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A METHOD AND APPARATUS FOR MEASURING PULMONARY 

BLOOD FLOW BY PULMONARY EXCHANGE OF OXYGEN AND 

AN INERT GAS WITH THE BWOD 

5 This invention relates to the measurement of blood flow in a subject, more particularly to 

a method and apparatus for measuring pulmonary blood flow by pulmonary exchange of 

oxygen and an inert gas with the blood utilising a divided respiratory system. The 

invention is especially suitable for monitoring pulmonary blood flow/cardiac output of a 

patient under general anaesthetic and accordingly it will be convenient to described the 

10 invention in connection with this application. However, it is to be understood that the 

method and apparatus described herein may be used for determining the pulmonary blood 

flow or cardiac output of a subject in a conscious state. 

The equation that links the cardiac output of a subject to more directly measured 

15 parameters is as follows: 

. .. 

where F Agas refers to the concentration of inert soluble gas in the alveolar gas mixture of 

20 the lungs expressed as fraction of its partial pressure to the barometric pressure (Bp), 

Fv, .. refers to the fraction of the inert soluble gas in the mixed venous blood expressed as 

a fraction of its partial pressure to the total pressure, 

25 A. is the Ostwald solubility coefficient of the inert soluble gas in blood, 

• 
Qc is the cardiac output that passes through the pulmonary capillaries in the walls of gas-

containing alveoli, and 

30 
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.. 
Ugas is the uptake into the blood from the alveoli measured in units of volume at body 

temperature and barometric pressure per unit time. 

This equation holds true for inert gases only. In this regard an inert gas dissolves in blood 

S proportionally to its partial pressure i.e. it obeys Henry's Law. By contrast a reactive gas 

does not obey Henry's Law by reason of its reacting chemically with blood constituents. 

Oxygen and carbon dioxide are examples of reactive gases. 

The term cardiac output as used herein refers to the amount of blood per unit time which 

I 0 passes through the pulmonary capillaries in the walls of the alveoli of the lungs. If 

haemoglobin 0 2 saturation of the subject is 100% then the cardiac output will be 

equivalent to the pulmonary blood flow, i.e. the amount of oxygenated blood passing 

through the pulmonary capillaries in the walls of the alveoli of the lungs. If this saturation 

is less than 100% the cardiac output includes shunt blood in addition to pulmonary blood 

1 S flow. Shunt blood does not transport 0 2 from the lungs to the tissue and may therefore be 

ignored. The % shunt may be estimated from pulse oximetry. 

Most methods in use today or described in the literature refer to or depend on the above 

equation, but Fvgaa cannot be measured accurately without obtaining a sample of mixed 

20 venous blood, which would sacrifice the advantage of non-invasiveness of large blood 

vessels with catheters, as is necess:uy with the most widely used ~thod of measuring 

cardiac output presently in use, namely the thennodilution method. 

Most gas exchange methods for measuring the cardiac output which have been attempted 

25 suffer from the problem of "recirculation" which limits. them to only intennittent 
• 

determinations of Qc separated by relatively long intervals to wash out gas introduced by 

-the previous detennination. This restriction of frequency of taking readings of Qc is 

necessary to ensure that Pvgaa has returned to a value close to zero before another 

determination is performed. The same constraint also applies to methods using reactive 

30 gases. The term "recirculation" refers to the return back to the lungs in the mixed venous 
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blood of gas that has previously been taken away from the lungs in the arterial blood. 

It is an object of the present invention to overcome or at least alleviate one or more of the 

abovementioned difficulties of the prior art, or at least to provide the public with a useful 

5 choice. 

Accordingly in a first aspect the present invention provides a method for measuring the 

pulmonary bloodflow in a subject including: 

10 isolating two or more divisions of the respiratory system, said divisions comprising 

the complete gas exchanging part of said respiratory system, 

15 

ventilating each said division with a separate gas mixture, at least one of said gas 

mixtures including an inert soluble gas, 

determining uptake of inert soluble gas in at least two of said divisions, 

determining uptake of oxygen in each of said divisions, 

20 determining end tidal concentration of inert soluble gas in at least two of said 

divisions, and 

25 

calculating pulmonary bloodflow from determined values of uptake and end tidal 

concentration of inert soluble gas, and uptake of oxygen. 

Preferably two or three divisions of the respiratory system are isolated, most preferably 

three divisions. 

When three divisions are isolated it is preferred that two of the divisions are ventilated 

30 with gas mixtures which are substantially balanced with respect to inert soluble gas, the 
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concentration of inert soluble gas in each of these two divisions being different from each 

other, and the third division is ventilated with a gas mixture which is unbalanced with 

respect to inert soluble gas. 

5 One method of isolating two or more divisions of the respiratory system utilises a multi­

lumen cuffed endobronchial catheter. 

10 

15 

Accordingly in a second aspect of the invention there is provided apparatus for measuring 

pulmonary bloodflow in a subject including: 

a multi-lumen cuffed endobronchial catheter adapted to allow separate gas mixtures 

to be provided to two or more separate divisions of the respiratory system of the 

subject, said separate divisions comprising the complete gas exchanging part of 

said respiratory system, 

two or more breathing systems for supplying different mixtures to each lumen of 

said multi-lumen catheter at the same rate and the same total pressure, 

two or more gas delivery systems for providing gas mixtures to said two or more 

20 breathing systems, 

sampling means for sampling (i) inspired and expired gas in each division and/or 

(ii) the fresh flow gas and the exhaust gas of each division, and 

25 gas ~alyser for determining concentrations of gases in said samples, 

a flow detennining means for determining flow rates of (i) said inspired and 

expired gas and/or (ii) said fresh flow gas and exhaust gas and, 

30 processing system for calculating pulmonary blood flow from said determined 

concentrations and flow rates. 
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One method of ensuring that the gas mixtures are supplied to each lumen at the same rate 

and the same total pressure is to use a bag-in-a-box type ventilator with each breathing 

system, and operate the ventilator by supplying a common working gas. Other methods 

for synchronising the rate and pressure of mixed gas supplied to the lumens of the catheter 

5 would be evident to a person skilled in the art. 

10 

It is to be noted that the defined apparatus is not essential for use of the method of 

measurement defined above, but represents a particularly convenient apparatus useful in 

making the required measurements. 

Endobronchial catheters having more than two lumens are novel and represent a third 

aspect of the present invention. Particularly accurate results can be obtained if the multi­

lumen cuffed endobronchial catheter has three lumens. 

15 Accordingly in a fourth aspect of the invention there is provided a triple lumen, cuffed 

endobronchial catheter for providing separate gas mixtures to each of three separate 

divisions of the respiratory system of a subject, said three divisions comprising the 

complete gas exchanging part of said respiratory system, said catheter ccimprising: 

20 a primary tube having three lumens adapted to be inserted within the trachea of a 

subject, each of said lumens opening at a top end thereof inro a connector tube 

adapted to be connected to a breathing system, and opening at a bottom end thereof 

into an outlet for delivering a gas mixture to one of said divisions, 

25 one or more inflatable cuffs located about said primary tube and/or said outlets 

adapted to form seals within the respiratory system such that each outlet is capable 

of delivering a gas mixture to one of said three separate divisions in isolation from 

each of the other divisions. 

30 

SUBSTITUTE SHEET (Rule 26) 



5 

W098/18383 PCT/AU97/00717 

-6-

The outlet may be an opening in a tube, or a short tube with an opening, for delivering a 

gas mixture to a division of the respiratory system from a lumen of the primary tube. The 

outlet may be an extension of a lumen of the primary tube or may be an opening in the 

bottom end of a lumen. 

The triple lumen cuffed endobronchial catheter preferably has an inflatable cuff located 

about the primary tube and above the outlets which is adapted to form a seal within the 

trachea. 

10 In a particularly preferred embodiment the triple lumen catheter includes a first inflatable 

cuff as deseribed above in combination with a second inflatable cuff located between the 

first and third outlets for forming a second seal in the right bronchus and a third seal in the 

hyparterial bronchus, the third seal allowing the third outlet to provide a gas mixture to 

the middle and lower lobes of the right lung and the second and third seals together 

15 allowing the second outlet to provide a gas mixture to the upper lobe of the right lung. 

The second inflatable cuff preferably encircles the second outlet and lies within the right 

main bronchus and the hyparterial bronchus. 

20 It is also possible to manufacture triple lumen catheters with inflatable cuffs as described 

above which are adapted to supply gas mixtures to the right lung, the t:pper lobe of the left 

lung and the lower lobe of the left lung, although for technical reasons it is less 

convenient. 

25 According to the present invention the measurement of pulmonary blood flow or cardiac 

output can be made at short intervals for an extended period of time, while avoiding the 

problems of recirculation. The measurements can be made rapidly and the calculations 

may be performed using appropriate software on a computer. 

30 Anaesthesia is normally given through a single anaesthetic breathing system, however the 
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present invention involves the use of more than one breathing system. Satisfactory results 

are obtainable with two breathing systems, however more accurate results and a faster 

response time can be obtained with three. Further improvement is theoretically possible 

with more than three breathing systems. 

Each breathing system delivers to the subject its own individual adjustable ventilating gas 

mixture to one division of the subject's alveolar volume through its particular branch of 

the bronchial tree. 

10 Such a set-up ensures that every part of the total alveolar gas volume (i.e. the complete 

gas exchanging part of the respiratory system) was being ventilated through one or other 

of the airway divisions, but no part was being ventilated through more than one airway 

division. The number of such divisions which is possible is only limited by technical 

considerations. 

15 

The simplest example of such an arrangement, readily achievable with existing anaesthetic 
equipment, has two such divisions, namely the left lung and the right lung. 

After placement of a conventional endobronchial double-cuffed, double-lumen catheter (a 

20 "double lumen tube" - e.g. Bronchocath or Robertshaw type} the left lung and the right 

lung may each be ventilated with entirely separate gas mixtures administered through 

entirely separate breathing systems each served by its own separate fresh gas supply by a 

dedicated gas delivery system. Alternatively a custom made double lumen tube which 

ventilates (1) the right upper lung lobe and (2) the remainder of the respiratory system 

25 could readily be designed along the lines of previously mentioned triple lumen tube but 

with combined first and third lumens. 

The subject on whom this method is being used to detennine the cardiac output might be, 

by way of example, a patient undergoing general anaesthesia and the inert gas might be 

30 nitrous oxide (N20). In this case N2.0, being an anaesthetic drug, is contributing to the 

---------------
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patient's anaesthetic state, but this need not necessarily be so for other inert gases. 

In this case the total alveolar volume is divided into two divisions, namely the left lung 

and the right lung and the airway is likewise divided into two divisions, one for each lung. 

Each lung is then ventilated with a gas mixture supplied to it by its own breathing system. 

Any workable breathing system would suffice. In a typical arrangement used for general 

anaesthesia there would be inflow into the breathing system of component gases under the 

control of the anaesthetist by a needle valve for each. In this case two of the components 

IO would be 0 2 (used in all cases) and N20. The anaesthetist generally observes the flow rate 

of each gas flow he controls by means of a gas rotameter or other continuously measuring 

flowmeter. 

The breathing systems may contain fresh canisters of soda-lime to absorb the C02 

IS produced by the patient, for example semi-closed or closed circle absorber systems (SCCA 

or CCA). Alternatively they may not contain soda-lime, e.g. Mapleson systems A to E. 

A preferred type is the Humphrey ADE low-flow multipurpose breathing system, 

adaptable to both soda-lime absorption or to Mapleson A or Mapleson D systems without 

soda-lime. (An advantage of this make is a low circuit column made possible by its 

20 flexible-tube design. It can also be readily converted from spontaneous breathing mode to 

IPPV mode by flicking a s-mtch.) 

The most preferred type is the non-rebreathing system whereby the fresh gas ftow from 

the gas delivery system is also the inspiratory gas and the expiratory gas is the same as the 

25 exhaust gas. 

30 

Except in a completely closed system every breathing system possesses a spill-valve to 

vent excess gas, i.e. exhaust gas, from the circuit either under manual control or acting 

automatically. 
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Each breathing system may connect to the external opening of one of the lumens of the 

multi-lumen endobronchial catheter, usuaJly via a connector tube, which may include a 

catheter mount. Breathing system gas passes into the patient with each inspiration, and 

expired gas the other way during expiration. 

The preferred fonn of the invention employs three breathing systems and three divisions 

of the respiratory system. 

One method of doing this entails the use of a small diameter cuffed flexible catheter 

10 passed down one or other lumen of the double lumen tube. It is pushed down into the 

lung until it will go no further and the cuff inflated with a minimum volume of air or 

fluid. The top end comes out near the top end of the larger tube through an opening in its 

side, ensuring there are no leaks from the larger tube at the point of exit. The small tube 

ventilates a segment of one lung and the larger tube the remainder of that lung. The other 

15 lumen of the double lumen rube functions as described in relation to the double lumen 

system described above. 

20 

A similar procedure can be carried out with two such small catheters passed through a 

cuffed endotracheal tube. 

The small d.ian1eter cuffed flexible catheter may b~, for example, a Foley's urinary 

catheter or a Swan-Ganz catheter or similar or custom-made type. 

The preferred fonn of subdividing ventilation of the alveolar volume into three divisions 

25 consists of a custom-made preformed triple-lumen catheter analogous in structure to a 

double lumen tube. This is termed a "triple lumen tube" or "triple lumen catheter". 

A triple lumen tube is preferred to the three-division methods described above because its 

position in the patient's bronchial tree can be checked by fibreoptic bronchoscopy whereas 

30 a cuffed flexible catheter is placed blindly and is also prone to migration after placement 
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because of its flexibility. This may result in occlusion of the opening of a bronchus that 

branches off the lumen of the bronchus in which the inflated cuff of the catheter lies. This 

will cause collapse of a segment of a lung. Though this may happen without serious 

immediate effects, in the presence of lung pathology it could possible cause e.g. local 

5 infection or other local pathology in the longer term. 

The following parameters may be monitored using techniques known to the art, e.g. using 

appropriate gas sampling and analysing equipment. 

10 (i) The uptake or excretion of one or more of the gas species by the subject, from the 

fresh gas flow, "FGFgas", between its point of entry into the system and its point 

of exit from the system in the exhaust gas flow, "EXHgas". 

15 

(ii) The end-tidal concentrations of one or more of the inert soluble gases present. 

In a preferred embodiment the uptake or excretion of each separate gas species from each 

breath is measured at the external end of the divisional lumen of the endobronchial tube. 

The term "breath" as used herein refers to one respiratory cycle. The term "uptake" as 

used herein refers to both uptake and excretion, excretion being a negative value of 

20 uptake. 

This latter measurement considerably improves the response time of the cardiac output 

measurement, i.e. its responsiveness to transient or rapid changes of the cardiac output, 

but the cardiac output could still be measured, though with a slower response time if this 

25 latter measurement were omitted. 

The arrangement described below follows the usual anaesthetic equipment pattern: 

Each divisional alveolar volume may be served, from above downward, by a gas delivery 

30 system, consisting of separate sources of gas flow, one for each type of gas, each with a 
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flow control and, for safety reasons, a visual monitor of the instantaneous flowrate of each 

of the separate gas flows. These gas flows are joined together in a single mixed flow and 

pass to a breathing system. The breathing system allows the inspiratory gas mixture to 

enter and leave the divisional alveolar volume either by normal breathing action, or 

5 (preferred) by the action of a ventilator. The exhaust gas leaves the breathing system at 

some point in it. The preferred point of exit is from the ventilator reservoir bag 

(concertina bag) in the case of the bag-in-a-box type ventilator. 

Gas in the breathing system enters one lumen of a multi-lumen tube, there being one 

IO lumen for each gas delivery system/breathing system combination, and enters the 

divisional alveolar volume during inspiration. It leaves again during expiration. As it 

enters and exits the tube lumen the gas may be sampled and analysed at a continuous small 

rate. Where a separate flow measuring device is in use for measuring body uptakes, it is 

also preferably located here. For whole system uptakes, sampling for gas analysis and 

15 separate flow measurement devices may be at two locations - (1) in the gas delivery 

system, between the union of flows of separate gas flows and the common gas outlet and 

(2) in the tube leading away exhaust gas. 

Whether uptakes are being measured between divisional FGFgas and EXHgas (whole 

20 system uptakes) or betwee-.n the divisional inspiratory flow and expiratory flow of every 

breath (body uptakes) tbere is a f'"-Jllge of ways by which these uptake measurements can be 

made. 

The advantage of measuring body uptakes over whole system uptakes is that the response 

25 time is faster because the only volume buffering change is the divisional resplratory 

system volume. In the case of whole system uptakes the volume buffer also includes the 

volume of the breathing system. 

The advantage of measuring whole system uptakes is that they are more easily performed 

30 because thorough mixing of the gas flows can be more easily secured and therefore greater 
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accuracy is achieved. 

As there is a trade-off between the advantages, the preferred arrangement is to measure 

who1e system uptakes and body uptakes in combination. This allows an optimum resultant 

5 acc.."Uracy and response. 

Examples of methods for measuring the necessary uptakes are given below. Each of these 

methods may be applied to either whole system uptakes or body uptakes, and either in 

whole or in part. The term "inflow" applies either to divisional FGFgas or to divisional 

10 inspiratory flow in this section according to context, and simi1arly "outflow" applies to 

EXHgas or to divisional expiratory flow. 

The use of flow measuring devices 

1 S Examples of flow measuring devices include the pneumotachograph, the hot wire 

anemometer and the turbine anemometer. Other devices which measure gas flow 

accurately are also suitable. 

The response time of the flow measuring device is relevant if the flow of gas changes over 

20 time. The response time is preferably such that the device is capable of following flow 

changes closely. Incompatible response times will result in even longer uptake 

measurement times in the case of whole system uptakes. Contamination will occur 

between inspiratory and expiratory measurements in the case of body uptakes rendering 

them useless unless special breathing circuitry is employed. 

25 

In this regard inspiratory and expiratory sampling lines may be connected between the 

inspiratory and expiratory limbs respectively of an IPPV breathing system and a gas 

analyser. Sampling and analysis of the gas mixtures could be coordinated with the 

ventilator such that sampling and analysis of the inspired gas is triggered when the 

30 ventilator is in its inspiratory phase and vice versa. This could be achieved by an 
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appropriate combination of solenoid valves on the sampling lines which are operated by a 

solenoid control unit which is coordinated with the ventilator operation. 

'\\:1here the instrument response time is compatible with flow changes, the rapid response 

5 of the flow measuring device may be used in conjunction with a rapid gas analyser (ROA) .. 
to yield flowrate signals of individual gas species (V .J. 

For example a digitiz.ed signal stream from an RGA sampling the gas mixture can 

represent individual values of Fx (the fractional concentration in the gas mixture of gas x). . . 
10 This stream may be combined with a corresponding stream of V1 or VB signals 

representing instantaneous inspiration or expiration signals respectively from such a flow 

measuring device such that each signal from the RGA corresponds in time with a signal 

from the device. By a computational process the Fx signals from the ROA may be 
# ,. 

multiplied by the corresponding V1 or VB signals from the device to form a resultant 

15 stream of signals, each representing the instantaneous flowrate of x into or out of the . ,. 
subject's divisional airway and alveolar volume, Y1x or VBx. Integration of this resultant 

stream of signals over the time interval of measurement, t, gives the volume of x that has 

passed over this time Ynx or Yr&· 

20 The time interval chosen is conveniently the duration of inspiration or the duration of 

expiration in the case of body uptakes, the instrument detecting th.~ changeover moment 

from inspiration to expiration as the moment of zero flow separating positive (inward) 

values of flow from negative (outward) ones. 

25 If the inward passing and outward passing volumes of x are thus measured with each 

breath then the difference between them is the uptake with each breatht UTx. The rate of 

30 

, . 
uptake of x, Ux• is UTx multiplied by the respiratory rate, RR. Alternatively Ux may be 

• • 
detennined more directly by taking the average of (V ix-V ~ evaluated over an integral 

number of respiratory cycles. 
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t • 
VTEx= J Vex 

0 

The use of an insoluble gas to measure flow 

. 
An insoluble gas, "marker gas", can be added at a steady known flowrate, v .... r1ccr, to an 

inflow, is allowed to mix radially and is then sampled periodically by a gas analyser. The 
• 

15 total flow of gas, V1, is: 

• 

where F1mu1ccr is the fractional concentration of marker gas measured. 

20 
.. 

If the sa.'llpling rate and the anaiyser' s response time are sufficiently fast the V1 signals 
• 

may be used in exactly the same way as the V1 signals generated by a flow response time 

and uptakes of any gas of interest may be measured on a breath to breath basis. 

25 To achieve this end, expiratory flows are most conveniently measured by using a second 

marker gas (another species of insoluble gas). In one arrangement a single sampling point 

not far beyond the external end of the divisional lumen of the multi-lumen tube may be 

flanked by two marker gas delivery ports to the airway, one on each side. The distance 

between each port and the sampling point is sufficient to allow radial mixing of marker 

30 gas in the gasflow. 
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Marker gases may be any non-toxic insoluble gas. Examples of such a gas include 

helium, nitrogen, argon, sulphur hexafluoride, neon and many others. It may be used in 

any convenient concentration talcing into account body tissue stores in the case of a gas 

found naturally in the atmosphere. This applies particularly to nitrogen but if trace 

5 concentrations are to be used it may apply to other gases as well. 

Volume displacement devices 

V n may be measured this way. A piston pump is an example when used as a ventilator 

1 O when due correction is made for compliance within the breathing system. Another more 

common example is the concertina bag of a bag-in-a-box ventilator where the volume of 

gas delivered by the bag can be regulated by a mechanical stop inside the box. VTB may 

also be measured by volume displacement whereby a spirometer for example may be used, 

or the concertina bag may be caused to function like a spirometer. Spontaneously 

15 breathing patients may breathe into and out of a spirometer. In all these cases, spirometer 

or bag displacement may be transduced into an electrical signal for the purposes of further 

calculations. 

Mixing devices 

20 

F mar1cer and F x measurements may be considerably simplified if discrete volumes of gas are 

mixed longitudinally before measurement because then complex mathematical processes 

and fast response times can be dispensed with. 

25 Mixing may be performed by passing the flows of gas through mixing boxes, or by 

stirring them by e.g. a fan, or employing other similar means of either mechanical baffles 

or active mixing. 

30 

. ·: • ~.· . ..-·. ! . 
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Constraining to uniform flowrate 

If inspiration and expiration occur at a constant flowrate and a sufficiently large number of 

gas analyses are made during the course of a single breath, simple inspiratory or 

S expiratory averaging of multiple values for Fmar1ccr and Fx simplifies the calculation of mass 

transfer because unit time in this case is exactly equivalent to unit volume. 

Suggested gas analysis techniques 

1 O Gas concentrations may be measured by any suitable technique but a form of rapid gas 

analysis may provide the best data by reason of (a) rapid response rate to change and (b) 

by averaging, giving a more precise determination. Suitable RGA devices include mass 

spectrometers, infrared spectrometers, photoacoustic devices, paramagnetic and 

paramagnetic acoustic devices and Raman scatter analysers. 

15 
• 

CalcuJation of Qc 

The ratios of 0 2 uptakes of subdivisions of the total alveolar volume are assumed to 

accurately reflect their relative pulmonary blood flows. This will certainly be true if pulse 

20 oxirnetry shows a high haemoglobin 0 2 saturation (e.g. 95 %-100% ). (Pulse oximet:ry is 

universally used as a monitoring modality for severely ill and anaesthetised patients.) If 

the haemoglobin 0 2 saturation is not high the ratios represent flows of oxygenated blood 

through the subdivisions. 

• 
25 From the foregoing measurements and the end-tidal F AN

2
o values, Qc can be calculated as 

follows. 

The calculations will be illustrated by reference to the two division model previously 

outlined but corresponding equations exist to apply to any number of divisions. For the 

30 purpose of the following mathematical discussion N20 will be used as the type gas but any 
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soluble inert gas "x" will also give a valid result. 

. .. 
The uptakes of N10 (UNzOL and UNzOJ for the left and right lungs respectively are 

governed by their respective alveolar fractional partial pressures of N20 (F ANzOL and 

S F ANzOR ), the mixed venous fractional pressure of N20 (FvN2o), the Ostwald solubility 

10 

• • 
coefficient for N,.O, A., and the respective lung shares of the cardiac output (QcL and QcRl: 

• • 
UNzOL = QcL A (F AN2oL FvNzO ) 

• • 
UN2ox = <2cR .A. CF AN2oa -FvN2o> 

...................... 1 

...................... 2 

The respective uptakes in the left and right lungs are measured simultaneously so that 

F-VN
2
o is the same in each. 

The most effective values to use for F AN20R and F AN:zoL are when the two values are as 

15 widely separated from each other as possible, in order to maximise N20 transfer in the 

lungs and thereby make N20 uptake measurements more precise. Preferably one lung is 

ventilated with a gas mixture containing 60% to 80% of N20 (soluble inert gas) while the 

other lung is ventilated with a gas mixture containing 0-20% N20, preferably 0%. More 

preferably one lung is ventilated with a gas mixture containing 

20 

Bp(mmHg)-150 ~l OOo/oN. O 
Bp(mmHg} 2 

while the other lung is ventilated with a gas mixture containing no N20. 

Preferably there is positive uptake in one lung and negative uptake (excretion) in the other 

25 lung. 

• ., p " 

The ratio of the respective oxygen uptakes, UoiR and U0 z1. , equals the QcR to QcL ratio: 
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. , ~ , 
QcR/(k =UozR /U<>lL ........................ 3 

This can be shown as follows: 

5 Under anaesthesia there could be areas of the lung that are poorly ventilated so that the 

haemoglobin of the blood passing through such an area is less than 100% saturated with 

oxygen when it passes on into the arterial system. 

The 11Sp02
11 measures the saturation in the arterial system and is a universal monitor. If the 

10 Sp02 indicates that the haemoglobin is saturated (Sp02::; 100%) this indicates there are no 

poorly ventilated areas. If this is the case (which is usual) the uptake of oxygen from any 

given area of the lung, or from the right lung to the left lung is strictly proportional to the 

blood flow through that area of lung. 

15 This statement is not true for the uptake ofN20 or any other gas that does not saturate a 

carrier molecule such as haemoglobin. In these cases less N20 is taken up by poorly 

ventilated areas than by well ventilated ones even if the respective blood flows are equal, 

because N20 obeys Hemy's Law and less of it dissolves in blood when there is less in the 

alveolar gas, more of it when better regional ventilation produces more in the alveolar gas of 

20 that region. 

To summarize when 0 2 fully saturates its carrier molecule haemoglobin, its concentration in 

blood is always the same. All mixed venous blood returning to the heart from the rest of the 

body has the same level of desaturation at a particular moment in time (usually about 75%). 

25 Therefore the uptake of 0 2 from particular places in the lung must depend on the blood flow 

rate to that place and only on this whereas for N20, which obeys Henry's Law, uptake will 

depend both on the regional blood flow rate and on the regional concentration of N20 in the 

regional alveolar gas. 

30 Therefore the three equations above are simultaneous and contain three unknowns, namely . . 
QcR, QcL and FvN1o· 
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Now: 

5 The calculations can be carried out on line by a computer. 

The above set of simultaneous equations, lead when solved to the following equation: 

10 

..................... 4 

15 The assertion above that the most effective values for FAN2oR and FANzoL are when the two 

values are as widely separated from each other as possible can be demonstrated with the 

help of this equation. The values of F ANzOL and F ANzOR being as widely separated is 

achieved when FJNzoL and FiN20R will be as widely separated as possible also, F1NzoL 

and F1NzoR being the inspired fractional N20 concentration in the left and right lungs 

20 respectively. (FAN2oL and FAN2oR are measured by the RGA as the concentration of N20 

in the expired gas at the end of expiration.) 

As these two values become less widely separated the quantity (Fm2oL -Fmznn) becomes 

smaller. As this is the difference between two measured quantities the relative error of 

25 this difference becomes greater and greater, tending toward infinity as (FJNzoL -F1Ni0J 
• tends towards its lower limit of z.ero. Therefore the error of Qc also approaches infinity as 

the end expiratory concentrations of N20 become equal to each other in the two divisional 

alveolar volumes (which in this case are the left lung and the right lung). 

30 More than one soluble inert gas may be used in the gas mixture. In this case it is possible 
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to calculate the cardiac output by the two separate sets of results and then combine the 

measured cardiac output of each inert gas calculation into a single value by weighting each 

according to its estimated margin of error in the appropriate manner. These calculations 

are preferably carried out by a computer. 

The double lumen endobronchial cuffed tube may be modified into a triple lumen tube. 

The third lumen may serve the right upper lobe bronchus or the left upper lobe bronchus. 

One advantage of a third lumen is that it may be ventilated with air or a gas mixture 

10 containing insoluble gas. The inflow of fresh gas to a cJosed circle breathing system 

without soda-lime that is colUlected to the third lumen (third division of the respiratory 

system), could be cut off for prolonged periods because uptake from it would be very slow 

because of the presence of insoluble gas. (Any gas removed from this system through 

sampling needs to be replaced with insoluble gas or air.) The mixed venous partial 

15 pressure of each gas dissolved in mixed venous blood would rapidly come into equilibrium 

with the gas in the rebreathing system of the third lumen, from which soda-lime is omitted 

so C02 is also in equilibrium. In this way the mixed venous tensions of all relevant gases, 

which would be of interest and value to the anaesthetist in their own right, could be given 

to him. This can be done by ventilating the division and sampling of end-tidal gas. In 

20 addition a direct knowledge of the partial pressure fraction of the soluble inert gas in the 
• 

mixed venous blood would increase the accuracy of the Qc detennination when compared 

with the independent determination calculated as in the foregoing equations, and used to 

correct it. 

25 A further advantage of a third lumen is that it can reduce errors associated with a 
• • 

phenomenon called V /Q mismatch. 

A theoretical assessment of the error associated with the pulmonary bloodflow 

measurement indicates that the major source of error is likely to reside in V /Q mismatch. 

30 

This is an imperfection in lung physiology which essentially implies a failure to match the 
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ventilation of every portion of the lung exactly to its perfusion with blood. 

The tenn "perfusion" refers to the flowrate of blood through unit volume of lung. 

Normally the lung is perfused with blood rather unevenly such that the most dependent 

5 parts of the lung, i.e. the lower parts, have a higher perfusion than those not so 

dependent. A change in body position means that any particular small region of the lung 

will probably change its perfusion by reason of changing its vertical distance from the 

heart, which is the controlling factor. The distribution of blood flow throughout the lungs 

will change. 

10 

Along with this there is also a change in the regional distribution of ventilation which quite 

closely matches the change in blood flow. Normally all parts of the lung have a ratio of 

ventilation to blood flow, the V /Q ratio, that is approximately the same, and nonnally about 

0.8 at rest. This value of0.8 is likely to change, with exercise for example, but its uniformity 

15 changes much less, ventilation is matched by the body to perfusion. 

• • IfV/Q matching is perfect it can be shown mathematically that the partial pressure of all 

gases of interest in the expired breath (excluding the dead space, namely the bronchial tree, 

within which there is no gas exchange) is equal to the partial pressure of those gases in the 

20 arterial blood. Moreover these partial pressures are the same in all parts of the lung. 

• • V/Q matching is quite close to perfect in healthy young adult lungs. In childhood and in later 

life it is not perfect. 

25 In all people it is not perfect under anaesthesia. Also in various forms of disease and even in 

such body states as obesity it is likely to worsen. Thus in all human patients under 
• • anaesthesia V/Q mismatch will be encountered, and when anaesthesia is combined with age 

factors, body weight, and body position {lying flat is worse in this respect than sitting or 

standing) and the effect on the lungs of e.g. smoking, quite considerable degrees of it can be 

30 encountered. 
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• • 
It can be shown mathematically that in the presence of V/Q mismatch the partial pressure of a 

gas in the end-expired breath ( ex:cluding dead space gas, namely the first part of the expired 

breath) will no longer be equal to its partial pressure in the arterial blood. It is reasonably 

close but it is no longer exactly the same. 

Prior art has accepted the errors inherent in this and a number of published papers show 

reasonable agreement between the cardiac outputs measured by prior art gas uptake methods 

of measuring the cardiac output and alternative methods of measuring it they have been 

tested against. The present method is expected to be capable of demonstrating reasonable 

I 0 agreement with existing methods that do not rely on gas exchange (thermodilution being the 
• • 

most widely used of these). A study in older and sicker patients where appreciable V/Q 

mismatch is expected has confirmed this. 

• • 
However apart from technical errors V/Q mismatch remains a source of error that is 

15 unquantified. It is believed that this problem may be overcome using one of the possible 

methods that a triple lumen tube makes possible. 

While not wishing to be limited to theory it is believed that the invention will give more 

reliable results if three alveolar volume divisions are used on the basis of a technique which 
• • 

20 can overcome the problem of V/Q mismatch. 

Theoretical source of error 

• • 
I. V/Q mismatch is a phenomenon exhibited by all functioning lungs. If we consider a 

25 young adult lying in the supine position there is a small discrepancy between the FNzo. 

in the case ofN20 (as a soluble inert gas), as measured by a gas analyser in a gas 

sample taken from the end of expiration, F ANzO• and the FN
2
o of the blood that is 

draining the lungs, F ANzo· In this example the subject is breathing a gas mixture of 

uniform composition into both lungs. The FN2o (of blood) can only be accurately 

30 measured by specialized techniques. The discrepancy is evaluated as A-aDN20. 

I. 
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If this discrepancy is sufficiently large it will interfere with the accuracy of the measurement 
• • 

of Qc because the equation where Qc is derived contains the variables F ANzoL and F ANzOR· 

The variables which are readily measurable are taken to be equal to the equivalent variables in 

blood, F aNzoL and F aNzOR and the equation referred to should be properly written with F aNzoL 

5 and F aNzOR in the place of F ANzOL and F ANzoR· It would be entirely impractical to measure the 

variables FaNzOR and FaNzoL directly as this would involve sampling blood from deep inside 

the chest, the pulmonary veins. 

However this source of error can be entirely eliminated if all alveoli in a single alveolar 

1 o division can be caused to have exactly the same concentration of gases in them. The usual 

situation is that there is a spread of concentrations of FN:zo within a division because there 
• • • • 

is a spread of V /Q ratios within the division. The term V /Q means the ratio of 

ventilation, V, that a particular alveolus gets to its perfusion, Q. The value of F ANzo 

found within its contained mixture will be different from that found within another 
• • 

15 alveolus if the V /Q is different. 

2. Theory of balanced uptake 

If however the component gases of the inspired gas mixture, in particular the most 

20 abundant ones, N20 and 0 2, are entering the blood at the same relative rate that they are 

being delivered to the alveolus from above, the rate at which these two gases are taken up 

by the blood becomes dependent only on the flood flow. The ventilation becoroes 

irrelevant because in this case (and only in this case) the inspired gas mixture, the alveolar 

gas mixture, and the expired gas mixture become identical in composition. This state is 

25 described here as balanced uptake. 

• 
It can be described mathematically and it is found that for normal adult values of Qc and 

• 
whole body U02, and FvN20, may not be more than approximately 0.37 in value. 

30 At this value of FVN:io there is one possible gas mixture that can be given to the subject 

that will produce balanced uptake. Below this value of FVN
2
o and right down to a zero 

value of FvN
2
o there are always two possible inspired gas mixtures of 0 2 and N20 that can 

be given to 
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the subject that will result in balanced uptake occurring. At PvN20=0 for example the two 

gas mixtures are O%N20 and about 80% N20. As the 11VN
2
a rises toward 0.37 the value 

of F1~ (the inspired N20 level) rises from z.ero in one mixture while it falls from 80% in 

the other, becoming the same at FvN20=0.37 where it comes to lie between 60 and 70%. 

For complete balanced uptake, carbon dioxide (COJ also must be added to the inspired 

gas mixture in physiological concentration. 

It has now been discovered that the composition of the right breathing mixture, the 

10 "balanced-uptake" mixture, can be calculated from a knowledge of both the cardiac output 

and the mixed venous fractional pressure of N20, FvN2
o (and haemoglobin concentration). 

It turns out that for FVNzo values in the range that will be present in most patients, for 

every specific volume there are two possible gas compositions, that is to say two possible 

15 ratios of nitrous oxide to oxygen in the balanced uptake mixture. This being the case it is 

possible to find these ratios simultaneously by trial and error by using two lumens of a 

triple-lumen tube, one for each of the two balanced uptake mixtures. The third lumen· 

would ventilate either a segment of a lung or an entire lung with a non-balanced mixture. 

The need for this arises because the value of FVNzo needs to be kept stable over time and 

20 under proper control. 

Such a system ensures that the alveolar gas mixture in each compartment (whole lung or 

segment thereat) is uniform in composition throughout that compartment and that the 

perfusing blood that leaves the compartment (to mix with the blood leaving the other two 

25 compartments and form the arterial stream) has fractional pressure values of N20 that are 

the same as the FNzO of the breathing gas mixture for the two balanced uptake mixture 

compartments. 

Accordingly it is believed that this innovation would improve the precision and accuracy 

30 of the method very considerably. 

The invention will now be described with reference to some examples and drawings which 
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illustrate some preferred aspects of the present invention. However it is to be understood 
that the particularity of the accompanying examples and drawings is not to supersede the 
generality of the preceding description of the invention. 

5 In the drawings 

Figure 1 is a perspective view of a triple lumen, cuffed endobronchial catheter according 

to the invention. 

1 O Figure 2 is a partial cross sectional view of the triple lumen catheter of figure 1 inserted in 
the respiratory system of the subject. 

15 

Figure 3 is a diagrammatical representation of apparatus useful for the measurement of 

pulmonary blood flow in a subject. 

Reterring to the drawings figure 1 shows a triple lumen cuffed endobronchial catheter I 
having a primary tube 2 which includes three lumens (not visible). The three lumens are 

for providing individual gas mixtures to the right upper lobe bronchus 3 feeding the upper 
lobe of the right lung 4, the right hyparterial (or right truncal) bronchus 5 feeding the 

20 middle and lower lobes of the right lung 6, and the left main bronchus (or left lung 

bronchus) 7 feeding the left lung 8, as showu in figure 2. 

At the top of primary tube 2 the three lumens become three independent connector tubes 

9, 10 and 11 which are located outside the mouth when the catheter is in position within 
25 the trachea 12 of a subject. Primary tube 2 is molded with a bend 13 towards the centre 

of its proximal half designed to overlie the tongue posteriorly down to the glottic opening. 

Distally there is a tracheal cuff 14 which, when positioned, lies entirely within trachea 12 
and when inflated through inflation funnel 15 firmly seals primary tube 2 within the 

30 trachea 12. 
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Immediately below the distal margin ofthe tracheal cuff 14 outlet 16 of one of the internal 

lumens opens to the exterior of the tube on its left hand side and terminates. This outlet 

16 is at the bottom of the end of the lumen fed by connector tube 11 _and provides mixed 

gas to the left lung 8. Its upper region 17 lies about 2crn distal to the tracheal cuff 14. 

Beyond the outlet 16 .a tube 18 containing outlets 19 and 20 curves to the right and slightly 

posteriorly. Outlets 19 and 20, which are in the form of two lurnens or tubes, extend 

from the lumens of primary tube 2 tO which connector tubes 9 and 10 respectively are 

associated. 

Two centimetres below the lower margin 21 of outlet 16 and on the left side is the upper 

margin 22 of a distal inflatable cuff 23. This upper margin 22 then encircles tube 18 

obliquely such that in oblique cross section along the line of the margin of the cuff the 

margin 22 extends proximally up the tube 18. On the tubes right side the margin is 

15 proximal to its level on the tubes left side by lcm. 

The distal margin 24 of distal cuff 23 on the other hand obliquely crosses tube 18 in the 

other direction so that on the right side the margin 24 is distal by lcm and the width of the 

cuff 23 on the right side is much greater than its width on the left hand side - 3cm wide 

20 compared with lcm wide on the left. 

25 

When in position distal cuff 23 lies in the right main bronchus. The right hand part of the 

cuff 23 also extends into the hyparterial bronchus 5, which is the extension of the right 

main bronchus beyond the origin of the right upper lobe bronchus 3. 

On the right hand side of the tube 18 and centred midway between the upper and lower 

margins of the distal cuff 23 outlet 19 opens to the exterior. Outlet 19 is elongated in the 

axis of the tube 18 and approximately 6-8mm long by about 11h-4mm wide. The distal 

cuff 23 surrounds opening 19 which opens into the upper lobe of the right lung 4. The 

30 distal cuff23 is finnly attached to the outer surface of tube 18 to a distance l-2mm around 
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the perimeter of opening 19. 

One to two mm distal to the distal margin 24 of the distal cuff 23 tube 18 terminates at 

outlet 20. The cross-section at outlet 20 is oblique as it is parallel with the oblique distal 

5 marking of the cuff and outlet 20 is consequently oval in shape. 

The tracheal cuff 14 and the distal cuff 23 are inflated by two cuff inflating tubes 25 and 

26 respectively which open into them distally while proximally they extend within the 

body of primary tube 2 (as two small additional mini lumens) to the proximal trifurcations 

IO 27 and 28 respectively. Beyond the trifurcations they extend IOcm as independent tubes. 

Within this independent part of each tube 25 and 26 are pilot balloons 29 and 30 and at the 

proximal ends inflation funnels 15 and 31, which may be replaced by cuff valves mounted 

beyond female Luer connections. 

15 The respective internal diameters of the three lumens should be 1 :2:2 with the lumen 

feeding the right upper lobe being the smallest. 

20 

Figure 3 is a diagrammatical representation of part of a preferred embodiment of the 

invention. 

Notes: 

1. Tubes carrying gas are denoted thus: = 

25 2. Arrows alongside, or entering, or leaving denote direction of flows. 

3. Ordinary arrows(-+) denote one direction only and increasing flow. 

4. Double ended arrows('•--.) denote respiratory flow i.e. tidal in nature, with or 

30 without pauses of no flow, associated with inflation and deflation of a division of 

1 Th~1i1i1ii1nr . ~ 
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the lungs. 

5. Electrical connections are denoted by single black lines. The direction of 

current is denoted by arrowheads on these lines ( - ). 

A gas source of 0 2 under high pressure 32 which may be contained for example in a 

cylinder, passes gas through a gas regulator or reducing valve 33 into a conducting pipe 

where it is of some lower pressure, 400 kPa being typical. From here it passes through a 

flow control valve and a visual flow display 34 e.g. a rotameter. Beyond this the gas, 

10 now at just above ambient pressure, is joined by a similar flow of N20. The source of 

N20 is also similar, high pressure supply 35, gas regulator 36, control valve and visual 

flow display 37. In addition the conducting pipe divides into two after the regulator 36 

and the second conducting pathway bypasses the control valve and visual flow display 37. 

Instead it passes through a solenoid stepping valve 38 or similar electronic flow control 

15 device capable of regulating flowrate in response to electronic signals, in this case coming 

from the computer 39. It now rejoins the flow from the control valve and visual flow · 

display 37 and then joins up with the 0 2 flow mentioned at just above ambient pressure 

and also, in the case of divisional gas delivery systems· supplying the right upper division 

RULO and the right middle and lower lobes division RMLD, is joined by a pipe carrying 

20 C02 whose source is similar to that of 0 2• It derives from a high pressure supply 40, gas 

regulator 41, and control valve and visual gas display 42 before joining t&'le 0 2 and N20 

gas flows at just above ambient pressure. 

The combined fl.ow now passes through anaesthetic vaporimr 43 in the case of the 

25 divisional gas delivery system LLD only where it may pick up the vapor of a potent 

anaesthetic agent at a dialled percentage of the flowrate through it. 

The gas mixture with contained vapor of potent anaesthetic agent if this has been added 

now passes past common g~ outlet 50 into breathing system 51 comprising breathing 

30 tubing of wide bore 52, 53, and bag-in-a-box patient ventilator 45 equipped with gas 
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overflow mechanism 55 designed to allow the concertina bag of the ventilator to remain 

gas tight while it is filling (expiration) but tripping the gas overflow mechanism 55 as soon 

as it is full (at the top of its stroke) such that further gas inflow after this point in time but 

before inspiration begins escapes from the bag as ventilator bag gas overflow 56 which has 

5 the composition of FGFgas. 

When inspiration begins gas flows from the concertina bag down breathing tube 53 of 

wide bore into non-breathing inflating valve 54, down patient connection 57 and 

independent-part of triple lumen tube 58 (consisting of one of independent-tube part of 

10 right upper lumen 9, of right middle and lower lobes lumen 10 or of left lung lumen 11). 

From here the inspiration passes into the appropriate alveolar volume division where gas 

exchange takes place. 

15 While the inspiratory gas is flowing toward non-rebreathing inflating valve 54 there is 

added an inflow of marker gas (1) to inspiratory gas at a steady flowrate 59. The 

inspiratory gas passes forward a sufficient distance for radial mixing to occur and is then 

sampled at a constant flowrate at sampling point, inspiratory gas (1st division) 60 which 

carries it to a solenoid (not shown) of solenoid bank (1). 

20 

Solenoid bank (1) is a solenoid bank consisting of three solenoids passing FGFgas from 

each of the three divisions to gas analyser 49. 

(lnspiratory gas is also sampled as it passes down patient connection 57 but this sampling 

25 is not used for fear of contamination with expiratory gas which might fail to pass non­

rebreathing inflating valve 54.) 

Expiratory gas then passes back the same way as far as non-rebreathing inflating valve 54. 

On its way it is sampled for the purpose of determining individual gas concentrations 

30 present at the end of the breath at sampling point, inspiratory and expiratory gas (1st 
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division) 61. The sample stream passes to a solenoid which is shown of solenoid bank (2) 

44. This solenoid bank consists of three solenoids passing inspiratory and expiratory gas 

from each of the three divisions to gas analyser 7. 

5 Solenoids of the second solenoid bank, 44, which is shown, pass inspiratory or expiratory 

gas from sampling point, 61, of each of the three divisions. Sample gas from the other 

two divisions enters their respective solenoids through sampling lines 46, 47. Finally 

solenoids of the third solenoid bank, solenoid bank· (3), also not show, pass EXHgas from 

s~pling point expiratory gas 63 of each of the three divisions, to gas analyser 49. 

IO 

15 

20 

After passing non-rebreathing inflating valve 54 it becomes gas discharged from patient, 

40, and has the composition of EXHgas which receives inflow of marker gas (2) 62. This 

is sampled as before, this time to a solenoid of solenoid bank (3) which is not shown. It is 

sampled at sampling point, expiratory gas (1st division) 63. 

It is important that non-rebreathing inflating valve 54 be of demonstrable efficiency in its 

construction. Other makes of these valves, e.g. Ruben's valves were leaky and not 

suitable. Efficiency is important because retrograde flow leads to inaccuracy due to 

double sampling. 

Solenoids of solenoid banks (1), (2) and (3) open in rotation and close at the same moment 

the next solenoid opens so that gas flow through the analyser is continuous. 

The gas analyser should be a rapid gas analyser capable of defining the expiratory wave 

25 form. 

30 

The solenoids are controlled by computer 39 through electrical connections 64-72 

inclusive. Gas analyser signals are sent to the computer through analyser-to-computer­

lead 73. 

Gas discharged from gas analyser is lost from the system for most analysers and must be 
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accounted for as a spurious component of uptake in the case of inspiratory gas sampled 

from the breathing system, 51, and of inspiratory and expiratory gas sarnpJed from patient 

connection 57. In the case of expiratory gas sampled from gas discharged from patient, 

40, the loss of gas does not need to be accounted for. 

The whole operation of the system is conducted both manually and by operation of the 

computer 39. In an example of the operation of the apparatus shown in figure 3 the right 

upper Jobe division, RUD, is ventilated initially with a gas mixture containing 79% N20, 

14% 0 2 and 7% C02• 

The left lung division, LLD, is ventilated initially with 100% 0 2 to which a potent 

anaesthetic agent vapor (e.g. isoflurane) has been added by the anaesthetic vaporizer 43 to 

produce a correct level of anaesthesia. Its ventilation has been adjusted to produce an end­

tidal value (FB'l'C02LLD) of .05 to .055. The ventilation is monitored by the system 

15 operator (in general, the anaesthetist). The ventilation of the RUD is then set at a level of 

'A of the level of ventilation of the LLD 8. 

The right middJe and lower lobe division is ventilated initially with 0%N20, 93%02 and 

7%C02• Its ventilation is set at a level of* of the level of ventilation of the LLD. 

20 

After a period of five to ten minutes the following may be done. 

From the inspired and end-tidal concentrations of N20 in the RUD (FrNzORUD and 

FBTNzORUD) the inspired to end tidal difference is calculated. The same is done in the 

25 RMLD. This difference is called the IBTDRUD and the IBTDRMLD· Thus: 

30 

F1N20RUD - FBTN20RUD = IBl'DRUD 

F1N20BMLD .; FBTNzORMLD = IBTDRMID 
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If IBTDaun is negative in value the flow of N20 froil1 its gas delivery system (1) is reduced 

by the solenoid stepping valve (3). The degree of reduction is related to the type of 

breathing system. The preferred type is a non-rebreathing system. In this case the degree 

of reduction is calculated, according to percent reduction of N20 desired, by a formula: 

" 
reduction in V FOFNzoaUD = 

• 

% reduction desired x 0.01 

current F m.pRu~V POFNfJRUD 

where V PGFNzORUD is the current fresh gas flowrate of N20 in the RUD being delivered by 

the gas delivery system. 

The percent reduction desired is the absolute value of l:BTI>Ruv· 

After allowing a period (for stabilization of the new IBTD of up to a minute) the new IBTD is 
• evaluated. Stabilization may not actually occur if either FvN

2
o or Q, are continuing to 

change but evaluation of the new IBTD should still be done. On the basis of this, further 

adjustment of V FOFNzoaUD should be made in a similar way. If IBTDRun is positive, 

20 V FOFNzORUD should be adjusted back again, by increasing V PGFNzORUD similarly, but it 

should be adjusted to increase F1N2oauv above its initial value of 79%. 

25 

If I:BTDauo is positive and F1Nz0auo =79% balanced uptake in the RUD(Imroauv=O) can be 

obtained by raising N20) flow to the RMLD until IBrDRun is equal to 0. 

This process may disturb the balance in the RUD and some '1ack and forth tracking may 

be necessary between N20 flow adjustment to the RMLD .and to the RUD . 

• 
Small adjustments to the V PGFNzORUD "will be more responsive in altering IBTDRun than equal 

30 increments or decreases of V PGFNzOllMLD will in altering I:e:rnRMLD because of the 
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mathematical relationship. 

Furthermore because the RUD is the smallest division adjusnnents to it will least disturb 

the value of FVN2o. As such disturbance may take some minutes to manifest itself fully it is 

5 preferable as a matter of policy to make adjustment to the V Fov first, wait for stabilisation 
• 

and then make adjustment to the V FOFNzORMLD being guided by the value of the increase in 
• 

VFaN:i.ORUD achieved. The rise or fall of the value of FAHlORUD (end-tidal FANzoRMLD are 

likely to occur together but in opposite directions after the initial stabilisation because they 

are most likely to be caused by a change in cardiac output or a change in whole body 0 2 

10 uptake. The ratio of the rise in VFOFNzORMLD: rise in VFoFN:i.oRun is expected to be 15-20 

over most of the range of F AN:i.DRMLD and F ANzORUD values (which are 0-65 and 65-80 

respectively approximately). 

• 
The strategy of adjusting the V FGFNzORuo first can be computerised although probably it 

15 remains best to make the initial stabilisation manually. To this end manual adjustment 

under visual control is made available but a parallel system of finer control by a computer 

through a solenoid stepping valve is also provided in the preferred system. 

The initial process of adjusnnent of the two balance values to be selected, the higher one 

20 in the RUD and the lower one in the RMLD gives the system operator the choice over a 

range of FVNzO• higher FVN2o values causing them to be closer together, lower ones farther 

apart. 

The value of FVN
2
o that detennines this can be set independently by allowing a flow of 

25 N20 into the left lung from its gas delivery system (positive value of V FOFNzoLI.D ). The 

choice of FvN
2
o to be selected is a matter of judgment. 

The computer can be programmed to set a particular value of FVN20, a parameter which 

can be calculated from Q0 once it is first known. It can be programmed to track and 

30 defend this value through adjustment ofVFGFN2au.n, and it can be programmed to defend 

the 
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balanced state in both the RUD and the RMLD by adjustments_to both the VFOFN20RUD and 

V FGFNzORMLD when imbalance spontaneously appears. 

The output of the computer, 39, to visual display 74, printout 75, RS232 interface 76 to 

5 other electronic devices, and/or any other useful output modality will be capable of 

carrying information concerning any of the values of the various parameter variables 

observed by the measuring instruments or calculated from their readings and/or other data 

stored in its memory or communicated to it from other sources, e.g. manual input or 

RS232 communication from other electronic devices. 

10 

Numerical Example 

Suppose that relevant variables listed below posses the stated plausible values: 

15 Inspired FN20 , left=0.8 Inspired FN10, right=O 

Alveolar ventilation left=2Llm Alveolar ventilation; right=2L/m 
• Q11L=2.5 Lim • QcR=2.5 2L/m 

FVN,_o=0.4 

20 (The value of FvNzO lies midway between inspired F~0 on the left and inspired FN10 on the 

right if sufficient time has passed since the induction of anaesthesia for saniration of the 

body tissues with N10.) 

25 

• 
.A.N20=0.5 u~ =0.125Llm 
• 
Ua,.L =0.125L/m 

The alveolar FN
1
o on the two sides can now be calculated. Alveolar gas can be considered 

to be formed by the direct mixture of two streams of N20-containing fluid. (This is true 

because the alveolo-capillary membrane separating blood from gas is freely penneable to 

30 N20.) Let a mass balance equation be set up such that the mass of N20 carried into each 
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lung is equal to the mass carried away. Then: 

,. . . 
fiNzoL ·V AJ.L +FVN20L ·<2cz.·AN:2o=FAN20L .(VAIL +QcL.AN:2o) 

5 where F1NzOL is the left inspired FN:20 and V AJL is the left alveolar ventilation. 

1 O Similarly: 

15 
• • 
UmoL and UN20L are calc..'Ulated from the equations: 

• 
UNzOL =(F AN20L -FvN~·QcL-~20 
• 

and UN:i<>R =(F ANzoR -FVN2o )·QcR. • .A.N2o 

20 Usi.&"lg the stated values for the variables on the right: 
• 

UN'.J.oL =0.307692 Lim 
• 
UN2oR =0.307692 Lim 

Thus expected uptake rates in normal human subjects in health will approximate 

25 300mls/min. (When tissues are not saturated with N20, uptake from the left will be 

somewhat increased. Output from the right will be somewhat decreased. The uptake rate 

at the start will be approximately 615 mis/min on the left side with little output on the 

right. The uptake rate at ten minutes is approximately 340 mis/minute and the right 

output is approximately 280 mis/minute. Thereafter uptake declines more slowly. At one 
30 and a half hours left uptake is only 25 mls per minute greater than right output. Tissue 

_nntake 
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need-not be considered a serious cause of any loss in precision of measurement of uptake 

and output.) 

The calculated values for F ANzOL and F ANzOI!. after tissue saturation are: 

5 FAN20L =0.646154 

F ANJOR =0.153846 

The cardiac output equation derived previously (line ... )is: 

10 

Inserting the values for the variables into this equation: 

0.307692 ] + 0· 125 -(-0.307692f 1+ 0·125) 
• 0.125 0.125 

QC: 0,5 (0.646154-0,153846) 

2x0.615384 
= 

O.Sx0.492308 

15 

=5.00 L/min. 
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Throughout this specification and the claims which follow, unless the context requires 

otherwise, the word "comprise", or variations such as "comprises" or "comprising", will be 

understood to imply the inclusion of a stated integer or group of integers but not the 

exclusion of any other integer or group of integers. 

Those skilled in the art will appreciate that the invention described herein is susceptible to 

variations and modifications other than those specifically described. It is to be understood 

that the invention includes all such variations and modifications. The invention also 

includes all of the steps and features referred to or indicated in this specification, 

10 individually or collectively, and any and all combinations of any two or more of said steps 

or feanires. 
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The Claims: 

1. A method for measuring the pulmonary bloodflow in a subject including: 

isolating two or more divisions of the respiratory system, said divisions comprising 

5 the complete gas exchanging part of said respiratory system, 

ventilating each said division with a separate gas mixture. at least one of said gas 

mixtures including an inert soluble gas, 

10 determining uptake of inert soluble gas in at least two of said divisions, 

determining uptake of oxygen in each of said divisions, 

determining end tidal concentration of inert soluble gas in at least two of said 

15 divisions, and 

calculating pulmonary bloodflow from determined values of uptake and end tidal 

concentration of inert soluble gas, and uptake of oxygen. 

20 2. A method according to claim 1 wherein two divisions of the respiratory system are 

isolated. 

25 

3. A method according to claim 2 wherein said two divisions compri.se the left and 

right lungs respectively. 

4. A method according to claim 1 wherein said inert soluble gas comprises nitrous 

oxide. 

5. A method according to claim 1 wherein at least one of said gas mixtures comprises 

30 two or more inert soluble gases. 
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6. A method according to claim I wherein said inert soluble gas comprises 

sevoflurane and/or desflurane. 

7. A method according to claim I _wherein at least one of said gas mixtures comprises 

5 nitrous oxide and sevoflurane or desflurane. 

8. A method according to claim 1 wherein subject is under anaesthetic. 

9. A method according to claim 1 wherein said uptakes of inert soluble gas is 

10 determined using an inert insoluble gas as a marker gas. 

15 

10. A method according to claim 1 wherein one gas mixture comprises 60% to 80% by· 

volume of inert soluble gas and the other gas mixture comprises 0 to 20 % inert 

soluble gas. 

11. A method according to claim 10 wherein said other gas mixture contains none of 

said inert soluble gas. 

12. A method according to claim 1 wherein one gas mixture comprises 

20 inert soluble gas and the other gas mixture comprises none of said inert soluble 

25 

gas. 

13. A method according to claim 1 wherein three divisions of the expiratory system are 

isolated. 

14. A method according to claim 13 wherein two of said divisions are ventilated with 

gas mixtures which are substantially balanced with respect to said inert soluble gas, 

the concentration of inert soluble gas in each of two divisions being different from 

each other, and said third division is ventilated with a gas mixture which is 

30 unbalanced with respect to inert soluble gas. 
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15. A method according to claim 14 wherein said two divisions are substantially 

balanced with respect to inert soluble gas and carbon dioxide. 

16. A method according to claim 14 wherein the balanced concentrations of inert 

5 soluble gas in said two divisions is determined by: 

10 

determining expired tidal concentration of inert soluble gas in said third division, 

estimating cardiac output of subject, 

calculating approximate higher and lower balanced concentrations of inert soluble 

gas from estimate of cardiac output and end tidal concentration of inert soluble gas 

in said third division, 

15 adjusting concentration of inert soluble gas in said two divisions to said 

approximate higher and lower balanced concentration, 

20 

adjusting concentration of inert soluble gas, in each of said two divisions until 

substantial balance is attained, 

calculating pulmonary bloodflow while gas mixtures provided to said two divisions 

is substantially balanced with respect to inert soluble gas. 

17. A method according to claim 14 wherein said third division is ventilated with a gas 

25 mixture containing none of said inert soluble gas. 

18. A method according to claim 1 or claim 14 wherein the pulmonary bloodflow is 

calculated at a plurality of time intervals. 

30 19. A method according to claim 16 wherein the pulmonary bloodflow is calculated at 

a 
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plurality of time intervals and the balanced concentration of inert soluble gas in 

said two divisions is readjusted in response to changes in cardiac output or total 

oxygen uptake. 

5 20. Apparatus for measuring pulmonary bloodflow in a subject including: 

a multi-lumen cuffed endobronchial catheter adapted to allow separate gas mixtures 

to be provided to two or more isolated divisions of the respiratory system of the 

subject, said isolated divisions comprising the complete gas exchanging part of said 

1 O respiratory system, 

two or more breathing systems for supplying different mixtures to each lumen of 

said multi-lumen catheter at the same rate and the same total pressure, 

15 two or more gas delivery systems for providing gas mixtures to said two or more 

breathing systems, 

20 

25 

21. 

30 

sampling means for sampling (i) inspired and expired gas in each division and/or 

(ii) the fresh flow gas and the exhaust gas of each division, and 

gas analyser for determining concentrations of gases in said samples, 

flow detennining means for determining flow rates of (i) said inspired and expired 

gas and/or (ii) said fresh flowgas and exhaust gas determined, and 

processing system for calculating pulmonary blood flow from said concentrations 

and flow rates. 

Apparatus according to claim 20 further including a sampling means for sampling 

gas composition delivered to breathing system from gas delivery system. 

SUBS'ITI'tJTE SHBiT (Rule 26) 



W098/18383 

-42- I If I/If 1111~ lllH 11111111111 
M S * 

22. Apparatus according to claim 20 further including a sampling means for sampling 

exhaust gas from ventilation means. 

23. Apparatus according to claim 20 wherein multi-lumen cuffed endobronchial 

5 catheter has two or three lumens. 

24. A triple lumen, cuffed endobronchial catheter for providing separate gas mixtures 

to each of three separate divisions of the respiratory system of a subject, said three 

divisions comprising the complete gas exchanging part of said respiratory system, 

1 O said catheter comprising: 

a primary tube having three lumens adapted to be inserted within the trachea of a 

subject, each of said lumens opening at a top end thereof into a connector tube 

adapted to be connected to a breathing system, and opening at a bottom end thereof 

15 into an outlet for delivering a gas mixture to one of said divisions, 

one or more inflatable cuffs located about said primary tube and/or said outlets 

adapted to form seals within the respiratory system such that each outlet is capable 

of delivering a gas mixture to one of said three separate divisions in isolation from 

20 each of the other divisions. 

25 

25. A triple lumen cuffed endobronchial catheter according to claim 24 having a first 

inflatable cuff located about the primary tube and above the outlets which is 

adapted to form a first seal within the trachea. 

26. A triple lumen cuffed endobronchial catheter according to claim 25 having a 

second inflatable cuff located between the first and third outlets and about the 

second outlet for forming a second seal in the right bronchus and a third seal in the 

hyparterial bronchus, the third seal allowing the third outlet to provide a gas 

30 mixture to the middle and lower lobes of the right lung and the second seal 
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allowing the second outlet to provide a gas mixture to the upper lobe of the right 

lung. 

27. A triple lumen cuffed endobronchial catheter according to claim 25 having a 

5 second inflatable cuff located between the first and third outlets and about the 

second outlet for fonning a second seal in the left bronchus and a third seal in the 

hyparterial bronchus. the third seal allowing the third outlet to provide a gas 

mixture to the lower lobe of the left lung and the second seal allowing the second 

outlet to provide a gas mixture to the upper Jobe of the left lung. 

IO 
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