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ABSTRACT

Background: Two consistent overall cell protective pre-
conditioning treatments should provide more protection.
We hypothesized that limb remote ischemic precondition-
ing (RIPC, second preconditioning stimulus) applied during
sevoflurane inhalation (first preconditioning stimulus) would
provide more protection to the lungs of patients undergoing
adult heart valve surgery.

Methods: In this randomized, placebo-controlled, double-
blind trial, 50 patients were assigned to the RIPC group or
the placebo group (1:1). Patients in the RIPC group received
three 5-min cycles of 300 mmHg cuff inflation/deflation of
the left-side lower limb before aortic cross-clamping. Anes-
thesia consisted of opioids and propofol for induction and
sevoflurane for maintenance. The primary end point was
comparison of the postoperative arterial-alveolar oxygen ten-
sion ratio (a/A ratio) between groups. Secondary end points
included comparisons of pulmonary variables, postoperative
morbidity and mortality and regional and systemic inflamma-
tory cytokines between groups.

Results: In the RIPC group, the a/A ratio and other pul-
monary variables exhibited no significant differences through-
out the study period compared with the placebo group. No
significant differences in either plasma or bronchoalveolar
lavage levels of TNF- a were noted between the groups at
10 min after anesthetic induction and 1 h after cross-clamp
release. The percentage of neutrophils at 12 h postoperation
was significantly increased in the RIPC group compared with
the placebo group (91.34+0.00 vs. 89.42+0.10, P = 0.023).

Conclusions: Limb RIPC applied during sevoflurane
anesthesia did not provide additional significant pulmonary
protection following adult valvular cardiac surgery.
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INTRODUCTION

Cardiopulmonary bypass (CPB) is widely applied in
heart-opening operation, but it causes many serious com-
plications, such as acute lung injury, with an incidence rate
of up to 15% ~ 30% [Li 2013]. Therefore, methods to
reduce lung injury after CPB are always the focus of clini-
cal and experimental studies. Recently, a more clinically
relevant stimulus has been afforded by remote ischemic
preconditioning (RIPC), which involves the inflation and
deflation of a tourniquet applied to skeletal muscle (usu-
ally the arm or limb) before a sustained ischemic period of
the vital organs, and this procedure may confer cytoprotec-
tion. Limb RIPC has been shown to effectively reduce lung
injury associated with ischemia/reperfusion (I/R) in patients
without any potental risk [Li 2013; Zhou 2010]. On the
other hand, volatile anesthetics (pharmacologic precon-
ditioning) have been shown to mitigate I/R-induced lung
injury [Faller 2017; Wagner 2018]. One study demonstrated
that sevoflurane administered before ischemia can attenuate
I/R-induced injury in isolated rat lungs [Liu 2000]. In addi-
tion, sevoflurane reduces I/R-induced inflammatory lung
injury by inhibiting the release of TNF-o [Watanabe 2013;
Yu 2013].

Schulz and coworkers revealed that the threshold con-
cept of ischemic preconditioning, is a graded rather than
an all-or-nothing phenomenon in anesthetized swine in
situ [Schulz 1998; Zaugg 2003]. Thus, it would be conceiv-
able that the application of two well-defined precondition-
ing stimuli should induce a more consistent and effective
overall cell protection. Most previous studies in the field of
ischemic and pharmacologic conditioning provide evidence
that both types of preconditioning share many fundamental
steps, including activation of G-protein-coupled receptors,
multiple protein kinases, and ATP-sensitive potassium chan-
nels (KATP channels) [Loukogeorgakis 2007; Choi 2011]. In
the present study, we tested whether RIPC executed on the
lower limb (second preconditioning stimulus) would provide
additional protective benefits to the pulmonary system in
patients undergoing heart valve repair surgery with sevoflu-
rane anesthesia (first preconditioning stimulus) by determin-
ing pulmonary function parameters as the primary outcome
of the study.
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MATERIALS AND METHODS

A single-center, double-blinded, prospective, randomized,
placebo-controlled trial following the CONSORT state-
ment was conducted on patients undergoing elective valvu-
lar cardiac surgery. Written informed consent was obtained
from each participant. The study protocol was reviewed and
approved by the local ethics committee of Guangdong Gen-
eral Hospital (Guangdong, China). The trial was registered at
the end of the study (ChiCTR-IOR-14005444).

Patients: The study was conducted at Guangdong Gen-
eral Hospital, Guangzhou, China, between September 2014
and November 2015. Adult patients consecutively were
invited to participate in the current trial at the time they
were scheduled for elective valvular cardiac surgery. Inclu-
sion criteria were scheduled for elective heart valve repair
surgery and age between 18-70 yrs. The following exclusion
criteria were applied: body mass index greater than 35 kg/
m2, emergency surgery, cardiac failure (NYHA class greater
than II), peripheral vascular disease, a known history of
COPD, pulmonary hypertension (mean pulmonary arterial
pressure greater than 60 mmHg), or preexisting coagulation
disorders.

Randomization and masking: Before the trial, ran-
domized treatment allocations with no further stratification
were generated by an independent person using a computer
random number generator with a 1:1 allocation using blocks
of varying sizes. Allocation details were stored in numbered,
sealed, and opaque envelopes. Treatment allocation was
revealed by anesthesiologists by opening the envelope on
the morning of surgery and supervised by an independent
statistician. None of the anesthesiologists participated in the
data assessment or analysis and were not allowed to report
study subjects’ intervention to the intensive care unit (ICU)
or surgical staff. Patients, investigators, surgeons, critical care
teams, and individuals participating in data analysis were all
blinded to group allocation. The trial was monitored by an
independent data and safety monitoring board. Group allo-
cation was not revealed until the final statistical analysis was
completed. Baseline characteristics, intraoperative variables,
and details of the postoperative course were recorded care-
tully for all patients.

Anesthetic and surgical management: FVC and FEV1
preoperatively were assessed using a handheld spirometer
(Spirolab II; SDI Diagnostics, Rome, Italy). Operative and
anesthetic techniques were standardized for the purpose of
this trial. Both groups of patients were given general anes-
thesia with intravenous propofol (1.5 mg/kg), cisatracurium
(0.2 mg/kg), and sufentanil (0.5 pg/kg). Maintenance of
anesthesia was achieved with a continuous infusion of pro-
pofol (2-3 mgkg'-h), cisatracurium (0.12 pg-kg!'-min),
0.5-2 minimum alveolar concentration of sevoflurane and
repetitive doses of opioids. Patients were intubated with a
7.5-mm cuffed endotracheal tube, and the ventilation param-
eters were standardized (respiratory rate, 12-15 breaths/
min; tidal volume, 6-8 ml/kg; fraction of inspired oxygen,
0.6-1) to achieve 35-45 mmHg of ETCO2 in the expired air.
In this study, patients initially received 5 cmH, O positive
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Figure 1. CONSORT diagram showing the flow of participants through
each stage of the randomized trial. COPD, chronic obstructive pulmo-
nary disease; NYHA, New York Heart Association; PAP, pulmonary
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Figure 2. Preparation of blood samples and bronchoalveolar lavage (BAL)

end-expiratory pressure. If the patients’ PaO, was less than
80 mmHg, regular attempts were made to increase it, in 2
ecmH,O increments, to achieve the goal (PaO, > 80 mmHg,
SpO, > 95%). However, the maximal positive end-expiratory
pressure was not greater than 10 cmH,O. Standardized fluid
replacement consisted of 10 ml/kg lactated Ringer’s solution
applied preoperatively and 6 ml/kg/h of the solution applied
preoperatively. Colloids were administered to obtain a stable
heart rate, central venous pressure of 8-10 cmH, O, steady
mean arterial pressure, and a urine output greater than 1 ml/
kg/h. Packed erythrocytes were transfused as necessary to
maintain a circulating hemoglobin level of approximately 10
g/dl. Fresh frozen plasma and cryoprecipitate were transfused
to improve coagulation function according to the throm-
bus elastic figure. All patients underwent surgical repairs
using standard CPB techniques with cardioplegic arrest, and
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sevoflurane was administered through the CPB machine.
Modified ultrafiltration was performed in all patients. Fluid
balance and the amount of blood loss and transfusion during
the operation were recorded.

Postoperative management: At the end of surgery, the
patients were routinely transferred to the ICU for weaning
from artificial ventiladon. All patients received intravenous
analgesia with a 100 ml mixture of 0.2 mg/kg tropisetron and 4
ug/kg sufentanil with a basal rate of 2 ml/h, bolus doses of 2-3
ml, and a lockout interval of 20 minutes. To ensure that those
patients had a working intravenous analgesia, postoperative
pain was assessed at rest and movement during postoperative
days 1, 2, and 3 using the visual analog scale rating from 0 (no
pain at all) to 10 (worst possible pain). In the ICU, crystal-
loid fluid replacement was infused at 2 ml/kg/h to maintain a
stable heart rate, central venous pressure of 8-10 cm H,O, and
a steady mean arterial pressure. In addition, blood was given
to maintain hemoglobin at greater than 10 g/dl. Extubation
was managed according to the standard ICU protocols by the
ICU staff. The ICU extubation protocol included adequate
oxygenation (PaO, > 60 mmHg, PaCO2 < 50 mmHg on a
fraction of inspired oxygen < 40%, positive end-expiratory
pressure < 8 cm H,0), systolic blood pressure greater than 90
mmHg without vasopressor support, heart rate greater than
60 beats/minutes, absence of significant metabolic/respira-
tory acidosis (pH = 7.3), adequate hemoglobin level (8-10 g/
dl), and spontaneous breathing (spontaneous VT > 4 ml/kg,
and respiratory rate < 35 per minutes). For each patient, the
postoperative ventilator support time and ICU and hospital-
free days were recorded.

RIPC protocol: Details of the study protocol are provided
in Figure 2. A 15-cm sterile blood pressure cuff was placed
around the left thigh and connected to the inflating device.
Subsequently, the patient was randomly allocated (by open-
ing of an envelope) to RIPC consisting of three 5-minute
cycles of lower limb I/R induced by a tourniquet inflated to
300 mmHg or placebo, i.e., no treatment. This procedure was
executed by one nurse not otherwise involved in the study. All
patients were transferred to the ICU, where they received the
same standardized routine postoperative care. (Figure 2)

Blood samples were collected for analysis at the following
time points: 10 minutes after anesthetic induction (baseline,
T1) and 1 (T2), 4 (T3), 8 (T4), 12 (T5), and 24 h (T6) after
cross-clamp release. Venous blood was sampled from the jugu-
lar venous line and centrifuged at 3000 rpm for 15 min. Plasma
samples were stored at =70°C for subsequent analysis. Radial
arterial blood was analyzed using a blood gas system (GEM
Premier 3000, Instrumentation Laboratory, Bedford, MA).

BAL was performed by sequential instillation and gentle
aspiration of isotonic sodium chloride solution (10-ml por-
tions, for a total of 20 ml) with fiberoptic bronchoscopy in
the right main bronchus after intubation and 1 h after cross-
clamp release.

Assessment of pulmonary injury: Pulmonary function
evaluation included the a/A ratio, A-aDO,, oxygenation
index (OI), and respiratory index (RI) at corresponding time
points. Respiratory compliance was measured for 4 h after
cross-clamp release. During mechanical ventilation, Vt, FiO,,
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Pmax, Pplat, and PEEP were obtained directly from the ven-
tilator setting (S/5 Aespire 7900; Datex-Ohmeda, Madison,
Wisconsin). The following formulas were used to determine
pulmonary function:

Static lung compliance (Cs) = Vt/(Pplat-PEEP)
Dynamic lung compliance (Cd) = Vt/(Pmax-PEEP)
a/A ratio = PaO,/PAO,

A-aDO, = PAO,- PaO, = (713FiO, -PaCO,/0.8)- PaO,
RI = A-aDO,/Pa0,

OI = PaO/FiO,

Evaluation of inflammatory response: Plasma and BAL
levels of TNF-a were measured between the groups at 10
minutes after anesthetic induction and 1 h after cross-clamp
release using a sandwich enzyme-linked immunoassay with
the RayBio® Human TNF-alpha ELISA kit (The Protein
Array Pioneer Company, Guangzhou, China). Furthermore,
WBC count; percentage of neutrophil count; and hepatic and
renal function were measured pre-operation and 12 and 24 h
after the cross-clamp release from venous blood.

Primary and secondary study outcomes: The primary
outcome was a/A ratio. Secondary outcomes included (1) other
variables reflecting pulmonary injury (OI,A-aDO,,RIL,Cs,Cd
); (2) markers of regional and systemic inflammatory response;
(3) duration of ventilatory care; (4) duration of ICU stay; (5)
postoperative recovery time from operation day to hospital
discharge; and (6) hepatic and renal dysfunction.

Sample size calculation: The primary end point was
to compare the lowest postoperative PaO,. We determined
that 22 patients would be required in each group for 80%
power to detect a 51 mmHg difference in PaO, between the
groups at an FiO, of 0.4 with an SD of 60 mmHg and of 0.05
based on an independent t test [Choi 2011]. Allowing for a
10% drop-out rate during the study period, 25 patients were
enrolled for each group.

Statistical analysis: Statistical analyses were performed
with SPSS, version 19 (SPSS Inc.). Continuous data are
expressed as the mean + SD or median (25% percentile, 75%
percentile) of patients and were compared with independent t
test or Mann-Whitney U test, respectively. Categorical data
are expressed as frequencies or percentages and were com-
pared with Fisher’s exact test or the chi-square test, where
appropriate. All data, including the pulmonary outcomes,
hemodynamic data, and biochemical serum markers, were
analyzed using two-way repeated-measures ANOVA with
Bonferroni correction for both within-group and between-
group comparisons. All P-values were two-sided, and the sta-
tistical significance level was 0.05.

RESULTS

All 50 patients successfully were weaned from CPB without
the aid of any mechanical assist device, and no one developed
complications related to RIPC intervention. Patient charac-
teristics, preoperative laboratory data, and surgical types were
similar between the groups. (Table 1)
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Table 1. Preoperative patient characteristics
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RIPC (N = 25) Placebo (N = 25) P-value

Demographics

Age (years) 49+2 50+2 0.273

Gender (male) 12 10 0.569

Weight (kg) 59.4+3.1 51.4+2.2 0.353

Height (cm) 162.9+2.4 160.3+1.6 0.152
Smoking, (n, %) - - 0.816

Current smokers 3 (12) 2 (8)

Ex-smokers 10 (40) 9 (36)

Never smoked 12 (48) 14 (56)
Associated illness, (n, %)

Hypertension 16 (64) 18 (72) 0.544

Diabetes mellitus 9 (36) 6 (24) 0.355
Preoperative LVEF (%) 57+3 61+2 0.597
Type of surgical procedure, (n, %) - - 0.673

DVR 9 (36) 7 (28)

MVR 2 (8) 4(16)

MVR+TAP 10 (40) 8 (32)

AVR 4 (16) 6 (24)
Lab results

HGB 134.0£3.7 130.9+2.9 0.766

HCT (%) 39.7+0.9 39.3+0.9 0.821

CRP 2.7+0.3 2.3+0.3 0.788
FEV1 (L) 3.1+0.9 2.9+0.9 0.436
FEV1/FVC (%) 772+8.2 72.9+13.2 0.170

Data are presented as mean+ SD or number (%). There were no differences between the two groups. HGB, hemoglobin; RIPC, remote ischemic precondi-

tioning; AVR, aortic valve replacement; DVR, double-valve replacement; LVEF, left ventricular ejection fraction; MVR, mitral valve replacement; TAP, tricuspid
annuloplasty; CRP, C-reactive protein; HCT, haematocrit; FEV1, forced expiratory volume in 1 second; FVC, forced vital capacity

As shown in Table 2, no significant differences in fluid
balance or transfusion requirements were noted between the
groups during the operation. (Table 2) Perioperative hemo-
dynamic variables and arterial pH were similar between the
groups throughout the study period. (Table 3)

No significant differences in pulmonary variables, includ-
ing a/A ratio, OI, Cs, Cd, A-aDO,, or Rl were noted between
the two groups over time. (Table 4) Plasma and BAL levels
of the inflammatory marker TNF- a were not different
between the groups throughout the study period. All values
in both groups were significantly increased after the opera-
tion compared with baseline. The percentage of neutrophils
12 h after cross-clamp release was significantly increased in
the RIPC group compared with the placebo (91.34+0.00 vs.
89.42+0.10, P = 0.023, the WBC count was not altered. In
the limb RIPC group, the WBC count and percentage of
neutrophils preoperatively and 24 h after cross-clamp release
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were not significantly different compared with the placebo
group. (Table 5)

The duration of mechanical ventilation, ICU stay, and
postoperative recovery time also were similar between the

RIPC and placebo groups. (Table 6)

The concept of RIPC was first introduced by Przyklenk
et al. [Przyklenk 1993] The initial study suggested that one
vascular bed could precondition another vascular bed in dogs.
The basic concept was followed by additional studies suggest-
ing that transient ischemia of the limb could also induce pro-
tection for organs against subsequent I/R injury.

Recently, RIPC drew attention as a pulmonary-protective
intervention against I/R injury in cardiac surgery. Li et al. [Li
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Table 2. Intraoperative and postoperative data

RIPC (N = 25) Placebo (N = 25) P-value
Surgery time (min) 251+13 218+9 0.649
Bypass time (min) 125+8 108+8 0.31
Cross-clamp time (min) 90+6 7247 0.143
Crystalloid (ml) 170+74 1356+57 0.099
Colloid (ml) 1020+64 678+104 0.093
Estimate blood loss (ml) 275+13 280+23 0.621
Urine output (ml) 875+214 639+93 0.494
Ultrafiltration volume (ml) 1640+165 1583+162 0.436
Number of patients transfused (%)
P-RBC 2(8) 2 (8)
FFP 2(8) 4 (16) 0.639
Cryoprecipitate 1(4) 0 (0)
Average [sevoflurane] vol% end-tidal 1.8+0.8 1.7£0.9 0.765
Min [sevoflurane] vol% end-tidal 0.56+0.3 0.55+0.4 0.727
Max [sevoflurane] vol% end-tidal 3.040.1 2.9+0.2 0.666
Data are presented as mean+ SD or number (%). FFP, fresh frozen plasma; p-RBC, packed red blood cell
Table 3. Hemodynamic data
Hemodynamic variables Group T1 (baseline) T2 T3 T4 T5 Té
MAP (mmHg) Placebo 76+2 72+2 79+ 3 80+ 1 85+ 2 85+ 2
RIPC 68+ 2 72+3 81+ 4 77+ 2 76+ 3 78+ 3
HR (beats/min) Placebo 81+ 5 94+ 4° 90+ 3° 92+ 3° 93+ 27 9+ 4
RIPC 81+ 5 92+ 42 90+ 3 87+ 2 85+ 3 88+ 3
HGB (g/1) Placebo 127.8£ 3.7 102.2+ 2.6 110.2+ 3.2 110.8+3.1 110.1+ 1.92 107.0£ 2.6
RIPC 126.1+ 3.5 93.5+ 4.1 113.2+4.2 113.8+ 4.2 113.2+ 3.2 115.4+ 4.0
HCT (%) Placebo 40.4+ 1.1 31.8+£0.9* 33.5+ 1.0 34.0+1.0 33.4+ 0.6° 32.8£0.8
RIPC 9.2+ 1.1 29.6+ 1.4 34.8+1.2° 35.0+ 1.3 34.8+ 0.9 35.5+ 1.2
Arterial pH Placebo 7.47+0.01 743+ 0.01 7.37+ 0.02 7.37+0.01 7.37+0.01 740+ 0.01
RIPC 742+ 0.02 7.41+ 0.02 7.42+0.02 7.38+0.01 7.38+ 0.01 741+ 0.01
Lactate (%) Placebo 1.1 0.1 2.4+0.37 4.0+0.7° 6.2+0.9* 5.2+0.9° 3.1+0.3a
RIPC 1.2+0.2 3.8+0.6° 5.1+0.8° 6.4+0.5® 5.7+0.6* 3.9+0.2a

Data are presented as mean +SD. MAP, mean arterial pressure; HR, heart rate. T1 = 10 min after induction; T2 = 1 h after reperfusion; T3 = 4 h after reperfu-
sion; T4 = 8 h after reperfusion; T5 = 12 h after reperfusion; Té = 24 h after reperfusion. *Significant compared with T1 (baseline value); Significant compared

with the placebo.

2013] reported that limb RIPC attenuates pulmonary injury
in patients undergoing elective open infrarenal abdominal
aortic aneurysm repair without any potential risk. On the
other hand, Lucchinetti et al. [Lucchinetti 2007] reported
human endothelium, a key component of all vital organs,
is receptive to protection by sevoflurane in vivo and that
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periischemic administration of sevoflurane mimics a com-
bination of pharmacologic preconditioning and postcondi-
tioning and protects at even low sedative concentrations (<
1 vol%). Anesthetic preconditioning (APC) with sevoflurane
attenuates I/R induced lung injury in animal models [Steurer
2009; Liu 1999].
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Table 4. Data of perioperative pulmonary function

Pulmonary variables Group T1 (baseline) T2 T3 T4 T5 Té
a/A ratio (%) Placebo 82+2 80+4 68+4 83+6° 85+5? 94+92
RIPC 82+2 79+4 66+3 65+5 78+6 90+6*
A-aDO, (mmHg) Placebo 98+15 112420 94+14 7113 50+9 13+152
RIPC 101+19 17+27 118+18 105+20 6192 21£12
RI Placebo 0.23+0.03 0.32+0.09 0.63+0.18° 0.38+0.09* 0.25+0.05° 0.07+0.13*
RIPC 0.24+0.05 0.33£0.10 0.64+0.11° 0.70+0.212 0.34+0.08 0.17+0.09
ol Placebo 542+13 515423 41324 493+37° 486+29° 589+592
RIPC 536+19 508+26 392424 394429 458+37 511+32°
Cs (ml-cm=1-H,0) Placebo 47.89+4.58 49.20+4.07 97.92+15.85°
RIPC 58.18+7.51 59.12+6.34 126.42+23.51°
Cd (ml-em=1-H,0) Placebo 32.46+1.77 33.07+1.92 42.5142.93*
RIPC 34.48+2.44 36.23+3.45 45.24+5.1

Data are presented as mean+SD. a/A ratio, arterial-alveolar; A-aDO,, alveolar-arterial oxygen tension difference; Cd, dynamic lung compliance; Cs, static lung
compliance; R, respiratory index; Ol, oxygenation index. *Significant compared with T1 (baseline value).

Table 5. Inflammatory markers

Inflammatory markers Group T1 (baseline) T2 T5 Té
WBC count Placebo 6.47+0.30 - 15.09+1.17 18.17+1.33
RIPC 6.69+0.37 - 16.30+1.25 18.60+1.55
Neutrophil count, % Placebo 57+3 - 89+1 911
RIPC 58+2 - 91+0° 911
TNF-0, pg/ml (plasma) Placebo 79.23+10.00 145.83+24.50
RIPC 62.84+7.95 113.85+23.54
TNF- a, pg/ml (BAL) Placebo 51.11+£7.42 100.65+23.16
RIPC 76.72+12.05 113.44+20.78

Data are presented as mean =SD. TNF-o = tumor necrosis factor-o; BAL, bronchoalveolar lavage. Significant compared with the placebo.

Table 6. Postoperative morbidity and mortality

Outcome variables RIPC (N = 25) Placebo (N = 25) P-value
Duration of ventilatory care, h 10.40£1.12 11.08+1.07 0.759
Acute hepatic dysfunction, (n, %) 4 (16) 4 (16) 1.000
Acute renal dysfunction, (n, %) 2 (8) 2(8) 1.000
Duration of ICU stay, h 23.40+2.78 21.33+2.78 0.689
Postoperative recovery time, d 11.50+1.83 13.17£1.55 0.621

Data are presented as mean+ SD or number (%)
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To intensify the organ-protective effects through ischemic
conditioning, various attempts have been performed, includ-
ing a combination of local and remote ischemic condition-
ing [Xin 2010], a combination of ischemic preconditioning
and postconditioning [Knudsen 2011], and an increase in the
number and intensity of ischemic conditioning [Sandhu 1997;
Schulz 1998]. Therefore, we tested whether the combination
of limb RIPC and sevoflurane anesthesia would provide addi-
tional protective benefit to the lungs in patients undergoing
heart valve repair surgery. According to the threshold theory
of preconditioning, including both ischemic and pharmaco-
logic preconditioning, it could be expected that the appli-
cation of two well-defined preconditioning- stimuli, namely
RIPC and sevoflurane, in our study should indeed induce
more consistent and effective overall cell protection. In the
present study, however, RIPC neither improved the primary
end point (PaO,/PAO,) compared with the placebo group
nor reduced the duration of ventilatory care or ICU stay.
In this small trial, no clinical improvements were associated
with these results.

Modulating inflammatory responses is a well-known mech-
anism of Rl-induced organ protection [Hausenloy 2005; Xu
2011]. The CPB-induced inflammatory reaction is thought
to be the main cause of lung injury, and recent work has indi-
cated that TNF-a is an essential component of the cascade
of events that lead to I/R-induced lung injury [Khimenko
1998; Colletti 1998]. Furthermore, blockade of TNF-a can
reduce neutrophil chemotaxis and sequestration and attenu-
ate the lung injury process [Tassiopoulos 1998]. Thus, we
investigated TINF- o levels in BAL and plasma to evaluate the
inflammatory reaction in the lungs after I/R injury. In addi-
tion, ischemia and subsequent reperfusion of the aorta may
induce a systemic inflammatory response associated with the
sequestration of polymorphonuclear leucocytes (neutrophils)
in the lungs [Adembri 2004; Pararajasingam 2000; Sookhai
2002; Tassiopoulos 1998].

Neutrophil sequestration and activation have been sug-
gested to be major contributing factors to acute lung injury
and acute respiratory distress syndrome [Lee 2001; Reuter-
shan 2004; Moraes 2006; Ng 2006]. In the present study,
however, we could not find any evidence of RIPC modulating
the inflammatory response either systemically or regionally.
The current results are consistent with those of a study that
Jong-Chan Kim et al. [Kim 2012] reported.

The possible explanations for this negative outcome of
the RIPC group on lung protection in the current study
are as follows. First, according to the threshold theory of
preconditioning, the combination of two independent sub-
threshold stimuli may exert additional protective effects.
Conversely, if the maximum preconditioning trigger stim-
ulus has already been reached with an approximately 1.0
—2.0 minimum alveolar concentration of sevoflurane alone,
as used in our study, the ischemic stimulus by RIPC may
become redundant, and the net result would be a lack of
synergy. In support of this concept, Obal et al. [Obal 2001]
demonstrated the highest degree of protection by sevoflu-
rane conditioning with 1 MAC compared with 2 MACs in
an in vivo rat model.
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Second, the application of RIPC under general anesthe-
sia is an ineffective method to achieve vital organ protection
because anesthetic-induced preconditioning and ischemic
preconditioning share many fundamental steps. In addition,
anesthetics are known to mitigate the ischemic response in
the human body necessary to elicit the preconditioned state.
Propofol, a commonly used intravenous anesthesia drug,
is structurally similar to vitamin E and has been shown to
attenuate I/R-induced lung injury in various experimental
settings [Votta-Velis 2007; Takao 2005; Balyasnikova 2005].
Similarly, opioids activate & - and k-opioid receptors which
can produce preconditioning and protection from organ I/R
injury in experimental animals and in patients [Schultz 1996;
Tomai 1999]. In addition, steroids used in this study, could
also influence the RIPC effect. The anti-inflammatory effect
of a previously administered steroid might block the benefi-
cial inflammatory process induced by RIPC.

Third, what do we know from the effect of combined
ischemic and pharmacologic preconditioning in studies?
Animal experiments demonstrated that ischemic precon-
ditioning showed no protective effect in I/R injury when
pharmacologic preconditioning (isoflurane or sevoflurane)
was administered concomitantly [Vianna 2009; Kuzume
2004]. However, if administered sequentially, it provided
synergistic effects [Toller 1999; Fudickar 2014]. Lucchinetti
et al. [Lucchinetti 2012] reported that RIPC combined with
isoflurane administered concomitantly provided no addi-
tional benefit to the myocardium and revealed a lack of syn-
ergy or evidence of antagonism in cardioprotection in both
strategies. Taken together, these studies provide evidence of
antagonism rather than lack of synergy between ischemic
and pharmacologic preconditioning and suggest that anes-
thetics attenuate or even abolish RIPC when administered
concomitantly.

Fourth, the correct “dose” of ischemia, including the cuff
pressure, stimulus size, site, and timing used in the study,
is unknown specifically during concomitant anesthesia.
Although the study did not provide information regarding
pulmonary outcome, the stimulus size was combination of the
upper limb and lower limb [Wu 2011].

Our findings have important clinical implications.
RIPC remains a promising strategy to provide protection
to the entire body specifically when pharmacologic pre-
conditioning (isoflurane or sevoflurane) is administered
sequentially.

There are several limitations in the current study. First,
the sample size was calculated based on the a/A ratio, and
this would be smaller than a sample size based on a clinically
significant end point such as ALL Therefore, such a clinical
difference cannot be excluded. Second, further studies should
be performed to determine which mode of RIPC (upper and
lower limb RIPC or a higher cuff pressure) is more effective
for protection of organs and what ischemic level could confer
better beneficial effects. Third, although we tried to exclude
potential interferences, some factors, such as anesthetic
agents [Hirata 2011], ages [Liu 2009], and diabetes [Amour
2010], could interfere with the effects of RIPC, which might
have confounded the results.



Limb Remote Ischemic Preconditioning Applied During Sevoflurane Anesthesia Does Not Protect the Lungs in Patients Undergoing Adult Heart Valve Surgery.

Our study suggests that RIPC provides no additional pul-
monary benefit following adult valvular cardiac surgery when
sevoflurane is administered concomitantly.
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