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Thoracoabdominal asynchrony (TAA) and chest wall distor-
tion (CWD) are commonly seen in preterm infants secondary to
a highly compliant rib cage and poor compensation of distorting
forces by inspiratory rib cage muscles. Continuous positive
airway pressure (CPAP) reduces TAA and CWD by stenting the
chest wall. We hypothesized that application of positive airway
pressure only during inspiration and in proportion to an infant’s
inspiratory effort should have a similar but more pronounced
effect than CPAP alone. A ventilator providing airway pressure
changes in proportion to flow and volume generated by an infant
(proportional assist ventilation) was used to unload the respira-
tory pump during inspiration. Ten preterm infants were studied
[birth weight, 745 (635–1175) g; gestational age, 26.5 (24–31)
wk; postnatal age 3 (1–7) d; medium (range)]. TAA and CWD
were determined by respiratory inductive plethysmography.
TAA was expressed as the phase angle between the rib cage and
abdominal motion and CWD as the total compartmental dis-
placement ratio. In addition, we measured tidal volume with a
pneumotachograph and esophageal and airway pressure deflec-
tions with pressure transducers. Measurements were obtained
during alternating periods of CPAP and two different degrees of
support (Gain 1 5 1.09 6 0.68, Gain 2 5 1.84 6 0.84 cm
H2O/mL) that were provided by a proportional assist ventilator.
Phase angle and the total compartmental displacement ratio
decreased with increasing gain compared with CPAP alone. Peak
airway pressure increased from 0.6 to 3.8 to 7.6 cm H2O above

positive end-expiratory pressure (PEEP) with CPAP, Gain 1, and
Gain 2, respectively, as tidal volume increased from 2.8 to 4.1 to
4.7 mL/kg. Esophageal pressure changes decreased only little
with increasing gain. Chest wall excursion increased and abdom-
inal movement decreased, indicating a redistribution of tidal
volume between chest and abdomen. We conclude that propor-
tional assist ventilation reduces TAA and CWD by generating a
small increase in airway pressure that occurs in synchrony and in
proportion to each inspiratory effort. (Pediatr Res 49: 175–180,
2001)

Abbreviations
ABD, area under the curve of the abdominal band signal
during inspiration
BW, birth weight
CPAP, continuous positive airway pressure
CWD, chest wall distortion
ETT, endotracheal tube
PAV, proportional assist ventilation
Paw, airway pressure change
Pes, esophageal pressure change
RC, area under the curve of the rib cage band signal during
inspiration
TAA, thoracoabdominal asynchrony
TCD ratio, total compartmental displacement ratio
Vt, tidal volume

TAA, in which the rib cage and abdomen move out of phase
due to inward CWD, are commonly seen in spontaneously
breathing preterm infants. TAA and CWD are more pro-
nounced in the presence of decreased lung compliance or
increased airway resistance but can also be seen in preterm

infants without lung disease or in term infants during REM
sleep (1–4). The phenomenon is caused by mainly two factors:
the negativity of the pleural pressure generated during inspi-
ration and the compliance of the chest wall (5–7). For the chest
wall to move along the pressure/volume curve seen during
passive inflation of the respiratory system, active compensation
from the inspiratory chest wall muscles, counteracting the
distorting pleural force, is necessary (8). It has been shown that
the more immature the infants are, the less well developed is
their active compensation (9). It may be completely absent in
very immature infants, leading to a 180° phase shift between
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abdominal and chest wall movement, i.e. the chest wall moves
inward as the abdomen moves outward and vice versa. Fre-
quently, a partial compensation occurs in the second half of
inspiration so that inward movement of the chest wall is only
seen in the beginning of inspiration.

As a consequence of inspiratory CWD, the Vt is reduced and
the diaphragm has to descend further with every breath to
compensate for the lost volume. Under these conditions, dia-
phragmatic work increases and can be several times the work
necessary to distend the lungs. This situation predisposes to
diaphragmatic fatigue and respiratory failure and may lead to
apnea (10, 11).

With increasing maturity, diaphragmatic work decreases and
eventually becomes less than the total work done on the lungs,
because chest wall muscles compensate for the distorting force
of the diaphragm and provide part of the inspiratory work (10).

The application of CPAP in infants with CWD has been
shown to reduce the degree of asynchrony; the higher the
CPAP, the lower the indices of distortion (12). The observation
has been explained by a stenting action of an increased lung
volume, preventing collapse of the chest wall during inspira-
tion. CPAP at a level high enough to prevent CWD (12–14 cm
H2O) may have unwanted cardiovascular side effects and will
decrease lung compliance and Vt by pulmonary overdistention
and, in addition, will reduce respiratory rate by triggering
vagally mediated reflexes (13–15). To reduce these side effects,
ideally, the stenting pressure should be applied only during
inspiration and in proportion to the inspiratory effort.

A ventilatory support method that could satisfy these re-
quirements is the newly developed concept of PAV (16–18).
PAV provides inspiratory support proportional to the infant’s
inspiratory effort by continuously adjusting inspiratory pres-
sure in proportion to the volume and flow generated by the
infant. Frequency, inspiratory duration, and peak pressure are
not fixed but determined by the patient, thus preserving the
breathing strategy of his/her own respiratory center.

The purpose of the present study was to test the efficiency of
a newly developed PAV system for neonates in reducing TAA
and CWD in very-low-birth-weight preterm infants. To test
this, we evaluated the thoracoabdominal motion profiles in a
group of intubated preterm infants during CPAP and two
different degrees of PAV. We hypothesized that the airway
pressure applied by the PAV system during inspiration will
reduce the degree of TAA and CWD compared with the
situation of CPAP alone.

METHODS

This study is part of the first trial testing the efficiency and
safety of PAV in very-low-birth-weight infants. The device
used for PAV was approved for the study under an investiga-
tor-initiated Investigational Device Exemption from the FDA
(IDE # G950100). The present study was approved by the
Institutional Review Board, and parental informed consent was
obtained for each infant studied.

Infants meeting the following criteria were eligible for the
study: 1) BW, 600–1200 g; 2) postnatal age 2–10 d; 3)
presence of spontaneous respiratory efforts; 4) in the recovery

phase of respiratory failure, on low intermittent mandatory
ventilation settings (,20 breaths per minute). The presence of
CWD was not an entry criterion. Exclusion criteria included
the following: 1) major congenital anomalies; 2) unstable
hemodynamic status, defined as mean arterial blood pressure
outside a specified reference range (19) any time during the
previous 12 h; 3) an ETT leak .20% of the Vt, measured as
the difference between the inspiratory and expiratory volumes
with the regular ventilator setting as chosen by the clinical
team.

We studied 10 preterm infants; their median BW was 745 g
(range, 635–1175 g), their median postnatal age was 3 d
(range, 1–7 d), and their median gestational age was 26.5 wk
(range, 24–31 wk). Four of the infants had received exogenous
surfactant treatment (Survanta, Ross Inc., Columbus, OH,
U.S.A.); eight of the mothers had received steroids before
delivery.

Measurement of thoracoabdominal motion and lung me-
chanics. Thoracoabdominal motion was assessed using respi-
ratory inductive plethysmography (Respitrace Plus, Noninva-
sive Monitoring Systems, Miami Beach, FL, U.S.A.). Two
transducer bands of 1.5-cm width were wrapped circumferen-
tially around the rib cage and abdomen at the level of the
nipples and umbilicus, respectively. The position of the bands
was secured with tape. The bands provide voltage changes that
are proportional to the changes in their cross-sectional area and
thus reflect the volume changes in the rib cage and abdominal
compartments. Calibration was achieved by the built-in qual-
itative diagnostic calibration procedure that determines the
relative electrical gains for the two signals (20, 21). This
procedure takes approximately 5 min and was done while the
infants were in the supine position, lying quietly in their
incubators. During the study, the infant’s body position and the
placement of the bands remained unchanged. No attempt was
made to calibrate the Respigraph signal against actual volume
measurements because relative motion and timing, not absolute
volume changes of the rib cage and abdomen, were the vari-
ables of interest. TAA was expressed by the phase angle that
reflects the delay in outward motion of the rib cage compared
with the abdomen. The phase angle was expressed in degrees
assuming that the total respiratory cycle has 360° (complete
asynchrony with negative chest wall excursion throughout the
inspiratory phase would result in a phase angle of 180°). The
areas under the curve of the abdominal and rib cage band
signals during the inspiratory phase (ABD and RC, respec-
tively) were obtained for each breath. TCD was measured by
the ratio between the sum of the absolute values of ABD and
RC and their true sum (sign included) (22). The TCD ratio is
1.0 when no chest wall negativity occurs during inspiration,
and it increases above 1.0 in the presence of CWD.

A fluid-filled 8F infant feeding tube was placed into the
lower third of the esophagus for esophageal manometry. An
end-expiration occlusion test was performed to verify the full
transmission of pleural pressure changes to the esophagus (23).
The catheter was flushed periodically with distilled water to
prevent gas bubble formation and keep its patency. The airway
pressure signal was obtained from a side port of the ETT
connector. The pressure transducers (Sorenson Transpac
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Transducers, Abbot Critical Care Systems, North Chicago, IL,
U.S.A.) were calibrated with a water manometer. The airflow
signal was obtained from the analog output of the ventilator’s
pneumotachograph, the signal having been previously vali-
dated against a flow calibration device (Matheson model 8100,
Matheson, Secaucus, NJ, U.S.A.). Vt was obtained by integra-
tion of the flow signal. Breath-to-breath Pes was determined as
the peak-to-peak difference in the sinusoidal esophageal pres-
sure trace during a respiratory cycle. Paw was determined as
the peak inspiratory change in airway pressure above positive
end-expiratory pressure (PEEP). Calculation of lung compli-
ance and airway resistance was based on the Mead and Wit-
tenberger method (24, 25).

All analog signals were digitized at a rate of 100 Hz and
recorded on disk by using data acquisition software (DATAQ
Instruments Inc., Akron, OH, U.S.A.).

Ventilator. A Stephanie infant ventilator (F. Stephan Mediz-
intechnik GmbH, Gackenbach and Dresden, Germany) was
used during the study. This device has been described else-
where (26, 27). It is a servocontrolled system that uses a
pneumotachograph placed between the ETT and the ventilator
circuit. In addition to conventional mechanical ventilation and
CPAP, it can provide PAV. In this mode, the airway pressure
is servocontrolled throughout the inspiratory phase and
changes instantaneously in proportion to the volume (volume
assist or elastic unloading) and the flow (flow assist or resistive
unloading) generated by the infant.

During PAV, the gains for resistive unloading [in cm H2O/
(L/s)] and elastic unloading (in cm H2O/mL) can be set indi-
vidually but must be below the subject’s resistance and elas-
tance, respectively, to prevent overcompensation.

Protocol. Measurements were obtained in the supine posi-
tion during periods of CPAP (4–5 cm H2O) and two different
degrees of unloading (Gain 1 and Gain 2). CPAP and the two
degrees of mechanical unloading were alternated randomly
with the CPAP period lasting from 30 s to 2 min as tolerated,
and the PAV periods up to 15 min. Regardless of the randomly
determined sequence, CPAP was also applied before each PAV
period to prevent carryover effects from the other modes of
ventilatory support.

Resistive unloading was set at 20 cm H2O/L/s, which is
approximately the resistance of a size 2.5 ETT, in all infants.
This was done because an elevated pulmonary resistance is
uncommon in the recovery phase of respiratory distress in
neonates, so that this degree of resistive unloading was esti-
mated to “leave” the infants with their normal endogenous
pulmonary resistance.

In infants with alveolar disease, the larger part of the in-
spiratory work is used to overcome the elastic forces of the
lung. The higher the pulmonary elastance, the higher the effort
has to be to generate a normal Vt and the higher the CWD force
will be. To prevent CWD by counteracting the distorting force,
the distending airway pressure provided by PAV has to be
proportional to the underlying pulmonary elastance. An infant
of 1 kg BW with normal lungs has an elastance of approxi-
mately 0.67 cm H2O/mL and, therefore, needs to generate 0.67
cm H2O of pleural pressure change for a 1-mL volume change.
No ventilatory assistance was given in this situation to prevent

the risks of overcompensation. But if elastance was higher, for
example 2.0 cm/H2O/mL, assistance to overcome the addi-
tional elastance was provided. In this case, 2.0–0.67 5 1.33
cm H20 of airway pressure per milliliter of Vt generated by the
infant was provided by the ventilator for Gain 2 and half of this
for Gain 1.

Pulmonary elastance was calculated before the study in each
infant from Vt and transpulmonary pressure by using the Mead
and Whittenberger method (24). These values were then used
for the determination of Gain 1 and Gain 2 during PAV as
described above.

A limit for inspiratory pressure of 20 cm H2O was set to
prevent pressure runaway in case of elastic overcompensation.

Statistical analysis. Thoracoabdominal motion and pulmo-
nary mechanics were compared during CPAP and Gain 1 and
Gain 2 of mechanical unloading. Twenty to 40 breaths ob-
tained during regular quiet breathing and free of artifact were
selected from each infant for the three different modes. The
analyzed breaths had to fulfill the following criteria: 1) inspira-
tory and expiratory volume within 20% of each other; 2)
baseline esophageal pressure determined at zero flow in the
beginning and end of a breath at the same level as for the
previous and following breaths; 3) Vt within the range of 2–7
mL/kg; 4) regular phasic breathing with inspiratory and expi-
ratory times in the proper ratio; and 5) absence of movement
artifact on the inductance plethysmograph trace. All breaths
fulfilling these criteria were analyzed.

Results are given in mean 6 SD or median (range). One-
way repeated measures ANOVA or Friedman repeated mea-
sures ANOVA on Ranks was used to compare data for CPAP,
Gain 1, and Gain 2. Student-Newman-Keuls post hoc method
was applied to isolate differences among the three modes
(Sigma Stat for Windows, Jandel Corporation, Corte Madera,
CA, U.S.A.).

p values ,0.05 were considered statistically significant.

RESULTS

The mean elastic compensation used in the 10 infants was
1.84 6 0.84 cm H20/mL for Gain 2 and 1.09 6 0.68 cm
H2O/mL for Gain 1. The mean lung compliance of the infants
was 0.67 6 0.43 mL/cm H2O/kg [lung elastance 1.49 cm
H2O/(mL/kg)]. The mean total pulmonary resistance was 108
6 36 cm H2O/L/s. During CPAP, TAA and CWD were present
in each infant and decreased significantly during the applica-
tion of PAV. This decrease was more striking with the higher
level of assist. The means for the measurements of phase angle
and TCD ratio under the different conditions of CPAP, Gain 1,
and Gain 2 are given in Table 1. On Gain 2, the TCD ratio was
slightly above 1.0, indicating minimal distortion, but there still
was a short phase lag of rib cage movement during early
inspiration. PAV led to a significant increase in chest wall and
a decrease in abdominal excursion, indicating a redistribution
of the Vt within the lung.

Figures 1 and 2 show the changes in phase angle and TCD
ratio, respectively, for individual infants under the three dif-
ferent conditions of ventilatory support. The improvement in
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phase angle and TCD ratio with PAV was more pronounced in
infants with the higher TAA and CWD initially.

The improvement in thoracoabdominal motion with PAV
was accompanied by a small decrease in esophageal pressure
deflection per breath and an increase in Paw per breath and in
Vt (see Table 1).

These observations are further illustrated during a switch
from PAV to CPAP in an individual infant (Fig. 3). When PAV
is discontinued, changes in airway pressure cease, respiratory
flows and Vt decrease, and esophageal pressure deflections
increase as does the negative movement of the rib cage during

inspiration, indicating an increase in CWD. The abdominal
excursions increase, compensating partially for the volume loss
secondary to CWD.

DISCUSSION

The results indicate that the small increase in airway pres-
sure provided by PAV during inspiration was enough to coun-
teract the distorting effect of pleural pressure. The TCD ratio
approached the normal range; the phase angle improved, but
there was still some lag in chest wall excursion in the begin-
ning of inspiration.

The observed improvement in TAA and CWD may be due
to a reduction in peak breath-to-breath negativity in Pes during
PAV compared with the CPAP mode (28). However, this
reduction was too small, approximately 1.6 cm H2O during
Gain 2 and only 0.2 cm H2O during Gain 1, to fully explain the
improvement in TAA and CWD.

Furthermore, inspiratory changes in Pes reflecting pleural
pressure changes are underestimated during any ventilatory
support, because part of the pressure applied to the airways
during inspiration is transmitted to the intrathoracic structures.
Thus, the esophageal pressure baseline increases progressively
from beginning to the end of inspiration. The peak negativity in
Pes observed at the end of inspiration, therefore, needs to be
corrected for this upward shift in baseline.

The increase in esophageal pressure baseline during the
application of positive airway pressure is small in preterm

Figure 1. Changes in phase angle (in degrees) for individual infants during
CPAP, Gain 1, and Gain 2.

Figure 2. Changes in TCD ratio for individual infants during CPAP, Gain 1,
and Gain 2.

Table 1. Data on thoracoabdominal motion profiles, pressures, and
VT for CPAP and Gains 1 and 2 of unloading

CPAP GAIN 1 GAIN 2

Phase angle
(degrees)

99.2 6 39.1 71.8 6 36.9† 45.2 6 16.0†\

TCD ratio 1.70 (1.15–2.81) 1.27 (1.04–1.97)* 1.12 (1.03–1.49)*‡
Pes (cm H2O) 4.0 (2.7–5.9) 3.8 (2.3–5.1) 2.4 (1.2–4.8)*‡
Paw (cm H2O) 0.6 6 0.2 3.8 6 1.9** 7.6 6 3.2**‡
VT (mL/kg) 2.8 (2.1–4.4) 4.1 (3.0–5.6)* 4.7 (4.0–6.4)*
RC 213 6 29 19 6 35* 41 6 22*‡
ABD 133 6 28 138 6 30 118 6 25*‡

Data are presented as mean 6 SD.
* p , 0.05 compared to CPAP.
‡ p , 0.05 compared to Gain 1.
** p , 0.001 compared to CPAP.
§ p , 0.001 compared to Gain 1.
† p , 0.005 compared to CPAP.
\ p , 0.005 compared to Gain 1.
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infants because of their high chest wall compliance, not more
than 10 to 20% of the airway pressure (6). Using Paw of 3.8
and 7.6 cm H2O, the increase in esophageal pressure baseline
can be estimated as 0.6 and 1.1 cm H2O during Gains 1 and 2,
respectively. This brings the corrected Pes changes during
PAV close to the ones observed during CPAP. The improve-
ment in TAA and CWD during PAV, therefore, cannot be
explained by a decrease in Pes.

The measurement of Pes in the presence of CWD has been
described as unreliable, because it may reflect local pleural
pressure changes rather than a mean pressure change (29).
However, we reexamined this question recently and found that
CWD does not affect Pes measurements adversely (30, 31).
Therefore, it can be assumed that the measurements provided
here are a reliable reflection of pleural pressure changes.

Most of the remaining distortion during PAV occurred in the
beginning of inspiration when Pes negativity was still small
and not at the end of inspiration when Pes negativity reached
its maximum. This observation suggests two other explana-
tions for the decrease in TAA and CWD during PAV. Active
compensation from the inspiratory chest wall muscles may
have occurred during the remainder of inspiration stimulated
by PAV, or the increasing chest volume generated by the PAV
stented the chest wall, counteracting the increasingly distorting
negative pleural pressure.

How PAV could stimulate the inspiratory activity of the rib
cage muscles is not clear. An increase in this activity has been
observed in neonates during any increase in respiratory center
output, for example during CO2 exposure (32). In our infants,
however, a decrease in respiratory center output can be ex-
pected from the unloading of the respiratory system provided
by PAV (28, 33). Furthermore, it is not known how much
compensation rib cage muscles can generate during inspiration
in very immature infants and whether this compensation can be
stimulated and increased at all. Therefore, the stenting action of
a larger lung volume supporting the chest wall and preventing
its collapse during inspiration is probably the main effect by
which PAV reduces TAA and CWD.

The presence of CWD resulted in a reduced Vt, an increased
abdominal volume change, and increased diaphragmatic work.
With the decreased CWD during PAV, abdominal volume
changes and, in consequence, diaphragmatic work decreased,
whereas Pes changes remained in the same range. This is an
improvement in the effectiveness of the respiratory pump
similar to that observed in preterm infants with maturation (9).

External loads of the respiratory system as well as internal
loads from changes in pulmonary mechanics secondary to a
disease process increase TAA in neonates and infants (2, 7,
34). The removal of the load has been shown to improve
synchrony and distortion (2, 34). PAV provided unloading of

Figure 3. Tracings from a patient showing the change in breathing pattern after switching from PAV to CPAP.
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the respiratory system by removal of the resistive load of the
ETT and the disease-related internal elastic load of the lungs.
The reduction in TAA and CWD can, therefore, also be
explained by the unloading of the respiratory system provided
by PAV (28). The infants studied, however, had only mild
pulmonary function abnormalities, so that the degree of un-
loading provided was small. As shown above, it did not result
in a sizable reduction in Pes change, so that the main effect of
PAV in reducing TAA and CWD remains the stenting effect of
an increased thoracic lung volume.

A decrease in TAA has been observed previously in extu-
bated preterm infants after nasally applied synchronized inter-
mittent mandatory ventilation (35). In this study, no measure-
ments of Vt and Pes are given, so that the degree of respiratory
unloading and potential decrease in respiratory drive cannot be
judged. Another study reported a reduction in TAA and CWD
in intubated full-term infants during pressure support ventila-
tion (36). No compliance and resistance measurements were
given, but TAA and CWD were mild, suggesting that the
infants had no or little lung disease. Pressure support signifi-
cantly reduced respiratory rate, indicating a reduction in respi-
ratory drive, but no esophageal pressure measurements were
done.

In principle, all types of ventilatory support, synchronized or
nonsynchronized, can reduce the degree of CWD, mainly by
reducing the infant’s work of breathing and, thus, breath-to-
breath pleural pressure changes. However, this is achieved by
delivering breaths with fixed peak pressure and inspiratory
time, overcompensating for the infant’s elastance and resis-
tance. The pressure costs to achieve the same reduction in
CWD are, therefore, much higher than during PAV.

In summary, in very immature infants with severe TAA and
CWD, PAV improves synchronization of motion between
abdomen and chest wall, allowing a breathing pattern charac-
teristic of more mature infants. Abdominal excursion and
diaphragmatic work decreased and chest wall excursion in-
creased, whereas pleural pressure changes remained largely
unchanged. We speculate that this improvement in breathing
pattern makes the diaphragm more efficient, preventing fatigue
and respiratory failure, especially when exposed to increasing
respiratory loads.
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