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Abstract Background: Mechanical
respiratory-assist modes, such as
assist/control, low-rate intermittent
mandatory ventilation, continuous
positive airway pressure, or propor-
tional assist ventilation (PAV), require
a continuous respiratory effort. Be-
cause of the frequent occurrence
of periodic breathing and/or apnea,
mechanical backup ventilation must
be initiated during episodes of re-
duced or absent respiratory drive to
maintain gas exchange. The common
approach to this problem is a regular
conventional mechanical ventilation,
which is initiated and withdrawn in
an “on/off” function. Objective:
To develop and evaluate a mechan-
ical backup ventilation mode that
is adaptive to the rapidly changing
breathing pattern of preterm infants.
Design: Prospective randomized
clinical crossover trial. Setting:
Neonatal intensive care unit at the
University of Munich, Germany.
Patients: Preterm infants undergoing
PAV. Interventions: The infants were
ventilated with PAV using a newly
developed adaptive backup support,
with and without pulse-oximetry-
guided operation (SpO2-sensitive

backup). Each infant was ventilated
with both modes of backup support
on 2 consecutive days, with the se-
quence randomized. Measurements
and results: The analysis on 11
preterm infants showed a statistically
significant and clinically relevant
reduction of the incidence (33%)
and duration of oxygen desaturations
(52%) when SpO2-sensitive adaptive
backup support was used. Con-
clusions: SpO2-sensitive adaptive
backup proved safe and effective in
reducing the incidence and duration of
oxygen desaturation in this short-term
trial. This technology is potentially
applicable to other assisted modalities
of ventilation, such as noninvasive
nasal ventilation.

Keywords Continuous positive
airway pressure · Infant · Mechanical
ventilation · Premature · Pulse
oximetry · Proportional assist
ventilation

Abbreviations PAV: Proportional
assist ventilation · SpO2: Arterial
hemoglobin oxygen saturation as
measured by pulse oximetry · CPAP:
Continuous positive airway pressure

Introduction

Preterm infants often require respiratory support during
their early period of life because of immature lungs and
an immature endogenous respiratory control system. They

show an irregular breathing pattern, with episodes of nor-
moventilation, respiratory pauses, and hypoventilation [1].

Mechanical ventilation has gained broad acceptance as
a standard of care for these infants with respiratory fail-
ure. Newer mechanical support techniques avoid detrimen-
tal side effects such as pulmonary volutrauma and others.
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Continuous positive airway pressure (CPAP) is on
the least-invasive end of the spectrum of mechanical-
ventilation techniques. It can be applied without endo-
tracheal intubation in some cases and therefore differs
from other mechanical ventilation techniques. However,
a largely intact endogenous control of the breathing
system is essential for the use of CPAP.

Plain constant CPAP can be modulated by a technique
called proportional assist ventilation (PAV) in such a way
that the applied airway pressure rises in a servocontrolled
fashion with each spontaneous inspiration [2]. This results
in a decrease in respiratory muscle workload. PAV may
thus overcome the imbalance between respiratory muscles’
strength and their mechanical workload during impending
fatigue [3]. As with CPAP, an intact endogenous breath-
ing pattern is mandatory, because the additionally applied
ventilator pressure during PAV is guided by the infant’s
respiratory effort alone.

During apnea or hypoventilation, however, respiratory
backup support is required if the infant is ventilated with
regular CPAP or PAV alike. Standard backup support
during transient breakdowns of respiratory-gas exchange
commonly consists in the provision of simple preset
conventional ventilation, which is initiated and withdrawn
in an “on/off” manner. Such conventional backup ventila-
tion, acting in an all-or-nothing fashion and disregarding
any other circumstances, must necessarily be grossly
unsatisfactory for the complex situation of the ventilated
preterm infant.

We developed a new strategy for backup ventilation
called adaptive backup, which includes the following key
features: (1) the clinician can preset the time lag between
cessation of breathing and the automated onset of backup
support; and (2) backup is gradually withdrawn by a step-
wise reduction in the mechanical inflation rate during re-
sumption of spontaneous breathing. A third feature was
implemented in the ventilator software package after pre-
tests of adaptive backup: (3) spontaneous breathing with-
out backup is allowed to proceed at CPAP or PAV only,
if pulse-oximetry readings exceed a user-specified thresh-
old value. This mode of backup was called SpO2-sensitive
adaptive backup.

Both new backup modes were subjected to a clinical
pilot study using a randomized crossover design. The pur-
pose of the trial was to evaluate benefits and potential risks
of pulse-oximetry as an adjunct to control the initiation
and withdrawal of adaptive backup ventilation. We hypoth-
esized that this adjunct reduces the incidence and dura-
tion of episodes of hypoxemia in ventilated preterm infants
with respiratory failure.

Patients and methods

Patients

All intubated preterm infants on assisted mechanical ven-
tilation who were admitted to our neonatal intensive care
unit were eligible for the study if they met the follow-
ing entry criteria: presence of spontaneous respiratory ef-
fort; stable cardiovascular and pulmonary condition; and
signed parental consent form. Exclusion criteria were: ma-
jor congenital anomalies; intracranial hemorrhage grades
3 or 4; sepsis; major pulmonary malfunction (air leak syn-
drome, atelectasis, pulmonary hypertension); and endotra-
cheal tube leak > 20% of tidal volume (measured by the
pneumotachograph of the ventilator).

Protocol

The study protocol and parental consent form were ap-
proved by the Institutional Review Board at the University
of Munich, Germany. All participating infants were inves-
tigated on 2 consecutive days at the same time of day. They
underwent PAV, throughout the study period, of 4 h each
day. Adaptive backup and SpO2-sensitive adaptive backup
were used as backup support modes during two consecu-
tive 2-h periods each day. The sequence of the two modes
was randomized on day 1 and applied in reverse order on
day 2. This crossover design was chosen to account for po-
tential sequence or carryover effects [5].

Infants were nursed in a supine position in incubators
(8000SC or 8000IC, Dräger, Lübeck, Germany). Sedative
or analgesic drugs were not applied. After nursing proce-
dures, the infants were ventilated with PAV, and backup
support was applied as randomized. In order to minimize
artifacts, we did not start the recording until the infant was
in a state of quiet behavior. For the purpose of this study,
an oxygen saturation of 85% was chosen as threshold
for the SpO2-sensitive adaptive backup. Incidence and
duration of desaturations < 85% were defined as primary
outcome criteria. Secondary outcome criteria were mean
airway pressure, respiratory rate, minute ventilation, tidal
volume, number of apneas and mean SpO2. PCO2 was
measured (ABL 700 blood gas analyzer, Radiometer A/S,
Brønshøj, Denmark) before the beginning and at the end
of each recording (after 4 h) from capillary or arterial
blood samples. The sampling site remained unchanged for
each individual patient.

PAV-ventilator settings

The infants were ventilated with a Stephanie Infant
ventilator (Stephan Biomedical, Gackenbach, Germany)
and received PAV [6, 7, 8] throughout the study period.
The gain for the resistive unloading component of PAV



304

was set at 25 cm H2O·l–1·s–1 (2.5 mm inner diameter
(ID) endotracheal tube) or at 40 cm H2O·l–1·s–1 (2.0 mm
ID endotracheal tube) to approximately compensate for
the resistance of the endotracheal tube [9]. The elastic
unloading gain was determined individually by increas-
ing it from 0 cm H2O/ml to a level judged appropriate
by clinical criteria, such as physiological tidal volume
(3–8 ml/kg) and least chest-wall distortion [2, 3, 10, 11].
The end-expiratory pressure previously chosen by the
clinical team was kept unchanged during the study. The
upper airway pressure limit was set at the peak inspiratory
pressure level as used in the ventilation mode prior to
the study. All parameters of ventilation were maintained
unchanged throughout the study period.

PAV-backup modes

Adaptive backup

During episodes of hypoventilation and apnea, adaptive
backup ventilation was initiated. The ventilator software
acted on information from airway pressure and airflow sig-
nals which are available to the ventilator from its internal
sensors. Apnea was assumed if no respiratory effort was
detected within a fixed period of time. Hypoventilation
was assumed if tidal volume stayed below a user-defined
level. The clinician could preset the time lag between
cessation of breathing and the automated onset of backup
support. This backup mode was not entirely suppressed,
once a single spontaneous breath recurred. The rate of me-
chanical inflation was automatically halved by prolonging
the time of expiration once respiratory effort reappeared.

Fig. 1 Representative tracing of airflow (V ′) and airway pressure
(Paw) from an 840 g infant during PAV and adaptive backup ven-
tilation and resumption of spontaneous breathing. The rate of me-
chanical backup inflation is automatically halved by prolonging the
time of expiration, once respiratory effort reappears and a sponta-
neous breath is detected. Due to persistent spontaneous breathing at
the reduced backup ventilation rate, the rate is further decreased in
a stepwise fashion, until backup discontinues entirely, allowing the
patient to breath on PAV alone. Asterisks indicate mechanical adap-
tive backup inflations (PAV proportional assist ventilation)

If spontaneous breathing persisted at the reduced backup
ventilation rate, the rate was further decreased in a step-
wise fashion, until backup discontinued entirely, allowing
the patient to breath on PAV or CPAP alone (Fig. 1).
During backup ventilation, each mechanical inflation was
synchronized if spontaneous breathing occurred close to
due-backup cycles. The trigger mechanism was based on
the airflow signal, and the trigger flow threshold level
was user-adjustable. Backup ventilation started and was
stepwise down-regulated automatically by the ventilator
software.

SpO2-sensitive adaptive backup

With this modality, backup ventilation automatically
started if apnea or hypoventilation were detected in the
same way as described above for adaptive backup. In
addition to adaptive backup alone, this backup mode
commenced automatically if arterial oxygen saturation
(measured by pulse oximetry) was below a user-defined
threshold, regardless of whether or not there was sponta-
neous breathing. Backup support was decreased in terms
of rate of ventilation and finally terminated if spontaneous
breathing recurred and the oxygen saturation reached at
least the threshold level. If the pulse oximetry reading
stayed below the threshold even though spontaneous
breathing was detected, the backup support remained
unchanged until the oxygen saturation reached the limit.
Probe displacement or sensor malfunction were recog-
nized automatically and returned the ventilator to adaptive
backup alone. Transcutaneous oxygen saturation was mea-
sured with a NeoSid NOVA plus monitor using Masimo
SET Technology (Stephan Biomedical, Gackenbach,
Germany). The sensor was placed at the right palm in all
participants. The digital SpO2 signal was automatically
transferred to the ventilator and processed by the software
as the plant of a computer-controlled closed-loop feedback
system (Software Stephan Biomedical, Gackenbach,
Germany).

Statistical methods

Signals of airflow, airway pressure, SpO2, electrocardio-
gram and heart rate (HP CMS Monitor, Hewlett Packard,
Böblingen, Germany) were continuously recorded dur-
ing the study period. All variables were digitized at
100 Hz and stored on disk using data acquisition software
(Windaq, DATAQ Instruments, Akron, OH, USA). Tidal
volume was acquired by digital integration of the airflow
signal. The physiological tracings were evaluated with two
computer programs (Windaq Playback, DATAQ Instru-
ments; and Labdat, Nelson Claure, Miami FL, USA). The
data obtained during the 2 study days for the respective
backup mode were merged in each individual infant.
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Due to the lack of preliminary data on the variability
of the outcome measurements, an a priori specification of
clinically significant standardized differences and a sam-
ple size or power calculation was impossible. Therefore,
we designed this study to include an initial sample of ten
infants and run a pre-planned interim analysis, in order
to obtain data on the variability and calculate a sample
size required to verify a defined, clinically relevant effect.
Two-tailed t-tests on paired observations were applied after
testing for normal distribution according to Kolmogorov-
Smirnov (SPSS 11.5 for Windows, Illinois, USA). P val-
ues < 0.05 were considered statistically significant. Data
are presented as mean ± SD.

Results

Crossover comparison of adaptive backup ventilation and
SpO2-sensitive adaptive backup ventilation.

The interim analysis finally included 11 infants, be-
cause subject Nos. 10 and 11 were enrolled on the same
day, at the same time, and were studied simultaneously.
The analysis was performed twice, once with ten, and once
with 11 patients. The level of significance and the magni-
tude of the effect were almost identical with the two anal-
yses.

The results showed consistent effects of the SpO2-
sensitive adaptive backup mode, referring to primary
outcome criteria. They were statistically significant, and
the magnitude of the effect was regarded to be clinically
important. Alpha-error probabilities were low, and the
chance to overturn these results with a larger sample size
was considered remote. It therefore appeared unjustifiable
to enrol more infants, and the study was discontinued
at this stage. The following results refer to the study
population of 11 infants.

Adaptive Backup Ventilation
with SpO2 without SpO2 p

Incidence of oxygen desaturations (n/h) 5.4 ± 5.7 8.1 ± 8.8 0.031
Duration of oxygen desaturation (min/h) 2.44 ± 2.66 5.11 ± 5.83 0.022
Mean airway pressure (cm H2O) 4.0 ± 1.48 3.8 ± 1.39 0.018
Minute ventilation (mL kg−1 min−1) 395 ± 119 383 ± 115 NS
Tidal volume (mL/kg) 6.61 ± 1.9 6.57 ± 2.1 NS
Rate (n/min)∗ 59 ± 8 58 ± 8 NS
SpO2(%)+ 90.5 ± 2.2 90.7 ± 3.2 NS
Apnea (n/h) 13 ± 8 17 ± 14 NS
Backup/Recording time (%)# 33.8 ± 22.3 22.8 ± 16.9 0.013

∗ Mean ventilator rate+ Mean SpO2 of entire recording time
# Ratio of backup ventilation time over entire recording time

Table 1 Ventilatory and res-
piratory variables during PAV
with adaptive backup vs SpO2-
sensitive adaptive backup in
11 infants over the cumulative
time of 4 h per patient. Data are
presented as mean ± SD (n/h
numbers per hour, min/h minutes
per hour, n/min numbers per
minute, PAV proportional assist
ventilation)

Study subjects

The infants’ demographic data were as follows: birth
weight 888 ± 369 g; gestational age 27 ± 2.8 weeks; and
age at the time of the study 17.1 ± 21.6 days (mean ± SD).
Except for one infant, all were born by cesarean section.
Six were male; one was small for gestational age; and all
infants had received exogenous surfactant. None of the
infants had received postnatal steroids.

Incidence and duration of desaturation

The incidence and duration of oxygen desaturation
episodes were significantly lower during PAV with SpO2-
sensitive adaptive backup compared to adaptive backup
alone (Table 1). Both variables showed a decrease of mean
values, which represents a difference of 33% (incidents
of desaturation per hour: 5.4 vs 8.1, p < 0.031) and 52%
(duration of oxygen desaturation: 2.44 min vs 5.11 min per
hour, p < 0.022). The mean oxygen saturation level during
the study period was not statistically different between
both backup modes.

Ventilatory variables, apneas and gas exchange

Mean airway pressure and the ratio of duration of backup
ventilation in relation to the entire recording time were sig-
nificantly higher during PAV with SpO2-sensitive adaptive
backup. Minute ventilation, respiratory rate, tidal volume
and the number of apneas did not differ between venti-
lation with the two backup modes (Table 1). The PaCO2
levels following 4 h of PAV with either mode of adaptive
backup did not differ significantly from the infants’ PCO2
during the ventilatory settings prior to the study (synchro-
nized intermittent mandatory ventilation [SIMV] in ten in-
fants, assist/control [A/C] in one infant). No adverse events
such as critical oxygen desaturation, pneumothorax or in-
terstitial emphysema were observed during this study.
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Discussion

Lung protective techniques in ventilation like PAV or
CPAP try to avoid detrimental side effects such as pul-
monary volutrauma and others. These ventilation modes
have to provide some kind of backup ventilation support
during transient phases of hypoventilation and apnea.
The commonly used conventional backup ventilation
consists of preset mechanical ventilation that operates
in an all-or-nothing fashion. Inadequate settings may be
detrimental to the lungs and have a potential to offset or
outweigh the lung-protective effects of CPAP or PAV.
If aggressive backup settings are chosen, the infant may
quickly recover normoxemia but fail to resume regular
spontaneous breathing due to low PCO2 levels. Con-
versely, low inflation pressures may not allow rescuing the
infant quickly enough after an apnea.

Clinical observation of preterm infants undergoing
PAV with conventional backup and a retrospective analy-
sis of recorded tracings of airflow, airway pressure, and
oxygen saturation revealed the obvious drawbacks of this
backup technique. We observed that the software-related
preset time interval between apnea or hypoventilation
and the start of conventional backup was too long for
most ventilated infants with pulmonary parenchymal
disease. During a transient loss of the respiratory effort,
these infants showed a fast decrease of SpO2, frequently
already before conventional backup started. Furthermore,
we observed that a variable period of time is required
until the recurring spontaneous respiratory effort regains
its full strength. Because of the on/off technique, it was
initiated and terminated a couple of times during the
recovery period of spontaneous breathing. Despite the fact
that respiratory effort reappeared relatively quick after
an apnea, a prolonged decrease in oxygen saturation was
observed in numerous clinical applications (Fig. 2).

To overcome these disadvantages, we developed the
adaptive backup ventilation with its two key features. The
operator is able to take into account the disease-related
differences in the stability of functional residual capacity
of the ventilated infant, i.e., the pulmonary oxygen reserve
which influences the rapidity of the decline in SpO2
with apnea. Furthermore, backup is gradually withdrawn;
i.e., the infant receives backup support until the recur-
ring respiratory effort reaches its full strength again
(Fig. 1).

Adaptive backup was tested in bench studies with
mechanical dummy lungs uninterrupted for 240 h. During
the test runs on software integrity, no failure of ventilator
operation was observed. Clinical pilot applications for
a cumulative time period of 48 h reproducibly validated
the obvious benefits of adaptive backup compared to the
conventional on/off mode. Therefore, a clinical study
with the conventional backup mode as control group
compared to both the adaptive backup modes was re-
garded both as unnecessary and unjustified from a clinical

Fig. 2 Representative tracing of airflow (V ′), oxygen saturation
(SpO2) and airway pressure (Paw) obtained from an 800 g infant
undergoing PAV with conventional backup ventilation. Conven-
tional backup ventilation consists in the provision of a simple preset
conventional ventilation, which is turned on after detection of an
apnea and turned off again if a single spontaneous breath is detected.
Due to the typical irregular breathing pattern with occasional single
breaths or short bursts of weak spontaneous respiratory activity
of a preterm infant, conventional backup ventilation is turned on
and off several times before full spontaneous respiratory effort
recurs. Parallel to the irregular breathing pattern, a decline of
oxygen saturation over time can be observed. Asterisks indicate
conventional mechanical backup inflations (PAV proportional assist
ventilation)

and ethical point of view. To implement a control group
managed with conventional backup (compared to the
crossover design of our study) would have meant to
expose infants to a potentially disadvantageous ventilatory
modality.

However, analysis of oxygen-saturation profiles in in-
fants undergoing PAV with adaptive backup revealed fre-
quent desaturations that may precede an apnea (Fig. 3b).
Moreover, low levels of oxygen saturation may persist dur-
ing re-emerging respiratory efforts, when these efforts in-
duce a reduction/termination of backup (Fig. 3a). Such pit-
falls suggested the additional use of the SpO2 signal in
the control of provision and withdrawal of backup support.
This direction of the performance of an infant ventilator
was considered a major deviation from the current stan-
dard of practice and therefore subjected to a clinical study.

SpO2-sensitive adaptive backup proved save and
effective in reducing the incidence and duration of oxy-
gen desaturation in a randomized crossover trial. We
demonstrated the feasibility and proved the superiority
of SpO2-sensitive adaptive backup compared to adaptive
backup alone. Our results suggest that the use of computer-
controlled feedback loops to control backup is a safe way
to achieve a smooth turnover of assisted spontaneous
breathing to full mechanical backup ventilation, and vice
versa.
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Fig. 3a,b Representative tracing of airflow (V ′), airway pressure
(Paw) and oxygen saturation (SpO2) from an 840 g preterm infant
under PAV and adaptive backup ventilation. Asterisks indicate me-
chanical backup inflations.a After initiation of adaptive backup due
to an apnea (not shown), the infant presents a recurring persistent
and regular spontaneous effort that induces the gradual withdrawal
and termination of adaptive backup. In spite of the recurring res-
piratory activity, oxygen saturation remains critically low. b In the
beginning of the recording, the infant shows a regular breathing pat-
tern, but tidal volumes are very small. Parallel, a decrease in oxygen
saturation is observed. Adaptive backup ventilation is not initiated
until the infant presents with complete apnea. Both examples show
the rationale for linking backup support with low SpO2 values (PAV
proportional assist ventilation)

The present short-term study was not designed to vali-
date long-term benefits of the use of oxygen saturation for

the enhancement of backup control. Similar to many other
studies on closed-loop control of physiologic target vari-
ables [12, 13, 14, 15], the present trial proves the feasibil-
ity of a new computer-controlled feedback loop. However,
the short-term outcome of this study may be a reasonable
surrogate of clinically important long-term effects, such as
stable oxygenation.

The increase in mean airway pressure that was ob-
served in this study was mainly due to longer backup
episodes as a result of additional backup activation by
hypoxemia. Whether this increase may offset some of the
proclaimed beneficial effects of PAV [2, 9] is unclear and
has to be evaluated in further studies.

Theoretically, a variety of physiologic variables might
be suitable to control the provision and withdrawal of
backup. We chose oxygen saturation measured by pulse
oximetry to better address the mechanical backup ventila-
tion to the ventilated infants’ needs. A decrease in SpO2
may be considered as an indicator for imminent or per-
sistent respiratory failure. In contrast to other physiologic
indicators of ventilation, such as exhaled carbon dioxide
or transcutaneously measured partial pressure of oxygen
or carbon dioxide, the pulse oximetry signal is easy to
obtain and routinely measured in all ventilated infants.

The technology of adaptive backup is potentially appli-
cable to other assisted modalities of ventilation, including
particularly noninvasive nasal ventilation. The feasibility
and the advantages of noninvasive ventilation in terms
of a reduction of the work of breathing and avoidance of
side effects of tracheal intubation have been extensively
evaluated in adult patients [16]. At this stage, noninvasive
ventilation in preterm infants is controversial, and con-
trolled trials are lacking [17, 18]. However, a couple of
studies do investigate different modalities of noninvasive
ventilation to figure out which one is superior to oth-
ers [19, 20]. A prospective randomized trial of long-term
use of invasive and/or noninvasive ventilation with the im-
plemented technology of adaptive backup is necessary to
determine whether or not SpO2-sensitive adaptive backup
is safe and effective to improve long-term outcome,
such as chronic lung-disease and neurodevelopmental
outcome.
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