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Abstract Objective: To test the
hypothesis in ventilated very low
birth weight infants with frequent
hypoxemic episodes that volume-
controlled synchronized intermittent

mandatory ventilation (SIMV) vs.
pressure-controlled SIMV reduces
by at least 20% the time with hy-
poxemia (defined as SpO2< 80%).
Design: Randomized cross-over
design. Setting: University-based
tertiary neonatal intensive care unit.
Patients: 15 mechanically ventilated
very low birth weight infants with
frequent hypoxemic episodes. Inter-
ventions: The infants were exposed
in random order to volume-controlled
and pressure-controlled SIMV for
4 h each. The target tidal volume
during volume-controlled SIMV was
matched to the tidal volume measured
during pressure-controlled SIMV.
FIO2 was adjusted using uniform
criteria to maintain SpO2 within
the target range (SpO2 80–92%).
Measurements and results: Primary
outcome measure was the time with
an SpO2< 80%. Although tidal vol-
ume was maintained better during
desaturations with volume-controlled

SIMV, there was neither a signif-
icant difference in time with an
SpO2< 80% (expressed as proportion
of total experimental time; median,
interquartile range)—volume-control
10.6% (9.2–13.7%) vs. pressure-
control 10.8% (8.3–13.3%)—nor
in FIO2 exposure. During volume-
controlled SIMV the infants spent
less time with an SpO2 above the
target range and had fewer associated
bradycardias. Conclusion: Volume-
controlled SIMV did not decrease
the time with an SpO2< 80%, al-
though tidal volume was better
maintained during these episodes and
bradycardias were less frequent than
with pressure-controlled SIMV in
this population of very low birth
weight infants with frequent hypox-
emic episodes.

Keywords Artificial respiration ·
Hypoxemia · Very low birth weight
infant

Introduction

Preterm infants undergoing mechanical ventilation of-
ten present with episodes of hypoxemia [1]. Although
the pathophysiology of these episodes is not entirely
understood, the rapid onset of hypoxemia observed in
small infants with hypoxemic episodes suggests that
intrapulmonary shunting may play a significant role [2].
A substantial number of hypoxemic episodes do not
seem to be related to apnea and thereby hypoventilation

but rather may be caused by active exhalation despite
presence of positive end-expiratory pressure (PEEP),
resulting in loss of functional residual capacity (FRC)
and increased intrapulmonary shunting [3]. These events
are associated with a drop in compliance and increased
resistance suggesting that the closing volume of some lung
units is reached [3]. This proposed mechanism explains
the rapid onset of hypoxemia secondary to intrapulmonary
shunts. Use of a volume-controlled (VC) rather than
a pressure-controlled (PC) mechanical ventilator may
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prevent the decrease in FRC during these episodes or
may allow automatic recruitment of collapsed lung units
faster, as the driving pressure is increased automatically.
Therefore we hypothesized that the time with hypoxemia
(defined as arterial oxygen saturation as measured by pulse
oximetry, SpO2, less than 80%) is at least 20% less with
VC than with PC synchronized intermittent mandatory
ventilation (SIMV)2 in very low birth weight infants with
hypoxemic episodes.

Methods

Patients

Subjects eligible to enter this study were endotracheally
intubated infants (birthweight < 1500 g) with at least ten
mechanical breaths/min and at least two episodes/h of
desaturation, defined as SpO2 less than 75% for at least 8 h
within the preceding 24 h. The episodes of desaturation
were confirmed using a Radical pulse oximeter (Masimo,
Irvine, Calif., USA). The study was approved by the ethics
committee for the protection of human subjects of the Uni-
versity of Ulm, and informed written consent was obtained
from the parents of each of the study infants. Infants with
congenital malformations, an endotracheal tube leak of
more than 20% as measured by the pneumotachograph of
the mechanical ventilator, and a peak inspiratory pressure
greater than 22 cmH2O were excluded from the study
because the maximal relative increase in airway pressure
during VC SIMV would have been smaller as the upper
pressure limit was set to 40 cmH2O.

Twenty-one ventilated preterm infants were screened
with pulse oximetry recordings to check for eligibility.
Four were not eligible to enter the study because they
did not have at least two episodes/h of desaturation for
at least 8 h, one because of a large leak around the en-
dotracheal tube, and one for being scheduled for ligation
of a persistent ductus arteriosus. The remaining 15 study
infants had a birth weight of 612 ± 149 g and a gestational
age of 24.8 ± 1.6 weeks. The infants were on mechanical
ventilation at study time because of limited respiratory
drive and/or a mild or moderate degree of respiratory
failure, but were otherwise stable. They were studied at
a postnatal age of 33 ± 13 days and their weight at study
time was 937 ± 264 g.

Mechanical ventilator

A Stephanie infant ventilator (Stephan Medizintechnik,
Gackenbach, Germany) was used, which is equipped with
a very fast selenoid valve and a pneumotachograph. In ad-
dition to the usual pressure controlled mode, it can provide
true VC-SIMV, i.e., it increases the ventilator pressure
within each breath if necessary based on the inspiratory

flow measured, to reach the desired tidal volume at the
end of the inspiratory time chosen (response time 10 ms).
All study infants had been on time-cycled PC mechanical
ventilation (with variable flow for leak compensation)
before the study, and the ventilator settings chosen by the
clinical team at study time were: FIO2: 0.35 ± 0.12, peak
inspiratory pressure: 19.7 ± 1.3 cmH2O, inspiratory time:
0.37 ± 0.06 s, PEEP: 5–6 cmH2O with a ventilator rate of
39 ± 13 breaths/min. These settings remained unchanged
during the study except for adjustments described in the
study design.

Study design

A randomized cross-over design was used. The infants
were exposed in random order (sealed envelopes) for 4 h
each to PC SIMV with ventilatory settings as chosen by
the clinician taking care on the infants and to VC SIMV
using a target tidal volume as measured during the ventila-
tor settings chosen by the clinician immediately before the
study. This tidal volume was 7.8 ± 1.4 ml/kg. The upper
safety limit for pressure during VC SIMV was set at twice
the inspiratory pressure chosen by the clinician before the
study, but no more than 40 cmH2O. By these criteria the
safety limit for inspiratory pressure was 36–40 cmH2O in
all infants. Standardized criteria were applied during both
ventilatory conditions to adjust FIO2 in relation to the
SpO2 measured as follows: SpO2 80–92% (usual target
range used in our neonatal ICU for preterm infants with
an immature retina): no change in FIO2; SpO2 greater
than 92% for more than 60 s: FIO2 was decreased by
0.05 every 60 s until target range was reached; SpO2 less
than 80% for more 60 s: FIO2 was increased by 0.05
every 60 s, until target range was reached; SpO2 less than
70%: immediate increase in FIO2 by increments 0.1 every
30 s; SpO2 less than 60%: immediate increase in FIO2
by increments of 0.2 every 30 s; SpO2 less than 50%:
immediate increase in FIO2 to 1.0. These adjustments
were performed by dedicated research personnel using
a stop-watch and present at bedside throughout study time.
All infants were studied in supine position during both
modes. Other procedures in patient care (i.e., feeding or
suctioning) were performed by the nursing staff, who were
not allowed to adjust any ventilatory setting during the
study. Timing of the study was scheduled to not interfere
with nursing rounds, i.e., nursing rounds were carried out
immediately before or after each of the two 4-h study
periods. No sedation was given during study time.

Measurements

SpO2 and the plethysmography curve of the pulse oxime-
ter and electrocardiography was recorded with an IVY
monitor Model 405T (IVY Medical Systems, Branford,
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Conn., USA), equipped with an LNOP-Neo Sensor. This
device is equipped with Masimo signal extraction tech-
nique (Masimo SET, Masimo, Irvine, Calif., USA), which
has been shown to be associated with less motion artifacts
than other systems available [4]. FIO2 was measured with
the sensor device of the ventilator. Transcutaneous PCO2
was measured using a Tina (Radiometer, Copenhagen,
Denmark) which was calibrated immediately before
each of the two study periods. Air flow was measured
with the pneumotachograph, which was placed between
the ventilator circuit and the endotracheal tube. Airway
and esophageal pressure were measured using Sorensen
Transpac 4 sensors (Abbott Critical Care Systems, North
Chicago, Ill., USA). The heart rate was obtained from the
electrocardiographic signal from the IVY monitor. All
signals were digitized and recorded continuously with
a sample rate of 100 Hz on a computer system.

Data analysis and statistics

The primary outcome measure was the total time with an
SpO2 less than 80%. Secondary outcome measures were
the total time with SpO2 above and the total time with an
SpO2 within the target range (80–92%), incidence and
duration of episodes of desaturation (defined as SpO2 less
than 80%), lowest SpO2 (trough) during each of these
episodes, incidence of bradycardia (defined as a heart
rate below 100/min), FIO2 exposure, and number of
changes in FIO2 necessary to maintain the SpO2 target
range. Furthermore, changes in tidal volume, lung com-
pliance and resistance, based on trans-pulmonary pressure
measurements and analyzed as described previously [5],
tracheal leak, and airway pressure during the five episodes
with the lowest trough in SpO2 with each ventilatory mode
in each infant were measured to further characterize the
episodes of desaturation.

Paired data were compared using the paired t test or
Wilcoxon signed rank test, where appropriate. Differences

Table 1 Time with SpO2 less than 80% and characteristics of desaturation episodes: mean ± SD or median (25th–75th percentile)

Volume-controlled Pressure-controlled pa

Time with SpO2 < 80% (expressed as percentage of total experimental time) 10.6 (9.2–13.7) 10.8 (8.3–13.3) 0.64
Number of desaturations 55 ± 18 55 ± 21 0.99
Number of desaturations associated with increase in esophageal pressure 49 ± 20 48 ± 20 1.00
Median trough in SpO2 during these episodes (%)b 74.9 ± 1.3 74.3 ± 2.1 0.22
Lowest trough in SpO2 in each infant (%)c 62 (60–64) 60 (56–64) 0.07
Duration of episodes of desaturation (s)d 10.7 (9.3–17.5) 13.0 (10.8–16.8) 0.33
Number of associated bradycardias 2 (0–3) 3 (0–12) 0.03
Number of FIO2 adjustments necessary 42 (16–59) 51 (26–74) 0.07

a Paired t test or Wilcoxon signed rank test where appropriate
b Compared were the median troughs in SpO2 of all episodes in each infant
c Compared were the lowest troughs in SpO2 in each infant
d Compared was the median duration in each infant

with p values less than 0.05 were considered statistically
significant. We were unable to perform a sample size cal-
culation because the variance of the primary outcome mea-
sure was unknown. Therefore we decided to use a study
design with an integrated pilot sample of 15 babies and to
perform an adaptive interim analysis thereafter [6]. Values
presented are medians and interquartile ranges (25th–75th
percentiles) unless stated otherwise.

Results

Our hypothesis the time with hypoxemia (defined as
SpO2 less than 80%) is less during VC SIMV than during
PC SIMV was not confirmed. There was no significant
difference in time with hypoxemia (Table 1). Figure 1
shows the individual values for each infant during both
ventilatory conditions. During VC SIMV the infants spent
significantly less time with an SpO2 above the target range
(SpO2 > 92%) than during PC SIMV (20%, 14.6–23.2%,

Fig. 1 Total duration with SpO2 less than 80% expressed as percent-
age of total experimental time. The figure shows the individual val-
ues for each infant and median (25th–75th percentiles) during both
ventilatory conditions
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Fig. 2 Total duration with SpO2 above 92% (above target range) ex-
pressed as percentage of total experimental time. The figure shows
the individual values for each infant and median (25th–75th per-
centiles) during both ventilatory conditions

vs. 25.9%, 16.6–31.0%; p = 0.04; Fig. 2). Furthermore,
there was a trend towards more time spent within the SpO2
target range during VC (70.7%, 62.8–78.7%) than during
PC (62.2%, 54.6–75.6%); p = 0.09). Although there was
a trend towards more exposure to an FIO2 of 0.7–1.0 when
analyzed as timely exposure to different FIO2 categories
during PC SIMV (Fig. 3), the average FIO2 used during
the complete experimental period did not differ between
modes (Table 3).

Table 1 shows characteristics of the episodes of desatu-
rations for both ventilator modes. There was no difference

Table 2 Pulmonary function parameters. Before and during each episode five consecutive breaths were analyzed to calculate mean values of
each episode of desaturation; these values were used to calculate mean values in each infant: mean ± SD or median (25th–75th percentile)

Volume-controlled Pressure-controlled pa

Tidal volume inspiratory (ml/kg)
Before desaturations 7.53 ± 1.27 7.78 ± 1.43 0.41
During desaturations 6.94 ± 1.02 4.55 ± 1.43 < 0.001

Tidal volume expiratory (ml/kg)
Before desaturations 7.54 ± 1.45 7.62 ± 1.46 0.41
During desaturations 6.54 ± 1.24 4.13 ± 1.45 < 0.001

Air leak (%)
Before desaturations 0 (0–5.1) 0.7 (0–2.5) 0.82
During desaturations 2.6 (0–8.4) 5.6 (0.3–13.1) 0.22

Compliance (ml cmH2O−1 kg−1)
Before desaturations 0.57 ± 0.16 0.62 ± 0.15 0.17
During desaturations 0.47 ± 0.12* 0.38 ± 0.16∗ 0.07

Resistance (cmH2O l−1 s−1)
Before desaturations 116 ± 94 115 ± 39 0.97
During desaturations 321 ± 141 382 ± 246 0.43

Airway pressure above PEEP (cmH2O)
Before desaturations 16.4 ± 4.6 14.6 ± 1.5 0.12
During desaturations 22.0 ± 4.4 14.4 ± 1.5 < 0.001

* p < 0.05 PC vs. VC SIMV; change in lung compliance, comparing individual values before desaturations with values during desaturations
(Wilcoxon signed rank test)
a Paired t test or Wilcoxon signed rank test where appropriate

Fig. 3 Exposure to different FIO2 categories. Values shown are me-
dian (25th–75th percentiles). There was a trend toward less exposure
to an FIO2 = 0.70–1.00 using VC SIMV; *p = 0.06

in the number of desaturations comparing the two venti-
latory modes. Most episodes were associated with an in-
crease in esophageal pressure within 30 s before the onset
of hypoxemia during both ventilatory modes. There was
a trend towards lower troughs in SpO2 during episodes of
desaturation during PC SIMV. There was no significant
difference in the median duration of the episodes. How-
ever, the number of associated bradycardias was lower dur-
ing VC than during PC SIMV, and there was a trend toward
a lower number of standardized FIO2 adjustments neces-
sary to maintain SpO2 within the target range.

Table 2 shows pulmonary function parameters imme-
diately before and during the five episodes with the low-
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Volume-controlled Pressure-controlled pa

Mean airway pressure (cmH2O) 8.34 ± 0.95 8.40 ± 0.81 0.67
Minute ventilation (ml kg−1 min−1) 385 ± 64 367 ± 69 0.10
Respiratory rate (breaths/min) 58 ± 12 56 ± 10 0.54
Tidal volume (ml/kg) 6.9 ± 1.6 6.6 ± 1.3 0.31
FIO2 0.35 ± 0.10 0.38 ± 0.12 0.22
SpO2 (%) 87.4 ± 0.9 87.6 ± 0.7 0.21
Transcutaneous PCO2 (mmHg) 72 ± 13 76 ± 14 0.27
Heart rate (beats/min) 151 ± 12 151 ± 13 0.68

a Paired t test or Wilcoxon-signed rank test where appropriate

Table 3 Mean airway pressure,
minute ventilation, respiratory
rate, tidal volume, FIO2
exposure, SpO2, and
transcutaneous PCO2 and heart
rate during the total experimental
time; respiratory rate and tidal
volume refer to average values
including both spontaneous and
mechanical breaths: values refer
to mean ± SD

Fig. 4 Air flow, tidal volume, esophageal
(Pe) and airway pressure (Paw), oxygen
saturation (SpO2), and heart rate of the
same infant during during
pressure-controlled SIMV (upper panel)
and volume-controlled SIMV (lower
panel). During both ventilatory modes the
increase in intrathoracic pressure indicated
by the rise in Pe (asterisk) resulted in an
immediate loss in functional residual
capacity (FRC), as can be seen in the
transient downward shift of the tidal
volume trace (arrow). This rapid decline in
FRC explains the sudden drop in SpO2
after a few seconds (filled triangle). Note:
Tidal flow and tidal volume are maintained
better during VC than during PC SIMV.
However, this does not prevent the loss in
FRC
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est trough in SpO2 with each ventilatory mode. During the
episodes of desaturation tidal volume was maintained bet-
ter in the VC mode, whereas there was no detectable differ-
ence in air leak between modes. There was a trend toward
a lower lung compliance during PC than during VC mode,
suggesting that more distal lung units were collapsed dur-
ing the episodes when using PC mode. Comparing individ-
ual lung compliance values before desaturations with val-
ues during desaturations we found a larger decline in lung
compliance with PC than with VC SIMV. As expected, the
driving airway pressure above PEEP increased during the
episodes during VC SIMV, whereas there was no change
in PC mode.

Figure 4 shows typical examples of hypoxemic
episodes during both ventilatory conditions with desat-
urations immediately preceded by a rise in esophageal
pressure, suggesting increased thoracic pressure. During
both ventilatory modes the increase in intrathoracic
pressure resulted in an immediate decrease in FRC, as
suggested by the transient downward shift of the tidal
volume trace. The rapid decline in FRC explains the
sudden drop in SpO2 after a few seconds. Although tidal
flow and tidal volume was maintained better during VC
than during PC SIMV, the shift of the volume trace was
not prevented.

When averaged across the 4-h experimental period,
there were no differences between VC and PC modes in
mean airway pressure, minute ventilation, respiratory rate,
tidal volume, FIO2 exposure, SpO2, PCO2, or heart rate
(Table 3).

Discussion

Our findings confirm those of Bolivar and coworkers [3]
who reported that most episodes of hypoxemia in preterm
infants undergoing mechanical ventilation are triggered by
a forced expiratory effort resulting in a decrease in FRC.
We found that close to 90% of all episodes of desaturation
were preceded by an increase in esophageal pressure, indi-
cating a rise in pleural pressure, which suggests the occur-
rence of a forced expiratory effort. Further, we found a de-
creased lung compliance and increased resistance of the
respiratory system, suggesting distal airway closure and
alveolar collapse [7].

However, our VC SIMV approach did not reduce the
total time with an SpO2 less than 80%. This may be related
to increased leak around the endotracheal tube once the
VC ventilator increases the pressure to maintain tidal vol-
ume. However, we did not observe a substantial increase in
endotracheal leak. On the other hand, the tight guidelines
used for adjusting FIO2 may have obscured real changes
in SpO2. Furthermore, mechanisms, other than active ex-
halation may be responsible for some of the episodes of
hypoxemia in our infants. We did not measure FRC to
confirm the proposed loss in FRC as the key mechanism

during these episodes, but the transient downward shift in
volume trace (Fig. 4) is highly suggestive. Various sleep
states [8] have been found to be associated with hypoxemic
episodes [9]. We did not evaluate sleep states systemati-
cally in our study, but it was our impression that there was
an association of subtle body movements and with the on-
set of many hypoxemic episodes, as described before by
others [10].

Increasing the upper pressure limit would not change
results as it was reached only during a minority of episodes
of desaturation during VC SIMV. Our VC mode was able
to maintain tidal volume and resulted in a smaller decline
in lung compliance during the episodes of desaturation
but apparently did not help to maintain FRC sufficiently
enough to prevent a clinically significant decline in SpO2.

Although we could not confirm that VC SIMV reduces
the number of hypoxemic episodes, it may have some ef-
fect on the lowest SpO2 and the incidence of bradycardias
during the episodes of desaturation. Using standardized
intervention criteria for FIO2 adjustments, we found that
the infants spent less time with an SpO2 above the target
range and noted a trend towards more time spent within
the target range. This observation suggests that episodes
of hyperoxemia, which are often observed in clinical
practice after FIO2 is increased in response to hypoxemic
episodes, are more effectively attenuated using VC SIMV
than hypoxemic episodes. This is further supported by the
observed trend toward less exposure to an FIO2 of 0.7–1.0
during VC than during PC SIMV. Because the occurrence
of retinopathy of prematurity [11] or bronchopulmonary
dysplasia [12] may be related to the degree of oxygen
exposure, VC SIMV may potentially reduce the incidence
or severity of this morbidity by reducing oxygen exposure.
However, it remains unknown whether the magnitude of
the effects observed is clinically relevant. We did observe
a trend toward less interventions necessary to maintain
a specific SpO2 target range using uniform prespecified
intervention criteria for FIO2 adjustments, suggesting
that VC SIMV would reduce the workload for nurses or
respiratory therapists.

Our study has several limitations. First, in comparison
to other recommendations [13], we used a lower target
range for SpO2 in our study infants, which has been
shown to result in a higher incidence of desaturation
episodes [14]. However, the optimal SpO2 target range
for preterm infants is controversial [13, 15]. Furthermore,
we applied the same target range during both ventilatory
conditions. Therefore it seems unlikely that the main
results of our study would change if a higher target range
would have been used. We speculate that episodes of
hyperoxemia would have been more common when using
a higher target range for SpO2, and that differences in
time with hyperoxemic conditions comparing the two
ventilatory modes would have been more pronounced.
Second, we studied preterm infants with frequent episodes
of desaturation. This approach may have led to a selected
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population with severe spells, and it remains unknown
whether a less selective group of infants with less severe
spells would experience a smaller drop in FRC, which
may be treated successfully with VC SIMV.

An alternative to VC ventilation may be volume-
guaranteed ventilation [16], which works in a very
different way, by increasing ventilator pressure based
on expiratory tidal volume measurements of preceding
breaths, resulting in a more gradual adjustment of venti-
latory pressure over time. Recently a detailed evaluation
of this ventilatory mode clearly showed that it works
very well in the vast majority of inflations and identified
a small proportion of breaths with “interrupted expiration”
that interfere with calculation of tidal volume [17]. How-
ever, a “true” VC mode, which adjusts airway pressure
within the first breath, was chosen in our study instead
of a volume-targeted system, as the latter system may
respond too slowly to the rapid changes in lung mechanics
observed in infants with hypoxemic episodes [3].

Other interventions to reduce hypoxic episodes may
be a closed-loop control of FIO2 [18] an automatic in-
crease in the ventilator rate once minute ventilation drops
below a certain threshold [19] or prone positioning, which
has been shown to reduce episodes of hypoxemia in in-
fants with chronic lung disease as compared to supine po-
sition [10, 20].

We were somewhat surprised by the relatively large
tidal volume of approx. 7 ml/kg chosen by the clinicians,
as we usually aim in our neonatal ICU for a tidal volume
of 4–6 ml/kg. However, according to the study protocol the
tidal volume measured immediately before the study had to
be used.

Although our study did not show a lower incidence
of desaturations during VC SIMV, long-term use of

volume-targeted ventilation may have other beneficial
effects as variability in tidal volume is clearly decreased,
which may prevent the proinflammatory response of
the lung, observed in the experimental setting by both
high-tidal and low-tidal volume ventilation [21]. Although
no large-scale randomized trials are available, there is evi-
dence to suggest that volume-targeted vs. pressure-limited
ventilation in neonates reduces duration of mechanical
ventilation and markers of short-term morbidity, such
as pneumothorax and intraventricular hemorrhage [22,
23].

We conclude that in this population of very low birth
weight infants with high risk for severe desaturations tidal
volume is maintained better during desaturations with VC
than with PC SIMV. Furthermore, there seems to be some
improvement in lung compliance during episodes of desat-
uration with VC SIMV. However, there was no effect on
time with SpO2 less than 80% or on overall FIO2 expo-
sure. VC SIMV resulted in fewer episodes of bradycardia
and less time with an SpO2 above the target range and may
reduce exposure to a high FIO2 and may potentially reduce
the number of adjustments in FIO2 necessary to maintain
SpO2 within a given target range. However, it remains un-
known whether the magnitude of the effects of VC SIMV
on hyperoxic exposure is large enough to result in a lower
incidence or severity of morbidity, such as of retinopathy
of prematurity or bronchopulmonary dysplasia. Random-
ized clinical trials are necessary to investigate whether the
short-term benefits found in this and other studies translate
into improved long-term outcomes.
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