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Abstract
Remote ischaemic preconditioning (RIPC) using transient limb ischaemia failed to improve clinical outcomes following 
cardiac surgery and the reasons for this remain unclear. In the ERIC-GTN study, we evaluated whether concomitant nitrate 
therapy abrogated RIPC cardioprotection. We also undertook a post-hoc analysis of the ERICCA study, to investigate a 
potential negative interaction between RIPC and nitrates on clinical outcomes following cardiac surgery. In ERIC-GTN, 185 
patients undergoing cardiac surgery were randomized to: (1) Control (no RIPC or nitrates); (2) RIPC alone; (3); Nitrates 
alone; and (4) RIPC + Nitrates. An intravenous infusion of nitrates (glyceryl trinitrate 1 mg/mL solution) was commenced 
on arrival at the operating theatre at a rate of 2–5 mL/h to maintain a mean arterial pressure between 60 and 70 mmHg and 
was stopped when the patient was taken off cardiopulmonary bypass. The primary endpoint was peri-operative myocardial 
injury (PMI) quantified by a 48-h area-under-the-curve high-sensitivity Troponin-T (48 h-AUC-hs-cTnT). In ERICCA, we 
analysed data for 1502 patients undergoing cardiac surgery to investigate for a potential negative interaction between RIPC 
and nitrates on clinical outcomes at 12-months. In ERIC-GTN, RIPC alone reduced 48 h-AUC-hs-cTnT by 37.1%, when 
compared to control (ratio of AUC 0.629 [95% CI 0.413–0.957], p = 0.031), and this cardioprotective effect was abrogated 
in the presence of nitrates. Treatment with nitrates alone did not reduce 48 h-AUC-hs-cTnT, when compared to control. 
In ERICCA there was a negative interaction between nitrate use and RIPC for all-cause and cardiovascular mortality at 
12-months, and for risk of peri-operative myocardial infarction. RIPC alone reduced the risk of peri-operative myocardial 
infarction, compared to control, but no significant effect of RIPC was demonstrated for the other outcomes. When RIPC and 
nitrates were used together they had an adverse impact in patients undergoing cardiac surgery with the presence of nitrates 
abrogating RIPC-induced cardioprotection and increasing the risk of mortality at 12-months post-cardiac surgery in patients 
receiving RIPC.

Keywords Remote ischaemic preconditioning · Glyceryl trinitrate · Coronary artery bypass graft surgery · 
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Introduction

Higher risk patients are undergoing coronary revasculari-
sation by cardiac bypass surgery, resulting in an increased 
risk of peri-operative myocardial injury and infarction, and 
worse post-operative outcomes [28, 37]. Reasons for the 
higher operative risk include the aging population, increas-
ing prevalence of comorbidities (such as diabetes mellitus, 
hypertension, and chronic renal failure), and a growing need 
for concomitant valve surgery. Therefore, new treatment 
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strategies are needed to protect the myocardium against 
acute ischaemia/reperfusion injury (IRI) during cardiac 
bypass surgery, to improve outcomes in this higher risk 
patient group [36].

In this regard, the phenomenon of remote ischaemic precon-
ditioning (RIPC), in which the application of cycles of brief 
non-lethal ischaemia and reperfusion to an organ or tissue away 
from the heart, has been shown in experimental studies to pro-
tect the myocardium against acute IRI [29]. Crucially, RIPC 
can be applied in the clinical setting by simply inflating and 
deflating a pneumatic cuff placed on the upper arm or thigh 
to induce cycles of brief non-lethal ischaemia and reperfusion 
[21]. This manoeuvre has been evaluated as a cardioprotective 
strategy in patients undergoing cardiac bypass surgery [5, 15, 
16, 32] and has been reported in a number of clinical studies 
[11, 34, 35], but not all [20, 30], to reduce the extent of peri-
operative myocardial injury (PMI, quantified by cardiac bio-
marker release). However, three large multicentre randomised 
clinical trials failed to demonstrate any beneficial effects with 
RIPC on clinical endpoints [12, 17, 27]. The reasons for this 
are unclear but may have been due to concomitant medications 
administered during cardiac surgery. For example, a number 
of experimental [2, 4, 7, 8, 41] and clinical studies [1, 23–25] 
have demonstrated that propofol interferes with RIPC-induced 
cardioprotection, and propofol was the predominant anaesthesia 
used in the large neutral RIPC outcome studies [12, 17, 27].

There are experimental and clinical data suggesting that 
the concomitant use of nitrates may also interfere with 
RIPC-induced cardioprotection. Pre-treatment with the 
nitric oxide (NO) donor S-nitroso-N-acetylpenicillamine 
was shown to abrogate the infarct-limiting effects of RIPC 
induced by brief cycles of hind-limb ischaemia and reperfu-
sion in a rabbit model of acute myocardial IRI [33]. More 
recently, chronic treatment with topical glyceryl trinitrate 
(GTN) was found to abrogate RIPC-induced cardiopro-
tection in a rat model of acute myocardial IRI [10]. In the 
same study, it was shown that the vasculoprotective effects 
of RIPC on ischaemia-induced endothelial dysfunction in 
human volunteers was abolished in those that had received 
prior chronic GTN therapy [10]. In a post-hoc retrospective 
analysis of a small clinical study of patients undergoing car-
diac bypass surgery, the cardioprotective effect of RIPC in 
reducing PMI was abolished in those patients administered 
intraoperative IV GTN [6], although in a post-hoc retrospec-
tive analysis of another cardiac surgery study this effect of 
IV GTN was not observed [22]. Taken together, these studies 
suggest a potential negative interaction between RIPC and 
nitrates in terms of cardioprotection.

Prophylactic intraoperative intravenous (IV) GTN is 
administered in some patients during cardiac surgery to 
control systemic blood pressure, and to vasodilate arterial 
grafts. There is extensive experimental data supporting the 
cardioprotective effects of NO [3, 10, 14, 40], but whether 

it is cardioprotective during cardiac surgery remains unclear 
[6, 18, 22]. Randomised controlled trials evaluating the car-
dioprotective effects of intraoperative IV GTN in patients 
undergoing cardiac bypass surgery are limited [18], and 
there are no prospective studies evaluating the interaction 
between nitrate use and RIPC in terms of cardioprotection 
in patients undergoing cardiac surgery.

Therefore, in the Effect of Remote Ischemic Condi-
tioning and Glyceryl TriNitrate (ERIC-GTN) randomised 
control trial, we prospectively investigated whether prophy-
lactic intraoperative IV GTN is cardioprotective in cardiac 
bypass surgery, and whether its presence abrogates RIPC-
induced cardioprotection [9]. We also undertook a post-hoc 
retrospective analysis of the previously published Effect of 
Remote Ischaemic Preconditioning on Clinical Outcomes in 
CABG Surgery (ERICCA) study [12], which had failed to 
show any beneficial effects of RIPC on clinical outcomes, to 
investigate for a potential negative interaction between RIPC 
and nitrates on perioperative myocardial injury and infarc-
tion, and all-cause and cardiovascular mortality at 12 months 
following cardiac bypass surgery.

Methods

ERIC‑GTN study design

The ERIC-GTN trial was a single-centre, 2 × 2 factorial, 
double-blind, placebo-controlled randomised controlled 
trial (NCT01864252). It was designed to investigate whether 
intraoperative IV GTN was cardioprotective in itself, and 
whether its presence interferes with the cardioprotective 
effect of RIPC in patients undergoing cardiac surgery. It 
recruited patients at University College London Hospital 
(UCLH) and the Barts Heart Centre in the UK. Details of 
the study design have been published previously [9]. Trial 
conduct conformed to the Declaration of Helsinki 1964 as 
revised in 2013 and the principles of Good Clinical Practice 
under the oversight of University College London Hospital. 
Ethics approval was granted by the National Health Service 
Research Ethics Committee (13/LO/0980 IRAS 120058a) 
All participants provided written informed consent.

Study participants

Eligible subjects were stable patients with coronary artery 
disease, aged ≥ 18  years, undergoing elective on-pump 
coronary artery bypass graft plus or minus valve surgery 
(CABG ± valve) with blood cardioplegia. Exclusion cri-
teria included: history of cardiogenic shock or cardiac 
arrest during the current admission, pregnancy, significant 
peripheral arterial disease of the upper limbs, significant 
hepatic impairment (bilirubin > 20 mmol/L and International 
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Normalised Ratio, INR > 2.0), significant pulmonary dis-
ease (forced expiratory volume, FEV1 < 40% predicted), 
severe renal failure (glomerular filtration rate, GFR < 30 mL/
min/1.73  m2), and allergies to GTN.

All patients received premedication with oral temazepam. 
Anaesthetic and perioperative management were not stand-
ardised. Standard non-pulsatile cardiopulmonary bypass 
(CPB) was employed using a membrane oxygenator and 
cardiotomy suction. Following this, all coronary grafts were 
constructed during CPB, using blood cardioplegia. After the 
anastomoses of the grafts (with or without valve surgery), 
CPB was discontinued, and protamine was used to reverse 
the effect of heparin. Anaesthesia maintenance was achieved 
with volatile anaesthetic agents and propofol infusion. Arte-
rial blood pressure, central venous pressure, electrocardio-
gram, and core temperature were continuously recorded.

Outcomes

The primary endpoint of the study was PMI quantified by 
the 48-h AUC hs-cTnT. The AUC was calculated from hs-
cTnT levels drawn preoperatively, and at 6-, 12-, 24- and 
48-h post-surgery.

Randomisation and blinding

Randomisation was performed via SealedEnvelope™ by an 
unblinded study team member who also administered the 
study interventions described below. The patients, anaes-
thetists, surgeons, intensive care unit and ward staff, and the 
study team members collecting and analysing the data were 
blinded to the treatment allocation.

Interventions

Patients were randomly allocated to one of the four treatment 
groups in a 1:1:1:1 ratio:

(1) Control: patients received sham RIPC and placebo IV nor‑
mal saline infusion The sham RIPC protocol was initiated 
after the patient had been anaesthetised and prior to surgical 
incision. It comprised placing one pneumatic blood pressure 
cuff on the upper arm and one on the thigh and applying 
simulated inflations of both cuffs (with the valve open to 
prevent actual cuff inflation) for 5 min and simulated defla-
tions of both cuffs for 5 min, a cycle which was repeated 
three times in total. The placebo IV normal saline infusion 
was commenced on arrival at the operating theatre at a rate 
of 2 mL/h and stopped when the patient was taken off CPB.

(2) RIPC alone: patients received RIPC and  placebo IV nor‑
mal saline infusion The RIPC protocol was initiated after 
the patient had been anaesthetised and prior to surgical inci-

sion. It comprised placing one pneumatic blood pressure 
cuff on the upper arm and one on the thigh. The two cuffs 
were simultaneously inflated to a systolic blood pressure 
(SBP) of 200 mmHg and left inflated for 5 min, then rap-
idly deflated to 0 mmHg and left uninflated for 5 min. This 
cycle was repeated three times in total. However, if the SBP 
was ≥ 185 mmHg, the cuffs were inflated to 15 mmHg above 
SBP instead of 200 mmHg. The placebo IV normal saline 
infusion was administered as in group 1.

(3) Nitrates alone: patients received sham RIPC and IV GTN 
infusion The sham RIPC protocol was applied as in group 1. 
The IV GTN infusion (1 mg/mL solution) was commenced 
on arrival at the operating theatre at a rate of 2 mL/h and 
stopped when the patient was taken off CPB. The infusion 
rate was titrated between 2 and 5 mL/h to maintain a mean 
arterial pressure of 60–70 mmHg.

(4) RIPC + Nitrates: patients received RIPC protocol and  IV 
GTN infusion The RIPC protocol was applied as in group 
2 and the IV GTN infusion was administered as in group 3.

Cases in which patients randomised to receive placebo IV 
saline infusion (treatment groups 1 and 2) needed to be given 
IV GTN infusion as a clinical indication for hypertension 
resistant to an increase in anaesthetic agents or in cases of 
coronary artery or graft vasospasm, were counted as crosso-
vers to the respective IV GTN treatment group.

Statistical analysis and sample size estimation

The sample size calculation was based on a previous trial 
of RIPC in CABG surgery in which subgroup analyses 
reported a potential beneficial effect of IV GTN on reduc-
ing the extent of PMI [6]. To detect a difference between any 
pair of the four treatment groups with 80% power, 5% two-
sided α, and an AUC standard deviation of 21.4 μg/l, it was 
estimated that 50 patients will be needed in each group to 
observe a difference of ≥ 12 μg/l in AUC. Statistical analysis 
was carried out by an independent analyst. All analyses were 
performed using an Intention-to-treat (ITT) approach. Base-
line clinical and demographic characteristics were presented 
as mean ± standard error of the mean (SEM) for continuous 
data and counts and percentage for categorical data.

Due to high levels of missing hs-cTnT data at all time-
points, 50 imputed datasets were generated using multi-
variate imputation by chained equations (MICE), done 
separately for each of the four groups defined by the two 
treatments [39]. Variables included in the imputation model, 
other than the log hs-cTnT at each time point, were: gender, 
age, smoking status, diastolic and systolic BP, pulse, ejection 
fraction and length of ICU stay; CCS angina class, creati-
nine; prior use of aspirin, beta blockers, nitrates, diuretics, 
clopidogrel, insulin and metformin; prior diagnosis of MI, 
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diabetes, peripheral arterial disease, TIA/stroke, sulphony-
lurea and hypercholesterolemia; previous CABG; bypass 
duration and number of grafts. 48-h AUC hs-cTnT was cal-
culated for each of the 50 imputed datasets.

The primary outcome, 48-h AUC was transformed to the 
logarithmic scale (logAUC) as the data did not approximate 
normal distribution. To determine whether logAUC was dif-
ferent in the four arms, the primary outcome was analysed 
by fitting two-way ANOVA models, including a binary term 
for each treatment group, as well as the interaction between 
the two. A second no-interaction ANOVA model was fitted 
including only the binary term for each treatment group. 
We used an F-test to assess the statistical significance of the 
interaction term, by comparing the interaction model with 
the nested no-interaction one. All estimates from imputed 
datasets were pooled together using Rubin’s rules [31].

Post‑hoc analysis of the ERICCA study

We performed a non-prespecified post-hoc analysis of the 
previously published ERICCA multi-centre study to investi-
gate whether the use of nitrates improves clinical outcomes, 
and whether the use of nitrates interacts with RIPC in terms 
of clinical outcomes in patients undergoing cardiac bypass 
surgery. The ERICCA study randomised 1612 patients 
undergoing on-pump CABG (plus or minus valve surgery) to 
receive either RIPC (comprising four 5-min upper arm cuff 
inflations/deflations of a pneumatic cuff placed on the upper 
arm) or sham RIPC (comprising four 5-min simulated upper 
arm cuff inflations/deflations of a pneumatic cuff placed on 
the upper arm) [12]. In the ERICCA trial, RIPC failed to 
improve clinical outcomes (cardiovascular death, non-fatal 
myocardial infarction, coronary revascularisation or stroke) 
at 12-months post-surgery.

Our post-hoc analysis included patients where CABG 
surgery was completed, and data were available on use of 
nitrates and baseline characteristics. Our primary analy-
sis compared clinical outcomes at 12 months post-surgery 
in four patient groups: (1) control (sham RIPC with no 
nitrates); (2) RIPC alone (RIPC with no nitrates); (3) nitrates 
alone (sham RIPC with nitrates); (4) RIPC + Nitrates (RIPC 
with nitrates). Use of nitrates was classified as patients who 
were either treated with intraoperative IV GTN infusion and/
or were using long-acting oral nitrates at baseline. A sec-
ondary analysis compared clinical outcomes in four patient 
groups defined according to IV GTN, regardless of use of 
long-acting oral nitrates: (1) control (sham RIPC without 
IV GTN); (2) RIPC alone (RIPC without IV GTN); (3) IV 
GTN alone (sham RIPC with IV GTN); (4) RIPC + GTN 
(RIPC with IV GTN).

The primary endpoint of this analysis was 12-month 
all-cause mortality. Secondary endpoints included cardio-
vascular mortality at 12 months, perioperative myocardial 

infarction (MI) and PMI (quantified by the 72-h AUC hs-
cTnT). Definitions of these outcomes followed those used 
in the primary ERICCA analysis [12].

The models for each outcome included indicator vari-
ables for RIPC and nitrates and their interaction to allow 
us to test whether the effects of nitrates and RIPC when 
given in combination differed from the effects of nitrates 
and RIPC when given alone. Each model was used to esti-
mate the effects of RIPC with and without the addition of 
nitrates. Although the allocation of RIPC was randomised, 
the use of nitrates was not randomly assigned. To address 
this potential source of bias, results were presented with-
out adjustment and with adjustment for EuroSCORE, 
body mass index (BMI), previous myocardial infarction, 
and diabetes by including these as additional predictor 
variables.

Mortality and cardiovascular mortality were analysed 
using Cox proportional hazards with stratification by study 
site and censoring at the date of death, loss to follow-up, 
withdrawal from the study or at 12 months. Kaplan–Meier 
curves showing cumulative mortality and cardiovascular 
mortality were produced by the four groups defined by RIPC 
and nitrate use.

Due to high levels of missing data of hs-cTnT, multiple 
imputation was performed before analysis of 72-h AUC hs-
cTnT. 50 imputed datasets were generated using Multivari-
ate Imputation by Chained Equations (MICE), done sepa-
rately for the RIPC and sham control groups. The variables 
in the imputation model were: log hs-cTnT at each time 
point (baseline, 6, 12, 24, 48, 72 h); gender, age, smoking 
status; baseline EuroSCORE, CCS angina class, LVEF class, 
natural logarithm creatinine, BMI; prior use of aspirin, beta 
blockers, long lasting oral nitrates, diuretics, clopidogrel and 
metformin; prior diagnosis of MI, diabetes, and hypercholes-
terolaemia; bypass duration; use of IV GTN during surgery; 
number of grafts; post-surgical requirement for cardiac pac-
ing, and post-surgical acute kidney injury; study site; and 
cardiovascular death within 12 months of surgery. 72-h AUC 
hs-cTnT was calculated for each of the 20 imputed datasets.

72-h AUC hs-cTnT was transformed to the logarithmic 
scale (logAUC) as this more closely followed a normal dis-
tribution. It was analysed using a mixed effect linear regres-
sion model with study site included as a random effect. 
Estimates from imputed datasets were pooled together using 
Rubin’s rules.

Perioperative myocardial infarction was analysed using 
mixed effect logistic regression with study site included as 
a random effect.

For all statistical analyses of the ERIC-GTN and ERICCA 
studies, significance level α was set at 0.05 and two-sided 
95% confidence intervals (CI) are calculated. All analyses 
were performed using STATA version 16 (College Station, 
TX, USA) or above.
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Results

ERIC‑GTN study

189 patients were enrolled between January 2013 and Feb-
ruary 2017, from which four patients were excluded from 
analysis due to missing data on treatment assignment (see 
consort diagram in Fig. 1). Detailed data for patients who 
were screened but excluded were not available. Patient 
recruitment into the ERIC-GTN study was prematurely 
terminated due to the results of a post-hoc analysis of the 
ERICCA study which found increased all-cause mortality 
at 12 months for RIPC used in combination with nitrates, 
when compared to control. 185 patients were randomly 
allocated to control (n = 45), RIPC alone (n = 43), nitrates 
alone (n = 48), and RIPC + Nitrates (n = 49) treatment 
groups. One patient from the RIPC group crossed over to 
the RIPC + GTN group as IV GTN was clinically indicated 
in that patient. There were no dropouts, and all patients 

completed the full protocol. The four treatment groups 
were well-balanced for baseline characteristics (Table 1), 
except that the control group had a lower prevalence of 
smokers, and the RIPC group had a higher prevalence of 
prior stroke. The number of patients who received propo-
fol as part of the induction regime was 153/177 (86.4%), 
while the number of patients who received propofol as 
a maintenance infusion was 170/177 (96.0%). Figure 2 
shows the graphs of post-operative 48-h AUC hs-cTnT 
for the four treatment groups in the complete hs-cTnT and 
imputed datasets and the data are tabulated in Supplemen-
tary Table 1.

The pre-specified complete case analysis found that 
there was a significant interaction between RIPC and 
Nitrates with higher AUC hs-cTnT when the treatments 
were used together (interaction ratio of AUC 1.873, 95% CI 
1.026–3.418, p = 0.041). Patient characteristics were simi-
lar between those included in the complete case analysis 
and those who were excluded. Table 2 shows pairwise com-
parisons of the primary endpoint between the four treatment 

Fig. 1  ERIC-GTN study patient flow diagram
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groups. RIPC significantly reduced the primary endpoint of 
AUC hs-cTnT by 37.1%, when compared to control (ratio of 
AUC 0.629, 95% CI 0.413–0.957, p = 0.031). However, the 
cardioprotective effect of RIPC was completely abrogated 
in the presence of IV GTN (ratio of AUC 0.956, 95% CI 
0.630–1.450, p = 0.829). GTN did not significantly reduce 
AUC hs-cTnT, when compared to control (ratio of AUC 
0.812, 95% CI 0.513–1.285, p = 0.369). For the imputed 
dataset, pairwise comparisons were not statistically differ-
ent, as well as the RIPC-Nitrates interaction coefficient (ratio 
of AUC 1.299, 95% CI 0.839–2.011, p = 0.239).

ERICCA post‑hoc analysis

The analysis included 1502 patients, divided into 446 (30%) 
controls who had neither RIPC nor nitrates (IV GTN or 
long-acting oral nitrates), 445 (30%) who had RIPC but no 
nitrates, 308 (21%) who had nitrates but not RIPC, and 303 
(20%) who had both RIPC and nitrates (Fig. 3). There was 
a good balance in patient characteristics between those who 
received RIPC and those who received sham RIPC. How-
ever, those who received nitrates had a higher BMI and were 
more likely to have been diagnosed with diabetes (and be 
treated with medications for diabetes), have a previous MI; 
have higher CCS angina class, and to have a family history 
of ischaemic heart disease in comparison to those who did 
not receive nitrates (Table 3; Supplementary Tables 2 and 

3). There were large differences between the study sites in 
nitrate use, with some sites having few patients treated with 
nitrates and others where the majority were treated with IV 
GTN or long-lasting oral nitrates at baseline.

For the primary analysis endpoint of 12-month all-
cause mortality, the effects of RIPC and nitrates are shown 
in Tables 4 and 5. There was evidence of an interaction 
between RIPC and nitrates (p = 0.008, adjusted analysis), 
such that those who received both RIPC and nitrates (with 
either IV GTN or long-acting oral nitrates) had higher all-
cause mortality at 12 months than would be expected from 
the effects of each treatment given in isolation (Tables 4, 5; 
Fig. 4). Mortality did not significantly differ between the 
control group and those who received nitrates alone (no 
RIPC) or RIPC alone (without nitrates) but was 2.16 times 
higher compared to control in those who received RIPC in 
combination with nitrates (HR = 2.16, 95% CI 1.22–3.82, 
p = 0.008, adjusted analysis Table 5; Fig. 4). However, when 
considering IV GTN only irrespective of use of long-term 
use of oral nitrates, the interaction with RIPC was weaker, 
and did not reach statistical significance (p = 0.135, Sup-
plementary Table 4 and Fig. 2).

There was evidence of an interaction between RIPC and 
nitrates for 12-month cardiovascular mortality (p = 0.024, 
adjusted analysis; Tables 4, 6; Fig. 5). Cardiovascular mor-
tality was 2.24 times higher in those who received RIPC 
in combination with nitrates compared to control (adjusted 

Table 1  Baseline patient 
characteristics for ERIC-GTN 
study

RIPC remote ischaemic preconditioning; SEM, standard error of mean; BMI, body mass index; LVEF, left 
ventricular ejection fracture; NYHA, New York Heart Association; TIA, transient ischaemic attack

Characteristics Control
n = 45

RIPC alone
n = 43

Nitrates alone
n = 47

RIPC + Nitrates
n = 49

Age (years), mean (SEM) 68.5 (1.8) 66 (1.7) 66.8 (1.8) 67.9 (1.7)
Male gender, n (%) 33 (73) 34 (79) 40 (85) 37 (77)
Smoker, n (%) 22 (55) 27(67) 32 (74) 27(59)
BMI, mean (SEM) 29.2 (0.8) 28.3 (0.7) 29.5 (0.8) 28.5 (0.7)
LVEF (%), mean (SEM) 58.6 (1.3) 57.6 (1.9) 58.1 (1.3) 54.5 (1.6)
NYHA class, n (%)
 I 7 (20.6) 8 (23.5) 7 (24.1) 6 (21.5)
 II 17 (50.0) 14 (41.2) 12 (41.4) 17 (51.5)
 III 9 (26.5) 11 (32.3) 9 (31.0) 10 (30.3)
 IV 1 (2.94) 1 (2.94) 1 (3.45) 0 (0)

Prior diagnoses, n (%)
 Diabetes mellitus 11 (24) 13 (30) 10 (21) 16 (33)
 Hyperlipidaemia 21 (46) 27 (62) 27 (59) 21 (43)
 Hypertension 27 (60) 30 (69) 30 (63) 29 (60)
 MI 11 (24) 10 (23) 8 (17) 17 (35)
 TIA/Stroke 2 (4) 6 (13) 2 (4) 3 (6)

Medication at time of randomisation
Nitrates, n (%) 12 (26) 11 (25) 15 (31) 13 (27)
Beta-blocker, n (%) 29 (64.4) 30 (69.8) 26 (55.3) 33 (68.8)
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HR = 2.24, 95% CI 1.09–4.58, p = 0.028: Table 6; Fig. 5). 
Cardiovascular mortality was similar to the control group 
for those who had RIPC alone (without nitrates). Although 
there was a trend towards lower cardiovascular mortality for 
nitrates alone (no RIPC) compared to controls this did not 
reach statistical significance (Tables 4, 6; Fig. 5).

For perioperative MI, there was evidence of an interac-
tion between RIPC and nitrates (p = 0.025, adjusted analy-
sis; Tables 4, 7). The risk of perioperative MI was signifi-
cantly lower for those who received RIPC alone (no nitrates) 
compared to control (adjusted odds ratio (OR) = 0.69; 95% 
CI 0.50–0.95; p = 0.025; Tables 4, 7) and there was weak 
evidence for a reduction for those who received nitrates 
alone (no RIPC) compared to control (adjusted odds ratio 
(OR) = 0.69; 95% CI 0.46–1.03; p = 0.069; Tables 4, 7). The 
reduction in risk compared to control for those who received 
both RIPC and nitrates was smaller and not statistically sig-
nificant [adjusted odds ratio (OR) = 0.87; 95% CI 0.59–1.28; 
p = 0.481; Tables 4, 7].

Regarding PMI, only 701 (47%) had a complete set of 
hs-cTnT data, and so the analysis was performed on the 
imputed dataset (Tables 4, 7). There was little evidence of an 
interaction between RIPC and nitrates (p = 0.295, adjusted 
analysis) or for difference in PMI by treatment with RIPC 
or nitrates or their combination (Table 8).

In the secondary analysis looking at IV GTN without 
use of long-term use of oral nitrates, the interactions with 
RIPC were smaller and did not reach statistical signifi-
cance. In addition, the reduction in risk of perioperative 
MI for RIPC alone (no nitrates) compared to control was 
slightly smaller and did not reach formal statistical sig-
nificance at the 5% level (Supplementary Tables 4–7 and 
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Fig. 2  a Graph showing change in mean (SEM) hs-cTnT levels over 
48  h in ERIC-GTN trial for dataset with completed hs-cTnT val-
ues [control (n = 20), RIPC (n = 26), GTN (n = 18), GT n + RIPC 
(n = 27)]. b Graph showing change in mean (SEM) hs-cTnT levels 
over 48 h in ERIC-GTN trial for dataset imputed for missing hs-cTnT 
values [control (n = 45) RIPC (n = 43), GTN (n = 48) GT n + RIPC 
(n = 49)]

Table 2  Pairwise comparisons 
of logarithmic 48-h AUC 
hs-cTnT for ERIC-GTN study

Coefficients and confidence intervals have been exponentiated for convenience
*Coefficient for interaction term was statistically significant (F-test, p = 0.041)
**Coefficient for interaction term was not statistically significant (F-test, p = 0.239)

Ratio of AUC geomet-
ric mean

Unadjusted 95% Confidence 
interval

p value

Complete hs-cTnT dataset (n = 91)*
RIPC alone vs. Control 0.629 0.413 0.957 0.031*
Nitrates alone vs. Control 0.812 0.513 1.285 0.369
RIPC + Nitrates vs. Control 0.956 0.630 1.450 0.829
Nitrates alone vs. RIPC alone 1.291 0.837 1.991 0.245
RIPC + Nitrates vs. RIPC alone 1.520 1.031 2.242 0.035*
RIPC + Nitrates vs. Nitrates alone 1.177 0.766 1.810 0.453
Multiple imputation dataset (n = 185)**
RIPC alone vs. Control 0.958 0.679 1.353 0.807
Nitrates alone vs. Control 0.769 0.549 1.078 0.126
RIPC + Nitrates vs. Control 0.996 0.717 1.383 0.981
Nitrates alone vs. RIPC alone 1.246 0.871 1.782 0.226
RIPC + Nitrates vs. RIPC alone 1.295 0.914 1.834 0.144
RIPC + Nitrates vs. Nitrates alone 1.039 0.735 1.470 0.826
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Figs. 1, 2). Interestingly, in the secondary analysis evalu-
ating the effect of long-term use of oral nitrates without 
use of IV GTN, the interactions with RIPC were stronger 
with the greatest impact observed in all-cause mortality 
at 12 months (Supplementary Tables 8–11 and Figs. 3, 4).

Discussion

The findings from the ERIC-GTN study and the post-
hoc analysis of the ERICCA study suggest that there was 
a negative interaction between RIPC and nitrates, with 

Treatment groups

Included in analysis of AUC hs-cTnT (n=1457)

Enrollment ERICCA study participants (n=1612)

Excluded from current analysis (n=110)
♦ Did not have CABG (n=64) 
♦ No data on use of nitrates (n=8) 
♦ Missing baseline characteristics (n=38)

Included in analysis of clinical outcomes (n=1502)

Control (n=446)
Sham RIPC
No nitrates

Nitrates alone (n=445)
Sham RIPC
Nitrates

RIPC alone (n=308)
RIPC
No nitrates

RIPC + Nitrates (n=303)
RIPC
Nitrates

Control (n=433) Nitrates alone (n=434) RIPC alone (n=299) RIPC + Nitrates (n=291)

Excluded from hs-cTnT analysis (n=45)
♦ Died within 72h of surgery (n=24)
♦ Site did not collect hs-cTnT up to 72h (n=18)
♦ Missing surgical characteristics (n=3)

Included in hs-cTnT imputation 
analysis 

RIPC alone (n=151) RIPC + Nitrates (n=145)Control (n=202) Nitrates alone (n=203)

Included in hs-cTnT complete-
case analysis

Fig. 3  Patient flow diagram for ERICCA post-hoc analysis
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the presence of concomitant nitrates abrogating RIPC-
induced cardioprotection and increasing 12-months’ all-
cause and cardiovascular mortality in patients undergoing 
CABG ± valve surgery.

In the ERIC-GTN study, we found that RIPC in the 
absence of IV GTN reduced PMI (quantified by 48 h-AUC-
hs-cTnT), and the findings from our post-hoc analysis of 
the ERICCA study suggested that RIPC in the absence of 
nitrates also reduced the risk of peri-operative MI. These 
findings confirm the cardioprotective effects of RIPC in 
patients undergoing CABG ± valve surgery observed in 

several previous studies [11, 34, 35], some of which also 
showed improved short-term [6] and long-term outcomes 
[35]. However, these findings appear to be in conflict with 
the ERICCA [12] and RIPHeart [27] studies which failed 
to demonstrate a reduction in the extent of PMI. The differ-
ence may relate to the stronger RIPC stimulus used in the 
ERIC-GTN trial in which limb RIPC was simultaneously 
applied to both the arm and leg, whereas in the ERICCA and 
RIPHeart trials, limb RIPC was only applied to the arm. This 
concept has been supported by one clinical study showing 
greater endothelial protection with RIPC applied to the leg 

Table 3  Baseline patient 
characteristics for ERICCA 
post-hoc analysis by RIPC and 
nitrates (either intraoperative 
IV GTN or long-lasting oral 
nitrates)

N, number; %, percentage; SEM, standard error of mean; BMI, body mass index; MI, myocardial infarction; 
PCI, Percutaneous coronary intervention; CABG, coronary artery bypass; PAD, peripheral artery disease; 
IHD, ischaemic heart disease

Control RIPC alone Nitrates alone RIPC + Nitrates

N = 446 N = 445 N= 308 N= 303

Age (years)
Mean (SEM) 76.2 (0.3) 76.4 (0.3) 76.2 (0.4) 75.7 (0.3)
Range (min, max) [20, 92] [52, 93] [44, 93] [50, 87]
Sex—N (%) Female 118 (26.5) 129 (29.0) 89 (28.9) 86 (28.4)
BMI (kg/m2)
Mean (SEM) 27.5 (0.2) 27.2 (0.2) 27.6 (0.2) 28.3 (0.2)
Range (min, max) [16, 45] [17, 45] [18, 39] [19, 45]
Smoking baseline—N (%)
Never 151 (33.9) 170 (38.2) 107 (34.7) 101 (33.3)
Ex 266 (59.6) 251 (56.4) 180 (58.4) 186 (61.4)
Current 29 (6.5) 24 (5.4) 21 (6.8) 16 (5.3)
Past medical history—N (%)
Diabetes Mellitus 115 (25.8) 104 (23.4) 84 (27.3) 87 (28.7)
Hypercholesterolaemia 308 (69.1) 316 (71.0) 213 (69.2) 221 (72.9)
Hypertension 331 (74.2) 344 (77.3) 232 (75.3) 227 (74.9)
MI 159 (35.7) 167 (37.5) 136 (44.2) 145 (47.9)
PCI 61 (13.7) 63 (14.2) 53 (17.2) 45 (14.9)
CABG 7 (1.6) 13 (2.9) 10 (3.2) 11 (3.6)
Stroke 51 (11.4) 58 (13.0) 34 (11.0) 36 (11.9)
Atrial fibrillation 76 (17.0) 60 (13.5) 54 (17.5) 49 (16.2)
Peripheral arterial disease 29 (6.5) 32 (7.2) 31 (10.1) 26 (8.6)
Family history IHD 163 (36.5) 158 (35.5) 140 (45.5) 140 (46.2)
Euroscore
Mean (SEM) 6.7 (0.1) 6.6 (0.1) 6.6 (0.1) 6.5 (0.1)
Range (min, max) [5, 13] [5, 15] [5, 16] [5, 17]
Valve repair/replace—N (%) 284 (54.0) 250 (48.2) 109 (47.8) 108 (47.2)
Cross-clamp time (minutes)
Mean (SEM) 77.5 (1.9) 77.1 (1.9) 72.7 (2.4) 70.5 (2.1)
Range (min, max) [0, 292] [0, 314] [0, 290] [0, 324]
Cardiopulmonary bypass time (minutes)
Mean (SEM) 114.3 (2.4) 114.7 (2.5) 109.4 (2.9) 107.3 (2.8)
Range (min, max) [0, 382] [0, 585] [0, 422] [0, 506]
Propofol—N (%) 395 (91.2) 403 (92.6) 285 (94.7) 290 (95.7)
Volatile anesthetics—N (%) 171 (39.5) 179 (41.1) 147 (48.8) 141 (46.5)
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Table 4  Clinical outcomes 
by treatment with RIPC and 
nitrates (either intraoperative 
IV GTN or long-lasting oral 
nitrates) for ERICCA post-hoc 
analysis

N, number; %, percent; SEM, standard error of mean
a 42 patients excluded from multiple imputation, reasons for exclusions were: 24 died before 72  h; 18 
patients at sites that did not collect hs-cTnT up to 72 h

Control RIPC alone Nitrates alone RIPC + Nitrates

N = 446 N = 445 N = 308 N = 303

All-cause mortality—N (%) 33 (7.4) 29 (6.5) 16 (5.2) 35 (11.6)
Cardiovascular mortality—N (%) 20 (4.5) 20 (4.5) 7 (2.3) 22 (7.3)
Peri-operative MI—N (%) 127 (28.5) 98 (22.0) 55 (17.9) 65 (21.5)
72-h AUC hs-cTnT—mean (SEM)
Complete case data (N = 701) 51,569 (2313) 44,070 (1739) 42,158 (1979) 38,540 (1724)
Multiple imputation data (N = 1460)a 50,106 (2205) 46,715 (2043) 42,619 (1989) 41,916 (1928)

Table 5  Effect of RIPC and 
nitrates (either intraoperative 
IV GTN or long-lasting oral 
nitrates) on all-cause mortality 
up to 12 months following 
surgery for ERICCA post-hoc 
analysis

HR, hazard ratio; CI, confidence interval
a Cox Proportional hazards model with stratification by study site
b Cox Proportional hazards model with stratification by study site and adjustment for EuroSCORE, body 
mass index (BMI), previous myocardial infarction, and diabetes

Unadjusteda Adjustedb

HR 95% CI p value HR 95% CI P value

Interaction nitrates*RIPC 2.78 1.27 6.09 0.010 2.88 1.31 6.32 0.008
Effect of RIPC in strata
No nitrates 0.85 0.52 1.40 0.529 0.91 0.55 1.51 0.714
Nitrates 2.37 1.30 4.31 0.005 2.62 1.43 4.79 0.002
Comparison of each combination
Control (sham RIPC without nitrates) (ref)
RIPC alone 0.85 0.52 1.40 0.529 0.91 0.55 1.51 0.714
Nitrates alone 0.79 0.41 1.53 0.482 0.83 0.43 1.60 0.572
RIPC + Nitrates 1.87 1.07 3.28 0.029 2.16 1.22 3.82 0.008

Fig. 4  Kaplan–Meier esti-
mate of cumulative incidence 
of all-cause mortality up to 
12 months, by RIPC and nitrates 
(either intraoperative IV GTN 
or long-lasting oral nitrates) for 
ERICCA post-hoc analysis
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Table 6  Effect of RIPC and 
nitrates (either intraoperative 
IV GTN or long-lasting oral 
nitrates) on cardiovascular 
mortality up to 12 months 
following surgery for ERICCA 
post-hoc analysis

HR, hazard ratio; CI, confidence interval
a Cox Proportional hazards model with stratification by study site
b Cox Proportional hazards model with stratification by study site and adjustment for EuroSCORE, body 
mass index (BMI), previous myocardial infarction, and diabetes

Unadjusteda Adjustedb

HR 95% CI p value HR 95% CI p value

Interaction Nitrates * RIPC 3.45 1.19 9.97 0.022 3.40 1.17 9.86 0.024
Effect of RIPC in strata
No nitrates 0.98 0.53 1.82 0.947 1.07 0.57 2.00 0.830
Nitrates 3.38 1.43 7.96 0.005 3.64 1.54 8.61 0.003
Comparison of each combination
Control (sham RIPC without nitrates) (ref)
RIPC alone 0.98 0.53 1.82 0.947 1.07 0.57 2.00 0.830
Nitrates alone 0.57 0.23 1.44 0.236 0.61 0.24 1.56 0.306
RIPC + Nitrates 1.93 0.95 3.93 0.070 2.24 1.09 4.58 0.028

Fig. 5  Kaplan–Meier estimate 
of cumulative incidence of car-
diovascular mortality, by RIPC 
and nitrates (either intraopera-
tive IV GTN or long-lasting oral 
nitrates) for ERICCA post-hoc 
analysis

Table 7  Effect of RIPC and 
nitrates (either intraoperative 
IV GTN or long-lasting oral 
nitrates) on perioperative 
myocardial infarction for 
ERICCA post-hoc analysis

OR, odds ratio; CI, confidence interval
a Adjusted for EuroSCORE, body mass index (BMI), previous myocardial infarction, and diabetes

Unadjusted Adjusteda

OR 95% CI p value OR 95% CI p value

Interaction nitrates * RIPC 1.78 1.06 3.00 0.029 1.82 1.08 3.06 0.025
Effect of RIPC in strata
No nitrates 0.70 0.51 0.96 0.025 0.69 0.50 0.95 0.025
Nitrates 1.24 0.83 1.87 0.299 1.26 0.84 1.89 0.271
Comparison of each combination
Control (sham RIPC without nitrates) (ref)
RIPC alone 0.70 0.51 0.96 0.025 0.69 0.50 0.95 0.025
Nitrates alone 0.68 0.46 1.01 0.056 0.69 0.46 1.03 0.069
RIPC + Nitrates 0.84 0.57 1.24 0.386 0.87 0.59 1.28 0.481
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when compared to the arm [26], although a prior experimen-
tal study in mice failed to show superior cardioprotection 
with bilateral hindlimb ischaemia when compared to single 
hindlimb ischaemia [19]. Interestingly, the cardioprotective 
effects of RIPC observed in the ERIC-GTN and ERICCA 
studies in the absence of nitrates, were present despite the 
majority of patients being administered propofol anaesthe-
sia, the latter of which has been reported in experimental [2, 
4, 7, 8, 41] and clinical studies [1, 23–25] to abrogate RIPC-
induced cardioprotection. This finding suggests, that in our 
studies, nitrates rather than propofol may have confounded 
RIPC-induced cardioprotection.

The effects of RIPC alone on long-term outcomes in the 
absence of intraoperative GTN and/or long-term oral nitrates 
were less clear. RIPC alone had no significant effect on 
either all-cause or cardiovascular mortality, but this post-hoc 
analysis may have been underpowered to detect an effect in 
this subgroup. Whether the presence of intraoperative GTN 
and/or long-term oral nitrates contributed to the lack of car-
dioprotection observed in the RIPHeart study is not known. 
In the post-hoc ERICCA analysis, the negative interaction 
between RIPC and nitrates was most marked when both IV 
GTN and long-term oral nitrates were given, with the inter-
action no longer being significant when only IV GTN was 
considered. This finding may be because the comparator 
control group included patients on long-term oral nitrates. 
When considered individually, the negative interaction 
between RIPC and nitrates was strongest with long-term oral 
nitrates alone when compared to IV GTN alone.

Our findings suggest a negative interaction between RIPC 
and nitrates in patients undergoing CABG ± valve surgery, 
with the observed effects of RIPC reducing PMI in the 
ERIC-GTN study and reducing the risk of peri-operative 
MI in the post-hoc analysis of the ERICCA study, being 
abrogated by the presence of nitrates. This finding is in con-
cordance with previous studies reporting that either acute 

of chronic treatment with NO-donors abolished both RIPC-
induced cardioprotection in animal models of acute myo-
cardial IRI [10, 33], and RIPC-induced vasculoprotection in 
human volunteers [10]. Furthermore, these findings support 
the post-hoc retrospective analysis showing that the cardio-
protective effect of RIPC in reducing PMI was abolished in 
patients administered intraoperative IV GTN [6], although 
this negative interaction between IV GTN and RIPC was 
not demonstrated in a post-hoc analysis by Kleinbongard 
et al. [22] The reasons for the discordant findings are not 
clear but may relate to the small sample size and anaesthet-
ics used in these studies, the study design (retrospective vs. 
prospective), and the duration of IV GTN administration. 
The mechanism through which nitrates block RIPC-induced 
cardioprotection is not known, but may relate to NO inhibit-
ing afferent nerve conduction in the limb, required for the 
limb RIPC stimulus to mediate cardioprotection [33]. Of 
more concern however, was our finding that patients admin-
istered both RIPC and nitrates had significantly higher rates 
of all-cause and cardiovascular mortality according to the 
ERICCA post-hoc analysis, the mechanisms of which are 
unclear and need further investigation.

Even though the cardioprotective effects of nitrates are 
well-established [3], whether nitrates are cardioprotective in 
patients undergoing CABG ± valve surgery is not clear with 
mixed results from clinical studies [6] and meta-analyses 
[18], although prospective randomised controlled trials have 
been limited. Prior evidence that suggest a possible protec-
tive effect of GTN include a 2017 meta-analysis of second-
ary data from five small trials (total 180 patients) in patients 
undergoing cardiac surgery which showed a trend towards 
less PMI but it did not reach statistical significance [18]. 
A post-hoc retrospective analysis in CABG ± valve patients 
found that patients administered intraoperative IV GTN for 
clinical indications, administered after induction of anaes-
thesia and stopped when patient went onto cardiopulmonary 

Table 8  Effect of RIPC and 
nitrates (either intraoperative 
IV GTN or long-lasting oral 
nitrates) on peri-operative 
myocardial injury for ERICCA 
post-hoc analysis

CI, confidence interval. Ratio, ratio of geometric mean 72-h AUC hs-TnT
*Adjusted for EuroSCORE, body mass index (BMI), previous myocardial infarction, and diabetes
# Results using multiple imputation dataset

Unadjusted# Adjusted#*

Ratio 95% CI p value Ratio 95% CI p value

Interaction nitrates * RIPC 1.07 0.92 1.25 0.358 1.09 0.94 1.26 0.276
Effect of RIPC in strata
No nitrates 0.93 0.84 1.04 0.190 0.93 0.84 1.03 0.185
Nitrates 1.00 0.89 1.13 0.983 1.01 0.90 1.14 0.820
Comparison of each combination
Control (sham RIPC without nitrates) (ref)
RIPC alone 0.93 0.84 1.04 0.190 0.93 0.84 1.03 0.185
Nitrates alone 0.93 0.83 1.05 0.251 0.95 0.85 1.06 0.361
RIPC + Nitrates 0.94 0.83 1.06 0.292 0.96 0.85 1.09 0.528
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bypass, had 39% less PMI (assessed by 72 h-AUC-hs-cTnT), 
when compared to control [6]. However, a post-hoc retro-
spective analysis of another CABG study failed to observe 
cardioprotection with intraoperative IV GTN for clinical 
indications, administered after induction of anaesthesia and 
stopped when patient went onto cardiopulmonary bypass 
[22]. In the ERIC-GTN study, we also failed to demonstrate 
cardioprotection with intraoperative IV GTN initiated at a 
dose of 2 mg/h after induction of anaesthesia and stopped 
when the patient came off cardiopulmonary bypass in 
patients undergoing CABG ± valve surgery, when compared 
to control. Potential reasons for this discrepancy include the 
small sample sizes, no standardised protocols for starting or 
titrating intraoperative IV GTN for clinical indications, and 
the post-hoc nature of the analyses with the related statis-
tical limitations. Interestingly, in our post-hoc analysis of 
the ERICCA study, we observed a non-significant reduction 
in the risk of peri-operative MI and all-cause and cardio-
vascular mortality at 12 months in patients given IV GTN 
for clinical indications or previously on long-lasting oral 
nitrates, when compared to control. However, a suitably 
powered clinical prospective randomised controlled trial is 
needed to evaluate whether intraoperative IV GTN or prior 
oral nitrate therapy can reduce risk of peri-operative MI and 
improve clinical outcomes in patients undergoing cardiac 
bypass surgery.

There are several limitations to the ERIC-GTN study. 
Due to the premature termination of patient recruitment, 
the study was underpowered. The optimal RIPC protocol 
is yet to be characterised in terms of dosing (number and 
length of cycles) and timing (before CPB), and it is possible 
that the true effect size of RIPC was underestimated. The 
primary endpoint of the study was PMI and not the clinically 
relevant, type 5 MI, as defined by the Universal Definition 
of Myocardial Infarction (UDMI) [38]. Finally, due to miss-
ing hs-cTnT data, we had to perform two different analyses, 
a complete hs-cTnT dataset analysis which showed RIPC 
reducing PMI when compared to control, and an imputed hs-
cTnT dataset analysis which only showed a non-significant 
reduction in PMI with RIPC, when compared to control.

In conclusion, in our prospective ERIC-GTN randomised 
controlled trial, we showed that RIPC reduced the extent 
of PMI in patients undergoing cardiac bypass surgery, but 
this cardioprotective effect was attenuated in the presence 
of intraoperative IV GTN, suggesting a negative interaction 
between RIPC and nitrates with respect to cardioprotection. 
Furthermore, in a post-hoc analysis of the ERICCA study, 
we found that the effect of RIPC in reducing the risk of 
peri-operative MI was abrogated in patients given nitrates, 
and of more concern we showed higher rates of all-cause 
and cardiovascular mortality in patients given both RIPC 
and nitrates, confirming the negative interaction between 
the two on clinical outcomes in patients undergoing cardiac 

bypass surgery. These findings may, in part, explain the neu-
tral results of RIPC on clinical outcomes in the ERICCA 
and RIPHeart trials. This interaction may have potential 
implications on the application of RIPC in other clinical 
settings such as acute myocardial infarction, where patients 
frequently receive sublingual or intravenous GTN or are 
already on long-term oral nitrate therapy, and may there-
fore explain, in part, the neutral results in the CONDI-2/
ERIC-PPCI, which failed to demonstrate an improvement of 
clinical outcomes with RIPC in acute ST-segment elevation 
myocardial infarction patients treated by PPCI [13]. As such, 
the negative interaction between nitrates and RIPC should be 
considered when designing future clinical studies evaluating 
the cardioprotective effects of RIPC.
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