LUNG FUNCTI ON ANALYSI S METHOD AND APPARATUS The present invention rel ates
to net hods for generating data indicative of lung function and nore

parti cul avbyohutsswet exclusively to the application of @craigrerabissal nodel
to data produced by oxygen-enhanced magnetic resonance inmaging of a lung in
order to generate further data indicative of lung function. It wll be
appreci ated t haj NG IFUNCTPONANALYSIE METHRSD AN AFRARANRR for a nunber
of reasons. For~exanple, It can be tnfornaittve to characterrse |ung
ventil ati on because such ventilation can be affected by a range of
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for investigation within a particular region of a lung lgy produci ng i mages
of a radi arethsmatiedlt mode] teatdata arodased typesyges-enhgnsad Hmagnstibj wsenandthe
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val uabl e scintigraphic imging technique is a ventilation/perfusion (V/Q
scan, which conprises two inmaging steps. First, the subject is asked to
br eat he altg¥dl bg snprgciated thakp ﬁﬁmglaa Willnyish 1t rshiungrfusetion: foF a number af

radi onuc fe‘J&Ifé.e?QPeﬁ'}nﬁlgciP ot byﬁfom&v@ t{> ThRgGcefle fuﬂg vell aﬁ&ﬁ] bicaffest are
recorded using a ga cdamer a. e resulting rnmages Show I'ight areas in

| ung regi swch ventildtionhcarh®e gaffechdsbper mage esk pulthdnasr disordery. eQuireSelRt

i nformati on about ich areas of the lungs are bejng ventil ated_and which
are not. §é’é‘§‘ﬁ‘g¥u‘§n\l\gr‘ HOTh{FSISotRE aspfse & Vi T8neeof ﬁtopg‘e}’arb‘g}ﬁsré‘eé?ﬁbc“@%r , such

as radi oagyl ; ' r ] IATe LS
adm ni st egiélg\bfﬁ #lglﬁgpggﬂbﬁéghc%lfgf%g%gg%?giﬁggﬁk ﬁéﬁg?&%@g‘ﬁ‘%@‘%‘ﬂ% subj ect's
chest using the gamma canera. The resulting i mages show | i ght areas
wherever the.gamm enmitter has been.carried within the |ungs by the bl ood
stream an%C‘PH%IaBl%?lgo“fse%F ggfg%{ga IR SRt 3 R ‘\ém?)rJf’g'\Rﬂio F\I‘F'@Qg'o‘?@x‘&?ng he |ungs
are bei nginileb oP@riciERsh MhictindmeRelal dstit Phdsts BEORRRT fbjedt e¥hd Refnibie SOMe
cases the resulting inmages are seen in negative, i.e. dark areas indicate
hi gher cogerllyardcessifates theaimhalatiom obradiqactie srtbstanfes| andsis dimitedely towv | i ght
areas as %ﬁg@g&gﬁ ove. The clinician, analysing the results of a V/Q
scan may be Interested in physiol ogical paranmeters such as how well certain
regions of the lungs are being ventilated with air or perfiised with bl ood,

but is offen particularly interested in m smatches between the quality of
venti | ati BR® aRUGHahePRBRIOPT A Valuabler sgnigrarhia ipaging, dgeniasc s M smat ches
i ndi cat e wﬁtﬂmgﬁ%pe}ﬁ%ﬁfW/Q?%km%hiknecoﬁdp&is@yw!iﬂfagilngrktéaﬂ;.e FHYIShd S
inefficient, because lung regions supplied wth inh d air are not being
suppl i ed subidet i asbed sntiveathe |augay mistyiro nentsinpygl 4 ganma tridifti yoemistes sndt  bei ng
supplied with.air..In the case of bqgth.chronic illnesse uch as
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enbol | sm udihEaSgiifa RBeRAr The Wsaliing Ak FERCeANRY h@tefidndised tO
identify obstructions within the airways or bl ood vessels which are causing

a vent i | atvhish/thegssies pamigatadeandiherpfoze feprgsen infprmatianrppouthish epaactl y, v/ Q
scans pro eanése’Jr%Béiﬁ lv¥ntk19 gragg g\hllilt%hl Ao V@ecﬁb&%@%h@@@ oﬁsei%j‘gc{ié ()f' €.

i mages). Wl be apprecrated that mnore’| ocal i nfornmatron, Such as woul d
be provi dedurdyer\vahmmetmhiter,daich as wadibattive i @hhéture nyacv@ hg@bgsted albamiier to
provi de mélff% detai |l ed pr o_gnoseftand targeted therapies for addressing

ventil at i OYPg@r M ots pwibt HhgrupieelewBile recoriingriyther Imeges Ity es,
such as ngg,n@c ! Sﬁ)sn%- { I NG MROTHRI reiathiY i u : hy (CT),
have there 6rréls(t;cehg% |r11 gltfel %?glén(%or t'heﬁlihr% %eg‘ﬁf‘?%e{@??% él%tqvothgfr{rgg{eﬁg t he

| ungs. Oxyhemrvanthampastharagitet ihas besocaaniak withhgihe Jui@ByViRle) blosd strdaigh

resol ution j i.ng technol ggy whi ch has been .denopstrated in both healthy
vol unt eer@Jaﬁg%ﬁ%gir@?f??“@m“ifﬂ%‘ﬂ)ﬂloﬁtﬂl?awwmcgéﬁ%‘@n%{gpi‘ﬁ lﬁ?ﬁseflxﬁz!i’ﬂnge",velr ndi r ect
met hod t OpathSE@WithDIbN At WANHE hgPrtQited YRE BLIHNRY caQdMBEFeshiBin %ﬁ%@%’@“ ¢ and
so acts as an MR | contrast agent when dissolved in water due 1o its effect
on Ti (whsesh in giegatomni.¢.odark @seas dnditdtedlighar corsenrations ofRkdiatéon éraitting

| ongi t udi naLe .rﬁl axat i %3 t].i ge%j Anot her %jlt ndard out put paranmeter of MRl is
RL, whi chPETERE PRO¥ISP MBRHGFs M op ation and is therefore derivable
fromTl as R1=1/T1l. Oxygen is always present in a living animal body so it
is not possible to use oxygen as a contrast nmediumin the usual way (i.e.
by assuming that all visible contrast jis that which has been introduced for
t he purposes of the study, as is the case with nucl ear nedicine studies).
Rat her, at | east one baseline neasurenent is made while oxygen in the |ung
tissues is at a first concentration, and at | east one contrast neasurenent
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spurious interpretation of normal breathing function. Accordingly inmge
regi stration net hods have been devel oped to correct for breathing notion
bef ore cavoubatissmwsof M (e.g. see Naish et al. (2005) Wegresw/deesonance
in Medicine 54:464-469). Such nethods allow registration of a lung outline
such that data resulting fromnmultiple scans of the sane subject over tine
can be reghsicRhiehn] G@fshey theirkdults BE aNEEUsdan titgt bedinteresvedl GshysRlgtidang to
correspondi ng | ocations wthin the subject's lungs are identifiable as
such. Mor paameters gighas hawi well egrtaimregions of Bt lpesnarg ibeing ventilatgdbyideris may

all ow co 1,300 Of | t . ] i y that
differi ngB FBJF%‘%S? %tg lﬂﬁ%i %Hg%edg% grpgﬁciac;ﬁﬁﬁ éé{;"%ﬁ%ﬁ? J|1 gﬁ%@atg}geé}éﬁ\?%e t or. Each
dat a val uquglitpdeeatildtionand GEpbfRisien anloas régisay inake oV Budtembhtsched t he
change in partial pressure of oxygen for a sin oint in time. Even when

: ingle poin .
a study i §dicats hahgag trapsfer befwisen, hmnt%ndd?logdclaﬁge Bgs isgngfifigient. epasisper i od,

t he resul : L vigl: -l ] Line

poi nt o, 1{ehgfls RUEREN it BRQLAG(riR Rttt apbRta 31 oGl iddoddind OF, ¢
function edgiddsesupplied withi bigod uednat bEihficdppliell withmirhoth dreutde b Boakind t o
utilise the data val ues_produced by an OE- MR stud% SO g@lto i nfer

f unct i onaFMiORIOH RETSFHRICRIRSROSHUEH S R mOopRRY lifaarc B ARt HMCESE SYFh 2pe

det er m Neguiordly Mbolfshe AV LARS aRYSlibIR1Y GAlLAYTe Sfnel iRy UAUR: uskills data
woul d be extrenely useful in diagnosis and prognostic eStimation for people
or ani mal sdenfify ekstatctings mathindhef aigeaysr et ibtegpdf vess¢ls owlich dert acaabingt at he

l ungs from OE-MRI data is.to hegin by, constructi si npl e, hi ghl

abstract eae?tﬁﬁtbqrmfﬁ@ls‘oﬁp@éﬁmaé iasfeéﬁ’nr’r?ﬁsjél luB%[_r gﬁﬂf?’étf”ggp e W& g"é’é‘gof whi ch
are expec ﬁ@ideoremﬁe%elowrerssﬁlﬂeﬂ,sw QinfenSOANIRsUIR (1eNEnddedrt 1oRill Bhe nodel
is then "fitted" to data generated for a subject over time for a region of

i nt er est . amprecifited tthatgmergnlogal kinfarmation,cruak as hyauld be pyevidedaby piohymsidei s to
apply the del t.g t a. s s.to determne values for one ar re nodel
or amet or Aot BteRA Qe b Broid ¥ BRI MO Rl mRFed® 2Bt abi
accur acy. tarbéed @llepdfiesofor tadaressife vealano@p@fisionproblem3y eHiphenradekuebii ned by
the fitting are then used to conpare |ung funct]on between subjects or

bet ween d&Nagiag techuQlogicsdush anmagretis Fatonangs) imeging (MR opx-raggeRPHedpdel i s

val i dat ed r@e{d g héd i Xels) . | , the
nodel pr O\t/I %égﬂa S tﬂ’o%-rl ataegcg{3 Bgés?{ g}??ﬁﬁa{?g\i@’ g?a;aﬁgfs“%afbgﬁ att%gr&gﬂl?y That
is, the valedengsft at | east one paraneter of the nodel changes dependi ng on
the health and/or particular diagnosis of the subject. The val ues produced
by such a nodel are not, however, suitable for quantitative analysis of
lung funcmxggerb_@@ﬁu@@ RO &ﬁﬁxaﬁ&deﬂnagﬂéa(@-ﬂlﬁl)r R! at Rigdl FR6Mkukiynt O
measur abl e physi ol ogi cal paranmeters. Rather, the nodel paranmeters are
abstract iimaginattephgolpgy cmhipknhes heem dgmonsteatedain bythr beadthy wolwpeesx iandit i ng
physi ol ogi tion 1t is_an obiect of the.pre iLnyenti.on to obviate
or mti gatp g altlttSf i"'@% u?lg%%argfd lsteﬁ% ?osr o%?lge%ﬁalgs %:nr%il ((\étd"%l g@é@/é‘.’ V%%‘%lézr%d]iuﬁ to a
first aspeeitilaiord MoledW&ndixygen idpar@mhgnefit Qud dedcl adRhR] contrgeagenmt i ng

data indicative of |lung functiaon of a subject, the method caonprising

recei vi ng "fiep dissef¥ehinpatendueate ilsediccomn A dwmchr is PR thess elatledhpidthe nput ti ng
said firs t : o} t [

i ndi cati vtgng?%fngs 1<lellemct oﬁf;?i];Il elﬂ}%}xéx‘r'p &35@52}%%?]9%&5%@% ‘?rlag%%ggrfrpri ses a
first nodMREsowbreh istthdehteiafdorgitadsibbrelaxhtigrasebis shoafpgederivable feorgaseous
space within ng I7ung to biological material within the |ung based upon
quantit ati'vé’ tY7indi cative of oxygen content in the inhaled gases and
oxygen content in the biological material, and a second nodel conponent
nodel ling the transfer of oxygen fromthe |ungs by oxygenation of venous

bl ood t o Exzaereisakyayspatsent ibladodngdaimdl baslyrsoquiampi passibletodia¢ exygediasat i ve of
oxygen content in the venous bl ood.. The net hod cardi.ng to. the first
aepect. of MBly duetiin 1 18 BBl SRL (a5 A aaga<RR At bR, drpilis g
second MORichCRHINREE MtfodAEQY it @hé PHPBYRITRE Slud RCAUE Ay cARY vatsidik@ki ng bot h
the oxygen content in the biological Material in the lungs and in the
venous bl gtsdicinesyhedies)y Riather, jat legsiong deseling alcessemenias madewbde okyendri on of

t hese two part] r.conc rations..of oxygen in the nodel all .
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i ndi cati venadé Whiltg tielR&YgadNin Bheo IOy Cidduesras eiti @lsedondt bmcertiont dhet he

i nvention neans the non-gaseous matter which makes up the lung. Mre
particul arly, biological material includes blood and tissues, whether |ung
ti ssues (or parenchyma), blood vessels or other tissues including cancerous
ti ssue. Biological material may al so include non-bl ood body fluids. Gaseous
spaces and al veol ar spaces in the context of the invention nean non-solid
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The quantity of data indicative of oxygen content in the inhaled gases may
be indicative of a change of oxygen content in the inhal ed gases. The
quant i t atwoeeodatssiosndi cati ve of oxygen content in the birorap20aloonasberi al
may be indicative of a change of oxygen content in the biological material.
The quantitative data indicative of oxygen content in the venous bl ood may
be i ndi cadiffigeret trtwdrange bafeling yyasuremshis)t andnthe tentvasn aeasditmenti(s) the second
nodel conponent may conprise a first paraneter representing a vol uge of

bl ood f I ofentalcubide r%rﬁ@amaahoﬁ Ry eEm EgsHidinan ipergase 18 ke SPRCERiratigh ok 5j ¢
first par i -H(ﬁ;a,,, . I Sewhhintdid s first
par ameterafgg&gé v{z)i thZ’gg{se ?ﬁeﬁogl?é 1t e Rnlglgg{oagglﬁgéﬁt eefirﬁlafoécel vgfngat?éa whi ch
has been detgerwheredomparad tbl weathinigomonn airh@t AiB) extygan, and ithisutant be t he

nmodel or, preferably,. can.produyc uantitative data about bl ood f|ow from
the model obRedi et ingiaaishe E}fgeﬁ%we@jaﬁwsa the el e SsAdr G ol ume of
bl ood per cyalddMenQburlehiefisPEMR! farféulidyTBincrbi&d! toREnTRIB! of GRGRENT MaY
conprise a second parameter representing a volune of I nhaled gases in at
| east par pxydentfreduras ecosespoading debreaggendr; arlich dat be detyctedhad aideziatal | east

one val ue for, said, second parangter, repr.esentin ol une of inhaled gases
in at | easiENfaPensity (RgFeRssWofis lé?f%l‘gét?g?ﬂggﬁsge‘g‘ltead[ ﬁ?@ %Seé%h(ithb‘ért freter is
advant age Lt hak the apssl ej.t eqaiwve t i SA peen
det er ni negﬂgr%ﬂt}te {ﬂhyeel vagl(time e g‘g@ei ir?h{'ilkfll{eoaﬁrdb381ﬁf)he @Ebﬁéﬁmhggaﬁ ?&)’put to
the nodel represenss iy dOktas: if dissbive@bkendah@naloi invhd liigs of i nhal ed gas
within the lung fromthe nodel. The nethod according to the first aspect of
the present invention may further conprise generating data based upon said
first paryiRlsisidiceenoaente WRIR i GRIA" Al BRbRyRASHC, YAt 3p d TiTst
parameter and sai d second paramnet may conprise performng am arithmetic
oper at i on imterest wathire aofsubjactd fiohr The rhaagetierloagichdinal atelpxatidn ated ARecond
parameter. The arithnetic operation nay be a division_ of a ventilation
val ue bas@gtenpinad £y QESYRInAnpanpspamaie’ fyeragepeanvesiainfaglor ye BsE¥&® fipon sai d
first par ARDS ' ' [ vient Ll,atg and
per f usi on?gglhg%paljt ngﬁrgxﬁegggrgﬁe?ﬁ{ggl}e'oﬁr}}tg%%&%ﬁ?%i@ﬁ%ﬂf iz?g‘gg?? enely
val uabl e istmamHd| niZzamdrclnet tG,nMarin  ady ddillage Wi, &Nonulehsivdhiiafaging bfised upon
the noverment of blood and air within the lungs (rather than the novement of
a radi at i GHEHAYE Agebahdions: ewarhanees dufingt 1Q0he taaen ipRaliggaBrBe of
produci ng aﬁb‘x@d]tsbﬁlal%béflﬁxgvrﬂk‘%ﬁﬁag}?@’Cﬂm%ﬂ&rpﬁuﬁﬁmﬁm&oﬁﬂi%laéf AGHIW008
statistical averages, conpared between patients or conparéd between
mul Ei E: e fsmm)ts?]@fﬂ)f(hé“d}ﬂm;ﬁ&tqracdtn_e?e tqwdartotdomer_t Imh\/\gewuf@mmmt 2 $0 gragiahot
Unpr edi ot FBSPITES OAXYERR (ROpERE MR HeloHE ek Of fstHuvalueh gensrigds whi ch
result fr R oL .C areq pvi.sual
clinici an%gn‘flﬁe hode Sg(l)(fyclﬁ{}ﬁeg%lgvﬁc (?Igfla%ﬁ)g{/’rlhe)'dei ?hnéRf/G’h% F%%Alik%ozgs part of
a lung cony ¢hah@dindpaktidl prespae bf OXy 2P thisd sTUnidlaheteGagF@pisurs PAGH DA a
second portion conprising said biological material. The first parameter may
repr esent tissugovaipie bfis kPt st Plally hpeansdeod sty t-i Bnthefampe part
of the | ung: feTolalet r.es j ed
gasses inrﬂ)tg%eé;{? ??i% por%‘?%%ﬁégfgfﬁse%ﬁ&gfa C.Paﬁdéhl \Bﬁlgh\{%%%gtﬁgirﬁ P?% |Lve dat a
i ndi cat i vén @hrtiak pgessure osft @xtgen rintd aumberoas 1dehb eckiomyoft mtgrest switlinpher al i ty
of values each, rel ati ng t 0 QX gfn content at a respective tinme. The nethod
may f ur t hePOIEGIPRESOVE H’éip\?f‘ﬂ% WESH‘[‘}éinti tative data indicative of oxygen
content (or change in oxygen content) in the venous blood, the quantitative
data indicative of oxygen content in the venous bl ood having been obtai ned
fromthe $ligh essolutihanalysis ofl theebings by trewtiplerly-MBI seans iover Bme ipmadhe
subj ect tq.determ ne quantitative . data.jndicative of.oxygen, content in the
venbus. bl QUHEUTRE e S e RPe S RS ot LBRRP RS RN 306 ubi 1 11y
g}‘ ogygent% Bregﬂx%?gg-Brgﬁﬁ-hg%ﬂ@ﬂ@ﬂ%qehQ@é&ﬁﬁi&ﬁd}jﬁu&i@@bﬁloilﬁ%'tikxhtlﬁ x»ggxf luagygen in
ood may be based on a dissociation curve of oxygen-haenogl obin
sat ur at i odiseq¥eethibdah hayunappfastebleanad.t ke & aeubi diffigulif toopgdenn iin 2he bl ood
The fi 1t A B ARERC el S5 B L et S RBRI e BT i 9 B
of i nhal eghgamema bEhg dsidssdd dimdat regairpoagRt statyinhdl4tidne whiehpay $@dao second
part representing the anount of oxygen diffused into the biol ogical
material fromthe gaseous space. The first nodel conponent may be defined
by a difference between said first pari and said second part of said first
nodel component. The second nodel conponent nay conprise a first part
representing the anount of oxygen diffused into the biological materi al
fromthe gaseous space. The second nodel conponent may further conprise a
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The nodel may conprise a third paraneter indicating a proportion of a part
of the lung made up of one of said first and second portions. The nethod
accor di ngwboeotinssfosr st aspect of the present invention wey/dBaotovereseonpri se
receiving at | east one value for the third paraneter as an input. The at

| east one value for the third paraneter may have been obtained fromthe

subj ect. Fp@iousSntefhrétatidreofnorniih Geeattdh@ fun®lyn becdRdinglp dthabe adpidthdiosub] ect
to generate the value for the third paraneter. The data nay be obtai ned by
any appr ofathads hare heen develansditagopgctaler reaghing gintion e fare walsplepy ofcan or a
magnetic r n tQt gn Lty scan., The fifrst, an o I
conponent iy Eoe Al A2 EOT MR AR rerlnit s BE Ry SR RER STy

propor ti Omnetildie dlldetegibbritifla e at Nfg fobfliie sudh tHA dathPiisitiRg from Ywaeplé =VA Fl o
Ps - PH20dtPB - PH20 j 0(Co + ro,%’wo, - CV-0, ) wherein PwO2 is an input

par amet er seasoéherremegublRel qyar timgicap be segistered fogstherwithithe remelt Habiatai cal
material in ' s . Lo E1L Q2 . n. | a er..representing
5" the corlBuBEIES sfieshlubt Rtausd il sRCbEY L AR BB gaER o

par anmet er saétpr esierdovary refistraiunc oNtdaddsete NbedhvedX Igfdteir Qfbfetts inthyt BRowenous
system of the subject; ap2 .is _an input paraneter which represents the
sol ubi li tyo@par@@yg{fr}upg] quqgombg;vﬁgpdm subjects in such a way that differing lung

sizes and shapes are at least partially accounted for.

Each data value produced by an OE-MRI scan as described above relates to the
change in partial pressure of oxygen for a single point in time. Even when a study is
performed, i.e. a plurality of scans over a given time period, the results are a number
of scalar data values for a plurality of time points. It is not therefore possible to
directly measure desired aspects function of the lung, using such a method. If a
method could be found to utilise the data values produced by an OE-MRI study so as
to infer functional information about a subject then functional data could be
determined at OE-MRI resolutions over the region of the lungs. This data would be

extremely useful in diagnosis and prognostic estimation for people or animals.

An existing method of generating functional data about the lungs from OE-MRI data
is to begin by constructing a simple, highly abstracted functional model comprising
model parameters the values of which are expected to change in response to a change
in Jung function. The model is then “fitted” to data generated for a subject over time
for a region of interest. The fitting can take many forms, but its general purpose is to
apply the model to the data so as to determine values for one or more model
parameters which result in the model representing the data with acceptable accuracy.
The values of the model parameters which have been determined by the fitting are
then used to compare lung function between subjects or between datasets acquired

from the same subject over time.

Such a model is validated by gathering empirical evidence that, once fitted to data, the

model provides a set of data values which have diagnostic capability. That is, the



material; 1602 is an input paraneter which represents the solubility
coefficient of oxygen in the blood which nmay be approxi mated by a |inear
rel ati onsWwopow/dskiosespect to the partial pressure of di sewigB2diomoysgen Pw02
over a typical range of partial pressures observed during a study; vwis a
paranmeter representing the proportion of biological material in said part

of the | unglue\dh at feadtnorRWapdibetposfalie ntydel EHanpéedeperidihg WhitkdhéBRrgamt s t he
vol ume of inhaled gases wi thin said gaseous space in said part of the |ung;
Co is an &gfticu}sediagnesis of thenaubieshc drher valves rpreduces pyesich @ mpdedrramoker o

s e ofuces Boro
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bl ood whi qlarapssae selitbdiragly ®aneaspmble sHysiolugidall pgrambtedd dRAthed, tHehao@gner al
type described above nay be processed to integrate the termindicating a
rate of cPERGSIIs ase aBEFACt aindigatoss ywhich baver dasgrcarrived phveby( jroughly o

elimnate : . i integl’ation may result in the
repl acemarﬁ1 f’%)? %g@%@%lﬁ}fo\%ﬁ 3 qu‘ﬁ%&'

It is an object of the present invention to obviate or mitigate at least one of the

problems described above.

According to a first aspect of the invention there is provided a method for generating
data indicative of lung function of a subject, the method comprising receiving first
data which has been obtained from the subject and inputting said first data to a model
of lung function to generate said data indicative of lung function; wherein the model
of lung function comprises a first model component modelling transfer of gaseous
oxygen from a gaseous space within the lung to biological material within the lung
based upon quantitative data indicative of oxygen content in the inhaled gases and
oxygen content in the biological material, and a second model component modelling
the transfer of oxygen from the lungs by oxygenation of venous blood to create
oxygenated blood based upon quantitative data indicative of oxygen content in the

venous blood.

The method according to the first aspect of the present invention is advantageous in
that the first and second model components provide improved model accuracy by
considering both the oxygen content in the biological material in the lungs and in the
venous blood respectively. It has been realised that the consideration of these two
particular concentrations of oxygen in the model allows sufficiently accurate

modelling of lung function so as to produce data indicative of lung function.

Biological material in the context of the invention means the non-gaseous matter
which makes up the lung. More particularly, biological material includes blood and
tissues, whether lung tissues (or parenchyma), blood vessels or other tissues including
cancerous tissue. Biological material may also include non-blood body fluids.

Gaseous spaces and alveolar spaces in the context of the invention mean non-solid
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ternms indicating neasurenents of partial pressure oxygen within the
biological material at a plurality of tine points. This is useful in that
dat a i ndiwethngssmasur enents of the partial pressure of poryapniooidshe

bi ol ogical material at a plurality of tine points is data which can nore
readily be obtained fromOE-MRI data. The elimnation of the rate of change

termcan Rl @8hiliqeid Sptced Rvitiy tROMUEIY €NiordepartiduPirl g X 1R, spalBed RA®Ir ating
factor may be used to performthe elimnation. One advantage of sone

embodi menglyedlar snages imghude iboonchs trerchindie abeokimalieatert dusty andoeleedan a8 i ncl ude
par amet ersn%tﬁ?hﬁx grespond to standard physi ol ogi cal paraneters, e.g. of

| ung function gartl cul ar, mathematical nodels according to sone

enbodi ments of the invention include nodel paraneters for at |east one of,
or sonme conbi nation of: the volune of alveolar gas in units of volune of
gas per uhhe qyentitynef date indicativeopfiexyeen confgnt imhthesinbaledi gasenanmyl beal )
Venous ox C e bl ood
arriving a'?ﬁ{gﬂggpﬁﬁg}s%‘?%ten&&%&ke&c Iﬁé\}gllﬁaﬁ% ?‘H?E%g&g‘e%ﬁﬁfﬁ? Qﬁltﬂ%att%f bl ood,
t he capi | imlioatibé Of)dxyfgeﬁWOhtbhOimghe bigbegital enttartal heyitenindicativel @ £ciangdl uni ts
of vol une ?f bl ood per unit of time per unit volune of |ung, and the

sol ubilit§ @W%aygéﬁem ringhe dolegis) eatﬁrlabd Thﬁcql@atlt%a%|dat9dln6tca§ﬁeayf. nunits
of Vol UM oo Rufihh Mthe YAIIRTDIR P BLlirdRlaride BF ¥ ERarfdl ¥ I Eon c%ntme' whi ch
i ncor por at e phyS| ogi cal 'y accurate no paranmeters is cessarl |

conpl ex beécthayendusdlgidysi ol ogy which is being nodelled is conplex. | t IS
difficult to apply such a nodel to a real situation since the nodel has a

| ar ge number of unknowns. The inventors have realised that it is possible
to start wh Qec%H&hntﬁieF@JfQ#&i&nf"ﬁﬂ?'co APHsSh @?it'ﬁabﬁxﬂetter'r@px%%ﬁng aNduhdat the
resulting sinmplif remains c | nically significant and contains
accept ed phypkiod| ﬁ@\NcaTh@aﬁmmércbta maydnelude ahdeast ppayaluentontsgidafisst nade of

sone of the ar apet er s thenthese ters npt . need to.be fitted
S0 the dabdeeet seRBlenRs 5 fubs b nSEERRR SR S ot Rilhl BERRRP e fmae
W th regaadvantage@ist ial thafome anBde can Qithélhl%cémdﬁhtat\bﬁlﬂhHﬁ@%erpaétafﬁﬁn@d s al so
do not need to be fitted to the data. Critically, sinplification of the

conpl ex mabRAL blgpd fleve ipihe sybiashak A ipukios thegredsh er.aueferablpicanPreduse cept abl e
masuremgﬁﬁwb%v@td%anfbohmo% thC@&m%ﬁegmbéélczt'ﬂg%ﬁf {, Eﬁﬂi%te?'cﬁtgbémde' I ed
par amet er reover, any assunptions are na norelatfon to Known

physi ol ogexmksspaimaumitsexf soknc dftedoodgier soluyneadt lmd@msamnﬁtlmns can be
verified against the literature. Therefore, the resulting sinplified nodel
is delivered with a known set of validated assunptions which can be used to
val i dat e trhe fir® shdded c«%{;éd&ﬁ% ﬁtay BRPEEEE 8L ol pfafatrﬁét&QeHE?en%hgﬁl vdlhgél nodel
to the data. The quantitative data indicative of oxygen con in the

bi ol ogi cabf inheled igages mayt Ipast baeeﬁthsrpgaﬁecmm@n é‘hhanm@ecﬁrégtnemayoncleéenance

data. The ration fa icative n, the met hod
accordi ng ?lggst? g 8“%?‘” SS% et onc#i atr%%etfrﬁgre?en%ﬁl%r%awl%m%ﬁr| s%legﬁﬁ“feséatl on of
the Levenbelegst Wt qu&fecgasms space€eBlie URaF this eidne padahietdr iadag@pédudim or ot her
fitting algorithmto the node] so as to fit said npdel to said |nput dat a.

Accor di ngtabths medebpen eithseraceiye datgevhiph Bas hesn deterraingd pboud thy yelume 8f net hod
for gener i

subj ect" sg{lgufrit&galtg tb? th@%ﬁtﬁé’%gé%?ﬁfsl l}rﬁgtgtct) tgl}‘oﬁtannog;rac?ﬁrpg?&fc?aﬁgg&u 1\}:%;{[14?%(3 of
ventil ati abmrmdlumz:sbﬁmha]ed\gai; ithinhthe funigjfeomt themhedebs gases conprising a
first concentration of oxygen; obtaining second data indicative of
ventilation and perfusion while the subject inhales gases conprising a
second congenhidbd %c&ﬁmgxi/&%b ﬁﬂﬁné‘srp@ét' GQtﬁéﬂ'pFéiexﬁahﬁth‘i’éP%ﬁpﬁﬂﬂfePe first
and second data; and d rmning quantitative data indicativ

ventil ati compns pearefaimigodatddwmed upan salldeﬁltsh|pamnubaetraandAsecaddranm@%erof t he

t hod di ng to t d t of th t t ha bt
ot a whi | EoRTTEg, ORieC Porh RePB s o rrep ek 20 FEderahd ST kg hen
quant i t at tyBpli@t gerfoniingadn Mﬁhﬂttlyeﬁérw@t 6PR vane o@%ﬁﬁi%pﬁhr%&epﬁld a

det er m ned, Whl l'e traditional methods are limted to determ ning
non- quant valge Neaidnse@mﬁhpar@memouThwerﬁtlmea@ ioparation myst beigi dMisivat eff & ned

i ndirectl ntth [ 0 ation teri Is mhlch are not

normat 1y SrUlER R RBE AR g Sloobf Bty B belifon VU bReE 00 rmy be
appr oxi nmat#d ¥irst pitanieted. the concentration normally present in atnospheric
air, and/or the second concentration of oxygen nmay be approximtely 100%
The first and/or second data nay be nwgnetic resonance data obtai ned from
the subject. In general terns, the data obtained according to the second
aspect of the invention may be obtai ned by an oxygen-enhanced nagnetic
resonance study, the paraneters for mhlch may be any de5|rable par anet ers

I . R T T T T o



| ungs by oxygenation of venous blood to create oxygenated bl ood based upon
quantitative data indicative of oxygen content in the venous bl ood. The
mat hemat iwel2onmdslosof t he second aspect of the inventi orcrayB20NPIISSE any
of the features of the first aspect of the invention. Subjects tested
according to the nethods of the invention may be any subject for which it
is desirable to test lung function. The subject may be a mammal (although
the nmet hodol ogy is also generally applicable to any organismwth a |ung).
The subj edss desgribrd abaygmifornmiignnalionb gentdagorpand ipetfisien,yands partirulady t esti ng
human subj W T ondj & i suc S I y.enboli.s t hma, COPD
fibrotic Ivgl(r%]tggtclﬁ né%egguglsotﬂ glﬁrépr%{;c;hérrg Q’S&%ﬁi%@“@ sfeafnp Raf -"B?ﬁmi %e?@n S| n’één

defi ci encydwntdpe@Tahhedl aich isPasddupgodahe aeeéntaTbIead A@nat withinl the or

al veol ar damage caused by snoking or environnmental factors. Such hunman

subj ect's Aungskradhan than thayeovemsal pled radigtignragHEtingaionay madiwm Hisrfhatahe

i ndi cati f . [ i i f I fol I
regi ons. witdfiehis Fupapisndl it ol HRRANVE e R Refle blhal ot 1 PR
approach kaoth eatisial averageacdontparsinbeswdinesatients tor compared detvedn iwdtiplan OE- VR

study is used to gather a plurality of data val ues about oxygen parti al
pressure AFAISQELNS 53816 RALICNIANET Lgls; JhROWR Vi/‘StSé?‘@satfe #Pk ptable ﬁ%r { 8dof g
subj ect. | i1 4 e i : Dat:: 4 h (W fold t he

mat homa | o Mehljafive SOMpRRATARPRE B Arbiedoiihy” GrRG rhRBlcyl of B

conbi ned wbhtiasot Rather,mégi inggee whadioteogt donakdden \HiQagmos irecasseded ak t est s.
In the prefer%%ﬁ enbﬁfhgen .using OE-MRI, subjects to be tested should be
pl aced i n °GHPRRY ViR afbﬁF@BIly but not necessarily at 1.5 tesla
magnetic field strength. As the nmethod requires little specialist equipnent
it should be possible to use OE-MRI in any MR machi ne designed for human
or ani mal Tisenodal a1 lungifgrietion mayayoded lyngouodin is Aquartdfladung oermprising ah i s

sui tabl e &pr h%r&]%nagLng aﬁe.swhich gan gvercone tgﬁ)péob“ens caysed by
| ow proto et y PRPEH glsulﬁlggaaﬁ%llst e ?rﬁa &t 1COPT 8P Qr%?rbsérgngfl y

i nduced byidlogcdramytedal. - tTheSHSt ipata@ickdCmay Qbpresedt laudgumanst BledWdwh i s
al so sufficiently sensitive to the signal changes induced by changes in

i nhal ed oxjejavehc iid saeqndt pgHON ©f ghe part) ofy e dnpg Resc sgrend pagAmeteTomay er

Si ngl e- Sh A= - : ' R
Snapsnot O KL (R IS RSURRER, ofhe il bWEITRT Treover

typically delivered at a rate of 10-15 1/mn. In one enbodi nent, during a
study, the,subject.inhales.gases,with at |east two different part] al

ot saur e6 T SRR PRGNS of WOgEn SRYRIIR EIRToHRIoBE T REPRR L h o
mask or brgahMiifhARRAS BddhSrefaBihg GASxyRh LYREM Jt A répa&ivelthdd. Thd hemeat gases
may be inhaled while the MR scans are perforned. Wen the gas is oxygen
room ai r reay fuethersesanpaise aensivang theeupntitetivg dgie eslicatize obpxygepgentenh(orhi ch

i nstance the subject I r. he nor nal | i thout the,use of any

appar at us et eSErb ot St el BOTRI Erd! O B o s
adm ni st erogggdn’ contedt HOME Vohds blElLtizsthg eeh 9BAIRE fidm tHe sabeteITHaissW t ch
bet ween one adm ni stered gas and another than to switch between a

non- admi nit&¥ 6F s gArRecapiedeout 98 thiapybyech faedpterang Gismitafivg dafadndigptive
ad”‘”'SteQﬁ@x%ﬁHQﬁﬁ&nﬂﬂﬂh@v&ﬁﬁ%Sﬁ%&q that the subject inhales two gases - a
first gas whi conprises a relatively | ow concentration of oxygen (e.g.
10% 35% and a second gas which conprises a relatively high concentration

of oxygen (e.qg..45% 100%,. It is nost preferred th the first gas,is air
Lot Lot e aRiseb RAAREIGE 2 SOmBRYRLRSPrEIEIR BGoMbRY Of Xy Bdfntd-s: ng an
0xygen contgon@lon8%HA0ink thbisbhub Rty B REGEAHPEIobATayt BE pebll Pa0f gases
used nmay depend on the health status o¥ t he”sSubj ect. Thé subject may revert
back to brdésaodiatiap ¢uree bf osygegamemogloblni satgatert., The asdekmagitappeoxéngteef er abl y
made whi ch, detect. the change i ncent.ration of .di ssol ved oxygen within
The' 1 ungs T SPRGEhicC PuEthdy B SR BORE e Me. Sppaiie: & DM BBENeEn oach
gas may beui@heahpdtiasonegiad. It is preferred that OE-MR1 data is recorded

for each region of interest within the lungs by starting a subject on a | ow
concentration of oxygen then swapping the inhaled gas to one with a high

oxygen congcentratiaon for a riod of tine, e _nethod of the invention nost
or ofor ablyl et a8 b@hneREtS schumss "L il alr Trien e BGadieeRy

br eat hi ng ifntglétabaseb.r The GirstnRdielatompdneBO MY Rirther 28:Hphey gedtrod gart00%
oxygen. The diftering concentrations of the oxygen, acting as a contrast
medi um then influence the MRl signal 7letected fromprotons (primarily from
t he hydrogen nuclei found in water or lipids in the pulnonary tissue) if
proton MRl is being enployed but potentially other MR -visible nuclei if
non-proton MR1 is being enployed, and this OE-MRl data is then used to

e "



In a subject with healthy lung function the Oxygen- Enhanced MR signal of
the lung will have increased and reached saturation within approximtely 5
m n of thwoubjymstosbegi nning to inhal e 100% oxygen. TheptCiraB2bmwootdse si gnal
to decrease to its normal baseline value when the gases are sw tched back
to air is also within the sanme tine frame of approximately 5 mn. Typically
t he subj egépravehtind éner @gibktest b:0ydehedtli®daingAsheTbiol 1@1 Qhatéfiatt s BSthivi th a

hi gher concentration of oxygen for a maximu erio prOX| mately 10

m nut es. Ad#revsepage.f dbe Jirstrmadel comphneng mﬁygbeeq?efmd@md repps betwveely gen
have only n S { oxrnately 24 hours
exposure, Sgﬁgrtt%gﬁglg%rs‘gldts c?’élhl ?EA]@ﬁrsz)?%)géﬁ Oéﬁlpog eerred safe and w t hout
any detrimental effects for the majority of subjects. In patients with
serious Iung di sorders, such as COPD, the effect of breathing 100% oxygen
can be detlE seeandimedsd comppRRat AMFYeeamBPIiSE aoiiplBAt APNTGASAtinG Bigt FMeMR! Ofhi ch i s
A Knonn CRIpIhCAhO ilo thd METEA%HERKAS HERFHe LRSHPLBEL Srifh gagnp eat i ng
is driven oxygen, an |ncreas e concentration oxygen T'eat hed
results i mo@leﬂe@’ﬁﬁ@&ﬁd maypfukther t@mpioet a Beveont pahtr @ptientmgdthe aranbfev ef ser i ous
consequences. % wi |l therefore be appreciated %hat th?h duration of t he
study is OKGESnieRy the Jungs shc@ysstat;@enogdsr%t logdf orlhe asfgordimaede! and

dat a quall e f cal
st udi es, Odetnf)}ﬂggtbg d?r%{‘r n g gséttg&glg?atl{lmsﬁﬁglz?é%yg%gécggﬁ st udy.
The rmdel safsmdmcdndlmotiel@mmnembodl nments of the invention, once
constructed, nmay be solved nunerically using any algorithm (such as the
Levenberg Marquardt nonlinear |east squares fitting algorithm that allows
the fittintedoddl &H?%Edtﬂ&aﬂhatf 1S %bn@éﬁtrﬁi@(fd SeskyB¥n irhﬂlecg(AEEQﬁE*sl\g&@t\ﬁthlﬁmd9| to
the dataset produced by the study, for exanple, . Techni ques
for fitti the lungds sldn@ntldlmmgﬁ@nelntbs aakt@“mrmmtanhot prepertionalitiictontbelel s
accordi ng toetnhe |cnvent| oln ; ﬁatpt tg 8I itmr}e uatl ns devel oped
by Kety (REYE™ SacpiEiion B i biglieisel Rafralyidiy theahulg. e todehmed o
the rate @isudiefﬂhuﬁtmnc@fceﬂ@e&ﬁﬁa @fc6>€>ﬁg&nt1hethalga@aiu§$pwwitaneme01uagI15mnary
capillary bI ood.  Throughout the specification, any reference to the vol une
of gases iPebsiANakly aquabm}aesemﬁaetr@tm@ oxpeenndhsbiplogicabmatesitkd wit h wat er
vapour (i.e. BTPS). The aspects of the invention described above can be

i npl enented in any conveni ent way, including by way of nethods, apparatus
and corrputT(he rmcteg nmysconﬁmeimtshadtpmnememdfcam@ prppYpatasn oﬁamartecrf the ogr ans

conprisin ter eada le,i ctions WhICh aus uter to carry
out ¢ he 4168 oF PRGAT SOV da chEE e Shogidne CENARe LT i od on

any suit alﬁ'rﬁ aglsetpuf fk gr&%ﬂﬁnb&tm%meﬂ é&t&&et@&%% 8t B iofe (8l di sks)
and intangibl e . communi cations signals). The invention also

provi des apphe sttlmispapmqmaaﬁmadnpm dareray legsitont velugdohibd shitkkparampterimapove. |t
will be a i at ures. descr.ib in the ¢ ext spect of
the. i nventnis: ool repuneltiiom BB 15dtke THIL Rl sk, a0 i B o fed

Enbodi mentfisnpthet mjwﬂ\tergteheatearhe Vi e hé ithied] palyhevdry Dhe @xanmheben! y,

with reference to the acconpanying drawi ngs, in which: Fiqure 1 is a

di agr amma©PRiIned giveash eBRTPBRAtS fgthed. peliding kyf am Xgigk rompuisdtomeEERhY o dy

t hr ough t@&nldf’&%a h@t’efssn%ctfsro%rﬂaéﬂﬁ?mt' C representation of the
conponent s of odinent of an I nmaging technique in accordance with an
aspect of the present invention; Figure 3 is a diagrammtic represent ation
of the rel ationshi between he paraneters of ap. epbodi f deI in
accor dancé[%ﬁ/iforﬁt f1Me Seri08d dRede] FOBIPOPEHS MAYghE éowgl@ggﬂgﬁﬁ '8‘5

represent 'a&%rélﬂgtdjéa?éﬁ&'p@&ioﬂn"I‘BHrnYcﬁiefﬂﬁyHé%Qﬁ@f centration in bl ood and a

| i near approxi mation that curve; Figure 5 (a shows a sanpl e

ventil ation/ peIf Si,0 rrap geneLAt ed ysing apret h ccording to an

enbodi ment the i-on,dj gm—&—hea’w Ry, Subj-eet e@@:o(ntb/yozl)h@ aCej 1ifi | ar
ventil ati on/ pe fasifep map for 4 subj &ct sdef-dmiong from chronic obstructive

pul nonary di sease (COPD); and

wherein PWg, isan input parameter representing the partial pressure of oxygen in the

biological material in said part of the lung; Flo2 is an input parameter representing
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Figure 6 (a-c) show histograns of ventilation/perfusion values for three
heal t hy subjects, and (d-f) show histograns of ventilation/perfusion val ues
for threewoeubjiassmssuffering from COPD. Figure 1 shows acrags20mn/missbnt er est
within a lung 1. Air 2 is inhaled into the lung 1 and inflates an al veol us
3 wthin the region of interest as indicated by an arrow Al . Deoxygenat ed
bl ood 4 f hgricEitfatioh of! ws%ﬁ% ift;llizﬂ&l tbgethé’%[i@j@ét;% em GRGhpethpibheteRS

i ndi cated by an arrow A2 ood Is carried a caplllary 5 in the

l'ung 1 pafégrrés?ﬁ@ ﬁe@%ht%géaﬁ&h&f&%@@%@@Qfﬂm&gu@%@gﬂx 4 ine sg§xaenat ed by

gas trans cated by an arr ween t he 2°in the afveolus 3
and t he bI(xg%diséhniiﬁpdtiparaﬁmnérlw}ach/r@résemfs ciiensobbylite dtor dgdnl iaalle biolopival
oxygenated Bl ood 6 is then transported away fromthe lung 1 as indicated by

an arrow fhterihle ) Ve htiSnpht ipafind& WHICE Se@esentiethdisoludilltg @vefficidne ol veol us
(i ndicated by an ‘afrow AS) during exhalation of the air 2 fromthe lung 1.

I'n order %tQuAQLFIRE BlBod ¥hHBS&Y b@ﬁpﬂr@ﬂﬁiateﬂ%ﬁ Rheat P&atmﬂ)ﬂﬁbl iA0feSHdct

parameters described in relatiion to Figure or a particular subject 10,
an i magi ngp ttechaiialupressirpef fdssnbed axygére Pid)j ever 4 Qypisaldepge bégaitial Fi gur e
2. First, the subject 10 is placed inside a nmagnetic resonance scanner 11
and an i npgisfigessobieivel Hufas hatuBd M{;iié & phfagh et e redentin® e@epdrtios of ai r
havi ng an oxygen concentrati on of about 21% and then breathes 100% oxygen.
The st udy bedégEdl ederdal 8418 paftfofithé lunigVIA| is S6 DTput Patihetdr fahihemgwner at es
at | east one data value for each of a plurality of regions of interest

Wi t hi n t hevhichygpresdnts the velunjeceftinhaled gases within sgigkgasgous spacgdrpid partafes to
the |l ungs before £ he subj 0.s ts_ br i t 0 gen t will
be appr eciﬂéet Ieutﬂ‘g’t héé)t 115 6@%&%@%}3“&6@& %%%ﬁgrﬁ%@? {e}q’sfc%ﬁ@glpv\%{?bg@h% zsetﬁ | ect
breat hes th&,PpaRedurdBaLANPERNKATAQP rQhtiMXNigaRed to Geterilifd AN dnMHAye the

i magi ng technique results because the data produced by thosSe scans for each
region of ah BLELERdraRE rfd?‘i‘l%e,cﬂBHé’leHEh f&gfem{ts {He-veturflOOr K1G8H hWitith palfeanced) MR
signal strengths 1n the subject and can be conbi ned, for exanple by

aver agi ngthrotgh sasjparhef tbé lungt erest within the lungs are notionally adjacent
to one another and arranged in a thrée dinensional (3D) grid so that the
OE- MRl study produces a four dinensional (4D) dataset (i.e. three spatial

di mensi ony Rlodsl dfitH8 penefilaypali@sfibed Sbove iy BeOprdcéiaddtopinfipadtétieasmiodul e

12. The data preparation nodule 12 applies a registration algorithmto the
dat aset sdndieating agateof shangg of gyl paréa] Presaie agrresnectinitine @cte digupata|

| ocation in the %&aset contains a plurality of data val ues (one for each

time pointye fefth 5 )t OTHi ehtdMRaibiD Bl rekdld iNGthé Rep1sdetidyt of that €@l wRRONdi ng
spatial locationdwithin the Tungs. That is, a value of Rl representing

magneti ¢ resonance..l ongi tudi nal] relaxation rate neasured at a. given
location (9. Pcang fdéasiicments af gRORh it S penbig. My PioalGl 4o

dat aset atmdtdrial YatZa tpluraBifd of ¥k Ugoiftfs. RIThisOlis tuldefub afethhO@atal @idioskihpi n t he
lungs for the following tine point is given by the |location 1(X,y,z,t+1) in
t he dat asa@reasurpments ppthepagial presswse af porgenin Hielbielpgicalupajerial gha PReg)itst er ed
dat aset cqpt.aj.ns.. | gt . Ve dipates in
cach dat acbtiteroif T Sh@aith Gin KRk Rk be bBGRATRLr o fefaf Juig 2

OE- MRl st eilininafior off dhearafe eflvhangd @fin okl bé eartidd bhein syhineaiient avayalHoe of R1
determ ned for each regional |ung Ig%ati on (x,%, zk when the subj ect was
br eat hi ng S¥MPPIR AR HEFLEANING M en it B A PFIERMutne sHoymating val ues bei ng
determ ned fromthe at | east one scan taken before the subject started
breat hi ng 100% oxygen) fromthe corresponding spatial location in the

dat aset f @neeabvantageref pomatembiddéménts \ofilthe snvientiothés thesuset ofgathamatetl ar e

th ted t | i ndi cati f the ch i i al f
oy gen usiHes: By ardiEn RSGrS SUah ouprpoaady oaterd fisRicget © ©
det er m n%ame@aa&gwlw%@ﬁ%&mnanﬁh sa'rh%@alﬁ, %?atl%?&i'&ﬁlgﬂ%él?%@)rdiﬁg qgrdi ngly,

the output fromthe data preparation nodule is a 4D dataset containing data
val ues r epomsentbodignanteof the nieentidn dicedsl mede] griagwters dercateashiononf.ion each of

a plurality of adjacent_.regiqgns of. jnterest. wthip the |ungs over tine.
Gabeous oxYBEORPIRiEn PhAtarJuae aF RBLEN i Yoidof voySe LaRPd &Rl T the
air in theind y@UniSvobumeé Sf Nz, MeSdyblethié trdABodAR) venbs dxiEenbemasimatioh is the
effect on water in which the oxygen is dissolved, and not the oxygen

itsel f, wii-wlhd eongenteation@f byygemirithe tlped gmivingsatdhe bnandes upiis phyalpme
pressure data values in the 4D dataset are therefore representative of the
change in partial pressure only of disgol ved oxygen, and not gaseous
oxygen, in the region of interest. Data values 1(x,y,z,t) for all tinmes t
fromthe dataset which correspond to a given spatial |ocation (x,Yy, z)
within the lungs are input to a mathematical nodel 13, described in detai

o e M a A Y



In any given tine period the net input of gaseous oxygen (which, as
expl ai ned above, is not OE-MRI visible) into the alveol ar spaces 3 can be
nodel | ed we 2bhwsstiosf er ence i n oxygen concentrati on bet weem/apesioanispi ng t he
al veol ar spaces (denoted by the arrow Al) and gas | eaving the al veol ar
spaces (denoted by the arrow A5), taking into account the difference in the

vol ume of 0fass Sttt viurae 8f bRau] the chpitlag! Blesd A6bwIRAREE a pafticaldl@Egivr ds:
dico2 = VIF102 - VAFAO02(1) where dio, is a nunerical value whi ch represents
the net v@f uﬁ@eﬁfmwyg@ volymetofi blees pasaimif| afdne persyiicwalume hilyngs Bed | ungs i n

uni ts_of BT G095 ofod! i BLE (ORI RE ERBYSIRN i Iy apue o

i nspired oxygen enteri spaces | % n/ m

| ungs; VAvbRing ofalxygenyier @bluneufddedt for 4 Biven pragsme of expi red oxygen | eavi ng
the al veolar spaces in units of m gas/mn/m lungs; F102 is a val ue
between 0 and 1 which represents the fractional concentration of oxygen in

the inspine k&R nts the
fractiona %(())ggémlggﬁcoﬁggﬂfté%@5@?%11? E‘E&@%"?" \é\(é/ts 19 gal(?—'qu and
FAO2 are sbaplexibecdusetheephsioRigl wighisibeingenddellyd & cmnh;lcm:tlt b;rcbﬁ’tchhso out a

smal | anpunt Ies than, | s brea hed in, it is rea able to assune that the
vol unes i ABRIY r &4 a*hcﬁ“%‘?L P 4195 SétuatWH anee "ﬁ‘ﬂﬂsg gf‘aﬁlmﬁ@ and A5

respect i vehdovHse 18 wentd%gﬁare%mw tha@' hngassm( {1t thﬁ'%{?%( Leorhple | | be

appreciated that this assunption can e nore general by expreSS| ng Vi
in terns ofodelibnd pinegifpfit WA snett heway hlm'n thy resadting simiptified heodetIremaionshi p to
an equalit wi.thin the alveoli .is. di sed S d| cated by the
arrow a3) clipiea X SEE R e Homats ByosprdkatiSofeicah B R ot iohe o EorEar by
capi I | ary pReabdrbHeme ardn@aél of §65€10F tifhoBEIONRaMétt R thert BRsé BaEmerELdgeENEr al |y
referred to herein as biological material). At this point the oxygen

becomes MRotnesitip de ditiad éo the data b heelimssiopyisdo the meded and/gpif@ssmntieas oxygen
di ssol ved t I %Fe E he
oxygenat ed DSVt Rkl R TR B ol weaRARE ol f AE PR Tk ded
i nvi si bl e nbonéda. toli fgedoctke siaﬁu f Ctisdally, Simplificinoxtype Romplest moddl én t he
deoxygenat ed bl ood 4 and tissue water fr O{n t he al veol ar spaces . can be
descri bed thig way using known assumptions and clinically acceptable measurements maintains
the clinical significance of the remaining modelled parameters. Moreover, any
assumptions are made in relation to known physiological parameters and the validity
of the assumptions can be verified against the literature. Therefore, the resulting
simplified model is delivered with a known set of validated assumptions which can be

used to validate the results ultimately generated by fitting the simplified model to the
data.

The quantitative data indicative of oxygen content in the biological material may be
based upon oxygen enhanced magnetic resonance data. The generation of data
indicative of lung function in the method according to the first aspect of the invention
may comprise application of the Levenberg Marquardt non-linear least squares fitting
algorithm or other fitting algorithm to the model so as to fit said model to said input
data.

According to a second aspect of the invention, there is provided a method for
generating data indicative of ventilation and perfusion within a subject’s lung the
method comprising obtaining first data indicative of ventilation and perfusion while

the subject inhales gases comprising a first concentration of oxygen; obtaining second
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DMO2 (PAO2 PW2(3) where V02 is a value which represents the vol une of
oxygen diffused into the water in units of mM 02/ mn/nml lung 1; PAO2 is a
val ue whiwb 20eprsement s the partial pressure of oxygen i mctrfeB2aioeodsar
spaces in units of mtHg; and Pw02 is a value which represents the partial
pressure of oxygen dissolved in the water in units of mrHg. V02 PA0O2 and

Pw02 are giguadieativeioduemildionMMdetfusiontiilieithe Subfét mhalegbadebeomprsigar y of

t he al veol ar space and the biological nmaterial) is the diffusion

coef fici eAtsee@id ponrgRiFation: of 9%%&51@@?”@!%@"‘@%at@(bzsega@@"mh@zﬁ(sﬂ)m@\her e D02
Is a valu ' r . S ' Sy.on. . . of
oxygen di ? ?C\éggggtta h?&gﬁ%@nhe% Iﬁgzrl]@sé (%?{'Enﬁf’c%g{/%@: \'?e{htﬁ%aftg) \?égﬁ)gl\rﬁislgrgges I n
uni ts of oadedSpobtheshirdidataur f ace area of nenbranes per unit volunme in units
of mim lung 1; ot02 is the solubility coefficient of oxygen in the
solvent of the nenbrane (i.e. the nenbrane water) in units of m 02/m

nater: anduddinblieo B GlERSCRlrahito IRIREANEa BB Plm T Gy Change

in fracti onal oxygen concentration~in an a space can be
def i ned asbtaining wptat wbidg gbe subjeot firthaleal weo didferapacmcentetivns wf eatygemg as set
out in equation, 2 less the outfput .Pxi){)ﬂen fromthe alveol ar space due to

di f f usi ond4ntitative (ata indieatiyeqfoyendlatio; and; perfiysioncan be, dgtermine nwéﬂe dt
dFAO Vi K2 radisiofti1 1{A&hbds ate Iin@@@zto(fe?&gliﬂ{@%o}l-cpﬁnﬁtative information about

ventilation and perfusion determined indirectly from the propagation of contrast

materials which are not normally present within the lungs.

The first concentration of oxygen may be approximately 21%, i.e. the concentration
normally present in atmospheric air, and/or the second concentration of oxygen may
be approximately 100%. The first and/or second data may be magnetic resonance
data obtained from the subject. In general terms, the data obtained according to the
second aspect of the invention may be obtained by an oxygen-enhanced magnetic
resonance study, the parameters for which may be any desirable parameters for
obtaining such data. It will be appreciated that it is not necessary to instantaneously
switch between the different concentrations of oxygen breathed by the subject (21%
and 100% in the above example). Indeed, the only requirement is that the
concentration of oxygen breathed by the subject varies over time and that the

concentration breathed by the subject at any given time is known.

The determining may comprise processing the third data using a mathematical model.
The processing may comprise determining at least one value of a parameter of the

mathematical model based upon said third data.

The mathematical model of the second aspect of the present invention may comprise a
first model component modelling transfer of gaseous oxygen from a gaseous space
within the lung to biological material within the lung based upon quantitative data
indicative of oxygen content in the inhaled gases and oxygen content in the biological

material and a second model component modelling the transfer of oxygen from the
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(5) where vi, is a value between 0 and 1 which represents the proportion
of the whol e space (including biological material and al veol ar gas spaces)
whi ch i s weken/uspioby gas space; t is a value which represg@poioeysoand t he
equation is thus a differential which represents the change in oxygen
concentration in the al veolar spaces (such as within the alveolus 3) for a
change i npirighepyt oxpenaort @fCVeddhe blodde kalckaRs bk podnticweBBod Rséd RPn and
output parts of equation 5, it is desirable to convert the fracti onal
concentr aﬂll@ﬁltaﬁve%ﬁ@pwlé%iw@)@f@éﬁganﬁoﬁteat inethe venoupbwodur e r epresenti ng
gaseous oxygen partial pressure in the lung |I. This can be achieved by
considering the conposition of the air 2 in the alveolar spaces in terns of
partial prmaeswitiesnatichl meddiRdwhe sdtahd biiRcabf the ihventibe nalyv@alpaise appoees shoul d
be at rougghé baronetric pressure (760 nmHg) and that the air 2 should
carry a c atpres pbthetiirgiraspgst ef theamwsution.oxygen di ssol ved in water vapour in
the air 2 would not be diffused into blood 4 in the capillary 5 and so it
is not desirable to consider this in the calculation of the parti al
pressure Shbjextygested acdobhding paciee miethodt i dthé itkehtioe sndyhlbe anygelsjsstafor bet ween

fractional c¢concentrations of a gas, such as FA1l/402 , and rtial_ pressures
whi ch are“f%ﬁvét fs¢lesirahle Wstsmhéngaf%ac iﬁ? a@n%ct may e mampal 8@9%& g FA() =
2 (PB - P i I i : I8) e, which
7 < appr ox odlOEh i Bl eindrifty BBORARIC! loonly orfonidHh RPN filel) TRY Sl .
vapour, Wwniaytbeathuooaly t enperatures is known to be approxi mately 47mrHg.

Substituting equation 6 into equation 5 gives: In equation 7, the
fractional concentration of oxygen input F102 is not converted into

The methods are particularly useful for testing human subjects with conditions such as

pulmonary embolism, asthma, COPD, fibrotic lung diseases, emphysema, bronchitis,
alphal-antitrypsine deficiency or bronchiectasis; or in the case of airway constriction
or alveolar damage caused by smoking or environmental factors. Such human
subjects are known to have impaired lung function and providing an indication of the
extent of the impairment in each of a plurality of local regions within the lung is a
valuable measurement which may determine the approach to treatment of each human

subject.

It is preferred that an OE-MRI study is used to gather a plurality of data values about
oxygen partial pressure changes from various regions of interest within the lungs of a
subject. It will of course be appreciated that the applicability of the mathematical
model is not limited to use with OE-MRI data and may be combined with other
imaging methodologies and/or diagnostic medical tests. In the preferred embodiment
using OE-MRI, 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. A T;-weighted imaging protocol should be chosén
which is suitable for lung imaging, i.e. which can overcome the problems caused by
low proton density in the lung and the magnetic field in homogeneity induced by the
many air-tissue interfaces of the lung, and one which is also sufficiently sensitive to
the signal changes induced by changes in inhaled oxygen concentration, e.g. an

Inversion Recovery Half Fourier Single-Shot Turbo Spin-Echo (IR-HASTE)
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partial pressures. This is because the concentration of oxygen breathed by
the subject is often known in fractional concentrations (e.g. 21% 02 for
room ai r )wol2b1vésklosbe appreciated that in sone circunst aocaB20adoessst han
estimating the fractional concentration of oxygen breathed by a subject, it
is desirable to neasure the partial pressure inhaled, for exanple by neans

of a gas aefleM&grorodn IMRrsidrkRecdveradahishONFA® Iidve AmRteShaf (IRe$ndpitisit to the
al veol ar %\as S(sbi))aces from breat hi naglg as given in eqluatl on 7, the net input
t

of oxygen HLASHtsaauanre depses arpdynicallydsliveredat 4 raterafi 9el Yawispaces can be
nodel | ed usi ng standard physi ol ogi cal paraneters as is now descri bed.
Recal ling equation 3. .% = DM 02 (PA0O2 PW2(3) It is known from equation 3

that the griase émbsdimedt, Auyiggn kg, tHeesudi@odnkalengadel Ssitte avaémt thoom t he
al veol ar gas spaces (at arrow A3) 1s given by Fick's |aw of diffusion. The

gross out iffereat RasA) EFessHeTt hparpmagnelicigas (Reltl OXYge.ra5h 1By Befittethvith i s
carried a o t b 6 by

b1 ood 11 o ek BEbRie sbharsl BTt 36 LRl ikl af MHBAOR, s P el
tissues t histiel white thRMRI s0ass e pexfpgred. Oklidn thel gasnaoxhg@nobeait magbé in the

oxygenat ed bl ood 6, the netabolic oxygen consunption in the lung 1 .is
i nsi gni fi &8%A 2aAke ehihe: Pt gpssurse oA Y es ’r?a‘(VEtr}BtIBSti%eothe PHRIsCt ¥orddoxygen

out put 1 Qdad &8ty SnbiM(RE G of iy biFarkitfOnd sg)mrrg;emdrhﬁerﬁg'néﬁfc%ﬁbl e

approxi mat1 on by the anmobunt of oxygéen carrie in the oxygenat éd bl ood
6, whi ch odnclhmimigsressedr bt ia aflomdsteed foim bl coatol¢dyowmerdistused ds fitf isr ence

bet ween the . oxygen, concentration in deoxygenated bl ood 4. and oxygenated

bl 004 6, 28I U DGR AP GHTREISHES A 0 OOBF BHT ML VebEan val ue
repr esent in3g-aiheniRERURbRE (1AX V8@RallyaR¥Athd bR 4i83h®an Qdmink&e8durtd) uni ts
of nil gas/mn/m lung; O is the bl'ood flow through the region of interest

inmM blood/ mn/m lung; CV02 is a value representing the system c venous
concent 2 g8l ROBETK! e Wk FARYL. Lo BB b o
concent r atrél@fivedy 1bWeconcentration of oxygen (e.g. 10%-35%) and a second gas which

comprises 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.

The subject may revert back to breathing the first gas. In this event, measurements
are preferably made which detect the change in concentration of dissolved oxygen
within the lungs during this further transition period. Transitions between each gas

may be repeated as needed.

It is preferred that OE-MRI data is recorded for each region of interest within the
lungs by starting a subject on a low concentration of oxygen then swapping the
inhaled gas to one with a high oxygen concentration for a period of time. The method
of the invention most preferably generates OE-MRI data from a subject when the
subject is breathing normal air (e.g. medical air comprising 21% oxygen) and 100%
oxygen. The differing concentrations of the oxygen, acting as a contrast medium, then
influence the MRI signal detected from protons (primarily from the hydrogen nuclei

found in water or lipids in the pulmonary tissue) if proton MRI is being employed but
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oxygenated blood 6 as it |eaves the region of interest in units of n
gas/m blood. , CV02 , Ccb2 are shown in relation to one another in Figure
3. For awowven/lsswal partial pressure of oxygen, certai prCT@Bemioaisoons of
oxygen are present in the oxygenated bl ood (both dissolved in blood plasm
and bonded to haenoglobin) and in the lung tissues (i.e. in the tissue

wat er) . Thefeatihlsy athet MEAaFiSbROMMR; lif hon-pREEd MRISH hefBCemplOyed¥HISRIsi N
water. Miltiplying the |ocal partial pressure of oxygen by this coefficient
gi ves t he Qoiidratadis ithen used toxgrepie therinpuidonshe srodelh units of m 02/ ml bl ood.
The concentration of oxygen Ccb2 is determined by a dissociation curve 17
such as that shown in figure 4, determned enpirically by Kel man (JAP

21(4): 137528ubje&66ith hédlthe dindins@@NtheGitygbAEnhaall MRY il optieskuge of
oxygen is indicated on the x-axis and the concentration of oxygen in the

bl ood is iwitlihgus igreaped; anel rpached saturation yothin eppreximataly dinsissfithg Fétectur ve
near oAt Ui (18 50YF PR &h. F‘i‘h&ﬁéé‘%ﬁh@?@ﬁal Me‘é?eqselﬁy itd RoldfPS!
straight. e dPssociation curve i's appr oxi nat using a strai g%t ine 19

(r epr esentbastling velug Wwindhd gases das beficHedriagk to b ishlsaivgthin khen@niestiglef i ned by
two constants, constant Co indicating a point at which the straight |line 19
meet s t he pMeGfapRIRFIBAtEly ymam Typicatif dhessubigchwill be praupred & brepthe dgaspi 1ty
coefficient: . iyl {at: i r ent raight. el i ne
appr oxi m':l?lirl ‘éﬂ“gpfz‘d)é‘?’fdﬁ'téé%@ ariggggrgﬁnggx@fgﬁggfsf Bgﬁg%oft);a%ﬁ%%%&l) rrlge Olge

appl i ed i mppiokinemtentOr mgiutass Aalvere leffiects frofn edatiing highbe cewanteationatafon of

oxygen in the blood be appr oxi d for partial pressures using only
the to. comaEenpeY %Bﬁfy‘oég@daﬁdﬂ%ﬁ& _chﬁd? Gt FRRIOYREIA 2 DRt i al
pressure %ﬁ({;&w@%d thBrebdib Sthﬁaféﬁ%icmhﬁf g;@ﬂ_&%%' isp(!eﬁﬁr%ﬂrs%fé)fanaj'vﬁ%u‘(%ﬂyOxygen P

wo2 , as set out in equation 9: ) + flo2 P wo 2(9) where Ccio2 is
t he concewnetirimdental effectsx yere thei majdrsy bofoeubjéats. mi InQ patiemts Withoderia®® lupgan

of 521, 2 a3 th AP0t e SRSt ST PR B L
t he sol ubith iHeyeffects of oxygen driven breathing, which is a known complication in illnesses
such as COPD. In subjects whose breathing is driven by oxygen, an increase in the
concentration of oxygen breathed results in a decreased impulse to continue to breathe
and can have serious consequences. It will therefore be appreciated that the duration
of the study is chosen for its balance between subject comfort and safety, and data
quality. It will further be appreciated that, as with all medical studies, some subjects

may not be able to safely undergo the OE-MRI study.

The models according to some embodiments of the invention, once constructed, may
be solved numerically using any algorithm (such as the Levenberg Marquardt non-
linear least squares fitting algorithm) that allows the fitting of a functional form, as
defined by the compartmental model, to the dataset produced by the study, for
example, by the OE-MRI. Techniques for fitting functions to measurements are

known in the art.

The models according to the invention may be an adaptation of the equations
developed by Kety (Kety, SS (1951) Pharmacological Reviews. 3: 1-41) who
described the rate of diffusion of gases across the alveolus membrane to pulmonary

capillary blood.
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coefficient of oxygen in the blood in m 02/nml blood/mMmtHg. In the event
that the described linear approximation is insufficiently accurate, such as
in the case20fywewsre pathology, it will be appreci at edpClraiB20ionsiead of
approxi mating the dissociation curve using a |linear function it is possible
to nmore closely approximate the curve using a nore conplex function. The

conbi ned hRRGh&RGE bﬁe%mmiém,-@iy refferel @b @ CAlimBRIFaidl is Wivehi 4 bollg regi on
of interest) therefore has a solubility coefficient of its own ( a62 )

whi ch is thsinertdreiand peassure.citurged pBhvadervapg@APAIFTENa02PW2 ¢, a 2 = where
fBis the fraction of blood in the space; fwis the fraction of water in
the space; 1802 is a standard solubility coefficient for oxygen in blood in

units of he Qgpedts o tho tHvieniiigh agdribéiatiove tch® bs @npRinlented i Q@Y fdofiveidnt of
oxygen in water and PW?2 is the partial pressure of dissolved oxygen.
Taki ng i nWgyaidelding ynway pbpsthods mpparatus aagicempeier pragaines (Thainvantips
bi ol ogi ca rial . 0 W -1 Cl f i Ical
mat eri al , hfelg‘%%%eln%lg h‘%ﬁ}é’h.{bﬁ‘“‘goﬁ@g}ﬁﬁ Fa ?Igﬁ%g‘ié g?@g{e‘tﬁpirﬁﬁaﬁfg &S%ﬁ%g%d ti ssue
wat er for whidhi sRiSe @hwagRitdr to parryi it thy arsiode devdibed abovel Such\coinpater nput
fromdiffusion |l ess the output from blood flow, which is expressihle as
equat i on BrogEaRs e bsicagieden ay Sgéeblwmpwewa%&hleowe@rm including tangielpo pm 02

\ (PAO PWiRdia (e.g%g%}zang\{%agiﬁwwig i(e.g. communications signals). The invention

also provides apparatus programmed to carry out the methods described above.

It will be appreciated that features described in the context of one aspect of the

invention can be applied to the other aspect of the invention.

Embodiments of the invention are now described, by way of example only, with

reference to the accompanying drawings, in which:

Figure 1 is a diagrammatic representation of the transit of oxygen into a human body
through the lungs;

Figure 2 is a diagrammatic representation of the components of an embodiment of an
imaging technique in accordance with an aspect of the present invention;

Figure 3 is a diagrammatic representation of the relationship between the parameters
of an embodiment of a mode! in accordance with the present invention;

Figure 4 is an annotated graph representing the dissociation curve for oxygen
concentration in blood and a linear approximation of that curve;

Figure 5 (a) shows a sample ventilation/perfusion map generated using a method
according to an embodiment the invention from a healthy subject, and (b) the a similar
ventilation/perfusion map for a subject suffering from chronic obstructive pulmonary
disease (COPD); and

Figure 6 (a-c) show histograms of ventilation/perfusion values for three healthy
subjects, and (d-f) show histograms of ventilation/perfusion values for three subjects

suffering from COPD.
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where ab2 is the solubility coefficient for oxygen into the biol ogical
material in the region of interest wwthin the lung, including both tissue
wat er andwbl2ondissww i s the fractional volune of the regipomgB20i0nessest
which is biological material; and dPw02 is the difference in partial
pressure of oxygen in the region of interest. Substituting equation 9 into

equation Fiou@d YeBows BRédienBr itérest®iteh adling he AieL ishaakd intd @ik 3el ved
partial pressure of oxygen in the blood and tissue water in a re%l on of
i nterest ppd indlates agralygolus 3 wihinetheuegion of dntgigst asuindicated dyaan yrPW 2. dPwo a02

Gioe can DoRGTAS) BooltPiols if U lind ik Wichenold yenb e MY

oxygen t oindidatutiebyodn birewdAZ.i TRe bfdodctt is@afled e eapillary i50in)th@hshgniepabt not
therefore be converted to a partial pressure. |If values of CV02 were
measur ed HiFeplverlte JyWBaretheedonsranaied blopd e &5 onyeepated; by 236 tpster o

pressure gﬁﬂgic%i%g%ra%'“%@ge&é& bR af?lc%'ﬁexueﬁalﬁ‘ih@éhﬁ%{)%@rtﬁé Bfbhod 4SHAARL! tution

i nt o equation sing an i1dentity of t nd set I n equation 10,
al beit spespiflarg 3 © fohe axggatatedrisdbod6.bhemengenhedblaid GliN temeasspoeadnt , t he
ncentrati on of en i he nous bl oo 02 and e paxtial
conce a\IJvay from t é Yu%g 1 allsr}n icatex %y a.rl{ arrow A/ﬂ '91{3 a%veolus 5 tqlen %e ates as the
air 2 leaves the alveolus (indicated by an arrow AS5) during exhalation of the air 2

from the lung 1.

In order to determine values of at least some of the physiological parameters
described in relation to Figure 1 for a particular subject 10, an imaging technique is
performed on the subject 10 as depicted in Figure 2. First, the subject 10 is placed
inside a magnetic resonance scanner 11 and an imaging study is performed while the
subject breathes first air having an oxygen concentration of about 21% and then

breathes 100% oxygen.

The study comprises a number of individual scans, each of which generates at least
one data value for each of a plurality of regions of interest within the lungs of the
subject 10. At least one of the scans relates to the lungs before the subject 10 starts
breathing the 100% oxygen. It will be appreciated that, generally, performing more
scans while the subject breathes the baseline concentration of oxygen (i.e. 21%) can
improve the imaging technique results because the data produced by those scans for
each region of interest are indicative of normal (i.e. non-contrast enhanced) MR signal
strengths in the subject and can be combined, for example by averaging. The regions
of interest within the lungs are notionally adjacent to one another and arranged in a
three dimensional (3D) grid so that the OE-MRI study produces a four dimensional

(4D) dataset (i.e. three spatial dimensions plus time).

The dataset is input to a data preparation module 12. The data preparation module 12
applies a registration algorithm to the dataset so as to generate a registered dataset in
which each spatial location in the dataset contains a plurality of data values (one for

each time point) relating to the MR signal during the study at a corresponding spatial
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pressure of oxygen in the venous blood. It will be appreciated that
equations 7 and 12 represent two conponents of a nmathematical nodel 13

whi ch chawecbardssesr espectively the transm ssion of oxygemdB20rvmmsext er na
source which is breathed by the subject into the alveolar spaces in the
lung 1 (ventilation, Vi, which is described above as being I s assuned to be

equal to tlbeativA wighimthe luﬂguatThan is))a @dlde AR, trepreSddting Mdgn@ny §&Bnarte 0
deoxygenat ed bl oog 4 in the lung 1 which is then carrle(favva by the
oxygenat edohgiydma reé%‘ép%ﬁqt%ﬁlea@red pta gven IQ‘y‘étl%b@fr)e@llaﬁ]w]uﬂ&&ia:gu@ﬁ a nodel

13 can ad‘éﬁl\%l 4 QU Jouh€ 1fr'§ﬁéj4f)oddt%fef35trH%?,ZV)B?P?:} hff ?Pk‘ﬁ O, 2% !

par amet er s cannot be neasure asure. directl y.
The nodel lomnipmnem]hm th3 lluag&ﬁa ther gelomingd eimeopoipariargitedr by thaloadtionhi ch may

provi de us | ni.ca mat | on provj ded that reliable values for that
par amet er l Hb{}&% g‘i‘és v318§/ argvery logafica wyithipdhe funes. the registeiedt ers in

a nodel ISda¥a@et hﬁid@ grm%ﬁfyeami&s g@wﬁé sdm e E) 2 EQordin & i TR Vﬁaéﬁsf @ amet ers

to the nodel find values for the remal ni'ng paraneters en the
nodel is rﬁmbrle(aalh lof ®\phiralatyecf tiore pamts dlﬁrutg1merrﬁnEeMMdstu@} ueBe vlmal d

d | | f t d
P et er PR SR, LA e b £ SRuE o R umPEL BF B srienal [t od-
par anet er |5y4tisR e ,E)ewbvhé}pdh@ sﬂﬁE&%s@r@ﬁﬁm@Qﬁr}l& BSHefRtdcahrdiRAs]r and

find values for the other paraneters whicCh produce values simlar to
t he esti nmekl&d(thavalpes kaing dereranined fronh the af leaduomg sequptabgr before thakulgectf or t he

ar anet er s, of nod of an be propriate neth or e . a | east
E quared er ra(gtred;bre[a{}rm ?élq JOFYEHh ‘é%‘lﬁg ang??émﬂlél\gé%tba? gd%’;d?'hﬁlaéﬁgmﬁlseéor it hm
may be usqer edch tihé |poﬁ§ aHer d)@dl@éi tnh@k rEshl%I{EDHﬁadé@'éﬁer@lEﬁrénifé?tea godel
which can reliably be neasured or estinmated the greater the |ikelihood of

accur acy ivaluehdndioatbiel @fdthaa¢haase @rﬁ pattal cnrtﬁ@urep@fr axygee rsing\hexonugsiog t he

del 13 t.h QE-IVRI trat f th
subi ect (e RINE i oAl sORRTE i Ena o, Fahar iy ot e "
venti | ati ayilloRdeiescabripdbons. Abcorfinghy, tiesuthitFm te dafdprepaia@dn mddhlee

partial pressure of dissolved oxy?en in aregion of interest wwthin the
l ung tissued 41h datgsed s@ntamipe datayyalyes rpgre;;e@ygg the increased dissolved oxygen

concentration in each of a plurality of adjacent regions of interest within the lungs
over time. Gaseous oxygen within the alveolar spaces in the lungs, such as that in the
air in the alveolus 3, is not visible to OE-MRI. This is because it is the effect on water
in which the oxygen is dissolved, and not the oxygen itself, which is detected by OE-
MRI. The values of change in partial pressure data values in the 4D dataset are
therefore representative of the change in partial pressure only of dissolved oxygen,

and not gaseous oxygen, in the region of interest.

Data values /(x,y,z,¢) for all times ¢ from the dataset which correspond to a given
spatial location (x,y,z) within the lungs are input to a mathematical model 13,
described in detail further below. Other measurements or tests 14 may be performed
upon the subject 10 so as to determine other data values which may be input to the
model 13. The measurements 14 may be of a physiological parameter which does not
(or is not deemed to) change over time, or may change over time and therefore be
measured for each of a plurality of time points corresponding to the time points of the
scans of the OE-MRI study described above. Other inputs may be made to the model

by making estimations 15 of the values of certain parameters for each of the time
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to the nodel fromthe 4D dataset of partial pressure values produced by the
OE- MRl study descri bed above. For exanple, a set of data values input to

t he nodelwoighosb®s1(2, 3,4,) where the (X,y, z) co-ordi netessmbicddoessspat i al

| ocation within the lungs are (2,3,4) and t represents an acquisition tine.
Anot her input to the nodel could be, for exanple, the system c venous

concent r aphifi3. of wKYDEFpréNHOR thatii §dnEatbstimente thd fArthedmbssRrenten@m

statistical averages for age and di sease groups. Alternatively, CV02 could
be measur & nit meededy @heehall dataovaluchinpots-here bsenudgd ity theemedeli adittiege parti al

B patt ent SeerO8 horfBufed B AR lales S ARk e SPERRT el he o) Wi 1T

be apprecpah@etetshdte. iunkAswhey). t Thé ivaluesudt daermlided GorV the UkmabfindwWibdlelisi Nng a
| east squared error fitting algorithmit is first necessary to solve
equat i on h@ameterhare thpoutng fram fhe dgaging derhaige Andsreareseny Physiolagiakbr r at her

than a d%ﬁ*ﬂ?ﬁ@@é@{mgﬁ%ibﬁ%ﬁe siuf)jfl[t‘?l ues of PAO2 were obtained and used

as i nput hen equation woul d need to be solved so as to
include a PA 02 terminstead of a dPAO2 term It will be appreciated that

t here are_many nmet hods of sqlvin he e t.ions .al gebrai call achi eve
this goal Thwgm@ﬁﬁh%wﬁwmaﬂaavl'%%é} h%a%tglr{@}@mh& 11?!53 da@evla S?&y‘fp‘fﬁg gnff oI txe

del i : t t Ltti ,
model | “Cfrﬁﬁsﬁlchggéﬁirﬁ;%f&wsoérg Jaferatdi PR n{eéérrﬁxgx?atiyiélﬁ? rfR@ﬁLab?ﬁthff thitting

it is not always ble to obtain a nu erent nmeasurenents for
di f f er ent owtpdievalpes: akemedsl crgginingmeoded pasmniaters kel valesofiwhiéhntan bhe nodel .

An alternative a oach to jncreasing the. a racy. of .npdel | ed par aneter
val ues _regqi‘Tt? ng&i ﬁ?ﬁfg:dfqg?m&s AT EHYE Oflrﬁf:afeg' Fﬁ‘é(g@ﬁﬁgé%?a%f?@qe?p Y make
assunpt i 0gs ugRPH qhdMeitdIREE! aséss| 1h§% RHBOR LR B kibjédle MORAuRS, &imdlel f Vi ng

the nodels. One possible approach to this, set out inmedi at ely below, is
tail ored withgenaicht erifiablsoesiramefetsaiphe nob be fused iimdghis ovayhlbpugiRsudiaa a and

ot her data rived from urepent s. and/ or esti i 0 SQ. 8.t ener at e
val ues of mé’ﬁ gy ’eeé‘i&é‘bt“g@ﬁﬁ" \fgsﬁi"ig}lgﬁling nOCtEen, h?%fshyogédmug}é%azt}l %QHI?% | ung,
and per f uginefion)0 IThelfeldslvink @éscription Rdl4tes ©faniin pldn@atktitinf e thathematickhe
resulting values of VA and 0 may then be anal ysed jndividually or conbined
(e.g. by aiogeldidnhichmaygpadilyrhsiuseehin iglatign éhthe aho vsnimegingiedindiiie- py t he
corresponding value for Q to represent the m snmatch between ventilation
and perfusion for each of the regions of interest within the lungs. It wll
be appar e gehatl srmar tht emathbmescal anodslclor meadels) el providesutetdmbewlkerh r enel y
valuable to the clinician in the diag progn s .and. treat ment of

nosi.s, S|
bati ents VPSRt YmA il SRBIT IO F HESREIeIaE ARPSIeELF QVERY 11 om
COPD. I'n paiwebs teAdpaces depicted in Figure 1. In each of the spaces within the lung 1 the

concentration of oxygen is not uniform; by which it is meant that, for example, the air
2 in the alveolus 3 may not have a uniform distribution of oxygen during inhalation,
diffusion or exhalation. Rather the oxygen concentration fluctuates across the space.
However, as shown in Figure 3, the spaces in the lung shown in Figure 1 can be
modelled as a system in which it is assumed that, within each of the spaces, there is a

uniform oxygen concentration. For example, PWg,_ is the partial pressure of oxygen

dissolved in the blood and tissues in a region of interest, which is assumed to be
uniform throughout the blood and tissues within a particular region of interest. It will
be noted that all of the transfers indicated by arrows in Figure 1 are replicated by
correspondingly labelled arrows in the schematic illustration of the model in Figure 3.
It will of course be appreciated that not all of the transfers need to be considered by a
model in accordance with the invention in order for the model to produce meaningful

data indicative of lung function.
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given that VA represents the volunme of air ventilated into a region of
interest wwthin the lung over a given tine period, and given that all of

t he | ung we 2baiimisgiosmaged (as a plurality of adjacent regcoms20fo/dondser est),
if a value can be determined for VA in each region of interest and all of
t hese val ues for the lungs summed together, then the total should be (at

| east approxi mately) equal to the volunme of air breathed in by the subject
over the sane tine period. This represents an exanple of the ways in which
t he resul B any givae timsdweriod Shecrat injat o€ gasepesdoygen evhichdsrapkinedmbars. G ven

that, in any_.regi 1 st..wthin a lL,ung, part..of_ the reqion.can be
made up of® %(ft&g%?\@g \g%gk‘ggan%t eeal‘é%og?{gsga(feﬁ 30‘3?85’86“9‘#?”%{1?5&%1%%@ té&1'ed in
equat i on Bﬁ@mcbopaérﬁraﬂaﬂ@em_e@@ai brgsing e dlRbRedpRBaGRE0tel b9 thhange 1N
oxygen in ich is nodelled in equation 11), it can be assuned that

ever yt hi nd\ Wi andi gast lgaving rilje mixeoke spaers| (deoted yi theera A DpddMing dponent  of
equati on r t e n i | 1 rse be
appreci at ég&tuﬁg%es%ﬁ%@%g#&ﬁgggg |n(§feé£ éseﬁ ﬁﬁgé gleéa%{nrgrté @Jg%)l\?g%faggsespa_ce or
entirely linoget weslse and bl ood. Thus, it nmay be assuned that the fracti onal
vol ume of biological material vwin a region of interest and the fractional
vol ume of gaseous al veol ar spaces VA in the region of interest, when sunmed

together, add up;to_ . Thi ssunption allows equation 7 to be set out as
follows in equa%’%zn‘l Op- hW'%@AOZ. / Flo 2\ \ PAO 2 8)

where dio2 is a numerical value which represents the net volume of oxygen input into

the alveolar spaces within the lungs in units of ml Oy/min/ml lungs; V1 is a value
which represents the volume of inspired oxygen entering the alveolar spaces in units
of ml gas/min/ml lungs; VA is a value which represents the volume of expired

oxygen leaving the alveolar spaces in units of ml gas/min/ml lungs; Flp, is a value

between 0 and 1 which represents the fractional concentration of oxygen in the

inspired gas; and FAp, is a value between 0 and 1 which represents the fractional

concentration of oxygen in the expired gas. VI, VA, Fip, and FAg, are shown in

Figure 3.
Although in reality a subject breathes out a small amount less than is breathed in, it is

reasonable to assume that the volumes inspired and expired (ie. VI and VA

indicated by arrows A1 and A5 respectively) are equal. Accordingly:
dlg, = \'/A(Flo2 ~Faoq, ) Q)

It will be appreciated that this assumption can be made more general by expressing

VI in terms of multiples of VA rather than by restricting the relationship to an

equality.
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DMX®2 (PA02 - PW2 ) (13) PB -PH20 dt=VA PB-PH20, That is the identity
VA = 1- vwis used in equation 13 such that everything which is not tissue
and bl oodwo=orniassioder ed to be al veol ar gas space, and t lrcs/gB20pootdson of
t he whol e nmay be represented as (1- VW. Recalling equation 12: dPWab2 vw
dt 2 = Dno (PAO - PW2 )- 0(CO +1602 PW2 - a-02 )(12)

Oxygen within the alveoli is diffused (as indicated by the arrow A3) into water within

nearby tissues 2, and blood 6 in the nearby capillary 5 (tissue, blood vessels and blood
within the lungs are generally referred to herein as biological material). At this point
the oxygen becomes MR visible since it is now dissolved in water. Some of the
oxygen dissolved into this water is immediately bonded to haemoglobin in the
oxygenated blood 6, at which point the bonded oxygen again becomes invisible to
MR. Using Fick’s diffusion law, the oxygen input into the deoxygenated blood 4 and

tissue water from the alveolar spaces can be described as:
V02 = DMO2 (PAO2 —PWO2 ) (3)

where V02 is a value which represents the volume of oxygen diffused into the water
in units of ml Oz/min/ml lung 1; PAg, is a value which represents the partial pressure
of oxygen in the alveolar spaces in units of mmHg; and PWgp, is a value which

represents the partial pressure of oxygen dissolved in the water in units of mmHg.

V02 ,PA@, and PWg, are shown in Figure 3.

DM@, (denoted in Figure 3 at the boundary of the alveolar space and the biological

material) is the diffusion coefficient for oxygen into the water given by:

DO2 S().02

DMO2 = 0

)
where Do, is a value which represents the diffusion coefficient for the volume of

oxygen diffused through the membranes which border the alveolar spaces in units of
cmz/s; S is the surface area of membranes per unit volume in units of mm/ml lung 1;

g, is the solubility coefficient of oxygen in the solvent of the membrane (i.e. the

membrane water) in units of ml Oy/ml water; and H is the thickness of the membrane

in units of mm.
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2-2 Equations 13 and 12 can be conbined by addition so as to produce a
single equation for a nodel 13 of the change in the partial pressure of

di ssol vedwoxypansios the lung | including the paraneterspofi/dBvtvmodel s, as
set out in equation 14: WD 2011/ 055105PCT/ GB2010/001989 /\ 1 - Vw Cl PAO2dP
PB - PH, O di + [Wabw2 2 di '7it.[PAO2 j. ( --=FioQC. 0 + /602 PW2 -

Q702 ) 27HB charfgbLid Gratfibndl @ PBen’ QncHifatidd iR An laleBRYpdRNSF éﬁz gRgh L8 are

equal but have opposite sign, and they therefore cancel wh équations 12

and 13 ar q.adaed {h‘agq‘ﬁfufi'teéxg?&in $H8¥He ia'i\/e%fh?%hﬁ&ndﬂed'to ﬁﬁegﬁ’l hs 8§SHAMLI on to
al a

make is that the part essure of oxygeh 1n the veoltar spaces is (at
| east appeqguatiovat2dess)theoutpiit dxygehfromah¢ alabolpr paseidwe tofdiffusyareas sehodthe
surroundi ng tissue water and blood. _This is a reasonabl e approxi mation

gi ven thaf ‘Eﬁ“f’f‘f}si SEELRULH §9¥8URY spaces occurs to correct an inbal ance
between the partial pressures of oxygen between the two spaces, and that
the tinme scales involved in correcting the inbalance are relatively small.

The appr oxi mat i on diray,, not , of course, be propriate in the case_ of
abnonnal |ung mem?TT?E(é(ﬁlo; n@ﬁmﬁs%ﬁgﬁmpaﬂ’r\'fmﬁ)[ of diffusi®dn of
oxygen between the g veol ar spaces and the biological material in the
l ungs, e.g. in a subject suffering fromsevere enphysena or interstitial
fibrosis. However Wagner and West (JAP, 33, 62-71, 1972) have shown t hat
t he assunpthernviob dsvalyeibetegem0iand di whishirepreseapraihic tpropagtions of thw wkol25% of
normal diffusion capacity. The approxi ma}i on is set out,in equation 15:
space (including biological material and alveolar gas spaces) which is taken up by gas
space; ¢ is a value which represents time; and the equation is thus a differential which
represents the change in oxygen concentration in the alveolar spaces (such as within

the alveolus 3) for a change in time t.

So as to create a relationship between the input and output parts of equation 5, it is
desirable to convert the fractional concentration of inspired oxygen into a partial
pressure representing gaseous oxygen partial pressure in the lung 1. This can be
achieved by considering the composition of the air 2 in the alveolar spaces in terms of
partial pressures. It is known that the air 2 in the alveolar spaces should be at roughly
barometric pressure (760 mmHg) and that the air 2 should carry a certain amount of
water vapour. Oxygen dissolved in water vapour in the air 2 would not be diffused
into blood 4 in the capillary 5 and so it is not desirable to consider this in the
calculation of the partial pressure of oxygen in the space. Equation 6 defines the

conversion between fractional concentrations of a gas, such as FAO2 , and partial

pressures which are more readily usable and verifiable in a clinical setting:
Fag, =—— (6)

where PB is the barometric (i.e. atmospheric) pressure, which is approximately 760

mmHg; and PH20 is the partial pressure of water vapour, which at body temperatures

is known to be approximately 47mmHg.
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Assune : PAID, = PW2(15) where PAO2 represents the partial pressure of
oxygen in the al veolar spaces in units of mHg; and Pw02 represents the
partial pwvesuresms oxygen in the tissue water and bl oo@crrcBoidv®1ash mrHg.
Equation 14 may therefore be rewitten so the dPAO, termis replaced by
dPwo, , allowing dPwo, Idt to be factored out of the right hand side of
equation 15, as set out in equation 16: WD 2011/055105PCT/ GB2010/ 001989
-v, dP WO2 -+ vw ao PB - PH202di, PW)2 =VA F! 02 pi3_41201 (co f302PW2 -
CV/ 02 ) whUBHItHURE gmialipn f indp cquation 5 gives:

v dPAQ,
PB-Py o dr

PaA 0,

- VA(Floz - ] -DMo, [PAo, -PWo,) ()

PB - PH20

In equation 7, the fractional concentration of oxygen input Flp, is not converted into

partial pressures. This is because the concentration of oxygen breathed by the subject
is often known in fractional concentrations (e.g. 21% O, for room air). It will be
appreciated that in some circumstances rather than estimating the fractional
concentration of oxygen breathed by a subject, it is desirable to measure the partial

pressure inhaled, for example by means of a gas analyser or the like.

In addition to the model of net input to the alveolar gas spaces from breathing, as
given in equation 7, the net input of oxygen into the blood 4 and tissue water from the
gas spaces can be modelled using standard physiological parameters as is now

described.

Recalling equation 3:
Vo, =DMo, (PAo, ~PWo, ) 3)

It is known from equation 3 that the gross input of oxygen into the blood 4 and tissue
water from the alveolar gas spaces (at arrow A3) is given by Fick’s law of diffusion.
The gross output of oxygen from the lung 1 is made up from oxygen which is carried
away (at arrow A4) from the lung 1 in the oxygenated blood 6 by blood flow, and
from the metabolic consumption of oxygen in the lung tissues themselves. Relative to
oxygen carried away from the lung 1 in the oxygenated blood 6, the metabolic oxygen
consumption in the lung 1 is insignificant and can therefore be approximated to zero.
Thus, the oxygen output from a region of interest in the lung is given to an acceptable
approximation by the amount of oxygen carried away in the oxygenated blood 6,

which can be expressed as a function of blood flow and the difference between the
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( =1,ei FIl 02 PB- HROPW?2 j . 1 XCO + )802Pwc,2 - CV02 ) where X =
ab2(PB - P - H20) is a substitution which has been
made for weelalssroepr esentati on, and represents the par rcricgBomawidsoci ent
of oxygen between the gas phase and the bl ood and tissue water phase
expressed in terns of baronetric pressure (less water vapour pressure)

nul ti pli edxyentcdBcenhtibi in deoxgeaiatddcticst 4 @hd xy@amed Bldode, Ak eeicbuamnd ti ssue
wat er. The conbi ned nodel 13 of equation 17 may be fitted for val ues of

PW2 gi veaqusion8e 4D dat aset produced by the OE-MRl study described above
in the sane way as described in relation to equations 7 and 12 but first
(as nentioned above) the differential should be solved so that the nodel

has a paraneterd@or=g§@g ._J@ig may be achi eved using an integr@ti ng factor
as described bel oW. Equation %7 is rearranged into a formsuita ?e for
application of an integrating factor. Equation 17 is first rewitten by

di viding both sides by I -0- Ovwto give: PB - PH20 dPW2P13- H20 [LPW2
dt1-- Ov wilBre dBH20s a value repregentifiy @heCamviRO@f Bywgen-ledifi2)the region of

interest in units of ml gas/min/ml lung; Q is the blood flow through the region of
interest in ml blood/min/ml lung; CVO2 is a value representing the systemic venous

concentration of oxygen (i.e. that throughout the subject’s body) in units of ml gas/ml

blood; and Cc'o2 is a value representing the fractional oxygen concentration of the

oxygenated blood 6 as it leaves the region of interest in units of ml gas/ml blood.

Q, CVo, ,Ccp, are shown in relation to one another in Figure 3.

For a given local partial pressure of oxygen, certain concentrations of oxygen are
present in the oxygenated blood (both dissolved in blood plasma and bonded to
haemoglobin) and in the lung tissues (i.e. in the tissue water). There is a standard

solubility coefficient e, for oxygen in water. Multiplying the local partial pressure

of oxygen by this coefficient gives the concentration of oxygen in the water in units of

ml O,/ml blood.

The concentration of oxygen Cc'o2 is determined by a dissociation curve 17 such as

that shown in figure 4, determined empirically by Kelman (JAP 21(4): 1375-6, 1966).
It can be seen that the local partial pressure of oxygen is indicated on the x-axis and
the concentration of oxygen in the blood is indicated on the y-axis. The portion of the
dissociation curve near saturation (above around 20 ml O,/ml blood), marked 18, is
almost straight. The dissociation curve is approximated using a straight line 19
(represented in Figure 4 by a dashed line). The straight line is defined by two
constants, constant Co indicating a point at which the straight line 19 meets the y-

axis and a gradient of the straight line (i.e. the solubility coefficient ﬂ02 ). It will be

appreciated that different straight line approximations (defined by respective values of

Co and fg, ) may be applied in different regions of a lung.
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W

WD 2011/ 055105 expandi ng the outernost bracket of the right dPW D,
PH20 i nPVWD2 PCT/ GB2010/ 001989 hand si de of
equat i on W8 2givmastos( APB - PH20 )i C, OPW2CV2 ) (19) (20rT1/dB28)0/00{932)

A value of the concentration of oxygen in the blood may be approximated for partial

pressures using only the two constants CO and ,Bo2 and a value indicating the local

partial pressure of oxygen, in this case the partial pressure of dissolved oxygen

PWo, , as set out in equation 9:

Cco, =CO+fo,PWp, 9)

where Cc’o2 is the concentration of oxygen in the blood in ml O,/ ml blood; Co is an

offset as described above the concentration of oxygen for a zero partial pressure

PWO2 in units of ml O,/ml blood; and ﬂ02 is a value representing the solubility

coefficient of oxygen in the blood in ml O»/ml blood/mmHg.

In the event that the described linear approximation is insufficiently accurate, such as
in the case of severe pathology, it will be appreciated that, instead of approximating
the dissociation curve using a linear function it is possible to more closely

approximate the curve using a more complex functjon.

The combined blood and tissues (i.e. the biological material within the region of

interest) therefore has a solubility coefficient of its own (abz) which is defined in

equation 10:
/B (Co+ Bo,PWo, )+ fwao, PWo,

ap. =
0, PWo, (10)

where fp is the fraction of blood in the space; f is the fraction of water in the space;

ﬂ02 is a standard solubility coefficient for oxygen in blood in units of ml Oy/ml
blood/mmHg and a,, is the solubility coefficient of oxygen in water and PWg, is

the partial pressure of dissolved oxygen.
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(24) (25) (26) dt=1- 0 -2,,"')v wl32PB - pH,c, J Further expansion gives:
dPW, (PB -PH,olo, VA (PB - PH,0 )P WO, PB - k+ 002- 1- 0 - PH, O(APBPH, O

) 30, PWO,WbroB/55M620 YVO, dtl - (I - Ovw-wPB - PH20Pprir/GB2010/001989W- -

A )vw Factoring based on PW2 and (PB - PH20 )then gives: dPwo, _ (1:/AQ PB
- PH 20 )302AF_ I C 2QCOQCV02

Taking into account the proportion of a region of interest which is biological material
and the solubility coefficient of that biological material, the net change in
concentration of oxygen in the blood and tissue water for a given change in partial

pressure PWq_ is given by the input from diffusion less the output from blood flow,

which is expressible as equation 3 less equation 8, as set out in equation 11:

dP:;;Oz = DMO2 (PAO2 - PWO2 )— Q(Cc'O2 - Cvoz ) (1 1)

abz Vw

where abz is the solubility coefficient for oxygen into the biological material in the

region of interest within the lung, including both tissue water and blood; vy is the

fractional volume of the region of interest which is biological material; and dPWp, is

the difference in partial pressure of oxygen in the region of interest.

Substituting equation 9 into equation 11 gives a mathematical model of the net change
in dissolved partial pressure of oxygen in the blood and tissue water in a region of

interest in terms of partial pressures, as set out in equation 12:

dPWO . _
—22 = DMo, (Pao, -Pwo, )-Qlco+ fo,PWo, ~C¥o,)  (12)

abz Yw

As with Flg_, CVg, can conveniently be estimated in units of a fractional volume of

oxygen to volume of blood (i.e. fractional concentration) and need not therefore be

converted to a partial pressure. If values of Cvp, were measured over time by some

method then conversion to units of partial pressure may be desirable and can be
achieved by performing a substitution into equation 11 using an identity of the kind

set out in equation 10, albeit specific to the relationship between the available

measurement, the concentration of oxygen in the venous blood Cvg, and the partial

pressure of oxygen in the venous blood.
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(psPH20 )pwo- dt(1 - (I -w2 Which can be rewitten as: &\ N./AQ (pB t HO
.10l -0 - kK)vw - 0 - Ovw w (VAFIO0,Q (C N70
WO 2011/055105 PCT/GB2010/001989

It will be appreciated that equations 7 and 12 represent two components of a
mathematical model 13 which characterise respectively the transmission of oxygen

from an external source which is breathed by the subject into the alveolar spaces in
the lung 1 (ventilation, V1, which is described above as being is assumed to be equal
to the VA term in equation 7) and the transport of oxygen into deoxygenated blood 4
in the lung 1 which is then carried away by the oxygenated blood 6 (perfusion, Q). It

will be appreciated that such a model 13 can advantageously be used to infer
measurements of physiological parameters which cannot be measured, or are difficult
to measure, directly. The model components 13 have a large number of parameters,
any of which may provide useful clinical information provided that reliable values for
that parameter can be obtained. One way to produce values for the parameters in a
model is to obtain measurements (over time) for a parameter or parameters to the
model and find values for the remaining parameters which (when the model is
numerically evaluated for each of the modelled values) would produce values similar
to, or the same as, those measured for the measured parameter. Another method
would be to estimate values for an estimated parameter by some reliable method other
than the mathematical model and find values for the other parameters which would
produce values similar to the estimated parameters. The method of finding
appropriate values for the parameters of the model can be any appropriate method; for
example a least squared error fitting algorithm such as the Levenberg-Marquardt
algorithm may be used. It will be appreciated that the more parameters in a model
which can reliably be measured or estimated, the greater the likelihood of accuracy in

the modelled values of the other parameters.

When using the model 13 with OE-MRI data, the concentration of oxygen breathed

by the subject (either estimated as Flo2 or measured) is an input to the ventilation

model (equation 7). A further input to that model is the partial pressure of dissolved
oxygen in a region of interest within the lung tissues and blood, PWO2 , which is input
to the model from the 4D dataset of partial pressure values produced by the OE-MRI
study described above. For example, a set of data values input to the model might be

1(2,3,4,t) where the (x,y,z) co-ordinates of the spatial location within the lungs are

(2,3,4) and ! represents an acquisition time. Another input to the model could be, for
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+(Do, - pi420))Pwo, =(PB dt-- O/wW -- )4v1iA/ ( when v, g andB are defined as
follows: VA )1- (1-Q0 -vwl- - O/w2 XvFi 02 (t) + gq(C V02 (t)-00)) =-0
- xlvw WO 2011/055105 PCT/GB2010/001989

example, the systemic venous concentration of oxygen Cvo, » which could be

estimated from known statistical averages for age and disease groups. Alternatively,
CVO2 could be measured directly either from the OE-MRI study (by measuring the

partial pressure of oxygen in a large vein, such as the vena cava) or by monitoring a

patient’s blood gases by any other clinically established method.

It will be appreciated that in order to fit equation 12 to values of PWo, using a least

squared error fitting algorithm it is first necessary to solve equation 12 so that the

resulting equation contains a PWO2 parameter rather than a dPWO2 parameter.
Similarly, if values of PAO2 were obtained and used as inputs to the model then
equation 7 would need to be solved so as to include a PAg, term instead of a
dPAO2 term. It will be appreciated that there are many methods of solving the

equations algebraically to achieve this goal.

Although obtaining more measurements for use as inputs to the model increases the
accuracy of the outputs from the model after fitting, it is not always desirable to
obtain a number of different measurements for different model parameters over time
so as to feed them all into the model. An alternative approach to increasing the
accuracy of modelled parameter values resulting from a fit of the model 13 to
measured data is to make assumptions about the model or its parameters in the hope
of simplifying the models. One possible approach to this, set out immediately below,

is tailored to generate a model suitable for fitting to the OE-MRI data and other data
derived from measurements and/or estimations so as to generate values of VA and
Q (respectively ventilation, in units of ml gas/min/ml lung, and perfusion, or blood
flow, in units of ml blood/min/ml lung). The resulting values of VA and Q may then
be analysed individually or combined (e.g. by dividing the value for VA for each
region of interest by the corresponding value for Q) to represent the mismatch

between ventilation and perfusion for each of the regions of interest within the lungs.
It will be apparent that accurate values for such measurements would be extremely
valuable to the clinician in the diagnosis, prognosis and treatment of patients with

pulmonary dysfunction, for example patients suffering from COPD. In particular,
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9= -

- v)vw kB = fi02(PB1H20 Al l ows equation 22 to be rewitten as:

) Pw02= (PB - ++ gkB(t) dt

WO 2011/055105 PCT/GB2010/001989

given that VA represents the volume of air ventilated into a region of interest within

the lung over a given time period, and given that all of the lung is being imaged (as a

plurality of adjacent regions of interest), if a value can be determined for VA in each
region of interest and all of these values for the lungs summed together, then the total
should be (at least approximately) equal to the volume of air breathed in by the
subject over the same time period. This represents an example of the ways in which

the results of the model 13 can be verified by related measurements.

Given that, in any region of interest within a lung, part of the region can be made up
of alveolar spaces (the change in oxygen in which is modelled in equation 7) and part
made up of tissue and blood spaces (the change in oxygen in which is modelled in
equation 11), it can be assumed that everything within the lung may be modelled by
either the model component of equation 7 or by the model component of equation 11.
It will of course be appreciated that some regions of interest may be entirely alveolar
space or entirely lung tissue and blood. Thus, it may be assumed that the fractional
volume of biological material vw in a region of interest and the fractional volume of
gaseous alveolar spaces v, in the region of interest, when summed together, add up to

one. This assumption allows equation 7 to be set out as follows in equation 13:

1— dPA . PA
YW % _vValFln ———22  |_DMg (PAq. —PW, 13
o} o, \FAQ o) (13)
PB_PHZO dt 2 PB_PHZO - 2 2

That is the identity vy = 1- vw is used in equation 13 such that everything which is not
tissue and blood is considered to be alveolar gas space, and this proportion of the
whole may be represented as (1- vy).

Recalling equation 12:

dPWO2

b, vw =DMo, (PAo, ~PWo, )-QlCo+ B0, PWo, ~CYo,)  (12)

Equations 13 and 12 can be combined by addition so as to produce a single equation
for a model 13 of the change in the partial pressure of dissolved oxygen in the lung 1

including the parameters of both models, as set out in equation 14:
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The paraneters v, g and kB represent conponents of the nodel which are
constant, i.e their values do not change in a particular region of interest
wi thin a wolkpaetssmsl ungs unl ess the function of that regcomcrbiddessbung
changes. It should be noted that equations 23 and 24 in particular conprise
a conmmon denom nator together with a paraneter respectively representing
ventilation (VA and perfusion (Q. Bis the partition coefficient of
oxygen between the al veol ar spaces and the bl ood (whereas X is the

partition co fpryvgnthﬁo() en betdkﬁyg he al veol ar spaces and all of the
nongaseous s 'tzg—T st). In equation 26, the PW2 ,
Berig 0 rise

F102 and CVO |nd| ces f Yimet. It wll be appreciated that
val ues of the lung par ters represented by these terms vary o & tine
and that the_tgk|ys t hens (he a(ﬁquqBél jp. I't will further be
appreci ated t hat tRé | PBI-Pg npl 1 ¢t qu&tlons 1 to 18 but have

been omtted for clarity of r presentatlon The i ndices are shown in
equation 19 and all subsequent equations because they are relevant both to
the use if the integrating factor and to the fitting of the nodel to data
val ues obflai nerenstfor diffusionrinleguations 12iand 13ciraiequal byulavie omposgte) sign, and

standard fl?e riercedg Jl én gqlﬁ&)gl %ta{ 1? areagdde'at t%%étﬂ%li he sﬂg\gﬁ Q5 ¢ he
s fel gtper

standard ﬁ ng se nrequat i
equation 14.

A useful assumption to make is that the partial pressure of oxygen in the alveolar
spaces is (at least approximately) equal to the partial pressure of oxygen in the
surrounding tissue water and blood. This is a reasonable approximation given that
diffusion between the two spaces occurs to correct an imbalance between the partial
pressures of oxygen between the two spaces, and that the time scales involved in
correcting the imbalance are relatively small. The approximation may not, of course,
be appropriate in the case of abnormal lung function resulting in severe impairment of
diffusion of oxygen between the alveolar spaces and the biological material in the
lungs, e.g. in a subject suffering from severe emphysema or interstitial fibrosis.
However Wagner and West (JAP, 33, 62-71, 1972) have shown that the assumption
holds true even if diffusion capacity is as low as 25% of normal diffusion capacity.

The approximation is set out in equation 15:

Assume:PAO2 = PWO2 (15)

where PAq, represents the partial pressure of oxygen in the alveolar spaces in units
of mmHg; and Pwg, represents the partial pressure of oxygen in the tissue water and

blood in units of mmHg.

Equation 14 may therefore be rewritten so the dPa, term is replaced by dPw, ,
allowing dPw,_/dt to be factored out of the right hand side of equation 15, as set out

in equation 16:
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-dy + P (xX)y = Qx) dx (27) CY(X) = PwO2(t)(27.1) x =-- t,(27.2) (27.3)
QXx) = (PB - H2O AVFi 02 (t) + gCV 02 (1)); and(27.4) dy = dPwo, dxdt
Accor di ngwbaotiesmwet hod of using an integrating factor, pequcE20MI289 MY be
solved by nmultiplying by an integrating factor ef p(x)dx and sinplifying to
gi ve equation 28: dye P(x)dx = Qx)ef P(x)dx

dt (16)

which can be written as:

1-(1-3pw |4PWo,
PB—PH20 dt (17)

. Pwg . _
= VA(FI 0, ~ —I;E-—_P:I—(;) - Q(CO + ﬂoz PWO2 - CVO2 )
2

where X'=abz (PB‘PHzo) is a substitution which has been made for ease of

representation, and represents the partition coefficient of oxygen between the gas
phase and the blood and tissue water phase expressed in terms of barometric pressure
(less water vapour pressure) multiplied by the solubility coefficient of oxygen in the

blood and tissue water.

The combined model 13 of equation 17 may be fitted for values of PWo, given by

the 4D dataset produced by the OE-MRI study described above in the same way as
described in relation to equations 7 and 12 but first (as mentioned above) the

differential should be solved so that the model has a parameter for Pwo, . This may

be achieved using an integrating factor as described below.

Equation 17 is rearranged into a form suitable for application of an integrating factor.

Equation 17 is first rewritten by dividing both sides by [l_‘k)‘)"_wj to give:
PB_PHZO

dPWO PB - PH fo) . PWO _
== = | VA| Fig, - ———2—|-QICO + B, PWp, - CV
ot 1-(1-Avw [ ( ©; PB-Py 0 Q( Po,PWo, 02) (18)
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I ntegrating equation 28 gives y(x) =IfQx)e P(x)ch dx ef P(x)dx Equation 19
may therefore be nultiplied by an integrating factor defined as e P(x)dx =
ef v+gq ABald 2e(wss104) 1 Substituting the definitions of 2Pci/dBrofdinomwsbnt o
equation 29 gives: WD 2011/ 055105PCT/ GB2010/ 001989 Pw02 (t) = e-(v+g4)f
.1(13B - H20 )(1'D 02 (t) + q(Cv02(t)-00)(4123)1dt(30) Equation 30 can be
rewittenegsmandingdehd &t&&dsﬂsﬁa{e@bfHﬁ(‘rag%ﬁarfd%deaotgaqmmm%lvés:t he limts are
known to be 0 and t, provided that a term for tSIGInItI condition Pw02
(0) is added tdéwWd)e \rA(@l&HPHh;nd Si dewg, as -Gub gq? &thl’Lj?: Pigg (t) =
e-(v+qAB)t[ (PB -dt'F'I F(Qz')m nﬁﬁ_g)a);;c&% E 987‘1“0 PV (0))(31)
where t' is an index between 0 and t W hin the integration. Equation 31
can be remmﬁdreﬁpaaﬁlosl%ﬁvdgut i n equation 32:

dPwo,  VAPB~Py o Flo, ) VAPB-Py o PWo,  Q[PB-Pi,0)cO B QlPB - Pyy_o Po, PWo, . QlPB- Py o )W, 20
& 1-(-Mvy 1-0-2WwlPB-Pyq)  1-(1-2)vw -1y 1-(1-Avy (20)

Factoring based on PW,, and (PB -Puo )then gives:

dPw, VA Q(PB—P K )3 , VAFI : QCo QCV,,
dlo [ -0- 1)Vw 1-0 ‘};')(:'wo ]Pwoz +(PB—PH20{ -0- 7~0)Vw 1-1- )‘)VW 1-(- )")VWJ (21)

Which can be rewritten as:

dPWo, v Q VAFI
mo +[l_(1_1;.)‘,w +[]_(l_l,)vW)BO;(PB_PHzo))PWOZ=(PB‘PH,O)[ 0o ;;Vw =a- ).)v \»"o2 CO)] (22)

when v, g and Ag are defined as follows:

VA
B @)

_ Q
q= 1‘ ~ (1 _ X')vw (24)
Ap = ﬂ02 (PB _PHZO) (25)

Allows equation 22 to be rewritten as:

dP Wo

2 +(v+gh)PWo, (1) = (PB -Pnyo X"FIOZ (1) + 4lcvo, (t)—CO)) (26)

The parameters v, ¢ and Ap represent components of the model which are constant,

i.e their values do not change in a particular region of interest within a subject’s lungs
unless the function of that region of the lung changes. It should be noted that

equations 23 and 24 in particular comprise a common denominator together with a
parameter respectively representing ventilation (VA ) and perfusion (Q). \Ap is the
partition coefficient of oxygen between the alveolar spaces and the blood (whereas A’
is the partition coefficient of oxygen between the alveolar spaces and all of the non-

gaseous spaces in the region of interest). In equation 26, the PWq, , Flg, and Cvg,
terms comprise indices of time ¢. It will be appreciated that values of the lung
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PW2(t) = [(PH - PH20 XvF102 (e)+ q(CVv02 (()-00)(v+q/18)(e-1)+ PW2
(0)eAri)t(32) dPWX2 By using the initial condition that = dt0, given
equat i on wd@p11RseDs(0) can be defined as set out in equaCir@s28B/00RBPH 0 /
PW2 (0) =2 .1)FI 02 (0) + q(Cv02 (0)-C4 (33) Equation 33 nmay readily be
substituted into equation 32 so as to renove any Pw02 terns fromthe |eft

hand si de pafanidiés e€piedehRd . byRaes! teimgvirf e fifitel dpti tRat tBE tdr thahsdlwsof the
i nput data from OE-MRI, the data represents changes fromthe initial

condi t i ondrerimstiprsdoliiimpndt Ml fiakes| herappresiated thabthe iadices are impicitiin j s

therefore r Y | represent i t |.kference

pet veen PEOSETS 14 SRR el iniAkEy R EREERRY My, bl 3

equati on 3#owy is edpiation tIOnGdediuaibiajued e quitichsaRbaist Gity3ee relevant both to
the use if the integrating factor and to the fitting of the model to data values obtained

for a plurality of time points.

Equation 26 is in a standard form required for the application of an integrating factor,

the standard form being set out in equation 27:

L Peay=00) @
where w(x)=Pwg (1), (27.1)
X =1, (27.2)
P(x)=v+ ghg, (27.3)
0x) = {Pp ~Py_o J¥Fio, (1) + 4CV0, (1)); and (27.4)
dy dPWo,
& (27.5)

According to the method of using an integrating factor, equation 27 may be solved by

multiplying by an integrating factor eI PO and simplifying to give equation 28:
[ P(x)dx
dye _ — O(x)e [ P(x)dx (28)

Integrating equation 28 gives

_ 1 P(x)dx
e Jowel PO% g (29

Equation 19 may therefore be multiplied by an integrating factor defined as

eI Plxydx =eI Vg Apd = e(+ake) Substituting the definitions of 27.1 to 27.5 into

equation 29 gives:
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Pwo, (t)-
t)yldt' -
V 4- qyl
(0) .--
f (cvo,

in equat

Pwo, (0) = IKPB - PH 20 XVF | 0 2 (e)+ q(Cv02(e)-00))e(vg4s) (1’

- ( PB-( - PH20 1 kvFl 0 (0) + gq(CV02 (0)-00)) (e v+eps),
afonbiwissway be rewitten as set out in equati oRCIGB2PWAD{ISY -

)

Pw0?2

(PB - HO)1" f (F102 (P) - F102(0))e(v+g2"l'-")df + (Ph - PH20 )q
(r) - cv., (0))("201"-odt. Equation 35 can be rewitten as set out

eixi, )0,-0 _

Equation 30 can be rewritten as a definite integral because for a given time f the limits

are known to be 0 and ¢, provided that a term for the initial condition Pwo, (0) is

added to the right hand side, as set out in equation 27:

PWO2 )=

e—(v+qﬂa)t( ﬂ(pB ~Pio XvFIO2 () + 4{CTo, ()-COJp V+ 7) ]a't' +PWo, (O)J Gl

where ¢’ is an index between 0 and t within the integration. Equation 31 can be

rewritten as set out in equation 32:

PWO2 (I) =

J; [(PB -Pyo XvFIO2 ")+ q(cvoz (t')—CO)k(”q'%)("_’) '+ PWo, (0) o~ (V+ain)t (32)

W
By using the initial condition that % _ 0, given equation (26) Pwo, (0) can be

defined as set out in equation 33:

Pg -Py,0 (

PWo, (0) = vFIO2 (0) +4(Cvo, (0)-CO) (33)

9B
Equation 33 may readily be substituted into equation 32 so as to remove any PWO2

terms from the left hand side of the equation. Recalling the description of the nature
of the input data from OE-MRI, the data represents changes from the initial conditions
measured during the baseline measurement at time /=0. It is therefore necessary to
derive an equation representing the difference between Pwo, (1) and the initial

condition PWO2 (0), as set out in equation 34 by subtracting equation 33 into equation

32:
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Acv02 (t, Pt,(36) PB PH20 where APINO2(t) = PwO2(t)- Pw02 (0) ; AF102(t) =
F102(t) - F102(0) ; and ACVO2(t)= CV02(t)- CV02 (0) . During the fitting
process tweeompsnents of equation 36, which are defi ne@ciriGE2erom193ht, are
t hose for which values are neasured or estimated at a plurality of tine

poi nts. APwWO2(t) is a function which represents the change in partial
pressure o I gyl wed ygen above baseline in the region of interest

Wi t hin thefpl“ghgt? V\%\?%‘Fgg?(s preferably nmeasured by OE-MRl in which a scan is

perforned t eney at at a,,f oy _each. ti mRe4y-AFLO2(t) is a function in terns
of t which e e\mE"Iﬁhe Haitge i Cf) actiona%cﬁncentration of i&l%gi red
oxygen aboii’ baseline. This is preferably estimated (fromthe kno

concentrat | ams~ 6f, es egt hed evSWlj ecy) so as to produce a val ue
rrg %gk(zt(w]‘ Cvaz(P)D{i%Di n whi cﬁf} epresents the change in
S

for each t APy
partial pr urcé Bf oxygen in venous/blood as it enters the |ungs above

basel ine. Values of ACV02 (t) nmay be estimated from known physi ol ogi cal
averages for each tinme t but

which may be rewritten as set out in equation 35:

Pwe, ()~ Pwo, (0) =
(P, ~Pyo I [ (Fro, ()~ Fio, (0))"4X '+ (35)

(P, — Py ) [ (Co, (1)~ CF,, () i

Equation 35 can be rewritten as set out in equation 36:

APW ! + — v+ q;"B ' \Y 36
02 ( ) (V q}"B Xt t)AFl t' t' + e( )(t I)AC t' t’
IB Hzo

where APWq, (f) = PWo, (1) - PWp_ (0);
AF102 ()= FIOZ - F102 (0); and

ACYq, (1)=Cvp, (r)-Cvp, (0).

During the fitting process the components of equation 36, which are defined in terms
of ¢, are those for which values are measured or estimated at a plurality of time points.

APWO2 (t) is a function which represents the change in partial pressure of dissolved

oxygen above baseline in the region of interest within the lung, which is preferably
measured by OE-MRI in which a scan is performed to generate data for each time ¢.

AFlg, (1) is a function in terms of ¢ which represents the change in fractional

concentration of inspired oxygen above baseline. This is preferably estimated (from

the known concentrations of gases breathed by the subject) so as to produce a value

for each time t. ACVO2 (1) is a function which represents the change in partial

pressure of oxygen in venous blood as it enters the lungs above baseline. Values of
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may alternatively be neasured. vw is the proportion of non-gaseous space to
total space in the region of interest and is preferably neasured. vw can be
measur ed wei2og/@swari ety of tonographic density inagi ngPCeaB2UBSISI

i ncluding a standard MR proton density map or helical x-ray conputed
tonmography (CT). These nodel paraneters formthe inputs to the nodel 13.

Once the AR r)hAd§ beeefimaRl gFom RESwn gaygi@sgiwravmges:waSetaaﬂtimgaarwfret ers
whi ch make up he constants v, g and XB (i.e. VA and Q and which are not

standard yalyugferafifeldedeemBisuesd. byy fi§ thd popomibs iR maRloasdbts Rfa® doe@kt squar ed
error approxi mator such as the Levenberg rquardt algorithm It wll be

appr eci at epace hmthesnggion o intergsirandHsrprederablyencasecdy ve van bameagpredusiaguat i on
usi ng a variet f test wvalues i.n place . of the unknowns an | cul ati ng
squared epraneaipbRBpRle b MaBrdierRiatel fel B Honfat MESTHOR |l ues
for one ordemsyemas of RlidaPsahy RempiREabmogrhpRy §ET). OThéRShoded!pdfignatdts ch
produces a mninmal, or "least", squared error is then output fromthe

al gori t hmferm theénpyéssto thppodsdli IFatOnee thoinputs hage besp detgamingdiahes Aordbe

paranmeters. It will be appreciated that in order to prodquce independent
Dol tes f oFoRisARRAIeTers PONSIEECS B e st i nd Zp TS W ) S3A T nput ¢ 0

h del . 4k ' ' ! ; . Lred, h
s va 1 0, Wk Reahth PRl b A Bee ARy hyke, B R T o

per f usi on squeREEs; appieXimaver nacld a tie beverbérgrMaigastdaalgarithnnput wals b t
cancels as a result of dividing VA by Q A further, sinplification of the
model can 2BEFerigied that suchjan algerithay carhaperats by, gyalnatise the£ovation Wit ant

after ti m%/al]ie:tg of kesByallids 1'[1%;1%&% A6 TR WA bnd bﬁc@?@%&&d%ﬁo@%e%gﬁs the

formof a ste unction, at the subject goes eat hi ng one
concent r atthoresuln of st evaheatioh yant the meatired yamed ifdrf @reent mornaeethrmodedn at

time 1=0, and then_renaips at this.different concentratign. Assum ng that

Lhi's s { REMEIELES. DR PbiSNE MEh PrOfhces o apnBALRS &o6h o HARIEMOR egr al

of equati 03B oGPl REm!tH £F6AhGHad Be Bbé\f%B%%&dﬁﬁdti%ﬂ 16 Valub NP the(dnknowi AF102
PH20 (1" 0 ..B) (37)

(1- e-(v+614 )1+ g te(v+gXI3ACTO02 (Cdt
model parameters.

It will be appreciated that in order to produce independent values for VA and Q it is
necessary to determine values of vw for input to the model. However, if only relative
values of VA and Q are required, such as VA/Q, which would be sufficient to
identify, for example, ventilation perfusion mismatch, then vw need not be determined

as an input as it cancels as a result of dividing VA by Q

A further simplification of the model can be made if it is assumed that the value

of AF1g, is constant after time /=0, i.e. if it is assumed that the change in AFlq, takes

the form of a step function, that the subject goes from breathing one concentration
instantaneously to breathing a different concentration at time =0, and then remains at
this different concentration. Assuming that this is the case, equation 36 can be
rewritten because the first integral of equation 36 can be integrated to give equation
37:
APWq, (1) _ v
Pg-Pyo (v+4is)

AFlp, (1 vk} )+ q _[)e(v+q)‘9)(’l't)ACV02 (") @37
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It is not advisable to repeat this sinplification for the remaining
integral in equation 37 by assum ng that ACV02 is constant because this
par anmet erwoepriasenss t he venous concentrati on of oxygenpCwGB2010/09199

i nportant factor and will change throughout at |east part of the tine of
t he study. However various substitutions can be nmade to further sinplify

the model 1 ik ndeadvisble RG¥Pt 3HiO Winpliffvatied Grethd eentiaingifdgral ircéduatiat ed, at
| east to an approximation, as an input to the nodel 13 so that the nodel 13

obt ai ns vaV babissuneing that (Yo de cerpstaiis becapa¢ this pdrameteh eeppesentsdevenovd and Q
In general it will be appreciated that any of the nodels 13 (i.e. at any
st age of somghirdticmacfi axygenjesluch freah impditanefagtor aué wib chapgatthmughduttap 37 nay

be fitted,to neaspred.data jn the nner descri bed.above so, as t,0 .generate
Val Ues. { ol anRitb AN MFolBF oh4phmetE: Jigreer Vgt “pa AR b Pt Ve ot
been. meas il Qim ity 8! RHILYif SRIFe! NECVOCARTUIG BRI Sofmedfipld GRLI On of

the invention are noOw described wth reference to figures and 6. The

e invention arc i . . |
Conj unct | SR B EH DR B ARTELbah, i Mtk (HERRR] Fsgthallte AR 1ot 4

group of heabtais vanAbleniarhall{icepbRGlatues Thaheiphiemkiehy vaudieot s al |

suffered fromchronic obstructive pul nonary di sease (COPD). The healthy
subj ects were age matched so as to share the age range of the COPD

subj ects. The heal thy subjects had no kn pul ppnary. di sorder. An _.OE- VRl
St Uty s TGRSR ScEh D6 bR ot sy 15, e PRTDLS [ efiai. SheRRf
scanner. BRehifRUBOBCHLHBRE Rafh PaEiaad 18 dquaddidd PXISMmANhet NREY to
subsequent |y breat hed 100% oxygen, both at a flow rate of° 151/ mn, using a

3-val ve Houseurehdatadhrthamanngy deagrkbed@hoee mes taRensraty velaehfaramknewnensure a
tight seal of,the mask.against the face. ISt researc Bounphrey SM
Vorri s EAmIReharn g 2 etabfiie S Sisty bR o e o EEED o aRRgl

realistic bggameotBesi¢and)t ation. April 2003;57(1):69-72.) suggests that it
shoul d be possible to achieve fractional inspired oxygen concentrations of
around 97% wi th such an arrangenent. For each subject in turn, while the

Pl t - Four i ae I ot ArBReflE! fthe Bhinflr B by JoRHERI FeleClcohites SCOVEry
and 6. The model 13 of the first embodiment as set out in equation 33 was used in
conjunction with OE-MRI studies in order to compare the lung function of a group of
healthy and unhealthy subjects. The unhealthy subjects all suffered from chronic
obstructive pulmonary disease (COPD). The healthy subjects were age matched so as
to share the age range of the COPD subjects. The healthy subjects had no known

pulmonary disorder.

An OE-MRI study was performed on each subject using a Philips Intera 1.5T MRI
scanner. Each subject breathed medical air (21% oxygen) and then subsequently
breathed 100% oxygen, both at a flow rate of 151/min, using a 3-valve Hudson non-
rebreathing mask. Care was taken in each case to ensure a tight seal of the mask
against the face. Existing research (Boumphrey SM, Morris EA, Kinsella SM. “100%
inspired oxygen from a Hudson mask-a realistic goal?” Resuscitation. April
2003;57(1):69-72.) suggests that it should be possible to achieve fractional inspired

oxygen concentrations of around 97% with such an arrangement.

For each subject in turn, while the subject breathed the medical air a set of single-slice

inversion-recovery half Fourier single shot turbo spin echo (IR-HASTE) scans was
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performed with a range of inversion tines (TI-50, 300, 1100, 2000, 5000ns)
so as to produce a 3D dataset of baseline R values. The coronal imaging
slice waswpastii@smd posteriorly and the data val ues wer ecaapreadidsor each
slice using a 128x128 matrix of locations on the slice. The in-plane field
of view was 450x450mm and the slice thickness was 1 Oim Thus, each

| ocati on wérfdHned tWith 4 RBEE bf TVeMRnagRds (TEPSE 360! 5108, F000N5000nss) 267 % 10MM
volume region within the subject. The echo time (TE) was 3nms and the tine
bet ween philoducese dRedataset ¢itRpelingsR 5eb@ssThereproml ipagiag stice was pestiosed set  of

data was (o.determ el i ne | ongi i hal. |. } i Jicfor all
| ocat i onsb?slger (S)ﬂghaglﬁl? ﬁﬁf %%glv%lﬁéssw%rp af%‘grsut%ijgac? .Sllc{f{]lgm@%}lbe%qz\%angﬁ? éIF] scanned
cont i nuoURcytiodstdh ehet SRPOr Bhe [replahd!tielNof viet wab MS0REI0NEE ntihhe Stiee t of one
scan and the start of the_next scan) of 5.5s using . the sane | RHASTE

prot ocol thigkmessnwanV&nas. okhes, pachs kacatign withohtheggsuldng datasehderiesentsra her 3D
dat aset s G r.ahl fd -t er . he gas
was Ssw tc%gémf?gﬁrﬁ%f %%Ma\f%rl%%m%%jy g@g%enS‘Q{%écf%sgggﬁf@t”&ézfggﬁ? % nued for
a furt her 3Ms rndthetimedesetenopuldeRseidéntes STRNs/andS00me n The phirposedf Wig h t he
sane range of inversion tinmes as used for the baseline scans s then

acqui red Wt P Afiatas ey Kxdetermting Misckaselinerpraiiudina seesasiey June T dlibj ect s
were freep Wale] ahpsit &Rt ocol. Subjects tolerated the

pr ot ocol W’gfi%% %%&g%epg%éoef&%ﬁstuy Ff’ri or to fitting of the nodel of the
first enbodiment to the data, an inmage registration algorithmwas applied
to the da ﬁ ggl accordﬁmce with the metlhod. descri be inlNai s? JH, Parker
al, B_eatt_tyf PEILISEC KD AN SpgDsHly CQRIUGHIY Y iTh 2) EMPPER)) TFOIEION LigydimG eq
quant i t at hut@esty hRMStet &fe QBA arfdHe Siart ST AREREH sdarl) HPS S YsihdBdisRfle §R1 NY | Mage
registration." Magnetic Resonance in Medicine. August 2005, 54(2):464-9) in
order to Hé&IEcprotasol matbhpin myvensionntine ot detlibma se@arig praducadphensie

generated for ajlr and exygen.breathin fittisg. _on.a voxel b el basis
Po"a ot angiifies e oA shRENT Ukt Tt i L Skl S S S s
wer e convfbinetleditdl 2ir tha00% osgbetesndithigng has bagilued éor Blifufther G ima@dst br at i on
and then to chaﬁge inEgarti al pressure of _ox6%en di ssolved in the

par enchy md set pPERuHAM Eetcanntapihsp geripmsdavitipiis sapme yangs;of dnversdon BmMSX vi t y
const ant 3 r teOuifsl witik [ Rh " Nomin s ve

i magi ng o?slé]lugegﬁtﬁ?tl%?it\(/%aggr g‘%#gl‘%gl%{g% a'fcﬁlg\%bcﬁ@r%ég gﬁgfecntg 108&%&/9%

i nhal at i ohreathen)0&% toaygad. Hei subljaise Wereg fivR brealging ghtougharti tharprdtooelnal  of
Neur or adi gl agy. ril. 2008; 29 : 663-7), as descri bed above. The

mat hemat | gﬁlﬂgéﬁ@@&aﬁgélﬁer?rfi@&o}a‘&éi/%"tgé‘? Ay HEGeYNt ed to the data in the
manner described above in order to extract paraneters relating to regional

venti | ati pRoedditARE OF feQRodNdf thealibt dnfddfet @B thd @itd, AR/iRaEé Hgisaatién VA /0 )
maps were generated. Figure 5 shows exanple VA /0 maps follow ng inage

regi st r at pleArigy wab apnliet;te thadata Gip acopydaniesjvaith thegnetherhdessribed &1 Naiglyual age:
A | . \

Vol unt oer et D Ry PENackith &, RUBIESS, WaleohyEorant CinLBRENSY |

nor mal r aggmti(aaive udyhathi8)regibmal t breyg€idebhaicl] guilmonady /ithagmggesisg dinage | ower

(shown by darker areas) . and appears, npre spati g | ef er ogeneou i.e.
di f f er ent T48&YPHAR " dfagnRiic emg%lp%av m"éewﬁr%@ﬁti’—oagar?@:‘ré- Anpesffe\;&? ues than
in the he ) L S L g = i e
di fferent @(gt | efééltogééan&fﬁﬁfyclaggbgg?gw%g %‘E)gmts hjperg&ﬁéegﬁﬁ%/&\@/g%nf(geﬁlé .Qﬁ(i?n each
hi st ogr anpxygenmegakiing by fittengonexvexel hylivoet] basiatuestandard/mveBieamecovesy mar ks on
the y-axis indicgte nunbers of.]qgcations within e lupgs.. In the healthy
ok unt oo S04ty ssBale TevEisbish SRaeTech comaned ey 4 A nis s inging o
val ues of pas8ind ﬁr,] hﬁ%%@%ﬁbﬁﬁ@rh ahd th&f o %hh&%}gﬁl pardiab brdsdidé ANGkygbiist er

ak,

around 0.8; in the D subjects a broad pe centred at relatively | ower

VA /0, i sdiiserd gdthenpireichymdl tstueswathaand bpodaplassa P W (1) 0singrtbeighout
the lung are nore heterogeneous and that the lungs in general are nore
poor |y verdladidityechstaanri=0.49kE0 hZahateliuls GhjMartia AJ, Dillon WP. “Noninvasive

imaging of quantitative cerebral blood flow changes during 100% oxygen inhalation
using arterial spin-labeling MR imaging.” American Journal of Neuroradiology. April

2008; 29(4):663-7) as described above. The mathematical model described above was
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It will be appreciated fromboth Figures 5 and 6 that there is basis upon

whi ch to nmake a diagnosis of inpaired lung function in the COPD subjects in

conpar i sonowtimsstve heal t hy vol unteers. Mreover, givenprChaiB2bivmovasbues of

VA /0O are in units of m gas/m blood, the values thenselves represent a

guantitative neasurenment of lung function for each area within the |ungs.

I n gener alhdnefitt@d fot theidata Methapiinet aédseflbéhaoveNBIoRdeTaY dREracEtyaridieri cal

uses of such data. It will further be appreciated that the VA /0 val ues may

readi |y beelpéng tosepienal yentiladen ppd, perfvsipn and sruaniiativey ventilgiondeefisioncat i on

W t hin th?g{] a val ue 08 vw can be determ ned for each location. It

will gene ﬁ/gfb‘aa%fp‘ﬁ?fsaf’%%fata that the above described enmbodinent is nmerely

exenpl ary and is not intended to limt the scope of the invention. In

partlcula r te the partic r_nmeasurengnts,

esti mat oo a“%awf Bogh QS prinis gﬁﬁ%&é#f g And F| g,

repl aced e n i «t hat
kcf?{ (o bj e%%%ggﬁg‘flﬁelg%g{uﬂ%g )erl.gal e NghdPbPY ks gt@

they are y acc 0 “not’ conpr mse t he accept ity of

the data euthoOOPDY Ii he H¥alle} volubtew the VA Qhatp BereREPEIRGnbAA atload tHehe nodel
of the function of the lung m ght derisably be subdivided into different

nodel com@ipgning iRAchoringl HAEE (H8SRIS0.8)0Aehd TOPD mf;éwdvh /O IPgmerlly.
CLAIMS |. A nmethod for generating data indicative of lung function of a

subj ect, téwentshdvoubydarper aseasg and mpeansumge fpatiatly Heterogah¢asis (xa slifiierent

obt ai ned fromthe subject; and putting said first data to a nodel of
| ung f uncisHeNs of Berungy baV§amared\atd§1>i Mfe@ag. &/6f valyerythep da the Realthy
wherein the e)l of lung function conprises a first nodel conponent

model | i ng P} uglﬁﬂer of gaseous oxygen from a gaseous space within the |ung
to biological material within the lung based upon quantitati ve data

i ndi cat i vFig@fre X3}@3 KiStopaRis q'art:)tfbe th@@aimaiexga@le}ecanﬂltmn@an sNienHt in the
bi ol ogi cal material and a second nodel nponent nodel lin the transfer of
oxygen fr dhee H%a]ﬂ‘dﬁ’@émﬁiﬁr%)!?@éﬂ‘al@lﬁteﬂmm ﬂ\‘?é%h%%ﬂ@dﬁa’%l Bséfenat ed

bl ood bas on ntitative data | at| ve of en ¢ in the
venous bl g‘gﬁya ngxﬁn@fiﬂ%c?n ti’&d’r?ﬁ‘ ec?lgpl?ﬁri(’fgﬂ%&g}s W@HE% c8ﬁ§i nodel
conponent 1 QiPkdaHRT v@lufn'téeﬁia H%&W@hﬂ 1shﬁa@éx%@’0&hhd?ﬂ1n@1c¥f&k%n@&st Brard flow.
3. A method according to claim?2 erein the generated data 1 ncludes at

| east one vdlksief 1/ @ ahuhds teagtnfbi@t 8 Muigpire siatilar ngd @luser wrginaf0.&)l ood
flow 4. A nethod according to any preceding claimwherein the first nodel
conponent igarpCOBBssubjeecod brbaf preakieteatred eprebsieslyi logen Vol Qi abkerdvadial ed
gases in at |east part of the gaseous space.

which indicates that the values of VA /Q throughout the lung are more heterogeneous

and that the lungs in general are more poorly ventilated than in the healthy subjects.

It will be appreciated from both Figures 5 and 6 that there is basis upon which to

make a diagnosis of impaired lung function in the COPD subjects in comparison with
the healthy volunteers. Moreover, given that the values of VA/Q are in units of ml

gas/ml blood, the values themselves represent a quantitative measurement of lung
function for each area within the lungs. In general terms it will be appreciated that

there may be many clinical uses of such data. It will further be appreciated that the
VA /Q values may readily be represented as individual values of VA and Q for each

location within the lungs if a value of vy can be determined for each location.
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5. A nethod according to claim4 wherein the generated data includes at

| east one val ue for said second paraneter representing a volune of inhaled
gases i n wbbeassiopart of the gaseous space. 6. A net hedtaBorodionggot o
claim4 or 5 as dependent upon claim3 or 4, further conprising generating
data based upon said first paranmeter and second paraneter. WO

2011/ O551Q5RS5H /geRAP /M0 P& iatdd thatNBk Ntfbva Cde8dritield Jerh BodithantNisEmelder ei n
generating data based upon said first parameter and said second paraneter
conpr i ses exmplanandds aof iatendadretinit isseend ofrthomvantien. Je particalardt pilf st

d val i . [
By r ccelt AgpRr i Fpre SRSl FRREARRIGIT eBluymetand RMAHRREET I, ™

function kimplifp@ie mofelanighn ecaddynpe irsplag:dabyf bthéd mesyukdnishts @stirhates agd sai d
gaseous space and a second portion conprising said biological material. 9.
A net hod asssewpipagproyided dhattheyaare sdinicatiy decepirble AMdadhnot QMEsoRiREItBE n sai d
first par . e I . I i ond

por i on_of B e BF ARFHGEalpHObY TR fhack 30K L BOAMANARA fORECTD
as dependeafiidelgithe €lirkion 41 die langiepkt derisablg bs aaldididpdimordiffrentapsdedent s t he
vol ume of inhaled gasses in said first portiqgn of said part of the |ung.

11. A net ﬁ%‘ap%b*rad‘an’@ SOBC£ASFS pREEeSAMM Y EMARTHCRMEPRSS t he quantitative data
i ndi cative of oxygen content in the venous bl ood conprises a plurality of
val ues each relating to oxygen content at a respective tine. 12. A nethod
according to any preceding claimwherein the nethod further conprises
receiving the quantitative data indicative of oxygen content in the venous
bl ood, the quantitative data indicative of oxygen content in the venous

bl ood havi ng been obtained fromthe subject. 13. A nethod according to any
precedi ng clai mwherein the nodel includes a paraneter representing the
solubility of oxygen in blood. 14. A nethod according to any preceding
clai mwherein the first conponent conprises a first part representing an
anount of inhaled gases. 15A nmethod according to claim 14 wherein the first
conponent further
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conprises a second part representing an amount of oxygen diffused into the
bi ol ogi cal material fromthe gaseous space. WO

2011/ 055MW6RCM/EBRS10/ 001989 16. A net hod accordi ng t opemGRB@MWSAg Cl ai m
wherein the second conponent conprises a first part representing the anount
of oxygen diffused into the biological material fromthe gaseous space.

17. A nmethod according to claim16 gharse the second conponent further
conprises a second part representing the transfer of oxygen fromthe |ungs
by oxygenation of venous blood. 18. A nethod according to any one of

clainms 14 to 17 rein i.s..b n. assunpi.i an.that the
concentr atli‘ ons ‘%\fmﬁ%? ?} 5%rréﬁ%§ragﬁg ﬁétﬁé‘z%‘ﬁﬁgﬁg %gg@%\,'ﬁuﬁgpﬁ 0? A ggﬁgjﬁcﬁgthle S

subst ant i ahdtiodeepmdyrising:t he concentration of oxygen in the biol ogical
material. 19. A pethod according to any preceding clai mwherein the nodel
appr oxi mat es t Aecebdng fiest dea whichdias heen eitaippd framghesubieaipnd | i near functi on.

20. A met hod aqlgﬁgtﬁﬁ%ﬁ%i& f\?\ﬁ?heﬁgm §m%gelﬁdggu nafonctt) -eﬁ@sral[% shid éi]al% when

dependent from erern sail el conprises a third paraneter
i ndi cat i ngndicpivepdiungdonafonsai d part of the lung nade up of one of said
first and second portjons. 21, A nethod according to clajm 20 further
conpri si ng recehFrsiy tg? ‘P%‘&%t"foh’é‘g\r;rg‘l“ﬁ%oﬁ SPMPHgest R gt pagdeheomporentan

| nput.. Z%noc@up ! askeaCEPRAls Ry AT L, HOGKCLCE NGitRh hEghe QB° val ue

for the thir ramet er S been tained fromt subj ect . met hod
accor di ng bidoginal nydtedlavitten A% tuog D2sedhpoeiquaéativef dats indanadvs ef oxygen

conponents are conbi ned together. in the npodel. according to said oportion.
2 T A ot ROHCEL bt MGk e T ORreerip L d it g AP th BERRNdEML 4t her eon
wher ei n t hgcgiadglodfagoh PénechPiddelling the transfer of oxygen from the lungs by
oxygenation of venous blood to create oxygenated blood based upon quantitative data
g

indicative of oxygen content in the venous blood.

2. A method according to claim 1, wherein the second model component

comprises a first parameter representing a volume of blood flow.

3. A method according to claim 2 wherein the generated data includes at least

one value for said first parameter representing a volume of blood flow.

4. A method according to any preceding claim wherein the first model
component comprises a second parameter representing a volume of inhaled gases in at

least part of the gaseous space.
5. A method according to claim 4 wherein the generated data includes at least
one value for said second parameter representing a volume of inhaled gases in at least

part of the gaseous space.

6. A method according to claim 4 or 5 as dependent upon claim 3 or 4, further

comprising generating data based upon said first parameter and second parameter.
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\ PB - PH20 PW2

0(Co + /30, Pwo, CV0O2 wherein Pw02 is an input paraneter

repr esentwogotissparti al

said part of the lung; Fi02 is an input parameter representing the

concentration of oxygen inhaled by the subject;

pressure of oxygen in the biol egircs20meatoessyal

[ 0- VW) + vwab2 dPdW2 . \IAFl 02 pB _.. pH2 O |j

in

CO>2 is an input paraneter

representing the nfegivdertomdingao «odimok Wilieil lgefating dutd Bsel @POH Said ¥Fétem of

t he subj ect;

oxygen i n RRFENgerAndgsaichpecond darameteri@aprises perfravng ap arigvaticr opgration

represent s, thesolabid f:igl‘tsypag

ﬁldeﬂall?g aﬁ-eﬂﬁet

Aood; Cois a

ab2 is an input paraneter which represents the solubility of

scal ar value; vwi1s a par arr%ﬁ%atrll represen?fi%)réliggags‘t%{%c(’aIl ropor§)| on of bi ol ogi cal

mat eri al

in said part of the |ung,
8. A method according to any preceding claim, wherein said model of lung
function models lung function in a part of a lung comprising a first portion comprising

said gaseous space and a second portion comprising said biological material.

9. A method according to claim 8 as dependent upon claim 2 or 3 wherein said
first parameter represents a volume of blood flow thorough said second portion of said

part of the lung.

10. A method according to claim 8 or 9 as dependent upon claim 4 or 5 wherein
said second parameter represents the volume of inhaled gasses in said first portion of

said part of the lung.

11. A method according to any preceding claim wherein the quantitative data
indicative of oxygen content in the venous blood comprises a plurality of values each

relating to oxygen content at a respective time.

12. A method according to any preceding claim wherein the method further
comprises receiving the quantitative data indicative of oxygen content in the venous
blood, the quantitative data indicative of oxygen content in the venous blood having

been obtained from the subject.

13. A method according to any preceding claim wherein the model includes a

parameter representing the solubility of oxygen in blood.

14, A method according to any preceding claim wherein the first component

comprises a first part representing an amount of inhaled gases.

15 A method according to claim 14 wherein the first component further
comprises a second part representing an amount of oxygen diffused into the biological

material from the gaseous space.
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VA is an output paraneter for the nodel which represents the vol unme of

i nhal ed gases within said gaseous space in said part of the lung; and 0 is
an out putwpaoanessms for the nodel which represents the wolngs2ooiooidseod

whi ch passes through said part of the lung. 25. A nethod according to any
precedi ng claimwherein said quantitative data indicative of oxygen content
in the biological material is magnetic resonance data. 26. A nethod
according to any preceding claimwherein said generation conprises

appl i cati & of AtlﬁéthEé\ﬂémgmg tveany Rieeedingoflaim wagrein ggstecentlieraporent t i ng

2l gor § CNTLE Qe o TGEL e oAl el il o8B (RSked HRRE MBI yiRLRm) 27, A

nmet hod for ne rve o ation and perfusifon within a
subj ect' smlatefigl frn@ thegdseshsepagey i si ng. obtaining first data indicative
of ventilation and perfusion while the subject inhales gases conprising a
first concentration of oxygen; obt ai ni ng second data indicative of

ventil ati an Sj j | bj 1 pha i sL.Ng a
second coﬁ?’ent gaﬁae ([)}Ir?ldo?&gg(y r%g %@ﬁ‘e?gt ?ﬁ%%%%%dkﬁggga%ggggﬁﬁ@r@% ﬂe first
and seconcompdises a second patteteprésenting o aahsfera ol waygat droin diec irigs ebyof
ventilation and, perfusion based upon the third data. 28. A nethod

accor di ngoﬁgeﬂ‘t&r‘rﬁfZ’?nt’ﬁ‘é‘?% the first concentration of oxygen is

approxi mately 21% and/ or the second concentration of oxygen is
approximately 100% 29. A nethod according to any one of clains 27 or 28
wherein th& fi AshethodAcordieg tnahydateafickhimadhde i ¢ whesomthegeodthisdbastit ai ned

f th bject. 30. A nethod di t f clai 27.to 29
wher ei n_t RO P RTOf, e CPReataos ol SrugeriiRdhs BopRHSHRESE WabiAGhS

mat hemat i Gl i§RfRlantially equal to the concentration of oxygen in the biological material.

19. A method according to any preceding claim wherein the model approximates

the saturation of oxygen in the blood using a linear function.
20. A method according to claim 8 or any one of claims 9 to 19 when dependent
from claim 8, wherein said model comprises a third parameter indicating a proportion

of said part of the lung made up of one of said first and second portions.

21. A method according to claim 20 further comprising receiving at least one

value for the third parameter as an input.

22. A method according to claim 21, wherein the at least one value for the third

parameter has been obtained from the subject.

23. A method according to any of claims 20 to 22 wherein said first and second

components are combined together in the model according to said proportion.

24. A method according to claim 8 or any preceding claim dependent thereon

wherein the model has the form:
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31. A nethod according to claim30 wherein the processing conprises
determ ning at | east one value of a paraneter of the mathenatical nodel
based upowo=aiwhsstesrd data. 32. A nethod according to aoy/cBonlmisse 27 to
31 wherein the mat hemati cal nodel conprises a first nodel conponent

nodel | i ng transfer of gaseous oxygen from a gaseous space within the |ung

to bi ol ogical terial within the |ung sedyupon quantitative data

i ndicativ MQQW%O E&.‘E&EWA e, ithgf%d_ a@(ﬁoapg gemr,é;()ntent in the
bi ol ogi cal| isatBy,0al "and Ja #econd| nodel Picofmponent nodel 1irig thé ' transfer of
oxygen fromthe lungs by oxygenation of venous blood to create oxygenated

bl ood based upon quantitative data indicative of oxygen content in the
venous bl ood. 3113 A nethod according to any one. of clains 27 to 2)3‘
wherein at | easYNeEHR bVogalSqah inR REEAMEISH, EFPESFRIING i5n Haryat Rresgirg Mer at ed
according to a nethod of any one of claims 1 to 26. 34. Apparatus for
gener at i n@Xy&anain; the biodegicad myterjal iy saidi et ob thedingi Elopj is @ inpui @aegpissarat us
conpri si ng: means for receiving first data which has been obtained from
t he subj eaepresntingrtizneoricontratioputtt éxygers antaled bys thedabgect; 0Cuorodeh ioputl ung
function to generate said data indicative of |ung function; wher ein
t he nodel pafaniaergepresattingrthe oopentsanaofl oxygen prdeit io sheverens spsieialdfi ng
transfer of gaseous,oxygen from a gaseous space within the |Lung to

bi ol ogi calth§resstarow & RAANPHPA M HNRISH rerRysnEuthA sPubtlity of @5Y8¢N Rdi cat i ve
of oxygen content in the inhaled gases and oxygen content in the biological
mat eri al  dhcl biplegiesbmepterisde| Soorip @hdnputrpsganstemyhichaepresanss the solubdlitygen from
the lungs by oxygenation of venous bl ood to create oxygenated bl ood based
upon quantcoefiitciene ofa¢xygemdnctiei bleodsf Coxy gencalanvalne; | myt hie a gacnetdsl ood.

35. Apparatus for generating data indicative of ventilation and perfusion
wi thin a geipweating theyrgpartien eppalogicasmetsnipl inspidgart of the lupgans f or obt ai ni ng

first data indigatjve of ventilation and p rquj n while the subject
i nhal es gases cBApIS 31 ABPHT PRATELEE e MRtrloRbish RSl trcyalume Gt
obt ai ni ng iﬁ?ﬁ?&‘&as@é‘mhhﬁ%ég&&% %Jacé/ Gidid ?Eﬂ't O 1R ?;eﬂduﬁ Rl the
subj ect i nhal es®gases conprFsing second &oncentratron o oxygen; means

for gener gfatdngktdrYof thedabdel Ras@repRAENTE AR Ydlimit 0B BRod &AReK pakatSthraANSs for
determ ning quantitative data indicative of ventilation and perfusion based

upon the tsaidriartaxite lung.

25. A method according to any preceding claim wherein said quantitative data

indicative of oxygen content in the biological material is magnetic resonance data.

26. A method according to any preceding claim wherein said generation
comprises application of the Levenberg Marquardt non-linear least squares fitting

algorithm to the model so as to fit said model to said input data.

27. A method for generating data indicative of ventilation and perfusion within a
subject’s lung the method comprising:

obtaining first data indicative of ventilation and perfusion while the subject
inhales gases comprising a first concentration of oxygen;

obtaining second data indicative of ventilation and perfusion while the subject
inhales gases comprising a second concentration of oxygen;

generating third data based upon the first and second data;
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36. A conputer program conprising conputer readable instructions arranged
to cause a conputer to carry out a nethod according to any one of clains 1
to 33. 3¥0201088pat er readabl e nedi um carryi ng a conputPer/GB200V@INs9
according to claim36. 38. An apparatus conprising: a nenory storing
processor readable instructions; and a processor arranged to read and

execut e instrudeicBfifmigy QufititiveSaitsl iRdieghaNndMedRilation and pARIGI Baseal d
processor readable instructions conprise instructions arranged to cause the

processor upen girthiyd dte. a met hod according to any one of claims 1 to 33.

28. A method according to claim 27 wherein the first concentration of oxygen is
approximately 21% and/or the second concentration of oxygen is approximately
100%.

29. A method according to any one of claims 27 or 28 wherein the first and/or

second data is magnetic resonance data obtained from the subject.

30. A method according to any one of claims 27 to 29 wherein the determining

comprises processing the third data using a mathematical model.

31. A method according to claim 30 wherein the processing comprises
determining at least one value of a parameter of the mathematical model based upon

said third data.

32. A method according to any of claims 27 to 31 wherein the mathematical
model comprises a first model component modelling transfer of gaseous oxygen from
a gaseous space within the lung to biological material within the lung based upon
quantitative data indicative of oxygen content in the inhaled gases and oxygen content
in the biological material and a second model component modelling the transfer of
oxygen from the lungs by oxygenation of venous blood to create oxygenated blood

based upon quantitative data indicative of oxygen content in the venous blood.

33. A method according to any one of claims 27 to 31, wherein at least one of said
first data and said second data is generated according to a method of any one of

claims 1 to 26.

34.  Apparatus for generating data indicative of lung function of a subject, the
apparatus comprising:
means for receiving first data which has been obtained from the subject; and
means for inputting said first data to a model of lung function to generate said

data indicative of lung function;
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wherein the model of lung function comprises a first model component
modelling transfer of gaseous oxygen from a gaseous space within the lung to
biological material within the lung based upon quantitative data indicative of oxygen
content in the inhaled gases and oxygen content in the biological material and a
second model component modelling the transfer of oxygen from the lungs by
oxygenation of venous blood to create oxygenated blood based upon quantitative data

indicative of oxygen content in the venous blood.

35.  Apparatus for generating data indicative of ventilation and perfusion within a
subject’s lung the apparatus comprising:

means for obtaining first data indicative of ventilation and perfusion while the
subject inhales gases comprising a first concentration of oxygen;

means for obtaining second data indicative of ventilation and perfusion while
the subject inhales gases comprising a second concentration of oxygen;

means for generating third data based upon the first and second data;

means for determining quantitative data indicative of ventilation and perfusion

based upon the third data.

36. A computer program comprising computer readable instructions arranged to

cause a computer to carry out a method according to any one of claims 1 to 33.

37. A computer readable medium carrying a computer program according to claim

36.

38.  An apparatus comprising:

a memory storing processor readable instructions; and

a processor arranged to read and execute instructions stored in said program
memory;

wherein said processor readable instructions comprise instructions arranged to

cause the processor to carry out a method according to any one of claims 1 to 33.

45



