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Abstract Purpose: To evaluate
the feasibility and efficacy of an
apnea test (AT) technique that com-
bines the application of positive end
expiratory pressure (PEEP) with
subsequent pulmonary recruitment in
a large cohort of brain-dead patients.
Methods: This study was a retro-
spective analysis of prospectively

collected data on brain-dead patients
admitted to our institution (Hospital
San Gerardo, Monza, Italy) between
January 2010 and December 2014.
The rate of aborted apnea tests (ATs),
occurrence of complications (i.e.,
pneumothorax, cardiac arrhythmias,
cardiac arrest, and severe hypoxia,
defined as PaO2\ 40 mmHg), venti-
lator settings, hemodynamics, and
blood gas analyses were evaluated.
Subgroup analysis was performed,
with patients classified into veno-ar-
terial extracorporeal membrane
oxygenation (ECMO) or non-ECMO
groups, and into hypoxic (i.e., base-
line PaO2/FiO2\ 200 mmHg) and
non-hypoxic (i.e., baseline PaO2/FiO2

[ 200 mmHg) groups. Results: In
total, 169 consecutive patients
including 25 on ECMO were included
in the study. No AT abortion nor
severe complications were detected.
The AT was completed in all patients.
Fluid boluses and increases or initia-
tion of vasoactive drugs were
required in less than 10 and 3 % of
the AT procedures, respectively. No
clinically meaningful alteration in
hemodynamics was recorded. Severe
hypoxia occurred during 7 (2.4 %)
and 4 (8 %) of the ATs performed in
non-ECMO and ECMO patients,
respectively (p = 0.063), and it
occurred more frequently in hypoxic
patients than in non-hypoxic patients
(11.1 vs. 4.8 %, respectively;
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p = 0.002). Conclusions: In a large
cohort of consecutive patients,
including the largest patient popula-
tion on ECMO reported to date, our
AT technique that combines the

application of PEEP with subsequent
pulmonary recruitment proved to be
feasible and safe.

Keywords Apnea � Brain death �
Mechanical ventilation �
Extracorporeal membrane
oxygenation

Introduction

The apnea test (AT) is a key component in the clinical
determination of brain death (BD) [1, 2]. The AT result is
considered to be positive if respiratory movements are
absent and arterial carbon dioxide partial pressure
(PaCO2) is[60 mmHg, with an increase of[20 mmHg
from baseline. The AT is a low-volume procedure, with
wide practice variability [3, 4] and a low evidence of best
practice [5, 6]. A number of complications are associated
with the AT, including hypoxemia, ranging between 4 and
25 %, and hypotension. The rate of aborted ATs has
been reported to be 3 %. In the past, AT was performed
by delivering oxygen through a simple tube into the
endotracheal tube; however, serious complications (i.e.,
barotrauma, pneumothorax, air trapping) were associated
with this procedure [7–12]. Alternatively, oxygenation
can be provided to the subject through a T-piece system
with a fresh oxygen flow of around 6–10 L/min.

An even more challenging scenario is performing the
AT in patients supported by extracorporeal membrane
oxygenation (ECMO). Small series dealing with this
particular clinical setting have been recently published
[13–16]. In patients connected to veno-arterial ECMO
(VA-ECMO), the AT is performed by decreasing the
sweep gas flows (GF) to 1 L/min while increasing the
fraction of inspired oxygen to the membrane lung
(FiO2ML) up to 100 % [17–20].

In our institution, in order to avoid de-recruitment and
hypoxia, we apply routinely positive end expiratory
pressure (PEEP) during the AT and perform recruitment
maneuvers thereafter. This approach is employed in both
non-ECMO and ECMO patients. Here, we describe our
clinical experience with this technique in a large cohort of
consecutive patients undergoing BD assessment. The
primary aims of this study were to evaluate the rate of
aborted ATs, the incidence of complications, and the
impact of the AT on oxygenation. Our secondary aim was
to assess these variables in patients on VA-ECMO
support.

Methods

This is a retrospective analysis of data prospectively
collected from all patients admitted to the intensive care
units (ICUs) (i.e., Neurocritical, General, Cardiac–

surgical) of San Gerardo Hospital (Monza, Italy) between
2010 and 2014. The Institutional Ethical Committee
approved the study protocol on 27 November 2014 and
the requirement for written informed consent was waived.
The inclusion criteria were: (1) legal status of BD as
determined according to Italian legislation [21] and con-
firmed by a search of the Lombardy online BD registry;
(2) age C18 years.

According to the Italian law, the determination of BD
requires a 6-h legal observation period. The baseline
diagnosis of BD is based upon coma status with absent
brainstem reflexes, absence of spontaneous breathing as
documented by a AT with a PaCO2 ofC60 mmHg and pH
\7.40, and the absence of cortical electrical activity for
30 min on a electroencephalogram (EEG). At the begin-
ning and at the end of this observation period, a full
neurological examination, a 30-min EEG recording, and
an AT are performed.

In accordance with Italian law, compulsory arterial
blood gas analyses at the time of BD diagnosis and twice
during the observation period are performed. In our
institution, we also perform arterial blood gas analyses
after each of the ATs. To evaluate the clinical effects of
the AT on blood gases, we identified five time-points:

1. baseline diagnosis of BD (baseline);
2. end of the first AT performed during the observation

period (1st AT);
3. after first AT (not mandatory);
4. end of the second AT performed during the observa-

tion period (2nd AT);
5. after second AT (not mandatory).

At each time-point we recorded ventilatory mode (i.e.,
volume or pressure-controlled); ventilator settings (i.e.,
FiO2, PEEP, respiratory rate, tidal volume, mean airway
pressure, peak inspiratory pressure); ECMO settings, if
applicable [i.e., blood flow (BF), GF, FiO2ML]; blood gas
analyses [i.e., pH, PaCO2, arterial oxygen partial pressure
(PaO2)]; PaO2/FiO2 ratio.

At our institution, the ATs are carried out as follows
(see Fig. 1):

– Before the test, the respiratory rate is titrated to obtain a
PaCO2 of 40–45 mmHg; low tidal volumes (i.e.,
6–8 mL/kg of predicted body weight) are used plus a
periodic hyperinflation of the lungs (SIGH) every
2 min (peak pressures of 40 cm H2O, 4–5 s), whereas
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FiO2 and PEEP level are adjusted to obtain PaO2 [
90 mmHg. In previously documented hypercapnic
patients (such as patients with chronic pneumopathies
and/or chronic metabolic alkalosis), pH rather than
PaCO2 normalization is targeted.

– A short pre-oxygenation period with 100 % FiO2 is
started 5 min before the AT.

– During the AT, the patient is disconnected from the
ventilator, and the endotracheal tube is connected to a
resuscitator bag (VBM Medizintechnik GmbH, Sulz
am Neckar, Germany) providing 8 L/min of oxygen.
An adjustable PEEP valve (VBM Medizintechnik
GmbH, Sulz am Neckar, Germany) is connected to
the resuscitator bag and set to provide the same PEEP

Fig. 1 Depiction of the
procedures utilized by our
institution (Hospital San
Gerardo, Monza, Italy) to carry
out apnea tests (ATs). FiO2

Fraction of inspired O2, PaO2

arterial oxygen partial pressure,
PaCO2 partial pressure of
carbon dioxide, PEEP positive
end expiratory pressure, ECMO
extracorporeal membrane
oxygenation. Figure by S.
Sosio, MD
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level used during mechanical ventilation; SpO2 (pe-
ripheral capillary O2 saturation) and invasive arterial
pressure are monitored continuously.

– In all the patients, including previously documented
hypercapnic patients, an increase of 20 mmHg over
baseline is targeted.

– After the AT, patients are reconnected to the ventilator
with the same settings as those in use before the test.
Recruitment maneuvers are performed after the AT if
the oxygen saturation is\92 %.

In patients supported by ECMO, a similar procedure is
carried out and ECMO is managed as follows:

– During the AT, the extracorporeal BF is not modified,
GF is reduced to 1 L/min, and FiO2ML is increased to
100 %.

– After the AT, GF, and FiO2ML are returned to baseline
values.

An intensivist performs all tests in presence of a
neurologist and a legal medicine specialist. Abortion of
the AT based on hypoxia is at the discretion of the
attending physician.

Data collection for this study is described in detail in
the Electronic Supplementary Material (ESM) Additional
Methods, Data Collection.

In our study, patients supported by ECMO at the time
of BD determination were defined as ‘‘ECMO patients’’
and those not supported by ECMO as ‘‘non-ECMO’’
patients. Notably, due to the overwhelming impact of
ECMO on oxygenation, the effects of AT on the PaO2/
FiO2 of ECMO patients were not studied. We further
characterized non-ECMO subjects as ‘‘hypoxemic’’ if
their baseline PaO2/FiO2 was \200 mmHg and ‘‘non-
hypoxemic’’ if it was[200 mmHg.

Statistical analysis

Data are presented as the mean ± standard deviation or as
the median and interquartile range (IQR), where appro-
priate. A two-way repeated-measures analysis of variance
with time-points (5 levels) and patient categories (i.e.,
ECMO vs. non-ECMO or hypoxemic vs. non-hypoxemic;
2 levels) as fixed effects and subjects as random effects
was performed using the general linear model. The post-
hoc Student’s t test with Tukey’s adjustment was used for
multiple comparisons. The Fisher’s Exact Test was used
to analyze dichotomous categorical variables. Two-tailed
values of p of\0.05 were deemed statistically significant.
The JMP version 11 statistical program (SAS, Cary, NC)
and Sigmaplot version 12.0 (Systat Software, San Jose,

CA) were used for the statistical analyses and graph
compilation, respectively.

Results

A total of 170 patients underwent legal BD determination
during the study period in the three ICUs participating in this
study (see ESMFig. S1, Additional Results). One patient was
excluded from the analysis due to an age of\18 years; thus
169 patients were enrolled in the analysis. Of these 169
patients, 25 were provided with VA-ECMO support during
theBDassessment. A single patient died between the first and
second ATs due to cardiac arrhythmias leading to cardiac
arrest; all of the other patients successfully underwent both
ATs. Table 1 shows the demographics and the baseline
parameters of the patients’ population prior to conducting the
BD assessment. Compared to the non-ECMO subgroup,
patients in the ECMO subgroup were more frequently male
(76 vs. 52 %; p = 0.003), heavier (80 vs. 70 kg; p = 0.003),
and younger (58 vs. 69 years; p\0.001). Length of ICU stay
was higher in theECMOsubgroup.Of the 25ECMOpatients,
23 (92 %) were connected to the ECMO system after cardiac
arrest, one was connected for cardiogenic shock, and one due
to post-cardiotomy shock. Only the latter was centrally can-
nulated, while peripheral cannulation was used in all other
patients. Intracranial hemorrhagewas themain cause of death
in the non-ECMO subgroup (50 % of patients), whereas in
ECMO patients the most frequent cause was postanoxic
encephalopathy (84 %). For further details on ECMO
patients, see ESM Additional Results, ECMO Details.

The median OTO score [22] was 7 in both the ECMO
and non-ECMO patients. Lungs were harvested in 9 % of
non-ECMO patients and in 16 % of ECMO patients
(p = 0.28).

Volume-controlled ventilation was used in 85 % of
patients in the non-ECMO subgroup, while pressure-
controlled ventilation was used most frequently (92 %) in
the ECMO subgroup. Compared to non-ECMO patients,
ECMO patients were ventilated with a higher FiO2 (60 vs.
50 %; p\ 0.001), PEEP (10 vs. 5 cmH2O; p\ 0.001),
tidal volume (600 vs. 472 mL; p\ 0.001) and peak air-
way pressure (25 vs. 17 cmH2O; p\ 0.001), while
respiratory rate was lower (8 vs. 12 bpm; p\ 0.001).
Baseline blood gases were similar between the two sub-
groups: median PaO2, PaCO2, and pH were 129 mmHg,
43 mmHg, and 7.41, respectively, in non-ECMO patients
and 122 mmHg, 45 mmHg, and 7.41, respectively, in
ECMO patients. Half of non-ECMO patients had a PaO2/
FiO2 ratio of[300 mmHg, whereas only two patients had
a PaO2/FiO2 ratio of \100 mmHg. Median duration of
ECMO treatment, BF, GF, and FiO2ML are given in
Table 1.
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Table 1 Demographics and baseline values of all patients

Variables Overall
(n = 169)

Non-ECMO
subgroup
(n = 142)

ECMO
subgroup
(n = 25)

p

Demographics
Male gender, n (%) 94 (56 %) 75 (52 %) 19 (76 %) 0.03
Age (years) 66 (52–75) 69 (54–76) 58 (46–64) \0.001
Weight (kg) 74 (65–80) 70 (65–80) 80 (70–92) 0.003
Cause of brain death, n (%)
Intracranial hemorrhage 84 (50 %) 81 (56 %) 3 (12 %) \0.001
Ischemic stroke 16 (9 %) 15 (10 %) 1 (4 %)
Trauma 16 (16 %) 27 (19 %) 0 (0 %)
Postanoxic encephalopathy 42 (25 %) 21 (15 %) 21 (84 %)

Chronic diseases, n (%)
Hypertension 83 (49 %) 70 (49 %) 13 (52 %) 0.83
Arrhythmias 26 (15 %) 24 (17 %) 2 (8 %) 0.374
Cerebrovascular disease 23 (14 %) 23 (16 %) 0 (0 %) 0.027
Tabagism 25 (15 %) 21 (15 %) 4 (16 %) 0.768
Myocardial infarct 24 (14 %) 20 (14 %) 4 (16 %) 0.759
Diabetes 20 (12 %) 16 (11 %) 4 (16 %) 0.503
Chronic obstructive pulmonary disease (COPD) 16 (9 %) 15 (10 %) 1 (4 %) 0.472
Neoplasia 11 (7 %) 11 (8 %) 0 (0 %) 0.372
Endocrine disorders/obesity 13 (8 %) 8 (6 %) 5 (20 %) 0.027

ICU length of stay (LOS, in days) 3 (2–5) 3 (2–5) 3 (3–7) 0.026
OTO score 9 (7–11) 9 (7–11) 9 (6–11) 0.633
Lung donors 17 (10 %) 13 (9 %) 4 (16 %) 0.28

Baseline parameters
Ventilatory mode, n (%)
Volume control 108 (72 %) 106 (85 %) 2 (8 %) \0.001
Pressure control 42 (28 %) 19 (15 %) 23 (92 %)

Ventilator settings
FiO2 (%) 50 (40–60) 50 (40–50) 60 (50–100) \0.001
PEEP (cmH2O) 6 (5–8) 5 (5–8) 10 (8–12) \0.001
RR (bpm) 12 (10–14) 12 (10–14) 8 (5–10) \0.001
TV (mL) 480 (433–542) 472 (431–517) 600 (449–669) \0.001
TV/kg (mL/kg) 6.7 (5.8–7.7) 6.5 (5.7–7.5) 7.5 (6.1–9.0) 0.042
MAP (cmH2O) 9 (8–12) 9 (8–11) 13 (12–16) \0.001
PIP (cmH2O) 18 (16–23) 17 (15–21) 25 (22–31) \0.001

Blood gas analyses
PaO2 (mmHg) 129 (105–162) 133 (108–162) 119 (85–167) 0.437
PaCO2 (mmHg) 43 (38–46) 43 (38–46) 43 (37–46) 0.325
pH 7.41 (7.38–7.45) 7.42 (7.39–7.45) 7.41 (7.38–7.45) 0.378

Glucose (mg/dL) 122 (97–153) 121 (98–154) 122 (90–153) 0.514
PaO2/FiO2 300 (202–385)
PaO2/FiO2 distribution
[300 71 (50 %)
200–300 37 (26 %)
100–200 32 (23 %)
\100 2 (1 %)
Electrolytes
Sodium (mEq/L) 150 (145–154) 149 (145–154) 152 (148–157) 0.13
Potassium (mEq/L) 4.1 (3.8–4.4) 4.0 (3.8–4.3) 4.6 (4.0–5.1) \0.001
Chloride (mEq/L) 111 (107–115) 110 (107–114) 112 (108–115) 0.132

Hemodynamics
Hearth rate (bpm) 91 (77–103) 90 (77–103) 94 (79–102) 0.447
Mean arterial pressure (mmHg) 77 (64–91) 79 (69–92) 63 (56–72) \0.001
Core temperature (�C) 36.5 (36.0–36.9) 36.4 (36.0–36.8) 36.6 (36.3–37.0) 0.094

Vasoactive drugs
Adrenaline (% patients) 4.1 3.7 9.1 0.895
Adrenaline (mcg/kg/min) 0.14 (0.10–0.22) 0.15 (0.09–0.25) 0.13 (0.13–0.13) 0.7
Noradrenaline (% patients) 40.8 37.5 81.8 0.001
Noradrenaline (mcg/kg/min) 0.13 (0.08–0.19) 0.12 (0.08–0.19) 0.16 (0.05–0.23) 0.878
Dopamine (% patients) 20.4 21.3 9.1 0.165
Dopamine (mcg/kg/min) 6.25 (4.1–12.5) 6.15 (4.0–8.9) 2.96 (2.96–2.96) 0.41
Dobutamine (% patients) 6.1 2.2 54.6 \0.001
Dobutamine (mcg/kg/min) 5 (4.4–6.3) 4.76 (4.44–5.1) 5.65 (3.30–8.26) 0.572
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No interruption of the AT was recorded. Pneumotho-
rax, pneumomediastinum, cardiac arrhythmias, and
cardiac arrest did not occur in any patient.

Hemodynamic effects of the AT are shown in
Table 2. The heart rate was similar in ECMO and non-
ECMO patients (p = 0.903), while ECMO patients
had a lower mean arterial pressure (p\ 0.001). Non-
ECMO patients showed a statistically significant,
albeit clinically meaningless, increase in heart rate at
the end of the ATs (p\ 0.001); in contrast, ECMO
patients had a stable heart rate during the ATs
(p = 0.475). Mean arterial pressure was not altered by
the AT in either the ECMO (p = 0.264) or non-ECMO
patients (p = 0.244). Overall, fluid boluses and
increases or starting of vasoactive drug therapy were
necessary in less than 10 and 3 %, respectively, of the
AT procedures. ECMO and non-ECMO patients did
not differ with regards to the need for hemodynamic
interventions.

Figure 2 shows the arterial PaO2, PaCO2 and pH
before, during and after the ATs. All patients met the
legal criteria for BD determination (PaCO2[ 60 mmHg
or increase in PaO2 [ 20 mmHg; pH\ 7.4) during the
ATs. PaO2 was higher after the first and the second AT
compared to other time-points. In non-ECMO patients,
FiO2 was 100 % during the AT, whereas it was 50 %

(40–50 %), 70 % (50–100 %), and 60 % (50–90 %) at
baseline, after the first AT, and after the second AT,
respectively (p\ 0.001). In the non-ECMO subgroup, the
PaO2/FiO2 ratio before and after the ATs did not undergo
any significant variation, and the median PaO2/FiO2 ratio
was 301, 315, and 287 mmHg at baseline, after the first
AT, and after the second AT, respectively (p = 0.76; see
Fig. 3).

Of the non-ECMO patients, 24 % had a baseline PaO2/
FiO2 ratio of \200 mmHg and were categorized as
hypoxemic. In this subgroup, PaO2 at the end of the apnea
period was lower than that of non-hypoxemic patients [79
(IQR 63–108) mmHg vs. 154 (IQR 79–288) mmHg;
p\ 0.001]. PaCO2 and pH did not differ between
hypoxemic patients and non-hypoxemic patients: 68 (IQR
64–75) versus 68 (IQR 64–74) mmHg (p = 0.86) and
7.25 (IQR 7.2–7.28) versus 7.25 (IQR 7.22–7.28)
(p = 0.17), respectively.

Severe hypoxia (i.e., PaO2\40 mmHg) was detected
at the end of 11 (3.2 % of all ATs performed) ATs: six
(3.55 %) at the end of the first AT and five (2.9 %) of the
end of the second AT. A single patient had severe hypoxia
at the end of both ATs. The incidence of severe hypoxia
at the end of at least one of the ATs was 11.1 and 18 % in
hypoxemic and non-hypoxemic patients, respectively
(p = 0.002). Severe hypoxia occurred during seven

Table 2 Hemodynamic parameters and need for hemodynamic intervention during the apnea tests

Hemodynamic parameters/need for hemodynamic intervention non-ECMO patients ECMO patients

Before AT End of AT Before AT End of AT

Heart rate (bpm) 89 (78–102) 91 (81–104)* 91 (82–101) 91 (86–100)
Mean arterial pressure (mmHg) 75 (67–90) 72 (63–93) 58 (50–76) 61 (49–75)
Need for fluid bolus(es) (% of ATs) 27 (8 %) 5 (10 %)
Increase in or commencement of vasoactive drug(s) therapy (% of ATs) 10 (3 %) 1 (2 %)

* p\ 0.05 vs. before the apnea test (AT)
Data are presented as median with the IQR given in parentheses, unless indicated otherwise

Table 1 continued

Variables Overall
(n = 169)

Non-ECMO
subgroup
(n = 142)

ECMO
subgroup
(n = 25)

p

ECMO settings
ECMO days 3 (3–5)
Blood flow (L/min) 4.5 (3.9–5.2)
Gas flow (L/min) 3 (3–4.8)
FiO2 ECMO (%) 70 (60–100)

Data are presented as median with the interquartile range (IQR) given in parentheses or as the absolute frequency with the percentage of
the subgroup given in parentheses, where appropriate
ICU Intensive care unit, FiO2 inspiratory fraction of oxygen, PEEP positive airway pressure (cmH2O), RR respiratory rate (breaths/min),
TV Tidal volume (mL), MAP mean airway pressure (cmH2O), PIP peak inspiratory pressure (cmH2O), PaO2 arterial oxygen partial
pressure (mmHg), PaCO2 partial pressure of carbon dioxide (mmHg), ECMO extracorporeal membrane oxygenation, FiO2 ECMO sweep
gas oxygen fraction at the membrane lung
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(2.4 %) and 4 (8 %) ATs performed in non-ECMO and
ECMO patients (p = 0.063), respectively. Figure S2
(ESM, Additional Results) shows the time course of SpO2

of these 11 severe hypoxic episodes.

Discussion

In this retrospective study, we analyzed the impact of an
apnea test strategy based on PEEP application and lung
recruitment in a large cohort of patient undergoing BD
assessment. Our approach proved to be feasible and safe,
even in patients supported by VA-ECMO.

No AT conducted on the patients in this study was
aborted, and each AT was completed without clinically
relevant complications. There were no instances of car-
diac arrhythmias. We did notice a limited increase in
vasopressor requirement and need of fluid boluses. Even
in patients supported by VA-ECMO, MAP did not change
during the AT.

In 3 % of the ATs, we observed short-lasting severe
hypoxia at the end of the apnea period. In our institution,
we perform two ATs per patient in each BD assessment,
which doubles the possibility of occurrence of an hypoxic
AT. Indeed, we detected a PaO2 of\40 mmHg during six
(3.5 %) of the first ATs and five (2.9 %) of the second
ATs. A single patient had severe hypoxia during both of
the tests. Severe hypoxia was more frequent in patients
having a baseline PaO2/FiO2\200 mmHg, suggesting the
need for careful planning of the AT procedure in this
subgroup. Interestingly, severe hypoxia was detected in
2.4 % of ATs performed in non-ECMO patients and in
8 % of ATs performed in ECMO patients. This difference
may be explained by the reduced efficiency of membrane
lungs in the specific setting of high BF coupled with low
GF [23] as well as by differential hypoxia [24]. Although
we detected no statistically significant difference in the
occurrence of severe hypoxia between ECMO and non-
ECMO patients, this counterintuitive result—if confirmed
by further studies—should trigger a re-evaluation of the
approach to AT in ECMO patients. Notably, despite the

Fig. 2 Box and whisker plots of arterial blood gas analyses during
brain death assessment in no-ECMO (white boxes) and ECMO
(blue boxes) patients. Data are presented as the median (horizontal
line in box) with interquartile range (top and bottom of box) and
10th and 90th percentiles (whiskers). Open circles Outliers. Steps
1–5 Steps involved in the determination of brain death (see List in
‘‘Methods’’): Step 1 baseline, Step 2 end of the first AT, Step 3 after
the first AT, Step 4 end of the second AT, Step 5 after the second
AT. Two-way analysis of variance reporting differences in blood
gas analyses due to treatment (i.e., ECMO vs. no-ECMO) or
experimental step. *p\ 0.05 vs. no-ECMO patients. Numbers 1–5
above datasets 1 p\ 0.05 vs. Step 1, 2 p\ 0.05 vs. Step 2, 3
p\ 0.05 vs. Step 3, 4 p\ 0.05 vs. Step 4, 5 p\ 0.05 vs. Step 5

Fig. 3 Box and whisker plot of the PaO2/FiO2 ratio of no-ECMO
patients at baseline (Step 1), after the first AT (Step 3), and after the
second AT (Step 5). Data are presented as the median (horizontal
line in box) with interquartile range (top and bottom of box) and
10th and 90th percentiles (whiskers). Open circles Outliers
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occurrence of hypoxia during 3 % of the ATs, no single
AT was aborted for hypoxia and—most importantly—no
complications, such as arrhythmia or cardiac arrest, were
detected. Moreover, the PaO2/FiO2 ratio returned to nor-
mal in all of the patients after the ATs. Finally, to further
confirm the transiency of the hypoxic condition, we
analyzed the SpO2 tracing recorded second by second
during the hypoxic AT episodes. The reduction in SpO2

was transient, and the SpO2 level returned to[90 % after
just 2 min. Taken together, these observations suggest
that our ventilatory management of these patients,
including moderate PEEP, low TV coupled with mainte-
nance of PEEP during the apnea phase, and recruitment
maneuvers, prevented the occurrence of significant
hypoxia and lung de-recruitment.

An analysis of the effects of our approach on organ
viability is outside the scope of this study. Nevertheless,
albeit we do not have data on post-lung transplant out-
comes, we reported high rates of lung harvesting, even in
as severely ill population as patients treated with ECMO
for cardiac arrest. This high rate may suggest that our
approach enhances pulmonary function and thus opti-
mizes the lung viability for subsequent transplantation, as
for a ‘‘pre-harvesting lung reconditioning’’. Further study
will be necessary to evaluate this aspect.

A number of relevant methodological differences
between this study and previously published series may
provide the justification for our positive findings. First, all
of the ATs were performed using a PEEP valve. The
combination of recruitment maneuvers and PEEP has
been suggested to be efficacious in the presence of acute
respiratory distress syndrome [25]. In our institution we
apply this strategy in all ATs and have achieved positive
results; in all cases reported here, even when the patient
was hypoxic before the AT, the AT was successfully
performed. Second, the ventilatory setup before and
during the procedure has been standardized. In this
cohort, we adopted a lung protective strategy in which
volume-limited ventilation is used in combination with
titrated PEEP ? a periodic hyperinflation (‘‘sigh’’) every
2 min [26]. Third, all of the ATs were performed by a
certified intensivist [27].

The impact of AT on oxygenation and hemodynamics
of patients undergoing VA-ECMO deserves particular
attention. Our study includes the largest consecutive ser-
ies of ECMO patients undergoing BD determination. VA-
ECMO provides both circulatory and gas exchange sup-
port. The hemodynamic effects of ECMO depend on the
patient residual cardiac function, the use of vasoactive
drugs, and the ECMO BF rate. It is thus self-explanatory
that reducing the BF is not a possible strategy for BD
determination, since it would lead to immediate cardio-
circulatory collapse. On the other hand, diminishing the
sweep GF may reduce the gas exchange capability of the
VA-ECMO support. Nevertheless, a complete abolish-
ment of GF would not only reduce extracorporeal carbon

dioxide removal but also oxygen support, and thus lead to
severe hypoxia. To avoid these complexities, patient’s on
ECMO are usually excluded from BD determination.
Indeed, despite reports of BD affecting at least 20 % of
ECMO patients (and thus hundreds of patients world-
wide), \20 cases of BD determination have been
documented to date in this patients’ group [13–16]. This
ultimately leads to the loss of a possible large pool of
organ donors. In our study, we show the possibility to
successfully perform BD determination in ECMO patients
by reducing the GF to 1 L/min while providing oxy-
genation by PEEP application.

Our approach for BD determination in ECMO patients
may also be utilized in patients supported by venovenous-
ECMO (VV-ECMO). In our experience, BD diagnoses in
patients with VV-ECMO are a rarity, since most of these
patients die of multi-organ failure [27]. A reasonable
assumption to draw is that higher rates of hypoxia would
be documented in such a population of patients connected
to an ECMO system for respiratory failure.

Because tube clamping was not routinely performed in
the ATs reported here, there was a transient loss of PEEP
in all patients in the period between disconnection from
the ventilator and connection to the resuscitator bag. A
ventilator in continuous positive airway pressure (CPAP)
mode might be utilized to avoid this loss of PEEP, but this
approach has been associated with false triggering and
auto-cycling, mainly due to cardiogenic oscillations [28].
On the other hand, opening the duck-bill valve of the
resuscitator bag may impose unwarranted inspiratory
resistance. Different brands of resuscitator bags may
impose different resistances to breathing. Although such
resistances have been demonstrated to be clinically
meaningless [29], we emphasize the need for continuous
monitoring of the patients for eventual inspiratory efforts,
since such episodes—regardless of their efficacy—ex-
clude the diagnosis of BD. Assessing the efficacy in
guaranteeing oxygenation during AT and discussing the
flow dynamics of various resuscitator bags is beyond the
scope of this retrospective study. We refer the interested
reader to specific works on the topic [29, 30].

We acknowledge several limitations to our study. First,
it is retrospective in design. For this reason, some infor-
mation, such as the frequency of recruitment maneuvers
before connection to the resuscitator bag, was not available
for analysis. Second, while we reported the OTO score and
number of patients selected for lung harvesting, we did not
evaluate the post-lung transplant outcomes of our AT
technique. Further studies are necessary to evaluate this
aspect as well. Moreover, we did not investigate the rate of
PaCO2 increase over time in non-ECMO versus ECMO
patients during the AT, as information on the timing of
disconnection of the patient from mechanical ventilation
was not available; future studies should address this issue.
Our results are the product of a bundle protocol. Therefore,
we cannot assess the single effect of PEEP, of protective
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ventilation, and of recruitment maneuver on our findings.
Last, the average PEEP level used in our population was
moderate; therefore, these results may not be relevant to
patientswithmore severe lung disease requiring high levels
of positive airway pressure.

In conclusion, the results of this study in a large cohort
of consecutive patients, including patients with VA-
ECMO, demonstrate that our AT strategy in BD deter-
mination based on PEEP application and lung recruitment
is both feasible and practical. Future prospective

randomized studies comparing our approach for AT with
the standard oxygen-diffusion method are warranted.
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