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ABSTRACT

Background

The diagnosis and management of myocardial infarction is increasingly complex and
establishing the presence of intracoronary thrombosis has major implications for both the
classification and treatment of myocardial infarction.

Objectives

To investigate whether positron emission tomography (PET) and computed tomography (CT)
could non-invasively detect in vivo thrombus formation in human coronary arteries using a
novel glycoprotein IIb/Il1a receptor antagonist-based radiotracer, '*F-GP1.

Methods

In a single centre observational case-control study, patients with or without acute myocardial
infarction underwent coronary '®F-GP1 PET-CT angiography. Coronary artery '3F-GP1 uptake
was assessed visually and quantified using maximum target-to-background ratios.

Results

BF-GP1 PET-CT angiography was performed in 49 patients with, and 50 patients without,
acute myocardial infarction (61+9 years, 75% male). Coronary '®F-GP1 uptake was apparent
in 39 (80%) of the 49 culprit lesions in patients with acute myocardial infarction. False negative
scans appeared to relate to time delays to scan conduct and low thrombus burden in small
calibre distal arteries. On multivariable regression analysis, culprit vessel status was the only
independent variable associated with higher '*F-GP1 uptake. Extra-coronary cardiac '*F-GP1
findings included a high frequency of infarct-related intramyocardial uptake (35%) as well as
left ventricular (8%) or left atrial (2%) thrombus.

Conclusions

Coronary "®F-GP1 PET-CT angiography is the first non-invasive selective technique to identify
in vivo coronary thrombosis in patients with acute myocardial infarction. This novel approach
can further define the role and location of thrombosis within the heart and has the potential to
inform the diagnosis, management, and treatment of patients with acute myocardial infarction.

Keywords: Myocardial infarction, Intracoronary thrombosis, Positron emission tomography,
Computed tomography



Abbreviations

CCTA
LAD
LCx
PET
RCA
SUV max
TBRmax

Coronary computed tomography angiography
Left anterior descending

Left circumflex artery

Positron emission tomography

Right coronary artery

Maximum standardized uptake values
Maximum target to background ratio



Condensed Abstract

8F-GP1 positron emission tomography can identify in vivo intracoronary thrombus in patients
with acute myocardial infarction. This technique appears to hold major promise as a method of
determining the role and origin of thrombosis in acute myocardial infarction, especially in cases
of thromboembolism or myocardial infarction with non-obstructive coronary arteries. It could
also assist in cases of multivessel coronary artery disease where the localisation of the culprit
lesion or presence of thrombus may influence patient management. We also demonstrated a
high frequency of extra-coronary findings including unrecognised left ventricular and atrial
thrombus as well as infarct-related intramyocardial '8F-GP1 uptake.



Introduction

High-sensitivity cardiac troponin testing has transformed cardiological practice and has
ensured that at-risk patients and those with myocardial infarction can be effectively
identified.(1-3) However, this greater sensitivity has come at the cost of identifying many more
patients with acute myocardial injury who may or may not have myocardial infarction. There
has also been the increasing complexity of the diagnosis of myocardial infarction typified by
type 2 myocardial infarction and myocardial infarction with non-obstructive coronary
arteries.(4,5) Clinicians are often left with the challenge of determining whether an
atherothrombotic event has occurred and establishing the underlying cause.(6) This is critically

important if patients are to be correctly diagnosed and treated.

At present, invasive coronary angiography is the primary modality used to detect the presence
of intracoronary thrombus in patients with acute myocardial infarction. However, it lacks
sensitivity and may fail to identify, or misidentify, the culprit artery in over a third of patients
with non-ST elevation myocardial infarction.(6) Adjunctive invasive techniques, such as
intravascular ultrasound and optical coherence tomography, are valuable tools to clarify
angiographic ambiguity.(7,8) However, these catheter-based techniques require
instrumentation of the coronary artery and are limited in their ability to assess smaller or
stenosed vessels due to the size and physical limitations of the intravascular probes. Like other
non-invasive imaging approaches, intravascular imaging also only provides circumstantial

evidence of the presence of thrombus based on the characteristic appearances of the images.(9)

We have previously described the use of '®F-sodium fluoride positron emission tomography
and computed tomography (PET-CT) imaging in patients with acute myocardial infarction and

stable coronary artery disease.(10-14) We have shown that increased coronary '*F-sodium



fluoride uptake correlates with high-risk plaque characteristics, disease progression and
subsequent myocardial infarction. However, assessments of plaque characteristics or disease
activity do not directly inform about the presence of plaque rupture and active
atherothrombosis. Prior radiotracer imaging studies have investigated thrombus imaging in the
heart but have been limited to the assessment of atrial or ventricular thrombus rather than
coronary thrombosis.(15-17) '8F-GP1 is a novel and selective elarofiban-derived radiotracer
that binds with high specificity to the glycoprotein IIb/IIla receptor on activated platelets.(18)
Previous phase 1 in vivo studies (19,20) and case reports (21,22) have demonstrated that '*F-
GP1 PET-CT can detect in vivo venous and arterial thrombi. We hypothesized that '*F-GP1
PET-CT could provide the first non-invasive technique to identify in vivo coronary thrombosis

in patients presenting with acute myocardial infarction.



Methods

8F.GPI Binding to Human Thrombus

Fresh human thrombus formation was generated using an ex vivo model of deep arterial injury
as described previously (23,24) and performed during infusion of '®F-GP1 in the presence or
absence of tirofiban co-infusion. '8F-GP1 autoradiography was performed in the presence or
absence of tirofiban on thrombectomy specimens obtained from patients undergoing
percutaneous coronary intervention for acute myocardial infarction. Further details of the

methodologies are provided in the Supplementary Material.

Study Design and Study Population

This was a single centre cross-sectional case-control study (In-vivo Thrombus Imaging With
8F-GP1, a Novel Platelet PET Radiotracer (iThrombus); NCT03943966). We recruited
patients over 40 years of age who presented with type 1 myocardial infarction defined by the
fourth universal definition of myocardial infarction (4) and cardiac troponin concentration
greater than 50 times the upper reference limit within seven days of presentation to the
Edinburgh Heart Centre. All patients underwent invasive coronary angiography. Control
subjects consisted of patients with stable coronary artery disease and previous aortic valve
replacement who underwent 'F-GP1 cardiac PET-CT as part of a concurrent study
(NCTO04073875).(25) These patients had no angina or recent myocardial infarction
(Supplementary Figure i1). Exclusion criteria included inability to provide informed consent,
pregnancy or breastfeeding, contraindications to iodinated contrast, use of anticoagulant
therapies, estimated glomerular filtration rate <30 mL/min/1.73 m?, metastatic malignancy and

an inability to tolerate the supine position.



The study was conducted in accordance with the Declaration of Helsinki and approved by the
Southeast Scotland Regional Ethics Committee (18/SS/0163). Written informed consent was

obtained from all subjects.

Cardiac Imaging and analysis

BF-GP1 cardiac PET-CT was performed on a 128-multislice scanner (Biograph mCT,
Siemens, Germany) with prospective electrocardiogram-gating. PET list mode acquisition was
performed 60 min after intravenous injection of 250 MBq '8F-GP1 with a single bed position
centred on the heart, preceded by an attenuation correction CT scan. Further details of the

cardiac imaging and analysis are provided in the Supplementary Material.

Definition of Culprit Lesion

The clinical team ascribed the location of the culprit lesion at the time of invasive angiography
independent of the research team or knowledge of the '8F-GP1 PET-CT findings. The culprit
lesion was defined as the lesion that led to the index admission and upon which the
interventional procedure was performed. Further details of the culprit assessment are provided

in the Supplementary Material.

BE-GPI uptake assessment

Qualitative and quantitative '*F-GP1 assessment was performed on the co-registered PET and
CT coronary angiogram images. '®F-GP1 PET uptake was assessed in the left anterior
descending artery, left circumflex and right coronary arteries where the vessel diameter was >2

mm. Further details of the tracer uptake are provided in the Supplementary Material.



Statistical analysis

We assessed the distribution of data with the Shapiro-Wilk test and quantile-quantile plots.
Categorial variables were reported as frequencies (percentages). Continuous data are presented
as mean * standard deviation or median [interquartile interval]. Statistical significance was
assessed using chi-squared, Wilcoxon, Kruskal-Wallis, or Mann—Whitney U tests as
appropriate. Correlations were assessed using Spearman coefficient. A multivariable linear
regression model was constructed with logs>-transformed TBRmax as the independent variable
and age, sex, time after myocardial infarction, presence of culprit lesion and presence of ST
elevation myocardial infarction as the independent variables. Model residuals were checked
against fitted values and distributions confirmed with quantile-quantile plots. Two-sided p-
values <0.05 were considered statistically significant. Analysis was performed using R version

4.0.3 (R Foundation for Statistical Computing, Vienna, Austria).



Results

8F.GPI Binding to Human Thrombus

8F-GP1 uptake occurred in the presence of freshly forming human thrombus in the ex vivo
model of deep arterial injury (Figure 1).(23) This uptake was inhibited by co-administration of
tirofiban, a glycoprotein IIb/Illa receptor antagonist. In thrombectomy specimens obtained
from patients undergoing percutaneous coronary intervention for acute myocardial infarction,
8F-GP1 autoradiography demonstrated uptake that co-localized to thrombus on histology and

platelets on CD41 immunohistochemistry (Figure 1).

Study Populations

Fifty-nine patients with recent myocardial infarction (time from myocardial infarction onset to
scan: 9 [5 to 21] days) were recruited. Eight patients either withdrew or were unable to attend
due to government public health restrictions, and two patients were excluded because they were
subsequently diagnosed with takotsubo syndrome (Supplementary Figure i). Forty-nine
patients (mean age 61+9 years and 75% male) underwent '8F-GP1 PET-CT and were included
in the analysis (Table 1). There were 35 patients with ST-segment elevation myocardial
infarction and 14 with non-ST-segment elevation myocardial infarction. Of the latter, 10 had a
culprit lesion identified angiographically by the clinical team. All patients presenting with ST-
segment elevation myocardial infarction received primary percutaneous coronary intervention
within 4 hours of symptom onset and all patients with non-ST-segment elevation myocardial
infarction underwent invasive coronary angiography within 48 hours of symptom onset. Ten
patients were managed with guideline-directed medical therapy only and thirty-nine patients

underwent percutaneous coronary intervention. In the control group, we included 50 patients



without recent myocardial infarction (Table 1) who had undergone "*F-GP1 PET-CT as

described previously.(25)

Invasive Coronary Angiography

Most patients with myocardial infarction (28/49, 57%; all presenting with ST-segment
elevation) had complete vessel occlusion (TIMI 0 flow) at the time of invasive coronary
angiography with the remainder having TIMI 2 or 3 flow. Sixteen patients received an
intravenous tirofiban infusion for 12 hours after the index event. In the absence of percutaneous
coronary intervention, intracoronary thrombus was visible as a filling defect in four cases (8%)
which was visible on subsequent computed tomography angiography performed at 5 and 7 days

(Supplementary Figure ii).

Qualitative Coronary '*F-GP1 Uptake in the Culprit Plaque

Most patients with myocardial infarction (39/49, 80%) had focal coronary 'F-GP1 uptake
corresponding to the culprit vessel (Table 2). There was no qualitative coronary '8 F-GP1 uptake
in the non-culprit vessels of patients with myocardial infarction or in any vessel of patients
without myocardial infarction. Coronary '8F-GP1 uptake was present in 30 (86%) patients with
ST-segment elevation myocardial infarction, all of which co-localized to the culprit lesion
(Figure 2). Coronary 8F-GP1 uptake was present in 9 out of 14 (64%) patients with non-ST-
segment elevation myocardial infarction, and this co-localized to the culprit lesion in each case
(Supplementary Figure iii). Detection of intracoronary thrombus formation appeared to be less
frequent in patients with non-ST-segment elevation myocardial infarction compared to those
with ST-segment elevation myocardial infarction, but this was not statistically significant (64%

vs 86% respectively, p=0.197).
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Overall, the identification of intracoronary thrombus in the culprit artery with '®F-GP1 uptake
had a sensitivity of 80%, specificity of 100%, positive predictive value of 100%, negative

predictive value 92% and accuracy of 96% in this population.

Patients with myocardial infarction and demonstrable coronary '8F-GP1 uptake were scanned
earlier (8 [6-9] versus 13 [10 to 22] days from myocardial infarction to scan, p=0.001; Table
2) and showed higher peak cardiac troponin concentrations (25,225 [4,111 to 50,000] versus
6,239 [868 to 11,000] ng/L, p=0.036; Table 2) than patients with no focal coronary uptake (10
out of 49; 20%). Most cases without focal uptake (n=6) involved culprit lesions located in
smaller distal vessels (Table 2). There were no other differences between cases with or without
coronary '®F-GP1 uptake including coronary revascularization rates, TIMI flow or use of

tirofiban.

Quantitative Coronary "*F-GP1 Uptake in the Culprit Vessel

Per-vessel coronary '8F-GP1 uptake (SUVmax and TBRmax) was higher in culprit vessels
compared to non-culprit vessels as well as all coronary arteries in control subjects without
myocardial infarction (Figure 3 and Supplementary Table i). Linear regression models
demonstrated univariable associations between coronary '8F-GP1 TBRmax and the timing of
the scan, as well as culprit vessel status. On multivariable analysis, only culprit vessel status
was associated with TBRmax (r?=0.246, p=0.006; Table 3). Based on the Youden’s index,
TBRmax >1.16 was the optimal threshold for identifying the culprit artery with high sensitivity

(83%), specificity (86%) and accuracy (84%).
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Sub-types of Myocardial Infarction

One patient had an apparent spontaneous coronary artery dissection involving the distal left
anterior descending artery and demonstrated focal '8F-GP1 uptake at the site of the dissection
(Supplementary Figure iv). Another patient presented in sinus rhythm with an infero-posterior
ST-segment elevation myocardial infarction. They had diffuse coronary atherosclerosis and a
heavy thrombus burden in the culprit artery on invasive coronary angiography and underwent
primary percutaneous coronary intervention to the left circumflex artery. The patient had one
brief episode of paroxysmal atrial fibrillation on day 2. Focal '8F-GP1 uptake was seem both
in the left circumflex artery and the left atrial appendage suggesting a thromboembolic event

and reclassification from type 1 to a type 2 myocardial infarction (Supplementary Figure

v).21)

Identification of the Culprit Lesion

Coronary '8F-GP1 uptake identified the culprit lesion (25/27; 93%) in patients with multivessel
disease (Figure 4). In a patient with triple vessel coronary artery disease and bypass grafting,
8F-GP1 uptake only occurred in the culprit lesion of a degenerated saphenous vein bypass
graft and no uptake was seen in the other severely diseased native vessels, bypass grafts or
indeed the prior stented segment of the bypass graft upstream of the culprit lesion
(Supplementary Figure vi). In all five patients with triple vessel disease undergoing multivessel
percutaneous coronary intervention, coronary '®F-GP1 uptake was only seen within the stented
segment of the culprit lesion but not the stented segments of non-culprit lesions. Bystander
disease was treated at the index procedure, but in each of these cases, the non-culprit stented

vessel demonstrated no '*F-GP1 uptake (Supplementary Figure vii).
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Intraventricular and myocardial "*F-GP1 uptake

Seventeen (35%) patients demonstrated focal intramyocardial '*F-GP1 uptake (TBRmax 2.2
[1.45-3.6]) at the site of myocardial infarction suggestive of microvascular obstruction or
intramyocardial haemorrhage: 7 with anterior wall or apical uptake, 5 with inferior wall uptake
and 5 with lateral wall uptake (Figure 5). Infarct-related intramyocardial '*F-GP1 uptake was
similar for patients presenting with ST-segment elevation (34%) or non-ST segment elevation
(36%) myocardial infarction. Intraventricular '®F-GP1 uptake was seen in four cases indicative
of left ventricular thrombus, with only 2 cases having been detected on echocardiography

(Figure 5).
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Discussion

This is the first demonstration that non-invasive imaging can identify in vivo intracoronary
thrombus in patients with acute myocardial infarction. We have confirmed the high selectivity
and specificity of '8F-GP1 binding to activated platelets within fresh human thrombus and
coronary thrombectomy specimens. We have applied this tracer to populations of patients with
and without acute myocardial infarction and have observed '®F-GP1 uptake only occurs within
the culprit coronary arteries of those with acute myocardial infarction. We also demonstrate a
high frequency of extra-coronary thrombosis including unrecognized left ventricular and atrial
thrombus as well as infarct-related intramyocardial '8F-GP1 uptake. This technique appears to
hold major promise as a method of determining the role and origin of thrombosis in acute
myocardial infarction, especially in cases of thromboembolism or myocardial infarction with
non-obstructive coronary arteries. It could also assist in cases of multivessel disease where the

localization of the culprit lesion or presence of thrombus may influence patient management.

8F-GP1 is a radiolabelled analogue of elarofiban, a glycoprotein IIb/Illa receptor antagonist.
Unlike other drugs in this class, elarofiban only binds to platelets with activated glycoprotein
IIb/IIa receptors, rendering it a very specific marker of fresh platelet-containing thrombus.
Indeed, we have previously demonstrated that '®F-GP1 binding is markedly increased when
platelets are activated.(25) In the current study, we have further assessed this tracer for the
coronary circulation. First, we used an ex vivo model of deep arterial injury analogous to
coronary plaque rupture.(23,26,27) We demonstrated selective binding of '8F-GP1 to freshly
forming human thrombus which could be inhibited by the glycoprotein IIb/Illa receptor

antagonist, tirofiban. We then undertook autoradiography and histology of human coronary

14



thrombi extracted at the time of acute myocardial infarction and confirmed that '3F-GP1 does

indeed bind to activated platelets within human coronary thrombus.

Qualitative assessments of 'F-GP1 uptake in patients with acute myocardial infarction
demonstrated the accurate localization of thrombus formation within the coronary arteries.
Neither the non-culprit arteries of patients with myocardial infarction nor any coronary arteries
in patients without myocardial infarction demonstrated coronary '®F-GP1 uptake. However,
some patients with acute myocardial infarction did not have demonstrable '*F-GP1 uptake in
the culprit coronary artery. This imperfect sensitivity appeared to relate to three main factors:
delays in performing the scans, thrombosis of small calibre coronary arteries and overspill from
hepatic '8F-GP1 uptake. All false negative cases were scanned more than 8 days after
myocardial infarction which perhaps reflects the prompt resolution of intracoronary thrombus
with pharmacotherapy. Indeed, in the Clopidogrel as Adjunctive Reperfuslon TherapY
(CLARITY) TIMI 28 study, dual antiplatelet therapy was associated with resolution of
angiographic evidence of intracoronary thrombus in over a half of patients by a median of 8
days.(28) Previous cases series suggest that up to 92% of patients with ST-segment elevation
myocardial infarction have evidence of intracoronary thrombus with 16% presenting with a
large thrombus burden.(29,30) In these series, a large thrombus burden was linked to larger
vessels (>2 mm in diameter) and led to worse outcomes including distal embolization and
microvascular obstruction with no reflow. We found evidence of a large thrombus burden in a
similar proportion of patients with ST-segment elevation myocardial infarction on invasive
angiography. For those without obvious thrombus on invasive or CT coronary angiography,
intense coronary '8F-GP1 uptake was seen in majority of cases. Cases with no obvious coronary
BF-GP1 uptake involved culprit lesions in smaller distal vessels (<2 mm) leading to more

modest elevations in cardiac troponin indicative of a lower thrombus burden.(31,32)
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BF-GP1 offers thrombus detection beyond the resolution of CT. Even though most culprit
arteries were stented, there was demonstrable '®F-GP1 uptake in most of these segments,
consistent with a degree of abluminal thrombus trapped behind the stent which is not visible
on invasive or computed tomography angiography. This is supported by cases where severe
non-culprit disease was concurrently stented during the index procedure, but only the stented
culprit segment demonstrated '*F-GP1 uptake. The fact that later scans show no thrombus may
be a testament to the efficacy of contemporary antiplatelet regimes. Although there are no
prospective studies investigating the time course of intracoronary thrombus resolution after
myocardial infarction, case reports of serial coronary angiography confirm that the thrombus
burden resolves over a few days (2 to 7 days) with administration of modern antiplatelet
therapies including glycoprotein IIb/IIla receptor antagonists.(33,34) In our study, imaging was
performed between 5 and 31 days post myocardial infarction and delays in imaging beyond
one week from the index event appears to have reduced the sensitivity of GP1 to identify
intracoronary thrombus. Therefore, for diagnostic purposes, it should be performed within the

first 7-10 days of acute myocardial infarction.

Infarct-related intramyocardial '8F-GP1 uptake was present in more than a third of cases, and
we believe that this likely reflects intramyocardial hemorrhage or thrombotic microvascular
obstruction. Intramyocardial hemorrhage occurs because of loss of vascular integrity following
infarction and activated platelets will play a role in achieving hemostasis and limiting
extravasation of blood. In contrast, microvascular obstruction predominantly occurs due to
distal embolization of thrombus with occlusion of the microvasculature leading to no reflow
phenomenon and potential expansion of the infarct zone. If confirmed, uptake of '*F-GP1

within regions of microvascular obstruction would reinforce the role of thromboembolism in
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the pathogenesis of this condition and provide a biomarker to test the efficacy of potential

therapeutic interventions.

There were notable examples of extra-coronary thrombus identified by '8F-GP1 PET-CT that
included undiagnosed left ventricular thrombus and pulmonary thromboembolism requiring
treatment with oral anticoagulant therapy. Again, this may well have clinical utility in cases
where the presence of thrombus is uncertain or suspected. We are currently exploring the
incidence and the natural history of left ventricular thrombus as well assessing the treatment
efficacy of oral anticoagulant therapy in patients with large myocardial infarctions

(NCT04829825).

It is important to consider the clinical utility and potential application of '*F-GP1 PET-CT. In
our modest-sized case series, we had examples where 'F-GP1 PET-CT changed both the
diagnosis (type 1 reclassified as type 2 myocardial infarction) and the treatment (initiation of
anticoagulation) of patients presenting with myocardial infarction. In patients presenting with
myocardial infarction and non-obstructive coronary artery disease, '*F-GP1 could potentially
identify those with plaque rupture and intracoronary thrombus who would truly benefit from
dual antiplatelet therapy. Similarly, thromboembolic causes of type 2 myocardial infarction
can be distinguished from those with in situ thrombosis typical of type 1 myocardial infarction.
We therefore believe that 'F-GP1 PET-CT will have a potential role for patients where the
diagnosis is uncertain or where the role or origin of thrombus is in question. However, this

needs further prospective evaluation in future studies.

Limitations

17



We should acknowledge some further limitations of our work. Although these data represent
the first description of the application of coronary '8F-GP1 PET-CT, the sample size is modest
and further confirmatory studies are required in larger populations. Coronary arteries are small
structures, and given the resolution of PET, partial volume effects as well as issues relating to
sensitivity in smaller distal or tributary vessels must be considered. The latter may well be
overcome by more modern PET-CT scanners which continue to evolve with great detector
sensitivity combined with wider field of view scanners that can increase the sensitivity by up
to 40-fold.(35,36) We also found that '®F-GP1 liver uptake can preclude analysis of uptake in
the distal right coronary artery due to signal overspill. This will be difficult to overcome due
to the biliary excretion of '*F-GP1. Although we believe that infarct-related intramyocardial
uptake is likely to represent intramyocardial haemorrhage or thrombotic microvascular
obstruction, this is currently speculative and further investigation of this interesting observation
is warranted and is the subject of ongoing investigation (NCT04829825). Finally, we
acknowledge that there may have been some inherent bias in the qualitative assessment of '8F-
GP1 uptake given the presence of intracoronary stenting will be readily apparent on review of
the PET-CT scans. However, the culprit vessel was correctly identified in those without stent
implantation and those with multivessel stenting, and our qualitative findings were consistent

with the quantitative analysis which is more objective and independent of observer bias.

In conclusion, coronary 'F-GP1 PET-CT can detect in vivo intracoronary thrombus in patients

with acute myocardial infarction. This has the potential to help in the diagnosis, management

and treatment of patients presenting with suspected or confirmed acute myocardial infarction.
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Perspectives

COMPETENCY IN PATIENT CARE AND PROCEDURAL SKILLS: Coronary '*F-
GP1 PET-CT angiography is the first non-invasive selective technique to identify in vivo
coronary thrombosis in patients with acute myocardial infarction and can potentially inform

the diagnosis, management, and treatment of patients with acute myocardial infarction.
TRANSLATIONAL OUTLOOK: Additional prospective trials are necessary to assess the

utility of 18F-GP1 in recognising and treating culprit lesions in patients with non-ST segment

elevation myocardial infarction and multivessel disease.

20



References

10.

11.

12.

13.

14.

15.

16.

Chapman AR, Adamson PD, Shah ASV et al. High-Sensitivity Cardiac Troponin and
the Universal Definition of Myocardial Infarction. Circulation 2020;141:161-171.
Wereski R, Kimenai DM, Taggart C et al. Cardiac Troponin Thresholds and Kinetics
to Differentiate Myocardial Injury and Myocardial Infarction. Circulation
2021;144:528-538.

Wereski R, Chapman AR, Lee KK et al. High-Sensitivity Cardiac Troponin
Concentrations at Presentation in Patients With ST-Segment Elevation Myocardial
Infarction. JAMA Cardiol 2020;5:1302-1304.

Thygesen K, Alpert JS, Jaffe AS et al. Fourth Universal Definition of Myocardial
Infarction (2018). Circulation 2018;138:e618-¢651.

Shah AS, McAllister DA, Mills R et al. Sensitive troponin assay and the classification
of myocardial infarction. Am J Med 2015;128:493-501 e3.

Heitner JF, Senthilkumar A, Harrison JK et al. Identifying the Infarct-Related Artery
in Patients With Non-ST-Segment-Elevation Myocardial Infarction. Circ Cardiovasc
Interv 2019;12:e007305.

Raber L, Mintz GS, Koskinas KC et al. Clinical use of intracoronary imaging. Part 1:
guidance and optimization of coronary interventions. An expert consensus document
of the European Association of Percutaneous Cardiovascular Interventions. Eur Heart
J2018;39:3281-3300.

Mintz GS, Guagliumi G. Intravascular imaging in coronary artery disease. Lancet
2017;390:793-8009.

Ahn JM, Kang SJ, Yoon SH et al. Meta-analysis of outcomes after intravascular
ultrasound-guided versus angiography-guided drug-eluting stent implantation in
26,503 patients enrolled in three randomized trials and 14 observational studies. Am J
Cardiol 2014;113:1338-47.

Joshi NV, Vesey AT, Williams MC et al. 18F-fluoride positron emission tomography
for identification of ruptured and high-risk coronary atherosclerotic plaques: a
prospective clinical trial. Lancet 2014;383:705-13.

Tzolos E KJ, Lassen ML, Cadet S, Adamson P, Moss A et al. Observer repeatability
and interscan reproducibility of 18F-sodium fluoride coronary microcalcification
activity. JNC 2020.

Kwiecinski J, Tzolos E, Adamson PD et al. Coronary (18)F-Sodium Fluoride Uptake
Predicts Outcomes in Patients With Coronary Artery Disease. J Am Coll Cardiol
2020;75:3061-3074.

Kwiecinski J, Tzolos E, Meah M et al. Machine-learning with (18)F-sodium fluoride
PET and quantitative plaque analysis on CT angiography for the future risk of
myocardial infarction. J Nucl Med 2021.

Tzolos E, Dweck MR. (18)F-Sodium Fluoride ((18)F-NaF) for Imaging
Microcalcification Activity in the Cardiovascular System. Arterioscler Thromb Vasc
Biol 2020;40:1620-1626.

Ezekowitz MD, Wilson DA, Smith EO et al. Comparison of Indium-111 platelet
scintigraphy and two-dimensional echocardiography in the diagnosis of left
ventricular thrombi. N Engl ] Med 1982;306:1509-13.

Cerqueira MD. Current status of radionuclide tracer imaging of thrombi and
atheroma. Semin Nucl Med 1999;29:339-51.

21



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Izquierdo-Garcia D, Desogere P, Philip AL et al. Detection and Characterization of
Thrombosis in Humans Using Fibrin-Targeted Positron Emission Tomography and
Magnetic Resonance. JACC Cardiovasc Imaging 2022;15:504-515.

Lohrke J, Siebeneicher H, Berger M et al. (18)F-GP1, a Novel PET Tracer Designed
for High-Sensitivity, Low-Background Detection of Thrombi. J Nucl Med
2017;58:1094-1099.

Kim C, Lee JS, Han Y et al. Glycoprotein IIb/Illa receptor imaging with (18)F-GP1
positron emission tomography for acute venous thromboembolism: an open-label,
non-randomized, first-in-human phase 1 study. J Nucl Med 2018.

Chae SY, Kwon TW, Jin S et al. A phase 1, first-in-human study of (18)F-GP1
positron emission tomography for imaging acute arterial thrombosis. EJNMMI Res
2019;9:3.

Tzolos E, Bing R, Newby DE, Dweck MR. Categorising myocardial infarction with
advanced cardiovascular imaging. Lancet 2021;398:¢e9.

Hugenberg V, Zerna M, Berndt M et al. GMP-Compliant Radiosynthesis of
[(18)F]GP1, a Novel PET Tracer for the Detection of Thrombi. Pharmaceuticals
(Basel) 2021;14.

Lucking AJ, Chelliah R, Trotman AD et al. Characterisation and reproducibility of a
human ex vivo model of thrombosis. Thromb Res 2010;126:431-5.

Badimon L, Turitto V, Rosemark JA, Badimon JJ, Fuster V. Characterization of a
tubular flow chamber for studying platelet interaction with biologic and prosthetic
materials: deposition of indium 111-labeled platelets on collagen, subendothelium,
and expanded polytetrafluoroethylene. J Lab Clin Med 1987;110:706-18.

Bing R, Deutsch M-A, Sellers SL et al. 18F-GP1 Positron Emission Tomography and
Bioprosthetic Aortic Valve Thrombus. JACC: Cardiovascular Imaging 2022.
Lucking AJ, Lundback M, Mills NL et al. Diesel exhaust inhalation increases
thrombus formation in man. Eur Heart J 2008;29:3043-51.

Andrews JPM, Portal C, Walton T et al. Non-invasive in vivo imaging of acute
thrombosis: development of a novel factor XIIla radiotracer. Eur Heart J Cardiovasc
Imaging 2020;21:673-682.

Sabatine MS, Cannon CP, Gibson CM et al. Addition of clopidogrel to aspirin and
fibrinolytic therapy for myocardial infarction with ST-segment elevation. N Engl J
Med 2005;352:1179-89.

Sianos G, Papafaklis MI, Daemen J et al. Angiographic stent thrombosis after routine
use of drug-eluting stents in ST-segment elevation myocardial infarction: the
importance of thrombus burden. ] Am Coll Cardiol 2007;50:573-83.
Miranda-Guardiola F, Rossi A, Serra A et al. Angiographic quantification of
thrombus in ST-elevation acute myocardial infarction presenting with an occluded
infarct-related artery and its relationship with results of percutaneous intervention. J
Interv Cardiol 2009;22:207-15.

Kurt M, Karakas MF, Buyukkaya E, Akcay AB, Sen N. Relation of angiographic
thrombus burden with electrocardiographic grade III ischemia in patients with ST-
segment elevation myocardial infarction. Clin Appl Thromb Hemost 2014;20:31-6.
Pawlowski T, Prati F, Capodanno D, Tamburino C, Gil RJ. Initial troponin level may
predict thrombus burden in patients with acute coronary syndrome. Optical coherence
tomography study. Kardiol Pol 2012;70:457-62.

Gallagher S, Jain AK, Archbold RA. Intracoronary thrombolytic therapy: a treatment
option for failed mechanical thrombectomy. Catheterization and cardiovascular
interventions : official journal of the Society for Cardiac Angiography &
Interventions 2012;80:835-7.

22



34.

35.

36.

Ielasi A, Anzuini A. Successful management of a huge thrombus in coronary
aneurysmatic dilatation after failed mechanical thrombectomy during acute
myocardial infarction. J Cardiovasc Med (Hagerstown) 2014;15:80-1.

Poon JK, Dahlbom ML, Moses WW et al. Optimal whole-body PET scanner
configurations for different volumes of LSO scintillator: a simulation study. Phys
Med Biol 2012;57:4077-94.

Cherry SR, Jones T, Karp JS, Qi J, Moses WW, Badawi RD. Total-Body PET:
Maximizing Sensitivity to Create New Opportunities for Clinical Research and
Patient Care. J Nucl Med 2018;59:3-12.

23



Figure Legends

Figure 1. 8F-GP-1 binding to human ex vivo thrombus.

(Top) Micro-positron emission tomography and computed tomography of freshly generated
thrombus demonstrating intense uptake of '8F-GP-1 (yellow to red) which is blocked by co-
administration of the glycoprotein IIb/Illa receptor antagonist, tirofiban. Hematoxylin and
eosin staining demonstrated thrombus formation on the surface of the porcine aorta which
stains heavily for platelets on CD41 immunohistochemistry.

(Bottom) Autoradiography of two coronary thrombectomy specimens showing '*F-GP-1
uptake which is also blocked by 10 uM of unlabelled GP1 and co-localizes with thrombus and
activated platelets. Hematoxylin and eosin staining demonstrated thrombus formation which

stains heavily for platelets on CD41 immunohistochemistry.

Figure 2. Three exemplar cases of ST segment elevation myocardial infarction.

Anterior (A), lateral (B) and inferior (C) myocardial infarction and corresponding '*F-GP1
uptake from the corresponding culprit artery. Right to left: invasive coronary angiogram, CT
angiogram and '8F-GP1 positron emission tomography and CT angiogram. !'8F-GP1 uptake

noted only in the infarct related artery.
Figure 3. 18F-GP1 uptake in culprit versus non-culprit versus stable vessels.

18F-GP1 uptake measured as maximum standardized uptake values and maximum tissue to

background ratios. (p value was calculated using pairwise Wilcox test)
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Figure 4. 13F-GP1 uptake in a patient with triple vessel disease.
Coronary '8F-GP1 uptake was present only in the culprit vessel (right coronary artery; RCA)
and there was no uptake in the bystander disease lesions (left anterior descending (LAD) and

left circumflex (LCx) coronary arteries).

Figure 5. Left ventricular '®F-GP1 uptake.

(A) Examples of patients with intramyocardial '*F-GP1 uptake on positron emission
tomography and CT angiography consistent with microvascular obstruction or intramyocardial
haemorrhage.

(B) Examples of patients with apical left ventricular '®F-GP1 uptake on positron emission
tomography and CT angiography consistent with intraventricular thrombus following

myocardial infarction.

Central Illustration. F-GP1 PET-CT for non-invasive coronary artery thrombus
imaging.

A) Patient presenting with inferolateral ST-segment elevation myocardial infarction.
Invasive coronary angiography showing an occluded left circumflex artery. Patient was
treated with primary percutaneous coronary intervention to the left circumflex artery.
Nine days later he returned for 18F-GP1 positron emission tomography and computed
tomography angiography which showed focal '*F-GP1 uptake was both in the left
circumflex artery and the left atrial appendage suggesting a thromboembolic event and
reclassification from type 1 to a type 2 myocardial infarction

B) Patient presenting with inferior non-ST-segment elevation myocardial infarction.
Invasive coronary angiography showing tandem lesions of the right coronary artery.

Patient was treated with percutaneous coronary intervention to the right coronary artery.
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Ten days later he returned for 18F-GP1 positron emission tomography and computed
tomography angiography which showed focal '®F-GP1 uptake in the right coronary
artery. Moreover, there was significant radiotracer uptake noted in the inferolateral wall
suggestive of microvascular obstruction.

Patient presenting with anterior positron emission tomography and computed
tomography angiography. Invasive coronary angiography showing an occluded left
anterior descending coronary artery and was treated with primary percutaneous
coronary intervention. Twelve days later he returned for 18F-GP1 positron emission
tomography and computed tomography angiography which showed focal '8F-GP1
uptake in the left anterior descending coronary artery and left ventricular apex. The left

ventricular thrombus had not been identified on echocardiography.
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Tables

Table 1. Baseline characteristics of study populations

Patients with Patients without P value
myocardial infarction | myocardial infarction
(n=49) (n=50)

Age (years) 61 [52 to 69] 73 [68 to 76] <0.001
Male sex 38 (75%) 38 (76%) 0.456
Body-mass index (kg/m?) 28 [23 to 32] 29 [24 to 33] 0.654
Past medical history

Hypertension 13 (25%) 35 (70%) <0.001

Hypercholesterolemia 11 (22%) 37 (74%) <0.001

Diabetes mellitus 8 (16%) 6 (12%) 0.235

Current or ex-smoker 27 (53%) 28 (56%) 0.256

Prior coronary artery disease 7 (14%) 23 (46%) <0.001

Prior myocardial infarction 7 (14%) 6 (12%) 0.345

Stroke/transient ischemic attack 3 (6%) 7 (14%) 0.02
Prior procedures

Coronary artery bypass grafting 1 (2%) 7 (14%) <0.001

Percutaneous coronary intervention 8 (16%) 10 (20%) 0.880

Permanent pacemaker 3 (6%) 3 (7%) 0.870
Antiplatelet medication

Aspirin 46 (90%) 39 (78%) <0.001

P2Y 12 receptor antagonist 43 (84%) 6 (12%) <0.001
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n (%); median [interquartile range]

28




Table 2. Baseline characteristics of patients with and without coronary 'F-GP1 uptake

Coronary 3F-GP1 No Coronary 3F-GP1 P value
Uptake Uptake
(n=39) (n=10)
Age (years) 62 [56 to 71] 60 [52 to 72] 0.607
Male sex 31 (80%) 9 (90%) 0.456
Body-mass index (kg/m?) 27 [22 to 31] 28 [22 to 32] 0.857
Past medical history
Hypertension 10 (26%) 3 (30%) 0.975
Hypercholesterolemia 9 (23%) 2 (20%) 0.878
Diabetes mellitus 6 (15%) 2 (20%) 0.335
Current or ex-smoker 22 (53%) 5 (50%) 0.766
Prior coronary artery disease 5 (13%) 2 (20%) 0.345
Prior myocardial infarction 5 (13%) 2 (20%) 0.345
Stroke/transient ischemic attack 3 (8%) 0 0.675
Prior procedures
Coronary artery bypass grafting 1 (3%) 0 0.985
Percutaneous coronary intervention 6 (15%) 2 (20%) 0.771
Permanent pacemaker 2 (5%) 1 (10%) 0.970
Antiplatelet medication
Aspirin 37 (95%) 9 (90%) 0.870
P2Y 12 receptor antagonist 35 (90%) 8 (80%) 0.770
Culprit vessel
Left anterior descending 13 (33%) 4 (40%) 0.345
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Right coronary artery 7 (18%) 0 0.035

Left circumflex artery 18 (46%) 6 (60%) 0.155

Saphenous vein graft 1 (3%) 0 1.000
ST-elevation myocardial infarction 30 (86%) 5 (50%) 0.079
Culprit location

Proximal vessel 37 (95%) 4 (40%) <0.001

Distal vessel 2 (5%) 6 (60%) <0.001
Culprit artery stenting 30 (82%) 9 (90%) 0.497
Thrombolysis In Myocardial Infarction 0 23 (59%) 5 (50%) 0.479
Tirofiban infusion 18 (46%) 2 (20%) 0.065
Troponin (ng/L) 25,225 [4,111 to 50,000] 6,239 [868 to 11,000] 0.036
Time from myocardial infarction to scan 8 [6-9] 13 [10-22] 0.001

(days)

n (%); median [interquartile range]; mean+ standard deviation
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Table 3. Linear regression models for coronary maximum '®F-GP1 target-to-background ratio

Univariable Multivariable
Coefficient p value Coefficient p value R?
(95% Confidence (95% Confidence
Interval) Interval)
Age (per year) 0.004 0.418 -0.001 0.828
(-0.006 to 0.016) (-0.011 to 0.009)
Male sex 0.249 0.577 0.025 0.857
(-0.212 t0 0.377) (-0.253 t0 0.302)
ST-elevation 0.141 0.194 0.151 0.222 0.246
myocardial (-0.074 to 0.357) (-0.095 to 0.397) p=0.006
infarction
Tirofiban infusion 0.194 0.075 0.205 0.155
(-0.021 to 0.409) (-0.010 to 0.419)
Time from -0.018 0.018 -0.006 0.447
myocardial (-0.033 to -0.003) (-0.022 to 0.009)
infarction to scan
(per day)
Culprit location -0.072 0.548 -0.063 0.627
(Proximal) (-0.342 t0 0.198) (-0.324 t0 0.198)
Culprit vessel 0.448 <0.001 0.430 0.001
(0.238 to0 0.658) (0.180 to 0.681)

Model for logs coronary maximum '8F-GP1 target-to-background ratio
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