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BACKGROUND The authors previously reported that inhaled xenon combined with hypothermia attenuates brain white

matter injury in comatose survivors of out-of-hospital cardiac arrest (OHCA).

OBJECTIVES A pre-defined secondary objective was to assess the effect of inhaled xenon on myocardial ischemic

damage in the same study population.

METHODS A total of 110 comatose patients who had experienced OHCA from a cardiac cause were randomized to

receive either inhaled xenon (40% end-tidal concentration) combined with hypothermia (33�C) for 24 h (n ¼ 55; xenon

group) or hypothermia treatment alone (n ¼ 55; control group). Troponin-T levels were measured at hospital admission,

and at 24 h, 48 h, and 72 h post-cardiac arrest. All available cases were analyzed for troponin-T release.

RESULTS Troponin-T measurements were available from 54 xenon patients and 54 control patients. The baseline

characteristics did not differ significantly between the groups. After adjustments for age, sex, study site, primary

coronary percutaneous intervention (PCI), and norepinephrine dose, the mean � SD post-arrival incremental change of the

ln-transformed troponin-T at 72 h was 0.79 � 1.54 in the xenon group and 1.56 � 1.38 in the control group (adjusted mean

difference �0.66; 95% confidence interval:�1.16 to�0.16; p ¼ 0.01). The effect of xenon on the change in the troponin-T

values did not differ in patients with or without PCI or in those with a diagnosis of ST-segment elevation myocardial infarction

(group by PCI or ST-segment elevation myocardial infarction interaction effect; p ¼ 0.86 and p ¼ 0.71, respectively).

CONCLUSIONS Among comatose survivors of OHCA, in comparison with hypothermia alone, inhaled xenon combined

with hypothermia suggested a less severe myocardial injury as demonstrated by the significantly reduced release of

troponin-T. (J Am Coll Cardiol 2017;70:2652–60) © 2017 by the American College of Cardiology Foundation.
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AB BR E V I A T I O N S

AND ACRONYM S

CI = confidence interval

HR = hazard ratio

ICU = intensive care unit

NSTEMI = non–ST-segment

elevation myocardial infarction

OHCA = out-of-hospital

cardiac arrest

PCI = percutaneous coronary

intervention

STEMI = ST-segment elevation

myocardial infarction
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T hroughout Europe, the in-hospital mortality
of successfully resuscitated out-of-hospital
cardiac arrest (OHCA) patients ranges from

41% to 86% (1–3). International guidelines for post-
resuscitation care recommend targeted temperature
management with target temperatures between
32�C and 36�C (4,5).

Post-cardiac arrest syndrome is a complex combi-
nation of ischemic cerebral and myocardial injury
combined with a reperfusion response leading to
different combinations of multiorgan failure; it is
responsible for significant morbidity and mortality as
a consequence of whole-body ischemia (4). Although
ischemic brain injury is the leading cause for in-
hospital deaths after OHCA, myocardial dysfunction
and circulatory failure account for most deaths during
the first 3 days (6,7). In addition, the severity of
myocardial injury affects both short- and long-term
mortality (8–10). Therefore, new strategies to atten-
uate the ischemic reperfusion myocardial injury
leading to cardiomyocyte death after cardiac arrest
are needed.
SEE PAGE 2661
Earlier clinical studies in patients with and without
cardiovascular disease have demonstrated that inha-
lation of the noble gas xenon may be cardioprotective
by decreasing heart rate without affecting either
cardiac conductance or contractility (11–13). In animal
models, xenon has provided cardioprotection by pre-
and post-conditioning mechanisms (14,15). We have
reported previously that xenon combined with hy-
pothermia confers neuroprotection by attenuating
the brain white matter injury more than hypothermia
alone in comatose survivors of cardiac arrest (16).
Inhaled xenon is feasible, well-tolerated, and safe in
OHCA patients (17). The purpose of this study was to
evaluate the effect of xenon on myocardial damage in
comatose survivors of OHCA.

METHODS

STUDY DESIGN. The Xe-HYPOTHECA trial (Effect of
Xenon and Therapeutic Hypothermia, on the Brain
and on Neurological Outcome Following Brain
Ischemia in Cardiac Arrest Patients; NCT00879892)
was a randomized 2-group, single-blinded phase II
clinical drug trial at 2 multipurpose intensive care
units (ICU) in Finland. The ethics committee of the
Hospital District of Southwest Finland and the insti-
tutional review boards of the Helsinki University
Hospital and the Finnish Medicine Agency approved
the study. As described previously, an independent
data and safety monitoring committee reviewed data
after enrollment of every 4 patients and after
each 6-month interval. The study was con-
ducted according to good clinical practice and
the current revision of the Declaration of
Helsinki. Written informed assent was ob-
tained from the next-of-kin or from the legal
representative of the patient within 4 h after
hospital admission. The patient’s family was
informed about the right to withdraw from
the study at any point, but the data collected
until possible withdrawal could be used in
the analyses as predefined in the protocol.
Patients were informed accordingly if they
regained consciousness (16,17).
The patients were allocated in a 1:1 ratio with
random block sizes of 4, 6, and 8 to receive either
therapeutic hypothermia treatment alone for 24 h
(designated as the control group) or inhaled xenon
(LENOXe, Air Liquide Medical, Düsseldorf, Germany)
in combination with hypothermia for 24 h (desig-
nated as the xenon group). The clinical investigators
enrolled the patients, and after assent was received,
randomization was performed with sealed computer-
randomized envelopes followed by the assigned
intervention. Due to practical and safety consider-
ations, the personnel involved in the patient treat-
ment could not be blinded. A mode of death was
classified as neurological, cardiac, or multiorgan as
described previously (16). A local neurological prog-
nostication consensus was used in decisions to
withdraw life-sustaining treatment (16).

In the Xe-HYPOTHECA trial, the primary hypothe-
sis was that xenon would attenuate white matter
injury after OHCA. We have previously published the
feasibility and cardiac safety of inhaled xenon after
OHCA, and the effect of inhaled xenon on cerebral
white matter damage and on the clinical outcome at
6 months in comatose survivors of OHCA (16,17). The
latter report also included the protocol of the Xe-
HYPOTHECA trial. The effect of xenon on myocar-
dial injury was a pre-defined secondary endpoint.

PATIENT POPULATION. Consecutive comatose sur-
vivors of OHCA admitted to Turku and Helsinki Uni-
versity hospitals were screened for eligibility. The
main criteria for inclusion were witnessed OHCA from
shockable initial rhythm, that is, ventricular fibrilla-
tion or pulseless ventricular tachycardia, and resto-
ration of spontaneous circulation within 45 min.
Details of inclusion and exclusion criteria are pre-
sented in Online Table 1.

TREATMENT PROTOCOL. If indicated, coronary
angiography interventions were performed before
ICU admission. There was adherence to a detailed

https://www.clinicaltrials.gov/ct2/show/NCT00879892
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treatment protocol that included hemodynamic and
ventilator targets during cooling and normothermia
as described previously (17). The sedation depth was
assessed with the Richmond Agitation Sedation Scale
every 4 h from admission into intensive care to the
end of hypothermia treatment. The patients were
cooled with an invasive intravascular temperature
management device, the Alsius CoolGard 3000 ther-
mal regulation system (Zoll Medical Corporation,
Chelmsford, Massachusetts) to target a core temper-
ature of 33�C, which was maintained for 24 h. Inhaled
xenon was initiated immediately after randomization
through a closed-circuit ventilator (PhysioFlex,
Dräger, Lübeck, Germany). The end-tidal xenon con-
centration was adjusted to at least 40% and delivered
until start of rewarming. The pre-defined arterial
partial oxygen pressure was maintained during hy-
pothermia treatment and the ventilator was adjusted
if indicated as described previously (17).

ASSESSMENTS. Troponin-T was assessed at admis-
sion (baseline), and at 24, 48, and 72 h after OHCA.
Until March 1, 2012, troponin-T was analyzed
with a limit of detection of 0.03 mg/l (Electro-
chemiluminescence immunoassay, ECLIA Troponin-T
Cardiac, Roche Diagnostics, Mannheim, Germany).
Thereafter, a high-sensitivity cardiac troponin-T
assay was used with a limit of detection of 5 ng/l
(Electrochemiluminescence immunoassay, ECLIA
Troponin T high-sensitive, Roche Diagnostics). The
high-sensitivity troponin-T values were transformed
to the corresponding mg/l values. The diagnosis
of acute myocardial infarction was based upon the
latest recommendations (8), namely, the ST-segment
elevation (STEMI) and non–ST-segment elevation
myocardial infarctions (NSTEMI) were defined by
increased blood levels of cardiac troponin-T above
the baseline value together with clinical features,
including electrocardiographic findings in the field,
and on hospital arrival and at 24, 48, and 72 h after
cardiac arrest; angiographic findings; and possible
autopsy report. The angiographic and electrocardio-
graphic findings were analyzed by experienced
cardiologists who were blinded to the intervention
group. Acute kidney injury was diagnosed as
previously described (16,17).

STATISTICAL ANALYSES. The sample size of 110 pa-
tients was based on a power analysis of the fractional
anisotropy values from brain magnetic resonance
imaging, that is, the primary endpoint of the Xe-
HYPOTHECA trial (16). The Shapiro-Wilk W test was
used to evaluate the normality of all continuous
variables. Two-sample Student’s t-test and Mann-
Whitney U test were used to compare continuous
characteristic variables between groups. Categorical
characteristic variables were analyzed with the chi-
square test or Fisher exact test. The correlations be-
tween the increment in the level of troponin-T from
hospital admission to 72 h and the dose of adminis-
tered drugs (i.e., norepinephrine, epinephrine,
dobutamine, dopamine, levosimendane, furosemide,
propofol, midazolam, fentanyl, and insulin), and he-
modynamic parameters (mean and systolic arterial
pressure, central venous pressure, heart rate in 2-min
[Turku] or 5-min [Helsinki] epochs) during the first
24 h and at 72 h after ICU admission were calculated
using Spearman correlation coefficients. The differ-
ences in changes in troponin-T values between
groups were analyzed using repeated measures
analysis of covariance adjusted for age, sex, study
site, percutaneous coronary intervention (PCI), and
cumulative norepinephrine use in the first 24 h after
ICU admission. A natural logarithmic (ln) trans-
formation was performed for troponin-T values
before analyses due to their positively skewed dis-
tribution. Results of troponin-T values at each time
point were presented as geometric mean (95% confi-
dence interval [CI]). The geometric means were
calculated by back-transforming the means of ln-
transformed troponin-T values to the original scale.
An unstructured covariance matrix was used in the
repeated measures model. An all-available case
analysis was applied to the troponin-T. The effect of
troponin-T on survival was analyzed with Cox
regression adjusted for age, sex, study site, and
group. Results are expressed using hazard ratios
(HRs) with 95% CIs. A 2-sided p value <0.05 was
considered statistically significant. Statistical ana-
lyses were performed using SAS System for Windows,
version 9.4 (SAS Institute, Cary, North Carolina).

RESULTS

PATIENTS. Turku University Hospital recruited pa-
tients between August 2009 and September 2014, and
Helsinki University Hospital, between October 2012
and September 2014, respectively. The 6-month
follow-up was completed by March 2015. Altogether,
224 patients were screened for eligibility, 110 were
enrolled, with 55 being randomly assigned to the
xenon group and 55 to the control group. At 6 months
after OHCA, 15 of the 55 xenon patients and 19 of the
55 control patients had died. Details of the deaths,
mode of deaths, and withdrawals are presented in
Online Table 2.

The baseline characteristics of the 54 xenon and 54
control patients for whom we had troponin-T data did
not differ between the groups (Table 1). The reasons

https://doi.org/10.1016/j.jacc.2017.09.1088


TABLE 1 Baseline Characteristics, Medication, Resuscitation, and Cooling Data

Xenon
(n ¼ 54)

Control
(n ¼ 54) p Value

Age, yrs 59.8 � 11.7 59.7 � 10.6 0.97

Male 40 (74.1) 39 (72.2) 1.00

Coronary artery disease 37 (68.5) 40 (74.1) 0.67

Hypertension 21 (38.9) 26 (48.1) 0.44

Congestive heart failure 6 (11.1) 3 (5.6) 0.49

Diabetes 9 (16.7) 7 (13.0) 0.79

Asthma/COPD 6 (11.1) 8 (14.8) 0.78

Dyslipidemia 15 (27.8) 22 (40.7) 0.22

Cardiomyopathy 1 (1.9) 1 (1.9) 1.00

Chronic kidney insufficiency 1 (1.9) 3 (5.6) 0.62

Smoker 17 (31.5) 21 (38.9) 0.55

Medication

ß-blocker 13 (24.1) 15 (27.8) 0.83

ACE inhibitor/ARB 15 (27.8) 20 (37.0) 0.41

Calcium-channel blocker 9 (16.7) 10 (18.5) 1.00

Diuretics 5 (9.3) 6 (11.1) 1.00

Antiplatelet/anticoagulant agents 15 (27.8) 19 (35.2) 0.53

Statin 12 (22.2) 16 (29.6) 0.37

Resuscitation

Bystander resuscitation 37 (68.5) 39 (72.2) 0.83

Emergency medical service delay, min 8.4 (3.3) 8.7 (3.2) 0.64

Return of spontaneous circulation, min 22.7 (8.0) 22.0 (7.0) 0.63

No-flow, min* 0 (0–6) 0 (0–4.5) 0.62

Cooling

Core temperature prior start of cooling, �C 34.9 (34.3–35.8) 35.4 (34.0–36.3) 0.25

Time from OHCA to target temperature, min 291 (259–339) 340 (259–397) 0.07

Time from OHCA to initiation of xenon, min 250 (209–281) —

Values are mean � SD, n (%), or median (interquartile range). A diagnosis of coronary artery disease was based
on patient history and angiographic findings. *No-flow is defined as the time from cardiac arrest to start of any
chest compression by bystander or medical emergency personnel.

ACE ¼ angiotensin converting enzyme; ARB ¼ angiotensin receptor blocker; COPD ¼ chronic obstructive
pulmonary disease; OHCA ¼ out-of-hospital cardiac arrest.
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for missing troponin-T data are summarized in Online
Table 3. The number of PCIs, diseased coronary ves-
sels, and patients with incident coronary artery dis-
ease on hospital arrival were similar in the 2 groups
(Table 2). A precise status of the coronary arteries
could not be determined in 7 xenon patients and in 4
of the control patients because neither coronary
angiography nor autopsy was performed on these
patients. Of the patients with STEMI (n ¼ 36), 14 of
the 17 in the xenon group and 16 of the 19 in the
control group were treated with PCI on hospital
arrival. In patients with NSTEMI (n ¼ 64), 2 in the
control group and 1 in the xenon group were treated
with PCI on hospital arrival. Eight patients without an
acute myocardial infarction did not have occlusive
coronary disease; etiological reasons for cardiac arrest
were arrhythmogenic heart disease in 5 xenon pa-
tients and in 1 control patient, thyrotoxicosis in 1
control patient, and dilated cardiomyopathy in 1
control patient. As summarized in Online Table 4,
baseline and peak values of plasma creatinine and the
incidence of acute kidney injury did not differ be-
tween the groups.

TROPONIN-T RELEASE. The absolute values of
troponin-T at hospital arrival, and at 24, 48, and 72 h
in both groups are presented in the Central
Illustration. The baseline values at hospital arrival
did not differ between the xenon and control groups
(geometric mean [95% CI] 0.100 mg/l [0.070 to 0.141
mg/l] vs. 0.098 mg/l [0.071 to 0.135 mg/l], respectively).
At 72 h after OHCA, the geometric mean troponin-T
was 111% higher in the control group than in the
xenon group (geometric mean [95% CI] 0.464 mg/l
[0.300 to 0.716 mg/l] vs. 0.220 mg/l [0.128 to 0.380
mg/l], respectively) as illustrated in the Central
Illustration and in Online Table 5.

Adjusted geometric means of troponin-T peaked at
24 h in both groups with a significant increase from
the baseline values (p < 0.0001). A decline of
troponin-T from the peak to 72 h differed significantly
between the groups (p ¼ 0.0008) with a significant
decline of 44.8% (p < 0.0001) in the xenon group and
a nonsignificant decline of 11.3% (p ¼ 0.56) in the
control group (Central Illustration, Online Table 5). In
NSTEMI patients, the decline from peak to 72 h
was significantly different between the groups
(p ¼ 0.0004): a significant decline of 48.6% within the
xenon group (p < 0.0001), but a nonsignificant in-
crease of 0.9% within the control group (p ¼ 0.93). In
STEMI patients, the difference of troponin-T decline
between the groups was nonsignificant (p ¼ 0.61); the
decline from peak to 72 h was significant within the
xenon group (p ¼ 0.01), but nonsignificant within
the control group (p ¼ 0.053) (Online Table 6). Geo-
metric mean (95% CI) of troponin-T was significantly
higher in STEMI than in NSTEMI at each time point
after baseline (Online Table 7).

The change over time of the levels of troponin-T
differed between the xenon and the control groups
(time by group interaction p ¼ 0.003); after adjust-
ment for age, sex, study site, PCI, and norepineph-
rine, the increase of troponin-T values from hospital
admission to 72 h was significantly less in the xenon
group than in the control group (adjusted mean dif-
ference of ln-transformed values: �0.66; 95%
CI: �1.16 to �0.16; ratio of adjusted geometric means:
0.52; 95% CI: 0.31 to 0.85; p ¼ 0.01) (Table 3).

The effect of xenon on the change in the troponin-
T values did not differ in patients with or without PCI
or in those with a diagnosis of STEMI (PCI or STEMI by
group by time interaction effect; p ¼ 0.72 and
p ¼ 0.29, respectively).

https://doi.org/10.1016/j.jacc.2017.09.1088
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Troponin-T levels in the xenon and control groups after out-of-hospita

post-cardiac arrest are shown. Values are presented in geometric mean

TABLE 2 Heart Disease Characteristics

Xenon
(n ¼ 54)

Control
(n ¼ 54)

p
Value

STEMI 17 (31.5) 19 (35.2) 0.68

Anterior 17 (31.5) 11 (20.4) 0.19

Inferior 0 (0.0) 5 (9.3) 0.06

Lateral 0 (0.0) 3 (5.6) 0.24

Right side 0 (0.0) 0 (0.0) 1.00

NSTEMI 32 (59.3) 32 (59.3) 1.00

Primary PCI on admission 15 (27.8) 18 (33.3) 0.53

Coronaryangiographyduringhospital stay 44 (81.5) 47 (87.0) 0.43

Angiographic findings* 0.61

Nonocclusive coronary artery disease 12 (27.3) 11 (23.4)

Left main disease 3 (6.8) 8 (17.0)

1-vessel disease 15 (34.1) 14 (29.8)

2-vessel disease 10 (22.7) 9 (19.1)

3-vessel disease 7 (15.9) 13 (27.7)

Values are n (%). A diagnosis of acute myocardial infarction was based on the latest recom-
mendations (8). *Data are for 44 patients in the xenon group and for 47 patients in the control
group due to missing data.

NSTEMI ¼ non–ST-segment elevation myocardial infarction; PCI ¼ percutaneous coronary
intervention; STEMI ¼ ST-segment elevation myocardial infarction.
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PREDICTIVE VALUE OF TROPONIN-T FOR MORTALITY AT

6 MONTHS. The adjusted absolute value of each time
point after baseline and the incremental change from
baseline to each of time point of troponin-T release
had a significant predictive value for mortality at
6 months after the index event within the groups and
in the whole population (Online Table 8). The asso-
ciation of troponin-T release on survival did not differ
between the groups (for all time points in the group
by troponin-T interaction p > 0.10).

INTRAVENOUS DRUGS AND SEDATION DEPTH.

Significantly less propofol was administered in the
xenon group compared with the control group during
the first 72 h (Table 4), but the propofol dose of the
second and the third day after hospital arrival did not
differ between the groups (p ¼ 0.20 and p ¼ 0.13,
respectively). None of the other intravenous medica-
tions administered during the first 72 h differed
significantly between the groups (Table 4, Online
Table 9). The mean sedation depth according to the
enon and Control Groups

48 h 72 h

n Control

l cardiac arrest at hospital arrival (baseline) and 24, 48, and 72 h

s (95% confidence intervals) on a logarithmic scale.

https://doi.org/10.1016/j.jacc.2017.09.1088
https://doi.org/10.1016/j.jacc.2017.09.1088
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TABLE 3 Troponin-T Change From Baseline to 72 h After OHCA

Xenon Group
(n ¼ 54)

Control Group
(n ¼ 54)

Mean Difference (95% CI) p Value

Unadjusted Adjusted‡ Unadjusted Adjusted‡

Absolute values, mg/l

Baseline (hospital admission) 0.09 (0.03–0.30) 0.08 (0.04–0.23)

24 h after OHCA 0.38 (0.15–1.27) 0.47 (0.12–1.74)

48 h after OHCA 0.25 (0.09–0.85) 0.41 (0.10–1.48)

72 h after OHCA 0.22 (0.05–0.69)* 0.40 (0.14–1.87)†

ln-transformed change from baseline

ln DTnT 24 h 1.40 � 1.39 1.65 � 1.38 �0.26 (�0.79 to 0.27) �0.16 (�0.62 to 0.30) 0.33 0.49

ln DTnT 48 h 1.00 � 1.37 1.28 � 1.38 �0.28 (�0.80 to 0.25) �0.18 (�0.63 to 0.27) 0.29 0.43

ln DTnT 72 h 0.79 � 1.54* 1.56 � 1.38† �0.76 (�1.33 to �0.20) �0.66 (�1.16 to �0.16) 0.009 0.01

Values are median (interquartile range) or mean � SD, unless otherwise indicated. Natural logarithmic transformation for troponin-T values was used in the statistical analysis due to skewness
of the data. *Data are for 52 patients due to missing data of 2 patients at 72 h. †Data are for 53 patients due to missing data of 1 patient at 72 h. ‡Data are adjusted for age, sex, study site,
percutaneous coronary intervention, and dose of noradrenalin during the first 24 h after intensive care admission.

D ¼ change from the baseline; CI ¼ confidence interval; ln ¼ natural logarithm; OHCA ¼ out-of-hospital cardiac arrest; TnT ¼ troponin-T.
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Richmond Agitation Sedation Scale until the end of
hypothermia treatment was 4.3 � 0.6 in the control
group and 4.4 � 0.6 in the xenon group (p ¼ 0.17).

HEMODYNAMIC PARAMETERS. The median (inter-
quartile range) heart rate was significantly lower in
the xenon group than in the control group during the
first 72 h. The other pre-defined hemodynamic pa-
rameters did not differ between the groups during the
first 24 or 72 h (Table 4).

CORRELATIONS BETWEEN TROPONIN-T, INTRAVENOUS

DRUGS, AND HEMODYNAMIC PARAMETERS. In the xenon
group, the incremental change in the troponin-T
values from hospital admission to 72 h displayed a
significant correlation with norepinephrine (r ¼ 0.51;
p ¼ 0.0001) and dobutamine (r ¼ 0.27; p ¼ 0.049)
doses during the first 72 h after ICU admission. There
were no other significant correlations between the
incremental change of troponin-T from hospital
admission up to 72 h and the administered drugs or
TABLE 4 Selected Intravenous Medication and Hemodynamic Parame

First 24 h After ICU Admission

Xenon
(n ¼ 54)

Control
(n ¼ 54)

Medication

Propofol, mg 2,325 (1,700–2,980) 6,605 (5,071–7,880)

Norepinephrine, mg* 5.0 (1.1–14.4) 8.3 (3.9–12.7)

Hemodynamic parameters

Heart rate, beats/min 46.0 (40.5–54.9) 52.9 (43.6–58.5)

MAP, mm Hg 79.3 � 6.3 78.8 � 6.7

SAP, mm Hg 110.6 (103.2–116.3) 109.0 (105.2–117.0)

CVP, mm Hg 10.0 (8.3–13.0) 10.8 (8.7–12.9)

Values are median (interquartile range) or mean � SD. The hemodynamic parameters wer
received norepinephrine during ICU stay.

CVP ¼ central venous pressure; ICU ¼ intensive care unit; MAP ¼ mean arterial press
hemodynamic parameters, or between propofol and
any of the vasoactive drugs (as listed in Table 4 and
Online Table 9) in the 2 groups or within the whole
population (correlation data not shown).

DISCUSSION

The main finding of this study was that among
comatose survivors of OHCA, inhaled xenon com-
bined with mild therapeutic hypothermia resulted in
a reduced myocardial injury when compared with
that achieved by hypothermia alone as demonstrated
by the significantly lower release of troponin-T from
baseline to 72 h after OHCA in the xenon group. The
incremental change of troponin-T was also associated
with higher mortality at 6 months.

Current results revealed significantly lower
troponin-T release in the xenon group than in the
control group at 72 h, but not at 24 and 48 h, explaining
why the area under the curve remained nonsignificant.
ters During the First 72 h After ICU Admission

p Value

First 72 h After ICU Admission

p Value
Xenon

(n ¼ 54)
Control
(n ¼ 54)

<0.0001 11,019 (6,585–14,599) 16,010 (12,060–20,846) <0.0001

0.10 12.1 (5.6–34.2) 22.3 (10.8–41.0) 0.07

0.02 61.6 (56.8–69.4) 68.8 (59.8–75.9) 0.03

0.68 80.3 � 7.9 78.7 � 6.3 0.27

0.91 119.3 (109.5–127.0) 115.3 (1,108.2–123.8) 0.29

0.67 10.5 (8.6–13.5) 11.6 (9.6–13.1) 0.20

e recorded in 2-min epochs in Turku and in 5-min epochs in Helsinki. *In the xenon group, 53 patients

ure; SAP ¼ systolic arterial pressure.

https://doi.org/10.1016/j.jacc.2017.09.1088
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However, release profiles of troponin-T from baseline
to 72 h differed significantly between the groups,
with a significant decline of 44.8% in the xenon
group and a nonsignificant decline of 11.3% in the
control group from the peak at 24 h to 72 h. The
decline was even more pronounced between the
groups in patients with NSTEMI, with a significant
decline in the xenon group as compared with a
nonsignificant increase in the control group from the
peak to 72 h. Although the decline was significant
only in the xenon group, the release profile of the
control group was very similar to a recently published
population of 699 OHCA patients, with a decline of
10.8% (10). Furthermore, current patients with STEMI
had a significantly higher troponin-T release than
those with NSTEMI, which is in line with earlier
studies revealing a similar difference in troponin-T
and higher infarct mass in STEMI patients (18). Ac-
cording to earlier firm evidence, all single-point
measures of troponin-T at 24, 48, and 72 h (and also
at 96 h) correlate significantly well with the final
extent of infarct mass (18). Consequently, our inter-
pretation of the current result is that the single-point
values of troponin-T, rather than the area under the
curve, were likely to be reliable estimates of the
ongoing process of ischemia/reperfusion injury, and
the difference between the groups reflects a signifi-
cant treatment effect of xenon observed over the
span of 72 h.

The positive effect of xenon was independent of
age, sex, study site, dose of norepinephrine, and
performed PCI. The effect of xenon on the troponin-T
release was similar in patients with or without PCI or
with a diagnosis of STEMI, as well as in either survi-
vors or nonsurvivors. Furthermore, the severity of
coronary artery disease, as evaluated by patient
history, coronary angiography, and autopsy report
(when available), was comparable in the study
groups, suggesting that the effect of xenon was not
likely to be modified by the different causes of
myocardial injury after OHCA. As discussed later in
more detail, none of the other major confounding
variables included in the model either differed be-
tween the groups or exhibited any correlation with
the release of troponin-T. Therefore, xenon was a
significant independent factor attenuating the
severity of the myocardial injury after OHCA.

Several animal experiments with models of
ischemic myocardial injury with and without hypo-
thermia have demonstrated that xenon’s pre- and
post-conditioning effects lead to a reduction in the
myocardial infarct size (14,15,19–22). In this study, the
effect on the troponin-T release was likely due to a
post-conditioning effect, because xenon inhalation
was initiated with a mean delay of 4 h after OHCA.
Multiple molecular targets have been identified as
being implicated in xenon’s cardioprotective condi-
tioning effect. These include prosurvival signaling ki-
nases, such as protein kinase cƐ (PKCƐ), protein kinase
B (Akt), and glycogen synthase kinase 3 b (GSK-3 b),
p38 mitogen-activated protein kinase (MAPK),
MAPK-activated kinase-2, heat-shock protein 27, and
extracellular signal-regulated kinases 1/2 (23–26).
Moreover, phosphorylation of PKCƐ, Akt, and GSK-3 b

by xenon has been reported to inhibit Ca2þ-induced
mitochondrial permeability transition pore opening,
which is known to preserve mitochondrial function
and prevent ischemic reperfusion injury and cell
death (27).

We also analyzed the predictive value of troponin-T
for all-cause mortality at 6 months after OHCA to
estimate further whether a clinical benefit would
accrue from the significantly lower troponin-T values
in the xenon group. We found that all the time points
of troponin-T after the baseline value within the
groups and in the whole population had a predictive
value for all-cause mortality at 6 months after OHCA.
This finding is in agreement with the latest consensus
statement of the Joint Task Force and recent trials
declaring that troponin-T release has an independent
predictive value for both short- and long-term
morbidity and mortality in cardiac arrest patients,
as well as in all intensive care patients, regardless of
the underlying disease (8–10).

In earlier clinical trials with cardiovascular surgical
patients, xenon anesthesia has been characterized as
conferring cardiovascular stability by maintaining
systolic blood pressure, myocardial contractility, and
stroke volume, as well as preload, accompanied by an
inotrope-sparing effect (11–13,28–30). In the current
trial with long-term xenon inhalation, the doses of
vasoactive medication did not differ significantly
between the groups. Most importantly, doses of both
norepinephrine and dobutamine showed a significant
positive correlation with troponin-T release in the
xenon group only. Consequently, vasoactive medi-
cation was unlikely to have been responsible for the
more severe myocardial injury in the control group.

The xenon group required significantly less pro-
pofol to achieve the predefined deep level of seda-
tion, as determined by a Richmond Agitation
Sedation Score of at least 4. However, the difference
was not sustained during the following days after
discontinuation of xenon inhalation. Animal and
clinical studies have demonstrated that propofol
mitigates oxidative stress and potentially protects the



PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: Inhaled xenon

combined with mild therapeutic hypothermia attenuates

myocardial injury among survivors of OHCA.

TRANSLATIONAL OUTLOOK: Randomized trials of larger

scope will be needed to determine whether the reduction in

troponin-T release achieved with combined xenon and hypo-

thermia translates into long-term clinical benefit compared with

hypothermia alone.
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heart against a post-ischemic reperfusion injury by
decreasing troponin-T release after coronary artery
bypass surgery (31–35). Despite the possible car-
dioprotective properties of propofol, there was no
correlation between the administered dose and the
troponin-T release within the groups in this study.
Therefore, it is unlikely that the administration of
propofol use had any significant impact on the cur-
rent results.

Xenon’s heart rate–decreasing properties have
been well documented (11,13,17,28,29). In our study,
the combination of xenon and hypothermia resulted
in a significantly lower heart rate when compared
with hypothermia alone, with this effect lasting at
least up to 72 h after OHCA. Interestingly, a recent
trial demonstrated that pronounced sinus brady-
cardia during hypothermia was associated with
improved outcome, and it was proposed to represent
an independent marker of favorable neurocognitive
outcome (36). Therefore, one could argue that xe-
non’s ability to reduce the heart rate may have some
beneficial clinical value in cardiac arrest patients.
However, this was not supported by the current re-
sults because no correlation could be detected be-
tween heart rate and troponin-T release.

STUDY LIMITATIONS. First, neither coronary angi-
ography nor autopsy was performed in 7 xenon and in
4 control patients, and therefore, the severity of
coronary disease could not be evaluated in these pa-
tients; the diagnosis of acute myocardial infarction
was based on clinical data, troponin-T release, and
serial electrocardiograms. Second, it was not possible
to reliably distinguish between a cardiac and a
noncardiac cause of death because all patients with
severe ischemic cerebral injury had also myocardial
damage due to a global, as well as an occlusive,
ischemia (16). Of the nonsurvivors, 85% did not
regain consciousness due to a severe ischemic en-
cephalopathy, and the deaths were eventually clas-
sified as neurological mode of death (16). Only 2
deaths from both groups were classified into a cate-
gory of cardiovascular mode of death. Therefore, this
study was not sufficiently powered to address xe-
non’s long-term effect on either cardiac or all-cause
mortality. A large phase III trial is needed to estab-
lish whether these observations actually translate
into a clinical benefit.

CONCLUSIONS

Among comatose survivors of OHCA, inhaled xenon
combined with mild therapeutic hypothermia results
in less severe myocardial injury than hypothermia
alone as determined by the lower release of troponin-T
from baseline to 72 h after OHCA in the xenon group.
Although these observations do not provide a
mechanistic explanation for the present findings, we
speculate that xenon may provide a protective post-
conditioning effect against ongoing myocardial
injury. These findings will need further evaluation in
an adequately powered trial to address the clinical ef-
fect of xenon inhalation on long-term outcome among
survivors of OHCA.

ACKNOWLEDGMENTS The Xe-HYPOTHECA Study
Group includes: Sami Virtanen, MD, Riitta Parkkola,
MD, PhD (Department of Radiology, University of
Turku, Turku University Hospital, Turku, Finland),
Jani Saunavaara, PhD (Department of Medical Phys-
ics, Turku University Hospital and University of
Turku, Turku, Finland), Juha Martola, MD, PhD, Heli
Silvennoinen, MD, PhD (Department of Radiology,
University of Helsinki and Helsinki University Hos-
pital, Helsinki, Finland), Marjaana Tiainen, MD, PhD
(Department of Neurology, University of Helsinki and
Helsinki University Hospital, Helsinki, Finland), Juha
Grönlund, MD, PhD, Outi Inkinen, MD (Division of
Perioperative Services, Intensive Care Medicine and
Pain Management, Turku University Hospital, Uni-
versity of Turku, Turku, Finland), and Päivi Silvasti,
MD, Eija Nukarinen, MD, and Klaus T. Olkkola, MD,
PhD (Division of Intensive Care Medicine, Depart-
ment of Anesthesiology, Intensive Care and Pain
Medicine, University of Helsinki and Helsinki Uni-
versity Hospital, Helsinki, Finland).

The authors thank research nurses Keijo Leivo and
Tuukka Tikka (Helsinki University Hospital), both of
whom were compensated for their contribution, for
taking care of the logistics of this study.

ADDRESS FOR CORRESPONDENCE: Dr. Timo Laitio,
Division of Perioperative Services, Intensive Care
Medicine and Pain Management, Turku University
Hospital, POB 52, FI-20521, Turku, Finland. E-mail:
timo.laitio@elisanet.fi.

mailto:timo.laitio@elisanet.fi


Arola et al. J A C C V O L . 7 0 , N O . 2 1 , 2 0 1 7

Xenon Lessens Myocardial Damage N O V E M B E R 2 8 , 2 0 1 7 : 2 6 5 2 – 6 0

2660
RE F E RENCE S
1. Hypothermia After Cardiac Arrest Study Group.
Mild therapeutic hypothermia to improve the
neurologic outcome after cardiac arrest. N Engl J
Med 2002;346:549–56.

2. Nielsen N, Wetterslev J, Cronberg T, et al.
Targeted temperature management at 33�C versus
36�C after cardiac arrest. N Engl J Med 2013;369:
2197–206.

3. Gräsner JT, Lefering R, Koster RW, et al. EuReCa
ONE-27 Nations, ONE Europe, ONE Registry: a
prospective one month analysis of out-of-hospital
cardiac arrest outcomes in 27 countries in Europe.
Resuscitation 2016;105:188–95.

4. Neumar RW, Nolan JP, Adrie C, et al. Post car-
diac arrest syndrome: Epidemiology, pathophysi-
ology, treatment, and prognostication. a
consensus statement from the International
Liaison Committee on Resuscitation. Circulation
2008;118:2452–83.

5. Donnino MW, Andersen LW, Berg KM, et al.,
ILCOR ALS Task Force. Temperature management
after cardiac arrest: an advisory statement by the
Advanced Life Support Task Force of the Interna-
tional Liaison Committee on Resuscitation and the
American Heart Association Emergency Cardio-
vascular Committee and the Council on Cardio-
pulmonary, Critical Care, Perioperative and
Resuscitation. Resuscitation 2016;98:97–104.

6. Nolan JP, Soar J, Cariou A, et al. European
Resuscitation Council and European Society of
Intensive Care Medicine guidelines for post-
resuscitation care 2015: section 5 of the European
Resuscitation Council Guidelines for Resuscitation
2015. Resuscitation 2015;95:202–22.

7. Lemiale V, Dumas F, Mongardon N, et al. Inten-
sive care unit mortality after cardiac arrest: the
relative contribution of shock and brain injury in a
large cohort. Intensive Care Med 2013;39:1972–80.

8. Thygesen K, Alpert JS, Jaffe AS, et al., the
Writing Group on behalf of the Joint ESC/ACCF/
AHA/WHF Task Force for the Universal Definition of
Myocardial Infarction. Third universal definition of
myocardial infarction. Eur Heart J 2012;33:2551–67.

9. Babuin L, Vasile VC, Rio Perez JA, et al.
Elevated cardiac troponin is an independent risk
factor for short- and long-term mortality in
medical intensive care unit patients. Crit Care Med
2008;36:759–65.

10. Gilje P, Koul S, Thomsen JH, et al. High-
sensitivity troponin-T as a prognostic marker after
out-of-hospital cardiac arrest: a targeted tem-
perature management (TTM) trial substudy.
Resuscitation 2016;207:156–61.

11. Coburn M, Kunitz O, Baumert JH, et al. Ran-
domized controlled trial of the haemodynamic and
recovery effects of xenon or propofol anaesthesia.
Br J Anaesth 2005;94:198–202.

12. Baumert JH, Hein M, Hecker KE, et al. Xenon or
propofol anaesthesia for patients at cardiovascular
risk in non-cardiac surgery. Br J Anaesth 2008;
100:605–11.
13. Wappler F, Rossaint R, Baumert J, et al.
Multicenter randomized comparison of xenon and
isoflurane on left ventricular function in patients
undergoing elective surgery. Anaesthesiology
2007;106:463–71.

14. Roehl AB, Funcke S, Becker MM, et al. Xenon
and isoflurane reduce left ventricular remodeling
after myocardial infarction in the rat. Anesthesi-
ology 2013;118:1385–94.

15. Schwiebert C, Huhn R, Heinen A, et al. Post-
conditioning by xenon and hypothermia in the rat
heart in vivo. Eur J Anaesthesiol 2010;27:734–9.

16. Laitio R, Hynninen M, Arola O, et al. Effect of
inhaled xenon on cerebral white matter damage in
comatose survivors of out-of-hospital cardiac ar-
rest: a randomized clinical trial. JAMA 2016;315:
1120–8.

17. Arola OJ, Laitio RM, Roine RO, et al. Feasibility
and cardiac safety of inhaled xenon in combination
with therapeutic hypothermia following out-of-
hospital cardiac arrest. Crit Care Med 2013;41:
2116–24.

18. Giannitsis E, Steen H, Kurz K, et al. Cardiac
magnetic resonance imaging study for quantifica-
tion of infarct size comparing directly serial versus
single time-point measurements of cardiac
troponin T. J Am Coll Cardiol 2008;51:307–14.

19. Hartlage MA, Berendes E, Van Aken H, et al.
Xenon improves recovery from myocardial stun-
ning in chronically instrumented dogs. Anesth
Analg 2004;99:655–64.

20. Preckel B, Müllenheim J, Moloschavij A, et al.
Xenon administration during early reperfusion re-
duces infarct size after regional ischemia in the
rabbit heart in vivo. Anesth Analg 2000;91:
1327–32.

21. Baumert JH, Hein M, Gerets C, Baltus T,
Hecker KE, Roissant R. The effect of xenon
anesthesia on the size of experimental myocardial
infarction. Anesth Analg 2007;105:1200–6.

22. De Deken J, Rex S, Monbaliu D, et al. The ef-
ficacy of noble gases in the attenuation of
ischemia reperfusion injury: a systematic review
and meta-analysis. Crit Care Med 2016;44:
e886–96.

23. Weber NC, Toma O, Damla H, Wolter JI,
Schlack W, Preckel B. Upstream signaling of pro-
tein kinase C-˛ in xenon-induced pharmacological
preconditioning. Implication of mitochondrial
adenosine triphosphate dependent potassium
channels and phosphatidylinositol-dependent ki-
nase-1. Eur J Pharmacol 2006;539:1–9.

24. Weber NC, Toma O, Wolter JI, Wirthle NM,
Schlack W, Preckel B. Mechanisms of xenon- and
isoflurane-induced preconditioning: a potential
link to the cytoskeleton via the MAPKAPK-2/
HSP27 pathway. Br J Pharmacol 2005;146:
445–55.

25. Weber NC, Stursberg J, Wirthle NM, Toma O,
Schlack W, Preckel B. Xenon preconditioning
differently regulates p44/42 MAPK (ERK 1/2) and
p46/54 MAPK (JNK 1/2 and 3) in vivo. Br J Anaesth
2006;97:298–306.

26. Mio Y, Hee shim Y, Richards E, Bosnjak ZJ,
Pagel PS, Bienengraeber M. Xenon Precondition-
ing: the role of prosurvival signaling, mitochon-
drial permeability transition and bioenergetics in
rats. Anesth Analg 2009;108:858–66.

27. Weber NC, Toma O, Wolter JI, et al. The noble
gas xenon induces pharmacological precondition-
ing in the rat heart in vivo via induction of PKC-
epsilon and p38 MAPK. Br J Pharmacol 2005;
144:123–32.

28. Dingley J, King R, Hughes L, et al. Exploration
of xenon as a potential cardiostable sedative: a
comparison with propofol after cardiac surgery.
Anaesthesia 2001;56:829–35.

29. Al Tmimi L, Van Hemelrijck J, Van de Velde M,
et al. Xenon anaesthesia for patients undergoing
off-pump coronary artery bypass graft surgery: a
prospective randomized controlled pilot trial. Br J
Anaesth 2015;115:550–9.

30. Rossaint R, Reyle-Hahn M, Schulte AM, et al.
Multicenter randomized comparison of the efficacy
and safety of xenon and isoflurane in patients under-
going elective surgery. Anesthesiology 2003;98:6–13.

31. Javadov SA, Lim KHH, Kerr PM, et al. Protection
of hearts from reperfusion injury by propofol is
associated with inhibition of the mitochondrial
permeability transition. Cardiovasc Res 2000;45:
360–9.

32. Xia Z, Huang Z, Ansley DM. Large-dose pro-
pofol during cardiopulmonary bypass decreases
biochemical markers of myocardial injury in coro-
nary surgery patients: a comparison with iso-
flurane. Anesth Analg 2006;103:527–32.

33. Kokita N, Hara A, Abiko Y, et al. Propofol im-
proves functional and metabolic recovery in
ischemic reperfused isolated rat hearts. Anesth
Analg 1998;86:252–8.

34. Ko SH, Yu CW, Lee SK, et al. Propofol atten-
uates ischemia-reperfusion injury in the isolated
rat heart. Anesth Analg 1997;85:719–24.

35. Mathur S, Farhangkhgoee P, Karmazyn M.
Cardioprotective effects of propofol and sevo-
flurane in ischemic and reperfused rat hearts. Role
of KATP channels and interaction with the sodium-
hydrogen exchange inhibitor HOE 642 (car-
iporide). Anesthesiology 1999;91:1349–60.

36. Thomsen JH, Nielsen N, Hassager C, et al.
Bradycardia during targeted temperature man-
agement: an early marker of lower mortality and
favorable neurologic outcome in comatose out-of-
hospital cardiac arrest patients. Crit Care Med
2016;44:308–18.

KEY WORDS cardioprotection,
hypothermia, out-of-hospital cardiac arrest,
xenon

APPENDIX For supplemental tables, please
see the online version of this article.

http://refhub.elsevier.com/S0735-1097(17)40980-6/sref1
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref1
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref1
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref1
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref2
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref2
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref2
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref2
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref2
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref2
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref3
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref3
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref3
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref3
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref3
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref4
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref4
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref4
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref4
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref4
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref4
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref5
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref5
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref5
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref5
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref5
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref5
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref5
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref5
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref5
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref6
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref6
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref6
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref6
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref6
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref6
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref7
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref7
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref7
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref7
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref8
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref8
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref8
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref8
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref8
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref9
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref9
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref9
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref9
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref9
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref10
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref10
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref10
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref10
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref10
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref11
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref11
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref11
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref11
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref12
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref12
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref12
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref12
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref13
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref13
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref13
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref13
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref13
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref14
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref14
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref14
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref14
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref15
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref15
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref15
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref16
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref16
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref16
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref16
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref16
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref17
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref17
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref17
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref17
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref17
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref18
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref18
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref18
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref18
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref18
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref19
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref19
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref19
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref19
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref20
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref20
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref20
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref20
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref20
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref21
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref21
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref21
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref21
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref22
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref22
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref22
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref22
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref22
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref23
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref23
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref23
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref23
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref23
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref23
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref23
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref23
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref24
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref24
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref24
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref24
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref24
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref24
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref25
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref25
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref25
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref25
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref25
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref26
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref26
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref26
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref26
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref26
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref27
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref27
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref27
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref27
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref27
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref28
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref28
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref28
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref28
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref29
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref29
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref29
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref29
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref29
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref30
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref30
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref30
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref30
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref31
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref31
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref31
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref31
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref31
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref32
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref32
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref32
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref32
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref32
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref33
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref33
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref33
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref33
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref34
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref34
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref34
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref35
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref35
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref35
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref35
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref35
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref35
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref36
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref36
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref36
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref36
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref36
http://refhub.elsevier.com/S0735-1097(17)40980-6/sref36

	Inhaled Xenon Attenuates Myocardial Damage in Comatose Survivors of Out-of-Hospital Cardiac Arrest
	Methods
	Study design
	Patient population
	Treatment protocol
	Assessments
	Statistical analyses

	Results
	Patients
	Troponin-T release
	Predictive value of troponin-T for mortality at 6 months
	Intravenous drugs and sedation depth
	Hemodynamic parameters
	Correlations between troponin-T, intravenous drugs, and hemodynamic parameters

	Discussion
	Study limitations

	Conclusions
	Acknowledgments
	References


