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Abstract—Total liquid ventilation can support gas exchange I. INTRODUCTION
in animal models of lung injury. Clinical application awaits o . . .
further technical improvements and performance verification. L IQUID ventilation is a promising technique that might
Our aim was to develop a liquid ventilator, able to deliver accurate prove useful in the management of severe human lung
tidal volumes, and a computerized system for measuring lung diseases. Partial liquid ventilation, a relatively simple tech-
mechanics. The computer-assisted, piston-driven respirator con- pique, has been evaluated in preterm and pediatric clinical trials

trolled ventilatory parameters that were displayed and modified : ;
on a real-time basis. Pressure and temperature transducers along [1], [2], but currently, a multicenter study of adult respiratory

with a lineal displacement controller provided the necessary distress syndrome has completed the recruitment patients and
signals to calculate lung mechanics. Ten newborn lambs<(6 the results will be published shortly. Tidal or total liquid ven-
days old) with respiratory failure induced by lung lavage, were tilation is more complex, but offers significant physiological
monitored using the system. Electromechanical, hydraulic, and advantages to enhance gas exchange and lung mechanics.

data acquisition/analysis components of the ventilator were L :
developed and tested in animals with respiratory failure. Al Several total liquid ventilators have been reported, but none

pulmonary signals were collected synchronized in time, displayed Nas been able to simultaneously deliver accurate preset tidal
in real-time, and archived on digital media. The total mean error volumes and control ventilation during real-time monitoring of
(due to transducers, analog-to-digital conversion, amplifiers, etc.) lung mechanics. Such features are essential in gas respirators
was less than 5% compared with calibrated signals. Components g optimize ventilation processes [3], [4]. Moreover, only a

(tubing, pistons, etc.) in contact with exchange fluids were devel- |. . L .
oped so that they could be readily switched, a feature that will be limited number of total liquid prototypes have been tested in

important in clinical settings. Improvements in gas exchange and UNg injury studies, or developed with safety and reliability
lung mechanics were observed during liquid ventilation, without checks that are essential in a clinical setting.

impairment of cardiovascular profiles. The total liquid ventilator The primary forces that oppose the gaseous inflation of mam-
maintained accurate control of tidal volumes and the sequencing mglian lungs are: 1) resistance to airflow in the tubular airways,

of inspiration/expiration. The computerized system demonstrated L . . g
its ability to monitor in vivo lung mechanics, providing valuable and 2) surface tension in the alveoli. During normal expira

data for early decision making. tion, gas leaves the lungs passively, moved by its elastic recoil
Index Terms—Data _ acauisition. newborn lamb. perfluoro- to overcome airway resistance. When a liquid with a low sur-
carbon, pressure-limited,qtotal Ifquid ventilation,’ v?antilator, face tension _is in_troduced into the_lungs (e.g., perfll_Jorocarbo_n),
volume-controlled. surface tension is lowered, but airway resistance is greatly in-
creased due to the dynamic viscosity and density of the liquid

[5]. During total liquid ventilation, in order to maintain a low
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higher precision over inspiratory and expiratory times and fre- A Vi
quencies, but the problem of controlling tidal volume remained. Fr———
Volumes have been measured by scales (based on weight) - -

displacement transducers [9]. These devices are subject to ari -
facts since movement and forces generated by attached devic T ‘

L 74_‘:

- 4—‘— ) \E*A //

[N

(e.g., tubing, wires, monitors, etc. ) are difficult to avoid.

In more advanced liquid ventilators, pumps drive fluids and
automatic valves regulate ventilation settings. This is particu- 1=
larly advantageous for large animals [12], [13]. In some sys-
tems, pumps regulated inlet and outlet perfluorocarbon flows
[12] while in others, gravity has been used for expiration [13].
Volumes were obtained by integrating pulsatile flows, but had
to be verified by weight. Thus, the problem of regulating tidal
volumes remained.

To date, the most accurate volume-controlled ventilators ust
linear actuator pumps [14]-[17], in which volumecisntrolled
by integrating the displacement of the actuator (taking into ac-
count piston cross section). However, gravity drain during expi-
ration does not insure an accurate assessment of expiratory vc
umes and thus, of volumes remaining in lungs [15]. Moreover,
these systems do not evaluate lung mechanics or other param
ters that are useful to monitor and optimize ventilation. In addi-
tion, the respiratory medium (perfluorocarbon) has not been iso
lated from mechanical components (solenoid valves, bellows
reservoirs, etc.). In alinical setting, replacement of hydraulic e
compqnents from paFient to patient would not be feasible. Fig. 1. Ventilator scheme. Components of the ventilator include: (1)

In this study, our aims were to: 1) develop a eleCtromeChqnébira.tory piston-cylinder, (2) expiratory piston-cylinder, (3) piston pusH—puII
ical liquid ventilator prototype with easily removable hydrauliglatform, (4) lead screw and recirculating ball nut, (5) synchronous electric
components, to accurately deliver preset tidal volumes of perflotor, (6) lung, (7) inspiratory valve, (8) expiratory valve, (9) valve from

i . inspiratory reservoir, (10) valve to expiratory reservoir, (11) inspiratory
orocarbon; 2) deveIOp a ComPUte”ZEd system to measure I"i' rvoir, (12) expiratory reservoir, (13) warmer and oxygenator feedback
mechanics able to acquire, calculate and continuously displayuit, (14) tubes, and (15) endotracheal tube. In (A) Inspiration sequence,
measurements to provide operator feedback to better cont@yes (7) and (10) are open while (8) and (9) are closed. Both piston-cylinders

AT . empty their contents, resulting in an expanded lung volume. (B) Expiration
ventilation; and 3) test the usefulness of the ventilator and Iug&]uence’ valves (8) and (9) are open, while (7) and (10) are closed. Both
mechanics-measuring system in small animals with acute lugigton-cylinders expand their volume while lung volume becomes smaller.
injury. We show that lung mechanics can be accurately mon-
itored using total liquid ventilation in real-time under physiostep resolution described above and a screw pitch of 5 mm, the
logical and acute injury conditions. precision in piston movement was 1.2n (i.e., per step). The
speed of piston displacement was directly proportional to the
flow of perfluorocarbon in the hydraulic circuit. Linear actuator
Il. MATERIALS AND METHODS movement was managed by a ventilator controller (Movidyn,
SEW Eurodrive, Bilbao, Spain). This device regulated the speed
and angular position of the motor as well as the synchronization

The ventilator is a time-cycled, volume-controlled, pressuref valves.
limited system with multiple rigid cylinder-piston devices on During inspiration, pinch valves (Z110A, Sirai, Milan, Italy)

a sliding platform moved by a linear actuator with an electriwere used to drive flows from the inspiratory reservoir to the
synchronous motor (Fig. 1). The motor (OSY71STH, Sew Eilungs. During the expiratory cycle, perfluorocarbon flows were
rodrive, Bilbao, Spain) was controlled by applying a “resolverdiriven from the lungs to the expiratory reservoir. Reservoirs,
with 4096 steps/revolution. It was possible to select the type wdlves and tubing were all placed at the same level to avoid
movement (e.g., linear ramps, square waves, and sinusoidaltbs-introduction of parasitic hydrostatic forces (other than those
cillations) as well as speed (and acceleration) by adjusting theduced by the linear actuator).

step rate to the motor. Perfluorocarbon was recirculated in a feedback circuit from

To push and pull pistons, the rotary movement of the motan auxiliary reservoir through a heat exchanger (ECMO-Therm,
was transformed into linear displacement of the platform using®&ecor, Plymouth, MN) and a membrane oxygenator (0800A,
lead screw and recirculating ball nut. Ball adjustments could Beecor, Plymouth, MN) by means of a roller pump (10-150,
made to avoid backlash and the effects of wear between pist@isckert, Munchen, Germany). In order to maintain tempera-
and the motor. Pistons with known cross-sections were attachece and oxygenation of the perfluorocarbon liquid, a temper-
to the sliding platform, so that displacement could be precisedyure proportional-integral-derivative controller (Precisterm, JP
determined by the angular position of the motor. With the mot&electa, Barcelona, Spain) and a source of oxygen were attached

A. Ventilator System
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OPERATOR | signals. These were subsequently buffered on a first-in/first-out
A (FIFO) basis in order to reduce timing constraints during data
() (b acquisition by the computer.
v @ The angular position of the synchronous motor was sent from
C°'“15[“e‘:;a‘l‘l’i’c Lung < o Sentilator the ventilator controller (10 samplss!) to the computer for
> lung mechanics. This computer was interfaced using a periph-
4o A(D © - eral component interconnect with an extension for instrumen-
| Data Acquisition Card | v il tation (PXI-8156, National Instruments, Austin, TX; Fig. 2). A
LMotor l | Valves | program (Labview Ver. 5.1, Austin, TX) developed by the. au-
thors was used to transform the raw input data stream into a
I Hydrautic Cireuit l real-t_ime displays (_)f classic signals used to assess pulmonary
I function (volume, airway pressure, | : E flows, | : E temperature
] \ 4 of respiratory fluid and time). All results were displayed graph-
| PATIENT | ically and archived on a hard drive in a format that is compatible

with standard spreadsheet programs.
Fig. 2. Signal flows between the ventilator, lung mechanics system, patient,In order to reduce electrical noise, shielded cables and

and operator. Signals between components include: (a) patient weight (kg)o;nded junction boxes isolated all signals. According to the
diameter of cylinders (mm), total volume of cylinders (ml), I:E ratio, tida ’

volume (mLkg~'), ventilatory frequency (breatmin—!), standardized NYQuist sampling _theorem (18], the Sysltem must be able to
functional residual capacity (mkg~), and data sampling (datx'). (b) sample at least twice the rate of the maximum frequency com-
Circuit pressure (CmkD), instantaneous lung volume (mL), tracheal pressurgqnant in the signal to prevent aliasing. Since the fundamental
(cmH; O), chart with tracheal pressure versus lung volume, chart with circdit

pressure versus lung volume, instantaneous perfluorocarbon flamirt!), frequency of signals was 0.167 Hz (10 cyokn~!) and wave-
perfluorocarbon temperatur€ §), and patient body temperatureQ). (c) forms were devoid of sharp (i.e., high frequency) transitions,
Electrical signals (V) proportional to endotracheal pressure, alveolar pressipe, acquisition frequency for all signals was selected as 10
and perfluorocarbon temperature. (d) Instantaneous motor angular posieg'n ) . .
(number of steps) ] Motor speed during inspiration and expiration processeslZ. Signals were over-sampled at 1 kHz, and a median filter
(rpm), angular position (steps), functional residual capacity, and tidal volumaveraged groups of 100 data points in order to achieve this rate.
(f) Motor angular position (steps). (g) Electric current (A) in the motor. (h) Pulmonary mechanics measurements were calculated on a
Digital signals to drive valves. .
breath-by-breath basis. Breath-by-breath data were used to cal-
. _ o S culate derived pulmonary parameters including: minute ven-
to these devices. With an eye toward applications in clinical sgfation (V), mean airway pressuré® gw), quasi-static peak
tings, the ventilator was designed to facilitate the exchange gfdpiratory pressure (PIP), quasi-static positive end expiratory
disposal of those elements containing the perfluorocarbongfessure (PEEP), mean airway resistatitas), dynamic lung
contact with thg patient (i.g., pistor_l cylinders, tubing, ﬁtting%ompliancecdyn), and work of breathingW/ ). Since the sam-
etc.). The ventilator contains multiple and equal numbers pfing rates of all signals were constant, each respiratory cycle
cylinder-pistons in each inspiratory and expiratory branch. Stafad a number of samples)(that was related to respiratory fre-
dard plastic cylinder-pistons of different volumes were used. quency 100 points in all cases).
Operator control of ventilatory processes was performedMean airway pressur®(yy), expressed in cmyO, was cal-

via a graphic interface. Settings that were selected at the staffated as the mean value of airway pressure during one breath
of liquid ventilation included: patient body weight (bw; kg),

inspiratory—expiratory ratio (I:E), ventilatory frequency (f; Paw = 1 Z Paw. 1)
cyclesmin—!), standardized tidal volume / mL-kg™!), ey

standardized functional residual capacity (FRC;-kg-). In  Standardized tidal volume, expressed in-kg=!, was the nor-
order to control delivered volumes from different cylinder-pismalized volume of one breath.

tons, volume (mL), and diameter (mm) must be also set. All Quasi-static PIP and quasi-static positive end-expiratory

settings could subsequently be adjusted as needed. pressure (PEEP), expressed in cyiH were calculated as the
_ mean pressure at the end of the inspiratory and expiratory cycles
B. Lung Mechanics System by a proximal airway occlusion for 500 ms. These were de-

Fig. 2 summarizes the major components and signal floé&'mined when sample-to-sample increments of instantaneous
between the total liquid ventilator controller, computer for lungolume were less than 0.01 mL (i.e., perfluorocarbon flow
mechanics, patient, and operator. Signals from the patient ak@s close to zero and airway pressure was considered equal
perfluorocarbon circuit were acquired via pressure transducé@salveolar pressure). i’ andn” are the number of pressure
(Transpac 1V, Abbot Lab., Sligo, Ireland) and temperaturg@mples during inspiration and expiration, respectively, then
sensors (Pt100, Maikontrol, Barakaldo, Spain), and acquirBP and PEEP can be computed as
by full bridge strain gauge and resistance temperature detector 1 &
input modules (5B38 and 5B34, Analog Devices, Norwood, PIP=— Z Paw (2)

MA, respectively). These devices conditioned and amplified -
analog input signals to a standard voltage range (0-5 V). o
All voltages were then converted by a data acquisition card PEEP= % Z Paw. 3)
(MIO6040E, National Instruments, Austin, TX) to 12-bit digital ne =
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Standardized dynamic lung complian€&(,,), expressed in Instr., Quincy, MA). Computerized and polygraph records
mL-cmH, O~ t.kg—t, was calculated as maximum difference inwvere closely examined over five consecutive respiratory cycles
volume normalized by the pressure difference and body weight=5). To calibrate |: E ratios (3:1,2:1,1:1,1:2 and 1:3)

[19] and inspiratory{';) and expiratory('g) times (3-12 s), physi-
AV V e — V i ological Vi (15 mLkg~!), animal weight (4 kg) and frequency
Cuayn = = ° . 4 6 cyclesmin—!) were maintained constant. Conversely, in
AP-bw  (PIP-PEEP)-bw order to calibrate frequency (1, 2, 5, 8, and 10 cychis1);

V1 (15 mL-kg—!), animal weight (4 kg), | : E ratio (1: 1) were
@aintained constant.

The absolute4AValue = Value, casured — ValU€eterence) @Nd
percent relative errorg${alue = 100 - AValue/Valu€.cterence)

The airway resistanc&(yv ), expressed in cmgO-L .51
was calculated at different levels of inflation volume using th
method of Mead and Whittenberger [20] as

Raw = Pins — Poxp ) (5) were determined at each increment of volume, pressure, tem-
Vigs + ‘Vexp perature and time [21]. A mean calibration error was calculated
for each set of values.

The pressure difference between inspiratory presftjg)(and _
expiratory pressuré.,,,) was obtained for each step of volumed. In Vivo Experiments

change from the P-V loop. Inspiratory {) and expiratory  Experimental protocols met all regulations for animal
flows (|Vexp|) were measured at the same level of volume.  research (EU Directive 86/609) and were approved by the
Standardized work of breathingWr), expressed in |pstitutional Experimental Research Committee. The study was
g-cmkg~*, was calculated for each breath using the followingarried out on ten healthy newborn lambs less than six days old
[3]: with a meantSD of 3.21+ 0.75 kg.
. Lambs were sedated, anesthetized and paralyzed as previ-
/ Pow dV / Pow (dV/dt) dt / PawV dt ously described [22]. A tracheotomy was performed and ani-
Wr = = = b : mals were placed on a conventional gas ventilator. Rectal tem-
(6)  perature was monitored and kept constant with a radiant warmer.
This value is the area enclosed by the hyStereSiS IOOp formed@gtheters were p|aced in the left femoral and pu|monary ar-

bw bw w

plotting pressure versus volume. teries to determine pH, partial pressures of oxygen @Pa@d
o carbon dioxide (PaCg), systemic arterial and pulmonary artery
C. Calibrations pressures, and cardiac output computed from a mean of three

Circuit compliance C.i;cui) Was determined in the hydraulicrandom determinations [23].
components (i.e., piston cylinders, tubing, fittings, etc.) of the Lung lavage was performed as previously reported [24] to ob-
ventilator at constant volume increments (1 mL). Determin&in a severe and stable respiratory failure with Pa© 100
tions of C.icuir Were repeated ten times. mmHg, PaCQ > 50 mmHg, pH< 7.2, 50% decrease @4y,
Calibrations of volume, pressure and temperature were pand 50% increase in pulmonary artery pressure. At least 30 min
formed at atmospheric pressure and room temperature 25 were allowed to ensure that additional substantial changes in
and 101.4+ 0.7 kPa). Under these conditions, the perfluorghysiological parameters did not occur. Baseline levels were de-
carbon (FC-75, 3M, St. Paul, MN) used in this study has thiermined at this point (i.e., post-injury). After lung lavage, lambs
following physical and chemical properties: 157 mL £Q00 received an intratracheally instilled volume of 30 g+ as
mL, 52 mL O, - 100 mL, surface tension 0.015-hM~*, vapor perfluorocarbon FRC, and then placed on liquid ventilation for
pressure 7.87 kPa, and dynamic visco8ityl0—* Pas. three hours. All series of parameters were recorded every 30
The accuracy of measuring delivered volumes was assessgd. _ )
using 5-, 10-, and 50-mL glass syringes (Hispano ICO SA, During gas ventilationC gy, Raw, Paw, andVg were cal-
Barcelona, Spain). In each case, the cylinder-piston deviceadated by a computerized system (PEDS, MAS, Hatfield, PA),
the ventilator was serially connected to calibration syring@s previously described [22]. During total liquid ventilation,
in which the measured volumes were recovered, and lateng mechanics parameters were determined using the comput-
compared with volumes established by the computer for luggized system and equations described above. All pulmonary
mechanics (5, 10, 20, 30, 40, and 50 mL). mechanics studies during gas and liquid ventilation were per-
Pressure signals were calibrated with a U-tube wattsrmed on ten consecutive breaths over a period when there
manometer (3T294, Fisher Scientific, Chicago, IL). Atmowere no changes in ventilation strategy (i.e., condta¥it, | : E
spheric pressure was considered a zero reference point. Uppép, etc.).
and lower pressures were expressed as relative vau@g, ( -
—20, -10, 10, 20, and 30 ij-(D) E. Statistical Analyses
Temperature signals were compared with digital thermome-All values are given as meah SD. Simple linear regression
ters with a resolution of 0.2C (Digi-Sense, Cole-Parmer Instr.analyses were performed to describe the relationship between
Co., Chicago, IL) at 25, 37, and 4%C. calibrated and monitored signals (e.g., temperature, frequency)
The accuracy of time-dependent ventilatory settings (i.@nd to describe relative errors. Comparisons of physiological
inspiratory and expiratory times, | : E ratio and frequency) watata were tested with one-factor analysis of variance with
compared using traces recorded by a polygraph (7P, Gr&mferroni—-Dunn’s correction as function of time (StatView
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cylinder and (reduced oxygen) perfluorocarbon from the lung to
the expiratory cylinder.

The respirator system incorporates adjustable airway pres-
sure safety limits for inspiration (50 cm®) and active expi-
ration (—20 cmH,O). During the expiration cycle, if the lower
airway pressure limit is reached, the current respiratory cycle
is automatically stopped and a new inspiration started. Simi-
larly, during inspiration, if upper airway pressure is achieved,
the input flow into the lungs is arrested and an expiration cycle
initiated. However, typical maximum inspiratory and minimum
expiratory pressures were between ten and 25 gimtnd be-
tween—5 and— 15 cmH, O, respectively.

B. Calibration Assays of Signals

A primary advantage of total liquid ventilation is the relative
incompressibility of the fluids and solid structures on the venti-
lator side of the pulmonary circuit. Since the compliance of the
hydraulic component is negligible compared with other elastic
elements (i.e., the lungs), volume variations within the venti-
lator pistons are directly transmitted to the lungs. The hydraulic
circuit compliance was 8.8.0~2+ 0.7 - 10~2 ml-cmH, O~ .
kg~!.

Fig. 3. Photograph of the time-cycled, ~volume-controlled, a”d_gPressure signals were measured over a range @0 to

pressure-limited ventilator. The system can be transported for use andSB oo L .

completely self-contained except for a supply of electrical power. cmH;O duringin vivo studies involving ten newborn lambs.
The system is capable of monitoring a range frer843 to

SE+Graphics; Abacus Concepts Co., Orlando, FL)p-%alue 650 ch-LEO. Calibration experiments involying pressure signals

< 0.05 was accepted as significant. resulted in a mean error 6f1.0+0.8%. No single measurement
produced a pressure error greater than 4%.

The delivered volume signal was varied over the range from
0 to 120 mL duringin vivo studies. The system is capable of
A. Ventilatory Performance delivering and monitoring a range from 0 to 320 mL. Calibration

The respirator prototype was assembled on a portable di@cedures demonstrated a mean error in delivered volumes of
compact frame that could be easy managed and that facilitate® = 1.7%.
making correct connections with animals (Fig. 3). During ven- Temperature signals had a physiological range of @50
tilation, accessibility by the operator was made as convenieHi®C duringin vivostudies. The system is capable of measuring
as possible to enable the checking and management of cir@uitnge from near 9C to 100°C. The regression coefficient be-
components as well as to respond quickly to warning signatg/een electrical signals provided by the temperature probes and
Tubing, fittings and cylinder-piston seals did not show perfludts conversion to degrees Celcius i = 0.999 f <0.001).
rocarbon leakage over physiological ranges of pressur@8 ( Therefore, the error in temperature measurement was consid-
to 50 cmH;O) and temperatures (2% to 45 °C). ered negligible.

When the total liquid ventilator is turned on, the computer The ability of the computerized system to make temporal
positions cylinder-pistons and valves in the inspiratory phasagasurements was assessed by having the system take readings
avoiding the generation of potentially harmful pressures. Thisom well-defined control signals. Mean absolute and relative
is maintained until operator commands are entered to begin regors of 1 and T, at different | : E ratios are summarized in
piratory control. Table I. Errors from manually derived data using polygraph

During inspiratory cycles [Fig. 1(a)], the motor pushes a platraces showed higher mean values than those obtained with
form that is a common housing for inspiratory and expiratorgomputerized calibrations. In all cases, the absolute and relative
pistons using a lead screw. The pistons have equal diameteresors compared with polygraph determinations were less than
they each move the same amount of liquid. The lung inspirk®0 ms and 2.56%. Computerized measurements demonstrated
tory valve opens, allowing perfluorocarbon to flow through thehe lowest mean errors (100 ms and.66%).
lungs. The expiratory cylinder places its contents in the expira-Similar series of experiments were performed to assess the
tory reservoir through the (open) expiratory reservoir valve. Tleecuracy of frequency measurements (Table I1). Both polygraph
other two valves in the perfluorocarbon circuit are closed. and computerized measurement errors were never greater than

During the expiration cycle [Fig. 1(b)], the inspiratory reser+2%. Linear regression between applied and measured frequen-
voir and lung expiratory valves open. The motor pulls both pisies showed a good correlatioR{ = 0.975p < 0.005 with
tons at the same time, resulting in the movement of oxygenatealygraph method an®? = 0.999p < 0.001 with computer
perfluorocarbon from the inspiratory reservoir to the inspiratompethod).

Ill. RESULTS
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TABLE | A
Weight vt Freq. | E FRC
T RSESSMENT OHNSPIATORY AND EXPATORY THIES WiTs ke i E0miig 3] YT fodl [ i
DIFFERENTI : E RATIOS Waveform Graph
L:E ratio | 3:1{9:3s} 2:1 {8:4 s} 1:1 {6:6 s} 1:2 {4:8 s} 1:3 {3:9 s} 70

2| T @s) | 00140015 | 0.0120.01s | 0.02:0.00s | -0.01£0.01s | -0.02+001s :g: S
E (rel) | 0.06£0.12 % | 0.1740.08 % | 0.410.06 % | -0.2640.17 % | -0.77+0.20 % g 40 - 55‘
::_’ Ty (abs) | 0.08£0.00s | -0.013000s | 0.03%0.00s | 0.0240.01s | 0.10£0.00s E ;3: g

(rel) | 256+0.11 % | -0.2440.11 % | 0.4740.07 % | 0.30£0.07 % | 1.1240.02 % 5 10 E
T (@bs) | 00740055 | -0.0240.05s | 0.00£0.00s | -0.05£0.06s | -0.06+0.05s &
% (rel) | 0.8340.55 % | -0.3120.62 % | 0.0040.00 % | -1.2541.44 % | -1.66+1.92 % B B A
§ Te (abs) | -0.0240.05s | 0.00£0.00s | 0.0020.00s | 0.02+0.05s | 0.10£0.00s 20 o 1 2 3 4 5 6 7.8 9 1011 12

(rel) | -0.83+1.66 % | 0.00:0.00 % | 0.00+0.00 % | 0.3130.62 % | 1.11£0.00 % Time (s)
Data are shown as mean + SD. T;: inspiratory time; Tg: expiratory time; (abs): absolute error; Pressure Limits
(rel): relative error. Low 20 cmH.0 High mcmH,o

B
v Paw Te PEEP
TABLE I [ 0.0]mL [ 10.9]cmH.0 [ 38.1]ecc [ 9.1]cmH.0
TEMPORAL ERRORS INPOLYGRAPH TRACES VERSUSCOMPUTERIZED
ASSESSMENT OFFREQUENCY P-V Loop
70
f {interval} 1{60 s} 2{30s} 5{125} 8{1.55} 10 {6 5} 60—

Polygraph (abs)} 0.8320.02s | 0.2330.01s { 0.05:0.00s | 0.00+0.01s | -0.04+0.02s
(rel) 1.38+0.04 % | 0.76:0.04 % | 0.4420.04 % | 0.02£0.08 % | -0.63£0.40 %
Computer (abs) 026+0.01s | 0.10£0.01s | 0.00£0.00s | -0.03+0.01s | -0.040.01s
(rel) 0.44+0.41% | 0.330.15 % | 0.0020.00 % | -0.40£0.20 % |-0.66+0.82 %

Volume (mL)
w
—

Data are shown as mean + SD. f: frequency (cycles'min™); (abs): absolute error; (rel): relative

error.

-30 -10 10 30 50 70
Paw (¢cmH20)
Raw Cdyn Wr

) . . [1485]omH.0/L1s 14 |mLicmH.0rkg]_497]g-cmikg
Displays of raw signals, P-V loops and lung mechanics cal-

culations were presented on a breath-by-breath basis (Fig.m.4. Operator screens. (A) Example of a screen indicating input parameters:

The system had three windows: ventilatory configuration, ugpimal weight, tidal volume, frequency, I:E ratio and functional residual
acity adjustment. Airway pressures and lung volume waveforms are also

procgssed (raw signals) a“‘?‘ integrated (P-V IOOpS_) data, andiﬁ&m. (B) Example of a screen during breath-by-breath analysis. Pulmonary
namic lung parameters derived from (4)—(6). All displays welgrameters that were calculated include: mean airway pressure, quasi-static
available at any time during an experiment in a summariz@gsitive_ end ex_piratory pressure, st_andardized respiratory work, standardized
window (Fig. 4) with partial data from prior pages. dynamic compliance and airway resistance through P-V loops.
The system can calculate dynamic compliarce,() from
raw signals (volume and pressure) using (4), with a range frdfh 117740 gemkg~. Scatter ofWr for each study had a
near 0 to 100 mtmH,O~1-kg~!. In the 30 procedures per- maximum range of 14.10%-8.49 to 5.61%) and minimum
formed (three/animal, after 1, 2, and 3 hours), a physiologic@fi 1-03% -0.46 to 0.57%). The maximum standard deviation
range of 1.04:0.02 to 2.68-0.01 micmH,0—*-kg~! was mea- Was 4.91% for all studies [Fig. 5(c)].
sured. Scatter of'4,,, for each procedure (dispersion) showed Traces of lung me_chamcs measur(_emeﬁx@(l, Raw, Wr)
a maximum range of 16.68%-{.37 to 9.31%) and minimum Were displayed continuously (e.g., Fig. 6). Stable values were
of 0.84% (-0.55 to 0.29%). The maximum standard deviatiopbserved in the absence of changes in ventilatory settings. In
expressed as a percentage was 4.83% [Fig. 5(a)]. addition, real-time displays df sy, quasi-static PIP and PEEP
The system can calculate airway resistanBay() from Were generated. During ventilation, it was possible to change the
raw signals (pressure and flow) using (5), with a range froRhysiological characteristics of the pulmonary load, for example
0 to 11500 cmHO-L~1-s~1. The physiological range during by manually perturbing FRC. The pulmonary consequences of
in vivo studies involving ten newborn lambs was 0% to such disturbances could be detected by the system and correc-
165921 cmH,O-L 1.1, Scatter oRay for each study had tive actions taken.
a maximum range of 15.18%-8.56 to 6.62%) and minimum i
of 2.42% (~1.47 to 0.95%). The maximum standard deviatioR- " Vivo Experiments
was 5.00% for all studies [Fig. 5(b)]. Pulmonary lavage during gas ventilation produced a signifi-
The system can calculate standardized work of breathingnt decrease of arterial pH and oxygenation, and an increase in
(Wg) from raw signals (pressure, volume) using (6), with RaCQ levels (Table IIl). Tachycardia (increased heart rate) and
range from 0 to 12300.gm-kg—!. The physiological range pulmonary hypertension were associated with the lavage pro-
duringin vivo studies involving ten newborn lambs wasi6P cedure, but no effects were observed on either cardiac output

C. Lung Mechanics System
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Fig. 6. Continuous monitoring during total liquid ventilation. Traces
Fig. 5. Range of computed lung mechanics parameters. Measurements wieliionstrate the stability of the ventilator and how parameters vary with a
performed during ten consecutive breaths (repeated three times/animal usifignge in ventilator settings through a 30 min monitoring period. The ventilator
ten animals). Values for dynamic compliance (A) ranged from 1.04 to 2.G&quency was 5 breaths/min except between the dashed lines when it was 6
mL-cmH,O~*-kg~*, airway resistance (B) from 107 to 1659 ca®iL~*-s~*  preaths/min. (A) Quasi-static positive end expiratory pressure, standardized
and work of breathing (C) from 62 to 1177cgnkg—*. dynamic compliance, mean airway pressure, and quasi-static peak expiratory
pressure trends. (B) Airway resistance and respiratory work during the same
monitoring period.

or systemic arterial pressure. The procedure did, however, com-
promise the elastic properties of the lung as indicated by a dgig volumes by means of forced flow mechanisms such as
crease iNCayy (1.7+0.5 versus 040.2 mL.cmH,O~*-Kg™,  peristaltic pumps or linear actuators. Demand-controlled venti-
p < 0.05) and an increase iaw (28+10 versus 5&11 |ators were developed to provide automated control of time and
cmH,O-L~1-s74, p < 0.05) andP aw (Table I1). volumes by integrating pulsating flows [14], [26]. Recently,
After the start of total liquid ventilation, a twofold increas8jnear actuators have been employed to improve accuracy and
in arterial oxygenation and an improvement of ventilation witfejiability. Piston-driven ventilators have been shown to meet
a significant reduction in carbon dioxide were observed. {fperational and mechanical requirements for small animals
addition, arterial pH demonstrated an upward trend while he 6], [17], although the potential range of applications using
rate, pulmonary and systemic arterial pressures, and carcigg approach has not been fully developed. In this study, we
output did not change significantly. After one hour, a fourfoldiescripe a multiple piston-driven ventilator that includes new
improvement of Cqy, (2.0£0.5 mL.cmHO~*kg™) with  spjutions to some previously unresolved problems.
lowerP xw andVy, was observed with a large increaséRRw  |n |iquid ventilators that utilize linear actuators, volume con-
(667525 cmbO-L~*-s74). This later finding is related to o] is obtained by determining cylinder-piston position [16],
the high dynamic viscosity and density of perfluorocarbon 7). Linear potentiometers have been used to perform this func-
that flows through the upper airways. During experiment§on [16]. A “resolver” connected to a motor shaft can also be
ventilatory settings were adjusted as needed and physiologigaéd to produce a high degree of accuracy. In addition, the use
data remained stable thereafter. of a gearbox introduces backlash and the effects of wear be-
tween the motor and pistons. We prefer to directly connect the
motor to the shaft-lead screw in order to avoid this problem
and to maintain a high spatial resolutiony (&) of piston posi-
Since the 1970s, ventilators have been developed to imprdian. Although, a rapid improvement in lung compliance would
both the control and safe application of total liquid ventilatiomake a pressure-limited, time-cycled ventilation a less aggres-
[9], [10], [13]-[17], [25], [26]. Improvements have focusedsive strategy, the fact that the only available systems to measure
mainly on the control of inspiratory-expiratory times andiquid tidal volume is by means of weight scales, seems to be

IV. DISCUSSION
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TABLE 1II respiratory patients if it can be demonstrated that similar safety
MEAN PULMONARY GAS EXCHANGE PARAMETERS DURING GAS measures are in place.

AND LIQUID VENTILATION . .
In our design, steps have been taken to implement such safety
measures. The ventilator motor is regulated by three nested

Gas Liquid Ventilation - .
Ventilation feedback loops. First, a_speed feedback loop pr_owdes control
— o " o over frequency, |:E ratio]I';, Ty and acceleration ramps.
- 0 our our . . .
o " The measurement resolution of this feedback loop is less than
";01 0319 # | 201474 202480 202437 * 3% in T1—Tg durations and-0.66% in frequency. Second, a
() positioning feedback system regulates tidal volume and varia-
(P“io; 60£19# | 58510 49r1d  48410* tion of FRC by means of exact synchronization of valves and
¢ the linear displacement of the cylinder-piston. Error in mean
PH| 7.06006# |7.1150.10 7165009 7208015 delivered volume is less than 0.9%. Third, a pressure feedback
Systemic areial pressure| 616 G9s1d 340 loop limits airway pressure between upper and lower limits.
(mmHg) The integration of these feedback loops produces a high degree
Mt | o0y | 217 223i32 219829 of security superimposed with the following mechamsrn; 1)
(beatsmin™) high-low pressure alarms and volume/pressure cut-off limits to
Pulmonary artery pressure | o, 6411 41411 34412 prevent lung injury due to e>_<cessive_v0|umes or pressures, and
(menkig) moreover, prevents the expiratory airway collapse, the incom-
Caidiafi“l:l’_“l‘ 356488 | 320:133 298486 304484 plete emptying of the lungs and the possibility to hyperinflation
(mlminke) of the lung at the next inspiratory cycle; 2) manual/automatic
Q““i's‘“‘i; "(‘)" 2564034 | 152457 16245.8 191444 * servo control of priming volumes with changing FRCs to preset
(0} PEEPs in order to optimize alveolar expansion and improve gas
Mean mrway(pm:u; L1210# | 73435 103827  9.1%19% exchange; and 3) starting ventilation in the inspiratory phase to
cmH,! . . .
avoid dangerous airway collapse and hemorrhagic shock.
Ml:“‘ivef“_‘l‘t“_’l“) 3664774 | 137428 153352 126335 % ; Computerized respirator systems with on-line displays have
mL-min" kg

been developed to test lung function during spontaneous and/or
conventional mechanical ventilation [3]. A primary goal using
these techniques is to develop optimum ventilatory therapies
for patients under different conditions [4], [20]. Total liquid
a less accurate approach, since external disturbances gener\fﬁgglation Is an a_ctiye ventilatory technique usir_lg forced inf
by attached devices are difficult to avoid. spl.ratlon and expiration cycles that require conthuous moni-
) . toring on a breath-by-breath basis. Liquid ventilation must be
Ventilatory managgmiant is generally performed at frequeRarformed using a dedicated, computerized system in order to
cies of 4 to 8 cyclesnin™ 1'{ Eratiosof1:1t01:3,tidalvol- ,pain reliable measurements without extensive training (be-
umes of 15 to 25 mikg™", inspiratory pressures of 70 t0 30yqnq that available in a typical clinical setting), and real-time
cmb,O and PEEPS 0f10 to 100 cmHO [6]-[8]. Our system icyjations of lung mechanics [33]. Changes in our ventila-
readily handles these ventilatory settings. In addition, in eaﬁg}y strategy (e.g., frequency, tidal volume, | E ratio, etc.) pro-
case, the system can perform well beyond these ranges in 0fgigte 4 immediate alterations in lung function (compliance, re-
to handle pathophysiological situations. sistance, work of breathing, etc.). As shown in Fig. 6, following
In order to determine the accuracy of our ventilator, we peguch changes, stable trends in pulmonary values suggest that the
formed an extensive check of errors introduced by each cosystem accurately reflects physiological conditions in the lungs.
ponent (volume-delivered linear actuator, pressure transducgiis finding is also corroborated by the low variance of calcu-
temperature sensor, etc.). This is the first time such quality cqated values (Fig. 5).
trols have been reported in the development of total liquid venti- Some of the analysis protocols during total liquid ventilation
lators. In summary, we observe alow mean error in all calibratggllize the assumption that liquids are relatively incompressible.
signals (pressure:1.0%, delivered volume: 0.9%, temperaturegnder this condition, volume changes in the cylinder-piston
0%, Tr: —1.66%,Tr: 2.56%,f: 1.38%). The low error in raw produce an equivalent displacement of volume through a closed
signals suggests that computed pulmonary parameters (comglicuit to the lungs. A way to test the validity of this assumption
ance, resistance, work of breathing, etc.) accurately represgib determine whethet..;;..;: is negligible compared with the
the physiological state of the lungs. In most cases, errors canfR@asured MINIMUMyyp. If Ceircuic Were in the same range as
considered negligible. In all cases, measurement errors are @Jj§n, then the accurate measurement of lung compliance be-
ficiently low that they should not significantly alter the selectiogomes much more difficult. In our ventilatog)y, was 570
of appropriate ventilatory therapies. times higher tha;,.it, Suggesting that an accurate measure
Conventional gas ventilators have progressively incorporatefilung compliance can be obtained.
servo-control limits to prevent pulmonary damage. Particular As in any ventilatory system, problems can arise if there are
attention has been paid to limit pressure, volume @pdl's. the leaks between different components. During total liquid
As demonstrated in animal models [9], [27]-[29], total liquidientilation, the cylinder-piston gasket is one of the most prob-
ventilators may prove effective in the management of criticldmatic areas. This is exacerbated by both the characteristics

Data are shown as mean + SD. (#) ANOVA, p<0.05 vs. baseline; (*) ANOVA post hoc

treatment, p<0.05 all values versus post-injury level.
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