PARTI CLE | MAGE VELCCI METRY SUI TABLE FOR X- RAY PRQJECTI ON | MAG NG FI ELD OF
| NVENTI ON The present invention relates to imaging, particularly

i magi ng oVormouerseaid. 51 n one aspect the present inventi eaTraal2atoe®ie t he
field of bionedical engineering, particularly in vivo or in vitro inmaging.
I n anot her aspect, the invention relates to technology for imaging of

function and formin a W gericiia®1R6EEVaIFCAETReGUTRABRRD | ndustri al

appl i cations. In a yet further aspect the present invention is
suitable for use as a net hoHOROX-d&xdy BBOJEETION IMEGINGg t he novenent of
l'iving tissue. It will be convenient to hereinafter describe the

invention in relation to in vivo nedical imaging, however it should be
appr eci at e(hgmgpt,hqﬁnm,@nt invention is not limted to that use only and
can al so be used for in vitro applications, and other nedical applications
such as di agnosiie apr@sentedivention awiaies | toadmpgisgarrantictiaryy dmagiRg i 8hs and

i ndustrial napehiepations. In particular although the description will

particularly refer to the Eul nonary system and vascul ar sglstem the skilled
person i | |~ appfeetaeredidiet presappnvadien orlagts ihd g liekent Piomasiagl on is not

so |imtedcahdetdy PAHSHARNAE S RLB8ImSYSs.ens that have a mechanical ly
dynam c aspect to their function, 20Furthernore, although it wll be

conveni ent to hi8r anqiasr asPegbsthe Beptind reitentip olgchiPie® i BRANS Phagi ng

using a SoukfeBor AR fofiin & Witd @hge oS HEBardR, hENEAR ana etistlal SORTRAHPE, _
tonmographic X-ray particle image vel ocinetyr it will beethgﬁgprem at ed

i metry (CTXV),
that the present 3 Ya&nthepacRset epRit Hyypn s‘?éH‘f‘%ﬁorHP%Wéé@ gery

using afty GRAMENESRE IQMERe MONMBAL bNRMRBLe Processes in theé human ' body
i nvol ve notion. Oovious exanples include the cardi ovascul ar sxst em (notion

of heart and bl'6¥d' k¢ goHvent t%@ﬁfﬁﬂ?é‘fﬂydgﬁi{?%ﬁ?? FRYENERD BY ref4lign 49 dbhr agm and
lungs), theivbenlicab W@, COWEVANt sHvdid bd Airédiate@ thdbheghesamdnehton

L Bl eieta. T Tk soh Bl SySSas P Sa0 IR0 A DeCsee | onanc
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the human badyulamdrefes tathesiimbnatydybtent diel weolat systerdytaé wkitdd parsend

di sease. \%vilt appreciate that the application of the present invention is not so limited and

can be extended to other systems that have a mechanically dynamic aspect to

their function. , '
20 Furthermore, although it will be convenient to hereinafter describe the
invention in relation to imaging using a source that emits X-rays, such as those
used for computer tomographic X-ray particle image velocimetry (CTXV), it will be .
appreciated that the present invention extends to any system that provides
imagety using any convenient s)ource.

- 25 Many important processes in the human ‘body involve motion. Obvious
exémples include the cardiovascular system (motion of heart and blood flow), the
pulmonary system {motion of the diaphragm and lungs), the renal system (motion
and filtering of blood) and the musculoskeletal system (motion of muscles,
connective tissue, bones and joints), Diseases of the vascular system such as

30 thrombus formation and pulmonary disease are leading causes of mortality and
morbidity in developed countries. Studying the rﬁechanically dynamic aspects of
these systems contributes to better understanding of the fundamental operation

of thte human body and is a useful aid to the combat of dysfunction and disease.



The ability to recognise and treat disease or dysfunction in these systens
is dictated by our ability to inage themin situ with high resolution. In
particul avo 20uwesentd i magi ng cannot reveal nost forns of pcungdicaweme bef ore
t hey become clinically evident. The earlier these di seases are detected,
the better the 5 prognosis. A relatively conmmon feature of many |ung
di seases such as enphysema and pul nonaty fibrosis is a regional alteration
to the distal airway structure |leading to marked regi onal changes in |ung
ti ssue conpl i anthe abilitydo a¢dognisesaridaveat Miseasaatdystunctiev il bpsé ﬁmgémg

t echni ques 0 0. _dif S ities
across the 5‘%‘% ﬁg}%h!gy g’ﬁg{p{hg&y’nci}%}c\’@%ﬁﬁ%ﬁsoméh ?HJ? rtlg‘ﬁg'cm sease
and dysf uncurrent imagtﬁgeccannearémabmagtewrmBACK@msAFaéfore they becoms to be
appreci ate IS Si C e W edge in
this speci %rtc“c I&O%QIX%H ngrl%édg%n?ro (%'% H@Q%e%e %o\é%aﬁa%fedb%% o SF gggnt 15
i nventi dn. pregriokisr, t he di scussi on throughout this specifi catl on cones
about due to th ﬁﬁg( tion of
certain relat edﬁar méli%%@%nggaéjﬁbeot ﬁég 3‘9‘9 sgé\%g’?ak #/éécrﬁgy on of
mat eri al suaod tasmdomurrfmto‘sw Isia/mmsr)ai atesation tenibwl didtpd almvavmtwcture
specificati exnl .aln. e interns
of the |nvéérz (‘)A td E,% #%g%ﬂgn gg%é;ﬁ E;ﬁg‘}%%@%&mf% {%rﬁzc(l%orT ng y, a%y such
di scussi on t‘@h@t&b&tnnmadbett:t ajeeﬂloasimgirwdmmlqoﬁswiat cany detect h@lfmﬁl eri al
forms t [ e gn the
rel evan ardﬁﬁeré Eﬁ@’ﬁ rtlg%uea%loa e %%6 éép% BR %%{%Ee?p&r%e pr |ty date of
t he di scl oéftused@emﬂ |ngadl$ﬁ§18h@ﬂédlnsfumttt10wtﬂl Ihetﬁlegdy blagappr eci at ed that
ref erences RREi on' are 25 inter changeable with 'flow or
"velocity' e|n unctlon of notion over tine). The ability to
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under pi nni ﬁ@ohifﬁn%lh)/othﬁsaw&tent‘\ém@@vqforamaﬁﬁptﬁﬁ'ﬁat porinaerialheuchugdn body
are di SCUSBeuhnY AR, SR LPRRoWIEERANTAL spdafERBRICINERUERR Spidfh  Chen M,
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Tomogr a205h|. (i:nterchangeable with ‘flow' or ‘velocity’ (being a function of motion over time).

The ability to measure three-dimensional (3D) blood flow fields in vivo is an
important capability for studying the effects of blood flow properties on the
development, diagnosis and treatment of cardiovascular diseases, such as
atherosclerosis. To gain -useful information fr;om in vivo blood flow field

30 measurements, non-invasive measurement through optically opaque tissue at
high resolution is required. .
The development of technologies underhinning in vivo measurements of

form and function of the human body are discussed in various reviews. (See for



10 Ply, volunetric particle tracking and Hol ographic Ply. Ply imaging
general ly PIVis well known for accurate neasurenent of instantaneous
vel oci ty woebd#328bV t echni ques using visible |ight arePCrmten/ o199
optically transparent sanple. However the use of X-rays with PI'V has
extended the application of this 15 nmethod to opaque tissue, making this

i magi ng node ideal for in vivo blood fiow field measurenent. In Ply,
regiOns of fluid containing nmultiple tracer particles (typically

i1l um nat edcexappie chLBbé)AﬁKm»éall\mnqubsltwsere)NiaRﬂ, HoagedtBand WouniganKs i n

tinme, separ d b me i.n and processed using correl ation
sof t war e, Zﬁbgpjgg%faf@kéﬁp@nqh@ﬁ’%\@g%g irs are allocated into discrete

interrogation regtronty. alsieds deshniglas ifon flow feldf melaiexatebehvmmuaqage pairs
on eachlnterr%atiﬁnr ion and statlstlc eof t he

'|
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nmet hods t apgirs. Severdlatariabtsdaxishfa \lulmmettaxdﬂd)\a amkyﬁlsonmmdmgt'FOMQrafbim\r/]el ociht y
(e o0nd eyl TR SRR A AR R R :oﬁgggagﬁ Plane) e thip the

rel ati ng t ®¥pnnginy geaeallybased vel oci metry. These al gorithns assune pul sed

4 (i ntant aneough, i L BLOR, 308 267 BB ALAP LR fLAN.gLAflcgpt > and

therefore fail to take€ into acco arac eratics of ing real
fl ows usi ndielsr ajpsv té'cthrmueesmﬂmgs wsrtp!eahglntganef loded tarmgdcalystramparean of f1 ow

vel ocity. t Y i s has
been ext enddlPls Tk eh G Ton darA Fib (e epled viBb UG, P 075
Lewi s Ri@andndtoed togamaqueettssa¢,,ma®m;9thﬂa)maw19 oibdagdal &t iPhyivei dgod flow

Vol, 102: 064’8%@%55‘;@ jthat the correlation peak represent's a probability
density function ? of the velocity within the neasurenent vol une. \Wen

combi ned with clr tFa¥in rw@mmwﬁlfbﬁﬁs cebirting Heulfiplowtra¢esl dartiples i Gypiesdi bl e to
10 t | t P | | . Thi
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results int e capabl to neas re eprolect|on
kray i mageseparated byCx Rr@wa firee firieryale a0d duiocassed sisingt garretatian sofiyveest in

three- djgren; %’e&ﬂ@éllystmécfmdcyréoﬂéﬁswaredb%?écpﬂ% dq%d?étgcltn{e‘?r'% ath PhidHd Y,

i ntegrated object "densi proj ection rection i at ed from
t he x_ ray &re¥ncratalaion iskpdermad) hetwren image pairs on each interrogation reglon

-~-and statistically, the maximum value of the cross correlation is the most likely
particle displacement within the interrogation region.
In recént years PIV has been combined with X-ray imaging. The
25  penetrating power of X-rays allows fiow to be measured within opaque objects,
with applications for non-invasive, high resolution blood flow field measurements.
2D Particle Imagé Velocimetry
Kim and Lee (Kim GB and Lee SJ 2006, Exp. Fluids 41, 195} have
measured flow in tubes with particies and blood cells as tracers using X-ray PIV.
30 The methods taught in that study are limited to two components of the velocity
(averaged over the dimension perpendicular to the image plane) within the
measurement volume. The PIV algorithms used belonged to the prior art relating
to opticalflaser based vvelocimetry. These algorithms assume pulsed



15 proportional to the pixel intensity values on a digital projection

i mmge. The object structure is then reconstructe rom projection i mages

: h bi . h df . . .

t aken at wof2bavmsediovi ewi ng angl es, using Fourier back- pPoraat2bmmoor9

al gebrai c nmethods. Variants al so exist for reconstruction of objects from
few projection angles, which use iterative nethods to reconstruct the

sanpl e's structure, often exploiting ptior know edge of the 20 sanple, for
exanple that it is Made up of a single material. CTXV can thus

del i ver t hr{gstatmeonriluriebii dnd measutredpmesloivogradiontslcer t3ebiaofailf i el ds
such as thaos foundlnt di,ovascul.ar m Si,ngl e tlonlmages
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at a singl eThx mjsel&:t mansx@mgttht oodﬁr@tsvnmuommfﬁowwb@ceﬂent information in 25

t he di rectltgsp 55 i “ﬁﬁl \2 |the ray beam This limts single projection
X-ray PIV t Pagic eht OTErD th measurenents. In a nethod simlar to
CT, CTXV50ver comResetttlyi %-ray PV ahalpsis bys bsemgxtenti¢d m mcmdej:m:ﬂda\mdamqgl es.

Si gnal -t o- |se r.ati €558 enhanced AISin ing and
ohase retr RULE “HRRsHE A BhefRONTREE & he BoBam i HERL 2800 BR A ey
PI'V of the Apgiied Flaysics cfadd82; 064ﬁ1rﬁelteaohohhaf uwccmrmiatlcar peaiere@u%amsdaf or

i nterrogation_reqi WL N e I C

reconst ract it gR Ty kel PREFoRR B ELR b Botablines +egi ons
for all proleet combmed|veth fertdin @sswwapiiponehbyt e, flovb fieldcttangassbledoi d nodel
represents t | O i i el ation
functi oﬂé ar gsegdéﬁ]er (#Eé e{ng?[&/éfﬂbe g"rg]ﬁggﬁér? gao\;%? ;t?l“{m% gﬁ?'gée%t% ;ﬁ%ﬁ%égl on

wi t hi n eaclcaphbilitg to Wi%swst&&rﬁlvedaterfrosssim:gje pejjextipork-fayfroagesns are gener at ed
usi ng convol uti

velocity PDF 5 ?q IQ% té&%l e rléé?(g gﬁ&@g{éﬁ&ﬁ}&&ﬂﬁtﬁrg{?% n|1ég)r{élé)\{wf#JEthe vel ocity
coef fi ci entfoni iwe h@nmd:@halapmjeomematwpmayy oiptagnatee dobjedt ndigrisity rig thée error
bet ween mgﬁ@&&%n Pf?é& fonO r%&e&a&@ FrHr‘?ﬂC He°'9< r%g daftlifiaSh | WRIADwin

Cross-corr tron funct i ons, "acros tron angl'es and I n errogatlon
regi ons18i ramppaitieed shevmxe’ulrnemwatvawbs @e a dﬁlia’ag)rcmhrpts)nnmegaﬂhﬁeommr oach, a
nodel is r i g&ﬁ] e t by t
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pr oj ect i ongngles, M%IQQJF©@F¢BFéJﬁGk-pFW®t!D@ oi apefrraigmiethods aﬁar‘ms @iSﬁ@thmrat i on
dosage. It g k fa ég/ ction
such as desrgér&%trg&gﬂ\g%gb teé ﬁ@r%\ﬁg 02&“8 leouogﬁlhﬂggigﬁéﬁﬁgﬁggt h form
and functi d@.reaBGrupathet ﬁ@“@lé\ﬁaﬁflé?(%eoﬂf’(@’f ﬁé@‘f)fﬁggtm’@f Haswledge gif tbe on and
penet r abh 0RaRfniAkdr SX8 G ,Waal“ Esatdidli al so has the significant
di sadvant ag(éa1 cF))f der |V§‘I|P%a‘h]% Egg‘: l>§’ as I'f not for this radiation
dose concern hi giXVesan uthluénd eiwdired pRBRRSNh \Wloti am@asie@entPnirt ool . But
even t houghqtfex 55 How fiolie sB8s bs Rae!isliddan tf?é‘garﬁ%%&cfu?ér's?&eﬂf Shdle 20

medi cal inaging nodalities, the X-ray PtV techniques of prior art use
particle i miRjedionakagestarg issuiitientvipeavdgatnagtheee GAMEANE Y OAVAIOBY. par ti cl e
di spl acenmentzp&d f%k@ﬁta't Qrbn%db b\%ecﬂbﬁ @ﬁélb Q;BntBW R a%pawngmn%mwnhﬁam and

t herefore they suf are limted to two conponent

vel oci t$5 rréfa%fi!f%q&*eﬁwa"ﬁd f@dheﬁ‘dayﬁs@mneﬁhlsdﬁnlt%ﬁaglaunﬁ@e@twé Xeydaviy profile
in the di mgsi PmRAERENGICH) Fheasurements. In a method similar to CT, CTXV

overcomes this limitation by using muiltiple projection angles. Signal-to-noise
ratios can be enhanced using phase contrast imaging and phasemetriéval’
methods, ‘
30 " Specifically, as in single projection X-‘refy PIV of the prior art, cross-
correlation functions are calculated for i"nterrogation regions within image pairs.
The velocity field is reconstructed in axial slices, defined by the rows of
interrogation regions for all projection angles. A three component, 2D,



25 to the image plane is available, and therefore 3D neasurenents are not
possi bl e without prior know edge of the flow There i s an ongoi ng
need to ewpand/wapabilities for nmeasuring both form andpCumaommoin9t er ns
of structure, volune and notion and provide a truer 3D reconstruction of

flow fields. 30 SUMVARY OF | NVENTI ON .\An obj ect of the present
invention is to provide inproved i mages that are truer 3D reconstructions
rat her than 3D i mage reconstructions. 6 A further object of the

present i nvesfah@iar &id mogeloeipckseaisdthi rsiosibe dedefonedchfsliennvistinnaied dat a set's

i nto truer SRS EARTLE NS LA 90, IRACaSCEAISTURIJARS-

It is an Obj ect escr elrn tO erco
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enbodi nent resent invention stemfromthe realisatio I magi ng
can uti |$ sdorn meeletas@ngnmmgsor( withinwihe onogait | The goleeity cogfficipitafiertdl y 3

spati al %@@%F&ﬁer@ﬁvéfy %ﬁtuﬂliéﬁ leﬁf‘ﬁnz(r%;)themfo‘%rbe\f‘dvéén hfeabGbdred. to 10

herein as CE ropri at in practice nmeasures nore
conponent s SPfiglAti@D fingiign nencothe Wét”pjﬁieér Cfaﬁft'COFFQj@ttCWelﬂm‘y‘ﬂ@Ws iacrefgsabbeen

reali sed thadjodiBhoamBnonRl P EANoRLABR! ISyl MBBES LERTE ThaOLIED! | on of

any ki nd. or -exanpl'e erence to si ol |ca measurenents the
met hodol ogwwh@eterﬁswe @@arqa@h.nﬂaa@dehlﬁ@aﬁb@d whwhle\@pwat%wmr@@nwmd air or

| yph, _andigee EERSUIATRObRS lPuitii Sen siRich as | ung ti ssue during

i nspiration and expiration real1sation is that data relating to
char act eri sti csAdelglivelisseatrpriniace’ RpigCitsaATe degiidsando@isgp deeatesd. | n

practice, tfmmarn%ﬁ@trad.énb@.rudsage PHQYIGRWS ige ﬁ‘]@édréﬁdh STV WiRkecBD
reconstructions of notion that are not possible using 3D-i mag |$fg technol ogy

of the pri 6eCoRpluUCtionEHEh ?%é%@ﬁ@@?omdﬁ%r%swéqaa@wwe@ww
wi t hout fi st f{)@@g%wn@g@ﬂ ng 3D [ rrages , (| ii)evaluate data such as shear,
conpl i ance and vol une f and present themin ipmge

| o in
format by r econ@?ﬁ@éﬁh%ﬁd‘@”@ﬂ%ﬁ’@‘ﬁf@ @F" b\?é? E?@pwvwe? PsRpition pf a'ﬂZSI n a
first as pev%edm‘al gy MRS Chitbado NRESL et BiRhBicA® BlsBMVahee of

delivering high doses of X-rays. If not for this radiation dose concern high
resolution CT would become a standard s¢reening tool.

But even though they offer the best resoiution and penstration of all

20 medical imaging modalities, the X:ray PIV techniques of the prior art use particle
images taken at a single viewing angle, which contain no particle displacement
information in the direction paraliel to the X-ray beam, and therefore they suffer
the drawback that they are limited to two component velocity measurements.
Also, no information regarding the velocity profile in the dimension perpendicular

25 to the image plane is available, and therefore 3D measurements are not possible
without prior knowledge of the flow,

There is an ongoing need to expand capabiiities for measuring both form
and function in terms of structure, volume and motion and prowde a truer 3D
reconstruction of flow fields.

30 SUMMARY OF INVENTION

An object of the present invention is to provnde improved images that are

truer 3D reconstructions rather than 3D lmage reconstructions.



met hod for imaging of a sanple, the nethod including the steps of:
l.recording imges fromat |east one projection angle and carryi ng out

i mage paiwoenos2norrel ati on anal ysi s encodi ng vel oci t y pdataanzbmvoottee sanpl e
in terms of Cartesian coordinates; and 302.reconstructing a 2D or 3D
velocity field directly fromthe inmage pair cross-correlations fromthe
anal ysis wherein the reconstruction i £ perfornmed wthout first
reconstructing 2D or 3D i mages and wherein steps 1 and 2 are automated. 7
The reconst ruct Adartiadr objeepofZhempseshat inwantivrd toytrovige andimgroves methbdds, or

alternatively dirgect t hods. ' . \Y ' ield can thus
convey a | é)lf é“g“gﬁ{@@{ja& sq?%?rg? r%rautef gy&céﬂ%ﬁ'@%ﬁ-&?ﬁﬁe@g{\?gé)@é{% ’{‘ei'el d

i mages, Wwhidoasthutiohd.ar to physicists, 5 are not famliar to other

pr of essi onal s 0. n | nterpr. h as . i cal itioners
or pat hol ogi st\é\ﬂ\/\lﬁc%rogfeﬁgeotéq{% srﬁ%(lp({r\'ggrg%y(gggﬁ%%{]@%fe‘ﬁgt%V%é%o?ﬁﬁa%ﬁorder to
provi de @n dllevige dtheastisendeebadadi rejated aoigsystans ando ahdkass poodie &t may be

necessary tugg%fglpe?'@aggvgitérgbgaetgglag%kg%mg eld with corresponding features of a

digitised (‘Ségnen e ‘sanple. The 10 need'to associate inmage
data with recogh ssbbmephgmbalimgnisalof dhe optesentf eateplies $temndtond ithéted to

means, " ERIa et FhdREceh oBo8 BB RO R IRBErRRbA o RECC Y
sanpl e conmréfeiably 8 patalepordifated §dyizpebisdimg (Hmadich wilichelirefigredta for the
P 8 o B PSS LBl SRR 1 Q0o 5D et o
an i mage oftharh8Dsimaging, ofatig prior art. Furthermore, it has been realised that this
methodology can be applied to measurement of motion of any kind. For éxample
with reference to physiological measurements the methodology can be applied to
mea'suring motion fluid, such as blood, air or lyniph, and/or measurement of
15 ftissue, such as lung tissue during inspiration and expiration. A further realisation
is that data relating to charécteristics such as compliance and shear can also be
processed. In practice, the present invention provides the ability to,
(i) make 3D reconstructions of motion that are not possible using 3D
imaging technology of the prior art,
20 (i) reconstruct 3D  motion (velocify) information  without first
reconstructing 3D images , | 4
(il evgluate data such as shear, compliance and volume flow, in 4D
(x,v,z,{) and present them in image format by redonstructing 3 components Aof
velocity over 3D or 4D.
25 In a first aspect of embodiments descrihed herein there is provided a
method for imaging of a sample, the method including the steps of:
1. recording images from at least one projection angle and carrying out
image pair cross-correlation analysis encoding velocity data for the
samplé in ferms of Cartesian coordinates; and
30 2. reconstructing a 2D or 3D velocity field directly from the image pair
cross-correlations from the analysis
wherein the reconstruction is performed without first reconstructing 2D or 3D
images and'wherein steps 1 and 2 are automated.



203(b) associ ating each segnent with regions of the 2D or 3D data field,
wherein the reconstruction is perforned without first reconstructing 2D or
3D i magesweandimvizeziei n steps 1 and 2 are autonmated. PCPraaf2eroztiol w9t he
images wll be recorded fromnultiple angles. However, it will be apparent
to the person skilled in the art (as disclosed in 'lIrvine SC, Paganin 25
DM Dubsky S, Lewis RA and Fouras A 2008 Applied Physics Letters 93:153901;
and Fouras, A., La Jacono, D., Nguyen, C V. & Hourigan, K 2009 Vol unetric
correl ati on Pl VTha re@mstrecdlhmqﬂ@&pf%mayD)e/gam@ﬂtqpt\beotewlvellmthoq‘ﬁe@sm enment .

Experi ments jyn. Gk ,\l,g,)?glrzgn(e 0ds289-577) . that when a sanple has rotational
symetry in ternms A noti on, nmeasurenent fromonly one projection

30 angle will b§h¢leﬁ@93a®@/theFMelp¢1@r ﬁﬁdecarbrﬁ*hqﬁ onaveyr e eead @moaRllcé will be
needed i f d%%ﬁ%% ura m Hgﬁéﬁar% otRf géld n'ﬁa%@é‘(?r*fﬂgg%dﬂgara@ddhgb%@tsto

vel ocity data. Accor I'n second aspe I ment escri bed
herein ther ar¢ s\oﬁoflamylladé@ owerretorf@@m@hs whmglame@ﬁ ta irderppat éhen lsEches hod

ot uding ¢ Bt RSaciioned dr hERBEAIGITHES LLPM Aoola5h SR o) eot | on

angle and carryin alr Cross-corre I on analysi's to tain 2D
vel ocity datfeaterse. tineorsfamm @rqvniet@r freaes th&ﬁrl%én@arﬂeé@lIYaWG@%ﬁiQﬂ aates, and

2. TeConst 1 rkbRhod, 3D HBLOBH! Yoldsehy. 41 a8Gklafo (AR TRAS RphT T OSS-

SCorreI ations fromth l ysi s I n st eps are aut onat ed,
Using this @@frﬁ@wnémg[ie@iure%ofn@h@itﬁeéj(é%gm@ﬁed tnw@ foth@ wemelgnplieei s t hus

obt ai ne B panded to
4D dat aﬁjG 10&8%%?&%%&%& hﬁag'%t %é Wg&séc%dcn"%% E)'lr‘f‘vt% %ﬁ%ﬁ%goﬁggﬁfg herei n

there is pr dﬁnnebhméedwé@ we@cqtsof'eliimbgt ﬁgn Pl BappY éppicheataditeed daiel udi ng
the steps ofgaptlired e IhBshd Mages from at | east one projection angle and
carrying out | nage ‘pai’r cross-correlation analysis encodi n? vel ocity data
for the sanple Theredp ferthsr reavidess p gnretbedfefi h@b’@@”g ahdmage of a sample

‘comprising the steps of:
15 1. recording images encodlng data for the sample in terms of
Cartesian Coordmates
2. reconstructing a 2D or 3D data field from the information encoded in
the recorded images,
. 3(a) segmenting an image of the sample, and
20 3(b) assoclating each segment with regions of the 2D or 3D data field,
wherein the reconstruction is performed without first reconstructing 2D or 3D
images and wherein steps 1 and 2 are automated.
Preferably the images will be recorded from multiple angles. However, it
will be apparent to the person skilled in the art (as disclosed in Irvine SC, Paganin
25 DM, Dubsky S, Lewis RA and Fouras A 2008 Applied Physics Letters 93:153901;
and Fouras, A., Lo Jacono, D., Nguyen, C.V. & Hourigan, K. 2009 Volumetric
correlation PIV: a new technique for 3D velocity vector field measurement,
. Experiments in Fluids 47 (4), 569-577)_ that when a sample has rotational
symmetry in terms of shape or motion, measurement from only one projection
30 angle will be necessary. Furthermore, only one projection angle will be needed if
depth data from phase or focus is recorded in addition to velocity data.
Accordingly, in a second aspect of embodiments described herein there is
provided a method for imaging of a sample, the method including the steps of:



152(a) using an iterative nmethod for reconstructing a 3D velocity field
directly fromthe inmage pair cross-correlations fromthe analysis; 2(b)
repeat i ngwohett/iseriat i ve nmet hod to produce a 40 vel ocityPpCralupioaodio8. usi ng

the 4D velocity field to provide further information wherein the
reconstruction is performed wi.thout first reconstructing 20 or 3D 20 i nmages
and wherein steps 1 to 3 are autonmated The further information

provided according 'to the above nethod nmay relate to any useful
characteristic such rasordingamages foompl leastoas PRjesonmaglemndioapying bt t o
anal ysis of the degr. r it ; { Infy 4 t In
addition to recordal"%gggvpgﬁ%ﬁsff%gggag{)ygﬁ%ggﬁ%nlﬁ)%%ljrﬁ(ﬁ:?u\}%g)cﬁ}zggéra?g[ of depth
25 i nformation fromtphaseplehoteoys apthyde Gartdsianuepordinatgs;ginéal |y the iterative
nmet hod will be anal . j j . erddaat

provi des i magerg‘. caﬁgg%%ggé{@%v% %[g%tg %‘éﬁ%@?‘%bﬁ%b%ﬂ? g@“ﬁ‘\?éﬁ% ﬁo;n.r Thi s

i ncl udes5 sour ces t hawrrelstions fnan the dralisisg t ypes of energy; X-rays,

30vi si bl e I“i/t.%lpéin %@%quér{agz %(rjesium ibgsers, infrared radiation including
et

infrared | asers, dltravio radiation including ultraviolet |asers, 9

ul trasound, el Beingitoialméthpedaiter ‘stale praieghen ipagesbiarigaple is thus in a
preferred ephadimeat : enbd i | eihes Bk fahd¥y 3o | Mg ng
of a sanpl go- o gYﬁég%igém&g%%@\éﬁp@F%g' h%dcigjbrrents descr)i(bed herein there

i s provi dedfedatet hod for imaging of a sanple, the nethod including the
steps ofg  1(ALiGRGHIINE thifREESech P BHiBAlindhE dBEPHEE HeRiin AL 4§
provided a method for imaging of a sample, the method including the steps of:

1. recording images from at least one projection angle and carrying out
image pair cross-correlation analysis encoding velocity data for the
sample in terms of Cartesian coordinates; and

15 2(a) using an iterative method for reconstructing a 3D velocity field
directly from the image pair cross-correlations from the analysis;

2(b) repeating the iterative method to produce a 4D velocity field; and

3. using the 4D velocity field to provide further information
wherein the reconstruction is performed without first reconstructing 2D or 3D

20 images and wherein steps 1 to 3 are automated.

The further information provided according to the above method may relate
to any useful characteristic such as shear or compliance. These may be-
impértant to analysis of the degree or quality of functionality of the sample. In
addition to recordal of velocity data, step 1 may include recordal of depth

25 information from phase (holography) or focus.
Typically the iterative method will be analogous to an iterative CT method.’
Any source that provides imagery can be used with the method of this
invention. This includes sources that emit the following types of energy;

S
. X-rays, (

30 . visible light including visible lasers,
. infrared radiation including infrared lasers,

. ultraviolet radiation in.cluding' ultraviolet lasers,



1(b) allocating inmages into rectangul ar interrogati on wi ndows; 101(c)
deriving velocity conponents u, v and win the x, y and z directions from
t he | magewp 2(1dB2narryi ng out cross-correl ati on anal ysi $CoAG200g01PaI 'S
defined by the interrogation wi ndows; and 2.reconstructing a 3D velocity
field directly fromthe image pair cross- 15correl ations derived fromthe
anal ysis wherein the reconstruction i $ perforMed w thout first
reconstruCting 2D or 3D i nages and wherein steps 1 and 2 are autonmated.’

In a fifth aspeet ofuliessdeodd, ments described herein there is provided a

met hod for converti %ﬂatﬂ' sets defining a velocity field to a regional
conpliance 20 nhp t BPedentst 8% ng the steps of: 1(a) recording i mages

fromat |east one prej@rtit sopa@ee and carrying out inmage pair
cross-correlation analysis to neasure encoded paraneters of locity
(u, v and w) aglé’i%ﬁ‘%?%ﬁ% egegErat thex PreseP YRR B o7 i *é%deﬁor@‘?*@ and z),
(ii)a futhesginhyss sahplear aneter (p) chosen fromthe group conprising.
pressure or volune; 2(a) Integrating the neasurenents to.provide a single
D vel oci ty 11 ehicl it Bepethy” SRLERMS R RgPEn L b s AR i Eng. of
deri vati vesndiiedd foemhdting GH Smw,/tey mewioaznclidifgthe stépswdierein step 2 is

performed w thoyt, £ 51 STRDSIHE! HUlpRohGlecti 4RSS and vherein steps 1

1(b) allocating images into rectangular interrogation windows;
10 1(c) deriving velocity components u, v and w in the x, y and z directions |
from the images;
1(d) carrying out cross-correlation analysis on image pairs defined by the
interrogation windows; and
2. reconstructing a 3D velocity field directly from the image pair cross-
15 correlations derived from the analysis
- wherein the reconstruction is performed without first reconstructing 2D or 3D
images and wherein steps 1 and 2 are automated.
In a fifth aspect of embodiments descril;ed herein there is provided a
method for converting data sets defining a velocity field to a regional compliance
20 map the method comprising the steps of: ‘
1(a) recording images from at least one projection angle and c¢arrying out
image pair cross-correlation analysis to measure encoded
parameters of, '
{0 velocity (u, v and w) against time opposite Cartesian co-
25 ordinates (x, y and z),
(i) a further physical parameter (p) chosen from the group
comprising pressure or volume;
2(a) Integrating the measurements to provide a single 3D velocity field;
and _
30 2(b) describing regional compliance in tefms of derivatives defined by
‘ (du/dx + dvidy + &wldz) | Op.



In yet a further aspect of enbodiments described herein there is provided a
nmet hod for converting data sets defining a velocity field to a regional
conpl i ancwoRommep22ithe net hod conprising the steps of: 1. petandbrvgoivages
fromat | east one projection angle and carrying out inage pair

cross-correl ation analysis to neasure encoded paraneters of, (i) nmotion (u
and v) opposite Cartesian co-ordi natesO(x and y), 10and (ii) sanple

t hi ckness (t), pressure (p) and volune (V); 2(a) integrating the

measur enentwhareintewi2dis merormed avitBButvidsbracoystfuctingl 202¢h D dewmges kinrdg
relonal o n Ox+ ov/ 6 t / op; and 152(c)solvin
fo? t, Wéﬁé'ﬂgfe%m aﬁﬁg%ra%iooﬁ&(%é t ot al chrpI i ancg W th the(tZJt al °
conpl i ance deteimyei@(futblyera?ddemg)fmeodler@ntsrrwscmhﬁﬂp‘ier@nélwg ipovred ag to, t =

VI /(Qul dmj?t,
reconstr uc?ﬁ1 ntggﬁgr Conﬁ?ﬁ&ﬁa es%eg’%\%&?%gi/\igggy st epsé(\llf'L(!é an Eghplzéngﬁt omat ed.
For exanpl enamﬂiera@bv@cwmprﬁﬂnw tbostapsioé used to create a regional conpliance

map for 1 nopirayl on k8GN sl droBERH AL R oul"

pul sation of blood in an rese ntlon e used for
measuring any noti orimaget ipeir fernSebomelathpeswalyslsvvt@h megsure ukagodedf er ence
to the lung, the method, Estg}e present invention can be used to detect |ung
ti ssue novenment and to neasure the velocity fields that define speed and
direction of regiondl Iuﬁ@tlm’bt(ilmdtﬁmgﬂm@a@eﬂﬁl‘ea@-hrdtrlfiﬁ@ onand ghps of the
lung capgbe generateg,y showi ng degree and timng of expansion fromthe

vel ocity fields, reveallng regi ons of abnormal tissue properties 30 caused
by experinental |y i Hilucedamele-thisknassii)i piegsuth € ase voluriesViincl udes di seases

such as pul Wﬂnaé?é%f';%ﬁx%'hﬁ%c rﬁéésﬁ;rédw@ﬁt@?d SroviB8 G188 \BRERMe

Specifically, th e nmeasuring paraneters of air ve?omty (u, v
and w) agai nst 2ite EFeAINg eeoThet %’D@Wn‘é@)mtéi%@fes (x y and z), segnenting

a 3D (5u/Bx+ 5v/Sy).t / 8p; and
15 2(c) solvmg for {, by mathematical comparison of total compliance with
' the total compliance determined by adding the regional
corﬁpliances according to, ‘
= V[ Z /(du/dx + dv/dy),
wherein step 2 is performed without first reconstructing 2D or 3D images and

20 wherein steps 1 and 2 are automated.

For example, the above method could be used to create a regional
compliance map for inspiration or expiration of.a lung, beating of a heaﬂ,~ or
pulsation of blood in an artery. Thus the present invention can be used for
measuring any motion whether fluid or tissue.

25 With particular reference to the lung, the method of the present invention
can be used to detect lung tissue movement and to measure the velocity fields
that define speed and direction of regional lung motion throughout a breath.

" Regional maps of the lung can be generated showing degree and timing of
expansion from the velocity fields, revealing regions of abnormal tissue properties

30 caused by experimentally induced non-uniform' lung disease. This includes
diseases such as pulmonary fibrosis, éyé’cic fibrosis, cancer and asthma.

Specifically, this would include measuring parameters of air velocity (u, v
and w) against time opposite Cartesian coordinatgs (x, y and z), segmenting a3p



WO 2011/ 032210PCT/ AU2010/ 001199 i mage of the airways of the lung, then
associ ating each region of the [ung over which velocity was neasured with a
correspornaiongligsgrment of the 3D image to depict airfl owpairtAtuzmordoeroai r ways
over time This can be summariséd in the followng flow chart: Recording

i mages fromat |east one projection angle at two or nore tinme points (t)
Carrying out image pair cross-correl aflifon analysis to obtain velocity data
(u, v and w) against tine opposite Cartesian coordinates (x, y and z)
Segnent a ?mai;mgéweoeﬁirvsaylswﬁgheaiun@/avwenr@@oﬁehingaeadhr@gioniQ%éhq)bmtoveSegrrent
the 3D ima H f Al tree
fromthe t%ﬁ’é‘% {/e@c@%ﬁ veo H@tﬁea?ﬁ@ BMW Bg%eé'zt o?vt\%é agr’g{ﬁgﬁ?s{, Use

t he spati alded@t wﬂ@wmthlrt dﬁ&:alrwausaoéerewpans"fbﬁ dan b@guwr@ﬁd dugheut the
entire Iungou IJv.h?nJng' onal expansion for regions of alveoli which are
associ at ed W sane airway branch Sumthe regi onal expansion data up
the tree to the trachea

Recording images from at least one projection
angle at two or more time points (1)

Carrying out image pair cross- Segment a 3D image of a lung
correlation analysis to obtain alrway tree for a first ime point
velocity data (u, v and w) against 1

time opposite Cartesian co—
: Segment the 3D image for a

ordinates (x, y and z
(v ) second and subsequent time points

of the airway tree from the trachea
| to the alveacli at the ends of the
airway branches,

y

Use the spatial derivatives to - ‘ A
Sum the regional expansion for

calculate expansion in regions
throughout the entire lung. \ regions of alveoli which are
: ' associated with the same airway

branch

2

Sum the regiohal expansion data

up the tree to the trachea

Due to the funciional capacity of the method of the present invention,
previously unévailable in X-ray imaging, combined with the expectations of
dramatic reduction in dose, an apparatus or system based on the method could
find great utility, for example as a clinical scanner. Such a scanning system could

10 be used to provide early detection and diagnbsis of diseases or disorders. The



Due to the functional capacity of the nethod of the present invention,
previously unavailable in X-ray imagi ng, conbined with the expectations of
dramat i ¢ weaunritdsezioi n dose, an apparatus or system basea#comwzhm/oremhod
could find great utility, for exanple aS a clinical. scanner. Such a

scanni ng system could 10 be used to provide early detection and di agnosis
of diseases or disorders. The 12 appa”h:?at us ‘coul d al so be applied to

i ndustry, for exanple neasuring notion in mnerals processing, or in the

| abor at or y #pargive cellil rissabe rapgliiesi teeindubire rfel SXqme esedsHgnNg geviphyigi cs and
fluid nmech o] I nvention
there 1o proy iy Preoessing F 4718 \RhoBEREab, Blo-AFRRE iR Ao P hyichfis) oot

i nvention, qrmeswga@%qnh\w@a)mﬂtéqi ngch#nigsone or nore energy source; (ii)one

or more det ect Of$ ah@hef §SR% cfibﬂ@m‘bgﬁ%ts"ﬁﬁF\%ﬁqvgﬁloﬁr{ﬁé@ylsf rQWjé gnone or

nore energy sources passi.ng rou O(rii) e retainer
for locati r?@pﬁf?éu%awﬁﬁﬂeusﬁﬁtféf ﬁh@dn‘@ﬁ'@dt hﬁatf@n@reéﬁéntrmv@f@ﬁeﬂ@yamw@és and the
one or m)rQ3 ﬁ:]tPors wherein in use, the sanple retainer rotates the
sanpl e through tiple energy projection angles and at | east one inmage is
recorded at eacki) of @ROTPRUFEOEINYFOLISGI es. 151 n anot her aspect of

embodi ments of e | MR dehRiidhs sk BEQYINGGHlages GBRRE Ry Uhaliiatbrtised for
the method of the present i1nvention, the apparatus conprisi-ng:
the one or more energy sources passmg through a sample; and

10 (i)  a sample retainer for locating the sample intermediate the one or
more energy sources and the one or more detectors;
wherein in use, the sample retainer rotates the sample through multiple energy
projection angles and at least one image is recorded at each of the projection
angles.

15 In another aspect of embodiments of the invention there is provided an
apparatus when used for the method of the preseht invention, the apparatus
comprising: ‘ '

(M one or more energy source; and
(i) one or more detectors for recording images created by energy from

20 the one or more energy sources passing through a sample;
wherein in use, a sainple is located intermediate the one or more energy sources
and the one or more detectors, the sources and detectors being rotated relative to
the sample through multiple energy projection angles and at least one image of
the sample is‘recorded at each of the projection angles.

25 In “another aspect of embodiments of the invention there is provided an
apparatus when used for the method of the present invention, the apparatus
comprising:

(i} two or more energy sources héving respective projection angles;
(i) one or more detectors for recording images created by energy from

30 the energy sources as it passes through a sample; and
wherein recordings at each of the projection angles are made simultaneously.

Any convenient range of projection angles may be used from 1° to 360°,
However, typically the range of projection angles does not reach the extremes of



(I')one or nore energy source; and (ii)one or nore detectors for recording

i mges created by energy from 20t he one or nore energy sources passing

t hrough aweanmplms2219herein in use, a sanple is |ocated i rCceramoioawedhhe one

or nore energy sources and the one or nore detectors, the sources and

detectors being rotated relative'to the sanple through nultiple energy

projection angles and at | east one indgge of the sanple is recorded at each

of the projection angles. 25In 'another aspect of enbodi nents of the

i nvention tihierrenges [Foo\ekaladleanrogian aahg&_svﬁpat‘)?cf.l)s%i" donttie e B®Y bodsof the

present inven us .conpri sing i) two or nore energy sources

havi ng res&&§h§ﬁg%%ﬁ?%g@ﬁ%kﬁ§h ”@@ (ii) one or nore detectors for

recordi ng i-nagek asddindretd dﬁy!ewefngyerfergymcﬁmmen@ﬁeregwr,smura(p@&rm ok passes
recor s.al eac t he n angl es

t hrough a sanpl and 1er & f
are made sH?‘ﬁl‘?"thE‘um i/{%(?o’?f\’?@?ﬂ di nflg'ﬁdréayofnCE‘Ideae@f‘&Qﬁ} Qﬁﬁ* 8L may be
gsed fr ofn banmonéﬁ@mnclmvga\ferr exetnyme o@l éyﬁtetﬂBEfoﬁaumlaﬁhg wndj &ighingrth@ngl es
oes not reac t ection -
angl es space HQSVQ\E t§§ aH@Pr e%ﬁ%or '33%&%%”6{@39%66@@ plr(? 8%3'99t0 be
sui tabl e. and analysis patdi (uu)arcohmermmlueasbteda@ energy source 'and detector,
the apparatus f he net.hod o |nv nti on i ncl ude
a nunber of ot h@ heg% #5 rseferﬁagl 8?9“%%{8435 oosggér}@ﬁespe% “}at'g{)?f’g}iﬁi for
nmodul ati ng daﬁmbcbuhltmap@mdlaé cmams dermindhe pardblibe deaciption bhihe idenéet.or, (i)
aer I mSrT ace: NnSERR Hpf o SEBERR 1 AR 3P BBt pPnert bty i cea
t he speci fIVefat;lltSOmf@]TdﬁI@T wlehiaseDopplet hirasppein deayretiairesonafhos rrrnalggn@ part of
t he descri pg, n n pri or
art syst ent it Soghethid BAFCULET B ot 1¥ SRkl e BpT er
ul t rasound defmgﬂeg |F’éVrtésm1akhdJeve d@g\{bagks( NRUNG e mghammsenPinVentdhngl t al

-1 e nokBaLamG B! ATOSARTES 1Rl ankieraqiahag R bhsse al ! have

dr awbacks no |nc ude esent I nve
ul t r asolnd resgdution rdetceftﬁsmawitlallnmeﬂeiﬁ@@'r af nressoiegtanon, MERhBaSLerteei;ol ut i on

Conporal | ebaleh, T EARBE, AeBbhuc,  URRA ISRyl o8 T ERORET et
Hol ogr aphi melalsyremﬁngu Hézlographiq ﬁ’ﬂé’ H@Itdgndp@holomham\f en@glracpﬁtaml@l V are

limted tophy %Fb'sﬁ’@[] {?Erqécp%réw'n?éalaVWf\gHa}li%ggleﬂ;m ?ésetﬁef‘ ‘?ih LIty for

i n-vivo inmagi ng nnot prov [fanatom ca or mat i on.
Fur t her nor ¥ivo imaging. The also cannot provide shape/anatomical Information. Furthermore

20 these techniques are based on reconstructing’ 4D images to then measure
motion, which means that systems using these techniques are comparatively -
complex and have limited spatial resolution compared to the system of the
present invention.

Compared with the aforementioned systems and other systems of the prior

25 art, the present invention provides advantages tha‘t include the following:

. the ability to decode far more information (the entire projected
velocity probability density ftinction) from an image pair than
gtradltlonal CT can extract from an image (the line mtegrals of the X-
ray absorption);

30 . 1mp‘roved imaging with higher resolution as compared with prior art

methods;



20 these techni ques are based on reconstructing' 4D inages to then neasure
notion, which nmeans that systens using these techniques are conparatively
conpl ex awmd2beves3231iom ted spatial resol ution conpared topPChAwRYBiOmMIOf t he
present invention. Conpared with the aforenenti oned systens and
ot her systens of the prior 25 art, the present i nvention provides
advantages that include the follow ng:14the ability to decode far nore
information (the entire projected velocity probability density function)
froman i mage pair tﬁiﬁ'ﬁiﬂ@a’f‘ééﬁtfﬁr@ﬁmﬁnﬁm ¥ tecsreloays tpafticotarisX-faydté (the |ine
integrals of the X-ray @,;3 fwi!:%lbc; nproved i magi ng with higher :

resol ution as corrpare W BI’I or art thods; 14 significant advancenent
in PlV technol ogy, panrosg abilltytoxneasurdBl naotidn fielkle dr aperiue saelpbes, met ry;

i nproved ability to séért eﬁRgggiéaﬂ%nfd'b‘? O%s\/e ., @paque sanpl es, such as the
| ungs, heart and bl o vesse Srativer y Short scan tinme, mnimsing
sanpl e eﬁposureOt 0 t trmpanelivatyi &hmrteman time, mivimising\waople exmshiertodhd ni cal

di agnosi s and treat present invention is suitable for a w de
range of nedical, b.r%@é‘“i’%s urc;:l_gdeﬁldndustrl al applications. Wthin the

medi cal and bi ol-ogi cladw bptedndsfondheicpirceagarmeismd|tnexaetmetnton is particularly well

suited to the s;r?,igy oo %H &{r%ngm,[%%gen%f,l on, ?ﬁ%‘i Rg%ﬁ?%gﬁgki?'?lgwgq()d t he

heart and its v ung i ssue
cl ear ance, and industrial applications Within the medical and biological fields the present

10 invention is particularly well suited to the study or measurement of motion
associated with;

. blood,
. the heart and its valves,
. lung tissue,

15 * cilia including mucociliary clearance,

| . flow of air within the luhgs and other tissue,
. the gastrointestinal tract and its contents,
. structures within the ear including the ear drum, cilia and bones,

. fluid within the ear,

20 . swelling, including brain swelling,
. bones including synovial fluid and connective tissue at Jomts,
. muscle, and

. the lymphatic system tnciuding tymphatic fluid.
Further scope of applicability of embodiments of the present invention wnii
25 become apparent from the detailed description given hereinafter. However, it
should be understood that the detailed description and specific examples, while
indicating preferred embodiments of the invention, are given by way of illustration
only, since various changes and modifications within the spirit and scope of the
disclosure herein will become apparent to those skiiled in the art from this detaiied
36 description.
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r wwthin the lungs and other tissue, the gastrointestin
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scope of applicability of enbodi nents16f the present invention wl
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Multiple projection data'are gathered simultaneously without rotating the sample.

Cartesian co-ordinates (x,y,z) are fixed to the sample and rdtated at an angle 6
from the beam axis p; '

Figure 2 is as schematic diagram of experimental imaging setup illustrating
Cartesian coordinates x, vy, z fixed to the sample, and rotated at an angle 8 from
the beam axis p; The diagram shows a monochromatic X-ray beam transmitted
through 'a sample and converted to visible light by a scintillator. A high-speed
detector system then produces an image. Muitiple projection data are gathered
by rotating the sample. Cartesian co-ordinates (x,y,z) are fixed to the sample and
rotated at an angle 6 from the beam axis p;

Figure 3(a) is a schematic of the forward projection model according to the
present invention. Cross-correlation functions are'estimated by convolution of the
velocity PDF, projected from the flow model, with the auto-correlation function
calculated from the projection images; | ‘ ,

- Figure 3(b) illustrates 3D CTXV motion reconstruction, the residual between

and

. estimated and measured cross-correlations having been minimized over all

- 30

interrogaﬁon windows and all projection angles simultaneously to yield a cross-
sectional flow model which accurately represerits the flow field.

Figure 3(c) illustrates one-dimensionalisation of the cross-correlation
functions. Integration across the rows and columns in the 2D cros_s—correlation
function yields a 1D representation of the velocity PDF in the r and ¢ directions
respectively; ” ‘

15



10 light by scintillators. H gh-speed detector systens then produce a set
of images, Multiple projection data are gathered sinultaneously w thout
rotati ng wboeosiarspiie, Cartesi an co-ordi nates (Xx,y, z) arePpCiradotomoifre sanpl e
and rotated at an angle O fromthe beamaxis p; Figure 2 is as schematic

di agram of experinmental imaging setup illustrating 15 Cartesian coordinates
X, Yy, z fixed to the sanple, and rotattéd at an angle 0 fromthe beam axis
p; The di agram shows a nonochronmatic X-ray beamtransmtted through a

sanpl e and convignred ilstratesidhBB recqistrutipd dloadi vetdcity dtidrat Asihgighinspeed

det ect or syst t hen. produces an | e LRl e prqjecti .are .
gat hered bégwg'{pa ricﬁaént){)%rﬁy 5@%%%@5%9@?%1,@gﬁé?%ﬁ:ﬁgtvggttot g&fﬂ‘%%g} e fixed
to the sanplléiraerdic2@ sodhatiretividital sectarsglae bé skennThdesdiemamraresiclpd in

Figure 3(a). henmat.i f r.d prekect.i ording to the
present i n@ﬁ???ngﬁsl%ﬁ%oggh %%%Céqtléalﬁir%ﬁr){@é\%ﬁ@?i 0 er%qté/%@gﬂ)ﬁ%bg@fc%y ‘convol ution
of the el oci t fighBF5 iprojetcite deldrafrine hypef dapivterbthefFigunsi 4, Hot hdung and

aut o-correl afi f i c t o) DI oj i i es;. 25Fi gure
3oy 111 usep Pl BRI VAL SRk G RS, B Pl AP Bont e

esti mat ed dndngripagitatied; cr oss-corr.el-ati ons having been mnininzed over all

i nterrogation w ndo al I L QF il YA yield a
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in the r aabegli}directions respectively;, 16 Figure 4 illustrates a 3D
reconstructed ; LY R ; i ' AQi Ng. W rity only
hal f the sanpl gilglﬁgéjgﬁo S?rg{g% a\/\ﬂ%tﬁb&g%@%ﬁ‘ﬁ\;{g@b gqrq&!reé %‘p@h %ﬂ?))i éril)"areétjIch|a
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for a I@nguaind of evpné sedahelaady swepladirclehow t he vel ocity of lung tissue at a

single time pogghedie iNGdeS Rl B354/ Raconsiryctibh B foud hrBudh H Idaipid rat i on of
l ung airway stricture inage accor |gg_ to the present invention, erein the
vectors of depigleddai figurei efial shew dove £ XYaearh sigh Utanaaistyormeesye nbie i
physi ol ogi g@licthrRalNeRcitPsi iR fkd fexeBRRtricl! ANGIGGH 8Bt hYGP! 1)
Figure 7 Illustrates a l(:Sgrrputer %ﬁr‘@eéi&b%n.rrorgel E%&dure 7?a)§{§éased for-
the hol | owh8eEeeniensrradheansanisnioosnabisatil flowsandavreters @ithirebermammilet | on
(Fi gureq7(R) be RBSE darRnioP 3latityC MBS P REHl 80§ MddBELd by P iBaRPle yaganetry is
based on the 15 union of a cone and a helically swept circle]
directions; . L
Figure 9(a} shows the 3D nature of X-ray illumination and velocimetric
cross-correlation analysis as described in Example 4 while Figure 9(b) illustrates
in vivo detection of lung tissue motion according to the present invention;
25 Figure 10 depicts statistical measures of lung pathology comprising controls
with groups 36 hours after bleomycin exposure (Figures 10 (a) to (d)) and 6 days
after exposure (Figures 10(b) to (h)); and
Figure 11 shows regional expansion within a lung with comparative
histological imagery 4
30 DETAILED DESCRIPTION
As mentioned above, Fouras et &l have demonstrated that the cross-
correlation functions calculated from X-ray image pairs represent a velocity PDF

-for the projected measurement volume.



Figure 8 illustrates a CTXV reconstruction of flow through the sanple
depicted in Figure 7 to show how CTXV can sinultaneously neasure the 3D
struct ur evandivsbzei ty of flow through conpl ex geonetri esT/Av28mapin of the
i mage has been rendered transparent to enable the flow and vectors within
the sanple 20 to be seen, and for clarity, vector resolution is reduced by
4x in the x, y and z directions; 1Fi gure 9(a) shows the 3D nature of
X-ray illumnation and velocinetric cross-carrelation analysis as descri bed
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Cross-corr 'epgs%lgg: LANSGAlqul ated from X-ray inmage pairs represent a
velocity P or t rojected neasurenent volune. 17 The present
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Furt her uses ©of ecte I scussed above the present ~
i nventi on UgEEr the amew of #hdarmgi ng the nmotion of fluid such as blood, but

can al so depi ctyfdiey iRt iMRcRE EhSSHES 1 RRL {F ddapaaﬁq M@agaé f Lhe he lungs.

Furt her quantitative processing of the data use i ng can provide
addi t i onal shars/enatony ef @rﬁ‘trw%wew@ihaagn praangimeliangously with veleeity ungs or t he

amount  of ShearTheTBF‘esgﬁtt ﬁv&ﬁioh%%egs&ﬁ%vﬁfes&e% |Hf%?fﬂat¥o‘?1 l‘é%ﬁ%rt?’%e' mages of

the shape/anatony of a structure such as an organ sinultaneo
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beating or peristalsis. Specifically data collected at different points in

tinme can bEVHHFIGERN VTR Bnderr GEMRipeachierth. oF hepdr bestaprpperistalior eat h, a
heart beat C@fﬁtrd@%ﬂ, staltic contraction.

The data collected according to the present invention may include depth
20 information from phase (holographic) data or focus data. These types of data can
| be used to improve the quality of data representation for the same number of
" projections, or alternatively, reduced the number of projections from which data is-
gathered.k At one I-imitihg extreme, data could be collected from as few as one or
two projections, however some data would be lost if a single projection was used.
25  Accordingly, it is preferred that the method includes the steps of;
1. recording images from at least one projection angle, preferably
multiple projection éngles and carrying out image palr cross-
S - correlation analysis encoding velocity data for the sample in terms
of Cartesianéodrdinates and i
30 2. reconstructing a 2D or 3D velocity field directly from the image pair
cross-correlations from the analysis
- wherein the reconstruction is performed without first reconstructing 2D or 3D
images and wherein steps 1 and 2 are automated.



The data coll ected according to the present invention may include depth 20
i nformati on from phase (hol ographic) data or focus data. These types of
dat a can we 20s@32110 i nprove the quality of data represemrCatammoioor1obhe sane
nunber of projections, or alternatively, reduced the nunber of projections
fromwhich data is gathered. At one |imting extrene, data could be
collected fromas few as one or two pri@j ecti ons, however sone data woul d be
lost if a single projection was used. 25 Accordingly, it is preferred that
t he met hod Corlensiea dfliatssetpintofcompliadeomskipsg | nages from at | east one

proj ection angl preferably .multiple projecti angl.es d carrying out

i mge pair cros?bﬁoqr?%?rgﬂ%%t'%aﬁ“ﬁw%s gnﬁgﬁpﬂg&?@%@ﬁw g% asq%%r‘%?he sanpl e
in terms ofreGanslesoraplienoer dapsat eBor aram@O2 farelmogstentititiongthe 24 oset3D
anal ysi oGP R BT oI e B Rk Ol ot ro Per 20 e

r econst r actdthgh€ Dngpr&Buremages caerdhafceust nf atbeqesh hndmpdsfblgrtiee avltoeat ed. 18
Conver si on Qf . j i ance S, .The ,present invention
provi des a O(r?rg{rﬁ@(f‘%élfs%cdg%*\pgteﬁioﬁlg%&cgG'gségtogﬁl%rﬁageweta}f'%gl r%ag | i ance maps.

For exanpl e, fokVHenrige detatset défirms & 32 +dmten(is éD) yaledifyrfiehpthe ooalasiohy fi el d)

may conpri ; |ocity in either 2D or 5 3D, the |ung
pressure rﬁgg@%@% 'ﬁ%gtt%eg%t?égoﬁf a breath and possibly the volune of air

i nhal ed and exhal ed reswdinghimagesirfsen cft ehe et ipevjectivak amgle a plafaablip.

et nod Sompr | ses. t na a8 PR el ey Rl EL o) ifelepPlncdBie o
proj ection angl e, proefrelatibh pndigsisil ¢ngotiegpeticity tiaanfoatigl ssn@lad amsyi ng out

i mage pair Ccross- C%'@%'rt@&ibﬁ’@o&@ﬁ %gi Oencodi ng velocity data for the
sanple in terns of rtesran coordinates, and 2(a) integrating the velocity

over any part of(ai tiblegrating thenyplociit iower eny erpi ofatithen, the dngpiratiom osi ngl e 3D
velocity field - thig SR aeR, BAY% Mingle 3D velocity field - this 3D map having
15 quantities of velocity that can be defined as u, v and w over the
directional co-ordinates x, y and z;
2(b) the regional compliance is then described mathematically as
(Bu/dx + &v/IGy + dwidz) [ dp
{where dp = change in.pressure over the same part of inspiration or
20 . expiration in Za).
wherein the reconstruction of step 2 is performed without first reconstructing 2D
or 3D images and wherein steps 1 and 2 are automated.
When the dat_a set defines a 2D + time (ie 3D) velocity field the conversion
method comprises the steps of; (

25 2(a). integrating the velocity over all of either inspiration or expiration, to
give a single 2D velocity field, thig, 2D map having gquantities of
velocity that can be defined as u and v over the directional co-
ordinates x and y. '

2(b) describing the regional compliance mathematically as:
30 " (Buldx+ BuISy).t/ Bp ‘
(where t = thlckness, p = pressure over inspiration or expiration)
2(c) solving for t, by mathematical comparison of total compliance
(commonly measured) with the total compliance determined by



15quantities of velocity that can be defined as u, v and w over the
directional co-ordinates x, y and z; 2(b) the regional conpliance is then
descri bedvoabhensetincal |y as (6u/ 6x + ov/6y + OM 6z) / ORCT/AU2010/001199
(where Op = change in pressure over the sane part of inspiration or
20expiration in 2a) wherein the reconstruction of step 2 is perforned

w thout first reconstructing 2D or 3Dipnages and wherein steps 1 and 2 are
aut ormat ed. When the data set defines a 2D + tine (ie 3D) velocity
field the conversi omndapghipd regiopai 8&8pitahees tvipeh @f eqdairajorntéegbat i ng the
velocity over all of either inspiration or expiration, to give a single 2D
vel ocity field, thi seXErlﬁsﬁ%f{)a%avi ng quantities of velocity that can be
defined as u and v avervtheulsx eeiisonal coordi nates x -and y. 2(b)

descri bing the regional | iance. mat hematjcally as: 30(6u/ Ox+ ov/by).t /
op (\/\heregt = thi gkr{t‘é’ggfe ggvobz(réeslg[)?lgég(,gy?»a}erqui )r/at‘i on o§ expi ration§/)2(&:)
sol vi ng % orwHereibyhdRichestRictioabf thingtap 256 Peddrmicat \aikhoto it irddde stridtiagmon! y
nmeasur ed) géh% e total CO”LB' i ag}l%e determ ned by 19 addi ng the regional
conpl i ances*® GhT 495 808 & FEAMPE m can be expressed as; t = V / | (6ul6x +
6v/ 6y) (where VUsingchidnBethobad edctor fiel halagd)of Shahgseeirm Fiduee 15eeamnBér uct i on

of (N5 steD &3 REHTOMIES, ViSO ol o lob SE U L% B2gfe SR, oS
point during inspiration, measured using CTXV, Different shades of grey (or

10 preferably, different colours) can be used to represent velocity magnitude and the
vector resolution reduced in all dimensions aids visualisation. in this image the
spacing between velocity measurements is approximately 0.18 mm. This
illustrates that CTXV is capable of producing high-resolution, accurate
measurements with very few projections..

16 By relating the vector field to physiological structures of the fung, a more
readily recognisable image can be generated. This can be achieved by the
further steps of:

3(a) segmenting a 3D image of the sample, and )
3(b) associating segments of the 3D image with corresponding

20 derivatives. |

' Figure 6 is an example of these further steps having been applied to create
a 3D rendering of the lung airway structure. The motion of the lung tissue as
measured using CTXV has been used to calculate the expansion of the lung, and
hence the flow of air into the lung on a regional‘ basis. The major airways are

25 depicted in shades of grey (or preferably, different colours) to demonstrate
different volume flows in different regions.

‘ Accordingiy, lung tissue motipn data (Figure 5) is processed using step 3
ouﬂined above to establish measurement of air mQtion within the lung (Figure 6).
This ‘two part’ approach has an édvantage over direct measurement of fluid

30 motion in so far as a much lower dose of radiation can be uséd.

A similar two part approach could be applied to measurement of motion in
‘other organs such as the heart. Specifically, it would be possible using the
methods of the present invention to directly measure the flow or blood. It would



Using this nethod a vector field image of the type in Figure 5 can be
produced. In this inage, vectors show the velocity of lung tissue at a

si ngl e tiwe 2poia3e21duri ng i nspiration, neasured using CTXCT/AD2bfoenoer shades
of grey (or 10 preferably, different colours) can be used to represent

vel ocity magnitude and the vector resolution reduced in all dinmensions aids
visualisation. In this inmge the spacizog between vel ocity nmeasurenments is
approximately 0.18 mm This illustrates that CIXV is capabl e of producing
hi ?h- resol Wisolve p@SMUMf_ aéigg ﬂ%asﬁhe@eaﬁts_ep%efsbnmvantibﬂm pkfjsmﬁﬁtrhc?i@& .of 15By
relating the vector, field t siol,oqgical structures of the lu a nore
readi |y reg@j’ﬁtﬁ'ssﬁ‘ﬂﬁ @mi'st’?k aflggl%v a@%ﬂ%’ﬁﬁ?@@.a”ﬁ#ﬁ@ Q%fhveﬂae%séﬁ%‘éfﬁgﬁby t he
further steps ®icod8f@). segmenting a 3D i mage of the sanple, and

3()) associatin nents of the 3D inmage with correspondi ng 20deri vati ves,
Figure 6 iséyﬁe'géﬁg%rag‘fsthese further steps having been applied to create
a 3D rerﬁle(rji ng theh’fw]ddhmweibrfew irsxfjethtl@t’ﬁ cmlad b?’hﬁol@mﬁhteﬁ irod vﬁdmrahg?g Li ssue
as neasured_using CIXV has been used to ca at e .t he .expansi o t he
Ming. - and” HEEEITn SR, Brerrpy it el Ry S PERERERE LR ' The
maj or ai r waystear ®e2dusdethisc hadl the ®ivadiege aff ¢ffeelyig (the iprstfresalblion add f f er ent
colours) tao deﬂotnst rfaﬁe (aif[.erent voé Lilg? flows in different regions.
Accor di ngl ﬁenle r%&’"tq SS BB A9 §dra 8(I sgure 5) is processed using step 3
outlined above AdygisalablX\8Bysteasitcapemtingtheapresendtingemtion woukld tdreidt ung

reacur chonP B 'S 33y of BRERRC R ARy AU AR P sl e agi ati on

can be usedhree imaging fisesn Mare thao thaetiinap pooddmpooel tte lealip pf iredddte -

measur enent ti i n.other s.such_a LSpeci,fically, it
woul d be pc?ggé%% hg?r%outhge&ﬁg 'ﬂ%%g@ofr%hageprg\é%%ﬁt I&:gﬁ@{egmtfoﬁg%toaﬁ(?r ectly
measur e t hepotdrdiallyothe XN-egdosage dwivédd20 al so be possi bl e using the net hods
of the present | i r o t. L0 ; wal |,
val ves andor venSaPlE SRy FRER e e the NERK bR LRASEEACES) “F1 ow
Syst em % Applamditcuiseyshivonrentaiod of the present invention could be V

i npl emented in W i L ste referably the nethod woul d
be i npl enent ed %’si ngﬁdaerogp%%d gif%?@e%g @gtgﬁgzgfg?@e%a@‘t he advant age of

of fering the bebt re®obbebon-taydoperdlrati on of all nedical inmaging :
nodalities. A typic ) [ orating the present invention would
consist 10 pri n%ri | ?Oggﬁ%@%%ﬁ%ﬁgﬂgge, contrast X-ray inmaging lines -
typically at |edst thesissouredgiliagmentiesdwarb(4).t han three |ines woul d inprove

the qualgty of the gﬁét@re%%{i %ﬁ?rﬁgﬂ%gﬁgﬁ{lrgr&wg?@zt antly increase system

conplexity, cost and potentia osage livered. . -
f. image capture and analysis hardware (5); and o
g. user interface (6).

In addition to the imaging hardware, there is a requirement for image
capture and analysis hardware and software. The image capture and analysis
25 hardware and software would typically consist of the following key components:

o h, high speed image capture hardware;
i high speed image processing hardware;
i- image processing software; and
k. user interface for alignment, imaging and analysis.
30 - Details of suitable components or component groups are described in the

following paragraphs:
Cone beam X-ray source: As is typical of phase contrast sources there

exists a trade off when considering the size of the source. Larger sources afford



Wth reference to Figure 1, each imaging |ine would typically consist of
the 15 foll owi ng key conponents: a. video speed or double shutter X-ray
canmera (vp 2b11/03e216 beam X-ray source (2); c. source noaairatizon/meyspem (3) ;
d. basic source alignnent hardware (4); 20e.high-resol-ution camnera

al i gnment hardware (4); f. imge capture and anal ysis hardware (5); and g.
user interface (6). In additi2én to the i magi ng hardware, there is
a *requirenent for image capture and anal ysis hardware and software. The

i mage capt uess emdraanaiuysr'ncse Z@hthamcblhemcm siriies ekpowmre tiwesl dMaypcweadnty consi st

Speed | magd BPo Rt SRR ALY b oAt gt Ae TR o R T gt
interface fthban & ngmomntTyploa’dt)glcmgwraeriataMﬂ-tyeﬁsSelf’ 3Dedesi dfsatolbastu?@-a01 e
component s gf 0"%%?%‘&ul£é8%§§qb% %rﬂgég{t'hB‘?ﬁ’ethé‘dé s%ls?%rjr\g)\é\mégﬁgggt%rﬁgraphs:

Cone beam X'ra nlg ce: ypica phase con ere
exi sts a5tna\dmt|orhf when consi der| ng the size of the source. Larger sources

afford 21 Source modulation system (X-ray_shutter): Freeze frame photography is

required for motion measurement. The continuous light sources must be

“modulated into short bursts with as close to a temporal square wave as possible.

Complete control of exposures between 2 and 20 milliseconds are preferred. The

10  use of a fast shutter also allows minimisation of the delivered dose, as the sample
will be exposed to X-rays for the minimum time required for image capture.

Basic _source alignment hardware: Optimally, the X-ray source is

positioned so that the brightest region of the source is centred on the sample
region of interest, ‘
15 Video speed or double shutter X-ray camera: System measurement can

be based on two or more raw images from each imaging line. These images

must be taken in quick succession (at video frame rate or better). A camera

system capable of sustained video frame rates or a ‘double-shutier camera with

the capacity to acquire two images in quick succession will be required. If the

20 optimal pixel size, minimum fréme rate, and sensitivity are determined, a suitable
commercial ‘off-the-shelf’ camera having the correct specification could be used.

High-resolution _camera_alignment _hardware: The system preferably

includes automated, robotic alignment of each camera with respect to its
respeciive source and any other cameras.
25 High speed image capture hardware: A-commercial ‘off-the-shelf' data

acquisition system can be used to control the cameras and capture the date from

each imaging line at a speed that will allow analysis to progress almost in real
time. '

_ High speed image processing hardware: Suitable options include, for

30 example, GPU, FPGA or DSP processing platforms.
Image processing soffware: A description of suitable software can be .
found for example, in Dubsky S, Jamison RA, Irvine SC, Siu KKW, Hourigan K
and Fouras A (2010) Computed tomographic X-ray velocimetry, Applied Physics




| ess contrast, but nore Iight and hence shorter exposure tinmes. Many
current phase contrast systens enploy so called mcro or nano sources that
are snal lwo 2ha32850m cron. Typically, commercial ' off-tRreTstizbfo/®op ces of
at least 20-50 micron in size would be suitable for .use in the nmethod and
system of the present 6 invention, Source nodul ati on system (X-ray
shutter): Freeze frane photography is2eequired for notion neasurenment. The
continuous |ight sources nust be nodul ated i'nto short bursts with as cl ose
to a tenpoialtersqoaid WRBROAS MAESsdHvere Gagalsete tordhienlto OtargX Pus Uk es
between 2 and 20 mllisecond e preferred. The 1Q use of g .fast shutter
al 5o al | oweSHTRTHAIEN: RTINS dhd aianatied & i Losert oyt tungitie “pe
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These. | nagdtoRAETSiEE 17 SR drs  Gariapoe HEEae P I v e TRAmITEt o' or
better). Awlaioesa ysdctamguégpadride motiels gl athae ey uded i6 rdefiee tiad esossr a

' doubl e-shuytter' campra wth the capacity to acquire two LI i n quick
successi on® .t|o|natoveeq<?0éteilﬂr¥\‘g%_ Clr‘?ssfcﬁgg% Or&)éﬂcﬁ% S ?) rkﬂé'Pn eré;%'mﬁgﬁisff?u% frame

rate, and eedsiinterioggtiar ewiddbwr meaedremans uiegmbl e FThamdDcivalocityffield he- shel f

i g r obbl CRBRTEAREr B8 vl RiER:d AEDATRER LB Eheper s nei udes

aut omat ed, comddefiorc fualctigmresttmatéd eanly thamedarityi riddel espe dftosktocaldutatedspect i ve

source and t caner.as.. 25H i ca r re. A
commer ci al fr%@w}/]thfét %g'{a¥ h'EriB%'e @%&%@ﬁ@i@&? &g)rq g@@? &m J@é% s‘égﬂﬁégogﬁt %e control
t he caner agn@lacteotapt wsimgt ee datvenbargimlaaedrdi negpritigm| iwhichatpedospeeal t hat
will allow lLysSi.S. st inreal tine. H gh speed
i mge pr ocggé\ﬁlﬁé§lﬁ§?td%éJf%§ &ﬁlﬁﬁ%a%}”goopti ons include, for 30 exanple, GPU,
FPGA or18SP pr odegsintegfapé aigmetent, Imaging regleana/ytisss Sihegeendbt oentel A
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sanpl e jmg$§mbmso rectangul ar interrogation wi ndows 5 and perform
cross-correlati-on on these windows. The vol unme may then be reconstructed in
axi al cross- sectheopresendmiangen bgs bern susaessdillytused imé distiogfaniredl thdlidows. A
rectangul a j d@@ e , iye the cross-sectional
vel ocity p?ggﬁéel? oé%@go‘rtﬁogl‘a&thiggenﬂ_%%%g??gﬂ@écd;n then be estimated from
each interrogatd-on WeRdeiwr induess lBrgiury.egi on. The 3D velocity field 10
reconstruction g hen Recaresing,dyibpsiat i on of the error between the
cross-correlation functi'ons estinmated using the velocity nodel, and those
cal cul &%d frorfi-t heathigy biapegdyeopding snethaehaling gradpegs iaW aalgriesol The
solution can be inplgen efdqusi ng the Levenber g- Marquardt al gorithm which

performs a nonlinear |east-squares optim sation. -
cystic fibrosis lung disease. «

]
>,
¥

All four of these trials clearly demonstrated the use of the invention for
’ measuring lung motion to provide early, acc‘:u}ate and regional detection of -
30 abnormal lung function. In some cases the detection of pathology was possible
with lung motion measurement before it would be clear from histology or biopsy.
- This approach would aiso be useful for diagnosis of other diseases such as lung
cancers.



15User interface for alignment, |Inmaging and analysis: The central control
system and user interface preferably allows sinple activation of technical
functi onsweroh/m@s21vesti ng, calibration and alignnent. TireTiATReTIACIH9
preferably also allows control of other user related functions such as

i magi ng, image processing and visualisation of reconstructed results. 20
Exanpl es The present invention l#8s been successfully used in 4
distinct animal trials on the Spring-8 synchrotron. These trials have:

studi ed;, a, ventrhb @F&dent Rleassh Wilngw B¢ Rirher debdreaneitmrefatdngetd thibr osi s,
25c. ast hma nethacgollne challenge and sal but anol reversal, and

he.
d.cystic flpﬁﬂﬂn%”Wh %89§é@§8 four of these trials clearly
denonstrated the use of the invention for measuring lung notion to provide
early, accurate and regional detection of 30 abnormal |ung function. In
sone cases the detection of pathol ogy was possible with |ung notion
nmeasurenent before it would be clear fromhistology or biopsy. This
approach woul d al so be useful for diagnosis of other diseases such as |ung
cancers. 23 The present invention will now be further described with
.reference to the follow ng non-limting exanples, 24 Exanple 1 I'n
this exanple the nethod of the present invention has been applied to the
measurenent of a strongly 3D fl ow.



The rel evant inmaging setup is shown in Figure 1. The nmonochromatic 5 beam
in this case passes through a particle-seeded fluid (hollow gl ass spheres

i n gl ycerwoepi/os2ziays are slightly refracted at the intecrtaarsiomeiween
materials. The transmtted and refracted rays are allowed to propagate and
interfere before being co-converted into visible light by the scintillator.
This is then inmaged using a hi gh-speedsetector and visible |light optics,
resulting in'a phase contrast 10 projection jnmage. The inmage results from
t he super pogkdrhpRr Pf i nt erfer ence fringes generat ed by the.particle-liquid
interfaces creati 1 pattern that |thfuInyoIIowsthe

'¥1 a ecklg S

particles. In ¢ ?lel’é% pies WBI thogy At the BN iGN 893 Lesk aPRIRARi ch

i mages contmbrmégggmn@ﬂ oh@bp@ﬁgquf@mgownf ormati on from which depth can be

inferred, the tr nature of CTXV results n2DvIurretr|c
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0 e ray beam

propagat i ct| Furt her rom any single
vi ewi ng ang?¥HREY £ c?fﬁﬁﬁa@ tecﬁ?@ﬁ?é’ﬁi@gﬁﬁs %\ema*@r'e m'h&d. This
i n}‘ or rr}atl ontraghghiitdd ahé reﬂr@aw@neysbﬁrer Qlicddn® bRpagREPLR! aneHetd bdmfﬁl tng from
nul tiple projection an ono [ econstruct| n o e
velocity fif¥ 4”&9 - f)gnvrz?rtgﬂérﬁgMSLH%W@{E%W@%@@@%&ENI Bises 1) '8@9?@1‘1‘@”9
si mul E) ?neoltza fﬁmedphetéctbemgz%ﬁw@t ngxg dpfics, h@sgﬂm\w/g% @tﬁhulgé Woltrag al so
possi or ection in tradjtional cle image pairs
are di sgpetF?rngﬁ qrthTl?gle f'@er PRRPE PSR KGi SHREPAR O%Pg@%’%berrﬁc@lf%ﬁq%én i's
per f or ned ogentekﬂsdaby ew mrﬁclé-ﬁq-gw irgerB{ca} Ciehlinglawgngnic shaekié patidrd thar ge
vel ocity d| flgtuft |nthe projected interrogation region, the
cross-corref IHJ O é)ﬁgt'cvﬁ tl be highly distorted. The resulting

projected cr ossunmr:er ellscate it stedd &iaig(:fg gyatentye imwhieh liredgescdnien Vedueci ty
o oo ;Lyoﬂ?@émgwoeom. ks S P RS 5 iRk
aut o- cortb el reattire noff OﬁKVmaul(sFungﬂle«oB(:@t(a ipjojectbhemaberie whici e hiow fi eI d
oo cuPLBIe e 0Ll B A B0 SRR, ok ot 11 ow
field can belasgy impleees pél's‘alls to dpr Xsanbsart Ipe);:fagavmrdirqmnom e Etntioarmopg el (see
Figure from any single viewing angle only two components of displacement can be
determined. This information deficit is overcome by rotating the sample and
20 imaging from multiple projection angles, allowing tomographic reconstruction of
the velocity field within the volume. From these multiple. projections,
~ simultaneous tomographic reconstruction of the object structure is also possible.
Forward projection
As in traditional PV, parﬁcle' image pairs are discretised into interrogation
25 regions and cross-correlation is performed on these regions (Figure 3(a)(i))
However, due to the large velocity distribution within the projected interrogation
region, the cross-correlation functions will be highly distorted. The resulting
projected cross-correlation statistics can be modelled as the velocity probability
density function (PDF) of the flow projected onto that sub-region of the image,
30 convolved with the particle image auto-correlation function (Figure 3(a)(ii)).
Therefore if the flow field and particle image autocorrelation function are known,
the cross-correlation functions that would theoretically result from the flow field

can be estimated.  This represents the forward projection model (see Figure



25 3(a)(iii)). CTXV provides a solution of the inverse probl em of
reconstruction the flow field fromthe known cross-correl ation dat a.

The ef f ecwoabiifa3edibe exposure time on the cross-correl arPcomt2omeoion of
projection imge pairs, must also be taken into 'account. Due to notion of
the 5 particle during the exposure, the contribution of each velocity to
the cross correlation function wll begstretched along the direction of
that velocity, with a magnitude that is linearly proportional to that

velocity. Agihis efkedohdss Hesntivvebt thehavasd BFdofesl of tecestriRBoR e | Y
accomodat eﬂ into the fqrwar d@%rSoBecthon nodel to elimnate any errors due

to this phe Adifrom e dhPypic melREon fRf8r se probl em Fi gure 3(b)

denonstrat es t herdevpffedtestt fitileOBxstsufel ¥Ve dheahy elres dotrefdtioh diuhstion of
reconstructed.in slices o,rthog to the axis of rotatjon

. onal , Fi gure
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the flowfield ipt constr UthJpgingomil ree velocity
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are esti mat @ddeisbd egminag amt drads bewthisiphéAomegsir.e 3(a). The convol ution is
ef f ect eq r Transform (FFT) inplenentation. A

trl\l/éopﬂh% ast Fouriel
Levenber §- MBPYEYF S MAIYErCHRA S utilised to rinimse the error between the
cross-corr el at i angdrarsgh) dymsoreshicsahe tnplemsntatien b OWXUDARIe skity flelose

d fromth jecti ir irs, | t] R cal cul.at.ed fl
Todel  whi chalCHPSTEry! b shaseAREoARE 19 S0 e ! ettt PRt LU DS heavi |y
over- 25 spm}chtreﬁt, with Th&th@m;o_f ume:eov\%ﬁgnlraﬁibﬁ@t\mm{m &@hmgo‘ti@? iragged 0 ensure
conver gence econst ruction 1ere the reqularjsation function is
equal ? oth '%Liﬂ?r&g?{(’f'ﬁe ?Ifr?cg?%q%éé Bré‘f\ﬂé% IJEBW%ﬁrbtaeth%ﬁ%'ﬁ?v Wa{ﬂl?e and the
nean valitie wtongisiciipi gtvbeiar StheGheedieiteitg compbnemd henddihed heeach node
par aneter s B fane PR Pl P RRhaE s e s e Tk Behidon

par anet ers ‘an uire
one- di nensi motkl paatbi dligledr delgesecintessolatmnr eshaties mdyure tisaan sucts apaplirer med,

e 00 S A SR B M B PR Bl % o ot on
representati ons bss-tagreiationt fumntiorfsoareeasﬁmwtbdftbmﬁng/ehe)phetyodm’mmem s yr and
R R R o A L A
opti ni sat i dmpbemeniaiosr s Ar bendnbery-iderqueett arigdritiuotis onilisdéutd mEniniseethet he
process si gIidii@ldYihe cross-correlation functions estimated from the flow mode! and--
those measured from the projection image pairs, resulting in a calculated flow
mode! which éccurately represents the flow-field. As the problem is heavily over- .
25 specified, a Tikhonov-type regularisation scheme is used to ensure convergence
of the reconstruction, where the regularisation function is equal to the sum of the
difference between each node velocity vlalue‘ and the mean value of its
neighbours. A ‘ I
One-dimensionalisation of the Cross-Correlation
30 In order to reduce the number of optimisation parameters and memory
required for the reconstruction, a one-dimensionalisation of the cross-correlation
functions is performed, allowing separate reconstruction of the date for v, and vq.
Projection of the cross-correlation data results in two on-dimensional



5 reduces the amount of data that needs to be stored and anal ysed.

Si mul t aneous structure reconstruction To nodel the forward

proj ecti omoabitdse210el ocity PDF correctly, the relative partAwbm/memdi ng
density with in the reconstruction domain nust be known. Assum ng
honmbgenous seeding within the working fluid, this corresponds to 10

know edge of the flow geonetry. Accordisng there is provided a CT technique
that allows the flow geonetry to be reconstructed using the date obtai ned
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30 Example 2
In this example experiments are described which demonstrate the
application of CTXV to the simultaneous measurement of structure and velocityf
The method of the present invention was used with a high resolution medical



Data Col |l ection The imaging setup is shown in Figure 2. Froma synchrotron
storage ring (7), an X-ray beamis passed through a nonochromator (8) and
its em sswonoiig3enntrol |l ed by an X-ray shutter (9). ThePgTraapoivmamop 10)
projects in direction p 25 through the sanple (12) which flows in the
direction z under control of a syringe punp (11). The X-ray beam (10) then
i npinges on a scintillator (14), whiclprconverts X-ray radiation into
visible light, The.scintillator is imged using a high- speed intensified

CMOS det ectigfagnd®edrh-e [MP0XKPon ASPRERPskedhrotidi tUGRDYD, DRRINOSE Ape
obj ective 'l ens (16), resultlngeoénarranlflctlongg%roxwrate 15x, 30
or an ef fecdd ¥&YH1 ¥eFiodre & ofeosassce i SapPIG sistande @i #4oMeresP PdfSves t he

det ect or frm@hiw@hﬁrd’ﬁyxiﬁ@ﬁmo@%s@aédhtraét rodgihg. SAa@i-111meodle | @gsalt han 10
seconds was achi eved through the yse of a hlg‘h-,s eed int eg?bégg caner a,
whi ch al | oiBENEHIBRIOEWeS HERY t9roroyidse amongaiyyoliafic Jeam eneigy Hz. The
sanpl e was sghabed 28 through 9 projection angles, spaced over 180
degrees, with 1 i mages taken at each angle tq provide a particle
projection i rraggriﬁz?f?p??ﬁ%mg%ﬁ?ﬁlaé‘ PRyl 88’1’%‘3 a?gt"aﬁ{teé’amgg%pfvi’tﬁia?ed
experi rren]E aégdgyageo@iam@ee?e)f(Qentprrra&harm_ffadtdrrecri] s @ clx @f;ﬁriﬂﬁr}ig’fbgﬁ?oﬂbw. &heand an
optimum o mm was f o t o provide, the be al .

Pre- Process’?"ﬂ‘gel was ?P‘élifggﬂf?gseo"@oﬁfrm Bg%eﬁclsﬁéﬂ:&s??&%%s@d

pr e- pr oces SpHagbalynodr rh&te G4l OBI% Gigh FebRitibe technigluy Siith a Ayspiatdkatssofdgi- pass
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dust on t hegyedeictigivaas cosas sominit adt@pised arted] generating a three-dimensional
- flow field similar to that which would occur in vivo, Blood was pumped through the
model at a flow-rate of 4.8 ul/mn, using a syringe pump (WPI Inc. UMP2). While
PCI has been successful in imaging red blood- cells as PIV tracer particles, to
16 increase sighal to noise ratio the blood was seeded with gas micro-bubbles. As
PCI creates high contrast at a.gas-liquid interfgce, microbubbles represent an
ideal flow tracing media for this imaging modality. The ultrasound contrast agent -
Definityr (Bristol-Myers Squibb Medical Imaging Inc) was used. When activated,
Definityr forms a stable, injectable, homogeneous suspension of perfluorocarbon-
20 filled microbubbles, with a mean diameter of 2.5 um. ~
Data Collection
The imaging setup is shown in Figure 2. From a synchrotron storage ring
{7), an X-ray beam is passed through a monochromator (8) and its emission is
controlled by an X-ray shutter (9). The X-ray beam (10) projects in direction p
25 through the sample (12} which flows in the direction z under controi of a syringe
pump' (11). The X-ray beam (10) then impiﬁges on a scintillator (14), which
converts X-ray radiation into visible light. The scintillator is imaged using a high-
speed intensified CMOS detector (20) (IDT Inc. X5i, 4 megapixel) through a -
microscope objective lens (16), resulting in a magnification of approximately 15x,
30 or an effective pixel size of 0.52 pm. An optical mirror (18) removes the detector
from the X-ray beam (10) path. A total scan time of less than 10 seconds was
achieved through the use of a high-speed intensified camera, which allowed
exposure times of 4.5 ms,'and a frame rate of 200 Hz. The sample was rotated



10 renoved by average i mage subtraction. A single-imge phase-retrieval

al gorithm as descri bed by Paganin et al (Paganin D, Mayo SC, Gureyev TE,

M || er PRvendimizkikons SW 2002 Journal of M croscopy 206ftxAZRe@p1198 t hen

i npl emented to renove phase contrast fringes and inprove the inages for
cross-correlation analysis, as described by Irvine et al (Irvine SC '
Paganin DM Dubsky S, Lewi s 15 RA and dgouras A 2008 Applied Physics Letters
93:153901). Velocity Reconstruction Figure 3 outlines the reconstruction
nmet hod usedihrolig® @@b}é@ﬁérﬁahé@eﬂ%a@é&o@r lhag ab@@etNkith 185 Inddd@dltaken at

I nterrogation qufeom and cross-correl atlon | S Bgrforrred on these w ndows

bet ween pr o FEHF FhREYIdsaF Particle alestiofhimagere2h ol MropainRie tp defesinst r uct ed
in axial cr@stnsswas @nEmizé8fdxpetmdtal rbﬁéffe &ntiaBeof hk &idRUBEARPEW ndows.

Arectangular r|d model is used to define the gross- sectiaonal flow
profile (Fi'gQifEeR anpAligyn 9 %quﬁ@ﬁ/@ﬁfgunq..totgg%w%% beshsIgnali r ecti ons, vx;
Vs, , and5vz;ma@@earg@ir¢m§mgt each node in the nodel. Bi-linear int erpol ation

S used be en_ node ts. to define the velocit rofile in the
del space. A YGRS GoASHRISIMESE 55Uk P RSeoaSE SRR BTG t ho

i mage pl anecoar%ldﬂ()ﬁ)anawﬁlewspﬁnﬁhﬁﬁ@%é@ﬁlter wesiapprad foaemdve eedtrestsasts- sect i on
koS RSB HSRT 8 gas elged pto, Lhe | e plane
in the g andofiochidreatbisobfects asbdast b@ltaé idefectanet besiwiAse o%ﬁ&d ngted for
.e?f[.}w' G 2R By AR MEES LB, WG B RYof pL2 el il dlgorfin 7O N
as described by Paganin et al (Paganin D, Mayo SC, Gureyev TE, Miller PR and
Wilkins SW 2002 Journal of Microscopy 206(1):33~40) is then implemented to
remove phase contrast fringés and improve the images‘for cross-correlation
analysis, as deséribed by Irvine et al (Itvine SC, Paganin DM, Dubsky S, Lewis
15  RA and Fouras A 2008 Applied Phys:cs Letters 93:153901).
Velocity Reconstruction
Figure 3 outlines the reconstruction method used. The particle images are
allocated into rectangular interrogation windows and cross-correlation is
~ performed on these windows between projection image pairs (Figure 3a). The
20 volume is reconstructed in axial cross-sectioné, defined by the rows of the
interrogation windows. A rectangular grid model is used to define the cross-
sectional flow profile (Figure 3c). Velocity components in the x, y and z directions,
Vi Wy, and v, are defined at each node in the model. Bi-linear interpolation is
used between node points to define the velocity profile in the model space. A
25  point on the model P(x,y) will be projected onto the image plane as P(q), where,
g = ycos(0) - xsin(8)
~ for a given cross-section in z. Similarly, velocity components are transformed onto
the image plane as K
| Vg = Wysin() - vycos(8)
30 Vi = Vg
where vq and vr are the velocity comporients in the q and r directions.
Cross-correlation functions are estimated for each interrogation window
measurement region by projecting the PDF from the flow rhodel onto the image



29 plane. This projected PDF is convolved with the inmage auto-correl ation
function to yield the estinmated cross-correlation functions. The 3D

vel oci ty woebd/menonstructi on then becomes a m ni m zat i ®enTU201ve00€rd Or

bet ween the cross-correlation functions estimted using the flow nodel, and
those calculated from5 the X-ray Image pairs, for all projection angles
(Figure 3b). The solution is inplenmentggd using a non-linear |east-squares

sol ver. Figure 4 shows the 3D velocity field of blood flow inside
the opti cal bbén@pﬁ%&o}é%%@@*Dﬁ%%hvolb@d‘@vaﬂeWﬁzE?&56&5 ?:%!é%ﬁ ftRe b vessel
geonetry expand redi cted by t conservati on ofO dependent |y

reconst r uct ¥ 10th€rc59§ ingiedt | BRss-eqreelionf -erionst efie \Aﬁph \feélﬂﬁéctﬂekdo vol une
flow rate t%c‘éh$tmcﬂor2%erﬁﬁgc&ﬁ@sl %Oﬁﬁiu%tzﬁﬂén W ik LhEr DLt HRUER S et Li ng.

The result denonstrates the abi present 1 nvention to neasure all

t hree conpofiiftiatiogsfugeiops |9§Wﬁ99mﬁ¥ﬂ9afh€cﬂ0wr@0d% epd fwsgpralasddtedabenss
requi reds EganRlrgy 3mad§d pairbl %reélﬂ%f;@ct@nféﬁg‘ié%ep @J?Qeﬁl? )TEiL LSufleskr | bed

whi ch denonstrate the ap Ilcatl on o e si nul't aneous neasur enent
of struct ur BRARHERRY H@P@? NOTHECHHEMIEIBACE RRAVPF esent i nvention is again

used with a higlFidipsd dhbon tﬁ@@'ﬂﬁ%ioblﬁﬂ%lﬂ‘%fb@%& lﬂb\ﬂemél%ztﬂé( é)tleéllyt he

Spring-8 synchrotron at go, Japan. Sanple 20The sanple used was an
opaque pl as?ﬁ’acguﬁoﬁ%?se{/\n“’t’wg Meninam. YelocHy- reﬂpﬁ%snéiisoﬁﬁl vgeRedeoneiFi gur e

7(a)), rranuémhum@maa.a@dmjtﬁ@hoﬁmaimﬁro@h@synh@&péﬁ@W#eQGMstrUEté% test

section, consi sted of a sol i nder of 14nmm di aneter, Wt
s

sect i on 4l | SRPHEPIIRES ARRPE Nt pE rRERaEE iy velve dlowrtege éjéb’ﬁ@f‘ r%/orof t he

hol | ow SeCtarQﬂaWaéor%(slf@ﬁ R BE B Bupi éyﬂnr@f The GROR: a8oRsthfdd Rl |y swept
25 circle, re g orkscrew ﬂeorret r a decreasing

cross- sectl%tﬁ esﬂ‘i‘ INYBRYREY PyTIRRIre A g‘é‘???‘?j“@ﬂﬁnﬁﬁ ¢f \@@ﬂt}'@’r‘f@‘ﬂy

t hr ee- di nensisioab, \inltH)W; opttal yeveks rgyufrbali d, gl ycerine seeded Wth 35um
(nonminal) solid Ig ass spheres was punped through the nodel at O0.1ntimn

using a syr The propagation di stance, defined as the di st ance
formthesfront faGes ekarhie Dhjripet ek&rﬁﬁlﬁnt%ﬁéﬁd:bé@%‘oh%rﬁ@%ﬁ@@ ina Sed f.or

maxi mum si gnal. tto n?cs&?jgt IhO of l 8 cerine/ {ass m xture at 6m

Data Col | ectiPypation h H&f Neas FeRAYeMRRE O'SHEH TP RNe VGlachy. 2 and

de; cr :j be . wi THe mefhed @rncr@ presdot amehntoris a)ig&&ﬁué‘eldc\ﬁ H a/htdﬂerggékl@@ﬁ%b@aéq i ne gsed
a bendi ng |ns i n,X-ra n y eV was sel ecte
using an Si' m%@%bg HBB%@?% O%?Wé AriRg- é( %’5@ quqgtqig-\ycg\%slaggréd to mnimse
sanpl e doseSamdeaI o) to protect the P43 sci nt| | lator fromthe high flux.
X-ray b m An

S sue rits
sensi tiVi ty andﬂ;%w H@qesgsgigfagc@éropggyecgla Wﬁf @B%SCQH‘H?%‘SU %%d in an
ef fective plinehsisiat geohe®y Figurd. ﬁawr@anmédtw\eﬁmsm@ Ohjettdapitl protewpey 9.5 mMm X

TR R e e G e
the centr e 2ofioliopt sectiom atidwit g éntsmapiiay ohtlmam&kmg hillu&i MRtye: beorﬁéw od@ed in place
oF & P SR ALhar Ak AT L8088 g e 455! Gl STMILLEshdroes
25 circle, resulting in corkscrew geomeiry with a decreasing cross-sectional area.
The geometry was chosen to exhibit a étrongly three-dimensional flow. The
working fluid, glycerine seeded with 35um (nominal) solid glass spheres was - -+ = -
pumped through the model at 0.1mi/min using a syringe pump. The propagation
distance, defined as the distance form the front face of the object to the scintillator
30 was optimised for maximum signal to noise ratio of the glycerine/glass mixture at
em.



Vel ocity Reconstruction 15The fl ow geonetry was reconstructed using the

nmet hod described in Exanple 1. A substantially higher signal was achieved
usi ng t hewpantiviskraospeckl e contrast data (as compared wpPCl/AIRDITIOITIE I aw
phase contrast inmage. The speckle contrast map was generated using 16 x 16
px2 sub-regions with 50% overlap. Figure 7 shows the conputer aided design
(CAD) nodel (Figure 7(a)) 20 used for ige manufacture of the holl ow section
of the flow nodel and the tonographically reconstructed geonetry, segnented
using at grpdiedbrbased edge detection method (Figure 7(b)), For the
vel ocity reconstruction, cross-correlation function ere cal cul ated using 64

X 64 px2 |nterrJé@t'ﬂ’éﬁ'”ﬂﬁﬁ%\?&as\/ﬁ“?hs@@%%\’fé}ur%%3”¢(§‘ﬁﬁ@b§twlﬁhre&f@mwgl ng 25
was used Wi {oh ERBmprRes enbisgedficaly ﬂh@agmm rb%aﬁwﬂaé@’bs@& §%€hd9fg°#@ﬁéton angl e

to produce the averaged correlation data. axi al sliceées
i ndi vi dual | {s¢rdedfievicact 88 S anetdvantdbkaY grasdselectappising mat 8411300 node

poi nts, er@xﬂﬁbcﬂﬁorﬁéﬂtoF h&fa%lt ¥<era9éh&rhn9 WRRIBEY to¥nithBe %%B!e%ds‘éeand' ?Eoer pol at ed
onto a 124 X e resulting structure and _velocity | ds are

shown in Fi W@tegt th%E%@’@%b&ﬁ@d“ therdoft flunak-fan hesis AmEMeLCDddteqeonet ry,

i ncreasi ng (HansHeAs 88160162 W@éssﬁledcfgﬂﬁé §ér%¥t§st)1 Qﬁ@%%dlé@cwaaeﬁ&féél on. The
results |IIustrate th?e) ablllt of the technique to me%%l:re conp ex 4D

flows, even' N PRICE&fphrashited 'Pc?f'i‘seﬁecﬁ\ie Exel§Feor 8.5 x9.5 U P%O‘@%lﬁﬁ

descri bes tdsfew@@updasrmang PhmWihBgehase (qotdPst19%ndds 'evaﬂy RPadddCX1) for
detecti ﬁ)ﬁ ﬁg venent and for measurenent f the velocity
fields ato‘ﬁeéflS e("g‘ﬁ'@éfﬁ) ahe B¢ dupiesiproras iaglesmhio QI'BWéhﬂﬁﬁliC@ﬁt'QMQBfough as5
breat h. Regh@%htr%lﬂ%t@ﬂ‘ori bethbwwn;ﬂé enRIEF 8L hal besBRNddiendagdees and
timng of ex apsion fro he velocity fjel reveal i ng regions of abnornal

tissue pr op% ceSalbrgiicn/aj] 'E?('Heﬁ’roﬁ% -alIng gﬂ@ﬁ@%@cﬂ‘dfﬁduﬁmélﬁsrr?‘l gR§ di sease.

Met hods AnifrerhesSpardieesid ﬁdﬁé@gﬁ;ﬁj@hrdﬁ@h@bmm,@ge mal e m ce were exposed to 10
bl eomycin ( |ght in 20 ul saline. Signma, n=8) or saline (20

ul ; n=6) by‘;?’{%?fyg%f%% “H¥ti1 1 ati on under isoflurane anaesthesia. During

i rr}ag| ng1 FEnMceb}NerTEeafﬁml htgbemewduéssamsa&wdj uslilx’@ A Kebthod- Ocliles@r:’jvédlmrksc:je

rel axe 0 gh/ ica i ntupat ed and placed in a
pr e- war ned ? © hateo %phﬂ&]%@}er ?‘aﬂe‘%{d“i'% PRFG 8RFCHer e t hen
humanel y kldolnefdstl&at(aSGmﬂJ’atr@d ,wﬂhOQsm@/ﬂk@ rawppﬁa.settt&tr’a‘dﬂgﬁ er erhexci sed

d fixed at 20 cm H20 in 10% f Rar af f dded |
et Pone. SPehy ¥ Hhafh ol P st For Bt o GLckors Wk S5 e Che

Ashcroft scoesap.f Figard 7 edhdws ahe woewufer @meatdesfgae(sztAn e I éa@d@mﬁ)}sel ected
lt:Jggl S o ugr%%g %ng? a{ﬁ%ﬂi ct\?r]eogp ?&P@e%ﬂgedrsgptﬁoens%? the f%w mode oan%otrﬁgar € fean
tomographically reconstructed geometry, segmented usmg at gradnent—based
edge detection method (Figure 7(b)).
For the velocity reconstruction, cross-correlation function ere calculated
using 64 x 64 px® interrogation windows with 75% overlap. Correlation averaging
25  was used with an ensemble of 99 image pairs taken at each projection angle to
produce the averaged correlation data. The 69 axial slices were individually
reconstructed on a rectangular grid of approximafely 300 node points, depending’
on the size of the object within each slice, interpolated onto'a 124 x 124 px* sub-
grid. The resulting "structure and velocity fields are shown in' Figure 8. ' As
30 expected, the flow follows the helical geometry, increasing in speed as the vessel
constricts through the cone section. 'The results illustrate the ability of the
technique to measure complex 4D flows, even with few projections.



20 score. Two-way repeated neasures ANOVA was used to determ ne differences
in frequency distributions of lung expansion and tinme f |ung expansion.
Resul t s weoeoniosgilder ed statistically significant at a pcobabbiooyiobevel of
5% Values are reported as nean +/- SEM (unl ess stated otherwise). Mce
were exanmi ned during two separate experinments with a total for four 25
groups (n=14). Each experinment consisted of two groups: controls (n=3) and
a group treated with bl eonycin (n=4), with Measurenents perforned at 36
hours and GEF&* Bledf ter exposure. Mouse exposure to bleonycin causes
progressive injury. inhaled bleomycin is a well characterised and
commonl y used exihéy ex@npial dasedgs e prHPiBM A IV Wit phase lkantraségi-fy with t he
initiation r I AWIEn an
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were Utilised in the, study, it is not surprising that the pulmonary fibrotic response

was’ reduced in these mice compared with reports in other -strains because
inflammatory responses are reduced in these mice.



S5Figure 9(a) shows the 3D nature of X-ray illum nation and vel ocinetric
cross-correl ation analysis. Each 2D sanpling region in the projection

i mages reaepoasani3z2ia 3D vol unme for which a distribution eCTwahoemimi®s may be
present. The present analysis selects the nodal velocity which may differ
significantly fromthe nmean. Figure 9(b) depicts this in vivo detection of
lung tissue motion. 10 Specifically, igthis exanple, lung images were
divided into 2641 overl apping segnments wWith a velocity vector associated

th h b 155
U i ch o or i IadRET Kb PRRUREIER Eh ] il IRERKECERALARS
i mages wer e masigl ineginschedsr-bag (BLEVEY) Bn br%alﬂﬂ@ SManm’OtrheathﬂoetJ&Paiata set
vas used t 0 geReLalSHolhVh Hadla ﬁ%@@éﬁornaﬂ;aeseé%ﬁags dAIRG iRlaghBILAL D of - the

change in spee Irecti not i on .t hroughou
vel oci ty wasondgtagr aldRFkeMavitlv @ &amalew@ dgdpater ddéﬁane@péé’ mt hérayophaenof whi ch

was rreasqe%?@@oamdr@%s@ R loﬁﬁfﬁﬂoﬁﬁéro@l\ﬁi% anal ysi s.

Lung tissue notion is a conpl e uncplon o aracteristics of 20

regi onal coRpRYIgAdY, atHamaroap .W@%owm @am@rfa n@aagw wgreagauirets wel | as
Lhe pr oxi m bh A SLEUGLUIES 0P 6 fhed ntﬁ@ﬁamﬁgﬁ@%pg 5tana g\&l%%ﬁ wal | .

For exanple, lung tissue near the di aphragm i cant nor e
moti on t han PHELYEROhERMM: rh@agcpgng!thrh\@aa awhfqmﬁe@s\ﬁ@tt’@ﬁ@wﬂ withe? Q ocal

conpl i ance. frmea@sam@a%tnﬁgmsbfr&ro%%@o RHERR Pilopn aci: oss the |ung,
two measures of i ance were devel opec ang eva uated: the local rate
of expand on ancﬁ@&@ﬂﬁ&ﬁ%ﬁl n¥91®!”@ﬂbaﬁrﬂ§iY6‘ﬁ usepetHiomooimeres edullsi ng t he
aver age for zaklal %Unolrv'ésv‘éatléuléle@ ha?w'dr rePRel | st lméf;'egé'édg\e%gesd% | Bf5

statistical neasures of egp pat hol conprising controls wth groups 36
hours after aww&%p@w% rae,(fpf §y llﬂiel(p&)at'% qdypoanend 8asistico after

exposure (FidgseRse #90B) LPgé Nele isBRERAUENE Ymahad by Bad- Bé%soffltefful?& hgBgni tude of

expansion (top, neasured via velocinetry) is conpared for treated groups

(n=4) with EBAPPEIPEAENERIUCNBACYRPRer ECabPReN ildeae Ppouried Rydunds werirol s. At

36 hour s15pOfentificRadritEmbskedreiat @Qodﬂwéﬁc'&ﬂ&l@s@%%%Q%%Qé nfXBRRSHAQN aver age
and 14% of 34 treated Iungtsﬂ expand at over 2x the_control average conpared

with |ess tR4E 5955 redinitsr & 3 l}ﬁ@gecuwe Bsasgonsost hese deireera thaft ed nice

have 76% gr pisdserav@rRRas fc0ltieg n@\é@fa@eg%taﬁdo%?a%é%foft\re%trﬁ@w#é BseRtrRANd at
over 2x the contro averag%r@ﬁé %{wth | ess than 4% f or control | ungs,

Asterisks i mﬂﬁ%&'fé e BhaRT G EPEhREMBLt e BRPPOINt dR% lacrkat ed
ani mal s (p<&t@6ﬂ}zxpaﬁsmt@mc@e Birséddel sl thd d%rédh@e@Y%@g&téﬂﬁ@d QheRXpansi on
(mi ddl e),i n,mcont {:ﬁ treate %tﬂ ea&are Eyh A%t eri'sks indicate
si gni fi ént NEi AR SR n(\:(a f8 Ae 8A°CHR pyalarted ram Wﬁl"@'%ﬁkﬁe(ﬁ@ﬂ)
Bottom confxd.i Sheotaf eimsmrmbr mgmtbatlwﬁﬁs@ﬂw tied e@%sfbh%&»@é’e
(statlstlcall%lnm nlflcan%j % %lsvolumes 8 volunesm 10
control s ar &%} G AEFYPTY W&rp(’f an/p e e ol atB pveiriee fBires peci fi ¢
and gl obal inepireibor @tal expansion was represented in a single map. If the vector field-
could be measured in 3 dimensions (3D) over time, then the 3D quantification of
25 expansion would be directly related to regional compliance; and the average time
of compliance directly related fo airway resistance. To preserve the temporal
_ —. quality of the expansion mz’alp, while still reducing the volume of déta, a map of the
time at which the average expansion occurred was developed. The average time
was evaluated as the sum of the product of expansion and time, normalised by
30 the sum of the expansion.
Velocimetry application -
Projection of the X-ray beam through muitiple overlying airways produced
high contrast speckle intensity patterns whose movement over subsequent X-ray



Figure 11 shows regional expansion within the lung and conparative

hi st ol ogi cal imagery. Maps of regional expansion (normally in colour) have
been det ewoiznmd3semong PIV for typical control mce (Fi gece/AlRirwyopi@nd

bl eomycin- 15 treated mice 6 days after exposure (Figure 11(b)). Data are
normali sed by the average regi onal expansion across the control group and
maps generated using a colour scale. The mice treated with bleomnmycin
(Figure 11(b)) had dramatic regional alterations in the pattern of |ung
expansi on. C i Fi gure
11(a) is tygl%taeg 9@4 ﬁ% @%&ﬁ%gﬁ&ﬁ%@&é@g&a& or%g]%cg 'rr}a%gg %Oéﬁ’r es 11(d)
and 11(e) f B/fnfﬁhédfmiflﬁg theragaiisis melmcgiaroéF’i\d(c’oghaéeevowmt@@tayomag@e adi seased
group 6 day RS EoRRT J‘T&%) and
11(b) show §orﬁ$:f§§§©§é\}e§| ﬁ O? rIeérxagée'?agéudv| ns!ét \%gxtgg llfwgg{hg{égu (c),

11(d) and 1&?@)’3faﬁe shown to scale in Figures 11(a) and 11(b). Wile th| S
invention has b n i nts
thereof . 1t wi 11 BE oiAL et oo Aok e o Aasbnl SREFr Ff 2o BERRACT™

modi f i cati ofOSy- CO”IEiﬁ@naple%%\t iEsshi 2D isareliide e bother P@Wt’%r’mwﬁsons uses
or adapt at'%?es%ﬁtsté@D'vBM%ﬂoPﬂ/nfcgl 'o%m.oh%faé@@ﬁ@é my gre% el es of
the invention and i ncl suc epartures fromth I sclosure as
cone Wi t hi nPIeEeWRnalysie sl W%V‘?'@@WVWWW fay wgfearswntf*éawmfmm thee

i nvention pgELAl n%g%méi %) ”@é’pt&@ 1%% ﬁpmldoe@e%tléﬁeofe%‘énhés%'e tr%%h”es

her ei nbef ore set fort present invention g nbodi ed in
sever al wOrﬁeeqmombuv ta@paﬁm@ig W@rﬁ“@‘é\%s ¥i6Te Ftvidsd inke 264 @H@rlaaxpmg
charact er i s¢ddsor®f withea 'v@)b%ﬁ% h@Bor kst %tpeeééﬂd&iﬁié?@d TRabpdclig above

descri bed enbodi nents are not to limt the present I nvent | on unl ess
ot herwi se spRI¥PEH 8ach b‘%l?c'?ya!i’H@Srur%rﬁﬁ‘dl\’éﬁsb@5c‘6ﬁ»s‘t/"r"9%ﬁ @r%ﬁ&ﬁrﬁlwfﬁﬁ*ﬁ% t he

spirit and @C@%gﬁg alVeBidsNV ekl Mihdrsl feddeaaferenaddifeg@iiensiesdn val 5. The
descri bed embodi nents are to be considered in all respects as illustrative

only and noP'eplBs@Epf $hg camplsipHate st wasdiser dasensiatedneavieyiirldaramstrate

ar r angengnt gheafefnpofd epsiegn t & B bﬂ?&ig@d@dsmédhbﬁdt@%oﬁ&h rdftlug@dnétﬁfhpe of the
i nventi on and aggended clains. Therefore, the specific enb nents are to

be under st oBEPHIGOHE PreRist Fag V%‘@C'wa%%@eﬁ%‘fﬂ W‘é@ié’e A hehHRRPT YRRESEBNCI pl €s

of the pres@atmdtRVNWhh WBY mREsiERGhE 6RM remBvédiRorinahb b d0sdhdBs,
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expansion (top, measured via velocimetry) is compared for treated groups (n=4)

with controls (n=3). Datum were normalised by average of controls, At 36 hours

post treatment, treated rice have 24% greatér expansion on average and 14% of



Vari ous enbodi ments of the invention may be enbodied in many different 30
forms, including conputer programlogic for use with a processor (e.g., a
m cr opr ocwe=ori/o3miier ocontrol ler, digital. signal procesgomAwniogenosal

pur pose conputer), programmable logic for use with a programuabl e | ogic
device (e.g., a Field Programmable Gate Array (FPGA) or other PLD),

di screte conponents, 36 integrated cigguitry (e.g., an Application
Specific Integrated Grcuit (ASIC)), ofr any ot her means i ncl udi ng any
combi nati ong rfth%P %9{9? éxﬁaﬁé‘a%\%}‘@&%é’ C(?H{%?Qbé@ﬁé ér@@ »@t’hqg&%ah Bventi on,
predoni nant | e conmuni cat1 on betwee use S an e server is

i mpl emrent edfCHsCC@frgbtun@fS coinfudars peddreatmentsireated irviae havat 76%.gréateonver t ed
into a conpyLelns®k 9 [oXo) Sadpbl e
medi um and e@‘{engut g@#%@&és%agggg@%ggg%?@%@g Qd %(t)n éﬂ'g%&[ ﬁe an Oper ating
system avefa@%rﬁﬁmpéfe%r%@r st | bgh A% rfpr eﬁﬁﬁﬁ@h hggal | Asteripiesr indigiata he
functionafi E?}éna%ﬁ{t%tf%‘?éﬁfe' Meéw&%tm RY 1rB5te MRS édk%dﬁ?r 'FPé@ §y

i ncluding a Source code form a conputer executa d"Vari ous

i nt er nedi at istrivetien efethg ave!f@@rsﬁﬁnag@fn@qpa@w tyidle) inseratnl and tr@@a@m:@f

linker, or bﬁécﬁwto‘%) A§9hg»@qn&e§k@ é@%,caﬁ‘@éﬂ&l@n@e BEeBH cBBﬁr@loéHaLﬂe%rteoor ogram

|nstruct|on S |np enented in any varl ous progranmn anguages e g. an

obj ect codea@nERIPsBRBIY B@%na@@wa@sor@s ofithn cpepliance astrehangs
Fortran, C y£4tée r&;éé//(’staﬁ)énc'éﬂ gfn%aM?%nWﬂJbl% (\ﬂTg(nGQ;efo?&rhé‘éLrFySt ens
or operatlng envi ronnents. source cod ne use vari ous data

struct urds ﬁ?fﬁro@oﬁ%ﬁigéﬁlﬁ?@w 'r%}’@éé@ﬂfs treﬁftﬁé %’@Wsdeblﬁ(ﬂi@ nealy sprsificnand conput er
execut abl e fBRANiK Batlire. Vi@ aninterpreter), or the source code may be
converted (e.qg. ' via a translator, assenbler, or conpil rﬁi) into a conputer
execut abl e for mF@FhE! SHAYELEEIoPRLGIRANSIeRYWEN FthR SN ranhgompamative. g. |

source COdehfs@ld@caCPrﬁ'ﬁ?jéTryerW eoptRfaI &wa%loﬁr(n@rmanymédsawhé&eebéé?{ m

ei ther permanently or tranm?orl in a tangible storag dium such as a
semi conduct BFCHRRGH stevEe f?rety@'cahcmtm! R (P 1 1EEPROY blgpmycin-
FI ash- Priegr geared nfcd6Mays Qaﬂ@ﬁ%@@déu?e W%Péwmﬂ)” eRitd Qrélﬂ@rrr?ah&’éosgﬁﬁee or

fixed disk), an optj caiﬁmem)r devi ce

card (e.g. a% IRIIOHA Xp@@rSIOBtE'—%QSSrFE%PIS\IFO! ggoup and maps generated usmg

a colour scale. The mice treated with bleomycin (Figure 11(b)) had dramatic

regional alterations in the pattern of lung expansion. Histological image Figure

11(c) from the lung imaged in Figure 11(a) is typical of the control group.

20 Histological images Figures 11(d) and 11(e) from the lung imaged in Figure 11(b)

are typical of the diseased group 6 days after bleomycin treatment, Scale bars in

Figures 11(a) and 11(b) show relative size of images and inset boxes for Figures

11(c), 11(d) and 11(e) are shown to scale in Figures 11(a) and 11(b).

While this invention has been described in connection with specific

.25 embodiments thereof, it will be understood that it is capable of further

modification(s). This application is intended to cover any variations uses or
adaptations of the invention following in general, the principles of the invention™ "~

and including such departures from the present disclosure as come within known

or customary-practice within the art to which the mvention pertains and as may be

30 applied to the essential features hereinbefore set forth.

As the present invention may be embodied in several forms without

departing from the spirit of the essential characteristics of the invention, it should

be understood that the above described embodiments are not to limit the present



device. The conmputer programmay be fixed in any formin a signal that is
transmttable to a conputer using any of various comruni cation

t echnol ogve2s1ivaseiiadi ng, but in no way linmted to, anal egTtaachrmoogyes,
digital technol ogies, optical technologies, wreless technologies (e.g.,

Bl uet oot h), networking 30 technol ogi es, and inter-networking technol ogi es.
The conputer program may be distributegsin any formas a renovabl e storage
medi um wi t h acconpanying printed or electronic docunentation (e.g., shrink
wrapped SO fiBhl uRlbSE QRUAHISY! dofiel OBBU IihiorSYRURIYG Cedhsirulll LRYSHPM ROV or
fixed disk), or distributed ron1a 37 server or electronic bulletin board
over the cotHthini tBatspish asgsceps Ok the invemien an defined o thangppendar Fdaimeb) .

Har dwar e | oghg o(e's Wb g0 530l R &&@fdg ddOin AISRshbits a8 iMispgfdmabl e

| ogi ¢ device) Pﬂ%%n'?néﬂggﬁ or part of thg fSnct??ﬁ% |f§lmheré descri bed
herein 5 na?”M@”é@@ gabigtiesi ng traditional manual methods, or nay be
designeds capt urgshous! bl Aiins Ghad eé?ra%%@ﬁw FNk&hlehddd PGy ar i ous
tool s, such as -Conputer Alde Desi gn ( CAl war e descrlptlon | anguage
(e.g., VHDLinstdagipvihin ghe sppit st @g@%@fﬁ liyegtion) @ndearpendpi Adms. ABEL, or
CUPL) . Progtrasmarbb anhb ggé&f.d@%b@&méh&%de & b& BhaiStoBaRe Bt 'i!MsfPétw%r&rt‘}% torily

in a 10 tang| bl .e stora e nmedl um such as a sem conduct or nmenory devi ce
(e.g., a RAVRNRORYS m@%lohéﬁpmm'e? ofthggiemnbgvantipibmay RAWyactisedmdnet i ¢

nmenory devi gf f()l%v@n%clém‘ib %hé%lﬁrfuﬁét%ﬁ@la@bésﬂr’e iAlRnOR] tocdleMBARIglEVI Ce
(e.g., a CD ROM RO\Q or ot her devi ce. The prog rarrmable | ogi c
may be fliOxe@s iPRrfamipg g defined fP%""Waﬁ’l‘ﬂﬂﬁ‘Q"t atrggiurgl E@Hﬁ]?@?’ B8P any of
various congyiifaitistlctlRest echnol ogi es, including, but in no way limted to,
anal og technol o | es LEFI gital technol ogies, optical technologies, wreless

t echnol ogi es (e.ly bepeseyat “ﬂ?ﬁ“?\/ﬁ?ﬁ( RS (SSEYRh ol BB Serygfd or similar

i nt er net wor g aF@Q&ElDﬂwélﬁine& coFEh&mnHaﬂgrﬁ aamé)lseués@ﬁbéa fMBYmBg bdigbgiibut ed as
a renpvabl e storage ne di um wi th acco %ﬁrog) printed or el ectronlc

docunent at i BrF°(E" ‘Cat'gﬁrsﬁ’ﬁﬁwa'ﬁﬁ%a‘ erwisg refytege 8N Ghald ok
conmput er Ssysé eohdiied 1o 9N Y Sreesnt Rhosn fo éf@cbaeucﬁ;ka)r cofmudicatioh Beies! from a

s&ver or ctr ic bulletin oar over th mTunl cat i syst e.g., the
| nt er net or Qﬂ“‘\ﬂ/ JeC}REpynica S V'Gecﬂ‘ﬁ‘iﬂr‘mé AeH Erf’\%%‘onaﬁdbrrggg
"incl udes/ i roekardbmiie-roben (rogtee), BWstctkhlnSdéﬂﬁ?Qit}fdr@@hinM|da$orﬁ ake@se tvwhigpeci fy
the pr esence of stat egl featur es,' integers, steps or

may or may not be secure.

It should also be notéd that where a flowchart is used herein to
20 demonstrate various aspects of the invention, it should not be construed to limit
the present invention to any particular logic flow or logic implementation. The
described logic may be partitioned into different légio blocks (e.g., programs,
modules, functions, or subroutines) without changing the overall results or
otherwise departing from the true scope of the invention. Often, logic elements
25 may be added, modified, omitted, performed ina diﬁerent'ofder, or implemented
using different logic constructs (e.g., logic gates, looping primitives, conditional
logic, and other logic constructs) without changing the overall results or otherwise
departing from the true scope of the invention.
Various embodiments of the invention may be embodied in many different
30 forms, including computer program logic for use with a processor (e.g., &
microproces‘sor, microcontroller, digital signal brooessor, or general purpose
computer), programmable logic for use with a progrémmabie logic device (e.g., a
Field Programmable Gate Array (FPGA) or other PLD), discrete components,



25 conponents but does not preclude the presence or addition of one or nore
ot her features, integers, steps, conponents or groups thereof. Thus, unless
t he cont ewD 2011682419 requi res ot herwi se, throughout the aesatzptooonoand t he

clainms, the words 'conprise', 'conprising' , '"includes', "including' and the
|ike are to be construed in an inclusive sense as opposed to an excl usive
or exhaustive sense; 30 that is to sa in the sense of "including, but not

limted to". 38 CLAIMS 1. A nethod for imging of a sanple, the nethod
i ncl udi ng t, o] My I ¢ ' ' \ jection
lgfelgf/%t%g %gﬁ{s%ﬁjen%,g %?ggﬁfrcgﬁbrl SRR ihiegmtéd Clr@tﬁ?(?qg?@g. CE!; égigﬁl ng

angle and c rcross-correlation anal ysi's
vel oci ty datthef meanhinchidingl anyicambinetien dferer tle on emplERUFMBRERENEPId 2.

reconst I uct hBthGenbiitenttt é@d%}r{am; bPbANIchRFhcatibP Bela8nigBaS Al T
cross-correlations fromtheé analysis; erein the reconstruction’is
per for med wihehesuverf isr istpleraerded s e tsehgf ZDMprteB Pragraiminguctiong fmkisei n st eps
L and 2 g1 S AHLANRIRE: 5 2cdinTRANORARII T0H ol 8 SRR B acchRsliag Lo
claim1l, wherern step 3 I ncl udes: 2(a) using an iterative nethod or

al t er nat i velepdablei meditmpeni carscutad by cd Y EioQEacEsRer Hnger the seitiq) of iad d
directly fr - '3%&% pair cross- correlations fromthe analysis; and
2(b) repeat(|G}5r~1[§g;§£"}t'}ﬁeé iterative method or direct nmethod to produce a 4D

vel ocity field; Computemprpgiam lopie imelerwatingall aoeart phige fpatinealitswepreof usi ng

the 4D vel O&éécv,béq Befbir, SBPod oMpbaRd fiHERBEs KR! TRIIRRSa Sofirddetded for
| maging 18f f%rnsw,a gp co?n’pu?grchregbtggletfgrrr?,l gr:dmvgrio\ﬁ/rs]ei;teelmrw]edsiata\tgpforlms (e.g., forms
generated by an assembler, compiler, linker, or locator). Source code may
include a series of computer program instructions implemented in any of various
programming languages (e.g., an object code, an assembly language, or a high-
level language such as Fortran, C, C++, JAVA, or HTML) for use with various

15 operatihg systems'o.r operating environments. The source code may define and
use varlous data structures and communication messages. The source code may
be in a computer executable form (e.g., via an interpreter), or the source code
may be converted (e.g., via a translator, assembler, or compiler) into a computer
executable form.

20 The computer program may be fixed in any form (e.g., source code form;
computer executable form, or an intermediate form) either permanently or
transitorily in a tangible storage medium, such as a semiconductor memory
device (e.g, a RAM, ROM, PROM, EEPROM, or Flash-Programmable RAM), a
magnetic memory device (e.g., a diskette or fixed disk), an optical memory device

25 (e.g., a CD-ROM or DVD-ROM), a PC card (e.g., PCMCIA card), or other memory
device. The computer program may be fixed in any form in a signal that is
transmittable to a computer using any of various communication technologies,

_ including, but in no way limited to, analog technologies, digital technologies,
opﬁcal technologies, wireless technologies (e.g., Bluetooth), - net\Aiorking'

30 technologies, and inter-networking technologies. The computer program may be
distributed in any form as a removable storage medium with accompanying
printed or electronic documentation (e.g., shrink wrapped software), preloadéd
with a computer system (e.g., on system ROM or fixed disk), or distributed from a



i ncludes: 1(a) recording images fromnultiple projection angles; 251(b)
allocating images into rectangular interrogati on wi ndows; 1(c) deriving

vel ocity worepomseis us v and win the x, y and z direct ipcmssti2nynot tye

i mages; and 1(d) carrying out cross-correlation analysis on inmage pairs
defined by the interrogation windows. 30 4. A nethod for inmaging of a sanple
according to any one of clains 1 to 3gherein step 1 includes: 39 1(a)
recording i nages fromat |east one projection angle and carrying out inage

pair cross- sfe?VJre&aElgg{??rﬁ@adu}@ﬂns bb&QdBATURE RMGRGHELIBAT HRRIEN(S.90 the

(Ovel ocity time opposite Cartesian co- 50rd| nates (X,
y and z), ('hﬁe)“@fmv\f%@rwfdﬁ%@@al paranmeter (p) chosen fromthe group

conpri sing presgikga, l%gé {%ﬁ'@udmg"‘&‘agz%ﬁﬁﬁalﬁe ld@ﬁ,J ledt‘?s% with a programmab!g( a)

i ntegrating the neasure rovide a single 3D velocity field; 10 and
2(b) descr ilpgingevieg) mm%mla!md@ﬁﬁfh%ftrﬁsct'@ﬂa"&ewhQfﬁtqex?@rsbeéé?qrﬁad by

(6ulbx +56VL0Y 1 GWEBASS /usYy traditional manual methods, or may be designed,
captured, simulated, or documented. electronically using various tools, such as
Computer Aided Design (CAD), a hardware description language (e.g., VHDL or
AHDL), or a PLD programming language (e.g., PALASM, ABEL, or CUPL).-

Programmable logic may be fixed either permanently or transitorily in a
10 tangible storage medium, such aé a semiconductor memory device (e.g., a RAM,
ROM, PROM, EEPROM, or Flash-Programmable RAM), a magnetic memory
device (e.é., a disketie or fixed disk), an optical memory device (e.g., a CD-ROM
or DVD-ROM), or other memory device. The programmable logic may be fixed in
a signal that is transmittable to a computer using any of various communication
15 technologies, including, but in no way limited to, analog technologies, digital -
technologies, optical technologies, wireless technologies (e.g., Bluetooth),
networking technologies, and internetworking technologies. The programmable
logic may be distributed as a removable storage rmedium with accompanying
printed or electronic documentation {(e.g., shrink wrapped software), preloaded-
20 with a computer system (e.g., on system ROM or fixed disk), or distribl;lted from a
. sefver or electronic bulletin board over the communication system (e.g., the
Internet or World Wide Web). ‘ ‘
“Comprises/comprising” and “includes/including” when used in this
specification is taken to specify the presence of stated features, integers, steps or
25 components but does not preclude the presence or addition of one or more other
features, integers, steps, components or groups thereof. Thus, unless the
context clearly requires otherwise, throughout the description and the claims, the
words ‘comprise’, ‘comprising’, ‘includes’, ‘including’ and the like are to be
construed in an inclusive sense as opposed to an exclusive or exhaustive sense;
30 thatis to say, in the sense of “including, but not limited to”.
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CLAIMS

1. A method for imaging of a sample, the method being automated and including:
recording images from at least one projection angle and carrying out image pair
cross-correlation analysis encoding velocity data for the sample in terms of Cartesian
coordinates to measure encoded parameters of:

(i) velocity (u, v and w) against time opposite Cartesian co-ordinates (x, y and z), and
(ii) a further physical parameter (p) chosen from the group comprising pressure or
volume; and

reconstructing, without first reconstructing 2D or 3D images, a 2D or 3D velocity field
directly from the image pair cross-correlations from the analysis, the reconstructing
including:

(a) integrating the measurements to provide a single 3D velocity field; and

(b) describing regional compliance in terms of derivatives defined by
(Ou/dx+0Vv/dy+dw/dz) /dp.

2. A method for imaging of a sample, the method being automated and including:
recording images from at least one projection angle and carrying out image pair
cross-correlation analysis encoding velocity data for the sample in terms of Cartesian
coordinates to measure encoded parameters of:

(i) motion (u and v) opposite Cartesian co-ordinates (x and y), and

(i) sample thickness (t), pressure (p) and volume (V); and reconstructing, without
first reconstructing 2D or 3D images, a 2D or 3D velocity field directly from the image
pair cross-correlations from the analysis, the reconstructing analysis including:

(a) integrating the measurements to provide a single 3D velocity field;

(b) describing regional compliance in terms of derivatives defined by
(Ou/dx+0v/dy+dw/dz)/dp; and

(c) solving for t, by mathematical comparison of total compliance with the total
compliance determined by adding the regional compliances, according to,
t=V/Z/(du/dx+dv/dy).

3. The method according to claim 1 or claim 2, which further includes:
segmenting an image of the sample; and

associating each segment with regions of the 2D or 3D data field.
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4. The method according to claim 1, wherein the projection angle covers a range of
between 1° and 360°.

5. The method according to claim 1 or claim 2, wherein the sample comprises

human or animal tissue and the method is used for measuring motion.

6. The method according to claim 1 or claim 2, wherein the method is used for

measuring the motion of human or animal tissue.

7. The method according to claim 1 or claim 2, wherein the method is used for
measuring the motion of a fluid chosen from the group comprising air, blood, lymph

or combinations thereof.

8. An application stored on non-transitory medium adapted to enable imaging, said
application comprising a predetermined instruction set adapted to enable a method

according to claim 1 or claim2.

9. A computer readable storage medium for storing in non-transient form an
application to enable image pair cross-correlation analysis and reconstruction of

velocity fields according to claim 1 or claim 2.

10. An apparatus when used for the method of any one of claims 1 to 7 comprising:
(i) one or more energy source;

(i) one or more detectors for recording images created by energy from the one or
more energy sources passing through a sample; and

(iif) a sample retainer for locating the sample intermediate the one or more energy
sources and the one or more detectors;

wherein, the sample retainer rotates the sample through multiple energy projection
angles, and (1) at least one image is recorded at each of the projection angles and
image pair cross-correlation analysis is carried out encoding velocity data for the
sample in terms of Cartesian coordinates, and (2) a 2D or 3D velocity field is
reconstructed directly from the image pair cross-correlations from the analysis,

wherein the reconstruction is performed without first reconstructing 2D or 3D images,
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(1) and (2) being automated.

11. An apparatus when used for the method of any one of claims 1 to 7 comprising:
(i) one or more energy source; and

(i) one or more detectors for recording images created by energy from the one or
more energy sources passing through a sample;

wherein,

(1a) a sample is located intermediate the one or more energy sources and the one or
more detectors, the sources and detectors being rotated relative to the sample
through multiple energy projection angles,

(1b) at least one image of the sample is recorded at each of the projection angles
and image pair cross-correlation analysis is carried out encoding velocity data for the
sample in terms of Cartesian coordinates, and

(2) a 2D or 3D velocity field is reconstructed directly from the image pair cross-
correlations from the analysis, the reconstruction being performed without first
reconstructing 2D or 3D images, (1) and (2) being automated.

12. An apparatus when used for the method of any one of claims 1 to 7 comprising:
(i) two or more energy sources having respective projection angles; and

(i) one or more detectors for recording images created by energy from the energy
sources as it passes through a sample;

wherein

(1) recordings at each of the projection angles are made simultaneously and image
pair cross-correlation analysis is carried out encoding velocity data for the sample in
terms of Cartesian coordinates, and

(2) a 2D or 3D velocity field is reconstructed directly from the image pair cross-
correlations from the analysis, the reconstruction being performed without first
reconstructing 2D or 3D images, (1) and (2) being automated.

13. A computer implemented system used for control of the apparatus used
according to any one of claims 10 to 12, comprising:

(i) one or more energy source;

(i) one or more detector for recording images created by energy from the one or

more energy sources passing through a sample; and
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(iif) a sample retainer for locating the sample intermediate the one or more energy
sources and the one or more detectors;

wherein in use the system controls automation of:

(1a) rotating the sample retainer and sample through multiple energy projection
angles,

(1b) recording at least one image at each of the projection angles,

(1c) carrying out image pair cross-correlation analysis encoding velocity data for the
sample in terms of Cartesian coordinates, and

(2) reconstructing a 2D or 3D velocity field directly from the image pair cross-
correlations from the analysis, the reconstruction being performed without first

reconstructing 2D or 3D images.

14. The method according to claim 2, wherein the projection angle covers a range of
between 1° and 360°.

15. The method according to 4, wherein the projection angle covers a range between
30° and 180°.

16. The method according to 14, wherein the projection angle covers a range
between 30° and 180°.



