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AN APPARATUS TO ATTAIN AND MAINTAIN TARGET END TIDAL PARTIAL
PRESSURE OF A GAS

Field of the Invention

The present invention relates to an apparatus and method for controlling end tidal
gas partial pressures in spontaneously breathing or ventilated subjects and to the
use of such an apparatus and method for research, diagnostic and therapeutic

purposes.

Background of the Invention

Techniques for controlling end-tidal partial pressures of carbon dioxide, oxygen and
other gases are gaining increasing importance for a variety of research, diagnostic
and medicinal purposes. Methods for controlling end tidal pressures of gases have
gained particular importance as a means for manipulating arterial levels of carbon
dioxide (and also oxygen), for example to provide a controlled vasoactive stimulus to

enable the measurement of cerebrovascular reactivity (CVR) e.g. by MRI.

Conventional methods of manipulating arterial carbon dioxide levels such as breath
holding, hyperventilation and inhalation of fixed concentration of carbon dioxide
balanced with medical air or oxygen are deficient in their ability to rapidly and
accurately attain targeted arterial carbon dioxide partial pressures for the purposes

of routinely measuring vascular reactivity in a rapid and reliable manner.

The end-tidal partial pressures of gases are determined by the gases inspired into
the lungs, the mixed venous partial pressures of gases in the pulmonary circulation,
and the exchange of gases between the alveolar space and the blood in transit
through the pulmonary capillaries. Changes in the end-tidal partial pressures of
gases are reflected in the pulmonary end-capillary partial pressures of gases, which
in turn flow into the arterial circulation. The gases in the mixed-venous blood are
determined by the arterial inflow of gases to the tissues and the exchange of gases
between the tissue stores and the blood, while the blood is in transit through the

tissue capillary beds.
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Robust control of the end-tidal partial pressures of gases therefore requires precise
determination of the gas storage, transport, and exchange dynamics at the lungs and
throughout the body. Previous attempts at controlling the end-tidal partial pressures
of gases have failed to account for these complex dynamics, and have therefore

produced mediocre results.

In the simplest approaches, manipulation of the end-tidal partial pressures of gases
has been attempted with fixed changes to the composition of the inspired gas.
However, without any additional intervention, the end-tidal partial pressures of gases
vary slowly and irregularly as exchange occurs at the lungs and tissues.
Furthermore, the ventilatory response to perturbations in the end-tidal partial
pressures of gases is generally unpredictable and potentially unstable. Often, the
ventilatory response acts to restore the condition of the blood to homeostatic norms.
Therefore, any changes in the end-tidal partial pressures of gases are immediately
challenged by a disruptive response in the alveolar ventilation. Consequently, fixed
changes in the inspired gas composition provoke only slow, irregular, and transient

changes in blood gas partial pressures.

In more complex approaches, manipulation of the end-tidal partial pressures of
gases has been attempted with negative feedback control. These approaches
continuously vary the composition of the inspired gas so as to minimize error
between measured and desired end-tidal partial pressures of gases. Technically,
such a system suffers from the same limitations as all negative feedback control

systems - an inherent trade-off between response time and stability.

Consequently, there is a need to overcome previous limitations in end-tidal gas
control, allowing for more precise and rapid execution of end tidal gas targeting

sequences in a wide range of subjects and environments.

Summary of Invention

The invention is directed to a device and method for controlling an amount of a gas X
in a subject's lung to target a targeted end tidal partial pressure of gas X. The device
optionally implements the method for more than one gas contemporaneously, for
example to control an amount of each of gases X and Y (for example carbon dioxide
and oxygen, or oxygen and a medicinal gas) or for example an amount of each of
gases X, Y and Z (for example carbon dioxide, oxygen and a medicinal gas) etc. For
each particular gas for which this control is sought to be implemented, a prospective
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determination is made of how much (if any) of the gas in question needs to be
delivered by the device in a respective breath [i] to target a logistically attainable
target end tidal concentration for the respective breath[i]. A target may be repeated

for successive breaths or changed one or multiple times.

The invention is also directed to a computer program product or IC chip which may

be at the heart of the device or method.

A processor obtains input of a logistically attainable end tidal partial pressure of gas
X (PetX[i]") for one or more respective breaths [i] and input of a prospective
computation of an amount of gas X required to be inspired by the subject in an
inspired gas to target the PetX]i]" for a respective breath [i] using inputs required to
utilize a mass balance relationship, wherein one or more values required to control
the amount of gas X in a volume of gas delivered to the subject is output from an
expression of the mass balance relationship. The mass balance relationship is
expressed in a form which takes into account (prospectively), for a respective breath
[}, the amount of gas X in the capillaries surrounding the alveoli and the amount of
gas X in the alveoli, optionally based on a model of the lung which accounts for
those sub-volumes of gas in the lung which substantially affect the alveolar gas X

concentration affecting mass transfer.

Based on this prospective determination control of the amount of gas X in a volume
of gas delivered to the subject in a respective breath [i] is implemented to target the
respective PetX[i]” for a breath [i]. Implementing a calibration step as necessary in

advance may improve targeting.

According to one aspect the invention is directed to a method of controlling an
amount of at least one gas X in a subject's lung to attain at least one targeted end

tidal partial pressure of the at least one gas X, comprising the steps of:

a. Obtaining input of a logistically attainable end tidal partial pressure of gas
X (PetX][i]T) for one or more respective breaths [i];

b. Obtaining input of a prospective computation of an amount of gas X required
to be inspired by the subject in an inspired gas to target the PetX][i]' for a
respective breath [i] using inputs required to compute a mass balance equation,

wherein one or more values required to control the amount of gas X in a
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volume of gas delivered to the subject is output from the mass balance
equation; and optionally

C. Controlling the amount gas X in a volume of gas delivered to the subject
in a respective breath [i} to target the respective PetX[i]T based on the

prospective computation.

According to another aspect the invention is directed to a method of controlling a gas
delivery device to control a subject's end tidal partial pressure of a gas X, wherein a
signal processor, operatively associated with the gas delivery device, controls the
amount of gas X in a volume of inspiratory gas prepared for delivery to the subject in
a respective breath [i] using inputs and outputs processed by the signal processor for

a respective breath [i], the method comprising:

a. Obtaining input of one or more values sufficient to compute the
concentration of gas X in the mixed venous blood entering the subject's

pulmonary circulation for gas exchange in one or more respective breaths [i]

(CMVXW);

b. Obtaining input of a logistically attainable end tidal partial pressure of gas

X (PetX[i]") for a respective breath [i];

c. Utilizing a prospective computation sufficient to determine the amount of
gas X required to be inspired in a respective breath [i] to target the PetX[i]T for
a respective breath [i], the prospective computation using inputs sufficient to
compute a mass balance equation for a respective breath [i], the inputs
including values sufficient to determine, for a respective breath [i], CuvX[i] and
the concentration of gas X in the subject's alveoli affecting mass transfer (for
example CcMyX[i] and the concentration or partial pressure of gas X in the

alveoli as a result of inspiration in breath [i]);

d. Outputting control signals to the gas delivery device sufficient to control
the amount of gas X in a volume of inspiratory gas set to be delivered to the
subject in a respective breath [i] to target the respective PetX[i]T based on the

prospective computation.

The inventors have found that net mass transfer can be prospectively determined on

a breath by breath basis in a manner sufficient to attain a targeted end tidal partial
4
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pressure of a gas X, using inputs sufficient to compute cmvX[l] and the concentration
of gas X in the subject's lung affecting mass transfer as a result of inspiration in a

respective breath [i].

For present purposes a mass balance equation is understood to be a mathematical
relationship that applies the law of conservation of mass (i.e. amounts of gas X) to
the analysis of movement of gas X, in and out of the lung, for the purpose of
prospectively targeting an end tidal partial pressure of gas X. Optionally, where an
end tidal partial pressure of gas X is sought to be changed from a baseline steady
state value or controlled for a sequence of respective breaths [i] the mass balance
equation will account for the transfer of a mass of gas X between a subject's lung
(i.e. in the alveoli) and pulmonary circulation (i.e. the mixed venous blood entering
the pulmonary capillaries (CyvX[i])); so that this key source of flux affecting the end

tidal partial pressure of gas X in the breath(s) of interest, is accounted for.

Preferably the mass balance equation is computed based on a tidal model of the

lung as described hereafter.

In one embodiment of the method, a concentration of gas X (F|X), for example in a
first inspired gas (the first inspired gas also referred to, in one embodiment of the
invention, as a controlled gas mixture) is computed to target or attain PetX[i]" in a

respective breath [i].
Optionally, the mass balance equation is solved for F|X.

It will be appreciated that F|X may be output from the mass balance equation by

testing iterations of its value without directly solving for FX.

Optionally, the volume of gas delivered to the subject is a fixed tidal volume

controlled by a ventilator.

Optionally, the volume of gas delivered to the subject in a respective breath [i]
comprises a first inspired gas of known volume and a second inspired neutral gas.
Accordingly, according to one aspect, the invention contemplates that controlling the
end tidal partial pressure of a gas X based on a prospective method of controlling the
amount of gas X inspired by the subject, recognizes that the gas X content of two

components of the inspiratory gas (together the "inspired gas") may have to be

5
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accounted for, the gas X content of both a first inspired gas and a second inspired
gas. As set out in the above-described method, the amount of gas X in a volume of a
first inspired gas is controlled by a gas delivery device. As described below, the gas
inspired for the remainder of a breath [i] may be a re-breathed gas or a neutral gas of
similar composition. For example, the subject may also receive an amount of gas X
in the second inspired gas organized for delivery to the subject using a sequential
gas delivery (SGD) circuit (described below) which provides the re-breathed gas or a
"neutral gas" composed by a gas delivery device. Examples of prospective

computations with and without SGD are described below.

According to one embodiment of a method according to the invention, a signal
processor outputs control signals to control the gas X content of a first inspired gas.
The total volume of the first inspired gas may be controlled by the signal processor
or where the gas delivery device in question is organized to add a gas X source to a
pre-existing flow of gas, the gas delivery device may simply control the volume of the
added gas but may thereby nevertheless exert overall control of the gas X
composition. In this scenario, the gas X content does not have to be varied if the
volume of pre-existing flow of gas is varied. Optionally, the role of the gas delivery
device contemplated above, is to at least control the gas X composition, and
optionally also the total volume of at least a first inspired gas, where there is a
second inspired gas (the term first inspired gas does not necessarily imply an order
of delivery and this partial volume of the inspired gas may nevertheless described
herein as "a volume of inspiratory gas"). The control signals may be delivered to one
or more flow controllers for delivering variable amounts of gas X. A second inspired
gas, if sought to be delivered, may be composed by another gas delivery device
(alternatively, both the first inspired gas delivery device and second inspired gas
delivery device may be combined in a single device) or the second inspired gas may
simply be delivered by a re-breathing or sequential gas delivery circuit as a re-

breathed gas of predicted approximate composition.

In one embodiment of the aforementioned method, a signal processor utilizes a
prospective computation sufficient to determine the volume and composition of an
inspired gas (i.e. the entirety of the inspired gas or the entirety of the first inspired
gas) to target the PetX[i]" for a respective breath [i], the prospective computation

using inputs sufficient to compute a mass balance equation for a respective breath

6
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[, the inputs including values sufficient to determine, for a respective breath [i],
cMiX[i] and the concentration or partial pressure of gas X in the alveoli affecting
mass transfer as a result of inspiration in breath [i]).. Accordingly while the entirety of
the inspired gas in a respective breath [i] is accounted for in a mass balance analysis
(both first inspired and second inspired (neutral) gas, the control signals output by
the signal processor may only control a partial volume and preferably the

composition of the first inspired gas.

In accordance with a tidal model of the lung, in one embodiment of the invention, the
mass balance equation is computed in terms of discrete respective breaths I[i]
including one or more discrete volumes corresponding to a subject's FRC, anatomic
dead space, a volume of gas transferred between the subject's lung and pulmonary
circulation in the respective breath [i] and an individual tidal volume of the respective

breath [i].

According to another aspect, the invention is directed to a method of controlling an
amount of at least one gas X in a subject's lung to attain a targeted end tidal partial

pressure of the at least one gas X, comprising:

a. Obtaining input of a concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in one or more
respective breaths [i] (CmvX]i]);

b. Obtaining input of a logistically attainable end tidal partial pressure of gas
X (PetX[i]") for a respective breath [il;

c. Obtaining input of a prospective computation of an amount of gas X required
to be inspired by the subject in an inspired gas to target the PetX[i]T for a
respective breath [i] using inputs required to compute a mass balance equation
including C,vX[i] and values sufficient to compute the contribution of one or
more discrete volumetric components of breath [i] to the concentration of gas X
in the alveoli, wherein one or more values required to control the amount of gas
X in a volume of gas delivered to the subject is output from the mass balance
equation; and optionally

d. Controlling the amount gas X in a volume of gas delivered to the subject
in a respective breath [i] to target the respective PetX[i]T based on the

prospective computation.
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In one embodiment of the method, a concentration of gas X (F|X) is computed to

target or attain PetX[i]” in a respective breath [i].
Optionally, the mass balance equation is solved for F|X.

In accordance with a tidal model of the lung, in one embodiment of the invention, the
mass balance equation is computed in terms of discrete respective breaths [i]
including one or more discrete volumes corresponding to a subject's FRC, anatomic
dead space, a volume of gas transferred between the subject's lung and pulmonary
circulation in the respective breath [i] and an individual tidal volume of the respective

breath [i].

According to another embodiment of the method, the method comprises the step of
tuning one or more inputs required for computation of F|X, for example, with respect

to any terms and/or by any methods described in this application.

According to another embodiment of the method, the volume of inspired gas entering
the subject's alveoli is controlled by fixing a tidal volume of an inspired gas
containing gas X using a ventilator and subtracting a volume of gas corresponding to

an estimated or measured value for the subject's anatomic dead space volume.

According to another embodiment of the method, the gas inspired by the subject is
inspired via a sequential gas delivery circuit (as defined below). Optionally, the rate
of flow of gas into the sequential gas delivery circuit is used to compute the volume

of inspired gas entering the subject's alveoli in a respective breath [il.

According to one aspect of the method, the gas inspired by the subject in each
respective breath [i] comprises a first inspired gas and a second inspired optionally
neutral gas, wherein the first inspired gas is delivered in the first part of a respective
breath [i] followed by a second inspired neutral gas for the remainder of the
respective breath [i], the volume of the first inspired gas selected so that intake of the
second inspired neutral gas at least fills the entirety of the anatomic dead space. F|X
is computed prospectively from a mass balance equation expressed in terms which
correspond to all or an application-specific subset of the terms in equation 1 and the
first inspired gas has a concentration of gas X which corresponds to F|X for the

respective breath [i]



10

15

20

25

30

WO 2013/082703 PCT/CA2012/001123

A "tidal model of the lung" means any model of the movement of gases into and out
of the lung that acknowledges that inspiration of gas into, and the expiration of gas
from the lung, occurs in distinct phases, each inspiration-expiration cycle comprising
a discrete breath, and that gases are inspired in to, and expired from, the lungs via

the same conduit.

In terms of computing a mass balance equation and capturing relevant aspects of
movement of gases into and out of the lung, a tidal model of lung is preferably
understood to yield a value of Fix on a breath by breath basis from a mass balance
equation. The mass balance equation is computed in terms of discrete respective
breaths [i] including one or more discrete volumes corresponding to a subject's FRC,
anatomic dead space, a volume of gas transferred between the subject's lung and
pulmonary circulation in the respective breath [i] and an individual tidal volume of the

respective breath [i]. Optionally, the mass balance equation is solved for Fix.

Preferably for optimal accuracy in a universal set of circumstances, all these discrete
volumes are accounted for in the mass balance equation. However, it is possible for
the invention to be exploited sub-optimally or for individual circumstances in which
the relative sizes of certain of these respective volumes (e.g. anatomic dead space,
volume of gas x transferred between the pulmonary circulation and lung and even
tidal volume (shallow breaths) may be relatively small (compared to other volumes)
depending on the circumstances and hence failing to account for all of these
volumes may affect achievement of a target end tidal partial pressure to an

acceptable extent particularly where less accuracy is demanded.

In one embodiment of the invention, the mass balance equation (optionally written in

terms of one or more concentration of gas x in one or more discrete volumes of

gas):

a. Preferably accounts for the total amount of gas x in the lung following
inhalation of the inspired gas in a respective breath [i] (M|_x[i]) including
transfer of gas x between the lung and the pulmonary circulation;

b. Assumes distribution of MXx[i] into compartments including the
subject's FRCc (MLX[I]FRC), a fixed or spontaneously inspired tidal
volume (M XJijvt) and preferably the subject's anatomic dead space

volume (M X [ijvD);
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c. Assumes uniform distribution of the MLX[IIFRC a and M X[ivT in the
cumulative volume FRC+Vr;

d. Preferably includes a term that accounts for re-inspiration in a
respective breath [i] of an amount of gas X left in the dead space

volume after exhalation in a previous breath [i-1].

As detailed below, according to one embodiment, in which the invention is
implemented via sequential gas delivery, the individual respective tidal volume for a
breath [i] may consist of a first inspired gas having a concentration of gas X
corresponding to F|X and second inspired neutral gas. The volume of the first
inspired gas may be fixed, for example by controlling the rate of flow of first inspired

gas into a sequential gas delivery circuit.

In one embodiment of the invention the mass balance equation comprises terms
corresponding to all or an application-specific subset of the terms in equations 1 or 2
forth below as described hereafter. An "application-specific subset" means a subset
tailored to either a minimum, intermediate or logistically optimal standard of accuracy
having regard to the medical or diagnostic application of the invention in question or
the sequence of PetX]i]" values targeted. Optional terms and mandatory inclusions in
the subset may be considered application-specific as a function of the sequence of
PetX[i]” values targeted in terms of the absolute size of the target value and/or the
relative size of the target value going from one breath to the next as discussed
below. For example, in most cases, the 02 or CO2 re-inspired from the anatomical

dead space (Vp) is small compared to the 0, or CO, in the other volumes that

contribute to the end-tidal partial pressures. For example, where the volume of O, or
CO, in the first inspired gas is very large, in trying to induce a large increase in the
target end-tidal partial pressures, the c); or CO, transferred into the lung from the
circulation may be comparatively small and neglected. Neglecting any terms of the
mass balance equations will decrease computational complexity at the possible

expense of the accuracy of the induced end-tidal partial pressures of gases.

The demands of a diagnostic application may be ascertained empirically or from the
literature. For example, a measure of short response times of brain blood vessels to
hypercapnic stimulus can be determined to require a square wave change in the
stimulus such as a change of 10 mmHg PETCO, from one breath to the next.

Another example is when measuring response of BOLD signal with MRI to changes

10
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in partial pressure of CO ,in the blood, the changes needed may be determined to be

abrupt as the BOLD signal has considerable random drift over time.

For measuring heart vascular reactivity, the inventors have demonstrated that
attaining target end tidal concentrations to within 1 to 3 mm of Hg of the targets,
preferably to within 1 to 2 mm of Hg of the targets, using an apparatus, computer
program product, or IC chip and method according to the invention enables the
invention to be used for cardiac stress testing (see W02012/1 151583). Therefore,
according to one aspect, the invention is directed to the use of apparatus, computer
program product, IC chip and/or method according to the invention for cardiac stress

testing.

The invention is also adapted for use as a controlled stimulus, for example to
calibrate a BOLD signal (Mark CI et al. Improved fMRI calibration: Precisely
controlled hyperoxic versus hypercapnic stimuli (201 1) Neurolmage 54 1102-1 111);
Driver ID. et al. Calibrated BOLD using direct measurement of changes in venous
oxygenation (2012) Neurolmage 63(3) 2278-87) or as an adjunct or preliminary step
in diagnosing abnormal cerebrovascular reactivity. For example, determining the
presence of abnormally reduced vascular reactivity using an apparatus, computer
program product, IC chip and/or method according to the invention is useful for
predicting susceptibility to stroke (Silvestrini, M. et al. Impaired Cerebrovascular
Reactivity and Risk of Stroke in Patients With Asymptomatic Carotid Artery Stenosis
JAMA (2000) 283(16) 2179; Han J.S. et al. Impact of Extracranial Intracranial
Bypass on Cerebrovascular Reactivity and Clinical Outcome in Patients With
Symptomatic Moyamoya Vasculopathy, Stroke (2011) 42:3047-3054) or dementia
(Balucani, C. et al. Cerebral Hemodynamics and Cognitive Performance in Bilateral
Asymptomatic Carotid Stenosis Neurology (2012) Oct 23; 79(17) 1788-95) and
diagnosing or assessing cerebrovascular disease (Mutch WAC et aI.‘Approaches to
Brain Stress Testing: BOLD Magnetic Resonance Imaging with Computer-Controlled
Delivery of Carbon Dioxide (2012) PLoS ONE 7(11) e47443).

The invention is similarly adapted for diagnosing or assessing idiopathic intracranial
hypertension (lIH) or idiopathic normal pressure hydrocephalus (Chang, Chia-Cheng
et al. A prospective study of cerebral blood flow and cerebrovascular reactivity to
acetazolamide in patients with idiopathic normal-pressure hydrocephalus (2009) J

Neurosurg 111:610-617), traumatic brain injury (Dicheskul ML and Kulikov VP

11
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Arterial and Venous Brain Reactivity in the Acute Period of Cerebral Concussion
2011 Neurosicnece and Behavioural Physiology 41(1) 64), liver fibrosis or liver
disease in which liver fibrosis is a feature (Jin, N. et al. Carbogen Gas-Challenge
BOLD MR Imaging in a Rat Model of Diethylnitrosamine-induced Liver Fibrosis Jan
2010 Radiology 254(1)129-137) and conditions manifesting abnormal kidney
vascular reactivity, for example renal denervation in transplant subjects (Sharkey et.
al., Acute effects of hypoxaemia, hyperoxaemia and hypercapnia on renal blood flow

in normal and renal transplant subjects, Eur Respir J 1998; 12: 653-657.

Optionally, one or more inputs for computation of PetX[i]T are "tuned" as defined
below to adjust, as necessary or desirable, estimated or measured values for FRC
and/or total metabolic production / consumption of gas X so as to reduce the
discrepancy between targeted and measured end tidal partial pressures of gas X i.e.
an actual value, optionally measured at the mouth. Tuning can be done when a
measured baseline steady state value of PetX][i] is defined for a series of test

breaths.

According to another aspect, the present invention is directed to an apparatus for
controlling an amount of at least one gas X in a subject's lung to attain a targeted

end tidal partial pressure of the at least one gas X, comprising:
Q) a gas delivery device;
2 a control system for controlling the gas delivery device including means for:

a. Obtaining input of a concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in one or more
respective breaths [i] (Cm,X[i]);

b. Obtaining input of a logistically attainable end tidal partial pressure of gas
X (PetX[i]T) for a respective breath [il;

c. Obtaining input of a prospective computation of an amount of gas X
required to be inspired by the subject in an inspired gas set for delivery to the
subject by the gas delivery device to target the PetX]i]" for a respective breath
[l using inputs required to compute a mass balance equation including
CwmvX[i}, wherein one or more values required to control the amount of gas X

in a volume of gas delivered to the subject is output from the mass balance

equation; and
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d. Controlling the amount of gas X in a volume of gas delivered to the
subject in a respective breath [i] to target the respective PetX[i]" based on the

prospective computation.

In one embodiment of the method, a concentration of gas X (F|X) is computed to

target or attain PetX[i]T in a respective breath [i].
Optionally, the mass balance equation is solved for FiX.

It will be appreciated the control system may implement one or more embodiments

of the method described herein.

In one embodiment of the apparatus the gas delivery device is a sequential gas

delivery device, for example a gas blender operatively connected to a sequential gas

~ delivery circuit.

In one embodiment of the apparatus, the control system is implemented by a

computer.

In one embodiment of the apparatus, the computer provides output signals to one or

more rapid (rapid-response) flow controllers.

In one embodiment of the apparatus, the apparatus is connected to a sequential gas

delivery circuit.

In one embodiment of the apparatus, the computer receives input from a gas
analyzer and an input device adapted for providing input of one or more logistically
attainable target end tidal partial pressure of gas X (PetX[i]") for a series of

respective breaths [i].

In one embodiment of the apparatus, the control system, in each respective breath
[i], controls the delivery of at least a first inspired gas and wherein delivery of the
first inspired gas is coordinated with delivery a second inspired neutral gas, wherein
a selected volume of the first inspired gas is delivered in the first part of a respective
breath [i] followed by the second inspired neutral gas for the remainder of the
respective breath [i], wherein volume of the first inspired gas is fixed or selected for
one or more sequential breaths by way of user input so that intake of the second

inspired neutral gas at least fill the entirety of the anatomic dead space.
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In one embodiment of the apparatus, the apparatus is connected to a sequential gas

delivery circuit.
In one embodiment of the apparatus, the gas delivery device is a gas blender.

In one embodiment of the apparatus, the control system implements program code
stored in a computer readable memory or comprises a signal processor embodied in

an IC chip, for example, one or more programmable IC chips.

According to another aspect, the present invention is directed to a computer program
product for use in conjunction with a gas delivery device to control an amount of at
least one gas X in a subject's lung to attain a target end tidal partial pressure of a
gas X in the subject's lung, comprising program code for:
a. Obtaining input of a concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in one or more
respective breaths [i] (CuvX[i]);
b. Obtaining input of a logistically attainable end tidal partial pressure of gas
X (PetX[i]™) for a respective breath [i;
c. Obtaining input of a prospective computation of an amount of gas X
required to be inspired by the subject in an inspired gas to target the PetX]i]T for
a respective breath [i] using inputs required to compute a mass balance
equation including CyVvX[i], wherein one or more values required to control the
amount of gas X in a volume of gas delivered to the subject is output from the
mass balance equation; and
d. Controlling the amount in a volume of gas delivered to the subject in a
respective breath [i] to target the respective PetX[i]T based on the prospective

computation.

In one embodiment of the method, a concentration of gas X (F|X) is computed to

target or attain PetX[i]" in a respective breath [i].
Optionally, the mass balance equation is solved for F|X.

It will be appreciated the computer program product may be used in conjunction with
a gas delivery device, to at least partially implement a control system for carrying out

one or more embodiments of the method described herein.
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The program code may be stored in a computer readable memory or embodied in

one or more programmable IC chips.

The present invention is also directed to the use of an aforementioned method,

apparatus or computer program product to:

a) Provide a controlled vasoactive stimulus for measurement of vascular

reactivity;

b) Provide a controlled vasoactive stimulus for measurement of cerebrovascular

reactivity;

c) Provide a controlled vasoactive stimulus for measurement of liver, kidney,

heart or eye vascular reactivity; or

d) Simultaneously change the subject's end tidal partial pressures of oxygen and
carbon dioxide to selected values, for example to potentiate a diagnosis or

treat cancer.

According to another aspect, the present invention is directed to a method of
controlling an amount of at least one gas X in a subject's lung to attain a targeted

end tidal partial pressure of the at least one gas X, comprising:

a. Obtaining input of a concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in one or

more respective breaths [i] (CuvX[i]);

b. Obtaining input of a prospective computation of an amount of gas X
required to be inspired by the subject in an inspired gas to target the
PetX[i]" for a respective breath [i] using inputs required to compute a mass
balance equation including CyVX [i], wherein one or more values required to
control the amount of gas X in a volume of gas delivered to the subject is
output from the mass balance equation, the mass balance equation
comprising terms corresponding to all or an application-specific subset of

the terms set forth in:

1 (P X[ = Py xli=1T )-(FRC+¥, )+ Py X[i-1F -(FG, -1,)- PB-Q-(=5)-T, - (C, X[i]- ¢, x[i)
Fixl]- FG, T, -PB

eq. 1
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Py X[iY -(FRC +V, )= Py x[i 1] -(FRC +V,)- PB-Q-(1-5)-T, -(C,, X[i]- C, X[i])

FIX[i]:
v, -V,)-PB

eg. 2

c. Controlling the amount of gas X in a volume of gas delivered to the
subject in a respective breath [i] to target the respective PetX]i]T based

on the prospective computation.
The terms referred to the equations are defined herein.

In one embodiment of the method, a concentration of gas X (F|X) is computed to

target or attain PetX[i]T in a respective breath [i].
Optionally, the mass balance equation is solved for F|X.

According to one embodiment, the gas inspired by the subject in each respective
breath [i] comprises a first inspired gas and a second inspired neutral gas (as
defined hereafter), wherein a selected volume of the first inspired gas is delivered in
the first part of a respective breath [i] followed by a second inspired neutral gas for
the remainder of the respective breath [i, the volume of the first inspired gas
selected so that intake of the second inspired neutral gas at least fills the entirety of

the anatomic dead space.

The verb "target" used with reference to achieving a logistically attainable PetX[i]T
value for a respective breath [i] means "attain" with the relative precision
pragmatically demanded by the particular therapeutic or diagnostic application in
question or the sequence of targets sought to be attained in both absolute and
relative (between contiguous breaths) terms. (as used herein the interchangeable
phrase 'attain a target' or similar expressions similarly imply that the same relative
desirable precision is achieved). For example, as discussed below, by "tuning"
values for certain inputs into equation 1 or 2 (particularly functional residual capacity
and total metabolic consumption or production of gas X) a logistically attainable end
tidal partial pressure of gas X could be attained with relative precision in one breath.
The logistically attainable PetX[i]" value could theoretically be attained with a
clinically acceptable reduced precision by not tuning those values or foregoing other

optimizations, as described herein, for example, by tuning total metabolic production
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or consumption of gas X without tuning FRC, which would be expected to delay

getting to the target value more precisely by several breaths.

For purposes herein, it is understood that limitations of a physiological or other
nature may impinge on attaining a PetX[i]". Given a logistically attainable target for
which parameters known to impinge on accuracy, that can be optimized (described
herein e.g. tuning FRC and total metabolic consumption/production of gas X) are
optimized, we have found that a PetX[i]T can be considered to be "attained" as a
function of the difference between the targeted value and a steady state value
measured for an individual. For example, assuming a measurement error of +/- 2
mm. of Hg, in the case of CO ,, for a PetX[i]T between 30 and 50 mmHg, a measured
PetCC>, value that is within 1to 3 mm of Hg of PetX[i]T can be considered to be
"attained". Tuning to an extent that achieves a measured value within this range will
serve as an indicator as to whether tuning has been successfully completed or
should be continued. However in principle, tuning may be iterated until the difference
between the measured and targeted PetX is minimized. However, for a PetCO 2[i]T
between 51 and 65 mmHg, a measured PetX value that is within (i.e +/-) 1to 5 mm.
of Hg of PetCC>2[i]T can be considered to be "attained" and the success of a given

tuning sequence can be judged accordingly.

In the case of oxygen, a measured Pet02 value that is within 5-10% of PetO 2[i]T can
be considered to be one which has "attained” PetO 2[i]T. For example, if the target
PetO , value is between 75 mm of Hg and 150 mm of Hg a range of measured values
that proportionately is within (i.e. +/-) 4 mm and 8 mm of Hg (5 and 10% of 75
respectively) to +/- 8 mm to 15 mm of Hg (5-10% of 150) can be considered to be
attained (similarly for a target of 100 mm of Hg, +/- 5-10 mm of Hg; and for a

Pet02[i] T of 200 mm Hg, +/- 10-20 mm of Hg).

However, as described above, depending on the demands of the application and the
circumstances, a PetX[i]T can be considered to be "targeted" with a deliberately
reduced precision (as opposed to "attained" as a goal) if parameters known to

impinge on accuracy, that can be optimized (described herein e.g. tuning FRC and

total metabolic consumption / production of gas X) are deliberately not optimized.
The invention as defined herein (not to the exclusion of variations apparent to those
skilled in the art) is nevertheless exploited inasmuch as various aspects of the

invention described herein provide for a prospective targeting system, a system that
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can be judiciously optimized (or not) to accommodate a variety of circumstances and
sub-optimal uses thereof. A PetX[i]T can be considered to have been "targeted" by
exploiting the invention as defined, in one embodiment, after executing a sequence
of tuning breaths, wherein the tuning sequence optionally establishes that the

optimizations defined herein make the target "attainable".

According to another aspect, the present invention is also directed to a preparatory
method for using a gas delivery device to control an amount of at least one gas X in
a subject's lung to attain a targeted end tidal partial pressure of the at least one gas
X, comprising the step of executing a sequence of "tuning" breaths as described

hereafter.

Optionally, one or more inputs for computation of PetX[i]T are "tuned" as defined
below to adjust, as necessary or desirable, estimated or measured values for FRC
and/or total metabolic production / consumption of gas X so as to reduce the
discrepancy between targeted and measured end tidal partial pressure of gas X i.e.
an actual value, optionally measured at the mouth. Tuning is preferably done when a
measured baseline steady state value of PetX[i] is ascertained for a series of

ensuing test breaths.

According to one embodiment of the invention, an estimated or measured value for
the subject's functional residual capacity (FRC) is tuned.
Optionally, FRC is tuned in a series of tuning breaths by:

a. changing the targeted end tidal partial pressure of gas X between a tuning

breath [i+x] and a previous tuning breath [i +x -1];

b. comparing the magnitude of the difference between the targeted end tidal
partial pressure of gas X for said tuning breaths [i+x] and [i+x-1]with the
magnitude of the difference between the measured end tidal partial pressure of
gas X for the same tuning breaths to quantify any discrepancy in relative

magnitude; and

c. adjusting the value of FRC in proportion to the discrepancy to reduce the

discrepancy in any subsequent prospective computation of F|X.

Optionally, FRC is tuned in a series of tuning breaths in which a sequence of end

tidal partial pressures of gas X is targeted at least once by:
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(@) obtaining input of a measured baseline steady state value for PetX[i] for

computing F|X at start of a sequence;

(b) selecting a target end tidal partial pressure of gas X (PetX[i]") for at least one

tuning breath [i+x] wherein PetX[i+x]T differs from PetX[i+x-1]T; and

(c) comparing the magnitude of the difference between the targeted end tidal partial
pressure of gas X for said tuning breaths [i+x] and [i+x-1] with the magnitude of the
difference between the measured end tidal partial pressure of gas X for the same

tuning breaths to quantify any discrepancy in relative magnitude;

(d) adjusting the value of FRC in proportion to any discrepancy in magnitude to
reduce the discrepancy in a subsequent prospective computation of F|X including in
any subsequent corresponding tuning breaths[i+x-1] and [i+x] forming part of an

iteration of the sequence.

According to one embodiment of the invention, an estimated or measured value of
the subject's total metabolic production or consumption of gas X is tuned.

Optionally, the total metabolic production or consumption of gas X is tuned in a
series of tuning breaths by comparing a targeted end tidal partial pressure of gas X
(PetX[i+x]" for the at least one tuning breath [i+x] with a corresponding measured
end tidal partial pressure of gas X for the corresponding breath [i+x] to quantify any
discrepancy and adjusting the value of the total metabolic production or consumption
of gas X in proportion to any discrepancy to reduce the discrepancy in any

subsequent prospective computation of F|X.

Optionally, the total metabolic consumption or production of gas X is tuned in a
series of tuning breaths in which a sequence of end tidal partial pressures of gas X is

targeted at least once by:

(a) obtaining input of a measured baseline steady state value for PetX[i] for

computing F|X at start of a sequence;

(b) targeting a selected target end tidal partial pressure of gas X (PetX][i]") for each

of a series of tuning breaths [i+1...i+n], wherein PetX][i]" differs from the baseline

steady state value for PetXfi];
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(c) comparing the targeted end tidal partial pressure of gas X (PetX[i+x]" for at
least one tuning breath [i+x] in which the targeted end tidal gas concentration of gas
X has been achieved without drift in a plurality of prior breaths [1+x-1, 1+x-2...] with
a corresponding measured end tidal partial pressure of gas X for a corresponding
breath [i+x] to quantify any discrepancy and adjusting the value of the total metabolic
consumption or production of gas X in proportion to the discrepancy to reduce the
discrepancy in a subsequent prospective computation of F|X including in any
subsequent corresponding tuning breath [i+x] forming part of an iteration of the

sequence.

All key inputs for computing F|X are itemized below.

We have found that a prospective model which predicts an F|X that is required to
target a logistically attainable end tidal partial pressure of a gas X is simplified and
enhanced by using a sequential gas delivery system (alternatively called a

sequential gas delivery device, or sequential rebreathing).

According to another embodiment, the apparatus according to the invention is a
"sequential gas delivery device" as defined hereafter. The sequential gas delivery
device optionally comprises a partial rebreathing circuit or a sequential gas delivery

circuit as defined hereafter.

The rate of gas exchange between the subject's mixed venous blood and alveoli for
a respective breath [i] may be controlled by providing a partial re-breathing circuit
through which the subject inspires a first gas in which the concentration of gas X is
F|X and a second gas having a partial pressure of gas X which is substantially
equivalent to the partial pressure of gas X in the subject's end tidal expired gas prior
to gas exchange in the current respective breath [i] (the subject's last expired gas
which is made available for re-breathing) or a gas formulated in situ to match a
concentration of gas X which would have been exhaled in a prior breath . Practically,
this may be accomplished by setting the rate of gas flow into the partial rebreathing
circuit for a respective breath [i] to be less than the patient's minute ventilation or
minute ventilation minus anatomic dead space ventilation (i.e. such that the last
inspired second gas at least fills the anatomical dead space if not also part of the
alveolar space) and using this rate or the volume of inspired gas it represents in a

current breath to compute F|X for a respective breath [i].
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With reference to parameters used to compute terms in equation 1 or 2, it is
understood that phrases like "obtaining input" and similar expressions are intended
to be understood broadly to encompass, without limitation, input obtained by or
provided by an operator of a gas delivery device through any form of suitable
hardware input device or via programming or any form of communication or
recordation that is translatable into an electronic signal capable of controlling the gas

delivery device.

According to another aspect, the invention is also directed to a method of controlling
an amount of at least one gas X in a subject's lung to attain, preliminary to or during
the course of a diagnostic or therapeutic procedure, at least one target end tidal

partial pressure of a gas X.
A PetX]i] attained for any immediately previous breath [i-1] is:

a. alterable, prospectively, to any other logistically attainable
value, in one breath, using a method or apparatus according to

the invention;

b. maintainable, prospectively, without drift, in a respective breath
[i] or in breath [i] and in one or more subsequent breaths [i+1]
[i(+n] using a method or apparatus according to the

invention.

According to one embodiment of the invention, a input of a concentration of gas X in
the mixed venous blood entering the subject's lung for gas exchange in the
respective breath [i](Cyw,X[i.) can be obtained (e.g. predicted) by a compartmental
modelling of gas dynamics. "Compartmental modeling of gas dynamics" means a
method in which body tissues are modeled as system of one or more compartments
characterized in terms of parameters from which the mixed-venous return of gas X
can be predicted. These parameters include the total number of compartments, the
fraction of the total cardiac output received by the respective compartment, the
respective compartment's storage capacity for gas X and the fraction of the overall

production / consumption of gas X that can be assigned to the compartment.

The total number of compartments (ncomp) in the model must be known or selected,

and then each compartment (k) is assigned a fraction of the total cardiac output (gk),

a storage capacity for gas X (dXk), and a fraction of the overall
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production/consumption rate of gas X (vXk). In general, the storage capacity for any
gas X in a compartment is known for an average subject of a particular weight, and

then scaled proportional to the actual weight of the subject under test.

Modeling/predicting the mixed-venous return can be done for any gas X using the

following information:

1. A formula for conversion of end-tidal partial pressures to blood content of gas X
(i.e. determining the content of the gas X in the pulmonary end-capillary blood based
on data with respect to partial pressures).

2. the fraction of the overall production/consumption of the gas X which occurs in the
compartment;

3.the storage capacity of the compartment for gas X;

4. blood flow to/from the compartment.
Some examples of gas X include isoflorane, carbon dioxide and oxygen.

Compartmental modeling of gas dynamics may be simplified using a single

compartment model.

Means for controlling gas delivery typically include suitable gas flow controllers for
controlling the rate of flow of one or more component gases. The gas delivery may
be controlled by a computer for example an integrated computer chip or an external
computer running specialized computer readable instructions via which inputs,
computations and other determinations of parameter and controls are made/handled.
The computer readable instructions may be embodied in non-transitory computer

readable medium which may be distributed as a computer program product.

it will be appreciated that logistically attainable target values for end tidal partial
pressures of gas X may be set for respective breaths within a series breaths which
are taken preliminary to or as part of a diagnostic or therapeutic procedure. Typically
these values are defined in advance for the series or for at least part of the series of
breaths. As described below, these individually logistically attainable values may be
used to attain values in multiple breaths that are not logistically attainable in one

breath.

The term "tuning" and related terms (e.g. tune, tuned etc.) means that a value for an

estimated or measured parameter that is required to compute F|X is adjusted, as
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necessary or desirable, to enable more precise computation of the F|X required to
achieve a PetX[i]", preferably based on observed differences between the target
PetX[i]T set for one or more respective breaths and actual PetX[i] value(s) obtained
for the respective breath(s), if any, such that post-adjustment observed value(s)
more closely match the respective target value(s). The tuned parameter(s) can be
understood to fall into two categories: lung and non-lung related parameters.
Preferably, the lung related parameter is FRC. A step change in the end tidal partial
pressure of gas X is required to tune this parameter. Non-lung related parameters
are preferably tissue related parameters, preferably those required for computing a
compartmental model of gas dynamics, preferably parameters governing total
metabolic production or consumption of gas X in the body or the overall cardiac
output, optionally parameters affecting assessment of the contribution of a respective
compartment to the mixed venous content of gas X, preferably as a function of the
production or consumption of gas X in the respective compartment, the assigned
storage capacity for gas X in the respective compartment and the contribution of
blood flow from the respective compartment to the total cardiac output, for example,
by observing that a repeatedly targeted value does not drift when attained. Drift can
be defined in the negative or considered to have been corrected for, for example, if
an adjusted value for a tissue related parameter results in a variation of no greater
than 1to 2 mm of Hg (ideally approximately 1 mm of Hg or less) between observed
and targeted end tidal values of gas X for a series of 5 consecutive breaths (i.e.
where the end tidal partial pressure of gas X is sought to be maintained for a series

of breaths e.g. 30 breaths and observed drift is corrected).

Tuning FRC is important for transitioning accurately between end-tidal values.
Tuning non-lung related parameters e.g. VC02 is important so that the steady state
error between end-tidal values is small. The tuning requirements depend on the
goals of the targeting sequence. For example, in the case of inducing a step
increase in the end-tidal partial pressure of C02 from 40 mmHg to 50 mmHg, if
attaining 50 mmHg in the first breath is important, FRC is preferably tuned. If
achieving 50 mmHg in the first breath is not vital, but achieving this target in 20
breaths is all that may matter, a non-lung related parameter such as VC02 should
be tuned. If the goal of the end tidal targeting sequence is to achieve 50mmHg in

one breath, and then maintain 50 mmHg for the ensuing 20 breaths, both FRC and a
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non-lung related parameter should be tuned. If you don't care if you get to 50 mmHg
in the first breath, and then drift to 55 after 20 breaths, don't tune either.

The following are examples of end tidal values that would be achieved for each

combination. Assume transition is made on the second breath (bold):

Tuned FRC (good transition), untuned VC02 (bad steady state error) - 40, 50, 51,
52, 53, 54, 55, 55, 55, 55, 55, 55

Untuned FRC (bad transition), tuned VC02 (no steady state error) - 40, 59, 56, 53,
52, 51, 50, 50, 50, 50, 50

Tuned FRC (good transition), tuned VC02 (no steady state error) - 40, 50, 50, 50,

50, 50, 50, 50, 50

Untuned FRC (bad transition), untuned VC02 (bad steady state error) - 40, 62, 60,
58, 57, 56, 55, 55, 55, 55.

For example, to achieve a progressively increasing end tidal partial pressure of gas
X where the actual or absolute values are not of concern, only that the values keep
increasing in each breath, it would not be necessary to tune FRC or VCO2.
However, to transition from 40 to 50 mmHg (for example, where gas X is C02),
though not necessarily in one breath, it would be preferable to tune a non-lung
related parameter e.g. VC02 but not FRC. If it were important to transition from 40
mmHg to 50 mmHg in one breath, but not so important if the end tidal values drifted
away from 50 mmHg after the first breath, it would be important to tune FRC but not
VCO02 etc. Nevertheless, a target would be set for each respective breath [i] and that
target would be effectively attained with a degree of accuracy and immediacy
necessary for the application in question. Accordingly, a tidal based model for
targeting end tidal partial pressure of a gas X provides a tunable flexible system for

attaining those targets in line with a wide variety of objectives of the user.

It is to be understood that this tuning can be applied independently to each of the
gases that are being targeted, as each gas can be targeted independently of the

other gases.

An attainable target may be maintained in one or more subsequent breaths by
setting the target end tidal value for the respective breath to be the same as PetX[i-

1]. A target that is not attainable in one breath may be obtained in a series of breaths
[i] ...[i+n].
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As suggested above and discussed below, it is possible that a particular end tidal
partial pressure is not logistically attainable in one breath. If logistically attainable at
all, such a target may be logistically attained only after multiple breaths. In contrast
to methods requiring negative feedback, in one aspect of the method of the present
invention this number of breaths may be pre-defined prospectively. This number of
breaths may also be minimized so that the ultimate end tidal target is attained as
rapidly as logistically feasible, for example by simple computational trial and error
with respect to an incremented series of target. As described below, logistic
constraints could be seen as limitations to inhaling the amount of the gas X that
needs to be inhaled to reach a target concentration on the next breath; this could be
because of limitations of available concentration X, or volume of inspired gas or both.
Mandatory constraints are at least those inherent in any method of controlling the
end tidal partial pressure of a gas X by way of inhalation of concentrations of gas X
in that F|X cannot be less 0% and greater than 100% for any given breath.
Constraints may also be selected as a matter of operational necessity or efficiency -
so called "operational constraints" which may be self-imposed but not mandatory in
all cases. For example, practically speaking, it may be inadvisable for safety reasons
to administer a gas X (especially where gas X is not oxygen) in the highest feasible
concentrations due to patient safety risks accompanying failure of the system.
Accordingly, for safety reasons it may be advisable for a component gas comprising
gas X to have at least 10% oxygen thereby defining an optional logistical limit of the
method. Therefore what is logistically achievable is understood to be operationally
limited by the composition of all the gas sources to which the apparatus is connected
at any point in time. Furthermore, as described below, sequential gas delivery is
typically effected by delivering a gas of a first composition followed by a neutral gas.
The rate of flow and hence volume of the first gas generally controlled to within
certain parameters so that the second gas at least fills the anatomic dead space.
This is operationally mandatory in the sense that not all values for this parameter are
workable, especially if a medically relevant target end tidal partial pressure of gas X
is sought to be achieved in one breath as opposed to incrementally over several
breaths. What is logistically attainable will be dictated by the extant rate of flow, if
unvaried, or if varied, by the range of logistically practicable rates of flow. Hence,
what is logistically attainable may be tied to independently controlled parameters
which may or may not be varied. Hence, some of these operational parameters may

be mandatory in a particular context or in a universal sense (running the system so
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that it always works without reset e.g. recalculation of prospectively calculated F|X
values for a dynamic set of breaths of interest if the tidal volume falls outside

established controls.

According to one embodiment of the method, the model of gas dynamics that is used
to predict CuvX[i] in the mixed venous blood entering the subject's lung for gas
exchange in the respective breath [i] estimates a value of CyvX]i]) by: (a) dividing
tissues to which the subject's arterial blood circulates into one or more
compartments (k); and (b) determining the contribution of a respective compartment
to the mixed venous content of gas X as a function of the production or consumption
of gas X in the respective compartment, the assigned storage capacity for gas X in
the respective compartment and the contribution of blood flow from the respective
compartment to the total cardiac output or pulmonary blood flow. For example,
where gas X is carbon dioxide the content of carbon dioxide in the mixed venous
blood leaving a compartment CvCO2,[i] is determined by assigning to a
compartment a fraction of the overall metabolic carbon dioxide production (vco2,), a
fraction of the total cardiac output (q,) and a storage capacity for carbon dioxide
(dC02 ).

In contrast to a negative feedback system, the afore-described system is a
prospective end-tidal targeting system. Prior to execution of an end-tidal targeting
sequence, the tissue model is used to predict the time course of the mixed-venous

blood gases that will result from ideal execution of the sequence.

The time course of predicted mixed-venous gases is used to compute the series of
inspired gas mixtures required to realize the target end-tidal partial pressures of
gases. In this way, assuming that the end-tidal partial pressures of gases adhere to
the targets allows prediction of the mixed-venous gases, and prediction of the mixed-
venous gases allows a priori calculation of the inspired gas mixtures required to
accurately implement the end-tidal targets. There is no requirement to modify the
series of the inspired gas mixtures calculated before execution of the sequence
based on deviations of the measured end-tidal partial pressures of gases from the

targets during execution of the sequence.

Instead, the system is tuned to obtain tuned values for certain parameters before

execution of the sequence so that the end-tidal partial pressures of gases induced
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during sequence execution closely adhere to the target functions without the need

for any feedback control.

Optionally, the program code includes code for directing a suitable gas delivery
device such as a rapid flow controller to deliver a gas X containing gas having an F|X
output from a mass balance equation. The term "gas delivery means" by contrast to
gas delivery device refers to a discrete component of a gas delivery device that is
used to control the volume of gas delivered at a particular increment in time such as

a rapid flow controller.

It will be appreciated that each of the key method steps for carrying out the invention
can be functionally apportioned to different physical components or different
computer programs and combinations of both. Furthermore a device according to the
invention will optionally comprise one or more physical components in the form of a
gas analyzer, a pressure transducer, a display, a computer, a gas delivery device
such as a rapid flow controller, a gas channeling means (gas conduits / tubes),
standard electronic components making up a PCB, input devices for setting
parameters etc. The various means for carrying out these steps include without
limitation one in the same physical means, or different physical means on different
devices, the same device or the same device component. Depending on the number

of added gases these components may multiplied or where possible shared.

In another aspect, the present invention is also directed to a device comprising an
integrated circuit chip configured for carrying out the method, or a printed circuit
board (comprising discrete or integrated electronic components). The device
optionally includes at least one gas delivery means such as a rapid flow controller.
The device optionally includes an input device for inputting various parameters
described herein. The parameters can be input via a variety of means including, but

not limited to, a keyboard, mouse, dial, knob, touch screen, button, or set of buttons.

It is understood that any input, computation, output, etc. described herein can be
accomplished by a variety of signal processing devices (alternatively termed "signal
processors") including, but not Ilimited to, a programmable processor, a
programmable microcontroller, a dedicated integrated circuit, a programmable
integrated circuit, discrete analog or digital circuitry, mechanical components, optical

components, or electrical components. For example, the signal processing steps
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needed for executing the inputs, computations and outputs can physically embodied

in a field programmable gate array or an application specific integrated circuit.

The term "blending" may be used to describe the act of organizing delivery of one
gas in conjunction with at least one other and hence the term blending optionally
encompasses physical blending and coordinated release of individual gas

components.

The term "computer" is used broadly to refer to any device (constituted by one or any
suitable combination of components) which may be employed in conjunction with
discrete electronic components to perform the functions contemplated herein,
including computing and obtaining input signals and providing output signals, and

optionally storing data for computation, for example inputs/outputs to and from

" electronic components and application specific device components as contemplated

herein. As contemplated herein a sighal processor or processing device in the form
of a computer may use machine readable instructions or dedicated circuits to
perform the functions contemplated herein including without limitation by way of
digital and/or analog signhal processing capabilities, for example a CPU, for example
a dedicated microprocessor embodied in an IC chip which may be integrated with
other components, for example in the form of a microcontroller. Key inputs may
include input signals from - a pressure transducer, a gas analyzer, any type of input
device for inputting a target end tidal partial pressure of gas X (for example, a knob,
dial, keyboard, keypad, mouse, touch screen etc.), input from a computer readable
memory etc. Key outputs include output of the flow and/or composition of gas

required to a flow controller.

For example of a compartmental model for mixed venous blood carbon dioxide
dynamics may assign body tissues to k compartments e.g. 5 compartments and
assign the contribution of a respective compartment to the mixed venous content of
carbon dioxide as a function of the production of carbon dioxide in the respective
compartment, the assigned storage capacity for carbon dioxide in the respective
compartment and the contribution of blood flow from the respective compartment to

the total cardiac output.

In one aspect, the present invention is directed to a non-transitory computer

readable memory device having recorded thereon computer executable instructions
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for carrying out one or more embodiments of the above-identified method. The
invention is not limited by a particular physical memory format on which such
instructions are recorded for access by a computer. Non-volatile memory exists in a
number of physical forms including non-erasable and erasable types. Hard drives,
DVDs/CDs and various types of flash memory may be mentioned. The invention, in
one broad aspect, is directed to a non-transitory computer readable medium
comprising computer executable instructions for carrying out one or more
embodiments of the above-identified method. The instructions may take the form of
program code for controlling operation of an electronic device, the program code
i~ncluding code for carrying out the various steps of a method or control of an

apparatus as defined above.

A "gas delivery device" means any device that can make a gas of variable /
selectable composition available for inspiration. The gas delivery apparatus may be
used in conjunction with a ventilator or any other device associated with a breathing
circuit from which the subject is able to inspire a gas of variable/controllable
composition without substantial resistance. Preferably, the composition of the gas
and/or flow rate is under computer control. For example, such a device may be
adapted to deliver at least one gas (pure or pre-blended) at a suitable pre-defined
rate of flow. The rate of flow may be selectable using a form of input device such a
dial, lever, mouse, key board, touch pad or touch screen. Preferably the device

provides for one or more pure or blended gases to be combined i.e. "a gas blender".

A "gas blender" means a device that combines one or more stored (optionally stored
under pressure or delivered by a pump) gases in a pre-defined or selectable
proportion for delivery a selectable rate of flow, preferably under computer control.
For example or more stored gases may be combined with pumped room air or a
combination of pure or blended (each blended gas may have at least 10% oxygen
for safety) gases respectively contain one of carbon dioxide, oxygen and nitrogen as
the sole or predominant component. Optionally, the selectable proportion is
controlled automatically using an input device, optionally by variably controlling the
flow of each stored gas (pure or pre-blended) separately, preferably using rapid flow
controllers, to enable various concentrations or partial pressures of a gas X to be
selected at will within a pre-defined narrow or broad range. For example, a suitable

blender may employ one or more gas reservoirs, or may be a high flow blender
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which blows gas past the mouth i.e. in which gas that is not inspired is vented to the

room.

A ‘"partial rebreathing circuit" is any breathing circuit in which a subject's gas
requirements for a breath are made up in part by a first gas of a selectable
composition and a rebreathed gas to the extent that the first gas does not fully satisfy
the subject's volume gas requirements for the breath. The first gas must be
selectable in at least one of composition or amount. Preferably the amount and
composition of the first gas is selectable. The rebreathed gas composition optionally
consists of previously exhaled gas that has been stored or a gas formulated to have
the same concentration of gas X as previously exhaled gas or a second gas has a
gas X concentration that is selected to correspond (i.e. has the same concentration)

as that of the targeted end tidal gas composition for a respective breath [i].

Preferably the circuit is designed or employable so that the subject receives the
entirety of or a known amount of the first gas in every breath or in a consecutive
series of breaths forming part of gas delivery regimen. In a general sense a re-
breathed gas serves a key role in that it does not contribute significantly to the partial
pressure gradient for gas flow between the lung and the pulmonary circulation when
intake of the gas at least fills the entirety of the anatomic dead space. Therefore, in
the case of a spontaneously breathing subject (whose tidal volume is not controlled
e.g. via a ventilator) the subject's unpredictable tidal volume does not defeat
prospective computation of the controlled gas composition required to attain or target

PetX]i] for a respective breath [i].

Optionally, the "rebreathed gas" may be constituted by or substituted by a prepared
gas (in terms of its gas X content). Thus, according to one embodiment of the
invention, the second gas has a gas X concentration that is selected to correspond
to that of the targeted end tidal gas composition for a respective breath [i]. The
volume of the first inspired gas may also be adjusted (e.g. reduced) to target PetX[i]T
for a respective breath [i] such that the subject receives an optimal amount of a gas

having a gas X concentration that corresponds to PetX][i]".

As alluded to above, it will be appreciated that the gas X content of a prepared gas
can be formulated to represent a gas of a "neutral" composition. Thus the total
inspired gas for a respective breath [i] will comprise a first inspired gas having a

controlled volume and gas X concentration (F|X) and a second gas which has a gas
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X content whose contribution to establishing a partial pressure gradient between the
lung and pulmonary circulation is optionally minimized (e.g. the neutral gas may
have the gas X concentration of the end tidal target set for the current breath). In a
broader sense, the second inspired gas content of gas X can be optimized to attain a
targeted end tidal concentration (for a universal set of circumstances) and in a sub-
optimal sense this concentration at least does not defeat the ability to prospectively
compute an F|X for the purposes of attaining or targeting a PetX]i] for a respective
breath [i] (i.e. not knowing the subject's tidal volume for a respective breath [i] will not

preclude such computation).

"Prospectively" or a "prospective computation” means, with reference to a
determination of an amount of gas X required to be inspired by the subject in an
inspired gas to attain or target a PetX[i]T for a respective breath [i] (optionally
computed in terms of F|X), using inputs required to compute a mass balance
equation (preferably including cmvx[i]), without necessary recourse to feedback to
attain rapidly and repeatably. In contrast, to a negative feedback system, which
relies on ongoing measurements of PetX[i] to provide feedback for continually
adjusting computed F[X values to minimize the discrepancy between target and
measured PetX]i] values, the system of the present invention is adapted to attain
logistically achievable end tidal values rapidly and accurately (as defined herein)
without recourse to feedback. As discussed herein, a negative feedback system
suffers from an inherent trade-off between response time and stability. According to
the present invention, recourse to feedback is designed to be unnecessary for the
purpose of attaining logistically achievable PetX targets rapidly and predictably. The
term “"computation” and similar terms used herein, for example, in the phrase
"prospective computation" and related terms (e.g. compute) contemplates the
possibility that a look-up table contains the computed values derived from
permutations of inputs to a mass balance equation, provided that storing the

requisite permutations of inputs is possible .

Of further consideration are the delays associated with measurement of the end-tidal
partial pressures of gases which are required for feedback into the system. Gas
composition analysis is performed by continuously drawing gas from proximal to the
subject's airway into a gas analyzer through a sampling catheter. The gas analyzer

returns a time varying signal of gas composition which is, however, delayed from the
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actual ventilatory phase of the subject by the travel time through the sampling
catheter and the response time of the gas analyzer. Therefore, at the start of any
inspiration, the end-tidal partial pressures of gases from the immediately previous
breath are not yet known. Where the sampling catheters are long, such as in an MRI
environment where the patient is in the MRI scanner and the gas analyzers must be
placed in the control room, this delay can reach three or more breaths. As in any
negative feedback system, this delay in measuring the controlled parameter will

further destabilize and limit the response time of the system.

A "sequential gas delivery device" means, with respect to delivering a gas in
successive respective breaths [i], a device for delivery of a controlled gas mixture in
the first part of a respective breath [i] followed by a "neutral" gas in the second part of
the respective breath [i]. A controlled gas mixture is any gas that has a controllable
composition with respect to one or more gases of interest used to compose it.
Accordingly, where the gas of interest is a gas X, the controlled gas mixture has an
amount of gas X, optionally defined in terms of a concentration of gas X denoted as
FIX. The controlled gas mixture may be referred to, for convenience, as a first
inspired gas. Gas inspired in any breath is "neutral", inter alia, if it has the same
composition as gas expired by the subject in a previous breath. The term "neutral"
gas is used because the gas in question is one which has the same partial pressure
of one or more gases of interest as the blood, in the alveoli, or in the pulmonary
capillaries, and hence, upon inspiration into the alveolar space, in the second part of
a respective breath, this gas does .not exchange any gas with the pulmonary
circulation. Unless otherwise defined explicitly or implicity a gas of interest is
generally one for which the end tidal partial pressure is sought to be controlled

according to the invention.

A volume of gas that enters the alveolar space and exchanges gas with the
pulmonary circulation for a breath [i] may be defined independently of a fixed tidal

volume, for example by:

a. setting the rate of flow of a controlled gas mixture (also termed fresh
gas flow rate) in a rebreathing circuit to be less than the patient's
minute ventilation or minute ventilation minus anatomic dead space
ventilation (i.e. such that the last inspired second gas at least fills the

anatomical dead space if not also part of the alveolar space);
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b. obtaining input of the rate of flow or volume of the controlled gas
mixture into the circuit for the respective breath (this rate can be
maintained from breath to breath or varied) and computing the effective
volume of alveolar gas exchange for the respective breath based on

the rate of fresh gas flow for the respective breath.

According to one embodiment, the rebreathing circuit is a sequential gas delivery

circuit.

According to another embodiment, volume of gas that enters the alveolar space and
exchanges gas with the pulmonary circulation is determined by utilizing a fixed tidal
volume set for the respective breath (e.g. using a ventilator) and subtracting a

volume corresponding to the subject's anatomic dead space volume.

The FIX may be set independently of the concentration of any other component of

the inspiratory gas.

Optionally, a gas X and a gas Y are components of the inspired gas and a target
arterial concentration of gas X and a target arterial concentration of a gas Y are
selected for a respective breath, independently of each other, and, if present,

independently of the concentration of any other component Z of the inspiratory gas.

A mass balance equation that comprises terms "corresponding to" all or an
application-specific subset of the terms in equations 1 or 2 above means that the

same underlying parameters are accounted for.
Brief Description of the Figures
The invention will now be described with reference to the figures, in which:

Figure 1 is a schematic overview of the movement of blood and the exchange of

gases throughout the entire system.

Figure 2 is a detailed schematic representation of the movement of blood and the

exchange of gases at the tissues.

Figure 3 is a detailed schematic representation of the movement of blood and the

exchange of gases at the lungs when sequential rebreathing is not employed.
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Figure 4 is a detailed schematic representation of the movement of blood and the

exchange of gases at the lungs when sequential rebreathing is employed.

Figure 5 is a schematic diagram of one embodiment of an apparatus according to
the invention that can be used to implement an embodiment of a method according

to the invention.

Figure 6 is a graphic representation of a tuning sequence and observed errors that

can be used to tune model parameters.
Figure 7 is a Table of abbreviations (Table 1) used in the specification.

Figure 8, is a representative raw data sample excerpted from the study of 35
subjects referred to in Example 1, showing a targeting sequence wherein
normocapnia (40 mm Hg - targeted three times) and hypercapnia (50 mm Hg -

targeted twice) were sequentially targeted in 6 study subjects.
Detailed Description of a Preferred Embodiment

The invention is described hereafter in terms of one or more optional embodiments

of a gas X, namely carbon dioxide and oxygen.
Prospective Modelling

Mass balance equations of gases in the lung are conventionally derived from a
continuous flow model of the pulmonary ventilation. In this model, ventilation is
represented as a continuous flow through the lungs, which enters and exits the lungs
through separate conduits. As a consequence, for example, the anatomical dead
space would not factor into the mass balance other than to reduce the overall
ventilatory flow into the alveolar space. In reality, however, ventilation in humans is
not continuous, but tidal. Gas does not flow through the lungs, but enters the lungs
during a distinct inspiration phase of the breath and exits during a subsequent
expiration phase of the breath. In each breath cycle, gas is inspired into the lungs via
the airways and expired from the lungs via the same airways through which gas was
inspired. One possible implication, for example, is that the first gas inspired into the
alveolar space in any breath is residual gas which remains in the anatomical dead
space following the previous expiration. Continuous flow models neglect the

inspiration of residual gas from the anatomical dead space, and therefore, since
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accounting for such a factor is generally desirable, do not accurately represent the

flux of gases in the lungs.

As continuous flow models of pulmonary ventilation do not correctly represent the
flux of gases in the lungs, the end-tidal partial pressures of gases induced from the
inspiration of gas mixtures computed from such a model will, necessarily, deviate

from the targets.

By contrast, according to one aspect of the present invention, a mass balance
equation of gases in the lungs is preferably formulated in terms discrete respective
breaths [i] including respective discrete volumes corresponding to one or more of the
FRC, anatomic dead space, the volume of gas X transferred between the pulmonary
circulation and the lung in a respective breath [i] and an individual tidal volume of a
respective breath [i]) is adaptable to account, for example, for inspiration of residual
gas from the anatomical dead space into the alveolar space in each breath.
Inasmuch as a tidal model more faithfully represents the actual flux of gases in the
lungs compared with the conventional model, the induced end-tidal partial pressures
of gases, to an extent that the model is fully exploited, it will more closely adhere to

the targets compared with results achieved using a continuous flow model.

Moreover, we have found that using a tidal model of pulmonary ventilation, can be
synergistically employed with a sequential gas delivery system to facilitate closer
adherence to targets in both ventilated and spontaneously breathing subjects without

reliance on a negative feedback system.

According to the present invention, a prospective determination of pulmonary
ventilation and gas exchange with the blood can efficiently exploited even in
spontaneously breathing subjects where the ventilatory parameters are highly

variable and difficult to measure.

Where mechanical ventilation is employed, a prospective model of pulmonary
ventilation and gas exchange with the blood envisages that the subject's ventilatory
parameters can be estimated or measured to a level of accuracy sufficient to employ

prospective control of the end-tidal partial pressures of one of more gases.

According to one embodiment of the invention, a technique of inspiratory gas

delivery, sequential rebreathing, which, when using a tidal model of the pulmonary

ventilation, significantly reduces or eliminates the dependence of the calculation of
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the inspired gas composition to be delivered in each breath, and therefore the actual

end-tidal partial pressures of gases induced, on the subject's ventilatory parameters.

In parallel to what we have observed from studies with respect to the subject's
ventilatory parameters, we have found that when we run a set of standardized tuning
sequences, our model of the tissues more accurately reflects the actual dynamics of
the gas stored in the subject's tissues.. The model parameters may be refined until
the end-tidal partial pressures of gases induced by execution of the tuning

sequences sufficiently adhere to the targets without the use of any feedback control.

Sequential Gas Delivery

Sequential rebreathing is a technique whereby two different gases are inspired in
each breath - a controlled gas mixture followed by a "neutral" gas. A controlled gas
mixture is any gas that has a controllable composition. Gas inspired in any breath is
neutral if it has the same composition as gas expired by the subject in a previous
breath. Neutral gas is termed as such since it has substantially the same partial
pressures of gases as the blood in the pulmonary capillaries, and hence, upon
inspiration into the alveolar space, does not substantially exchange any gas with the
pulmonary circulation. Optionally, the rebreathed gas has a composition that is
selected to correspond (i.e. have the same gas X concentration as that of) the
targeted end tidal gas composition for a respective breath [i]. It will be appreciated
that a modified sequential gas delivery circuit in which the subject exhales via a port
leading to atmosphere and draws on a second gas formulated by a second gas
delivery device (e.g. a gas blender) could be used for this purpose, for example
where the second gas is deposited in an open ended reservoir downstream of a
sequential gas delivery valve, for example within a conduit of suitable volume as
exemplified in Figure 7 of US Patent No. 6,799,570.

Sequential rebreathing is implemented with a sequential gas delivery breathing
circuit which controls the sequence and volumes of gases inspired by the subject. A
sequential gas delivery circuit may be comprised of active or passive valves and/or a
computer or other electronic means to control the volumes of, and/or switch the

composition or source of, the gas inspired by the subject.

The controlled gas mixture is made available to the sequential gas delivery circuit for
inspiration, optionally, at a fixed rate. On each inspiration, the sequential gas delivery

circuit ensures the controlled gas mixture is inspired first, for example with active or
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passive valves that connect the subject's airway to a source of the controlled gas
mixture. The supply of the controlled gas mixture is controlled so that it is reliably

depleted in each breath.

Once the supply of the controlled gas mixture is exhausted, the sequential gas
delivery circuit provides the balance of the tidal volume from a supply of neutral gas
exclusively, for example with active or passive valves that connect the subject airway

to the subject's exhaled gas from a previous breath.

Gas expired in previous breaths, collected in a reservoir, is re-inspired in a
subsequent breath. Alternatively, the composition of gas expired by the subject can
be measured with a gas analyzer and a gas with equal composition delivered to the

subject as neutral gas.

During inspiration of the neutral gas and expiration, the supply of the controlled gas
mixture for the next inspiration accumulates at the rate it is made available to the
sequential gas delivery circuit. In this way, the subject inspires only a fixed minute
volume of the controlled gas mixture, determined by the rate at which the controlled
gas mixture is made available to the sequential gas delivery circuit, independent of
the subject's total minute ventilation, and the balance of subject's the minute

ventilation is made up of neutral gas.

Examples of suitable sequential gas delivery circuits are disclosed in US Patent
Application No. 20070062534. An example of a gas delivery device suitable for
delivering a first inspired gas or composing a neutral gas is a volumetric type delivery

device described in published PCT Application No. WO 2012/139204.

The fixed availability of the controlled gas mixture may be accomplished by
delivering a fixed flow rate of the controlled mixture to a physical reservoir from
which the subject inspires. Upon exhaustion of the reservoir, the source of
inspiratory gas is switched, by active or passive means, to neutral gas from a second
gas source, for example a second reservoir, from which the balance of the tidal

volume is provided.

It is assumed that in each breath the volume of the neutral gas inspired at least fills
the subject's anatomical dead space. Herein, all of the controlled gas mixture

reaches the alveolar space and any of the neutral gas that reaches the alveolar
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space does not exchange gas with the circulation as it is already in equilibrium with

the pulmonary capillary blood.

Sequential gas delivery circuits may be imperfect in the sense that a subject will
inspire what is substantially entirely a controlled gas mixture first. However, upon
exhaustion of the supply of the controlled gas mixture, when neutral gas is inspired,
an amount of controlled gas mixture is continually inspired along with the neutral gas
rather than being accumulated by the sequential gas delivery circuit for the next
inspiration (2). The result is that the subject inspires exclusively controlled gas
mixture, followed by a blend of neutral gas and controlled gas mixture. As a result of
the imperfect switching of gases, a small amount of the controlled gas mixture is
inspired at the end of inspiration and enters the anatomical dead space rather than
reaching the alveolar space. In practise, the amount of controlled gas mixture lost to
the anatomical dead space is small, and therefore, the amount of controlled gas
mixture that reaches the alveolar space can still be assumed equal to the rate at
which the controlled gas mixture is made available to the sequential gas delivery
circuit for inspiration. Therefore, the method described herein can be executed, as

described, with imperfect sequential gas delivery circuits.

A simple implementation of sequential rebreathing using a gas blender and passive
sequential gas delivery circuit is described in references cited below (2; 3). Other

implementations of sequential gas delivery are described in patents (4-8).
The contents of all references set forth below are hereby incorporated by reference.

Various implementations of sequential gas delivery have described by Joseph Fisher

et al. in the scientific and patent literature.

As seen Figure 1, which shows a high level overview of the movement of blood and
the exchange of gases throughout the entire system, the majority of the total blood
flow (Q) passes through the pulmonary circulation. Upon transiting the pulmonary
capillaries, the partial pressures of gases in the pulmonary blood equilibrate with the
partial pressure of gases in the lungs (PET[i]) - the result is partial pressures of
gases in the pulmonary end-capillary blood equal to the end-tidal partial pressures of

gases in the lungs. The blood gas contents of this blood (Cp[i]) can then be

determined from these partial pressures. The remaining fraction (s) of the total blood

flow is shunted past the lungs and flows directly from the mixed-venous circulation
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into the arterial circulation without undergoing any gas exchange. Therefore, the gas
contents of the arterial blood (ca[i]) are a flow weighted average of the pulmonary
end-capillary blood with gas contents equilibrated to that of the lungs, and the
shunted blood with gas contents which are equal to the mixed-venous blood entering
the pulmonary circulation (C,, [[]). The arterial blood flows through the tissue
capillary beds, where gases are exchanged between the blood and the tissues.
There are one or more tissue capillary beds, each of which receives a fraction of the
total blood flow {q) and has unique production, consumption, storage, and exchange
characteristics for each gas. The gas contents in the venous blood leaving each
tissue (C,[j]) can be determined from these characteristics. The gas contents of the
mixed-venous blood leaving the tissues (Cy o [i) are given by the flow weighted
average of the gas contents in the venous blood leaving each tissue. The mixed-
venous blood leaving the tissues enters the pulmonary circulation after the

recirculation delay {ny).

Figure 2 - The Tissues

As shown in Figure 2, the total blood flow (Q) enters the tissue capillary beds from
the arterial circulation, where the gas contents of the arterial blood (c,[i]) are
modified by gas exchange between the blood and the tissues. To obtain input of the
gas contents of the mixed-venous blood, the flow of blood through the tissues is
modelled as a system of one or more compartments where each compartment
represents a single tissue or group of tissues. Each compartment is assumed to
receive a fraction of the total blood flow (q) and has a unique production or
consumption (v) of, and storage capacity (d ) for, each gas. The content of gases in

the venous blood leaving each compartment (C,[i]) can be determined from the

arterial inflow of gases, and the assumed production or consumption, and storage of
the gas in the compartment. The blood flows leaving each compartment unite to form
the mixed-venous circulation. Therefore, the gas contents of the mixed-venous blood

leaving the tissues (C,, ,[]) are given by the flow weighted average of the gas

contents in the venous blood leaving each tissue.

Figure 3 - The Lungs (no sequential rebreathing)
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As shown in Figure 3, gas enters the lungs in two ways - diffusion from the
pulmonary circulation and inspiration though the airways. The pulmonary blood flow
is equal to the total blood flow (Q) less the fraction (s) of the total blood flow that is
shunted past the lungs. The flux rate of gas between the lungs and the pulmonary
blood flow in a breath (VB[i]) is, by mass balance, the product of the pulmonary
blood flow and the difference between the gas contents of the mixed-venous blood

(C,,, [i]) entering the pulmonary circulation and the gas contents of the pulmonary

end-capillary blood (Cy[i]) leaving the pulmonary circulation.

The starting volume of the lungs in any breath is given by the functional residual
capacity (FRC ). This is the gas left over in the lungs at the end of the previous

expiration, and contains partial pressures of gases equal to the target end-tidal
partial pressures from the previous breath (Pg,[i- 1]7'). The first part of inspiration
draws gas in the anatomical dead space (v, ) from the previous breath into the

alveolar space. The partial pressures of gases in this volume are equal to the target
end-tidal partial pressures from the previous breath. Subsequently, a volume of a

controlled gas mixture (VvG,) with controllable partial pressures of gases (7, [/]) is

inspired.
Figure 4 - The Lungs (sequential rebreathing)

As shown in Figure 4, gas enters the lungs in two ways - diffusion from the
pulmonary circulation and inspiration though the airways. The pulmonary blood flow

is equal to the total blood flow (Q) less the fraction (s) of the total blood flow that is

shunted past the lungs. The flux rate of gas between the lungs and the pulmonary
blood flow in a breath (VBJi]) is, by mass balance, the product of the pulmonary
blood flow and the difference between the gas contents of the mixed-venous blood

(C,,, [i1) entering the pulmonary circulation and the gas contents of the pulmonary

end-capillary blood (C, [i]) leaving the pulmonary circulation.

The starting volume of the lungs in any breath is given by the functional residual
capacity (FRC ). This is the gas left over in the lungs at the end of the previous

expiration, and contains partial pressures of gases equal to the target end-tidal

partial pressures from the previous breath (P, [i - I]T)- The first part of inspiration
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draws gas in the anatomical dead space (V,) from the previous breath into the

alveolar space. The partial pressures of gases in this volume are equal to the target

end-tidal partial pressures from the previous breath. Subsequently, a volume of a
controlled gas mixture (VG,) with controllable partial pressures of gases (P’][i]) is
inspired. The average volume of the controlled gas mixture inspired into the alveoli in

each breath (VG,) is given by the flow rate of the controlled gas mixture (FG, ) to the
sequential gas delivery circuit (SGDC) delivered over one breath period (T,). The
balance of the tidal volume {V,) is composed of a volume of neutral gas (VG,).

Where a sequential gas delivery circuit is used that provides previously expired gas
as neutral gas, this volume contains partial pressures of gases equal to the target

end-tidal partial pressures from the previous breath.
Figure 5 - Apparatus

As shown in Figure 5, according to one embodiment of an apparatus according to
the invention, the apparatus consists of a gas blender (GB), a HI-OXSR sequential
gas delivery circuit (SGDC), gas analyzers (GA), a pressure transducer (PT), a
computer (CPU), an input device (ID), and a display (DX). The gas blender contains
three rapid flow controllers which are capable of delivering accurate mixes of three
source gases (SGi, SG2, SG,) to the circuit. The gases are delivered to the circuit
via a gas delivery tube connecting the outlet of the gas blender to the inlet of the
sequential gas delivery circuit. The gas analyzers measure the partial pressures of
gases at the airway throughout the breath. The analyzers sample gas for analysis
proximal to the subject's airway via a sampling catheter. A small pump is used to
draw gases from the subject's airway through the gas analyzers. The pressure
transducer is used for measurement of the breath period (T,) and end-tidal
detection, and also connected by a sampling catheter proximal to the subject's
airway. The gas analyzers and pressure transducer communicate with the computer
via analog or digital electrical signals. The computer runs a software implementation
of the end-tidal targeting algorithm and demands the required mixtures from the
blender via analog or digital electrical signals. The operator enters the target end-
tidal values and subject parameters into the computer via the input device. The

display shows the measured and targeted end-tidal gases.
Figure 6 - Tuning
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As illustrated in Figure 6, with reference to examples of gas X (oxygen and carbon

dioxide) parameters representing inputs for computation of F|X can be tuned so that
the measured end-tidal partial pressures of 02 ( P,,02[i]" ) and the measured end-
tidal partial pressures of C02 (P,C0O2[il" ) during any sequence more closely reflect
the target end-tidal partial pressures of 02 (P, 02[if) and the target end-tidal partial

pressures of C02 (PETCO2[1']T). To tune the system parameters, standardized tuning

sequences are run and the measured results compared to the targets. The
difference between measured end-tidai partial pressures and the target end-tidal
partial pressures in the standardized tuning sequences can be used to refine the

estimates of some physiological parameters.

The tuning sequence optionally sets the target end-tidal partial pressure of 02
(P,02[i] ) at 5 mmHg above the baseline end-tidal partial pressure of 02 {P,,02, M)
throughout the sequence, and executes a 5 mmHg step-change in the end-tidal
partial pressure of C02 (PETC02[;']T) from 5 mmHg above the baseline end-tidal
partial pressure of C02 (PETCOZOM)to 10 mmHg above the baseline end-tidal partial

pressure of C02 in breath 30 (i = 30 ) of the sequence.

Embodiments of mass balance equations:

No SGD:

Fxl] P X[i] -(FRC +V,)- P, x[i -1] -(FRC+V,)-PB-Q-(1-5)-T, - (C,n X[i]- C, X[i)
T (¥, —V»)-PB

SGD:

- (P XTT - P x[i—1F )-(FRC 4+ ¥, )+ P Xli =1V (FG, - T )= PB-O-(1=5)-7, -(C.0, X[i]- € _X[il)
et FG, T, PB

Abbreviations and terms are repeated in Figure 7.
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Physiological inputs

This section describes how to obtain measurements or estimates of all the

physiological inputs required to execute a prospective end-tidal targeting sequence.
Subject weight, height, age, and sex:

Subject weight (w), height (H ), age (A), and sex (G) can be obtained from a
subject interview, an interview with a family member, from an attending physician, or

from medical records. Weight and height can also be measured.
Bicarbonate:

The bicarbonate concentration ([HC(O,]) can be obtained from a blood gas

measurement. If a blood gas measurement is not available or possible, it can be

estimated as the middle of the normal range - 24 mmol/L (9; 10).
Temperature:

Body temperature (T) can be obtained from a recent invasive or non-invasive
measurement. If a measurement is not available or possible, it can be estimated as

the middle of the normal range - 37 C (11; 12).
Haemoglobin concentration:

The haemoglobin concentration (Hb) can be obtained from a blood gas
measurement. If a blood gas measurement is not available or possible, it can be

estimated as the middle of the normal range for the subject's sex (G):
15 g/dl_ for males

13 g/dL for females (10; 13)

Shunt fraction:

The intrapulmonary shunt fraction {s) can be measured using a variety of invasive
and non-invasive techniques (14-17). If measurement is not available or possible, it

can be estimated as the middle of the normal range - 0.05 (18; 19).

Cardiac output:
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The cardiac output {Q) can be measured using a variety of invasive and non-

invasive techniques (20-23). If measurement is not available or possible, it can be

estimated from the subject's weight (W) according to the relationship:
Q=10-(0.066-W+ 1.4) (24)
Breath period:

The breath period {T;) can be measured using a pressure transducer (PT) or flow

transducer (FT) proximal to the subject's airway. Alternatively, the subject can be
coached to breathe at a predetermined rate using a metronome or other prompter. If
the subject is mechanically ventilated, this parameter can be determined from the

ventilator settings or ventilator operator.
Recirculation time:

The number of breaths for recirculation to occur (ng) can be measured using a
variety of invasive and non-invasive techniques (25-27). If measurement is not
available or possible, it can be estimated from the breath period {T,) and an average

recirculation time (0.3 min) (28) according to the relationship:
Nng= 0.3/7,
Metabolic 0 2 consumption:

The overall metabolic 02 consumption (V02) can be measured using a metabolic
cart. If measurement is not available or possible, it can be estimated from the
subject's weight (W), height (H), age (A), and sex (G) according to the

relationship:

10-W+625-H-5-A+5

V02 = for males
6.8832
vo2 =10 W *625-H=5-A-161 ¢ t0ales (29)
6.8832

Metabolic C02 production:

The overall metabolic C02 production {VC02) can be measured using a metabolic

cart. If measurement is not available or possible, it can be estimated from the overall
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metabolic 02 consumption (V02) and average respiratory exchange ratio (0.8 ml

C02/ml 02) (30) according to the relationship:
VC02 =0.8-V02
Functional residual capacity:

The functional residual capacity (FRC) can be measured using a variety of
respiratory manoeuvres (31). If measurement is not available or possible, it can be

estimated from the subject's height (H ), age (A), and sex (G) according to the

relationship:
FRC=(2.34-H +0.01-A- 1.09) -1000 for males
FRC =(2.24-H +0.001- 4 - 1.08) -1000 for females (32)

Anatomical dead space:

The anatomical dead space (V) can be measured using a variety of respiratory

manoeuvres (33-35). If measurement is not available or possible, it can be

estimated from the subject's weight (W) and sex (G) according to the relationship:

Vp = 1.765- W +32.16 for males

Vi =1.913-W +21.267 for females  (36)

Rate at which the controlled gas mixture is made available for inspiration when
using a sequential gas delivery circuit (SGDC)
When using a sequential gas delivery circuit (SGDC), the rate at which the controlled

gas mixture is made available for inspiration (FG,) should be set so that the volume
of the neutral gas inspired in each breath (VG,) is greater than or equal to the

anatomical dead space (V,). The subject can be coached to increase their

ventilation and/or the availability of the controlled gas mixture decreased until a

sufficient volume of the neutral gas is observed to be inspired in each breath.

Tidal volume:

The tidal volume (V. ) can be measured using a flow transducer (FT) proximal to the
subject's airway. If measurement is not available or possible, in spontaneous
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breathers when using a sequential gas delivery circuit (SGDC), it can be estimated

from the rate at which the controlled gas mixture (G,) is made available for
inspiration (FG,), the breath period (TB), and the anatomical dead space (V,)

according to the empirical relationship:

If FG, < 15000: V, = (0.75-FG, +3750)- 7, +VD
else: V. =FG - Tg+V,

Alternatively, the subject can be coached or trained to breathe to a defined volume
using a prompter which measures the cumulative inspired volume and prompts the
subject to stop inspiration when the defined volume has been inspired. If the subject
is mechanically ventilated, this parameter can be determined from the ventilator

settings or ventilator operator.
Target sequence input

The operator enters a target sequence of N breaths consisting of a target end-tidal

partial pressures of O2 (PET02[i]T) and a target end-tidal partial pressure of

co2 (p,Co2[i]") for every breath (i) of the sequence.
Calculation of the inspired gas composition to induce target end-tidal values

The partial pressure of 02 in the controlled gas mixture (13/02[1']) and the partial
pressure of C02 in the controlled gas mixture (P,COZ[Z’]) required to induce the
sequence of target end-tidal partial pressures of 02 (P,,02[i]") and target end-tidal

partial pressures of CO02 (PETCOZ[i]T) can be calculated by executing the steps

outlined in sections 6-15 for every breath of the sequence (i,i =\..n).

Calculate the 0 2 and C02 partial pressures of pulmonary end-capillary blood

When sequential rebreathing is employed (2; 37; 38), we assume that the partial

~pressure of 02 in pulmonary end-capillary blood (Pp02[l]) is equal to the target end-

tidal partial pressure of 02 (PETOZ[i]T), and the partial pressure of C02 in pulmonary

end-capillary blood (PPCOZ[i]) is equal to the target end-tidal partial pressure of
C02 (P, cO2(il") (39).
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p,02i]= P 02i]
P coZli]= pcoil

Various other formulas have been proposed to derive blood gas partial pressures
from end-tidal partial pressures. For example, see (40; 41). Any of these

relationships can be used in place of the above equalities.
Calculate the pH pulmonary end-capillary blood

The pH of the pulmonary end-capillary blood (pHJi]) can be calculated from the
Henderson-Hasselbalch  equation using the blood bicarbonate concentration

([HCO,]), the blood CO2 partial pressure (P,C02[i}), and the solubility of CO2 in

blood (0.03 mmol/L/mmHg) (9).

[HCO,] )

PH]=6.1+ log[om -P,CO2[i]

Calculate the 0 2 saturation of pulmonary end-capillary blood

The 02 saturation of pulmonary end-capillary blood (5,02[i]) can be calculated from

experimental equations using the body temperature (7), the blood pH (pH[i]), the
blood C02 partial pressure (PpCOZ[i]), and the blood 0 2 partial pressure (Pp02[i])

(42).
S 02\1.]: 100- -8532.2289- z+2121.401 -7* -67.073989-z 3+ 7%
r 935960.87 -31346.258 { +2396.1674 -{2 - 67.104406 -23 + z*

where 7= P,, 02[1,]. 1 00‘024-(37—7‘)~0.4-(,DH[i]—7,4)r0,06~(log40—[0g1’pC02[i])

Calculate the 0 2 content of pulmonary end-capillary blood

The 02 content of pulmonary end-capillary blood (CpOZ[i]) can be calculated from
the 0 2 saturation of the blood ($,02]i]), the blood haemoglobin concentration (Hb),

the 0 2 carrying capacity of haemoglobin (1.36 ml/g), and the solubility of 0 2 in blood
(0.003 ml/dL/mmHg) (43).
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s,02i
C,02[:]=1.36- Hb- plTo[lh 0.003- P,02[i]

Alternative derivations of pH, 0 2 saturation, and 0 2 content are reviewed in detail in
(44).
Calculate the C02 content of pulmonary end-capillary blood

The CO2 content of pulmonary end-capillary blood (C,CO2[i]) can be calculated

from the blood haemoglobin concentration {Hb), the O2 saturation of the blood

{8,02[i]), the blood pH ( pH[i]), and the blood CO2 partial pressure (P,CO2[i]) (45).

¢ codi]-|1.0- 0.02924- Hb c

(2.244 ~0.422. (%ghm -(8.740- pH[i) ’

where: C,, =0.0301- P,COZ[i]-(1+1071¢1°).2.226

See also (46-48) for alternative calculations of CO2 content.
Calculate the 0 2 and C02 content of arterial blood

The arterial blood is a mixture of the pulmonary end-capillary blood and the blood

shunted past the lungs. The percentage of the cardiac output (Q) that is shunted

past the lungs is given by the intrapulmonary shunt fraction (s).

The content of O2 in the arterial blood (C,02[i]) is a weighted average of the O2
content of the pulmonary end-capillary blood (C,02[i]) and the O2 content of the

blood which is shunted directly from the mixed-venous circulation (C,, 02[i]).
c,02]i]=(1~s)-C,02[i]+s-C,, 02[i]

The content of CO2 in the arterial blood (C,C0O2[i]) is a weighted average of the CO2
content of the pulmonary end-capillary blood {CpCO2[i]) and the CO2 content of the

blood which is shunted directly from the mixed-venous circulation (C,,, C0O2[i]).
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c,co2lil=(-s)-c,co2+s-C,, CO2|i]
Calculate the 02 content of the mixed-venous blood

Before returning to the venous circulation, the arterial blood passes through the
tissue capillary beds where 02 is consumed and exchanged. This system can be

modelled as a compartmental system where each compartment (j ) represents a

single tissue or group of tissues. Each compartment is assigned a storage capacity

for 02 (do2 ;) Each compartment is also modelled as being responsible for a
fraction (von) of the overall metabolic 02 consumption (vo02 ), and receiving a
fraction (qj) of the total cardiac output {Q). The content of 02 in the venous blood
leaving a compartment (C,02,[i]) is equal to the content of 02 in the compartment.
Assuming an 0 2 model with n,, compartments, the 02 content of the venous blood

leaving each compartment can be calculated from the 02 content in the

compartment during the previous breath (CVOZJ. [i—l]), the compartment parameters,

and the period of the breath (7,).
For j=l.«g,

100-7,
d02,

J

c,02[il=c,02 [i-1]+ (¢,-0-(c,02i]-c,02 [i-1])-vo2, -¥02)

The values for a one compartment model (n,,=1) are given below. The model
assumes a single compartment with a storage capacity for 0 2 (do2 , ) proportional to

the subjects weight (w ) (49).

T T
o 1 o (1500/70)-W ‘T -

! ; !
- N o ] ]

The mixed-venous 0 2 content leaving the tissues (C,,,,02]i]) is the sum of the 02
content leaving each compartment (C,02 j[i]) weighted by the fraction of the cardiac
output (q; ) received by the compartment.
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CMV(]')OZ[i] = ?qj 'CVOZJ [’]
1

Alternatively, since the storage capacity of 0 2 in the tissues of the body is small, the

02 content of the mixed-venous blood leaving the tissues (C,,,02[i]) can be
assumed to be equal to the arterial inflow of 02 to the tissues {Q-C,02, [i]) less the

overall metabolic 02 consumption of the tissues (V02) distributed over the cardiac

output (Q).

CMV(T)OZI [i]= — zg[’]'voz

The 02 content of the mixed-venous blood entering the pulmonary circulation

(C,,,02[i]) is equal to the 02 content of the mixed-venous blood leaving the tissues

delayed by the recirculation time (C,,, ., 02[i-n g])
C,n O] :CMV(T)OZ[i — 1]
Other 02 model parameters are available from (49; 50).

Calculate the C02 content of the mixed-venous blood

Before returning to the venous circulation, the arterial blood passes through the
tissue capillary beds where C02 is produced and exchanged. This system can be
modelled as a compartmental system where each compartment (k) represents a
single tissue or group of tissues. Each compartment is assigned a storage capacity

for C02 (dC02,). Each compartment is also modelled as being responsible for a
fraction (vco2,) of the overall metabolic CO2 production (VCO02), and receiving a
fraction {q, ) of the total cardiac output (Q). The content of CO2 in the venous blood
leaving a compartment (CVCO2k[i]) is equal to the content of C02 in the
compartment. Assuming a C02 model with N, compartments, the C02 content of
the venous blood leaving each compartment can be calculated from the CO02

content in the compartment during the previous breath (CVC02j[z‘—1]), the

compartment parameters, and the period of the breath (T, ).

For K=1..«,,
50



10

WO 2013/082703 PCT/CA2012/001123

100-T,

k

C,C02,[i] = C,C02, [i - 1]+ (veo2, -VCO2 - g, -Q.{C,C02,[i - 1]- C,C02%

The values for a five compartment model (n.., =5) are given below (51). The model

Cco02

assumes each compartment has a storage capacity for C02 (dC02, ) proportional to

the subjects weight (W).

k g dco2, oz, |
1 ~ lo.o4 (225/70)- W 0.11
2 o4 (902/70)- W 0.28
3 - lots (9980/70)-W 0.17 a
4 0.15 (113900/70)- W 0.15 O
5 0.51 (3310/70)-W 0.29

The values for a one compartment model (n._ =1) are given below. The model

C02

assumes a single compartment with a storage capacity for C02 (dC02,)

proportional to the subjects weight (W). The storage capacity for the single
compartment is calculated as the average of the storage capacity for each
compartment of the multi-compartment model weighted by the fraction of the cardiac

output assigned to the compartment.

k q, dC0o2, veo2,

1 1 (20505/70)- W 1
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The mixed-venous CO2 content leaving the tissues (C,,,,,COZ[i]) is the sum of the

C02 content leaving each compartment (CVCOZK[i]) weighted by the fraction of the

cardiac output (q, ) received by the compartment.

"co2
CMV(T)COZ[i] = kzqk -C,CO2, [l]
=1

The CO02 content of the mixed-venous blood entering the pulmonary circulation

(C,,CO2[i]) is equal to the CO2 content of the mixed-venous blood leaving the

tissues delayed by the recirculation time (C,,,,,, CO2[i-n g])

CyyyCOi]=C,p ., CO2i — 1, ]

Other C02 model parameters are available from (49; 52).

Calculate P102 and PICO2 to deliver with no sequential gas delivery circuit

On each inspiration, a tidal volume (V) of gas is inspired into the alveoli. When the
subject is not connected to a sequential gas delivery circuit, gas is inspired in the
following order: a) the gas in the anatomical dead space (V) is re-inspired with a
partial pressure of 02 equal to the target end-tidal partial pressure of 02 from the
previous breath (P_,02i-\] ") and a partial pressure of C02 equal to the target end-
tidal partial pressure of CO2 from the previous breath {P_.CO2]i - \I'); b) a volume of
controlled gas mixture (MG3) with controllable partial pressure of 02 (P,02[|']) and
controllable partial pressure of C02 (P1C02[i]). This inspired gas mixes with the

volume of gas in the functional residual capacity (FRC) with a partial pressure of 02

and C02 equal to the target end-tidal partial pressures from the previous breath.

A volume of 02 is transferred between the alveolar space and the pulmonary

circulation (¥3,,u]). The rate of 02 transfer between the alveolar space and the

pulmonary circulation depends on the product of the cardiac output (Q) less the

intrapulmonary shunt fraction (s), and the difference between the mixed-venous 0 2

content entering the pulmonary circulation (CM,,O2[i]) and the pulmonary end-

capillary 0 2 content (CF,OZ[i]) leaving the pulmonary circulation. This transfer occurs

over the breath period (Tg).
52



10

15

WO 2013/082703 PCT/CA2012/001123

VB, [i]: Q(l —S)’TB '(CMVOZ[i]'Cp02[i])

A volume of CO02 is transferred between the alveolar space and the pulmonary

circulation (VB

-0, [2]). The rate of CO2 transfer between the alveolar space and the

pulmonary circulation depends on the product of the cardiac output (Q) less the
intrapulmonary shunt fraction (S), and the difference between the mixed-venous

C02 content entering the pulmonary circulation (CMVCOZ[i]) and the pulmonary end-

capillary C02 content (cpcoz[i]) leaving the pulmonary circulation. This transfer

occurs over the breath period (Tg).
VBco, [i]: Q(l —S)'TB '(CMVCOZ[i]_ CpCOZ[i])

The average volume of the controlled gas mixture inspired into the alveoli in each

breath (VG;) is given by the tidal volume (V) less the anatomical dead space (V).
VG, =V,- Vp

The end-tidal partial pressure 02 (P_, 02[i]") is simply the total volume of 02 in the
alveolar space, divided by the total volume of the alveolar space. The end-tidal
partial pressure C02 (PETCO2[1']T) is simply the total volume of C02 in the alveolar

space, divided by the total volume of the alveolar space.

O2 re - inspired

02 1in controlled
02in FRC from VD gas mix}ure

P, 02[i~1] - FRC + P,02fi 1] ¥, + P,O2il- (¥, — V)
02 transfered into lung from
the circulation (VB, )
+PB-Q-(1-5)-T, -(C,, 02li]- C,02i])
V, + FRC
\_W__J
Total volumeof the alveolar space

Py 02[’.]7' -
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CO2 re - inspired
CO2in controlied
CO2in FRC from VD gas mixture

P, COi 1] - FRC + P,,CO2[i —1]' ¥ , + P,CO2[i]-(V, - V)
CO2 transfered into lung from

the circulation (VB )
+PB-0-(1-5)-T, -(C,, CO2[i] - C,coO2fi))
V, + FRC
S —
Total volumeof thealveolar space

P,CO2il =

Since all of these volumes and partial pressures are either known, or can be
estimated, the partial pressure of 02 in the controlled gas mixture (P,OZ[i]) and the
partial pressure of C02 in the controlled gas mixture (P,C02[i]) can be set to induce

target end-tidal partial pressures.

In some cases, some of the terms (braced terms in the numerator of the above

equations) contributing to the target end-tidal partial pressure of 02 (P, 02[i]) or

the target end-tidal partial pressure of C02 (P,,C0O2[i]") may be neglected. For
example, in most cases, the 02 or C02 re-inspired from the anatomical dead space

(Vv,,) is small compared to the 02 or CO2 in the other volumes that contribute to the

end-tidal partial pressures. In a case where the volume of 0, or CO, in the controlled
gas mixture is very large, for example when trying to induce a large increase in the
target end-tidal partial pressures, the 0, or CO, transferred into the lung from the
circulation may be comparatively small and neglected. Neglecting any terms of the
mass balance equations will decrease computational complexity at the expense of

the accuracy .of the induced end-tidal partial pressures of gases.

After re-arranging the above equations for the partial pressure of 0 2 in the controlled
gas mixture and the partial pressure of C02 in the controlled gas mixture,

simplification, and grouping of terms:

P, 02 -(FRC +¥,)- P,02i 1] -(FRC +7,)- PB-Q-(1-5)-T, -(C,, 021i]-C,02i])
VT - VD

pro2il=
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P, COl" -(FRC+V, )~ P,cOdi 1] -(FRC+V,)-PB-Q-(1-5)-T, -(C,, COZi]- C,cOZ))
VT - VD

pcodil=

These equations can be used to calculate the partial pressure of 02 in the
controlled gas mixture (P,02[i]) and the partial pressure of C02 in the controlled gas
mixture

(P,CO2i]) required to induce a target end-tidal partial pressure of 02 (P,,02[i]")
and target end-tidal partial pressure of C02 (PETCOZ[i]T) where the target end-tidal
partial pressure of 02 from the previous breath (P_.02[i- 1]"), the target end-tidal
partial pressure of C02 from the previous breath (PETCOZ[i~1]T), the functional
residual capacity (FRC), the anatomical dead space (V, ), tidal volume (V,), the
breath period (T,), cardiac output (Q), intrapulmonary shunt fraction (S), mixed-
venous content of 02 entering the pulmonary circulation (CMVOZ[i]), mixed-venous
content of C02 entering the pulmonary circulation (CMVCOZ[i]), pulmonary end-
capillary content of 02 (C,02[z]), and pulmonary end-capillary content of C02

{CpCOZ[i]) are either known, calculated, estimated, measured, or predicted.

Notice that the partial pressure of 02 in the controlled gas mixture (F£,02[i]) and the
partial pressure of CO2 in the controlled gas mixture (P,CO 2[i]) required to induce a
target end-tidal patial pressure of 02 (PETOZ[I']T) or a target end-tidal partial
pressure of C02 (PETCOZ[i]T) depends strongly on the tidal volume (), anatomical

dead space (\j), and the functional residual capacity (FRC).

It is often useful in practise to maintain the end-tidal partial pressures of gases
steady for a predefined number of breaths or period of time. This is a special case of
inducing target end-tidal partial pressures of gases where the target end-tidal partial
pressure of a gas in a breath is equal to the target end-tidal partial pressure of said

gas from the previous breath.
P02l = p,0i-1] OR
p,co2lif = p,cozi-1]
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Herein, the above general equations for calculating the composition of the controlled

gas mixture reduce to the following:

20l (v, -v.)=PB-0-(1-5)-T, -[C...02lil-C_02li))
v, —V,

Po2i]=

P,.COAil (v, -v.)=PB-0-0=35).T. -[C...colil-c_colil)
Vr - V/)

P,CO2Ji]=

Notice, these equations still require the estimation, measurement, or determination
of many of the subject's ventilatory or pulmonary parameters, namely, tidal volume
(V7). functional residual capacity {FRC ), breath period (T,), and anatomical dead
space

(V, ). Therefore, in the absence of sequential rebreathing, the calculation of the
partial pressure of O, in the controlled gas mixture (P,02[i]) and the partial pressure
of CO2 in the controlled gas mixture (P,COZ[:']) required to induce a target end-tidal
partial pressure of 0, (P,02[i]') and a target end-tidal partial pressure of CO,

(P,,CO2[i]") is highly dependant on the subjects ventilatory and pulmonary
parameters. However, some of these parameters, namely functional residual

capacity (FRC ) and the anatomical dead space (V, ), can be measured or estimated

prior to execution of the targeting sequence, and can be reasonably assumed not to

change over the course of the experiment. Other parameters, namely tidal volume

(V,) and breath period (Tg), while normally highly variable, are very well controlled

and stable in mechanically ventilated subjects.

This method, therefore, is optional, especially where a simpler approach is preferred,

and the subject's ventilation can be reasonably controlled or predicted.

It will be recognized that the volumes and partial pressures required to calculate the
partial pressure of O2 in the controlled gas mixture (i%02[i]) and the partial pressure
of CO, in the controlled gas mixture (P/CO2[1']) may need to be corrected for

differences in temperature or presence of water vapour between the lung and the
conditions under which they are measured, estimated, or delivered. The corrections
applied will depend on the conditions under which these volumes and partial

pressures are measured, estimated, or delivered. All volumes and partial pressures
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should be corrected to body temperature and pressure saturated conditions. A

person skilled in the art will be comfortable with these corrections.

A person skilled in the art will also recognize the equivalence between partial
pressures and fractional concentrations. Any terms expressed as partial pressures
can be converted to fractional concentrations and vice-versa. For example, the
partial pressure of 02 in the controlled gas mixture (P,02[i]) and the partial pressure
of CO2 in the controlled gas mixture (P,COZJi]) may be converted a fractional

concentration of 02 in the controlled gas mixture (F,02i]) and a fractional

concentration of C02 in the controlled gas mixture (F,CO2[1‘]).

P,02[i]

rodip 12

F,co2il f%%]-

Calculate PI02 and PICO2 to deliver to a sequential gas delivery circuit

On each inspiration, a tidal volume (V.) of gas is inspired into the alveoli. When the

subject is connected to a sequential gas delivery circuit (SGDC) that collects
previously expired gas in a reservoir for later inspiration as neutral gas (ex. HI-OXSR),
gas is inspired in the following order: a) the gas in the anatomical dead space (VD) is

re-inspired with a partial pressure of 02 equal to the target end-tidal partial pressure
of 02 from the previous breath (P, 02[i- 1) and a partial pressure of C02 equal to
the target end-tidal partial pressure of CO, from the previous breath (PErCDZH - l]T);
b) a volume of controlled gas mixture (KG, ) with controllable partial pressure of O,
(P,02[i]) and controllable partial pressure of C02 (P,COZ[i]); c) a volume of neutral

gas (VG, ) with a partial pressure of 02 and C02 equal to the target end-tidal partial
pressures from the previous breath. This inspired gas mixes with the volume of gas
in the functional residual capacity (FRC) with a partial pressure of 02 and CO02

equal to the target end-tidal partial pressures from the previous breath.

A volume of 02 is transferred between the alveolar space and the pulmonary

circulation (¥% [i]). The rate of 02 transfer between the alveolar space and the

pulmonary circulation depends on the product of the cardiac output (Q) less the
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intrapulmonary shunt fraction (s), and the difference between the mixed-venous 02

content entering the pulmonary circulation (CMVOZ[i]) and the pulmonary end-

capillary 02 content (Cp02[i]) leaving the pulmonary circulation. This transfer occurs

over the breath period (T;).

VB,, [i]= Q(l _S)'TB '(CMVOZ[i]_CpOZ[i])

A volume of CO02 is transferred between the alveolar space and the pulmonary

circulation (VB [i]). The rate of C02 transfer between the alveolar space and the
pulmonary circulation depends on the product of the cardiac output (Q) less the

intrapulmonary shunt fraction (s), and the difference between the mixed-venous

C02 content entering the pulmonary circulation (C,,, CO2[i]) and the pulmonary end-

capillary C02 content (CPCOZ[I']) leaving the pulmonary circulation. This transfer

occurs over the breath period {T,).
VBcos [’] =Q- (1 - S)' Ty - (CMVCOZ[i]_ CpCOZ[i])

Assuming a neutral gas at least fills the subject's anatomical dead space (V, ), the

average volume of the controlled gas mixture inspired into the alveoli in each breath

{VG,) is given by the rate at which the controlled gas mixture is made available for

inspiration (FG, ) delivered over a single breath period (T, ):
VG, =FG, -Tg

The average volume of neutral gas that is inspired into the alveoli in each breath is

given by the tidal volume (V) less the volume of inspired controlled gas mixture

(FG, ) and the volume of gas that remains in the anatomical dead space (\j ):
VGZ :\lr' VD'FG, 'TB

The end-tidal partial pressure 02 (P_, 02[if ) is simply the total volume of 02 in the
alveolar space, divided by the total volume of the alveolar space. The end-tidal
partial pressure C02 (PETCO2[1']T) is simply the total volume of C02 in the alveolar

space, divided by the total volume of the alveolar space.
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O2re-inspired

O2in controlled
02in FRC from Vp, gas mixture OZ2in neutralgas

] — — A _
P, 0i-1]" - FRC+ P, 02i 1] ¥ , + P,O2i]-(FG, -T,) + Py OAi 1" -(V, =V, - FG, -T,)
02 transfered into lung from
the circulation (VB,,)

+PB-0-(1-5)-T, -(C,, 02i]-C,02[i])

poif =
w02l V, +FRC
H——/
Total volumeof the alveolarspace
CO2re-inspired
CO2 in controlled .
cozinfrC  fromVp gas mixture CO2 in neutralgas
P.coi-1] - FRC + P,,cO2|i -\[ -V , + PCOil-(FG,-T,) + P,COAi -1 -(V, -V, — FG, -T,)
CO2 transfered into lung from
the circulation (VB,)
+PB-Q-(1-5)-T, -(C,ncO2fi]-C,cOZi])
PETCOZ[i]T= Q ( ) B ( My [] P []

V, + FRC

—_——
Total volumeof the alveolarspace

Since all of these volumes and partial pressures are either known, or can be
estimated, the partial pressure of 02 in the controlled gas mixture (P,02[/]) and the
partial pressure of CO2 in the controlled gas mixture (F}C02[i]) can be set to induce

target end-tidal partial pressures.

In some cases, some of the terms (braced terms in the numerator of the above

equations) contributing to the target end-tidal partial pressure of 02 (P,.02[i]") or

the target end-tidal partial pressure of C02 (P,,C02[i]") may be neglected. For
example, in most cases, the o2 or CO, re-inspired from the anatomical dead space
(V,) is small compared to the 0, or CO, in the other volumes that contribute to the
end-tidal partial pressures. In the case where the volume of 02 or C02 in the
controlled gas mixture is very large, for example when trying to induce a large
increase in the target end-tidal partial pressures, the 02 or C02 transferred into the
lung from the circulation may be comparatively small and neglected. Neglecting any
terms of the mass balance equations will decrease computational complexity at the

expense of the accuracy of the induced end-tidal partial pressures of gases.
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After re-arranging the above equations for the partial pressure of 0 2 in the controlled
gas mixture and the partial pressure of C02 in the controlled gas mixture,

simplification, and grouping of terms:

(P04l - P..0di1" }-(FRC+ ¥, )+ P.OZi—1V -(FG, 7,)-PB-0-(1-5)T,.-(C...04-C 0l

PO2Ji|=
1 2[’] FG,-T,

(p,cOT - P,codi-\ )-(FRC+,)+ P, 4i-1] -(FG -T,)- PB-0-(1-5) T, -(C.COdi| -C.CO%)
FG T,

pcodil-

The above equations can be used to calculate the partial pressure of 02 in the

controlled gas mixture (P,0O2[i]) and the partial pressure of CO2 in the controlled gas
mixture (P,COZ[i]) required to induce a target end-tidal target partial pressure of 02
(P,,02[i]’) and a target end-tidal partial pressure of CO2 (P,,C02[i]") where the
target end-tidal partial pressure of 02 from the previous breath (P.,02]i - \]T), the
target end-tidal partial pressure of CO2 from the previous breath (P_.CO02]i- 1]), the
functional residual capacity (FRC), tidal volume (), rate at which the controlled
gas mixture is made available for inspiration (FG, ), the breath period (T,), cardiac
output (Q), intrapulmonary shunt fraction (s), recirculation time (n, ), mixed-venous
content of 02 entering the pulmonary circulation (CM,,OZ[i]), mixed-venous content
of CO2 entering the pulmonary circulation (CMVCOZ[i]), pulmonary end-capillary
content of 02 (Cp02[i]), and pulmonary end-capillary content of C02 (CpCOZ[i]) are

either known, calculated, estimated, measured, or predicted.

Notice that where this form sequential rebreathing is employed, the anatomical dead
space (V,) does not factor into the above equations and end-tidal targeting is
independent of its measurement or estimation. Notice also that the tidal volume (\;)
appears only in summation with the functional residual capacity (FRC). Since the
tidal volume is, in general, small compared to the functional residual capacity
(V,, <0.1- FRC), errors in measurement or estimation of the tidal volume have little
effect on inducing target end-tidal partial pressures of gases. In fact, the above
equations can be used with the tidal volume term omitted completely with little effect

on results.
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It is often useful in practise to maintain the end-tidal partial pressures of gases
steady for a predefined number of breaths or period of time. This is a special case of
inducing target end-tidal partial pressures of gases where the target end-tidal partial
pressure of a gas in a breath is equal to the target end-tidal partial pressure of said

gas from the previous breath.
p, ol =p,02i-1] OR

p.codil =p,cozi-1]

Herein, the above general equations for calculating the composition of the controlled

gas mixture reduce to the following:

podfi]- P02l -FG -PB-Q ISG ]_ 5)-(Cwodli]-C,0 2{4)
P, COL[ - FG, - PB-0-(1-5)-(C,, CO2[1]-C,CO2))

P,co2li]= G
l

Notice, these equations do not require the estimation, measurement, or

determination of any of the subject's ventilatory or pulmonary parameters, namely,

tidal volume (v, ), functional residual capacity (FRC ), breath period (T;), or

anatomical dead space (V,, ).

The reduced or eliminated sensitivity of the equations to the subject's ventilatory
parameters makes this method useful in practise with spontaneously breathing
subjects. 1t is, however, not limited to spontaneously breathing subjects, and may

also be used in mechanically ventilated subjects.

A person skilled in the art will recognize that the volumes and partial pressures
required to calculate the partial pressure of 02 in the controlled gas mixture (P,O2[i])
and the partial pressure of C02 in the controlled gas mixture (P,C0 2[1']) may need to
be corrected for differences in temperature or presence of water vapour between the
lung and the conditions under which they are measured, estimated, or delivered. The
corrections applied will depend on the conditions under which these volumes and

partial pressures are measured, estimated, or delivered. All volumes and partial
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pressures should be corrected to body temperature and pressure saturated

conditions. A person skilled in the art will be comfortable with these corrections.

A person skilled in the art will also recognize the equivalence between partial
pressures and fractional concentrations. Any terms expressed as partial pressures
can be converted to fractional concentrations and vice-versa. For example, the

partial pressure of 02 in the controlled gas mixture (P,Oz[i]) and the partial pressure
of CO2 in the controlled gas mixture (P,COZ2i]) may be converted a fractional
concentration of 02 in the controlled gas mixture (E,O2[i]) and a fractional

concentration of CO2 in the controlled gas mixture (F,CO2[i]).

F02iE %’1

1 P.CO2[i]

FCO2ip1———

CozliE =

Determine if targets are logistically feasible

In practise, many different implementations of gas delivery devices and sequential

gas delivery circuits may be used. In general, it is logistically feasible to induce the

target end-tidal partial pressures for the current breath (P, 02[i]", P,,CcO2[i] ) i:

1) The required partial pressures of gases in the controlled gas mixture are
physically realizable:

a) 0< P,0i|]< PB
b) 0 < P,CO2[i]< PB
c) P,02[i]+P.Cco2li]<PB

2) The gas delivery device is capable of delivering a controlled mixture of the

desired composition at the required flow rate

Where sequential rebreathing is carried out with a Hi-Ox,r sequential gas

delivery circuit and a gas blender:

Assuming n_. source gases (SGI.,SGHF ) are blended to deliver the required mixture

to the Hi-OxsR sequential gas delivery circuit (SGDC). Each gas {m) contains a
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known fractional concentration of 02 (fo2 ) and a known fractional concentration of
C02

(fco2,,). The flow rate of each gas (F5G,,[/]) required to deliver the total desired flow
rate of the controlled gas (FG, ) with the required partial pressure of 02 (P,0.2i]) and
the required partial pressure of C02 (P,COZ[z‘]) can be determined by solving the

following set of equations:

e

> FSG,li]= Fg,
m=1

i fo2, - FSG, [i]= P’g; il FG,
m=1

8 _ 1_ Bcoi]

; feo2, - FSG, [i] =G,

The target end-tidal partial pressures for the current breath (P, 02|, P..CO2[i]")

are logistically feasible if:

1) 0< P,02i]< PB

2) 0< P,CO2[i|< PB

3) po2Ji]+PCco2i]< PB

4) There exists a solution to the above system of equations, and
5) FSG, [i]>0Vm

6) The gas blender is capable of delivering a controlled mixture of the desired

composition at the required flow rate

It is therefore required that ng, > 3. It is computationally optimal to have ng, = 3.
One possible set of gases is:

SG, :fco2, =0,fo2, =1

SG, : fco2, =1,fo2, =0
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G, :fco2, =0,fo2, =0

It may enhance the safety of the system to use gases with a minimal concentration

of 0 2 and maximum concentration of C02. In this case, a possible set of gases is:
G, : fco2, =0,fo2, = 0.1

SG, :fco2, = 0Afo2, = 0.1

G, :fco2, =0,fo2, =1

The balance of the source gases when not entirely composed of 0 2 and 002 can be
made up of any gas or combination of gases, which may vary depending on the
context. The balance of the source gases is most often made up of N2 because it is

physiologically inert.

Adjusting parameters to make logistically infeasible targets logistically

feasible:

It may occur that inducing a target end-tidal partial pressure of 02 {PETOZ[i]T) or a

target end-tidal partial pressure of 002 (PETCOZ[i]T) in a given breath is not
logistically feasible. This may occur because the partial pressure of 02 in the

controlled gas mixture (P,O2[i]) or the partial pressure of C02 in the controlled gas
mixture (P,COZ[i]) required to induce the target end-tidal partial pressure of 02 or

the target end-tidal partial pressure of C02 is either not physically realizable, orthere

does not exist a blend of the current source gases (SG,..SGng) resulting in the

required the partial pressure of 02 in the controlled gas mixture and the required
partial pressure of C02 in the controlled gas mixture. If the composition of the
controlled gas mixture is not physically realizable for a given set of targets, the
targets may be modified and/or the rate at which the controlled gas mixture is made
available to the circuit (FG,) modified, or where applicable, the tidal volume (V)
modified, until the composition is physically realizable. If the composition of the
controlled gas mixture is physically realizable for a given set of targets, but no
combination of the source gases results in the required composition, the targets may

be modified and/or the rate at which the controlled gas mixture is made available to
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the circuit modified, or where applicable, the tidal volume

(V) modified, and/or different source gases used.

If ROZ2[i]<0 - The target end-tidal partial pressure of 0 2 (PETO.?[i]T) is not logistically
feasible because the partial pressure of 02 in the controlled gas mixture (P,02[i])

required to induce the target end-tidal partial pressure of 02 is not physically
realizable. To make induction of the target logistically feasible, increase the target

end-tidal partial pressure of 02. Alternatively, where sequential rebreathing is used,
the rate at which the controlled gas mixture is made available to the circuit (FG,)
may be modified. Where sequential rebreathing is not used, the tidal volume (V)

may be modified.

it PO2[i]>PB - The target end-tidal partial pressure of 02 {P_.02[if) is not
logistically feasible because the partial pressure of 02 in the controlled gas mixture
(P,0O2[i]) required to induce the target end-tidal partial pressure of 02 is not

physically realizable. To make induction of the target logistically feasible, decrease
the target end-tidal partial pressure of 02. Alternatively, where sequential

rebreathing is used, the rate at which the .controlled gas mixture is made available to

the circuit (FG ) may be modified. Where sequential rebreathing is not used, the

tidal volume (V,) may be modified.

lf P,CO2\i][<O - The target end-tidal partial pressure of C02 (PETC02[i]T) is not
logistically feasible because the partial pressure of C02 in the controlled gas mixture
(P,C02[i]) required to induce the target end-tidal partial pressure of C02 is not

physically realizable. To make induction of the target logistically feasible, decrease
the target end-tidal partial pressure of C02. Alternatively, where sequential
rebreathing is used, the rate at which the controlled gas mixture is made available to

the circuit (FG,) may be modified. Where sequential rebreathing is not used, the

tidal volume (V, ) may be modified.

If P,COZ2i]>PB - The target end-tidal partial pressure of C02 (P, CO2[if ) is not
logistically feasible because the partial pressure of C02 in the controlled gas mixture
(P,C02[i]) required to induce the target end-tidal partial pressure of C02 is not
physically realizable. To make induction of the target logistically feasible, decrease
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the target end-tidal partial pressure of CO02. Alternatively, where sequential
rebreathing is used, the rate at which the controlled gas mixture is made available to

the circuit (F'G,) may be modified. Where sequential rebreathing is not used, the

tidal volume (\4) may be modified.

if P,02[i]+P,CO2i]> PB - The combination of the target end-tidal partial pressure of
02 (P,,02]i]') and the target end-tidal partial pressure of CO2 (P,.C0O2[i]") is not
logistically feasible because the combination of the partial pressure of 02 in the
controlled gas mixture (£,02[i]) and the partial pressure of C02 in the controlled gas
mixture (P,COZ[i]) required to induce the targets is not physically realizable. To make

induction of the targets logistically feasible, decrease the target end-tidal partial
pressure of 02 and/or the target end-tidal partial pressure of C02. Alternatively,
where sequential rebreathing is used, the rate at which the controlled gas mixture is

made available to the circuit (FG, ) may be modified. Where sequential rebreathing

is not used, the tidal volume (Vr ) may be modified.

If there does not exist a solution to the above system of equations, or there exists a

solution for which FSGm[i]<O for any m, then the current source gases (SG,..SG,,G )

cannot be blended to create the controlled gas mixture. Different source gases must
be used to induce the end-tidal target of 02 (P,02[i]') and the end-tidal target of
C02

(PETCOZ[i]T), or the desired targets must be changed. Alternatively, it may be
possible to modify the rate at which the controlled gas mixture is made available to
the circuit (FG ) until the partial pressure of 02 in the controlled gas mixture
(P,02[Z]) and the partial pressure of CO2 in the controlled gas mixture {P,COZ[i])

required to induce the targets are realizable with the current source gases.

Often, the rate at which the controlled gas mixture is made available to the circuit

(FG, ) is modified to make a target end-tidal partial pressure of 02 {P_..02[if ) or a

target end-tidal partial pressure of C02 (PE,,COZ[i]T) logistically feasible to induce.

However, the rate at which the controlled gas mixture is made available to the circuit
should not be increased to a rate beyond which the subject fails to consistently

exhaust the supply of the controlled gas mixture in each breath. This maximal rate
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varies between subjects. However, it is not necessary that the rate at which the
controlled gas mixture is made available to the circuit be the same in every breath.
Therefore, the rate at which the controlled gas mixture is made available to the
circuit may be set to some basal value for most breaths, and only increased in
particular breaths in which the inducing the target end-tidal partial pressures is not
logistically feasible at the basal rate of flow. The basal rate at which the controlled
gas mixture is made available to the circuit should be a rate at which the subject can
comfortably, without undo ventilatory effort, exhaust the supply of the controlled gas
mixture in each breath. The maximal rate at which the controlled gas mixture is
made available to the circuit should be the maximum rate at which the subject can
consistently exhaust the supply of the controlled gas mixture in each breath with a
maximal ventilatory effort. The subject may be prompted to increase their ventilatory
effort in breaths where the rate at which the controlled gas mixture is made available

to the circuit is increased.
Initializing the system

Let the index [0] represent the value of a variable for all breaths before the start of
the sequence (all values of j<0). To initialize the system, the subject is allowed to
breathe freely, without intervention, until the measured end-tidal partial pressure of
02

(P,C02") and the measured end-tidal partial pressure of C02 (PETCOZM) are

stable - these are taken as the baseline partial pressure of 02 {P,,02,M) and the

baseline partial pressure of C02 (PETCOZOM).The measured end-tidal partial

pressures are considered stable when there is less than +5 mmHg change in the
measured end-tidal partial pressure of 02 and less than +2 mmHg change in the
measured end-tidal partial pressure of C02 over 3 consecutive breaths. The rest of
the variables are initialized by assuming the whole system has equilibrated to a

steady state at the baseline end-tidal partial pressures.

Assume that end-tidal partial pressures are equal to the baseline

measurements:
T _
P_,02[0]" = P.,02,M

P..CO2| = P_co2,M
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Assume pulmonary end-capillary partial pressures are equal to end-tidal
partial pressures:

_ T
P 02[0]= Py, 02[0]
P,CO2[0]= P,,C02 o]

Calculate 0 2 blood contents assuming steady state:

Pulmonary end-capillary 0 2 saturation:

- 8532.2289 -z + 2121.401 -z* - 67.073989 -z* + z*

S_02[0]= 100 R
P 935960.87 -31346.258 - S+ 2396.1674 -z* - 67.104406 -z3 + z*

where z = P,,OZ[G]-IOO 02437-T)04( 74)+o.os-(/ogm-/ogppcoz[o])

Pulmonary end-capillary 0 2 content:

C,02[0]=1.36 H b-E"l?)f)[O] +0.003- 2,02]0]

Mixed-venous 0 2 content:

Vo2
(1-5)-0

Cyr 1, 020]= C,02[0] -
Cuv 02[0] = CMV(T)OZ[O]
Arterial 0 2 content:
c,0201=0- s)-c j02[0}+ 5+ C,,, 02[0]

0 2 content of each compartment in the model:

Forj =\..n,,

vo2 i Vo2

C,02 10|1=C ,02{0]|-
14 J[] a [] q,Q
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Calculate C02 blood contents assuming steady state:

Pulmonary end-capillary C02 content:

0.02924 - Hb

C,co2l0]=[1.0~ :
(2.244 -0.422- (S_;)%[_()_])j -(8.740 - pH]0])

C

pl

Cp =0.0301- P,CO2[0]- (I +10* 6.0).2.226

Mixed-venous C02 content:

VCQ2

CMV(T)COZ[O] = CpC02[0]+ m

C,,CO2[0} = C,, 1,CO2[0]

Arterial CO2 content:

C,CO2[0]= (I - 5)-C ,CO2[0]+ s -C,,, CO2[0]

C02 content of each compartment in the model:

For k =\.n.y,

c,c02,[0]=c,cozo]+ Y022
q,-Q

Tuning the system

The parameters of the system can be tuned so that the measured end-tidal partial

pressures of 02 ( PETOZ[i]M ) and the measured end-tidal partial pressures of C02
(P,,CO2[i] M) during any sequence more closely reflect the target end-tidal partial

pressures of 02 (P,02[i] T) and target end-tidal partial pressures of C02 (2, cO2[i]’
). To tune the system parameters, standardized tuning sequences are run and the
measured results compared to the targets. The difference between measured end-
tidal partial pressures and the target end-tidal partial pressures in the standardized
tuning sequences can be used to refine the estimates of some physiological

parameters.
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Example tuning sequence:

The tuning sequence sets the target end-tidal partial pressure of 02 (PETOZ[i]T) at 5

mmHg above the baseline end-tidal partial pressure of 02 {PETOZOM) throughout the
sequence, and executes a 5 mmHg step-change in the end-tidal partial pressure of

C02 (P,,C02[i[') from 5 mmHg above the baseline end-tidal partial pressure of C02
{PETCOZQ’V') to 10 mmHg above the baseline end-tidal partial pressure of C02 in

breath 30 (i = 30) of the sequence.

p.,oil = P.,02" +5 i=1.60
p.,co2il = p,Cc02," +5 i=1.29
p.coil = P,Cc02" +10 i =30..60

The estimate of the functional residual capacity (FRC) can be refined as a function

of the difference between the actual step change induced in the end-tidal C02

(p,,CO2[30]M - P_.C02[29]M) and the target step-change

(0, CO2[30] - P,,C02[29] =5) in breath 30 (i = 30).

FRC = FRC, +a((P,,CO2[30]" - P,,CO229]")- (P,,CO2[30] - P,.C02[19] "))

a =200 ml/mmHg

In general, the correction factor (a) can range from 50-500 ml/mmHg. Lower values
of the correction factor will produce a more accurate estimate of the functional
residual capacity {FRC) while requiring more tuning iterations. Higher values will
reduce the number of tuning iterations but may cause the refined estimate of the

parameter to oscillate around the optimal value.

The estimate of the overall metabolic 02 consumption {V02) can be refined as a

function of the difference between the target end-tidal partial pressure of

02 (PET02[60]7') and the measured end-tidal partial pressure of 02 {P/;,OZ[GO]’V') in

breath 60 (i = 60).

V02 = V02 - B(p,,02[60]M - P_.O2[60f ) B = 10 ml/min/mmHg
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In general, the correction factor () can range from 5-200 ml/min/mmHg. Lower

values of the correction factor will produce a more accurate estimate of the overall
metabolic 02 consumption (V02) while requiring more tuning iterations. Higher
values will reduce the number of tuning iterations but may cause the refined estimate

of the parameter to oscillate around the optimal value.

The estimate of the overall metabolic C02 production (VC02) can be refined as a

function of the difference between the target end-tidal partial pressure of

Cco2 (P,,C02[29] ) and the measured end-tidal partial pressure of CO02

{P,C02[29f ) in breath 29 (i =29).
VCO02 = VCO2, +¥{p,,CO2[29}" - P_,C02[29]") y = 10 mi/min/mmHg

Alternatively, the estimate of the overall metabolic C02 production (VCO2 ) can be

refined as a function of the difference between the target end-tidal partial pressure of

Co02 (PETCOZ[GO]T) and the measured end-tidal partial pressure of CO02

(P;CO2[60f ) in breath 60 (i =60)
VCO02 = VCO2, +Y(n.,CO2[60]* - P, CO2[60]") y =10 ml/min/mmHg

In general, the correction factor (y) can range from 5-200 ml/min/mmHg. Lower

values of the correction factor will produce a more accurate estimate of the overall
metabolic C02 production (VC02) while requiring more tuning iterations. Higher
values will reduce the number of tuning iterations but may cause the refined estimate

of the parameter to oscillate around the optimal value.
General requirements of a tuning sequence:

In breaths where the target end-tidal partial pressures of gases are transitioning
between values, the estimate of the functional residual capacity (FRC) determines
the magnitude of the change induced in the actual end-tidal tidal partial pressures of

gases. The estimate of the overall metabolic 02 consumption (V02) influences the
induced/measured end-tidal partial pressure of 02 {PETOZ[i]M) in steady state.
Similarly, the estimate of the overall metabolic C02 production (VCO02) influences
the induced/measured end-tidal partial pressure of C02 {P,CO2[i]") in steady

state.
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It therefore follows that a difference between the measured change in the end-tidal
partial pressure of 02 ( P,,02(i}" -P,,02[i—1]"") and the targeted change in the end-
tidal partial pressure of 02 (P, 02[i]' - P,,02[i —1]") in breaths where the target end-
tidal partial pressure of 0 2 is not equal to the target end-tidal partial pressure of 02
from the previous breath {P, 02[if # P_ 02[i- I]T), or a difference between the
measured change in the end-tidal partial pressure of C02
{PETCOZ[i]M —PETCOZ[i—l]M ) and the targeted change in the end-tidal partial pressure
of C02 {P. CO2[]] - P, CO2[i-If ) in breaths where the target end-tidal partial
pressure of CO2 is not equal to the target end-tidal partial pressure of C02 from the
previous breath (P, CO2[iJ # P, CO2[i-If ), reflect errors in the estimate of the

functional residual capacity (FRC).

Conversely, differences between the target end-tidal partial pressure of 02
{P_,02[if) and the measured end-tidal tidal partial pressure of 02 (P,02[i]M) in

breaths at the end of a long (20 breath) period of constant target end-tidal partial

pressures of 02 (P, 02]i] =P,02[i- 1] ) reflect errors in the overall metabolic 02

consumption (V02). It is assumed that the measured end-tidal partial pressures of
0 2 will have stabilized (less than +5 mmHg change in the measured end-tidal partial
pressure of 02 over 3 consecutive breaths), although not necessarily at the target
end-tidal partial pressure of 02, after 20 breaths of targeting the same end-tidal
partial pressures of 02. If, however, the measured end-tidal partial pressure of 02
has not stabilized after 20 breaths of targeting the same end-tidal partial pressures of
02, a longer duration of targeting the same end-tidal partial pressure of 02 should

be used for tuning the overall metabolic consumption of 02.

Differences between the target end-tidal partial pressure of CO2 (P,C02[i]") and
the measured end-tidal tidal partial pressure of C02 (P, CO2[i]") in breaths at the
end of a long (20 breath) period of constant target end-tidal partial pressures of
co2 (pP,coi] =P,CO2[i-If ) reflect errors in the overall metabolic CO2

production (VCO02). It is assumed that the measured end-tidal partial pressures of
C02 will have stabilized (less than +2 mmHg change in the measured end-tidal

partial pressure of C02 over 3 consecutive breaths), although not necessarily at the
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target end-tidal partial pressure of C02, after 20 breaths of targeting the same end-
tidal partial pressures of C02. If, however, the measured end-tidal partial pressure of
C02 has not stabilized after 20 breaths of targeting the same end-tidal partial
pressures of C02, a longer duration of targeting the same end-tidal partial pressure

of CO2 should be used for tuning the overall metabolic production of C02.

The tuning sequence described above is only an example of one sequence that can

be used to tune the estimates of the physiological parameters.

The functional residual capacity (FRC ) can be tuned by observing the difference

between the measured change in the end-tidal partial pressure of
02 (p,02i}"-P,02[i-1]") and the targeted change in the end-tidal partial
pressure of 02 (P, 02[i] - P,,02[i-1]") in breaths where the target end-tidal partial
pressure of 02 is not equal to the target end-tidal partial pressure of 02 from the

previous breath (PET02[i]T # P, 02[i - I]T), or a difference between the measured

change in the end-tidal partial pressure of C02 (P,,CO2[i] -P,,CO2[i- i]") and the

targeted change in the end-tidal partial pressure of CO2 (P,,CO2[i]" - P,,CO2[i - i)
in breaths where the target end-tidal partial pressure of C02 is not equal to the
target end-tidal partial pressure of C02 from the previous breath
(PETCOZ[i]T # P, CO2[i - 1]T ). Therefore, any sequence that targets the induction of a

change in the end-tidal partial pressure of 02, or a change in the end-tidal partial
pressure of C02, can be used to tune the estimate of the functional residual

capacity.

The overall metabolic consumption of 02 (V02) can be tuned by observing the

difference between the target end-tidal partial pressure of O2 (P, 02[i]) and the

measured end-tidal tidal partial pressure of 02 ( P,,02[i]") in breaths at the end of a

long (20 breath) period of constant target end-tidal partial pressures of

02 (P,02i| =P 02[i-if). It is assumed that the measured end-tidal partial

pressures of 02 will have stabilized (less than +5 mmHg change in the measured
end-tidal partial pressure of 02 over 3 consecutive breaths), although not
necessarily at the target end-tidal partial pressures of 02, after 20 breaths of
targeting the same end-tidal partial pressures of 02. If, however, the measured end-

tidal partial pressure of 02 has not stabilized after 20 breaths of targeting the same
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end-tidal partial pressures of 02, a longer duration of targeting the same end-tidal
partial pressure of 02 should be used for tuning the overall metabolic consumption
of 02. Therefore, any sequence that targets to maintain the end-tidal partial pressure
of 02 constant for a sufficiently long duration may be used to tune the estimate of

the overall metabolic consumption of 02.

The overall metabolic production of C02 (VC02) can be tuned by observing the

difference between the target end-tidal partial pressure of C02 ( PE,,C02[1']T) and the

measured end-tidal tidal partial pressure of C02 {P,,CO2[i]* ) in breaths at the end

of a long (20 breath) period of constant target end-tidal partial pressures of

co2 (P,co2fi] =P,CO20i-1] ). It is assumed that the measured end-tidal partial

pressures of C02 will have stabilized (less than +2 mmHg change in the measured
end-tidal partial pressure of CO02 over 3 consecutive breaths), although not
necessarily at the target end-tidal partial pressure of C02, after 20 breaths of
targeting the same end-tidal partial pressures of C02. If, however, the measured
end-tidal partial pressure of C02 has not stabilized after 20 breaths of targeting the
same end-tidal partial pressures of C02, a longer duration of targeting the same
end-tidal partial pressure of C02 should be used for tuning the overall metabolic
production of C02. Therefore, any sequence that targets to maintain the end-tidal
partial pressure of CO2 constant for a sufficiently long duration may be used to tune

the estimate of the overall metabolic production of C02.

It is not required that all parameter estimates are tuned in the same sequence.
Tuning of all parameters in the example sequence is done only for convenience.
Different tuning sequences may be used to tune the estimates of different individual,

or groups of, parameters.

Embodiments of mass balance equations:

No SGD:

r xl- P x[if -(FRC+V, )= P, X[i-1] -(FRC+V,)-PB-Q-(1-5)-T, -(C, X[i]- C, x[1)
Lt (VT_VD)'PB

SGD:

(P XIF - Py X[i =] }-(FRC+¥,)+ Py x[i-1] -(FG, -T,)- PB-Q-(1-5)-T, -(C,w X[i]-C, X[i])
FG, T, PB
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Example 1

An apparatus according to the invention was used to target end tidal gas
concentrations of CO, and 0, in 35 subjects. We targeted the following sequence
(values attained in brackets): normocapnia (60 seconds a PetCO,=40 mm Hg, SD=1
mm; PetO,=100 mm Hg, SD=2 mm), Hypercapnia (60 seconds at PetCO,=50 mm
Hg, SD=1 mm; PetO,=100 mm Hg, SD=2mm), normocapnia (I0Oseconds),
hypercapnia (180 seconds), and normocapnia (110 seconds). Figure 8, comprises a

partial raw data set for 6 subjects.

The content of all of the patent and scientific references herein is hereby

incorporated by reference.
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We claim:

1. A method of controlling a gas delivery device to target or attain a target end
tidal partial pressure of gas X in a subject, wherein a signal processor operatively
associated with (e.g. via one or more flow controllers) a gas delivery device controls
the amount of gas X contained in a volume of inspiratory gas delivered to a subject
in a respective breath [i], using inputs and outputs processed by the signal processor

for a respective breath [i], the method comprising:

(@) Obtaining input of one or more values sufficient to compute the
concentration of gas X in the mixed venous blood entering the subject's

pulmonary circulation for gas exchange in one or more respective breaths [i]

(C W XiD);

(b) Obtaining input of a logistically attainable end tidal partial pressure of

gas X (PetX[i]") for a respective breath [i];

(c) Utilizing a prospective computation sufficient to determine an amount
of gas X required to be inspired by the subject to target the PetX[i]T for a
respective breath [i] (in the "inspired gas" in a respective breath [i]), the
prospective computation using inputs sufficient to compute a mass balance
equation for a respective breath [i], the inputs including values , for a respective
breath [i], from which cyhqvx[i] and the concentration of gas X in the subject's
lung affecting mass transfer can be determined, wherein one or more values
required to control the amount of gas X in a volume of gas delivered to the

subject is output from the mass balance equation; and

(d) Outputting control signals to the gas delivery device (e.g. the flow
controller(s)) to control the amount gas X in a volume of gas delivered to the
subject in a respective breath [i] to target the respective PetX[i]” based on the

prospective computation.

2. A method according to claim 1, wherein the mass balance equation is
formulated in terms of discrete respective breaths [i] taking into account one or more
discrete volumes corresponding to a subject's FRC, anatomic dead space, a volume
of gas transferred between the subject's lung and pulmonary circulation in the
respective breath [i] and an individual tidal volume of the respective breath [i].
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3. A method according to claim 1 or 2, wherein the inspired gas comprises a first
inspired gas and a second inspired gas, wherein the first inspired gas is delivered in
the first part of a respective breath [i] followed by the second inspired gas for the
remainder of the respective breath [i], the volume of the first inspired gas preferably
selected so that intake of the second inspired gas at least fills the entirety of the

anatomic dead space.

4. A method according to claim 1 or 2, wherein a concentration of gas X (F|X) in
the first inspired gas is computed from the mass balance equation to target or attain

a PetX[i]" in a respective breath [i].

5. A method according to claim 1 or 2 where, the mass balance equation is

solved for F|X.

6. A method according to claim 1 or 2, comprising the step of obtaining inputs
required to compute FX to target PetX][i]" for a respective breath [i], wherein F|X is
computed prospectively using a mass balance equation which comprises terms

corresponding to all or an application-specific subset of the terms in:

AP Xli¥ = P XtV L (FRC 4 V)t P Xli =1V (PG, To)=PB-0-l1=5)- T. [Cup Xl-C.T) ., 1

Rl FG, T, PB

or

£, x]]- PuX[il (FRC+V.)= P Xli—1T (FRC+V,)-PB-0-(1=5).-T, -(C.,. X[1-C X[} ., ,
2 , V) PB

7. A method according to claim 6, wherein F|X is computed prospectively from a

mass balance equation expressed in terms which correspond to all or an application-
specific subset of the terms in equation 1 and the first inspired gas has a

concentration of gas X which corresponds to F|X for the respective breath [i].

8. A method according to claim 1, wherein the gas inspired by the subject in
each respective breath [ij comprises a first inspired gas and a second inspired
neutral gas, wherein the first inspired gas is delivered in the first part of a respective
breath [i] followed by a second inspired neutral gas for the remainder of the
respective breath [i], the volume of the first inspired gas selected so that intake of the
second inspired neutral gas at least fills the entirety of the anatomic dead space;

wherein F|X is computed prospectively using a mass balance equation which
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comprises all or a functional subset of the terms in equation 1 and wherein the first
inspired gas has a concentration of gas X which corresponds to F|X for the

respective breath [i].

9. A method according to any of claims 1 to 4, comprising ascertaining the
volume of inspired gas entering the subject's alveoli by fixing a tidal volume of an
inspired gas containing gas X using a ventilator and subtracting a volume of gas
corresponding to an estimated or measured value for the subject's anatomic dead

space volume.

10. A method according to any of the preceding claims, wherein the gas inspired
by the subject is inspired via a sequential gas delivery circuit; and wherein the rate of
flow of gas into the sequential gas delivery circuit is optionally used to compute the

volume of inspired gas entering the subject's alveoli in a respective breath [i].

11. A method according to any of the preceding claims, comprising tuning one or

more parameters required for computation of F|X.

12. A method according to claim 11, wherein an estimated or measured value for

the subject's functional residual capacity (FRC) is tuned.

13. A method according to any of claims 1, 11 or 12, comprising tuning an
estimated or measured value of the subject's total metabolic production or

consumption of gas X.

14. A method according to claim 11 or 13, wherein FRC is tuned in a series of

tuning breaths by:

(@) changing the targeted end tidal concentration of gas X between a
tuning breath [i+x] and a previous tuning breath [i +x -1];

(b) comparing the magnitude of the difference between the targeted end
tidal concentration of gas X for said tuning breaths [i+x] and [i+x-1]with the
magnitude of the difference between the measured end tidal concentration of
gas X for the same tuning breaths to quantify any discrepancy in relative
magnitude; and

(c) adjusting the value of FRC in proportion to the discrepancy to reduce

the discrepancy in any subsequent prospective computation of F|X.
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15. A method according to claim 11 or 12, wherein the total metabolic production
or consumption of gas X is tuned in a series of tuning breaths by comparing a
targeted end tidal concentration of gas X (PetX[i+x]T) for the at least one tuning
breath [i+x] with a corresponding measured end tidal concentration of gas X for the
corresponding breath [i+x] to quantify any discrepancy and adjusting the value of the
total metabolic production or consumption of gas X in proportion to any discrepancy

to reduce the discrepancy in any subsequent prospective computation of F|X.

16. A method according to claim 11 or 13, wherein FRC is tuned in a series of
tuning breaths in which a sequence of end tidal concentrations of gas X is targeted

at least once by:

(a) obtaining input of a measured baseline steady state value for PetX]i]
for computing F|X at start of a sequence;

(b) selecting a target end tidal concentration of gas X (PetX[i]T) for at least
one tuning breath [i+x] wherein PetX[i+x]T differs from PetX[i+x—1]T; and

(c) comparing the magnitude of the difference between the targeted end
tidal concentration of gas X for said tuning breaths [i+x] and [i+x-1] with the
magnitude of the difference between the measured end tidal concentration of
gas X for the same tuning breaths to quantify any discrepancy in relative
magnitude;

(d) adjusting the value of FRC in proportion to any discrepancy in
magnitude to reduce the discrepancy in a subsequent prospective
computation of F|X including in any subsequent corresponding tuning

breaths[i+x-1] and [i+x] forming part of an iteration of the sequence.

17. A method according to claim 11 or 12, wherein the total metabolic
consumption or production of gas X is tuned in a series of tuning breaths in which a
sequence of end tidal concentrations of gas X is targeted at least once by:
(@) obtaining input of a measured baseline steady state value for PetX]i]
for computing FiX at start of a sequence;
(b) targeting a selected target end tidal concentration of gas X (PetX[i]T) for
each of a series of tuning breaths [i+1 ...i+n], wherein PetX[i]T differs from the
baseline steady state value for PetX]i];
(©) comparing the targeted end tidal concentration of gas X (PetX[i+x]T) for

at least one tuning breath [i+x] in which the targeted end tidal gas
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concentration of gas X has been achieved without drift in a plurality of prior
breaths [1+x-1, 1+x-2..] with a corresponding measured end tidal
concentration of gas X for a corresponding breath [i+x] to quantify any
discrepancy and adjusting the value of the total metabolic consumption or
production of gas X in proportion to the discrepancy to reduce the discrepancy
in a subsequent prospective computation of FiX including in any subsequent

corresponding tuning breath [i+x] forming part of an iteration of the sequence.

18. A method according any of the preceding claims, wherein input of a
concentration of gas X in the mixed venous blood entering the subject's pulmonary
circulation for gas exchange in a respective breath [i] (CMvX[l]) is determined by a

compartmental model of gas dynamics.

19. A method according any of the preceding claims, wherein the compartmental
model of gas dynamics accounts for the total and compartmental metabolic
production or consumption of gas X, the total and compartmental storage capacity
for gas X and the total cardiac output and compartmental contribution to total cardiac

output.

20. A method according to claim 18, wherein the compartmental model is a one

compartment model.

21. A method according to any of the preceding claims, wherein the

compartmental model is a five compartment model.

22. A method according to any of claims 1 to 21, wherein a diagnostically or
therapeutically relevant target end tidal concentration of gas X is not logistically
attainable in one breath and wherein the diagnostically or therapeutically relevant
target end tidal concentration of gas X is obtained in a predetermined number of

breaths greater than 1.

23. A method according to claim 1, wherein a diagnostically or therapeutically
relevant target end tidal concentration of gas X is not logistically attainable in one
breath and wherein the diagnostically or therapeutically relevant target end tidal
concentration of gas X is obtained in a logistically minimized number of breaths of

predetermined number greater than 1.

85



10

15

20

25

30

WO 2013/082703 PCT/CA2012/001123

24. A method according to claim 1, wherein a target end tidal concentration of gas
X and a target end tidal concentration of a gas Y are selected for a respective breath
[, and wherein F|X and F|Y are determined using a mass balance equation
comprising all or a functional subset of the terms in equation 1 or 2, independently of
each other, and, if present, independently of the concentration of any other

component Z of the inspiratory gas.

25. A method according to claim 1, wherein one or more diagnostically or
therapeutically relevant target end tidal concentration of gas X and/or gas Y is/are
not logistically attainable in one breath and wherein a diagnostically or
therapeutically relevant target end tidal concentration of gas X and/or gas Y is

obtained in a predetermined number of breaths greater than 1.

26. A method according to claim 1, wherein one or more diagnostically or
therapeutically relevant target end tidal concentration of gas X and/or gas Y is not
logistically attainable in one breath and wherein a diagnostically or therapeutically
relevant target end tidal concentration of gas X and/or gas Y is obtained in a

logistically minimized number of breaths of predetermined number greater than 1.

27. A method according to claim 1, wherein a diagnostically or therapeutically
relevant target end tidal concentration of gas X is logistically attainable in one breath
and wherein the diagnostically or therapeutically relevant target end tidal

concentration of gas X is obtained in a number of breaths greater than 1.

28. A method according to claim 1, wherein one or more diagnostically or
therapeutically relevant target end tidal concentration of gas X and/or gas Y is/are
logistically attainable in one breath and wherein a diagnostically or therapeutically
relevant target end tidal concentration of gas X and/or gas Y is obtained in a number

of breaths greater than 1.

29. A method according to any of the preceding claims, wherein a selected
PetX[i]T is re-targeted repeatedly for a series of tuning breaths and wherein a
measured steady state value for an end tidal concentration of gas X is used to

compute F|X for afirst breath in the series of tuning breaths.

30. A method according to any of the preceding claims, wherein gas X is carbon

dioxide.
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31. A method according to any of the preceding claims, wherein gas X is oxygen.

32. A method according to any of the preceding claims, wherein gas X is an

anesthetic gas optionally isoflurane.

33. An apparatus for controlling an amount of at least one gas X in a subject's
lung to attain a targeted end tidal partial pressure of the at least one gas X,

comprising:
(1) a gas delivery device;
(2) a control system for controlling the gas delivery device including means for:

(@) Obtaining input of a concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in one or more
respective breaths [i] (CmvX]i]);

(b) Obtaining input of a logistically attainable end tidal partial pressure of
gas X (PetX]i] T) for a respective breath [i];

(c) Obtaining input of a prospective computation sufficient to determine an
amount of gas X required to be inspired by the subject in an inspired gas to
target the PetX[i]T for a respective breath [i] using inputs required to compute
a mass balance equation including cmvxu], wherein one or more values
required to control the amount of gas X in a volume of gas delivered to the
subject is output from the mass balance equation; and

(d) Controlling the amount of gas X in a volume of gas delivered to the
subject in a respective breath [i] to target the respective PetX[i]T based on the

prospective computation

34.  An apparatus according to claim 33, wherein the mass balance equation is

computed based on a tidal model of the lung.

35. An apparatus according to claim 33, wherein the mass balance equation is
computed in terms of discrete respective breaths [i] including one or more discrete
volumes comprising or corresponding to a subject's FRC, anatomic dead space, a
volume of gas transferred between the subject's lung and pulmonary circulation in

the respective breath [i] and an individual tidal volume of the respective breath [i].

36. An apparatus according to claim 33 or 35, wherein the inspired gas comprises
a first inspired gas and a second inspired gas, wherein the first inspired gas is
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delivered in the first part of a respective breath [i] followed by the second inspired
gas for the remainder of the respective breath [i], the volume of the first inspired gas
selected so that intake of the second inspired gas at least fills the entirety of the
anatomic dead space; and wherein, optionally, for a respective breath [i], the volume
of the first inspired gas and the concentration of gas X in the second inspired gas are
selected to attain PetX[i]T; and wherein, optionally, for a respective breath [i], the
concentration of gas X in the second inspired gas corresponds to PetX]i]" for a

respective breath [i].

37.  An apparatus according to claim 36, wherein a concentration of gas X (F|X) in
the first inspired gas is computed from the mass balance equation to target or attain

a PetX[i]" in a respective breath [i].

38.  An apparatus according to claim 37, wherein the mass balance equation is

solved for F|X.

39. An apparatus according to any of claims 33 to 38, comprising the step of
obtaining inputs required to compute an F|X to target PetX[i]T for a respective breath
[, wherein F|X is computed prospectively using a mass balance equation which
comprises terms corresponding to all or an application-specific subset of the terms

in:

F [.]A(PETX["]T_PETX["*I]I)‘(FRC+VT)+PETX[i_l]T'(FGI'TB)_PB‘Q'(_I_S)’TB'(CWXHM
1 Xlil= FG, T, PB

eg. 1

or

P, X -(FRC+V,)= P Xli 1T (FRC+V,)= PB-0O-(1=5)- T, - lCo X1 - C Xi)
(V, ~V,)-PB

F.x[1]=

eq. 2
40. An apparatus according to claim 33, wherein the gas delivery device is a

sequential gas delivery device.

41. An apparatus according any of the preceding claims, wherein the control

system is implemented by a computer.

42.  An apparatus according to claim 41, wherein the computer provides output

signals to one or more rapid flow controllers.
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43. An apparatus according to claim 41 or 42, wherein the computer receives
input from a gas analyzer and an input device adapted for providing input of one or
more logistically attainable target end tidal concentration of gas X (PetX][i]T) for a

series of respective breaths [il.

44.  An apparatus according to any of the preceding claims, wherein the control
system, in each respective breath [i], controls the delivery of at least a first inspired
gas and wherein delivery of the first inspired gas is coordinated with delivery a
second inspired neutral gas, wherein a selected volume of the first inspired gas is
delivered in the first part of a respective breath [i] followed by the second inspired
neutral gas for the remainder of the respective breath [i], wherein the volume of the
first inspired gas is standardized for a series of breaths [i...i+n], and/or selected for a
respective breath [i] to target or attain PetX[i]T, optionally by way of ongoing user
input spanning one or breaths [i], and wherein intake of the second inspired neutral
gas at least fill the entirety of the anatomic dead space; wherein F|X is computed

using equation 1.

45.  An apparatus according to claim 33, wherein the control system requires input
of the volume of inspired gas entering the subject's alveoli, and wherein said volume
if computed by fixing a tidal volume of an inspired gas containing gas X using a
ventilator and subtracting a volume of gas corresponding to an estimated or

measured value for the subject's anatomic dead space volume.

46.  An apparatus according to any of claims 33 to 45, wherein the apparatus is

connected to a sequential gas delivery circuit.

47.  An apparatus according to claim 33, 34 or 35, wherein the control system
requires user input of the rate of flow of gas into the sequential gas delivery circuit
and wherein said rate is used to compute the volume of inspired gas entering the

subject's alveoli in a respective breath [i].

48.  An apparatus according to claim 41, wherein said computer is programmed to

tune or receive inputs for tuning one or more parameters required for computation of

FiX.

49.  An apparatus according to claim 33 or 48, wherein an estimated or measured

value for the subject's FRC is tuned.
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50. An apparatus according to claim 33, 48 or 49, wherein said computer is
programmed to tune an estimated or measured value of the subject's total metabolic
production or consumption of gas X is tuned.

51. An apparatus according to any of claims 48 to 50, wherein said computer is

programmed to tune FRC in a series of tuning breaths by:

(@) computing or obtaining user input of a change in the targeted end tidal
concentration of gas X between a tuning breath [i+x] and a previous
tuning breath [i +x -1];

(b) computing or obtaining user input of a comparison between the
magnitude of the difference between the targeted end tidal
concentration of gas X for said tuning breaths [i+x] and [i+x-1] with the
magnitude of the difference between the measured end tidal
concentration of gas X for the same breaths to quantify any
discrepancy in relative magnitude; and

(c) computing or obtaining user input of an adjusted value of FRC in
proportion to the discrepancy to reduce the discrepancy in any

subsequent prospective computation of F|X.

52.  An apparatus according to any of claims 48 to 51, wherein the total metabolic
production or consumption of gas X is tuned in a series of tuning breaths by
comparing a targeted end tidal concentration of gas X (PetX[i+x]™ for the at least one
tuning breath [i+x] with a corresponding measured end tidal concentration of gas X
for the corresponding breath [i+x] to quantify any discrepancy and adjusting the
value of the total metabolic production or consumption of gas X in proportion to the
discrepancy to reduce the discrepancy in any subsequent prospective computation
of F,X.

53. An apparatus according to claim 48, wherein FRC is tuned in a series of
tuning breaths in which a sequence of end tidal concentrations of gas X is targeted
at least once by:

(@) obtaining input of a measured baseline steady state value for PetX]i]

for computing F|X at start of a sequence;

(b) selecting a target end tidal concentration of gas X (PetX[i]T) for at least

one tuning breath [i+x] wherein PetX[i+x]T differs from PetX[i+x-1];
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(c) comparing the magnitude of the difference between the targeted end
tidal concentration of gas X for said tuning breaths [i+x] and [i+x-1] with the
magnitude of the difference between the measured end tidal concentration of
gas X for the same breaths to quantify any discrepancy in relative magnitude;
(d) adjusting the value of FRC in proportion to the discrepancy in
magnitude to reduce the discrepancy in a subsequent prospective
computation of FX including in any subsequent corresponding tuning

breaths[i+x-1] and [i+x] forming part of an iteration of the sequence.

54.. An apparatus according to claim 48 or 53, wherein the total metabolic
consumption or production of gas X is tuned in a series of tuning breaths in which a

sequence of end tidal concentrations of gas X is targeted at least once by:

(a) obtaining input of a measured baseline steady state value for PetX]i]
for computing F|X at start of a sequence;

(b) targeting a selected target end tidal concentration of gas X (PetX[i]") for
each of a series of tuning breaths [i+1 ...i+n], wherein PetX[i]T differs from the
baseline steady state value for PetX]i];

(c) comparing the targeted end tidal concentration of gas X (PetX[i+x]" for
at least one tuning breath [i+x] in which the targeted end tidal gas
concentration of gas X has been achieved without drift in a plurality of prior
breaths [1+X-1, 1+x-2..] with a corresponding measured end tidal
concentration of gas X for a corresponding breath [i+x] to quantify any
discrepancy and adjusting the value of the total metabolic consumption or
production of gas X in proportion to the discrepancy to reduce the discrepancy
in a subsequent prospective computation of F|X including in any subsequent

corresponding tuning breath [i+x] forming part of an iteration of the sequence.

55. An apparatus according any of the preceding claims, wherein the control
system is adapted to compute a concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in a respective breath

[l (CuvX[i]), wherein cmvX[l]) is determined by a compartmental model of gas

dynamics.

56. An apparatus according any of the preceding claims, wherein the

compartmental model of gas dynamics accounts for the total and compartmental
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metabolic production or consumption of gas X, the total and compartmental storage
capacity for gas X and the total cardiac output and compartmental contribution to

total cardiac output.

57.  An apparatus according to claim 56, wherein the compartmental model is a

one compartment model.

58.  An apparatus according to claim 56, wherein the compartmental model is a

five compartment model.

59.  An apparatus according to claim 33, wherein the computer provides output

signals to one or more rapid flow controllers.

60. An apparatus according to claim 33, wherein the computer receives input from
a gas analyzer, and an input device adapted for providing input of one or more
logistically attainable target end tidal concentration of gas X (PetX[i]T) for a series of
respective breaths [i]; and optionally input from a pressure transducer and/or a flow

transducer.

61. An apparatus according to claim 33, wherein the means for:
@) obtaining input of a logistically attainable target end tidal concentration
of gas X (PetX[i]T) for one or more ensuing respective breaths [i];
(b) obtaining input of a concentration of gas X (CmvX[i]) in the mixed
venous blood entering the subject's lung for gas exchange in a respective
breath [i]; and
(c) prospectively computing F|X using equation 1 or 2;
is program code stored in a computer readable memory or is a signal
processor embodied in one or more programmable IC chips.
62. An apparatus according to claim 61, wherein the program code is embodied in
a‘computer program product.
63. An apparatus according to any of claims 33 to 62, wherein the gas delivery
device is a gas blender.
64. An apparatus according to claim 41, wherein the computer is programmed to
target one or more target end tidal concentrations of oxygen, carbon dioxide and/or
anesthetic.
65. The use of a method or apparatus according to any of the preceding claims to

provide a controlled vasoactive stimulus for measurement of vascular reactivity.
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66. The use of a method or apparatus according to any of the preceding claims to
provide a controlled vasoactive stimulus for measurement of cerebrovascular
reactivity.

67. The use of a method or apparatus according to any of the preceding claims to
provide a controlled vasoactive stimulus for measurement of liver, kidney, heart or
eye vascular reactivity.

68. The use of a method or apparatus according to any of the preceding claims,
to simultaneously change the subject's end tidal concentrations of oxygen and
carbon dioxide to selected values.

69. The use of a method or apparatus according to claim 68, to treat cancer.

70. A method according to any of claims 1 to 32, wherein the mass balance
equation optionally does not account for re-inspiration in a respective breath [i] of a
mass of gas X left in the subject's dead space volume after exhalation in a previous
breath [i-1].

71. A method according to any one of claims 1to 32, wherein the mass balance
equation (optionally written in terms of one or more concentration of gas X in one or

more discrete volumes of gas):

(@) Preferably accounts for the total amount of gas X in the lung following
inhalation of the inspired gas in a respective breath [i] (M X[i]) including
transfer of gas X between the lung and the pulmonary circulation;

(b) Assumes distribution of M X[i] into compartments including the
subject's FRC (M X[IIFRC), a fixed or spontaneously inspired tidal volume
(M X[ilvt) and preferably the subject's anatomic dead space volume
Mix[ilvp);

(c) Assumes uniform distribution of the MLX[JFRC @ and M X[ivT in the
cumulative volume FRC+V ;

(d) Preferably includes a term that accounts for re-inspiration in a
respective breath [i] of an amount of gas X left in the dead space volume after

exhalation in a previous breath [i-1].

72. A method according to any one of claims 3 to 32 or 70 to 71, the
concentration of gas X in the second inspired gas corresponds to PetX[i]T for a

respective breath [il.
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73. A method any one of claims 3 to 32 or 70 to 72, wherein for a respective
breath [i], the volume of the first inspired gas and the concentration of gas X in the

second inspired gas are selected to attain PetX[i]".

74.  An apparatus according to any of claims 36, the concentration of gas X in the

second inspired gas corresponds to PetX[i]T for a respective breath [i].

75.  An apparatus according to claim 36 or 74, wherein for a respective breath [i],
the volume of the first inspired gas and the concentration of gas X in the second

inspired gas are selected to attain PetX]i]".

76. A computer program product for use in conjunction with a gas delivery device
for controlling an amount of at least one gas X in a subject's lung to attain a targeted

end tidal partial pressure of the at least one gas X, comprising program code for:

(@) Obtaining input of a concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in one or more
respective breaths [i] (C,vX[i]);

(b) Obtaining input of a logistically attainable end tidal partial pressure of
gas X (PetX[i]") for a respective breath [i];

(c) Obtaining input of a prospective computation of an amount of gas X
required to be inspired by the subject in an inspired gas to target the PetX]i]T
for a respective breath [i] using inputs required to compute a mass balance
equation including CyvX([i],wherein one or more values required to control the
amount of gas X in a volume of gas delivered to the subject is output from the

mass balance equation.

77. A computer program product according to claim 76, comprising program code

for implementing a method as defined in any of claims 2 to 32.

78. A computer program product according to claim 76, comprising program code

for controlling an apparatus as defined in any of the preceding claims.

79. A programmable IC chip for use in conjunction with a gas delivery device for
controlling an amount of at least one gas X in a subject's lung to attain a targeted

end tidal partial pressure of the at least one gas X, comprising program code for:
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(@) Obtaining input of a concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in one or more

respective breaths [i] (CuvX[i]);

(b) Obtaining input of a logistically attainable end tidal partial pressure of

gas X (PetX[i]T) for a respective breath [i];

(c) Obtaining input of a prospective computation of an amount of gas X
required to be inspired by the subject in an inspired gas to target the PetX[i]T
for a respective breath [i] using inputs required to compute a mass balance
equation including CyvX[i], wherein one or more values required to control the
amount of gas X in a volume of gas delivered to the subject is output from the

mass balance equation.

80. A programmable IC chip according to claim 79, comprising program code for
implementing a method as defined in any of claims 2 to 32 or for controlling an

apparatus as defined in any of the preceding claims.

81. A preparatory method for using a gas delivery device to control an amount of
at least one gas X in a subject's lung to attain a targeted end tidal partial pressure of
the at least one gas X, comprising the step of executing a sequence of tuning
breaths for tuning one or more inputs into a prospective computation of an amount of
gas X required to be inspired by the subject in an inspired gas to target a PetX][i]T for
a respective breath [i], said inputs required to compute a mass balance equation,
wherein one or more values required to control the amount of gas X in a volume of

gas delivered to the subject is output from the mass balance equation.

82. A method of controlling a gas delivery device to control an amount of at least
one gas X in a subject's lung, the method adapted to target one or more end tidal

partial pressures of the at least one gas X, the method comprising:

Using a signal processor operatively associated with a gas delivery device to control
the amount of gas X contained in one or more respective volumes of gas delivered to
a subject in one or more respective breaths [i] using inputs processed by the signal

processor for respective breaths [i], wherein the signal processor:
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83.

(@) Processes input of the concentration of gas X in the mixed venous
blood entering the subject's pulmonary circulation for gas exchange in one or
more respective breaths [i] (CMVX.U);

(b) Processes input of a logistically attainable end tidal partial pressure of
gas X (PetX[i]T) for a respective breath [il;

(c) Uses a prospective computation of an amount of gas X required to be
inspired by the subject in an inspired gas to target the PetX[i]Tfor a respective
breath [i] using inputs required to compute a mass balance equation including
cMWX[i], wherein one or more values required to control the amount of gas X
in a volume of gas delivered to the subject is output from the mass balance
equation; and

(d) Outputs control signals to control the amount gas X in a volume of gas
delivered to the subject in a respective breath [i] to target the respective

PetX[i] T based on the prospective computation.

A method according to claim 82, wherein gas delivery device is a gas blender

comprising one or more flow controllers, a respective flow controller operatively

associated with a respective gas source of differing percentage composition of gas X

ranging from 0-100%, wherein the signal processor outputs control signals to at least

one flow controller to control the amount of gas X in a volume of gas delivered to the

subject.

84.

A method according to claim 83, wherein the signal processor controls the

amount of carbon dioxide and oxygen in each respective breath [i] to target a

logistically attainable end tidal partial pressure of carbon dioxide and a logistically

attainable end tidal partial pressure of oxygen for a respective breath I[i].

85.

A method according to any of claims 81 to 83 wherein any one of the features

described in any of claims 2 to 32, are individually, or in any combination,

implemented in the method.

86.

An automated method of controlling an amount of at least one gas X in a

subject's lung to attain a targeted end tidal partial pressure of the at least one gas X,

the method comprising the steps of:
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87.

€] Processing input of the concentration of gas X in the mixed venous
blood entering the subject's pulmonary circulation for gas exchange in one or
more respective breaths [i] (CMVX.I]);

(b) Processing input of a logistically attainable end tidal partial pressure of
gas X (PetX[i]T) for a respective breath [i];

(c) Utilizing a prospective computation of an amount of gas X required to
be inspired by the subject in an inspired gas to target the PetX[i]T for a
respective breath [i] using inputs required to compute a mass balance
equation including cmvx[l], wherein one or more values required to control the
amount of gas X in a volume of gas delivered to the subject is output from the
mass balance equation; and

(d) Outputting control signals to control the amount gas X in a volume of
gas delivered to the subject in a respective breath [i] to target the respective

PetX[i]T based on the prospective computation.

A method according to any of claims 86, wherein any one of the features

described in any of claims 2 to 32, are individually, or in any combination,

implemented in the method.

88.

A gas delivery device comprising one or more flow controllers for controlling

the end tidal partial pressure of a gas X in a subject, wherein a signal processor

operatively associated with the flow controller(s):

(@) Obtains input of one or more values sufficient to compute the
concentration of gas X in the mixed venous blood entering the subject's

pulmonary circulation for gas exchange in one or more respective breaths [i]

(CMVXI")):;

(b) Obtains input of a logistically attainable end tidal partial pressure of gas
X (PetX[i]") for a respective breath [il;

(c) Uses a prospective computation sufficient to determine an amount of
gas X required to be inspired by the subject to target the PetX[i]T for a
respective breath [i], the prospective computation using inputs sufficient to
compute a mass balance equation for a respective breath [i], the inputs
including values, for a respective breath [ij, from which cwmvx.i] and the

concentration of gas X in the subject's lung affecting mass transfer can be
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determined, for example CyvX[i] and the concentration or partial pressure of
gas X in the subject's lung as a result of inspiration in a breath [i], wherein one
or more values required to control the amount of gas X in a volume of gas
delivered to the subject is output from the mass balance equation; and

5 (d) Outputting control signals to the flow controller(s) to control the amount
gas X in a volume of gas delivered to the subject in a respective breath [i] to

target the respective PetX[i]T based on the prospective computation.

89. A gas delivery device according to claim 88, wherein any one of the features
described in any of claims 2 to 87, are individually, or in any plausible combination,

10 implemented using signals input to or output by the signal processor.
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AMENDED CLAIMS
received by the International Bureau on 16 April 2013 (16.04.2013)
1. A method of controlling a gas delivery device to target or attain a target end
tidal partial pressure of gas X in a subject, wherein a signal processor operatively
associated with (e.g. via one or more flow controllers) a gas delivery device controls
the amount of gas X contained in a volume of inspiratory gas delivered to a subject
in a respective breath [i], using inputs and outputs processed by the signal processor

for a respective breath [i], the method comprising:

(@) Obtaining input of one or more values sufficient to compute the
concentration of gas X in the mixed venous blood entering the subject's

pulmonary circulation for gas exchange in one or more respective breaths [i]

(CMVXH);

(b) Obtaining input of a logistically attainable end tidal partial pressure of

gas X (PetX[i] T) for a respective breath [ij;

(c) Utilizing a prospective computation sufficient to determine an amount
of gas X required to be inspired by the subject to target the PetX[i]T for a
respective breath [i] (in the "inspired gas" in a respective breath [i]), the
prospective computation using inputs sufficient to compute a mass balance
equation for a respective breath [i], the inputs including values , for a respective
breath [i], from which CpmvX[i] and the concentration of gas X in the subject's
lung affecting mass transfer can be determined, wherein one or more values
required to control the amount of gas X in a volume of gas delivered to the

subject is output from the mass balance equation; and

(d) Outputting control signals to the gas delivery device (e.g. the flow
controller(s)) to control the amount gas X in a volume of gas delivered to the
subject in a respective breath [i] to target the respective PetX[i]T based on the

prospective computation.

2. A method according to claim 1, wherein the mass balance equation is
formulated in terms of discrete respective breaths [i] taking into account one or more
discrete volumes corresponding to a subject's FRC, anatomic dead space, a volume
of gas transferred between the subject's lung and pulmonary circulation in the

respective breath [i] and an individual tidal volume of the respective breath [i].
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3. A method according to claim 1 or 2, wherein the inspired gas comprises a first
inspired gas and a second inspired gas, wherein the first inspired gas is delivered in
the first part of a respective breath [i] followed by the second inspired gas for the
remainder of the respective breath [i], the volume of the first inspired gas preferably
selected so that intake of the second inspired gas at least fills the entirety of the

anatomic dead space.

4. A method according to claim 1 or 2, wherein a concentration of gas X (FX) in
the first inspired gas is computed from the mass balance equation to target or attain

a PetX[i]T in a respective breath [i].

5. A method according to claim 1 or 2 where, the mass balance equation is

solved for F|X.

6. A method according to claim 1 or 2, comprising the step of obtaining inputs
required to compute FiX to target PetX][i]T for a respective breath [i], wherein F|X is
computed prospectively using a mass balance equation which comprises terms

corresponding to all or an application-specific subset of the terms in:

£ 1= (Per XY = P X[i—1f }-(FRC+7, )+ PE,Xg; 1'];- (.z;cz 13)-PB-0-(1-5)-T; -(Cip X11-C,E) eq. 1

or

P XIiF - (FRC + V)= P X[i =1F -(FRC +V,)- PB-0-(1=5)-T, -(C.. X[i]-C_X[i]) eq. 2
Vr-Vo)FB -

F.xfi}=

7, A method according to claim 6, wherein FiX is computed prospectively from a
mass balance equation expressed in terms which correspond to all or an application-
specific subset of the terms in equation 1 and the first inspired gas has a

concentration of gas X which corresponds to FX for the respective breath [i].

8, A method according to claim 1, wherein the ga$ inspired by the subject in
each respective breath [i] comprises a first inspired gas and a second inspired
neutral gas, wherein the first inspired gas is delivered in the first part of a respective
breath [i] followed by a second inspired neutral gas for the remainder of the
respective breath [i], the volume of the first inspired gas selected so that intake of the
second inspired neutral gas at least fills the entirety of the anatomic dead space;

wherein F|X is computed prospectively using a mass balance equation which
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comprises all or a functional subset of the terms in equation 1 and wherein the first
inspired gas has a concentration of gas X which corresponds to FiX for the

respective breath [i].

9. A method according to any of claims 1 to 4, comprising ascertaining the
volume of inspired gas entering the subject's alveoli by fixing a tidal volume of an
inspired gas containing gas X using a ventilator and subtracting a volume of gas
corresponding to an estimated or measured value for the subject's anatomic dead

space volume.

10. A method according to any of the preceding claims, wherein the gas inspired
by the subject is inspired via a sequential gas delivery circuit; and wherein the rate of
flow of gas into the sequential gas delivery circuit is optionally used to compute the

volume of inspired gas entering the subject's alveoli in a respective breath [i],

11. A method according to any of the preceding claims, comprising tuning one or

more parameters required for computation of F|X.

12. A method according to claim 11, wherein an estimated or measured value for

the subject's functional residual capacity (FRC) is tuned.

13. A method according to any of claims 1, 11 or 12, comprising tuning an
estimated or measured value of the subject's total metabolic production or

consumption of gas X.

14. A method according to claim 11 or 13, wherein FRC is tuned in a series of

tuning breaths by:

(@) changing the targeted end tidal concentration of gas X between a
tuning breath [i+x] and a previous tuning breath [i +x -1];

(b) comparing the magnitude of the difference between the targeted end
tidal concentration of gas X for said tuning breaths [i+x] and [i+x-1]with the
magnitude of the difference between the measured end tidal concentration of
gas X for the same tuning breaths to quantify any discrepancy in relative
magnitude; and ‘

(©) adjusting the value of FRC in proportion to the discrepancy to reduce

the discrepancy in any subsequent prospective computation of F|X.
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15. A method according to claim 11 or 12, wherein the total metabolic production
or consumption of gas X is tuned in a series of tuning breaths by comparing a
targeted end tidal concentration of gas X (PetX[i+x]n for the at least one tuning
breath [i+x] with a corresponding measured end tidal concentration of gas X for the
corresponding breath [i+x] to quantify any discrepancy and adjusting the value of the
total metabolic production or consumption of gas X in proportion to any discrepancy

to reduce the discrepancy in any subsequent prospective computation of F|X.

10. A method according to claim 11 or 13, wherein FRC is tuned in a series of
tuning breaths in which a sequence of end tidal concentrations of gas X is targeted

at least once by:

@) obtaining input of a measured baseline steady state value for PetX[i]
for computing F|X at start of a sequence,;

(b) selecting a target end tidal concentration of gas X (PetX]i]") for at least
one tuning breath [i+x] wherein PetX[i+x]" differs from PetX[i+x-1]T; and

(©) comparing the magnitude of the difference between the targeted end
tidal concentration of gas X for said tuning breaths [i+x] and [i+x-1] with the
magnitude of the difference between the measured end tidal concentration of
gas X for the same tuning breaths to quantify any discrepancy in relative
magnitude;

(d) adjusting the value of FRC in proportion to any discrepancy in
magnitude to reduce the discrepancy in a subsequent prospective
computation of F|X including in any subsequent corresponding tuning

breaths[i+x-1] and [i+x] forming part of an iteration of the sequence,

17. A method according to claim 11 or 12, wherein the total metabolic
consumption or production of gas X is tuned in a series of tuning breaths in which a
sequence of end tidal concentrations of gas X is targeted at least once by:
@) obtaining input of a measured baseline steady state value for PetX][i]
for computing F|X at start of a sequence;
(b) targeting a selected target end tidal concentration of gas X (PetX[i]") for
each of a series of tuning breaths [i+1 ...i+n], wherein PetX[i]" differs from the
baseline steady state value for PetX]i];
(©) comparing the targeted end tidal concentration of gas X (PetXfl+x]T for

at least one tuning breath [i+x] in which the targeted end tidal gas
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concentration of gas X has been achieved without drift in a plurality of prior
breaths [1+X-1, 1+X-2..] with a corresponding measured end tidal
concentration of gas X for a corresponding breath [i+x] to quantify any
discrepancy and adjusting the value of the total metabolic consumption or
production of gas X in proportion to the discrepancy to reduce the discrepancy
in a subsequent prospective computation of F|X including in any subsequent

corresponding-tuning breath [i+x] forming part of an iteration of the sequence.

18. A method according to any of the preceding claims, wherein input of a
concentration of gas X in the mixed venous blood entering the subject's pulmonary
circulation for gas exchange in a respective breath [i] (CMWX]i]) is determined by a

compartmental model of gas dynamics.

19. A method according to any of the preceding claims, wherein the
compartmental model of gas dynamics accounts for the total and compartmental
metabolic production or consumption of gas X, the total and compartmental storage
capacity for gas X and the total cardiac output and compartmental contribution to

total cardiac output.

20. A method according to claim 18, wherein the compartmental model is a one

compartment model.

21. A method according to any of the preceding claims, wherein the

compartmental model is a five compartment model.

22. A method according to any of claims 1 to 21, wherein a diagnostically or
therapeutically relevant target end tidal concentration of gas X is not logistically
attainable in one breath and wherein the diagnostically or therapeutically relevant
target end tidal concentration of gas X is obtained in a predetermined‘ number of

breaths greater than 1.

23. A method according to claim 1, wherein a diagnostically or therapeutically
relevant target end tidal concentration of gas X is not logistically attainable in one
breath and wherein the diagnostically or therapeutically relevant target end tidal
concentration of gas X is obtained in a logistically minimized number of breaths of

predetermined number greater than 1.
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24. A method according to claim 1, wherein a target end tidal concentration of gas
X and a target end tidal concentration of a gas Y are selected for a respective breath
[, and wherein F|X and F|Y are determined using a mass balance equation
comprising all or a functional subset of the terms in equation 1 or 2, independently of
each other, and, if present, independently of the concentration of any other

component Z of the inspiratory gas.

25. A method according to claim 1, wherein one or more diagnostically or
therapeutically relevant target end tidal concentration of gas X and/or gas Y is/are
not logistically attainable in one breath and wherein a diagnostically or
therapeutically relevant target end tidal concentration of gas X and/or gas Y is

obtained in a predetermined number of breaths greater than 1.

26. A method according to claim 1, wherein one or more diagnostically or
therapeutically relevant target end tidal concentration of gas X and/or gas Y is not
logistically attainable in one breath and wherein a diagnostically or therapeutically
relevant target end tidal concentration of gas X and/or gas Y is obtained in a

logistically minimized number of breaths of predetermined number greater than 1.

27. A method according to claim 1, wherein a diagnostically or therapeutically
relevant target end tidal concentration of gas X is logistically attainable in one breath
and wherein the diagnostically or therapeutically relevant target end tidal

concentration of gas X is obtained in a number of breaths greater than 1.

28. A method according to claim 1, wherein one or more diagnostically or
therapeutically relevant target end tidal concentration of gas X and/or gas Y is/are
logistically attainable in one breath and wherein a diagnostically or therapeutically
relevant target end tidal concentration of gas X and/or gas Y is obtained in a number

of breaths greater than 1.

29. A method according to any of the preceding claims, wherein a selected
PetX[i]" is re-targeted repeatedly for a series of tuning breaths and wherein a
measured steady state value for an end tidal concentration of gas X is used to

compute FX for afirst breath in the series of tuning breaths.
30. A method according to any of the preceding claims, wherein gas X is carbon

dioxide.
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31. A method according to any of the preceding claims, wherein gas X is oxygen.

32. A method according to any of the preceding claims, wherein gas X is an

anesthetic gas optionally isoflurane.

33.  An apparatus for controlling an amount of at least one gas X in a subject's
lung to attain a targeted end tidal partial pressure of the at least one gas X,

comprising:
(1) a gas delivery device;
(2) a control system for controlling the gas delivery device including means for:

€)) Obtaining . input of a concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in one or more
respective breaths [i] (CMVX[I]);

(b) Obtaining input of a logistically attainable end tidal partial pressure of
gas X (PetX]i] T) for a respective breath [i];

(c) Obtaining input of a prospective computation sufficient to determine an
amount of gas X required to be inspired by the subject in an inspired gas to
target the PetX[i]Tfor a respective breath [i] using inputs required to compute
a mass balance equation including CMvX[i], wherein one or more values
requiréd to control the amount of gas X in the volume of gas delivered to the
subject is output from the mass balance equation; and

(d) Controlling the amount of gas X in the volume of gas delivered to the
subject in a respective breath [i] to target the respective PetX[i]T based on the

prospective computation

34.  An apparatus according to claim 33, wherein the mass balance equation is

computed based on a tidal model of the lung.

35. An apparatus according to claim 33, wherein'the mass balance equation is
computed in terms of discrete respective breaths [i] including one or more discrete
volumes comprising or corresponding to a subjects FRC, anatomic dead space, a
volume of gas transferred between the subject's lung and pulmonary circulation in

the respective breath [i] and an individual tidal volume of the respective breath [i].

36. An apparatus according to claim 33 or 35, wherein the inspired gas comprises

a first inspired gas and a second inspired gas, wherein the first inspired gas is
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delivered in a first part of a respective breath [i] followed by the second inspired gas
for a remainder of the respective breath [i], a volume of the first inspired gas selected
so that intake of the second inspired gas at least fills the entirety of the anatomic
dead space; and wherein, optionally, for a respective breath [i], the volume of the
first inspired gas and a concentration of gas X in the second inspired gas are
selected to attain PetX[i]T; and wherein, optionally, for a respective breath [i], the
concentration of gas X in the second inspired gas corresponds to PetX[i]T for a

respective breath [i].

37. An apparatus according to claim 36, wherein a concentration of gas X (F|X) in
the first inspired gas is computed from the mass balance equation to target or attain

a PetX[i]T in a respective breath [i],

38. An apparatus according to claim 37, wherein the mass balance equation is

solved for FiX.

39. An apparatus according to any of claims 33 to 38, comprising the step of
obtaining inputs required to compute an F|X to target PetX[i]Tfor a respective breath
[i], wherein F|X is computed prospectively using a mass balance equation which
comprises terms corresponding to all or an application-specific subset of the terms

in:

+ (P xliT - P xli-1F ) (PRC+V, )+ By Xli -1F -(FG, -T,)- PB-Q-(=5)- Ty -{Cunr Xbi]-C, X[i)
F Iz FG,-T, -PB
eq. 1
or
-~ xfi]- P X[iT -(FRC +V,)- P X[i~1F -(FRC +7,)- PB-Q-(1-5)-T, - (C,r X[i]-C, XTi)
Pl W, - Vp)-PB
eq. 2

40- An apparatus according to claim 33, wherein the gas delivery device is a

sequential gas delivery device.

41. An apparatus according to any one of claims 33 to 39, wherein the control

system is implemented by a computer.

42. An apparatus according to claim 41, wherein the computer provides output

signals to one or more rapid flow controllers.
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43. An apparatus according to claim 41 or 42, wherein the computer receives
input from a gas analyzer and an input device adapted for providing input of one or
more logistically attainable target end tidal concentration of gas X (PéTX[i]T) for a

series of respective breaths [i].

44.  An apparatus according to claim 39, wherein the control system, in each
respective breath [i], controls the delivery of at least a first inspired gas and wherein
delivery of the first inspired gas is coordinated with delivery a second inspired neutral
gas, wherein a selected volume of the first inspired gas is delivered in a first part of a
respective breath [i] followed by the second inspired neutral gas for a remainder of
the respective breath [i], wherein the volume of the first inspired gas is standardized
for a series of breaths [i...i+n], and/or selected for a respective breath [i] to target or
attain PetX[i]", optionally by way of ongoing user input spanning one or breaths [i,
and wherein intake of the second inspired neutral gas at least fill the entirety of the

anatomic dead space; wherein FiX is computed using equation 1.

45.  An apparatus according to claim 33, wherein the control system requires input
of a volume of inspired gas entering the subject's alveoli, and wherein said volume if
computed by fixing a tidal volume of an inspired gas containing gas X using a
ventilator and subtracting a volume of gas corresponding to an estimated or

measured value for the subject's anatomic dead space volume.

46.  An apparatus according to any of claims 33 to 45, wherein the apparatus is

connected to a sequential gas delivery circuit.

47.  An apparatus according to claim 46, wherein the control system requires user
input of a rate of flow of gas into the sequential gas delivery circuit and wherein said
rate is used to compute the volume of inspired gas entering the subject's alveoli in a

respective breath [i].

48.  An apparatus according to claim 41, wherein said computer is programmed to

tune or receive inputs for tuning one or more parameters required for computation of

FX.

49.  An apparatus according to claim 33 or 48, wherein an estimated or measured

value for a subject's FRC is tuned.
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50. Anapparatus according b any one of claims 48 or 49, wherein said computer
is progranmed to tune an estimated or measured value of a subject's total metabolic
production or consumption of gas X is tuned.

51. An apparatus according to any of clams 49 or 50, wherein said computer is
programmed to tune FRC in a series of tuning breaths by:

@ computing or obtaining user input of a change in the targeted end tidal
partial pressure of gas X between a tuning breath [i+x] and a previous
tuning breath [i +x -1J;

(b) computing or obtaining user input of a comparison between the
magnitude of the difference between the targeted end tidal partial
pressure of gas X for said tuning breaths [i+x] and [i+x-1] with the
magnitude of the difference between the measuréd end tidal partial
pressure of gas X for the same breaths to quantify any discrepancy in
relative magnitude; and

(©) computing or obtaining user input of an adjusted value of FRC in
proportion to the discrepancy to reduce the discrepancy in any
subsequent prospective computation of F|X.

52. An apparatus according to any one of claims 48 to 51, wherein an estimated
or measured value of total metabolic production or consumption of gas X is tuned in
a series of tuning breaths by comparing a targeted end tidal partial pressure of gas X
(PetX[i+x]T for the at least one tuning breath [i+x] with a corresponding measured
end tidal partial préﬁsure of gas X for the corresponding breath [i+x] to quantify any
discrepancy and adjusting the value of the total metabolic production or consumption
of gas X in proportion to the discrepancy to reduce the discrepancy in any
subsequent prospective computation of FjX.

53. An apparatus according to clam 48, wherein FRC is tuned in a series of
tuning breaths in which a sequence of end tidal concentrations of gas X is targeted
at least once hy:
@ obtaining input of a measured baseline steady state value for PetXfi]
for computing F|X at start of a sequence;
(b) selecting a target end tidal partial pressure of gas X (PetX[i]T) for at
least one tuning breath [i+x] wherein PetX[i+x]T differs from PetX[i+x-1];
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(©) comparing the magnitude of the difference between the targeted end
tidal partial pressure of gas X for said tuning breaths [i+x] and [i+x-1] with the
magnitude of the difference between the measured end tidal partial pressure
of gas X for the same breaths to quantify any discrepancy in relative
magnitude;

(d) adjusting the value of FRC in proportion to the discrepancy in
magnitude to reduce the discrepancy in a subsequent prospective
computation of F|X including in any subsequent corresponding tuning

breaths[i+x-1] and [i+x] forming part of an iteration of the sequence.

54.  An apparatus according to claim 48, 50 or 53, wherein an estimated or
measured value of the total metabolic consumption or production of gas X is tuned in
a series of tuning breaths in which a sequence of end tidal partial pressure of gas X

is targeted at least once by:

(@) obtaining input of a measured baseline steady state value for PetXfi]
for computing F[X at start of a sequence;

(b) targeting a selected target end tidal partial pressure of gas X (PetX[i]T)
for each of a series of tuning breaths [i+1 ...i+n], wherein PetX[i]T differs from
the baseline steady state value for PetX[i];

(© comparing the targeted end tidal partial pressure of gas X (PetX[i+x]T5
for at least one tuning breath [i+x] in which the targeted end tidal gas
concentration of gas X has been achieved without drift in a plurality of prior
breaths [1+x-1, 1+x-2..] with a corresponding measured end tidal partial
pressure of gas X for a corresponding breath [i+x] to quantify any discrepancy
and adjusting the value of the total metabolic consumption or production of
gas X in proportion to the discrepancy to reduce the discrepancy in a
subsequent prospective computation of F|X including in any subsequent

corresponding tuning breath [i+x] forming part of an iteration of the sequence.

55.  An apparatus according any of the preceding claims, wherein the control
system is adapted to compute the concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in a respective breath
[l (cmvX[i]). wherein cwmvX[i]) is determined by a compartmental model of gas

dynamics.
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56.  An apparatus according to claim 55, wherein the compartmental model of gas
dynamics accounts for a total and compartmental metabolic production or
consumption of gas X, a total and compartmental storage capacity for gas X and a

total cardiac output and compartmental contribution to total cardiac output.

57.  An apparatus according to claim 56, wherein the compartmental model is a

one compartment model.

58.  An apparatus according to claim 56, wherein the compartmental model is a

five compartment model.

59.  An apparatus according to claim 33, wherein a computer provides output

signals to one or more rapid flow controllers.

60. An apparatus according to claim 33, wherein a computer receives input from a
gas analyzer, and an input device adapted for providing input of one or more
logistically attainable target end tidal concentration of gas X (PetX[i]T) for a series of
respective breaths [i]; and optionally input from a pressure transducer and/or a flow

transducer.

61. An apparatus according to claim 39, wherein the means for:
(@) obtaining input of a logistically attainable target end tidal concentration
of gas X (PetX[i]T) for one or more ensuing respective breaths [i];
(b) obtaining input of a concentration of gas X (cmvx[i]) in the mixed
venous blood entering the subject's lung for gas exchange in a respective
breath [i]; and
(c) prospectively computing F|X using equation 1 or 2;
is program code stored in a computer readable memory or is a signal
processor embodied in one or more programmable IC chips.
62. An apparatus according to claim 61, wherein the program code is embodied in
a computer program product
63. An apparatus according to any one of claims 33 to 62, wherein the gas
deIiVery device is a gas blender.
64. An apparatus according to claim 41, wherein the computer is programmed to
target one or more target end tidal concentrations of oxygen, carbon dioxide and/or

anesthetic.
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65. The use of a method or apparatus according to any of the preceding claims to
provide a controlled vasoactive stimulus for measurement of vascular reactivity.

66. The use of a method or apparatus according to any of the preceding claims to
provide a controlled vasoactive stimulus for measurement of cerebrovascular
reactivity.

67. The use of a method or apparatus according to any of the preceding claims to
provide a controlled vasoactive stimulus for measurement of liver, kidney, heart or
eye vascular reactivity.

68. The use of a method or apparatus according to any of the preceding claims,
to simultaneously change the subject's end tidal concentrations of oxygen and
carbon dioxide to selected values.

69. The use of a method or apparatus according to claim 68, to treat cancer.

70. A method according to any of claims 1 to 32, wherein the mass balance
equation optionally does not account for re-inspiration in a respective breath [i] of a
mass of gas X left in the subject's dead space volume after exhalation in a previous
breath [1-1].

71. A method according to any one of claims 1to 32, wherein the mass balance
equation (optionally written in terms of one or more concentration of gas X in one or

more discrete volumes of gas):

(@) Preferably accounts for the total amount of gas X in the lung following
inhalation of the inspired gas in a respective breath [i] (MX[i]) including
transfer of gas X between the lung and the pulmonary circulation;

(b) Assumes distribution of MLX[I] into compartments including the
subject's FRC (M X[i]FRc), @ fixed or spontaneously inspired tidal volume
(M X[ivT) and preferably the subject's anatomic dead space volume
(MLXMVD);

(c) Assumes uniform distribution of the MyX[i]/RrRC & and M X[ilvr in the
cumulative volume FRC+V

(d) Preferably includes a term that accounts for re-inspiration in a
respective breath [i] of an amount of gas X left in the dead space volume after

exhalation in a previous breath [i~1].
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72. A method according to any one of claims 3 to 32 or 70 to 71, the
concentration of gas X in the second inspired gas corresponds to PetX[i]T for a

respective breath [i].

73. A method any one of claims 3 to 32 or 70 to 72, wherein for a respective
breath [i], the volume of the first inspired gas and the concentration of gas X in the

second inspired gas are selected to attain PetX[i]T.

74.  An apparatus according to any of claims 36, the concentration of gas X in the

second inspired gas corresponds to PetX[i]Tfor a respective breath [i].

75.  An apparatus according to claim 36 or 74, wherein for a respective breath [i],
the volume of the first inspired gas and the concentration of gas X in the second

inspired gas are selected to attain PetX[i]T,

76. A computer program product for use in conjunction with a gas delivery device
for controlling an amount of at least one gas X in a subject's lung to attain a targeted

end tidal partial pressure of the at least one gas X, comprising program code for:

@) Obtaining input of a concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in one or more
‘respective breaths [i] (CMVXPI);

(b) Obtaining input of a logistically attainable end tidal partial pressure of
gas X (PetX]i] T) for a respective breath [i];

© Obtaining input of a prospective computation of an amount of gas X
required to be inspired by the subject in an inspired gas to target the PetX[i]T
for a respective breath [i] using inputs required to compute a mass balance
equation including cpvX[i], wherein one or more values required to control the
amount of gas X in a volume of gas delivered to the subject is output from the

mass balance equation.

77. A computer program product according to claim 76, comprising program code

for implementing a method as defined in any of claims 2 to 32.

78. A computer program product according to claim 76, comprising program code

for controlling an apparatus as defined in any of the preceding claims.
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79. A programmable IC chip for use in conjunction with a gas delivery device for
controlling an amount of at least one gas X in a subject's lung to attain a targeted

end tidal partial pressure of the at least one gas X, comprising program code for:

@) Obtaining input of a concentration of gas X in the mixed venous blood
entering the subject's pulmonary circulation for gas exchange in one or more

respective breaths [i] (cmvX[i}):

(b) Obtaining input of a logistically attainable end tidal partial pressure of

gas X (PetX]i] T) for a respective breath [i];

(c) Obtaining input of a prospective' computation of an amount of gas X
required to be inspired by the subject in an inspired gas to target the PetX[i]'r
for a respective breath [i] using inputs required to compute a mass balance
equation including CiwvX.i], wherein one or more values required to control the
amount of gas X in a volume of gas delivered to the subject is output from the

mass balance equation.

80. A programmable IC chip according to claim 79, comprising program code for
implementing a method as defined in any of claims 2 to 32 or for controlling an

apparatus as defined in any of the preceding claims.

81. A preparatory method for using a gas delivery device to control an amount of
at least one gas X in a subject's lung to attain a targeted end tidal partial pressure of
the at least one gas X, comprising the step of executing a sequence of tuning
breaths for tuning one or more inputs into a prospective computation of an amount of
gas X required to be inspired by the subject in an inspired gas to target a PetX[i]T for
a respective breath [i], said inputs required to compute a mass balance equation,
wherein one or more values required to control the amount of gas X in a volume of

gas delivered to the subject is output from the mass balance equation.

82. A method of controlling a gas delivery device to control an amount of at least
one gas X in a subject's lung, the method adapted to target one or more end tidal

partial pressures of the at least one gas X, the method comprising:

Using a signal processor operatively associated with a gas delivery device to control

the amount of gas X contained in one or more respective volumes of gas delivered to
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. a subject in one or more respective breaths [i] using inputs processed by the signal

processor for respective breaths [i], wherein the signal processor:

(a) Processes input of the concentration of gas X in the mixed venous
blood entering the subject's pulmonary circulation for gas exchange in one or
more respective breaths [ij (CMVXIJI);

(b) Processes input of a logistically attainable end tidal partial pressure of
gas X (PetX]i] T) for a respective breath [i];

(c) Uses a prospective computation of an amount of gas X required to be
inspired by the subject in an inspired gas to target the PetX]i] Tior a respective
breath [i] using inputs required to compute a mass balance equation including
C MVX[l], wherein one or more values required to control the amount of gas X
in a volume of gas delivered to the subject is output from the mass balance
equation; and

(d) Outputs control signals to control the amount gas X in a volume of gas
delivered to the subject in a respective breath [i] to target the respective

PetX([i] T based on the prospective computation.

83. A method according to claim 82, wherein gas delivery device is a gas blender
comprising one or more flow controllers, a respective flow controller operatively
associated with a respective gas source of differing percentage composition of gas X
ranging from 0-1 00%, wherein the signal processor outputs control signals to at least
one flow controller to control the amount of gas X in a voIUme of gas delivered to the

subject.

84. A method according to claim 83, wherein the signal processor controls the
amount of carbon dioxide and oxygen in each respective breath [i] to target a
logistically attainable end tidal partial pressure of carbon dioxide and a logistically

attainable end tidal partial pressure of oxygen for a respective breath [i].

85. A method according to any of claims 81 to 83 wherein any one of the features
described in any of claims 2 to 32, are individually, or in any combination,

implemented in the method.

86. An automated method of controling an amount of at least one gas X in a
subject's lung to attain a targeted end tidal partial pressure of the at least one gas X,

the method comprising the steps of:
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87.

(@) Processing input of the concentration of gas X in the mixed venous
blood entering the subject's pulmonary circulation for gas exbhange in one or
more respective breaths [i] (CuX[i]);

(b) Processing input of a logistically attainable end tidal partial pressure of
gas X (PetX[i]T) for a respective breath [il;

(c) Utilizing a prospective computation of an amount of gas X required to
be inspired by the subject in an inspired gas to target the PetX[i]'r for a
respective breath [i] using inputs required to compute a mass balance
equation including cMmvX]i], wherein one or more values required to control the
amount of gas X in a volume of gas delivered to the subject is output from the
mass balance equation; and

(d) Outputting control signals to control the amount gas X in a volume of
gas delivered to the subject in a respective breath [i] to target the respective

PetX][i]" based on the prospective computation.

A method according to any of claims 86, wherein any one of the features

described in any of claims 2 to 32, are individually, or in any combination,

implemented in the method.

88.

A gas delivery device comprising one or more flow controllers for controlling

an end tidal partial pressure of a gas X in a subject, wherein a signal processor

operatively associated with the flow controller(s):

(@) Obtains input of one or more values sufficient to compute a
concentration of gas X in the mixed venous blood entering the subject's

pulmonary circulation for gas exchange in one or more respective breaths [i]

(CMVXH);

(b) Obtains input of a logistically attainable end tidal partial pressure of gas
X (PetX[i]T) for a respective breath [i];

(c) Uses a prospective computation sufficient to determine an amount of
gas X required to be inspired by the subject to target the PetX[i]” for a
respective breath [i], the prospective computation using inputs sufficient to
compute a mass balance equation for a respective breath [i], the inputs
including values,‘ for a respective breath [i], from which CwyyX[i] and the
concentration of gas X in the subject's lung affecting mass transfer can be
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determined, for example CmvX[i] and a concentration or partial pressure of
gas X in the subject's lung as a result of inspiration in a breath [iJ,wherein one
or more values required to control the amount of gas X in a volume of gas
delivered to the subject is output from the mass balance equation; and

5 (d) Outputting control signals to the flow controllers) to control the amount
gas X in a volume of gas delivered to the subject in a respective breath [i] to

target the respective PetX[i]T based on the prospective computation.

89. A gas delivery device according to claim 88, wherein any one of the features
described in any of claims 2 to 87, are individually, or in any plausible combination,

10 implemented using signals input to or output by the signal processor.
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Figure 2
The Tissues
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Figure 5
Apparatus
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Figure 6
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Definitions of abbreviated terms

Term Units | Definition

n Total number of breaths in the target sequence

i Index of breath number in the target sequence

P02 mmHg | Target end-tidal partial pressure of O2 during breath :

P..co2li] mmHg | Target end-tidal partial pressure of CO2 during breath i

pETog[,-]M mmHg | Measured end-tidal partial pressure of O2 during breath i

P coz2[i]* |mmHg |Measured end-tidal partial pressure of CO2 during breath i

pHIi] pH of pulmonary end-capillary blood during breath :

[HCO,] mmol/L |Bicarbonate concentration of the blood throughout the
circulation

PPOZ[z'] mmHg | Partial pressure of O2 in the pulmonary end-capillary blood
during breath i

P,CO2[i] mmHg |Partial pressure of CO2 in the pulmonary end-capillary
blood during breath i

T C Body temperature

s,02]i] % 02 saturation of the pulmonary end-capillary blood during
breath i

Hb g/dL Concentration of haemoglobin in the blood throughout the
circulation

c,02[i] mi/dL |02 content of the pulmonary end-capillary blood during
breath i

c,co2fi] mi/dL |CO2 content of the pulmonary end-capillary blood during
breath i
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Figure 7 — (continued)

C,02[i] ml/dL |02 content of the arterial blood during breath i

CaCO2[i] mi/dL | CO2 content of the arterial blood during breath i

Covr,02i] |mi/dL | O2 content of the mixed-venous blood leaving the tissues
during breath i

Cow,CO2[i] |miidL | CO2 content of the mixed-venous blood leaving the tissues
during breath i

C,,, 02[i] mi/dL |02 content of the mixed-venous blood entering the
pulmonary circulation during breath i

C,,CO2[i] |mifdL [CO2 content of the mixed-venous blood entering the
pulmonary circulation during during breath i

s %/100 |Intrapulmonary shunt fraction

0 dL/min |Cardiac output

T, min Breath period

Vo2 ml/min | Overall metabolic consumption of O2

VCco2 ml/min | Overall metabolic production of CO2

Hp; Total number of compartments in the model of O2 in the
tissues

j Index of the compartments in the model of O2 in the
tissues

vo2, %/100 |Fraction of the overall metabolic consumption of O2
assigned to compartment j of the model of O2 in the
tissues

g, %/100 |Fraction of the overall cardiac output assigned to
compartment j of the model of O2 in the tissues

doz, ml Storage capacity for 02 of compartment j of the model of
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Figure 7 — (continued)

02 in the tissues

Beos Total number of compartments in the model of COZ2 in the
tissues

k Index of the compartments in the model of CO2 in the
tissues

veol, %/100 |Fraction of the overall metabolic production of CO2
assigned to compartment k& of the model of CO2 in the
tissues

q, %/100 |Fraction of the overall cardiac output assigned to
compartment k£ of the model of CO2 in the tissues

dcoz2, ml Storage capacity for CO2 of compartment % of the model
of CO2 in the tissues

SGDC Sequential gas delivery circuit

PT Pressure transducer

GA 02/C0O2 gas analyzer

DX Display

CPU Computer

ID Input device

GB Gas blender

FT Flow transducer

G, The controlled gas mixture inspired by the subject
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Figure 7 — (continued)

G, Neutral gas inspired by the subject

FG, ml/min |Rate at which the controlled gas mixture (G;) is made
available for inspiration

VG, mi Average volume of the controlled gas mixture (G, )

' inspired into thé alveoli per breath

VG, ml Average volume of neutral gas (G,) inspired into the
alveoli per breath

Vy ml Tidal volume

v, ml - |Anatomical dead space

P,OZ[z‘] mmHg | Partial pressure of O2 in the controlled gas mixture (G,)
during breath i

P,CO2[i] mmHg | Partial pressure of CO2 in the controlled gas mixture (G, )
during breath i |

F,02[i] %/100 |Fractional concentraton of O2 in the controlled gas

| mixture (G, ) during breath i

F.co2|i] %/100 |Fractional concentration of CO2 in the controlled gas
mixture (G, ) during breath i

FRC mi Functional residual capacity

74 kg Subject weight

H m Subject height

A years | Subject age

G male/ |Subject sex

female
| " # Recirculation time
1 breaths J
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Figure 7 — (continued)

PB mmHg |Barometric pressure
Nes Total number of source gases blended to create the
controlled gas mixture
m Index of source gases blended to create the controlled gas
mixture
SG, Source gas m blended to create the controlled gas mixture
FSG, [i] mi/min |Flow rate of source gas m (SG,, ) during breath i
Jfo2, %/100 |Fractional concentration of O2 in source gas m (SG,, )
feo2, %/100 | Fractional concentration of CO2 in source gas m (SG,, )
P02, 'mmHg |Baseline/resting measured end-tidal partial pressure of O2
P,,CO2," mmHg |Baseline/resting measured end-tidal partial pressure CO2
VB, li] ml The volume of O2 transferred between the alveolar space
and the pulmonary circulation during breath i
VBeos ] ml The volume of CO2 transferred between the alveolar
space and the pulmonary circulation during breath i
o ml/mm |Correction factor for tuning the estimate of the functional
Hg residual capacity ( FRC')
B ml/min/ |Correction factor for tuning the overall metabolic
mmHg | production of 02 (VO2)
4 ml/min/ | Correction factor for tuning the overall metabolic
mmHg |consumption of CO2 (V'CO2)
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Table 2

Starting PCO2
(mm Hg)

40
39
41
40
35
40

1st Baseline
(40mmHg)

40
39
41
39
39
39

1st Step 2nd
(50mmHg) baseline (50mmHg) baseline PCO2 First PCO2

2nd Step

(40mmHg)
50 41
49 40
49 42
48.5 40
48 40
48 39
Figure 8
12/12

50
49
50
49
48
49

PCT/CA2012/001123
3rd Delta Delta
(40mmHg) step Second

Step
40 10 9
40 10 9
41 8 8
40 9 9
40 9 8
40 9 10
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