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Highly Sensitive Detection of 
Minimal Cardiac Ischemia using 
Positron Emission Tomography 
Imaging of Activated Platelets
Melanie Ziegler1,*, Karen Alt1,2,*,†, Brett M. Paterson3, Peter Kanellakis4, Alex Bobik4, 
Paul S. Donnelly3, Christoph E. Hagemeyer2,5,6,#,† & Karlheinz Peter1,5,6,#

A reliable method for the diagnosis of minimal cardiac ischemia would meet a strong demand for the 
sensitive diagnosis of coronary artery disease in cardiac stress testing and risk stratification in patients 
with chest pain but unremarkable ECGs and biomarkers. We hypothesized that platelets accumulate 
early on in ischemic myocardium and a newly developed technology of non-invasive molecular PET 
imaging of activated platelets can thus detect minimal degrees of myocardial ischemia. To induce 
different degrees of minimal cardiac ischemia, the left anterior descending artery (LAD) was ligated for 
10, 20 or 60 min. Mice were injected with a newly generated scFvanti-GPIIb/IIIa-64CuMeCOSar radiotracer, 
composed of a single-chain antibody that only binds to activated integrin GPIIb/IIIa (αIIbβIII) and thus 
to activated platelets, and a sarcophagine cage MeCOSar complexing the long half-life PET tracer 
copper-64. A single PET/CT scan was performed. Evans Blue/TTC staining to detect necrosis as well as 
classical serological biomarkers like Troponin I and heart-type fatty acid-binding protein (H-FABP) were 
negative, whereas PET imaging of activated platelets was able to detect small degrees of ischemia. 
Taken together, molecular PET imaging of activated platelets represents a unique and highly sensitive 
method to detect minimal cardiac ischemia.

Ischemic heart disease (IHD), a leading cause of death worldwide, is typically caused by coronary artery obstruc-
tion, most often as a consequence of atherosclerotic coronary artery disease (CAD)1. Currently, electrocardiogram 
(ECG) monitoring during exercise is widely used for an initial screening for the diagnosis and risk stratification of 
IHD2. To provide more reliable and accurate information on the location and extent of cardiac ischemia and thus 
to increase the diagnostic accuracy, additional imaging using nuclear medicine, echocardiographic or magnetic 
resonance stress testing is required. Clinically, SPECT, thallium-201 and technetium-99m, are routinely used for 
nuclear myocardial perfusion imaging3,4. PET imaging for stress testing has attracted major interest as it offers 
higher sensitivity (up to 90%), higher specificity (up to 89%), higher spatial and temporal resolution, and relia-
ble attenuation and scatter correction compared to SPECT5,6. Despite these advanced imaging technologies, the 
majority of patients with CAD and thus at high risk of a myocardial infarction (MI) are not identified before they 
suffer from a MI, which may result in cardiac death or if survived in heart failure. To prevent MI, highly sensitive 
detection of non-symptomatic myocardial ischemia could be a way forward allowing prophylactic interventions 
with potentially enormous benefits for a large number of patients.

The sensitive detection of myocardial ischemia in patients presenting with chest pain often remains incon-
clusive as neither the ECG nor serological cardiac biomarkers such as troponins (Tn) are positive7,8. The general 
paradigm assumes that for these biomarkers to become positive necrosis in addition to ischemia has to occur9. 
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In this diagnostic setting a sensitive detection method for ischemia would also provide a powerful tool for risk 
stratification of patients presenting with chest pain but unremarkable ECG and blood tests.

Platelets play a crucial role after transient myocardial ischemia and contribute importantly to reperfusion 
injury10. They are among the first wave of inflammatory cells to infiltrate the infarcted myocardium11 and plate-
let accumulation is strongly correlated with the location of ischemic and necrotic areas12. The major platelet 
integrin glycoprotein (GP)IIb/IIIa (α IIb/β IIIa; CD41/CD61) undergoes a conformational change upon platelet 
activation, which makes the activated conformation of GPIIb/IIIa a unique targeting epitope for the detection 
of activated platelets13. In addition, the fact that this receptor is highly abundant on platelets (60,000 to 80,000 
receptors/platelet) and has exclusive expression on platelets in blood, make it an ideal target for molecular imag-
ing without off-target binding13. We have previously generated specific single-chain antibodies (scFv) and have 
shown their unique suitability for imaging of activated platelets in thrombosis and inflammation using various 
imaging modalities such as ultrasound and MRI12,14,15. Most recently, we attached these scFvs to the sarcophag-
ine bifunctional chelator MeCOSar thus generating an activated platelet targeted 64Cu radiotracer for PET16,17. 
Sarcophagines are macrobicyclic chelators that are particularly well suited for copper radiopharmaceutical appli-
cations because they form extremely stable complexes with 64Cu with fast complexation kinetics at room temper-
ature, neutral pH and at low concentrations18–21.

In the present study, we hypothesized that PET/CT imaging of activated platelets could represent an attrac-
tive opportunity for the highly sensitive detection of cardiac ischemia. With the aim to determine the suitability 
of activated platelet-targeted PET imaging for the sensitive detection of cardiac ischemia, we induced different 
degrees of cardiac ischemia by temporary LAD ligation in mice. We generated the PET tracer, scFvanti-GPIIb/IIIa-64 
CuMeCOSar, which is both unique in its selective binding and targeting to activated GPIIb/IIIa and its complex-
ing ability of radioactive copper. Using this targeted PET tracer, we provide proof of concept for a novel highly 
sensitive technology to detect and image cardiac ischemia.

Results
PET/CT imaging of activated platelets within the ischemic myocardium. We hypothesized that 
activated platelets accumulate in the ischemic myocardium. To determine the time course of platelet recruitment 
to the ischemic myocardium, transient myocardial ischemia of 60 min was induced and mice were injected intra-
venously with a single dose of the scFvanti-GPIIb/IIIa-64CuMeCOSar radiotracer 5 min, 2 or 4 h post cardiac ischemia 
(pCI) (Fig. 1a,b). Mice were then placed in a small animal PET/CT scanner. PET image acquisition of 30 min 
was performed 30 min post injection, directly followed by a CT scan. PET/CT scans showed a significant accu-
mulation of the radiotracer in the myocardium 2 and 4 h pCI and no relevant uptake in the myocardium 5 min 
pCI or in the sham-operated animals (Fig. 1c, Supplementary Video S1). The biodistribution analysis confirmed 
a highly significant uptake of the radiotracer in the ischemic region of the myocardium 2 h pCI (19.46 ±  2.26% 
ID/g, P <  0.0001) and 4 h pCI (9.16 ±  2.03% ID/g, P <  0.0001) compared to 5 min pCI (3.2 ±  0.67% ID/g) and the 
sham-operated animals (2.46 ±  0.84% ID/g, Fig. 1d). In contrast, the non-ischemic regions of the heart and the 
muscle, as additional soft tissue control, showed only a background signal. As a further control, healthy hearts 
were investigated and no appreciable tracer accumulation could be detected (data not shown). Taken together, the 
highest scFvanti-GPIIb/IIIa-64CuMeCOSar uptake detecting activated platelets was present 2 h pCI.

Accumulation of platelets within the ischemic myocardium. In addition to the PET/CT study 
we immunostained post ischemic myocardial sections with an anti-CD41 antibody to confirm the presence of 
platelets. Significant accumulation of activated platelets could be detected at 2 and 4 h after reperfusion but not 
after 5 min after reperfusion or in sham-operated animals (Fig. 1e). In accordance with the PET/CT and biodis-
tribution data, accumulation of the anti-CD41 antibody reached its peak 2 h pCI, where platelets were mostly 
co-localized with leukocytes. This was followed by an observed reduction of the number of platelets within the 
ischemic myocardium at 4 h pCI.

In conclusion, activated platelets adhere after ischemia-reperfusion injury in the ischemic myocardium and 
reach a maximum accumulation after 2 h. Further PET/CT scans were performed 2 h pCI based on these results.

Determination of ischemic and necrotic areas after different stages of myocardial 
ischemia. To estimate ischemic and necrotic areas, mice were exposed to three different episodes of cardiac 
ischemia (10, 20 and 60 min). The hearts were stained with Evans Blue/triphenyltetrazolium chloride (TTC) 24 h 
pCI (Fig. 2a). TTC is used to differentiate between metabolically active (turns red) and inactive tissue (stays pale). 
As expected, mice exposed to 60 min of ischemia showed abundant myocardial necrosis (pale area). In contrast, 
mice undergoing shorter periods of ischemia (10 and 20 min) did not show any necrotic, inactive areas in the 
ischemic myocardium (red area). Therefore, 10 and 20 min of ischemia are suitable to induce transient ischemia 
without necrosis and thus irreversible muscle damage.

Troponin I levels in ischemic mice as a marker for myocardial necrosis. Serological biomarkers 
such us cardiac TnI and TnT are standard tests for the diagnosis of MI. Troponin proteins are well-known for 
their high sensitivity to myocardial necrosis and thought to be released into the circulation from dead or dying 
myocytes22,23.

To determine TnI levels at different stages of myocardial ischemia, mouse blood was collected 2 and 24 h pCI. 
Two hours pCI, the serum level of TnI in sham-operated animals showed a mean of 16.6 ±  12.2 ng/ml (Fig. 2b). 
There was a highly significant increase of TnI to a mean of 88.9 ±  14.0 ng/ml after 60 min of ischemia (P <  0.0001). 
In contrast, short time intervals of ischemia (10 and 20 min) showed baseline TnI levels of 6.8 ±  5.4 ng/ml and 
18.0 ±  9.1 ng/ml, respectively. A similar effect could be detected 24 h pCI (Fig. 2c). Mice, which underwent 
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ischemia for 10 and 20 min, showed baseline TnI levels. A highly significant increase of serum TnI was measured 
in mice with 60 min of ischemia (P <  0.0001).

H-FABP levels in ischemic mice as a marker for myocardial ischemia. H-FABP is a small, cyto-
solic protein in the myocardium and has recently attracted major interest as a novel biomarker for myocardial 
ischemia24. We included this biomarker in our study to validate the occurrence of transient ischemia. Serum 
H-FABP levels 2 h pCI were measured using a mouse H-FABP ELISA. A baseline level of 89.6 ±  28.0 ng/ml was 
determined in sham-operated mice (Fig. 2d). A highly significant increase of H-FABP was detected in mice 
after 60 min of ischemia (404.9 ±  53.7 ng/ml, P <  0.0001). Short time intervals of ischemia (10 and 20 min) 

Figure 1. Time course of platelet accumulation in infarcted myocardium. Myocardial infarction was 
induced by 60 min LAD ligation. (a) For analysis, the heart was divided in an ischemic and a non-ischemic part. 
(b) Experimental protocol for PET/CT study. (c) Serial PET/CT images of activated platelets in the ischemic 
myocardium after injection of the scFvanti-GPIIb/IIIa-64CuMeCOSar radiotracer are shown. Comparison of 
representative maximum-intensity projection PET images at different time points (5 min, 2 and 4 h pCI).  
(d) Biodistribution analysis indicates a radioactive uptake of scFvanti-GPIIb/IIIa-64CuMeCOSar at different time points 
in the ischemic compared to the non-ischemic part of the myocardium and the muscle (n =  3–4, ****P <  0.0001, 
one-way ANOVA followed by Tukey’s multiple comparison test). Data are presented as mean ±  SD. (e) 5 min, 
2 h and 4 h pCI cardiac sections were immunostained for CD41. Representative images and quantitative analysis 
show increased platelet staining 2 and 4 h pCI (top scale bar: 100 μ m, bottom scale bar: 50 μ m, n =  4, *p <  0.05 and 
***p <  0.001, one-way ANOVA followed by Tukey’s multiple comparison test, HPF: high power field).
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showed a non-significant increase of H-FABP to 112.8 ±  34.6 ng/ml and 134.1 ±  36.6 ng/ml, respectively. This 
non-significant increase of H-FABP indicates the presence of minimal cardiac ischemia.

PET imaging of activated platelets to detect minimal myocardial ischemia. To evaluate the 
potential of PET imaging to detect minimal degrees of ischemia, mice underwent three different time periods of 
ischemia (10, 20 or 60 min) and were injected intravenously with a single dose of the scFvanti-GPIIb/IIIa-64CuMeCOSar 
radiotracer 2 h pCI (Fig. 3a). A PET/CT scan was performed 30 min post-injection. After only 10 min of ischemia 
a significant uptake of radiotracer in the ischemic myocardium was detected. The uptake increased in corre-
lation to the duration of ischemia ending with the highest uptake after 60 min of ischemia. In comparison, no 
accumulation was seen in the sham-operated animals (Fig. 3b). In addition, the biodistribution analysis based 
on gamma-counter data set ex vivo confirmed a highly significant uptake of scFvanti-GPIIb/IIIa-64CuMeCOSar after 
all periods of myocardial ischemia (10 min: 8.58 ±  1.2% ID/g, P <  0.0001; 20 min: 9.98 ±  3.09% ID/g, P <  0.0001 
and 60 min: 19.46 ±  2.26% ID/g, P <  0.0001) compared to the respective non-ischemic area (3.38 ±  1.91% ID/g; 
3.5 ±  0.57% ID/g and 2.19 ±  0.89% ID/g), muscle (0.85 ±  0.44% ID/g; 1.01 ±  0.1% ID/g and 1.13 ±  1.29% ID/g) 
as well as sham-operated animals (2.24 ±  0.88% ID/g, Fig. 3c). Taken together, platelet-based PET imaging offers 
the possibility of early and reliable detection of minimal myocardial ischemia.

Detection of platelets after different periods of myocardial ischemia using flow cytometry and 
immunohistochemistry. To confirm the PET/CT results, we determined the number of platelets in the 
ischemic myocardium by flow cytometry. Hearts were collected 2 h pCI, divided into ischemic and non-ischemic 
segments and enzymatically digested. A mean of 229.6 ±  112 platelets per mg heart tissue was found in the 
sham-operated animals (Fig. 4a). Similar numbers were found in the non-ischemic parts as well as the healthy 
heart (data not shown). After 10 min of ischemia the amount of platelets in the ischemic myocardium was signif-
icantly increased (618.5 ±  298 platelets per mg heart tissue, P <  0.05). A further increase was found in mice after 
20 min of ischemia to 714.9 ±  227 platelets per mg heart tissue. Mice undergoing 60 min of ischemia resulted in 
858.0 ±  142 platelets per mg heart tissue (P <  0.01, compared to the sham-operated animals).

These findings are supported by immunostaining of ischemic cardiac sections for the platelet-specific CD41 
antigen. Recruitment of platelets into the ischemic areas could be found after all tested time intervals of myocar-
dial ischemia (10, 20 or 60 min of ischemia) but not in sham-operated control tissue (Fig. 4b). The number of 

Figure 2. Diagnosis of myocardial ischemia by determination of ischemic area and biomarkers. Different 
stages of ischemia (10, 20 or 60 min of ischemia) were induced by transient LAD ligation. (a) Representative 
transverse cardiac sections show non-ischemic area (blue area), ischemic area (red area) and necrotic area 
(pale area) 24 h pCI (scale bar: 1 mm). (b–d) TnI and H-FABP serum levels were analysed 2 h and 24 h pCI. TnI 
concentration 2 h (b) and 24 h (c) pCI and (d) H-FABP level 2 h pCI (n =  3–6, ****P <  0.0001, one-way ANOVA 
followed by Tukey’s multiple comparison test). Data are presented as mean ±  SD.
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platelets found in the ischemic myocardium increased in correlation to the duration of ischemia, ending with the 
highest abundance of platelets after 60 min of ischemia.

Discussion
The present study introduces a new non-invasive imaging technology for the detection of small degrees of cardiac 
ischemia. In current clinical practice, serological biomarkers play an important role in the diagnosis of cardi-
ovascular diseases. In humans, troponins are specific and sensitive markers for myocardial damage and have 
become the biomarkers of choice to detect MI22,25. The question of whether cardiac biomarkers in general, or Tn 
in particular, are a suitable marker for reversible myocardial injury without necrosis has been debated for years 
and remains controversial9,23. In fact, troponin measurements are not used in routine clinical practice for the 
detection of ischemia in cardiac stress testing. Our data are consistent with the notion that either the extent of 
ischemia has to be substantial or necrosis has to occur for positive troponin readings. One of our major findings 
indicates that our novel PET imaging approach provides a higher sensitivity as compared to troponin and also 
H-FABP biomarker measurements.

Currently, 2–4% of patients with Acute Coronary Syndrome are discharged due to missed diagnosis and are 
mistakenly considered as not having CAD26,27. These are typically patients presenting to emergency departments 
with acute chest pain but negative ECG findings and unremarkable troponin tests who are stratified as low-risk 
patients28. However, this group represent a large proportion of CAD patients as their prevalence of cardiac events 
reaches up to 9.4% at long-term follow-up29. For this reason the American Heart Association (AHA) recom-
mends an accelerated diagnostic protocol for these “low-risk patients” including a cardiac stress test to exclude 
ischemia30. A high sensitivity molecular PET imaging approach, such as the one described herein, could be highly 
valuable as a diagnostic tool in this often occurring clinical situation.

Our data shows that the scFvanti-GPIIb/IIIa-64CuMeCOSar radiotracer accumulation correlates well with the time 
of ischemia and is increasing with platelet abundance as detected by flow cytometry and immunostaining. These 
findings offer the new opportunity to use PET imaging of activated platelets for detection of minimal ischemia in 
the heart as well as potentially in other organs such us kidney and brain where current clinical practice is limited 
in its capability to detect ischemia.

Recently, cardiovascular MRI is increasingly used for the assessment of ventricular function and scarring 
using late gadolinium enhancement (LGE) and T1 mapping31,32. Contrast-enhanced MRI offers the possibil-
ity to image reversible and irreversible myocardial dysfunction and thus provides the opportunity to identify 
infarct size and hibernating myocardium33. For the assessment of stress-induced cardiac ischemia, stress wall 
motion and stress perfusion MRI using dobutamine or vasodilators are performed33–35. In addition, strain 

Figure 3. PET/CT imaging of activated platelets within the ischemic myocardium. (a) Experimental 
protocol for PET/CT study. (b) Comparison of representative maximum-intensity projection PET images after 
different stages of ischemia (10, 20 and 60 min). (c) Biodistribution analysis indicates a significantly higher 
radioactive uptake of scFvanti-GPIIb/IIIa-64CuMeCOSar in the ischemic compared to the non-ischemic part of the 
heart and the muscle (n =  4,***P <  0.001, one-way ANOVA followed by Tukey’s multiple comparison test). Data 
are presented as mean ±  SD.



www.nature.com/scientificreports/

6Scientific RepoRts | 6:38161 | DOI: 10.1038/srep38161

imaging in combination with dobutamine stress MRI has provided additional benefits in the evaluation of cardiac 
ischemia36,37. Overall, multiple studies over the last few years support the diagnostic superiority of either stress 
MRI or PET over the alternatives36,38. While MRI is a radiation free technique independent of cyclotron access, 
nuclear imaging such as PET has been seen advantageous in regards to its high sensitivity, reliability and accuracy 
towards the non-invasive assessment of myocardial ischemia and viability39,40. Prime examples are myocardial 
perfusion imaging with a very high diagnostic accuracy that is suitable to detect cardiac ischemia under stress39 
as well as PET [18F]-FDG for myocardial viability assessment41, ultimately facilitating patient risk stratification42. 
The superior sensitivity in combination with suitable tracers such as the one presented in this study makes molec-
ular PET highly attractive for the assessment of mild cardiac ischemia. The rapid evolution of hybrid PET/MR 
imaging promises to advance the field even further by providing detailed combined anatomic evaluation of coro-
nary artery disease and functional alterations in cardiac function.

PET is an ideal imaging modality for this specific purpose and our approach based on 64Cu has a half-life of 
12.7 h, which is favourable for clinical applicability compared to the short half-life of most common PET tracers 
(13NH3

82, Rb, and 15O-labelled water). The longer half-life allows the radioisotope to be transported from the 
site of cyclotron generation to the clinic. Furthermore, radiochemical manipulations are more easily carried out 
with metal radioisotopes due to well-defined bioconjugation and coordination chemistry43,44. The use of a sar-
cophagine chelator to coordinate the 64CuII enables radiolabelling of the antibody conjugate at room temperature, 
generating constructs with high radiochemical purity and exceptional in vivo stability for imaging out to at least 
48 h18–21. Our newly generated activated platelet-based PET imaging tool, due to the described advantages, has the 
potential for better diagnostic accuracy in cardiac stress testing.

For typical radionuclide stress tests two scans (under/after stress and at rest) have to be performed. Only the 
precise comparison between images under stress and at rest provides the necessary information to detect cardiac 
ischemia. In contrast, for the technology presented herein, patients will only need to undergo one single radio-
tracer injection as well as only one PET scan. As such, this is the first imaging technique that is able to visualize 

Figure 4. Detection of platelets within the ischemic myocardium. Mice underwent transient LAD ligation 
for 10, 20 or 60 min. (a) 2 h pCI, the ischemic part of the hearts was stained with anti-CD41-PE for flow 
cytometric analysis. Representative dot plots and quantitative analysis show a significant increase of CD41-
positive events in heart samples that underwent 10, 20 and 60 min of ischemia compared to sham-operated 
animals (*P <  0.05, **P <  0.01, one-way ANOVA followed by Tukey’s multiple comparison test). Data are 
presented as mean ±  SD. (b) Cardiac sections were immunostained for CD41. Representative images show 
platelet staining through all different stages of ischemia (top scale bar: 100 μ m, bottom scale bar: 50 μ m).
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ischemia directly and not by comparisons to resting or non-ischemic areas. Cutting down the clinical standard 
procedure for cardiac stress testing and risk stratification by reducing both the radiotracer injection and the PET 
scan from currently two to only one is likely to reduce the financial burden for the health care system as well as the 
absolute exposure of radiation for patients.

Conclusions
The described novel activated platelet-targeted PET imaging technology has the potential to detect and image 
small degrees of cardiac ischemia. Our data warrants further studies towards clinical translation of the described 
diagnostic technology. Platelet-targeted PET may be broadly applicable in various clinical diagnostic settings, 
such as highly sensitive cardiac stress testing as well as risk stratification for patients presenting with chest pain 
but unremarkable ECG or blood tests.

Methods
Mice. C57BL/6 mice were acquired from Jackson Laboratories and bred by Alfred Medical Research and 
Education Precinct (AMREP) Animal Services in Melbourne, VIC. All experimental work was performed in 
accordance with the Australian code for the care and use of animals for scientific purposes and approved by the 
AMREP Animal Ethics Committee (E/1402/2013/B).

Myocardial ischemia and reperfusion. 20–25 g weighing male, C57BL/6 mice were anaesthetized using a 
combination of ketamine HCl (100 mg/kg body weight (wt); Lyppard), xylazine HCl (5 mg/kg body wt; Lyppard) 
and atropine (1 mg/kg body wt; Pfizer) via intraperitoneal (i.p.) injection. Mice were orally intubated and venti-
lated throughout the procedure using a rodent ventilator (Model 687, Harvard Apparatus), with a tidal volume of 
0.18 ml at 120 breaths/min. Mice underwent myocardial ischemia-inducing surgery by left anterior descending 
(LAD) coronary artery ligation as described previously45,46. To induce different stages of myocardial ischemia 
coronary occlusion was performed for 10, 20 and 60 min. Sham-operated mice underwent thoracotomy with a 
7-0 suture placed around the LAD but not ligated.

Evans Blue/TTC staining and immunohistochemistry. Mice were anaesthetized 24 h after surgery and 
the ischemic and infarcted area was estimated by Evans Blue/triphenyltetrazolium chloride (TTC) staining as 
described previously47,48. Briefly, the LAD was re-ligated with the same suture and 4% Evans Blue (AppliChem) 
was injected as a negative staining for perfused regions. The heart was then cut into 6 transverse slices and stained 
with 1% TTC (Sigma Aldrich) for 10 min. TTC added to metabolically active tissue turns healthy tissue red and 
the infarcted, necrotic myocardial tissue remains white.

Hearts were harvested, immediately fixed in 4% paraformaldehyde (PFA) and embedded in OCT Tissue Tec 
compound. Four defined heart sections for each mouse (5 μ m) were immunostained using rat anti-mouse GPIIb 
(CD41) monoclonal antibody (1:200, Clone MWReg30, GeneTex), and a rat IgG1 isotype control antibody. The 
appropriate biotinylated secondary antibody (Vector Laboratories) was applied for 30 min at RT. Immunostaining 
of cardiac sections was performed with a streptavidin–biotin–immunoperoxidase method (Vectostatin 
ABC-Peroxidase and diaminobenzidine; Vector Laboratories) according to the manufacturer’s protocol. Samples 
were then imaged on an Olympus BX50F-3 microscope using a 200x magnification and five random images of 
each section were analysed using ImageJ 1.47 software. Results are expressed as % platelet surface coverage/high 
power field (HPF).

Measuring of the biomarkers TnI and H-FABP. Blood was collected by cardiac puncture 2 h and 24 h 
pCI. Serum samples were diluted 1:6 in PBS. TnI serum levels were measured by the use of the Abbott Architect 
STAT High Sensitive Troponin-I (Abbott Diagnostics). Due to the high conservation between rodent and human 
TnI, this system is reliable in measuring rodent TnI levels. H-FABP serum concentration was measured 2 h pCI by 
a mouse-specific ELISA (Life Diagnostics) according to the manufacturer’s protocol. Serum samples were diluted 
1:100 in PBS.

Isolation of heart-infiltrating cells and flow cytometry. Two hours pCI the heart was removed, 
flushed with cold Krebs-Henseleit buffer (11 mM glucose, 1.2 mM MgSO4, 1.2 mM KH2PO4, 4.7 mM KCl, 
118 mM NaCl, 25 mM NaHCO3, 1.25 mM CaCl2, pH 7.4) and divided in an ischemic and non-ischemic part 
(Fig. 1a). After mechanical disruption, the heart was digested for 2 h at 37 °C by an enzyme cocktail of 1.3 U 
Liberase DL Blendzyme (Roche) and 20 U DNase I (Ambion) in Tyrode-HEPES buffer (2.5 mmol/l HEPES, 
150 mmol/l NaCl, 12 mmol/l NaHCO3, 2.5 mmol/l KCl, 1 mmol/l MgCl2, 5.5 mmol/l D-glucose, and 1 mg/ml 
BSA, pH 7.4). Cells were then passed through a 40 μ m cell strainer, washed in 20 ml Tyrode-HEPES buffer, centri-
fuged at 300 g for 5 min and re-suspended in 400 μ l Tyrode-HEPES buffer. Cells were then incubated with mono-
clonal anti-CD41-phycoerythrin (PE)-conjugated antibody for 30 min at RT. To determine the amount of CD41+ 
events per mg heart tissue PerCP Beads (BD Biosciences) were counted on a FACS Canto II (BD Biosciences) and 
used as reference. 1 μ l PerCP Beads were added per 20 mg heart tissue and 2,000 PerCP Beads were counted on a 
BD FACS Canto II (BD Biosciences). FlowJo 7.6.5 were used for flow cytometry analysis.

Production of the scFvanti-GPIIb/IIIa. ScFvanti-GPIIb/IIIa was generated and produced as described previously49. 
Briefly, scFv DNA containing a C-terminal histidine protein purification tag was cloned in the pSecTag2a vec-
tor (Invitrogen) followed by transfection with polyethylenimine (Polyscience Inc.) into human kidney cells 
(HEK293F). After transfection, HEK cells were cultured for 7 days at 37 °C, with 5% CO2, shaking at 140 rpm. 
Supernatant was collected and purified with a nickel-based metal affinity chromatography column, Ni-NTA 
column (Qiagen), according to the manufacturer’s instructions. Purified scFv was dialysed against PBS at 4 °C 
overnight.
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64Cu-production. No-carrier-added copper-64 (64Cu) was produced with the IBA Nirta target by the 64Ni(p, n) 
64Cu reaction. The target was produced by direct electroplating of highly enriched 64Ni (> 99%, Isoflex USA) 
onto an Ag disk (24 mm diam ×  1.0 mm thick disk). The plating cell was filled with 64Ni solution +  NH4OH 
(total =  55 ml) and electroplating was carried out at 5.0 mA using a chopped saw tooth current for ~12–24 h to 
give an average 20–50 μ m 64Ni thickness.

Targets were irradiated using an IBA 18/9 cyclotron with an incident beam of 14.9 Mev (18 MeV degraded by 
0.5 mm aluminium foil). The irradiated disk was then loaded into an IBA Pinctada module and the 64Ni plating 
dissolved in recirculating 3 ml 9–12 M HCl at 70 °C using a peristaltic pump. Once dissolved, the solution was 
loaded onto an AG 1-X8 anion exchange cartridge for purification and the cartridge is washed with various con-
centrations of HCl to recover the 64Ni and elute impurities such as 61Co64. Cu was recovered in ~2 ml of water. 
Typical production yields average 30 mCi EOS for a 4 h irradiation at 35 μ A with a 64Ni thickness of 25 μ m (EOS 
12 h post EOB).

Production of MeCOSar-NHS-ester and scFvanti-GPIIb/IIIa-MeCOSar. MeCOSar-NHS-ester (where 
MeCOsar =  1-methyl-8-NHCO(CH2)3CO2H-sarcophagine; sarcophagine =  3, 6, 10, 13, 16, 19-hexaazabicyclo
[6.6.6]-icosane =  sar) as well as the conjugation of the MeCOSar to the scFv were prepared as described pre-
viously17,50. Briefly, the activated ester, (t-Boc)4−5MeCOSar-NHS-ester, was obtained by reacting (t-Boc)4–5Me-
COSar with 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide (EDC) and N-hydroxysuccinimide (NHS) 
in dimethylformamide (DMF), followed by purification by silica gel chromatography. The t-Boc groups 
were removed with trifluoroacetic acid, and MeCOSar-NHS-ester was isolated as the tris-trifluoroacetic 
acid tris-hydrate salt. Conjugation of the MeCOSar to the scFv was performed by incubating the scFv with 
MeCOSar-NHS-ester in PBS for 3 h at RT with shaking.

Radiolabelling. ScFvanti-GPIIb/IIIa-MeCOSar (100 μ g) was incubated with 25–35 MBq of 64Cu in PBS for 30 min 
at RT. A solution of 10 mM ethylenediaminetetraacetic acid (EDTA, 10 μ l) was added and the reaction incu-
bated for 5 min. All samples were washed twice with PBS using spin columns (Millipore, cut off 10,000 MWCO). 
Analysis/quality control was performed using thin layer chromatography (silica gel 60, F254; Merck) and 0.1 M 
citrate buffer (pH 5) as the mobile phase. Radiolabelled immunoconjugate (1.5 μ l) was spotted at the origin, the 
strip was allowed to air-dry and was developed. The strip was cut into three pieces and the radioactivity in each 
section was counted using a gamma counter (Wizard single detector gamma-counter, Perkin Elmer).

PET studies and post-mortem biodistribution. The animals were injected with scFvanti-GPIIb/IIIa-
64CuMeCOSar (20 μ g, 3–5 MBq), via lateral tail-vein injection. After 30 min incubation a PET scan was per-
formed using NanoPET/CT In Vivo Preclinical Imager (Mediso, Hungary) with a 30 min PET acquisition time, 
and coincidence relation of 1–3. Image reconstruction was performed with the following parameters OSEM with 
SSRB 2D LOR, energy window, 400–600 keV; filter Ramlak cut off 1, number of iteration/subsets, 8/6. For the CT 
scans, an X-ray voltage of 45 kVp, an exposure time of 900 ms and a pitch of 1 were used. A total projection of 
240 projects over 360° of rotation was acquired. Projection data were rebinned by 1:4 and reconstructed using a 
RamLak filter. Image files of PET and CT scan were fused using InVivoScope version 2.00. For quantitative tracer 
uptake analysis after the CT scan, the animals were perfused with PBS, the heart (divided into an ischemic and 
a non-ischemic part) and the quadriceps femoris (muscle control tissue) were removed and radioactivity was 
measured in the gamma counter (Perkin Elmer) using an energy window between 450 and 650 keV. Results are 
expressed as % injected dose per g (% ID/g) of tissue.

Statistics. All quantitative data is reported as mean + /−  standard deviation. Statistical analysis was per-
formed using ANOVA followed by Tukey’s multiple comparison test, with P <  0.05 considered statistically 
significant.

References
1. WHO. The top 10 causes of death in the world, 2000 and 2012. World Health Organization (2014).
2. Vesely, M. R. & Dilsizian, V. Nuclear cardiac stress testing in the era of molecular medicine. J Nucl Med 49, 399–413 (2008).
3. Ghotbi, A. A., Kjaer, A. & Hasbak, P. Review: comparison of PET rubidium-82 with conventional SPECT myocardial perfusion 

imaging. Clin Physiol Funct Imaging 34, 163–170 (2014).
4. Chen, C. C. et al. Left-ventricular dyssynchrony evaluated by Tl-201 gated SPECT myocardial perfusion imaging: a comparison with 

Tc-99m sestamibi. Nucl Med Commun 34, 229–232 (2013).
5. Di Carli, M. F. et al. Clinical myocardial perfusion PET/CT. J Nucl Med 48, 783–793 (2007).
6. Matter, C. M., Stuber, M. & Nahrendorf, M. Imaging of the unstable plaque: how far have we got? Eur Heart J 30, 2566–2574 (2009).
7. Aldous, S., Richards, A. M., Cullen, L., Pickering, J. W. & Than, M. The incremental value of stress testing in patients with acute chest 

pain beyond serial cardiac troponin testing. Emerg. Med. J. 33, 319–324 (2016).
8. Ghatak, A. & Hendel, R. C. Role of imaging for acute chest pain syndromes. Semin. Nucl. Med. 43, 71–81 (2013).
9. Wu, A. H. & Ford, L. Release of cardiac troponin in acute coronary syndromes: ischemia or necrosis? Clin Chim Acta 284, 161–174 

(1999).
10. Xu, Y. et al. Activated platelets contribute importantly to myocardial reperfusion injury. Am J Physiol Heart Circ Physiol 290, 

H692–699 (2006).
11. Liu, Y. et al. Novel role of platelets in mediating inflammatory responses and ventricular rupture or remodeling following myocardial 

infarction. Arterioscler Thromb Vasc Biol 31, 834–841 (2011).
12. von Elverfeldt, D. et al. Dual-contrast molecular imaging allows noninvasive characterization of myocardial ischemia/reperfusion 

injury after coronary vessel occlusion in mice by magnetic resonance imaging. Circulation 130, 676–687 (2014).
13. Armstrong, P. C. & Peter, K. GPIIb/IIIa inhibitors: from bench to bedside and back to bench again. Thromb Haemost 107, 808–814 

(2012).
14. Wang, X. et al. Novel single-chain antibody-targeted microbubbles for molecular ultrasound imaging of thrombosis: validation of a 

unique noninvasive method for rapid and sensitive detection of thrombi and monitoring of success or failure of thrombolysis in 
mice. Circulation 125, 3117–3126 (2012).



www.nature.com/scientificreports/

9Scientific RepoRts | 6:38161 | DOI: 10.1038/srep38161

15. von zur Muhlen, C. et al. Magnetic resonance imaging contrast agent targeted toward activated platelets allows in vivo detection of 
thrombosis and monitoring of thrombolysis. Circulation 118, 258–267 (2008).

16. Alt, K. et al. A versatile approach for the site-specific modification of recombinant antibodies using a combination of enzyme-
mediated bioconjugation and click chemistry. Angew Chem Int Ed Engl 54, 7515–7519 (2015).

17. Alt, K. et al. Single-chain antibody conjugated to a cage amine chelator and labeled with positron-emitting copper-64 for diagnostic 
imaging of activated platelets. Mol Pharm 11, 2855–2863 (2014).

18. Di Bartolo, N. M., Sargeson, A. M., Donlevy, T. M. & Smith, S. V. Synthesis of a new cage ligand, SarAr, and its complexation with 
selected transition metal ions for potential use in radioimaging. J. Chem. Soc., Dalton Trans. 2303–2309 (2001).

19. Ma, M. T., Karas, J. A., White, J. M., Scanlon, D. & Donnelly, P. S. A new bifunctional chelator for copper radiopharmaceuticals: a 
cage amine ligand with a carboxylate functional group for conjugation to peptides. Chem. Commun. 3237–3239 (2009).

20. Smith, S. V. Molecular imaging with copper-64. J. Inorg. Biochem. 98, 1874–1901 (2004).
21. Voss, S. D. et al. Positron emission tomography (PET) imaging of neuroblastoma and melanoma with 64Cu-SarAr 

immunoconjugates. Proc. Natl. Acad. Sci. USA 104, 17489–17493 (2007).
22. Babuin, L. & Jaffe, A. S. Troponin: the biomarker of choice for the detection of cardiac injury. Can. Med. Assoc. J 173, 1191–1202 

(2005).
23. Hickman, P. E. et al. Cardiac troponin may be released by ischemia alone, without necrosis. Clin Chim Acta 411, 318–323 (2010).
24. Pyati, A. K. et al. Heart-Type Fatty Acid Binding Protein: A Better Cardiac Biomarker than CK-MB and Myoglobin in the Early 

Diagnosis of Acute Myocardial Infarction. J Clin Diagn Res 9, BC08–11 (2015).
25. Reichlin, T. et al. Early diagnosis of myocardial infarction with sensitive cardiac troponin assays. N Engl J Med 361, 858–867 (2009).
26. Boubaker, H. et al. A new score for the diagnosis of acute coronary syndrome in acute chest pain with non-diagnostic ECG and 

normal troponin. Emerg. Med. J. 32, 764–768 (2015).
27. Lee, T. H. & Goldman, L. Evaluation of the patient with acute chest pain. The N Engl J Med 342, 1187–1195 (2000).
28. Amsterdam, E. A. et al. Testing of low-risk patients presenting to the emergency department with chest pain: a scientific statement 

from the American Heart Association. Circulation 122, 1756–1776 (2010).
29. Sanchis, J. et al. Limitations of clinical history for evaluation of patients with acute chest pain, non-diagnostic electrocardiogram, 

and normal troponin. The Am J Cardiol 101, 613–617 (2008).
30. Zalenski, R. J. et al. National Heart Attack Alert Program position paper: chest pain centers and programs for the evaluation of acute 

cardiac ischemia. Ann. Emerg. Med. 35, 462–471 (2000).
31. Simonetti, O. P. et al. An improved MR imaging technique for the visualization of myocardial infarction. Radiology 218, 215–223 

(2001).
32. Ambale-Venkatesh, B. & Lima, J. A. Cardiac MRI: a central prognostic tool in myocardial fibrosis. Nat. Rev. Cardiol. 12, 18–29 

(2015).
33. Kim, R. J. et al. The use of contrast-enhanced magnetic resonance imaging to identify reversible myocardial dysfunction. The N Engl 

J Med 343, 1445–1453 (2000).
34. Romero, J., Xue, X., Gonzalez, W. & Garcia, M. J. CMR imaging assessing viability in patients with chronic ventricular dysfunction 

due to coronary artery disease: a meta-analysis of prospective trials. JACC Cardiovasc. Imaging 5, 494–508 (2012).
35. Nandalur, K. R., Dwamena, B. A., Choudhri, A. F., Nandalur, M. R. & Carlos, R. C. Diagnostic performance of stress cardiac 

magnetic resonance imaging in the detection of coronary artery disease: a meta-analysis. J Am Coll Cardiol 50, 1343–1353 (2007).
36. Sawlani, R. N. & Collins, J. D. Cardiac MRI and Ischemic Heart Disease: Role in Diagnosis and Risk Stratification. Curr Atheroscler 

Rep 18, 23 (2016).
37. Korosoglou, G. et al. Strain-encoded CMR for the detection of inducible ischemia during intermediate stress. J Am Coll Cardiol Img. 

3, 361–371 (2010).
38. Ahmad, I. G. et al. Comparison of stress cardiovascular magnetic resonance imaging (CMR) with stress nuclear perfusion for the 

diagnosis of coronary artery disease. J. Nucl. Cardiol. 23, 287–297 (2016).
39. Ghosh, N., Rimoldi, O. E., Beanlands, R. S. & Camici, P. G. Assessment of myocardial ischaemia and viability: role of positron 

emission tomography. Eur Heart J 31, 2984–2995 (2010).
40. Klocke, F. J. et al. ACC/AHA/ASNC guidelines for the clinical use of cardiac radionuclide imaging–executive summary: a report of 

the American College of Cardiology/American Heart Association Task Force on Practice Guidelines (ACC/AHA/ASNC Committee 
to Revise the 1995 Guidelines for the Clinical Use of Cardiac Radionuclide Imaging). Circulation 108, 1404–1418 (2003).

41. Kobylecka, M. et al. Myocardial viability assessment in 18FDG PET/CT study (18FDG PET myocardial viability assessment). Nucl 
Med Rev Cent East Eur 15, 52–60 (2012).

42. Dorbala, S. et al. Prognostic value of stress myocardial perfusion positron emission tomography: results from a multicenter 
observational registry. J Am Coll Cardiol 61, 176–184 (2013).

43. Price, E. W. & Orvig, C. Matching chelators to radiometals for radiopharmaceuticals. Chem. Soc. Rev. 43, 260–290 (2014).
44. Paterson, B. M. & Donnelly, P. S. Chapter Five-Macrocyclic Bifunctional Chelators and Conjugation Strategies for Copper-64 

Radiopharmaceuticals. Adv. Inorg. Chem. 68, 223–251 (2016).
45. Borst, O. et al. Methods employed for induction and analysis of experimental myocardial infarction in mice. Cell Physiol Biochem 

28, 1–12 (2011).
46. Ziegler, M. et al. The bispecific SDF1-GPVI fusion protein preserves myocardial function after transient ischemia in mice. 

Circulation 125, 685–696 (2012).
47. Baumer, Y. et al. The recombinant bifunctional protein alphaCD133-GPVI promotes repair of the infarcted myocardium in mice.  

J Thromb Haemost 10, 1152–1164 (2012).
48. Schonberger, T. et al. The dimeric platelet collagen receptor GPVI-Fc reduces platelet adhesion to activated endothelium and 

preserves myocardial function after transient ischemia in mice. Am J Physiol Cell Physiol 303, C757–766 (2012).
49. Hohmann, J. D. et al. Delayed targeting of CD39 to activated platelet GPIIb/IIIa via a single-chain antibody: breaking the link 

between antithrombotic potency and bleeding? Blood 121, 3067–3075 (2013).
50. Paterson, B. M. et al. PET imaging of tumours with a 64Cu labeled macrobicyclic cage amine ligand tethered to Tyr3-octreotate. 

Dalton Trans 43, 1386–1396 (2014).

Acknowledgements
We acknowledge the Centre for PET at the Austin (Melbourne, Australia) for supply of 64Cu. This research 
was undertaken using equipment provided by Monash Biomedical Imaging, Monash University as part of the 
Victorian Biomedical Imaging Capability (Victorian Government). This work was supported by the National 
Health and Medical Research Council, the Australian Research Council, the German Research Foundation, the 
National Heart Foundation, the Victorian Government’s Operational Infrastructure Support Program, Victoria’s 
Science Agenda Strategic Project Fund and the PET Solid Target Laboratory.



www.nature.com/scientificreports/

1 0Scientific RepoRts | 6:38161 | DOI: 10.1038/srep38161

Author Contributions
M.Z. designed and performed experiments; K.A. designed, performed and analysed PET/biodistribution 
experiments; P.S.D. and B.M.P. provided reagents; P.K. and A.B. contributed to the mouse model of myocardial 
ischemia; C.E.H. participated in discussions on experimental strategies; K.P. designed and was responsible for the 
funding of the study. M.Z., K.A., C.E.H. and K.P. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: K.P. is inventor on patents describing activated platelet-targeting recombinant 
antibodies. P.S.D. is inventor on patents describing sarcophagine chelators for positron emission tomography.
How to cite this article: Ziegler, M. et al. Highly Sensitive Detection of Minimal Cardiac Ischemia using 
Positron Emission Tomography Imaging of Activated Platelets. Sci. Rep. 6, 38161; doi: 10.1038/srep38161 
(2016).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016

http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Highly Sensitive Detection of Minimal Cardiac Ischemia using Positron Emission Tomography Imaging of Activated Platelets
	Results
	PET/CT imaging of activated platelets within the ischemic myocardium. 
	Accumulation of platelets within the ischemic myocardium. 
	Determination of ischemic and necrotic areas after different stages of myocardial ischemia. 
	Troponin I levels in ischemic mice as a marker for myocardial necrosis. 
	H-FABP levels in ischemic mice as a marker for myocardial ischemia. 
	PET imaging of activated platelets to detect minimal myocardial ischemia. 
	Detection of platelets after different periods of myocardial ischemia using flow cytometry and immunohistochemistry. 

	Discussion
	Conclusions
	Methods
	Mice. 
	Myocardial ischemia and reperfusion. 
	Evans Blue/TTC staining and immunohistochemistry. 
	Measuring of the biomarkers TnI and H-FABP. 
	Isolation of heart-infiltrating cells and flow cytometry. 
	Production of the scFvanti-GPIIb/IIIa. 
	64Cu-production. 
	Production of MeCOSar-NHS-ester and scFvanti-GPIIb/IIIa-MeCOSar. 
	Radiolabelling. 
	PET studies and post-mortem biodistribution. 
	Statistics. 

	Acknowledgements
	Author Contributions
	Figure 1.  Time course of platelet accumulation in infarcted myocardium.
	Figure 2.  Diagnosis of myocardial ischemia by determination of ischemic area and biomarkers.
	Figure 3.  PET/CT imaging of activated platelets within the ischemic myocardium.
	Figure 4.  Detection of platelets within the ischemic myocardium.



 
    
       
          application/pdf
          
             
                Highly Sensitive Detection of Minimal Cardiac Ischemia using Positron Emission Tomography Imaging of Activated Platelets
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38161
            
         
          
             
                Melanie Ziegler
                Karen Alt
                Brett M. Paterson
                Peter Kanellakis
                Alex Bobik
                Paul S. Donnelly
                Christoph E. Hagemeyer
                Karlheinz Peter
            
         
          doi:10.1038/srep38161
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep38161
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep38161
            
         
      
       
          
          
          
             
                doi:10.1038/srep38161
            
         
          
             
                srep ,  (2016). doi:10.1038/srep38161
            
         
          
          
      
       
       
          True
      
   




