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Extracorporeal membrane oxygenation (ECMO) is a life-support modality used in patients
with refractory cardiac and/or respiratory failure. ECMO is linked with high risk of
neurological complications including brain death. Neurological monitoring during ECMO
is important for identifying patients who are suspected of brain death and allows to
discontinue ineffective medical treatments. Brain death (BD) is an irreversible cessation of
functions of the entire brain, containing the brainstem. The apnea test (AT) is an essential
part in the clinical determination of brain death. An apnea test is by neurologic criteria
compulsory to confirm BD in China. Apnea test remains a problem for patients receiving
ECMO. Currently, there are not any consensus guidelines for the safe performance of
AT during ECMO. We report the case of a child on venous-arterial ECMO post-cardiac
arrest in whom we performed an apnea test to determine death by neurologic criteria.
Decreasing sweep gas flow rate 0.05 L/min every 5 min led to a PaCO» increase of more
than 20 mmHg of apnea. The results of the AT was positive. When he was determined
brain dead, his parents decided to donate his organs. AT can be performed on potential
donor children on ECMO by decreasing the sweep gas flow. It is a safe and effective
method and is important for BD determination.

Keywords: apnea test, brain death, ECMO, donation, child

INTRODUCTION

Extracorporeal Membrane Oxygenation (ECMO) is widely used for the treatment of severe acute
respiratory failure (Veno-Venous ECMO) or circulatory failure (Veno-Arterial ECMO). ECMO
can be established for blood flow, to provide adequate oxygenation and carbon dioxide removal,
when support is required for cardiac and/or respiratory failure (1). ECMO is related to a high risk of
neurological complications including brain death. In 2016, the national Extracorporeal Life Support
Organization registry reported that 10% of 205 children treated with ECMO-cardiopulmonary
resuscitation experienced brain death (2). Neurological monitoring during ECMO is important for
identifying patients who are suspected of brain death and allows discontinuing ineffective medical
treatments. Brain death (BD) is an irreversible cessation of functions of the entire brain. The
apnea test is an essential part in the determination of brain death in China. For patients receiving
ECMO, the apnea test remains challenging, because vital signs become unstable due to low oxygen
saturation and hypotension during the test.
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However, there are no consensus guidelines for the safe
performance of apnea test (AT) during ECMO, as few literature
exists concerning this clinical situation, especially in children
(3-6). We reviewed the papers and presented the experience of
performing AT on a potential donor supported by ECMO to
determine brain death.

CASE REPORT

A 2-year-old boy, 11 kg, was submerged in a pool for ~5 min on
26 September 2018. Cardiopulmonary resuscitation (CPR) was
administered for ~15min at the scene and during transport to
the local hospital. On arrival, he still received cardio-pulmonary
resuscitation for about 30 min and his Glasgow coma scale
score was three. He demonstrated respiratory failure, heart
failure, metabolic acidosis, severe hypotension, and persistent
coma. Continuous vasoactive agents (arginine Vasopressin,
dopamine, dobutamine, and epinephrine), methylprednisolone,
invasive mechanical ventilation, and anti-infection are required
to maintain vital signs. However, his vital signs were unstable
with low oxygen saturation. He was referred to our hospital for
further treatment on 28 September 2018. Clinical examination,
Pulse Oxygen Saturation (SPO,) was maintained at 90-95%
by high level pressure support ventilation. Invasive mechanical
ventilation was used with the mode of invasive bi-level positive
airway pressure (BIPAP) and the ventilator settings were peak
inspiratory airway pressure (PIP) = 26 cmH,O; respiratory rate
(RR) = 28 breath per minute; positive end-expiratory pressure
(PEEP) = 10 cmH;O; inspiration time (Ti) = 0.7 s. Mean arterial
pressure (MAP) was 60-75 mmHg, while on norepinephrine,
0.8 pg/kg/min, epinephrine, 0.8 pg/kg/min, dopamine, 10
ng/kg/min and dobutamine, 10 pg/kg.min, infusions. He was in
deep coma and had no spontaneous breathing without the use
of sedatives, analgesics, and muscle relaxant. His Glasgow coma
scale score was 3. Pupils were 8 mm and unreactive to a bright
light bilaterally. All brain stem reflexes, such as the corneal reflex,
pupillary light reflex, vestibulo-ocular reflex, oculocephalogyric
reflex, and cough reflex, were absent. The exam was repeated 12 h
later and the results remained unchanged.

Laboratory examination at admission: C-reactive protein was
102 mg/L (normal range 0-10), Procalcitonin was 148.10 ng/mL
(normal range 0-1), Leukocyte count was 7.10 x 10°/L (normal
range 4.0-10.0), hemoglobin was 11.0 g/dL (normal range 10.0-
12.0), and platelet count was 83 x 10°/L (normal range 100~
300); blood Urea Nitrogen was 7.4 mmol/L (normal range 2.9-
8.6), creatinine was 47 pwmol/L (normal, 53-115), Albumin was
34 g/L (normal range 35-50), Total bilirubin was 27.7 pumol/L
(normal range 3.0-22.0), Alanine aminotransferase was 190
U/L (normal range 1-40), Aspartate aminotransferase was 205
U/L (normal range 1-37). Echocardiography showed reduced
generalized global exercise and left ventricular ejection fraction
of 22%.

TREATMENT

He was treated with antibiotics, steroids, high doses of vasoactive
drugs, mechanical ventilation, and other supportive treatment.

He presented with hypotension, tachycardia, and hypoxemia
despite ventilatory and vasoactive support. Therefore, after
receiving informed the parents’ consent, veno-arterial ECMO
with low heparinization was performed 10h after admission
using the right carotid and jugular vein cannulation. With
ECMO support, his oxygenation was improved, hemodynamic
state became stabilized. Organ function was significantly
improved and vasoactive drugs were gradually stopped
(Table 1). He was still in deep coma without spontaneous
breathing. Transcranial doppler showed absence of blood
flow signal and electroencephalograph showed electrical
silence after 10h of ECMO therapy for the first time. He
was evaluated for brain death because he was suspected of
brain death.

Criteria for determination of brain death in children in China
include four steps (7):

(1) The clinical examination confirms the BD diagnose,
including deep coma, absence of brainstem reflexes and no
spontaneous (SPONT) respiration;

(2) Confirmatory tests should fulfill two of the three which
include transcranial Doppler (TCD), electroencephalogram
(EEG), and somatosensory evoked potential (SEP);

(3) The apnea test is positive;

(4) A repeat determination should be done 12h later after the
first time.

TABLE 1 | The characteristics of patient before and after received Extracorporeal
Membrane Oxygenation.

Pre-ECMO 10h Post-ECMO
Ventilator parameters (cmH,0)
PIP 26 20
PEEP 10 10
FiOz (%) 95 30
Vasoactive drugs (j.g/kg-min)
Dopamine 10 2
Dobutamine 10 2
Norepinephrine 0.8 0
Adrenaline 0.8 0
Heart rate (beats/min) 176 143
Blood pressure (mmHg) 89/52 101/83
Urine volume (ml/kg-h) 2.3 4.3
Arterial Blood Gases (mmHg)
PaCO, 60 42
PaO, 69 86
Blood lactate (mmol/L) 3.6 1.6
ALT (U/L) 190 128
AST (UL) 205 99
BUN (mmol/L) 7.4 5.2
Scr (wmol/L) 47 57

PaCOo, Partial pressure of carbon dioxide in artery; PaOo, Partial arterial oxygen pressure;
PIF, Peak inspiratory pressure; PEER, Positive end expiratory pressure; FiO2, Fraction of
inspiration oxygen; ALT, Alanine transaminase; AST, Aspartate Transaminase; BUN, Blood
urea nitrogen; Scr, Serum creatinine.
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THE PROCEDURE OF APNEA TEST IN
THIS CASE

Precondition of the test: (1) Bladder temperature or rectal
temperature >35°C (central temperature >35°C). (2) Adjust
vasopressors to a systolic blood pressure reach the normal value
of the same age group. (3) Preoxygenation with 100% oxygen
to an arterial oxygen pressure (PaO,) >200 mmHg. (4) Arterial
partial pressure of carbon dioxide (PaCO,) 35-45 mmHg. If
PaCO; is less than this level, the gas flow of ECMO should
be reduced. If there is chronic hypercapnia, PaCO, may be
>45 mmHg.

Steps: (1) Fraction of inspiration oxygen was increased to
100% both on ECMO and ventilator for at least 10 min in order to
preoxygenation; (2) reduce gas flow rate 0.05 ml/min of ECMO
every 5min; (3) perform blood gas analysis before reducing
gas flow rate; (4) observe SPO, and respiratory movements
closely; (5) after finish the test, increase of the gas flow rate
and oxygen concentration to improve oxygenation and accelerate
CO; clearance.

Determination: If respiratory movements are absent and
PaCO; > 60 mmHg or 20 mmHg over a baseline, the test was
positive and apnea can be confirmed.

Pitfalls: SPO, < 85% for >30s, heart rate or blood pressure
decrease, arrhythmias, and other signs of deterioration during
this examination; AT should be terminated and declared failure.
This test needs at least two doctors (one to monitor breathing,
blood oxygen saturation, heart rate, cardiac rhythm, and blood
pressure; the other to manage the ventilator and ECMO)
and one nurse (to manage the oxygen tube and sampling of
arterial blood).

RESULT

The first apnea test was performed 16h after ECMO
maintenance. Fractional Delivered O, Concentration (FDO;) of
ECMO was raised to 100% before AT. Ten minutes later, PaO,

was 238 mmHg; vital signs remained stable in front, middle,
and rear of the test (Table 2). Blood gas analysis was performed
and gas flow rate was reduced 0.05 L/min every 5min. When
the gas flow was reduced to 0.15 L/min, PaCO, was increased
to 62 mmHg (35 min of AT), no spontaneous respiratory effort
was noted. The test was positive. After finishing apnea test, the
gas flow rate and oxygen concentration would be temporary
increased rather than return to the original settings, as it could
improve oxygenation and remove carbon dioxide soon.

According to “Criteria and practical guidance for
determination of brain death in children” of China (7), he
was first determined brain dead. For children from 1 to 18
years, a repeat assessment should be done 12h later after the
initial evaluation. The second round of EEG and TCD was
performed 24 h after ECMO maintenance (14 h after the first
EEG) and the second apnea test was performed 32.5h after
ECMO maintenance (16.5h after the first AT). The apnea test
was declared positive when sweep gas flow rate was decreased to
0.2 L/min, PaCO; was increased to 75 mmHg (30 min of AT) as
showed in Table 2.

He fulfilled all the criteria and was finally determined brain
dead. Due to poor prognosis, his parents gave up on further
treatment and signed the informed consent to donate the patient’s
organs. The drowning timeline is shown in Figure 1.

Our patient was transported to the operating room under
V-A ECMO support for organ donation. One liver and two
kidneys were successfully retrieved for donation. All of the three
transplant recipients recovered satisfied after surgery. All of them
survived 1.5 years of following up. None of them experienced
rejection after organ transplantation.

DISCUSSION

Brain death is defined as irreversible and concomitant cessation
of all cortical, subcortical, and brainstem functions. Despite
the general consensus on the concept of BD, its definition still
varies widely between countries. All of the clinical evaluation,

TABLE 2 | The Extracorporeal Membrane Oxygenation parameters and the child’s vital signs before, after, and after 1 h of apnea test.

ECMO parameter Before apnea test

Finish apnea test After apnea test (1 h)

First Second First Second First Second
Sweep gas flow rate (L/min) 0.45 0.45 0.15 0.2 0.50 0.60
Pump speed (rpm) 1,797 1,813 1,812 1,826 1,869 1,872
Pump Flow (ml/kg/min) 40 40 40 40 40 40
FiO2 (%) 100 100 100 100 60 75
Arterial Blood Gases
PH 7.39 7.42 7.26 7.23 7.35 7.31
PaO, (mmHg) 238 206 78 63 78 65
PaCO, (mmHg) 38 43 62 75 47 52
Blood pressure (mmHg) 101/83 108/76 99/82 96/78 105/85 110/79
Heart rate 143 162 164 168 140 155
SpO> (%) 98 98 92 90 95 94

ECMO, Extracorporeal Membrane Oxygenation; FiO», Fraction of inspiration oxygen; PaCO», partial pressure of carbon dioxide in artery; PaOo», Partial arterial oxygen pressure; SpO2,

Pulse Oxygen Saturation.
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Deep coma

Drowning

Immediate CPR

A 2-year-old boy
Submerged for approximately 5 min

Transfered to local hospital rapitly

LVEF 22%

To our hospital for further treatment

No spontaneous breathing
Brain stem reflexes disappeared

No sedatives, analgesics,
neuromuscular blockers, and
anticonvulsant agents

High dose vasoactive drugs

The first EEG and TCD
(10 hours post-ECMO)

The second EEG and TCD

Organ donation
(24 hours post-ECMO )

(two kidneys and one liver)

]

|

]

El and MV
30 minutes sustained CPR

V-A ECMO
(10 hours post-admission )

Sep 26,2018 9:50 AM Sep 28,2018 10:30 PM Sep 29,2018 2:30 PM Sep 30,2018 7:30 AM
O M) O M) O 7~ O 7~ O >
Sep 26,2018 9:35 AM T Sep 28,2018 00:30 PM Sep 29,2018 8:30 AM T Sep 29,2018 10:30 PM T Sep 30,2018 10:37 AM
-10:10 AM -11:30 PM
Emergency treatment at local hospital The first AT The second AT

(16 hours post-ECMO ) (32.5 hours post-ECMO )

Support therapy
Vital signs unstable

electroencephalogram; TCD, transcranial doppler sonography; BD, brain death.

FIGURE 1 | Drowning line. CPR, Cardiopulmonary resuscitation; El, Endotracheal intubation; MV, mechanical ventilation; LVEF, left ventricular ejection fraction; CPBT,
cardiopulmonary bypass team; A-V ECMO, Artero-Venous Extracorporeal membrane oxygenation; ACT, Activated clotting time; AT, Apnea Test; EEG,

confirmatory tests, and apnea test must be used to corroborate
brain death in China. Confirmatory tests should fulfill two of
the three which include TCD, EEG, and SEP (7). However, only
one ancillary test should be done to confirm BD when uncertain
about the clinical examination or when the apnea test cannot be
performed in the United States (8). The strained doctor-patient
relationship is the core problem of Chinese medical (9). So the
accuracy is the most important thing. Compared with brain death
criteria in the United States, Chinese criteria is stricter, lower
positive rate, more costly in time, and more reliable by families
and doctors. So apnea test is necessary and important for BD
determination in China.

The Chinese criteria of BD diagnoses have been officially
published in the national journals which represent the legal status
of this evaluation (10). The advantage of BD diagnosis is that
the families and hospitals can stop unnecessary treatment. The
law provides that treatment can be legitimately removed from
a patient who was diagnosed BD and the donation of organs
for transplantation can start. For our case, his patients decided
to donate his organs after he was determined brain dead. So it
complies with ethics and related laws and regulations.

In order to diagnose BD, neurological examination should be
completed, including apnea testing. Apnea test is an essential
component to confirm BD. In patients on ECMO support,
however, the AT as described in the American Academy of
Neurology practice guidelines is inapplicable (11). The primary
goal of AT is to induce hypercapnia to a threshold high enough
to stimulate the respiratory drive. It is difficult to perform an
apnea test and increase arterial CO, partial pressure (PaCO,)
during ECMO, because carbon dioxide removal is performed,
to a great degree, by the membrane of ECMO. Methods of
inducing hypercapnia reflect the factors affecting PaCO, in
patients on ECMO, which include decreasing the ECMO sweep
flow, adding CO; to the gas mixture, and providing CO, through
the ventilator (11). A systematic review reported exposures that
88 patients in 19 studies were evaluated using the AT while on

ECMO. Forty-two patients in 14 studies used reducing the sweep
flow to induce hypercapnia. Six patients in two studies used
providing CO; through the ventilator to induce hypercapnia.
One patient used providing CO; through the ECMO oxygenator
to induce hypercapnia. Decreasing sweep gas rate allowed
reduction in CO; diffusion through the membrane and was the
most common change method. However, study reported that one
patient developed severe hypoxia because his sweep flow was
initially reduced to 0 L/min (12). At present, there is no final
conclusion on how appropriate the gas flow should be and what
speed to reduce it to be safe, and there are no guidelines for
determination of brain death. Some case reports mainly in adults
(13-15), but few reports in children.

So we choose this method to perform AT for our patient
and did not let the sweep flow decreased to 0 L/min because it
could result in hypoxia. Our patient who successfully performed
AT test, fulfilled the determination of brain death during VA-
ECMO support.

CONCLUSION

Determination of brain death, especially the apnea test, remains
challenging in children on ECMO. Here, we describe a simple and
safe method of apnea testing in a child on ECMO. During the
apnea test, reducing the sweep flow by 0.05 L/min every 5min
and increasing the oxygen delivery rate on the ECMO to 100%
can significantly increase PaCO,, and draw the conclusion that
the apnea test is positive without affecting oxygenation.
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