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ABSTRACT (word count: 252 words)
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Background: Coronary vascular function of a chronic coronary total occlusion (CTO) immediately after recanalization is known to be poor. 
Objective: To determine if ticagrelor may augment adenosine-induced coronary blood flow vs. clopidogrel after successful CTO recanalization.
Methods: The TIGER BVS is a prospective, double-randomized, open-label, two parallel-group controlled clinical trial, which 1:1 randomized patients undergoing CTO PCI with anterograde approach to receive ticagrelor vs. clopidogrel at least 3 days before PCI. Immediately after CTO recanalization with Absorb BVS implantation a specific study of vascular function with evaluation of coronary blood flow (CBF) under multiple stepwise adenosine infusion of 2-minute each (0 μg/Kg, 50 μg/Kg, 80 μg/Kg, 110 μg/Kg and 140 μg/Kg) and nitrate bolus administration was performed. 
Results: Out of 61 patients included, 50 patients (82%) had a successful CTO-PCI with ABSORB BVS implantation (1.96±0.9 BVS per patient) and represent the final population included (25 patients per group). The ticagrelor group patients were younger (p=0.025) and received bigger ABSORB BVS in diameter (p=0.002) than the clopidogrel group patients. Ticagrelor significantly increased the area under the curve of CBF under stepwise adenosine infusion vs. clopidogrel (p= 0.027), even after adjustment for age and BVS diameter (p=0.035). No differences were found between groups in terms of endothelium-independent vasomotion or nitrate-dependent CBF.
Conclusion: The TIGER BVS trial showed that ticagrelor may be efficacious in improving coronary vascular flow in CTO patients as compared to clopidogrel immediately after recanalization. The clinical value of a higher coronary flow in this context should be evaluated in long-term follow-up. 

Key words: Ticagrelor, clopidogrel, BRS, CTO

CONDENSED ABSTRACT

Coronary vascular function of a chronic coronary total occlusion (CTO) immediately after recanalization is known to be poor. We sought to determine if ticagrelor may augment adenosine-induced coronary blood flow vs. clopidogrel after successful CTO recanalization. The TIGER BVS is a prospective, double-randomized, open-label, two parallel-group controlled clinical trial, which 1:1 randomized 50 patients undergoing CTO PCI to receive ticagrelor vs. clopidogrel before PCI. Immediately after CTO recanalization, ticagrelor significantly increased the area under the curve of CBF under stepwise adenosine infusion vs. clopidogrel. The clinical value of a higher coronary flow in this context should be evaluated in long-term follow-up. 

INTRODUCTION
Chronic coronary total occlusions (CTO) are obstructions of a native coronary artery with no luminal continuity, a Thrombolysis In Myocardial Infarction (TIMI) flow grade 0 and an estimated occlusion duration ≥3 months. (1) Its percutaneous treatment for improving prognosis did not show a clear superiority as compared to medical treatment and still exhibits higher rates of major adverse cardiac events and target lesion revascularization (TLR) as compared to conventional PCI. (2-7) A possible explanation of these data may come from lack of a normal vascular function demonstrated in the coronary segment distal to the CTO after its recanalization. (8-10) These observations suggested that a treatment aimed to improve vascular dysfunction after successful CTO recanalization could be beneficial.  
In patients with an acute coronary syndrome, ticagrelor has shown to reduce to a greater extent ischemic event rates, including cardiovascular mortality, compared with clopidogrel. The benefits of ticagrelor have been attributed though its dual mode of action. In fact, in addition to exerting more potent P2Y12 inhibitory effects compared with clopidogrel, ticagrelor inhibits of the equilibrative nucleoside transporter 1 which in turn leads to an increase of adenosine interstitial concentration. (11-15) This could be the basis of an augmented coronary blood flow and a potential improvement of vascular function. (13,16-18)
Bioresorbable vascular scaffold (BRS) may also improve vascular function, as lack of a long-term metallic caging may allow late lumen enlargement and normal biological response to shear stress. (19-22) When this study was designed, data showing lack of significant vasomotion in the scaffolded segment with a higher than expected risk of thrombosis (23) were still not available. Nevertheless, few data are present on a specific scenario such as CTO. (24,25)
The TIGER BVS (TIcaGrEloR and ABSORB Bioresorbable Vascular Scaffold implantation for recovery of vascular function after successful Chronic Total Occlusion recanalization) trial aimed to explore the role of ticagrelor vs. clopidogrel in improving coronary blood flow in CTO patients who receive a successful PCI with BRS implantation. 

METHODS

Patients and study design
This is a multi-center, prospective, double-randomized, open-label, two group-parallel controlled clinical trial to evaluate superiority of ticagrelor vs. clopidorel in improving coronary blood flow in the coronary segment distal to CTO immediately after PCI. 
Between March 2015 and February 2017, all consecutive patients, who underwent CTO-PCI at three different institutions, were screened. The fact that CTO-PCIs are usually planned procedures in all these institutions allowed a correct screening and randomization of all the patients when a CTO was diagnosed. Inclusion and exclusion criteria have been previously reported. (26) 
	The TIGER BVS trial is investigator initiated and promoted by the “Fundacio Clinic per a la Recerca Biomedica” (FCRB, Barcelona, Spain). An unrestricted educational grant was provided by AstraZeneca for the conduct and analyses of the trial. The Clinical Trial Unit (CTU, Barcelona, Spain) was responsible for monitoring the trial. The TIGER BVS trial is registered with ClinicalTrials.gov number NCT02211066.
	This trial was conducted in accordance with the Clinical Investigation Plan, the Declaration of Helsinki and the applicable local legislation. The conduct of the trial has been approved by local ethical committee of each participating center. All participating subjects provided informed consent in accordance with the local requirements, using the approved informed consent forms.

Patient selection and randomization
Patients meeting study entry criteria were randomized 1:1 to one of two treatment arms: 1) loading dose of clopidogrel (600mg); or 2) loading dose of ticagrelor (180mg). Patients started this treatment at least 3 days before CTO-PCI and were kept on maintenance dose of the assigned antiplatelet therapy before PCI. All patients were on aspirin (300 mg loading dose followed by 100 mg/daily for naïve patients or 100 mg/daily for those patients on chronic treatment). Final inclusion of a patient into the study depended on the success of the CTO-PCI procedure. CTO-PCI was considered successful if CTO was properly recanalized with BRS implantation at the level of the coronary segment originally occluded with a final TIMI 3 flow. After successful CTO-PCI procedure, patients were maintained on the assigned antiplatelet treatment regimen for 12 months and were further randomized 1:1 to undergo angiographic follow-up at 1 or 3 years. (26)

Vasomotion evaluation
CTO-PCI procedures were performed according to standard clinical practice using BRS (ABSORB BVS, Abbott Vascular, Santa Clara, CA, USA). The entire CTO segment dilated during PCI was required to be covered by BRS. Long-acting oral vasoactive drugs were discontinued ≥ 24h prior to the vasoactive study. Coronary function study was performed at the end of CTO-PCI after BRS implantation, as previously described. (8,27) If nitroglycerine was administrated during PCI procedure, a 5-minute of washout time was waited before starting the study.
Briefly, a Doppler wire (FlowWire, Volcano, Therapeutics Inc., Rancho Cordova, California) was advanced into the recanalized coronary artery, with the flow sensor approximately 10-15 mm distal to the distal edge of the implanted scaffold in order to ensure the study of a non-injured segment. 
Subjects received multiple intravenous adenosine infusions with a stepwise dosing protocol (0, 50, 80, 110 and 140 g/Kg/min) for a period of 2 minutes each to assess coronary flow. After a washout period of at least 5 minutes from the last dose, a nitroglycerin (NTG) bolus (200 g) was administered through the guiding catheter to evaluate endothelium-independent vasomotion. Continuous average peak velocity (APV) Doppler traces (calculated as the time-averaged value of the instantaneous peak velocity over two consecutive cardiac cycles) and angiographic images of the studies artery were recorded at baseline and after each adenosine infusion and after nitroglycerin bolus). (26) 
Mean lumen diameter (MLD) in the coronary segment distal to recanalized CTO at baseline (approximately at the same location of the flow sensor of the flow wire), after each adenosine infusion and after nitroglycerin bolus was analyzed offline using automated quantitative coronary angiography (QCA) edge detection system by an independent core laboratory (Barcelona Cardiac Imaging Core-laboratory; BARCICORE-Lab, Barcelona, Spain), blinded to randomization. 
Coronary blood flow (CBF) was calculated from the product of corresponding peak APV values and QCA-derived coronary artery diameter/area (1/2 x APV x coronary cross-sectional area) at baseline and after each adenosine infusion and after NTG bolus. (8,26)
Coronary flow reserve (CFR) was calculated at each time point as ratio of the maximal coronary blood flow reached at each step divided by the resting coronary blood flow. (28,29)

Study Endpoints
The primary endpoint was the increase in CBF under adenosine administration in the coronary segment distal to the implanted scaffold immediately after successful CTO-PCI in the ticagrelor vs. clopidogrel group. A total sample size of 25 patients per group was estimated to demonstrate with 80% of statistical power and two-tailed p-value of 0.05 a difference between the ticagrelor and clopidogrel of 10000,00 in the area under the curve (AUC) of CBF under adenosine administration, with the assumption that the within-group standard deviation of the response variable was 8100,00. Secondary endpoints included changes in APV, MLD and CFR between the two groups. (26)

Statistical analysis
Continuous variables are expressed as mean ± standard deviation, while categorical data are expressed as absolute numbers and percentages and were compared by chi-square or Anova test, as appropriate. Analysis of normality of the continuous variables will be performed with the Kolmogorov-Smirnov test. Changes in mean blood pressure, heart rate, MLD, APV, CFR values from baseline to each adenosine infusion and nitroglycerin bolus was compared by means of mixed regression models for repeated measurements. 
To evaluate the primary endpoint, two statistical analyses have been performed. First, individual AUC for each patient was calculated using the trapezoidal rule and a two-sample t-test was performed. Second, a linear mixed regression model, using the repeated measurements of CBF (within each patient) and including treatment effect as a fixed factor and patient indicator as a random intercept was used. Another linear mixed model was run in order to adjust for age and BRS diameter.
A two-tailed level of p < 0.05 was considered statistically significant. Commercially available computer software (SPSS version 20.0, SPSS Inc, Chicago, Illinois) was used for all analyses


RESULTS

Baseline and procedural characteristics
During the study period, a total of 61 patients were screened and 1:1 randomized to ticagrelor (n=30) and clopidogrel (n=31) group. Out of these, 50 patients had a successful CTO-PCI and were finally included in the study (25 patients per group). They were further randomized to angiographic follow-up at 1 or 3-year. (Figure 1) 
Table 1 shows baseline clinical and procedural characteristics. Patients in ticagrelor group were younger (p=0.025) and received BRS of larger diameter as compared to patients in clopidogrel group (p=0.002). No other differences were found between groups in terms of other baseline clinical and procedural characteristics.

Coronary blood flow evaluation under adenosine infusion 
	Coronary blood flow evaluation was obtained from all patients except for one in ticagrelor group due to technical problem with the Doppler wire. No significant changes in blood pressure or heart rate were seen during adenosine infusion or nitroglycerine bolus administration. (data not shown). 
During stepwise infusion of adenosine, no significant differences were found in MLD within and between the groups. A significant increase of APV was instead found intra- and inter- ticagrelor and clopidogrel group. There were no inter- or intra-group significant differences in CFR.  (Table 2)
Resting CBF was significantly higher in the ticagrelor as compared to clopidogrel group (51.4±43.8 ml/min vs. 31.2±20.5 ml/min; p=0.048), even after adjustment for age and BRS diameter (p=0.034). The primary end point of coronary blood flow at gradually increasing doses of adenosine was also higher for the ticagrelor-treated than for clopidogrel-treated patients (AUC: 32122.91±24039.59 vs. 19604.58±11244.20, p = 0.027). 
Using a linear mixed model, CBF exhibited significantly higher values in the ticagrelor compared with the clopidogrel group during multiple stepwise adenosine infusion, even after adjustment for age and BRS diameter (p=0.035). (Central Illustration)

Coronary blood flow evaluation under nitrate administration

After NTG bolus administration, no differences were found in terms of MLD, APV or CBF changes inter- and intra- groups (Table 4). CFR was also not different between the two groups (ticagrelor group, 2.0±1.7 vs. clopidogrel group, 2.2±1.2, p=0.758).

Adverse events
	No major bleedings or major adverse cardiac events occurred in either treatment group between time of randomized drug administration and PCI procedure. No dyspnea was observed in any patient while receiving ticagrelor between randomization and CTO-PCI. Asymptomatic, transient, second-degree atrioventricular block during adenosine infusions, which resolved spontaneously without need for any medical treatment, was observed in 4 patients (three under clopidogrel treatment). No BRS-related cardiac events were recorded up to 1-month follow-up.

DISCUSSION

Our study shows that: 1) coronary blood flow, under incremental doses of adenosine, may be enhanced by ticagrelor as compared to clopidogrel pre-treatment in a CTO vessel immediately after its successful recanalization; 2) this effect is mainly driven by increase in blood velocity and not in lumen diameter; 3) baseline coronary blood flow was also higher in ticagrelor than in clopidogrel pre-treated patients; 4) no effect of ticagrelor may be seen on endothelial-independent vasomotion and flow changes with nitrates administration as compared to clopidogrel. 
Chronic coronary total occlusions are an interesting in vivo model of a vascular dysfunction, given the inability of the vessel distal to the occlusion to vasodilate and to increase coronary flow under adenosine or nitroglycerin administration immediately after recanalization. (8) Low shear stress, reducing release of vasodilators, such as nitric oxide, and enhancing instead release of vasoconstrictors, such as endothelin-1, together with proliferation of a nonresponsive smooth muscle cells into the intima, may represent the basis of this vascular dysfunction. (30-33)
In this complex scenario, ticagrelor may represent an attractive treatment. In fact, previous studies have demonstrated that ticagrelor may increase coronary blood velocity either in a canine model or in humans by preventing cellular uptake of locally produced endogenous adenosine and by therefore increasing extra-cellular levels of adenosine. (13,15,27,34-36) 
Our study found that ticagrelor pre-treatment may increase coronary blood flow immediately after CTO recanalization as compared to clopidogrel. This was mainly driven by increase in blood velocity but did not translate into a flow-mediated vasodilation of epicardial vessel, which is typical of adenosine administration. This is in line with previous studies, which showed a dysfunctional status of vascular smooth muscle cells in CTO. (4,8) Of note, this increase in coronary blood flow was evident not only during stepwise infusion of exogenous adenosine, but also at baseline. Ticagrelor pre-treatment may have indeed increased extracellular levels of adenosine leading to a larger baseline coronary blood flow than clopidogrel pre-treatment. It could be hypothesized that CTO patients are particularly responsive to either endogenous or exogenous adenosine, given their situation of chronic ischemia. 
There were no effects of ticagrelor vs. clopidogrel either on coronary blood flow or on vasodilatation after nitrates administration. This is in favour of the adenosine-based ticagrelor mechanism of action. (36) In fact, nitrates have a direct endothelium-independent effect on vascular smooth muscle cells and do not act through adenosine. The dysfunctional status of vascular smooth muscle cells in CTO is typically faced by CTO operators, who underestimate distal CTO vessel size, due to its inability to vasodilate properly with nitrate administration, with subsequent undersizing of the stent implanted. (4,9)
Treatment of CTO vascular dysfunction may have important clinical applications. CTO downstream vascular dysfunction with lack of increased blood supply in response to vasodilatory stimuli may, for example, represent an additional factor contributing to generate ischemia. (30,37) This vascular dysfunction may also explain the higher than expected rate of target lesion revascularization following CTO-PCI when compared to percutaneous treatment of other type of coronary lesions and lack of mortality reduction with high variability in patients’ symptoms improvement when compared to optimal medical therapy. (2,5-7) Therefore, by improving vascular function, ticagrelor has the potential to improve ischemia and to reduce TLR and symptoms. Future studies and long-term follow-up of this trial should be focused on these aspects, exploring also the effect of 1-year ticagrelor vs. clopidogrel treatment. 
Another potential option to improve CTO vascular function, explored in this study, is represented by BRS. Recent reports have raised concerns about safety of these devices and about its superiority over metallic stent in terms of coronary vasomotion, which were not known at the time of study design (23,38) when, given the TROFI-II findings, we thought that healing process following BRS implantation may create a new vascular structure, which is missing in a CTO. (39,40) No early BRS-related events were currently reported in our study. Our data may be stimulating for future lines of research with BRS technology, in terms of either its long-term healing process or its vasomotion restoring properties or its interaction with ticagrelor vs. clopidogrel treatment. (41) 

Limitations
The main limitation of our study is that adenosine levels were not measured and therefore the observed differences cannot be considered causative. However, this has been previously demonstrated in healthy volunteers and increased flow adenosine related rather than nitrates-related is in favour of adenosine-mediated mechanism of action. (27)

Conclusions
The TIGER BVS trial showed that ticagrelor pre-treatment improves downstream coronary vascular flow in CTO patients as compared to clopidogrel immediately after recanalization. The clinical value of a higher coronary flow in this context should be evaluated in long-term follow-up.


Clinical competencies
Ticagrelor use in CTO patients may increase the coronary blood flow of the CTO vessel immediately after its recanalization. 

Translational outlook
Prospective studies and long-term follow-up are needed to establish the clinical value of ticagrelor use in CTO patients.
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TABLES

Table 1. Baseline Clinical characteristics
	
	Ticagrelor 
group (n=25)
	Clopidogrel group (n=25)
	p-value

	Age, y
	58.64±9.64
	65.36±10.88
	0.025

	Sex (male), n (%)
	21 (84)
	20 (80)
	1.000

	Coronary risk factors, n (%)
Hypertension
Dyslipidemia
Diabetes
Smoke
	
19 (76)
20 (80)
10 (40)
7 (28)
	
17 (68)
22 (88)
7 (28)
3 (12)
	
0.754
0.702
0.551
0.289

	Previous MI, n (%)
	8 (32)
	13 (52)
	0.252

	Ejection fraction LV, % 
	57.66±8.90
	55.56±9.95
	0.449

	Location of previous MI, n (%)
· Anterior
· Lateral
· Inferior
	
5 (20)
0 (0)
3 (12)
	
9 (36)
0 (0)
4 (16)
	0.342

	Previous PCI, n (%)
	10 (40)
	15 (60)
	0.258

	Renal Impairment, n (%)
	0 (0)
	1 (4)
	0.490

	Localization of CTO, n (%)
· LAD
· LCx
· RCA
	
5 (22)
1 (4)
19 (76)
	
11 (44)
3 (12)
11(44)
	          0.068

	Rentrop, n (%)
· 0
· 1
· 2
· 3
	
1 (4)
5 (20)
11 (44)
8 (32)
	
0 (0)
5 (20)
11 (44)
9 (36)
	0.787

	Therapy, n (%)
ASA
β-blockers
ACE-I/ARB
Statins
	
25 (100)
	
25 (100)
	
NA

	
	17 (68)
	22 (88)
	0.171

	
	18 (75)
	16 (64)
	0.538

	
	22 (88)
	25 (100)
	0.235


Continuous data are expressed as mean±SD; SD = standard deviation; LV = left ventricle; MI = myocardial infarction; NA = not applicable. ACEI = angiotensin-converting enzyme inhibitor; ARB = angiotensin receptor blocker




Table 2. Procedural data
	
	Ticagrelor group (n=25)
	Clopidogrel group (n=25)
	p-value

	CTO length (mm)
	19.28±7.14
	23.84±13.04
	0.132

	Number of balloons used for pre- dilatation
	1.88±1.00
	1.44±0.65
	0.074

	Maximum balloon diameter, mm
	2.71±0.44
	2.48±0.43
	0.754

	Maximum balloon length, mm
	17.60±3.46
	17.22±4.93
	0.069

	Number of BRS implanted
	1.92±0.90
	2.00±0.91
	0.758

	Diameter of BRS implanted, mm
	3.32±0.31
	3.00±0.38
	0.002

	Length of BRS implanted, mm
	48.72±23.57
	50.48±23.87
	0.794

	Contrast used, ml
	375.62±206.58
	411.00±160.07
	0.505

	Time procedure, min
	103.08±40.79
	100.28±39.60
	0.808

	Fluoroscopic time, min
	36.14±19.24
	36.84±19.07
	0.899

	RVD = reference vessel diameter; BRS =Bioresorbable scaffold



Table 3. Vascular function analysis under adenosine infusion

	
	Group
	Baseline
	Adenosine 50
	Adenosine 80
	Adenosine 110
	Adenosine 140
	p-value*
	p-value§

	MLD (mm)
	Ticagrelor group
	1.9±0.7
	1.9±0.7
	1.9±0.7
	1.9±0.7
	1.8±0.8
	0.940
	0.155

	
	Clopidogrel group
	1.6±0.4
	1.6±0.4
	1.7±0.4
	1.7±0.5
	1.6±0.5
	
	

	APV (cm/s)
	Ticagrelor group
	32.0±10.2
	38.7±12.6
	51.9±20.1
	65.1±23.6
	75.9±34.5
	<0.001
	0.018

	
	Clopidogrelgroup
	28.7±8.5
	33.2±11.5
	42.8±16.8
	54.2±21.5
	55.2±15.5
	
	

	CBF (ml/min)
	Ticagrelor group
	51.4±43.8
	57.2±41.8
	80.5±59.4
	104.0±81.7
	103.3±79.8
	<0.001
	0.029

	
	Clopidogrelgroup
	31.2±20.5
	36.0±22.7
	51.0±32.6
	64.8±47.1
	64.8±40.9
	
	

	CFR
	Ticagrelor group
	NA
	1.23±0.46
	1.76±0.70
	2.19±0.82
	2.22±1.07
	0.729
	0.756

	
	Clopidogrelgroup
	NA
	1.25±0.47
	1.70±0.71
	2.19±1.05
	2.32±1.30
	
	


MLD =mean lumen diameter; APV = average peak velocity; CBF = coronary blood flow; CFR = coronary flow reserve; NA = not applicable.
*p-value were calculated by mixed-ANOVA model for interaction between group and adenosine doses
§p-value were calculated by mixed-ANOVA model for between-subject effect



Table 4. Vascular function analysis after nitrates administration
	
	Group
	Baseline
	Nitrates
	p-value*
	p-value§

	MLD (mm)
	Ticagrelor group
	1.9±0.7
	1.9±0.6
	0.601
	0.214

	
	Clopidogrel group
	1.6±0.4
	1.7±0.5
	
	

	APV (cm/s)
	Ticagrelor group
	32.0±10.2
	50.4±23.2
	0.642
	0.282

	
	Clopidogrelgroup
	28.7±8.5
	45.3±13.8
	
	

	CBF (ml/min)
	Ticagrelor group
	51.4±43.7
	80.6±65.4
	0.945
	0.115

	
	Clopidogrelgroup
	31.2±20.5
	61.2±39.7
	
	


MLD =mean lumen diameter; APV = average peak velocity; CBF = coronary blood flow.
*p-value were calculated by mixed-ANOVA model for interaction between group and nitrates administration
§p-value were calculated by mixed-ANOVA model for between-subject effect

FIGURES
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Figure 1. Flow chart of the study
PCI = percutaneous coronary intervention. CTO = chronic total occlusion. 

[image: ]
Central Illustration. Coronary blood flow evaluation in CTO immediately after its recanalization.
Ticagrelor pre-treatment of CTO patients enables increase of coronary blood flow of the CTO vessel immediately after its PCI recanalization vs. clopidogrel pre-treatment. Curves are corrected for patients’ age and for diameter of BRS implanted. CTO = chronic coronary total occlusion. PCI = percutaneous coronary intervention. BRS = bioresorbable scaffold.
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