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Acute lung injury and acute re-
spiratory distress syndrome af-
fect the lung heterogeneously.
Both experimental models and

clinical studies emphasize the positive ef-
fect of spontaneous breathing during me-
chanical ventilation (MV) on distribution
of inflation and ventilation in the diseased
lung. Spontaneous breathing improves ox-
ygenation, lowers need for sedatives, im-
proves hemodynamics, and reduces dura-
tion of MV and intensive care stay (1–4).

An open lung approach, as described
by Froese (5) and Lachmann (6), re-
verses atelectasis, avoids overdistension
of open lung units, and protects the
injured lung from further harm. High-
frequency oscillatory (HFO) ventilation,
with an open lung strategy, is, in the-
ory, a modality that can achieve optimal
lung protection. Early application of
HFO ventilation seems to give the op-
timal lung protection (7–9).

In HFO ventilation, more conven-
tional respiratory rates (RRs) and tidal
volumes (Vt values) are not needed to
achieve adequate gas exchange (10). Pres-
ervation of spontaneous breathing during
MV was not yet an issue during the de-
velopment of the HFO ventilator (Sensor-
Medics, 3100 A/B, Yorba Linda, CA) in the
1970s and 1980s. To have patients spon-
taneously breathe was, therefore, not the
focus of the design of the HFO ventilator.
As a result, spontaneous breathing dur-
ing HFO ventilation is not well tolerated
in large pediatric and adult patients,
which is caused by a high imposed work-
load added by the HFO ventilator (11).

The use of HFO ventilation for life-
sustaining gas exchange is counterbal-
anced by the need for heavy sedation and
possible muscular paralysis (11, 12). Fur-
thermore, weaning from the HFO venti-
lator may be prolonged due to sedative
and paralytic use. In an HFO ventilator,
the fixed continuous fresh gas flow (CF)
is the most important factor defining the
imposed work of breathing (WOB). A de-
mand flow system (DFS) was developed to
advance to better HFO ventilation strate-
gies that incorporate spontaneous
breathing of a patient. In a bench study,
we already demonstrated that the im-
posed WOB decreased considerably when
demand flow was used instead of CF (13).

The aim of this study was to evaluate
the influence of our DFS with HFO ven-
tilation on different components of
breathing effort, on respiratory variables,
and on gas exchange in a pig model of
acute lung injury.

MATERIALS AND METHODS

The study was approved by the Animal Wel-
fare Committee of the VU University Medical
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Objective: Maintenance breathing is advocated in mechanical
ventilation, which is difficult for the high-frequency oscillatory (HFO)
ventilation. To facilitate spontaneous breathing during HFO ventila-
tion, a demand flow system (DFS) was designed. The aim of the
present study was to evaluate the system.

Design: Animal experiment.
Setting: University animal laboratory.
Subjects: Eight pigs (47–64 kg).
Interventions: Lung injury was induced by lung lavage with

normal saline. After spontaneous breathing was restored HFO
ventilation was applied, in runs of 30 minutes, with continuous
fresh gas flow (CF) or the DFS operated in two different setups.
Pressure to regulate the DFS was sampled directly at the Y-piece
of the ventilator circuit (DFS) or between the endotracheal tube
and measurement equipment at the proximal end of the endotra-
cheal tube. In the end, animals were paralyzed. Breathing pattern,
work of breathing, and gas exchange were evaluated.

Measurements and Main Results: HFO ventilation with demand
flow decreased breathing frequency and increased tidal volume

compared with CF. Comparing HFO modes CF, DFS, and DFSPROX,
total pressure–time product (PTP) was 66 cm H2O�sec�min�1 (inter-
quartile range 59–74), 64 cm H2O�sec�min�1 (50–72), and 51 cm
H2O�sec�min�1 (41–63). Ventilator PTP was 36 cm H2O�sec�min�1

(32–42), 8.6 cm H2O�sec�min�1 (7.4–10), and 1 cm H2O�sec�min�1

(�1.0 to 2.8). Oxygenation, evaluated by Pao2, was preserved
when spontaneous breathing was maintained and deteriorated
when pigs were paralyzed. Ventilation, evaluated by Paco2, im-
proved with demand flow. Paco2 increased when using continu-
ous flow and during muscular paralysis.

Conclusions: In moderately lung-injured anesthetized pigs dur-
ing HFO ventilation, demand flow facilitated spontaneous breath-
ing and augmented gas exchange. Demand flow decreased total
breathing effort as quantified by PTP. Imposed work caused by
the HFO ventilator appeared totally reduced by demand flow. (Crit
Care Med 2009; 37:1068–1073)

KEY WORDS: high-frequency ventilation; work of breathing; re-
spiratory mechanics; mechanical ventilators
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Center. Eight Dalland pigs (body weight
range, 47–64 kg) were used.

Animal Preparation

Anesthesia. Anesthesia was induced with
intramuscular injection of 0.5 mg atropine,
0.5 mg�kg�1 midazolam, and 10 mg�kg�1 ket-
amine. After induction, an ear vein was can-
nulated and propofol 3 mg�kg�1 was injected
before endotracheal intubation with a cuffed
tube (inner diameter 8 mm). Anesthesia was
maintained with continuous infusion of
propofol 4 mg�kg�1�hr�1 and remifentanil 0.4
�g�kg�1�min�1 during instrumentation and
lung lavage. To allow spontaneous breath-
ing, propofol dosage was lowered to 2
mg�kg�1�hr�1, and that of remifentanil to
0.05– 0.1 �g�kg�1�min�1. When necessary ac-
cording to the experimental protocol, spontane-
ous breathing was suppressed using pancuro-
nium bromide 0.3 mg�kg�1�hr�1. At the end,
animals were killed using sodium pentobarbital.

Surgical Preparation. During instrumen-
tation, lung lavage, and the stabilization pe-
riod, animals were ventilated with a Servo
900C ventilator (Maquet Critical Care AB,
Solna, Sweden) in a volume-controlled mode
with the following settings and then adjusted
to maintain normocapnia (Paco2 38–45 mm
Hg): RR 20 min�1, inspiratory pause time 0.6
seconds, positive end-expiratory pressure 5 cm
H2O, inspiration to expiration ratio 1:2, FIO2

1.0, initial Vt 10 mL�kg�1. Animals were placed
in supine position on a heated table. Temper-
ature was kept in the normal range (38–39°C)
using a heating pad.

The left femoral artery was cannulated to
measure arterial blood pressure and to sample
blood. A Paratrend 7 continuous intravascular
blood gas monitor (Biomedical Sensors, High
Wycombe, United Kingdom) was inserted at
the left femoral artery. A triple lumen pulmo-
nary arterial catheter was inserted to monitor
pulmonary arterial and central venous pres-
sures and to sample mixed venous blood. A
separate catheter was inserted into the supe-
rior vena cava to infuse fluids and anesthetics.

Surfactant Depletion. Surfactant deficiency
was induced by a repeated whole lung lavage.
Normal saline 30–40 mL�kg�1 of 37°C was in-
stilled in the lungs at a pressure of 50 cm H2O
and then directly removed by drainage. The la-
vage was repeated after 1 hour (14, 15).

HFO Ventilator

A SensorMedics 3100B HFO ventilator
(SensorMedics, Yorba Linda, CA) was used. In
the HFO ventilator, mean airway pressure
(mPaw) is maintained by two mechanisms: set-
ting of a CF and setting of the resistance of the
expiratory balloon valve. A patient’s spontane-
ous breathing during HFO ventilation gener-
ates changes in mPaw. The changes in mPaw

determine directly the workload for the pa-
tient; the higher the changes, the higher the

workload (16). The standard HFO ventilator
cannot compensate for changes in mPaw

caused by spontaneous breathing. To solve the
problem, the 3100B HFO ventilator was
equipped with a custom-made DFS. A detailed
description of the DFS is given elsewhere (13).

Measurements and Samples

Data Acquisition. The experimental setup
is depicted in Figure 1A. Flow was measured at
the proximal end of the endotracheal tube
using a hot-wire anemometer (Florian, Acu-
tronic Medical Systems AG, Hirzel, Switzer-
land). For measurement of the tracheal pres-
sure (Ptrach) with the respiratory monitor, an
air-filled 5F catheter was introduced into the
endotracheal tube, its tip located at the distal
end of the tube. An esophageal balloon cathe-
ter (SmartCath Catheter 8F, Viasys Health-
care, Palm Springs, CA) was placed for mea-
surement of esophageal pressure (Pes) to
approximate pleural pressure. Pes was sampled
using an analog pressure sensor (40PC, Hon-
eywell, Morristown, NJ). Validation of proper
placement of the esophageal catheter was
done using the occlusion test (17). The pres-
sure at the Y-piece in the ventilator circuit
(Paw) was sampled using the unfiltered elec-
tronic signal from the internal pressure sensor
of the HFO ventilator. Pressure sensors were
calibrated using a water column. Flow and pres-
sure signals were recorded at 100 Hz and stored
on a laptop computer for off-line analysis.

Data Processing. A MATLAB environment
was used for data processing (The Mathworks,
Natick, MA). In each animal, 5-minute seg-
ments of air flow and pressure signals were
recorded for different HFO ventilation modes.
For evaluation, 2-minute segments with a reg-
ular breathing pattern were studied from the
5-minute recordings.

To eliminate HFO ventilator oscillations,
the recorded signals were low-pass filtered us-

ing a seventh-order Butterworth filter with a
cut-off frequency of 2.5 Hz. The filtered flow
signal represented flow changes caused by
spontaneous breathing of the pigs. The initial
volume at the start of each breath changed in
time (Fig. 1B, top). Using linear interpolation,
a zero baseline was created (Fig. 1B, bottom).

Data Evaluation. From the integrated fil-
tered flow signals, breathing pattern and
minute ventilation were determined for each
individual breath and averaged over a
2-minute period. To evaluate the influence of
the DFS with HFO ventilation on different
components of breathing effort, inspiratory
pressure–time product (PTP) was evaluated
(18, 19). Total PTP was calculated as the area
between elastic recoil pressure of the chest wall
(Pescw) and Pes (19). Static chest wall compliance
(Ccw) was measured to calculate Pescw. Ccw was
determined during muscular paralysis, after the
second lung lavage, by inflating the lungs with a
volume of 1.5 L with a syringe (3.0 L Calibrated
Syringe, Hans Rudolph, Kansas City, MO). Ccw

was calculated as the Vt divided by the difference
in inspiratory and expiratory Pes at points of zero
flow. Total imposed and ventilator PTP were
computed as the area between set mPaw and
Ptrach and Paw, respectively.

Hemodynamic and Respiratory Variables.
Arterial and mixed venous blood samples
were analyzed with ABL505 and OSM3 he-
moximeters (Radiometer, Copenhagen, Den-
mark). Continuous arterial blood gas analy-
sis was conducted by the Paratrend 7.
Physiologic shunt fraction (Qs/Qt) and respi-
ratory indices were calculated according to
standard formulas (20).

Experimental Protocol

Study Design. Figure 2 shows the study
design. After a 30-minute stabilization period
on conventional ventilation, HFO ventilation
was initiated. Initial settings were as follows:

Figure 1. Experimental setup and signal processing. A, Pressure to regulate the demand flow system
(DFS) is sampled at two different sites: Prox, between the endotracheal tube and measuring equipment
proximal end of the endotracheal tube or Y-piece, between ventilator circuit and measuring equip-
ment. Pes, esophageal pressure; Ptrach, tracheal pressure; Paw, pressure at Y-piece; HFO, high-frequency
oscillatory; Vt, tidal volume. B, Top: computed tidal volume of spontaneous breathing. ●, start of
inspiration; �, end of inspiration. Bottom: restoration of tidal breathing to same start volume.
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mPaw 20 cm H2O, proximal pressure ampli-
tude ([Delta]P) was set to maintain normocap-
nia (38–45 mm Hg), oscillatory frequency 5
Hz, inspiration/expiration ratio 1:2, fresh gas
flow 40 L�min�1, and FIO2 1.0. The order of the
three different HFO modalities with spontane-
ous breathing was randomly determined: 1)
HFO ventilation with a CF of 20 L�min�1 (CF);
2) HFO ventilation with demand flow, where
pressure to regulate the DFS was sampled
directly at the Y-piece of the ventilator circuit
(DFS); and 3) HFO ventilation with demand
flow, where pressure to regulate the DFS was
sampled at the proximal end of the endotra-
cheal tube (DFSPROX). The two different
pressure pick-up points were necessary to
evaluate the influence of the measuring equip-
ment (Fig. 1) on the performance of the DFS.
In a fourth step, all animals studied were to-
tally paralyzed. To standardize lung volume at
the start of each HFO ventilation mode, a
recruitment maneuver was performed (6, 21).
Initially, mPaw on HFO ventilation was in-
creased to 30 cm H2O for 5 minutes. mPaw was
lowered to 25 cm H2O when heart rate or
blood pressure was unstable for �2 minutes.
mPaw was then lowered until the animals
started breathing in a regular pattern. Mea-
surements were done in the last 5 minutes of
every 30 minutes of different HFO ventilation
modalities.

Statistical Analysis

Data are expressed as median and 25th to
75th interquartile range. Parameter compari-
son for different HFO ventilation modes was
performed using repeated-measures analysis
of variance with Bonferroni post hoc testing.
In all analysis, a p value of �0.05 was consid-
ered statistically significant. Statistical analy-
sis was performed using SPSS 15 for Windows
(SPSS, Chicago, IL).

RESULTS

Respiratory Variables. All eight ani-
mals completed the entire experimental
protocol. The respiratory variables ob-
tained during different HFO modalities
are summarized in Table 1. Minute ven-
tilation of spontaneous breathing (MV)
was equal in all three HFO ventilation
modes. Vt and RR significantly differed
between HFO ventilation modes. Vt is
lowest and RR is highest in the CF mo-
dality; in the DFSPROX mode, this was
the reverse. Vt per kg increased from 4.3
(4.2–4.7) in the CF mode to 8.1 mL�kg�1

(6.8–9.1) in the DFSPROX mode. RR was
inversely related to Vt. An increase of Vt

was paralleled by an increase of inspira-
tory time (Ti).

Breathing Effort. PTP per minute was
significantly lower for all different compo-
nents in the DFSPROX mode compared
with the CF and DFS mode. Total imposed
and ventilator PTP per minute in the DFS
mode were lower compared with the CF
mode. No active expiration was observed.
The effectiveness of the DFS system to
lower breathing effort for different Vt values
of spontaneous breathing is depicted in
Figure 3A–C. For a given Vt, different com-
ponents of PTP per cycle were highest
when CF mode was used. Compared with

CF total PTP per cycle decreased 10% to
39% using DFS, and decreased 39% to 48%
using DFSPROX.

In Figure 4, the effect of the DFS on
Paw and Vt is illustrated. The DFS is able
to reduce changes in Paw on account of
spontaneous breathing. When pressure to
regulate the DFS was sampled directly at
the proximal end of the endotracheal
tube, pressure support was added during
inspiration in the example. During expi-
ration, Paw is lower than set mPaw. The
fact that demand flow generates a higher
Vt is also demonstrated. All three differ-
ent breaths have approximately equal in-
spiratory PTP per cycle. With increase in
support of the DFS, the flow and thus Vt

increases clearly.
Gas Exchange. Results for gas ex-

change are shown in Table 2. Oxygen-
ation improved in all HFO ventilation
modes when spontaneous breathing was
maintained. When pigs were paralyzed,
PAO2 decreased remarkably during the 30-
minute period. Paco2 decreased in the
DFS and DFSPROX mode. Paco2 in-
creased significantly using CF or during
muscular paralysis.

DISCUSSION

Our animal study demonstrates that
demand flow facilitates spontaneous
breathing during HFO ventilation by low-
ering WOB. The DFS was able to effec-
tively minimize work imposed by the ven-
tilator. The amount of support during
spontaneous breathing can be influenced
by changing the pressure sampling site to
regulate the DFS. Even additional pres-
sure support can be generated to over-
come WOB imposed by the endotracheal
tube.

Figure 2. Study design. CMV, conventional me-
chanical ventilation; HFOV, high-frequency os-
cillatory ventilation; CF, continuous flow; DFS,
demand flow system; DFSPROX, DFS were pres-
sure to regulate the system is sampled at the
proximal end of the endotracheal tube.

Table 1. Respiratory variables during different high-frequency oscillatory ventilation modes

CF DFS DFSPROX

RR (min�1) 8.5 (7.8–9.4) 7.6 (6.4–9.9)a 5.0 (4.1–5.8)a,b

Vt (L) 0.23 (0.22–0.25) 0.28 (0.22–0.34)a 0.43 (0.36–0.48)a,b

Vt (mL�kg�1) 4.3 (4.2–4.7) 5.1 (4.2–6.4)a 8.1 (6.8–9.1)a,b

MV (L�min�1) 2.1 (1.9–2.2) 2.2 (1.9–2.4) 1.9 (1.7–2.4)
Ti (sec) 1.5 (1.5–1.8) 1.7 (1.4–2.0)a 2.1 (1.9–2.2)a,b

Pressure (time product per minute,
cm H2O�s�min�1)

Total 66 (59–74) 64 (50–72) 51 (41–63)a,b

Total imposed 67 (58–78) 51 (41–57)a 36 (28–43)a,b

Ventilator 36 (32–42) 8.6 (7.4–10)a 1.0 (�1.0–2.8)a,b

RR, respiratory rate; Vt, tidal volume at airway opening; MV, minute ventilation; Ti, inspiratory
time; CF, continuous fresh gas flow; DFS, demand flow system; DFSPROX, demand flow with pressure
sampled at proximal end of endotracheal tube.

ap � 0.05; CF vs. DFS or DFSPROX; bp � 0.05; DFS vs. DFSPROX.
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Respiratory Variables. The spontane-
ous breathing pattern changed when dif-
ferent modalities of HFO ventilation were
compared. In HFO ventilation with CF, Vt

was lowest and breathing frequency high-
est. In the DFSPROX mode, Vt was high-
est and breathing frequency lowest.
These results are consistent with the the-
ory of minimal work. The breathing fre-
quency adopted by the animal to achieve
a target minute ventilation represents a
strategy to minimize inspiratory effort
(22). The lower RRs observed with the
DFS in use was caused by the effective

reduction in WOB by the DFS. The Vt in
the DFSPROX mode increased to 8.1
mL�kg�1 (6.8–9.1). These Vt values are
not exceptionally high and are not ex-
pected to cause additional lung injury
(23). The lung lavage model used did not
cause widespread atelectasis and consoli-
dation in the animal lungs, as concluded
from the data on gas exchange. Whether
an increase in Vt also improved the dis-
tribution of ventilation is impossible to
say based on the results and is an area of
further research.

Breathing Effort. Total, total imposed,
and ventilator PTP per minute were low-
est in the DFSPROX mode. The DFS is
effective in reducing PTP per cycle for
different Vt values (Fig. 3). Comparison of
the results with earlier bench tests show
differences in the amount of imposed PTP
(11, 13). In the animal study, the amount
of imposed workload was substantially
lower compared with earlier bench test
results. The difference in imposed breath-
ing work can be explained by a lower
breathing frequency of the animals com-
pared with the breathing frequencies
simulated in the bench tests.

Gas Exchange. The results for gas ex-
change show a benefit of spontaneous
breathing during HFO ventilation. Pao2

improved in all HFO ventilation modes
when spontaneous breathing was main-
tained. Muscular paralysis had a deterio-
rating effect on Pao2. Accordingly, there
is a trend of worsening of physiologic
shunt fraction when animals were para-
lyzed. The trend did not reach statistical
significance. Use of the demand flow dur-
ing HFO ventilation improved ventilation
as is illustrated by a decrease in Paco2 in
the DFS and DFSPROX mode. Paco2 in-
creased significantly using CF or during
muscular paralysis.

To observe the effect of spontaneous
breathing and muscular paralysis on gas
exchange, HFO ventilator settings were not
changed during the 30 minutes of each
HFO mode. The pigs only had mild lung
injury. Therefore by adjustment of HFO
ventilator settings, the derangement in gas
exchange would have been easily corrected.
The results on gas exchange, however, in-
dicate that, when spontaneous breathing is
maintained, adequate gas exchange may be
achieved at a lower mPaw.

Synchronization. MV assumes the
WOB, improves gas exchange, and un-
loads the respiratory muscles, all of
which require good synchronization be-
tween the patient and the ventilator (24).
In conventional MV, synchrony is evalu-

ated by analysis of triggering and flow
and pressure recordings. The DFS has no
flow or pressure trigger comparable with
conventional mechanical ventilators.
Simplified, the DFS responds to changes
in mPaw caused by spontaneous breathing
with the following approach: The DFS
algorithm predicts an oscillatory Paw sig-
nal. Because of spontaneous breathing,
the actual Paw signal will change. When
the DFS detects a difference between the
predicted and actual Paw, it adjusts the
fresh gas flow to maintain a stable mPaw.
Furthermore, the DFS algorithm is adap-
tive over time. The response time of the
DFS, to react on changes in mPaw, will
therefore change in time. During the ex-
periment flow over time generated by the
DFS was not recorded. Therefore syn-
chrony between the DFS and animal’s
spontaneous breathing pattern could not
be evaluated. The animals at least showed
no signs of air hunger but were, of
course, sedated.

Limitations. Our study has some lim-
itations. In a clinical setting, HFO venti-
lation is applied in severe acute lung in-
jury/acute respiratory distress syndrome.
We initially thought of using a model of
severe lung injury, which necessitates
high mPaw to keep oxygenation in accept-
able ranges; high mPaw, however, induces
apnea in pigs (Wrigge H, Department of
Anesthesiology and Intensive Care Medi-
cine of the University of Bonn, personal
communication). Therefore, to test our
DFS we could apply only mild lung in-
jury. Our results are, thus, restricted to
low mPaw and to mild lung injury. Addi-
tionally, we could not test high RR, which
is regrettable, as our DFS was less effec-
tive at higher than at lower RR in bench
tests (13). Flow and pressure sensors,
necessary for data acquisition added con-
siderable resistance to the ventilator cir-
cuit. The additional resistance has a neg-
ative effect on the DFS performance. By
regulating the DFS at different pressure
sampling sites, the additional resistance
was partly overcome.

CONCLUSIONS

During HFO ventilation in surfactant-
depleted pigs, DFS facilitates spontaneous
breathing, reduces breathing effort, and
improves gas exchange. Demand flow may
prove to be a valuable tool in reducing the
threshold for early application of HFO ven-
tilation. In addition, demand flow may aug-
ment weaning during HFO ventilation. The
development of a flow demand system for a

Figure 3. Correlation between tidal volume and
(A) total, (B) total imposed, and (C) ventilator
pressure–time product (PTP) per breathing cycle.
Continuous flow (���) and demand flow with pres-
sure sampled at the Y-piece ( ) and at the prox-
imal end of the endotracheal tube (- -). Lines
represent second-order polynomial regression
curves.
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HFO ventilator is an important step toward
further improvement of HFO ventilation
strategies that incorporate spontaneous
breathing of a patient.

Further studies are needed to elucidate
DFS performance at higher mPaw and
higher RRs seen in clinical use of HFO

ventilation. Furthermore, patient and DFS
synchrony needs to be evaluated.
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