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ORIGINAL

Intrapulmonary percussive ventilation
superimposed on conventional ventilation:
bench study of humidity and ventilator

behaviour

Abstract Objective: Intrapulmo-
nary percussive ventilation (IPV) is a
form of high-frequency ventilation
that can be superimposed on sponta-
neous breathing or conventional
ventilation. Drawbacks include diffi-
culties achieving adequate airway
humidification and an inability to
monitor delivered volumes and pres-
sures, which may vary with patient
characteristics. The objectives of this
study were to assess various humidi-
fication set-ups, to measure
intrapulmonary pressures and vol-
umes resulting from [PV
superimposed on a conventional
driving ventilator (DV) and to test
several ventilators regarding their
ability to accept added IPV.

Design: Bench study in a test-lung
set-up was used to measure humidi-
fication and the effects of adding IPV
to a DV under various conditions of
compliance, resistance, plateau and
positive end-expiratory pressures.
Then, five ventilators were tested in
combination with IPV.

Introduction

Measurements and results:  Ade-
quate humidification required a
heated humidifier on the inspiratory
line downstream of the IPV device.
IPV increased end-inspiratory intra-
pulmonary pressures up to

10 cmH,O0, increased delivered vol-
umes up to 237 ml and generated
intrinsic PEEP from 1.7 to

4.3 cmH,0O when no PEEP was set on
the DV. Intrinsic PEEP was lower or
absent when PEEP was set on the DV.
With most tested ventilators, IPV
prevented reliable flow monitoring.
Autotriggering and missing cycles
were common and the PEEP effect
varied across DVs.

Conclusion: Achieving adequate
humidification with IPV requires a
specific set-up. Superimposing I[PV
on standard ventilation can increase
intrapulmonary pressures and tidal
volumes importantly and interfere
with the triggering sensors of the
ventilator. These factors must be
taken into account before clinical use.

High-frequency percussive ventilation is a mode of high-
frequency ventilation that delivers small bursts of gas at
rates higher than 1 Hz (usually 4-10 Hz). Two approa-
ches have been used for high-frequency percussive
ventilation. One uses high-frequency ventilation to
achieve adequate gas exchange, while potentially limiting

ventilator-induced injury [1]. In cohort studies of patients
with acute respiratory distress syndrome failing conven-
tional mechanical ventilation or with smoke inhalation
injury, high-frequency percussive ventilation improved
the PaO,/FiO, ratio [2, 3]. However, the use of high-
frequency percussive ventilation has been limited by a
number of disadvantages including the absence of the
monitoring data usually available with conventional
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mechanical ventilation and the considerable complexity
of the settings. Intrapulmonary percussive ventilation
(IPV, Percussionnaire Corporation®, Sandpoint, ID) is
another approach characterised by simpler settings, as
only driving pressure and percussion frequency must be
adjusted. Very small volumes dependent on the driving
pressure are administered at a frequency that is controlled
by the operator. IPV can be superimposed on spontaneous
breathing, mainly for physiotherapy or superimposed on
conventional ventilation. Several studies used [PV during
spontaneous breathing in patients with chronic obstructive
disease [4, 5] or diseases characterised by excessive
bronchial secretions such as Duchenne muscular dystro-
phy [6] or cystic fibrosis [7] because percussions could
loosen secretions and improve their removal. Recently,
IPV was added to conventional ventilation to recruit
atelectatic areas of the lung [8]. Potential benefits of this
hybrid technique may include secretion clearance,
improved oxygenation and intermittent use. Several
important technical issues remain unsolved, however,
which limit the clinical use of IPV combined either with
conventional invasive or non-invasive ventilation. We
designed a study aimed at generating data that might help
to overcome the limitations of IPV. During high-fre-
quency ventilation, the high inspiratory flow rate and gas
decompression prevent optimal humidification and
warming of the inspired gas, increasing the risk of airway
obstruction. Given the potentially severe consequences of
unrecognised under-humidification during mechanical
ventilation [9], we first designed a bench study to assess
the efficacy of various humidification devices when IPV
was added to a conventional ventilator. Absolute and
relative humidities were measured with the nebuliser
supplied with the IPV device, a heat-and-moisture
exchanger (HME), an active HME (AHME) and a heated
humidifier placed at different locations on the inspiratory
line. Secondly, we designed an extensive bench evalua-
tion of intrapulmonary pressures and volumes resulting
from the addition of IPV to conventional ventilation under
various conditions of respiratory system resistance and
compliance, and with various ventilatory parameters.
Thirdly, we tested the behaviour of several currently
available ICU ventilators in response to the addition of
IPV. Results have been presented in part at the 20th
annual congress of the ESICM [10, 11].

Methods

Equipment and settings

IPV is a form of high-frequency ventilation that delivers
small volumes produced by a piston mechanism, the
Phasitron®, which is driven by high-pressure gas at fre-
quencies of 1-5 Hz. The Venturi effect drags humidified

gas from a nebuliser through the Phasitron® to the patient.
In our study, IPV was superimposed on a conventional
ventilator, referred to as the driving ventilator (DV).
When used in this way, the expiratory valve of the
Phasitron® must be closed to ®prevent expired gas from
draining through the Phasitron™. Gas bursts are delivered
continuously throughout the respiratory cycles delivered
by the DV. The driving gas is a mixture of air and oxygen.
The driving pressure can be adjusted to obtain the desired
magnitude of the gas bursts. Driving pressure and fre-
quency are monitored on IPV. For our study, the
inspiratory and expiratory lines of the DV and the IPV
device were connected to a three-pronged connector,
whose stem was connected to a test lung (see the elec-
tronic supplementary material for more details).

The DV used in the first two parts of the study
(evaluation of humidification systems and measurements
of pressures and volumes) was an 8,400 STI ventilator
(Bird Corporation, Palm Springs, CA) with the following
settings: square flow with a peak flow rate of 60 1/min,
respiratory rate of 15 min~ ', tidal volume (VT) of 500 ml
and zero end-expiratory pressure. The ventilator had no
tubing compliance compensation.

The IPV device was set to deliver high-frequency
percussive ventilation at a rate of 5 Hz, which was the
highest available frequency. The driving pressure was
1.2 bar and the inspiratory/expiratory ratio was fixed at
1/2.5 and not adjustable.

Humidification tests

The nebuliser recommended by the IPV device manu-
facturer for humidification was inserted in the circuit. We
tested four humidification systems: a heated humidifier
MR850 (Fisher & Paykel, Auckland, New Zealand)
placed on the inspiratory line upstream of the IPV device
(Fig. 1a), a heat-and-moisture exchanger (Hygrobac S,
Covidien, Mansfield, MA) placed between the three-
pronged connector and the test lung (Fig. 1b), an AHME
(Hygrovent-Booster, Medisize, Hillegom, The Nether-
lands) placed between the three-pronged connector and
the test lung (same set-up as in Fig. 1b) and a heated
humidifier (MR 850) placed on the inspiratory line
downstream of the IPV device (Fig. 1c). Because HMEs
work by preserving the humidity from the patient’s
expiration, the expired gas coming from the test lung in
the experiments done with the HME and AHME was
artificially humidified with a heated humidifier (MR 850)
to mimic the natural humidity from the lungs [9]. Six set-
ups were tested, namely, the heated humidifier upstream
of the IPV device with and without the nebuliser, the
HME and AHME without the nebuliser, the heated
humidifier downstream of the IPV device without the
nebuliser and the nebuliser alone.
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Fig. 1 Diagrams of the four
humidification systems tested.
DV Driving ventilator, HH
heated humidifier, HME heat-
and-moisture exchanger and
AHME active heat-and-moisture
exchanger, IPV intrapulmonary
percussive ventilation. a (circuit

1) A heated humidifier was
placed on the inspiratory line of
the DV, upstream of the IPV
device. b (circuits 2 and 3) An
HME or active HME was
positioned between the three- :
pronged connector and the test o
lung, downstream of the IPV
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Humidity and temperature measurements

Mean ambient air temperature during the study period
was 22.6 £+ 0.2°C. All humidity measurements were
performed using the psychrometric method after 3 h at
steady-state [9, 12]. A device composed of two unidi-
rectional valves to separate inspiratory and expiratory gas
flows was inserted between the test lung and the humid-
ifier. Two thermal probes, one dry and one wet, were
placed in the inspiratory part of the device and monitored
on a multi-channel high-precision (0.1°C) thermometer

with digital reading (uR1000, Yokogawa electric corpo-
ration, Yamanashi-ken, Japan). For each condition, two
measurements were obtained at the ventilator output and
at the three-pronged connector on the inspiratory line.
Temperatures at the heated humidifier inlet and outlet
chambers and at the heated plate were carefully moni-
tored. Ambient air temperature was measured using a
high-precision (0.1°C) thermometer with digital reading
(Duotemp, Fischer & Paykel, Auckland, New Zealand).
Absolute and relative humidities were calculated for all
the devices tested.
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Bench study of pressures and volumes

Both the IPV and the DV generate volume and pressure,
whose addition might modify intra-alveolar pressures
during inspiration and expiration. We designed an
extensive bench study to measure changes in DV-
administered VTs and intra-alveolar pressures under
various ventilatory and pulmonary conditions. Ventilatory
parameters (pressures and volumes) were measured using
the humidifier system that performed best in the first
phase.

The circuit was connected to a single-compartment
lung simulator (Michigan test lung, Michigan Instru-
ments, Grand Rapids, MI) used with three compliance
loads (C = 20, 50 and 100 ml/cmH,0O) and three resistive
loads (R = 5, 20 and 50 cmH,O/L/S Pneumoflo resistor,
Michigan Instruments). Three inspiratory plateau dura-
tions (0, 0.2 and 0.4 s) were set on the DV and two IPV
driving pressures (1.2 and 1.8 bar) were tested under each
condition. As a result, nine compliance load/resistive load
combinations were tested, each with six inspiratory pla-
teau/driving pressure combinations.

To assess the effect of IPV when PEEP was set on the
DV, the same parameters were recorded with different
levels of PEEP (0, 5, 10 and 15 cmH,0) and O s inspi-
ratory plateau. Resistive loads of 5 and 20 cmH,O/L/S
were tested with compliances of 20 and 50 ml/cmH,O.
Maximum alveolar pressure and VT due to IPV with
different PEEP levels were measured from the recordings.

Pressure at the three-pronged connector was taken to
represent the maximum airway opening pressure (Pao,,,)
and the mean airway pressure (Pao,c.,), pressure in the
single-compartment test lung was taken to represent the
maximum alveolar pressure (Palv,,,) and the mean
alveolar pressure (Palv,.,,). Mean pressure was measured
over the whole respiratory cycle. Pressures were recorded
using differential pressure transducers (Validyne, MP-
45 + 87 cmH,0, Northridge, CA). Flow was measured at
the test-lung airway opening using a pneumotachograph
connected to a differential pressure transducer (Sensym
ICT, Milpitas, CA). The frequency response of this set-up
was linear in the range of frequencies studied. Data were
fed through a 12-bit analog-to-digital converter (Biopac
MP 100 Goleta, CA), sampled at 200 Hz, and stored in a
personal computer for further analysis.

Data collection

Under all the study conditions, the DV was started first,
and after five steady-state respiratory cycles the IPV
device was turned on for subsequent recordings. At least
five cycles were recorded with the IPV device running
under stable conditions. Palv,,,,, Palvyca,, Paoy. and
Pao,can were measured and VT was computed by inte-
gration of the flow signal during inspiration. During

expiration, positive pressure inside the test lung (intrinsic
PEEP) and peak-to-peak Pao were measured.

Study of ventilators

Several currently available ventilators were used as the
DV to test their behaviour after addition of IPV. Three
ventilators used wall pressure (Engstrom, General Elec-
tric, Madison, WI; Avea, Viasys Healthcare, Palm
Springs, CA; and Evita 4, Driger, Lubeck, Germany) and
two used a turbine (Elisée 350 Res Med, Savigny Le
Temple, France; and T-Bird, Viasys Healthcare, Palm
Springs, CA). The ventilators were used in volume-con-
trolled mode with square flow, a peak flow rate at
60 1/min, a respiratory rate of 15 min~', and a VT of
500 ml. The combination of 20 cmH,O/L/S resistance
with 40 ml/cmH,0 compliance was tested with four
PEEP levels (0, 5, 10 and 15 cmH,0).

Statistical analysis

Absolute and relative humidities under the various con-
ditions were compared using the nonparametric Kruskal—
Wallis test. P values less than 0.05 were considered
significant. Results are given as median and interquartile.
All pressures and volumes shown are mean of five con-
secutive cycles (Fig. 2).

Results
Humidity

Absolute humidity of fully saturated air at 37°C is
44 mgH,O/1. This value would be achieved by the ideal
humidifier. Humidity values with each of the four systems
tested are reported in Table 1. In terms of airway
humidity, the nebuliser provided with the IPV device was
the least effective system when used alone. The only
system that provided adequate absolute humidity was the
heated humidifier placed on the inspiratory line down-
stream of the IPV device (Fig. 1c).

Ventilator parameters

Volume and pressure data with an IPV driving pressure of
1.2 bar are reported in Tables 2, 3 and 4. IPV increased
the VT administered from a minimum of 7 ml to a
maximum of 237 ml, increased Palv,,, from 3 to
10 cmH,0, Palv,can from 2.7 to 5.3 cmH,O0, Pao,,,, from
5 to 8 cmH,0 and Pao,,.,, from 2.4 to 4.9 cmH,0, with
all resistance and compliance conditions and with all
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Fig. 2 Recordings of flow, pressure at the three-pronged connector
(Pao) and pressure inside the test lung (Palv) during five cycles,
including two cycles with the driving ventilator alone and three
with the driving ventilator and the IPV device. VT tidal volume
measured by integration of flow, Pao,,,, maximal pressure at the
three-pronged connector taken to represent maximal pressure at
airway opening, Pao,,.., mean pressure at the Y-piece connector
during a respiratory cycle, Palv,,,, maximal pressure measured at

ventilator settings. The additional Palv,,,, due to the IPV
device was smaller when compliance or resistance was
increased. Increasing the plateau duration increased the
additional VT due to IPV, for instance from 56 to 155 ml
with a resistive load of 5 cmH,O/L/S and a compliance of
20 ml/cmH,O0.

Increasing the IPV driving pressure to 1.8 bar
increased the high-frequency burst volumes and then
increased all volumes and pressures. IPV increased the
VT delivered by the DV from a minimum of 39 ml to a
maximum of 402 ml, increased Palv,,, from 4 to

the end of inspiration on the test lung side port taken to represent
maximum alveolar pressure, Palv,,..,, mean alveolar pressure inside
the test lung during a respiratory cycle, PEEPalv positive end-
expiratory pressure measured inside the test lung. All measure-
ments were performed with and without the IPV device running to
allow determination of the additional pressures and volumes
generated with the IPV device

12 ecmH,0, and increased Pao,,,, from 12 to 15 cmH,0.
Details are available in the electronic supplementary
material.

During expiration, IPV generated intrinsic PEEP
(from a minimum of 1.7 cmH,O to a maximum of
4.3 cmH,0). This intrinsic PEEP increased with the
resistive load and with compliance, and was also higher
with 1.8 bar than with 1.2 bar of driving pressure.

When external PEEP (higher than 5 cmH,0) was set
on the DV, no additional intrinsic PEEP was generated
by adding the IPV device. Palv,,,, showed smaller

Table 1 Relative and absolute humidities provided by four different systems

[PV-device nebuliser System 1 (HH)

System 2 System 3 System 4

alone
Without nebuliser

(AME) (AHME)

With nebuliser

RH (%)
AH (mg/l)

44.9 (43.0-46.8)
7.9 (7.6-8.3)

82.6 (81.5-84.2)
22.3 (21.7-22.8)

85.5 (84.4-86.1)
20.5 (20.3-

89.3 (87.2-89.7)
21.3 (21.2-21.6)

93.1 (92.6-93.7)
23.6 (23.2-23.7)

93.7 (93.2-94.1)

20.8) 41.5 (41.3-41.7)%

Results are expressed as median and (interquartile)

RH relative humidity, AH absolute humidity, System [ heated
humidifier (HH) on the DV inspiratory line upstream of the IPV
device, System 2 heat-and-moisture exchanger between the three-
pronged connector and the test lung, System 3 active heat-and-

moisture exchanger between the three-pronged connector and the
test lung and System 4 heated humidifier on the inspiratory line
downstream of the IPV device

* P < 0.05 Kruskal-Wallis
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Table 2 Pressures and volumes measured from pressure and flow recordings

Settings Plateau VT delivered VT added Pao,,, Pao,ax Palv ax Palvax Intrinsic PEEP Intrinsic PEEP

time (s) by DV by IPV due to DV due to IPV due to DV due to [PV due to DV due to IPV

(ml) (ml) (cmH,0)  (cmH,0) (cmH,0)  (cmH,0) (cmH,0) (cmH,0)

R5 C20 0 494 56 21 8 18 7 0.3 1.9

0.2 126 8 18 8 1.9

0.4 155 8 18 8 1.9
R5C50 0 509 88 13 8 7 5 0.3 1.9

0.2 141 8 8 5 2

0.4 208 7 8 6 2
R5C100 O 522 102 10 8 4 3 0.4 1.9

0.2 175 7 4 4 2.2

0.4 237 8 4 4 24
R20C20 O 450 57 31 7 18 6 04 1.7

0.2 75 7 18 6 1.7

0.4 97 7 18 7 1.7
R20C50 O 490 57 26 7 7 4 0.5 1.8

0.2 122 7 8 4 2

0.4 168 6 8 5 2.1
R20 C100 O 526 85 24 7 4 3 0.5 2.5

0.2 144 7 4 4 2.7

04 233 7 5 4 3.1
R50C20 O 375 7 64 6 15 4 0.4 1.9

0.2 430 32 5 17 5 2

04 470 38 8 18 6 2.2
R50 C50 O 430 27 63 7 7 3 0.8 2.6

0.2 430 53 6 8 4 3.1

0.4 486 70 7 9 4 3.7
R50 C100 0 400 15 63 5 4 7 1.2 3.1

0.2 470 29 5 5 9 3.7

0.4 490 66 6 6 10 4.3

IPV driving pressure was 1.2 bar. Driving ventilator PEEP was set
at 0 cmH,O. The DV was an 8,400 STI Bird ventilator. Each
measure is the mean of five measures during consecutive respira-
tory cycles. Standard deviations are not shown because of the high
reproducibility of data

Note that the tidal volume delivered by the Bird DV without IPV
was also influenced by the impedance characteristics (from 375 to
526 ml when set at 500 ml) due to the absence of circuit compli-
ance compensation

increases with than without PEEP (Fig. 3). Table 4
reports the effect of the various parameters on pressure
and volume.

Study of ventilators

Each of the tested ventilators exhibited a specific pattern
of behaviour in response to IPV in terms of triggering,
cycling-off and PEEP. The flow added to the circuit by
the IPV device made spirometry unreliable.

e With the Avea ventilator, PEEP higher than 10 cmH,O
was associated with continuous autotriggering that
required setting the flow trigger above 3 1/min. IPV did
not generate intrinsic PEEP when the DV was set at
5 cmH,O or more.

R resistive load in cmH,O/L/S, C compliance (ml/cmH,0), VT tidal
volume, DV driving ventilator, /PV intrapulmonary percussive
ventilation, Pao,,,, maximum pressure at the Y-piece taken to
represent pressure at airway opening, Palv,,,, maximum pressure
inside the test lung taken to represent intra-alveolar pressure, PEEP
positive end-expiratory pressure

e With the Elisée ventilator, IPV had no influence on
triggering and generated no intrinsic PEEP when the
DV was set at 5 cmH,O or more.

e With the Evita 4, dysregulation of the respiratory rate
occurred, with prolonged cycles (7 s instead of 4 s set
on the DV) and occasional PEEP drops during IPV
with all PEEP levels set on the DV. When PEEP was
set on the DV, the resulting intrinsic PEEP inside the
test lung was added to the PEEP due to the IPV
device.

e With the Engstrom ventilator, continuous autotrigger-
ing occurred when PEEP was set at 10 cmH,O.
Changing the trigger sensitivity did not change auto-
triggering at this level of PEEP. Autotriggering did not
occur when PEEP was set at 5 cmH,O. No additional
intrinsic PEEP was noted when the DV was set at
5 cmH,O or more.
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Table 3 Mean airway opening (Paoy,e,,) and mean alveolar pressures (Palv y.,,) measured from airway and alveolar pressures recordings

Settings Plateau Paoeq, due Paoeq, due Palv,can due Palv,can due
time (s) to DV (cmH,0) to IPV (cmH,0) to DV (cmH,0) to IPV (cmH,0)
R5 C20 0 2.2 3.6 1.8 4
0.2 2.7 4.3 2.4 4.6
0.4 33 4.9 3 5.3
R5 C50 0 1.9 2.9 1.5 3
0.2 2.3 33 1.9 34
0.4 2.6 3.7 2.3 3.7
R5 C100 0 1.7 2.8 1.3 2.7
0.2 2 3 1.5 3
0.4 2.2 33 1.7 3.3
R20 C20 0 3.9 2.9 3.1 2.9
0.2 4.6 33 3.9 3.5
0.4 5.5 3.5 4.7 3.9
R20 C50 0 34 2.8 1.9 3
0.2 3.7 33 2.3 34
0.4 4 3.5 2.6 3.8
R20 C100 0 33 2.9 1.6 3
0.2 34 3.1 1.8 3.2
0.4 3.6 3.6 2 3.6
R50 C20 0 7.6 2.4 3.6 2.9
0.2 8.6 34 4.8 3.7
0.4 9.3 3.7 5.7 4.1
R50 C50 0 7.5 3.1 2.5 3.3
0.2 8.3 3 3.4 34
0.4 8.7 3.8 4 4
R50 C100 0 7.5 2.5 2.3 3.2
0.2 8.2 3 3 34
0.4 8.5 3.5 3.5 3.6

IPV driving pressure was 1.2 bar. Driving ventilator PEEP was set
at 0 cmH,0. The DV was an 8,400 STI Bird ventilator

R resistive load in ecmH,O/L/S, C compliance (ml/cmH,0), DV
driving ventilator, [PV intrapulmonary percussive ventilation,
Pao,,.., mean pressure during a respiratory cycle at the Y-piece

Table 4 Effects of ventilatory and pulmonary parameters modifi-
cations on the influence of IPV on delivered volumes and alveolar
pressures

Proportion of
the VT delivered

Proportion of
alveolar pressure

by IPV due to IPV
1 Driving pressure 1 1
1 Plateau duration 1 -
1 Resistance l l
TCompliance 1 1
1 External PEEP - l

e Finally, with the T-Bird ventilator, no autotriggering
was noted. When PEEP was set on the DV, the
resulting intrinsic PEEP inside the test lung was added
to the PEEP generated by the IPV device.

Discussion

The main results of this bench study can be summarised
as follows: (1) adding IPV to conventional ventilation

taken to represent mean pressure at airway opening, Palv,,.,, mean
pressure during a respiratory cycle inside the test lung taken to
represent intra-alveolar pressure. Standard deviations are not shown
because of the high reproducibility of data

markedly reduces humidity and providing adequate
humidity requires placement of a heated humidifier on the
inspiratory line downstream of the IPV device, (2) the
IPV device behaves as an additional ventilator that adds
pressures and volumes to tidal ventilation, (3) IPV gen-
erates intrinsic PEEP, whose level depends on the DV
used and extrinsic PEEP level and (4) recently developed
ventilators often show abnormal function when used in
combination with IPV.

Humidity

A major concern in intubated patients receiving
high-frequency ventilation is provision of adequate
humidification and warming of the inspired gases [13].
With high-velocity gases, the Venturi effect decreases
temperature and relative humidity [14, 15]. Adding IPV to
conventional ventilation decreases the humidity of the
delivered gases. Acceleration of a large amount of
ambient gas results in a drop in gas temperature, even
larger with the IPV-device nebulizer (system 1). Ade-
quate absolute humidity was achieved with only one of
the four set-ups tested in our study, namely, a heated
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Fig. 3 Measure of maximal Palv max
alveolar pressure (Palv,,,x) with
various levels of external PEEP (cml:EO)
set on the driving ventilator
with and without the IPV device e
running. Maximal alveolar 35 4 //’l
pressure (Palv,,,,) measured o P __/
inside the test lung with 30 L —
. - Ve &
(squares) and without A A Ty
(triangles) the IPV device 2a i ) S
running and with external PEEP / A~ - /
set on the driving ventilator at / b a // S
0, 5, 10 or 15 cmH,0. Palv,,, 01— 37 o y; 9%
increased with increasing PEEP S £ o
but the influence of IPV was 15 - e - - L -
stable. Resulting PEEP (circles) / o« K / / -// & i
is the total PEEP measured with P / = oA / P
IPV running. Using this driving L . / / p /
ventilator, when PEEP is set on « s / o ‘/
the DV, the resulting PEEP is 5 = & —* —
not the sum of PEEP « o« o -«
set + PEEP generated by IPV 0 i i
o ol 21e|e wlglwloelw|lo 8 o|lw|o]w
BB e ls B ‘ s B8 |s g 8|E|g|e
o |a B |F ||| ||| |d|& || ]|F]|E
R=5 C=20 R=5 C=50 R=20 C=20 R=20 C=50
=& DV —a— DV + IPV —e— resulting PEEP

humidifier placed on the inspiratory line downstream of
the TPV device (Fig. Ic). The minimal humidity level
recommended during prolonged mechanical ventilation is
30 mgH,O/1 [16]. Because absolute humidity was low
with conventional circuits in which the IPV device was
placed just downstream of the three-pronged connector,
we tested a system in which a heated humidifier was
placed downstream of the IPV device to avoid cooling
due to gas mixing and acceleration. This set-up allowed to
achieve an adequate level of hygrometry, which is nec-
essary to facilitate secretion removal [17]. Heating and
humidifying the IPV driving gases (using Vapotherm® for
example) have not been tested because the Phasitron® is
expected to accelerate the gases and decrease temperature
and absolute humidity. Using a longer inspiratory line
between the IPV device and the three-pronged connector
may attenuate the percussion wave shape.

Ventilator parameters

Flow measurements were recorded using a screen pneu-
motachograph that provided linear values within the
frequency range studied. Flow and pressure values were
recorded at three-pronged connector (representing the
airway opening) and inside the test lung (representing the
alveoli). In a recent bench study of high-frequency per-
cussive ventilation, pressures and volume were influenced
by resistive load, whereas elastic load affected only VT
[18]. Because of the complexity of ventilator settings in
this study (which involved high- and low-frequency,
inspiratory/expiratory  ratios, oscillatory continuous

positive airway pressure and driving pressure), the results
are difficult to apply to clinical situation. Therefore, we
studied IPV added to a DV that required only two
adjustments, i.e. driving pressure and percussion fre-
quency. In keeping with the previous study [18], volume
and pressure were heavily dependent on resistive load,
whereas compliance influenced volumes more than pres-
sures. Furthermore, we confirmed that IPV generated
intrinsic PEEP, and we quantified the pressure and vol-
ume increases due to the addition of IPV.

The IPV device behaves like an additional ventilator
that adds volumes during the respiratory cycles. Pressures
and volumes measured inside the test lung were increased
as a result of the added continuous (percussive) flow.
Insufflation duration during conventional ventilation
directly influenced the amount of flow added in the cir-
cuit, as shown by the increase in VT as plateau duration
increased. IPV generated 2-3 cmH,O of PEEP, in keep-
ing with results obtained by superimposing IPV on
spontaneous breathing [5]. Unfortunately, PEEP gener-
ated by IPV and PEEP set on the DV cannot be simply
added, as total PEEP depends on the PEEP-regulating
algorithm of the DV. IPV can deeply affect both cycling
and PEEP regulation of new-generation ventilators. Fur-
thermore, flow monitoring must be inactivated,
preventing calculation of inspired and expired volumes.
Pao,,ean, Which can be potentially monitored on ventila-
tors, underestimates the increases in Palv mean secondary
to IPV (Table 3). Therefore, each DV must be subjected
to extensive bench testing designed to evaluate its com-
patibility with TPV (especially cycling-off and trigger)
and the level of PEEP when IPV is used concomitantly. In
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addition, this system may be used from adults to neonates.
Even if the relevance of small extravolume delivered by
IPV may be limited regarding the adult population, it may
be injurious for a premature baby.

We are aware of a single clinical study of IPV added to
a DV [8]. Obese patients with acute respiratory distress
syndrome or acute lung injury and compression atelectasis
not improved by conventional ventilation received IPV
added to pressure-controlled ventilation. PaO,/FiO, and
atelectasis as assessed by computed tomography improved
with IPV. Pure oxygen was used as the driving gas for IPV.
As shown in our study, I[PV adds volume, so that the FiO,
provided to the patient depends on both the IPV driving
gas and the FiO, set on the DV. Moreover, part of the
Pa0,/FiO, increase observed in the clinical study [8] may

Conclusion

Adding IPV to conventional ventilation requires a specific
circuit to ensure that humidification is adequate. Admin-
istered pressures and volumes increase depending on
patient resistance and compliance. Knowledge of respi-
ratory mechanics is needed to estimate the pressures and
volumes actually administered to the patient, especially
when compliance is low, as in acute respiratory distress
syndrome.

Acknowledgment We thank “International Medical Assistance by
Percussionaire”, which provided the machine for the bench
tests. “International Medical Assistance by Percussionaire” reim-
bursed the registration fees to a scientific meeting for one of us.
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