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Each year, 2 million patients worldwide 
undergo cardiac surgery. For more than 
25% of these patients, the surgery is 

complicated by myocardial infarction (MI) 
and/or acute kidney injury, both of which are 
strongly associated with morbidity and mortal-
ity.1–3 Preventing MI and acute kidney injury 
after cardiac surgery would improve survival.

An important cause of MI and acute kidney 
injury in patients undergoing cardiac surgery is 
ischemia–reperfusion injury.4,5 This type of 
injury begins as ischemia, which is then exacer-
bated by a systemic inflammatory response 
upon restoration of organ perfusion.6 Remote 
ischemic preconditioning may mitigate ischemia–​

reperfusion damage. It is accomplished by induc-
ing, before surgery, brief episodes of ischemia 
in a limb, which lead to widespread activation 
of endogenous cellular systems that may pro-
tect organs from subsequent severe ischemia 
and reperfusion.7–9

Small randomized controlled trials evaluating 
the efficacy of remote ischemic preconditioning 
have had mixed results.10–17 Interpretation of 
their data is difficult because of small sample 
sizes and heterogeneity in the preconditioning 
procedures and patient populations (e.g., few 
trials have evaluated patients at high risk of 
organ injury and postoperative death). Whether 
remote ischemic preconditioning effectively 
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Background: Remote ischemic preconditioning 
is a simple therapy that may reduce cardiac 
and kidney injury. We undertook a random-
ized controlled trial to evaluate the effect of 
this therapy on markers of heart and kidney 
injury after cardiac surgery.

Methods: Patients at high risk of death 
within 30 days after cardiac surgery were ran-
domly assigned to undergo remote ischemic 
preconditioning or a sham procedure after 
induction of anesthesia. The preconditioning 
therapy was three 5-minute cycles of thigh 
ischemia, with 5 minutes of reperfusion be-
tween cycles. The sham procedure was identi-
cal except that ischemia was not induced. The 
primary outcome was peak creatine kinase–
myocardial band (CK-MB) within 24 hours 
after surgery (expressed as multiples of the 
upper limit of normal, with log transforma-
tion). The secondary outcome was change in 
creatinine level within 4 days after surgery 
(expressed as log-transformed micromoles 

per litre). Patient-important outcomes were 
assessed up to 6 months after randomization.

Results: We randomly assigned 128 patients to 
remote ischemic preconditioning and 130 to 
the sham therapy. There were no significant 
differences in postoperative CK-MB (absolute 
mean difference 0.15, 95% confidence interval 
[CI] –0.07 to 0.36) or creatinine (absolute mean 
difference 0.06, 95% CI –0.10 to 0.23). Other 
outcomes did not differ significantly for remote 
ischemic preconditioning relative to the sham 
therapy: for myocardial infarction, relative risk 
(RR) 1.35 (95% CI 0.85 to 2.17); for acute kidney 
injury, RR 1.10 (95% CI 0.68 to 1.78); for stroke, 
RR 1.02 (95% CI 0.34 to 3.07); and for death, RR 
1.47 (95% CI 0.65 to 3.31).

Interpretation: Remote ischemic precondition-
ing did not reduce myocardial or kidney injury 
during cardiac surgery. This type of therapy is 
unlikely to substantially improve patient-
important outcomes in cardiac surgery. Trial 
registration: ClinicalTrials.gov, no. NCT01071265.
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mitigates ischemia–reperfusion injury therefore 
remains uncertain. We undertook the Remote 
Ischemic Preconditioning in Cardiac Surgery 
Trial (Remote IMPACT) to determine whether 
this procedure reduces myocardial and kidney 
injury. We proposed that a large trial to deter-
mine the effect on clinically important outcomes 
would be worthwhile only if a substantial effect 
on myocardial or kidney injury, or both, were 
observed in the current study.

Methods

Setting
We conducted a blinded, parallel-group random-
ized controlled trial comparing remote ischemic 
preconditioning with a sham procedure in 
patients undergoing cardiac surgery at 11 centres 
in 4 countries (Canada, United States, India and 
China). Before patient recruitment began, the 
research ethics board at each participating insti-
tution reviewed and accepted the protocol 
(which was first approved by the Hamilton 
Health Sciences Research Ethics Board), and all 
participants provided written informed consent.

Patients
Recruitment took place between March 2011 
and March 2012. Patients were eligible if they 
were undergoing cardiac surgery (whether on-
pump or off-pump), were 18 years of age or 
older, and were at high risk of postoperative 
death, as indicated by an additive score of at 
least 6 with the European System for Cardiac 
Operative Risk Evaluation (EuroSCORE).18 Pre-
vious research showed that, among patients 
undergoing valvular surgery, the risk of death for 
patients in India and China with EuroSCORE 
values of at least 4 was similar to that for North 
American patients with EuroSCORE values of at 
least 6.19,20 Therefore, in the current study, eligi-
bility was extended to patients undergoing val-
vular surgery in Indian and Chinese centres who 
had a EuroSCORE value of 4 or above. Patients 
were excluded if an intra-aortic balloon pump 
was used before surgery. 

Randomization and blinding
After obtaining written informed consent, 
research personnel used a computerized Internet-
based randomization system maintained by the 
coordinating centre (the Population Health 
Research Institution, Hamilton, Ontario) to ran-
domly assign patients to treatment groups. An 
independent statistician generated block random-
ization, with randomly varying block sizes, strati-
fied by centre and by whether the patient received 
long-term dialysis. Study centre personnel were 

not aware of the block sizes. Randomization 
occurred as close as possible to the time of sur-
gery, to reduce the risk of including patients who 
ultimately did not undergo surgery. Participants, 
health care providers (surgeons, anesthetists and 
operating room staff) and outcome adjudicators 
were blinded to treatment allocation.

Procedures
All centres used centrally supplied sterile, dis-
posable, manually inflated thigh tourniquets 
(VBM Medical Inc.). After induction of anesthe-
sia and before commencement of bypass (while 
the graft was being harvested), research staff 
applied a pneumatic tourniquet to one thigh of 
the participant (on the opposite side to harvest-
ing) and draped the tourniquet system to prevent 
operating room staff from seeing whether or not 
the cuff was inflated. Patients assigned to 
undergo remote ischemic preconditioning had 
3 cycles of tourniquet inflation to 300 mm Hg, to 
generate 5 minutes of ischemia, between which 
the cuff was deflated for 5 minutes of reperfu-
sion. Patients assigned to undergo the sham pro-
cedure had 3  cycles of tourniquet inflation to 
15 mm Hg for 5 minutes, separated by deflation 
for 5 minutes. Because the study procedure was 
done during graft harvesting, there was no mean-
ingful effect on surgical workflow. This protocol 
for remote ischemic preconditioning was chosen 
because provision of 3  cycles of ischemia has 
been well studied and appeared effective in pre-
vious trials and because leg ischemia has the 
potential to induce ischemia in a larger mass 
than arm ischemia and thus may provide a larger 
preconditioning stimulus.

Samples for determination of creatine kinase–
myocardial band (CK-MB) level were drawn 8 
and 24 hours after the procedure; the assays were 
performed at each study centre’s local laboratory. 
Serum creatinine was measured within 1  day 
before surgery and then each morning daily for 
4 days, starting the day after surgery. Patients were 
followed for postoperative events during their hos-
pital stay and up to 6 months after surgery.

Outcomes
The primary outcome was peak level of CK-MB 
within the first 24 hours after surgery, expressed 
as multiples of the upper limit of normal, 
because this variable is strongly related to post-
operative death.21 The main secondary outcome 
was the absolute difference between preopera-
tive creatinine level and highest creatinine level 
during the first 4 days after surgery. We chose 
change in serum creatinine (a continuous vari-
able) because it has better statistical power than 
categories of acute kidney injury. Other second-
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ary outcomes were MI, acute kidney injury, 
stroke and all-cause mortality up to 6 months 
after randomization. Within the first 72 hours 
after surgery, MI was defined as CK-MB at least 
8 times the upper limit of normal (≥ 5 times for 
patients with isolated coronary artery bypass 
graft [CABG]), angiographic evidence of vessel 
occlusion or imaging evidence of new loss of 
myocardium. Starting 72  hours after surgery, 
diagnosis of MI required elevation of a cardiac 
enzyme above the upper reference limit and 
ischemic electrocardiography changes. In accor-
dance with the Acute Kidney Injury Network 
classification, we defined acute kidney injury as 
an increase in serum creatinine of at least 
1.5 times or 26.4 µmol/L (0.3 mg/dL), relative to 
the preoperative value, or initiation of dialysis.22 
Patients who needed dialysis before surgery 
were excluded from analyses of change in creati-
nine or acute kidney injury. Stroke was defined 
as a new focal neurologic deficit thought to be 
vascular in origin, with signs or symptoms last-
ing more than 24 hours or resulting in death.

Statistical analysis
We estimated the sample size required on the 
basis of both peak CK-MB and change in serum 
creatinine. The sample size for the study was 
ultimately based on the creatinine outcome, 
because it required a marginally larger sample 
size under our assumptions. We assumed a mean 
change in serum creatinine of 36 µmol/L. Using 
log-transformed values to normalize these data, 

we expected a mean change of 2.5 (standard 
deviation 1.5), with coefficient of variation of 
0.9. We considered that a reduction in peak 
serum creatinine of 25% or greater would be 
required to improve clinically important out-
comes. We therefore needed 114 participants in 
each arm (228 total) to detect a reduction of at 
least 25% with 80% power and a 2-sided α of 
0.05, using analysis of covariance. For CK-MB, 
the sample size of 228 participants estimated at 
least 95% power to detect a between-group dif-
ference of 0.4 log-transformed multiples of the 
upper limit of normal (equivalent to a between-
group difference of about 10 U/L for mass-based 
assays), assuming a standard deviation of 0.8 
log-transformed units. Calculations were per-
formed with PASS software, version 8.08 
(NCSS, LLC). We inflated the recruitment goal 
to 250 patients to account for potential missing 
data and the fact that patients with end-stage 
renal disease at enrolment would not be eligible 
for assessment of change in creatinine.

We analyzed patient data according to the 
treatment group to which patients had been 
assigned, according to the intention-to-treat prin-
ciple. Data are presented as mean ± standard 
deviation, median (and interquartile range 
[IQR]) or number (and percentage), as appropri-
ate. Results are expressed as the remote ischemic 
preconditioning group relative to the sham 
group. The CK-MB data were analyzed as multi-
ples of the upper limit of normal, to account for 
between-centre differences in assays. Differ-

Patients who underwent randomization 
n = 258

Assigned to RIPC  n = 128 
• Surgeon refused intervention  n = 2 
• Research assistant missed surgery  n = 1 

• Patient not eligible (EuroSCORE too low)  n = 1 

Received RIPC  n = 124 

Assigned to sham  n = 130 
• Surgery cancelled n = 2 
• Surgeon refused intervention  n = 3 
• Patient refused intervention  n = 1 

Received sham  n = 124 

Included in follow-up  n = 128 
• CK-MB measured  n = 124 
• Creatinine measured  n = 122 

Included in follow-up  n = 130 
• CK-MB measured  n = 127 
• Creatinine measured  n = 124 

Included in clinical outcome analysis 
n = 130

Included in clinical outcome analysis 
n = 128 

Figure 1: Flow chart for patients in the Remote IMPACT study of remote ischemic preconditioning (RIPC). CK-MB = 
creatine kinase–myocardial band, EuroSCORE = European System for Cardiac Operative Risk Evaluation.
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ences between groups were calculated by com-
paring the log-transformed concentrations, to 
account for the right-skewed distribution. 
Patients with no postoperative measurement of 
CK-MB were excluded from the primary analy-
sis of this variable but were included in a sensi-
tivity analysis using multiple imputation of peak 
concentration.23 Change in serum creatinine was 
computed by analysis of covariance, with pre
operative creatinine level and treatment group as 
covariates and the highest recorded serum creati-

nine within 4 days after surgery as the outcome. 
A sensitivity analysis using multiple imputation 
of missing serum creatinine values was also per-
formed, as were analyses adjusting for history of 
heart failure and isolated CABG procedures 
compared with all other procedures, using linear 
or logistic regression as appropriate.23

Results

In total, 128 patients were assigned to undergo 
remote ischemic preconditioning and 130 patients 
were assigned to the sham group (Figure 1). No 
patients were lost to follow-up. The 2 groups were 
similar at randomization and had similar operative 
characteristics (Table 1), although there were 
more patients with a history of congestive heart 
failure, previous cardiac surgery and previous MI 
in the remote ischemic preconditioning group, and 
fewer patients in this group underwent an isolated 
CABG procedure. Of the 258 patients at random-
ization, 124 (96.9%) in the preconditioning group 
and 124 (95.4%) in the sham group received the 
intended treatment as assigned (Figure 1).

Postoperative data for CK-MB were available 
for 251 patients (124 in the preconditioning 
group and 127 in the sham group). The median 
peak level was 3.5 (IQR 2.3 to 6.7) times the 
upper limit of normal for the preconditioning 
group and 3.3 (IQR 2.0 to 5.6) times the upper 
limit of normal in the sham group (Figure 2). 
The mean difference in log-transformed values 
was not statistically significant (absolute mean 
difference 0.15, 95% confidence interval [CI] 
–0.07 to 0.36). Sensitivity analyses using mul
tiple imputations to account for the 7 patients 
with missing data for this variable did not alter 
the results (absolute mean difference in log-
transformed values 0.14, 95% CI –0.06 to 0.35). 
Similarly, sensitivity analyses adjusting for a his-
tory of heart failure and type of surgery did not 
materially change the results (absolute mean dif-
ference 0.13, 95% CI –0.09 to 0.34).

Of the 248 patients who did not require dialy-
sis at baseline, data for change in creatinine level 
were available for 246 (122 in the precondition-
ing group and 124 in the sham group). The 
median peak postoperative change in creatinine 
was 16.9  µmol/L in the preconditioning group 
and 14.6 µmol/L in the sham group (Figure 3). 
The mean difference in log-transformed concen-
trations was not statistically significant (absolute 
mean difference 0.06, 95% CI –0.10 to 0.23). 
Sensitivity analyses using multiple imputations 
to account for the 2 patients with missing creati-
nine data did not alter the results (absolute mean 
difference 0.06, 95% CI –0.09 to 0.22). Simi-
larly, sensitivity analyses adjusting for a history 

Table 1: Baseline and operative characteristics of patients in the Remote 
IMPACT study

Group; no. (%) of patients*

Characteristic
RIPC

n = 128
Sham 

n = 130

Age, yr, mean ± SD 72.1 ± 12.0 72.3 ± 13.0

Sex, male 72 (56.3) 79 (60.8)

EuroSCORE, median (IQR) 7.5 (6.0 to 9.0) 7.0 (6.0 to 9.0)

Comorbidity

Congestive heart failure 45 (35.2) 30 (23.1)

Previous MI 41 (32.0) 35 (26.9)

Atrial fibrillation 36 (28.1) 29 (22.3)

Previous cardiac surgery 29 (22.7) 21 (16.2)

Stroke 10 (7.8) 12 (9.2)

Peripheral vascular disease 17 (13.3) 15 (11.5)

Diabetes mellitus 39 (30.5) 40 (30.8)

Dialysis dependent 5 (3.9) 5 (3.8)

Treated with a sulfonylurea 8 (6.3) 18 (13.8)

Preoperative creatinine, µmol/L, 
median (IQR)†

97 (76 to 113) 93 (74 to 119)

Procedure

Isolated CABG 26 (20.3) 38 (29.2)

Isolated valve surgery 35 (27.3) 33 (25.4)

CABG + valve surgery or other 45 (35.2) 38 (29.2)

Other 22 (17.2) 21 (16.2)

Bypass time, min, mean ± SD 142.6 ± 86.9 132.7 ± 63.7

Off-pump procedure 2 (1.6) 5 (3.8)

Cross-clamp time, min, mean ± SD 100.3 ± 48.0 97.9 ± 51.2

No. of grafts, median (IQR)‡ 2.0 (1.0 to 3.0) 3.0 (2.0 to 3.0)

Hypothermic arrest 11 (8.6) 9 (6.9)

Anesthetic used n = 128

Volatile gas 107 (83.6) 109 (85.2)

Propofol 95 (74.2) 100 (78.1)

Note: CABG = coronary artery bypass graft, EuroSCORE = European System for Cardiac 
Operative Risk Evaluation, IQR = interquartile range, MI = myocardial infarction, RIPC = 
remote ischemic preconditioning, SD = standard deviation.
*Except where indicated otherwise.
†Excluding patients who underwent preoperative dialysis. Sample sizes were 122 in the RIPC 
group and 124 in the sham group.
‡For patients who underwent CABG (isolated or combined with another procedure).
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of heart failure and type of surgery did not 
materially change the results (absolute mean dif-
ference 0.05, 95% CI –0.11 to 0.22). 

The 2 groups did not differ significantly with 
respect to median length of stay in the intensive 
care unit (49.6 [IQR 25.2 to 91.4] h for the pre-
conditioning group and 40.7 [IQR 23.9 to 
73.4] h for the sham group; p = 0.08) or median 
length of stay in the hospital (10.0 [IQR 7.0 to 
16.5] d for the preconditioning group and 9.0 
[IQR 7.0 to 14.0) d for the sham group; p = 0.5). 
The number of patients with prolonged use of 
vasopressors (> 4 h during stay in the intensive 
care unit) was not significantly different (73/128 
[57.0%] in the preconditioning group and 68/128 
[53.1%] in the sham group; p = 0.4). The groups 
did not differ significantly with respect to risk of 
MI, acute kidney injury, stroke or all-cause mor-
tality within 6 months after randomization 
(Table 2). Deaths were of similar cause for 
the  2  groups (cardiovascular cause for 12 of 
13 deaths in the preconditioning group and 8 of 
9 deaths in the sham group), and timing of 
deaths relative to surgery was also similar 
(Appendix 1, available at www.cmaj.ca/lookup/
suppl/doi:10.1503/cmaj​.150632/-/DC1). 

At 6 months after randomization, serious 
adverse events had occurred in 33 patients 
(25.8%) in the preconditioning group and 30 
patients (23.1%) in the sham group (p = 0.6). 
Venous thrombosis occurred in 1 patient in the 
sham group and no patients in the precondition-
ing group, and no nerve compression injuries 
were identified.

Interpretation
In our blinded international trial involving 
258 patients at high risk of postoperative MI and 
acute kidney injury, remote ischemic precondi-
tioning did not reduce peak CK-MB in the first 
24 hours or creatinine in the first 4 days after sur-
gery. Although remote ischemic preconditioning 
appears safe, it yielded no demonstrable benefit 
in this trial. Given the lack of an effect on these 
surrogate outcomes, if remote ischemic precondi-
tioning has any patient-important effect on 
patients undergoing cardiac surgery, it is likely 
very small.

The effect of remote ischemic precondition-
ing on cardiac enzymes and kidney function has 
varied among studies. Some differences may be 
due to differences in the preconditioning regi-
men. However, recent meta-analyses have 
showed reductions in cardiac enzymes irrespec-
tive of the preconditioning regimen.24,25 Further-
more, our regimen was previously shown to 
have a biological effect.26

Some patient populations may not derive a 

benefit. Patients with chronic intermittent is
chemia may be naturally preconditioned (e.g., 
one-third of our patients had a history of prior 
coronary artery disease, compared with 15% in 
the largest trial suggesting benefit9). Alterna-
tively, the patients in our study were at high risk 
and undergoing more complicated surgery and 
may have been subject to intraoperative 
ischemia–reperfusion injuries exceeding the pro-
tective capacity of remote ischemic precondi-
tioning. Finally, other medications or conditions 
used frequently in cardiac surgery may mitigate 
the effects of preconditioning.27 If so, however, 
the added value of remote ischemic precondi-
tioning in cardiac surgery is highly questionable.

Remote ischemic preconditioning may not be 
effective, and the results from prior trials may 
simply represent false-positive findings. Indeed, 
meta-analyses of this procedure in cardiac sur-
gery have suggested that the reduction in release 
of cardiac enzymes was small, with standardized 
mean differences ranging from –0.28 to –0.3.24,25 
Recent trials have suggested reduced mortality 
and reduced rates of acute kidney injury,28,29 but 
these results are based on few events, and the 
estimated effects are likely to be unstable.30 
Recent larger trials and the cumulative evidence 
in meta-analyses updated for recent trials, 
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Figure 2: Serum creatine kinase–myocardial band (CK-MB), as multiples of the 
upper limit of normal, for patients in the remote ischemic preconditioning 
(RIPC) and sham therapy groups. For each data point, the central horizontal bar 
represents the median, the box shows the interquartile range (25th to 75th 
percentile), and the lower and upper whiskers represent the 2.5th and 97.5th 
percentiles, respectively. 
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including our own, do not support benefits in 
terms of death or MI (Appendices 2 and 3, avail-
able at www.cmaj.ca/lookup/suppl/doi:10.1503/
cmaj.150632/-/DC1).24,31–33 

The effects of remote ischemic precondition-
ing on acute kidney injury are uncertain (Appen-

dix 4, available at www.cmaj.ca/lookup/suppl/
doi:10.1503/cmaj.150632/-/DC1).34 However, 
amelioration of acute kidney injury, indicated by 
a small rise in serum creatinine, has not led to 
improvements in patient-important outcomes 
with other interventions in cardiac surgery.35 

Table 2: Selected secondary clinical outcomes up to 6 months after randomization in the Remote 
IMPACT study

Group; no. (%) of patients

Outcome
RIPC

n = 128
Sham

n = 130 RR (95% CI)

Myocardial infarction 32 (25.0) 24 (18.5) 1.35 (0.85 to 2.17)

Acute kidney injury*

Any 27 (22.1) 25 (20.2) 1.10 (0.68 to 1.78)

Mild 11   (9.0) 15 (12.1)

Moderate   8   (6.6)   8   (6.5)

Severe, including acute dialysis   8   (6.6)   2   (1.6)

Acute dialysis   6   (4.9)   1   (0.8)

Stroke   6   (4.7)   6   (4.6) 1.02 (0.34 to 3.07)

Death 13 (10.2)   9   (6.9) 1.47 (0.65 to 3.31)

Note: CI = confidence interval, RIPC = remote ischemic preconditioning, RR = relative risk. 
*Excluding patients who underwent preoperative dialysis. Sample sizes for this outcome were 122 patients in the RIPC group 
and 124 patients in the sham group. Mild = increase in serum creatinine of 150% to 200% or increase of at least 26.4 µmol/L; 
moderate = increase in serum creatinine of greater than 200% up to 300%; severe = increase in serum creatinine greater than 
300% or increase to level greater than 354 µmol/L, with an acute increase of at least 44 µmol/L, or need for acute dialysis.22 
These are mutually exclusive categories, and the most severe category that a patient fulfilled was used.

250

150

100

50

0

200

C
re

a
ti

n
in

e
, µ

m
o

l/
L

Pre-op Day 1 Day 2 Day 3 Day 4
Time

RIPC
Sham

Figure 3: Serum creatinine levels in the remote ischemic preconditioning (RIPC) and sham therapy groups. For 
each data point, the central horizontal bar represents the median, the box shows the interquartile range (25th 
to 75th percentile), and the lower and upper whiskers represent the 2.5th and 97.5th percentiles, respectively.  
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Although it is impossible to rule out an effect of 
preconditioning on patient-important outcomes, 
a substantial effect seems improbable. The clin
ical benefits from preconditioning in cardiac sur-
gery would be reliably apparent only if very 
large trials were conducted. Such trials are esti-
mated to require more than 7500 high-risk par-
ticipants, whereas the total number of partici-
pants in trials of this therapy to date is about 
5500, with only a minority having high risk.36

Limitations
These results must be considered in light of the 
study’s limitations. Our trial was not large and 
may have been underpowered to reliably detect a 
difference in CK-MB or creatinine level. Indeed, 
we expected a greater change in creatinine (by a 
factor of almost 2). Although the observed 
change in and distribution of creatinine were 
smaller than anticipated, the change in and distri-
bution of CK-MB were as predicted and pro-
vided adequate power to detect a modest treat-
ment effect. It is also possible that imbalances in 
baseline risk due to chance confounded our 
results. For example, there were more isolated 
CABG procedures and fewer patients with a his-
tory of heart failure in the sham group, which 
may have resulted in lower mean changes in 
CK-MB and creatinine relative to the precondi-
tioning group. An imbalance in baseline risk 
would need to be large to mask a large benefit, 
and such a large imbalance in risk is not sup-
ported by our adjusted sensitivity analyses or the 
observed balance in the EuroSCORE, an overall 
marker of prognosis.37

Conclusion
These results suggest that remote ischemic precon-
ditioning is unlikely to have an important effect on 
myocardial or kidney injury in patients at high risk 
of complications after cardiac surgery. Although it 
is possible that preconditioning improves patient-
important outcomes, current data do not support its 
use in cardiac surgery, and small trials suggesting 
an effect should be regarded with caution.
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