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Abstract: Apnea test must be performed to confirm brain death
in patients meet clinical criteria. But the increment of carbon
dioxide is generally not achievable because of the diminished
production of carbon dioxide and additional sweep in extra
corporeal membrane oxygenation (ECMO). We report three
children with congenital heart disease treated with ECMO and
had brain death during follow-up. All met clinical criteria but
apnea test cannot be achieved in classical way because of pro-
longed duration and hemodynamic compromise. Therefore, we

used external carbon dioxide to achieve desired levels of oxy-
gen and carbon dioxide safely. Because of the lack of protocols
for pediatric patients on ECMO, apnea test with exogenous
carbon dioxide may be a reliable and rapid test in such
patients. Especially cardiac patients, in whom classical apnea
test can cause rapid deterioration, exogenous carbon dioxide
may serve as an alternative. Keywords: apnea test, brain death,
carbon dioxide, cardiomyopathies, extracorporeal membrane
oxygenation. J Extra Corpor Technol. 2022;54:83–7

Determination of brain death in children depends on
the absence of neurologic function with a known irre-
versible cause of coma. Coma and apnea must co-occur
to diagnose brain death. Apnea testing (AT) must be
performed safely and requires documentation of an arte-
rial PaCO2 . 60 mmHg or increasing 20 mmHg above
the baseline with no respiratory effort during the testing
period to support the diagnosis of brain death. If the
AT cannot be achieved or completed because of hemo-
dynamic instability, a supplementary study should be
made (1,2). The classical method of AT is performed
using a T-piece for O2 insufflation when PaCO2 level is
above 60 mmHg or increased 20 mmHg above baseline
(1). However, CO2 removal continues through the mem-
brane in extra corporeal membrane oxygenation
(ECMO) patients and that leads to inadequate raise in
CO2 levels. We here reported three patients that AT
was achieved with CO2 insufflation.

DESCRIPTION

Patient 1 (6 months, boy) was admitted to pediatric
intensive care unit (ICU) with decompensated heart failure.
He was diagnosed with noncompaction cardiomyopathy in
newborn period. Because of ejection fraction was persis-
tently below 20% despite medical therapy, heart transplan-
tation decision was made by the local committee. While he
was waiting for transplantation in hospital, he had pulse-
less ventricular tachycardia and central (right atrium-
aorta) venoarterial ECMO treatment was started during
cardiopulmonary resuscitation (E-CPR) as a bridge to
transplantation. On the 10th day of ECMO, severe intra-
ventricular hemorrhage was demonstrated by bedside cra-
nial ultrasonography. After discontinuation of all sedatives
his comatose status persisted, and two neurologic exami-
nations with an interval of 24 hours revealed absence of
brain stem reflexes and persistent coma. For the declara-
tion of brain death, we performed an AT in a classical
manner when patient’s clinical condition was most appro-
priate (normothermia, 55 mmHg of mean arterial pres-
sure, no electrolyte and blood glucose abnormalities). We
turned off sweep gas without any change in blood flow
rate (0.55 LPM) to achieve increment in PaCO2 after PaO2

reached 488 mmHg, disconnected him from ventilator
using a T-piece for oxygen insufflation. At the 5th minute,
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he had severe hypotension and hypoxia and arterial blood
gas revealed severe lactic acidosis with severe hypoxemia
(PaO2 5 26 mmHg, PaCO2 5 55 mmHg, and lactate level
was high). His pulse rate did not change because he had
an internal pacemaker. The test was not completed because
of hemodynamic instability. We gave him inotropes to sta-
bilize blood pressure and started continuous veno-venous
hemodiafiltration via ECMO circuit to treat severe meta-
bolic acidosis rapidly. After 4 hours from the first AT, we
performed a second one using a carbon dioxide insufflation
through the air blender of ECMO circuit to accelerate the
test by achieving desired CO2 level without hemodynamic
compromise (Figure 1). In the way of AT with exogenous
CO2, we started to give CO2 at a rate of 0.1 L/min and mea-
sure arterial PaCO2 in every minute via blood gas analyzer.
During the CO2 insufflation, sweep gas flow was 0.2 L/min,
blood flow was 0.55 LPM with 1,660 RPM, and FiO2 was
60% on ECMO. After first 1 minute of CO2 insufflation,
arterial pH was 7.15, PaCO2 was 69 mmHg, and PaO2 was
406 mmHg. We stopped CO2, while the ECMO sweep gas
flow was 0.2 L/min and FiO2 was 100%, we separated the
patient from the ventilator and observed him for 5 minutes.

At the end of the 5 minutes, PaCO2 was still above 50
mmHg, his mean arterial pressure was 58 mmHg, SpO2 was
99%. Figure 1 shows the arterial blood gas results and heart
rates before and during both AT. He showed no respiratory
movement and the test was consistent with brain death. We
declared that he had brain death without neuroimaging
study and withdrawal the treatment because he was not suit-
able for organ donation. In this method of AT, hypoxia and
hemodynamic instability did not appear (Figure 2) and only
in 5 minutes the test was completed without hemodynamic
compromise. An informed consent form was obtained from
the patient’s parents for this study.

Patient 2 (2.5 years, boy) who admitted to pediatric
ICU (PICU) after a Sano Shunt operation. Shortly after,
he had cardiac arrest and went through a central (right
atrium-aorta) VA-ECMO due to low cardiac output syn-
drome. On second day of ECMO, his pupils were
become dilated and unresponsive to light. After discon-
tinuation of all sedatives neurological examination was
consistent with absolute coma. Cranial computerized
tomography showed diffuse ischemia, edema, and cere-
bellar tonsillar herniation. An AT was performed in

Figure 1. Schematic view of extracorporeal
membrane oxygenation (ECMO) circuit. (A)
The classical ECMO circuit with air and oxygen
blender. (B) ECMO circuit with an air-O2-CO2

mixer that used in apnea test with exogenous
CO2.

Figure 2. Arterial pO2 and pCO2 values of
Patient 1 during classical apnea test and with
exogenous CO2. *Heart rate did not change
with hypoxia because of the internal pace-
maker device.
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classical way (ECMO blood flow: 0.2 LPM reduced from
1.2 LPM, FiO2:100%, positive end expiratory pressure
(PEEP): 8 cm/H2O, respiratory rate (RR): 2 breaths/
min). However, the test was failed after the first minute
because hypoxia and hypotension occurred. We turned
all the treatment parameters right before the test, so
Figure 3 did not show any hypoxia. After fluid boluses
and inotropes, he stabilized. A second apnea test was
performed using external CO2. For this purpose, in addi-
tion to the above mentioned parameters, CO2 was given
at a rate of 0.1 L/min while 1.2 LPM of blood flow rate
and 0.2 LPM of gas flow rate. After the first minute, his
pH was 7.23, PaO2 was 199 mmHg, and PCO2 was 60.5
mmHg. He was separated from the ventilator, given 10L/
min oxygen through a T-piece. He showed no respiratory
movement and the test was consistent with brain death.

Patient 3 (7 months old, girl) with a tetralogy of Fallot
was transferred into the cardiac ICU after a total repair
surgery. The surgery lasted unexpectedly long because
of a variation of left pulmonary artery originated from
aorta that was not seen in angiography. After 12 hours
of surgery, systemic inflammatory response syndrome
with low cardiac output occurred. Despite medical treat-
ment, systemic hypotension was refractory, she went
through central (right atrium-aorta) VA-ECMO after
E-CPR of approximately 50 minutes. After 2 days, she
lost all her brainstem reflexes and her comatose status
persisted after discontinuation of sedative drugs. An AT
was performed in classical way (ECMO blood flow: 0.2
LPM reduced from 0.8 LPM, turned off sweep flow,
FiO2:100%, PEEP: 8 cm/H2O, RR: 2 breaths/min). The
test was disrupted because of severe hypoxia and hypo-
tension right after the first minute. After supported with
the proper parameters, exogenous CO2 was used to

perform AT again. In the second AT, 0.8 LPM (calcu-
lated based on patient size) of a blood flow, 0.4 LPM of
a sweep gas flow, and 0.1 LPM of a CO2 flow rate were
adjusted after pre-oxygenation through both ventilator
and ECMO and achieving high pO2 level (Figure 4). As
shown in Figure 4, the desired CO2 level was achieved
quickly without hypoxia and hemodynamic compromise.
She was observed for any respiratory movements, which
did not occur. The AT was consistent with brain death
and supported with a CT angiography.
All three patients were treated with the same ECMO

equipment (Dideco Perfusion Tubing Systems, Sorin
Group Italia, S.r.l, Mirandola, Italy), Sechrist 3500 low flow
air-oxygen mixer (Sechrist Industries, Inc., Anaheim, CA),
and StockertVR SCPC centrifugal pump system console
(Stockert GmbH Inc., Baden-W€urttemberg, Germany).

COMMENT

Intracranial hemorrhage is the most serious and fatal
complication of ECMO because of mandatory anticoagula-
tion. It is recommended extracorporeal life support should
be discontinued promptly if there is no hope for healthy
survival or chance to be organ donor (3). Determination
of brain death is crucial to decide what next step is. There
is no specific guideline for AT for ECMO patients.
ECMO is an artificial life support system in which CO2

and oxygen exchange is made externally and the most
common cause of death is intracranial hemorrhages
(parenchymal or ventricular). In ECMO patients, AT
is a controversial issue (4,5). The AT is based on the
patient’s inability to change the CO2 and no central respi-
ratory response to elevated blood CO2 level. This period
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Figure 3. Arterial pO2 and pCO2 values of
Patient 2 during classical apnea test and with
exogenous CO2.
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may be longer for patients on ECMO since the CO2

removal achieved mostly by ECMO membrane. While
waiting for the increase of CO2, the possibility of develop-
ing tissue hypoxia appears to be problematic in patients
with unstable hemodynamic condition. A close monitoring
of the patient is necessary for the completion of the test
safely. But many children who undergone cardiac surgery
have internal or external pacemaker because of postopera-
tive rhythm alterations. As in our Patient 1 whom heart
rates controlled with such device, heart rate is not a reli-
able monitor parameter during the AT.
The protocols for AT in VA-ECMO patients (both

pediatric and adult) has been suggested to be safely and
successfully applicable (6,7). If no adjustments to blood
flow are performed, it is not possible to evidence hyper-
capnia above the threshold required for validation of the
AT, so it is recommended to reduce blood flow rate with
a 75–80% of calculated cardiac output of the patient in
adults (8). However, children, especially with congenital
cardiac heart surgery, were more susceptible to a decrease
of cardiac output and decreasing blood flow rate may
result hemodynamic instability.
AT can be performed with decreased sweep gas flow

with 100% of FiO2 (9). Even though partial CO2 pressure
is theoretically zero when applying 100% FiO2 through the
ECMO air blender, there is still CO2 removal on some lev-
els. Therefore, it is possible to reach the desired CO2 level
by giving CO2 externally (10). Pirat et al. declared that
addition of exogenous CO2 to the gas blender is a valid
method for conducting apnea tests during ECMO (11).
Harrar et al. also reported AT with using exogenous CO2

in two children (12). As there is no well-defined protocol
for this scenario, the gas flow rates, blood flow rates, and
mechanical ventilation settings during the test vary widely.

Performing the AT seems to be a safe option by closely
monitoring the patient and slowly titrating the treatment
variables.

When brain, which is the main factory of CO2 does not
work, CO2 increment which is crucial for brain death con-
firmation via AT cannot be achieved. It requires more
time to achieve desired CO2 levels. Meanwhile, hemody-
namic compromise occurs and the test could not be com-
pleted. When the classical technique failed for our
patients, it was necessary to find another fast and safe
way. CO2 insufflation thru ECMO membrane shortened
the time for increment of arterial CO2 pressure allowing
the patient to be stable during the AT. When we per-
formed the test in classical way, it could not be completed
because of severe hypoxia in the 1st minute, however, we
reached the desired level with using external CO2 insuffla-
tion in 1 minute so, had the opportunity to complete the
AT without hypoxia and clinical compromise.

Brain death diagnosis is troublesome under ECMO
and yet should take a place with a standardized protocol
for a decent management and possible organ donation
(13). The main diagnostic tool is AT, but the increment
of CO2 is generally not achievable because of the dimin-
ished production of CO2 and additional sweep via
ECMO membrane. This results in failed AT attempt
due to prolonged duration (14). To overcome this prob-
lem, AT with exogenous CO2 insufflation is a reliable
tool for brain death confirmation under ECMO.
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