Gas Exchange by Intratracheal Insufflation in a Ventilatory Failure Dog Model
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Abstract

Respiratory insufficiency patients who need only partial venti-
latory support are, nevertheless, intubated and connected to a
respirator. In search of a partial respiratory assistance method
we evaluated the gas exchange, mechanisms, and hemodynamic
effects of intratracheal insufflation (ITI) via a narrow (0.2-cm)
catheter. The effects of flow rate (0.05-0.2 liter /min per kg),
catheter tip position (carina, bronchus, and trachea), and su-
perimposed chest vibration at 22 Hz were studied in seven anes-
thetized and partially paralyzed dogs. ITI in the carina induced
CO, removal (Vco0,) of 48+16 ml/min in the periods between
breaths, which was 39% of the control Vco,. CO, removal
rates between breaths with ITI in a bronchus and in the trachea
were 63 and 28% of control, respectively (P < 0.05). ITI at
0.15-0.2 liter / min per kg augmented total Vco, by > 50% over
control (P < 0.05) and decreased Paco, by 10% (P < 0.05)
despite a 28% fall in V; and 32% lower work of breathing (P
< 0.05). Adding vibration to ITI at 0.15 liter /min per kg in-
duced Vco, of 16234 ml/ min, which was significantly greater
than control, while Paco, fell from 69+24 to 476 mmHg (P
< 0.05), despite complete cessation of spontaneous breathing.
ITI with or without vibration did not cause any hemodynamic
changes, except for a fall in the shunt fraction from 14.6+9.9%
to 5.8+2.8% with vibration. Thus, ITI at low flow rates can
support respiration with no hemodynamic side effects. Adding
chest vibration further enhances gas exchange and can provide
total ventilation. (J. Clin. Invest. 1992. 90:2376-2383.) Key
words: artificial ventilation « vibration e respiratory failure

Introduction

Some respiratory failure patients are predominantly inflicted
with ventilatory insufficiency. These patients usually have rudi-
mentary spontaneous breathing, but are unable to support
their respiratory metabolic needs and often require prolonged
artificial ventilation. The etiology is diverse; e.g., traumatic cer-
vical cord transection, or stable or progressive neuromuscular
disorders are among the more frequent causes. Currently, in all
the patients who need mechanical ventilation, endotracheal
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intubation (ETT)' (oral, nasal, or via tracheostomy) is per-
formed and intermittent positive pressure ventilation is ap-
plied. These procedures are straightforward and guarantee ade-
quate airway care and gas exchange. Nevertheless, side effects
such as limitations on patients’ ability to talk, swallow and
cough effectively, tracheal irritation, pulmonary pressure
trauma, hemodynamic interference, the cost of equipment,
and the requirement for specialized personnel have stimulated
investigators to search for alternatives.

Application of subatmospheric intermittent external pres-
sure to the whole body or the chest wall by the iron lung or by a
chest-abdomen cuirass at regular or high frequency rates was
designed to increase alveolar ventilation without the need to
access the airways ( 1, 2). The rocking bed method uses gravity
to change intermittently transdiaphragmatic pressure and in-
duce airway flow (3). The common intent of these methods is
to improve ventilation without endotracheal intubation. In re-
cent years, other alternative modes of ventilation have been
proposed and studied in animals and patients. These methods
include high frequency ventilation (4), constant flow ventila-
tion at flow rates > 1.0 liter/min per kg (5), and high fre-
quency jet ventilation (6). Such methods do not necessarily
eliminate the need for endotracheal intubation and have not
been demonstrated to provide a significant advantage over in-
termittent positive pressure ventilation (7).

Low flow (i.e., < 0.2 liter/kg per min) intratracheal insuf-
flation of air or O, (ITI, TRIO) via a narrow catheter placed
near the main carina was used in animal models of severe ven-
tilatory failure with or without high frequency vibration of the
chest wall or the whole body (8-11). These studies showed that
low flow tracheal insufflation of oxygen, when used without
external vibration, can sustain oxygenation during apnea, but
cannot sufficiently remove CO, from the lungs (10-11). Addi-
tion of external chest wall vibration at frequencies of 15-30 Hz
and an amplitude of 0.2 cm to ITI improved alveolar ventila-
tion, so that normal or low Pac, levels were reached (8-9).
Recently, ITI was used by Bergofsky and Hurewitz (12) in five
patients and by Couser and Make (13) in five patients suffering
from hypoventilation and CO, retention. In both studies, an
improvement of the efficiency of the ventilatory gas transport
was found, manifested as an increased CO, elimination, de-
spite lower minute ventilation. While ITI still requires patient
instrumentation with an endotracheal tube, the much smaller
size of the tube and the use of constant, rather than intermit-

1. Abbreviations used in this paper: Br., bronchi; ECG, electrocardio-
gram; ETT, endotracheal tube; ITI, intratracheal insufflation; V,, al-
veolar ventilation; Vcoz, control carbon dioxide elimination rate;
VpBohr, Bohr dead space; Vg, spontaneous breathing minute ventila-
tion; VEI, ventilatory efficiency index; Vyr, ITI flow; VO,, oxygen
consumption rate; Vi, spontaneous tidal volume; WI, inspiratory ex-
ternal work of breathing.
)



tent flows, have the potential to decrease side effects and com-
plications and to simplify the care of those ventilatory failure
patient who still have a trace of spontaneous ventilatory ca-
pacity.

The present study was designed to address the following
questions: (a) To what extent can ITI improve the efficiency of
ventilation when applied to animals with normal lungs who
have ventilatory insufficiency? (5) How much of this improve-
ment is caused by dead space reduction (VD) and how much is
caused by nonconvective mechanisms of transport? (¢) What is
the optimal combination of flow rate and ITI catheter position?
(d) What are the hemodynamic effects of ITI?

Methods

The materials and methods used in this study are described under the
following subsections: (a) animal preparation and instrumentation;
(b) data acquisition of measured parameters and the calibration proce-
dures; (¢) calculation of secondary parameters and data analysis; and
(d) outline of experimental design and protocol.

Animal preparation and instrumentation

Seven mongrel dogs of either gender, 19.5-34 kg body wt (mean+SD
27.2+4.2 kg) were anesthetized with 30 mg/kgi.v. sodium pentobarbi-
tal. An intravenous infusion of lactated Ringer’s solution was started at
1 ml/kg per h and an endotracheal tube (ETT) (9.5 mm i.d.) was
inserted so that the free end of the ETT lined up with the dog’s canine
incisors. The ETT cuff was inflated and the tube was secured with tape.
The dogs were placed in the left lateral decubitus position. An arterial
line was inserted into the left radial artery via a cutdown and connected
to a pressure transducer (Baxter solid state model #90603A-16-18;
Space Labs, Inc., Redmond, WA). Electrocardiogram (ECG) needle
electrodes were connected and a urinary catheter was inserted in the
male dogs. A flow-directed balloon catheter (Swan-Ganz catheter
model 93A-140-7F; American Edwards Laboratories, Santa Ana, CA)
was inserted into the right external jugular vein via a cutdown and
advanced so that pulmonary artery pressure was measured and a pul-
monary wedge pressure was obtained within two heart beats from the
balloon inflation. The Swan-Ganz catheter thermistor was also used to
monitor core temperature.

An esophageal balloon was inserted so that its tip was 5 cm mouth-
ward from the dog’s palpable point of maximal cardiac impulse. The
balloon was inflated with 1.2+0.2 ml of air and the catheter was con-
nected to a pressure transducer (model MP-45+18 cm H,0; Validyne
Engineering Corp., Northridge, CA). The distance from the free end of
the ETT to the main carina was then measured using a fiberoptic bron-
choscope. Fig. 1 shows the instrumentation of the airways. The ITI
catheter length (polyethylene tubing 2 mm o.d., 1.6 mm i.d.) was ad-
justed so that its tip was in the trachea, 0.5 cm mouthward from the
main carina. A pneumotachograph ( Fleish model 2; Gould, Inc., Car-
dio Pulmonary Instruments, Houston, TX), coupled to a differential

pressure transducer (model MP-45+2 cm H,O; Validyne) was con- -

nected in line. An inductive plethysmograph (model 10.9000; Respi-
trace Corp., Ardsley, NY) was placed around the chest wall and abdo-
men with appropriately sized belts. A “T” connector allowed constant
flow of O, air mixture (40+1% O,) at 15 liters/min with an added
rebreathing section of 140 ml. The Fi,, was constantly monitored with
an oxygen monitor (model 5590; Hudson, Ventronics Div., location
not available). The same gas mixture was also used for the insufflation
(see below). A CO, analyzer (model CD-102-41-01; Puritan-Bennett/
Datex, Helsinki, Finland) and a nitrogen analyzer (Nitralyzer 505;
Med Science, St. Louis, MO) were connected via needles inserted
through the ETT wall 1.5 cm from the connector.

Data acquisition of measured parameters

Each set of data (see Experimental design section below) consisted of
measurements and recording of the following parameters: O, and CO,
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Figure 1. Schematic drawing of the instrumentation of the dog’s air-
ways. The intratracheal insufflation (/77) catheter was inserted
through the endotracheal tube (ETT) and was positioned with its tip
0.5 cm mouthward from the tracheal carina (by curved arrows at tip
of catheter). A pneumotachograph measured the flow (V). CO, and
N, analyzers were used to measure these gases levels. An O, monitor
was used to follow the inspiratory fraction of oxygen (Flo,).

tensions, pH, O, saturation and hemoglobin concentration in arterial
and mixed venous blood samples were measured by blood gas ana-
lyzers (model ABL4; Radiometer, Copenhagen, Denmark). Samples
were analyzed within 5 min of blood withdrawal. Core body tempera-
ture and F1,, were recorded, and pulmonary wedge and central venous
pressures were measured through the distal and proximal ports of the
Swan-Ganz catheter, respectively. Cardiac output was measured with a
cardiac output computer (model 9520A; American Edwards Laborato-
ries) by the thermodilution technique using three 10-ml injectates of
0.9% NaCl solution at room temperature per measurement. In addi-
tion, a 60-s continuous segment of seven parameters was digitized at 50
samples/s (12 bit A/D, =5 V); and stored in digital form for further
analysis (A /D converter model ADA1100; Real Time Devices, State
College, PA and AST computer, 286 processor; Atlantis Data Acquisi-
tion Software, Lakeshore Technologies, Chicago, IL). The recorded
parameters were (a) arterial blood pressure; (b) ECG; (¢) flow rate
from the pneumotachograph; (d) volume as sum of abdomen and
chest wall signals from the inductive plethysmograph; (¢) esophageal
pressure; (/) pulmonary artery pressure; and (g) airway opening CO,
concentration. The CO, analyzer with the catheter used for sample
withdrawal has a 1.6-s delay that was compensated for during the digi-
tal data processing (see below). The total time needed for a complete
set of data acquisition (manual and computerized ) was 9+2 min.

Calibration procedures were as follows: Arterial and pulmonary
blood pressure transducers were calibrated against a mercury manome-
ter. The esophageal pressure transducer was calibrated with a water
manometer. Flow rate was calibrated with a water-sealed spirometer
(model 06001; Warren E. Collins Inc., Braintree, MA). The same spir-
ometer was also used to calibrate the Respitrace. The blood gas ana-
lyzer runs a self-calibration procedure against standard gas and solu-
tions every 2 h and was used to calibrate the CO, analyzer. The oxygen
monitor was calibrated with room air and 100% O,.

Calculation of secondary parameters and data analysis

Data analysis was done using a computer algorithm written in FOR-
TRAN 77. Program inputs were the 60-s segments of sampled data and
the values of the individually recorded parameters entered manually
via the keyboard. The secondary parameters are subdivided into three
groups: (a) respiratory mechanics parameters; (b) gas exchange param-
eters; and (¢) hemodynamic parameters. The ventilatory efficiency in-
dex that combines the respiratory mechanics and gas exchange infor-
mation into a single parameter is presented separately.

Respiratory mechanics parameters. Data from the pneumotacho-
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graph, esophageal balloon, and Respitrace were used to calculate the
following parameters: spontaneous tidal volume (V) was calculated
for each breath by integrating the flow (V) after subtraction of the ITI
flow (V;r), calculated as the time-averaged flow

oty | .
VT=f V=V,

to

where T is the duration of inspiration. A mean V; was calculated from
all the breaths in each 60-s segment. Values of V. calculated from the
flow signal correlated well with those measured with the Respitrace.
The respiratory rate (f) is the number of breaths identified in the 60-s
sample. Spontaneous breathing minute ventilation (V) was calculated
by summing the V values during the 60 s. The integral of esophageal
pressure P, (relative to baseline) multiplied by the corresponding vol-
ume increment was calculated during each inspiration to give the inspi-
ratory external work of breathing (WI) per breath

V(to+Ty)

WI= (P,— P

espasetine) AV -

V(to)
The 60-s sum of the individual breath’s W1 values was calculated as the
spontaneous inspiratory work of breathing per minute (WI/min).

Gas exchange parameters. The secondary gas exchange parameters
were calculated from the arterial and venous blood gases, the O, moni-
tor (Fio, ), the airway opening (ao) CO, analyzer output Faoco,, the
flow (Vao) and the cardiac output (Q). The rate of CO, elimination
(V00,) was calculated as the time averaged product of Vao and Faoco,
after adjusting for the time delay of the CO, analyzer. Oxygen con-
sumption (V0,) was calculated from the inverted Fick cardiac output
equation as Vo, = Q (Cao, — Cvo,) where Cao, and Cv, are the
arterial and mixed venous O, contents, respectively (see below). The
respiratory quotient (RQ) was calculated from the ratio Vco,/Vo,.
Alveolar ventilation (V,) was calculated as V,= Vco,/FAco2 while
FAco, was estimated from the arterial Pco, (Paco,), the barometric
pressure (Pg) and water vapor pressure PH,0; [FAco, = Paco,/(Ps
— PH,0)]. The Bohr dead space ( VpBohr) was calculated as the differ-
ence between minute ventilation and alveolar ventilation per breath:
VpBohr = (Vg — V)/f.

Arterial and mixed venous O, saturations were calculated by the
Hill equation (14) with canine Ps, corrected for pH. Arterial and ve-
nous O, contents were calculated from the corresponding saturation
and partial pressures and the measured hemoglobin concentration. Pul-
monary capillary O, content was similarly calculated using an estimate
of alveolar gas Po, (PA,) as the pulmonary capillary Po, (PPCo,; PAo,
= P1o, — Paco,/RQ; where Pi,, is the inspiratory O, partial pressure
calculated as Plo, = Fio, (PB — PH,0). This PA,, value was also used to
calculate the alveolar-arterial difference of O,; [(A-a)Do,]. The O,
contents in arterial, venous, and pulmonary capillary blood were used
to estimate the shunt fraction using: Qs/Qt = (Cpco, — Ca0,)/(Cpco,
- CVOz).

Hemodynamic parameters. The hemodynamic parameters were
calculated from the blood pressures measured via the arterial line and
the Swan-Ganz catheter, through analysis of the ECG signal, and by
using the thermodilution cardiac output technique. The following pa-
rameters were calculated from the data: systolic, diastolic, as well as
mean and pulse systemic and pulmonary artery pressures. The heart
rate was calculated from the autocorrelation function of the ECG sig-
nal, and the cardiac output was estimated as the arithmetic mean of the
triplicate readings. Systemic vascular resistance (SVR) was calculated
as SVR = (MAP — CVP)/Q, where MAP is the mean arterial pressure
and CVP is the central venous pressure. Pulmonary vascular resistance
(PVR) was similarly calculated as PVR = (MPP — P,.4.)/Q, where
MPP is the mean pulmonary pressure and P, is the pulmonary
wedge pressure.

Ventilatory efficiency index. To assess the effect of ITI on the dog’s
ventilatory efficiency, the experimental data were analyzed using a
ventilatory efficiency index (VEI). We define VEI = Vco,/( Paco,
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X WI/min). VEI combines the effects of three independent parame-
ters: rate of CO, elimination, which is the ultimate product of gas ex-
change; Paco,, an index of the total body CO, stores and also a “driving
force” for CO, transport; and the mechanical work (WI/min) needed
to mobilize CO,. A normal subject, who breathes 15 breaths/min with
Vi = 0.6 liter, develops —5 cm H,O esophageal pressure change with
each breath, eliminates CO, at a rate Vco, = 200 ml/min, and has
Paco, =40 mmHg; VEI is found to be 0.22 (ml/min)/(cm H,O-
mmHg-liter/min). Note that both Vco, and WI/min are proportional
to the body size, which tend to cancel out in the expression for VEI,
while Pacy, and P, are relatively independent of body size. As a result,
VEI is a parameter that is relatively independent of body size.

Experimental design and protocol

Initial control data were taken 30 min after the completion of the ani-
mal instrumentation. Intravenous infusion of pentobarbital at 3+0.6
mg/kg per h and pavulon at 35+5 ug/kg per h were then started. The
pentobarbital rate was ~ 10% of the initial induction dose infused per
hour. The pavulon rate corresponds to rates shown to achieve 80%
reduction in twitch response in dogs (15), and to cause significant
reduction in diaphragmatic muscle activity (16). At least 40 min were
allowed for stabilization after the onset of infusion. At the end of this
period, a control data set was taken. ITI was then started at 0.05 liter/
min per kg with the ITI catheter placed at the main carina. After 30
min, a data set was taken and ITI was turned off. A 30-min period of
control was again followed by ITI at a flow of 0.10 liter/min per kg.
Similar control-ITI periods were repeated with ITI of 0.15 and 0.2
liter/min per kg, all with the tip of the ITI catheter positioned at the
main carina. The next ITI run was done after the catheter was ad-
vanced 4 cm beyond the main carina into one of the main bronchi
(Br). The ITI flow was set to 0.15 liter/min per kg and a control
followed by an ITI cycle was started. The ITI catheter was then with-
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Figure 2. Airway opening flow rate and CO, fraction (Faoco,) during
control (a) and during intratracheal insufflation at 0.15 liter/ min
per kg (b). Note the nonzero flow and ~ 2% Faoco, in b.



CO2 Elimination Rate (ml/min)

ITI Status

Figure 3. Rate of CO, elimination by intratracheal insufflation (I77)
between breaths. All the control values (i.e., no ITI) were zero. Rates
were significantly higher with flows greater than 0.05 liter/min per
kg with the catheter in the carina; were higher with the catheter in a
mainstem bronchus (Br.) vs. the trachea ( 77.); and with vibration
(Vib.) vs. no vibration. Flow rates were as indicated above bars and
0.15 liter/ min per kg at Br., Tr., and with vibration. @, mean values;
0, 1 SD from the mean.

drawn 8 cm for the next run so that its tip was in the trachea (Tr.), 4 cm
from the carina. ITI flow at Tr. was also set to 0.15 liter/min per kg.
For the last set of runs, the catheter was readvanced to the main
carina with a flow of 0.15 liter/ min per kg. After a control period as in
the other runs, high frequency (22 Hz), low amplitude (0.2 cm) vibra-
tion of the inferior chest wall was started. An electric motor was used to
drive a flat, round hard rubber disc, 12 cm in diameter, up and down in

a corresponding indentation made in the surface of the experimental
table (60 X 120 cm). The mean position of the vibrating disc was
elevated 0.4 cm above the surface of the table. The disc was directly
under the dog’s left scapula. A 5-cm H,O continuous positive airway
pressure valve was used on the airway outlet in these control and vibra-
tion periods.

Results

The constant infusion of pentobarbital and pavulon reduced
alveolar ventilation in all the dogs. The mean Pac,, calculated
from the data taken during all the control periods (n =7 X 7
=49), was 62.9+17.8 mmHg (mean+SD), which is 57%
greater than normal canine Paco, (14). Overall control minute
ventilation (V) was 2.8+1.7 liter/min (0.104+0.067 liter/
min per kg), with V; of 434+151 ml (15.9+4.3 ml/kg). The
control CO, elimination rate (Vco,) was 123+47 ml/min
(4.50+1.59 ml/min per kg), with oxygen consumption rate
(Vo,) of 148+29 ml/min (5.48+0.58 ml/min per kg). The
alveolar ventilation rate (V,) during the control periods was
1.56+0.92 liter/min (0.057+0.034 liter/min per kg) and the
Bohr dead space, consisting of the dog’s airways, as well as the
tubing and pneumotachograph, was 0.166+0.077 liter
(6.24+2.87 ml/kg). Despite the reduced alveolar ventilation,
alveolar, arterial, and mixed venous oxygenation were kept
normal or above normal (PAy, = 197+45 Torr, Pag, = 137£27
Torr, and Pvp, = 599 Torr) by maintaining F,0, at
0.40+0.01. The shunt and (A-a)Do, during the control pe-
riods were above normal (15.8+8.6% and 60.0+26.2 mmHg,
respectively), probably reflecting the contribution of hypoven-
tilated regions of the lung to the inhomogeneity of the ventila-
tion-perfusion distribution. Control mean arterial pressure, car-
diac output and heart rate were above normal (123+10
mmHg, 4.03+0.86 liters/min (150+34 ml/min per kg), and
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120+33 beats/min, respectively). This is probably attriLuted
to a direct hemodynamic stimulating effect of both pentobarbi-
tal and pavulon (17-18). Control mean pulmonary artery
pressure and resistance were 19.2+3.7 mmHg and 217+100
dyn-s-cm™, respectively. Control systemic vascular resis-
tance was 2.9+1.2 X 103 dyn-s-cm™. Thus, pentobarbital
and pavulon at the specified dose caused significant hypoventi-
lation with normal blood and tissue oxygenation and caused
hemodynamic stimulation. This animal model was stable
throughout the experiment with no significant temporal trends
of the parameters.

The most significant effect of ITI was the appearance of
CO, removal from the animals in the periods between breaths.
Fig. 2 shows airway-opening flow and CO, concentration dur-
ing a control run (Fig. 2 g, no ITI), and during ITI at0.151/kg
per min (Fig. 2 b). In Fig. 2 a, there was no ITI, so that the flow
between breaths was zero and so was the CO, elimination. In
Fig. 2 b, ITI flow was present so that CO, was removed at a rate
equal to the product of the flow rate and the CO, concentra-
tion. Fig. 3 shows the time-averaged CO, elimination rate dur-
ing the periods between breaths for the seven ITI conditions.
With ITI delivered to the main carina (CAR position) at 0.05-
0.2 liter/min per kg, time-averaged CO, elimination between
breaths was 48+16 ml/min with a small advantage of ITI
> 0.05 (P < 0.05) and no significant differences between the
ITI flows of 0.1, 0.15, and 0.2 liter/ min per kg. When the ITI
catheter was advanced 4 cm from the main carina into the
mainstem bronchus (Br. position), CO, elimination between
breaths increased to 77+48 ml/min. Pulling the catheter out 4
cm into the trachea (Tr. position) reduced CO, removal to
34+13 ml/min (P < 0.05, paired Student’s ¢ test). These val-
ues represent 39, 63, and 28% of the control Vco, for CAR, Br.,
and Tr. positions, respectively.

ITI at 0.15-0.2 liter/min per kg increased overall Vco,
(i.e., between breaths and during breaths combined) by > 50%
over control (P < 0.05, paired Student’s ¢ test; Fig. 4 a). There
was a 10% decrease of Pacg, at these flow rates (P < 0.05; Fig. 4
b), despite a 28% fall of Vg (P < 0.05; Fig. 4 ¢), and a 32%
decrease of the work of breathing (P < 0.05). The substantial
contribution of ITI is demonstrated by calculating the index of
ventilatory efficiency (VEI, see Methods). VEI increased
2.80+1.77-fold among all the ITI flow rates and positions, with
statistical significance relative to control in all cases except ITI
= 0.05 liter/ min per kg (Fig. 4 d). This increase in VEI reflects
the combined effects of higher Vco,, with lower PAg,, even
though V¢ and WI/min were diminished. The effects of ITI on
alveolar ventilation and on the Bohr dead space are shown in
Fig. 5. Note that the physiological meaning of negative Bohr
dead space is that V, is larger than spontaneous breathing V.

The effects of ITI on oxygen transport are listed in Table I.
In general, except when vibration was used (see below), ITI did
not change the oxygen consumption or transport in the lungs
and through the tissues, nor did it affect the shunt or the (A-
a)Do,. The hemodynamic effects of ITI are listed in Table II.
There were no differences in these parameters between the con-
trol periods and the ITI periods when vibration was not used.

The effect of ITI flow rate. ITI at flows above 0.05 liter /min
per kg eliminated 10% more CO, than at 0.05 liter/min per kg
(P < 0.05), but there were no statistically significant differ-
ences of Vco, among the ITI flows in the range 0.1-0.2 liter/
min per kg. A similar pattern was found when the differences
in VEI were examined, where VEI was significantly different
from control in all flow rates except with 0.05 liter/ min per kg.
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Figure 5. Alveolar ventilation (a) and Bohr dead space (b) during
control (C.) and ITL. See legend to Fig. 3 for details of bar titles. Note
the substantial increase of alveolar ventilation during ITI and the
reduced or negative Bohr dead space. Negative values reflect condi-
tions in which alveolar ventilation is greater than the spontaneous
breathing minute ventilation.

The individual parameters from which VEI was calculated
(i.e., Vco,, Paco,, and WI) were significantly different from
control with the 0.2 liter/min per kg flow rate. Paco, was also
significantly different from control (P = 0.0015) with flow of
0.15 liter/min per kg and WI was significantly different from
control with 0.1 liter/min per kg (P = 0.011). Thus, ITI effec-
tively increased gas exchange and ventilatory efficiency with
flows as low as 0.1 liter/min per kg. No effect was found on
oxygenation and hemodynamic parameters.

The effects of ITI catheter position. The ITI catheter was
placed with its tip at the main carina, 4 cm into a mainstem
bronchus (Br.), and 4 cm from the carina in the trachea (Tr.).
The flow in all three locations was 0.15 liter/min per kg. CO,
removal between breaths was better with the catheter at CAR
than at Tr. (47.7£15.5 vs. 34.3+13.3 ml/min, respectively; P
= 0.0523); and better with the catheter tip at Br. than at Tr.
(76.7+47.9 vs. 34.3x13.3 ml/min, respectively; P = 0.0413).
The difference between Br. and CAR had a chance probability
of P = 0.0794. VEI was higher in Br. than in CAR and in Tr.
(3.92+2.83 vs. 2.95+1.52 and 1.91+0.19, respectively). Only
the differences relative to Tr. were statistically significant.
Thus, ITI delivered at or distal to the main carina is substan-



Table I. Oxygen Consumption (V0,), Mixed Venous Oxygen Saturation Svo,, Shunt (Qs/Qt),
and Alveolar-arterial Difference of O, (A-a)Do, during Control Periods (Cont), ITI, and ITI with Vibration (ITI + VIB)

With catheter tip at the main carina

Cont ITI Cont ITI Cont ITI Cont ITI
Vx: (liter/min per kg) 0.05 0.1 0.15 0.2
Vo, (ml/min) 125 131 142 137 144 147 149 147
SD 24 17 29 20 15 30 27 24
Svo, (%) 83 83 79 81 79 81 80 80
SD 4 5 4 3 3 3 5 6
Qs/Qt (%) 16 14 14 12 16 14 14 12
SD 10 5 9 6 9 11 15 9
(A-a)Do, (mmHg) 67 79 63 72 63 77 63 81
SD 17 24 34 38 28 26 27 28

With ITI flow of 0.15 liter/min per kg

Cont ITI Cont ITI Cont ITI Cont ITI with VIB
Position Carina Bronchus Trachea Carina
Vo, (ml/min) 144 o147 164 152 156 149 160 165
SD 15 30 29 27 24 24 31 22
Svo, (%) 79 81 78 79 76 77 75 79
SD 3 3 6 6 6 5 5 7
Qs/Qt (%) 16 14 12 13 18 16 15 6(*)
SD 9 11 9 4 11 12 10 3
(A-a)Do, (mmHg) 63 77 64 99 85 95 73 62
SD 28 26 22 21 20 27 35 27

* Indicates that value is significantly different from control (P < 0.05).

Values are mean+SD of seven experiments.

tially more effective than with the catheter tip in the trachea, 4
cm from the carina.

The effects of ITI with vibrations. Adding chest vibration at
22 Hz to ITI delivered at 0.15 liter/min per kg near the main
carina, substantially increased CO, elimination between
breaths to 162+34 ml/min. This value is significantly greater
than the control \'fco2 produced by the dog (P < 0.05; Fig. 4 a),
and is 2.1-3.4-fold higher than when ITI was used alone with-
out vibration. As a result, all dogs stopped breathing com-
pletely within < 1 min from the onset of vibration. Paco, at the
end of 30-40 min of ITI and vibration fell from 68.5+23.6
(control) to 47.4+6.4 mmHg (P < 0.05; Fig. 4 b). Since there
was no spontaneous breathing, VE and WI/min were zero and
therefore VEI could not be calculated. ITI with vibration was
associated with a significant reduction of the shunt (Qs/Qt)
from 14.6+9.9% to 5.8+2.8% (P < 0.05; Table I). Vibration
did not cause systemic hemodynamic changes, but was asso-
ciated with a 24% reduction of pulmonary vascular resistance
(P =0.016). It should be noted that the respiratory quotient at
the end of the vibration period was greater than unity in five of
the seven dogs, indicating that steady-state conditions were not
yet reached at that time. It is clear, however, that adding high
frequency, low amplitude external chest wall vibration to ITI
substantially increases gas exchange, to the point where total
ventilatory support may be established.

Discussion

The gas exchange efficiency of ITI was evaluated in an animal
model of acute ventilatory failure induced by pentobarbital

and pavulon infusion. The hypoventilation that resulted from
these substances was associated with higher than normal values
of Paco,, but not with hypoxemia, since O, supplementation
was used. ITI increased CO, elimination, reduced Paco,, min-
ute ventilation, and the work of breathing. The overall effect of
ITI was assessed by using the ventilatory efficiency index, a
parameter that takes into account the three degrees of freedom
in the system: CO, elimination rate, body CO, storage, and the
amount of mechanical external work produced. VEI was in-
creased 1.9-3.9-fold by ITI without vibration. O, transport and
the cardiovascular system were not affected by ITI alone.

The ventilatory support potential of constant intraairway
insufflation has been previously studied in few settings (12,
13). The present study has several new features that should be
pointed out:

(a) The animal model of moderate ventilatory failure has
not yet been used to study the effectiveness of ITI. This model
is particularly relevant to the clinical situation in which a pa-
tient may have partial ventilatory insufficiency caused by a
pulmonary or neuromusculo-skeletal disorder while maintain-
ing a rudimentary spontaneous breathing effort.

(b) The data analysis. The problem of sorting out the ven-
tilatory contribution of spontaneous breathing with superim-
posed constant intraairway flow requires special attention. The
use of a computer for data acquisition and analysis facilitated
the separation of the CO, elimination to its components. The
use of the VEI parameter to evaluate the effects of ITI is new
and clearly demonstrates the ITI contribution.

(¢) In previous studies, two extremes of flow rates and O,
concentrations were used: constant flow ventilation where high
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Table I1. Hemodynamic Parameters

With catheter tip at the main carina

Cont ITI Cont ITI Cont ITI Cont ITI

Vi (liter/min per kg) 0.05 0.1 0.15 0.2

MAP (mmHg) 128 125 124 122 123 124 121 122
SD 14 9 10 8 10 8 8 5
HR (beats/min) 133 129 118 122 119 126 118 124
SD 22 24 29 32 34 36 34 29
~CO (liter/min) 4.1 39 40 39 40 4.1 4.1 4.0
SD 0.7 0.6 0.8 0.6 0.5 0.6 1.1 1.0
SVR (dyn-s-cm™5) 2522 2562 2481 2514 2466 2397 2441 2490
SD 572 511 595 523 509 496 700 653
MPP (mmHg) 18 18 18 16 19 20 20 18
SD 5 5 3 3 3 3 4 3
PVR (dyn-s-cm™) 232 228 223 197 213 224 212 208
SD 141 111 137 99 77 91 88 78

With ITI flow of 0.15 liter/min per kg
Cont ITI Cont ITI Cont ITI Cont ITI with VIB

Position Carina Bronchus Trachea Carina

MAP (mmHg) 123 124 119 120 121 120 124 125
SD 10 8 7 4 10 8 11 19
HR (beats/min) 119 126 118 128 127 117 118 136
SD 34 36 33 29 34 28 28 27
CO (liter/min) 4.0 4.1 4.2 39 39 3.8 39 37
SD 0.5 0.6 1.0 1.1 1.0 0.9 0.8 0.6
SVR (dyn-s-cm™5) 2466 2397 2314 2605 2512 2595 2555 2543
SD 509 496 581 847 744 725 663 452
MPP (mmHg) 19 20 19 18 19 18 21 19
SD 3 3 4 3 4 4 3 4
PVR (dyn-s-cm™>) 213 224 201 231 202 224 232 176(*)
SD 77 91 62 85 64 93 98 73

* Value is significantly different from control (P < 0.05).

Mean arterial pressure (MAP), heart rate (HR), cardiac output (CO), systemic vascular resistance (SVR), mean pulmonary-pressure (MPP), and

pulmonary vascular resistance (PVR), during control periods (Cont), ITI,
experiments.

flow (i.e., > 1 liter/min per kg) of air was used in an attempt to
provide total ventilatory support to paralyzed dogs (5); and
tracheal insufflation of oxygen where low flow (i.e., ~ 0.1
liter/min per kg) of oxygen was primarily used to maintain
adequate oxygenation (10, 11). In the present study, low flow
rates (i.e., 0.05-0.2 liter/ min per kg) of 40% oxygen were used
as would be feasible in a realistic clinical setting. The gas ex-
change effects on both CO, and O, were evaluated, as well as
the effects on spontaneous ventilation and the cardiovascular
system.

(d) The effects of catheter tip position were evaluated in
previous studies (8, 25), but this study is the first, to the best of
our knowledge, to compare single mainstem bronchus catheter
position with carinal and tracheal ones. This case is clinically
relevant, as the practical questions of catheter length and place-
ment have a substantial influence on the gas transport effi-
ciency of ITIL Our data indicate that in terms of gas exchange
alone a distal catheter placement is more effective than proxi-
mal catheter placement.

(e) We have previously demonstrated the effectiveness of
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and ITI with vibration (ITI with VIB). Values are mean+SD of seven

ITI with vibration in anesthetized, paralyzed animals (8, 22).
In this study, the hemodynamic and oxygen exchange effects of
ITI with vibration were revealed, showing significant reduction
of pulmonary vascular resistance and of the shunt.

Mechanisms of gas transport by ITI. The enhancement of
CO, elimination by ITI may be divided into two components.
The first is caused by the reduction of the dead space by moving
the fresh gas interface from the airway opening to the vicinity
of the main carina. To gain full advantage from this mecha-
nism, Vyr; should be equal to or greater than V; - T;/(T; + To),
where V| is the mean inspiratory flow rate, Ty is the inspiratory
time, and T, is the period from the end of expiration until the
beginning of inspiration. This mechanism is important when
V7 is low and the breathing frequency is high.

The second mechanism of gas transport is directly caused
by the ITI flow and functions to remove CO, from the airways
during the period of breath hold from the end of exhalation
until the onset of the next inhalation (Fig. 2 b). This mecha-
nism is dominant when V7 is relatively large and the interval
between breaths is long. Fig. 3 shows the time-averaged CO,



removal rate between breaths. Despite the statistical signifi-
cance of the increased removal with ITI > 0.05 liter/ min per
kg, the magnitude of the increase with increasing ITI flow is
marginal. On the other hand, changes of the catheter tip posi-
tion in the airways were associated with substantial improve-
ment when the tip was advanced further into the airways.
These observations are compatible with predictions of Nahum
et al. (19) on the momentum transfer and penetration depth of
jets into airways. Cardiogenic oscillations (20), molecular dif-
fusion, and turbulence in the vicinity of the jet determine the
position of the stationary front (21) and its distance from the
catheter tip where transport by convection occurs. The factors
that determine this type of gas transport are not completely
understood. The fact that ITI via a single catheter inserted into
a mainstem bronchus was equally or more effective than when
the tip position was near the carina requires invoking yet addi-
tional mechanisms such as cardiogenic-induced interlung
flows.

Superimposing vibration on ITI has previously been shown
to increase its efficiency, to the point where it may be used for
complete ventilatory support (8, 9, 22). The mechanisms of
this augmentation of gas exchange are not clear. Interlung
flows, induced by the out of phase motion of the mediastinum
relative to the chest wall may play an important role in this
mode of ventilation (23).

ITI with vibration caused a significant reduction in shunt
and in pulmonary vascular resistance. The effect on shunt may
reflect increased overall alveolar ventilation with diminished
extent of hypoventilated areas and improved relative distribu-
tion of ventilation-perfusion (26). The reduction in pulmo-
nary artery resistance may be caused by the elimination of tidal
breaths, to a mechanical effect on the pulmonary vascular endo-
thelium inducing release of vasodilating agents such as prosta-
cycline (24), or to elimination of hypoxic vasoconstriction in
those lung regions that were significantly hypoventilated.

Conclusions. This study clearly shows that ITI improves
CO, transport during partial ventilatory failure in dogs with
normal lungs. A flow rate of 0.1-0.15 liter/min per kg deliv-
ered via a narrow catheter placed near or beyond the main
carina was found to be optimal. Superimposing high frequency
external chest wall vibration further increased gas exchange
and provided complete ventilatory support. The potential of
ITI and, when needed, ITI with vibration, to provide an alter-
native mode of ventilatory support for patients with predomi-
nant hypoventilation caused by pulmonary or neuromuscular
disorders should be investigated. Such patients, particularly
those who do not need an endotracheal tube for frequent bron-
chial suctioning, may benefit from this new method that re-
quires only a narrow intraairway catheter, if it is proved effi-
cient in patients as well as in the experiments of this study.
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