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OBJECTIVES: This explorative substudy aimed at determining the effect of 
inhaled xenon on left ventricular function by echocardiography in comatose survi-
vors of out-of-hospital cardiac arrest.

DESIGN: A randomized two-group single-blinded phase 2 clinical drug trial.

SETTING: A multipurpose ICU in two university hospitals.

PATIENTS: Of the 110 randomized comatose survivors after out-of-hospital car-
diac arrest with a shockable rhythm in the xenon in combination with hypothermia 
after cardiac arrest trial, 38 patients (24–76 yr old) with complete echocardiog-
raphy were included in this study.

INTERVENTIONS: Patients were randomized to receive either inhaled xenon 
combined with hypothermia (33°C) for 24 hours or hypothermia treatment alone. 
Echocardiography was performed at hospital admission and 24 ± 4 hours after 
hypothermia.

MEASUREMENTS AND MAIN RESULTS: Left ventricular ejection frac-
tion, myocardial longitudinal systolic strain, and diastolic function were analyzed 
blinded to treatment. There were 17 xenon and 21 control patients in whom ech-
ocardiography was completed. Clinical characteristics did not differ significantly 
between the groups. At admission, ejection fraction was similar in xenon and con-
trol patients (39% ± 10% vs 38% ± 11%; p = 0.711) but higher in xenon than 
control patients after hypothermia (50% ± 10% vs 42% ± 10%; p = 0.014). 
Global longitudinal systolic strain was similar in xenon and control patients at 
admission (–9.0% ± 3.8% vs –8.1% ± 3.6%; p = 0.555) but better in xenon 
than control patients after hypothermia (–14.4.0% ± 4.0% vs –10.5% ± 4.0%;  
p = 0.006). In patients with coronary artery disease, longitudinal strain improved in 
the nonischemic myocardial segments in xenon patients. There were no changes 
in diastolic function between the groups.

CONCLUSIONS: Among comatose survivors of a cardiac cause out-of-hospital 
cardiac arrest, inhaled xenon combined with hypothermia was associated with 
greater recovery of left ventricular systolic function in comparison with hypo-
thermia alone.

KEY WORDS: cardiac arrest; cardiac function; cardioprotection; 
echocardiography; ejection fraction; myocardial strain

Despite restitution of coronary blood flow with successful cardiopul-
monary resuscitation with or without percutaneous coronary in-
tervention, out-of-hospital cardiac arrest (OHCA) is followed by 

prolonged myocardial dysfunction (1–3). Although ischemic brain injury is 
the leading cause for in-hospital deaths after OHCA, myocardial dysfunction 
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and circulatory failure account for most deaths during 
the first 3 days (4, 5). In addition, the severity of my-
ocardial injury impacts on both short- and long-term 
mortality (6–8). Therefore, new strategies to attenuate 
the myocardial ischemia-reperfusion injury leading to 
cardiomyocyte death after cardiac arrest are needed.

Inhalation of the noble gas xenon may be cardio-
protective by decreasing heart rate without affecting 
cardiac contractility in patients undergoing noncar-
diac surgery (9–11). In animal models, xenon has pro-
vided cardioprotection against ischemic myocardial 
injury by pre- and postconditioning mechanisms 
(12–14). We have previously reported that xenon com-
bined with hypothermia confers neuroprotection by 
attenuating brain white matter injury more than hypo-
thermia alone in comatose survivors of cardiac arrest 
(15). Furthermore, inhaled xenon combined with hy-
pothermia reduced the release of cardiac troponin-T 
compared with hypothermia alone suggesting less se-
vere myocardial injury (16).

The purpose of this explorative study was to eval-
uate the effect of xenon on left ventricular (LV) systolic 
and diastolic function in comatose survivors of OHCA 
from shockable initial rhythm.

METHODS

Study Design and Interventions

The present explorative study reports a subanalysis 
of the xenon in combination with hypothermia after 
cardiac arrest (Xe-HYPOTHECA) trial that was a ran-
domized two-group single-blinded phase 2 clinical 
drug trial conducted between August 2009 and March 
2015 at two multipurpose ICUs in Finland (15–17). In 
the Xe-HYPOTHECA trial, the primary hypothesis 
was that xenon would attenuate white matter injury 
after OHCA (15). The study protocol has been pub-
lished earlier (15). The ethics committee of the Hospital 
District of Southwest Finland (§65, February 17, 2009; 
Dno. 10/2009) and the institutional review boards 
of the Helsinki University Hospital (§167, August 
21, 2012) and the Finnish Medicine Agency (KLnro. 
22/2009) approved the study. The study protocol con-
forms to the 1975 Declaration of Helsinki. Written 
informed consent was obtained from the next-of-kin 
or from the legal representative of the patient within 
4 hours after hospital admission (15). Authors (A.S., 
T.L.) had full access to all the data in the study and take 
responsibility for its integrity and the data analysis.

Consecutive comatose survivors of OHCA were 
screened for eligibility. The main criteria for inclusion 
were witnessed OHCA from shockable initial rhythm, 
that is, ventricular fibrillation or pulseless ventricular 
tachycardia and restoration of spontaneous circulation 
within 45 minutes (for details, see the Supplemental 
Digital Content Table 1, http://links.lww.com/CCX/
A741). As shown in study flow diagram (Supplemental 
Digital Content Fig. 1, http://links.lww.com/CCX/
A741), 224 patients were screened for eligibility, and 
110 were enrolled. The patients were allocated in a 1:1 
ratio with random block sizes of 4, 6, and 8 to openly 
receive either therapeutic hypothermia treatment 
alone for 24 hours (designated as the control group) or 
inhaled xenon (LENOXe; Air Liquide Medical GmbH, 
Düsseldorf, Germany) in combination with hypo-
thermia for 24 hours (designated as the xenon group). 
Xenon is not labeled for the use under discussion and is 
still investigational. The patients were cooled with an in-
vasive intravascular temperature management device to 
target core temperature of 33°C, which was then main-
tained for 24 hours. Inhaled xenon was initiated im-
mediately after randomization through a closed-circuit 
ventilator (PhysioFlex; Dräger, Lübeck, Germany). The 
end-tidal xenon concentration was adjusted to at least 
40% and delivered until start of rewarming. There was 
adherence to a detailed treatment protocol that included 
strict blood pressure and ventilator targets during cool-
ing and normothermia as described previously (15, 17).

Assessment of LV Function

Transthoracic echocardiography was performed when 
feasible at admission to hospital and repeated 24 ± 4 
hours after completion of rewarming (after hypo-
thermia) by experienced cardiologists in the study 
group. Due to logistic reasons or death before follow-up, 
echocardiography could not be performed on both 
time points in 33 xenon patients and 31 controls. Apical 
views required for analysis of LV function could not be 
obtained in five xenon and three control patients who 
were excluded from analysis. Thus, the final study pop-
ulation consisted of 17 xenon and 21 control patients.

Patients were examined in supine position with the 
use of a GE Vivid E9 or Vivid Q device and MS5 trans-
ducer (GE Vingmed Ultrasound, Horten, Norway). 
In order to evaluate LV systolic function, standard 2D 
grayscale images of the three standard apical views 
(four-chamber, two-chamber, and long-axis) were 

http://links.lww.com/CCX/A741
http://links.lww.com/CCX/A741
http://links.lww.com/CCX/A741
http://links.lww.com/CCX/A741


Original Clinical Report

Critical Care Explorations	 www.ccejournal.org          3

acquired (18). For speckle tracking, frame rate was 
adjusted to 40–80 frames/s. In order to assess vari-
ables of diastolic function, LV inflow velocities were 
recorded by pulsed-wave Doppler at the level of mitral 
valve leaflet tips, and the lateral and septal mitral valve 
annulus velocities were recorded by pulsed-wave tis-
sue Doppler imaging in the apical four-chamber view 
(19). All images were stored in Digital Imaging and 
Communications in Medicine format.

LV systolic and diastolic volumes, ejection fraction (EF), 
peak systolic global longitudinal strain (GLS), regional 
longitudinal strain (LS), and measures of diastolic func-
tion were analyzed off-line by a single investigator blinded 
to treatment using EchoPAC PC Version 113 software (GE 
Vingmed Ultrasound) as demonstrated in Supplemental 
Digital Content Figure 2 (http://links.lww.com/CCX/
A741). LV EF was measured using the biplane method of 
disks summation technique (modified Simpson’s rule) by 
manually tracing the LV endocardial borders at end-dia-
stolic and end-systolic frames. Strain was analyzed using 
speckle-tracking technique in 18 myocardial segments in-
cluding six (anteroseptal, anterior, lateral, posterior, infe-
rior, and inferoseptal) segments at apical, papillary muscle 
and basal levels as previously described (20, 21). The en-
docardial borders were traced at the end-systolic frame in 
three apical views. The software then automatically tracked 
myocardial motion and rejected poorly tracked segments. 
In the presence of poor tracking, the analyst readjusted 
the endocardial trace. Segments rejected both by software 
and by the analyst were excluded from analyses. Numeric 
and graphical displays of average deformation variables of 
each segment were automatically generated. GLS was cal-
culated as an average strain of the 18 segments. GLS values 
were reported both for all patients and after excluding three 
control patients and one xenon patient in whom regional 
tracking was suboptimal in more than two segments in a 
single view. In addition to GLS, average regional LS in the 
nonischemic and ischemic segments was calculated in 13 
xenon patients and 14 controls who underwent coronary 
angiography. Segments that received supply from an ar-
tery treated by percutaneous coronary intervention (PCI) 
were considered as ischemic region and other segments as 
nonischemic region.

Statistical Analyses

The sample size of 110 patients was based on a 
power analysis of the fractional anisotropy values 

from brain MRI, that is, the primary endpoint of the 
Xe-HYPOTHECA trial (15). A specific sample size es-
timation was not made for this exploratory substudy, 
but considering test-retest variability of 7% in quan-
titative assessment of LV EF by echocardiography, a 
sample size of 15 patients per group was considered 
sufficient for the detection of at least 6% difference 
(22). The Shapiro-Wilk W test was used to evaluate the 
normality of continuous variables that are reported as 
means ± sd or medians and interquartile ranges. Two-
sample t test or Mann-Whitney U test was used to 
compare continuous variables and chi-square or Fisher 
exact to compare categorical variables between groups. 
Changes in continuous variables during follow-up 
were tested using paired t test or Wilcoxon signed-
rank test. The correlations between the change in EF 
or GLS during follow-up and doses of norepinephrine 
and propofol were calculated using Spearman correla-
tion coefficients. A two-sided p value of less than 0.05 
was considered statistically significant. Statistical anal-
yses were performed using SAS System for Windows, 
Version 25 (SAS Institute, Cary, NC).

RESULTS

Patients

The final study population included 17 xenon and 21 
control patients with complete echocardiography data 
(Supplemental Digital Content Fig. 1, http://links.lww.
com/CCX/A741). Their characteristics are compared 
with Xe-HYPOTHECA study patients without echo-
cardiography in Supplemental Digital Content Table 2  
(http://links.lww.com/CCX/A741). Patients with 
complete echocardiography data had less frequently 
diabetes but more often coronary angiography at ad-
mission than other patients in the main study.

In this substudy, six patients in the control group 
and three patients in the xenon group died in hospital. 
Clinical characteristics, medication, resuscitation, 
cooling, characteristics of coronary artery disease, and 
the number of patients with an acute ST-elevation my-
ocardial infarction (STEMI) were similar in the xenon 
and control groups in this analysis (Table  1). Of the 
STEMI patients, all eight in the xenon group and six 
of seven in the control group were treated with per-
cutaneous coronary intervention on hospital arrival, 
and one patient in the control group underwent cor-
onary artery bypass surgery. Of the patients with 
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TABLE 1. 
Clinical Characteristics, Medication, Resuscitation, and Cooling Data

Clinical Characteristics
Xenon  
(N = 17)

Control  
(N = 21)

p Xenon  
vs Control

Age (yr), mean (sd) 58 (12) 59 (11) 0.82

Male, n (%) 13 (76) 15 (71) 1.00

Hypertension, n (%) 7 (41) 9 (43) 0.92

Congestive heart failure, n (%) 2 (12) 0 0.19

Diabetes, n (%) 0 1 (5) 1.00

Dyslipidemia, n (%) 4 (24) 6 (29) 1.00

Kidney dysfunction, n (%) 8 (47) 7 (33) 0.29

Smoker, n (%) 8 (47) 10 (48) 1.00

Medication, n (%)    

  Beta-blocker 3 (18) 3 (14) 1.00

  Angiotensin-converting enzyme inhibitor/angiotensin receptor blocker 4 (24) 6 (29) 1.00

  Calcium-channel blocker 3 (18) 3 (14) 1.00

  Diuretics 1 (6) 0 0.45

  Antiplatelet/anticoagulation 4 (24) 6 (29) 1.00

  Statin 3 (18) 4 (19) 1.00

Resuscitation    

  Bystander resuscitation, n (%) 11 (65) 16 (76) 0.49

  Emergency medical service response time (min), mean (sd) 9 (4) 10 (3) 0.57

  Return of spontaneous circulation (min), mean (sd) 22 (6) 21 (5) 0.32

  Time to basic life support initiation (min), median (IQR) 0 (8) 0 (0) 0.43

Cooling    

  Core temperature prior start of cooling (°C), mean (sd) 34.9 (0.9) 35.1 (1.5) 0.58

  Time from OHCA to target temperature (min), median (IQR) 310 (74) 344 (105) 0.66

  Time from OHCA to initiation of xenon (min), median (IQR) 244 (71)   

Coronary artery disease, n (%)    

  Previous coronary artery bypass grafting 1 (6) 2 (10) 1.00

    ST-elevation myocardial infarction 8 (47) 7 (33) 0.39

      Anterior 8 (47) 5 (24) 0.20

      Inferior 0 1 (5) 0.47

      Lateral 0 1 (5) 0.47

  Percutaneous coronary intervention at admission 9 (53) 8 (38) 0.42

  Obstructive coronary artery diseasea 14 (93) 16 (84) 0.71

    Left main or left anterior descending coronary artery diseasea 12 (80) 11 (58) 0.71

    One-vessel diseasea 9 (60) 7 (37) 0.30

    Two-vessel diseasea 4 (27) 5 (26) 0.98

    Three-vessel diseasea 1 (7) 4 (21) 0.49

Troponin-T (ug/L), median (IQR)    

    Admission 0.07 (0.14) 0.08 (0.19) 0.73

    72 hr after OHCA 0.20 (0.25) 0.26 (1.62) 0.28

IQR = interquartile range, OHCA=out-of-hospital cardiac arrest.
aNineteen controls and 15 xenon patients who had coronary angiography or autopsy.
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non–ST-elevation myocardial infarction, one in the 
xenon group and two in the control group were treated 
with percutaneous coronary intervention on hospital 
arrival. Baseline troponin values were similar in the 
xenon and control patients.

Significantly less propofol was administered in the 
xenon group compared with the control group during 
the first 72 hours (Table 2). The amount of adminis-
tered norepinephrine or the use of other inotropic med-
ications did not differ between the xenon and control 
groups. The amount of administered furosemide was 
comparable in the xenon and control groups. During 
hypothermia, heart rate was significantly lower in the 
xenon group, whereas there was no difference in sys-
tolic blood pressure (Supplemental Digital Content 
Table 3, http://links.lww.com/CCX/A741).

Echocardiography

Time from OHCA to the first echocardiography at 
admission was similar between the xenon and con-
trol groups (4.0; sd, 1.3 hr; range, 1.9–6.8 hr vs 4.8; 
sd 2.2 hr; range, 1.8–8.3 hr; p = 0.24). Likewise, time 
from OHCA to second echocardiography at 24 ± 4 
hours after completing hypothermia was similar (64; 
sd 10 hr vs 63; sd, 9 hr; p = 0.68). At the time of ech-
ocardiography, heart rate and arterial blood pressure 
were similar in the xenon and control groups, whereas 
there was a trend toward lower central venous pressure 
in the xenon group at 24 ± 4 hours after completing 
hypothermia (Supplemental Digital Content Table 3, 
http://links.lww.com/CCX/A741).

There was a tendency toward lower LV end-diastolic 
and end-systolic volumes in the xenon group than 

control group at admission and at 24 ± 4 hours after 
hypothermia (Table  3). At admission, EF and GLS 
were similar in the xenon and control groups. Both EF 
and GLS improved in both groups during follow-up, 
but the change between the first echocardiogram at ad-
mission and second at 24 ± 4 hours after hypothermia 
was significantly higher in the xenon group than in the 
control group (mean difference for EF 7.3% [95% CI, 
1.3–13.3; p = 0.02] and for GLS 3.0% [95% CI, 0.5–5.5; 
p = 0.020] (Fig. 1 and Table 3). EF improved by greater 
than or equal to 5% in 11 xenon (65%) and five controls 
(24%) (p = 0.04). GLS improved by greater than 1 sd 
in 12 xenon patients (71%) and seven control patients 
(33%) (p = 0.02) during follow-up. The change in GLS 
was similar after excluding patients with suboptimal 
tracking in greater than two segments in a single view 
(one xenon and three control patients). In patients 
with coronary artery disease, the improvement of re-
gional LS from admission to 24 ± 4 hours after hypo-
thermia was significantly higher in the xenon than 
control group in the nonischemic regions but did not 
reach statistical significance in the ischemic regions 
(Table 3).

Xenon inhalation did not have effect on the vari-
ables of LV diastolic function (Table 3). Early diastolic 
velocity of the mitral annulus was higher in xenon 
patients than controls, but its change during follow-up 
was similar in the xenon and control groups.

There were no correlations between the change 
in the EF or GLS from hospital admission to 24 ± 4 
hours after hypothermia and administered dose of 
norepinephrine in the xenon (r = 0.386; p = 0.126 and 
–0.002; p = 0.993, respectively) or control (r = 0.006; 
p = 0.980 and –0.114; p = 0.622, respectively) groups. 

TABLE 2. 
Medications at Hospital

 First 24 hr After ICU Admission First 72 hr After ICU Admission

Medications Control Xenon p Control Xenon p

Propofol (mg), median 
(25–75th percentile)

6,236  
(5,022–7,463)

2,183  
(1,414–2,486)

< 0.001 16,400  
(13,340–23,292)

11,647  
(9,908–14,652)

0.001

Norepinephrine (mg)a, median 
(25–75th percentile)

6 (1–11) 3 (1–9) 0.43 14 (6–31) 9 (5–23) 0.44

Furosemide (mg), median 
(25–75th percentile)

5 (0–15) 5 (0–15) 0.95 30 (10–65) 30 (15–60) 0.87

aOne patient in each group received levosimendan, and one patient in each group received dobutamine.
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Similarly, the change of EF or GLS did not correlate to 
administered dose of propofol in the xenon (r = 0.045;  
p = 0.863 and 0.067; p = 0.801, respectively) or control 
(r = 0.282; p = 0.215 and 0.097; p = 0.675, respectively) 
groups.

DISCUSSION

The main finding of this explorative study was that 
among comatose survivors of OHCA with shockable 

primary rhythm, inhaled xenon in combination with 
hypothermia resulted in a significantly larger improve-
ment of LV systolic function when compared with that 
achieved by hypothermia alone as was demonstrated 
by higher EF and myocardial strain.

Global EF and myocardial strain improved during 
follow-up of 63 hours in both the xenon and control 
groups with or without PCI for an acute coronary syn-
drome at admission. Myocardial strain improved both 
in the myocardial segments that were supplied by an 

TABLE 3. 
Echocardiography Data at Admission and 24 ± 4 Hours After Hypothermia

Echocardiographic  
Measure

Xenon  
(n = 17)

Control  
(n = 21) 

p Xenon  
vs Control 

pa  

Xenon Control pb

Admission       

  ESV (mL), mean (sd) 58 (29) 73 (31) 0.09    

  EDV (mL), mean (sd) 95 (27) 118 (47) 0.09    

  EF (%), mean (sd) 39 (10) 38 (11) 0.71    

  GLS (%), mean (sd) –9.0 (3.8) –8.1 (3.6) 0.48    

  LS ischemic region (%), mean (sd) –8.4 (5.4) –5.9 (4.1) 0.19    

  LS nonischemic region (%), mean (sd) –8.6 (4.6) –8.8 (3.2) 0.87    

  E velocity (m/s), mean (sd) 0.52 (0.16) 0.53 (0.18) 0.79    

  A velocity (m/s), mean (sd) 0.47 (0.26) 0.54 (0.21) 0.38    

  E/A ratio, median (IQR) 1.3 (0.9) 0.9 (0.5) 0.13    

  e′ velocity (cm/s), mean (sd) 6.5 (2.2) 4.7 (1.2) 0.005    

  E/e′ ratio, median (IQR) 13.8 (12.0) 13.9 (12.8) 0.97    

24 ± 4 hr after hypothermia      

  ESV (mL), mean (sd) 54 (21) 66 (26) 0.15 0.41 0.10 0.49

  EDV (mL), mean (sd) 113 (33) 113 (39) 0.98 0.01 0.48 0.02

  EF (%), mean (sd) 50 (10) 42 (10) 0.01 < 0.001 0.02 0.02

  GLS (%), mean (sd) –14.4 (4.0) –10.5 (4.0) 0.006 < 0.001 0.01 0.02

  LS ischemic region (%), mean (sd) –12.2 (5.2) –8.5 (5.6) 0.09 0.04 0.16 0.61

  LS nonischemic region (%), mean (sd) –14.4 (4.3) –11.3 (3.9) 0.06 < 0.001 0.02 0.009

  E velocity (m/s), mean (sd) 0.76 (0.21) 0.69 (0.17) 0.26 0.001 0.004 0.22

  A velocity (m/s), mean (sd) 0.62 (0.30) 0.61 (0.20) 0.83 0.02 0.05 0.40

  E/A ratio, median (IQR) 1.1 (0.6) 1.1 (0.5) 0.89 0.83 0.04 0.24

  e′ velocity (cm/s), mean (sd) 9.6 (1.5) 6.4 (2.3) < 0.001 < 0.001 0.002 0.16

  E/e′ ratio, median (IQR) 8.1 (3.1) 10.6 (5.1) 0.13 0.01 0.68 0.31

A = late diastolic mitral inflow velocity, E = early diastolic mitral inflow velocity, e´ = early diastolic mital annular velocity, EDV = end 
diastolic volume, EF = ejection fraction, ESV = end systolic volume, GLS = global longitudinal strain, IQR = interquartile range, LS = 
longitudinal stain.
aAdmission vs 24 ± 4 hr after hypothermia within groups.
bThe difference in the change between groups.
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acutely obstructed epicardial coronary artery as well 
as in segments supplied by nonobstructed arteries. 
Therefore, our findings are consistent with previous 

observations of a global 
and prolonged reversible 
myocardial dysfunction 
associated with postcar-
diac arrest syndrome irre-
spective of the underlying 
coronary artery disease  
(1, 23–25). The observed 
time course of systolic 
function improvement 
is in line with previous 
studies demonstrating 
normalization of cardiac 
function by 72 hours after 
OHCA (1).

Xenon anesthesia has 
been characterized as 
conferring cardiovascular 
stability by maintaining 
systolic blood pressure, 
myocardial contractility, 
stroke volume as well as 
preload, accompanied 
by an inotrope-sparing 
effect (9–11, 26–28). 
Furthermore, xenon had 
no effect on resting my-
ocardial blood flow (29). 
However, there is no earlier 
information on the effect 
of xenon on compromised 
myocardial function after 
cardiac arrest. Current 
results revealed improved 
LV systolic function from 
admission to 24 ± 4 hours 
after completion of hy-
pothermia treatment 
in patients treated with 
xenon. There were no dif-
ferences in characteris-
tics of patients in terms of 
age, sex, underlying coro-
nary artery disease, dura-
tion of cardiac arrest, or 

blood pressure between groups. Treatment was sim-
ilar in both groups, except that patients in the xenon 
group required significantly less propofol to achieve 

Figure 1. Changes in left ventricular ejection fraction (EF) and systolic global longitudinal strain 
(GLS) at admission and at 24 ± 4 hr after hypothermia in the control and xenon patients. The 
change between the first echocardiogram at admission and second at 24 ± 4 hr after hypothermia 
was significantly higher in the xenon group than in the control group (mean difference for EF 7.3% 
[95% CI, 1.3–13.3; p = 0.02] and for GLS 3.0% [95% CI, 0.5–5.5; p = 0.020].
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the predefined deep level of sedation. However, it is 
unlikely that the difference in propofol use between 
groups had any significant impact on our results, since 
hemodynamic conditions were comparable at the time 
of echocardiography examinations, and propofol may 
even have cardioprotective effects against myocardial 
ischemia-reperfusion injury (30). Furthermore, there 
was no correlation between the dose of propofol or 
vasoactive medication (norepinephrine) and change 
in EF or systolic strain. Therefore, our interpretation 
of the current result is that xenon inhalation was in-
dependently associated with improvement of systolic 
function after OHCA.

Multiple molecular targets have been identified as 
being implicated in xenon’s cardioprotective condi-
tioning effect. These include prosurvival signaling 
kinases, such as protein kinase cƐ (PKCƐ), protein kinase 
B (Akt) and glycogen synthase kinase 3 β (GSK-3 β),  
p38 mitogen-activated protein kinase (MAPK), 
MAPK-activated kinase-2, heat-shock protein 27, and 
extracellular signal-regulated kinases ½ (14, 31–33). 
Furthermore, phosphorylation of PKCƐ, Akt, and 
GSK-3 β by xenon has been reported to inhibit Ca2+-
induced mitochondrial permeability transition pore 
opening, which is known to preserve mitochondrial 
function and prevent ischemic reperfusion injury and 
cell death (34). Xenon’s cardioprotective effect was 
further demonstrated by our recent study, in which 
inhaled xenon reduced myocardial injury as demon-
strated by the significantly lower release of troponin-
T from baseline to 72 hours after cardiac arrest in the 
xenon group than in the control group (16). However, 
in this subcohort, the release of troponin was similar in 
the xenon and control groups.

We found that systolic strain improved both in the 
ischemic area subtended by an obstructed epicardial 
coronary artery as well as myocardial regions sub-
tended by unobstructed coronary artery. This indicates 
that the positive effect of xenon was not limited to re-
covery of myocardial dysfunction caused by acute cor-
onary occlusion but had a global effect on postcardiac 
arrest myocardial dysfunction. In contrast to an ex-
perimental study, we did not find evidence of positive 
effects on LV diastolic function by xenon possibly due 
to small number of patients (35). Nevertheless, current 
results support earlier suggestions that xenon is a po-
tential cardiostable sedative for intensive care patients 
with a compromised myocardial function and can 

provide beneficial recovery effect for the myocardium 
after OHCA (16, 17, 27). Therefore, further studies are 
needed in larger population with both nonshockable 
and shockable primary rhythm.

There are few limitations to be considered. First, al-
though limited by small sample size and large variation 
in the extent of myocardial injury, our study suggests 
that in addition to attenuation of irreversible myocyte 
necrosis, xenon improves recovery of cardiac dysfunc-
tion caused by global ischemia during cardiac arrest. 
Second, due to logistic reasons, only a small group of 
the Xe-HYPOTHECA study patients could be included 
in this substudy. However, characteristics of patients 
were well balanced between groups in this analysis. 
Furthermore, there were no significant differences be-
tween patients with and without echocardiographic 
studies as demonstrated in the Supplemental Material 
(http://links.lww.com/CCX/A741). Comparisons were 
not possible during hypothermia treatment or later 
than 24 ± 4 hours after completion of rewarming due 
to small number of patients with complete echocar-
diography at these time points. Third, neither coro-
nary angiography nor autopsy was performed in two 
patients in the xenon and control groups, and there-
fore, the severity of coronary artery disease could not 
be evaluated in these patients.

CONCLUSIONS

Our results of this explorative analysis in a subgroup 
of patients included in a trial evaluating neuroprotec-
tive properties of xenon provide evidence that inhaled 
xenon combined with hypothermia improves sys-
tolic LV function in comparison with hypothermia 
among comatose survivors of OHCA. Although exact 
mechanisms of this effect are unknown, current results 
suggest that xenon protects against myocardial dys-
function after cardiac arrest. Larger studies on sig-
nificance of these findings on clinical outcomes after 
OHCA are warranted in the future.

ACKNOWLEDGMENTS

We thank research nurses Keijo Leivo (Turku University 
Hospital) and Tuukka Tikka (Helsinki University 
Hospital), both of whom were compensated for their 
contribution, for taking care of the logistics of this 
study. The Xe-HYPOTHECA Study Group includes 
the following: Sami Virtanen, MD, Riitta Parkkola, 

http://links.lww.com/CCX/A741


Original Clinical Report

Critical Care Explorations	 www.ccejournal.org          9

MD, PhD (Department of Radiology, University of 
Turku, Turku University Hospital, Turku, Finland); 
Jani Saunavaara, PhD (Department of Medical 
Physics, 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 
Hospital, 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, University of Turku, Turku, Finland); and 
Päivi Silvasti, MD, Eija Nukarinen, MD, and Klaus 
T. Olkkola, MD, PhD (Division of Intensive Care 
Medicine, Department of Anesthesiology, Intensive 
Care and Pain Medicine, University of Helsinki and 
Helsinki University Hospital, Helsinki, Finland).

	 1	 Heart Center, Turku University Hospital and University of 
Turku, Turku, Finland.

	 2	 Division of Perioperative Services, Intensive Care Medicine 
and Pain Management, Turku University Hospital, University 
of Turku, Turku, Finland.

	 3	 Division of Intensive Care Medicine, Department of 
Anesthesiology, Intensive Care and Pain Medicine, 
University of Helsinki and Helsinki University Hospital, 
Helsinki, Finland.

	 4	 Division of Clinical Neurosciences, University of Turku, Turku 
University Hospital, Turku, Finland.

	 5	 Emergency Medicine, Department of Emergency Medicine 
and Services, University of Helsinki and Helsinki University 
Hospital, Helsinki, Finland.

	 6	 Department of Cardiology, Heart and Lung Center, University 
of Helsinki and Helsinki University Hospital, Helsinki, 
Finland.

	 7	 Department of Anesthesia and Perioperative Care, University 
of California, San Francisco, San Francisco, CA.

	 8	 Department of Biostatistics, University of Turku and Turku 
University Hospital, Turku, Finland.

Supplemental digital content is available for this article. Direct 
URL citations appear in the printed text and are provided in the 
HTML and PDF versions of this article on the journal’s website 
(http://journals.lww.com/ccejournal).

Drs. Saraste and Ballo contributed equally.

Supported, in part, by the Academy of Finland, Finnish Foundation 
for Cardiovascular Research, and State Research Funding from 
the Hospital District of Southwest Finland.

Dr. Saraste reports grants from the Academy of Finland and 
Finnish Foundation for Cardiovascular Research, outside the 
submitted work. Dr. Airaksinen reports grants from Finnish 

Foundation for Cardiovascular Research, outside the submitted 
work. Dr. Maze is a founder, board director, and equity share-
holder of NeuroproteXeon, a company that intends to commer-
cialize the use of xenon for ongoing acute neurological injury, 
including its administration to successfully resuscitated patients 
after out-of-hospital cardiac arrest. Dr. Laitio reports consultancy 
fee from NeuroproteXeon Ltd., outside the submitted work. The 
remaining authors have disclosed that they do not have any con-
flicts of interest.

For information regarding this article, E-mail: timo.laitio@elisanet.fi

Trial registration: ClinicalTrials.gov Identifier: NCT00879892.

REFERENCES
	 1.	 Laurent I, Monchi M, Chiche JD, et al: Reversible myocardial 

dysfunction in survivors of out-of-hospital cardiac arrest. J Am 
Coll Cardiol 2002; 40:2110–2116

	 2.	 Cerchiari EL, Safar P, Klein E, et al: Cardiovascular function 
and neurologic outcome after cardiac arrest in dogs. The car-
diovascular post-resuscitation syndrome. Resuscitation 1993; 
25:9–33

	 3.	 Kern KB, Hilwig RW, Rhee KH, et al: Myocardial dysfunction 
after resuscitation from cardiac arrest: An example of global 
myocardial stunning. J Am Coll Cardiol 1996; 28:232–240

	 4.	 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; 95:202–222

	 5.	 Lemiale V, Dumas F, Mongardon N, et al: Intensive care unit 
mortality after cardiac arrest: The relative contribution of shock 
and brain injury in a large cohort. Intensive Care Med 2013; 
39:1972–1980

	 6.	 Thygesen K, Alpert JS, Jaffe AS, et al; Writing Group on the 
Joint ESC/ACCF/AHA/WHF Task Force for the Universal 
Definition of Myocardial Infarction; ESC Committee for 
Practice Guidelines (CPG): Third universal definition of myo-
cardial infarction. Eur Heart J 2012; 33:2551–2567

	 7.	 Babuin L, Vasile VC, Rio Perez JA, et al: Elevated cardiac tro-
ponin is an independent risk factor for short- and long-term 
mortality in medical intensive care unit patients. Crit Care Med 
2008; 36:759–765

	 8.	 Gilje P, Koul S, Thomsen JH, et al; TTM study group: High-
sensitivity troponin-T as a prognostic marker after out-of-
hospital cardiac arrest - a targeted temperature management 
(TTM) trial substudy. Resuscitation 2016; 107:156–161

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

	10.	 Baumert JH, Hein M, Hecker KE, et al: Xenon or propofol an-
aesthesia for patients at cardiovascular risk in non-cardiac 
surgery. Br J Anaesth 2008; 100:605–611

	11.	 Wappler F, Rossaint R, Baumert J, et al; Xenon Multicenter 
Study Research Group: Multicenter randomized compar-
ison of xenon and isoflurane on left ventricular function in 
patients undergoing elective surgery. Anesthesiology 2007; 
106:463–471

http://journals.lww.com/ccejournal
mailto:timo.laitio@elisanet.fi


Saraste et al

10          www.ccejournal.org	 xxx 2021 • Volume 00 • Number 00

	12.	 Roehl AB, Funcke S, Becker MM, et al: Xenon and isoflurane 
reduce left ventricular remodeling after myocardial infarction 
in the rat. Anesthesiology 2013; 118:1385–1394

	13.	 Schwiebert C, Huhn R, Heinen A, et al: Postconditioning 
by xenon and hypothermia in the rat heart in vivo. Eur J 
Anaesthesiol 2010; 27:734–739

	14.	 Weber NC, Stursberg J, Wirthle NM, et al: Xenon precondi-
tioning differently regulates p44/42 MAPK (ERK ½) and 
p46/54 MAPK (JNK ½ and 3) in vivo. Br J Anaesth 2006; 
97:298–306

	15.	 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 arrest: A randomized clinical trial. JAMA 2016; 
315:1120–1128

	16.	 Arola O, Saraste A, Laitio R, et al; Xe-HYPOTHECA Study 
Group: Inhaled xenon attenuates myocardial damage in 
comatose survivors of out-of-hospital cardiac arrest: The 
Xe-Hypotheca trial. J Am Coll Cardiol 2017; 70:2652–2660

	17.	 Arola OJ, Laitio RM, Roine RO, et al: Feasibility and cardiac 
safety of inhaled xenon in combination with therapeutic hypo-
thermia following out-of-hospital cardiac arrest. Crit Care Med 
2013; 41:2116–2124

	18.	 Lang RM, Badano LP, Mor-Avi V, et al: Recommendations for 
cardiac chamber quantification by echocardiography in adults: 
An update from the American Society of Echocardiography 
and the European Association of Cardiovascular Imaging. Eur 
Heart J Cardiovasc Imaging 2015; 16:233–270

	19.	 Nagueh SF, Smiseth OA, Appleton CP, et al: Recommendations for 
the evaluation of left ventricular diastolic function by echocardiog-
raphy: An update from the American Society of Echocardiography 
and the European Association of Cardiovascular Imaging. J Am 
Soc Echocardiogr 2016; 29:277–314

	20.	 Ballo H, Tarkia M, Haavisto M, et al: Determinants of myo-
cardial strain in experimental chronic myocardial infarction. 
Ultrasound Med Biol 2019; 45:568–578

	21.	 Uusitalo V, Luotolahti M, Pietilä M, et al: Two-dimensional 
speckle-tracking during dobutamine stress echocardiography 
in the detection of myocardial ischemia in patients with sus-
pected coronary artery disease. J Am Soc Echocardiogr 2016; 
29:470–479.e3

	22.	 Himelman RB, Cassidy MM, Landzberg JS, et al: Reproducibility 
of quantitative two-dimensional echocardiography. Am Heart J 
1988; 115:425–431

	23.	 Huang L, Weil MH, Tang W, et al: Comparison between dobu-
tamine and levosimendan for management of postresuscita-
tion myocardial dysfunction. Crit Care Med 2005; 33:487–491

	24.	 Ruiz-Bailén M, Aguayo de Hoyos E, Ruiz-Navarro S, et al: 
Reversible myocardial dysfunction after cardiopulmonary re-
suscitation. Resuscitation 2005; 66:175–181

	25.	 Kern KB, Hilwig RW, Berg RA, et al: Postresuscitation left 
ventricular systolic and diastolic dysfunction. Treatment with 
dobutamine. Circulation 1997; 95:2610–2613

	26.	 Rossaint R, Reyle-Hahn M, Schulte Am Esch J, et al; Xenon 
Study Group: Multicenter randomized comparison of the effi-
cacy and safety of xenon and isoflurane in patients undergo-
ing elective surgery. Anesthesiology 2003; 98:6–13

	27.	 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; 56:829–835

	28.	 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; 115:550–559

	29.	 Schaefer W, Meyer PT, Rossaint R, et al: Myocardial blood 
flow during general anesthesia with xenon in humans: A 
positron emission tomography study. Anesthesiology 2011; 
114:1373–1379

	30.	 Javadov SA, Lim KH, Kerr PM, et al: Protection of hearts from 
reperfusion injury by propofol is associated with inhibition 
of the mitochondrial permeability transition. Cardiovasc Res 
2000; 45:360–369

	31.	 Weber NC, Toma O, Damla H, et al: Upstream signaling 
of protein kinase C-epsilon in xenon-induced pharmaco-
logical preconditioning. Implication of mitochondrial aden-
osine triphosphate dependent potassium channels and 
phosphatidylinositol-dependent kinase-1. Eur J Pharmacol 
2006; 539:1–9

	32.	 Weber NC, Toma O, Wolter JI, et al: Mechanisms of xenon- 
and isoflurane-induced preconditioning - a potential link to 
the cytoskeleton via the MAPKAPK-2/HSP27 pathway. Br J 
Pharmacol 2005; 146:445–455

	33.	 Mio Y, Shim YH, Richards E, et al: Xenon preconditioning: 
The role of prosurvival signaling, mitochondrial permeability 
transition and bioenergetics in rats. Anesth Analg 2009; 
108:858–866

	34.	 Weber NC, Toma O, Wolter JI, et al: The noble gas xenon 
induces pharmacological preconditioning in the rat heart 
in vivo via induction of PKC-epsilon and p38 MAPK. Br J 
Pharmacol 2005; 144:123–132

	35.	 Baumert JH, Roehl AB, Funcke S, et al: Xenon protects left 
ventricular diastolic function during acute ischemia, less than 
ischemic preconditioning. Med Gas Res 2016; 6:130–137




