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Abstract
Acute myocardial infarction is treated regularly with emergency coronary intervention, but this treatment comes with the risk of reperfusion injury. Remote ischemic conditioning (RIC) is a treatment that has the potential to reduce the impact of reperfusion injury, but it is unclear what effect it has on patients diagnosed with ST-elevation myocardial infarction (STEMI) when used before cardiac intervention. This systematic review was performed to identify and evaluate studies that assess whether RIC improves mortality, reduces myocardial injury, and leads to better clinical outcomes when used in patients at risk for reperfusion injury. 
	Searches were performed in PubMed, EMBASE, and ClinicalTrials.gov through April 2018 for clinical trials comparing RIC and standard care before patients with STEMI receive ether percutaneous coronary intervention (PCI) or thrombolytic intervention. Outcomes considered in this review include all-cause mortality, infarct size, ST-segment resolution, cardiac biomarker trends, left ventricular ejection fraction, and myocardial salvage index. One investigator selected qualifying trials, extracted data, and assessed the strength of evidence.
Eleven studies (2,981 participants) were included in this review and most were found to demonstrate a low risk of bias. Evidence was found to be of moderate strength for four outcomes (all-cause mortality, infarct size, left ventricular ejection fraction, and myocardial salvage index), low strength for one outcome (ST-segment resolution), and very low strength for one outcome (cardiac biomarker trends). All-cause mortality was the only outcome for which the evidence showed no difference between RIC and standard care. Significant decreases in infarct size, when measured directly through imaging, was moderate, ranging from 2% to 6.5%, but varied widely when infarct size was measured using ST-segment resolution and cardiac biomarker trends as proxies. Myocardial salvage index was consistently shown to be improved in RIC patients but varied in magnitude from 8.7% to 50% higher median index scores. Most studies found higher left ventricular ejection fractions with magnitudes ranging from 2.6% to 10%. The evidence synthesized here shows that RIC improves intermediate cardiac outcomes but has not been shown to improve all-cause mortality.

Introduction
Effective management of acute myocardial infarction requires prompt restoration of blood flow to ischemic tissue. Prehospital emergency medical services (EMS) can be critical in initiating this care process through the diagnosis of ST-elevation on a field ECG. More than 200,000 patients are seen in U.S. emergency departments annually for ST-elevation myocardial infarction (STEMI) and more than half of those patients are brought to the hospital by EMS.1,2 Reperfusion through either medical thrombolysis or primary percutaneous coronary intervention (PCI) is the mainstay of treatment for STEMI. However, the process of reperfusing ischemic tissue is known to cause continued damage through physical, chemical, and cell mediated actions collectively termed reperfusion injury.3 Continued research into the reduction of reperfusion injury is ongoing, but no therapies have been found to be definitively effective.4
Remote ischemic conditioning (RIC) is a non-invasive therapy designed to induce protection against reperfusion injury through the induction of ischemic cycles in the arm or leg with the application of a pressure cuff. These cycles of ischemia and reperfusion distally confer theoretic resistance against myocardial infarct expansion as a result of coronary reperfusion.5,6 Studies on this technique have applied it at a number of different time points, both before and after cardiac intervention, in elective and emergent clinical situations.7–9 Further research into the application of preconditioning, also referred to in the literature as perconditioning or periconditioning, has led to the consideration of this technique as a potential prehospital intervention for STEMI patients. RIC has been found to be feasible in air medical transport and ongoing trials are addressing its benefits to patients in ambulance based systems.10
In 2017, two systematic reviews with meta-analyses assessed RIC studies published through 2016. The first analyzed the results of 13 randomized trials of RIC before or during thrombolysis or PCI among patients diagnosed with acute myocardial infarction by any accepted criteria.11 This meta-analysis concluded that RIC significantly reduced cardiac biomarker peaks, favored ST-segment resolution, and significantly reduces all-cause mortality when compared to controls.11 The second systematic review and meta-analysis included 11 randomized trials to assess the effect of RIC before or during PCI among STEMI patients.12 The analysis concluded that myocardial salvage index was higher with the addition of RIC, indicating that RIC could lead to reduced infarct size among STEMI patients.12 These studies offer support for the use of RIC for hospitalized patients with acute myocardial infarction, but neither address the specific patient population that could benefit from RIC provided in a prehospital EMS setting, ie., patients identified with ST-elevation and receive RIC in the field. The objective of this systematic review and meta-analysis was to determine if RIC provided as preconditioning to patients with STEMI in randomized controlled trials improved mortality and intermediate markers of myocardial injury when compared to patients who did not undergo RIC.  
Methods
This review was performed in accordance with PRISMA guidelines using a protocol intended to meet PRISMA checklist items.13
Search Strategy	
Literature searches were performed in PubMed, EMBASE, and ClinicalTrials.Gov through April 17, 2018. The search strategy (Appendix) was developed with the assistance of a research librarian at the University of North Carolina at Chapel Hill Health Sciences Library and included key words of various spellings, MeSH terms, and exclusions intended to remove non-human studies summarized as follows: ([Ischemic Pre/Per/Periconditioning or RIC or RIPC] and [ST Elevation or STEMI or Infarct] not Animal/Rat). There was no restriction on language or country of origin. A selection of studies anticipated to be included were individually searched for within the group of articles identified under this strategy to ensure adequate search capture. All citations found in the search strategy were screened by title and abstract for potential eligibility followed by full text review of selected trials for final inclusion. Studies that included post-intervention conditioning or included patients undergoing elective percutaneous coronary intervention were excluded.
Study Population and Eligibility
To be included in this review, studies were required to be randomized controlled trials (RCT) comparing STEMI patients who received remote ischemic preconditioning prior to percutaneous coronary intervention (PCI) or thrombolytic treatment to those who did not undergo remote ischemic conditioning. Because there are only a few studies implementing a RIC intervention while in the ambulance, this review includes all studies implementing it prior to PCI. Conference presentations and unpublished trials were not included in this review. Age restriction was set between 18 and 99 years, but no studies found to be potentially eligible included patients outside of this range. A complete list of inclusion and exclusion criteria are provided in Table 1. 

Table 1. Eligibility criteria 
	
	Include
	Exclude

	Population
	Adults ages 18 or older 
Adults with diagnosed STEMI
Adults with symptom onset <24hrs
	Children, patients with MI diagnosed by cardiac biomarkers alone, patients undergoing elective PCI

	Intervention
	Remote ischemic conditioning provided prior to the beginning of either PCI or thrombolysis for the treatment of STEMI.
	Studies assessing post-conditioning where RIC is started after cardiac intervention

	Comparison
	Standard care (without RIC)
	No comparison; non-concordant historical controls, studies comparing different RIC interventions to each other

	Outcomes
	All-cause mortality, major adverse cardiovascular and cerebrovascular (MACCE) composite score, myocardial salvage index, peaks and trends for cardiac biomarkers, resolution of ST-segment elevation, infarct size, readmission for heart failure, left ventricular ejection fraction (LVEF)
	

	Timing
	No limits
	

	Setting
	Studies conducted in countries categorized as “High” or “Very High” on the Human Development Index, as defined by the United Nations Development Program
	

	Study Designs
	RCTs comparing intervention to standard care
	All other designs



Outcomes
Primary outcomes for studies included in this review assess mortality, degree of resolution of ischemia in cardiac tissue, and residual left ventricular function. Ischemia resolution is measured by resolution of ST-segment elevation, cardiac biomarker peaks and trends, and infarct size (myocardial salvage index or residual infarct size measured by magnetic resonance imaging). Studies not reporting these outcomes were exclude from this review. 

Data Extraction and Strength Assessment
Trials included in the final review underwent systematic data extraction into pre-defined collection tools for the following: end of recruitment period, number of RIC and control participants included in analysis, inclusion criteria, intervention protocol, relevant outcomes reported, and results. 
Risk of bias was assessed for all studies using the Cochrane Risk of Bias Tool to assess the following areas: randomization protocol, allocation concealment, intervention blinding, outcome assessment blinding, missing data reporting, and selective outcome reporting.14 Each of these areas was determined to pose low risk, moderate risk, high risk, or unclear risk of bias in accordance with the Cochrane tool.  
Data Synthesis and Evaluation of Evidence
Results were summarized in tabular and narrative form. Quantitative synthesis was not performed because most outcomes were only addressed by a few studies and significant heterogeneity existed between the studies that reported on the most common outcome. Evaluation of individual outcome results was performed on data extracted from full text articles. Results for each of the pre-specified outcomes was compiled from all studies reporting those outcomes. The GRADE criteria15 were used to evaluate the strength of evidence for each outcome.
Results
Study Selection and Characteristics
The search strategy yielded 681 citations from PubMed, 529 citations in EMBASE, and 100 citations in ClinicalTrials.gov. Following removal of articles duplicated between databases, 929 citations underwent title and abstract review. Title and abstract screening excluded 880 sources, leaving 49 to undergo full text review. Reasons for the 38 exclusions in full text review are listed in Figure 1. Eleven studies were selected for inclusion in the final review. 
[image: ]
Figure 1. Search results flow diagram

Characteristics for the 11 studies16–26 included in this review are listed in Table 2. These 11 studies included a total of 2,981 participants who were assessed for primary outcomes after treatment for acute STEMI with 1,500 patients randomized to receive RIC and 1,481 patients receiving standard care. One study25 (519 patients) involved treatment for STEMI with medical thrombolysis and the other 10 (2,462 patients) involved treatment with emergent PCI. All studies used 1:1 allocation ratios for RIC to control and two studies involved a third treatment arm not considered in this review18,26. Mean age (+ SD) in study arms ranged from 56 (± 11) years to 65 (± 11) years. Men made up the majority of participants in all studies with total percentage in study arms ranging from 60% to 86%. The duration and repetition of RIC cycles varied with a total procedure time ranging between 24 minutes26 (9.1%) and 40 minutes16,17,21,23–25 (55%). The start time of RIC intervention varied between trials as well with 4 (36.4%) initiating RIC in the ambulance16,17,23,24 and the other 7 (63.6%) initiating RIC in the hospital18–22,25,26 at least 5 minutes before the beginning of PCI or the administration of a thrombolytic agent. 

Table 2. Characteristics of included studies
	Study (year published), end of recruitment
	Inclusion criteria
	N participants
	Age: Mean ± SD
	Male: N (%)
	Intervention

	
	
	RIC 
	

	
	
	Control
	Start setting
	Cycles

	Rentoukas (2010), N/A
	Acute STEMI treated with PCI, symptom onset <6hr, Age 35-75 years 
	33
	62.5 ± 11.1
	20 (61%)
	In hospital, before PCI
	3 cycles x (4-min Inflation, 4-min rest)

	
	
	30
	61.2 ± 10.9
	18 (60%)
	
	

	Botker (2010), November 2008
	Acute STEMI treated with PCI, symptom onset <12hr, Age ≥ 18 years 
	126
	 62 ± 12
	96 (76%)
	In ambulance
	4 cycles x (5-min inflation, 5-min rest)

	
	
	125
	63 ± 11
	94 (75%)
	
	

	Munk (2010), October 2008
	Acute STEMI treated with PCI, symptom onset <12hr, Age ≥ 18 years 
	123
	 62 ± 11
	95 (77%)
	In ambulance
	4 cycles x (5-min inflation, 5-min rest)

	
	
	119
	62 ± 11
	99 (79%)
	
	

	Sloth (2014), November 2008
	Acute STEMI treated with PCI, symptom onset <12hr, Age ≥ 18 years 
	166
	62.3 ± 11
	125 (75%)
	In ambulance
	4 cycles x (5-min inflation, 5-min rest)

	
	
	167
	62.7 ± 13
	120 (72%)
	
	

	Prunier (2014), N/A
	Acute STEMI treated with PCI, symptom onset <6hr, Age ≥ 18 years 
	166
	62.3 ± 11
	125 (75%)
	In hospital, before PCI
	3 cycles x (5-min inflation, 5-min rest)

	
	
	167
	62.7 ± 13
	120 (72%)
	
	

	White (2015), April 2013
	Acute STEMI treated with PCI, symptom onset <12hr, Age 18-80 years, TIMI flow grade <1
	43
	57 ± 10
	37 (86%)
	In hospital, before PCI
	4 cycles x (5-min inflation, 5-min rest)

	
	
	40
	60 ± 11
	30 (75%)
	
	

	Yellon (2015), November 2013
	Acute STEMI treated with Thrombolysis, Age ≥ 18 years 
	261
	57 ± 11
	209 (80%)
	In hospital, before Thrombolysis
	4 cycles x (5-min inflation, 5-min rest)

	
	
	258
	56 ± 11
	204 (79%)
	
	

	Eitel (2015), May 2014
	Acute STEMI treated with PCI, symptom onset <12hr, Age 18-80 years
	232
	65 ± 11
	169 (73%)
	In hospital, before PCI
	3 cycles x (5-min inflation, 5-min rest)

	
	
	232
	65 ± 10
	165 (71%)
	
	

	Gao (2016), N/A
	Acute STEMI treated with PCI
	60
	NR
	NR
	In hospital, before PCI
	3 cycles x (5-min inflation, 5-min rest)

	
	
	66
	NR
	NR
	
	

	Liu (2016), March 2013
	Acute STEMI treated with PCI, symptom onset <12hr, Age 18-80 years
	59
	62.1 ± 12.1
	45 (76%)
	In Ambulance
	4 cycles x (5-min inflation, 5-min rest)

	
	
	60
	62.6 ± 11.9
	49 (82%)
	
	

	Gaspar (2018), December 2015
	Acute STEMI treated with PCI, Age ≥ 18 years
	231
	59 ± 10
	192 (83%)
	In hospital, before PCI
	3 cycles x (5-min inflation, 5-min rest)

	
	
	217
	61 ± 8
	167 (77%)
	
	



Risk of bias within studies
	Risk of bias was assessed for all studies using the Cochrane risk of bias tool and is presented in Table 3. Risk of sampling bias, as assessed by random sequence generation and allocation concealment, was found to be low risk in six studies16,17,19–21,24  (54.5%) and unable to be fully assessed due to lack of explicit descriptions in five studies18,22,23,25,26 (45.5%). Risk of performance bias was detected through assessment of procedures for blinding participants and personnel. All studies were found to have at least a moderate risk of bias in this category with four studies19,21,25,26 (36.4%) implementing only partial blinding, judged as moderate risk of bias, and seven studies16–18,20,22–24 (63.4%) not using any blinding of participants or personnel, judged as high risk of bias. Risk of detection bias was addressed through the description of blinding of outcome and assessment in nine studies16–21,23,24,26 (81.8%) and found to be of low risk in those studies. High risk of attrition bias was found in two studies reporting 56% and 74.3% attrition with notable variation in the distribution of exclusion reasons between treatment groups18,21. All were found to have low risk of reporting bias with all studies providing complete outcome reporting. One study25 was assessed to be at risk of additional bias as a result of a its use of a small island for source population. 

Table 3. Risk of bias in included studies 
	Trial
	Random sequence generation
	Allocation concealment
	Blinding of participants and personnel
	Blinding of outcome and assessment
	Incomplete outcome data
	Selective reporting
	Other sources of bias

	Rentoukas (2010)
	Method not described
	Method not described
	Controls had cuff placed and inflated to 20mmHG below diastolic BP 
	Physicians measuring ST-segment resolution blinded to patient data
	Researchers report no missing data
	All outcomes reported
	None

	
	Cannot assess
	Cannot assess
	Moderate risk of bias
	Low risk of bias
	Low risk of bias
	Low risk of bias
	 

	Botker (2010)
	Computer-generated block randomization
	Sealed envelopes used for patient assignment with telephone confirmation
	No blinding
	Data analysis blinded to treatment
	34.2% attrition with similar number and patient characteristics between groups
	All outcomes reported
	None

	
	Low risk of bias
	Low Risk of bias
	High risk of bias
	Low risk of bias
	Low risk of bias
	Low risk of bias
	 

	Munk (2010)
	Computer-generated block randomization
	Sealed envelopes used for patient assignment with telephone confirmation
	No blinding
	Data analysis blinded to treatment
	35.1% attrition with similar number between groups
	All outcomes reported
	None

	
	Low risk of bias
	Low Risk of bias
	High risk of bias
	Low risk of bias
	Low risk of bias
	Low risk of bias
	 

	Sloth (2014)
	Computer-generated block randomization
	Sealed envelopes used for patient assignment with telephone confirmation
	No blinding
	Data analysis blinded to treatment
	Researchers report no missing data
	All outcomes reported
	None

	
	Low risk of bias
	Low Risk of bias
	High risk of bias
	Low risk of bias
	Low risk of bias
	Low risk of bias
	 

	Prunier (2014)
	Computer -generated minimization algorithm
	Method not described
	No blinding
	Data analysis blinded to treatment
	56% attrition with large variation in exclusion reasons between groups
	All outcomes reported
	None

	
	Low risk of bias
	Cannot assess
	High risk of bias
	Low risk of bias
	High risk of bias
	Low risk of bias
	 

	White (2015)
	Computer-generated randomization sequence
	Sealed, numbered envelopes used for patient assignment 
	Controls had uninflated cuff
	Data analysis blinded to treatment
	74.3% attrition with large variation in exclusion reasons between groups
	All outcomes reported
	None

	
	Low risk of bias
	Low Risk of bias
	Moderate risk of bias
	Low risk of bias
	High risk of bias
	Low risk of bias
	 

	Yellon (2015)
	Method not described
	Method not described
	Controls had uninflated cuff
	Method not described
	21.6% attrition
	All outcomes reported
	Small source population (the island of Maritius) 

	
	Cannot assess
	Cannot assess
	Moderate risk of bias
	Cannot assess
	Low risk of bias
	Low risk of bias
	Moderate risk of bias

	Eitel (2015)
	Treatment allocation assigned by randomly drawing a sealed envelope from an urn
	No blinding
	Investigators assessing outcomes blinded to patient data
	31.5% attrition distributed evenly 
	All outcomes reported
	None

	
	Low Risk of bias
	Low Risk of bias
	High risk of bias
	Low risk of bias
	Low risk of bias
	Low risk of bias
	 

	Gao (2016)
	Method not described
	Method not described
	No blinding
	Method not described
	Not described
	All outcomes reported 
	None

	
	Cannot assess
	Cannot assess
	High risk of bias
	Cannot assess
	Cannot assess
	Low risk of bias
	 

	Liu (2016)
	Computer-generated randomization sequence
	Method not described
	No blinding
	Data analysis blinded to treatment
	15.6% attrition distributed evenly between reasons and groups
	All outcomes reported
	None

	
	Low risk of bias
	Cannot assess
	High risk of bias
	Low risk of bias
	Low risk of bias
	Low risk of bias
	 

	Gaspar (2018)
	Computer-generated block randomization
	Allocation sequence not accessible to researchers
	Controls had uninflated cuff
	Data analysis blinded to treatment
	24.4% attrition distributed evenly between reasons and groups
	All outcomes reported
	None

	
	Low risk of bias
	Low risk of bias
	Moderate risk of bias
	Low risk of bias
	Low risk of bias
	Low risk of bias
	 



Study Outcomes and strength of evidence
All-Cause Mortality
	This outcome was assessed in two studies19,24 including a total of 699 patients. Intention-to-treat analysis in one study found a 6.6% all-cause mortality rate among 166 patients treated with RIC compared to 12.6% in 167 patients in the control group for a hazard ratio of 0.51 (95% CI 0.25-1.07, p = 0.074), (calculated RR 0.53, 95% CI 0.26-1.06, p = 0.072)24. The second study found 1% all-cause mortality among 231 patients treated with RIC and 2% all-cause mortality in the control group, with an insignificant p-value of 0.39 (calculated RR 0.47, 95% CI 0.04-5.14, p = 0.536) 19 (Table 4). Both studies had a low risk of bias and no serious inconsistency or indirectness. Both studies were determined to have a serious risk of imprecision due to the low number of events (27 total, 4%). The evidence for reduced all-cause mortality was determined to be of moderate strength (Table 5) but the difference between RIC and controls was not statistically significant.
Infarct Size
	Infarct size, as measured by percent of left ventricular mass, was assessed by four studies16,20,21,23 including a total of 836 patients. Two studies found a decreased final infarct size, that was not statistically significant; one found median infarct size to be 4% (IQR = 0-7%) for 109 RIC patients and 7% (IQR = 0-15%) for 110 controls (p = 0.10)16, the second study found median infarct size to be 16% (IQR = 8-26%) for 166 RIC patients and 18% (IQR = 8-29%) for 168 controls (p = 0.29)20. The other two studies found significant reduction in final infarct size with RIC; one found median infarct size to be 14.2% (± 6.1) among 59 RIC patients and 16.6% (± 6.7) in 60 control patients (p = 0.042)23, the second study found median infarct size to be 18% (± 10) for 43 RIC patients and 24.5% (± 12) for 40 controls (p = 0.009)21 (Table 4). When combined, these studies had a low risk of bias and no serious inconsistency, or imprecision. Serious indirectness was introduced by the nature of this intermediate outcome. Overall, the evidence for decreased infarct size was determined to be of moderate strength (Table 5).
ST-Segment Resolution
	This outcome was assessed in three studies20,26,27 including a total of 667 patients. One study found no significant difference in 70% ST-segment resolution within 90 minutes (75% in 73 RIC patients versus 72% in 69 controls, p = 0.55)16. The other two studies found a significant increase in ST-segment resolution; one found 73% complete resolution 30 minutes after PCI in 33 RIC patients versus 53% resolution in 30 controls (p = 0.045)26, the second study found 69.4% resolution, measured as a percent of initial elevation, 90 minutes after PCI among 231 RIC patients and 62.5% resolution in 230 controls (p = 0.046)20 (Table 4). These studies had a low risk of bias or imprecision but were found to have serious inconsistency as a result of variation in outcome measurement technique and serious indirectness introduced by the nature of this outcome as an intermediate. Overall, the evidence for increased ST-segment resolution was determined to be of low strength (Table 5). 
Cardiac Biomarkers
	This outcome was assessed in eight studies16,18–22,25,26 including a total of 1,877 patients. Four studies used CK-MB as a cardiac biomarker outcome with two measuring both peak and area under the curve18,22, one measuring only peak20, and one measuring only area under the curve25. Five studies measured Troponin T or I with two studies measuring both peak and area under the curve19,21, two studies measuring only peak16,21,26, and one study measuring only area under the curve21,25. 
Four studies found no significant difference in peak biomarkers; the first found no significant difference in peak troponin T between 73 RIC patients and 69 controls (p = 0.80)16, the second study found no significant difference in peak CK-MB in 231 RIC patients and 230 controls (p = 0.06)20, the third study found no significant difference in peak troponin-T between 231 RIC patients and 217 controls (no p-value given)19, the fourth no significant difference in peak CK-MB in 33 RIC patients and 30 controls (p = 0.062)26. Three studies found no significant difference in area under the curve for a given cardiac biomarker; one study found no significant difference in CK-MB area under the curve between 18 RIC patients and 17 controls (p = 0.06)18, the second study found no difference in Troponin I area under the curve between 231 RIC patients and 217 controls (p = 0.78)19, the third study found no significant difference in troponin-T area under the curve between 43 RIC patients and 40 controls (p = 0.09)21 (Table 4). 
Peak cardiac biomarker measurements were found to be significantly reduced in three studies; one found reduced peak CK-MB between 18 RIC patients and 17 controls (294 ± 164 U/L vs. 415 ± 195 U/L, p= 0.042)18, the second found reduced peak CK-MB between 60 RIC patients and 66 controls (281.8 ± 22.33 U/L vs. 368.8 ± 24.96 U/L, p= 0.011)22, the third found reduced peak troponin-T between 43 RIC patients and 40 controls (2,296 ± 263 ng/L vs. 2,736 ± 325 ng/L, p= 0.037)21. Two Studies found significantly reduced biomarker area under the curve; the first study found reduced 24hr median CK-MB and troponin-T areas under the curve between 258 RIC patients and 261 controls (CK-MB: 2,378 ± 2,089 ng.h/ml vs. 2,894 ± 2,306 ng.h/ml, p = 0.026 | Troponin-T: 90.0 ± 67.6 ng.h/ml vs. 105.9 ± 69.5 ng.h/ml, p = 0.020)25, the second study found reduced 72hr median CK-MB area under the curve between 60 RIC patients and 66 controls (6179 ± 437.9 U/L vs 8130 ± 534.7 U/L, p = 0.006)22 (Table 4). Overall, this group of studies was found to have a low risk of bias, and no imprecision. Due to the significant variation in measurement for this outcome, this evidence was judged to have a very serious risk of inconsistency. Serious indirectness was introduced by the nature of this outcome as an intermediate. Overall, the evidence for reduced cardiac biomarkers was determined to be of very low strength (Table 5). 
Left Ventricular Ejection Fraction
	This outcome was assessed by three studies17,19,23 including a total of 738 patients. One study found no difference in left ventricular ejection fraction (LVEF) at day one or day 30 between 109 RIC patients and 107 controls (Day 1: 0.51% ± 0.10 versus 0.49% ± 0.10, p = 0.22 | Day 30: 0.54% ± 0.08 versus 0.53% ± 0.10 p = 0.42)17. Two studies found a significantly higher LVEF with RIC compared to controls; one study found higher LVEF on day 3-7 between 59 RIC patients and 60 controls (48.0% ± 7.3 versus 45.4 ± 6.6, p = 0.039)23, the second study reported a 10% absolute difference in median LVEF in 231 RIC patients compared to 217 controls (p = 0.001)19 (Table 4). Overall, this group of studies was found to have a low risk of bias, and no imprecision. Due to the variation in the time at which LVEF was measured and in how it was reported, this evidence was judged to have a serious risk of inconsistency. Serious indirectness was introduced by the nature of this outcome as an intermediate. Overall, the evidence for improved LVEF was determined to be of low strength (Table 5).
Myocardial Salvage Index
	This outcome was assessed by three studies16,20,21 including a total of 686 patients. Median myocardial salvage index measured by cardiac MRI was found to be improved for RIC patients in all three studies. The first study found a higher median myocardial salvage in 73 RIC patients compared to 69 controls (0.75 (IQR 0.5-0.93) versus 0.69 (IQR 0.35-0.88), p = 0.033)16, the second study found a higher median myocardial salvage index in 43 RIC patients compared to 40 controls (0.42 ± 0.29 versus 0.28 ± 0.29, p = 0.03)21, the third study found a higher median myocardial salvage index in 231 RIC patients compared to 230 controls (0.49 (IQR 0.30 – 0.70) versus 0.40 (IQR 0.16 – 0.68), p = 0.02)20 (Table 4). Overall, this group of studies was found to have a low risk of bias, and no serious inconsistency or imprecision. Serious indirectness was introduced by the nature of this outcome as an intermediate. Overall, the evidence for higher myocardial salvage index was determined to be of moderate strength (Table 5).
Pre-Hospital Sensitivity Analysis
	The majority of studies included in this systematic review were not limited to RIC initiation in the prehospital setting. Overall, four studies were designed to assess prehospital implementation16,17,23,24. Due to study design, three of these studies have no overlap in outcome assessment16,17,24, but independently assess all 6 of the outcomes considered here. When combined, these three studies show found higher median myocardial salvage indexes for RIC patients compared to controls and no difference in all cause mortality, infarct size, ST-segment resolution, cardiac biomarker trends, or LVEF (Table 4). The fourth study provides overlapping assessment of infarct size and LVEF, both of which were found to be improved in RIC patients23. 





Table 4. Study results
	Study 
	Summary of key results with respect to RIC group 
	Outcomes for RIC vs. Controls

	
	
	All-Cause Mortality
	Infarct Size
	ST-Segment Resolution
	Cardiac Biomarkers
	Left Ventricular Ejection Fraction
	Myocardial Salvage Index

	Rentoukas26 (2010)
	Increased ST-resolution. 
No difference in peak troponin-I.
	NR
	NR
	Increased:   73% vs. 53%
(p = 0.045) 
	No difference in mean peak Troponin-I: 166ng/ml 
(± 161) vs. 256 (± 195) 
(p = 0.062)
	NR
	NR

	Botker16 (2010)
	Higher median myocardial salvage indexes                                     No significant difference in other measures.
	NR
	No difference: 4% 
(IQR 0-7%) 
vs. 7% 
(IQR 0-15%)
(p = 0.10) 
	No difference: 75% vs. 72%
(p = 0.55) 
	No difference in median peak Troponin-I:         3.86 ug/L
(IQR 1.28-8.42)                       vs. 3.86 
(IQR 1.36-7.4)  
(p = 0.80)
	NR
	Higher:            Median 0.75   
(IQR 0.5-0.93)                     vs. 0.69               
(IQR 0.35-0.88)                      
(p = 0.033)

	Munk17 (2010)
	No significant difference in left ventricular function.
	NR
	NR
	NR
	NR
	No difference:     Day 1, 0.51%      
(± 0.10)                   vs. 0.49% 
(± 0.10) 
(p = 0.22)            Day 30, 0.54% 
(± 0.08)                   vs. 0.53% 
(± 0.10) 
(p = 0.42)  
	NR

	Sloth24 (2014)
	Reduced 
all-cause mortality.
	No difference: HR 0.51 (95% CI 0.25-1.07, p = 0.074)
	NR
	NR
	NR
	NR
	NR

	Prunier18 (2014)
	Reduced peak CK-MB.
	NR
	NR
	NR
	Reduced peak CK-MB:                 294U/L 
(± 164)                vs. 415 
(± 195)                   
(p= 0.042)
	NR
	NR

	White21 (2015)
	Reduced infarct size. Higher myocardial salvage index.                Reduced peak troponin-T.                  No difference in troponin-T area under the curve (AUC).
	NR
	Lower:            18% (± 10)         vs. 24.5%
(± 12)
(p = 0.009)
	NR
	Reduced peak      Troponin-T:                 2296 ng/L 
(± 263)                vs. 2736 
(± 325)                   
(p = 0.037)             No difference in AUC: 
(p = 0.09) 
	NR
	Higher:            Median 0.42       
(± 0.29)                     vs. 0.28 (± 0.29)                      
(p = 0.03)

	Yellon25 (2015)
	Reduced CK-MB and troponin-T areas under the curve (AUC) at 24hrs
	NR
	NR
	NR
	Reduced AUC Troponin-T:       90.0 ng.h/ml         
(±67.6)                      vs. 105.9 
(± 69.5)                    
(p = 0.020)            Reduced AUC for CK-MB:             2,378 ng.h/ml 
(± 2,089)                vs. 2,894 
(± 2,306) 
(p = 0.026) 
	NR
	NR

	Eitel20 (2015)
	Higher myocardial salvage index.  Increased ST segment resolution.                                           No significant difference in infarct size or peak CK-MB.
	NR
	No difference: 16%
(IQR 8-26%)                  vs. 18%
(IQR 8-29%)
(p = 0.29) 
	Increased:   69.4%                 vs. 62.5%
(p = 0.046) 
	No difference in peak 
CK-MB:      18.9 umol/L           
(7.5-36)                vs. 23.1 
(9-40.9)   
(p = 0.06)          
	NR
	Higher:            Median 0.49   
(IQR 0.30-0.70)                     vs. 0.40               
(IQR 0.16-0.68)                      
(p = 0.02)

	Gao22 (2016)
	Reduced peak CK-MB and area under the curve.
	NR
	NR
	NR
	Reduced peak CK-MB:             281.8 U/L 
(± 22.33)                    vs. 368.8 
(± 24.96)                 
(p= 0.011)          Reduced AUC for CK-MB:               6179 U/L 
(± 437.9) vs 8130 
(± 534.7)  
(p = 0.006)        
	NR
	NR

	Liu23 (2016)
	Improved left ventricular ejection fraction. Reduced infarct size                                                                 
	NR
	Lower:            14.2% (± 6.1)              vs. 16.6%
(± 6.7)
(p = 0.042)
	NR
	NR
	Higher:                Day 3-7, 48.0% (± 7.3)                       vs. 45.4 
(± 6.6)      
(p = 0.039) 
	NR

	Gaspa19 (2018)
	Improved ejection fraction recovery.                                    No difference in peak troponin-I, area under the curve (AUC), or all-cause mortality.
	No difference: RR 0.47 (95% CI 0.04-5.14, p = 0.536)
	NR
	NR
	No difference in peak Troponin-I: (no p-value given)  
No difference AUC for Troponin-I:                         
(p = 0.78)
	10% higher median LVEF        
(p = 0.001)
	NR



Table 5. GRADE assessments for strength of the evidence for each outcome
	GRADE criteria
	Rating
	Footnotes
	Strength of the evidence

	Outcome: All-cause Mortality (No difference)

	Study Design
	RCT
	Two studies
	Moderate

	Risk of Bias
	No serious risk of bias
	 
	

	Inconsistency
	No Serious Indirectness
	Both studies reported reduced all-cause mortality that was not statistically significant 
	

	Indirectness
	No Serious Indirectness
	 Direct clinical outcome
	

	Imprecision
	Serious imprecision
	Few events in both trials
	

	
	

	
	

	GRADE criteria
	Rating
	Footnotes
	Strength of the evidence

	Outcome: Infarct Size

	Study Design
	RCT
	Four studies
	Moderate

	Risk of Bias
	No serious risk of bias
	 
	

	Inconsistency
	No serious inconsistency
	Two studies (50%) reported no significant difference between treatment groups
	

	Indirectness
	Serious indirectness
	 Intermediate outcome
	

	Imprecision
	No serious imprecision
	 
	

	
	

	

	

	GRADE criteria
	Rating
	Footnotes
	Strength of the evidence

	Outcome: ST-segment Resolution

	Study Design
	RCT
	Three studies
	Low

	Risk of Bias
	No serious risk of bias
	 
	

	Inconsistency
	Serious inconsistency
	One study (33%) found no difference between treatment groups. Definition of ST-Segment resolution varied between studies
	

	Indirectness
	Serious indirectness
	 Intermediate outcome
	

	Imprecision
	No serious imprecision
	 
	

	
	
	

	

	GRADE criteria
	Rating
	Footnotes
	Strength of the evidence

	Outcome: Cardiac Biomarkers

	Study Design
	RCT
	Eight Studies
	Very Low

	Risk of Bias
	No serious risk of bias
	 
	

	Inconsistency
	Very Serious inconsistency
	Variation in which biomarker was reported (CK-MB, Troponin I, Troponin T)
	

	Indirectness
	Serious indirectness
	 Intermediate outcome
	

	Imprecision
	No serious imprecision
	 
	

	
	

	

	

	GRADE criteria
	Rating
	Footnotes
	Strength of the evidence

	Outcome: Left Ventricular Ejection Fraction

	Study Design
	RCT
	Three studies
	Low

	Risk of Bias
	No serious risk of bias
	 
	

	Inconsistency
	Serious inconsistency
	Variation in time at which this outcome was measured and in how it was reported. 
	

	Indirectness
	Serious indirectness
	 Intermediate outcome
	

	Imprecision
	No serious imprecision
	 
	

	
	


	

	

	GRADE criteria
	Rating
	Footnotes
	Strength of the evidence

	Outcome: Myocardial Salvage Index

	Study Design
	RCT
	Three Studies
	Moderate

	Risk of Bias
	No serious risk of bias
	 
	

	Inconsistency
	No serious inconsistency
	All studies used same outcome measure, and all found significant results
	

	Indirectness
	Serious indirectness
	 Intermediate outcome
	

	Imprecision
	No serious imprecision
	 
	


1
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Discussion
Summary of evidence
This systematic review found some evidence for improved outcomes when RIC is used in STEMI patients before they undergo primary cardiac intervention. Evidence for improved cardiac outcomes was found in each of the predetermined outcomes except all-cause mortality, which was the only clinical outcome assessed in this systematic review. This evidence for no difference in all-cause mortality was of moderate strength. Although the two studies reporting on all-cause mortality found no statistically significant difference in their primary analyses, one study also performed a per-protocol analysis that demonstrated a significant reduction in all-cause mortality with a hazard ratio of 0.32 (95% CI 0.12-0.88, p = 0.027)24. This result should be considered cautiously given that the analysis populations varied based on exclusion criteria. 
Intermediate outcomes assessed in this systematic review include decreased infarct size (moderate strength), decreased myocardial salvage index (moderate strength), increased ST-segment resolution (low strength), improved left ventricular ejection fraction (low strength), and improved cardiac biomarker trends (very low strength). Infarct size, as measured by peak cardiac biomarkers, was shown to correlate to short term mortality in a landmark review of available evidence performed in 198828, though the relationship did not persist in studies of 10-year follow up. This evidence for short-term mortality improvement was reaffirmed in more recent studies including a 2016 meta-analysis on infarct size and outcomes after PCI, which showed a strong association between infarct size, as measured on cardiac magnetic resonance, and both all-cause mortality and hospitalization with heart failure at 1 year29. While it remains somewhat unclear why the evidence for improved intermediate outcomes does not match the evidence of improved all-cause mortality, it could be explained by the extension of follow-up in those two studies to beyond one year (3.724 and 3.819 years). Given the relatively low mortality outcomes for STEMI treated with PCI after one year (recently identified as 2.05% per year after one year in a large cohort study in Australia30), other clinical outcomes, such as new symptomatic heart failure, might be more appropriate measures. Myocardial salvage index and LVEF were used by many of the included studies as proxies for likely progression to heart failure because there is not a well-established consensus on follow-up diagnosis windows for heart failure after STEMI. 
Although most studies addressing each outcome found positive results, many found non-significant differences. Other than the previously described outcomes, no evidence of harm or adverse effect was found in this systematic review. Two studies reported on potential harms and found no adverse local effects (pain or thrombophlebitis)16 or other unspecified harms21. These findings are most immediately valuable to researchers who are continuing to investigate the use of RIC in the prehospital setting and should be considered along with qualitative analysis on EMS providers’ experience using RIC protocol. It will be important to assess if the use of RIC is associated with an opportunity cost for EMS and ED providers providing care to STEMI patients. 
Limitations
[bookmark: _GoBack]Compared to previous systematic reviews, this review used narrowed eligibility criteria to find studies that best mimicked the potential use of RIC in the prehospital setting. However, it only included 4 analyses (two study populations) that explicitly examined the initiation of RIC before hospital arrival. This limits the overall generalizability of these findings and their applicability to EMS. The 4 prehospital studies represented only 370 unique patients and are understood to be the only currently published randomized trials on RIC use in the prehospital setting, demonstrating a broader limitation in currently available RIC research.
	This study is also limited by having only one reviewer to screen studies, extract data, and synthesize results. Ideally, multiple researchers will be able to repeat this process in the future and can add a meta-analysis using the available data. 

Conclusions
This systematic review found low to moderate strength evidence among intermediate outcomes supporting the use of RIC before cardiac intervention in STEMI patients, a population commonly seen by prehospital medical providers. All-cause mortality was the only clinical outcome assessed here and was not found to be significantly reduced with the use of RIC. Further research focused specifically on the prehospital implementation of RIC is needed to determine whether this potentially beneficial treatment should be used more broadly by emergency medical services. 
Funding
No funding was used for this systematic review. Resources available through the University of North Carolina Health Sciences Library were used for literature search and extraction. 

APPENDIX: Search Phrases
Pubmed Search: ("Ischemic Preconditioning"[Mesh] OR ric[tiab] OR ripc[tiab] OR ((remote OR ischemic OR ischaemic) AND (peri-condition* OR "peri conditioning" OR pericondition* OR pre-condition* OR "pre conditioning" OR precondition* OR condition*))) AND ("st elevation Myocardial Infarction"[Mesh] OR stemi[tiab] OR (st[tiab] AND infarct*[tiab])) NOT ((animal OR rat OR rats) NOT human)
EMBASE Search: ("Ischemic Preconditioning"[Mesh] OR ric[tiab] OR ripc[tiab] OR ((remote OR ischemic OR ischaemic) AND (per-condition* OR "per conditioning" OR percondition* OR peri-condition* OR "peri conditioning" OR pericondition* OR pre-condition* OR "pre conditioning" OR precondition* OR condition*))) AND ("st elevation Myocardial Infarction"[Mesh] OR stemi[tiab] OR st-segment OR (st[tiab] AND infarct*[tiab])) NOT ((animal OR rat OR rats) NOT human)
Clinical Trials.Gov Search: (ric OR ripc OR ((remote OR ischemic OR ischaemic) AND (perconditioning OR pericondition* OR pre-conditioning OR preconditioning OR conditioning))) AND (st-elevation Myocardial Infarction OR stemi OR st-segment OR Infarction)

[bookmark: _Hlk517792990]

REFERENCES

1. 	Ward MJ, Kripalani S, Zhu Y, et al. Incidence of emergency department visits for ST-elevation myocardial infarction in a recent six-year period in the United States. Am. J. Cardiol. 2015;115(2):167-170. doi:10.1016/j.amjcard.2014.10.020.
2. 	Mathews R, Peterson ED, Li S, et al. Use of emergency medical service transport among patients with ST-segment-elevation myocardial infarction: findings from the National Cardiovascular Data Registry Acute Coronary Treatment Intervention Outcomes Network Registry-Get With The Guidelines. Circulation 2011;124(2):154-163. doi:10.1161/CIRCULATIONAHA.110.002345.
3. 	Granger DN, Kvietys PR. Reperfusion injury and reactive oxygen species: The evolution of a concept. Redox Biol 2015;6:524-551. doi:10.1016/j.redox.2015.08.020.
4. 	Fröhlich GM, Meier P, White SK, Yellon DM, Hausenloy DJ. Myocardial reperfusion injury: looking beyond primary PCI. Eur. Heart J. 2013;34(23):1714-1722. doi:10.1093/eurheartj/eht090.
5. 	Murry CE, Jennings RB, Reimer KA. Preconditioning with ischemia: a delay of lethal cell injury in ischemic myocardium. Circulation 1986;74(5):1124-1136. doi:10.1161/01.CIR.74.5.1124.
6. 	Przyklenk K. Reduction of myocardial infarct size with ischemic “conditioning”: physiologic and technical considerations. Anesth. Analg. 2013;117(4):891-901. doi:10.1213/ANE.0b013e318294fc63.
7. 	Schmidt M.R., Jespersen N.R., Bøtker H.E. Mechanical interventions to reduce myocardial infarct size. Heart and Metabolism 2016;(70):8-13.
8. 	Sloth AD, Schmidt MR, Munk K, et al. TCT-63 Remote Ischemic Perconditioning Improves Long-Term Clinical Outcome in Patients Undergoing Primary Percutaneous Coronary Intervention for ST-Elevation Myocardial Infarction. J. Am. Coll. Cardiol. 2012;60(17):B20. doi:10.1016/j.jacc.2012.08.074.
9. 	Thuny F, Lairez O, Roubille F, et al. Post-conditioning reduces infarct size and edema in patients with ST-segment elevation myocardial infarction. J. Am. Coll. Cardiol. 2012;59(24):2175-2181. doi:10.1016/j.jacc.2012.03.026.
10. 	Martin-Gill C, Wayne M, Guyette FX, Olafiranye O, Toma C. Feasibility of Remote Ischemic Peri-conditioning during Air Medical Transport of STEMI Patients. Prehosp Emerg Care 2016;20(1):82-89. doi:10.3109/10903127.2015.1056894.
11. 	Man C, Gong D, Zhou Y, Fan Y. Meta-analysis of remote ischemic conditioning in patients with acute myocardial infarction. Sci. Rep. 2017;7:43529. doi:10.1038/srep43529.
12. 	McLeod SL, Iansavichene A, Cheskes S. Remote Ischemic Perconditioning to Reduce Reperfusion Injury During Acute ST-Segment-Elevation Myocardial Infarction: A Systematic Review and Meta-Analysis. J. Am. Heart Assoc. 2017;6(5). doi:10.1161/JAHA.117.005522.
13. 	Liberati A, Altman DG, Tetzlaff J, et al. The PRISMA statement for reporting systematic reviews and meta-analyses of studies that evaluate healthcare interventions: explanation and elaboration. BMJ 2009;339:b2700. doi:10.1136/bmj.b2700.
14. 	Cochrane Bias Methods Group. Assessing Risk of Bias in Included Studies. Cochrane Methods Bias 2018. Available at: http://methods.cochrane.org/bias/assessing-risk-bias-included-studies. Accessed April 19, 2018.
15. 	Atkins D, Best D, Briss PA, et al. Grading quality of evidence and strength of recommendations. BMJ 2004;328(7454):1490. doi:10.1136/bmj.328.7454.1490.
16. 	Bøtker HE, Kharbanda R, Schmidt MR, et al. Remote ischaemic conditioning before hospital admission, as a complement to angioplasty, and effect on myocardial salvage in patients with acute myocardial infarction: a randomised trial. The Lancet 2010;375(9716):727-734. doi:10.1016/S0140-6736(09)62001-8.
17. 	Munk K, Andersen NH, Schmidt MR, et al. Remote Ischemic Conditioning in Patients With Myocardial Infarction Treated With Primary Angioplasty: Impact on Left Ventricular Function Assessed by Comprehensive Echocardiography and Gated Single-Photon Emission CT. Circ Cardiovasc Imaging 2010;3(6):656-662. doi:10.1161/CIRCIMAGING.110.957340.
18. 	Prunier F, Angoulvant D, Saint Etienne C, et al. The RIPOST-MI study, assessing remote ischemic perconditioning alone or in combination with local ischemic postconditioning in ST-segment elevation myocardial infarction. Basic Res. Cardiol. 2014;109(2):400. doi:10.1007/s00395-013-0400-y.
19. 	Gaspar A, Lourenço AP, Pereira MÁ, et al. Randomized controlled trial of remote ischaemic conditioning in ST-elevation myocardial infarction as adjuvant to primary angioplasty (RIC-STEMI). Basic Res. Cardiol. 2018;113(3):14. doi:10.1007/s00395-018-0672-3.
20. 	Eitel I, Stiermaier T, Rommel KP, et al. Cardioprotection by combined intrahospital remote ischaemic perconditioning and postconditioning in ST-elevation myocardial infarction: the randomized LIPSIA CONDITIONING trial. Eur. Heart J. 2015;36(44):3049-3057. doi:10.1093/eurheartj/ehv463.
21. 	White SK, Frohlich GM, Sado DM, et al. Remote ischemic conditioning reduces myocardial infarct size and edema in patients with ST-segment elevation myocardial infarction. JACC Cardiovasc. Interv. 2015;8(1 Pt B):178-188. doi:10.1016/j.jcin.2014.05.015.
22. 	Gao J., Liu F., Yang Y., Li X., Zhu J., Ma Y. Remote ischemic per-conditioning of the lower limb during primary percutaneous coronary intervention reduced enzymatice infarct size in STEMI patients. J. Am. Coll. Cardiol. 2016;68(16):C95.
23. 	Liu Z, Zhao L, Hong D, Gao J. Remote ischaemic preconditioning reduces myocardial ischaemic reperfusion injury in patients with ST-elevation myocardial infarction undergoing primary percutaneous coronary intervention. Acta Cardiol. 2016;71(5):596-603. doi:10.2143/AC.71.5.3167504.
24. 	Sloth AD, Schmidt MR, Munk K, et al. Improved long-term clinical outcomes in patients with ST-elevation myocardial infarction undergoing remote ischaemic conditioning as an adjunct to primary percutaneous coronary intervention. Eur. Heart J. 2014;35(3):168-175. doi:10.1093/eurheartj/eht369.
25. 	Yellon DM, Ackbarkhan AK, Balgobin V, et al. Remote ischemic conditioning reduces myocardial infarct size in STEMI patients treated by thrombolysis. J. Am. Coll. Cardiol. 2015;65(25):2764-2765. doi:10.1016/j.jacc.2015.02.082.
26. 	Rentoukas I, Giannopoulos G, Kaoukis A, et al. Cardioprotective role of remote ischemic periconditioning in primary percutaneous coronary intervention: enhancement by opioid action. JACC Cardiovasc. Interv. 2010;3(1):49-55. doi:10.1016/j.jcin.2009.10.015.
27. 	Bøtker HE, Kaltoft AK, Pedersen SF, Kim WY. Measuring myocardial salvage. Cardiovasc. Res. 2012;94(2):266-275. doi:10.1093/cvr/cvs081.
28. 	Herlitz J, Hjalmarson A, Lomsky M, Wiklund I. The relationship between infarct size and mortality and morbidity during short-term and long-term follow-up after acute myocardial infarction. Am. Heart J. 1988;116(5 Pt 1):1378-1382. doi:10.1016/0002-8703(88)90471-1.
29. 	Stone GW, Selker HP, Thiele H, et al. Relationship Between Infarct Size and Outcomes Following Primary PCI: Patient-Level Analysis From 10 Randomized Trials. J. Am. Coll. Cardiol. 2016;67(14):1674-1683. doi:10.1016/j.jacc.2016.01.069.
30.	Hosseiny AD, Moloi S, Chandrasekhar J, Farshid A. Mortality pattern and causes of death in a long-term follow up of patients with STEMI treated with primary PCI. Open Heart 2016; 3:e000405. Doi: 10.1136/openhrt-2016-000405
image1.png
Records identified through
database searching
(n=1,310)

—

Duplicates removed
(n=381)

v

Records screened by title
and abstract
(n=929)

I —

Records excluded
(n = 880)

A 4

Full-text articles assessed
for eligibility
(n=49)

A4

Studies included in review
(n=11)

Full-text articles excluded (n = 38):
Not STEMI patients (n =7)
Post-conditioning (n = 7)
Study design not RCT (n = 6)
Wrong outcomes (n = 5)
Reviews (n =5)
Duplicates (n = 3)

Studies ongoing (n = 3)
Manuscript not available (n =2)





