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Abstract Purpose: Extracorpo-
real membrane oxygenation (ECMO)
can support oxygenation and carbon
dioxide elimination in severe lung
failure. Usually it is accompanied by
controlled mechanical ventilation.
Neurally adjusted ventilatory assist
(NAVA) is a new mode of ventilation
triggered by the diaphragmatic elec-
trical activity and controlled by the
patient’s respiratory centre, which
may allow a close interaction
between ventilation and extracorpo-
real perfusion. This pilot study
intended to measure the physiologic
ventilatory response in patients with
severe lung failure treated with
ECMO and NAVA. We hypothesized
that the combination of both methods
could automatically provide a pro-
tective ventilation with optimized
blood gases. Methods: We report a
case series of six patients treated with
ECMO for severe lung failure. In the
recovery phase of the disease,
patients were ventilated with NAVA
and ventilatory response and gas
exchange parameters were measured
under different sweep gas flows and
temporarily inactivated ECMO.
Results: Tidal volumes on ECMO
ranged between 2 and 5 ml/kg pre-
dicted body weight and increased up
to 8 ml/kg with inactivated ECMO.
Peak inspiratory pressure reached
19–29 cmH2O with active, and
21–45 cmH2O with inactivated
ECMO. Ventilatory response to

decreased sweep gas flow was rapid,
and patients immediately regulated
PaCO2 tightly towards a physiologi-
cal pH value. Increase in minute
ventilation was a result of increased
breathing frequency and tidal vol-
umes, and protective ventilation was
only abandoned if pH control was not
achieved. Conclusions: With
NAVA ventilatory response to
decreased ECMO sweep gas flow was
rapid, and patients immediately reg-
ulated PaCO2 tightly towards a
physiological pH value. Therefore,
combination of NAVA and ECMO
may permit a closed-loop ventilation
with automated protective ventilation.
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Abbreviations

NAVA Neurally adjusted
ventilatory assist

EAdi Electrical activity of the
diaphragm

ARDS Adult respiratory distress
syndrome

ECMO Extracorporeal membrane
oxygenation

VIDD Ventilator-induced
diaphragmatic dysfunction

RASS Richmond Agitation-
Sedation Scale

PIP Peak inspiratory pressure
PEEP Positive end-expiratory

pressure
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Introduction

Mechanical ventilation with low tidal volumes (6 ml/kg
predicted body weight) is well established as one of the
essential treatments for patients with acute lung injury
(ALI) and acute respiratory distress syndrome (ARDS)
[1–4]. Despite relevant improvements in therapy in recent
years, there is still a high mortality rate among patients
with severe lung failure [5, 6]. Extracorporeal membrane
oxygenation was shown to be effective in the treatment of
ARDS and remains a rescue therapy for patients with
severe lung failure [7–13]. New miniaturized systems
reduce haemorrhagic and thrombembolic complications
due to important technical improvements with a lower
surface area and a diminished need for anticoagulation.

However, combining ECMO with conventional pro-
tective ventilation often requires deep sedation with
disjunction of extracorporeal perfusion and ventilation.
Both systems for gas transfer, extracorporeal lung support
and mechanical ventilation, are independent and have to
be readjusted repeatedly. Despite close supervision,
hypocapnia and unphysiological pH levels are commonly
observed due to the high carbon dioxide elimination
capacity of extracorporeal devices. Furthermore, pro-
longed controlled ventilation can result in rapid atrophy
of the diaphragm, which has been denoted ventilator-
induced diaphragmatic dysfunction (VIDD) [14, 15].
Therefore early spontaneous breathing could reduce
VIDD and decreased sedation allows early mobilisation
important for better functional outcomes [16].

Connecting vv-ECMO with assisted spontaneous
breathing may prove to be advantageous, especially in
regard to a physiological acid–base balance and possibly
prevention of VIDD. Neurally adjusted ventilatory assist
(NAVA) is a new mode of assisted closed-loop ventila-
tion, which is triggered by the electrical activity of the
diaphragm (EAdi) [17–22]. Pressure support is amplified
proportionally to the EAdi signal, and assisted ventilation
is controlled by the patient’s respiratory centre. The
hypothesis of the current study was that combining
NAVA and vv-ECMO results in normalisation of blood
gases and pH and provides a highly protective ventilation
in patients with severe ARDS. Feasibility of coupling
both methods was proven in clinical practice and physi-
ologic response was determined.

Materials and methods

Study population

Six adult patients with severe respiratory failure due to
bilateral pneumonia treated with veno-venous ECMO and
NAVA were included in this study. All patients had been

transferred from external hospitals, because severe ARDS,
defined according to the criteria of the American–European
Conference on ARDS [23], had not been stabilized on
conventional ventilation. In two patients too unstable for
transfer, ECMO was started by our mobile team before
transportation. In the other patients extracorporeal veno-
venous lung support was initiated because, despite
continuing efforts in our centre to improve gas exchange
with optimised protective ventilation and prone position-
ing, the PaO2/FiO2 ratio remained at less than 100 mmHg
and/or severe respiratory acidosis could not be controlled.
After implementation of ECMO, invasiveness of mechan-
ical ventilation was reduced to avoid further ventilator-
induced lung injury. Preset goals for oxygenation were a
PaO2 of greater than 65 mmHg and PaCO2 was adjusted to
achieve a normal arterial pH level.

Extracorporeal lung support

The extracorporeal system consists of two venous cann-
ulas, a centrifugal pump and a membrane oxygenator
(Maquet Cardiopulmonary AG, Hirrlingen, Germany).
Detailed technique is given in the online data supplement.

Neurally adjusted ventilatory assist (NAVA)

All patients were ventilated with the Servo-I ventilator
including the NAVA option (Maquet Critical Care, Rastatt,
Germany). During NAVA the EAdi signal is processed as
described previously [17, 24], and pressure support is
applied proportionally to the EAdi signal. The EAdi signal
in microvolts is multiplied by a gain factor called NAVA
level and thereby transposed into pressure support. The
NAVA level was individually titrated. In brief, patients
were ventilated with pressure support ventilation (PSV)
aiming at a physiological breathing pattern, optimal blood
gases and no obvious stress. Subsequently the NAVA level
was individually set so that peak pressure and pressure
delivery were comparable to pressure support in PSV with
use of the NAVA preview tool, which is integrated into the
software. NAVA was established at least 1 day before
study entry and patients were ventilated further on with
NAVA as the preferred ventilatory mode. Patients were
sedated solely with short-acting agents (propofol and
remifentanil or sufentanil) with an intended RASS score of
-3 to -1. [25]. During the measuring period patients were
not actively moved, a calm environment was established to
avoid arousals, and no change in sedation was allowed.

Data acquisition and analysis

Data were collected prospectively. After several hours in
stable condition on a preset NAVA level, blood gas
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analysis and ventilatory parameters were documented at
five consecutive times, each data set for a period of
30 min: at baseline, after reduction of ECMO sweep gas
flow to 50%, again after temporarily pausing sweep gas
flow, after increase of FiO2 to achieve a saturation at or
above 95% and finally again at baseline settings. Further
information is given in the ‘‘Electronic supplementary
material’’.

Approval for this study was gained from the Ethics
Committee of the University of Regensburg. Informed
consent was obtained from the legal representatives of
the patients, and agreement for publication of data from
the patients. All patients were under constant supervision
of an experienced intensivist; no relevant side effects
occurred.

Variables are reported as mean with a 95% confidence
interval. Non-parametric ANOVA test was used for sta-
tistical analysis. A p value of less than 0.05 was
considered statistically significant. For statistical analy-
sis, we used GraphPad Prism 4 for Macintosh computer
(La Jolla, CA 92037 USA). Data were acquired with the
Ventilation-Record-Card SERVO-i Vers. 1.3 and in
parallel with SERVO-i-RCR Version 2.3 (Maquet, Crit-
ical Care, Rastatt, Germany).

Results

Patients’ characteristics before and after 1 day on ECMO
are summarized in Table 1. Individual diagnoses and
baseline characteristics are documented in Table S1 in the
‘‘Electronic supplementary material’’. All patients had a
favourable outcome, five survived to discharge; the sixth
was transferred for successful lung transplant.

PaO2, PaCO2 and pH

Oxygen transfer of the ECMO, calculated by multiplying
the difference in oxygen content before and after the
oxygenator by the blood flow, averaged 112 ± 37 ml/
min. ECMO blood flow before and during measurements
was 1.9 ± 0.36 l/min. At baseline all patients were in a
stable state of oxygenation. Reducing sweep gas flow of
the ECMO to 50% at unchanged blood flow resulted in
most patients in an increase of PaO2 (Fig. 1). At a sweep
gas flow of 0 l/min, which implies that extracorporeal gas
transfer is stopped temporarily, all patients had an
expected decrease of PaO2, which was controlled by the
consecutive increase of FiO2 (Fig. 1; p \ 0.05).

The estimated carbon dioxide elimination capacity of
the ECMO was calculated with 161 ± 30 ml/min.
Decreasing and turning off the sweep gas flow was
compensated at least partially by all patients but one.
Stable PaCO2 and pH values were observed because of

ventilatory compensation (see below). Patient E with end-
stage cystic fibrosis could not sufficiently increase pul-
monary carbon dioxide elimination (Fig. 1) mainly
caused by a low compliance of the respiratory system
(11 ml/cmH2O). Consecutively, pH in this patient drop-
ped considerably, whereas control within the physiologic
range was maintained in the other patients (Fig. 2).
Returning to baseline by turning on the sweep gas flow
again was followed in most cases by a drop of PaCO2 and
an increase of pH.

Electrical diaphragmatic activity and peak inspiratory
pressure

Stepwise reducing and turning off the ECMO sweep gas
flow led in all cases to an increased electrical diaphrag-
matic activity (EAdi peak). Values ranged in mean from 2
to 32 lV with active sweep gas flow and from 4 to 47 lV
with inactivated gas flow (Fig. 3). Proportional to the
EAdi peak signal, peak inspiratory pressure (PIP) ranged
in mean from 19 to 29 cmH2O with active ECMO and
from 21 to 45 cmH2O with inactivated ECMO (p \ 0.05,
Fig. S1). With a preset PEEP level of 10 cmH2O or more,
most patients did not increase the mean PIP above
30 cmH2O. Only patient E tolerated a PIP of more than

Table 1 Patient characteristics

Age (years) 40 ± 19
Female/male ratio 3/3
Total days on ventilation 53 ± 58
Total days on ECMO 21 ± 22
Acute renal failurea 2/6
SOFA score before ECMO 15 ± 3.5
LIS scorec before ECMO 3.41 ± 0.43
Lung compliance (ml/cmH2O)

before ECMO
22.8 ± 9.3

Before ECMO Day 1 on ECMO
Norepinephrine (lg/kg/min) 0.37 ± 0.47 0.15 ± 0.31
Mean arterial blood pressure

(mmHg)
72.2 ± 16.2 86.0 ± 10.8

PaO2/FiO2 (mmHg) 93 ± 50 159 ± 39
PaCO2 (mmHg) 70 ± 38 41 ± 5
pH 7.24 ± 0.10 7.42 ± 0.06
Tidal volume (ml) 411.8 ± 157.1b 267.5 ± 75b

PIP (cmH2O) 38.4 ± 5.1b 26.3 ± 3.3b

PEEP (cmH2O) 17.2 ± 3.1b 16.2 ± 4.1b

Mean airway pressure
(cmH2O)

26.8 ± 2.9 22.5 ± 5.7

FiO2 0.98 ± 0.1 0.5 ± 0.1
Respiratory rate (/min) 23.4 ± 3.8b 15.4 ± 5.0b

LIS lung injury severity, SOFA sequential organ failure assessment
a Defined as need for renal replacement therapy
b Data missing for one patient because of high-frequency oscilla-
tory ventilation
c The LIS score (1–4 points) is composed of the PaO2/FiO2 frac-
tion, PEEP, lung compliance and infiltrated quadrants in chest
radiography
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40 cmH2O with a very high EAdi peak signal in the futile
attempt to control hypercapnia.

Tidal volume (VT) and minute ventilation (VE)

Since pressure is applied proportionally to the electrical
activity of the diaphragm, in the NAVA mode tidal vol-
umes vary from breath to breath, controlled by the
patient’s respiratory centre. Tidal volumes with running
ECMO ranged between 2 and 5 ml/kg predicted body
weight. Reducing and turning off the sweep gas flow led
in all cases to an increased VT (p \ 0.01, Fig. 4), in
patients A, D and F to a VT above 6 ml/kg. Hyperoxy-
genation by increasing the FiO2 with inactive ECMO did
not reduce VT (p [ 0.05, Fig. 4).

Minute ventilation (VE) increased rapidly in all
patients after reducing and turning off the sweep gas flow
(p \ 0.05, Fig. S2). Ventilation increased 2.3-fold in
patient 1, 1.3-fold in patient 2, 3.4-fold in patient 3, 2.3-
fold in patient 4, 1.6-fold in patient 5 and 1.1-fold in
patient 6 at turned off gas flow compared to baseline
(Fig. S2). The rise in VE was partly a result of increased

VT, but mainly caused by an increase in breathing fre-
quency (Fig. S3).

Discussion

The present pilot study demonstrates for the first time that
a coupling of extracorporeal membrane oxygenation with
neurally adjusted ventilation is feasible in clinical prac-
tice. Our results indicate that homeostasis of pH value and
PaCO2 are the determining factors for spontaneously
breathing patients on vv-ECMO and NAVA. Most
patients automatically achieve a protective ventilation
with low tidal volumes as well as peak inspiratory pres-
sures below 30 cmH2O. This opens a so far unknown
opportunity for a new form of closed-loop ventilation
regulated by the patient’s respiratory centre.

Current clinical practice in patients with severe lung
failure who require extracorporeal lung support usually
combines vv-ECMO with controlled mechanical low-
pressure, low-tidal ventilation [8, 11, 26–28]. Such a
strategy requires deep sedation and may lead to a com-
plete disjunction of extracorporeal perfusion and
ventilation. Whilst controlled mechanical ventilation may
be indispensable in the initial phase of severe ARDS on
vv-ECMO to reliably control tidal volume and peak

Fig. 1 PaO2 und PaCO2 (dashed line) with different ECMO/
NAVA settings (patient A–F). At baseline all patients were in a
stable state of oxygenation. Reducing sweep gas flow of the ECMO
to 50% at unchanged blood flow results in most patients in an
increase of PaO2. At a sweep gas flow of 0 l/min, which implies
that extracorporeal gas transfer is stopped temporarily, all patients
had an expected decrease of PaO2 (p \ 0.05), which was controlled
by the consecutive increase of FiO2

Fig. 2 pH values with different ECMO/NAVA settings (patient
A–F). Decreasing and turning off the sweep gas flow was compen-
sated at least partially by all patients but one. pH in patient E dropped
considerably, whereas control within the physiologic range was
maintained in the other patients
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pressure, control of blood gases, perfusion settings and
ventilatory parameters has to be tight, and regulation of
oxygenation, pH level and carbon dioxide with two
independent systems can be challenging. Transient over-
shooting is commonly observed due to the high CO2

removal capability of ECMO systems. Therefore a
closed-loop system, which couples extracorporeal perfu-
sion with ventilation could be advantageous to achieve
homeostasis of blood gases. Though not possible in the
very early phase of ARDS with pulmonary capillary leak
syndrome, such a system should be established as soon as
patients begin to recover. In the setting reported here with
combined vv-ECMO and NAVA, the patient is given the
opportunity to regulate ventilation by EAdi-proportional
pressure support, varying breathing frequency, peak
pressure and tidal volume, while the therapist only regu-
lates extracorporeal perfusion and PEEP level. NAVA
ventilation was established as the preferred ventilation
mode as soon as stabilisation from the underlying disease
was clinically obvious. Although it might have been
possible to choose pressure support ventilation instead,
NAVA offers the advantage that patients can regulate
tidal volumes and that the electrical activity of the dia-
phragm is monitored. All patients were able to breath
even on a high PEEP level with sufficient diaphragm
contraction and EAdi signal. Therefore, NAVA allowed
early establishment of spontaneous breathing. This may
be important to prevent diaphragm atrophy, as has been
described previously for controlled mechanical ventila-
tion [14]. Early diaphragm contraction possibly is of
substantial importance for the outcome of patients with
severe lung failure, since assisted spontaneous breathing
modes can decrease days on mechanical ventilation and
stay in the intensive care unit [29–31].

The measurements documented here were conducted
in the weaning period from ECMO, as otherwise it would
not have been possible to turn off the sweep gas flow
completely. We could demonstrate that a response of the
patient’s respiratory centre followed promptly on step-
wise reducing the extracorporeal support. The main
determining factor for the up-regulation of ventilation was
not oxygenation, measured as PaO2, but the drive for
homeostasis of carbon dioxide and pH value. These
results are in line with a pivotal study by Kolobow et al.
[32], who could demonstrate in lambs that minute venti-
lation is directly coupled to extracorporeal carbon dioxide
elimination. It is noteworthy that the first reduction of
sweep gas flow often resulted in an increase of PaO2

(p \ 0.05, Fig. 1). The observed consecutive increase in
minute ventilation may lead to recruitment of previously
non-ventilated areas. With paused extracorporeal support
most patients were able to control pH within the physi-
ologic range at the cost of greatly raised VE. This increase
of VE was generated by a moderate increase of VT and a
pronounced rise in breathing frequency. Comparable
results with a strong up-regulation of the ventilatory rate

Fig. 3 Stepwise reducing and turning off the ECMO sweep gas
flow led in all cases (patient A–F) to an increased EAdi (electrical
activity of the diaphragm) peak. Values ranged in mean from 2 to
32 lV with active sweep gas flow and from 4 to 47 lV with
inactivated gas flow

Fig. 4 Tidal volumes (VT) with running ECMO ranged between 2
and 5 ml/kg predicted body weight. Reducing and turning off the
sweep gas flow led in all cases to an increased VT (p \ 0.01), in
patients A, D and F to a VT above 6 ml/kg. Hyperoxygenation by
increasing the FiO2 with inactive ECMO does not reduce VT

2042



in ALI have been observed in a recent study with rabbits
on NAVA [33]. Hyperoxygenation by increasing FiO2 did
not show a substantial influence on respiratory drive. In
contrast, restarting extracorporeal support resulted in a
rapid down-regulation of ventilation.

As is to be expected, ventilation was highly protective
with active ECMO. All patients chose a VT well below
6 ml/kg predicted body weight (Fig. 4). Interestingly,
after turning off the ECMO, VT did not increase above
8 ml/kg, and all patients apart one avoided peak inspira-
tory pressures above a mean of 30 cmH2O. Although tidal
volumes beyond 8 ml/kg would have been feasible with
NAVA, patients still chose the best possible protective
ventilation. Only patient E was not able to compensate
hypercapnia and increased peak pressures to more than
40 cmH2O. The further clinical course proved that this
patient was dependent on ECMO support and had to be
bridged until successful lung transplantation. This sug-
gests that homeostasis of the acid–base balance is the
primary goal and may be achieved at the expense of non-
protective ventilation. NAVA applies pressure support
proportionally to the electrical activity of the diaphragm
and enables the patient to control ventilation closely.

The present study has limitations. NAVA demands a
functioning respiratory centre of the patient and is not
possible on deep sedation or in some patients with brain
injury. Furthermore, it has never been investigated whe-
ther the feedback mechanisms necessary for neurally
assisted ventilation are adequately preserved in sepsis and

ARDS. Moreover, presently there is no clear recommen-
dation how to set the best NAVA assist level. Therefore,
the chosen levels are arbitrary and based on our experi-
ence with NAVA. Although NAVA ventilation was
established well before the start of the study, we cannot
exclude that different NAVA levels would have led to
different results. By design this study was not planned to
investigate outcome; whether NAVA influences survival
in mechanical ventilation is unknown. The current study
does not resolve the question whether NAVA facilitates
weaning from extracorporeal lung support either. There-
fore, further studies are needed to determine outcome and
survival of patients on vv-ECMO and NAVA.

In conclusion the combination of extracorporeal lung
support and NAVA is a possible and sensible comple-
mentary application of two different techniques in
patients with severe lung failure. A down-regulation of
extracorporeal gas transfer caused an immediate up-reg-
ulation of ventilation. Homeostasis was closely preserved,
and patients tried to maintain a protective ventilation.
Tidal volumes were chosen by the patient’s respiratory
centre well below 6 ml/kg predicted body weight on
active ECMO and did not increase above 8 ml/kg without
ECMO in our patients. Even though early results are
promising, further studies are necessary to closer define
the role of combined NAVA and ECMO treatment in
patients with severe ARDS.

Conflict of interest None.
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