Discrimnating infarcts fromartifacts in MRl scan data Summary of the
invention 5 The present invention relates to nethods of processing MR
(magnet i ocvoemwons3me | magi ng) scans, particularly DW (iffddassionessyei ght ed

i mages) MRl scans. Background of the invention 10 Cenerally, there are two
types of errors [1] in any observation: systematic and random Systematic
errors tend to shift all neasurenentg in a particular direction. Sone of
the main reasons of such errors are incorrect calibration of an instrunent,
i nproper use of the instrument, etc. Large systematic errors can be often
be elimnated (e.g. by applying zero correction of the instrunment or 15
repeating the exper i BRBfhindHb iftaRld roMShEERId i RRF QL Wch! al ways be
present since no instrument can ever be calTbrated perfectly. This is the
reason why several independent confirmations of experinmental results should
be perforngf,, bl ﬁ%?{r?ebiWeH{ﬂnng different techniques. 20 If an experinment is
per f or med J all experinental conditions constant, the

out comes i sTis¢ prdsedt infventiort reldfbe gembthodt wd brasssing MihEﬁ]r@é@ri‘&iﬁE are called
random errors (or statistical errors&r. M? .éal ue of t g_outcorre is taken as
the nean of°8H A SEARS-ARsIaarly NG (EysiqrviRiohted inress)d4Rt he error
on the neagsanghe standard devi ation can sonetimes be obtained by repeating
the 25 experinment, but in sone practical situations it is inpossible to
repeat experinments. In these situations, the know edge of the distribution
of out comgi&aARRld §dnt Grheeh ct statistical errors. The outcone usually
fol | ows ceTt‘é‘?ﬁ“WWﬁ“dT‘s‘rT‘l‘mti ons dependi ng on the nature of the
experient ! i I } ii oLt ¥ erinments
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0 etically ‘excited

dependence on - many paraneters including the count magn

prot ons i Araferablyoseing differen tedwiquesge acquisition tine. Since intensity is
in part also related to the count of magnetically excited protons, the

Poi sson distribution is used to predict the distribution of intensity of
each pixel. In the light of this assunption, an error on the pixel

i ntensjty;C j oL the reparted pixel | ue can be
assurr%% ty a\?gg%%gﬁf gsqggrl.fm%io&&. ‘ﬁ\;eg% gﬁ&?e\g@b aﬁse)@ﬁgn}%\ ‘fﬂ”&gglonﬁnt ensity
of sone hypotdre! treabuibeer isastillodiferent. These fluctuations in the outcome are

called random errors (or statistical errors). The value of the outcome is taken as

the mean of observations and the standard deviation is taken as the error on
the mean. The standard deviation can sometimes be obtained by repeating the
25 experiment, but in some practical situations it is impossible to repeat
experiments. in these situations, the knowledge of the distribution of outcome is
applied to predict statistical errors. The outcome usually follows certain known
distributions depending on the nature of the experiment e.g. the Poisson

distribution is a common outcome in experiments which include a count. For the
30 Poisson distribution, standard deviation (¢ ) is related to mean (z) as o =\u

[1]. Because of the relationship between x and o, one is abie to predict an



There are various kinds of acquisition artifacts associated with MR scans
(sonme are describe at http://ww. nritutor.org/nritutor/artifact.htm
accessedvWAD2@etddr 23, 2007) such as notion artifact s‘f'CTéWZQQ?"W&DOﬁrti facts,
susceptibility artifacts etc. Sone known nethods to renove artifacts and

reduce noise are as follows. Ref [3] presents a Wavel et- based R cian noise -

removal for MR. Ref [4] describes an approach to noise filtering in
mul ti-di mensional data using a partial "volunme data density nodel. Ref [5]
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i mge inte atj hdrbfdebhes gt uat@as. [e. 9. 6-10]. The present inventors
have devel E)r%gcl?ea sﬁﬁ%e lPof CAl s;s/stems for acute ischem c and henorrhagic

strokes [11-13]. One of key algorithns is segnentation of infarcts. 5lts
accuracy depends on correct discrinmination of infarct fromartifacts.
Accurate and rapid quantification of infarcts fromDW scans is critical in
acute i sch@hkc spradess. Aofjui sMRlon a@caufsdions | dad t ¥ehyper ¢aTRIFRES egi ons

in DW M ns resulting i I . IRV Discrimnating infarcts and
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based on the intensity of the pixels in the scan to,ide,ntif%érfgigeri t ense
regi ons of peottrsinthenbeel diriegdhndnade S&SELER i pafge: Biensiyus i ssue,

s processgg t gugllimiNage iBERL I & BthdrRBLANS deitedthpRorid)i thd dedisédd cat i on
distribution is used fo predict the distribution‘of intensity of each pixel. in the

ight of this assumption, an error on the pixel intensity can be predicted. Thus,
15 thé reported pixel value can be assumed to have error equal {ojp, where p,

is the mean pixel intensity of some hypothetical observations.

There are various kinds of acquisition arifacts associated with MRI! scans
(some are describe at http://www.mritutor.org/mritutor/artifact. htm, accessed
20  October 23, 2007) such as motion ariifacts,'aliasing artifacts, susceptibility
artifacts etc. Some known methods to remove artifacts and reduce noise are as
follows. Ref [3] presents a Wavelet- based Rician noise removal for MRI. Ref [4}
describes an approach to noise filtering in multi-dimensional data using a partial
volume data density model. Ref [5] suggests correcting bulk in-plane motion
25 artifacts in MR} using a point spread function. A more elaborate list of these
methods is included in (http://irts.usc.edu/Vision-

Notes/bibliography/medical891.himl, accessed October 23, 2007).



was incorrect. This is done by one or nore of: elimnating identified
regions which are determned to be simlar to the region of the scan which
corresponds dooydskweo i dentified region reflected in the prgsgagitdogdo pl ane
(MSP) of the brain; and elimnating regions which are determ ned not to
have corresponding identified 25regions in one or nore of the other scans.
The proposed algorithmnmay make it possible to discrimnate between
infarcts and artifacts in DW scans, and thereby reduce errors in

mor phol ogi cal neasurenents. 30 4 in the intensity of each pixel. This is
because t heCexpuler agled detactipn (EAR) ipfavsrs Bigpificantentdhinpidiey acelratd ve to a
perfect nme f I Sl L YNt ensi ace" of the pixel)
is typical fi@'%?%%ﬁ‘taﬁ‘g irgéﬁgz?tﬁgs?@%cﬁgn?f?r%h? ?{)er?‘l S%&?ét%'eﬂ% §7re(§19mt he nature of
t he exper i newntos Hewe dappbpedniswite ocd CADeysieaseiot atde tingrec ane:

determ nati,on that .there is, | ficient evidence that a given 2D scan
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symmetric regions, the anmount of the remaining infarct 10 regions does not
meet a t hr EENJPRIF:JUaREficafign Qﬁﬂrg%%scféﬁ’fnv@%‘i’\’éﬁcﬂ%‘ééi @paldh ecule isoifemiet |

removing r egioRBEs AMALGNIOARIBEEISSOUShYbariRMdd ltthSn DWAIR S and Ne .
al gorithmhas the potential to renove artifacts tromany Infarct processing
system | n rpaitingdinifalpe pesitivess psasrinating indgrpts and adifadtoheips éstadgati ons of
15 t hr onbol, ysj I ns, and to quantify norphol ogi cal properties
of a new y"¥| 2"38@?@@@@%’?@% Once the al gorithm above has been used to
producéla post-processed i mage, that inage may be used to quantify (i) the
di ffusion rfusi R m'isgatct;] and (ii) size of infarct to that of MCA ratio.
20 Note th%i'%%%—m‘%ﬂr@m— ot her data acquisition techni ques such as
FLAIR (fluid attenuation inversion recovery), T2, ADC (apparent diffusion
coeffi ci entr?_‘?are used for infarct staging. It is presently considered that
t

the present "¢ SERNGIENIGNTeEHeHIRROSHTPESSING segfnented MRiHgages to
new y-i ndepctdds@dhd BEISd\Pof iRt dRlinkAgse DW is nost val uable, but the
| n

techni que i s applicable wherever the "signal 25of interest" or det ection
of a dixsease" is brighter than the rest of the image. So irrespective of
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per f or med aGboPéd ircadd gorapvising aipdurhbiyeof (2EeBW IGcamawititiahas 8kéhough
segmented based on the intensity of the pixels in the scan to identify
hyperintense regions of a brain which are candidates to correspond tfo infarct

20  tissue, is processed to eliminate identified regions for which this identification

was incorrect. This is done by one or more of: eliminating identified regions
which are determined to be similar to the region of the scan which corresponds
to the identified region reflected in the mid-sagittal piane (MSP) of the brain; and
eliminating regions which are determined not to have corresponding identified

25 regions in one or more of the other scans.

The proposed algorithm may make it possible to discriminate between infarcts
and artifacts in DWI scans, and thereby reduce errors in morphological
measurements.

30 |
The criterion for evaluating the simitarity of symmetrically-related hyperintense

regions may empioy a numerical parameter which is related to the Poisson error



30human interaction may initiate the algorithm human interaction is not
required while the algorithmis carried out). The algorithmm

al t er nat iwebspohes376 perfornmed senmi-autonatically (in wﬁ?%%;%%%gmpﬁere i S
human interaction with the conputer during the processing). A specific
expression of the invention is a method of processing an MRl inmage 5 of a
brain, the MRl inage conprising a plurglity of 20 MRl scans correspondi ng
to respective planes of the brain, the nethod i ncluding identifying in each

scan one ofr r.e, hyperjnt nse r |on spond to
infarct ti &t ‘FW%E\@ {) 6flh %%%‘f 5‘”%?%@@?@% htgﬁg%grg&ﬁoth of :
10(a) eli mo?@éd:ﬁ‘?rxbﬂr@lﬁtivfelt@@ ﬁe@i@bmsaswm@rtmfmh@mmhwre m@mryf ied as
containing an infarct which are determned to % irst si |ty
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inarefle ia,abAmbng M d-sagittal plane (MSP) of the scan; and
(b) elim ngﬁﬁeﬁag@@éﬁu xgd regi ons which are determ ned not to correspond

15to0 any said identified region in the corresponding |ocation of the other
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infarct, removing regions which are erroneously identified as infarcts.

The algorithm has the potential to removeé artifacts from any infarct processing
system. In particular, this approach has application to investigations of

15 thrombolysis using DWT scans, and to quantify morphological properties of a
newly discovered infarct. Once the algorithm above has been used fo produce a
post-processed image, that image may be used to quantify (i) the diffusion
perfusion mismatch and (ii) size of infarct to that of MCA ratio.

20 Note that apart from DWI, other data acquisition techniques such as FLAIR
(fluid attenuation inversion recovery), T2, ADC {apparent diffusion coefficient)
are used for infarct staging. !t is presently considered that the present
technigues are of most interest in quantifying newly-indentified infarcts, and for
these DW! is most vaiuable, but the technigue is applicabie wherever the “signal

25 of interest” or " detection of a disease” is brighter than the rest of the image. So

irrespective of the type of images this technique is applicabie is applicable.

The present algorithm may be implemented by a computer system. If so, it is
typically performed automatically (which is here used to mean that, although
30 human interaction may initiate the algorithm, human interaction is not required

while the algorithm is carried out). The algorithm might alternatively be



WO 2009/ 088370PCT/ S02009/ 000009 6 Fig. 4 is a flowhart illustrating
sub-steps of first process which is an enbodi nent of the invention, for

el i m nat iwg 20@geens Whi ch do not have 3D spatial correbatk@ipeblh@. 5
illustrates a structuring elenent used in the method of Fig. 4; Fig. 6.
shows schematically six MRL scans representing consecutive slices of a
brain, and colored to illustrate infact_tissue (pale) and nornal tissue
(shaded); 10Fig. 7 is a flowhart of a¥irst appl i cati on enploying the
process of Fig. 1, Fig. 8 is conposed of Figs. 8(a) to 8(e) which show the
results of P@ﬁ?@?@%@b@”@ﬁ@*@@’é‘% b’h‘th gpset ee&rlsa}umaahlntﬁﬁa@l@nwgth fheorrectly

bel i eved t%ﬁ’g[}hé%ld%” 5@5;ch§§,ﬁ)| 15 Fig. 9 is conposed of Figs. 9(a)

to 9(e) whic owt results o carryl ng out the steps of Fig. 7 for a
scan which is correctly believed to contain infract nmaterial; 20F|g 10 is

a flowchar f | rocesse Figs. 1 and
7; Fig. 11&38% corrp%gpé(}%oo?’pc&thg%wfﬁﬁ rf@%?x{%@% aﬂfogﬁs%%aﬂ 'W@Q lts of
carrying ouf]a thein, stheMRbhd@egzgnﬂmm@a Biwgality 2f 2D MBI s@ém?@%mdm@t al data
COAr 10 e ARILAAAE U by, B Pl e LIS b 1o,

i |l ustrat egné benpkd ﬁ?;berﬁfter%@h@@)dn@gvbﬁc!@@% 82nd18a1SE 1S bhrrad )ﬁd%‘ﬂﬁér@?c' ficity
in the application o 7; WD 2009/ 088370PCT/ SG2009/ 000009 Fig. 14

i |1 ustrat edsseepethadiitil data conparing the application of Fig. 10 to a
known i nfarct sgegmRALas kAthdr @6RIPHENG dnkfor both of:

10 (a) eliminating identified regions in a brain hemisphere identified as
containing an infarct which are determined to meet a first similarity criterion with
respect to a corresponding region of the same scan located in a reflected
position about a mid-sagittal plane (MSP) of the scan; and

(b) eliminating identified regions which are determined not to correspond

15 to any said identified region in the corresponding location of the other said

scans.

Brief description of the drawings

20 Embodiments of the invention will now be described, for the sake of example
only, with reference to the following drawings, in which:

Fig. 1 is a flowchart iliustrating steps of first process which is an embodiment of
the invention, for eliminating pixels and regions which are symmetrically related
25  about the MSP;

Fig. 2 is composed of Fig. 2(a) and (b) which respectively iliustrate (a) similar
pixels and (b) similar multi-pixel regions in infarct (1) and non-infarct (N)
hemispheres;

30
Fig. 3 is a histogram of pixel intensities a typical DWI MR! image of a brain;



Fig. 15 illustrates the results of processing three input MR scans (the
colum of 5three scans in Fig. 15(a)) first by a process as shown in Fig.
1, and theobwossspr ocess as shown in Fig. 7; Fig. 16 iBCHWEYARHM, showing
the i mage obtai ned by a variation of the process of Fig. 1, using FWHAM of

t he background peak as error on each pixel; and 10 Fig. 17 illustrates
bright regions near the corti cal surfacée boundary and CSF. Detail ed
description of the enbodi nent 15 Two processes whi ch are enbodi nents of the
invention will now be descri ged. After ,this V\fdy\n |1 di scusiﬁithwo

appl i cat i ofd9wHi éh risvspaBndiugirating PUFsteRs Bt JUBS PELCES PRI dF Fdre
conpl ex al gkiddiBnt ¥hirehiRktish SRr aThodhifntregiohs tkisich NiteRbi Gave Bmal 1y we
di scuss experinental results of the these two applications. 20 1.1 First
process: Elspatigiapireiation; Symmetric artifacts The input to the first
process is a 2D DW scan (or a plurality of such slices, such as a
plurality of axial scans of slices at respective heights in a patient's
25br ai ny. e S illestcdtes & splctutieg Rlamsentisedar shg spiind of flbgatt i fact renoval )
is presented in Fig. 1. This shows how the first process is used on a
single 2D scan, but the process is typically performed separately for each
of a pl uralfig ¥6. @ho®t GBhsmancally3ix TRI scpmeetpicsentng cossdoutiv elitdsoof ar e

o O T SRS iBeed PR R s T

respectively how single pixels and nmulti-pixel regions may WO

2009/ 088370PCT/ SG2009/ 000009 oo _ ,
10 Fig. 7 is a flowchart of a first application employing the process of Fig. 1;

Fig. 8 is composed of Figs. 8(a) to 8(e) which show the results of carrying out
the steps of Fig. 7 for a scan which is incorrectly believed to contain infract
material;

15
Fig. 8 is composed of Figs. 9(a) to 9(e) which show the resuits of carrying out

the steps of Fig. 7 for a scan which is correctly believed to contain infract

material;

20  Fig. 10 is a flowchart of a second application employing the processes of Figs. 1

and 7;

Fig. 11 is composed of Figs. 11(a) to 11(e) which show the results of carrying
out the steps of Fig. 10;

25
Fig. 12 illustrates experimental data comparing the application of Fig. 7 to a

known slice identification technique [13];

Fig. 13, which is composed of Figs. 13(a) and 13(b) illustrates the effect of
30 varying 4 and A, on sensitivity and specificity in the application of Fig. 7;



8 be symmetrically distributed about the MSP, in infarct (1) and
-non-infarct (N) hem spheres. The input 2D DW scan is labeled in Fig. 1 as
1. In a MWPaarosese® 2 of the first 5 process, the NMSP BIT/SReOPDON | nage 1
is identified, e.g. using a nethod discl osed by Now nski et al (2006) [17].
The MSP divides the inmage into two hem spheres, each side being a close
approximation to the mrror inage of the other. Then the hem sphere which
contains the infarct is identified, e.g. using a nmethod di scl osed by CGupta
et al (2008) [14]. 10.1n a second step 3, the perintense regions in the
hf ar ot - e bt busliase] sReREHEna SS B pA e BRPIBHIED o G A0 6 At onsi Ly
hi st ogr am @howRehiaf 3egheends RBBARUeAP4AT S known fromthe prior art, a
typical intensity histogramof an MRl inage containing infarct nmaterial is
as shown in Fig. 1, and includes two 15 peaks. The peak at higher
intensity j fii i [ ; j Hé}%af t he
hyperi nt eng EJ ggc’i“l{gggféﬁtst ggéeésﬁggﬁgroc{e!ég?ggnf%&%g{s&%?xe S t%\%?@wﬁ?\?e

i ntensi §i ethregsaing o big. §bEat Bst bhanproceas esishomtn ihi led. hsar emi it ense.
That is, the inmage.i nted, with each pixel being | abel ed as

hyperi nt enBECEr® %%?%’Sﬁgggﬁp?xa s may be isolated (i.e. single pixel
regions), or 20 may be part of multi-pixel regions. In either case, the

regions are | abeled as hyperintense regions, The regi.ons are generated by
honlyi ng. o GeSErARERIHPE SRTDS IS FAF BT Sirheturta Jie REtss: on ar e
cal cul at edoushNg Jshy FRHM ontheliRickfouBd Rk ddledhieorsesiBikadakegi ons. 25In

step 4, for each hyperintense region in the infarct hem sphere, a
corresponding mirror region (at the same distance fromthe MSP and of the

same shapeg:.i ki ] 7. ] [ of region
i Aty e S A e W e R
determned if the size of segnented region of the infract hem sphere is

| ess than ] I.18g i gexcluding t he background). If the
result of The—geternrnat 6-is "no", then the situation is as in
Fig. 5 2(b). The method then initiates (step 7) a process of conparing the

t trically relat. ions. This. s done by . ' the set of
St aps B T oS PIGRFESTOUMER BFF BTRBRIATtE ALUEOVORO il B rsttbod opa.  we

refer to t@ﬁ&m, e WTEdisEGsshivselppliegtidns(wiaikh iehpid\eondbatisth ohgid sphere) and
' say in e non-
I° (say processes as part of more complex algorithms, which are also embodiments of

the invention. Finally we discuss experimental resulfs of the these two

applications.
20
1.1 First process: Elimination of Symmetric artifacts
The input to the first process is a 2D DWI scan (or a piurality of such slices,
such as a plurality of axial scans of slices at respective heights in a patient's
25  brain).

The flowchart of the first process (symmetric artifact removal) is presented in
Fig. 1. This shows how the first process is used on a single 2D scan, but the
process is typically performed separately for each of a plurality of such scans.
30 The symmetric regions in question are regions of the same shape and size at
the same perpendicular distance from MSP. This is illustrated in Fig. 2(a) and

(b}, which illustrate respectively how single pixels and multi-pixel regions may



I nfarct hem sphere), and their intensities are denoted pi and pl.
respectively. 10 The en-or on both the pixels (by assum Zg%tzt hat gshe

I nt ensi t vaxs2009/0883Wh pi xel obey a Poi sson distri bution)PqT &Y%t e Vp, and
\fp/ respectively. Let D.-pp be the difference of intensities of pixels/

and . Fromthe Law of propagation of errors, [14 the total error on
the difference of intensity is 150btai Ped (step 8) as: Ti where ( ap J ap '
a DJ\ (111P,)2 (-1* \IP?)2 opi al)

be symmetrically distributed about the MSP, in infarct (I} and non-infarct (N}

hemispheres.

The input 2D DW! scan is labeled in Fig. 1 as 1. In a first step 2 of the first
5  process, the MSP of the 2D DWI image 1 is identified, e.g. using a method
disclosed by Nowinski et al (2006) [17]. The MSP divides the image into two
hemispheres, each side being a close approximation to the mirror image of the
other. Then the hemisphere which contains the infarct is identified, e.g. using a

method disclosed by Gupta et al (2008) [14].

10
in a second step 3, the hyperintense regions in the infarct hemisphere are

labeled. This can be done by obtaining an intensity histogram of the infarct
hemisphere, As is known from the prior art, a typical intensity histogram of an
MRI image containing infarct material is as shown in Fig. 1, and includes two
15 peaks. The peak at higher intensity is defined as T1, and is the approximate
boundary between the hyperintense and isointense normal tissue regions.
Pixels which have intensities equal to or greater than T1 are identified as
hyperintense. That is, the image is segmented, with each pixal being labeled as
hyperintense or not. These pixels may be isolated (i.e. single pixel regions), or
20 may be part of multi-pixel regions. In either case, the regions are labeled as
hyperintense regions. The regions are generated by applying a segmentation
algorithm such as [15]. The size of the region are calculated using the total

number of pixels in the segmented regions.

25 In step 4, for each hyperintense region in the infarct hemisphere, a
corresponding mirror region (at the same distance from the MSP and of the

same shape) in the non-infarct hemisphere is examined. The size of region is

calculated.

30 The set of steps indicated as 5 in Fig. 1 is then performed for each of the

segmented hyperintense regions of the infarct hemisphere.



' ?.aP partial are derivatives and C pl(=.1pl ) epj,(=ipj,) are
errors , apj apt on intensity of pixels j and j'
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First, in step 6, it is determined if the size of segmented region of the infract
hemisphere is less than 5% of the total image size (excluding the background).

If the result of the determination of step 6 is “no”, then the situation is as in Fig.
5 2(b). The method then initiates (step 7) a process of comparing the two
symmetrically related regions. This is done by carrying out the set of steps 8 fo
11 once for each pixel of the region. In each set of steps, we refer to the two

symmetric pixels as j (say in the infarct hemisphere} and '(say in the non-
infarct hemisphere), and their intensities are denoted p, and p,. respectively.

16 The error on both the pixels (by assuming that the intensities of each pixel obey

a Poisson distribution) is therefore,/ p, and./p,. respectively.

Let D, = p, - p, be the difference of intensities of pixeis jand j'. From the Law
of propagation of errors, [18], the total error on the difference of intensity is

15  obtained (step 8) as:
2
f)= \/{ japjj ( ’ J \/(1*,/}:) +(- 1*\/;/‘) TP TP

oD, éD, . o
where —+, ,é,,.;, are partial derivatives and & (=./p; }, &,(=./p, ) are errors
op, Op,

on intensity of pixels jand J'.

20 We use this error to estimate the 95% confidence interval around the difference
of intensities equal to 0. The pixels (/ and j'} are considered to have similar
intensities (i.e. there is no evidence that the intensity of one is due to an infarct),
if it is determined (step 10) that the difference of their intensities lies in the 95%
confidence region around zZero i.e. D, £1.96T,

25 (http://mathworld.wolfram.com/Confidencelnterval.htm!, accessed October 23,
2007). More generally, the similarity criterion for regarding two pixels as having

similar intensities can be written as D, < 47, , where 4, is a similarity parameter.



20 W use this error to estimate the 95% confidence interval around the
difference of intensities equal to 0. The pixels ( j j - r onsi der ed
to have BMINYP8S Wt ensities (i.e. there is no evi denc}%&#qﬁ‘{g O&Usr}ltenm ty "
of one is due to an infarct), if it is determned (step 10) that the
difference of their intensities lies in the 95% confi dence region around
zero i.e. D _s1.96Ti 25(http://mathwori{g .wolfra m com Co nfid ence |
nterva |. htm accessed Cctober 23, 2007). Mre generally, the simlarity
criterion re ar di P g l t be
witten asEBOmes nvedRalt RS otTal 21 ShEh EEauPABRTE o orfd

2009/ 088379{?@%%%@%95 10 Bel ow we investigate the effects of varying
21, which 1s equivalent to exploring other confidence intervals.
5Alternatively, if the result of the determ nation of step 6 is "yes", then
the situation is as in Fig. 2(a). In this case, the process initiates a
conparison of the two symmetrically-rel ated regions éstep 12). Assune there
are n pj xehiteimatioely, #riet resul ofethicodeteraniptione omstap Pniservsist, ythﬁk\ € the

10 . The
b opagat | offtetbars 84 [ g flaloln il seftend refiBfs Wit 0 BuirpBrbioflhe |
=1-nEP iwolsymmémricmméiatedate'gionss(stém RarAssimel évere aré \nepisélsRk aniyt h

respect to and 42 is the er i on the intensity of jth pixel.
P ar%ttrary regsonjk and the mean m{enDRyR of t’ﬁe region is: y J P

1 n
_;;pj

10' The error E, in R, is derived from the Law of propagation of errors [18] as

Z\/E)z szp

where ?‘ﬁ is the partial derivative of R, with respect to p, and dp, is the error
op;

on the intensity of j* pixel.

15 The difference of mean intensities of two regions is calculated (step 13) as:
Dk = Rk - ng .

The total error in the difference of mean intensities of regions is calculaied as:

2 2
ey

k i
Here, 8R, and 4R, are errors on R, and R, which are defined asE, and E,..

20 Any two regionsk and k' are considered to have similar intensities if it is

determined (step 14) that D, <1.967, . Similar regions are symmetric regions with

similar intensities. More generally, the similarity criterion can be varied, such

that it is expressed as D, < AT, where 4, is again the similarity parameter, fo

explore other confidence intervals.



15The difference of nean intensities of two regions is calculated (step 13)
as: Dk= 14-4. The total error in the difference of nean intensities of
regi ons iwocalymedsas ed as: aDk SR, aRk.k =- 1( 1* Ekp@r/bckbdmodooM 142
Here, ORk and bk, are errors on Rk and Rk, which are defined as Ek and Ek, .

11

The symmetric regions and symmetric pixels with similar intensities are
considered as artifacts. Specifically, if the determination in steps 9 and 14 is -
negative, the pixel in the infarct hemisphere is excluded from the set of
identified infarct pixels (steps 10 and 15 respectively). Otherwise, it is confirmed -

5 that the pixel is indeed an infarct pixel.

1.2. Second Process: Elimination of regions not exhibiting 3-D spatial

coherence

10 The flowchart diagram of different steps of determining 3-D spatiai coherence is
given in Fig. 4. The input to the method is a 3D MRI image (typically, a plurality

of 2D MR scans in parallel, spaced-apart planes) 21.

In step 22 we perform the following set of image processing sub-steps.

15 :
First, image dilation [18-20] is performed using a structuring element obtained
by taking into account the spatial error around each pixel
fhttp:/iwww cis.rit.edushtbooks/mri/,

http:/www.sunnybrook.ca/research/groups/cardiac_mri/MR_background]. The
20 surrounding region around each pixel can be regarded as the spatial error

region.

The structuring element is illustrated in Fig. 5. The i” pixel is the central pixel of
the diagram, with co-ordinates (x, ¥). The minimum error region around the i

25  pixel is identified as 1 pixel-wide band surrounding the i* pixel in all directions
which is the 3x3 pixel square ABCD in Fig. 5. We call square ABCD the 1 pixel
relationship square. Similarly, square PQRS in Fig. 5 is a 2 pixel relationship
square. In our investigations, the size of the spatial error square was varied
from 3x3 pixels to 11x11 pixels. No dilation corresponds to maximum artifact

36 removal (but can has a higher risk of removal of infarct regions) while ditation
with 11x11 pixels connects the entire image which makes all the regions



20Any two regions k and k' are considered to have simlar intensities if it
is determned (step 14) thatDk 1.961k . Simlar regions are s

regi ons wia wosissstoar i ntensities. More generally, the I’&’fﬁ%@&@?lw’ﬂ%ri terion
can be varied, such that it is expressed as Dk Al Tk where Al is again the
simlarity paraneter, to explore other confidence intervals. WO

2009/ 088370PCT/ SG2009/ 000009 11 The sygamtri c regions and symmetric pixels
with simlar intensities are considered as artifacts Specifically, if the

determ nation in steps 9 and 14 is ne atlve @Hsplxel Bth§ icgf t
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reent

exhi bi ti ng(i3. Dhepath aixet dhausiosadad bvhd Pi6iRc fardachi ‘é‘lﬁcé‘ﬁﬂo
steps of def E&}rﬁ*%e%ﬁf &@gg;{(}t@htﬁggﬁ%sﬂs\gn zﬁ%ﬂ?” in Fig. 4. The input to

t he met hod® ypi ca lurality of 2D MRl scans in
paral l ek, spaced-apart planes) 21. In step 22 we performthe follow ng set

of irmage processin b-ste 15 Fi,rst I i

per f or med §§PW@§ tdrse?ﬁf H;@Qﬂ%ﬁ?&%@%ﬁ%gﬁ t%%/ ?ﬂ)b%ng[ﬁﬁ\f’%t%tgggbnnt t he
spatial ergggn ?ég?wdh@@qateﬂl rsglond Infate 2/ digivthy cnfseremttsmqia/ Titd ootesibmfor |
http://vvww. sunnybrook cal/ research/ groups/ cardi ac "?ga ﬁ und The
20 surround&ﬁgi@e@ﬁbf?%@%ﬁb‘;@%ﬁ%“ s &f ’?,Saﬁr%é:of”éﬁg?r’qjé% atcf a p%ﬂlal
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pi xel |st central pixel of the diagram wth co-ordinates (x, y). The
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Third, we calculate the number of slices in which a 3-D connected region occurs
continuously, which is called slice frequencyv . For example in Fig. 6, which
shows a series of consecutive 2D scans, region 1 has v=35 as it occurs in 5

15 consecutive slices. Region 2 has v=2and regions 3, 4, 5 and 6 havev =1.
Fourth, we determine the maximumy which is denoted v,

in step 23 we determine whether v, /total infarct slices is a greater than a

20 parameter indicating a significant fraction of the total number of slices. For
example, for cases in which the number of interfarct slices is greater than one,
we may take the significant fraction as 0.9. If this determination is negative, the

process stops (step 24).

25 Otherwise, in step 25 find any regions with v equal to 1. Note that a region may
have v equal to 1 even if a similar region appears at the same location (in the

2D space of the scans) after a gap of one of more siices (e.g. regions 2,4and b

in Fig. 6). So for each region with v equal to 1 a search is made to find
corresponding regions in other slices. The regions with no counterpart are

30 regarded as isolated regions which are identified as artifacts (step 28} and
| eliminated from the set of indentified infarct regions. Conversely, regions for



25 pixel is identified as 1 pixel-w de band surrounding the impixel in all
directions which is the 3x3 pixel square ABCD in Fig. 5. We call square
ABCD t he OBPOR&RS37E| at i onship square. Simlarly, squarkCPERS0Y/MWMOMERg. 5 is a
2 pixel relationship square. In our investigations, the size of the spati al
error square was varied from3x3 pixels to 11x11 pixels, No dilation
corresponds to maxi num artifact 30rem)¥3I (but can has a higher risk of
renoval of infarct regions) while dilatfon with 11x11 pi xels connects the
entire im L\éyg ch makes al|l the regions W) 2009/088370PCT/5G2009/ 000009
12 spati al %&ef‘ KeP@H! 1o Jobu W%n&!’%ﬁﬁém%ﬁfﬁarrsgrpégmr@pa@m@s@hh@w far

structuring %Hetﬁﬁrﬁfvof Qfa-ng'érétv%%h pﬁb@'@: ﬁarﬁar@qrg@ ﬂﬁﬁ%isﬁ@%bloﬂg fgFror

squar e of 7x7 pi xel's (i plxe IS sur I'xel's in each
direction, Wiigith is greatet thaotluatengpréirerdras baing éfarchegidrisestepe23hown i n
Fig.5). 5 Second, we determ ne 3-D connected regions in the volune [21].
Note that in each region, the dilated regions have a slightly different
shape. Jhe criterion for deciding that regions in consecutive scans are

connect ed g Ft_. |,eas one |er twge in common between the

hyperi nt en§e r‘é%aé?ﬁ logdipn; B’ELﬁ"F@ée‘i ©8ns. Third, we calculate the
nunber of slices in which a 3 0 connected-regi on occurs continuously, which
is called glice frequency v. For exanple in Fig. 6, which shows a series of
consecut | venefirs appicatiosgpidhe Progesses 2hoys (pspesidllyribeifinstoprogesdnis éwut i ve

ot e oelRRBBAD IO v AP thote i© iR WliehoS InatfRHLD

determ ne the naxi mum v I1's denote
whet hel0 v. matasighls mras%mtcﬁ fblfvicbei ta shwglﬂ@apahcatlbans dusﬁl@pam aﬂlérge? amjdl cat i ng

a signifi t c r, of slices
cases in v%ﬂlgc%ét%ﬂseé}neu eg.frentte%] etr@‘é%‘% fm’zf‘%‘%‘"&sﬁ.s?"ber ggﬁrgarpg eBntEe we may
t ake the dSlayndibEgeamtof FigaCtanarthaisof(Fi§. 1 kb eixplagnadiciedsvnd nati on i s negati ve,
the process stops (step 24). 25Qherwise, in step 25 find any regions with
v equal to 1. Note that a regi on may

The input to the application is a set of slices which have been identified as likely

15 to contain infarct material, for example by an existing automatic slice
identification algorithm [14] which also obtains the he-misphere in which the
infarct is Hkely to be. This existing algorithm can be regarded as a first step 31
of the application, and corresponds fo part of step 2 of Fig. 1.

20 in step 32 the hyperintense regions in infarcted hemisphere are obtained by
excluding the pixels below a threshold value, say y . The value of  is obtained

as follows. As mentioned above, the second peak in the intensity distribution of
a DWI! scan (e.g. Fig. 1) represents the normal tissue region (or isointense
region). If we approximate the normal tissue intensity distribution to Gaussian
25  distribution [1], the intensity at the peak maximum (T1) represents the
approximate boundary of the hyperintense and isointense normal tissue region.
We then ignore that pixels with a threshold less than (T1), and determine mean

(Ry ), and the total error on the mean (£, ), of intensity of the remaining non-

infarct hemisphere pixels.
30



have v equal to 1 even if a simlar region appears at the sarre | ocation (in
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2, 4 andw tmo/fisefe 6) . So for each region with v equaIPCtTfﬁcj?"%? ‘E’ chis
rrade to find corresponding regions in other slices. The regions with no
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region). If we approxinmate the normal tissue intensity distribution to
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2009/ 08837@E?§I§'é S&G%Emﬁﬂme number is above the to!erance parameter, the slice

is confirmed as being an infarct slice.

In our experiments, we have taken the tolerance parameter as 0.01% of the

20 ftotal number of pixé!s in the image after excluding the background.

Fig. 8 shows the results of applying the first application to a false positive siice.

The infarct hemisphere is represented by | and the non-infarct hemisphere by N.

Fig. 8(a) shows the false positive slice which is input to the method and after the

75 identification of the MSP. Fig. 8(b) shows the infarct hemisphere. Fig.8(c) shows
the infarct hemisphere after removal of isointense regions (i.e. after step 34).
Fig. 8(d) shows the image after the corresponding regions in non-infarct
hemisphere N have been added. Fig. 8(e) shows the image after removal of
regions with D, <1.967, . It will be seen that this is almost totally dark, so that the

30 number of bright regions is not equal o the tolerance parameter, and the scan

is identified as a false positive.



14 W now set cv = + 22EH where 22 is a second simlarity paraneter, and
exclude all pixels with a lower intensity (step 34). Steps 33 and 34
correspondot@ostsey 3 of Fig. 1. For the experinental rEswdsoymesented

bel ow, we used A2 =1.96 (corresponding to 95% confi dence interval about the
difference of 5 zero). However, below we al so expl ore other confidence
intervals by varying A2 to explore the effect on results. W now perform
symmetric region identification (step , corresponding to step 4 of Fig.
1), identification of symetric artifacts (step 36, corresponding to steps
107-9 and 12-14 in Fig. 1) and exclusion of the symmetric pixels (step 37,
corresponding to steps 10 and 15 in Fig. 1). In step 38, we determne the
nunber of infract pixels remaining in the slice after the exclusion, and
whet her t hiFg. fuilibsirates coaespridingirsaits framabeslice opntbisingwindarésmiattrad.ance

par anet er . I e aranpef e the s eis a
fal se posi f\!rgve gfﬁe 'IE# b%mgﬁh%&erlg ré@%g{,/@g t(gl g&% ﬁ‘g ﬁgpaﬂé{% t he
slice i% cbem:sphe{é hss Noeltigg 96 shofar e isabutenfarct slicd. Fs@uﬁ(@@emn@@t s we
have t aken, e t ol er ance r ter a of th ot al numnbe

by el s 1 PiLS: B BPAEC FRE R AT Predn ek Grroisie Srls amoNave (Re.
results of :sampér‘bs'en@gtdm #agrs@d)aeﬂwwwﬂfe fag® oAt ahs e PRRdducksn Sbithe. The

i nfarct hem sphere is represented and the non-infarct hem sphere by N

Fig. 8(a) %WOPW@W&E@@SFJBSWW \F@%Y P@E“Wheéﬁ Fig. iYpushews the IMBgRod and
after the @@rl;éﬁfawfbﬁ@hﬂn@f\;r@énst;meyﬁﬁs el i z%@éeép% hér@earb'gfe%ﬁ

hem sphere Fi g.8(c) shows the infarct hem sphere a remova
i soi nt Ehsebrigsgiregieny; iin éct & pembet efpbrighy pively abgyaljhestetansnachparameger, af t er

the corres b%%aﬁf'sgé Smbl a@%ﬁ‘@ n?érf:{ (pae;{n sphere N have been added. Fig.

8(e) shows elmaea er renova regions with It will be seen that
this is al nost totaIIy dark, so that the 30nunber of bright regions is not
equal to the tolerance paraneter, and the scan is identified as a fal se
positive. WD 2009/ 088370PCT/ SG2009/ 000009 15

2.2, Becond application: artifact reduction in infarct slices

15
The second application is iiiuétrated in Fig. 10. This application employs the first
process (Fig. 1) and second process (Fig. 7), so there is some overiap between
Figs. 1, 7 and 10.

20 A first step 41 of the algorithm of Fig. 10 is sub-steps to identify the
hyperintense regions, which are then taken as candidate infract regions. Siep
41 can be carried out by a known aigorithm for automatic infarct segmentation
from DWI volume data {15].

25 Thenextstep .42 of the algorithm is {o obtain the nemisphere which contains the
infarct (this can be done, for example, by the method disclosed in [14]), and
exclude all the hyperintense segmented regions in the other (“non-infarct”)
hemisphere. That is, any regions of the non-infarct hemisphere which had
previously been considered be candidate infarct regions, are relabeled such

30 thatthey no longer are. This corresponds broadly to steps 2-3 of Fig. 1.



Fig. 9 illustrates corresponding results froma slice containing infarct
material. Again, the infarct hem sphere is represented by | and the

non- i nf aked 20080488710 sphere by N. Fig. 9(a) shows the i MSHSGHRIUWIs| i ce.
Fig. 9(b) shows the infarct hem sphere. Fig. 9(c) shows the infarct

hem sphere after renoval of the isointense region. Fig. 9(d) shows the
image after the re-introduction fo the correspondi ng regions in non-infarct
hem sphere. Fig. 9(e) shows the inage é\gter renmoval of simlar intensity

It will b that t | . 10b
nunber of | HPRGRIOoBNE) SoRbNEP 145 FEPErance WRP BSR4

confirmed A3oifdks Werh, nfn’% Ebrré& A ds o 3tepies and saFHib oAt i on: artifact
S

reduction ininfarct Ices 1 he second application is illustrated in
Fig. 10. This application enploys the first process (Fig. 1) and second

rocess (FLg. 7), . i I t . 20A
Firet step it geort bRSh s R Bpntes) SRrsr et bl B TOARpoY,
hyper i n§ engehsegtonie. thei plocase of Fien 4)aked (stercdbdratoves Wosaartifast. ons.
Step 41 can be carried out b wi al gor.i. for automatic infarct
segnent at i ORIt IE &R Eﬁ?oﬂ%‘i’rﬁﬁ% P‘ﬁﬁfsl%(f&rg%dfhﬁeﬁt step 42 of the
algorithmis to obtain the hem sphere which contai ns the infarct (this can
be done, for exanpl e, t he met hod di scl osed clu all the
hyperi ntené’ées%gliar‘«‘sr‘i’ﬂc @‘ééﬁgf@ﬂ%"ﬁ'rﬁ"ﬂfﬁsﬂ?ﬁ% “'(‘"F‘h%n % %r 6‘1‘?‘% ﬁé gﬁ%
That is, 91'}139%:%51:% 1418 Pelsithé BE§inchesd §|R!@er—"@ W[ shbad tﬁé%b%@l5| y
id

been conS| e ca te infarct regions, are rel abel ed such 30t hat

t hey noo| oafjer trer artifants & ther nessipéaT aish%wﬁﬁﬂ\ﬁgﬁ a6 sareped Fig.ot1(d ghows wo
2009/ 08837QPCT/ S 9 t Semind 1 es
symetric et5%55&?2%¥ﬁ'%'€%9$8ﬁ&§%}%3%ude% qu%m Sl(tzbgg‘rsélg)s)%nds "béo st eps
4 and 5 of fd gpatiblly incbheremlt gagionshm next (step 45) identifies further
artifacts based on 3-D spatial 5coherence (i.e. the process of Fig. 4), and
(step 46) renoves those artifacts. This is the second process which is
described in Fiqg. .7. The steps of artifact renoval are displayed in Fig.

11. Fig. 1%(1 @‘%ﬂ t he

15 We now present experimental results using the processes and applications
described above. Fifty one DWI scans were used in this study. This is data the

n fact a
4|s

we had used before.

(i) To test automatic slice identification (i.e. the application of Fig. 7 we used 36
20  data set used by [14]. The DWI! scans had in-plane resolutions of 0.9 mm x 0.9
mm to 2.4 mm x 2.4 mm, slice thickness of 4 - 14 mm, and number of siices

from 4 fo 36.

(i) To test automatic infarct segmentation (i.e. the application of Fig. 10 we
25 used 13 DWI cases used by [15]. The DWI scans had in-plane resolutions of 1
mm x 1 mm or 1.5 mm x 1.5 mm, and 5 mm slice thickness. The number of
slices in DWI scans was from 27 to 33. The matrix size of DWI scans was
256x256. Note that the 13 DWI cases are a subset of 36 dataset used in [14].

30 (iii) 15 additional data set were used to demonstrate application of the proposed
algorithm to improve results of a third algorithm [16]. The DWI scans had in-



original slice. Fig. 11(b) shows the segnented slice. Fig. 11(c) shows the
image 10 after the artifacts in the non-infarct hem sphere are renoved.

Fig. 11(dyoshpwsssthe result of synmmetric artifact renomat/scHiguoodi(e) shows
the result of renmoving the spatially incoherent regions. 3.1. Materials 15
V& now present experinental results using the processes and applications
descri bed above. Fifty one DW scans were used in this study. This is data
the we had used before. (i) To test auldmatic slice identification (i

the application of Fig. 7 we used 36 20 data set used by [14]. The ENW
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test automatic infarct segnmentation e application of Fig. 10 we 25
used 13 DW cases used by [15]. The DW scans had in-plane resolutions of 1

nmx 1 mm thi ckness. The nunber of
slices in B{W&%Cigﬂ@@éé" %P%‘%%gg‘é%gmasf‘h%’cﬁé? r:%ze of DW scans was
256x2565 Note that the 13 DW cases are a subset of 36 dataset used in

[ 14]. %003__/ 8837OPCT/ SGZOdQQI 000009 17 pl ane resolutions of 1.17 mm x
1.17 mmto SISGrRABIMYE BYCHIROUSHPR e ¢ hi ckness of 6.5 - 7 nm and number of
slices from 15-20. Gound truth for all the data sets was marked by an
expert. 5 3 2. Fal se positive slice reduction The automatic Slice and

Hemi spher e Thai@wiamaticaicerand Gemismiare idgntifieation alserithm B ovast diowd 3t
identifyin ; h of 10
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speci f1&i t guton@iis1deteCi®In [Gi2Blics) . igedificatiorr [19t oreresi Bgndithatydat 4. 9&1 h the
current te of Fi 7) the results are:

censi 1 vi {5 HE s SPh b8 (USRS Pergiolesinalty Haa i inaingt 5o
cases 26 mlsaﬂuﬁ Hinae ds, dhe iprpcansenfeRly. I7) the seduits ﬂ'ﬂﬁséﬁsfﬁ\?f £ mg@%ﬁ,l Vﬁ
slice renova e ining 10 cases were unaffected by the
processi ng® cﬁi)ﬁéébdb%'on@ tfgga‘ose cases in which the results changed,

t he change |n results is as foIIovvs initial results for 26 data:

(sensitivity, specifi mtg DSO = (0.982, 0.474, 0.586). After processing
t he rdsul t@uif 6F 366capgeq26 cases showed an’ improvement in results due to false

positive slice removal. The results of remaining 10 cases were unaffected by
the processing. If we consider only those cases in which the results changed,
the change in results is as follows: initial results for 26 data: (sensitivity,
specificity, DSI) = (0.982, 0.474, 0.586). After processing the results for 26 data:
20 (sensilivity, specificity, DS1) = (0.958, 0.664, 0.6877). Thus, an increase in
specificity and DS is observed by 19% and 9.1%, respectively, with a decrease
in sensilivity by 2.4%. The false negative slices which were removed had an
insignificant fraction of area as comparéd to the maximum area of infarct in a
slice. By using the proposed algorithm we are able to remove 31% of the false

25  positive results.

Fig. 12 displays the overall change in sensitivity, specificity and DS| as a result

of the current algorithm. The left (light grey) bar of the histogram indicates the

resulis obtained in [14], while the corresponding right (darker) bars shown the
30  results of the algorithm of Fig. 7.
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were as follows: sensitivit X
where the (sensitivity, sgeciﬁmty) are (96.6%, 66.6%]).

The overall increase in (specificity, DSI) is (15.2%, 6.9%) with decrease in the
sensitivity by only 1.5 %.

15
3.3 Artifact reduction

The results of infarct segmentation algorithm in [15] were as follows: sensitivity
= 0.81, specificity = 0.99 and DSI = 0.60. After processing the data with
20 proposed algorithm (i.e. the application of Fig. 10), the results are: sensitivity =

0.793, specificity = 0.993, and DS1=0.676.

Out of 13 volumes, all the cases showed an improvement in results due to
artifact removal. Only 6 cases had DSl < 0.5 out of the total of 13 cases. The
25 average DSI for these 6 cases before processing with current algorithm was
18.3%. After processing with the proposed aigorithm, the average increase of
DSl is 11.2%. The seven cases which had an average DS! of 74.7% after post
processing increased by 4.7%. Thus effect of current processing is more
significant in cases where there are a large number of artifacts. The fraction of

30 faise positive pixels removed by the current algorithm is 71%.



= 0.81, specificity = 0.99 and DS! = 0.60. After processing the data with
20proposed algorithm (i.e. the application of Fig. 10), the results are:
sensi ti viweg 200008898, specificity = 0.993, and DSl =0. 676cT/xdoopfoed8 vol unes,
all the cases showed an inprovenent in results due to artifact renoval.
Only 6 cases had DS! < 0.5 out of the total of 13 cases. The 25 average DS!
for these 6 cases before processing with current algorithmwas 18.3% After
processing with the proposed al gorithmwthe average increase of DS! is

11. 2% The seven cases which had an average DSI of 74.7% after post
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test of th ' ' A the results from[16] were then

15pr ocesse‘gveggdlplrﬁhg&t%%éeﬂggﬁhdg?? g?r?%'f Fig. 10. The average change in
(sensitivity, specificity, DSI) was from (74.02, 99.69, 67.32) %to (72.27,

99.87, 72. Iﬁ)ﬁgf wér gggr[r%ghtesdh%/\gga ?5' eiagﬁ %?Yoewrtenqui%];n .'sa“r)r}d1 ?@gh artifact density).
in another test of the appiication of Fig. 10, the results from [18] were then

15  processed using the application of Fig. 10. The'average change in (sensitivity,
specificity, DSI) was from (74.02, 99.69, 67.32) % to (72.27, 99.87, 72.4) %.

The D3I showed an improvement of 5.1%.

4.1 Discussion
20
One of the goals of stroke CAD is to accurately and automatically identify,
| segment and measure the stroke region. This is important (a) in context of
thrombolysis which requires quantifying the diffusion perfusion mismatch and
size of infarct to that of MCA ratio (b) to provide input parameters for studies
25 involving prognaostic information like quantifying the impact of infarct locétion on
stroke severity [23], quantification of patterns of DWI lesions [24] etc. While the
state-of-the-art algorithms are being developed for achieving the final goal of
stroke CAD, the presentiy proposed algorithms have stand alone appiications in
related areas of research. The embodiments make it possible to discriminate
30  infarcts and artifacts based on the following two observational properties in DWI

scans. They are motivated by two observations;
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artifacts exhibiting 3-D spatial coherence. Fromour observations [15], it
chancels of MaRe Fa Bl A & B e s 2. D
symretry (thecémbsdittemt obfFigi ¢0 mpcessescdp bpatial coherence after symmetric
artifact removal, which reduces the chances of artifacts exhibiting 3-D spatial
coherence. From our observations [15], it is very rare to find an artifact which is
symmetric to an infarct. So the chances of an infarct being removed by an
20  algorithm which employs 2-D symmetry (such as that of Fig. 1) is very low,
which in turn enhances the chance of the result of the algorithm being spatialiy

- symmetric.

This is illustrated in Fig. 15. The column of 3 slices shown in Fig. 15(a) includes
| 25  artifacts (in thé boxes labeled A1, A2 and A3) which are symmetric and spatially
coherent. By the process of Fig. 1, the symmetric artifacts removed in slices 1-3
to give the scans of Fig. 15(b), in which only the artifact in box B3 has survived.
The artifact in box B3 is removed by evaluating the 3-D spatial coherence of
that region by a process of Fig. 4, to give the result shown as the three scans of

30  Fig. 15(c).



whi ch in turn enhances the chance of the result of the algorithm being
spatially symetric. This is illustrated in Fig. 15. The columm of 3 slices
shown i n W9 09/9%84) i ncludes 25 artifacts (in the boxe THBaPSNR A2 and
A3) which are symmetric and spatially coherent. By the process of Fig. 1,
the symmetric artifacts renoved in slices 1-3 to give the scans of Fig.
15(b), in which only the artifact in b B3 has survived. The artifact in
box B3 is renoved by evaluating the 3-D spatial coherence of that region by
a process as the three scans of 30Fig,

F t | t.sh
15(c). ?E%O%g%@?ﬁgsc%l e e/ gg%lcjfggthsﬁ% revalippolirmdht S B tgke use

of the obsgkaraity on chBRbidd®s §tﬂ/é@fbylé1nbhﬁaildlét@%trédv@ﬁc#ﬁ@ciﬁdéﬁeh@bnﬂ@f gi ven
by a normal distribution which is independent of the nature of

exper i ment themtetire @fcherapeymess Gerde agnarally asrociabedivindse F@qunm’éi‘séut cone
of the expaf IfieBLicollWBY Hhe XoBARChDCHBRAUAWINSL 3AY3hdan Bnde¥baldgn of the

normal distribution are indepéndent, this di'stribution cannot be used to
pr edi ct5 erdedationroftthe noaes distréugion targ sniﬁﬁnerpi@slg|tbissii$tdb£nt®pEMnmhbeout come

of experi t, [1 . p v n i,.ni con ered
usi ng the%h}oo%ﬁ?%g %gré r’%ﬁﬁ% %%% g&se'%sﬁo n%h pﬁﬁ%b% koyéi gti mat e
of error agutewes wfpé»p&lnmeﬁxa[npl le el uhtsplesent doiengrs dnidal®y poesesreed in

Fig. 16. 10, Howev ared the differences of pixe|l intensities,
even at t%'q%%lﬁgﬁ%hgpﬁﬁa%ﬁqrﬂm @ﬁt%‘r"\‘/‘ﬁl g'g IBUPS HeeHIrate nce of
zero, therérrdm;r@emwﬂxtﬂl Exainphy BRIUIB tTRITE &idh dg@,b ér@%r@?&técﬂ‘% é;t

contrast, in the Fig process, vve have use sigma confi ence

i nt er Val dﬁ@’!ﬁf@"tW@eﬁll"F@P é’PEHt?ée‘é)ﬁ %é’fﬁ%re”qefﬁ gf Phﬁﬁf ifﬁ%n&”]'m evan gértherror s
need to beg @%‘#@eggﬁﬁrccmﬂdé%@rln@l'\?é‘?'a%uﬂ@ e HifterdMeCa Ssta Oltle rec%fré dence in

an assunption of i sson errors since finition, errors are
proport i orta$idt!aistaid?MnW@mSByPlXBHm¢ﬁ%/(m@epihﬁéI by whhirhstaire thy Rt Ti ¢ about

the MsSP a im | tr art.jfacts.is very
sensi t1 vo HEary P vk diset 83 drE S b e RN e HaPet 3 e

i nt er - hemzem)erhis rinps:surteabéarggr egossededd ta h;fr eaﬁwnecexmenﬁght@i pixelsor t hat
reason, .present enbodl b referen i.der s nmretric regions
ot edd ol MehERTHANSIOH, KAMEEGe W FarIBBHoD O CATR AOBREN G Bhal 11 5.
Even whi | giefifiish, defdroéird PROpoYHiBIRY fd helif@inghy., due to i nher ent asymetry of
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contain part f ba(;k round or. arenchyma. This is shown in Fig. 17, where
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preference consider symmetric regions instead of individual pixels for the
purpose of comparing the intensities. Even while considering the symmetric
regions, due fo inherent asymmeiry of hemispheres about the MSP, regions
25 lyving close to the cortical surface boundary or too close to the ventricles or
cerebrospinal fluid (CSF) may contain part of background or parenchyma. This
is shown in Fig. 17, where the veniricle V which lies.on the MSP has obscured a
part of the bright region adjacent to it on the N hemisphere, and further
asymmetry is caused by the part of the bright region at the upper right of the N
30 hemisphere which is close to the cortical surface. However, since the

embodiments exclude pixels with intensity below T1, the mean of region



intensity is not affected by the hypoi ntense pixels due to the background
or the parenchyma. Based on the quantification of small, mddle and | arge
artifact svomopaskp7o |arge 5 infarct regions are expect eFVEHEBEHHYEe whi ch
are above about 5% of the inmage (excluding the background). Such | arge

regi ons might have greater errors due to inhonogeneity (e.g. caused by
intra slice variation during data obse%ati on). For this reason if a region
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symetrica n such cases, only the spatial coherence test of the
regions is performed. Symmetry based artifact renoval should not be
perfornmed then. During data acquisition, the head may be tilted such that
there i s aTheg@nDfspatiak cahsirgncenigltested pnitibhtheases whese shermtior§f 30 Bbout t he

m dsagittal plane is vialated and 2-D.s try based c arison. of
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of losing an infarct region. Ih addition, there are various reasons because

of whi th aths dardidenemihaidhe ifarcheerusy at e Pnilaeincatind duiheesices (FARaSudi ng:

5(1) I nhompaenelniner Y tit¥al [NEesSLh GFe 8RAULEE N OIHBnaldis S Thid RS | Ntra-
avoid cases in which the infarct occurs at multiple locations and there may be a
significant chance that a spatially isolated region is an infarct. In the case that

an infarct occurs mainly in one region, the chances that spatially isolated

20  regions represent artifacts are high.

One of the assumptions for this algorithm is that the artifacts are symmetric
about the MSP. Infarcts that are caused by vessel occlusion are most likely to
be located in one hemisphere. In some rare cases (e.g., caused by a sudden
25 drop in blood pressure in the presence of bilateral stenosis), infarcts may be
present in both the hemispheres almost symmetrically. In such cases, only the
spatial coherence test of the regions is performed. Symmetry based artifact
removal should not be performed then. During data acquisition, the head may
be tilted such that there is a significant roli angle. In such cases, the symmetry
30 about the midsagitial plane is violated and 2-D symmetry based comparison of

hyperintense regions may be erroneous.



slice and inter slice inhonogeneity corrections [e.g. 26-27] can further
hel p to enhance the results. (i1) Asymretric artifacts close to an
i-nfarct regizoem/oseyonot get identified by any of the crrtescanstudised in the
enbodi ments. 10(iii) Large artifacts may be only fragnmented rather than
conpletely renoved as we apply pixel w se conparison of such regions. Note
that, as nentioned above, pixel-wi se cqnparison generally does not
conpletely renove the whol e region. 15Nevertheless, it is clear fromthe
experinmental results that the enbodinents provide a fast and pragmatic
approach for artifact renoval. They do not utilize anatony rel ated

i nf or mati onpp ; i ; I I i 1 ng.
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inder 1 25SUE0AA0 THeT Sl EomEEeRElY RgrGHR [91968)-2 beta DI and
Error Anal yshsnéothetrBsuddhysi cal Sciences, MG awHi|Il, Inc. pp 77. 302.

Jammal G Bij aogj A (1999) Denoi si.ng and deconvol ution in nuc|ear nedicine.
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2009/ 08837 QFiGH, SERRIMOALGRRIcEinne UaiREN1999) Wavel et -based R cian

I r i I

noi se renova or magnetic resonance imaging, |EEE Transactions on | mage
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mentioned above, pixel-wise comparison generally does not compietely remove

the whole region.

15 Nevertheless, it is clear from the experimental results that the embodiments
provide a fast and pragmatic approach for artifact remové!. They do not utilize
anatomy related information whose processing may be chalienging and more
fime consuming. The present approach also does not take into account the
location of infarct, which is critical [23-24], and influences the outcome.

20
The embodiments can be applied as a stand alone post processor or be a part
of a stroke CAD system, and can provide a fast post-processing tool to reduce
artifacts in infarct processing applications. In fact, the processing time for the
present embodiments, when imptemented on a matiab platform, was under 1

25 second.
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(b) elimnating (46) identified regions which are determ ned (45) not to
correspond to any said identified region in the correspondi ng | ocation of
the other said scans; wherein step (a) is perforned before step (b). 2. A
met hod according to claim1, wherein sa,p simlarity criterion itsC¢hat the
identified region and the correspondingi region have respective intensities
which differ by less than a value (9, 14) which is an increasing function
of the intéﬁﬁﬂﬁy of the identified region. 3. A nethod according to claim
2 in which the value is proportional to the intensity of the identified
region. 4. A nethod according to any of clains 1 to 3, wherein step (a)
further indludeA: method of m‘etmmg\an@ﬂmhmdmot@@ralagtwmwaggs nore than

a predetern ned . orti scan if the determnation is
positive, HTEF Hl @*Ufﬁ‘ﬁvép?é? 'gﬁié?a”%c‘?rﬁ%gﬁwg fq EQFW@BY%H apREther said

sim lari tytHefbra®], Hod nieth®lnctddlfy idd (48 in each sddh 65@091‘%&5 m nat| on is
negative, determ ni ng whether thé sim’la |ty criterion Is net

identifi ethQQijWﬁ%f%ImefCharﬁ qaeﬂlﬁa&atbmms@ﬂcbtoangarptrtasedlumgm:I aim
wherein s ; imlarity criterion enploys a nunerical paranmeter related to
the Poissonerror in the intensities of the pixels of the identified region

and the correspehdiingatey @a,) lcﬁarﬁtflﬁﬂtr IBn8 @t arsthinth&rRispRErd SBREBANY Cl ai m
i ncluding a st eF\eOf determ ni ng or each identified region of each

scan, the hfinise Eﬁ‘b‘%féiﬁé@%"ﬂﬁfl%%@%ﬁémmw éHaednsaif identifiedangionseder egi on
in cor res%?hﬂﬁeh%§} {oor'?%et Q%Q‘Hﬁfﬁtﬁ%m&dﬁ%@}ﬁeﬁd@?ep [tglf%%;sog‘m“d val ues

v the maxi mal value v m nati ng
bel ow a thegmmmme?sammemmmcamm reflectedapysifoe eeung nQH%Ia@Ttiath ep (b)

further |n | udi il n the identified regions using a structuring
el enent . %Q{A%B’S 53&% 8‘1”51 any preceding claimin which said step of
i denti fyi ng | N SRGk-tERAH Wﬁ&?hﬂe%@ﬂﬁfﬁe?%@ﬁﬁﬁis%@g' ons which are
candi dates to correspond to Infarct tissue includes:
(b} eliminating (46) identified regions which are determined (45) not to
correspond to any said identified region in the corresponding location of the
other said scans;

wherein step (a) is performed before step (b).

2. A method according to claim 1, wherein said similarity criterion is that the
identified region and the corresponding region have respective intensities which
differ by less than a value (9, 14) which is an increasing function of the intensity
of the identified region.

3. A method according to claim 2 in which the value is proportional to the

intensity of the identified region.

4. A method according to any of claims 1 {o 3, wherein step (a) further
includes:

determining whether the region occupies more than a predetermined
proportion of the scan; and

if the determination is positive, determining pixel-by-pixel in the identified

region whether said similarity criterion is met; and



(i) excluding regions of the scan which have intensities below a first
t hr eshol d; (ii) determining the nmean intensity of the remaining

regions of the scan, and a neasure of the error in the nean %ﬁﬁ@gity; and
(iii) excluding regions of the scan havg, an intensity which i's" bel ow a
function of the nmean and the error. 9. thod of screening a set of 20 MR

scans corresponding to a respective plurality of planes of a brain, the
net hod conpri si &&egﬂiﬁf&%%twg it Megat v Jatgmining woathes dg aimigriio any of t he

precedi ng cMERbAR A% for the QERRTeBIdAtd SLifAch Scan whether the area of

the remaining identified regions is above a eshol d; and
determ nation is negative excluding the scan fromthe set of scans. 10. A

: ' t n ecedin
corputer syst e HERBE AL bURG Id SRy Rl P ARG SRl sbf AMiaRly J
criterion employs a numerical parameter related to the Poisson error in the

intensities of the pixels of the identified region and the corresponding region.

6. A method according to any preceding claim, including a step of
determining (22), for each identified region of each scan, the number of
consecutive scans v which contain an identified region in corresponding
locations, and determining(22) among the determined values v the maximal

value v, and terminating (24) step (b) if v__ is below a threshold.

max * max

7. A method according to any preceding claim, step (b) further including

dilating (22) the identified regions using a structuring element.

8. A method according to any preceding claim in which said step of
identifying in each scan one or more hyperintense regions which are candidates
to correspond 1o infarct tissue includes:

(i} excluding regions of the scan which have intensities below a first
threshold;

(if) determining the mean intensity of the remaining regions of the scan,
and a measure of the error in the mean intensity; and

(iii) excluding regions of the scan have an intensity which is below a

function of the mean and the error.

9. A method of screening a set of 2D MRI scans corresponding to a
respective plurality of planes of a brain, the method comprising:
processing the scans by a method according to any of the preceding

claims,
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determining for each scan whether the area of the remaining identified
regions is above a threshold; and

if the determination is negative excluding the scan from the set of scans.

10. A computer system arranged to perform a method according to any
preceding claim.



