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1
METHOD AND SYSTEM FOR
PATIENT-SYNCHRONIZED VENTILATORY
ASSIST WITH ENDOTRACHEAL
THROUGH-FLOW

TECHNICAL FIELD

The present disclosure relates to the field of ventilatory
assist systems. More specifically, the present disclosure
relates to a method and a system for patient-synchronized
ventilatory assist with endotracheal through-flow.

BACKGROUND

A recurring problem in patients with impaired function of
the respiratory system is that the volume of air-exchanging
lung parenchyma is reduced. This may be due to either
edema, lung collapse and/or other factors. If a volume of
air-transporting ~ parenchyma/airways, comprising for
example the main bronchi, trachea, and upper airways is
maintained, the volume of air-exchanging parenchyma
decreases relative to that of the air-transporting parenchyma/
airways. In situations of increased need for CO, removal, a
ventilatory contribution may be hampered if a dead space, or
dead volume, in an air-transporting parenchyma/airways and
in a respiratory circuit for a mechanical ventilator, becomes
abnormally large relative to a proportion of the lungs with
intact air-exchanging parenchyma. Consequently, CO,
removal is hampered and arterial CO,(PaCO,) may
increase. This causes the tidal volume and ventilation to
increase in order to maintain a tolerable level of arterial
pressure (PaCQ,).

Until today, efforts have been made to minimize dead
space, or dead volume, introduced in the respiratory circuit
of mechanical ventilators. However actual tubes, for
example endotracheal tubes, and other devices of conven-
tional mechanical ventilators used to administer respiratory
assist to a patient use single lumen designs and contribute to
dead space ventilation. For that reason, CO, removal cannot
be optimized.

Previous attempts to improve CO, removal from endo-
tracheal tubes include multi-lumen designs aimed at intro-
ducing an air flow through a side lumen to eliminate CO,
from a main lumen. An example of such design may be
found in U.S. Pat. No. 5,291,882. The proposed approach,
which uses parallel lumens, does not eliminate completely
the volume of air re-breathed by the patient during inspira-
tion. Thus the proposed approach reduces, but does not
optimize the CO, removal and minimize the CO, re-breath-
ing problem. Moreover, problems of dynamic hyperinflation
due to constant inspiratory flow has also complicated this
approach. Other approaches using tube lumens with valve
functions may increase risk of occlusion.

Therefore, there is a need for improvements leading to
further reduction or elimination of dead space induced by
the respiratory circuit of a mechanical ventilator.

SUMMARY

According to the present disclosure, there is provided a
patient-synchronized ventilatory assist system. The ventila-
tory assist system comprises a tube for connection to a
patient’s airway, an inspiratory tube lumen connected to the
tube, an expiratory tube lumen connected to the tube, an
inspiratory air source connected to the inspiration tube
lumen, and a controller of the pressure in the expiratory tube
lumen. The pressure controller is responsive to a physiologi-
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cal breathing signal representative of patient’s inspiratory
effort. Based on the physiological breathing signal, the
pressure controller allows an unrestricted air flow through
the expiratory tube lumen during a patient’s expiration phase
and partially restricts the air flow through the expiratory tube
lumen to a minimum air flow during a patient’s inspiration
phase. During both the patient’s inspiration and expiration
phases, a unidirectional air flow is produced through the
inspiratory tube lumen and the expiratory tube lumen to
prevent air expired by the patient from being breathed again.

According to the present disclosure, there is also provided
a patient-synchronized ventilatory assist method. The
method comprises supplying an air flow in an inspiratory
tube lumen of a tube connected to a patient’s airway and, in
response to a physiological breathing signal representative
of patient’s inspiratory effort, controlling an air flow in an
expiratory tube lumen of the tube connected to the patient’s
airway. Controlling the air flow allows an unrestricted air
flow through the expiratory tube lumen during a patient’s
expiration phase. Controlling the air flow also partially
restricts the air flow through the expiratory tube lumen to a
minimum air flow during a patient’s inspiration phase.
During both the patient’s inspiration and expiration phases,
a unidirectional air flow is produced through the inspiratory
tube lumen and the expiratory tube lumen to prevent air
expired by the patient from being breathed again.

The foregoing and other features will become more
apparent upon reading of the following non-restrictive
description of illustrative embodiments thereof, given by
way of example only with reference to the accompanying
drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the disclosure will be described by way
of example only with reference to the accompanying draw-
ings, in which:

FIG. 1 is a side cross sectional, partial view of an example
of double-lumen endotracheal tube showing intratracheal
pulmonary ventilation;

FIG. 2 is block diagram of an exemplary pressure control
system for use with the double-lumen endotracheal tube of
FIG. 1;

FIG. 3 is an example of connection of the double-lumen
endotracheal tube of FIG. 1 with the pressure control system
of FIG. 2;

FIG. 4a is a graph of experimental recordings of physi-
ological respiratory parameters illustrating operation of a
conventional ventilator system;

FIG. 45 is a graph of experimental recordings of physi-
ological respiratory parameters using the double-lumen
endotracheal tube and pressure control system of FIGS. 1
and 2;

FIG. 5 is a flow chart of exemplary steps of a ventilatory
assist method, capable of reducing neural inspiratory drive
of a patient; and

FIG. 6 is a flow chart of other aspects of the ventilatory
assist method of FIG. 5.

DETAILED DESCRIPTION

Various aspects of the present disclosure generally
address one or more of the problems related to the presence
of dead space induced by respiratory circuits of mechanical
ventilators. The present disclosure also relates to a ventila-
tory assist system and method including a feature of reduc-
tion of anatomical dead space in a patient’s airways.
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The following terminology is used throughout the present
disclosure:

Ventilatory assist system: Apparatus adapted for medical

use for assisting a patient in need of respiratory support.

Airway: Of a patient, lungs, bronchi, trachea, pharynx,
nose and mouth, through which air is breathed.

Air: Any gas composition suitable for use in a ventilatory
assist system. In the context of the present disclosure,
the term “air” may refer to natural air, pure oxygen,
natural air enriched with added oxygen, oxygen mixed
with another gases such as water vapor, or any com-
bination thereof. This term may also refer to air
expelled from a patient’s lungs, for example natural air
containing additional CO, and humidity.

Lumen: A bore of a tube, for example a respiratory tube.
A given tube may comprise a plurality of lumens.

Physiological signal: A measurable biometric quantity
capable of being transmitted, for example as an elec-
trical signal. such as the physiological breathing signal,
generated by respiratory muscles.

Inspiratory effort: Voluntary or involuntary exertion of a
breathing patient. This may be quantified as a neural
measure.

Restricted/unrestricted: In the context of the present dis-
closure, an air flow present in a tube, lumen, or like
conduit may be subject to a variable resistance, or
restriction. It is well-known to those skilled in the art of
fluid mechanics that any conduit will apply at least a
minimum resistance to a flow. The terms “unrestricted”
and “restricted” should be understood as relative terms
expressing, respectively, a lower and a higher resis-
tance to an air flow.

Minimum air flow: A partially restricted, non-zero air
flow.

Endotracheal: Of a tube adapted for placement into a
patient’s trachea.

Synchrony: Time-wise correspondence between events.

A result of the reduction and elimination of dead space
induced by the respiratory circuit of a mechanical ventilator
is a reduction of respiratory drive, tidal volumes and ven-
tilation, for example in critically ill patients. In this manner,
mechanical ventilation may be used to efficiently unload the
patient’s respiratory system and respiratory muscles. Also,
ventilatory CO, removal is optimized due to the reduction of
dead space, limiting CO, rebreathing, which in turn reduces
metabolic load.

The ventilatory assist system and method introduced
herein supply ventilatory assist during inspiration via an
endotracheal tube structured for delivering a separate, uni-
directional inspiratory air flow into the patient’s trachea via
a first inspiratory tube lumen and a separate, unidirectional
expiratory air flow from the patient’s trachea through a
second expiratory tube lumen. Also, a unidirectional flow of
air is produced and maintained through the inspiratory tube
lumen and the expiratory tube lumen; in this manner, ven-
tilatory circuit dead space is eliminated, anatomical dead
space is substantially reduced and washing out of CO, is
optimized.

In an aspect, mechanical ventilation may be synchronized
with patient’s effort to breathe. For example, a physiological
breathing signal is used to regulate the ventilatory assist in
synchrony with patient’s neural inspiration effort, thereby
unloading and compensating for weak respiratory muscles.

Turning now to the appended drawings, FIG. 1 is a side
cross sectional, partial view of an example of double-lumen
endotracheal tube showing intratracheal pulmonary ventila-
tion. A double-lumen endotracheal tube 103 shown on FIG.
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1 forms part of a mechanical ventilator system for delivering
air to the lungs 110 of a patient via the trachea 112.
Schematically shown in FIG. 1 are an inspiratory flow in
direction 106 toward the patient’s lungs 110 and an expira-
tory flow in direction 107 away from the patient’s lungs 110,
through the double-lumen endotracheal tube 103 inserted
into the trachea 112. Direction 106 is shown as a narrow
arrow while direction 107 is shown as a thick arrow; this
should be understood as a schematic manner of illustrating
that the inspiratory flow in direction 106 originates from a
smaller-diameter inspiratory tube lumen (also shown in FIG.
3) while the expiratory flow in direction 107 is directed
through a larger-diameter expiratory tube lumen (also shown
in FIG. 3).

FIG. 2 is block diagram of an exemplary pressure control
system for use with the double-lumen endotracheal tube of
FIG. 1. FIG. 3 is an example of connection of the double-
lumen endotracheal tube of FIG. 1 with the pressure control
system of FIG. 2. Therefore, the following description will
refer to FIGS. 2 and 3 concurrently.

An inspiratory air source 100 is connected to an inspira-
tory line 101 and generates an air pressure, volume or flow
to produce a target air flow through the inspiratory line 101.
The inspiratory line 101 is in turn connected to an inspira-
tory tube lumen 102 of the double-lumen endotracheal tube
103 that is inserted into the patient’s trachea 112. The
inspiratory tube lumen 102 may be a single or multiple
lumen.

A second lumen of the double-lumen endotracheal tube
103, hereinafter referred to as an expiratory tube lumen 104,
is connected to an expiratory line 105 connected to a
pressure controller 200. The pressure controller 200 may
include a pressure sensor 201 and a valve 202 connected to
an exhaust 204. A similar system for regulating air flow
through the expiratory tube lumen 104 and the expiratory
line 105 may be used instead of the controller 200 as shown.
The pressure controller 200 may be feedback operated to
produce and maintain a given pressure in the expiratory tube
lumen 104 and the expiratory line 105. As will be described
in more detail in the following description, the valve 202
may be controlled by a physiological breathing signal 250
for synchronizing the air flow through the expiratory tube
lumen 104 and the expiratory line 105 with this physiologi-
cal breathing signal 250. The pressure controller 200 opet-
ates in such a manner that the valve 202 restricts, but does
not completely occlude the expiratory line 105 such that a
minimum outward air flow remains present in the expiratory
tube lumen 104 and the expiratory line 105 during the
patient’s inspiratory phase. Modulation of the restriction of
the air flow through the expiratory tube lumen 104 allows
adjustment of the pressure in the respiratory circuit of the
mechanical ventilator to be proportional to the physiological
breathing signal 250. A lowest pressure limit may be manu-
ally set to ensure sufficient positive end-expiratory pressure
(PEEP) to maintain lung recruitment during neural expira-
tion.

More specifically, the inspiratory air source 100 generates
a target air flow through the inspiratory line 101 and the
inspiratory tube lumen 102. In turn, the pressure controller
200 regulates a pressure for controlling air flow escaping the
trachea 112 and the patient’s lungs 110 through the expira-
tory tube lumen 104 and the expiratory line 105; more
specifically, the pressure controller uses the valve 202 to
alter a resistance to air flow of the expiratory tube lumen 104
and expiratory line 105.

The problem of limiting air flow resistance through the
expiratory tube lumen 104 and the expiratory line 105 is
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resolved by providing the expiratory tube lumen 104 with a
diameter larger than that of the inspiratory tube lumen 102.
The larger resistance to air flow of the smaller-diameter
inspiratory tube lumen 102 causes a larger pressure drop.
However, the effect of this larger pressure drop is compen-
sated for by using the inspiratory air source 100 to generate
a target air flow through the inspiratory tube lumen 102.

A feedback system 300 between the pressure controller
200 and the inspiratory air source 100 ensures that the target
air flow through the inspiratory line 101 and inspiratory tube
lumen 102 is adjusted to generate a preset target pressure in
the trachea 112, the expiratory tube lumen 104 and the
expiratory line 105. The feedback system 300 comprises a
first comparator 301 and an optional second comparator
used as a minimum flow detector 302. The comparator 301
may receive a target pressure signal from a target pressure
adjuster 270.

The target pressure adjuster 270 is responsive to the
physiological breathing signal 250 to adjust the level of a
target pressure. The physiological breathing signal 250 is a
physiological signal as defined hereinabove. It may be
reliably obtained as a measure of the electrical activation of
the patient’s diaphragm (EAdi), obtained for example using
a method as described in U.S. Pat. Nos. 5,671,752, 5,820,
560, 6,588,423 and 6,901,286. The physiological breathing
signal 250 may alternatively take the form of an electro-
myogram (EMG) signal obtained at the level of the alea of
the nose (EMG-AN) of the patient, or at the thorax level
(EMG-THO) of the patient. Biometric signals from the
phrenical nerve of the patient, surface EMG, or measures of
chest wall movements of the patient may also be used. Of
course any other suitable physiological breathing signal 250
indicative of inspiratory effort including onset detection of
the inspiratory effort, before the generation of inspiratory
flow occurs, may be used. For example, the target pressure
adjuster 270 may increase the level of the target pressure
when the level of the physiological breathing signal 250
increases, indicating an increase of the patient’s inspiratory
effort. In the same manner, the adjuster 270 may decrease the
level of the target pressure when the level of the physiologi-
cal breathing signal 250 decreases, indicating a decrease of
the patient’s inspiratory effort. In fact, the target pressure
may be adjusted by the target pressure adjuster 270 in
proportion to the level of patient’s inspiratory activity as
indicated by the level of the physiological breathing signal
250 or in any other manner beneficial to patient’s inspiratory
assist. In an embodiment, the target pressure may further be
set to ensure sufficient positive end-expiratory pressure
(PEEP). Obviously, the target pressure adjuster 270 may
also be set at a single level independent of the physiological
breathing signal 250.

Operation of the feedback system 300 follows the fol-
lowing rules:

The target air flow through the inspiratory line 101 and
inspiratory tube lumen 102 is increased when the
comparator 301 detects that the pressure reading 203
from the pressure sensor 201 of the pressure controller
200, indicative of the pressure in the trachea 112,
expiratory tube lumen 104 and expiratory line 105
during the patient’s inspiration phase is lower than a
target pressure, which may be set according to a target
pressure signal from the target pressure adjuster 270.

The target air flow through the inspiratory line 101 and
inspiratory tube lumen 102 is decreased when the
comparator 301 detects that the pressure reading 203
from the pressure sensor 201 of the pressure controller
200, indicative of the pressure in the trachea 112,
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expiratory tube lumen 104 and expiratory line 105
during the patient’s inspiration phase is higher than the
target pressure from the target pressure adjuster 270,
and also if it is higher than the manually set PEEP level.
Before decreasing the target air flow through the
inspiratory line 101 and inspiratory tube lumen 102, the
minimum flow detector 302 ensures that the inspiratory
air source 100 maintains a target air flow, through the
inspiratory line 101 and inspiratory tube lumen 102,
that is at least equal to or higher than a minimum value.
If not, the target air flow through the inspiratory line
101 and inspiratory tube lumen 102 is maintained. The
minimum value used in the minimum flow detector 302
for the target air flow is selected to be sufficient to
ensure continuous washing out of CO.,.

Operation of the pressure control system 300 may be
synchronized using the physiological breathing signal 250.
More specifically, the valve 202 of the pressure controller
200 will partially close when the physiological breathing
signal 250 indicates patient’s inspiratory effort to allow the
target air flow from the inspiratory line 101 and the inspira-
tory tube lumen 102 to build up a pressure in the endotra-
cheal tube 103, the expiratory tube lumen 104 and the
expiratory line 105 in order to assist inspiration of the
patient. The valve 202 is partially closed to maintain a
minimum air flow through the expiratory tube lumen 104
and the expiratory line 105 to contribute to, if not completely
eliminate, substantially reduce ventilatory circuit dead space
and anatomical dead space, and ensure continuous washing
out of CO,. When the physiological breathing signal 250 no
longer indicates inspiratory effort of the patient, the valve
202 is opened to an extent that allows the patient to expire
through the double-lumen endotracheal tube 103, the expi-
ratory tube lumen 104, the expiratory line 105, the valve 202
and the exhaust 204 while maintaining a certain level of
expiratory pressure to prevent, for example, collapse of the
lungs.

It should be understood that, during both the inspiration
and expiration phases, a unidirectional air flow is produced
through the inspiratory line 101, the inspiratory tube lumen
102, the expiratory tube lumen 104 and the expiratory line
105 to prevent air expired by the patient to be breathed
again. In this manner, ventilatory circuit dead space and
anatomical dead space are, if not completely eliminated,
substantially reduced and continuous washing out of CO, is
ensured.

In an embodiment, a gain adjuster 260 may alter the
physiological breathing signal 250 to adjust the level of the
pressure in the trachea 112, expiratory tube lumen 104 and
expiratory line 105, and thereby adjust the level of ventila-
tory assistance to the patient. For example, the adjustable
gain 260 may be manually set by the medical personnel.
Automatic adjustment of the gain 260 may also be contem-
plated, for example to obtain a target level of ventilatory
assistance or physiological breathing signal 250.

Some options, amongst others, to deliver inspiratory
assist to the patient are the following:

A target pressure or volume may be supplied to the patient

during inspiration.

As explained in the foregoing description, the target

pressure may be adjusted by the target pressure adjuster
270 in proportion to the level of patient’s inspiratory
activity as indicated by the level of the physiological
breathing signal 250 or in any other manner beneficial
to patient’s inspiratory assist.

A mathematical model may be used for calculating a

pressure loss within the endotracheal tube 103 based on
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a known air flow resistance and the diameters of the
endotracheal tube 103, the expiratory tube lumen 104
and the expiratory line 105, and on a measurement of
the air flow through these endotracheal tube 103, the
expiratory tube lumen 104 and the expiratory line 105.
The calculated pressure loss may then serve as the
target pressure used by the comparator 301.

Another option is to directly measure a pressure at the
free, proximal end of the endotracheal tube 103
inserted into the patient’s trachea 112, near the tracheal
bifurcation 150 (FIG. 1), and use this pressure as the
target pressure of the comparator 301.

Oxygen from an oxygen source 356 may be injected in the
inspiratory line 101 through a gas mixer 350 to enrich the
target air flow through the inspiratory line 101 and inspira-
tory tube lumen 102.

To ensure adequate humidification, a humidity sensor
(hygrometer) 352 may be used to detect humidity in the
expiratory line 105 and, in response to the detected humidity,
control a humidifier 354 connected to the gas mixer 350 to
humidify, whenever needed, the target air flow through the
inspiratory line 101 and the inspiratory tube lumen 102.

FIG. 4a is a graph of experimental recordings of physi-
ological respiratory parameters illustrating operation of a
conventional ventilator system. The graph of FIG. 4a may be
compared with the graph of FIG. 45, which is a graph of
experimental recordings of physiological respiratory param-
eters using the double-lumen endotracheal tube and pressure
control system of FIGS. 1 and 2. Both FIGS. 4a and 45 show
recordings of air flow (402a, 402b), pressure (404a, 4045),
and endtidal carbon dioxide (406a, 4064), measured in the
expiratory line 105. FIGS. 4a and 45 also show recordings
of diaphragm electrical activity (EAdi (408a, 4085)).

In the case of FIG. 4a, the air flow is bidirectional
(inspiration and expiration) during each breathing cycle. It
may be observed that the flow (4024) is above a zero line
(403a) during inspiration phases and below the zero line
(403a) during expiration phases. This produces a dead space
in a breathing tube (not shown) of the conventional venti-
lator system, corresponding to a volume of an expiratory line
and tube lumen. Consequently, a volume of expired air from
the lungs is returned to the lungs during the next inspiration.

The graph of FIG. 45 illustrates recordings obtained using
the double-lumen endotracheal tube 103 and pressure con-
trol system 300 of FIGS. 1 and 2, wherein no air from the
expiratory tube lumen 104 and the expiratory line 105 is
returned to the patient’s lungs 110. The air flow (4025) is
unidirectional from the patient’s lungs 110 towards the
atmosphere and constantly remains below a zero line (4035).
No volume of expired air from the patient’s lungs 110 is
returned to the lungs during the next inspiration.

It may be observed that, in FIG. 4b, the endtidal carbon
dioxide (4065) level is markedly reduced, compared to the
corresponding level (406a) of FI1G. 4a, during respiratory
assist with the double-lumen endotracheal tube 103 and
pressure control system 300 of FIGS. 1 and 2. It may also be
observed that the diaphragm electrical activity (4085) and
delivered pressure (4045b) are reduced in FIG. 4b, compared
to corresponding readings (408a, 404a) of F1G. 4a, although
the ventilator system settings are the same. It may further be
observed that generation of the pressure (4045) is synchro-
nized with the diaphragm electrical activity (4085).

A comparison of the graphs of FIGS. 4a and 45 shows that
the double-lumen endotracheal tube 103 and pressure con-
trol system 300 of FIGS. 1 and 2 may unload the patient’s
respiratory muscles by delivering ventilatory assist that is
synchronized to the neural inspiratory effort (EAdi (4085))
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both in terms of timing and pressure generation. Moreover,
dead space may be minimized, and the metabolic load may
be reduced (lower ETCO2, 4065) thereby further reducing
respiratory drive (EAdi (4085)).

FIG. 5 is a flow chart of exemplary steps of a ventilatory
assist method, capable of reducing neural inspiratory drive
of a patient. Steps of a sequence 500 may be applied to a
ventilatory assist system disclosed in the foregoing descrip-
tion given in relation to FIGS. 1, 2 and 3. In operation 510,
an air flow is supplied in the inspiration tube lumen 102 of
the tube 103 connected to the patient’s airways. In response
to a physiological signal representative of the patient’s
inspiratory effort, received in operation 520, control of the
air flow in an expiratory tube lumen 102 of the tube 103
connected to the patient’s airway is made in operation 530.
The control made in operation 530 is such that during the
patient’s inspiratory phase, the air flow through the expira-
tory tube lumen 104 connected to the patient’s airways is
partially restricted. In contrast, during the patient’s expira-
tory phase, the air flow is unrestricted to allow expiratory
flow from the patient’s trachea 112 to evacuate through the
endotracheal tube 103, the expiratory tube lumen 104, and
thereby through the expiratory line 105.

A result of the control made in operation 530 is that during
both the patient’s inspiration and expiration phases, a uni-
directional air flow is produced through the inspiratory tube
lumen 102 and the expiratory tube lumen 104 to prevent air
expired by the patient from being breathed again.

Control of the air flow made in operation 530 may for
example be made by actuating the valve 202 of FIG. 2.

FIG. 6 is a flow chart of other aspects of the ventilatory
assist method of FIG. 5. It should be understood that the
operations of the sequence 600 of FIG. 6 may also be applied
in a ventilatory assist system as described in connection with
the description of FIGS. 1, 2 and 3. More specifically, the
sequence 600 comprises:

Operation 610: A target air flow is produced by the
inspiratory air source 100 through the inspiratory tube
lumen 101 and the inspiratory line 102.

Operation 620: The physiological breathing signal 250
representative of inspiratory effort of the patient is
received by the pressure control system 300.

Operation 630: The target pressure adjuster 270 adjusts a
target pressure in response to the physiological breath-
ing signal 250.

Operation 640: Pressure in the endotracheal tube 103, the
expiratory tube lumen 104 and the expiratory line 105
is sensed, or detected, through pressure sensor 201.

Operation 650: The target air flow produced by the
inspiratory air source 100 in the inspiratory line 101
and the inspiratory tube lumen 102 is adjusted, or
controlled, as a function of a comparison by the com-
parator 301 between the pressure detected in the endo-
tracheal tube 103, the expiratory tube lumen 104 and
the expiratory line 105 and the target pressure from the
adjuster 270.

Operation 660: The physiological breathing signal 250 is
used to control air flow through the expiratory tube
lumen 104 and the expiratory line 105 by controlling
opening of the valve 202, thereby altering a pressure in
the double-lumen endotracheal tube 103, the expiratory
tube lumen 104 and the expiratory line 105 in syn-
chrony with the patient’s inspiratory effort as indicated
by the physiological breathing signal 250. In operation
660, when the physiological breathing signal 250 indi-
cates an expiratory phase, the valve 202 is opened to an
extent to allow the patient to expire through the double-
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lumen endotracheal tube 103, the expiratory tube
lumen 104, the expiratory line 105, the valve 202 and
the exhaust 204 while maintaining a certain level of
expiratory pressure to prevent, for example, collapse of
the lungs during that expiratory phase.

Operation 670: When the physiological breathing signal
250 indicates an inspiratory phase, the valve 202 will
partially close to increase resistance to air flow through
the expiratory tube lumen 104 and the expiratory line
105 to allow the target air flow from the inspiratory line
101 and the inspiratory tube lumen 102 to build up a
pressure in the endotracheal tube 103, the expiratory
tube lumen 104 and the expiratory line 105 in order to
assist inspiration of the patient. The valve 202 is
partially closed to maintain a minimum air flow
through the endotracheal tube 103, the expiratory tube
lumen 104 and the expiratory line 105 to contribute to
eliminate ventilatory circuit dead space and substan-
tially reduce anatomical dead space, and ensure con-
tinuous washing out of CO,.

Those of ordinary skill in the art will realize that the
description of the devices and methods for patient-synchro-
nized ventilatory assist are illustrative only and are not
intended to be in any way limiting. Other embodiments will
readily suggest themselves to such persons with ordinary
skill in the art having the benefit of the present disclosure.
Furthermore, the disclosed patient-synchronized ventilatory
assist may be customized to offer valuable solutions to
existing needs and problems of ventilatory assist systems.

In the interest of clarity, not all of the routine features of
the implementations of patient-synchronized ventilatory
assist systems and methods are shown and described. It will,
of course, be appreciated that in the development of any
such actual implementation of the patient-synchronized ven-
tilatory assist systems and methods, numerous implementa-
tion-specific decisions may need to be made in order to
achieve the developer’s specific goals, such as compliance
with application-, system- and business-related constraints,
and that these specific goals will vary from one implemen-
tation to another and from one developer to another. More-
over, it will be appreciated that a development effort might
be complex and time-consuming, but would nevertheless be
a routine undertaking of engineering for those of ordinary
skill in the field of ventilatory assist systems having the
benefit of the present disclosure.

In accordance with the present disclosure, the compo-
nents, process steps, and/or signal structures described
herein may be implemented using various types of operating
systems, computing platforms, network devices, computer
programs, and/or general purpose machines. In addition,
those of ordinary skill in the art will recognize that devices
of a less general purpose nature, such as hardwired devices,
field programmable gate arrays (FPGAs), application spe-
cific integrated circuits (ASICs), or the like, may also be
used. Where a method comprising a series of process steps
is implemented by a computer or a machine and those
process steps may be stored as a series of instructions
readable by the machine, they may be stored on a tangible
medium.

Systems and modules described herein may comprise
software, firmware, hardware, or any combination(s) of
software, firmware, or hardware suitable for the purposes
described herein. Software and other modules may reside on
servers, workstations, personal computers, computerized
tablets, personal digital assistants (PDA), and other devices
suitable for the purposes described herein. Software and
other modules may be accessible via local memory, via a
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network, via a browser or other application or via other
means suitable for the purposes described herein. Data
structures described herein may comprise computer files,
variables, programming arrays, programming structures, or
any electronic information storage schemes or methods, or
any combinations thereof, suitable for the purposes
described herein.

Although the present disclosure has been described here-
inabove by way of non-restrictive, illustrative embodiments
thereof, these embodiments may be modified at will within
the scope of the appended claims without departing from the
spirit and nature of the present disclosure.

What is claimed is:

1. A ventilatory assist system, comprising:

a tube for connection to a patient’s airway, the tube
including (a) an inspiratory tube lumen with a proximal
end in fluid communication with the patient’s airway
and a distal end, and (b) an expiratory tube lumen with
a proximal end in fluid communication with the
patient’s airway and the proximal end of the inspiratory
tube lumen, and a distal end in fluid communication
with an exhaust;

an inspiratory air source connected to the distal end of the
inspiratory tube lumen for supplying air flow to the
inspiratory tube lumen; and

a pressure controller connected to the expiratory tube
lumen and using a physiological breathing signal hav-
ing a level indicative of an inspiratory effort of the
patient to indicate expiration and inspiration phases of
the patient during breathing cycles of the patient to
establish, during each of the breathing cycles, (a) an
expiratory pressure in the expiratory tube lumen during
the patient’s expiration phase to allow patient’s expi-
ration through the expiratory tube lumen while produc-
ing a first unidirectional air flow from the inspiratory
air source through the inspiratory tube lumen, the
expiratory tube lumen and the exhaust, and (b) an
inspiratory assist pressure in the expiratory tube lumen
during the patient’s inspiration phase to allow the
inspiratory air source to provide ventilatory assist to the
patient through the inspiratory tube lumen and the
patient’s airway while producing a second unidirec-
tional air flow from the inspiratory air source through
the inspiratory tube lumen, the expiratory tube lumen
and the exhaust;

wherein the first and second unidirectional air flows
prevent air expired by a patient from being breathed
again; and

wherein the pressure controller uses the physiological
breathing signal to synchronize the expiratory pressure
and the inspiratory assist pressure with the expiration
and inspiration phases of the breathing cycles of the
patient.

2. The ventilatory assist system of claim 1, wherein:

the pressure controller comprises a valve disposed
between the distal end of the expiratory tube lumen and
the exhaust, and controlled using the physiological
breathing signal.

3. The ventilatory assist system of claim 2, wherein:

the valve is partially closed during the patient’s inspira-
tion phase to establish the inspiratory assist pressure
while producing the second unidirectional air flow.

4. The ventilatory assist system of claim 1, wherein:

the physiological breathing signal is a measure of elec-
trical activation of a patient’s diaphragm (EAdi).

5. The ventilatory assist system of claim 1, further com-

prising:
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a pressure sensor for sensing a pressure in the expiratory
tube lumen; and
a feedback system interposed between the pressure sensor
and the inspiratory air source.
6. The ventilatory assist system of claim 5, wherein:
the feedback system comprises a comparator of the pres-
sure sensed by the pressure sensor in the expiratory
tube lumen to a target pressure.
7. The ventilatory assist system of claim 6, comprising:
a target pressure adjuster for setting the target pressure in
response to the physiological breathing signal.
8. The ventilatory assist system of claim 6, wherein:
the inspiratory air source is adapted to increase an air flow
through the inspiratory tube lumen in response to a
detection by the comparator that the pressure sensed by
the pressure sensor in the expiratory tube lumen is
lower than the target pressure.
9. The ventilatory assist system of claim 5, wherein:
the feedback system comprises a minimum flow detector
for maintaining at least a minimum air flow through the
inspiratory tube lumen.
10. The ventilatory assist system of claim 9, wherein:
the inspiratory air source is adapted to maintain at least
the minimum air flow in response to a signal from the
minimum flow detector.
11. The ventilatory assist system of claim 1, wherein:
the tube is an endotracheal tube.
12. The ventilatory assist system of claim 1, wherein:
the inspiratory tube lumen is a smaller-diameter tube
lumen and the expiratory tube lumen is a larger-
diameter tube lumen.
13. The ventilatory assist system of claim 1, comprising:
a gas mixer connected between the inspiratory air source
and the distal end of the inspiratory tube lumen.
14. The ventilatory assist system of claim 13, comprising:
an oxygen source connected to the gas mixer.
15. The ventilatory assist system of claim 13, comprising:
a hygrometer connected to the expiratory tube lumen; and
a humidifier controlled by the hygrometer and connected
to the gas mixer.
16. The ventilatory assist system of claim 1, comprising:
a gain adjuster interposed between a source of the physi-
ological breathing signal and the pressure controller for
adjusting a level of ventilatory assist to the patient.
17. The ventilatory assist system of claim 1, wherein the
pressure controller is responsive to the physiological breath-
ing signal to establish the expiratory pressure in the expi-
ratory tube lumen in proportion to the patient’s inspiratory
effort.
18. A ventilatory assist method, comprising:
connecting a tube to a patient’s airway, the tube including
(a) an inspiratory tube lumen with a proximal end in
fluid communication with the patient’s airway and a
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distal end, and (b) an expiratory tube lumen with a
proximal end in fluid communication with the patient’s
airway and the proximal end of the inspiratory tube
lumen, and a distal end in fluid communication with an
exhaust;

supplying an air flow to the distal end of the inspiratory
tube lumen; and

using a physiological breathing signal having a level
indicative of an inspiratory effort of the patient to
indicate expiration and inspiration phases of the patient
during breathing cycles of the patient, establishing
during of the each breaching cycles (a) an expiratory
pressure in the expiratory tube lumen during the
patient’s expiration phase to allow patient’s expiration
through the expiratory tube lumen and the exhaust
while producing a first unidirectional air flow through
the inspiratory tube lumen, the expiratory tube lumen
and the exhaust, and (b) an inspiratory assist pressure
in the expiratory tube lumen during the patient’s inspi-
ration phase to provide ventilatory assist to the patient
through the inspiratory tube lumen and the patient’s
airway while producing a second unidirectional air flow
through the inspiratory tube lumen, the expiratory tube
lumen and the exhaust;

wherein the first and second unidirectional air flows
prevent air expired by a patient from being breathed
again; and

wherein the expiratory pressure and the inspiratory assist
pressure are synchronized with the expiration and
inspiration phases of the breathing cycles of the patient.

19. The method of claim 18, comprising:

sensing a pressure in the expiratory tube lumen; and

adjusting the air flow in the inspiratory tube lumen based
on a comparison between the pressure sensed in the
expiratory tube lumen and a target pressure.

20. The method of claim 19, wherein:

adjusting the air flow in the inspiratory tube lumen
comprises increasing the air flow in the inspiratory tube
lumen when the pressure sensed in the expiratory tube
lumen is lower than the target pressure and decreasing
the air flow in the inspiratory tube lumen when the
pressure sensed in the expiratory tube lumen is higher
than the target pressure.

21. The method of claim 19, comprising:

adjusting the target pressure based on the physiological
breathing signal.

22. The method of claim 18, wherein the expiratory

pressure in the expiratory tube lumen is established in
proportion to the patient’s inspiratory effort.
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