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Myocardial Infarction: Integration with MR Tissue
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After acute myocardial infarction (AMI), fibroblast activation protein
(FAP) upregulation exceeds the infarct region. We sought further
insights into the physiologic relevance by correlating FAP-targeted
PET with tissue characteristics from cardiac MRI (CMR) and functional
outcome. Methods: Thirty-five patients underwent CMR, perfusion
SPECT, and %8Ga-FAP inhibitor (FAPI)-46 PET/CT within 11 d after
AMI. Infarct size was determined from SPECT by comparison to a ref-
erence database. For PET, regional SUVs and isocontour volumes of
interest determined the extent of cardiac FAP upregulation (FAP vol-
ume). CMR vyielded functional parameters, area of injury (late gadolin-
ium enhancement [LGE]) and T1/T2 mapping. Follow-up was available
from echocardiography or CMR after 139.5 d (interquartile range,
80.5-188.25 d) (n = 14). Results: The area of FAP upregulation was
significantly larger than the SPECT perfusion defect size (58% * 15%
vs. 23% = 17%, P < 0.001) and infarct area by LGE (28% = 11%,
P < 0.001). FAP volume significantly correlated with CMR parameters
at baseline (all P < 0.001): infarct area (r = 0.58), left ventricle (LV) mass
(r = 0.69), end-systolic volume (r = 0.62), and end-diastolic volume (r =
0.57). Segmental analysis revealed FAP upregulation in 308 of 496
myocardial segments (62%). Significant LGE was found in only 56% of
FAP-positive segments, elevated T1 in 74%, and elevated T2 in 68%.
Fourteen percent (44/308) of FAP-positive segments exhibited neither
prolonged T1 or T2 nor significant LGE. Of note, FAP volume correlated
only weakly with simultaneously measured LV ejection fraction at base-
line (r = —0.32, P = 0.07), whereas there was a significant inverse cor-
relation with LV ejection fraction obtained at later follow-up (r = —0.58,
P = 0.007). Conclusion: Early after AMI and reperfusion therapy, acti-
vation of fibroblasts markedly exceeds the hypoperfused infarct region
and involves noninfarcted myocardium. The %8Ga-FAPI PET signal
does not match regional myocardial tissue characteristics as defined
by CMR but is predictive of the evolution of ventricular dysfunction.
FAP-targeted imaging may provide a novel biomarker of LV remodeling
that is complementary to existing techniques.
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%8Ga-FAPI PET, CMR, anD OutcoMe AFTER AMI  »  Diekmann et al.

Fibrotic tissue remodeling after injury leads to functional im-
pairment and an adverse outcome in the affected structure or organ.
In cardiac disease, myocardial fibrosis contributes to the development
and progression of heart failure. Recent evidence has highlighted
molecular pathways that activate quiescent cardiac fibroblasts, which
have emerged as attractive therapeutic targets to support cardiac
repair and mitigate loss of function (/—4).

Acute myocardial infarction (AMI) is an important contributor to
the development of heart failure (5). An immediate and organized
inflammatory immune reaction triggers the activation of quiescent
fibroblasts (6,7). Activated myofibroblasts migrate to injured tissue
and contribute to fibrotic scar formation. A sufficient scar is required
for adequate repair, but an excessive profibrotic response and involve-
ment of remote myocardium support adverse ventricular remodeling,
culminating in progressive contractile dysfunction (6,8). Accordingly,
whereas fibrosis has emerged as a potential therapeutic target, its dou-
ble-edged nature after AMI likely requires a personalized approach
for medical decision making. Noninvasive, quantitative, fibrosis-tar-
geted imaging may be instrumental for this purpose.

Fibroblast activation protein (FAP) is a membrane-bound ser-
ine protease (2,9) highly expressed by activated myofibroblasts.
Recently, several FAP inhibitors (FAPIs) have been introduced for
targeted PET. Initially, *Ga-FAPI PET was used for imaging of vari-
ous tumors (/0), but retrospective analysis of oncologic cohorts estab-
lished an association between FAP signal and cardiac risk factors,
including arterial hypertension and diabetes mellitus (/7). Increased
cardiac signal has also been reported after chemotherapy or chest
radiotherapy (12). Recently, experimental studies supported the feasi-
bility of *®Ga-FAPI PET to identify fibroblast activation in animal
models of AMI (73,14). Additionally, clinical reports confirmed a
strong ®®Ga-FAPI PET signal in patients with AMI—signal that fre-
quently exceeded the nonviable infarct area (/5—17). Whether this
phenomenon is predictive of adverse functional outcome, however,
remains unknown. Likewise, the relationship between %8Ga-FAPI
PET signal and cardiac MRI (CMR) tissue characteristics is not well
defined. CMR identifies late gadolinium enhancement (LGE) in
injured regions, and it provides extracellular volume and native T1
and T2 relaxation times as measures of tissue fibrosis (T1) and
edema (T2) throughout the entire myocardium (/8). In contrast to
%8Ga-FAPI PET, which identifies a cellular signal from activated
myofibroblasts, these CMR-derived parameters reflect mostly extra-
cellular tissue composition.

We hypothesized that *Ga-FAPI PET reflects a myocardial sig-
nal early after AMI that is not identical to CMR-derived tissue
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characteristics and that predicts later development of ventricular
dysfunction. Our hypothesis was tested on a cohort of AMI patients
who underwent multiparametric, multimodality noninvasive car-
diac imaging early after standard-of-care reperfusion therapy.

MATERIALS AND METHODS

Study Design and Participants

This retrospective single-center study included 35 consecutive
patients (30 men, 5 women; mean age = SD, 57 = 11 y) who had
undergone clinical resting myocardial perfusion SPECT, FAP-targeted

TABLE 1
Characteristics of the 35 Patients
Variable Characteristic Data
Age (y) 57 = 11
Sex Female 5/35 (14.3)
Male 30/35 (85.7)
Height (cm) 178 = 7
Weight (kg) 86.8 = 15.8
Cardiovascular risk Diabetes 11/35 (31.4)
factors
Arterial hypertension  19/35 (54.3)
Dyslipidemia 25/35 (71.4)
Obesity (BMI 9/35 (25.7)
> 30 kg/m?)
Smoking 21/35 (60.0)
Culprit vessel LAD 24/35 (68.6)
LCX 3/35 (8.6)
RCA 8/35 (22.9)
Symptom to wire time 234 = 190
(min)
Peak creatine kinase 3416 + 3104
(U/L)
Peak C-reactive protein 42.6 = 53.2
(mg/L)
Peak leukocyte count 144 £ 4.4
(1,000/mm?®)
Peak creatinine (mg/dL) 97.1 + 20.7
Medication at PET ASS 32/35 (91.4)
P2Y12 antagonists 35/35 (100)
OAK 3/35 (8.5)
Statins 35/35 (100)
B-blockers 33/35 (94.3)
Noninsulin glucose- 11/35 (31.4)
lowering drugs
Insulin 2/35 (5.7)
ACE inhibitors 22/35 (62.9)
ATII blockers 13/35 (37.1)

BMI = body mass index; LAD = left anterior descending
coronary artery; LCX = left circumflex coronary artery; RCA = right
coronary artery; ASS = aspirin; P2Y12 = the adenosine
diphosphate receptor on platelets; OAK = oral anticoagulation;
ACE = angiotensin-converting enzyme; ATIl = angiotensin 2.

Qualitative data are number and percentage; continuous data
are mean * SD.
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TABLE 2
CMR Data for the 35 Patients
Global function parameters Mean = SD Range
LVM (g) 132.6 + 27.4 87-183
EDV (mL) 1445 + 35.5 79-206
ESV (mL) 79.9 £ 25.0 40-139
SV (mL) 64.7 = 20.1 25-105
LVEF (%) 451 £ 9.6 23-64
LGE (mL) 39.9 = 19.0 0.8-87
LGE (% of ventricle) 28.3 = 11.2 0.7-49
MO (%) 1.0 =12 0-5.2

LVM = LV mass; EDV = end-diastolic volume; ESV = end-systolic
volume; SV = stroke volume; MO = microvascular obstruction.

PET with ®®Ga-FAPI-46, and CMR within 11 d after reperfusion ther-
apy for AMI at Hannover Medical School. All subjects had been
treated by percutaneous coronary intervention and stenting within 4 =
3 h of symptom onset and received dual-antiplatelet therapy. All had
ST-segment elevation, absence of a prior history of AMI or coronary
intervention or other cardiac procedures, success of reperfusion immedi-
ately after angioplasty, absence of systemic immunologic or infectious
or profibrotic disease, and availability of complete imaging datasets,
clinical records, and laboratory parameters. Clinical characteristics and
medication at the time of imaging are summarized in Table 1. Rou-
tinely recorded laboratory values, as determined by standard Hannover
Medical School clinical procedures, included peak creatine kinase as a
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FIGURE 1. Box plot of perfusion defect size (yellow), activated fibro-

blasts (red), and LGE (gray) in entire patient group, expressed as percent-
age of LV. Bars are mean with range.
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marker of myocardial injury, and C-reactive protein and leukocyte
count as markers of systemic inflammatory response. The institutional
review board approved the project (approval 9553_BO_K_2021), and
all subjects signed a consent form.

Radionuclide Imaging

At 5.0 = 1.5 d after AMI (median, 5.0; range, 3-8 d), resting myocar-
dial perfusion SPECT was performed to determine the success of reper-
fusion, using 388 * 32 MBq of *™Tc-tetrofosmin and a dedicated
cardiac camera (Discovery 530c; GE Healthcare). Infarct size was deter-
mined using commercially available software for polar map generation
(4DM; Invia) and a local reference database for comparison.

FAP-targeted PET was conducted at 7.5 = 1.3 d (range, 5-11 d)
using the specific ligand °®Ga-FAPI-46, which was synthesized in-
house by good manufacturing practices as previously described (/9)
and used clinically according to §13.2b of the German Pharmaceuti-
cals Act, for determination of myocardial injury. Static PET images
were acquired for 20 min using a Biograph mCT 128 PET/CT system
(Siemens), beginning 60 min after intravenous injection of 114 *
22 MBq of ®Ga-FAPI-46. Low-dose CT was used for attenuation
correction. Images were iteratively reconstructed, using time-of-
flight and point-spread-function information (True X; Siemens).
SUVpeak and SUV ., were obtained for infarct, remote myocar-
dium, blood pool (left atrium), and other organs using volumes of
interest of 1 cm® and commercial software (syngo.via, V50B; Sie-
mens Healthcare). Cardiac FAP volume was determined by an isocontour
volume of interest including all voxels above an individual threshold (blood
pool SUVjean 12 SDs). We set this threshold because of lack of an estab-
lished alternative standard. Additionally, the area of FAP upregulation was
calculated by polar map analysis, using the same

mass, extent of LGE, and microvascular obstruction. Segmental analysis
included wall thickening, native T1 and T2 relaxation times, and extracel-
lular volume fraction, using the 16-segment model. cvi42 software (Circle
Cardiovascular Imaging) was used.

Follow-up LV Function

In 14 of 35 patients (40%), follow-up LVEF was available from stan-
dardized in-house echocardiography (biplane Simpson method, n = 12)
or repeat cine CMR (n = 2), at a mean of 133 £ 63 d (median, 140 d;
range, 42-214 d) after AML

Statistical Analysis

Statistical analyses were performed using SPSS, version 27, and Graph-
Pad Prism, version 9. Categoric variables are presented with absolute
and relative frequencies. For quantitative continuous variables, testing
of gaussian distribution was performed using Shapiro—Wilk tests.
For data with a gaussian distribution, paired Student ¢ tests or 1-way
ANOVA with Tukey multiple-comparison tests were used. Nonpara-
metric unpaired data were analyzed with Mann—Whitney U tests.
Pearson correlation coefficients were calculated for bivariate corre-
lation analyses. All statistical analyses were performed 2-sided, and
a P value of less than 0.05 indicated statistical significance.

RESULTS

FAP Signal Exceeds the Infarct Region and Correlates with
Blood Markers of Tissue Damage and Inflammation

The perfusion defect size in SPECT was 23% * 17% of the LV,
ranging from 0% to 55%. In 7 of 35 (20.0%) patients, complete

threshold, as previously described (/5). Mean
segmental SUV was calculated using the AHA
17-segment model and polar maps.

CMR

CMR was performed using a 1.5-T scanner
(Magnetom Avanto; Siemens) in 33 of 35
patients (94%) at 4 = 2 d after AMI (median,
4; range, 2-10 d). Cine images were obtained
using a balanced steady-state free-precession
sequence (True FISP; Siemens). Parametric T1
and T2 maps were acquired in 3 short-axis
slices (basal, midventricular, and apical left
ventricle [LV] covering 16 segments [available
for 31 patients]). Tl mapping was performed
using the modified look-locker inversion re-
covery sequence before (native) and after ad-
ministration of contrast agent. Quantitative
balanced steady-state free-procession—based
T2 maps (True FISP) were acquired in corre-
sponding short-axis slices. The upper thresh-
old of normal T1 was defined as 1,023 ms
and T2 as 60 ms according to our clinical
standard (20,21). LGE was imaged by phase-
sensitive inversion recovery sequences, 10-15
min after injection of a 0.15 mmol/kg bolus
of gadolinium-diethylenetriaminepentaacetic
acid (gadobutrol; Bayer Healthcare). Extra-
cellular volume fraction was calculated by
measurement of myocardial and blood T1
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relaxation times before and after administra-
tion of contrast agent and using hematocrit
value. Global analysis included determina-
tion of LV ejection fraction (LVEF), volumes,
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FIGURE 2. Myocardial perfusion images using ®™Tc-tetrofosmin at rest, ®Ga-FAPI PET, LGE from
CMR, and schematic drawings of LV. Area of fibroblast activation as indicated by 58Ga-FAPI-46 PET
signal exceeds infarct area and LGE signal, the most common type of myocardial FAP distribution. HLA =
horizontal long axis; SA = short axis; VLA = vertical long axis.
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reperfusion was documented by absence of
a significant perfusion defect. Myocardial
injury as measured by LGE volume com-
prised 40 = 19 mL, or 28% = 11% of the
LV (range, 1%—49%), and correlated with
perfusion defect size (r = 0.646, P <
0.001). Other CMR-derived global parame-
ters are summarized in Table 2.

%8Ga-FAPI PET showed a significantly
elevated signal in the territory of the cul-
prit infarct vessel (SUVcar, 6.4 * 1.5) in
all patients. PET imaging ranged from 5 to
11 d after AMI, and no significant relation-
ship between myocardial FAP volume and
time after AMI was detected within this
interval (Spearman p: » = 0.056, P =
0.750). Consistent with prior reports, most
patients showed markedly increased areas
of elevated FAP signal when compared
with either the SPECT perfusion defect
(58% = 15% vs. 23% = 17%, P < 0.001)
or the extent of myocardial injury mea-
sured by LGE (28% = 11%, P < 0.001;
Figs. 1 and 2). Even among the 7 patients
with complete reperfusion and absence of
a SPECT perfusion defect, an elevated
FAP signal was consistently detected in
the affected coronary territory (Fig. 3).
Low amounts of LGE were detected in
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or

patients without a residual SPECT perfu-
sion defect; however, LGE was less promi-
nent than in other patients (13.7% = 9.8%
vs. 31.5% * 8.8%, P < 0.001), and FAP
signal was significantly greater (54.7% =
19.4%, P < 0.001). Only 3 of 35 patients
had a difference between FAP area and an infarct size of less than
15%, all of whom exhibited large perfusion defects (Fig. 4). The
area of FAP upregulation correlated with perfusion defect size (r =
0.407, P = 0.015) and LGE (r = 0.344, P = 0.050), suggesting
that larger infarcts also lead to larger amounts of replacement fibro-
sis. However, the mismatch area between FAP area and perfusion
defect size as a marker of viable myocardium with activated fibro-
blasts inversely correlated with perfusion defect size (r = —0.622,
P < 0.001). The specific number of days after AMI at which imag-
ing was performed in this study did not have a significant effect on
differences between CMR, perfusion, and ®*Ga-FAPI PET patterns.
Further results of ®*Ga-FAPI PET are summarized in Table 3.
Only 2 patients presented with small amounts of microvascular
obstruction (<5%). At 69% (24/35), the left anterior descending
coronary artery was the most frequent culprit vessel (Table 1). FAP
area was larger than in the other coronary territories (left anterior
descending coronary artery, 64.8 = 12.6, vs. left circumflex coro-
nary artery, 41.0 = 13.8, vs. right coronary artery, 44.1 = 8.7;
P (ANOVA) < 0.001), but mismatch between FAP area and perfu-
sion defect size did not show significant differences among coro-
nary territories.

Signal in remote myocardium and other regions (liver, spleen,
bone marrow, and lung) was low and did not correlate with infarct
signal. Significant correlations were detected between FAP vol-
ume and maximum creatine kinase (» = 0.42, P = 0.012) as well
as inflammatory markers (maximum C-reactive protein: » = 0.43,
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FIGURE 3. Myocardial perfusion images using ®*™Tc-tetrofosmin at rest, 8Ga-FAPI PET, LGE
from CMR, and schematic drawings of LV. No relevant perfusion defect is seen after AMI, because
of complete reperfusion, and there is no significant LGE, but large area of fibroblast activation is
seen. HLA = horizontal long axis; SA = short axis; VLA = vertical long axis.

P = 0.010; maximum white blood cell count: » = 0.31, P =
0.07). Diabetes mellitus was associated with a larger FAP volume
(134 = 53 em® vs. 93 = 36 cm® for patients without diabetes,
P = 0.012), whereas other cardiovascular risk factors were not
associated with FAP signal.

FAP Signal Does Not Match Regional CMR Tissue
Characteristic Segmental Analysis

For segmental correlation with CMR, apex was excluded from
studies, leaving 16 segments per patient and a total of 496 seg-
ments (CMR T1 and T2 mapping available in 31 patients). Over-
all, the segmental mean FAP signal correlated with LGE extent
(r = 0.660, P < 0.001), T1 and T2 relaxation times (» = 0.485,
P < 0.001, and = 0.475, P < 0.001, respectively), and extracel-
lular volume (» = 0.557, P < 0.001). But there were marked dif-
ferences when classifying segments as positive or negative for the
respective tissue parameter (Fig. 5): 308 of 496 (64%) segments
were classified as FAP-positive, using blood pool SUV ean + 2
SDs as a threshold (/5). A transmural LGE signal of more than
25% was present in 172 of 308 segments (56%). A prolonged T1
relaxation time above 1,023 ms (22), a threshold indicative of tis-
sue fibrosis, was present in 227 of 308 segments (74%). A pro-
longed T2 relaxation time longer than 60 ms (21), consistent with
edema, was present in 210 of 308 segments (68%). Of note, 44 of
308 (14%) FAP-positive segments had normal T1 and T2 relaxa-
tion and no relevant LGE. This confirms that FAP signal frequently

THE JoURNAL OF NUCLEAR MEDICINE * Vol. 63 + No.9 - September 2022



SA HLA

Perfusion
(99mTc_
Tetrofosmin)

“hA

Fibroblasts
(58Ga-FAPI) J

F

CMR LGE

Perfusion
Defect

FAP-Positive Segments Present with
Impaired Contractility

Segmental SUV ,can (496 segments)
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lation with segmental wall thickening (» =
—0.224, P < 0.001). When 3 subgroups of
segments were compared, normally perfused
segments without FAP signal had signifi-
cantly greater wall thickening than normally
perfused segments with elevated FAP signal,
whereas wall thickening was least in hypo-
perfused segments, all of which had an ele-
vated FAP signal (Fig. 6).
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FAP Signal Correlates with Ventricular
Geometry and Functional Outcome

At baseline, FAP volume significantly
correlated with LV mass (» = 0.69, P >
0.001), end-diastolic volume (r = 0.57,
P > 0.001), end-systolic volume (» = 0.62,
P > 0.001), and LGE volume (» = 0.58,
P > 0.001). A trend to correlation was
detected between FAP volume and initial
LVEF (r = —0.32, P = 0.07). Interestingly,
FAP volume showed a stronger, significant
correlation with LVEF at follow-up (» =
—0.583, P = 0.007; Fig. 7). Among patients
with complete follow-up, those with at least

FIGURE 4. Myocardial perfusion images using *®™Tc-tetrofosmin at rest, ®Ga-FAPI PET, LGE from
CMR, and schematic drawings of LV. Fibroblast activation only marginally exceeds infarct region.

HLA = horizontal long axis; SA = short axis; VLA = vertical long axis.

extends beyond areas that are abnormal at CMR tissue characteri-
zation. Only few FAP segments showed LGE or altered T1 and
T2 relaxation times. In these segments, LGE most likely reflects
chronic stages of preexisting scar, potentially due to cardiovas-
cular comorbidities. Furthermore, elevated signal in T1 and T2
mapping in the absence of FAP signal may identify segments
with edema but no fibroblast activity.

1 FAP-positive but T1-, T2-, and LGE-nega-
tive segment (n = 6) had a lower follow-up
LVEF than those without such segments
(n = 6;47% * 8% vs. 57% * 3%, P =
0.02). Overall, this finding suggests that
a higher number of activated fibroblasts early after AMI is associ-
ated with more severe LV dysfunction in the subsequent chronic
stage after AMI.

DISCUSSION

Our results confirm that regional upregulation of FAP by acti-
vated fibroblasts yields a very high contrast between the injured

TABLE 3
Radionuclide Imaging Data

All patients (n = 35)

CMR available (n = 33)

Variable Mean = SD Range Mean = SD Range
Perfusion defect (SPECT % of polar map) 232 =174 0-55 23.6 = 17.4 0-55
PET signal (°®Ga-FAPI-46 SUVpeai)
Spleen 1.43 = 0.40 0.96-2.61 1.43 = 0.41 0.96-2.61
Liver 1.50 = 0.47 0.82-2.93 1.48 £ 0.47 0.82-2.93
Bone marrow 1.05 = 0.29 0.61-2.04 1.05 £ 0.29 0.61-2.04
Lungs 0.82 = 0.32 0.34-2.17 0.81 = 0.33 0.34-2.17
Blood pool (left atrium) 1.97 = 0.40 1.32-3.21 1.97 = 0.40 1.32-3.21
Remote myocardium 1.41 = 0.38 0.91-2.84 1.41 = 0.39 0.91-2.84
Infarct 6.41 = 1.53 3.52-10.60 6.54 = 1.46 4.24-10.60
Area of FAP upregulation (% of polar map) 58.0 = 15.4 29-90 57.7 = 15.8 29-90
Volume of FAP signal (cm®) 105.8 = 45.6 33.6-215.4 105.9 = 46.6 33.6-215.4

%8Ga-FAPI PET, CMR, anDp OutcoME AFTER AMI  » Diekmann et al.
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interest because it suggests that the results of
%8Ga-FAPI PET are not interchangeable with
CMR tissue characteristics. Rather, ®*Ga-
FAPI PET may add further, biologically
distinct, information. Currently, LGE imag-
ing is well established for detection of focal,
mostly replacement fibrosis after myocardial
injury in ischemia, inflammation, or cardio-
myopathy. But cardiac pathologies, includ-
ing diffuse, mostly interstitial alterations
such as fibrosis or edema, cannot be quan-
tified adequately by LGE (24). For this
purpose, CMR mapping techniques that
quantitatively determine tissue relaxa-
tion times for T1 (prolonged, for example,
in interstitial fibrosis and infiltration) and
T2 (primarily reflecting water content and
prolonged in edema and inflammation) have
been successfully designed. These parame-
ters are increasingly applied in clinics (25)
and provide information about the extent
and composition of extracellular space. Myo-

cardial fibrosis is commonly defined as an
expansion of the cardiac interstitium by

deposition of extracellular matrix proteins
such as collagen. But modern concepts of
the pathogenesis of fibrosis increasingly
emphasize the role of cellular components,
for which there is a tight interplay between

B All segments
(n = 496)
FAPI+ FAPI-
(308/496) 62% (188/496) 38%
T1- T2- LGE- T+ T2+ LGE+
‘ 23% 20%
FIGURE 5. (A) Patient example with FAP-positive, T1-negative, T2-negative, and LGE-negative

segment. (B) Segmental comparison of myocardial ®Ga-FAPI-46 distribution, native T1 and T2
mapping, and LGE from CMR, using 16-segment model (apex excluded) in 31 AMI patients with

complete datasets, resulting in total of 496 segments.

infarct and periinfarct region and unaffected remote myocardium,
blood pool, and surrounding structures. FAP upregulation mark-
edly exceeds the infarct region in patients early after AMI and
standard-of-care reperfusion therapy. This result is consistent with
the notion that FAP upregulation plays a role not only in replace-
ment fibrosis in the primary injured region but also in reactive
fibrosis that may compromise noninfarcted myocardium (15,23).
Our observation of a link between extent of early FAP signal and
LV dysfunction at later follow-up lends further support to this con-
cept. Our results suggest that the FAPI signal is a multifactorial
parameter that integrates a variety of influencing factors in the com-
monly heterogeneous clinical setting of patients early after AMI
Yet, the association with functional outcome makes the parameter
intriguing for further exploration.

Integrative multimodal segmental analysis provides further insights
into the relationship between fibroblast activation and extracellular
tissue composition. Interestingly, the mismatch between FAP area
and perfusion defect size was larger when infarct size was smaller.
Speculatively, larger amounts of myocardial salvage and reperfusion
injury may contribute to this elevated FAP signal as a potential pre-
cursor of interstitial fibrosis. Future studies may provide further
insights into these interrelations. Although we found that FAP upre-
gulation grossly correlated with CMR tissue parameters, there were
relevant regional discordances. A significant fraction of FAP-positive
segments not only exhibited absent LGE but also lacked prolongation
of T1 and T2 relaxation times on CMR. This finding is of particular
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functionally diverse subsets of fibroblasts,
extracellular matrix composition, and regu-
lation by the immune system (26). **Ga-
FAPI PET identifies the cellular component
of this process by specifically visualizing
expression of FAP on activated myofibro-
blasts (9,13,14). Our results suggest that this profibrotic cellular
signal is abundant in the territory of the infarct vessel early after
AMLI, that it may be present in myocardial segments that do not yet
show elevated T1 relaxation as a measure of interstitial protein
deposition, and that it may be present in segments that still do not
show elevated T2 as a measure of edema. Speculatively, elevated
FAP signal is an early and abundant fibroblast response after reper-
fusion and its immediate inflammatory reaction. The cellular FAP
signal may then precede the subsequent deposition of extracellu-
lar matrix that establishes overt fibrosis. Clearly, further work is
needed to elucidate the relative time course of the cellular, PET-
derived signal and the interstitial, CMR-derived signal, along with
their importance for functional outcome and for guidance of thera-
peutic interventions. In this regard, it should be noted that PET with
other, immune cell-targeted, tracers may also identify the cellular
component of inflammation, for integration with fibrosis-targeted
imaging (27,28).

Regional patterns in our AMI patients suggest that the area of
FAP upregulation may be interlinked with the ischemic area at
risk. Prior SPECT studies have shown the feasibility of area-at-
risk assessment using perfusion imaging after radiotracer injection
before and after reperfusion of AMI (29). Yet, this logistically
demanding approach is not broadly feasible and has not been
available in our setting. In CMR, area at risk has been proposed
to be estimated via quantity of edema in T2-weighted images,
but preclinical histologic validation delivered partly inconclusive

THE JoURNAL OF NUCLEAR MEDICINE * Vol. 63 + No.9 - September 2022
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FIGURE 6. Three groups for analysis of wall thickening and contractility:
FAP-negative and normally perfused segments representing remote myo-
cardium, FAP-positive but normally perfused segments representing border
zone, and FAP-positive segments with reduced perfusion representing core
infarct zone. Wall thickening was significantly impaired in all FAP-positive
segments with or without reduced perfusion (infarct and border zones).
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FIGURE 7. Correlation between global myocardial FAP volume early
after AMI and synchronously measured markers of cardiac geometry and
function from CMR. (A-D) Volume of LGE (mL) (A), LV mass (LVM; g) (B),
end-systolic volume (ESV; mL) (C), and end-diastolic volume (EDV; mL)
(D). (E and F) Nonsignificant trend to correlation with LVEF at baseline (E),
and significant correlation with follow-up LVEF (F).
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results on colocalization of edema and area at risk (30). In our study,
FAP signal partly colocalized with detected edema in T2-weighted
images. Interestingly, the mismatch of FAP area and perfusion defect
size was larger when infarct size was smaller, suggesting a rela-
tionship with successful reperfusion. FAP-positive segments also
showed impaired wall thickening both in the infarct and in the bor-
der zone, where it may reflect regional postischemic stunning. And
last, the detected correlation of FAP uptake with levels of creatine
kinase suggest an association between number of activated fibro-
blasts and ischemia/reperfusion ischemic injury. Ultimately, the
relationship between area of fibroblast activation and area at risk
warrants further investigation. Inclusion of myocardial perfusion
imaging after tracer injection before revascularization, or the addi-
tion of stress perfusion imaging for flow reserve measurements,
may be helpful in this regard in the future.

The long-term importance of imaging the myofibroblast compo-
nent of profibrotic activity will depend on its predictive value for
subsequent LV remodeling and heart failure progression. Our
results show that the area of fibroblast activation at the time of
PET imaging was associated with the extent of injury and geomet-
ric features such as the mass and volume of the LV, whereas the
relation with contractile function was less pronounced initially.
This relationship, however, changed at follow-up in the chronic
post-AMI stage, when a larger extent of FAP signal early after
AMI was associated with more severe contractile dysfunction.
Notably, we even observed a lower mean follow-up LVEF in
patients with a FAP-positive but CMR-negative tissue signal early
after AMI. This might be a first indicator supporting an indepen-
dent relevance of myocardial FAP signal for functional out-
come; however, follow-up of LV function was available in only
14 patients. A larger prospective work will be needed to con-
firm these results.

We also observed a larger extent of myocardial fibroblast acti-
vation in a subgroup of patients with diabetes mellitus, whereas no
differences were found analyzing other cardiovascular risk factors
(age, sex, arterial hypertension, hyperlipidemia, smoking, and
obesity). This finding was independent of infarct size. In AMI,
diabetes mellitus is associated with elevated long-term mortal-
ity (31,32). Also, it has been shown that patients with adult-
onset diabetes may exhibit extensive perivascular, interstitial,
and even replacement fibrosis, in the absence of hypertension or
coronary artery disease (33). The molecular mechanisms re-
sponsible for the contribution of diabetes mellitus to cardiac
fibrosis remain poorly understood (34). Whether a more pro-
nounced fibroblast activation in response to ischemic hypoper-
fusion plays a role in the adverse outcome of diabetic patients is
another hypothesis generated by our preliminary observation
that should be tested in subsequent studies.

A strong FAP signal was measured in the affected region,
whereas signal from remote myocardium and other regions (liver,
spleen, bone marrow, and lungs) was much lower. This supports
the feasibility of FAP-targeted imaging to guide antifibrotic ther-
apeutic strategies. Importantly, it also supports the feasibility of
FAP-targeted therapies themselves, which may modulate and
attenuate profibrotic activity if administered precisely in suitable
individuals and at the right time (3). In the future, molecular imag-
ing using FAPI ligands might help us to understand mechanisms
and select patients for individual treatment using advanced antifi-
brotic measures.

Some limitations of our work should be considered. The sample
size was small, and the analysis was retrospective, leading to even
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smaller samples for follow-up. No serial imaging was performed,
and the time course of the FAP signal after AMI remains incom-
pletely defined. We chose to use a threshold for detection of FAP-
positive myocardial areas because of absence of an established
standard. This approach was pursued as a best possible approach
in the absence of validated alternatives. Other measures such as
the SUV or segmental analyses were threshold-independent and
confirm the major conclusions of our work. Our work should be
seen as hypothesis-generating for further studies, which may
aim at identifying the optimal time point for imaging FAP
expression to predict the progression of postinfarct remodeling
most effectively. Further work may also focus on defining the
incremental value of FAP-targeted imaging over standard clini-
cal risk markers, CMR, and other molecular targeted approaches
such as imaging of the inflammatory response to injury (3J).
The outcome sample of this study was too small for meaningful
multivariate analyses. Finally, matching of PET and CMR results
may not have been perfect because studies were obtained on sepa-
rate camera systems on different days. We also cannot completely
discount possible variation of imaging parameters over time in this
study, although we sought to minimize effects by performing imag-
ing on 3 consecutive days, when possible. PET signal was signifi-
cantly elevated in the infarct region and in the periinfarct region,
where wall thickening was impaired as a consequence of ischemic
injury. Partial-volume effects were considered minor therefore, and
in the absence of established methods, no correction for partial-vol-
ume effects was applied. In the future, hybrid PET/MRI systems
may offer simultaneous acquisition of CMR and PET parameters
of myocardial repair after AMI (36).

CONCLUSION

Taken together, this work provides new insights into the
regional pattern of fibroblast activation early after AMI. The area
of elevated FAP signal reaches beyond the injured infarct region
and may even involve regions without prolonged T1 or T2 relaxa-
tion as CMR markers of interstitial fibrosis, infiltration, or edema.
This suggests that the cell-based signal of fibroblast activation is
distinct from CMR-derived interstitial characteristics and may be
complementary. Importantly, the early FAP signal was associated
with a subsequent impairment of LV function, suggesting that it
may be a predictor of adverse LV remodeling.
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KEY POINTS

QUESTION: Does myocardial fibroblast activation early after AMI
correlate with CMR tissue characteristics, and is it predictive of
subsequent development of ventricular dysfunction?

PERTINENT FINDINGS: Thirty-five patients underwent
88Ga-FAPI-46 PET and CMR within 11 d after reperfusion therapy
for AMI. The region of fibroblast activation on %8Ga-FAPI PET
extended beyond the fibrotic scar. Also, there were segmental
discrepancies between FAPI signal and T1 and T2 relaxation times
from CMR. FAPI signal early after AMI correlated with reduced
LVEF in the subsequent chronic stage.

IMPLICATIONS FOR PATIENT CARE: ®3Ga-FAPI PET may be
complementary to CMR and serve as an independent marker of
the risk of adverse cardiac remodeling after AMI.
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