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A B S T R A C T   

Purpose of the Report: Combined cardiac 68Ga-Fibroblast-Activation Protein-alpha inhibitor (FAPI) positron- 
emission tomography (PET) and cardiac magnetic resonance imaging (MRI) constitute a novel diagnostic tool 
in patients for the assessment of myocardial damage after an acute myocardial infarction (AMI). Purpose of this 
pilot study was to evaluate simultaneous Ga-68-FAPI-46-PET/MR imaging in the delayed phase after AMI. 
Material and Methods: Eleven patients underwent hybrid 68Ga-FAPI-46 PET/MRI post AMI. Standardized uptake 
values and fibroblast activation volume (FAV) were calculated and correlated with serum biomarkers and MRI 
parameters. 
Results: Significant 68Ga-FAPI-46 uptake could be demonstrated in 11 (100 %) patients after a mean period of 
30.9 ± 22.0 days. FAV significantly exceeded the infarction size in MRI and showed a good correlation to MRI 
parameters as well as to serum biomarkers of myocardial damage. 
Conclusions: 68Ga-FAPI-46 PET/MRI offers molecular and morphological imaging of affected myocardium after 
AMI. This study demonstrates ongoing fibroblast activation in a delayed phase after AMI and generates hy-
potheses for future studies while aiming for a better understanding of myocardial remodeling following ischemic 
tissue damage.   

1. Introduction 

Activation of a pro-inflammatory phenotype in fibroblasts is a known 
phenomenon after tissue injury in a short-term period after myocardial 
ischemia [1]. The fibroblast activation protein (FAP) alpha has been 
shown to be an important contributor to this process, leading to 

myocardial remodeling and to consecutive development of replacement 
fibrosis [1–3]. The latter aims at the stabilization of the myocardial ar-
chitecture after injury and reflects an important healing mechanism 
following myocardial damage. Nonetheless, excessive fibrosis develop-
ment has been suggested to impair ventricular function leading to the 
development of chronic heart failure and arrhythmias due to electrical 
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disparities [1,4,5]. The pathophysiology of ventricular fibrosis is 
incompletely understood, especially the timeline of fibrotic remodeling 
following ischemic injury [4]. Cardiac magnetic resonance imaging 
(MRI) with late gadolinium enhancement (LGE) is an established tool in 
the assessment of a persistent structural damage following acute 
myocardial infarction (AMI) [6]. With respect to functional imaging, 
positron-emission tomography (PET) imaging with radio-labeled FAP 
inhibitors (FAPI) offers the chance to assess FAP expression in-vivo as 
surrogate for fibroblast activation in post-ischemic myocardial tissue 
[7,8]. Imaging of the extent of fibroblast activation in an animal AMI 
model demonstrated a maximum FAPI-uptake at day 6 after ischemic 
injury, with the uptake decreasing rapidly within the following 2 weeks. 
The first PET studies in humans confirmed fibroblast activation early on 
after AMI and showed that the FAPI signal exceeded the LGE area on 
MRI [8,9]. 

While previous studies have shown the persistence of FAPI signal in 
the subacute phase of AMI up to 11 days [8], the aim of the present study 
was to investigate if FAPI uptake as surrogate for fibroblast activation 
persists in the delayed phase after myocardial ischemia, thereby sug-
gesting ongoing fibrotic remodeling in humans after AMI. Further, the 
study aimed for an analysis if patients with non-ST elevation myocardial 
infarction [NSTEMI] showed different patterns of FAPI uptake 
compared to STEMI patients. 

2. Methods 

2.1. Patients 

In this retrospective study, we analyzed a total of 11 patients after 
AMI and percutaneous coronary intervention, who underwent 68Ga- 
FAPI-46 PET/MRI at 30.9 ± 22 days after AMI. All patients gave written 
informed consent to undergo clinical 68Ga-FAPI-46 PET/MRI following 
the regulations of the German Pharmaceuticals Act §13(2b). Retro-
spective analysis of PET/MRI and clinical data was approved by the local 
ethics committee for the purpose of the present study (permit no. 
20–9777-BO) and requirement to obtain study-specific informed con-
sent was waived. This study was performed on a dedicated hybrid PET/ 
MRI scanner in order to simultaneously assess FAPI/PET and established 
MRI data of myocardial damage. Further, clinical and serum biomarkers 
were assessed. 

2.2. Radiotracer synthesis and image acquisition 

The synthesis of 68Ga-FAPI-46 was performed as previously 
described [7]. Scans were performed on a dedicated 3 Tesla PET/MRI 
system (Biograph mMR; Siemens, Erlangen, Germany) using standard 
acquisition and reconstruction protocols (detailed in the supplemental 
methods). Injected activity of 68Ga-FAPI-46 was 126.9 ± 49.8 MBq. 
Acquisition of PET data of the thorax were performed 10 min p.i. over 
20 min. PET images were iteratively reconstructed (4 iterations, 5 sub-
sets, matrix: 220 × 220, Gauss filtering: 5 mm) taking into account time- 
of-flight information, using dedicated manufacturer’s software (syngo 
MI.PET/CT; Siemens Healthineers). 

2.3. Cardiac magnetic resonance imaging 

Global analysis included assessment of left ventricular ejection 
fraction (LVEF) as well as the area of myocardial injury estimated by 
LGE. 

2.4. Image evaluation 

Images were interpreted by two nuclear medicine specialists and 
radiologists for PET and MRI based on a consensus decision (LK and CR). 
In case of discordance a third specialist (WPF) was consulted. Stan-
dardized uptake values (SUVmax, SUVpeak, SUVmean) and fibroblast 

activation volume (FAV) were measured with a region grow algorithm 
with a threshold of 50 % of the maximum uptake in the infarcted 
myocardium. Tracer uptake in non-infarcted remote myocardium or in 
blood pool (right atrium) was quantified using 1 cm VOIs. Image eval-
uation was performed using Syngo.via software; Siemens Healthcare 
[7]. Polar maps of myocardial tracer uptake were created based on the 
AHA 17-segments model using dedicated software (MunichHeart soft-
ware, Technical University Munich, Munich, Germany) as previously 
described [10]. 

2.5. Statistical analysis 

Statistical analyses were performed using GraphPad Prism (version 
9.1.0; GraphPad Software, San Diego, California USA). Quantitative 
values were expressed as mean ± standard deviation or median and 
range where appropriate. Comparison of non-parametric data was per-
formed using a Mann-Whitney-U test. All tests were performed two- 
sided and a p-value < 0.05 was considered to indicate statistical 
significance. 

3. Results 

3.1. Patient characteristics 

Detailed patient characteristics of the overall cohort are listed in 
Table 1. The cohort consisted of 11 patients (9/11 males) with AMI as 
the first manifestation of coronary artery disease (4 patients with 
NSTEMI and n = 7 patients with STEMI, respectively). Mean age of the 
patients was 61.0 ± 8.0 years, with a mean LVEF of 46.7 ± 12.6 %. One 
patient had isolated right ventricular AMI. Laboratory parameters of 
myocardial damage ranged from 852 ng/L to 85295 ng/L for Trop-Ipeak 
and 132 U/L to 4562 U/L for peak creatinine kinase (CK). One patient 
with evidence of ventricular thrombus formation during PET/MRI un-
derwent PET imaging at a second timepoint (470 days after first PET 
imaging which was 512 days after AMI). 

3.2. Image analysis 

All patients (11/11, 100 %) showed visually increased myocardial 
68Ga-FAPI-46 tracer uptake and clearly definable areas of LGE in the 
infarcted area. A set of representative images of tracer uptake in STEMI 
and NSTEMI patients is depicted in Fig. 1. Tracer uptake of infarcted 
myocardium (SUVmax) was significantly higher compared to bloodpool 
(6.9 ± 2.3 vs. 2.5 ± 0.4; p < 0.01) as well as compared to remote 
myocardium (6.9 ± 2.3 vs. 2.3 ± 0.6; p < 0.01), Fig. 2A. SUVpeak and 

Table 1 
Patient characteristics.  

Patient characteristics N = 11 

Male sex, n (%) 9 (81.1 %) 
Age at AMI, years 61.0 ± 8.0 
LVEF, % 46.7 ± 12.6 
STEMI, n (%) 7 (63.6 %) 
NSTEMI, n (%) 4 (36.4 %) 
Vessel disease 
3-vessel-disease, n (%) 8 (72.3 %) 
2-Vessel-disease, n (%) 1 (9.1 %) 
1-Vessel-disease, n (%) 2 (18.2 %) 
Median peak Creatine kinase, U/L (Range) 1198.0 (132–4430) 
Median peak Myoglobin, μg/L (Range) 218.0 (78–4173) 
Median peak Troponin-I, ng/L (Range) 20164.0 (852–84443) 
Median peak LDH, U/L (Range) 604.0 (212–1109) 
Median peak NT-proBNP, pg/mL (Range) 1265.0 (150–18663) 
Days AMI to scan (Median) 30.9 ± 22.0 (29) 

AMI, acute myocardial infarction; LVEF, left ventricular ejection fraction; (N) 
STEMI, (non)-ST segment myocardial infarction; LDH, lactatdehydrogenase; NT- 
proBNP, N-terminal pro b-type natriuretic peptide. 
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SUVmean showed similar statistically significant results for infarcted 
myocardium vs. bloodpool and remote myocardium (Fig. 2A). Mean 
fibroblast activation volume of affected myocardium significantly 
exceeded the estimated infarct size in MRI estimated by LGE extent (59.5 
± 33.7 vs. 27.6 ± 17.0 cm3; p < 0.05, Fig. 2B). In total 57/170 (33.5 %) 
68Ga-FAPI-46 positive segments were detected compared to 50/170 
(29.4 %) segments with positive LGE on MRI. 

3.3. Association of 68Ga-FAPI-46 PET with MRI and blood biomarkers 

Comparison of FAV and MRI infarct size measured by LGE extent 

showed a strong correlation (r = 0.88; p < 0.01). PET tracer uptake 
intensity showed good correlation with infarct size estimated by LGE 
(SUVmax: r = 0.68, p < 0.05; SUVpeak: r = 0.74, p < 0.05 and SUVmean: r 
= 0.69, p < 0.05). Biomarkers of myocardial damage (lactate dehy-
drogenase and peak creatinine kinase) showed a strong correlation to 
infarct size estimated by PET and MR imaging. Details on correlation of 
PET, MRI parameter and serum biomarkers are depicted in Table 2. 

Fig. 1. Representative set of images, showing radiotracer distribution of 68Ga-FAPI in axial images of PET/MRI. Tracer uptake shown in two STEMI patients (culprit 
lesion upper panel: RCX, lower panel: RCA) and two patients after NSTEMI (culprit lesion both panels: RCX); (N)STEMI, (Non)-ST-elevation myocardial infarction; 
SUV, standard uptake value; RCX, circumflex coronary artery; RCA, right coronary artery. 

Fig. 2. PET parameter. (A) Uptake parameters for infarcted myocardium (FAV, cm3), bloodpool and remote myocardium. (B) Significant difference between tracer 
uptake volume (FAV) and volumetric infarct size in magnetic resonance imaging. SUV, standardized uptake value; FAV, fibroblast activation volume; ns, non- 
significant (p > 0.05); *p < 0.05, **p < 0.01, ****p < 0.0001. 
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3.4. Comparison of STEMI vs. NSTEMI patients with respect to imaging 
and clinical data 

In our sub-analysis of tracer uptake with respect to infarction type, 
we observed a tendency of higher FAV values (Fig. 3D) in patients after 
STEMI (64.5 ± 38.4 vs. 50.6 ± 26.1), without reaching statistical sig-
nificance (p = ns). Other PET parameters were comparable for both 
cohorts (Fig. 3A-C). This goes in line with the analysis of clinical pa-
rameters of myocardial injury confirming no significant difference (both 
p = ns) between STEMI and NSTEMI patients (CKpeak 1387.1 ± 1166.7 
and 2292.8 ± 1948.2 U/L; Trop-Ipeak 32756.9 ± 33282.3 and 41854.5 
± 39828.5 ng/L, for STEMI vs. NSTEMI, respectively). 

3.5. Case presentation 

A 65 years old male patient after revascularization of an occluded left 
anterior descending coronary artery was imaged early (42 days) and late 
(512 days) after AMI with 68Ga-FAPI-46 PET/MRI (Fig. 4). Baseline 
imaging revealed LGE of the apex with thrombus formation in the apical 
aneurysm and a moderate myocardial tracer uptake. Follow-up imaging 
revealed persistent tracer uptake and a corresponding scar in the 
thrombotic aneurysm of the dilated apex. Fibroblast activation volume 
and infarcted size decreased from baseline to follow-up (FAV: 42.5 to 
24.2 cm3; LGE: 31.0 to 22.9 cm3), whereas FAPI-46 uptake intensity 
remained stable (SUVmax 6.3 vs. 6.4; SUVmean 3.9 vs. 4.0; SUVpeak 4.8 vs. 
5.4). This suggests that although the area of fibroblast activation after 
AMI is regressing over time, there are remaining areas in the post- 
ischemic myocardium with ongoing intense fibroblast activation and 
thus myocardial remodeling processes are detectable even months after 
infarction. 

4. Discussion 

This FAPI hybrid PET/MR imaging study was specifically dedicated 
to visualize fibrotic ventricular remodeling at delayed time points after 
an ischemic event. Our results confirm that after a mean period of one 
month following AMI tracer uptake, as surrogate for fibroblast activa-
tion, is still present and persistently exceeds the myocardial infarction 
size as derived from MRI. Further, we report serial FAPI PET imaging in 
one patient indicating that while the overall extent of fibroblast acti-
vation decreases over time, fibroblast activation is present up to 16 
months following AMI. This points at the ability of this imaging method 
to monitor fibrotic remodeling processes in the aftermath of cardiac 

Table 2 
Correlation of FAV and MRI infarct size with imaging and biomarkers.   

Parameter Infarct size by FAV (cm3) Infarct size by LGE (cm3)   

R P-Value R P-Value 
FAV   0.88 < 0.01 
SUVmax 0.55 0.08 0.68 < 0.05 
SUVpeak 0.62 < 0.05 0.74 < 0.05 
SUVmean 0.59 0.06 0.69 < 0.05 

Biomarkers CK peak 0.67 < 0.05 0.67 < 0.05 
CK-MB 0.56 0.10 0.55 0.10 
Myoglobin 0.17 0.61 0.35 0.29 
Troponin-I 0.61 0.05 0.48 0.14 
LDH 0.81 < 0.01 0.82 < 0.01 
NT-proBNP 0.47 0.15 0.35 0.29 

SUV, standardized uptake value; FAV, fibroblast activation volume; MRI, mag-
netic resonance imaging; LGE, late gadolinium enhancement; LVEF, left ven-
tricular ejection fraction; CK, creatine kinase, MB, muscle-brain; LDH, 
lactatdehydrogenase; NT-proBNP, N-terminal pro b-type natriuretic peptide. 

Fig. 3. PET parameters stratified for STEMI and NSTEMI patients showing comparable results, with a tendency of higher FAV values in patients after STEMI. SUV, 
standardized uptake values; FAV, fibroblast activation volume; (N)STEMI, (non) ST-elevation myocardial infarction. 
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injury. 

4.1. FAPI findings at a delayed stage after AMI 

Our study confirms an increased myocardial tracer uptake as a sur-
rogate for fibroblast activation in infarcted areas compared to remote 
myocardium and blood pool. The finding of fibroblast activation in the 
early stages after AMI, which has already been shown in recent analyses, 
is now complemented with data from delayed PET imaging, with a mean 
period of 30 days post MI [8,9]. This constitutes an interesting aspect 
since the timeline of fibrotic remodeling after AMI is still not finally 
elucidated. Animal models suggest the maximum extent of fibroblast 
activation within one week after injury [2,9]. It is suggested that this 
fibroblast activation at an early stage takes place when fibroblasts 
transform to a pro-inflammatory phenotype and secrete cytokines and 
chemokines as well as matrix metalloproteinases (MMPs) [11–13]. In 
the later stages (>30d) fibroblasts are activated to anti-inflammatory 
and pro-reparative phenotypes and generate anti-inflammatory and 
pro-angiogenic factors and extracellular matrix components that stabi-
lize the myocardial scar [4,11,14]. The discrepancy between the time-
line of fibroblast activation in humans compared to animal models may 
be explained by the different structures of noncoding ribonucleic acids 
(RNAs) within the species. The noncoding RNA has been suggested to 
regulate fibroblast activity in infarcted hearts [15,16]. The overlap of 
especially long noncoding RNA within mice/humans has been calcu-
lated to be only 15 % which is a major limiting factor in the interpre-
tation of studies performed in animal models [1,15–17]. 

Our delayed imaging approach confirms extensive uptake in this 
time frame suggesting still major impact of FAP at this stage of remod-
eling, providing new information for further understanding of timeline 
and extent of ongoing fibrosis formation, which may shed light on 
important issues in timing of anti-fibrotic therapies. 

4.2. FAPI uptake clearly exceeds myocardial scar as shown by MRI 

As suggested by prior studies, LGE is well established for detection of 
focal replacement fibrosis following ischemic damage [6,18]. However, 

LGE does not allow for a differentiation between a fibrosis process that is 
still in progress and the one that has already been terminated [6,11,19]. 
Fibroblast activation is a complex interplay between many contributors 
(tumor necrosis factor alpha, the renin angiotensin aldosterone system) 
with the timeline of fibrotic remodeling still not finally elucidated 
[5,20,21]. Fibroblast activation PET imaging offers the chance of a 
functional assessment of this complex interplay by in-vivo visualization 
of fibroblast activation. Interestingly at this late stage after AMI, we 
confirm prior findings that fibroblast activation in affected myocardium 
still significantly exceeds the infarcted myocardium as delineated by 
LGE imaging. This supports the hypothesis of fibroblast activation pro-
nounced in the border zone of infarcted myocardium [8]. Further hybrid 
PET/MRI studies are needed to elucidate the interplay between fibro-
blast activation, scar formation and adverse left ventricular remodeling. 
Despite convincing data on imaging of infarcted myocardium, the 
relevance of fibroblast activation for functional and structural outcome 
of the affected myocardium is yet to be determined. Our study confirms 
a strong correlation of standardized tracer uptake parameters with 
biomarkers of myocardial injury highlighting the impact of FAPI imag-
ing as surrogate of fibroblast activation after myocardial damage in the 
delayed period after AMI. We were not able to identify differences in 
FAPI uptake in STEMI vs. NSTEMI patients which can potentially be 
attributed to the small patient number in this retrospective study. 

We present a case with consecutive 68Ga-FAPI-46 PET/MRI scans, in 
which we report tracer uptake corresponding to the infarcted area that 
persisted 16 months following AMI, suggesting a long-time frame of 
tissue remodeling after myocardial injury (Fig. 2). 

4.3. Study limitations 

We investigated the FAPI imaging in a small cohort with AMI 
brought on by varying levels of coronary stenoses and different anat-
omy, which limits the interpretation of statistical relationships between 
PET parameters, biomarkers and sites and extents of infarction. Another 
limitation is that most of our patients had multi-vessel coronary artery 
disease and the degree to which the other non-culprit stenoses have 
influenced the tracer uptake cannot be determined in this study. 

Fig. 4. Repeat FAP imaging in a patient after myocardial infarction. Case example for baseline and follow-up imaging. Baseline images show apical scar with 
moderate tracer uptake. Follow-up imaging demonstrates the persistence of the scar as well as aneurysmatic apical dilation with corresponding tracer uptake 
continuing up to 16 months after intervention. PET/MRI, positron-emission tomography/magnetic resonance imaging; FAPI, Fibroblast-Activation Protein-alpha 
inhibitor; MIP, maximum intensity projection; LGE, left gadolinium enhancement. 
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Preliminary data suggest that FAPI uptake might be influenced by 
various clinical parameters that were not investigated in detail in 
multivariate models on their influence on tracer uptake due to the 
limited cohort size. Last, although FAP has been reported a specific 
biomarker for activated fibroblasts, we cannot rule out FAPI uptake of 
other cell populations like endothelial cells. 

5. Conclusion 

In this retrospective study, we demonstrate that 68Ga-FAPI-46 PET/ 
MRI is a feasible, hybrid imaging tool for visualization of activated fi-
broblasts and structural imaging of infarcted myocardium in delayed, 
subacute stages after AMI. FAPI uptake indicates an interesting 
biomarker for tissue remodeling, however, an association to a functional 
outcome has yet to be shown and should be part of future studies. 
Further studies should provide mechanistic insights in how fibroblasts 
regulate cardiac remodeling post-AMI and help us understand the 
mechanistic and temporal process of fibrosis development in order to 
improve long-term therapies for patients with ischemic heart disease 
and LV dysfunction. This may have major impact on the pathophysio-
logic understanding of fibroblast activation after myocardial infarction. 
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