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bjective: Extracorporeal circulation is considered the gold standard in the treat-
ent of hypothermic cardiocirculatory arrest; however, few centers use extracor-

oreal membrane oxygenation instead of standard extracorporeal circulation for this
ndication. The aim of this study was to evaluate whether extracorporeal membrane
xygenation-assisted resuscitation improves survival in patients with hypothermic
ardiac arrest.

ethods: A consecutive series of 59 patients with accidental hypothermia in
ardiocirculatory arrest between 1987 and 2006 were included. Thirty-four patients
57.6%) were resuscitated by standard extracorporeal circulation, and 25 patients
42.4%) were resuscitated by extracorporeal membrane oxygenation. Accidental
ypothermia was caused by avalanche in 22 patients (37.3%), drowning in 22
atients (37.3%), exposure to cold in 8 patients (13.5%), and falling into a crevasse
n 7 patients (11.9%). Multivariate logistic regression analysis was used to compare
xtracorporeal membrane oxygenation with extracorporeal circulation resuscitation,
ith adjustment for relevant parameters.

esults: Restoration of spontaneous circulation was achieved in 32 patients (54.2%). A
otal of 12 patients (20.3%) survived hypothermia. In the extracorporeal circulation
roup, 64% of the nonsurviving patients who underwent restoration of spontaneous
irculation died of severe pulmonary edema, but none died in the extracorporeal
embrane oxygenation group. In multivariate analysis, extracorporeal membrane

xygenation-assisted resuscitation showed a 6.6-fold higher chance for survival (relative
isk: 6.6, 95% confidence interval: 1.2–49.3, P � .042). Asphyxia-related hypothermia
avalanche or drowning) was the most predictive adverse factor for survival (relative
isk: 0.09, 95% confidence interval: 0.01–0.60, P � .013). Potassium and pH failed to
how statistical significance in the multivariate analysis.

onclusions: Extracorporeal rewarming with an extracorporeal membrane oxygenation
ystem allows prolonged cardiorespiratory support after initial resuscitation. Our data
ndicate that prolonged extracorporeal membrane oxygenation support reduces the risk
f intractable cardiorespiratory failure commonly observed after rewarming.

ecause of the protective effects of deep hypothermia, prolonged resuscita-
tion in patients with severe accidental hypothermia is recommended.1 Sup-
port with extracorporeal circulation (ECC) is considered the gold standard in

he treatment of hypothermic patients with cardiocirculatory arrest; however, sur-
ival of these patients is still poor.2,3 Several years ago, portable extracorporeal
embrane oxygenation (ECMO) became commercially available and was intro-

uced as an alternative treatment option to ECC for emergency mechanical circu-

atory support in cardiothoracic surgery.

vascular Surgery ● September 2007
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The successful use of ECMO has been reported in nor-
othermic patients undergoing noncardiac surgery who

ave cardiogenic shock4,5 and in patients undergoing open
urgery who cannot be weaned from cardiopulmonary
ypass.6,7

ECMO has several advantages compared with standard
CC equipment: (1) Cannulation can be performed percu-

aneously (even outside of the operating room during exter-
al chest compression) and can be used for single pulmo-
ary support when used as a venovenous system.8 (2)
CMO requires lower levels of anticoagulation and can be
sed without systemic anticoagulation in case of major
leeding. (3) Prolonged extracorporeal support for hours
nd days is possible.9 (4) The system can be transferred
ithin hospitals. (5) Negative pressure on the venous can-
ulas allows higher extracorporeal flow rates.

In contrast with ECC, ECMO support cannot decompress
 severely impaired left ventricle because it is a closed
ystem.

In hypothermic patients with cardiocirculatory arrest,
CC is used during cardiopulmonary resuscitation in sev-
ral centers.10-13 The limited support time of ECC, because
f the inflammatory activation and hemolysis, might not be
ufficient to adequately treat reperfusion injury.14 Reperfu-
ion edema is a well-known phenomenon in lung transplan-
ation, frequently requiring prolonged ECMO support to
rovide sufficient oxygenation.15,16

Although previous case series of hypothermia have re-
orted successful rewarming with the use of ECC, there has
ever been a study published investigating the effect of
CMO-assisted rewarming in hypothermic patients with
ardiocirculatory arrest. Most previous studies could not
valuate such an effect because of the limited sample size or
navailability of ECMO support.17,18 During the past few
ears, we have observed a marked improvement in survival
n hypothermic patients resuscitated by ECMO support that
ould not be solely explained by the more restrictive use of
xtracorporeal rewarming in patients with concomitant as-
hyxia (eg, in avalanche accidents). Considering these ad-
antages, we hypothesized that prolonged ECMO support is
uperior in the treatment of accidental hypothermia with

Abbreviations and Acronyms
CI � confidence interval
ECC � extracorporeal circulation
ECMO � extracorporeal membrane oxygenation
ROSC � return of spontaneous circulation
RR � relative risk
ardiocirculatory arrest. B

The Journal of Thoracic
aterials and Methods
e retrospectively analyzed a consecutive series of 59 patients
ith accidental hypothermia and cardiocirculatory arrest who were

dmitted to the Medical University Innsbruck between 1987 and
006. Inclusion criterion for this study was attempted rewarming
ith the extracorporeal-assisted technique in patients with hypo-

hermic cardiac arrest. Permission for data analysis and data pro-
ection of the presented patients was given by the local institutional
eview board.

Thirty-four patients (57.6%) were resuscitated by ECC (ECC
roup, 1987–1996), and 25 patients (42.4%) were resuscitated by
enoarterial ECMO (ECMO group, 1996-2006).

At admission, 31 patients (52.5%) had asystole, 25 patients
42.4%) had ventricular fibrillation, and 3 patients (5.1%) had
ulseless electrical activity. Hypothermia was caused by avalanche
n 22 patients (37.3%), drowning in 22 patients (37.3%), exposure
o cold in 8 patients (13.5%), and falling into a crevasse in 7
atients (11.9%).

atient Management and Cannulation Technique
efore patients were admitted to the emergency department, an-
sthesiologists, cardiac surgeons, and perfusionists were fre-
uently instructed to organize a rescue team for extracorporeal
ewarming.

In the ECMO group, patients with return of spontaneous cir-
ulation (ROSC) remained on the extracorporeal assist device up
o several days until cardiopulmonary function was stabilized
Figure 1).

Patients who received ECC were cannulated femorally by an
pen surgical technique using purse-string sutures for vessel prep-
ration. In smaller children (n � 6, 17.6%), central ECC cannu-
ation by sternotomy was performed. In the ECMO group, femoral
annulation was attempted percutaneously and was successful in
4 patients (66.7%). Routinely, an additional 5F cannula was
istally inserted into the femoral artery for leg perfusion in all
atients receiving ECMO. Two small children underwent ECMO
annulation with a median sternotomy. If repeated efforts of per-
utaneous insertion failed, groin incision and direct cannulation
ith purse-string sutures were performed.

After initiation of cardiopulmonary bypass, the patient was kept
t the admission temperature for the first 5 minutes, and then active
ewarming was started with a warming rate of approximately 7°C
er hour. Body core temperature was measured by tympanum
emperature during the rewarming period. The active rewarming
eriod took approximately 1.5 hours until normothermia was
eached; the maximum gradient between core temperature and
ater bath of the heat exchanger was kept at less than 8°C. At a

ore temperature of approximately 27°C, active (and if necessary
ecurrent) defibrillation and buffering with sodium bicarbonate
ere started.

The ECC system consisted of a roller pump (Stöckert, Bonn,
ermany) and an oxygenator with an integrated heat exchanger

from 1987 to 1992, a bubble oxygenator, Polystan AS, Denmark;
rom 1993 to the present, a membrane oxygenator, Jostra AG,
erloese, Denmark). Polyvinyl cannulas (Stöckert, Bonn, Ger-
any) were used for peripheral femoral cannulation.

The ECMO system consisted of a centrifugal pump (Biopump,

io-Medicus, Eden, Prairie, Minn), a hollow-fiber oxygenator

and Cardiovascular Surgery ● Volume 134, Number 3 595
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Maxima, Medtronic Bloodsystem, Anaheim, Calif), polyvinyl
hloride tubing, percutaneous arterial and venous cannulas
Medtronic Inc, Minneapolis, Minn), and an integrated heat ex-
hanger (Stöckert, Bonn, Germany).

tatistical Analysis
ossible associations between successful resuscitation and poten-

ially predictive clinical features were assessed by means of uni-
ariate and multivariate analyses. To test for univariate differences
n categoric variables, the Pearson chi-square test or Fisher exact
est (when appropriate) was applied. Continuous variables were
ested with the Student t test or Mann–Whitney U test (if assump-
ion of a Gaussian distribution was not fulfilled). Multivariate
ogistic regression analysis was performed to determine the rela-
ive risk (RR) and 95% confidence intervals (CIs) for potential
redictors of surviving extracorporeal resuscitation. Thereby, the
election of variables was based on univariate comparisons (entry
riteria P � .05) and clinical relevance.

esults
he mean age of patients was 31 � 18 years, mean body
ore temperature at admission was 24.5°C � 3.7°C, and
ean burial/submersion time was 93.8 � 104.6 minutes. At

dmission, the mean lactate level was 129.8 � 60.9 mg/dL,
ean potassium level was 7.4 � 4.1 mmol/L, and mean pH
as 6.68 � 0.27. During the rewarming period, reestablish-
ent of sinus rhythm during extracorporeal rewarming was

chieved in 33 patients (56.0%). Weaning from the assist
evice (ECC or ECMO) after ROSC was possible in 32
atients (54.2%). A total of 12 patients (20.3%) survived
ypothermia and were discharged from the hospital. The
ajority of patients with ROSC died within 2 days. Of the

urviving patients (n � 12), the median intensive care unit
tay was 15 days (range 5 days to 6 weeks) and the median

igure 1. Severe pulmonary edema in a person rescued from a
revasse after successful ECMO-assisted resuscitation. Pro-

onged ECMO assistance was necessary for 27 hours because of
assive reperfusion edema of the lung. Computed tomographic

can was performed after the patient was normothermic. ECMO,
xtracorporeal membrane oxygenation.
ospital stay was 29 days (18-65 days). Initial hemofiltra- s

96 The Journal of Thoracic and Cardiovascular Surgery ● Septe
ion was necessary in 5 patients; the remaining survivors
edeveloped sufficient kidney function immediately after
eaching normothermia. Tracheostomy was required in 2
atients after prolonged invasive ventilation to successfully
ean the patient from the respirator. There were no neuro-

ogic complications during the hospital stay. Eleven patients
egained full neurophysiologic and intellectual integration
nto their normal lives. One surviving child (6 years old,
urvivor of drowning accident) was attending a special
chool because of a single intellectual impairment without
ny apparent neurologic dysfunction.

The characteristics of the patients according to the ap-
lied extracorporeal technique are summarized in Table 1.

valuation of Predictors for Successful Resuscitation
n overview of the clinical parameters analyzed for their

nfluence on survival is displayed in Table 2.
In the first step, possible clinically relevant factors were

nalyzed for their influence on survival in the univariate
nalysis.

The ages of nonsurvivors were not significantly different
rom those of survivors (29.5 � 16.7 years vs 38.3 � 20.1
ears, P � .20). In addition, male gender was not associated
ith successful resuscitation (87.2% vs 75.0%, P � .37).
sphyxia-related cause of hypothermia, either avalanche or
rowning as previously described by Walpoth and col-
eagues,13 was significantly associated with death from hy-
othermia (85.1% vs 33.3%, P � .001). The heart rhythm at
dmission (asystole vs ventricular fibrillation/pulseless elec-
rical activity) did not have a significant influence on sur-
ival (57.4% vs 33.3%, P � .20). In comparison with ECC,
CMO-assisted rewarming was significantly associated
ith improved survival (34.0% vs 75.0%, P � .02). At

dmission, nonsurvivors had significantly higher potassium
evels (8.1 � 4.3 mmol/L vs 4.9 � 1.9 mmol/L, P � .014)
nd lower pH (6.64 � 0.24 vs 6.80 � 0.32, P � .026).

The mean burial/submersion time in persons in ava-
anche and near-drowning accidents was not significantly
ifferent with regard to survival (94.7 � 86 minutes vs
2.2 � 134.6 minutes, P � .44). In addition, there was no
tatistical difference in core body temperature (24.5°C �
.68°C vs 24.2°C � 0.35°C, P � .77), mean lactate levels
136.9 � 64.2 mg/dL vs 118.1 � 59.0 mg/dL, P � .57), or
pontaneous activated clotting time (201.7 � 45.5 seconds
s 204.7 � 32.0 seconds, P � .92).

The median ECMO support time was 42 hours (range
8-216 hours) in nonsurvivors and 27 hours in survivors
range 2.5-48 hours).

In the ECC group, the median time from extracorporeal
eaning to death was 23 hours (range 0.5-110 hours) in
onsurvivors.

Causes of death in nonsurvivors with a reestablished

inus rhythm are summarized in Table 3.

mber 2007
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valuation of Independent Predictors for Survival
n the second step, parameters that showed an influence on
urvival in the univariate analysis were included in a mul-
ivariate logistic regression analysis adjusting for these
ariables.

The results of the multivariate analysis are summarized
n Table 4.

Possible asphyxia-associated cause of cardiocirculatory
rrest was the most predictive adverse factor for survival
RR: 0.09, 95% CI: 0.01–0.60, P � .013). Extracorporeal-
ssisted resuscitation with ECMO was an independent pre-
ictor for improved survival (RR: 6.6, 95% CI: 1.2–49.3,

ABLE 1. Overview of hypothermic patients who have
n � 59 patients)

ge in years (mean, SD)
ale gender (n, %)

ause of hypothermia-related cardiocirculatory arrest
Avalanche
Drowning
Crevasse
Exposure to cold

ody core temperature at admission in degrees Celsius (mean, S
urial/Submersion Time in Minutes (mean, SD)
erum potassium at admission in mmol/L (mean, SD)
H at admission (mean, SD)
ardiac rhythm at admission

Asystole
Ventricular fibrillation
Pulseless electrical activity

CC, Extracorporeal circulation; ECMO, extracorporeal membrane oxygen

ABLE 2. Univariate comparison of possible predictive
ssociated with cardiocirculatory arrest

ge in years (mean, SD)
ale gender (n, %)

sphyxia-associated cause (Avalanche, Drowning) (n, %)
CMO-assisted resuscitation (n, %)
urial/submersion time in minutes (if avalanche or drowning)
ody core temperature at admission (mean, SD)
systole at admission (n, %)
actate at admission (mean, SD)
H at admission (mean, SD)
otassium at admission (mean, SD)
ctivated clotting time in seconds (mean, SD)
D, Standard deviation; ECMO, extracorporeal membrane oxygenation.

The Journal of Thoracic
� .042). Potassium and pH at admission failed to show
tatistical significance in the multivariate analysis.

According to Locher and colleagues,14 who described
valanche victims due to the inferior prognosis of concom-
tant asphyxia separately, we performed a second subanaly-
is excluding all avalanche victims (n � 22). Furthermore,
e wanted to prove the stability of the parameters adjusted

n the multivariate regression analysis. In this subanalysis,
CMO-assisted resuscitation was again confirmed to be
uperior compared with ECC-assisted rewarming regarding
urvival (RR: 7.6, 95% CI: 1.14–50.8, P � .036). Again,
erum potassium (RR: 0.75, 95% CI: 0.49–1.13, P � .16)

resuscitated by the use of extracorporeal techniques

ECC group (1987–1996)
n � 34 patients

ECMO group (1996–2006)
n � 25 patients P value

28 � 16 36 � 19 .068
28 (82.4%) 21 (84.0%) .72

16 (47.1%) 6 (24.0%)
11 (32.4%) 11 (44.0%)
3 (8.8%) 4 (16.0%)
4 (11.8%) 4 (16.0%) .34

24.6 � 2.9 24.2 � 4.7 .66
94 � 85 min 92 � 134 min .94
7.8 � 4.4 6.9 � 3.7 .45
6.7 � 0.27 6.7 � 0.28 .64

18 (52.9%) 13 (52.0%)
15 (44.1%) 10 (40.0%)

1 (2.9%) 2 (8.0%) .68

SD, standard deviation.

meters associated with survival of severe hypothermia

Nonsurvivors
n � 47 patients

Survivors
n � 12 patients P value

29.5 � 16.7 38.3 � 20.1 .20
41 (87.2%) 9 (75.0%) .37
40 (85.1%) 4 (33.3%) .001
16 (34.0%) 9 (75.0%) .02
94.7 � 86 92.2 � 134.6 .44
24.5 � 0.68 24.2 � 0.35 .77
27 (57.4%) 4 (33.3%) .20

136.9 � 64.2 118.1 � 59.0 .57
6.64 � 0.24 6.80 � 0.32 .026

8.1 � 4.30 4.9 � 1.90 .014
201.7 � 45.5 204.7 � 32.0 .92
been

D)
para
and Cardiovascular Surgery ● Volume 134, Number 3 597
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nd pH (RR: 2.53, 95% CI: 0.055–115.8, P � .63) did not
ndicate statistical significance.

iscussion
he results of our study suggest that ECMO-assisted resus-
itation in hypothermic cardiocirculatory arrest provides
mproved survival in patients undergoing extracorporeal-
ssisted resuscitation. Although ECC support has to be
erminated within several hours because of the massive
emolysis and inflammatory response, ECMO assistance is
ossible up to several days until the hemodynamic and
ulmonary functions of the patient have been stabilized.9,19

Furthermore, because both treatment groups (ECC and
CMO) showed a similar restoration of spontaneous circu-

ation but significantly different survivals, our data suggest
hat the improved outcome of patients who received ECMO
as attributable to prolonged cardiopulmonary support. In

act, 9 of 14 patients with ROSC in the ECC group (64%)
ied of intractable pulmonary edema within a few hours
fter rewarming, but none in the ECMO group died (how-
ver, severe pulmonary edema was frequently observed
uring the rewarming period in ECMO-assisted patients
oo) (Figure 1). We therefore conclude that the improved
utcome of ECMO-assisted patients was most likely attrib-
table to a reduction of early mortality after initial
ewarming.

ABLE 3. Causes of death in patients with restoration of
pontaneous circulation (ROSC) (n � 21 patients)

ECC group
n � 14 patients

ECMO group
n � 7 patients

ulmonary edema 9 (64.3%) 0 (0%)
ultiorgan failure 2 (14.3%) 3 (50%)
rain death 2 (14.3%) 3 (42.9%)
ortic dissection/retroperitoneal
hematoma

0 (0%) 1 (16.7%)

leeding 1 (7.1%) 0 (16.7%)
edian time from ROSC to
death (hours, range)

23 (0.5–110) 42 (18–216)

CC, Extracorporeal circulation; ECMO, extracorporeal membrane oxygen-
tion; ROSC, return of spontaneous circulation.

ABLE 4. Results of the multivariate logistic regression
ccidental hypothermia with cardiocirculatory arrest (n �

sphyxia-related cause of hypothermia (avalanche, drowning)
CMO-assisted resuscitation
otassium at admission (per mmol/L)
H at admission
CMO, Extracorporeal membrane oxygenation.

98 The Journal of Thoracic and Cardiovascular Surgery ● Septe
Extracorporeal support is typically terminated immedi-
tely after rewarming in patients on standard ECC support
ecause of bleeding, hemolysis, and inflammatory response.
his is often possible only with high-dose catecholamine
upport and invasive ventilatory support. In contrast, by
sing ECMO, prolonged extracorporeal support is possible
ith minimal side effects until the cardiac and pulmonary

unctions of the patient have been stabilized.9,19 Further-
ore, several studies have demonstrated that vasopressors

re ineffective in hypothermia and therefore not recom-
ended by international task forces.2,20 A high incidence of

evere cardiopulmonary dysfunction is reported in most
ublications on extracorporeal rewarming of accidental hy-
othermia among both survivors and nonsurvivors.13,14

Vretenar and colleagues21 reported 60% survival among
8 hypothermic patients in a collective literature review;
owever, the high survival was explained to be the result of
he publication bias of these types of studies and low rate of
sphyxia-related cause of hypothermia. In addition, they
eported that adult respiratory distress syndrome and severe
ulmonary edema were the most frequent complications
fter successful weaning from ECC. However, in concordance
ith Vretenar and coworkers, Walpoth and colleagues13 and
ocher and colleagues14 reported similar pulmonary compli-
ation rates among survivors and nonsurvivors of hypothermia.
halmann a n d colleagues17 and Gilbert and colleagues22

eported on 2 hypothermic infants in cardiocirculatory arrest
ho were resuscitated by ECC, followed by ECMO support

or several days because of weaning failure.
Severe pulmonary edema was frequently observed dur-

ng the rewarming period of our patients. This phenomenon
an be partly explained as ischemia-reperfusion injury but
ay be aggravated by severe diastolic dysfunction. Several

tudies on therapeutically induced hypothermia have re-
orted severe stiffness of the left ventricle and acute volume
verload during rewarming.23-25 If patients have to be
eaned from ECC during refractory diastolic dysfunction
ith elevated left ventricular filling pressures, acute aggrava-

ion of reperfusion pulmonary edema occurs. Our study there-
ore underlines that prolonged ECMO support can prevent this
omplication if patients are weaned from ECMO after success-
ul stabilization of cardiopulmonary function.

lysis to evaluate independent predictors for survival of
atients)
ald Relative risk 95% confidence interval P value

.2 0.09 0.01–0.60 .013

.2 6.61 1.2–49.3 .042

.8 0.62 0.36–1.1 .09

.018 0.89 0.02–83.8 .89
ana
59 p

W

6
4
2
0
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The high mortality rate among our patients can be ex-
lained by the high rate of avalanche accidents, which is
ypical in a high alpine region such as ours. This factor,
owever, was most predictive for surviving hypothermia.

Locher and colleagues14 described an 84.6% death rate
mong avalanche victims with cardiocirculatory arrest. In
nother study by Walpoth and colleagues,11 only 1 of 16
esuscitated hypothermic patients was an avalanche victim.
arstad and colleagues10 reported a survival of 26.9% after
CC, despite only a 3.8% rate of avalanche victims.

Despite the reported inferior outcome of avalanche vic-
ims, the results of our analysis confirmed that ECMO
upport in hypothermic patients had a significant impact on
ater survival even when excluding these patients.

In 1996, Brugger and colleagues,26 from the Mountain
escue Service of our region, were the first to propose
uidelines for the triage of avalanche victims showing asys-
ole. Their on-site differentiation between asphyxia and
ypothermia was based on the burial time, core temperature,
nd existence of an air pocket.

Hyperkalemia is a well-known marker of poor prognosis
n patients with severe accidental hypothermia, indicating
ardiac arrest from asphyxia before cooling.27,28 Potassium
evels exceeding 10 mmol/L have been considered to justify
ermination of resuscitation in asphyxia-related accidents;
owever, Mair and colleagues27 argued that a decision
bout further resuscitation efforts cannot be based on labo-
atory parameters. However, these parameters can help
void using limited ECC facilities for patients with no hope of
urvival. Therefore, as we have demonstrated that the tech-
ique of extracorporeal rewarming had a much higher impact
n later survival than obtained laboratory parameters, our data
re consistent with the previous observations.28

Although this is the largest consecutive study on
xtracorporeal-assisted resuscitation in hypothermia, we
annot rule out additional effects of missing covariates. In
ddition, the lack of randomization and the fact that the
istories of the ECC group extend from 1987 to 1996, rather
han during the present time, are further limitations on inter-
reting the findings. However, the clear difference in early
ortality secondary to severe cardiorespiratory failure pro-

ides an obvious and logical explanation for the findings of our
tudy clearly supporting our hypothesis.

onclusions
any cardiothoracic surgery centers do not provide ECMO

upport. The triage of hypothermic patients to departments
sing this assist device may therefore be lifesaving in hy-
othermic patients with cardiocirculatory arrest. Our data
uggest that prolonged ECMO support may reduce mortal-
ty from intractable cardiorespiratory failure after rewarm-

ng from hypothermic cardiac arrest.

The Journal of Thoracic
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