
Introduction

Since the initial work of Kirby and Downs, which de-
scribed the advantages of continuous flow intermittent
mandatory ventilation (IMV) in newborns and adults,

non-synchronized IMV has been the standard of care
for the neonate with respiratory failure [1, 2]. This tech-
nique of delivering mechanically assisted breaths inde-
pendent of patient effort has been associated with a
number of serious clinical sequelae, including an in-
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Abstract Objective: We tested the
hypothesis that synchronization to
patient effort during intermittent
mandatory ventilation (SIMV),
when compared to conventional un-
synchronized intermittent manda-
tory ventilation (IMV), will de-
crease energy expenditure, as re-
flected by decreased oxygen con-
sumption (VO2).
Design: We used a four-period
crossover design. Each patient was
studied over four 30-min continuous
time intervals. Patients were ran-
domized to receive initially IMV or
SIMV, then crossed over such that
each patient was treated twice with
each modality. Data were analyzed
using an analysis of variance tech-
nique.
Setting: Patients were receiving
treatment in the newborn intensive
care unit of Children’s Hospital,
St. Paul.
Patients: We studied 17 patients,
who ranged from 23 to 37 weeks
gestation, wereK 14 days old, and
had study weights from 623 to
3015 g. All were mechanically venti-
lated for hyaline membrane disease.
Measurements and results: We mea-
sured and compared VO2, carbon

dioxide consumption (VCO2), min-
ute ventilation (VE), total respira-
tory rate, heart rate, arterial blood
pressure, and arterial oxygen satu-
ration (SaO2) values during IMV
and SIMV. Total respiratory rate fell
significantly during SIMV (73 ± 26
during IMV, 57± 17 during SIMV,
p < 0.01) in spite of no significant
change in VO2 (0.6 ± 0.16% fall in
VO2 during SIMV) or VCO2
(4.2 ± 0.19% increase in VCO2 dur-
ing SIMV) values. Moreover, there
were no significant differences in
heart rate, blood pressure, VE, or
SaO2 values with either form of
therapy.
Conclusions: Though total respira-
tory rate fell, these data do not sup-
port the hypothesis that SIMV sig-
nificantly reduces respiratory rate
by decreasing oxygen consumption
and carbon dioxide production dur-
ing infant mechanical ventilation.
Rather, the marked fall in respira-
tory rate may be due to a more effi-
cient respiratory pattern.
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creased risk of pulmonary air leak, alterations in cere-
bral blood flow, and intracranial hemorrhage [3–5]. Re-
cently, infant ventilators have been introduced which
have the ability to synchronize mechanical breaths to
patient effort.

Most of the problems associated with IMV are at
least in part related to spontaneous breathing efforts
out of phase with mechanical breaths. Greenough et al.
[3] described the phenomenon of “active expiration,”
which results from the patient attempting to exhale dur-
ing mechanical inspiration. This respiratory pattern was
associated with a 40 % incidence of pneumothorax [3].
Perlman and Volpe described a pattern of fluctuating
cerebral blood flow during IMV which was associated
with a high incidence of severe intracranial hemorrhage.
This pattern could be eliminated with the use of pancu-
ronium bromide and was thought to result from out-
of-phase respiratory efforts [5, 6]. Recently, Cleary and
colleagues demonstrated elimination of asynchrony
and small improvements in respiratory gas exchange
during synchronized IMV (SIMV) when compared to
IMV at the same rates [7]. They speculated that de-
creases in oxygen consumption might, in part, explain
their findings [7].

It seems logical to assume that the effort of asynchro-
nous breathing during IMV should result in increased
energy expenditure, while SIMV should help decrease
this respiratory work. However, reduced work of
breathing has not been demonstrated in adults with re-
spiratory failure receiving synchronized ventilation.
Marini and coworkers, in studies of adults using assist/
control ventilation, where each patient inspiration re-
sults in ventilator assistance, and SIMV, where ventila-
tor assistance only occurs during a preset number of
breaths, were unable to demonstrate significant de-
creases in total force generated by the respiratory mus-
cles [8]. Moreover, they showed that more work was re-
quired on a per breath basis during assisted breaths [8].
A recent paper by Imsand et al. did show reductions in
work of breathing during SIMV, but the effect was less
than predicted [9]. These studies estimated respiratory
work mechanically, through traditional measures of re-
spiratory pressures or electromyographically.

In this study, we tested the hypothesis that neonatal
SIMV produces an acute decrease in energy expendi-
ture, as reflected by changes in O2 consumption, when
compared to IMV at the same rate. Because of the con-
comitant decreases in CO2 production, we expected to-
tal respiratory rate to show similar reductions. To test
this hypothesis, we prospectively studied a group of
newborns receiving IMV therapy for hyaline membrane
disease.

Patients and methods

This study was approved by the hospital’s institutional review
board. Informed written consent was obtained from the parents of
each infant included in the study.

Patients

Premature infants no more than 14 days old who required mechan-
ical ventilation for hyaline membrane disease were eligible for
study. All were receiving mechanical ventilation with IMV using
pressure present, time-cycled neonatal ventilators capable of ei-
ther IMVor SIMV. Patients were treated in the Newborn Intensive
Care Unit of Children’s Hospital of St.Paul. Exclusion criteria in-
cluded lack of parental consent, culture-proven sepsis or meningi-
tis, severe congenital anomalies, postoperative status, cardiovascu-
lar instability (determined by the attenting neonatologist), a frac-
tional inspired oxygen of (FIO2) > 0.6, IMV rate < 20, and air leaks
around the endotracheal tube.

Study design

Infants were studied while recovering from respiratory failure in-
duced by hyaline membrane disease. None had a clinically appar-
ent patent ductus arteriosus at the time of study. All infants had ei-
ther indwelling umbilical artery catheters or peripheral arterial
catheters. All were studied in double-walled incubators. Skin tem-
perature were maintained via servo control at 36–37 °C.

Infants were receiving mechanical ventilation using pressure
present, time-cycled infant ventilators capable of both IMV and
SIMV. Three different systems were used: the Dräger Babylog
(Dräger, Chantilly, Va., USA), which uses a hot wire anemometer
system to measure gas flow at the junction of the endotracheal
tube adapter and the ventilator circuit; the Infant Star (Infrasonics,
San Diego, Calif., USA), which detects inspiratory patient effort
using a Graseby capsule attached to the patients’ abdomen; and
the VIP Bird (Bird Products, Palm Springs, Calif., USA), which
uses a pneumotachograph interposed between the endotracheal
tube adapter and the ventilator circuit. All have been previously
tested and found to be effective in providing synchronized breaths
in neonates [10]. Trigger sensitivity was adjusted for each patient
to the minimum possible value which allowed synchronization
without autocycling. Inspiratory times were adjusted by assessing
gas flow waveforms such that inspiration ended when inspiratory
gas flow returned to zero. This resulted in short inspiratory times,
always less than 0.4 s. These different ventilators were all in clinical
use at the time of this study and were selected by the individual at-
tending physicians based on availability. No patient was treated
with more than one ventilator system. We made no effort to com-
pare each ventilator to the others.

Our study had a four-period crossover design; each infant was
his or her own control. During each study period, we measured ox-
ygen and carbon dioxide consumption (VO2, VCO2) in ml/kg per
minute at standard temperature and pressure, and VE in ml/kg
per minute using an open circuit indirect calorimeter validated for
neonatal use (MGM jr. Metabolic Cart, Life Energy Systems, Mur-
ray, Utah, USA) [11]. Prior to all studies, we evaluated gas flow
pneumotachographically to assess for air leaks using a computer-
assisted analyzer (PeDs Infant Pulmonary Cart, MAS, Hatfield,
Penna., USA) [12]. Infants with air leaks noted on pressure-vol-
ume or flow-volume loops were not studied.
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Methods

We used a ventilatory support index (VSI) to assess the degree of
respiratory illness at the time of study. VSI was defined as airway
pressure (Paw) × FIO2 × IMV rate. Patients with a VSI of > 20
were eligible for study. This number was selected to reflect a level
of illness severe enough to require significant IVM support and
thus possibly to show the hypothesized benefit from synchroniza-
tion. Arterial blood gases were measured prior to study and venti-
lators adjusted, if necessary, to maintain pH values of 7.30–7.45,
values for partial pressure of carbon dioxide in arterial blood of
30–50 torr, and values for arterial oxygen saturation (SsO2) of 85–
95%. Once these values were stable, ventilator settings (peak in-
spiratory and end-expiratory pressures, inspiratory and expiratory
times, ventilator rate, FIO2) remained constant throughout the
study. All infants had received up to three doses of exogenous sur-
factant (Exosurf Neonatal, Burroughs-Wellcome, Research Trian-
gle Park, N. C., USA) prior to study.

At study entry, patients were randomized to enter the study re-
ceiving either IMV or SIMV for a 30-min period, then crossed over
to the alternate ventilatory mode for 30 min, back to the initial
treatment for 30 min, and finally to the alternate treatment for a fi-
nal 30-min study period. At the beginning of each study period, we
allowed a 10–20-minute equilibration period while VO2 and VCO2
values stabilized (< 5% variation in VO2 and VCO2), then mea-
surements were made continuously for 30 min. Patients were stud-
ied in a quiet resting state, with no extremity or head movement
and a Brück score of 0 [13]. Those randomized to IMV continued
to receive the IMV rate in use clinically prior to study. Those ran-
domized to SIMV also received their previously determined rate,
but using synchronization.

During the study, infants were not fed, suctioned, touched, or
otherwise disturbed. During the sampling periods, three consecu-
tive measurements of VO2, VCO2, and VE were made online and
averaged every 20 s using a pneumotachometer, a zirconium oxide
oxygen sensor, and an infrared photometry carbon dioxide ana-
lyzer. The indirect calorimeter was connected to the ventilator cir-
cuit via a two-way non-rebreathing valve. This valve added less
than 1 ml of dead space to the circuit. At the beginning of each
study, the indirect calorimeter was calibrated and manually veri-
fied with known gas mixtures. Resolution was 0.5 % for oxygen
and 1.0% for carbon dioxide. We also measured and recorded at
2-min intervals continuous SaO2 values using a standard pulse
oximeter (Nellcor N-200, Nellcor, Hayward, Calif., USA). We
measured arterial blood pressures through indwelling umbilical ar-
tery catheters attached to standard transducers and monitors
(Spacelabs 521, Spacelabs, Redmond, Wash., USA). Total respira-
tory rate, defined as the sum of spontaneous breaths and ventila-
tor-assisted breaths, was measured by the different ventilators’ ef-
fort-sensing mechanisms and was recorded every 2 min.

Data analysis

Data were analyzed using an analysis of variance technique adap-
ted for multiple period crossover designs. First, data were analyzed
for the presence of significant carryover effects between treatment
periods. Then, data were analyzed for statistical significance, with
an alpha level of 0.05 [14, 15].

Results

We enrolled 17 mechanically ventilated neonates who
met the study criteria. All were receiving IMVand dem-
onstrated spontaneous breathing efforts during me-
chanical expiration. No patients were eliminated after
study enrollment due to endotracheal tube leaks. In-
fants remained stable after enrollment and completed
all four study periods. Eight were randomized to receive
initial treatment with IMV and nine SIMV. Online eval-
uation of airflow recordings showed good synchrony
during SIMVand frequent asynchronous breaths during
IMV.

The infants we studied had study weights ranging
from 623 to 3015 g and gestational ages from 23 to
37 weeks. Infants ranged from 1 to 14 days of age at
the time of study and had VSI values from 24 to 302,
with a mean of 88. No infants were treated with more
than one ventilator system. Five infants were treated
with the Dräger and Infant Star ventilators respec-
tively; seven were treated with the VIP Bird. Patients
were attended and observed throughout the study by
one of the investigators; no patients had clinical evi-
dence of autocycling at any time during the study. Indi-
vidual patient information, including ventilator settings
at the time of study, are shown in Table 1. There were
no significant differences in ventilator settings or VSI
values in patients randomized to IMV compared to
SIMV.

Table 2 shows the results of physiologic measure-
ments. Total respiratory rate fell by 21% during SIMV,
from 72 ± 26 during IMV to 57 ± 17 during SIMV
(p < 0.01). Changes in VO2 and VCO2 were not statisti-
cally significant. Likewise, there were no significant
changes in heart rate, blood pressure, or SaO2. Individ-
ual patient data for VO2 and total respiratory rate fol-
lowing mode changes form IMV to SIMV and from
SIMV to IMV are shown in Fig. 1. Of note, no patients
were “in phase” with the ventilator – i. e., all had total
respiratory rates in excess of the SIMV or IMV rate be-
ing used during the study.

Discussion

Previous study in neonates have attempted to define the
potential benefits of synchronized ventilation, although
the terminology utilized in these studies has been con-
fusing. For example, “synchronization” in the adult lit-
erature refers to patient-triggered ventilator breaths,
and the term SIMV is used similarly in the neonatal
the adult intensive care unit. However, Morley, Gre-
enough, and colleagues used the term to refer to a state
of “in phase” breathing efforts by the newborn,
achieved by “capturing” the patient’s spontaneous re-
spiratory rate with IMV [16–18]. They found that some,
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but by no means all, infants could be “induced” to
breath along with the ventilator and that oxygenation
improved and pneumothorax rates decreased. Likewise,
Amitay et al. were able to “synchronize” neonates using
evaluation of their endogenous respiratory timing and
adjusting IMV rates accordingly [19]. They found im-
proved tidal volumes and minute ventilation with less

variation in blood pressures [19]. Greenough and col-
leagues then described techniques of patient triggering,
to allow true synchronization [20–22]. Using either
esophageal pressure or changes in flow at the airway
opening, they were able to demonstrate effective syn-
chronization of patient and ventilator effort. In this
study, we use the term “synchronization” as it is used in
the adult literature.

Synchronization of mechanical ventilation in our
study caused a marked fall in total respiratory rate.
This change occurred in spite of the fact that oxygen
consumption, carbon dioxide production, and minute
ventilation were not changed by this intervention. One
possible reason for this finding relates to the way in
which breaths are counted during IMV and SIMV. Dur-
ing IMV, asynchronous breaths, IMV breaths, and spon-
taneous breaths unaffected by respirator cycling are all
counted. During SIMV, ventilator-assisted breaths are
initiated by a small patient effort. This effort is not coun-
ted as a separate breath; only the SIMV breaths and sep-
arate spontaneous breaths are counted. While this could
alter the number of breaths we recorded, it would be in-
appropriate to include the patient effort which triggers
an SIMV breath as a separate breath. This effort moves
an insignificant amount of gas, and in fact is a part of
the SIMV breath. In contrast, during IMV, asynchro-
nous breaths may contribute in a positive or negative
way to total minute ventilation, as well as have an im-
pact on blood flow or air leak. For these reasons, such
asynchronous breaths must be included in the total re-
spiratory rate calculation.

This finding of a lower total respiratory rate without
a fall in VO2 suggests that synchronization results in lar-
ger tidal volumes and a more efficient pattern of breath-
ing. This is supported by data previously reported by
Bernstein et al. [23] and is consistent with work per-
formed in adults by Marini et al. [8]. They studied 12
adults with respiratory failure from a variety of causes.
These patients were studied at different levels of syn-
chronization, from 100 to 0 %. They estimated the me-
chanical work needed for inspiration using traditional
measures of tidal volume and esophageal pressures and
found that patient work increased as mechanical sup-
port was decreased. They also saw decreasing total re-
spiratory rates as machine support increased. However,
this study did not directly compare synchronized versus
unsynchronized IMV.
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Table 1 Patient characteristics (n = 17) and ventilator settings at
study entry (Paw airway pressure, FIO2 fractional inspired oxygen,
VSI ventilatory support index)

Mean Range

Study weight (g) 1257 ± 793 623–3015
Gestational age (weeks) 28.2 ± 4.1 23–37
Study age (days) 5.4 ± 4.9 1–14
Ventilator rate 30.1 ± 8.6 20–56
Paw (cmH2O) 6.8 ± 1.5 5.2–9.4
FIO2 0.39 ± 0.11 0.21–0.60
VSI (cmH2O) 88 ± 65 24–302

Table 2 Physiologic measurements during IMV and SIMV. Values represent means (SD) of all data from the different treatment modes

MODE VO2
(ml/min per kg)

VCO2
(ml/min per kg)

VE
(ml/min per kg)

SaO2
(%)

Heart rate
(beats/min)

Blood pressure
(mmHg)

Respiratory rate
(breaths/min)

IMV 8.1 ± 3.4 8.1 ± 3.9 449 ± 120 93.7 ± 3.4 145 ± 14 40.3 ± 5.4 72 ± 26
SIMV 7.8 ± 3.0 7.7 ± 2.5 447 ± 123 94.1 ± 3.0 147 ± 15 39.9 ± 5.4 52 ± 17*

* p < 0.01

Fig. 1 Changes in oxygen consumption and total respiratory rate
following mode changes from IMV to SIMV and from SIMV to
IMV. All crossover data are shown as paired data points, where
each data pair reflects one crossover in the direction indicated.
Each patient underwent three crossovers, two in the direction of
their initial randomization and one in the opposite direction.
Thus, 25 paired datapoints are shown for the IMV–SIMV cross-
over and 26 for the SIMV–IMV crossover



Recent studies of neonatal synchronized ventilation
have tended to compare traditional IMV against the as-
sist/control technique, in which all patient efforts result
in a ventilator-assisted breath. These studies have gener-
ally assessed respiratory outcomes. Viveshwara et al., in
a retrospective review of 3 years’ data, found a de-
creased duration of ventilation and oxygen therapy and
fewer severe intraventricular hemorrhages [24]. Donn
et al., in a randomized, prospective trial, saw shorter
times to extubation and decreased costs [25]. However,
the studied infants all had weights greater than 1100 g,
and complication rates were similar between groups.
More acute studies of this technique are also limited.
Servant et al., in a study of 10 infants, found improved
minute ventilation and oxygenation after 1 h of treat-
ment [26]. Fox et al., in a similar study of 10 patients af-
ter 30 min of treatment, found decreased total respira-
tory rates after synchronization, as we did [27].

Cleary et al. recently evaluated 10 infants with the re-
spiratory distress syndrome (RDS) in a randomized
four-period crossover study of IMV and SIMV [7].
They were interested in the short-term effects of syn-
chrony on gas exchange and found improvements in ox-
ygenation and carbon dioxide elimination during SIMV.
They wondered if reduced oxygen consumption pro-
duced the improvements they saw. Our data do not sup-
port this interpretation, though we did not assess gas ex-
change in the same way. They also speculated that these
improvements could be due to improvements in tidal
volumes and flow-volume relationships which they had
shown previously [23]. We suspect this second explana-
tion for changes they saw, and the improvements in re-
spiratory rate we observed, is more likely correct.
SIMV results in more uniform, larger tidal volumes
and a more efficient respiratory pattern.

The lack of an observable reduction in VO2 may re-
sult from a variety of clinical and technical issues related
to the use of indirect calorimetry or to our patient popu-
lation. Our patients were often small and had differing
severities of lung disease. However, Mayfield has previ-
ously suggested that this technique may be used with ac-
ceptable accuracy in patients whose VO2 and VCO2 are
L 4 ml/min, whose flow rate is K 3000 ml/min, and
whose FO2 isK 0.6 [11]. Our patients fit these criteria.
We used relatively short measurement times of 30 min,
which may not be long enough for a precise estimate of
energy utilization. Still, Samiec et al. have used similar
measurement times; the values they measured were sim-
ilar to those we report here and to those we and others
have previously reported in preterm infants [28–30].
We assumed that the work of breathing accounts for no
more than 20 % of total VO2; therefore, the maximum
potential change in VO2 with SIMV would be 20%
[31–33]. A change of this magnitude is detectable by
current indirect calorimetry technology. On the other
hand, if the improvement in oxygen consumption were

in the range of K 5%, we likely would not have been
able to detect reliably such a small but still possibly sig-
nificant change with this technique. If these infants
were not significantly stressed, modest changes in respi-
ratory effort might not be reflected in total VO2 values.
Greater changes in VO2 might be expected in sicker in-
fants who require > 60 % inspired oxygen concentra-
tions; yet, such infants cannot be assessed using this
technique of VO2 measurement, as resolution at such
high oxygen concentrations is inaccurate. Nevertheless,
given the VSI values of the patients we studied, clini-
cally relevant improvements in respiratory work should
have been detected had they occurred. We used three
different ventilator systems capable of synchronized
ventilation. These ventilators behave similarly, but not
identically, when compared using a test lung at the
same settings [34]. This potential problem, as well as
the problem of a small sample size, is eliminated by our
choice of a crossover design [14, 15]. This design allows
greater power for assessment of treatment effects than
does a two-group parallel study; also, since each patient
serves as his or her own control, the ventilator used is
compared to itself, not to another system. The impact
of each change from synchronized to unsynchronized
ventilation is then compared across the groups. Thus,
while this study is not definitive, the conclusions can be
considered reliable enough to suggest further study
along these lines is warranted.

How can these findings best be applied in newborns?
What fraction of breaths should be synchronized for
maximum benefit? Dimitriou et al. recently compared
SIMV to assist/control during weaning from mechanical
ventilation [35]. They found no benefit to the combina-
tion of rate and pressure weaning, which SIMV allows,
compared to pressure weaning alone, as during assist/
control [35]. We need more information about these dif-
ferent techniques for the safest and most beneficial clin-
ical use.

We conclude that SIMV, when compared to IMV at
the same rate, results in lower total respiratory rates at
similar levels of minute ventilation. This improvement
seems likely due to a more efficient respiratory pattern,
but not to reduced work of breathing, as we were unable
to show reduced oxygen consumption during SIMV.
Further work is needed to assess the role of SIMV and
assist/control ventilation in the acutely ill newborn.
Both show promise for continued reduction in acute
and long-term complications of early respiratory treat-
ment.
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