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ABSTRACT

The invention provides an improved ventilation method and
method for controlling a ventilator apparatus in accordance
with same. More specifically, the present invention relates to
a method of controlling a ventilator apparatus comprising
the steps of placing a ventilator in a mode capable of
adjusting airway pressure (P) and time (T), monitoring
expiratory gas flow, analyzing the expiratory gas flow over
time (T) to establish an expiratory gas flow pattern, and
setting and/or adjusting a low time (T2) based on the
expiratory gas flow pattern. Alternatively, the present inven-
tion relates to a method of controlling a ventilator apparatus
comprising the steps of placing a ventilator in a mode
capable of adjusting airway pressure (P) and time (1), and
setting a low airway pressure (P2) of substantially zero
cmb,0.
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VENTILATION METHOD AND CONTROL OF A
VENTILATOR BASED ON SAME

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. applica-
tion Ser. No. 10/176,710 filed Jun. 20, 2002, which claims
priority to U.S. Provisional Application No. 60/299,928 filed
Jun. 21, 2001.

FIELD OF THE INVENTION

[0002] The invention relates to the field of ventilating
human patients. More particularly, the present invention
relates to an improved method for initiation, management
and/or weaning of airway pressure release ventilation and
for controlling a ventilator in accordance with same.

BACKGROUND OF THE INVENTION

[0003] Airway pressure release ventilation (APRV) is a
mode of ventilation believed to offer advantages as a lung
protective ventilator strategy. APRV is a form of continuous
positive airway pressure (CPAP) with an intermittent release
phase from a preset CPAP level. APRV allows maintenance
of substantially constant airway pressure to optimize end
inspiratory pressure and lung recruitment. The CPAP level
optimizes lung recruitment to prevent or limit low volume
lung injury. In addition, the CPAP level provides a preset
pressure limit to prevent or limit over distension and high
volume lung injury. The intermittent release from the CPAP
level augments alveolar ventilation. Intermittent CPAP
release accomplishes ventilation by lowering airway pres-
sure. In contrast, conventional ventilation elevates airway
pressure for tidal ventilation. Elevating airway pressure for
ventilation increases lung volume towards total lung capac-
ity (TLC), approaching or exceeding the upper inflection
point. Limiting ventilation below the upper inflection of the
P-V (airway pressure versus volume) curve is one of the
goals of lung protective strategies. Subsequently, tidal vol-
ume reduction is necessary to limit the potential for over
distension. Tidal volume reduction produces alveolar
hypoventilation and elevated carbon dioxide levels.
Reduced alveolar ventilation from tidal volume reduction
has lead to a strategy to increase respiratory frequency to
avoid the adverse effects of hypercapnia. However,
increased respiratory frequency is associated with increase
lung injury. In addition, increase in respiratory frequency
decreases inspiratory time and the potential for recruitment.
Furthermore, increasing respiratory frequency increases fre-
quency dependency and decreases potential to perform
ventilation on the expiratory limb of the P-V curve.

[0004] During APRYV, ventilation occurs on the expiratory
limb. The resultant expiratory tidal volume decreases lung
volume, eliminating the need to elevate end inspiratory
pressure above the upper inflection point. Therefore, tidal
volume reduction is unnecessary. CPAP levels can be set
with the goal of optimizing recruitment without increasing
the potential for over distension. Consequently, end inspira-
tory pressure can be limited despite more complete recruit-
ment and ventilation can be maintained.

[0005] Airway pressure release ventilation (APRV) was
developed to provide ventilator support to patients with
respiratory failure. Clinical use of APRV is associated with
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decreased airway pressures, decreased dead space ventila-
tion and lower intra-pulmonary shunting as compared to
conventional volume and pressure cycled ventilation. APRV
limits excessive distension of lung units, thereby decreasing
the potential for ventilator induced lung injury (VILI), a
form of lung stress. In addition, APRV reduces minute
ventilation requirements, allows spontaneous breathing
efforts and improves cardiac output. APRV is also associated
with reduction or elimination of sedative, inotropic and
neuromuscular blocking agents.

[0006] APRV is a form of positive pressure ventilation that
augments alveolar ventilation and lowers peak airway pres-
sure. Published data on APRV has documented airway
pressure reduction on the order of 30 to 75 percent over
conventional volume and pressure cycled ventilation during
experimental and clinical studies. Such reduction of airway
pressure may reduce the risk of VILI. APRV improves
ventilation to perfusion ratio (V,/Q) matching and reduces
shunt fraction compared to conventional ventilation. Studies
performed utilizing multiple inert gas dilution and excretion
technique (MIGET) have demonstrated less shunt fraction,
and dead space ventilation. Such studies suggest that APRV
is associated with more uniform distribution of inspired gas
and less dead space ventilation than conventional positive
pressure ventilation.

[0007] APRV has been associated with improved hemo-
dynamics. In a 10-year review of APRYV, Calzia reported no
adverse hernodynamic effects. Several studies have docu-
mented improved cardiac output, blood pressure and oxygen
delivery. Consideration of APRV as an alternative to phar-
macological or fluid therapy in the hemodynamically-com-
promised, mechanically-ventilated patient has been recom-
mended in several case reports.

[0008] APRV is a spontaneous mode of ventilation which
allows unrestricted breathing effort at any time during the
ventilator cycle. Spontaneous breathing in Acute Respira-
tory Distress Syndrome/Acute Lung Injury (ALI/ARDS) has
been associated with improved ventilation and perfusion,
decreased dead space ventilation and improved cardiac
output and oxygen delivery. ALIJARDS is a pathological
condition characterized by marked increase in respiratory
elastance and resistance. However, most patients with ALI/
ARDS exhibit expiratory flow limitations. Expiratory flow
limitations results in dynamic hyperinflation and intrinsic
positive end expiratory pressure (PEEP) development. In
addition, ARDS patients experience increased flow resis-
tance from external ventilator valving and gas flow path
circuitry including the endotracheal tube and the external
application of PEEP.

[0009] Several mechanisms can induce expiratory flow
limitations in ALI/ARDS. In ALI/ARDS both FRC and
expiratory flow reserve is reduced. Pulmonary edema devel-
opment and superimposed pressure result in increased air-
way closing volume and trapped volume. In addition, the
reduced number of functional lung units (de-recruited lung
units and enhanced airway closure) decrease expiratory flow
reserve further. Low volume ventilation promotes small
airway closure and gas trapping. In addition, elevated levels
of PEEP increase expiratory flow resistance. In addition to
downstream resistance, maximal expiratory flow depends on
lung volume. The elastic recoil pressure stored in the pro-
ceeding lung inflation determines the rate of passive lung
deflation.
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[0010] APRYV expiratory flow is enhanced by utilization of
an open breathing system and use of low (0-5 cmH,0) end
expiratory pressure. Ventilation on the expiratory limb of the
P-V curve allows lower PEEP levels to prevent airway
closure. Lower PEEP levels result when PEEP is utilized to
prevent de-recruitment rather than attempting partial recruit-
ment. Increasing PEEP levels increases expiratory resis-
tance, conversely lower PEEP reduce expiratory resistance,
thereby accelerating expiratory flow rates. Sustained infla-
tion results in increased lung recruitment (increased func-
tional lung units and increased recoil pressure) and ventila-
tion along the expiratory limb (reduced PEEP and expiratory
flow resistance), improving expiratory flow reserve. In addi-
tion, release from a sustained high volume increases stored
energy and recoil potential, further accelerating expiratory
flow rates. Unlike low volume ventilation, release from a
high lung volume increases airway caliber and reduces
downstream resistance. Maintenance of end expiratory lung
volume (EELV) to inflection point of the flow volume curve
and the use of an open system allows reduction in circuitry
flow resistance. EELV 1s maintained by limiting the release
time and titrated to the inflection point of the flow volume
curve. Reduced levels of end expiratory pressure are
required when ventilation occurs on the expiratory limb of
the P-V curve. In ALI/ARDS, increased capillary perme-
ability results in lung edema. Exudation from the intravas-
cular space accumulates, and superimposed pressure on
dependent lung regions increases and compresses airspaces.
Dependent airspace collapse and compressive atelectasis
results in severe V ,/Q mismatching and shunting. Regional
transpulmonary pressure gradients which exist in the normal
lung are exaggerated during the edematous phase of AL/
ARDS. Patients typically being in the supine position, forces
directed dorsally and cephalad progressively increase pleu-
ral pressures in dependent lung regions. Ventilation
decreases as pleural pressure surrounding the dependent
regions lowers transalveolar pressure differentials. Full ven-
tilatory support during controlled ventilation promotes for-
mation of dependent atelectasis, increase V ,/Q mismatching
and intrapulmonary shunting. Increasing airway pressure
can re-establish dependent trans-pulmonary pressure differ-
ential but at the risk of over distension of nondependent lung
units. Alternatively, spontaneous breathing, as with APRV,
can increase dependent transpulmonary pressure differen-
tials without increasing airway pressure.

[0011] APRV allows unrestricted spontaneous breathing
during any phase of the mechanical ventilator cycle. As
noted, spontaneous breathing can lower pleural pressure,
thereby increasing dependent transpulmonary pressure gra-
dients without additional airway pressure. Increasing depen-
dent transpulmonary pressure gradients improves recruit-
ment and decreases V,/Q mismatching and shunt. As
compared to pressure support ventilation (PSV) multiple
inert gas dilution technique, APRV provides spontaneous
breathing and improved V,/Q matching, intrapulmonary
shunting and dead space. In addition, APRV with spontane-
ous breathing increased cardiac output. However, spontane-
ous breathing during pressure support ventilation was not
associated with improved V ,/Q matching in the dependent
lung units. PSV required significant increases in pressure
support levels (airway pressure) to match the same minute
ventilation.

[0012] Conventional lung protective strategies are associ-
ated with increased use of sedative agents and neuromus-
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cular blocking agents (NMBA). The increased use of seda-
tive and NMBA may increase the time the patient must
remain on mechanical ventilation (“vent days”) and increase
complications. NMBA are associated with prolonged paraly-
sis and potential for nosocomial pneumonia. APRV is a form
of CPAP and requires spontaneous breathing.

[0013] Decreased usage of sedation and neuromuscular
blocking agents (NMBA) has been reported with APRV. In
some institutions, APRV has nearly eliminated the use of
NMBA, resulting in a significant reduction in drug costs. In
addition to drug cost reduction, elimination of NMBA is
thought to reduce the likelihood of associated complications
such as prolonged paralysis and may facilitate weaning from
mechanical ventilation.

[0014] Mechanical ventilation remains the mainstay man-
agement for acute respiratory failure. However, recent stud-
ies suggest that mechanical ventilation may produce, sustain
or increase the risk of acute lung injury (ALI). Ventilator
induced lung injury (VILI) is a form of lung stress failure
associated with mechanical ventilation and acute lung
injury. Animal data suggest that lung stress failure from
VILI may result from high or low volume ventilation. High
volume stress failure is a type of stretch injury, resulting
from over distension of airspaces. In contrast, shear force
stress from repetitive airway closure during the tidal cycle
from mechanical ventilation results in low volume lung
injury.

[0015] Initially, lung protective strategy focused on low
tidal volume ventilation to limit excessive distension and
VILL. Amato in 1995 and in 1998 utilized lung protective
strategy based on the pressure-volume (P-V) curve of the
respiratory system. Low tidal volumes (6 ml/kg) confined
ventilation between the upper and lower inflection points of
the P-V curve. End expiratory lung volume was maintained
by setting PEEP levels to 2 cmH,O above the lower inflec-
tion point. Amato demonstrated improved survival and
increased ventilator free days.

[0016] However, subsequent studies by Stewart and
Bower were unable to demonstrate improved survival or
ventilator free days utilizing low tidal volume ventilation
strategy. Unlike Stewart and Bower, Amato utilized elevated
end expiratory pressure in addition to tidal volume reduc-
tion. Such important differences between these studies lim-
ited conclusions as to the effectiveness of low tidal venti-
lation limiting ventilator associated lung injury (VALID).

[0017] Recent completion of the large controlled random-
ized ARDSNet trial documented improved survival and
ventilator free days utilizing low tidal volume ventilation (6
ml/kg) vs. traditional tidal volume ventilation (12 ml/kg).
Although the low tidal volume group (6 ml/’kg) and tradi-
tional tidal volume group (12 ml/kg) groups utilized iden-
tical PEEP/Fi0, scales, PEEP levels were significantly
higher in the low tidal volume group. Higher PEEP levels
were required in the low tidal volume group in order to meet
oxygenation goals of the study. Despite improved survival in
the low tidal volume group (6 ml/’kg) over traditional tidal
volume group (12 ml/kg), survival was higher in the Amato
study. The ARDSNet trial also failed to demoustrate any
difference in the incidence of barotrauma. The higher PEEP
requirements and the potential for significant intrinsic PEEP
from higher respiratory frequency in the lower tidal volume
group, may have obscured potential contribution of elevated
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end expiratory pressure on survival. Further studies are
contemplated to address the issue of elevated end expiratory
pressure.

[0018] In the prior art, utilization of the quasi-static
inspiratory pressure versus volume (P-V) curve has been
advocated as the basis for controlling a ventilator to carry
out mechanical ventilation. The shape of the inspiratory P-V
curve is sigmoidal and is described as having three seg-
ments. The curve forms an upward concavity at low inflation
pressure and a downward concavity at higher inflation
pressures. Between the lower concavity and the upper con-
cavity is the “linear” portion of the curve. The pressure point
resulting in rapid transition to the linear portion of the curve
has been termed the “lower inflection point”. The lower
inflection point is thought to represent recruitment of atelec-
tatic alveolar units. The increasing slope of the P-V curve
above lower inflection point reflects alveolar compliance.
Above the inflection point, the majority of air spaces are
opened or “recruited”. Utilizing the lower inflection point of
the inspiratory P-V curve plus 2 cmH,O has been proposed
to optimize alveolar recruitment. Optimizing lung recruit-
ment prevents tidal recruitment/de-recruitment and cyclic
airway closure at end expiration. Ultimately, optimizing
lung recruitment could potentially reduce shear force gen-
eration and low volume lung injury.

SUMMARY OF THE INVENTION

[0019] The invention provides an improved ventilation
method and method for controlling a ventilator apparatus in
accordance with same. The invention recognizes that ven-
tilation utilizing elevated PEEP level prevents low volume
lung injury. Setting PEEP levels above the inflection point of
the expiratory flow curve is based on the notion that, at this
level of PEEP, the majority of the airways are opened or
recruited. In addition, this level of PEEP is thought to
prevent airway closure or de-recruitment. Specifically, lung
volume (V;) increase at the level of inflection is thought to
be related to increases in alveolar number (V) (recruit-
ment). Thereafter the steeper inflection represents compli-
ance of the recruited airspaces; the resulting lung volume
increase is secondary to increase in alveolar volume (V)
(non-recruitment volume change). The invention also rec-
ognizes that the P-V curve may not be a reliable indicator of
recruitment. The P-V curve represents the entire respiratory
system and may not adequately reflect the individual air
spaces. Optimal PEEP levels at which cyclic airway closure
is prevented are not yet precisely known, but are unlikely to
be represented by a single point as contemplated in the prior
art. The inventor believes it is more likely that recruitment
occurs over a wide range of pressures. Furthermore, utili-
zation of the inspiratory limb of the P-V curve may be of
limited value in determining optimal PEEP levels. Events
during recording of the P-V trace may affect the pressure-
volume relationship. PEEP-induced recruitment may affect
the slope of the P-V curve.

[0020] The invention further recognizes that recruitment
continues above the inflection point and may continue at
airway pressures beyond 30 cmH20 and that the primary
mechanism of lung volume change may be recruitment/de-
recruitment (R/D) rather than isotropic and anisotropic
alveolar volume change. Lung volume change to 80% of
total lung capacity (TLC) may well be a result of alveolar
number increase (R/D) rather than alveolar size. Further-
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more, recruitment is an end inspiratory phenomenon and
may be more closely related to plateau pressure rather than
PEEP. Therefore, to prevent tidal recruitment/de-recruitment
(RID), cyclic shear stress and low volume lung injury, the
invention contemplates that higher pressure may be required
to achieve complete recruitment. It is recognized that if
PEEP levels are set to end inspiratory pressure in order to
completely recruit the lung, the superimposition of tidal
ventilation could result in over-distension and high volume
lung injury despite tidal volume reduction.

[0021] Accordingly, the invention recognizes that recruit-
ment is an inflation phenomenon which continues beyond
conventional PEEP levels. Recruitment requires enough
pressure to overcome threshold-opening pressures and the
superimposed pressure of the airspace. Plateau pressure or
continuous positive airway pressure (CPAP) rather than
PEEP level may be more appropriate determinants of full
lung recruitment. PEEP conceptually prevents de-recruit-
ment after a sustained inflation. Airway closure or de-
recruitment is a deflation phenomenon. Therefore, in accor-
dance with the invention, PEEP may be more suitable set to
the inflection point of the deflation limb of the P-V curve
rather than that of the inflation limb.

[0022] The deflation limb of the pressure volume curve
reflects the differences between opening and closing pres-
sures of airspaces (hysteresis). Higher airway pressures are
necessary to open airspaces than are required to prevent
airspaces closure. In pulmonary edema states, such as ALI/
ARDS, the inflation limb of the P-V curve develops an
increased pressure-volume relationship. Increased opening
pressure results in greater pressure requirements for airspace
opening. However, the deflation limb maintains a preserved
pressure-volume relationship despite increasing pulmonary
edema. Greater hysteresis results from a downward and right
displacement of the inflation limb of the P-V curve. There-
fore, ventilator control based on PEEP should be used to
prevent airway closure rather than to cause airway opening.
Using the deflation limb of the P-V curve is believed to have
advantages for ventilation. Ventilation occurring on the
more favorable pressure-volume relationship ofthe deflation
curve reduces the level of PEEP required to prevent the same
degree of airway closure (de-recruitment).

[0023] Rather than PEEP, plateau or CPAP levels should
be utilized for bringing about airway opening (recruitment),
allowing substantially complete recruitment. In addition to
adequate threshold pressure, complete recruitment requires
constant inflation in order to sustain recruitment. Further-
more, sustained recruitment facilitates ventilation on the
deflation limb. Ventilation occurs on the deflation limb of the
P-V curve only after a sustained recruitment maneuver.
Sustained inflation pushes the P-V curve to the outer enve-
lope on to the deflation limb. During the sustained inflation,
the lung undergoes stress relaxation. Stress relaxation
accounts for a pressure reduction on the order of 20% within
the initial 4 seconds of inflation.

[0024] In accordance with the invention, APRV mode
ventilation is established based on an initial set of ventilation
parameters selected as described in further detail below.
Once ventilation has been initiated, the parameter, T2, which
defines the duration of the ventilator release phase, is
monitored and adjusted according to at least one and pref-
erably several alternative methods.
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[0025] One method is to measure the expiratory gas flow
rate during expiration and to adjust T2, if necessary, such
that T2 is terminated when the rate of expiratory gas flow is
at a value of about 25% to 50% of its absolute peak value
during expiration. To achieve this, the ventilator is con-
trolled to monitor the expiratory gas flow rate and terminate
the release phase when the flow rate reaches a value within
the aforementioned range.

[0026] Another method is to monitor expiratory flow and
determine, based on the flow pattern, whether the flow is of
a restrictive or obstructive nature, and adjust T2 accordingly.
More particularly, T2 would be adjusted to a value of less
than about 0.7 seconds in the event of restrictive flow and to
a value greater than about 0.7 seconds in the event of
obstructive flow. According to yet another method, the
expiratory flow is monitored for the presence of an inflection
point and T2 is adjusted as required to substantially elimi-
nate or at least reduce the inflection point.

[0027] During management of ventilation in accordance
with the invention blood oxygen and carbon dioxide levels
are monitored. In the event of hypercarbia, the highest
airway pressure achieved during inspiration (P1) and the
duration of the positive pressure phase (T1) are both incre-
mentally increased substantially contemporaneously once or
more as needed until blood carbon dioxide declines to an
acceptable level. Oxygenation is also regulated by adjusting
P1 and T1 in a particular manner as will be described.

[0028] According to yet another aspect of the invention,
weaning from ventilation is carried out by initiating a series
of successive reductions in P1, each of which is accompa-
nied by a substantially contemporaneous, increase in the
duration of inspiration T1 such that over time, ventilation is
transitioned from APRV to a substantially CPAP mode.

[0029] Applicant’s ventilation method and method for
controlling a ventilation apparatus based on same provides
significant advantages over the prior art. These advantages
include an increase in vent free days, lower ventilator-
related drug costs, reduced ventilator associated complica-
tions, reduced likelihood of high volume lung injury, and
reduced likelihood of low volume lung injury. These and
other objects and advantages of the invention will become
more apparent to a person of ordinary skill in the art in light
of the following detailed description and appended draw-
ings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0030] FIG. 1 is a flowchart illustrating a preferred
embodiment of a ventilation method and control of a ven-
tilator based on same according to the invention;

[0031] FIG. 2 is a schematic airway pressure versus time
tracing for airway pressure release ventilation;

[0032] FIG. 3 is a airway pressure versus time tracing
during the inspiratory (P1) phase of ventilation;

[0033] FIG. 4 is an airway volume versus pressure curve
illustrating a shift from the inspiratory limb to the expiratory
limb thereof;,

[0034] FIG. 5 is an inspiratory and expiratory gas flow
versus time tracing for airway pressure release ventilation,

[0035]
ing;

FIG. 6 is an expiratory gas flow versus time trac-
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[0036] FIG. 7 is a set of expiratory gas flow versus time
tracing illustrating determination of whether flow pattern is
normal, restrictive or obstructive based on the shape of the
tracing, and

[0037] FIG. 8 is a set of airway pressure versus time
tracings illustrating ventilation weaning by successive
reductions in pressure P1 and substantially contemporane-
ous increases in time T1.

DETAILED DESCRIPTION

[0038] A patient in need of ventilation is intubated and
connected to a mechanical ventilator which, except for being
controlled in accordance with the present invention as
described herein, can be of an otherwise known type such as
the model known as Evita 4 distributed by Draeger Medical,
Inc. of Telford, Pa. The ventilator includes pumps, valves
and piping as well as all pressure, flow and gas content
sensors required to carry out the invention. Operation of the
ventilator is governed by a control unit which includes one
or more processors. The control unit also includes both
volatile and non-volatile electronic memory for the storage
of operating programs and data. An operator interface
coupled to the control unit typically includes a graphical
user interface as well as a keyboard and/or pointing device
to enable an operator to select the operating mode of the
ventilator and/or to enter or edit patient data and operating
parameters such as the pressures, times, flows, and/or vol-
umes associated with one or more ventilation cycles. The
interface also permits display, via a monitor, of measure-
ments, trends or other data in alphanumeric and/or graphical
format. The ventilator also includes a variety of sensors
disposed in the ventilation gas circuit and/or elsewhere for
measuring ventilation parameters including airway flow,
airway pressure, and the makeup of inspiratory gasses,
expiratory gasses and/or blood gasses including the partial
pressures of oxygen and carbon dioxide in the bloodstream
of the patient and the level of oxygen saturation of the blood.
Based on pressure and flow measurements, the controller of
the ventilator is also capable of calculating inspiratory and
expiratory gas volumes. In addition, the control unit of the
ventilator includes the capability to process data generated
based on inputs from the sensors and determine variety
parameters. For example, the ventilator can determine the
ratio of inspiratory to expiratory effort based on flow mea-
surements generated by flow meters associated with its
inspiratory and expiratory valves. Such ratio is useful as an
indicator of lung volume.

[0039] Referring to FIG. 1. the invention contemplates
initiating ventilation of a patient in an APRV mode based on
initial oxygenation and ventilation settings. The airway
pressure during expiration (P2) is substantially zero through-
out ventilation to allow for the rapid acceleration of expi-
ratory gas flow rates. Typically, the fraction of oxygen in the
inspired gas (FiO2) is initially set at about 0.5 to 1.0 (i.e.
about 50% to 100%). The highest airway pressure achieved
during inspiration (P1) must be sufficiently high to over-
come airspace closing forces and initiate recruitment of lung
volume. P1 may suitably be initialized at a default value of
about 35 ¢mH20. Alternatively, P1 may be established
based either on the severity and type of lung injury or based
on recruitment pressure requirements. The latter method is
preferred in cases where the ventilation/perfusion ratio is
less than or equal to about two hundred millimeters of
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mercury (200 mmHg). The ventilation perfusion ratio is
preferably monitored continuously. It is the ratio of the
partial pressure of oxygen in the blood of the patient to the
fraction of oxygen present in the inspired gas (i.e. PaO2/
Fi02 but is commonly abbreviated as P/F).

[0040] Where the type and severity of lung injury are
characterized by a P/F of greater than about 350 mmHg, an
initial value of P1 within the range of about 20 cmH20 to
28 ¢cmH20 is preferably established. On the other hand, if
the P/F ratio is less than about 350 mmHg, P1 is preferably
initialized within the range of about 28 emH20 to 35
cmH20.

[0041] In sitvations where the P/F ratio is less than or
equal to about 200 mmHg, such as may occur where the
patient’s initial injury is non-pulmonary and/or lung injury
is of an indirect nature, the invention contemplates estab-
lishment of P1 at a value of between about 35 mmHg and 40
mmHg but preferably not appreciably above 40 mmHg. In
cases where P1 is initially established at a default value of
about 35 cmH20, P1 is reduced from such a value once P/F
exceeds about 250 mmHg. Initiation of ventilation also
requires the establishment of time (duration) settings for
inspiration and expiration.

[0042] Initially, the duration of the positive pressure phase
(T1) is established at a value within the range of about 5.0
to about 6.0 seconds unless the measured PaCO2 is greater
than about 60 mmHg. In that case, T1 is more preferably set
to a lower initial value of within the range of about 4.0 to 5.0
seconds. The duration of the ventilator release phase (T2)
may suitably be initialized at a value within the range of 0.5
to 0.8 seconds with about 0.7 seconds being a preferred
default value.

[0043] Once initial values of P1, P2, T1 and T2 have been
established, ventilation continues in a repetitive APRV mode
cycle generally as illustrated in FIG. 2. During management
of ventilation in accordance with the invention, the initial
values of one or more of these parameters are re-assessed
and modified in accordance with measured parameters as
will now be described with continued reference to FIG. 1.

[0044] In management of ventilation in accordance with
the invention, a principal goal is to maintain the level of
carbon dioxide in the blood of the ventilated patient (PaCo2)
at a level of less than or equal to about 50 mmHg. Toward
that end, arterial PaCO?2 is monitored continuously or mea-
sured as clinically indicated and the ventilator controlled to
adjust ventilation as follows. Any time after ventilation has
commenced, but preferably soon thereafter or promptly
upon any indication of hypercarbia (PaCO2 above about 50
mmHg), the setting of T2 is optionally but preferably
checked and re-adjusted if necessary. According to the
invention, optimal end expiratory lung volume is maintained
by titration of the duration of the expiration or release phase
by terminating T2 based on expiratory gas flow. To do so, the
flow rate of the expiratory gas is measured by the ventilator
and checked in relation to the time at which the controller of
the ventilator initiates termination of the release phase. The
expiratory exhaust valve should be actuated to terminate the
release phase T2, at a time when the flow rate of the
expiratory gas has decreased to about 25% to 50% of its
absolute peak expiratory flow rate (PEFR). An example is
illustrated in FIG. 5. In that example, T2 (sometimes
referred to as Tlow) terminates by controlling the expiratory
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exhaust valve to terminate the release phase when the
expiratory gas flow rate diminishes to 40% PEFR.

[0045] If monitoring of PaCO2 indicates hypocarbia is
present (i.e. PaCO2 less than about 50 mmHg), T1 is
increased by about 0.5 seconds while maintaining P1 sub-
stantially unchanged. Should the patient remain hypocarbic
as indicated by subsequent measure of PaCO2, weaning in
the manner to be described may be initiated provided
oxygenation is satisfactory and weaning is not otherwise
contraindicated based on criteria to be described further
below.

[0046] The hypercarbic patient though is not to be
weaned. In the event of hypercarbia, the invention contem-
plates assessment of the expiratory flow pattern before
making significant further adjustments to ventilation param-
eters. This assessment can readily be carried out by a
software program stored within the control unit of the
ventilator which carries out automated analysis of the expi-
ration flow versus time tracing. As illustrated in FIG. 7,
normal expiratory flow is characterized by flow which
declines substantially monotonically from the onset of the
release phase through its termination and does not fall off
prematurely or abruptly. Restrictive flow in contrast declines
rapidly from the onset of the release phase to zero or a
relatively small value. Obstructive flow tends to be more
extended in duration and is characterized by an inflection
point beyond which the rate of flow falls off markedly from
its initial rate. FIG. 6 illustrates another example of an
obstructive flow pattern. Based on analysis of flow data
provided by expiratory flow sensors, the control unit of the
ventilator is programmed to determine whether flow is
obstructive or restrictive based on the characteristics just
described. If it is determined that obstructive or restrictive
flow is present, the invention contemplates adjusting T2
before making any other significant adjustments to ventila-
tion parameters. This can be done according to either of two
alternative methods.

[0047] One method is to adjust T2 to a predetermined
value according to whether flow is either obstructive or
restrictive but allowing T2 to remain at its previous value if
flow is normal. In the case of restrictive flow, T2 should be
adjusted to less than about 0.7 seconds. On the other hand,
obstructive flow calls for a T2 of greater duration, preferably
greater than about 0.7 seconds with 1.0 to 1.2 being typical.

[0048] As FIG. 1 indicates, it is optional but advisable to
promptly assess the sedation level of the hypercarbic patient.
Sedation of the patient can be evaluated by any suitable
technique such as the conventional clinical technique of
determining an SAS score for the patient. If the patient
appears over-sedated based on the SAS score (SAS score
greater than about 2) or otherwise, reduction of sedation
should be considered and initiated if appropriate. Thereafter,
as FIG. 1 indicates, T1 should be increased by about 0.5
seconds and P1 increased concomitantly by about 2 cmH20.
After allowing sufficient time for these adjustments to take
effect on the patient, PaCO2 should be re-evaluated. If the
patient remains hypercarbic, T1 should be increased again
by about 0.5 seconds and P1 again increased concomitantly
by about 2 cmH20. PaCO2 should then be reassessed and
concomitant increases of about 0.5 seconds in T1 and about
2 emH20 in P1 repeated as indicated in FIG. 1 until the
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patient is no longer hypercarbic. However, the total duration
of T1 should not be increased beyond a maximum of about
fifteen (15) seconds.

[0049] Management of oxygenation in accordance with
the invention is carried out with the goal of maintaining the
level of oxygen in the arterial blood of the ventilated patient
(Pa02) at a value of at least about 80 mmHg and a
maintaining saturation level (Sa02) of at least about 95%.
Preferably fluctuation of PaO2 are held within a target range
of about 55 mmHg and 80 mmHg. (Expressed in terms of
SpO2, the target range would be between about 0.88 and
0.95 though where PaO2 and SpaQ2 data are both available,
Pa02 would take precedence.) Responsive to a determina-
tion that oxygenation and saturation both meet the goals just
specified, the ventilator would be controlled to progressively
decrease the fraction of oxygen in the inspired gas (Fi02) by
about 0.5 about every thirty minutes to one hour with the
objective of maintaining a blood oxygen saturation level
(Sa02) of about 95% at a P1 of about 35 and an FiO2 of
about 0.5. Upon meeting the latter objective, weaning in the
manner to be described may be initiated provided the
ventilation goal described earlier (i.e. a PaCO2 of less than
about 50 mmHg) is met and weaning is not otherwise
contraindicated.

[0050] However, if the goals of oxygenation of PaO2 of at
least about 80 mmHg and arterial blood oxygen saturation
(Sa02) of at least about 95% cannot both be maintained at
the then-current Fi02, FiO2 is not decreased. Instead, P1 is
increased to about 40 cmH20 and T1 increased substantially
contemporaneously by about 0.5 seconds. If such action
does not result in raising oxygenation and saturation to at
least the goals of about PaO2 of about 80 mmHg and SaO2
of about 95%, P1 is increased to a maximum of about 45
cmH20 and T1 is progressively further increased by about
0.5 seconds to 1.0 seconds. Oxygenation and saturation are
then re-evaluated and, if they remain below goal, FiO2, if
initially less than 1.0, may optionally be increased to about
1.0. Oxygen and saturation continue to be re-evaluated and,
T1 successively raised in increments of about 0.5 to 1.0
seconds until the stated oxygen and saturation goals are met.

[0051] Once those oxygenation and saturation goals are
met, ventilation is controlled to maintain those goals while
progressively decreasing FiO2 and P1 toward the levels at
which initiation of weaning can be considered. More par-
ticularly, P1 is decreased by about 1 cmH20 per hour while
Fi02 is decreased by about 0.05 about every thirty (30)
minutes while maintaining an oxygen saturation of at least
about 95%.

[0052] Weaning according to the invention, unless other-
wise contraindicated, may commence after the oxygenation
and ventilation goals described above have been met. That
i, when PaCO2 remains below about 50 mmHg and SaO2
remains at least about 95% at a P1 of about 35 cmH20 and
Fi02, if previously higher, has been weaned to a level of not
greater than about 0.5. During weaning in accordance with
the invention, T1 is controlled to sustain recruitment while
P1 is reduced to gradually reduce airway pressure. As FIG.
8 illustrates, this is achieved by carrying out a series of
successive incremental reductions in P1 while substantially
contemporaneously’ carrying out a series of successive
incremental increases in T1 so as to induce gradual pulmo-
nary stress relaxation as FIG. 3 illustrates. As a result, the
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pulmonary pressure versus volume curve shifts progres-
sively from its inspiratory limb to its expiratory limb as
illustrated in FIG. 4. In a preferred embodiment as illustrated
in FIG. 1, weaning is carried out in two stages, the first of
which is more gradual than the second. During the first
stage, P1 is reduced by about 2 cmH2O about every hour.
Substantially contemporaneously with each reduction in P1,
T1 is increased by about 0.5 to 1.0 seconds up to, but not in
excess of a T1 of about 15 seconds in total duration. As P1
is being reduced in the manner just described, the fraction of
oxygen in the inspired gas (FiO2) is also gradually reduced
in accordance with P1. During the first stage of weaning, this
gradual weaning of FiO2 is carried out substantially in
accordance with Table 1 of FIG. 1. When P1 has been
reduced to about 24 cmH20 and FiO2 weaned to about 0.4
with the patient sustaining a blood oxygen saturation (Sa02)
of at least about 95% weaning may proceed to the more
aggressive second stage.

! The term “substantially contemporaneously” should not be construed to be
limited to necessarily require that changes oceur precisely at the same
morment. Rather, the term is to be construed broadly to encompass not merely
events that occur at the same time, but also any which are close enough in time

to achieve the advantages or effects described.

[0053] During the second stage, as FIG. 1 indicates, suc-
cessive reductions in P1 and substantially contemporaneous
increases in T1 continue about once every hour. However,
during the second stage, the reductions in P1 take place in
increments of about 4 cmH20 and the increases in T1 are
each about 2.0 seconds. As reductions in P1 continue, further
weaning of FiO2 is implemented substantially in accordance
with Table 2 of FIG. 1. Once FiO2 1s weaned to about 0.3,
airway pressures are reduced such that the ventilation mode
by then has been transitioned from APRV to a substantially
Continuous Positive Airway Pressure/Automatic Tube Com-
pensation Mode (CPAP/ATC).

[0054] Once the patient is tolerating CPAP at about 5
c¢mH20 with Fi02 of not greater than about 0.5, the patient’s
ability to maintain unassisted breathing is assessed, prefer-
ably for at least about 2 hours or more.

[0055] a.) SpO2 of at least about 0.90 and/or PaO2 of at
least about 60 mmHg;

[0056] b.)tidal volume of not less than about 4 ml/kg of
ideal bodyweight;

[0057] c.) respiration rate not significantly above about
35 breaths per minute, and

[0058] d.)lack of respiratory distress, with such distress
being indicated by the presence of any two or more of
the following:

[0059] 1) Heart rate greater than 120% of the 0600-hour
rate (though less than about 5 minutes above such rate
may be considered acceptable)

[0060] ii) marked use of accessory muscles to assist
breathing;

[0061]
[0062]
[0063] v) marked subjected dyspnea.

[0064] If there is an indication of respiratory distress,
CPAP at an airway pressure of about 10 cmH2O should be
resumed and monitoring and reassessment carried out as

iii) thoroco-abdominal paradox;

iv) diaphoresis and/or
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needed. However, if criteria a) through d) above are all
satisfied, the patient may be transitioned to substantially
unassisted breathing such as by extubation with face mask,
nasal prong oxygen or room air, T-tube breathing, trache-
otomy mask breathing or use of high flow CPAP at about 5
cmH20.

[0065] During all phases of ventilation including initia-
tion, management and weaning, the patent should be reas-
sessed at least about every two hours and more frequently if
indicated. Blood gas measurements (PaO2 and SaO2 and
PaCO2) that govern control of ventilation according to the
invention should be monitored not less frequently than every
two hours though substantially continuous monitoring of all
parameters would be considered ideal.

[0066] Just prior to and during weaning at least one special
assessment should be conducted daily, preferably between
0600 and 1000 hours. If not possible to do so, a delay of not
more than about four hours could be tolerated. Weaning
should not be initiated or continued further unless:

[0067] a) at least about 12 hours have passed since
initial ventilation settings were established or first
changed,

[0068] b) the patient is not receiving neuromuscular
blocking agents and is without neuromuscular block-
ade, and

[0069] c) Systolic arterial pressure is at least about 90
mmHg without vasopressors (other than “renal” dose
dopamine).

[0070] If these criteria are all met, a trial should be
conducted by ventilating the patient in CPAP mode at about
5 emH20 and an FiO2 of about 0.5 for about five (5)
minutes. If the respiration rate of the patient does not exceed
about 35 breaths per minute (bpm) during the five (5) minute
period weaning as described above may proceed. However,
if during the five (5) minute period the respiration rate
exceeds about 35 bpm it should be determined whether such
tachypnea is associated with anxiety. If so, administer appro-
priate treatment for the anxiety and repeat the trial within
about four (4) hours. If tachypnea does not appear to be
associated with anxiety, resume management of ventilation
at the parameter settings in effect prior to the trial and
resume management of ventilation as described above. Re-
assess at least daily until weaning as described above can be
initiated.

1-14. (canceled)
15. A method of controlling a ventilator apparatus com-
prising the steps of:

a) placing a ventilator in a mode capable of adjusting
airway pressure (P) and time (T);

b) monitoring expiratory gas flow;

¢) analyzing the expiratory gas flow over time (T) to
establish an expiratory gas flow pattern, and

d) setting a low time (T2) based on the expiratory gas flow

pattern.

16. The method of claim 15, further comprising the steps
of monitoring inspiratory gas flow and determining expira-
tory and inspiratory gas volume.

17. A method of controlling a ventilator apparatus com-
prising the steps of placing a ventilator in a mode capable of
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adjusting airway pressure (P) and time (T), and setting a low
airway pressure (P2) of substantially zero cmH,0.

18. The method of claim 17, further comprising the steps
of:

a) monitoring expiratory gas flow,

b) analyzing the expiratory gas flow over time to establish
an expiratory gas flow pattern, and

¢) setting a low (T2) based on the expiratory gas flow
pattern.
19. The method of claim 17, further comprising the steps
of:

a) monitoring expiratory and inspiratory gas flow,

b) determining the relationship between the expiratory
and inspiratory gas flow, and

¢) setting a high airway pressure (P1).

20. The method of claim 19, wherein the step of deter-
mining the relationship comprises determining the relation-
ship comprises determining the ratio of the expiratory gas
flow and the inspiratory gas flow.

21. The method of claim 19, further comprising the steps
of analyzing the expiratory and inspiratory gas flow over
time (T) to establish an expiratory and inspiratory gas flow
pattern and analyzing the expiratory and inspiratory gas flow
pattern.

22. The method of claim 17, wherein the mode comprises
a preset continuous positive airway pressure (CPAP) level
mode with an intermittent pressure release.

23. The method of claim 22, further comprising the step
of substantially simultaneously adjusting a high airway
pressure (P1) and a high time (T1).

24. The method of claim 17, further comprising the steps
of:

a) monitoring blood carbon dioxide levels for hypocarbia,

b) increasing a high time (T1) and maintaining a high
pressure (P1) substantially unchanged.
25. The method of claim 17, further comprising the steps
of:

a) monitoring blood oxygen levels, and

b) increasing a high airway pressure (P1) and a high time
(T1) substantially contemporaneously to raise oxygen-
ation levels.

26. The method of claim 25, wherein P1 is increased to a

maximum of about 45 cmH,0.

27. The method of claim 26, further comprising the steps
of subsequently decreasing P1 at a rate of about 1 cmH,0 per
hour and maintaining oxygen levels.

28. The method of claim 18, further comprising the step
of controlling the ventilator with a control unit.

29. The method of claim 28, wherein the control unit is
programmed to analyze the expiratory gas flow over time.

30. A method of controlling a ventilator apparatus com-
prising the steps of:

a) placing a ventilator in a mode capable of adjusting
airway pressure (P) and time (T),

b) setting a low airway pressure (P2) of substantially zero
cmH,0

¢) monitoring blood CO, levels, and
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d) increasing the high time (T1) interval and decreasing

the high airway pressure (P1).

31. The method claim 30, wherein the monitoring com-
prises determining whether the blood CO, levels are normal
or below normal.

32. A method of controlling a ventilator apparatus com-
prising the steps of:
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a) placing a ventilator in a mode capable of adjusting
airway pressure (P) and time (T), and

b) setting low airway pressure (P2) of no more than zero
cmH,0.
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