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Objective: Extracorporeal circulation is considered the gold standard in the treat-
ment of hypothermic cardiocirculatory arrest; however, few centers use extracor-
poreal membrane oxygenation instead of standard extracorporeal circulation for this
indication. The aim of this study was to evaluate whether extracorporeal membrane
oxygenation-assisted resuscitation improves survival in patients with hypothermic
cardiac arrest.

Methods: A consecutive series of 59 patients with accidental hypothermia in
cardiocirculatory 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
hypothermia was caused by avalanche in 22 patients (37.3%), drowning in 22
patients (37.3%), exposure to cold in 8 patients (13.5%), and falling into a crevasse
in 7 patients (11.9%). Multivariate logistic regression analysis was used to compare
extracorporeal membrane oxygenation with extracorporeal circulation resuscitation,
with adjustment for relevant parameters.

Results: Restoration of spontaneous circulation was achieved in 32 patients (54.2%). A
total of 12 patients (20.3%) survived hypothermia. In the extracorporeal circulation
group, 64% of the nonsurviving patients who underwent restoration of spontaneous
circulation died of severe pulmonary edema, but none died in the extracorporeal
membrane oxygenation group. In multivariate analysis, extracorporeal membrane
oxygenation-assisted resuscitation showed a 6.6-fold higher chance for survival (relative
risk: 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
risk: 0.09, 95% confidence interval: 0.01-0.60, P = .013). Potassium and pH failed to
show statistical significance in the multivariate analysis.

Conclusions: Extracorporeal rewarming with an extracorporeal membrane oxygenation
system allows prolonged cardiorespiratory support after initial resuscitation. Our data
indicate that prolonged extracorporeal membrane oxygenation support reduces the risk
of 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." Sup-

port with extracorporeal circulation (ECC) is considered the gold standard in
the treatment of hypothermic patients with cardiocirculatory arrest; however, sur-
vival of these patients is still poor.”* Several years ago, portable extracorporeal
membrane oxygenation (ECMO) became commercially available and was intro-
duced as an alternative treatment option to ECC for emergency mechanical circu-
latory support in cardiothoracic surgery.
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Abbreviations and Acronyms
CI = confidence interval
ECC extracorporeal circulation
ECMO = extracorporeal membrane oxygenation
ROSC = return of spontaneous circulation
RR = relative risk

The successful use of ECMO has been reported in nor-
mothermic patients undergoing noncardiac surgery who
have cardiogenic shock®” and in patients undergoing open
surgery who cannot be weaned from cardiopulmonary
bypass.®”’

ECMO has several advantages compared with standard
ECC equipment: (1) Cannulation can be performed percu-
taneously (even outside of the operating room during exter-
nal chest compression) and can be used for single pulmo-
nary support when used as a venovenous system.® (2)
ECMO requires lower levels of anticoagulation and can be
used without systemic anticoagulation in case of major
bleeding. (3) Prolonged extracorporeal support for hours
and days is possible.” (4) The system can be transferred
within hospitals. (5) Negative pressure on the venous can-
nulas allows higher extracorporeal flow rates.

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

In hypothermic patients with cardiocirculatory arrest,
ECC is used during cardiopulmonary resuscitation in sev-
eral centers.'®!® The limited support time of ECC, because
of the inflammatory activation and hemolysis, might not be
sufficient to adequately treat reperfusion injury.'* Reperfu-
sion edema is a well-known phenomenon in lung transplan-
tation, frequently requiring prolonged ECMO support to
provide sufficient oxygenation.'>'®

Although previous case series of hypothermia have re-
ported successful rewarming with the use of ECC, there has
never been a study published investigating the effect of
ECMO-assisted rewarming in hypothermic patients with
cardiocirculatory arrest. Most previous studies could not
evaluate such an effect because of the limited sample size or
unavailability of ECMO support.'”'® During the past few
years, we have observed a marked improvement in survival
in hypothermic patients resuscitated by ECMO support that
could not be solely explained by the more restrictive use of
extracorporeal rewarming in patients with concomitant as-
phyxia (eg, in avalanche accidents). Considering these ad-
vantages, we hypothesized that prolonged ECMO support is
superior in the treatment of accidental hypothermia with
cardiocirculatory arrest.

Materials and Methods

We retrospectively analyzed a consecutive series of 59 patients
with accidental hypothermia and cardiocirculatory arrest who were
admitted to the Medical University Innsbruck between 1987 and
2006. Inclusion criterion for this study was attempted rewarming
with the extracorporeal-assisted technique in patients with hypo-
thermic cardiac arrest. Permission for data analysis and data pro-
tection of the presented patients was given by the local institutional
review board.

Thirty-four patients (57.6%) were resuscitated by ECC (ECC
group, 1987-1996), and 25 patients (42.4%) were resuscitated by
venoarterial 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
pulseless electrical activity. Hypothermia was caused by avalanche
in 22 patients (37.3%), drowning in 22 patients (37.3%), exposure
to cold in 8 patients (13.5%), and falling into a crevasse in 7
patients (11.9%).

Patient Management and Cannulation Technique
Before patients were admitted to the emergency department, an-
esthesiologists, cardiac surgeons, and perfusionists were fre-
quently instructed to organize a rescue team for extracorporeal
rewarming.

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

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

After initiation of cardiopulmonary bypass, the patient was kept
at the admission temperature for the first 5 minutes, and then active
rewarming was started with a warming rate of approximately 7°C
per hour. Body core temperature was measured by tympanum
temperature during the rewarming period. The active rewarming
period took approximately 1.5 hours until normothermia was
reached; the maximum gradient between core temperature and
water bath of the heat exchanger was kept at less than 8°C. At a
core temperature of approximately 27°C, active (and if necessary
recurrent) defibrillation and buffering with sodium bicarbonate
were started.

The ECC system consisted of a roller pump (Stockert, Bonn,
Germany) and an oxygenator with an integrated heat exchanger
(from 1987 to 1992, a bubble oxygenator, Polystan AS, Denmark;
from 1993 to the present, a membrane oxygenator, Jostra AG,
Verloese, Denmark). Polyvinyl cannulas (Stockert, Bonn, Ger-
many) were used for peripheral femoral cannulation.

The ECMO system consisted of a centrifugal pump (Biopump,
Bio-Medicus, Eden, Prairie, Minn), a hollow-fiber oxygenator
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Figure 1. Severe pulmonary edema in a person rescued from a
crevasse after successful ECMO-assisted resuscitation. Pro-
longed ECMO assistance was necessary for 27 hours because of
massive reperfusion edema of the lung. Computed tomographic
scan was performed after the patient was normothermic. ECMO,
extracorporeal membrane oxygenation.

(Maxima, Medtronic Bloodsystem, Anaheim, Calif), polyvinyl
chloride tubing, percutaneous arterial and venous cannulas
(Medtronic Inc, Minneapolis, Minn), and an integrated heat ex-
changer (Stockert, Bonn, Germany).

Statistical Analysis

Possible associations between successful resuscitation and poten-
tially predictive clinical features were assessed by means of uni-
variate and multivariate analyses. To test for univariate differences
in categoric variables, the Pearson chi-square test or Fisher exact
test (when appropriate) was applied. Continuous variables were
tested with the Student ¢ test or Mann—Whitney U test (if assump-
tion of a Gaussian distribution was not fulfilled). Multivariate
logistic regression analysis was performed to determine the rela-
tive risk (RR) and 95% confidence intervals (Cls) for potential
predictors of surviving extracorporeal resuscitation. Thereby, the
selection of variables was based on univariate comparisons (entry
criteria P < .05) and clinical relevance.

Results

The mean age of patients was 31 * 18 years, mean body
core temperature at admission was 24.5°C * 3.7°C, and
mean burial/submersion time was 93.8 £ 104.6 minutes. At
admission, the mean lactate level was 129.8 = 60.9 mg/dL,
mean potassium level was 7.4 = 4.1 mmol/L, and mean pH
was 6.68 = 0.27. During the rewarming period, reestablish-
ment of sinus rhythm during extracorporeal rewarming was
achieved in 33 patients (56.0%). Weaning from the assist
device (ECC or ECMO) after ROSC was possible in 32
patients (54.2%). A total of 12 patients (20.3%) survived
hypothermia and were discharged from the hospital. The
majority of patients with ROSC died within 2 days. Of the
surviving patients (n = 12), the median intensive care unit
stay was 15 days (range 5 days to 6 weeks) and the median
hospital stay was 29 days (18-65 days). Initial hemofiltra-

tion was necessary in 5 patients; the remaining survivors
redeveloped sufficient kidney function immediately after
reaching normothermia. Tracheostomy was required in 2
patients after prolonged invasive ventilation to successfully
wean the patient from the respirator. There were no neuro-
logic complications during the hospital stay. Eleven patients
regained full neurophysiologic and intellectual integration
into their normal lives. One surviving child (6 years old,
survivor of drowning accident) was attending a special
school because of a single intellectual impairment without
any apparent neurologic dysfunction.

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

Evaluation of Predictors for Successful Resuscitation
An overview of the clinical parameters analyzed for their
influence on survival is displayed in Table 2.

In the first step, possible clinically relevant factors were
analyzed for their influence on survival in the univariate
analysis.

The ages of nonsurvivors were not significantly different
from those of survivors (29.5 * 16.7 years vs 38.3 = 20.1
years, P = .20). In addition, male gender was not associated
with successful resuscitation (87.2% vs 75.0%, P = .37).
Asphyxia-related cause of hypothermia, either avalanche or
drowning as previously described by Walpoth and col-
leagues,'? was significantly associated with death from hy-
pothermia (85.1% vs 33.3%, P = .001). The heart rhythm at
admission (asystole vs ventricular fibrillation/pulseless elec-
trical activity) did not have a significant influence on sur-
vival (57.4% vs 33.3%, P = .20). In comparison with ECC,
ECMO-assisted rewarming was significantly associated
with improved survival (34.0% vs 75.0%, P = .02). At
admission, nonsurvivors had significantly higher potassium
levels (8.1 = 4.3 mmol/L vs 4.9 = 1.9 mmol/L, P = .014)
and lower pH (6.64 = 0.24 vs 6.80 = 0.32, P = .026).

The mean burial/submersion time in persons in ava-
lanche and near-drowning accidents was not significantly
different with regard to survival (94.7 = 86 minutes vs
92.2 + 134.6 minutes, P = .44). In addition, there was no
statistical difference in core body temperature (24.5°C =
0.68°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
spontaneous activated clotting time (201.7 = 45.5 seconds
vs 204.7 = 32.0 seconds, P = .92).

The median ECMO support time was 42 hours (range
18-216 hours) in nonsurvivors and 27 hours in survivors
(range 2.5-48 hours).

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

Causes of death in nonsurvivors with a reestablished
sinus rhythm are summarized in Table 3.
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TABLE 1. Overview of hypothermic patients who have been resuscitated by the use of extracorporeal techniques

(n = 59 patients)

ECC group (1987-1996) ECMO group (1996-2006)

n = 34 patients n = 25 patients P value
Age in years (mean, SD) 28+ 16 3619 .068
Male gender (n, %) 28 (82.4%) 21 (84.0%) 72
Cause of hypothermia-related cardiocirculatory arrest

Avalanche 16 (47.1%) 6 (24.0%)

Drowning 11 (32.4%) 11 (44.0%)

Crevasse 3(8.8%) 4(16.0%)

Exposure to cold 4(11.8%) 4(16.0%) .34
Body core temperature at admission in degrees Celsius (mean, SD) 246 =29 242 =47 .66
Burial/Submersion Time in Minutes (mean, SD) 94 + 85 min 92 + 134 min 94
Serum potassium at admission in mmol/L (mean, SD) 78 £44 6.9 =37 45
pH at admission (mean, SD) 6.7 = 0.27 6.7 = 0.28 64
Cardiac rhythm at admission

Asystole 18 (52.9%) 13 (52.0%)

Ventricular fibrillation 15 (44.1%) 10 (40.0%)

Pulseless electrical activity 1(2.9%) 2 (8.0%) .68

ECC, Extracorporeal circulation; ECMO, extracorporeal membrane oxygenation; SD, standard deviation.

Evaluation of Independent Predictors for Survival

In the second step, parameters that showed an influence on
survival in the univariate analysis were included in a mul-
tivariate logistic regression analysis adjusting for these
variables.

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

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

P = .042). Potassium and pH at admission failed to show
statistical significance in the multivariate analysis.
According to Locher and colleagues,14 who described
avalanche victims due to the inferior prognosis of concom-
itant asphyxia separately, we performed a second subanaly-
sis excluding all avalanche victims (n = 22). Furthermore,
we wanted to prove the stability of the parameters adjusted
in the multivariate regression analysis. In this subanalysis,
ECMO-assisted resuscitation was again confirmed to be
superior compared with ECC-assisted rewarming regarding
survival (RR: 7.6, 95% CI: 1.14-50.8, P = .036). Again,
serum potassium (RR: 0.75, 95% CI: 0.49-1.13, P = .16)

TABLE 2. Univariate comparison of possible predictive parameters associated with survival of severe hypothermia

associated with cardiocirculatory arrest

Nonsurvivors Survivors
n = 47 patients n = 12 patients P value
Age in years (mean, SD) 29.5 = 16.7 38.3 = 20.1 20
Male gender (n, %) 41 (87.2%) 9 (75.0%) 37
Asphyxia-associated cause (Avalanche, Drowning) (n, %) 40 (85.1%) 4 (33.3%) .001
ECMO-assisted resuscitation (n, %) 16 (34.0%) 9(75.0%) .02
Burial/submersion time in minutes (if avalanche or drowning) 94.7 = 86 92.2 = 134.6 44
Body core temperature at admission (mean, SD) 24.5 + 0.68 242 + 0.35 a7
Asystole at admission (n, %) 27 (57.4%) 4 (33.3%) .20
Lactate at admission (mean, SD) 136.9 + 64.2 118.1 = 59.0 57
pH at admission (mean, SD) 6.64 = 0.24 6.80 = 0.32 .026
Potassium at admission (mean, SD) 8.1 £430 49 +1.90 014
Activated clotting time in seconds (mean, SD) 201.7 = 455 204.7 + 32.0 92

SD, Standard deviation, ECMO, extracorporeal membrane oxygenation.
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TABLE 3. Causes of death in patients with restoration of
spontaneous circulation (ROSC) (n = 21 patients)

ECC group ECMO group
n = 14 patients n = 7 patients
Pulmonary edema 9 (64.3%) 0(0%)
Multiorgan failure 2 (14.3%) 3 (50%)
Brain death 2 (14.3%) 3 (42.9%)
Aortic dissection/retroperitoneal 0(0%) 1(16.7%)
hematoma
Bleeding 1(7.1%) 0(16.7%)
Median time from ROSC to 23 (0.5-110) 42 (18-216)

death (hours, range)

ECC, Extracorporeal circulation; ECMO, extracorporeal membrane oxygen-
ation; ROSC, return of spontaneous circulation.

and pH (RR: 2.53, 95% CI: 0.055-115.8, P = .63) did not
indicate statistical significance.

Discussion
The results of our study suggest that ECMO-assisted resus-
citation in hypothermic cardiocirculatory arrest provides
improved survival in patients undergoing extracorporeal-
assisted resuscitation. Although ECC support has to be
terminated within several hours because of the massive
hemolysis and inflammatory response, ECMO assistance is
possible up to several days until the hemodynamic and
pulmonary functions of the patient have been stabilized.”"”
Furthermore, because both treatment groups (ECC and
ECMO) showed a similar restoration of spontaneous circu-
lation but significantly different survivals, our data suggest
that the improved outcome of patients who received ECMO
was attributable to prolonged cardiopulmonary support. In
fact, 9 of 14 patients with ROSC in the ECC group (64%)
died of intractable pulmonary edema within a few hours
after rewarming, but none in the ECMO group died (how-
ever, severe pulmonary edema was frequently observed
during the rewarming period in ECMO-assisted patients
too) (Figure 1). We therefore conclude that the improved
outcome of ECMO-assisted patients was most likely attrib-
utable to a reduction of early mortality after initial
rewarming.

Extracorporeal support is typically terminated immedi-
ately after rewarming in patients on standard ECC support
because of bleeding, hemolysis, and inflammatory response.
This is often possible only with high-dose catecholamine
support and invasive ventilatory support. In contrast, by
using ECMO, prolonged extracorporeal support is possible
with minimal side effects until the cardiac and pulmonary
functions of the patient have been stabilized.”'® Further-
more, several studies have demonstrated that vasopressors
are ineffective in hypothermia and therefore not recom-
mended by international task forces.>?° A high incidence of
severe cardiopulmonary dysfunction is reported in most
publications on extracorporeal rewarming of accidental hy-
pothermia among both survivors and nonsurvivors.'*!*

Vretenar and colleagues®' reported 60% survival among
68 hypothermic patients in a collective literature review;
however, the high survival was explained to be the result of
the publication bias of these types of studies and low rate of
asphyxia-related cause of hypothermia. In addition, they
reported that adult respiratory distress syndrome and severe
pulmonary edema were the most frequent complications
after successful weaning from ECC. However, in concordance
with Vretenar and coworkers, Walpoth and colleagues'? and
Locher and colleagues'* reported similar pulmonary compli-
cation rates among survivors and nonsurvivors of hypothermia.
Thalmann and colleagues'’ and Gilbert and colleagues®
reported on 2 hypothermic infants in cardiocirculatory arrest
who were resuscitated by ECC, followed by ECMO support
for several days because of weaning failure.

Severe pulmonary edema was frequently observed dur-
ing the rewarming period of our patients. This phenomenon
can be partly explained as ischemia-reperfusion injury but
may be aggravated by severe diastolic dysfunction. Several
studies on therapeutically induced hypothermia have re-
ported severe stiffness of the left ventricle and acute volume
overload during rewarming.*>> If patients have to be
weaned from ECC during refractory diastolic dysfunction
with elevated left ventricular filling pressures, acute aggrava-
tion of reperfusion pulmonary edema occurs. Our study there-
fore underlines that prolonged ECMO support can prevent this
complication if patients are weaned from ECMO after success-
ful stabilization of cardiopulmonary function.

TABLE 4. Results of the multivariate logistic regression analysis to evaluate independent predictors for survival of
accidental hypothermia with cardiocirculatory arrest (n = 59 patients)

Wald Relative risk 95% confidence interval P value
Asphyxia-related cause of hypothermia (avalanche, drowning) 6.2 0.09 0.01-0.60 .013
ECMO-assisted resuscitation 4.2 6.61 1.2-49.3 .042
Potassium at admission (per mmol/L) 2.8 0.62 0.36-1.1 .09
pH at admission 0.018 0.89 0.02-83.8 .89

ECMO, Extracorporeal membrane oxygenation.
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The high mortality rate among our patients can be ex-
plained by the high rate of avalanche accidents, which is
typical in a high alpine region such as ours. This factor,
however, was most predictive for surviving hypothermia.

Locher and colleagues'* described an 84.6% death rate
among avalanche victims with cardiocirculatory arrest. In
another study by Walpoth and colleagues,'' only 1 of 16
resuscitated hypothermic patients was an avalanche victim.
Farstad and colleagues'® reported a survival of 26.9% after
ECC, despite only a 3.8% rate of avalanche victims.

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

In 1996, Brugger and colleagues,”® from the Mountain
Rescue Service of our region, were the first to propose
guidelines for the triage of avalanche victims showing asys-
tole. Their on-site differentiation between asphyxia and
hypothermia was based on the burial time, core temperature,
and existence of an air pocket.

Hyperkalemia is a well-known marker of poor prognosis
in patients with severe accidental hypothermia, indicating
cardiac arrest from asphyxia before cooling.?’-*® Potassium
levels exceeding 10 mmol/L have been considered to justify
termination of resuscitation in asphyxia-related accidents;
however, Mair and colleagues®’ argued that a decision
about further resuscitation efforts cannot be based on labo-
ratory parameters. However, these parameters can help
avoid using limited ECC facilities for patients with no hope of
survival. Therefore, as we have demonstrated that the tech-
nique of extracorporeal rewarming had a much higher impact
on later survival than obtained laboratory parameters, our data
are consistent with the previous observations.?

Although this is the largest consecutive study on
extracorporeal-assisted resuscitation in hypothermia, we
cannot rule out additional effects of missing covariates. In
addition, the lack of randomization and the fact that the
histories of the ECC group extend from 1987 to 1996, rather
than during the present time, are further limitations on inter-
preting the findings. However, the clear difference in early
mortality secondary to severe cardiorespiratory failure pro-
vides an obvious and logical explanation for the findings of our
study clearly supporting our hypothesis.

Conclusions

Many cardiothoracic surgery centers do not provide ECMO
support. The triage of hypothermic patients to departments
using this assist device may therefore be lifesaving in hy-
pothermic patients with cardiocirculatory arrest. Our data
suggest that prolonged ECMO support may reduce mortal-
ity from intractable cardiorespiratory failure after rewarm-
ing from hypothermic cardiac arrest.
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Department: Mr Christian Falbesoner, Ms Kathrin Ebert, Mr An-
ton Jeller, Mr Hannes Engl, Mr Robert Gruber, and Mr Peter
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