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Heart failure remains a major source of late morbidity and mortality
after myocardial infarction (MI). The temporospatial presence of
activated fibroblasts in the injured myocardium predicts the quality
of cardiac remodeling after MI. Therefore, monitoring of activated
fibroblasts is of great interest for studying cardiac remodeling after
MI. Fibroblast activation protein (FAP) expression is upregulated
in activated fibroblasts. This study investigated the feasibility of
imaging activated fibroblasts with a new 68Ga-labeled FAP inhibitor
(68Ga-FAPI-04) for PET imaging of fibroblast activation in a preclinical model of MI. Methods: MI and sham-operated rats were
scanned with 68Ga-FAPI-04 PET/CT (1, 3, 6, 14, 23, and 30 d after
MI) and with 18F-FDG (3 d after MI). Dynamic 68Ga-FAPI-04 PET and
blocking studies were performed on MI rats 7 d after coronary ligation. After in vivo scans, the animals were euthanized and their
hearts harvested for ex vivo analyses. Cryosections were prepared
for autoradiography, hematoxylin and eosin (H&E), and immunofluorescence staining. Results: 68Ga-FAPI-04 uptake in the injured
myocardium peaked on day 6 after coronary ligation. The tracer
accumulated intensely in the MI territory, as identified by decreased
18F-FDG uptake and confirmed by PET/MR and H&E staining. Autoradiography and H&E staining of cross-sections revealed that
68Ga-FAPI-04 accumulated mainly at the border zone of the infarcted myocardium. In contrast, there was only minimal uptake in
the infarct of the blocked rats, comparable to the uptake in the
remote noninfarcted myocardium (PET image–derived ratio of infarct uptake to remote uptake: 6 ± 2). Immunofluorescence staining
confirmed the presence of FAP-positive myofibroblasts in the injured myocardium. Morphometric analysis of the whole-heart sections demonstrated 3- and 8-fold higher FAP-positive fibroblast
density in the border zone than in the infarct center and remote
area, respectively. Conclusion: 68Ga-FAPI-04 represents a promising radiotracer for in vivo imaging of post-MI fibroblast activation.
Noninvasive imaging of activated fibroblasts may have significant
diagnostic and prognostic value, which could aid clinical management of patients after MI.
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ardiac remodeling is a key factor for the prognosis of patients who survive a myocardial infarction (MI) (1). Adverse cardiac remodeling can lead to heart failure, which is a major cause of
morbidity and mortality worldwide (2). After MI, fibrotic response
plays a critical role in left ventricular remodeling (3). Activated
cardiac fibroblasts have been identified as central mediators of this
reparative response (4).
After MI, fibroblasts undergo dynamic phenotypic changes and
differentiate into collagen-secreting proto-myofibroblasts. These
activated fibroblasts can further differentiate into mature myofibroblasts. After MI, activated fibroblasts migrate into the injured
myocardium and contribute to tissue replacement, thereby helping
to preserve the structural integrity of the infarcted heart. They secrete
increased amounts of cytokines, growth factors, and pericellular
proteases to maintain the extracellular matrix (ECM) and promote
replacement fibrosis—formation of a scar that stabilizes the ventricular wall and maintains the macroanatomy of the heart. Although the initial replacement and reparative fibrosis are pivotal
for the prevention of ventricular wall rupture after an ischemic
insult, they also induce geometric, biomechanical, and biochemical
changes in areas remote from the infarction and elicit reactive and
interstitial fibrosis. Excessive fibrosis and persistence of active fibroblasts within the myocardium can lead to increased left ventricular
stiffness and hence decreased cardiac contraction. Furthermore, the
presence of excessive ECM may decrease oxygen and nutrient availability to the myocardium, contributing to detrimental cardiac
remodeling. Noninvasive imaging of activated fibroblasts could therefore provide unique opportunities to study cardiac remodeling
over time and to monitor therapeutic interventions that aim to
prevent a progressive decline of ventricular function (5,6).
Fibroblast activation protein (FAP) is a homodimeric membranebound serine protease that has intracellular and extracellular soluble
truncated forms. FAP is specifically expressed by activated fibroblasts during wound healing (7). Elevated expression of FAP in
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myofibroblasts has been reported in rat hearts with permanent MI
and in the hearts of patients with acute MI (8). Recently, radiolabeled FAP inhibitors (FAPIs) for noninvasive imaging of FAP expression have been developed and characterized by Haberkorn’s
group (9,10). PET imaging with radiolabeled FAPIs has shown desirable biodistribution and high uptake by activated stromal fibroblasts in murine experimental tumors, as well as in patients with
different malignancies (9,10). In the present study, our objective
was to evaluate the feasibility of imaging activated fibroblasts after
MI using a 68Ga-labeled FAPI (68Ga-FAPI-04).
MATERIALS AND METHODS
Experimental MI in Rats

Twenty Wistar rats (male, 3 mo old, 3402365 g; Charles River) were
subjected to MI by permanent ligation of the left anterior descending
coronary artery. The animals were anesthetized by intramuscular administration of a 0.5 mg/kg dose of medetomidine (Pfizer), a 5 mg/kg
dose of midazolam (Roche), and a 0.05 mg/kg dose of fentanyl (Ratiopharm) and artificially ventilated using a rodent ventilator for thoracotomy
and permanent ligation of the left coronary artery with a 7-0 polypropylene
suture. Successful coronary occlusions were verified visually by identification of cyanosis or paling of the myocardium downstream from the
suture. Sham-operated animals (n 5 4) underwent the same surgical
procedure except the ligation. The experiments were approved by the
local animal care committee and were in accordance with the German
Animal Welfare Act (Regierung von Oberbayern).

tissue (%ID/g). Regions of interest were drawn corresponding to the
infarcted region and a region of noninfarcted remote myocardium in
the inferior septum.
Ex Vivo (PET/MR) Imaging

To validate the results obtained by in vivo PET/CT imaging and to
confirm the origin of the in vivo signal, 1 heart was also scanned ex
vivo. On day 7 after MI, a rat was injected with 60 MBq of 68GaFAPI-04 and killed 1 h afterward. The heart was excised and scanned
using a small-animal PET insert (MADPET4) for a 7-T MRI scanner
(MR901 magnet [Agilent/GE Healthcare] with Avance III HD electronics [Bruker]) and an acquisition time of 20 min. Anatomic MR
images were acquired with a 3-dimensional spoiled gradient recalled
echo (fast low-angle shot) sequence. To keep the left ventricle open,
the heart was filled with alginate impression material (Zitzmann). The
same animal had been scanned in vivo on day 6 after MI with 68GaFAPI-04 PET/CT.
Competition Experiment

To assess the specificity of 68Ga-FAPI-04 accumulation and to confirm that uptake of 68Ga-FAPI-04 in the injured myocardium was due
to saturable binding to FAP, a group of MI rats (n 5 3), referred to as the
blocked group, was coinjected with a blocking dose (550 nmol) of nonlabeled FAPI-04 to block specific binding sites 7 d after coronary ligation.
The rats underwent PET/CT imaging followed by autoradiography. The
same animals had been scanned 1 d earlier (day 6 after MI) with 68GaFAPI-04 PET/CT without injection of the blocking compound.
Autoradiography and Histology

Radiolabeling
68Ga-labeling

of FAPI-04 was performed using a fully automated,
good-manufacturing-practice–compliant procedure in a GallElut1 synthesis module (Scintomics). A 68Ge/68Ga generator (iThemba Labs)
was eluted with 1.0 M aqueous HCl, and a 1.2-mL fraction containing
the highest activity (;5002600 MBq) was transferred into a reactor
vial containing 20 nmol of FAPI-04 in 900 mL of 2.7 M 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid to adjust the pH of the reaction
mixture to 3.5. While the mixture was heated at 95C for 5 min, air
was slowly bubbled through the solution for agitation. For purification, the reaction mixture was passed through a C18 Sep-Pak Light
solid-phase extraction cartridge (Waters), which was preconditioned
by purging with ethanol (5 mL) and water (10 mL). The cartridge was
rinsed with 10 mL of water, and 68Ga-FAPI-04 was eluted from the
cartridge with 2 mL of ethanol/water (1/1, v/v), followed by purging
with 1 mL of phosphate-buffered saline (pH 7.4) and 1 mL of water.
For in vivo studies, ethanol was evaporated to exhibit the appropriate
pH and osmolality for injection. Quality control of 68Ga-FAPI-04 was
performed using radio–reverse-phase high-performance liquid chromatography and radio–thin-layer chromatography.
In Vivo (PET/CT) Imaging

Scans were acquired on a small-animal Inveon PET/CT scanner
(Siemens). Static PET/CT images were acquired 1 h after injection of
68Ga-FAPI-04 (20225 MBq; 4 nmol; 1, 3, 6, 14, 23, and 30 d after
MI) and 18F-FDG (8210 MBq; 3 d after MI), with an acquisition time
of 20 min. Images were reconstructed using Siemens Inveon software,
which uses a 3-dimensional ordered-subsets expectation maximum
algorithm with attenuation correction. Dynamic PET scans were acquired with 68Ga-FAPI-04 (7 d after MI) for 90 min. Acquired data
were then Fourier-rebinned in 46 time frames (6 · 5 s, 21 · 10 s, 8 ·
120 s, 8 · 300 s, and 3 · 600 s) and reconstructed using the same 3dimensional ordered-subsets expectation maximum algorithm. For
quantification of tracer uptake, circular 2-dimensional regions of interest were placed on axial PET/CT images of the hearts, and signal
intensities were recorded as percentage injected dose per gram of
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On day 7 after MI, rats (3 MI nonblocked, 3 MI blocked, and 2 sham)
were injected with 68Ga-FAPI-04 and killed 1 h afterward. Serial shortaxis cryosections 10 mm thick were prepared from isolated hearts.
Consecutive sections were used for autoradiography and hematoxylin
and eosin (H&E) staining. The ex vivo spatial distribution of radioactivity in the heart cross-sections was examined using autoradiography.
H&E staining was used to determine the location and extent of areas of
infarction.
Immunofluorescence Staining and Quantification of
FAP-Positive (FAP1) Area

Cryosections were prepared from fresh-frozen MI hearts (7 d after
MI), liver, lung, skin, and healthy hearts. Tissue sections were stained
with antibodies against FAP (R&D Systems) as a marker of activated
fibroblasts, prolyl-4-hydroxylase b (Origene) as a marker of activated
and collagen-synthesizing fibroblasts, a-smooth muscle actin (Merck)
as a marker of differentiated mature myofibroblasts, and vimentin
(Merck) as a general fibroblast marker, as described previously (8).
Stained sections were imaged using an SP8 confocal laser scanning
microscope and a DM6000 fluorescence microscope (Leica). For imaging of the entire surface of heart specimens, single-plane automated
tile scans were acquired using a DM6 B Thunder Imager 3D Tissue
(Leica) with a field of view of 5.5 · 5.5 mm, processed with Thunder
software (Leica) and mosaic-merged with 20% overlaps. For morphometry of FAP1 area in MI hearts, 325 parallel sections adjacent
to H&E-stained images were selected. H&E images were used to
define the infarct center, border, and remote area. FAP1 areas were
quantified within the selected areas using Image J (National Institutes
of Health). Image processing included changes in brightness, contrast,
and tonal range and was applied equally across the entire image.
The experimental timeline of the in vivo and ex vivo studies is
illustrated in Figure 1.
Statistics

Data are expressed as mean 6 SD. The Mann–Whitney U test was
used to compare 2 variables, and 1-way ANOVA was used to compare
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RESULTS

FAPI-04 was labeled with 68Ga with an overall radiochemical
yield of 89% 6 0.8% and radiochemical purity of at least 95%.
The specific activity was 25230 GBq/mmol.
Rapid Biodistribution and Accumulation of
MI Heart

FIGURE 1.

68Ga-FAPI-04

in

Figure 2A shows a series of dynamic images (axial and coronal
sections) from 5 to 90 min after injection of 68Ga-FAPI-04 in MI heart
(7 d after MI). The images demonstrate rapid clearance of 68Ga-FAPI-04
from circulation via renal excretion (Supplemental Fig. 1; supplemental materials are available at http://jnm.snmjournals.org). Corresponding time–activity curves (average of 3 scans) for infarcts and noninfarct
remote areas show that the tracer cleared gradually from infarcts
and more rapidly from nontarget remote tissue (Fig. 2B), resulting
in increasing infarct-to-noninfarct tissue ratios over time (Fig. 2C).

Experimental timeline. OP 5 operation.

multiple variables. A P value of 0.05 or less was considered to be
significant. Statistical analysis was performed using SPSS Statistics
software (version 24.0.0; IBM).

Specific Uptake of

68Ga-FAPI-04

in Infarcts

In vivo longitudinal PET/CT images (axial sections) of a representative rat subjected to coronary ligation are shown in Figure 3A.

FIGURE 2. In vivo dynamic imaging of 68Ga-FAPI-04 uptake. (A) Serial PET/CT images (axial and coronal sections) from 90-min dynamic scan of MI
rat at 7 d after coronary ligation. Representative regions of interest (2-dimensional) drawn over infarct border zone and remote myocardium are
illustrated as red and black circles, respectively. Regions of interest in infarcts were placed relatively far from surgical wounds. 68Ga-FAPI-04
exhibited elevated uptake in scars from operation (asterisk). (B) Corresponding time–activity curves for infarcted and noninfarcted heart tissue
(average and SD, n 5 3). (C) Infarct-to-noninfarct ratio over time (average and SD, n 5 3). H 5 heart; Li 5 liver; p.i. 5 after injection.
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FIGURE 3. In vivo imaging of 68Ga-FAPI-04 uptake in longitudinal study. (A) Static PET/CT matched axial slices in same rat subjected to coronary
ligation and scanned 1 h after injection of 68Ga-FAPI-04 (1, 3, 6, 14, 23, and 30 d after MI) and 18F-FDG (3 d after MI). Dashed lines separate tracer
uptake in myocardium from uptake in surgical wounds. In 6 d after MI image, representative regions of interest (2-dimensional) drawn over infarct
border zone and remote myocardium are illustrated as red and black circles, respectively. 68Ga-FAPI-04 uptake in regions of interest of infarcts is
demonstrated. (B) Corresponding time–activity curves for infarcted and noninfarcted heart tissue (average and SD, n 5 3). 68Ga-FAPI-04 and 18FFDG exhibited elevated uptake in scars from operation (asterisk).

The study was performed to assess the temporal presence of
activated fibroblasts in the injured myocardium.68Ga-FAPI-04
uptake in the infarcts peaked on day 6 after MI (Fig. 3B). Intense
68Ga-FAPI-04 uptake (1.0 6 0.2 %ID/g) was observed in the
hypometabolic MI territories that were identified on the 18FFDG PET/CT scans. Additionally, an ex vivo 7-T PET/MR scan
of the heart of 1 rat was performed to better localize the 68GaFAPI-04 signal within the intact myocardium (Fig. 4). Fusion of
PET and high-resolution MR confirmed that 68Ga-FAPI-04 accumulated within the infarcted myocardial region. The in vivo PET
image–derived ratio of uptake in the infarct to uptake in remote
myocardium was 6 6 2 at 6 d after MI (Fig. 5B). Uptake ratios
relative to other organs were also high and are summarized in
Supplemental Table 1. Thus, the infarcted myocardium was
imaged with high contrast 6 d after coronary ligation. The saturation of FAP by coinjection of nonlabeled FAPI-04 decreased
the 68Ga-FAPI-04 signal dramatically in the infarct region
(0.21 6 0.08 %ID/g, P 5 0.01), to the same level as in the
sham-operated rats (0.23 6 0.06 %ID/g). Similarly, coinjection
of nonlabeled FAPI-04 also decreased uptake of 68Ga-FAPI04 within the surgical wound, to the background level (Fig.
5A). The exact location of 68Ga-FAPI-04 uptake within the
myocardium was further analyzed by autoradiography and correlated with histologic findings. In autoradiography images, increased uptake of 68Ga-FAPI-04 was observed predominantly
in the periinfarct border zone (Fig. 6). No significant tracer
uptake was observed in remote uninvolved myocardial regions or in the myocardium of sham-operated rats (Fig. 5A).
The infarct-to-noninfarct signal intensity ratio was 14.1 6
0.8 (Fig. 5C). Blocking of the binding sites with an excess of
nonlabeled FAPI-04 decreased the ratio 10-fold, to 1.4 6 0.2
(P 5 0.02).
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FAP Expression by Activated Fibroblasts in
Periinfarcted Myocardium

To determine FAP expression in the myocardial connective tissue,
multicolor immunofluorescence staining analyses were performed on
infarcted rat hearts at 7 d after MI. Thunder Imager scans of the
whole-heart slices revealed that FAP1 cells selectively accumulated
in the periinfarcted area rather than in the infarct center or remote
healthy myocardium (Fig. 7A). Within the infarcted hearts, a few
FAP1 fibroblasts were located in the necrotic or fibrotic infarct area,
but FAP1 fibroblasts were rarely detected in the remote myocardium
(Fig. 7A; Supplemental Fig. 2) or in the myocardium of healthy
hearts (Supplemental Fig. 3). Enumeration of FAP1 cells in MI hearts
revealed 3- and 8-fold higher FAP1 fibroblast density in the border
zones than in the infarct center and remote areas, respectively (Fig. 7B).

FIGURE 4. Axial sections of in vivo PET/CT imaging with 18F-FDG (day
3 after MI) and 68Ga-FAPI-04 (day 6 after MI) and corresponding ex vivo
PET/MRI with 68Ga-FAPI-04 (day 7 after MI). 18F-FDG image was used
to identify areas of infarcted myocardium (arrow), where increased uptake of 68Ga-FAPI-04 was apparent (arrowhead). 68Ga-FAPI-04
exhibited elevated uptake in postsurgical scar (asterisk). Dashed line
separates 68Ga-FAPI-04 uptake in myocardium from surgical wound.
High-resolution MR and PET/MR data confirmed infarcted area, where
68Ga-FAPI-04 uptake was increased.
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imaged with PET/CT, with high contrast
and minimal uptake in normal myocardium
(infarct-to-noninfarct uptake ratio was 6 6 2
at 6 d after MI) or other organs such as the
liver (infarct-to-liver uptake ratio was 11 6 3
at 6 d after MI). The specificity of the PET
signal was confirmed by blocking with nonlabeled FAPI-04 and immunofluorescence
staining studies corroborating high expression of FAP by activated fibroblasts. Furthermore, the study showed the feasibility of
imaging the time course of fibroblast activation after MI. Peak activity was observed 6
d after coronary ligation and decreased rapidly to the background level by 2 wk after
infarction. The signal from 68Ga-FAPI-04 is
therefore fundamentally different from contrast enhancement on MRI, which persists
for months in the myocardium after infarction. Thus, 68Ga-FAPI-04 shows fibroblast
FIGURE 5. Binding specificity test. (A) PET/CT axial views, autoradiographs, and corresponding
activation and fibrosis formation whereas
H&E stainings of 10-μm cross-sections prepared from MI nonblocked, blocked, and sham-operMRI visualizes the presence of fibrous tis68
ated rats. Autoradiographs and H&E stainings from nonblocked hearts show increased Gasue independent of the activation state of
FAPI-04 uptake in infarcted area at 7 d after MI, whereas uptake is negligible after sham operation
the fibroblasts.
or injection of nonlabeled FAPI-04 (blocked). Infarcted areas in H&E stainings are identified with
arrows. (B) PET image–derived infarct-to-noninfarct uptake ratio (derived from 6 nonblocked and
Identification of drugs that selectively
3 blocked rat hearts subjected to coronary ligation). (C) Autoradiography image–derived infarct-toinhibit fibroblast activation and transdifferennoninfarct uptake ratio (derived from 3 nonblocked and 3 blocked MI hearts). QL 5 quantum level.
tiation to the ECM-secreting myofibroblast
cell state represents an attractive approach to
In the periinfarcted connective tissue, most FAP1 cells strongly the treatment of fibrosis-related diseases, which include not only MI but
expressed prolyl-4-hydroxylase b whereas fewer FAP1 cells also other common diseases such as liver cirrhosis or pulmonary
expressed a-smooth muscle actin (Fig. 7D), indicating massive infil- fibrosis (12). Antifibrotic treatments inhibiting the pathways responsible
tration of FAP1 prolyl-4-hydroxylase b–positive proto-myofibroblasts for interconversion of quiescent fibroblasts to activated and profibrotic
in the infarct border zone. These data were consistent with previously myofibroblasts have shown promise for improving left ventricular funcpublished data on FAP expression after MI (8). Coexpression analy- tion in preclinical studies (13–15). However, translation of experimental
ses of vimentin with FAP in liver, lung, and skin demonstrated FAP findings into human patients has been rather limited. One reason is the
expression in dermal vimentin-positive fibroblasts only (Supplemen- lack of tools to noninvasively monitor fibroblast activation in patients.
tal Fig. 3), confirming the presence of activated fibroblasts in skin as Specifically, the favorable roles of myofibroblasts in early infarct healing and the detrimental effects of a prolonged increase in reactive
evidenced by others (11).
fibrosis require cautious timing for safe and effective antifibrotic treatments. It is therefore conceivable that a diagnostic strategy targeted at
DISCUSSION
detecting active myofibroblasts would allow for a better understanding
The present study demonstrated the feasibility of imaging acti- of their temporospatial presence in the injured myocardium, better
vated fibroblasts after MI using PET and the radiolabeled FAPI estimation of the likelihood of postinfarction heart failure evolution,
68Ga-FAPI-04. Fibroblast activity in the infarcted myocardium was
and better assessment of the efficacy of antifibrosis therapies.
Expansion of fibrosis in areas remote from
the infarction, known as reactive fibrosis, is
believed to be an important mechanism for
the development of heart failure (3). In the
present study, we did not observe increased
uptake of 68Ga-FAPI-04 in the remote uninjured myocardium. However, the experiments were performed on healthy rats
that did not show signs of heart failure
during the relatively short follow-up period. Future studies on animals with risk
factors for the development of post-MI
heart failure, such as diabetes (16) or hyperlipidemia (17), are required to assess
the ability of 68Ga-FAPI-04 to monitor fi68
FIGURE 6. Ex vivo evaluation of Ga-FAPI-04 uptake in infarct at 7 d after MI. Representative
brosis formation in areas remote from the
autoradiograph and corresponding H&E staining from rat heart show elevated and heterogeneous
injured myocardium.
uptake of 68Ga-FAPI-04 in infarct border compared with infarct center.

IMAGING

OF

FIBROBLAST ACTIVITY AFTER MI • Varasteh et al.

1747

healing activity (fibroblast activation, inflammation, and angiogenesis), it is not exclusively specific for activated fibroblasts (6).
The expression of FAP in myocardial
fibroblast subsets was first demonstrated by
Tillmanns et al. in frozen sections from rat
hearts subjected to permanent ligation of
the left anterior descending coronary artery
and in paraffin-embedded formalin-fixed
tissue samples obtained from the left ventricular apex of MI patients (8). It was
clearly shown that FAP1 cells were indeed
activated fibroblasts, predominantly protomyofibroblasts, as evidenced by coexpression of FAP with prolyl-4-hydroxylase b,
a-smooth muscle actin, and vimentin in
rat hearts and with Thy-1 in human hearts
(8). The researchers then concluded that
FAP expression identifies collagen-synthesizing activated, but not resting, fibroblasts.
Therefore, imaging of FAP expression provides unique opportunities to study fibroblast activity in the injured myocardium.
On the basis of a small-molecule enzyme
inhibitor with high affinity to FAP (27), a
series of 15 novel FAPI conjugates (FAPI01 to FAPI-15) was developed by several
approaches toward chemical modification
(9,10). Among other quinolone-based radiopharmaceuticals, FAPI-04 showed improved
pharmacokinetic properties regarding target
accumulation and retention time (10). A
comprehensive preclinical evaluation of the
FIGURE 7. (A) Tile scan of entire infarcted heart section showing location of FAP1 fibroblasts.
tracer led to clinical translation of FAPI-04
Insets 1, 2, and 3 show higher magnification from infarct border, infarct center, and noninfarcted
for diagnosis and therapy of metastasized
1
remote myocardium, respectively. (B) Enumeration of FAP fibroblast density in MI hearts (n 5 3)
cancer in patients (10). These initial patient
showing higher FAP1 fibroblast percentage in border zone than in infarct center or remote zone.
studies showed high uptake of 68Ga-FAPI-04
(C) H&E-stained parallel section. (D) Photomicrographs of FAP, prolyl-4-hydroxylase β (P4H),
α-smooth muscle actin, and vimentin-stained infiltrated fibroblasts in periinfarct border zone.
by several malignancies and only very low
Abundant colocalization of FAP, prolyl-4-hydroxylase β, and vimentin shows that accumulated
uptake by lung, liver, and kidneys. Therefore,
fibroblasts are activated phenotypes, whereas small portion have differentiated into α-smooth
we expect that imaging of fibroblast activamuscle actin–positive mature myofibroblasts.
tion after MI will also be feasible in humans
using 68Ga-FAPI-04.
Several candidate biologic processes have been targeted for moWe realize that there were limitations to our initial evaluation of
lecular imaging of cardiac fibrosis, and a variety of ECM compo- FAP imaging of myocardial fibroblasts. First, we imaged the renents have been tested to this aim (18). However, fibrosis is the gional presence of activated fibroblasts in the infarcts only after
consequence or endpoint of the fibroblast activation. Once fibrosis permanent coronary artery occlusion and observed that 68Gahas developed, reversal of the deposition of collagen and other FAPI-04 accumulated predominantly in the border region. This
proteins in the ECM will generally prove challenging. In contrast, tracer uptake pattern in the infarct area may be partially attributed
evaluation of fibroblast activation provides indirect evidence of the to inadequate delivery of radiotracer to the infarct area due to no
rate of fibrogenesis or collagen deposition and hence may identify reflow or poor collateral flow to the infarct central region. Future
a time window during which fibrosis can still be prevented and the studies are required to assess 68Ga-FAPI-04 uptake after myocardisease course altered.
dial infarction in ischemia–reperfusion models. These studies are
Upregulated expression of avb3 in activated fibroblasts has been required to assess if 68Ga-FAPI-04 can image the effect of cororeported in vitro and in vivo (18,19). In some proof-of-concept studies, nary interventions on the extent of fibroblast activation. However,
an arginine-glycine-aspartate imaging peptide has been used to iden- the model of permanent ligation of the left anterior descending
tify proliferating myofibroblasts in postinfarct animal models (20,21) coronary artery used in our study is likewise clinically relevant in
and in patients (22). However, preclinical and clinical studies docu- that it allows the study of fibroblast activation after MI in the abmented that avb3 integrin is expressed not only by activated cardiac sence of the potentially confounding effects of reperfusion (28).
myofibroblasts but also by macrophages (23) and within endothelial Additionally, the potential of 68Ga-FAPI-04 for imaging diffuse
cells of the microvasculature (24–26). Therefore, even though avb3 fibrosis needs to be evaluated in proper animal models, such as a
expression may hold promise as a combined marker of post-MI pressure-overload–induced disease model. These studies are required
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to determine how sensitively 68Ga-FAPI-04 can detect myofibroblasts—that is, what density of myofibroblasts is required for a quantifiable signal. However, the very strong in vivo signal obtained after
MI (1.0 6 0.2 %ID/g, day 6 after MI) in the present study, as well as
the very low uptake in noninfarcted myocardium (0.2 6 0.1 %ID/g,
day 6 after MI) and neighboring normal organs, suggests that more
subtle forms of fibroblast activation will also be detectable by 68GaFAPI-04 PET/CT. Finally, because of the presence of high 68Ga-FAPI04 uptake in the surgical wound region near the infarcts, it was not
possible to quantify in vivo PET signal from the infarcts. To avoid the
surgical trauma of thoracotomy in open-chest models of coronary
ligation and to provide temporal information on changes in FAP
expression after MI in a noninvasive and quantitative mode, closedchest catheter-based models of MI are proposed for future studies.
CONCLUSION

Activation of fibroblasts was imaged noninvasively with high
contrast using PET and the FAPI 68Ga-FAPI-04. We expect that
the ability to study activated fibroblasts noninvasively and repetitively will provide new insights into ventricular remodeling after
MI and possibly also in other cardiac pathologic conditions that
are associated with activation of fibroblasts, such as hypertension and
ischemic, dilated, and hypertrophic cardiomyopathies (15). Further
studies of the feasibility of imaging fibroblast activation with
68 Ga-FAPI-04 PET/CT in various settings are warranted.
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KEY POINTS
QUESTION: Is it feasible to dynamically monitor cardiac fibroblast
activation after MI with 68Ga-FAPI-04 PET?
PERTINENT FINDINGS: The temporospatial presence of activated
fibroblasts in the infarcted myocardium was imaged using 68GaFAPI-04 PET/CT. The local accumulation of 68Ga-FAPI-04 peaked
on day 6 after MI, mainly in the infarct border zone.
IMPLICATIONS FOR PATIENT CARE: Noninvasive detection of
active fibroblasts would help clinicians assess the likelihood of
evolution of heart failure after MI and monitor the efficacy of
antifibrosis therapies.
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