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ABSTRACT

BACKGROUND Myocardial fibrosis is a key healing response after myocardial infarction driven by activated fibroblasts.
Gallium-68-labeled fibroblast activation protein inhibitor ([°®Gal-FAPI) is a novel positron-emitting radiotracer that
binds activated fibroblasts.

OBJECTIVES The aim of this study was to investigate the intensity, distribution, and time-course of fibroblast acti-
vation after acute myocardial infarction.

METHODS A total of 40 patients with acute myocardial infarction underwent hybrid [*8GalFAPI-46 positron emission
tomography and cardiac magnetic resonance and were compared with matched control subjects (n = 19) and those with
chronic (>2 years) myocardial infarction (n = 20). Intensity of [*®Ga]FAPI-46 uptake was quantified by maximum target-
to-background ratio (TBR,y). Burdens of fibroblast activation and scar were assessed by percent myocardial involvement
of [®8GalFAPI-46 uptake and late gadolinium enhancement, respectively.

RESULTS Myocardial [°8Ga]FAPI-46 uptake was observed in the acute infarct and peri-infarct regions that exceeded the
extent of late gadolinium enhancement (burden 27.8% + 12.4% vs 15.2% =+ 10.6%; P < 0.001). One-third of patients
also demonstrated right ventricular involvement. Myocardial [®8Ga]FAPI-46 uptake was most intense at 1 and 2 weeks
before declining at 4 and 12 weeks (TBR,ax 4.0 = 1.1, 3.7 £ 1.0, 3.1 + 0.8, and 2.7 4 0.7; P < 0.001). In comparison with
control subjects, increased [®8GalFAPI-46 uptake was observed in chronic (7 + 6 years ago) infarcts at lower intensity
than acute infarction (TBRmax 1.2 = 0.1 vs 1.7 £ 0.5 vs 4.0 =+ 1.1; P < 0.001). Baseline [®8GalFAPI-46 burden correlated
with lower left ventricular ejection fraction (r = —0.606), higher indexed left ventricular end-diastolic volume

(r = 0.572), and higher scar burden (r = 0.871) at 1 year (P < 0.001 for all). Increased remote myocardial [*®GalFAPI-46
uptake was associated with left ventricular dilatation and systolic dysfunction.

CONCLUSIONS Myocardial fibroblast activation peaks within a week of acute myocardial infarction and extends
beyond the infarct region. It declines slowly with time, persists for years, and is associated with subsequent left ven-
tricular remodeling. (PROFILE-MI-The FAPI Fibrosis Study; NCT05356923) (JACC. 2025;85:578-591) © 2025 The Au-
thors. Published by Elsevier on behalf of the American College of Cardiology Foundation. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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oronary heart disease is the leading cause of

death worldwide, with most of its morbidity

and mortality attributable to acute myocar-
dial infarction." Myocardial fibrosis is a fundamental
healing response to the injury of myocardial infarc-
tion, with activated fibroblasts driving collagen depo-
sition and fibrogenesis that aims to provide tissue
integrity and reduce the risk of rupture. Although
initially protective, dysregulated fibroblast activation
and myocardial fibrosis activity may cause adverse
remodeling and lead to the development of heart fail-
ure, arrhythmia, and major adverse cardiovascular
events.”* The time-course of human fibroblast acti-
vation and myocardial fibrosis development after
myocardial infarction remains unclear. Although
generally considered complete by 3 months, this is
largely based on preclinical data, with investigation
in human myocardial infarction limited by a lack of
appropriate methods for assessing fibroblast activa-
tion or fibrosis activity directly.>®

SEE PAGE 592

The current clinical gold-standard method for the
detection of myocardial fibrosis is cardiac magnetic
resonance with late gadolinium enhancement and T1
mapping. However, this provides a measure of
extracellular space expansion as a surrogate marker
for fibrosis,”® and it cannot distinguish whether
fibrotic processes are ongoing and modifiable or are
established and irreversible. Moreover, expansion of
the extracellular space is not exclusive to fibrosis and
occurs in many disease processes, including edema
and necrosis, which also characterize the early stages
of acute myocardial infarction.

Fibroblast activation protein (FAP) is a membrane-
bound serine protease expressed almost exclusively

on activated fibroblasts.”"

Its expression is not
encountered in healthy adult tissue but is seen after
myocardial infarction as well as in a range of other
heart muscle diseases.’” FAP inhibitors (FAPIs) have
been developed and modified to facilitate positron
emission tomography (PET) imaging of fibroblast
activation and fibrosis activity.”® Although recent
studies have confirmed the proof of principle that
gallium-68-labeled FAP inhibitors (°®Ga-FAPI) can be
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taken up in regions of infarcted myocardium,
these have been limited to animal studies,
retrospective and descriptive analyses, and
small proof-of-concept studies without
appropriate control subjects.®"'4*° The time
course of fibroblast activation in the weeks
and months after acute myocardial infarction protein
in humans remains unknown. In this pro-
spective longitudinal cohort imaging study,

we first investigated the time-course of fibro- tomography

blast activation after acute myocardial infarc-
tion using hybrid [®8GalFAPI-46 PET and
magnetic resonance imaging, and we assessed
its association with subsequent cardiac remodeling.

ratio

METHODS

CLINICAL STUDY DESIGN AND STUDY POPULATION. This
prospective case-control longitudinal cohort study
recruited participants aged >50 years with recent
(<7 days) ST-segment elevation myocardial infarction
from the Edinburgh Heart Centre, Edinburgh, Scot-
land, between April 2021 and March 2023. Participants
with chronic myocardial infarction were recruited
from outpatient clinics and review of records of pa-
tients admitted for treatment of ST-segment eleva-
tion myocardial infarction at least 2 years prior.
Healthy control participants were recruited via email
invitation sent to employees of the University of
Edinburgh. Potential participants with an estimated
glomerular filtration rate <30 mL/min/1.73 m? or with
contraindications to magnetic resonance imaging
were excluded. The study was approved by the
South-East Scotland Research Ethics Committee, and
all participants provided written informed consent.
The first author had unrestricted access to the data in
the study and takes responsibility for its integrity and
data analysis. The first and second authors (AKB and
NC) drafted the manuscript, and all authors provided
critical review.

Participants with acute myocardial infarction un-
derwent either serial [°®Ga]JFAPI-46 PET and cardiac
magnetic resonance at 1, 2, 4, and 12 weeks, or a single
study within 4 weeks, with all invited back for
repeated cardiac magnetic resonance with gadolinium
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FAP = fibroblast activation

MI = myocardial infarction

PET = positron emission
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[68GalFAPI-46 = ®®Gallium-
labeled fibroblast activation
protein inhibitor

SUV = standard uptake value

TBR = target-to-background
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contrast material at 12 months (Supplemental
Participants with chronic myocardial

infarction and age- and sex-matched control volun-

Figure 1).

teers with no history of myocardial infarction, cardio-
myopathy, or heart muscle disease underwent a single
[*8Ga]FAPI-46 PET and magnetic resonance study.

POSITRON EMISSION TOMOGRAPHY AND MAGNETIC
RESONANCE IMAGING. Participants underwent imag-
ing with a hybrid PET and magnetic resonance system
(Biograph m-MR, Siemens Healthineers) with a 50-
minute bedtime centered over the heart, 30 to
80 minutes after administration of 100 to 200 MBq
[®8Ga]FAPI-46. The magnetic resonance protocol is
described in the Supplemental Materials. In short,
after attenuation correction,’® the protocol also
included late gadolinium enhancement images ac-
quired after the administration of 1 mg/kg gadobutrol
(Gadovist, Bayer Inc). Contrast imaging was not per-
formed at weeks 2 and 4 in those patients undergoing
serial magnetic resonance scans to limit
contrast exposure.

IMAGE ANALYSIS. Image analysis was performed by
expert readers (A.K.B., N.C., V.T., M.M., J.L., M.R.D.)
blinded to group assignment and scan time. Magnetic
resonance analysis was performed independently of
the PET analysis using Circle Cardiovascular Imaging
software. Left and right ventricular volumes and
ejection fractions were measured using manual
adjustment of automated contours on the short-axis
cine stack. Left ventricular infarct size was quanti-
fied from late gadolinium enhancement sequences
using the full-width half-maximum method to pro-
vide the myocardial infarct volume. Left ventricular
infarct burden was then quantified as the myocardial
infarct volume divided by the left ventricular
myocardial volume, multiplied by 100 to be
expressed as a percentage.

PET image analysis was performed using both a

global and a regional approach to assess the intensity,
volume, and burden of increased myocardial [®®Ga]
FAPI-46 uptake using 2 software platforms, QPET and
FusionQuant, respectively (both Cedars Sinai). Both
platforms allow precise image coregistration, auto-
mated motion correction, and advanced cardiac PET
quantification.
Global myocardial [®°®GalFAPI-46 positron
emission tomography analysis. Semiautomated
segmentation of the myocardial PET signal arising
from the left ventricle was performed in 3 orthogonal
planes using an adjustable left ventricular region of
interest as described previously.?’ A mask was used to
exclude all counts outside of the cardiac silhouette
(Supplemental Figure 2).
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The total volume of fibroblast activation was
quantified based on pixels with [®Ga]FAPI-46 uptake
above a conservative threshold of 1.5 x maximum
blood pool activity, consistent with previous
studies.”” This was used to calculate the burden of
myocardial fibroblast activation (% of the myocar-
dium with increased fibroblast activation) in an
approach similar to that for the infarct burden
(volume of increased myocardial [®®Ga]FAPI-46
uptake divided by the total myocardial volume,
multiplied by 100).

The intensity of myocardial [°®Ga]FAPI-46 uptake
was quantified using maximum and mean standard
uptake values (SUV,ax and SUV ,ean), both globally
across the left ventricle and within individual seg-
ments of the American Heart Association 17-segment
myocardial model.”> Maximum and mean target-to-
background ratios (TBRyax and TBRpyean) Were calcu-
lated by correcting the myocardial uptake for the
background blood pool activity measured in the right
atrium.

Regional myocardial [°8Ga]FAPI-46 positron
emission tomography analysis. Analysis of the
intensity of fibroblast activation across different re-
gions of both the left and right ventricular myocar-
dium was performed guided by magnetic resonance
(Supplemental Figure 3). PET images were overlaid
directly onto magnetic resonance short-axis late
gadolinium enhancement sequences for all scans.
First, the PET images and late enhancement se-
quences were fused in 3 orthogonal planes. Then,
regions of interest were drawn using free-form poly-
gons guided by the late gadolinium enhancement
images, to measure tracer uptake in the infarct zone
(defined as the area of late gadolinium enhancement),
the peri-infarct zone (defined as areas of increased
[®8Ga]FAPI-46 signal [1.5 x blood pool signal]****
adjacent to the infarct zone but without underlying
late gadolinium enhancement), and the remote
myocardium (segment of normal myocardium
without late gadolinium enhancement, diametrically
opposite to the infarct on short-axis images according
to the American Heart Association 17-segment
model.”> Native T1 and T2 values were also
measured in these infarct, peri-infarct, and remote
myocardial areas. In addition, we identified areas of
increased [®8Ga]FAPI-46 uptake originating from the
right ventricular myocardium and quantified this
uptake by drawing free-form polygon regions of in-
terest. SUV,.x and TBRyax Values were then calcu-
lated for all of the above regions of interest. In
addition, and in order to estimate the effect of reso-

lution and overspill of [°8Ga]JFAPI-46 signal from the
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myocardium into the blood pool, we measured the
distance of PET uptake [1.5 x blood pool uptake?]
extending radially from the region of scar defined by
late gadolinium enhancement into the left ventricular
blood pool (ie, signal where there is no underlying
myocardium), as well as the distance extending cir-
cumferentially around the left ventricular myocar-
dium in to the peri-infarct zone on the same short-
axis slice (ie, signal where there is underlying
myocardium forming a peri-infarct zone) on the first
20 scans from participants with acute myocardial
infarction.

HISTOLOGIC ANALYSIS. Ex vivo assessment of FAP-
positive fibroblasts in human myocardial infarction
was performed using explanted myocardial tissue
from patients with acute (<4 weeks; n = 3) and
chronic (>2 years) myocardial infarction (n = 3) as
well as healthy myocardium (n = 2) obtained at the
time of orthotopic cardiac transplantation or autopsy.
Tissue was obtained from a large tissue bank held
at St Paul’s Hospital at the University of British
Columbia under separate local ethical approval.

Histologic described in the
Supplemental Material. Briefly, histologic analysis
was performed on formalin-fixed, paraffin-embedded
blocks of myocardial tissue using Masson’s trichrome
staining performed to identify the infarct region, with
an adjacent section undergoing immunohistochem-
istry of FAP expression.

analysis is

STATISTICAL ANALYSIS. Statistical analyses of clin-
ical characteristics and imaging data were performed
using Prism version 10.2 (GraphPad). Comparisons
between time points in the acute myocardial infarc-
tion group were assessed using 1-way analysis of
variance. Multivariable linear regression to assess the
factors influencing myocardial [°®Ga]FAPI-46 uptake
in patients with myocardial infarction was performed
using backward stepwise selection initially incorpo-
rating age, sex, baseline ejection fraction, time since
infarction in days, presence of comorbidities, and
smoking status. Baseline and follow-up magnetic
resonance parameters from the acute myocardial
infarction group approximated a normal distribution
and were compared using a paired Student’s t-test. A
2-sided P value of <0.05 denoted statistical
significance.

RESULTS

STUDY POPULATIONS. Forty participants with acute
ST-segment elevation myocardial infarction (age 61 &
7 years; 15% female), 23 participants with chronic
myocardial infarction 6.1 & 5.4 years after their index
infarction (age 69 + 10 years; 22% female), and 21

Barton et al
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TABLE 1 Study Population

Infarct characteristics

Symptom to PCI time (mins) 403 + 770 (38) 480 + 1.325 (18)

Anterior 13 (33) 7 (35)
Inferior 20 (50) 10 (50)
Lateral 7(18) 3(15)

Acute MI Chronic M1 Control Volunteers
(n = 40) (n=20) (n=19)

Age, y 61+7 69 +9 59 + 6
Female, % 15 25 32
Ethnicity

White 18 20 19

Black 1

South Asian 1
Body mass index, ka/m? 28 + 4 28 + 4 27+6
Risk factors

Hypercholesterolemia 32 (80) 11 (55) 2(11)

Hypertension 11 (28) 6 (30) 5 (26)

Diabetes mellitus 4 (10) 3(15) 0 (0)

Family history 9(23) 3(15) 271

Current or ex-cigarette smoker 27 (68) 12 (60) 5 (26)
Medications

Aspirin 40 (100) 16 (80) 0 (0)

Dual-antiplatelet therapy 40 (100) 1(5) 0 (0)

ACE inhibitor/ARB 36 (90) 17 (85) 4 (21)

f-blocker 34 (85) 10 (50) 1(5)

Statin 38 (95) 20 (100) 5(26)

Anticoagulation 0 (0) 4 (20) 0 (0)

Values are mean + SD, n, n (%), or mean + SD (n), unless otherwise indicated.

ACE = angiotensin-converting enzyme; ARB = angiotensin receptor blocker; MI
PCl = percutaneous coronary intervention.

= myocardial infarction;

control volunteers (age 59 4+ 6 years; 33% female)
were recruited (Table 1). Three participants with
chronic myocardial infarction and 1 control volunteer
withdrew because of claustrophobia, and 1 control
volunteer was excluded after an area of basal septal
noninfarct myocardial fibrosis was identified on the
magnetic resonance scan. Thirty-five participants
with acute myocardial infarction returned for follow-
up imaging at 12 months.

In total, 137 hybrid PET and cardiac magnetic reso-
nance scans were performed in 80 participants. Of
these, 97 scans were performed in 40 participants with
acute myocardial infarction (27 at week 1, 30 at week 2,
21at week 4, and 19 at week 12), 20 in participants with
chronic myocardial infarction, and 20 in control vol-
unteers (Supplemental Figure 1). Twenty of the 40
patients with acute myocardial infarction underwent
the serial imaging study, and all of them underwent
scans at week 1 and week 2, with 18 scanned at week 4
and 19 at week 12. Administration of [*®Ga]FAPI-46
was well tolerated, with no participants reporting any
immediate or short-term adverse reactions.
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TABLE 2 Global Gallium-68-Fibroblast Activation Protein Inhibitor-46 Positron Emission Tomography and Magnetic Resonance Analysis
Acute MI P Value
(Combined Single- and Multi-Timepoint Participants)  for Trends P Value
Across Chronic MI Control Chronic Myocardial
Week 1 Week 2 Week 4 Week 12 Weeks (>24 Months) Volunteers Infarction vs
(n=27) (n =30) (n=21) (n=19) 1,2, 4,12 (n =20) (n=19) Control Volunteers
Time since infarct 8+2d 15+2d 32+10d 88+9d - 7+6y - -
Magnetic resonance imaging
LVEF, % 58 +8 57+9 56 +9 60+6 0.60 59+8 67+5 <0.01
Indexed LVEDV, mL/m? 79 £ 14 79 £ 14 81+ 21 78 £ 15 0.80 75 +14 73 +£12 0.60
Infarct burden, % LGE 15.2 £ 10.6 - - 103+ 6.1 0.07 81+72 0 <0.01
[®®Ga]FAPI-46 positron emission tomography
Visually positive myocardial [*®Ga]FAPI-46 27 (100) 30 (100) 21 (100) 17 (89) - 14 (70) 0 (0) -
Intensity of fibroblast activation (TBRmax) 4.0 +1.1 3.7+10 31+£08 27+0.7 <0.001 1.7 £ 0.5 1.2 4+ 0.1 <0.001
Burden of fibroblast activation (% myocardium 27.8 £124 23.0+144 19.6+14.6 128 £8.1 <0.01 0.6 +2.2 0 0.26
with increased [*®GalFAPI-46)
Values are mean + SD or n (%). Bold P values are statistically significant.
[°®Ga]FAPI-46 = gallium-68 fibroblast activation protein inhibitor-46; LVEDV = left ventricular end diastolic volume; LVEF = left ventricular ejection fraction; MI = myocardial infarction; PET = positron
emission tomography; TBRymax = maximum target to background ratio; LGE = late gadolinium enhancement.

QUALITATIVE ASSESSMENT OF MYOCARDIAL
[°8GalFAPI-46 UPTAKE. Qualitative visual assess-
ment demonstrated focal infarct-related myocardial
[*®Ga]FAPI-46 uptake in all patients after acute
myocardial infarction (Table 2, Figure 1). This was
observed at all time points apart from 2 participants
who had no visible [®8Ga]FAPI-46 uptake at week 12.
Modest areas of increased myocardial [*®Ga]FAPI-46
uptake were apparent in 14 of 20 patients with
chronic myocardial infarction (Table 2, Figure 2) and
in 1 of the control volunteers, who was excluded
because of demonstrable focal myocardial late gado-
linium enhancement.

QUANTITATIVE ASSESSMENT OF MYOCARDIAL
[°®GalFAPI-46 UPTAKE. Patients with
MI. Both the burden and intensity of left ventricular
myocardial [®8Ga]FAPI-46 uptake were highest at 1
and 2 weeks after myocardial infarction, followed by a
stepwise decline at 4 and 12 weeks (P < 0.001)
(Table 2, Figure 3, Supplemental Figure 4,
Supplemental Tables 1, 2, 3A-3F). These results were

acute

mirrored when only those undergoing multiple PET/
magnetic resonance examinations at 1, 2, 4, and
12 weeks were considered (Figure 4). At week 1, the
burden of myocardial [*8Ga]FAPI-46 uptake was 183%
greater than the burden of infarction identified by
late gadolinium enhancement (27.8% =+ 12.4% Vs
15.2% <+ 10.6%; P < 0.001). Regional analysis
demonstrated that [®®Ga]FAPI-46 uptake
observed not only in the acute infarct region but also
in the peri-infarct zone (Table 3). There were no
discernible differences in the intensity or burden of

was

fibroblast activation between the territories (anterior,
inferior, and lateral) of myocardial infarction, in

contrast to scar burden, which was higher in anterior
and lateral infarcts compared with inferior infarcts
(23.7% +11.9% in anterior and 25.3% =+ 10.1% in lateral
vs 8.6% =+ 6.4% in inferior infarction; P < 0.001). By
12 weeks, the burden of both Ilate gadolinium
enhancement and myocardial [*®Ga]FAPI-46 uptake
had reduced, with the burden of [®8Ga]FAPI-46 up-
take now similar to the burden of late gadolinium
enhancement (12.8% =+ 8.1% Vs 10.3% =+ 6.1%;
P = 0.14) (Figure 3). Myocardial [*®Ga]JFAPI-46 in-
tensity within the peri-infarct zone was lower than
within the infarct zone at all time points. The mean
distance of [®8Ga]FAPI-46 uptake that overspilled
radially from the myocardium into the left ventricular
blood pool (6.1 + 3.6 mm) was one-third of the mean
circumferential distance that went beyond the region
of late gadolinium enhancement and into the peri-
infarct zone of the left ventricular myocardium (15.4
+ 5.4 mm; P < 0.001).

Primary percutaneous coronary intervention was
performed in 93% of the participants with acute
myocardial infarction (Table 1). There was no differ-
ence in the [®®Ga]FAPI-46 intensity (TBRyay 3.9 =+ 1.2
vs 3.9 +1.2; P = 0.96) or burden (%FAPI 31% + 16% Vs
26% + 15%; P = 0.38) of the 8 participants with the
longest symptom onset to balloon time (1,241 +
1,475 min) when compared with the remaining 29
participants (184 + 80 min).

There a positive
segmental longitudinal strain and segmental [*8Ga]
FAPI-46 intensity (r = 0.312; P < 0.001). Similar to the
®8Ga-FAPI uptake, T1 (1,498 + 112 ms vs 1,315 + 89 ms
vs 1,188 4+ 84 ms; P < 0.001) and T2 (53 + 8 ms vs 46 +
5 ms Vs 40 + 3 ms; P < 0.001) values were higher in

was association between
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FIGURE 1 Regional Fibroblast Activation After Acute Myocardial Infarction

"

|

.

> PET/MR | PET polar map
‘ PET polar map

—

Week 12

(A, B) Cases of acute myocardial infarction (imaged 23 days (A) and 3 days (B) after myocardial infarction) affecting the anterior (A) and inferior (B) walls.
Short-axis and 2-chamber magnetic resonance views are shown fused with PET. Late gadolinium enhancement is evident in the anterior (A) and inferior (B)
walls, respectively (blue arrows). Intense [53GalFAPI-46 activity (TBRmax = 3.80 [A], 6.30 [B]) is observed in the infarct zone but extends into the peri-
infarct region. Matched polar maps demonstrate increased anterior and inferior [*8GalFAPI-46 signals, respectively, and are presented alongside the
matched T2-weighted short-axis images. (C) TBRnax Within each myocardial segment for the acute anterior myocardial infarcts are presented across
time. Emboldened values seen in segments 7-9, 13-15, and 17 demonstrate the myocardial segments with a statistically significant change over time

(P < 0.05). [®8Ga]FAPI-46 = ®®Gallium-fibroblast activation protein inhibitor-46; CMR = cardiac magnetic resonance; PET = positron emission tomog-
raphy; TBRax = maximal target-to-background ratio.

both the infarct and peri-infarct zones compared to
the remote myocardium. The Ti1 and T2 values
decreased across the first 12 weeks in the infarct and
peri-infarct zones (Table 3). In contrast to the [°®Ga]
FAPI-46 intensity and burden, patients at 12 weeks
after acute infarction had similar myocardial T1 and
T2 values to patients with chronic myocardial
infarction (Table 3, Figure 5).

Myocardial [*®Ga]FAPI-46 uptake remote from the
site of infarction was of much lower intensity than

the infarcted and peri-infarct regions (Table 3).
However, notable increases in the remote myocardial
[°8Ga]FAPI-46 intensity were observed in 3 patients
(TBRpax 1.3 £ 0.2 vs 1.0 + 0.1; P < 0.001), all of whom
had large infarcts (burden of late gadolinium
enhancement 33% + 12%) with marked left ventricu-
lar systolic dysfunction (ejection fraction 33% + 6%)
and adverse left ventricular remodeling (indexed
end-diastolic volume of 117 + 31 mL/m?). Indeed, the
intensity of fibroblast activation in the remote
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FIGURE 2 Low-Intensity [*3Ga]FAPI-46 Uptake in Chronic Myocardial Infarction

Abbreviations as in Figure 1.

Two cases of chronic myocardial infarction are demonstrated. Long-axis (A) and short-axis (B) magnetic resonance views are shown alone
(left) and fused with PET (right). Late gadolinium enhancement is evident in the apical (A) and mid anterior (B) walls, respectively (blue
arrows). Case A was imaged 2.5 years and case B imaged 20 years after index myocardial infarction. An area of increased fibroblast activation is
detected by [®8GalFAPI-46 that is confined to the infarct zone, with no evidence of increased activity in the peri-infarct zone or remote
myocardium. This activity is also of lower intensity than that observed in acute infarcts (TBRyax 1.8 &= 0.5 vs 3.8 £ 1.0, P < 0.001).

myocardium across all patients correlated with a
lower left ventricular ejection fraction (r = —0.575;
P < 0.001) and higher indexed left ventricular end-
diastolic volume (r = 0.636; P < 0.001).

Of the 40 participants with acute myocardial
infarction, 15 patients (38%) demonstrated increased
right ventricular myocardial [®®Ga]JFAPI-46 uptake
which was more than double the uptake observed in
the normal right ventricular myocardium (TBRyax 2.2
+ 0.5 vs 1.0 £ 0.2 respectively; P < 0.001) but lower
than in regions of the adjacent left ventricular infarct
(TBRpax 2.2 + 0.5 vs 3.8 + 0.9 respectively; P < 0.001).
These 15 patients represented 60% of all patients with
acute inferior infarction, and only 4 of these patients
had clear evidence of right ventricular Ilate

gadolinium enhancement on their magnetic reso-
nance scan (Table 3, Supplemental Figure 5). In the 9
participants with right ventricular [*®Ga]FAPI-46 up-
take who underwent a repeat scan at 12 weeks, only 2
participants had persistent right ventricular uptake.

PATIENTS WITH CHRONIC MYOCARDIAL INFARCTION.
Patients with chronic myocardial infarction had
similar scar burden (8.1% + 7.2% Vs 10.3% + 6.1%;
P = 0.22) and left ventricular systolic function (left
ventricular ejection fraction, 59.2% =+ 8.3% vs 59.5% +
6.4%; P = 0.91) compared to patients with acute
myocardial infarction at the 12-week time point.
Myocardial [*®Ga]FAPI-46 uptake values were higher
in patients with chronic infarcts than control
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Figure 1.

(A) Illustrative PET/MR images representing acute infarction at each time point are taken from the same participant. (B) Percentage of
myocardium with increased [®8GalFAPI-46 uptake demonstrating a stepwise reduction with time after acute infarction, with only relatively
small areas of increased activity observed in chronic infarction. (C) In the initial stages of acute infarction, burden of fibroblast activation
greatly exceeds the scar burden, forming a peri-infarct region. By 12 weeks, the burden of fibroblast activation and scar burden are similar. In
chronic infarction, the burden of fibroblast activation is smaller than the area of late enhancement (C: weeks 1-4 include data only from the
first scan from all 40 participants with acute infarction). (B and C: median + 1Ql.) MI = myocardial infarction; other abbreviations as in
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Twenty participants underwent serial combined [®8GalFAPI-46 PET and MR at weeks 1, 2,
4, and 12 after myocardial infarction, 18 of whom underwent all 4 scans (1 participant
missed weeks 4 and 12, and 1 missed week 4). Burden (%[®2GalFAPI-46 [A]) and intensity
(TBRmax [B]) of [®8GalFAPI-46 activity declined in similar stepwise patterns over the

12 weeks, with the largest decline seen in burden of fibroblast activation, with less than
one-third of the original volume involved at 3 months. Intensity declined by 25% of the
baseline [*®GalFAPI-46 uptake at week 1. Abbreviations as in Figure 1.

volunteers, but lower than patients with acute
myocardial infarction at 1 week (1.7 + 0.5 vs 1.2 + 0.1
vs 4.0 + 1.1; P < 0.001) (Table 2, Supplemental
Figure 4). Myocardial [®®Ga]FAPI-46 uptake was
confined within the infarct zone, with the burden of
uptake being >10x smaller than the burden of chronic
infarction identified by late gadolinium enhancement
(0.6% 4 2.2% Vs 8.1% + 7.2%, respectively; P < 0.001).
DETERMINANTS OF MYOCARDIAL [®2GalFAPI-46
UPTAKE. Across all patients with myocardial infarc-
tion, moderate associations were observed between
the time from myocardial infarction and both the in-
tensity (TBRyax I = —0.649; P < 0.001) and the burden
(r = —0.631; P < 0.001) of myocardial [®8Ga]FAPI-46
uptake, although increased fibroblast activation was
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still observed in a chronic infarct >20 years after the
index event (TBRyax 2.0).

In a multivariable model incorporating both imag-
ing and clinical variables, time from myocardial
infarction remained the only predictor of the
intensity of myocardial [°®Ga]FAPI-46 uptake
(P < 0.05). Scar burden (P < 0.05) and time from
myocardial infarction (P < 0.05) were the only inde-
pendent predictors of the burden of fibroblast acti-
vation in those with acute myocardial infarction.
1-YEAR FOLLOW-UP. Thirty-five participants with
acute myocardial infarction underwent follow-up
cardiac magnetic resonance imaging at 12 months
(Supplemental Table 4), although 2 scans were
excluded because of scanner failure or poor image
quality. Across those patients, there was a reduction
in the left ventricular infarct burden (15.4% + 12.0%
Vs 10.5% =+ 7.5%; P < 0.001) and an improvement in
the indexed left ventricular end-diastolic volume
(82.0 + 18.9 mL/m? vs 77.6 + 15.4 mL/m?; P < 0.05),
with an apparent trend for an improvement in left
ventricular ejection fraction (56.5% =+ 10.8% vs 58.3%
+ 9.1%; P = 0.08).

The burden of myocardial [°®Ga]FAPI-46 uptake at
the baseline visit of the index acute myocardial
infarction was associated with lower left ventricular
ejection fraction (r = —0.606; P < 0.001), higher
indexed left ventricular end-diastolic volume
(r = 0.572; P < 0.001), and higher scar burden
(r =0.871; P < 0.001) at 12 months. Similarly, the peri-
infarct [°®Ga]FAPI-46 burden at baseline was also
associated with subsequent lower left ventricular
ejection fraction (r = —0.37; P < 0.05) and increased
scar burden at 12 months (r = 0.49; P < 0.05).

[°®Ga]FAPI-46 intensity in the remote myocar-
dium was associated with a lower left ventricular
ejection fraction (r = —0.605; P < 0.001) with a trend
toward a higher left ventricular end-diastolic volume
(r = —0.326; P = 0.056) at 12 months.

HISTOLOGY AND IMMUNOHISTOCHEMISTRY. No FAP
expression was seen in the samples of normal healthy
myocardial By contrast,
expression was observed in both acute and chronic
myocardial infarcts, although the staining was more

tissue. increased FAP

intense in patients with acute infarction. In keeping
with the in vivo data, FAP was observed in both the
peri-infarct region and the remote myocardium of
these patients with

(Supplemental Figure 6).

DISCUSSION

large myocardial infarcts

In this first longitudinal study using [*®Ga]FAPI-46 in
patients after myocardial infarction, we demonstrate


https://doi.org/10.1016/j.jacc.2024.10.103
https://doi.org/10.1016/j.jacc.2024.10.103
https://doi.org/10.1016/j.jacc.2024.10.103
https://doi.org/10.1016/j.jacc.2024.10.103

JACC VOL. 85, NO. 6, 2025
FEBRUARY 18, 2025:578-591

Barton et al 587
Myocardial Fibroblast Activation After Acute MI

TABLE 3 Regional Gallium-68-Fibroblast Activation Protein Inhibitor-46 Positron Emission Tomography and Magnetic Resonance Analysis
Time Point Post MI
Acute MI Acute MI P Value Chronic M1 P Value
Weeks 1-4° Week 12 Weeks 1-4 vs >24 Months Week 12 vs
(n =40) (n=19) Week 12 (n =20) Chronic MI
Time since infarct N+5d 88 +9d - 71+6y -
Infarct zone
Visually increased [°®GalFAPI-46 activity in infarct zone 40 (100) 17 (89) - 14 (70) -
Intensity of infarct zone [°8GalFAPI-46 uptake, TBRmax” 41+11 3.0+ 0.7 <0.001 1.9+0.5 <0.001
Native T1 values, ms 1,498 + 112 1,412 £ 150 0.004 1,450 + 118 0.13
Native T2 values, ms 53+38 47 +7 <0.05 48 +9 0.59
Peri-infarct zone
Visually increased [°®Ga]FAPI-46 activity in peri-infarct zone 37 (95) 15 (79) - 1(5) -
Burden of peri-infarct [*®GalFAPI-46 uptake, %" 121+ 87 2.8 +4.0 <0.001 3.5° -d
Intensity of peri-infarct zone [®®GalFAPI-46 uptake, TBRmax’ 33+0.8 2.7 + 0.4 0.01 2.5¢ £
Native T1 values, ms 1,315 + 89 1,263 + 49 0.002 1,273 £ 58 0.57
Native T2 values, ms 46 £5 42+ 4 <0.05 42 +3 0.83
Remote myocardium
Visually increased [°®Ga]FAPI-46 activity in remote myocardium 1(3) 0 (0) - 0 (0) -
Intensity of remote myocardium [®8Ga]FAPI-46 uptake, TBRmax 1.0 + 0.1 1.0 +£ 0.1 0.52 1.0 +£0.2 0.98
Native T1 values, ms 1,188 + 84 1,183 +£ 50 0.34 1176 + 84 0.99
Native T2 values, ms 40 £3 39+2 0.44 39+3 0.95
Right ventricle
Visually increased [°®Ga]FAPI-46 uptake in right ventricle 15 (38) 2 (1) - 0 (0) -
Intensity of right ventricular [*Ga]FAPI-46 uptake, TBRmax” 22+ 05 2.0 + 0.1 0.43 n/a =
Values are mean + SD or n (%). Bold P values are statistically significant. The participant's first scan post myocardial infarction used for analysis. ®Values presented from only those participants with visually
increased [°GalFAPI-46 uptake. “SDs not provided because n = 1. %Statistical comparisons not performed as n = 1.
n/a = not applicable; other abbreviations as in Tables 1 and 2.

intense fibroblast activation occurring rapidly after
acute myocardial infarction, extending beyond the
infarct into the peri-infarct zone and into the right
ventricle in many cases. Fibroblast activation was
also observed in the remote myocardium in patients
who had sustained the largest infarcts. Interestingly,
the burden of myocardial fibroblast activation in the
acute phase correlated with infarct size, ventricular
remodeling, and systolic function at 1 year. Ongoing
fibroblast activation could still be observed within the
infarct many years after the index event, indicating
continuous and persistent long-term myocardial
healing, ventricular remodeling, and scar mainte-
nance. These novel findings have major implications
for our understanding of the intensity, distribution,
and time course of myocardial healing after myocar-
dial infarction.

Previous studies investigating the role of fibro-
blasts in myocardial infarction have been limited to
animal and histologic studies, retrospective analyses
in humans, and small uncontrolled proof-of-concept
descriptive ®8Ga-FAPI PET studies.®'“**'° The only
study to evaluate the time course of fibroblast acti-
vation was a serial ®8Ga-FAPI study in a rat model of
acute myocardial infarction. This study suggested

that fibroblast activation reached an early peak at day
6 before rapidly reducing back to baseline by
2 weeks.® We have demonstrated that these cells
driving adverse remodeling are activated and are at
their most intense in humans within the first week of
infarction, and that intense fibroblast activation re-
mains present out to 3 months, with lower levels of
activation observed many years or even decades
later. Our observations confirm that fibroblast acti-
vation is not a feature of healthy myocardium and
suggest that activated fibroblasts play a key long-term
role in the healing response to, and scar maintenance
of, myocardial infarction. More fundamentally, this
study demonstrates that we can now track the activ-
ity of these key effector cells, which drive adverse left
ventricular remodeling in patients. This provides the
foundation and an opportunity for future research
designed specifically to look at the effect of disease-
modifying therapies'**>?’ on fibroblast activation
and left ventricular remodeling after myocardial
infarction. Our data have focused on myocardial
infarction, but the same approach could in principle
be used across all cardiomyopathic conditions.

The reasons underlying the accumulation of acti-
vated fibroblasts in the peri-infarct zone are not clear,
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FIGURE 5 Regional T1 and T2 Analysis Over Time
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(A, B) Significant difference in T1 and T2 values between the infarct, peri-infarct. and remote zones of all contrast-enhanced MR scans
conducted in the acute infarction cohort (P < 0.001). (C, D) Change in T1 and T2 values within each region over time. There is a significant
decline in both T1 and T2 signal in the infarct and peri-infarct zones between weeks 1-4 and week 12 (all P < 0.05), but there was no change
over time in the remote myocardium or in any zone between week 12 and chronic established myocardial infarction. Abbreviations as in

Figure 1.

although it has been previously observed in animal
models of myocardial infarction as well as previous
human ®8Ga-FAPI PET studies.®%'7 We suggest that
the peri-infarct [®8Ga]FAPI-46 signal could have
several potential interpretations, including activated
fibroblasts in transit to the infarct zone, proliferation
of resident fibroblasts adjacent to the infarct, tran-
sient fibroblast activation in an area at risk salvaged
by myocardial reperfusion, or activated fibroblasts
with more of a regulatory role. Finally, our data
demonstrating an association between segmental
longitudinal strain and fibroblast activation suggest
that myocardial deformation may act as a trigger to

fibroblast activation in the peri-infarct zone, given
the mechanotransducive properties of these cells.?®
It could be argued that the differing resolutions of
PET and magnetic resonance imaging might explain
the differences in the signal. However, we believe
that this is not the case, for the following reasons.
First, we identified an altered T1 and T2 signal within
the peri-infarct zone compared with the infarct and
remote zones. This provides further independent
evidence that this is a biologically active area where
one might expect to see a difference in fibroblast
activation. Second, the ratio between the volume of

[°®Ga]FAPI-46 and that of Ilate gadolinium
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enhancement is highly dynamic over time. Indeed,
the burden of [°®Ga]FAPI-46 uptake was 183% greater
than the burden of late gadolinium enhancement at
week 1, with no difference by week 12. In the chronic
infarcts, the [®®GalFAPI-46 signal was more than
10-fold smaller than the region of late gadolinium
enhancement. Any partial volume effect would be
consistent across all scans, and so cannot explain the
dynamic nature of our results. Third, we chose a strict
threshold for defining increased [®8Gal]FAPI-46 up-
take at 1.5x the blood pool uptake for volumetric
analysis while simultaneously adopting a generous
approach to quantifying the myocardial infarct vol-
ume using the full-width half-maximum method for
late gadolinium enhancement quantitation. Despite
this, in the acute infarcts, the [®8Ga]FAPI-46 signal
extended well beyond the late gadolinium enhance-
ment—nearly double in the early stages—a difference
far greater than could be expected by a difference in
resolution between the scan types. Fourth, when we
analyzed for partial volume effects from the infarct
zone into the left ventricular blood pool, increased
activity was observed extending only 6.1 + 3.6 mm in
this radial direction. This was only one-third of the
uptake that extended circumferentially beyond the
region of late gadolinium enhancement into the sur-
rounding peri-infarct zone of the myocardium.
Finally, our histologic analysis confirmed the pres-
ence of FAP-positive fibroblasts in the infarct zone
and peri-infarct zones of our patients who had sus-
tained acute myocardial infarction. From an imaging
perspective, the mismatch between the [®®Ga]FAPI-
46 uptake, late gadolinium enhancement, and T1 and
T2 data confirms that these techniques provide
different and complementary information, especially
as the nature of the mismatch, particularly with late
gadolinium enhancement, altered with time. Indeed,
in chronic infarcts, the burden of [®®Ga]FAPI-46 up-
take was smaller than the infarct burden, being
confined to the center of the infarct zone with no
extension into the peri-infarct zone.

Although [®®GalFAPI-46 uptake in the remote
myocardium was lower than the peri-infarct and
infarcted regions, the intensity of the signal was
highly discriminative, with increased signal corre-
lating with markers of left ventricular remodeling
both during the acute phase and at 12 months. It is
interesting that the 3 patients with the highest [®8Ga]
FAPI-46 uptake in the remote myocardium also had
the most advanced left ventricular systolic dysfunc-
tion and adverse remodeling in our cohort. Our his-
tologic findings also demonstrated intense fibroblast
activation in the remote zone of patients with acute
infarction, which is perhaps unsurprising given that
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the samples were obtained from patients who either
died or required cardiac transplantation within
30 days of their acute infarct. These findings suggest
that fibroblast activation in the remote myocardium
may be most important in the most unwell patients
thus, further studies are required to assess the role of
activated fibroblasts in the remote myocardium of
patients with  heart failure and ischemic
cardiomyopathy.

Our study demonstrated that fibroblast activation
and fibrosis activity commonly extend beyond the left
ventricle and into the right ventricle, which was
observed in nearly two-thirds of patients with acute
inferior myocardial infarction. Although this makes
anatomical sense, given the common blood supply of
the right ventricle and the inferior left ventricular
wall, this proportion is much higher than previously
reported with other imaging techniques. It highlights
the sensitivity of [*8Ga]JFAPI-46 PET and illustrates its
ability to detect fibrosis activity even in thin-walled
myocardial structures, which previously have been
difficult to identify with existing imaging approaches.
This has implications for other right ventricular con-
ditions such as arrhythmogenic ventricular cardio-
myopathy or congenital heart diseases, where reliable
fibrosis imaging is currently not possible.

The longitudinal design of our study with repeated
cardiac magnetic resonance at 1 year after the acute
infarct has allowed us to assess the relationship be-
tween baseline fibroblast activation and subsequent
infarct size, cardiac remodeling, and left ventricular
dysfunction. We have demonstrated that the degree
of acute myocardial fibroblast activation is closely
related to each of these markers of myocardial health
12 months later. Further work is required to investi-
gate the precise nature of this relationship, but it does
support the concept that activated fibroblasts play a
key role in cardiac repair and remodeling after
myocardial infarction and that they may well repre-
sent a promising target for therapeutic intervention.
For the first time, the development of [®®Ga]FAPI-46
PET now allows us to assess the effects of existing
and future therapies on fibroblast activation, such as
small molecular and mRNA-mediated antifibrotic
agents, and whether modulation of these cells can
have a favorable influence on cardiac repair and
remodeling after myocardial infarction.*®-3°

STUDY LIMITATIONS. As for many studies investi-
gating acute myocardial infarction, male participants
constitute most of our clinical study population.
Inevitably, we may have missed the most unwell pa-
tients after acute myocardial infarction who could not
undergo the imaging protocol safely within the first

589



590

Barton et al

Myocardial Fibroblast Activation After Acute Ml

week of their infarct. Subjects were predominantly
white, reflecting the profile of our local population.
Larger multicenter studies are therefore required to
confirm the generalizability of our findings.

CONCLUSIONS

Intense fibroblast activation peaks early after acute
myocardial infarction and extends beyond the infarct
zone into the peri-infarct area as well as the right
ventricle and remote myocardium in some cases.
Fibroblast activation remains high even after
3 months, with chronic fibroblast activity observed
several years after the acute event. In the acute
phase, the burden of fibroblast activation is nearly
double the size of scar and is associated with infarct
size, cardiac remodeling, and left ventricular systolic
function at 1 year. These data suggest that activated
fibroblasts play a key ongoing role in healing after
myocardial infarction. [®8Ga]FAPI-46 PET is able to
track the activity of these key cells and thus may
develop a role in evaluating the effects of existing and
novel antifibrotic therapies.
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