterial hypertension 3229 years | To evaluate the feasibility of [*Ga] | The PET/CT images were | Twelve of the 16 patients (75%) with PAH
1.85 MBq/kg) (PAH), (1= 16): PAH associated with Ga-FAPI PET imaging in assessing | acquired 20 min afier tracer | showed heterogencous FAPI uptake in the
congenital heart disease (n=12) fibrotic remodelling in the right injection RV-free wall and insertion point.
ventricle (RV)
Idiopathic PAH (n=4) To assess the relationship between Increased FAPI uptake in the RV-free wall
FAPI uptake and parameters of (SUVmax: 2.5 1.8, P< 0.001) and insertion
pulmonary hemodynamics and point (SUVmax: 25 %17, P<0.001)
cardiac function in pulmonary arterial Normal RV function was seen in four
hypertension (PAH) patients without FAPI uptake.
Patients with tricuspid annular plane systolic
excursion (TAPSE) < 17 mm presented with
higher FAPI uptake compared to those with
TAPSE > 17 mm in both the RV-free wall
(SUVmax: 34+ 19 vs. 1.7 £ 1.1, p=0.010)
and the insertion point (SUVmax: 3.4 19
V5. 16+0.7, p=0.028)
FAPI intensity correlated with total
pulmonary resistance (RV-free wall:
terminal pro-b-type natriuretic peptide (NT-
ProBNP) (RV free wall: r=0.606, p=0.013;
insertion point: r= 0653, p =0.006).
FAPI uptake did not correlate with other
pulmonary hemodynamic parameters.
Guoand Chen | [**GalGa-FAPI-46 Case report | 1 66 Staging of multiple myeloma ‘The thickened left ventricle of the
o) ‘myocardium and tongue exhibited diffuse
and inhomogeneous(**GaGa-FAPI-46
uptake
Female with a 3-month history of CMR: left ventricle thickening and global
progressive dyspnoea subendocardial LGE.
A tongue biopsy revealed positive congo red
staining, consistent with amyloid
involvement.
Notohamiprodjo | [*Ga]Ga-FAPI-04 case vs. 5 (case: n =1, controls: n=4) 33 (case) CASE: Previous ST-elevation MI with | Gallium-68 FAPI-04- PET/MR | PET: Increased and intense focal uptake in
etal. (10) (165 MBqg) control persistent dyspoea and fatigue post | (Day 6 post STEMI): Dynamic | the anterior and anterior-septal walls of the
PCl in the LAD artery. PET done. myocardium.
Compassionate use for chimeric
antigen receptor T-cell therapy of
myocardial fibrosis and clarifying
i and viability after MI.
37-61 (controls) | CONTROLS: Staging and possible | Cardiovascular magnetic CMR: a small scar in the apex with no tracer
compassionate use of *”’Lu-FAPI resonance (CMR) T2 weighted | uptake in the scar region.
radiotherapy in metastatic imaging, early and late EGE: transmural enhancement of the
osteosarcoma, breast cancer, tongue | gadolinium enhancement. anterior wall and adjacent septal segments.
carcinoma, and oropharynx. Cardiovascular magnetic T T e
I resonance imaging was anterior-septal and inferior aspects of the
repeated six months afier ML | ooy
Tracer uptake was more extensive than
pathological CMR findings.
Xie et al. (22) Fluorine 18 ['*F]-AIF- Prospective | 14 STEMI patients subjected to STEMLI: 62+ 11 | To assess the correlation between The PET/CT images were All STEMI patients had localised and
NOTA-FAPI (**F- FAPI) primary PCI years FAPI and CMR imaging parameters | acquired 60 min after tracer | inhomogeneous FAPI uptake.
(2.5-3.0 MBq/kg) in reperfused STEMI patients in the | injection.
acute phase
14 healthy controls Controls: ‘To investigate the prognostic value of No uptake was detected in controls.
50+14 years | FAPI imaging in cardiac recovery
three months post-ML
To evaluate the correlation between Higher tissue to-background ratio
FAPI activity and circulating FAP and (TBRmax) in the infarct region than in the
inflammatory biomarkers. remote area in STEMI patients (9.68 + 2.61
1.07 5, p < 0.001).
Higher TBRmax in STEMI vs. controls
(0.96 £0.20, p < 0.001).
FAPI% larger than T2W1%.
Correlation between FAPI% and creatine
kinase-MB (CKMBmax), white blood cell
count (WBCmax), and lactate
dehydrogenase (LDHmax) ( values of 0.79,
0,65, and 0.62; all p<0.05).
Correlation between FAPI% x TBRmax and
CKMBmax, WBCmax, LDHmax, and
BNPmax (r values of 0.56, 0.55, 0.56, and
0.59; all p<0.05).TBRmax was only related
to WBCmax (r =059, p=0.03).
Kessler et al. (23) | [**Ga]Ga-FAPI-46 Retrospective | 10 636+125 Risk stratification post MI and PCI | Dynamic imaging for 20 min, | Ten patients had moderate-to-intense tracer
(1428+275) whole-body PET scan at uptake.
60 min post tracer injection
for 10 min.
Fibroblast activation volume | Activated fibroblasts inversely correlated
(FAV) was measured using the | with the LVEF (r=—0.69, p <0.05).
40% volume-of-interest Activated fibroblasts correlated with the
isocontour. maximum CK (=090, p <0.01), reflecting
the extent of myocardial damage. SUV ey of
89+ 4.4 (range, 5.5-17.4), SUVpeu of 7.6 =
40, and an SUV ey of 5.3 +2.8 (10 min
after tracer administration)
Finkeetal (24) | [*Ga]Ga-FAPI (122- | Prospective | 26 no cardiac disease, (n = 23), 6274 Diagnosis of ICI-associated PET imaging 60 min post | Tracer uptake in the neoplastic tissues
336 MBq) suspected immune checkpoint myocarditis in cancer patients tracer injection visualised.
inhibitors (ICI)-associated previously treated with ICL. Three patients vwith biopsy-proven anto-
myocarditis, (n=3) immune myocarditis: Patient 1:Diffuse
tracer uptake in the left ventricle.
Patient 2: Localised uptake in the septum.
Patient 3: Localised uptake in the apical
posterior wall of the left ventricle.
Controls: No tracer uptake
Myocarditis patients: the median SUV was
179 (IQR: 1.65-185)
Non-myocarditis patients: median SUV 115
(IQR: 0955-1.52).
Siebermair et al. | [¥GalGa-FAPI -04 Retrospective | 32 587+149 To assess patterns of myocardial PET imaging 127 min post | Focal tracer accumulation was noted in six
25) (140 = 24 MBq) review uptake of [“Ga]Ga-FAPI in patients | tracer injection. patients (19%). Univariate regression
with malignancies showed a weak but significant correlation
between SUVmean and CAD (°=0.16,
.03), MI (+7=0.14, p=0.04) and age
(=015, p=004). SUVmax 7.1+ 48, p<
0.05, SUVmean 5.2 + 4.0, p < 0.05.
Heckmann etal. | [*Ga]Ga-FAPI (122- | Retrospective | 229 (Initial cohort: 64-77 To evaluate cardiac tracer PET imaging 60 min post | Five patterns of tracer uptake: homogenous,
(26) 336 MBq) confirmatory cohor accumulation and its correlation with | tracer injection, while some | diffuse, focal on diffuse, focal, and weak

CVD in patients with malignancies
referred for imaging with [**Ga]Ga-
FAPI PET/CT

patients were also imaged at 10
and 180 min after tracer
injection

enrichment.

A focal pattern of tracer uptake was seen in
more patients with cardiovascular risk
factors (p < 0.0001, Yate 72-test).
Increased uptake of tracer associated with
thyroid stimulating hormone (TSH) serum
levels > 4 uU/ml (OR = 8.6, p = 0.012), BMI
>25kg/m® (OR = 2.6, p =0.023), and
diabetes mellitus (OR =29, p=0041)
Previous chest radiation (OR = 3.5,

.024) was associated with a higher FAP
signal on logistic regression analysis.

Focal tracer uptake was associated with
cardiovascular risk factors, CAD, and oral
aspirin intake.

BMI, body mass index; CAD, coronary artery disease; CK, creatine kinase; CMR, cardiovascular magnetic resonance; CVD, cardiovascular disease; CT, computed tomography; DCM, dilated cardiomyopathy; EGE, early gadolinium
enhancement; FAPI, fibroblast activation protein inhibitor; FAV, fibroblast activation volume; HCM, hypertrophic cardiomyopathy; HF, heart failure; ICI, immune checkpoint inhibitors; IQR, interquartile range; Kg, kilogram; LAD, left
anterior descending; LGE, late gadolinium enhancement; LV, left ventricle; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; LVMY, left ventricular metabolic volume; LVESD, left ventricular end
systolic diameter: LVESV, left ventricular end systolic volume; ¥7Lu, lutetium-177; MBq, megabecquerel; MI, myocardial infarction; **N-NHS3, nitrogen-13 ammonia; NT-proBNP, N-terminal pro-brain natriuretic peptide; OR, odds ratio;
PCI, percutaneous coronary intervention; PET, positron emission tomography; RV, right ventricle; SSc, systemic sclerosis; STEMI, ST-elevation myocardial infarction; SUV, standardized uptake value; TAPSE, tricuspid annular plane
systolic excursion: TSH, thyroid stimulating hormone: VOI, volume of interest.
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Positron Emission Tomography
with [%*Ga]Ga-FAPI (41)

Technique
[**Ga]Ga-FAPI binds the fibroblast activation protein
expressed on the transmembrane surface of activated
fibroblasts. This technique images sites of active
remodelling in the heart and may not directly serve as
an imaging marker of established fibrosis.

Imaging finding: Focal or diffuse accumulation of
tracer in sites of active remodelling.

Advantages
Possible theranostic applications
Detection of possible pre-fibrotic disease
Detection of early manifestations of cardiac
remodelling.

Limitations
Cost
Exposure to onising
radiation
Randomised control trials
or outcome based studies
are still lacking

Positron Emission Tomography
with 2-Deoxy-2-[18F]fluoro-d-
glucose [2-(*F)FDG] (42)

2-["*F]FDG, which is transported via glucose
transporters into cardiac myocytes, confirms the
presence of metabolic activity in hibernating or
viable tissue by localising in segments of the
myocardium with reduced perfusion and contractile
dysfunction.

Scar or fibrotic tissue on imaging manifests as
absent perfusion and decreased or absent metabolic
activity (perfusion-metabolism match)

High sensitivity for detecting viable myocardium
Selects patients whose ventricular function might
improve after successful coronary
revascularisation

Exposure to ionising
radiation

Cost

Patient preparation
significantly impacts
image interpretation

Single Photon Emission Computed
‘Tomography (43)

Preserved or slightly reduced perfusion, normal
thickening and preserved wall motion may suggest
the presence of viable, non-fibrotic myocardial
tissue

Further metabolic imaging is required to
differentiate between fibrosis and hibernating
tissue in segments with 250% reduction in
perfusion and abnormal wall motion.

Useful for risk stratification and predicting
outcomes such as mortality

Estimate ventricular volume and function

Tonising radiation

Cardiovascular Magnetic
Resonance Imaging (44)

T1 mapping tracks the recovery of longitudinal
magnetisation

Late gadolinium enhancement: gadolinium

retention in the expanded extracellular space after

loss of myocytes. Retained gadolinium leads to the
of fibrotic tissue in the images.

Useful for risk stratification and predicting
outcomes such as mortality

Volumetric quantification

High specificity

Lack of standardisation in
data acquisition and post-
processing

Extracellular volume mapping: expansion of the
extracellular volume space

Echocardiography (45)

Speckle tracking measures the extent of the
myocardial deformity using parameers such as global
longitudinal and circumferential strain. Global
longitudinal strain corrdates with myocardial fibrosis
in advanced systolic heart failure.

Portable and readily accessible

Operator dependent
Image quality influenced
by body habitus

Computerised tomography (44)

Late iodine enhancement: delayed clearance of
iodinated contrast media

Excellent spatial resolution
High temporal resolution

Low signal-to-noise ratio

Extracellular volume mapping: expansion of the
extracellular volume space secondary to interstitial
fibrosis
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