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Description

[0001] The present invention relates to methods for imaging tissues and in particular to the application of a compart-
mental model to (but not limited to) oxygen-Enhanced Magnetic Resonance Imaging (OE-MRI).
[0002] Nuclear magnetic resonance (NMR) involves applying a magnetic field that acts on the nuclei of atoms with
fractional spin quantum numbers and thereby polarizes them. During measurements, radio-frequency pulses of given
resonance energy are applied that flip the nuclear spins and disturb the orientation distribution. The nuclei then return
(relax) to the initial state in a time dependent exponential fashion and thereby give a signal that may be electronically
processed into recordable data. When the signals are spatially differentiated and of sufficient level, the data can be
organized and displayed as images on a screen. For instance, computing the signals generated by the protons of water
within organic tissues makes it possible to construct magnetic resonance images (MRI) allowing direct visualization of
internal organs in living beings. NMR is therefore a powerful tool in diagnostics, medical treatment and surgery.
[0003] It will be appreciated that a clinician will wish to test the metabolic function of tissues within in a subject for a
number of reasons. In the initial stages of diagnosis of a patient when little or nothing is known about the health of the
subject, metabolic function tests can give an indication of the general health of a patient. Moreover, in many illnesses
lesions can occur in tissue areas of a subject. Such tissue areas may become the focus of interest for a clinician for the
purposes of diagnosis, treatment, surgery planning or prognostic assessment. Characterising the metabolic function of
such a tissue area of interest can help to diagnose illness, guide treatment or surgery, or to help the clinician to give a
prognosis for the progression of illness. For example, tissue which has been damaged in some way may exhibit altered
metabolic function, or indeed no metabolic function at all. In particular, tumorous tissue can exhibit increased or reduced
metabolic function. A clinician may, for example, use altered metabolic function to identify or characterise tumours in a
subject. In some cases, increased metabolic function may be used to give prognoses regarding likely areas of new
growth of the tumour.
[0004] Positron Emission Tomography (PET) is a nuclear medicine technology which is capable of producing low
resolution images which may be used to characterise the function of tissue in a subject. During a PET scan, a radioisotope
is introduced into the subject and a scanner detects the scintillations of the radioisotope. In this way, the radioisotope
is located within the subject and its passage through the subject can be tracked. 15O is a commonly used contrast
medium in PET imaging. Unfortunately, the technology is limited by the resolution of the images which are produced
and by the necessity of using radio-isotopes.
[0005] Dynamic contrast-enhanced MRI (DCE-MRI) has also been used to characterise tissue function in the past.
An inert exogenous contrast medium, which is visible in images produced by an MRI scan, is introduced into the blood
supply of a subject and the subject is scanned. The resulting images, which show the perfusion of the contrast medium
through the subject, may be used to characterise elements of tissue function such as blood perfusion through the tissues
and also the permeability of the tissues to the contrast medium. However these methods do not provide direct information
on oxygen delivery or metabolism in tissues. An alternative identified but uncommon contrast medium used in MRI is
17O, which is expensive and difficult to acquire.
[0006] The abovementioned imaging techniques are capable of characterising tissue function in a subject. However,
their use is limited by the fact that they require the use of (often nuclear medicine-based) contrast media. The introduction
of a "foreign" contrast medium into a subject can have serious pathophysiological consequences. For instance there
are well documented risks of introducing radioactive contrast media into a subject. For these reasons, it is commonly
the case that the most vulnerable patients are not suitable for these imaging techniques.
[0007] OE-MRI has previously been demonstrated as an indirect method to visualize lung ventilation. Molecular oxygen
(O2 of any isotope and importantly 16O, which is nonradioactive) is paramagnetic and so acts as an NMR contrast agent
when dissolved in parenchymal water due to its effect on T1. (T1 is known to those skilled in the art of NMR as the named
spin-lattice relaxation time and is the time constant in the z-direction, which is taken to be parallel with the applied
magnetic field). Breathing 100% oxygen results in an increase in the concentration of dissolved oxygen in the lung tissue
producing a corresponding decrease in T1 which can be detected as a regional signal intensity increase in a T1-weighted
image. Studies have been performed which analysed the time taken to reach saturation of oxygen in the lung tissues
when breathing 100% oxygen, and the time taken for the concentration of oxygen in the lung tissues to return to normal
after breathing of the 100% oxygen has ended. These are known as wash-in and wash-out times.
[0008] OE-MRI has also been used to analyse tissue function in a number of areas in the body: in the renal cortex,
spleen, liver, muscle and in tumours. In an article by Mc Grath et al., Proc. Intl. Soc. Mag. Reson. Med. 15 (2007), page
2774, OE-MRI was used and a compartmental model to detect impaired lung ventilation or perfusion.
[0009] OE-MRI provides many advantages over DCE-MRI, 17O for MRI and 15O for PET imaging in that atmospheric
oxygen, or 16O, is abundantly available and safe to use. 16O is non-ionising, as opposed to 15O, which makes 16O safer
to use. 16O is also cheaper and easier to acquire than either of 17O or 15O.
[0010] It is therefore an object of the present invention to overcome problems associated with prior art scanning
methods (e.g. PET, DCE-MRI and OE-MRI methods) and provide a technique that will provide clinically significant
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information about tissue function and physiology in both healthy and diseased states.
[0011] According to a first aspect of the present invention there is provided a method of characterising tissue function
in a subject in need of such characterisation according to claim 1.
[0012] The imaging technique may be any appropriate imaging technique known to the skilled person. For instance
it may be any form of MRI, CT scanning, X-ray etc. However it is preferred that the imaging technique is MRI.
[0013] The paramagnetic gas may be any appropriate paramagnetic gas although it is preferred that the paramagnetic
gas is oxygen.
[0014] When the imaging technique is MRI it is preferred that the paramagnetic gas is oxygen. Alternatively, when
MRI is used, the paramagnetic gas may be an aerosol or other contrast media such as gadolinium-based aerosols that
cause a signal change in tissues when observed with MRI.
[0015] It is most preferred that the imaging technique is oxygen-Enhanced Magnetic Resonance Imaging (OE-MRI).
[0016] It is preferred that the image data provides information in respect of delivery of oxygen to a tissue and metabolic
consumption of oxygen within tissue.
[0017] The method of the first aspect of the invention allows normal and abnormal tissue function to be evaluated and
provides important data that is useful for making a diagnosis and also giving a prognosis for subjects with disease (e.g.
subjects with a lesion such as a tumour or other incorrectly functioning area of tissue) or those who are predisposed to
such damage or disease (e.g. from environmental causes or for genetic reasons).
[0018] By the term "voxel" we mean a volume element in a grid defined by a 3-dimensional space within the subject.
In the present invention, it is preferred that the subject is divided into a matrix of voxels that are each typically a few
cubic millimetres.
[0019] The present invention is based upon the inventors knowledge in the field of MRI, and particularly OE-MRI, and
image processing. They have appreciated that OE-MRI is useful for visualising oxygen delivery and metabolic function
in tissues because when in an aqueous environment (e.g. in the interstitial fluid, inside cells or in plasma) oxygen will
interact with protons in water and therefore result in an altered NMR signal. The present invention was made when the
inventors were considering whether or not these MRI properties of oxygen would make it possible to obtain meaningful
data relating to tissue function from OE-MRI. They realised that the difference in concentration between oxygen in tissues
and in blood may allow them to use OE-MRI to measure the rates at which oxygen was delivered to tissues and consumed
by metabolic processes within the tissues of interest. Such data would be of great value because they would provide a
clinician with informative data regarding the health status of the tissues of interest. A clinician will appreciate that there
are numerous situations (e.g. tumorous illnesses such as cancer) where the levels of oxygen, the rate of metabolisation
in particular, and cellular respiratory function in general, are good indicators of health of healthy tissue and are also good
indicators of likely areas of new growth in tumorous tissue, and that a technique for visualising areas of tissue suffering
either enhancement or impairment of function would be very powerful for making a diagnosis or prognostic assessment.
[0020] The inventors further realised that OE-MRI could be a powerful technique because the voxel size could be set
quite small and NMR used to visualise the whole of a tissue or tumour and a surrounding area by detecting an NMR
signal from a matrix of voxels that extend throughout the whole of the tissue or tumour and the surrounding area or a
proportion thereof. Accordingly the method of the invention preferably involves conducting OE-MRI on "n" voxels forming
a matrix within the tissue of interest. The efficiency of gaseous exchange can be measured for each voxel and a clinician
may then be presented with specific information on perfusion, oxygen diffusion and oxygen metabolisation in discrete
areas of a tissue area of interest.
[0021] The inventors appreciated that the best way of calculating the rate of oxygen consumption in a tissue of interest
would be to analyse the transfer of oxygen from the arterial and venous spaces (a first compartment) into the tissues (a
second compartment) by continuous dynamic acquisition of NMR data from the tissues while the gas supply was switched
between gas mixtures of varying partial pressures of oxygen, resulting in a variation in the concentration of gaseous
oxygen arriving at the tissues. In principle, this may be achieved by requiring a subject to breathe in at least two different
concentrations of oxygen. The MRI data collected when the subject is breathing the different concentrations of oxygen
can be used to calculate the rate of metabolic oxygen consumption using the algorithm discussed in more detail below.
[0022] A further important factor that contributed to the realisation of the invention is that the inventors appreciated
that the oxygen that is diffused into the tissues is consumed by the metabolic processes at work in the tissues. Furthermore
the inventors realised that the metabolic consumption of oxygen can be a very important factor when making a patho-
physiological assessment of a subject and as such they endeavoured to develop a method that would be particularly
useful for assessing metabolic consumption of oxygen in tissues. Accordingly one important feature of the method of
the invention is that this effect can be factored into the algorithm used according to the invention.
[0023] The measurement of metabolic consumption of oxygen is not possible using many other methods of medical
imaging, including gadolinium-based DCE-MRI, because these imaging modalities do not measure oxygen content. The
inventors have realised that, although the metabolic consumption of oxygen cannot be directly measured from imaging
data relating to oxygen, such as OE-MRI data, a measurement may be inferred from MR signals generated as a result
of oxygen in surrounding matter within a subject over time. Thus, the inclusion of a metabolic factor in the algorithm of
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the invention is significantly advantageous over any prior art method of imaging tissue function since, without such a
factor, no measurement of metabolic function could be obtained from the MRI data.
[0024] Subjects tested according to the method of the invention may be any subject for whom it is desirable to test
the cellular respiratory function or metabolic function of tissues. The subject is preferably a mammal (although the
methodology is also generally applicable to any organism, such as birds, reptiles, amphibians) and the method is par-
ticularly suitable for testing tissue function in animals of veterinary importance (e.g. horses, cattle, dogs or cats), or
animals important in therapeutic (including but not limited to pharmacological) development work (e.g. mice or rats).
However it will be appreciated that the subject is preferably a human.
[0025] The method is particularly useful for investigating whether or not human subjects have conditions that are
characterised by changes in cellular respiratory function (i.e. changes in the metabolism of oxygen). Alternatively tissues
in a subject may be imaged to evaluate how such a condition is progressing over time (e.g. in response to medical or
surgical intervention). Such conditions include cancers/tumours that often consume oxygen at a different rate to "normal"
tissue. Infections (e.g. meningitis), inflammatory conditions (e.g. Crohn’s disease), fibrotic conditions (e.g. pulmonary
fibrosis) and immunological conditions (e.g. autoimmune disease) may all cause tissues to exhibit altered metabolic
activity and can therefore be imaged according to the methods of the invention. It is preferred that the methods are used
to image tumours.
[0026] It will also be appreciated that the methods of the invention can be utilised to test how a subject responds to a
candidate drug wherein the drug is being assessed to evaluate if it has an influence (directly or indirectly) on the oxygen
levels in a tissue of interest. This may be in a clinical trial of human subjects or may even be as part of a research
programme for testing candidate drugs in animal subjects.
[0027] In particular the methods can be employed to evaluate whether or not a candidate drug is able to modulate the
metabolic activity of a tissue at which it acts. For instance candidate drugs for use in the treatment of cancer may be
assessed by evaluating the metabolic activity (i.e. oxygen consumption) of a tumour before a drug is applied (which may
be greater than for untransformed cells) and then comparing this with the metabolic activity of the tumour after the subject
has been treated with the candidate drug (a useful candidate may be expected to reduce the metabolic activity of the
tumour). Such screens may preferably be used to assess the usefulness of candidate drugs for treating solid tumours
(for instance tumours of the liver, bladder, stomach, colon or lung).
[0028] Alternatively screens may be performed for drugs that are candidate anti-inflammatory agents (inflamed tissues
may be expected to exhibit high oxygen consumption whereas an efficacious anti-inflammatory agent may be expected
to reduce oxygen consumption in an inflamed tissue).
[0029] A skilled person will be appreciated that the method will be useful as a screen for a number of pathophysiological
conditions that are known to be characterised by increased or decreased oxygen consumption when compared with
normal healthy tissues.
[0030] Subjects to be tested should be placed in an MRI machine typically but not necessarily at 1.5 tesla magnetic
field strength. As the method requires little specialist equipment it should be possible to use OE-MRI in any MRI machine
designed for human or animal use.
[0031] The subject inhaling gases with at least two different partial pressures of a paramagnetic gas may be fitted with
a mask or breathing apparatus for gas delivery in order that different gases may be inhaled while the MRI scans are
performed. When the gas is oxygen room air may be used as one of the partial pressures of oxygen in which instance
the subject would breathe normally without the use of any apparatus.
[0032] It is preferred that the subject inhales two gases - a first gas has a relatively low concentration of oxygen (e.g.
10%-35%) and the other gas contains a relatively high concentration of oxygen (e.g. 45%-100%). It is most preferred
that the first gas is air (comprising approximately 21% oxygen) and the other is a gas comprising an oxygen content of
90%-100%. It will be appreciated that the choice of gases used may depend on the health status of the subject.
[0033] Before the beginning of a scan using dissolved oxygen as a contrast agent, the concentration of dissolved
oxygen within the tissues of a live subject is always greater than zero because the subject has been continuously
breathing air, from which oxygen has been extracted and perfused to the tissues in the subject’s blood. This is different
to imaging techniques in which artificial contrast agents, such as 17O or 15O, are used because these are not naturally
occurring substances in significant abundance, therefore their concentration in the tissues of a subject before a scan
can be assumed to be zero. Providing a first gas, of a first concentration of oxygen, allows baseline signals to be detected
for dissolved oxygen concentration within the tissues in the area of interest. Providing another gas, of a different con-
centration, during scanning allows the changes in dissolved oxygen concentration within the tissues to be detected
during a transition period in which the concentration of oxygen within the tissues increases due to the increase in the
concentration of oxygen which is breathed by the subject. Further measurements may then be made during breathing
of this gas.
[0034] The subject may revert back to breathing the first gas or to another concentration of gas. In this event, meas-
urements are preferably made which detect the change in concentration of dissolved oxygen within the tissues during
this further transition period. Transitions between each gas may be repeated as needed. This method provides a more
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accurate measurement of local concentrations of oxygen within the tissues, and rates of metabolic consumption of
oxygen, than can be obtained simply by measuring oxygen concentrations for a single gas. The time taken for a transition
from a lower to a higher concentration of oxygen is known as the "wash in" time. The time taken for a transition from a
higher to a lower concentration of oxygen is known as the "wash out" time. The length of wash in time and wash out
time are approximately equal for a single subject during a single scanning period and, accordingly, the approximate
length in seconds of the wash in and wash out times for a single subject during a single scanning period is indicated
herein by a single value.
[0035] The total partial pressure (or concentration) of MRI visible oxygen (in units of mmHg) in any given voxel of the
subject is defined herein as PO2. The concentration of oxygen in the blood alone is defined herein as PaO2. The
concentration of oxygen in the other tissues (i.e. non-blood) is defined herein as PeO2. Accordingly PO2 = PaO2 + PeO2.
It will be appreciated that in some instances PO2 may be referred to when it is clear in the context of the disclosure that
reference is being made to the partial pressure of oxygen in a particular tissue. For Example a reference to PO2 of blood
is clearly the same as reference to PaO2.
[0036] It will be appreciated that blood vessels carry inhaled oxygen from the lungs to tissues of interest. It is therefore
preferred that the compartmental model algorithm according to the invention takes account of the wash in and wash out
times for the blood (which includes the time taken for arterial oxygen concentrations to reach a maximum or return to
baseline, which is a function of the efficiency of ventilation and other lung health factors). The wash in and wash out
time for the blood is indicated herein by the value (TOIF). TOIF can be estimated from known physiological averages and
taken to be a single uniform value across the entire vascular system of a subject. As described below, TOIF can be useful
according to the invention because it can be used to calculate the partial pressure of oxygen in the blood (PaO2), which
is then used as an input to the compartmental model algorithm. Alternatively a measurement of the oxygen concentration
in the blood (PaO2) may be performed either using OE-MRI methods focusing on voxels that only comprise blood (e.g.
see the method of example 4) or alternative methods such as via blood sampling, and these measurements can be used
to produce more accurate values representing PaO2 across the entire vasculature of the subject. In some embodiments,
the value of PaO2 is measured using OE-MRI data taken from the region of the aorta.
[0037] It is preferred that OE-MRI data is recorded for each voxel by starting a subject on a low concentration of
oxygen; swapping the inhaled gas to one with a high oxygen concentration for a period of time; and then returning the
subject to inhaling the low oxygen concentration gas again. The method of the invention most preferably generates OE-
MRI data from a subject wherein 100% oxygen is washed-in and washed-out when individuals are breathing normal air
(e.g. medical air comprising 21% oxygen) before and after the 100% oxygen is inhaled. The differing concentrations of
the oxygen, acting as a contrast medium, then influence the NMR signal detected from protons (primarily from water or
lipids in the tissue but potentially from other proton-carrying molecules that are visible using NMR, such as N-acetyl
aspartate, creatine, lactate or choline) or from molecules containing other NMR-sensitive nuclei (such as 31P, 19F, 23Na,
17O) and this OE-MRI data may then be used to create the input for the algorithm used according to the invention. The
compartmental model algorithm according to the invention may be fitted to the OE-MRI data. Most preferred regimens
are described in the examples.
[0038] The OE-MRI data may be the T1 spin-lattice relaxation time R1 (which is directly derived from the T1 signal as
R1 = T1

-1) in units of s-1. In order to convert the R1 value to a value which is indicative of PO2, it is necessary to use a
conversion factor. While it is appreciated that any desirable conversion factor may be used, a preferred conversion factor
is r1 = 4310-4 s-1mmHg-1, which is an accepted factor that has been established empirically. An alternative conversion
factor is 2.49 x 10-4, which was validated by Zaharchuk G, Busse RF, et al. (Acad Radiol 2006;13:1016-1024). R1 (in
s-1) may be converted to PO2 (in mmHg) by dividing R1 by r1 (in s-1mmHg-1). Given that the conversion factor is applied
as a linear factor to the entire MRI dataset of R1 values, it will be appreciated that a specific value of the conversion
factor is not critical when the methods are used to assess differences in oxygen level and particularly metabolic con-
sumption. The factor is used to convert the MRI data values into the range of oxygen partial pressures (or concentrations).
[0039] In individuals with healthy lung function and healthy vasculature the Oxygen-Enhanced MRI signal of tissues
of interest will have increased and reached saturation within approximately 5 min. The time for the signal to decrease
to its normal baseline value when the gases are switched back to air is also within the same time frame of approximately
5 min. However, these time scales may vary from organ to organ and in disease. Typically the subject will be required
to breathe a gas mixture or mixtures with a higher concentration of oxygen for a maximum period of approximately 10
minutes. Adverse effects from breathing higher concentrations of oxygen have only been noted after approximately 24
hours exposure, and therefore this length of exposure is deemed safe and without any detrimental effects for the majority
of subjects.
[0040] A challenge in using MRI to image a live subject is the problem caused by movement of the subject during
scanning. For instance a subject’s rib cage will move while breathing and a subject may make a number or involuntary,
or even be unable to prevent voluntary, movements from occurring. This causes a technical challenge when an MRI
signal needs to be measured from a single voxel over time. It is therefore preferred that image registration techniques
are applied to ensure that measurements can be made from the same volume of tissue. An example of a preferred
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image registration technique is that may be used according to the method of the invention was developed by Naish et
al. (Naish et al. (2005) Magnetic Resonance in Medicine 54:464-469).
[0041] The invention has been based on the realisation that a compartmental modelling approach may be applied to
OE-MRI to allow the extraction of parameters from the enhancement information that give more specific information on
local metabolic function in tissues. The compartmental model may be based on a first compartment which is the vascular
space (containing oxygen at a partial pressure of approximately 95mmHg in the arteries and 40 mmHg in the veins
during air breathing) and a second compartment including the tissue cells and interstitium (containing oxygen dissolved
in tissue water with an oxygen partial pressures of approximately 40 mmHg during air breathing).
[0042] It will be appreciated that the development of such a model represented considerable technical hurdles. The
inventors therefore applied considerable inventive endeavour to develop a compartmental model for OE-MRI of bodily
tissues that allows the calculation of parameters describing metabolisation of oxygen in the tissues.
[0043] One particular realisation of the inventors has been that OE-MRI data may be used in such a way as to generate
information relating to aspects of tissue function which other contrast enhanced methods, such as MRI using 17O and
PET using 15O may not be able to measure. By analysing the data generated by OE-MRI of a tissue space of interest,
information may be generated which relates directly to the metabolisation of oxygen in the tissue space. This information
is not directly measurable using OE-MRI but the inventors have realised that it may be inferred from direct measurements
over time using compartmental modelling.
[0044] The method according to the invention is preferably a two-compartment model based on known physiological
parameters for concentration of oxygen in blood and tissue. Such a compartmental model preferably models the combined
oxygen concentration of a voxel (CT) as consisting of a first compartment (Cb), comprising blood which is present in the
blood vessels, in particular the arteries, arterioles and capillaries, of the subject; and a second compartment (Ce),
comprising tissue cells and the interstitial space between the cells obtained from the changing NMR signal values.
[0045] It will be appreciated that measured values, for example of dissolved oxygen concentration, may be input to
the compartmental modelling algorithm used according to the invention and/or the compartmental model according to
the invention may be fitted to the measured values. Accordingly the value PO2, derived from R1 as described above,
may be used as input to the model that is equivalent to CT. In this respect, the model parameter CT represents the total
oxygen concentration in a voxel over the period of a scan, the model being fitted to the measured values of dissolved
oxygen concentration for each voxel (i.e. the PO2 values derived from ΔR1). Furthermore, it will be appreciated that Cb
may be inferred or measured (Cb may be equal to PaO2, which may be inferred or measured) and used as an input to
the algorithm.
[0046] In some embodiments, Cb may not be inferred or measured, and is not therefore an input to the model. Rather,
Cb can be modelled in the compartmental model by introducing parameters which define the shape of Cb into the model.
The basic shape of Cb is known to follow a trapezoidal_function. One or more parameters of this trapezoidal function
(such as TOIF which determines the gradient of the trapezoidal function during washing in and washing out of the increased
concentration of oxygen) can be used as parameters to the model. In such a formulation of the model, Cb and its
parameters, such as TOIF, may be outputs from the model and represent scientifically and clinically useful information.
[0047] It is also preferred that the compartmental model takes into account one or more of the following parameters,
or facilitates the calculation of such parameters: the fractional volume of blood per MRI visible matter (Vb); the fractional
volume of tissue per MRI visible matter (Ve); diffusing capacity of the vasculature (Kox); the rate of metabolic consumption
of oxygen within the second compartment (Mox); and also the parameters describing the shape of the input function
which defines the predicted oxygen concentration in blood arriving at the tissue area of interest (i.e. the time-lag between
inhalation of an elevated level of oxygen and the maximum input oxygen concentration within the tissues, or wash-in
time TOIF).
[0048] In one of the preferred embodiments in which Kox is measured, it will be appreciated that Kox is entirely different
to the value ktrans which is output by DCE-MRI techniques. ktrans is a measure of the diffusion of a contrast medium
(such as a gadolinium-based contrast medium) from blood into tissue. Contrast media provide a contrast to what is
already there, and as such are foreign to the subject and would not naturally be diffused into the tissues (or, at least,
not in as large quantities as is the case during DCE-MRI). Thus, the ktrans measurement is of the "leakiness" of a particular
area of vasculature to foreign media. In contrast, Kox is a measure of the diffusion of oxygen from blood into tissue,
which is a natural process. Accordingly, Kox is useful in measuring how well oxygen travels to tissue from blood, a
purpose for which ktrans is wholly inappropriate.
[0049] It is particularly preferred that the compartmental model takes into account the amount of oxygen in the blood,
the amount of diffused oxygen in the tissues, and the rate at which oxygen is dissolved into the tissues from the blood.
[0050] It is most preferred that the compartmental model takes into account, and can provide output data relating to,
the rate at which the dissolved oxygen is removed from tissue by metabolic consumption (Mox). This realisation that a
model can provide information about the rate of metabolisation of oxygen is considered a particular advantage of the
method of the invention.
[0051] The model used according to the invention may be based on other numbers (i.e. greater than two) of model
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compartments, such as a three compartment model which again assigns the arteries as the first compartment, the tissue
and interstitium as the second compartment and the veins as the third compartment.
[0052] It will generally be appreciated that the particular formulation of the compartmental model described here is
not to be interpreted as a limitation of the applicability of the algorithm according to the invention. In general, any parameter
of interest, such as Mox or Kox, which contributes to (or otherwise affects) the total concentration of oxygen in a given
voxel may readily be inserted into the model. Values may then be obtained for that parameter by fitting the model to
medical imaging data relating to the oxygen concentration for that voxel.
[0053] It is preferred that the compartmental model is an adaptation of the equations developed by Kety (Kety, SS
(1951) Pharmacological Reviews. 3: 1-41) which described the rate of diffusion of gases across the alveolus membrane
to pulmonary capillary blood. The realisation that this model for gas transfer can be modified so as to be usable in order
to model oxygen metabolisation in tissues is a major technical problem which has been overcome by the inventors.
[0054] Therefore the method of the first aspect of the invention preferably applies a compartmental model algorithm
based on the Kety two compartment model. The algorithm is applied to OE-MRI data obtained by washing-in and washing-
out inhaled gases with at least two different partial pressures of oxygen. Preferably MRI measurements will be made
on a tissue area of interest within a subject who starts breathing normal air (21% oxygen); 100% oxygen is then washed-
in and maintained for defined time period (e.g. 5 minutes); and the 100% oxygen is then washed-out by returning to
breathing normal air (21% oxygen). The differing concentrations of the oxygen, acting as a contrast medium, then
influence the NMR signal detected from protons and this OE-MRI data is then used as a function to be fitted by a two-
compartment model according to the invention.
[0055] It will be appreciated that a number of different algorithms may be developed for use according to the method
of the first aspect of the invention. It will be further appreciated that one reason for an inventive step of the method of
the invention is that the inventors were the first to appreciate that a compartmental model, and in particular a modification
of the Kety model, could be applied to OE-MRI data from tissues which are not tissues within the lung (despite the
problems encountered with such techniques).
[0056] In a preferred embodiment of the invention, the inventors developed an algorithm by applying the following proof:

The first compartment is the blood and the oxygen concentration in the first compartment may be denoted by Cb
(corresponding to PaO2) and the second compartment includes the tissues and the interstitial space between the
tissues, with a combined oxygen concentration denoted by Ce (corresponding to PeO2) (see Fig. 1). The fractional
volume of a voxel which is blood is denoted by Vb and the fractional volume of the voxel which is tissue or interstitium
is denoted by Ve. The measured concentration of oxygen CT (corresponding to PO2) may therefore be derived from
equation (I): 

[0057] The inventors then developed a model by assuming that Vb = 1 - Ve. Equation (I) could therefore be approximated
as set out in equation (II): 

[0058] Kety introduced a two-compartment model relating to modeling of inert gas transfer. The inventors have realized
that a two compartment model can be used to model tissue function from OE-MRI data by adapting the Kety model.
[0059] Accordingly the inventors have adapted the Kety model such that the observed rate of change in oxygen
concentration in the extra vascular compartment, Ce, during the administration of elevated oxygen concentrations (i.e.
> 21% of room air), can be modelled using an expression incorporating a term for the rate of transfer of oxygen across
the capillary boundaries (Kox). An additional term is used to define the rate at which oxygen is absorbed or metabolized
within the tissues (Max), hence equation (III): 
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[0060] The additional term for Mox is not present in either Kety’s model or any subsequent DCE-MRI based compart-
mental model. The term has been added here after a realisation by the inventors that a term Mox would be indicative of
the rate of metabolic consumption of oxygen within a voxel of interest. This term therefore represents a diagnostic or
prognostic measure, which is borne out by the results in example 2. The term Mox may be assumed to represent a
metabolic consumption of oxygen that depends linearly on the concentration of oxygen in the tissue. Alternative formu-
lations may impose other forms on this relationship, such as the definition of a maximum concentration beyond which
the metabolic consumption of the tissue is unchanged. It will generally be appreciated that any aspect of tissue function
which contributes to (or otherwise affects) the total concentration of oxygen in a given voxel may readily be inserted into
equation (III) in the same way as Mox or Kox in this exemplary model.
[0061] Based on these calculations the inventors realised that it would be possible to solve Ce (i.e. PeO2, the combined
oxygen concentration of the second compartment comprising the tissues and interstitium, calculated as described above)
using equation (IV): 

[0062] The identity of equation (IV) was then used by the inventors to develop an equation which relates to the measured
concentration of oxygen CT (i.e. PO2) in any given voxel by substituting equation (IV) into equation (II), as set out in
equation (V): 

[0063] Clinically meaningful information may be attached to values for Mox, Kox and Ve. The model allows the calculation
of these parameters using any appropriate algorithm (such as the Levenberg Marquardt non-linear least squares fitting
algorithm) which allows the fitting of the functional form described by the compartmental model CT (see equation (V)
above) to the dynamic oxygen concentration dataset calculated from the changing NMR signals in the tissue area of
interest.
[0064] The data generated by applying the fitting algorithm can then be displayed as an image (in two or three dimen-
sions) of the subject wherein the tone of each pixel of the image are representative of one of the parameters output by
the model for a corresponding voxel.
[0065] The method of the present invention is particularly useful for both prognostic and diagnostic purposes in relation
to tissue function, particularly in the case of tissue lesions such as tumours. However, in a preferred embodiment the
method will be of particular use in prognostics and in the development and monitoring of drug therapies. Prognostic use
could also include the identification of patients who are more or less likely to respond to a given treatment option, which
could enhance patient selection criteria for therapy.
[0066] This technique of measuring regional tissue function will allow the measurement of tissue oxygenation and
metabolisation in a broad variety of diseases and conditions (e.g. those discussed above).
[0067] It will be appreciated that the method of the invention has many advantages over prior art techniques. Prior to
this invention, other workers analysed the OE-MRI signals by simplistic comparisons of the magnitude of signal change
achieved at varying oxygen concentrations and/or the time taken for the signal to achieve maximum enhancement or
the time for the signal to fall back to baseline. These simplistic approaches did not take into account the complex
underlying interactions between the perfusion of oxygen by the blood, oxygenation of the tissues and metabolisation of
the oxygen within the tissues.
[0068] A major advantage of the invention is that a clinician does not need to conduct any expensive and time consuming
nuclear medicine tests, such as PET, to obtain data relating to tissue function. The method enables a person conducting
the test to perform quick, relatively standard MRI (albeit the subject needs to wear a mask for supply of the first and
further gases containing different concentrations of oxygen) and can very rapidly generate an image of the metabolic
function, and in particular the metabolic consumption of oxygen, in a tissue area of interest.
[0069] DCE-MRI is known to be capable of generating parameters for ktrans, ve and vb. These parameters are capable
of providing measurements which are indicative of tissue function but their meaning is often different from the parameters
produced according to the invention. ktrans in DCE-MRI is a measure of the diffusion of a contrast medium from the blood
plasma into the interstitium and is not used to estimate the diffusion capabilities of the tissue with regard to oxygen. In
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contrast, Kox according to the invention, is directly indicative of the diffusion of oxygen from the blood into the tissues.
vp in DCE-MRI is a measure of the proportional volume of blood plasma in a voxel, because DCE-MRI contrast media
is only present in the plasma and not the blood cells. In contrast, Vb according to the invention is a measure of the
proportional volume of blood in a voxel because there is oxygen present both in the plasma and the cells of the blood.
ve in DCE-MRI is a measure of the proportional volume of interstitium in a voxel, because DCE-MRI contrast media
cannot enter tissue cells and only resides within the interstitial spaces. Ve according to the invention is a measure of the
proportional volume of non-blood, including cells and interstitium, in the voxel because oxygen can enter the cells.
[0070] In each case, the difference in the type of measurement is rooted in the fact that the inventors have realised
that contrast media used in DCE-MRI cannot cross into cells but oxygen (which is the contrast medium in OE-MRI) can
cross into cells.
[0071] Mox, according to the invention, is a measurement of metabolic consumption of oxygen within the tissues. It
has not previously been possible to measure metabolic consumption via DCE-MRI due to the fact that artificial contrast
media used in DCE-MRI are not consumed by any metabolic process. A marked advantage provided by the invention
is therefore provided in the use of compartmental modelling or OE-MRI data to deliver measurements indicative of
metabolisation of oxygen, a biological process which it has not previously possible to measure using either DCE-MRI
or OE-MRI.
[0072] It should be noted that the concept of a compartmental model applied to imaging of tissue function is also
applicable to other gases or aerosols that may be breathed by the patient and that cause a subsequent change in the
signal observed in tissues of an area of interest. In particular, gases or aerosols which might be consumed as part of a
metabolic process within the tissue area of interest would be suitable to produce data to which a compartmental model
could be applied.
[0073] It will be appreciated that the use of a compartmental model, in conjunction with measurements of the concen-
tration of oxygen in the tissue area of interest and an input function, allows the derivation of physiological parameters
that have values that are independent of the scanning machine or data acquisition method (although it is acknowledged
that these factors may affect the quality of the derived parameters). This is an advantage over methods that seek to
measure oxygen enhancement ratios or wash-in rates based on NMR signal or T1 values, each of which can be dependent
upon the choice of field strength, the nature of the gas or aerosol, and NMR data acquisition technique.
[0074] A further advantage of using oxygen as a contrast agent is that it is non-toxic and requires no specialist prep-
aration beyond the provision of a supply of pure oxygen. Other contrast media, such as those used in DCE-MRI, are
often toxic and/or may even artificially influence t normal tissue function or metabolism. This may represent a particular
problem in a subject already rendered vulnerable from an illness. In addition, a contrast medium introduced into a subject
must be removed by the kidneys which, if they are not functioning correctly, may fail under the added strain. These
factors can make the use of such contrast media unacceptable in circumstances in which an imaging subject is particularly
vulnerable and/or is suffering from certain kidney conditions.
[0075] Furthermore, other possible contrast media that could be used in a compartmental model are generally of a
specialist nature (for example gadolinium-based aerosols), making them a less practical option than oxygen. Additionally,
oxygen may be breathed comfortably for many minutes without any practical or physiological complications. Other
possible media (for example gadolinium-based aerosols) are generally limited to a single breath administration, which
would limit their practical utility.
[0076] It will therefore be appreciated (e.g. in view of the issues discussed above) that the use of Oxygen as a contrast
medium offers many advantages.
[0077] According to a second aspect of the invention there is provided a computer apparatus according to claim 14.
[0078] The apparatus according to the second aspect of the invention may comprise computational hardware and a
display device required to calculate and display the outputs following the application of the algorithm. The hardware and
display device may either be separate entities to the scanning device used in the method (e.g. an MRI scanner) or may
be integrated within the scanner, as is the case for many biomedical digital imaging systems such as an MRI scanner.
Therefore the computer apparatus may be part of a scanning apparatus.
[0079] It will be appreciated that computer software may apply the algorithm required to fit the model to the raw OE-
MRI data and convert the output parameters to histograms or maps of tissue function, or to regional average values.
Such histograms and maps are routinely generated for MRI. The manipulation of OE-MRI data with such software has
the advantage that data from large numbers of voxels can be quickly manipulated, without user input, to provide a
detailed image of function across the whole of a subject or a region thereof.
[0080] The algorithm of the invention may be embodied within computer software and may be implemented using a
computational hardware and display device that is separate to the imaging device or integral to it. Such software represents
a further aspect of the invention and according to a third aspect of the invention there is provided a carrier medium
carrying computer readable program code configured to cause a computer to carry out a method of applying an algorithm
as defined in the first aspect of the invention.
[0081] It will be appreciated that a computer program embodying the invention may be provided in any desirable
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manner. Such a computer program in any form represents a further aspect of the invention and according to a fourth
aspect of the invention there is provided a computer program configured to cause a computer to carry out a method of
applying an algorithm as defined by the first aspect of the invention.
[0082] Software according to the fourth aspect of the present invention may be provided in any desirable programming
language including Java TM (Sun Microsystems, Inc. 901 San Antonio Road Palo Alto, CA 94303, USA), C++ (One
Microsoft Way Redmond, WA 98052-6399, USA) or Matlab (The MathWorks, Inc. P.O. Box 845428 Boston, MA, USA).
[0083] A user of software in accordance with the present invention would preferably obtain the software and install
the software on an appropriate computer system which is configured to receive suitable MR image data, such as OE-
MRI data.
[0084] Embodiments of the invention will now be further described, by way of example only, with reference to the
following example and figures in which:-

Fig. 1: illustrates a two-compartment model for transfer of oxygen in tissues using OE-MRI: The first compartment
is the blood with a dissolved oxygen concentration Cb which is proportional to the gaseous partial pressure concen-
tration PAO2. A constant Kox describes the rate of diffusion to and from the second compartment comprising the
tissues and interstitium. Oxygen is consumed by metabolic processes within the second compartment at a rate
defined by the metabolic consumption rate Mox.

Fig. 2: depicts a flow chart representing a methodology according to an embodiment of the invention.

Fig. 3: Box-plot showing significant ΔR1 in 4 patients (Patient 1 had two tumours). Outliers are represented by circles
(s).

Fig. 4: Group averaged ΔR1 in 5 patients with 7 tumours. Switch to breathing 100% oxygen (02) and medical air
(Air) are indicated by arrows.

Fig. 5: Patient demographics and ΔR1 on inhalation of 100 % oxygen. Mean ΔR1, 95% confidence intervals and p
values are displayed.

Fig. 6: A graph of the estimated change of arterial pressure of oxygen PaO2 to input oxygen pressure PIO2, with
TOIF defined.

Fig. 7: Images showing parameter maps for parameters: (a) Kox, (b) Mox, (c) Vb and (d) TOIF calculated according
to the invention.

Fig. 8: Images showing parameter maps for parameters: (a) ktrans, (b) vp, (c) ve and (d) ktrans for the tumour region
only; measured by DCE-MRI for comparative purposes.

Fig. 9: Image showing the mean of 30 images of a subject breathing medical air with TI = 217 ms clearly showing
the aorta (labeled A).

Fig. 10A: A graph showing ΔPO2 as a function of time for smokers plotted for each subject (thin lines), with the
mean over all subjects shown as a single thick line.

Fig. 10B: A graph showing ΔPO2 as a function of time for never-smokers plotted for each subject (thin lines), with
the mean over all subjects shown as a single black line.

[0085] According to an embodiment of the invention, the methodology set out in the flow chart of figure 2 is followed.
Tissues of a subject are scanned using OE-MRI and the data generated from the OE-MRI is used as an input to a
compartmental model to produce clinically significant measures of tissue function within the subject.
[0086] In step S1, a patient is imaged using magnetic resonance imaging (MRI) during a period in which the patient
first breathes air at a concentration (PIO2) of approximately 21% O2, then a gas comprising a higher PIO2 such as 100%
O2 and then subsequently returns to breathing air. A graph of PIO2, i.e. the concentration of O2 breathed by the subject,
over the time period of the scan therefore follows a top hat function, as shown by the dashed line labelled PIO2 in figure
6. The MRI process, which is known in the art, produces a sequence of time dependent values for each of a field of
voxels within a three dimensional region in the subject. Each sequence of values relates to a sequence of T1 measure-
ments made by the MR scanner in a voxel for each time t during the time period of the scan. Each value therefore gives
an indication of the total concentration of oxygen in a voxel at a time t.
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[0087] In step S2, the three dimensional field of voxels for each time point are registered together so that, if the subject
moved during the time period of the scan, these movements can be corrected out of the data produced by the scan.
Thus, once registration has been completed, and movements have been accounted for, it can be said that corresponding
voxels in the field of voxels for each time t relate to T1 measurements taken from the same physical location within the
subject. It will be appreciated that registration is an optional component of the invention. For example, when scanning
areas of a subject which can be kept immobile, registration is not necessary. Even in cases in which there is movement
in the subject, the invention is practicable without the need to register the fields of voxels together, although registration
may be used to improve the quality of the voxel data for some tissues.
[0088] In step S3, an estimate of the concentration of oxygen in the blood of the subject (PaO2) is made using the
known concentration of oxygen breathed by the subject (PIO2). This estimate is made from PIO2 using an assigned
value for the wash in and wash out time for the increased level of oxygen in the blood (TOIF). The value of TOIF is
estimated from well known physiological averages. It will be appreciated, however, that the value of PaO2 may be directly
or indirectly measured in a variety of ways. One way, which uses OE-MRI data of the aorta, is set out below in example 4.
[0089] In step S4, the compartmental model derived above in equations (I) to (V) is fitted to the data (i.e. the ΔR1
values) for each voxel generated in step S1. The model output CT (i.e. PO2) represents a function, which is defined in
equation (V), controlled by the parameters Cb, Kox, Mox and Ve. Cb, which is the concentration of oxygen in the blood
compartment of the model, may be directly inferred from the pressure of oxygen in the blood, PaO2 defined in step S3
(for example by assuming that Cb is equal to PaO2). This inferred Cb is therefore an input to the compartmental model.
[0090] It will be appreciated that fitting a function to a sequence of data can be achieved by a number of methods,
however the preferred method of fitting is to use a non-linear least squares approach such as the Levenberg Marquardt
algorithm.
[0091] Fitting the model to the data for each voxel over the time period of the scan provides a value for each of Kox,
Mox and Ve for each voxel which, when fed into the model produce a function for which there is the least squared error,
or difference, from the OE-MRI data for that voxel. Thus, the result of step S4 is a set of parameters (Kox, Mox and Ve)
relating to each voxel in the three-dimensional field of voxels over the time period of the scan. In the following examples,
it is established that the parameters Kox, Mox and Ve are clinically useful in that they are indicative respectively of the
diffusion capability, the metabolisation capability and the partial volume (per voxel) of non-blood matter in the subject.
The parameter Vb is then calculated from Ve as set out above in relation to equation (II).
[0092] In step S5, images are produced from the field of voxels by defining a two-dimensional plane which slices
through the field of voxels. Voxels which lie on the plane are included in an image formed on the plane. Thus, images
can be formed for each of the parameters (Kox, Mox and Ve). Example images generated for each of the parameters in
example 2 are shown in figure 6. It will be appreciated that other representations of the data may readily be constructed
from the model outputs including three-dimensional polygonal representations or volumetric representations. The data
may also be represented numerically or in graphs, or indeed in any format in which the data provides readily accessible
diagnostic information.
[0093] In particular, values of Mox or Kox may be displayed in the form of comparative tables, graphs or images so as
to compare metabolic consumption or diffusion of oxygen in tissues during two or more different scans of the same
subject or between two or more different subjects. It will be appreciated that, in this manner, valuable diagnostic and
prognostic information may be gleaned from the results of the compartmental modelling algorithm according to the
invention.

EXAMPLE 1

[0094] This example describes a test in which OE-MRI scan data was collected from a number of subjects. This data
is of a suitable nature to be used in accordance with the invention. In accordance with the invention, a compartmental
model could be fitted to this data so as to produce parameters (such as Kox, Mox and Vb) relating to tissue function. An
example of the use of such data in accordance with the invention is provided in example 2.
[0095] Here we describe the oxygen-induced modulation of tumour longitudinal relaxation rate (R1) - an effect previously
described in normal tissues (RA Jones et al., (2002) MRM 47: 728-35; and JP O’Connor et al., (2007) MRM 58: 490-6)
- that is distinct from the blood oxygenation level dependent (BOLD) technique. We evaluated the technique in a cohort
of patients with advanced carcinoma.

(a) Methods

[0096] Ethical approval was obtained. Patients were imaged on a Philips Intera system (Philips Medical Systems,
Best, Netherlands) at 1.5 tesla. Subjects inhaled medical air (21% oxygen) followed by 100% oxygen and then a second
phase of medical air at 15 1/min through a non re-breathing circuit with reservoir mask. Initial T1-weighted and T2-weighted
anatomical sequences were performed to delineate the tumours. Only lesions of ≥ 3cm in-plane and present on at least
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3 slices were included.
[0097] The whole body transmit/receive coil was selected for transmission and reception. Series of 3D T1-weighted
fast field echo images were acquired (TR 3.5 ms, TE 0.9 ms, α= 2°/ 8°/ 17°, one average, FOV of 375 mm, matrix 128
x 128,4 mm slice thickness) to estimate tissue T1. 10 cm volumes were selected in each patient to cover the tumour.
Measurements were acquired during gentle breathing without breath holding. Twenty four baseline measurements were
collected while breathing medical air, followed by 48 on 100% oxygen, and then a further 24 back on medical air. Total
acquisition time for each T1 measurement was 19.5 s. Total imaging time was 31 min 12 s. Finally, 0.1mmol/kg of
Omniscan (Amersham Health, Amersham, UK) was administered intravenously through a power injector at 3 ml/s.
Dynamic contrast-enhanced MRI was performed (TR 4.0 ms, TE 0.82 ms, α= 20°, identical average, FOV, matrix and
slice thickness as for gas inhalation protocol) following fast field echo calculation baseline of T1 with flip angles 2°/10°/
20°/30° and 4 NSA. Temporal resolution was 4.97 s.
[0098] Image analysis was performed using a voxel-by-voxel fitting process with in-house software. Tumour volumes
were identified from the T1-weighted and the T2-weighted anatomical images and a volume of interest (VOI) was drawn
to encompass the entire lesion. Change in the longitudinal relaxation rate (ΔR1(t) = R1(t) - R1(air)) was calculated for
each time-point (as described in JP O’Connor et al., (2007) MRM 58: 490-6). ΔR1 is proportional to the change in oxygen
concentration at time point (t), with the pconstant of proportionality being r1, the longitudinal relaxivity constant for oxygen.
R1(t) is the R1 value at each time point and R1(air) is the mean baseline R1 value (while breathing air). Significance of
measured change in R1 was tested by a one-way analysis of variance in SPSS 13.0. IAUC and Ktrans were calculated
using the extended Tofts model with an assumed arterial input function (as described in GJ Parker et al., (2006) MRM
56: 993-1000) and correlated with oxygen-induced ΔR1 using Spearman’s rho.

(b) Results

[0099] Five patients with advanced solid tumours were recruited (all female; mean age 62.6 years). The imaging
protocol was well tolerated by all subjects. In total, seven lesions were identified. Mean ΔR1 values for each tumour of
between 0.0087-0.0526 s-1 were measured when breathing 100 % oxygen and this change was statistically significant
in five lesions (Figures 3 and 5). The ΔR1 returned to that of baseline on switching back to medical air in only one tumour
(Pt 1 Tumour 2; p = 0.02). Group analysis showed clear elevation of ΔR1 during oxygen inhalation (p < 0.001) and a
non-significant reduction in ΔR1 towards baseline values when patients returned to breathing medical air (p = 0.117)
(Figure 4). Patient demographics and tumour details are summarised in Table 1. There was no significant correlation
between the magnitude of oxygen-induced ΔR1 and tumour median IAUC or Ktrans.

(c) Discussion

[0100] Image contrast in R1 mapping following inhalation of hyperoxic gas is due to the paramagnetic effect of dissolved
molecular oxygen in the arterial blood plasma and tissue fluid. This study is the first to describe the effect in human
tumours and reports significant ΔR1 when subjects switch from medical air to 100 % oxygen in four patients with advanced
epithelial ovarian carcinomas. Modest but non-significant ΔR1 were detected in two liver metastases in a patient with
gastric adenocarcinoma. While arterial blood flow is likely to be an important factor contributing to signal change, the
measured ΔR1 was independent of the tumour blood flow estimated by both IAUC and Ktrans suggesting that oxygen-
induced ΔR1 is likely to be a composite measure of oxygen delivery, diffusion and metabolism. In general, the protocol
was well tolerated and produced measurable signal change with an acceptable signal-to-noise ratio. These preliminary
results are encouraging and suggest that modulation of tumour R1 may produce novel biomarkers of oxygenation status
that merit further investigation.
[0101] Thus, this example shows that the difference in oxygenation of tumours between periods in which the subject
breathes two different partial pressures of a paramagnetic gas (oxygen) are measurable through OE-MRI. This data is
therefore suitable for application to the compartmental modelling algorithm in a method according to the invention.

EXAMPLE 2

[0102] This example demonstrates fitting a compartmental model to OE-MRI data such as that generated in example
1. The results of the application of the exemplary compartmental model are described with reference to standard pa-
rameters generated from DCE-MRI, which is an accepted medical imaging modality with proven diagnostic and prognostic
capabilities.
[0103] The data acquisition methods described in the methods section of the first example were applied to a subject
known to be suffering from a tumour in order that the utility of the methods of the invention could be validated. Results
generated according to the methods of the invention were compared with those obtained using a conventional imaging
technique (DCE-MRI).
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(a) Methods

[0104] The data acquired from the scan of the further subject, which was conducted in accordance with the scans
described above in relation to the first example, was used as input data to a fit of the compartmental model described
above in relation to equations (I) to (V).
[0105] The dissolved oxygen induces an increase in R1 (as described above) of the surrounding water protons that
is measured by an increased signal in the T1-weighted images. As set out above, the relationship between R1 and the
local oxygen concentration was measured by Heuckel and Silvennoinen in blood with varying haematocrit. An approx-
imate average from their experiments for a typical haematocrit of 0.41 is r1 = 4310-4 s-1mmHg-1. This factor can be used
to convert R1 to PO2 by dividing R1 by r1. The resulting values of PO2 may then be input to the model set out in equations
(I) to (V), as CT.
[0106] Data to be input as Cb was generated by applying a conversion factor to values for the breathed pressure of
oxygen (PIO2) as outlined in Figure 6. Figure 6 shows an estimated arterial pressure of oxygen (PaO2) against the known
input (i.e. breathed) pressure of oxygen (PIO2). It can be seen that after the input pressure of PIO2 has been increased,
the arterial pressure PaO2 increases accordingly, taking a time TOIF to increase to a maximum pressure. A subsequent
drop in the pressure of oxygen breathed by the patient causes a drop in arterial partial pressure PaO2, and again the
time taken for the arterial partial pressure to follow the change in input partial pressure PIO2 is indicated by TOIF.
[0107] It will be appreciated that direct measurements of PaO2 (e.g. see example 4) may also be used as an input for Cb.

(b) Results

[0108] The converted OE-MRI data (PO2) and PaO2 data were input into equation (V) as CT and Cb respectively and
the Levenberg Marquardt non-linear least squares fitting algorithm was applied.
[0109] This enabled the inventors to generate data providing clinically useful information relating to Kox, Mox Ve and
other parameters that can be presented as images of the scanned tissues of interest (see Figure 7).
[0110] For the purposes of comparison, Figures 7 and 8 each show four axial views of the subject, labelled (a) to (d).
Each image is produced from data taken from the same area within the subject and shows values from both healthy
tissue and tumorous tissue. Figure 7 shows results of OE-MRI using the compartmental model as set out above with
reference to equations (I) to (V). Figure 8 shows standard values obtained from DCE-MRI of the same subject.
[0111] Figure 7 shows tissue maps for a number of parameters which have been calculated from the compartmental
model for the subject. It can be seen in Figure 7a, which shows values of Kox, that a tumour within the subject is visible
as a relatively bright oval shape on the left side of the image. This indicates that the oxygenation of the tumour tissue
is better than the surrounding tissue. An upper edge portion of the tumour is particularly visible, being brighter in shade
than the surrounding tumorous and non-tumorous tissue.
[0112] Figure 7b shows the values for Mox, or metabolic consumption of oxygen, for the subject at the same location.
Again, the image is brighter in the region of the tumour, which indicates that the tumour is consuming oxygen at a higher
rate than surrounding tissue. The brighter upper edge portion of the tumour is again shown, which indicates that metabolic
activity in this region is high. This indicates a potential direction of new growth for the tumour. It would not be possible
by any other known method to directly observe the consumption of oxygen by a tumour in this way and the inventive
method therefore provides a significant advantage in directly assessing the likely future growth of a tumour. This is a
parameter which cannot be produced by DCE-MRI since the visible contrast media used in DCE-MRI are not suitable
for metabolic consumption. As a result, Mox is a result generated by this exemplary embodiment of the present invention
which can provide diagnostic information which was not previously available to the diagnostician.
[0113] Figure 7c shows the values of Ve, or the proportion of tissue to blood, across the same region of the subject
shown in Figures 7a and 7b. Figure 7c shows that the tumour has more blood within it than its surrounding area. The
high blood concentration in the tumour can be used to detect the tumour and also to characterise its function in that a
tumour receiving a greater blood flow is likely to be more metabolically active. Also, many treatments of tumours focus
on reducing blood flow to the tumour and calculation of this value using the present invention would be useful for
evaluating the success of such a therapy.
[0114] Figure 7d shows the TOIF lag time for maximum concentration of oxygen within the tissues of the subject. It
can be seen from Figure 7d that the tumour appears different to the surrounding tissue, although it is also clear that this
image alone would not be as effective for the detection and characterisation of tumours. Less accurate values for wash-
in and wash-out times in tissues have previously been calculated for OE-MRI of tumours.
[0115] Figures 8a-8c show values of Ktrans, Vp and Ve which are standard values generated by DCE-MRI scans. ktrans

cannot be considered to be identical to Kox, on the basis that ktrans in DCE-MRI is a measure of the diffusion of an artificial
contrast medium from the blood plasma into the interstitium, while Kox according to the invention is a measure of the
diffusion of oxygen from the blood into the tissues. Similarly, vp in DCE-MRI is a measure of the proportional volume of
blood plasma in a voxel, while vb according to the invention is a measure of the proportional volume of blood in a voxel.
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ve in DCE-MRI is a measure of the proportional volume of interstitium in a voxel, while ve according to the invention is
a measure of the proportional volume of non-blood, including cells and interstitium, in the voxel.
[0116] In each case, the difference in the type of measurement is rooted in the fact that the artificial contrast media
used in DCE-MRI cannot cross into cells but oxygen can. Thus, vp is not a measure of the whole blood (including
haemoglobin) but only blood plasma, because DCE-MRI contrast media may not enter red blood cells; ve (for DCE-MRI)
is only a measure of the interstitium because contrast cannot enter cells.
[0117] ktrans is a measure of "leakiness" in a blood vessel, i.e. the ability of blood vessels to diffuse contrast media
from the plasma into the surrounding interstitial spaces. Kox, however, is a measure of the capability of a blood vessel
to diffuse oxygen from the blood into the surrounding tissue. It will be appreciated that measured ktrans cannot be used
to characterise the ability of a blood vessel to diffuse oxygen from the blood into local tissue. Kox therefore represents
a measurement which cannot be measured by DCE-MRI.
[0118] Mox, according to the invention, is a measurement of metabolic consumption of oxygen within the tissues.
Figure 8 shows no comparable image generated by DCE-MRI. This is because it has previously not been possible to
measure metabolic consumption via DCE-MRI due to the fact that artificial contrast media are not consumed. An ad-
vantage provided by the invention is therefore the ability to measure a biological process which it has not previously
possible to measure.
[0119] The values of Mox, Kox and Ve determined according to the invention cannot be directly measured from OE-
MRI data and must therefore be inferred by fitting a compartmental model to values (e.g. of PO2) which can be directly
measured. The method according to the invention of determining values for Mox, Kox and Ve is therefore advantageous
in that measurements are obtained which cannot be obtained by DCE-MRI or by OE-MRI without the use of a compart-
mental model.
[0120] The images shown in figure 8 may be used to validate the findings of the compartmental model as shown in
Figure 7, since it is clear from Figure 8 that a tumour exists and that is has the same dimensions as those depicted in
the results of Figure 7. However, the tumour shown in Figure 8 appears to be dark in its centre. This is due to the lack
of perfusion of the contrast medium used in DCE-MRI to the centre of the tumour, and to the fact that DCE-MRI is not
able to characterise metabolic consumption since the contrast medium is not consumed by metabolic processes. Figure
8d shows the ktrans for the tumour region only, for clarity.
[0121] It is clear from Figure 7 that it is possible to detect and visualise the tumour shown in those figures from any
of the values of Kox, Mox, or Ve but that the value of Mox is particularly useful both in detecting the tumour and in
characterising the metabolic function of the tumour as different from the surrounding tissue. This shows that the invention
provides clear benefits in the diagnostic and prognostic capability of OE-MRI and that these are potentially improvements
of the diagnostic capability of DCE-MRI of the same patient.

EXAMPLE 3

[0122] In this example, the inventors implemented a compartmental model algorithm in accordance with an aspect of
the present invention. The algorithm was implemented as software in Matlab script. The inventors packaged the Matlab
script, which implements the compartmental model algorithm, for distribution on a compact disc.
[0123] The compact disc containing the software was given in confidence to an operative who was in possession of
a 1.5 T Philips Gyroscan NT Intera MR scanner. The operative used the scanner, together with oxygen breathing
apparatus widely available in medical environments, to perform an OE-MRI scan on a human patient according to the
method described in the first example. The operative then used the software on the compact disc to analyse the data
generated by the OE-MRI scan of the patient so as to characterise the patient’s tissue function, in accordance with an
aspect of the present invention.
[0124] The compartmental model generated values indicative of the patient’s tissue function, including Kox, Mox and
Ve. The software displayed the values generated by the compartmental model in a number of ways, including as a series
of graphs and tissue parameter maps. The data values, the graphs and the tissue parameter maps were used by a
medical professional to analyse the metabolic tissue function of the patient and diagnose illness in the patient. The
sensitivity of the model to the function of relatively small tissue areas of interest within the patient allowed the medical
professional to diagnose local areas of abnormal oxygen metabolisation within the tissues and to target therapy accord-
ingly. The use of OE-MRI to generate the data that was then input into the compartmental modelling software was
particularly new and interesting in that the medical professional was able to directly analyse the function of tissues in
relation to oxygen metabolisation. This direct analysis has not been possible before the present invention.

EXAMPLE 4

[0125] The parameter Cb (concentration of oxygen in the blood compartment) in the compartmental model of equation
(V) is an input to the model which, in example 2, is derived directly from an estimate of the partial pressure in blood
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(PaO2). PaO2 is, in turn, estimated from the partial pressure of oxygen breathed by the subject (PIO2) in consideration
of the wash in and wash out times of the blood (TOIF), which are also estimated. If, however, PaO2 can be directly
measured then these estimates are no longer needed as inputs to Cb. This example represents a demonstration that
PaO2, and consequently Cb, can be directly measured from OE-MRI data scanned from the aorta region within a subject.
It will be appreciated that the data which results from this example may readily replace the estimated PaO2 data which
is used as an input to the Cb parameter of the compartmental model of example 2. It will further be appreciated that this
exemplary method of measuring PO2 may advantageously be combined with the estimations of example 2, particularly
but not exclusively with a view to correcting errors in measurement of PO2 from the aorta.
[0126] In this example, the input function representing the change of arterial pressure of oxygen PaO2, which is
modelled from estimations in examples 1 and 2, was measured directly from MRI data. This could be directly input to
the model by inputting the measured PaO2 into the model parameter Cb in place of an estimated PaO2 such as that
shown in figure 6.

(a) Methods

[0127] Twenty four subjects underwent dynamic OE-MRI at 1.5 tesla. Fourteen volunteers (7 smokers (S), 7 never-
smokers (NS)) had their aorta in the field of view and were therefore selected for further analysis. Informed consent was
obtained from all subjects. A 15 mm thick coronal slice was positioned posterially with a 44.5 cm x 44.5 cm field of view,
as shown in figure 8. This volume was imaged using an inversion-recovery turbo field echo sequence (TR/TE 2.2/1.0
ms, flip angle 5°, acquisition matrix 128 x 256 zero filled to 256 x 256) to acquire images throughout recovery from an
initial non-selective inversion pulse (25 inversion times were used, shortest 74 ms with intervals of 143 ms), permitting
a measurement of T1. The acquisition was repeated continuously for 18 minutes, giving T1 measurements at a time
resolution of 6 seconds. The volunteers breathed medical air via a Hudson mask for the first 3 minutes, then the supply
to the mask was switched to 100% oxygen. After a further 9 minutes, the supply was switched back to air for the remainder
of the acquisition. Gas was delivered at 15 l/min.
[0128] A region of interest was marked for the aorta (labelled A in figure 9) and dynamic measurements of T1 were
extracted by fitting the Look-Locker signal equation (Henderson E, McKinnon G,et al. Magn Reson Imaging 1999;17:
1163-1171). Changes in T1 due to inhalation of oxygen were converted to changes in partial pressure of oxygen in blood
plasma (ΔPO2) using the relaxivity constant r1 = 2.49 x 10-4 (Zaharchuk G, Busse RF, et al. Acad Radiol 2006;13:
1016-1024). The mean ΔPO2 in the plateau region of the dynamic curve (chosen as the region between 8 and 12 minutes)
was recorded for each subject, and a Wilcoxon rank sum test was used to compare these values for smokers and never-
smokers, testing the hypothesis that S had lower plateau ΔPO2 values than NS due to possible reduced oxygen exchange
efficiency.

(b) Results

[0129] The regions of interest, i.e. the area of the images representing the aorta, contained a mean of 42 6 20 pixels.
Mean baseline and plateau T1 values were 1300 6 200 ms and 1200 6 100 ms for S and 1300 6 200 ms and 1100 6
100 ms for NS respectively. Figures 10A and 10B show ΔPO2 plotted as a function of time for each subject in the two
groups, smoothed using a 5-point moving average. The bold line shows the mean time course over all volunteers
(unsmoothed). The mean plateau value was 350 6 90 mmHg for S and 430 6 40 mmHg for NS (p=0.049).

(c) Discussion

[0130] In this small number of volunteers, the plateau ΔPO2 values showed a borderline significant difference between
the two groups, with S showing lower plateau ΔPO2 values than NS. The standard deviation of the plateau ΔPO2 in S
was double that in NS. Literature values for arterial blood gas measurements of PO2 in normal volunteers when breathing
air and 100% oxygen suggest that the expected ΔPO2 should be 490 6 20 mmHg (Floyd TF, Clark JM, et al. J Appl
Physiol 2003;95:2453-2461), which is in agreement with our findings. Direct comparison with arterial blood gas sampling
would be advantageous to validate the measurement and the study of more subjects will allow stronger conclusions to
be drawn regarding any difference between S and NS.
[0131] These curves show that the gas delivery system used in OE-MRI is functioning as expected, and also give an
indication of global lung function by showing how well the lungs are oxygenating the blood, although they do not provide
information on haemoglobin transport. These measurements of arterial plasma oxygenation may readily be used as the
input function to the compartment models of examples 1 and 2, or indeed any appropriate model of tissue function.
[0132] In conclusion, we have measured T1 changes in the aorta for smokers and never-smokers due to breathing
100% oxygen, which, assuming a value for r1, can be converted to a measurement of ΔPO2 (which, when measuring
entirely in the aorta, is equivalent to PaO2) that is in agreement with literature values. These non-invasive measurements
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have potential in modelling of oxygen uptake in a wide range of tissues and also for modelling gas exchange in the lungs.
[0133] This represents a preferred method of determining the input PaO2 (Cb) to the compartmental modelling algorithm
of the present invention.

Claims

1. A computer-implemented method of characterising tissue function in a subject in need of such characterisation
comprising:

receiving image data providing information in respect of delivery of oxygen to a tissue and metabolic consumption
of oxygen within the tissue, the image data being generated by performing oxygen-Enhanced Magnetic Reso-
nance Imaging (OE-MRI) on the tissue and being generated over a time period during which the subject inhales
gases with at least two different partial pressures of oxygen; and characterised by:

applying a compartmental model algorithm to the image data generated to provide information on metabolic
function of the tissue.

2. The method of claim 1 wherein the tissue is divided into a matrix of voxels and OE-MRI data is generated for each
voxel.

3. The method of claim 1 or 2 wherein OE-MRI data is generated while the subject first inhales a first gas with a partial
pressure of oxygen between 0 % and 35 % oxygen; then breathes a second gas with a partial pressure of oxygen
between 45 % and 100% oxygen.

4. The method of claim 3 wherein the first gas is air and the second gas is 100% oxygen.

5. The method according to any preceding claim wherein the tissue space of interest includes a tumour.

6. The method according to claim 2, or any claim dependent thereon, wherein techniques are applied to improve image
registration.

7. The method according to any preceding claim wherein the compartmental model algorithm is a two-compartment
model based on physiological parameters for rate of delivery, diffusion and metabolisation.

8. The method according to claim 7 wherein the compartmental model algorithm:

calculates the combined oxygen concentration of a second compartment comprising tissue and interstitium
(Ce); and/or
calculates the fractional volume of blood per MRI visible matter (Vb), diffusing capacity of the vasculature (Kox)
or a metabolic consumption rate (Mox).

9. The method according to claim 7 or 8, wherein the compartmental model algorithm incorporates a therm indicative
of the concentration of oxygen in the blood (Cb).

10. The method of claim 9 wherein the concentration of oxygen in the blood (Cb) is calculated from the concentration
of breathed oxygen PIO2, or wherein Cb is calculated with regard to an estimated wash in or wash-out time for the
blood (TOIF), or wherein Cb is determined from a measurement of oxygen concentration in the blood.

11. The method according to claim 10 wherein the measurement of oxygen concentration in the blood is measured from
OE-MRI data, wherein the OE-MR1 data is optionally taken from a region of the subject which includes a large blood
vessel.

12. The method according to any one of claims 7-11 wherein the algorithm is: 
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as defined herein.

13. A computer apparatus for generating data concerning tissue function, the apparatus composting:

a memory storing processor readable instructions; and
a processor configured to read and execute instructions stored in said memory;
wherein said processor readable instructions comprise instructions controlling said processor to carry out a
method according to any one of claims 1 to 12,

14. A carrier medium carrying computer readable program code configured to cause a computer to carry out a method
according to any one of claims 1 to 12.

Patentansprüche

1. Computerimplementiertes Verfahren zum Charakterisieren von Gewebefunktion in einer Person, die eine solche
Charakterisierung benötigt, Folgendes umfassend:

Empfangen von Bilddaten, die Information bezüglich Sauerstoffversorgung eines Gewebes und bezüglich me-
tabolischen Sauerstoffverbrauchs innerhalb des Gewebes bereitstellt, wobei die Bilddaten durch Ausführen von
OE-MRI (sauerstoffangereicherte Magnetresonanztomographie) am Gewebe erzeugt werden und über eine
Zeitperiode erzeugt werden, während der die Person Gase mit mindestens zwei verschiedenen Sauerstoff-
Partialdrücken inhaliert; und gekennzeichnet durch:

Anwenden eines Kompartment-Modell-Algorithmus auf die Bilddaten, die zum Bereitstellen von Information
über metabolische Funktion des Gewebes erzeugt werden.

2. Verfahren nach Anspruch 1, worin das Gewebe in eine Matrix von Voxeln unterteilt wird und OE-MRI-Daten für
jedes Voxel erzeugt werden.

3. Verfahren nach Anspruch 1 oder 2, worin OE-MRI-Daten erzeugt werden, während die Person zuerst ein erstes
Gas mit einem Sauerstoff-Partialdruck zwischen 0 % und 35 % Sauerstoff inhaliert; dann ein zweites Gas mit einem
Sauerstoff-Partialdruck zwischen 45 % und 100 % Sauerstoff atmet.

4. Verfahren von Anspruch 3, worin das erste Gas Luft ist und das zweite Gas 100 % Sauerstoff ist.

5. Verfahren nach einem vorhergehenden Anspruch, worin der Geweberaum von Interesse einen Tumor einschließt.

6. Verfahren nach Anspruch 2 oder einem davon abhängigen Anspruch, worin Techniken angewendet werden, um
die Bildregistrierung zu verbessern.

7. Verfahren nach einem vorhergehenden Anspruch, worin der Kompartment-Modell-Algorithmus ein Doppel-Kom-
partment-Modell auf der Basis von physiologischen Parametern für Versorgungs-, Diffusions- und Matabolisierungs-
rate ist.

8. Verfahren nach Anspruch 7, worin der Kompartment-Modell-Algorithmus:

die kombinierte Sauerstoffkonzentration eines zweiten Kompartments berechnet, das Gewebe und Interstitium
(Ce) umfasst; und/oder
das Teilvolumen von Blut pro MRI-sichtbarer Substanz (Vb), Diffusionskapazität des Blutkreislaufs (Kox) oder
eine metabolische Verbrauchsrate (Mox) berechnet.

9. Verfahren nach Anspruch 7 oder 8, worin der Kompartment-Modell-Algorithmus einen Term einschließt, der für die
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Sauerstoffkonzentration im Blut (Cb) bezeichnend ist.

10. Verfahren nach Anspruch 9, worin die Sauerstoffkonzentration im Blut (Cb) aus der Konzentration von geatmetem
Sauerstoff PI02 berechnet wird oder worin Cb mit Bezug auf eine geschätzte Wash-in- oder Wash-out-Zeit für das
Blut (TOIF) berechnet wird oder worin Cb aus einer Messung der Sauerstoffkonzentration im Blut bestimmt wird.

11. Verfahren nach Anspruch 10, worin die Messung von Sauerstoffkonzentration im Blut aus OE-MRI-Daten gemessen
wird, worin die OE-MRI-Daten optional aus einer Körperregion der Person genommen werden, die ein großes
Blutgefäß einschließt.

12. Verfahren nach einem der Ansprüche 7 - 11, worin der Algorithmus gegeben ist durch: 

wie hierin definiert.

13. Computervorrichtung zum Erzeugen von Daten bezüglich Gewebefunktion, wobei die Vorrichtung umfasst:

einen Speicher, der prozessorlesbare Anweisungen speichert; und
einen Prozessor, konfiguriert zum Lesen und Ausführen von Anweisungen, die im Speicher gespeichert sind;
worin die prozessorlesbaren Anweisungen Anweisungen umfassen, die den Prozessor zum Ausführen eines
Verfahrens nach einem der Ansprüche 1 bis 12 steuern.

14. Trägermedium, das computerlesbaren Programmcode trägt, der dazu konfiguriert ist, einen Computer zu veranlas-
sen, ein Verfahren nach einem der Ansprüche 1 bis 12 auszuführen.

Revendications

1. Procédé informatisé caractérisant la fonction tissulaire chez un sujet nécessitant une telle caractérisation
comprenant :

la réception de données d’image fournissant des informations concernant la distribution d’oxygène à un tissu
et la consommation métabolique d’oxygène dans le tissu, les données d’image étant générées en effectuant
une imagerie par résonance magnétique activée par oxygène (OE-IRM) sur le tissu et étant générées au cours
d’une période pendant laquelle le sujet inhale des gaz avec au moins deux pressions partielles d’oxygène
différentes ; et caractérisé par :

l’application d’un algorithme de modèle compartimental aux données d’image générées pour fournir des
informations sur la fonction métabolique du tissu.

2. Procédé de la revendication 1 dans lequel le tissu est divisé en une matrice de voxels et des données OE-IRM sont
générées pour chaque voxel.

3. Procédé de la revendication 1 ou 2 dans lequel les données OE-IRM sont générées tandis que le sujet inhale dans
un premier temps un premier gaz avec une pression d’oxygène partielle entre 0 % et 35 % d’oxygène ; puis respire
un deuxième gaz avec une pression partielle d’oxygène entre 45 % et 100 % d’oxygène.

4. Procédé de la revendication 3 dans lequel le premier gaz est de l’air et le deuxième gaz est 100 % d’oxygène.

5. Procédé selon l’une quelconque des revendications précédentes dans lequel l’espace tissulaire d’intérêt comprend
une tumeur.

6. Procédé selon la revendication 2, ou une revendication quelconque dépendante de celle-ci, dans lequel des tech-
niques sont appliquées pour améliorer l’alignement d’image.
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7. Procédé selon l’une quelconque des revendications précédentes dans lequel l’algorithme de modèle compartimental
est un modèle à deux compartiments basé sur des paramètres physiologiques pour le taux de distribution, diffusion
et métabolisation.

8. Procédé selon la revendication 7 dans lequel l’algorithme de modèle compartimental :

calcule la concentration d’oxygène combinée d’un deuxième compartiment comprenant le tissu et l’nterstitium
(Ce); et/ou
calcule la fraction volumique de sang par matière visible par IRM (Vb), la capacité de diffusion de la vascularisation
(Kox) ou un taux de consommation métabolique (Mox).

9. Procédé selon la revendication 7 ou 8, dans lequel l’algorithme de modèle compartimental incorpore un terme
indicatif de la concentration d’oxygène dans le sang (Cb).

10. Procédé de la revendication 9 dans lequel la concentration d’oxygène dans le sang (Cb) est calculé à partir de la
concentration d’oxygène respiré PI02, ou dans lequel Cb est calculé en fonction d’un temps d’inspiration ou d’ex-
piration estimé pour le sang (TOIF) ou dans lequel Cb est déterminé à partir d’une mesure de concentration d’oxygène
dans le sang.

11. Procédé selon la revendication 10 dans lequel la mesure de concentration d’oxygène dans le sang est mesuré à
partir de données OE-IRM, les données OE-IRM étant facultativement extraites d’une région du sujet qui comprend
un grand vaisseau sanguin.

12. Procédé selon l’une quelconque des revendications 7 à 11 dans lequel l’algorithme est : 

tel que défini présentement.

13. Appareil informatique pour générer des données concernant la fonction tissulaire, l’appareil comprenant :

une mémoire stockant des instructions lisibles par processeur ; et
un processeur configuré pour lire et exécuter des instructions stockées dans ladite mémoire ;
lesdites instructions lisibles par processeur comprennent des instructions commandant ledit processeur pour
conduire un procédé selon l’une quelconque des revendications 1 à 12.

14. Support d’informations contenant un code de programme lisible par ordinateur configuré pour amener un ordinateur
à conduire un procédé selon l’une quelconque des revendications 1 à 12.
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