MOTI ON COVPENSATED | MAGE AVERAQ NG CROSS- REFERENCE TO RELATED

APPLI CATI ON [0001] This application clains the benefits of U S

provi si onal application No. 60/924,162, filed May 2, 2007, the
contents of which are incorporated herein by reference. FIELD OF THE
| NVENTI ON [ 0002] The present invention relates to i mage averaging,
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[0003] It is often necessary or desirable to average nultiple inmages

t aken from LROSSEREPERENCEHTORBLATED ARRIiagaiON™ge Wi th i nprove
quality, such as with reduced noise. Conventional techniques for
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frames are taken. For exanple, in vivo fluorescent i nages of a nouse

retinaf®€&9%e obt ai ned based on a techni que using the green
fluorescence protein (GFP) transgenic nouse nodel with a glial

fibrillary gEdD OPTAESNVENTAR) pronoter, referred to as the
GFAP- GFP i magi ng techni que. However, the SNR in GFAP-GFP inmages of a

nouse inais typically very | ow and these inmages are difficult to
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is low and there i's notional displacenment between erent rames.
SUMVARPCIDECHGAE | NVENTI ON [ 0005] I n accordance with a first aspect of
the present invention, there is provided a nethod of averaging a

sequence of sh@mbmeﬁmewfﬁméwl I ving object with a
fl uorescent 1 mging technique, the nmethod conprising: applying a

noi se-reducing filter to the inmage frames to generate a sequence of

filter E{@Oﬂﬁ aniis often necessary or desirable to average mulitiple images taken from a
same object to obtain an averaged image with improve quality, such as with
reduced noise. Conventional techniques for averaging image frames do not
provide good or satisfactory results in some situations such as when the signal-to-
noise ratio (SNR} is very low and the imaged object moves while the different
image frames are taken. For example, /n vivo fluorescent images of a mouse retina
can be obtained based on a technique using the green flucrescence protein (GFP)
transgenic mouse model with a glial fibrillary acidic protein (GFAP) promoter,
referred to as the GFAP-GFP imaging technique. However, the SNR in GFAP-GFP
images of a mouse retina is typically very low and these images are difficult 1o

analyze using conventional techniques.

[0004] It is thus desirable to provide an improved method for averaging image
frames where the SNR is low and there is motional displacement between different
frames.

SUMMARY OF THE INVENTION

[0005] In accordance with a first aspeci of the present invention, there is
provided a method of averaging a sequence of image frames taken from a living



appl ying a deconvolution filter to the sequence of filtered franmes to
generate a correspondi ng sequence of deconvol ved frames; subjecting
t he deconvolved franmes to a notion-correction transformation to
generate a sequence of corrected deconvolved frames, wherein the ith
corrected deconvolved frane is represented by J{ef(x,y) Jref being
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frames is represented by §* and is calculated as I’ =

i
generating the resultant frame according to /s = N, I representing the resultant
frame. The motion-correction transformation of the deconvolved frames may
comptise transforming the deconvolved frames by an affine transformation to align
the deconvolved frames, thus generating a sequence of aligned deconvolved
frames, wherein an /th alighed deconvolved frame is represented by J&(x,y), J&©
being the intensity at image point (x,y) in the jth aligned deconvolved frame;
relocating image points in each aligned deconvolved frame to generate a motion-
cotrected deconvolved frame, wherein an ith motion-corrected deconvolved frame
Is represented by J"(x,y), J" being the intensity at image point (x,y) in the ith
motion-corrected deconvolved frame, J(x,y) = J?(Xo,Y0), and wherein the location
(%0,¥0) is selected such that (i) the location (xo,¥o) is within a neighborhood centered
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noti on-corrected deconvol ved frane, Ji"(x,y) = Jla(xo,yo), and
wherein the | ocation (xo,yo0) is selected such that (1) the |ocation
(xo0,y0) is within a nei ghborhood centered 2 around (x,y), and (ii) an
intensity rank of J;a(xo,yo) in the neighborhood and an intensity
rank of J; 1ref(x,y) in the neighborhood are the sane. The ith
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object with a Tluorescent inaging technique, the nethod conprising:
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between correspondi ng | andmark points in each adjacent pair of the
deconvi90@BH f Irnaecprdance with a second aspect of the present invention, there is

provided a method of averaging a sequence of image frames taken from a living
object with a fluorescent imaging technique, the method comprising: applying a
noise-reducing filter fo the image frames to generate a sequence of fiitered frames;
applying a deconvolution filter to the sequence of filtered frames fo generate a
corresponding sequence of deconvolved frames; determining landmark points in
the deconvolved frames, by identifying, in each deconvolved frame, image points
that have a peak intensity; establishing point-to-point correlation between
corresponding landmark points in each adjacent pair of the deconvolved frames;
establishing point-to-point correlation between corresponding landmark points in
each adjacent pair of the filtered frames, guided by the point-to-point correlation
between the corresponding landmark points in the deconvolved frames;
transforming the filtered frames by an affine transformation to sequentially align the
filtered frames, thus generating a sequence of aligned frames; fransforming the
aligned frames by a non-linear transformation for motion correction, thus generating
a sequence of motion-cotrected frames; and averaging the motion-corrected



establ i shing point-to-point correlation between correspondi ng

| andmar k points in each adjacent pair of the filtered franmes, guided
by the point-to-point correlation between the correspondi ng | andmark
points in the deconvolved franes; transformng the filtered franes
by an affine transformation to sequentially align the filtered
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the landmarks in the deconvolved frames may comprise establishing point-to-point
correlation between corresponding landmark points in each adjacent pair of the
deconvolved frames; the method further comprising establishing point-to-point
correlation between corresponding landmark pointé in each adjacent pair of the
filtered frames, guided by the point-to-point correlation between the corresponding
landmark points in the deconvolved frames; wherein the aligning the filtered frames
comptises aligning corresponding landmark points in each adjacent pair of the
aligned frames.

[0008] Inthe above method according to the second or third aspect of the
present invention, an /th one of the motion corrected frames may be represented by
™. where i= 1 to N, N being the total number of motion corrected frames, and
wherein the averaging may comprise generating a sequence of reference frames,
an ith one of the reference frames is represented by /" and is caloulated as



correl ati on between corresponding | andmark points in each adjacent
pair of the filtered franes, guided by the point-to-point

correl ation between the corresponding |andmark points in the
deconvol ved frames; wherein the aligning the filtered franes
conprises aligning corresponding | andmark points in each adjacent
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N, N beipngsdriiagtios adsutenbeimef notion corrected frames, and wherein
the averaging may conprise generating a sequence of reference franes,
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and wherein F,(x,y) issthe intensity at the image point (x,y) in the

Ith i mi%s:b[e 2R y;{h(a'f at?sf;?)(ﬁm()-% .<£(x+w;) and (y-w) <y; <(v+w;), and wherein
k(x.y) is the intensity at the image point (x,y) in the ith image frame, A{u) = exp (-u?/
20, } Is a Gaussian transfer function for the jth Gaussian filter, v representing a one
dimensional variable, h’{u) is the transpose of h(u), o;is a standard deviation, and
w; is a filter width for the jth Gaussian filter. For example, w; =j. The o;may be
selected so that it has the largest value that satisfies exp (-W,-2 / 20,-2) <10® The
Gaussian filters for each frame may consists of 3 to 10 Gaussian filters. The living
object may be a mouse retina. The fluorescent imaging technique may be a glial
fibrillary acidic protein-green fluorescence protein (GFAP-GFP) imaging technique.

[0010] in accordance with a further aspect of the present invention, there is
provided a computer comprising a processor and a computer readable medium
storing thereon computer-executable instructions which, when execuied by the
processor, adapts the computer to perform the method according to any one of the
above aspects of the present invention.



2Q 2) is a Gaussian transfer function for the jth Gaussian filter, u
representing a one dinensional variable, h,(u) is the transpose of
hj (u), of is a standard deviation, and wis a filter wwdth for the
jth Gaussian filter. For exanple, wy = J. The of nay be selected so
that it has the |largest value that satisfies exp (-w2 / 2Q 2) <10' 3.
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procesﬁgmr;esadapts the processor to perform the nethod according to
any one of the above aspects of the present -invention. [0012] O her

aspects and hj‘% i ion will become apparent
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description of specific enbodinments of the invention in conjunction
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[ 0013] .es, which illustrate, by way of exanple only,
enbodi t@#?;tfégg'?t"l“%% Oy esent invention, [0014] FIGS. 1A, 1 B, and 1 C
are flowharts for a franme averagi ng process, exenplary of an

enbodi [¥d] of FIGS. 'bﬁe‘@,mnd mmﬂmch@mﬂnﬁb frante aleraging frbeeds, di agr am
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representative input frame of an imge;
[0015] FIG. 2 is a block diagram of a computer for performing the process of

FIG. 1A, exemplary of embodiments of the present invention;

[0016] FIG. 3A is a representative input frame of an image;

[0017]  FIG. 3B is a sample deconvoluted frame generated from the input frame
of FIG. 3A according to the process of FIG. 1A and FIG. 1B,

[0018] FIGS. 3C and 3D are comparison frames generated from the input frame
of FIG. 3A;

[0019] FIGS. 4A, 4B, 4C, and 4D are representative adjacent frames in a
sequence of input frames;

[0020] FIGS. 5A, 5B, 5C, 5D, 6A, 6B, 6C, and 6D are representative resultant
frames, generated according the process of FIG. 1A,

[0021] FIG. 7Ais a bar graph showing the error dependence on the type of filter
used; and



[0017] FIG 313 is a sanple deconvoluted frane generated fromthe

I nput frane of FIG 3A according to the process of FIG 1A and FIG
1B, [0018] FIGS. 3C and 3D are conparison franes generated fromthe
input franme of FIG 3A; [0019] FIGS. 4A, 4B, 4C, and 4D are
representative adjacent frames in a sequence of input franmes; [0020]
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i nput franes are assunmed to be taken froma |iving object, using a
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pr e- pr eReHeE of IMage rbm@EED, id Mookl infAG. 9aanpl e, the input image
frames may be raw i nages of a transgenic nouse retina taken using

T E
averaged. The input frames are assumed to be taken from a living object, using a
fluorescent imaging technigue in a time sequence. The input frames 10 may be
raw images taken from the living object, or may be or include pre-processed image

frames.

[0026] For example, the input image frames may be raw images of a fransgenic
mouse retina taken using the GFAP-GFP (glial fibrillary acidic protein-green
fluorescence protein) imaging technique. The GFAP-GFP imaging technique is
described in L. Zhuo ef al., "Live astrocyies visualized by green fluorescent protein
in transgenic mice," Developmental Biology, 1997, vol. 187, pp. 36-42, 1997; and J.
Morgan et al., "Imaging techniques in retinal research,” Experimental Eye
Research, 20085, vol. 80, pp. 207-306, the entire contents of which are incorporated
herein by reference. Briefly, the images of fluorescent labeled cells in the optic disc
of the mouse may be captured by a scanning laser ophthalmoscope (SLO) where
the mouse retina is scanned with a laser beam from a point source and the
fluorescence emitted is then collected by a photomulitiplier. The un-averaged raw
fluorescence images typically have poor signal to noise ratio (SNR), and are difficult
to use for diagnostic purposes, and the like. Further, due fo respiratory motion, the
field of view for a raw image frame may be displaced from that of a raw image

taken at a different time in the sequence.



described in L. Zhuo et a!., "Live astrocytes visualized by green
fluorescent protein in transgenic mce," Devel opnental Bi ol ogy,
1997, vol. 187, pp. 36-42, 1997; and J. Morgan et at, "Ilnmaging
techniques in retinal research,” Experinental Eye Research, 2005,
vol . 80, pp. 297-306, the entire contents of which are incorporated
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beam f £oHAch:RS)] Ebcﬁ Hpif o %d;eeass@heeraﬁ%ﬁ EPinRBk i/ %erléré e

collected by a photonultip |er un- ave ged raw uor escence

i mges Wlﬂmgﬁhﬁ axxterpéﬁle fsargadn theosagvieseer ihe intesie) (/eofcerdimage

diffic Eur,t due
o respr (il Bon: h ik AIRAR L BY FEISERMRRT b By ke s A ey

be di sﬁeamr@ddrhatmcrﬂﬂm intdgeapoiatinithedle inpak dare, Phalith frpuefrime may | n

t he Seﬁréeri}f? 027 I For illustration purposes, it is also assuned
that t H&f rf B0 are rasterized - e.g. two dinensional (2D)

| mages expressed in the (x,y) Cartesian coordinate. Each input frane

10 is msyne@r@ﬂy,lmmmralnﬁld%ca@ Gawdsiirefilter islap@ied. to.eachlof the
I ndi cating. the (_)llqc%er of the f i n the sequence. The intensity (7')
t

of an E“de‘g@amﬁﬁ O BHPRIESS ngiset lle; presenying: saalighresebiondhbg pr esent ed

by 1; %enérati Qrc@rrés;@d}ﬁ!m/g %@enb@%fwmféﬂe@%ﬁ‘%solfz trh@ fitBRAErAREST 1N
the|t | nput _frape, The 1th input frame may also be referred to as

| (oo@re]’fheﬁ plgnsd will oseeﬂot*@r ﬁmg@nergtﬁaal@redlfﬁer%framss dB, thsougipl i ed
to eac§i@i, g aﬁd‘ﬁ‘l‘é%fe{sé\ﬂﬁ%e]fﬁrtﬁ& FYRARES eV, Slgad’Wél igheRIRBRLY| N

spati al resol ution generating a correspon equence of N
filterfE@meisihes non-lingedy tianstormdd o aamsct far motibeal chﬂ;tntjnedthust h one

anot he

and stouelE e BTt o R et e 2R CR P T Pt
franme deractashfitered fmnmrzg/mtay aesveraged tbaererate & reboftantditantan a4 at

di storéizgf thus generating a sequence of notion-corrected filtered
frame at S110. The notion- corrected filtered franes 22 may be
averaged to generate a resultant frane 24 at Sl12.

[0029] Exemplary multi-scale Gaussian filtering at $102 is illustrated with more
detail in FIG. 1B.

[0030] The transfer function for a one-dimensional, lowpass Gaussian filter in
the frequency domain has the general form:

h(u) = exp (-u* 1 26, (1)

where « represents a one dimension variable (e.g. an x or y coordinate of the
image point or a distance) and ¢ is the standard deviation of the Gaussian curve.
Each fransfer function is characterized by the parameter o.

[0031]  Further, to transfer each image point from the input image to a filtered
image, the transfer function may be applied to a neighborhood centered around the
particular image point. The shape and the size of the neighborhood will have an
effect on the transfer result. For simplicity and ease of operation, it is typical to use
a square neighborhood which is characterized by its width. For illustration



[ 0029] Exenplary multi-scale Gaussian filtering at S102 is
illustrated wwth nore detail in FIG 1B. [0030] The transfer
function for a one-dinensional, |owass Gaussian filter in the
frequency domain has the general form h(u) = exp (-u2 / 20z), (1)
where u represents a one dinension variable (e.g. an x or vy

coor di nafrgogds, hSarei HEAGHDRPROAHs A6 L@eﬁl h&élﬁ‘?&')Géur%@n filferin@® THeAMEMH d

devi ati on of f he Gaussian curve. Each transfer function’is

char act(®) P B Higripaasjghoamacst fora Gayssien fiter iswsferredsta herakras theach
g TR 5700 ol B e LA P ol TP Sk e 2
parti cus alsoi mmnmberrﬁat dierasietpss thadarimiliai Gaussian filkerndi iglabsurnedd

il h st . I
of  oporiaibfhat e fEbpBrinba of kR13a5E RbER HDé VlsbiFaracbotn BRined >
char ﬁgtl@fﬁxéﬂ@ by <(t-swivedd (.- ﬁp]f:yl #g@r ﬂﬂ"lidh][hal%t @erzgqswgﬁ )xmug'r)e It (
nei or nooqgqs ar use or ussli an | erin e w
of the Sﬂﬂpvkdg?% %ﬁoaaBmtﬁﬁ%%remha@e@ﬁ@@i@moqu@ay Seusedined to

her ei n Gk fitfehihger Wi dth for the corresponding Gaussian transfer
function or Gaussian filter, and is also a paranmeter that
characterizes the particular Gaussian filter. It is assuned bel ow
that t hR0%Ri ghihs Hissmastuteame milldenssdan the naremeley)valupspi geng w.
regi on defined by (x0-w) sx < (x0+w) and (y. w) sy _<(yc+w), which

has a $0033]( 2 i eABobimeht multpit! GAubSiaH IR 9QtHoRa bf tHe bR7 AL
shapes of nelghborhood may be used in Gaussian filteri ng. [Oopwl The

filter Ay cldmt with |diffpé9@tr@aﬁptewq)aamt@fs g8 applied fo gagthin
[ 0033] flafhe 19 & %fgﬁddaﬁ%ﬂ%t G%lsé;éﬁ éés%ét @Q&B%e %Hﬂﬁbla? o

the formof equation er ent aracte
par anefféms. anees&ﬁrﬂn% functmrare dpu@tedfm,amfmerao =t b Dbt, . nT & tﬁeéotaht

R A s e
total depeuing Ofacbrsthpbm2g maﬁ._:dmthge@mmtm‘dhevﬁpmhna@@s_ fodbey in
Ot ur e PooBRE. 8 bl Ring IPREH M8 %e8ed ALY k1AL 1KBY | ol ude the

nat ur e

[0034] The jth Gaussian transfer function, #;, has the form:
h{u) = exp (-u? I 20f). 2)

[0035] For different transfer functions, the corresponding filter widths for the
filtering neighborhood are different. [t is assumed below that for transfer function h;,
the corresponding width is w; = /. Thus, the filter width w; varies from 1to T. In
different embodiments, the width values may be selected differently. For example,
the width may be selected according to w) = 2j.

[0036] The standard deviation o; for transfer function by is selected so that it has
the largest value that satisfies the inequality:

exp (-wf / 20f%) =10%, (3)

[0037] In different embodiments, the value of o; may be selected differently
depending on the application. For example, the value on the right-hand side of



processed, the processing speed, the desired quality and the I|ike.
(0034] The jth Gaussian transfer function, hi, has the form h,{u) =
exp (-u2 / 2al). (2) [0035] For different transfer functions, the
corresponding filter widths for the filtering neighborhood are
different. It is assuned below that for transfer function hi, the

(1:or r e? pinladilaﬂay ﬁ)d‘hhy be 19, ¥0f,.10™hes nﬂﬁhe_ehbt]aug,r tlh\m' Gﬁlbe‘éhoms,fbiefs fr gm
to T. |n ifferent enpodj nents, the w dth val ues nmay be sel ecte

di £ Per exgied BRI SPaTGIDENE iAo AR YA BN BoR YEHORE BTG 1o w =
2j . (00@@}34[{5}9,6(2?} andard deviation ai for transfer function hi is
selected so that it has the largest value that satisfies the
inequalrigtg: exp gv\/z /[ 20,12) <10"3. (3). [0037] In different .

enbodi 8AB8]  AESIZR.Rsytabl Valde Tyl sdnidialesrlerted o f aray e apepuiirhle g
on the j | Cqth 4 F@r I I i y i de of
9 inengﬁg%g/' ?ﬁé)a%rarige ogél'zﬁéﬁgg %?@ﬁﬁ%%?&%m{h%w nie\rléa]tﬁ‘?&a?t hi s
val ue sindigiies BesDswheist2ds the numalveriaf imege pgintsphpizelsrin agivear i son with

var ub T eRei i tnenglHiplobe SHEHS BB ddar P aho iR ol coer

The valaxamyle,T7 may Havedetatneroh2do B9, Fer Hosiratipri frapbesg ¢St avsurned t hat

satisfies 21ISD__where D is the nunber of i e poi nts or xels in a
o ven HHAIERGE TG Tt BRGSRE] FansRE fiEdorn 8 SVaRci, And e o
t he i ngijter widhhs afX@MI3L... oTeYspYioclp. val ue of 2 to 10. For
illustration purposes, it is assuned below that T =10. Thus, ten

Gaussi ansfer. fynctjons are constructed, ,and the fi|ter w dths
are s 10034 °ASlinale G il S7I8eRY o] TR THnSITE/ oWhicE saliedss
sel ect afe EoHdiBas th E@@ﬂ@h&(g)j unction hj, which satisfies the
condition in Equation (3). [0040] At S122, each of the ten Gaussian

t ransf nctj.o js applied to_each inpu rae 10 to produce ten

Gaussi iﬁoi{ﬂps_&é}f‘%ﬁen‘?ﬁ fie &5 Gapgyian Fr_aﬁ‘_f‘ftef AleHons HRPRigH &2 PBFN nap

MLA( X, Wiput famdPeito prodiBe ferPGadYSias ntpsiE6, dendicHem, RY that input frame.
The Gaussian map M (x,y) for input frame “7' produced by h; is given by,

Miyxy) =35 hix-x) hi(y-1) a0, (4)

X
where the sum is over all possible image points (x;, 1) within the neighborhood of

(x.y) with a width of wi. That s, (x-wj) < <(x+wj) and (y-w;) sy; <(y+w). The
function h;(y-y;) is the transpose of A{y-y).

[0041] For a given image point coordinate, e.g., (x, ¥}, its intensity in the jth map
is given by Mjj(x.y), which may be different from its intensity in another Gaussian
map. The maximum infensity at the image point (x, y) in all of the ten Gaussian
maps 26 for a given input frame “" is denoted M max(%,y). Thus, Mimax(X,¥) = arg
max Miyx.y)forj=1to T.

[0042] A filtered frame 12, [, corresponding fo the input frame 10 f, is generated
so that

!fi(xs.V) = M max (X, ¥). (5)
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Md(x,y) _ ZZ h#-xl) hj (y-j.) I (xt,yi), (4) xi yl where the sumis
over all possible imge points (x, y,) within the nei ghborhood of
(x,y) wth a wdth of w That is, (x-w) Sx < (x+w) and (y-w) -~yl
< (y+w). The function hj'(y-y) is the transpose of h,{y-y). [0041]

For a given inmage point coordinate, e.g., (X, y), its intensity in
the jtii00ds)p iThugi theriniensity aiegch)imagkipoint tmihetfiteded frament2 krien i ts

| mage. Bl ISR fPRiAt Rt ERE sl A enhaausaan a2t o er

i nput  tHzaparticklarfianee TTRig & éﬁféﬁtét(tb,hé)ve 18 efectMYlomBXAXinY theadtul]  MBx
Mi (X, =1 to T. [0042] Afiltered frame 12, /;, correspondi ng

;
to ther{PHb%%mJPrfaﬁ@Wa@fng heifiiofrssentsigap! T theamouse retipa in the inpak  ( x,

. (5 0 : i ' | 4 ; [ e point in the
1Yi) I t(er}ér mfé’r gl[r:r(ggﬁjz%]‘PgﬂétaﬁlggQ%ﬁp%ﬁm%ﬁé%%gwoﬁgﬂgp! {Tﬁgt Pmage poi nt from

all of the (ten) Gaussian maps 26 for that particular frame. This is
expect E§4¢h h¥\idler anoteensiatistionl rasmsineioh ihea intensiy disfributiopurittin thee /i
enhancj ' | [ LR I nput

Fr o, "agapdifiood RUATEAS SR bR, R, ARYEE s Ak o b

Wi | e @femshivrit Basbesi foral thatdbe nexdrhuthiatenstie peividesta bettérresilan
within the neighborhood, such as the average intensity, nay al so be

q £ . . P L th .
ot eno U, bt 53260 padbER% ibipodit RERGETE MR hOR i i B,
made wiothe presgesed. tlbthsheishire inbex & isdnarenexited byatret maabanqgtmm ed.
If th LS. o i.nd "1 0S| t S128, t he next
frane. R HOTRHE % wroppanelshl BoBytre plat g B2s Trsdtoralione
sanme veflasd oahay banged fomall ibpulfegtded.or all input frames. (0046] This.
procedure is repeated for all input frames 10, so that a filtered

o b ° RS R O 1ol Sk o Pt

12 is generated for each input frame 10.

[0047] Nexi, at $104 in FIG. 1A, a sequence of deconvolved frames 14 is further
generated from the sequence of filtered frames 12. In the sequence of deconvolved
frames 14, the ith deconvolved frame, which is generated from the ith filtered frame,
is denoted as J{x,y).

[0048] In the present embodiment, each filtered frame 12, [/, is subjected to two
dimensional deconvolution filtering to enhance contrast and remove background
noise. Deconvolution may be carried out according fo a suitable known
deconvolution technique. An exemplary suitable technigue is disclosed in D. L.
Snyder, T. J. Schulz, and J. A. O'Sullivan, "Deblurring subject to nonnegativity
constraints," /[EEE Trans. Signal Processing,1992, vol. 40, pp. 1143-1150, the
entire contents of which are incorporated herein by reference. The deconvolution
filtering may be applied using an algorithm based on the Classic Maximum
Likelihood Estimation method.

11



generated fromthe sequence of filtered franes 12. In the sequence of
deconvolved frames 14, the ith deconvol ved franme, which is generated
fromthe ith filtered frame, is denoted as Jj(x,y). [0048] In the
present enbodi nent, each filtered frame 12, i, is subjected to two
di mensi onal deconvolution filtering to enhance contrast and renove
backgr d0849] noVhen the gt Ghmesdid areyawdraraes ofa GRMP-GESONdigegtieo a

sui t abl conval ution te hni_ gue.. An _ex | ary sui tabl

¢ ochni drEoh Lo ARERR, afb sRPetiS8 058 nd InGEREe ficreStiny Bibrie

O Sul | irvare, clédpghWithirmingh mub@@bamcgrmﬁmﬁ@@éj vity constraints," |EEE
Trans. Signal Processing, 1992 vol . 40, pp. 1143-1150, the entire

cont ent orate by reference., The
deconvc[ﬁguﬁ Atf%'fé?h%g’ r’bB"’Qg"\‘p’Peﬁé fl[ggre‘ﬁér%esa‘fggpq g hitind sHoln
the C m&omﬁmd@@w@gﬁmﬁﬁpﬂuwn met hod. 11 [0049] Wen the
i nput franmes 10 are raw franmes of a GFAP-GFP i mage, the deconvol ved

frames e ted to show the underlying fluorescent proflles
mor e c|ié%$ﬁ A A0 dosnOrranolvac d e FErNaNFeddIsinp gRY-9%als106, the

| andmar [ [ such as
accor dldr%@?%iﬂgﬁa! %?%g?irsgbgﬁg\?\%é Fen%ﬁﬁl legéigfégggr{ij&"f%wo t he

deconvdfeBackpgisabiaagecanahals peacinssapdarplisgtiernsar 899.nm. ﬂﬁ’@l-'k?di, cal
oper at 'Sg)ﬁngéwgrr% tﬁ@@nﬁ@%‘t&ﬂgoﬁwﬁ&h%S%é ndra e%ﬂjue% el by re{sa‘sgce

Mor phol rinciples an app I'ca
170- 177] hls @pwsnglem&mhbm;ca[ bpenambn can ¢derttigntte lotations i lr&em:ty

| hol |
oper ot MRS R ERE QoebREEITERE 14 (1)) Pnd [BIGR5508 JTahdaiclof 503%&{@
decon\d/obnﬁd?rfedgum?%ﬁe (alﬁdma?h(poinmgﬁwﬂm’greﬁhﬁy MaﬂmQ?ﬂHeOGEAPQBEP?L e
consl dere (0] e Ol e | ensi I.n e
AP, RS spBa (e EP piadRee! S inar botee abanulchiom o
f1 uor egpicaligbiillosliz6d il Spadeysidcilthis E@’qshta\}éjt@&hd)t&ﬁfél H%pfd@éﬁfén@mj i's

t hus senS| tive to notional displacenment in y direction.

i nt ensPRYdBCiONmihe RIRNSIY afias@aKRen js plsg éfkﬁlﬁﬁﬁﬁql@@ﬁﬁsi brymow Thus,
these TALENRESS iINtERGITPrRiRa ¥ B8LHEGed B PrRdScRFAY rlﬁdléaﬂd?\ddfc ation of

motional displacement.

{0052] The coordinates of the landmark points 28 may be automatically obtained
based on the intensity maxima as described above.

[0053] It can be assumed that the corresponding image points in the
corresponding filtered frame f are also landmark points. Thus, the image points at
the same coordinates 28 in the corresponding filtered frame are also identified as
landmark points.

[0054] This process is repeated for each deconvolved frame 14 and the
corresponding filtered frame 12.

[0055] At S162, the landmark points in each pair of adjacent deconvolved
frames 14 are correlated. This is performed using a normalized cross-correlation
(NCC) technique, as described in J. P. Lewis, "Fast normalized cross-correlation,"
in Vision Interface: Canadian Image Processing and Pattern Recognition Society,

12



not i onal displacenent. [0052] The coordi nates of the | andmark points
28 may be automatically obtained based on the intensity maxim as
descri bed above. [0053] It can be assuned that the correspondi ng

i mge points in the corresponding filtered frame /; are also

| andmar k poi nts. Thus, the inmage points at the same coordi nates 28

i N t he ©86r p.piidi 28 the entneambnterdsref wiioh alrs ncodmraieli tetleiady | andnmar k
poi nts. 1[e005c|£;1=z] This process is repeated for each deconvol ved frane 14
and t hé® esponding filtered frame 12. [0055] At S162, the

| andmar k points in each pair of adjacent deconvolved franmes 14 are
corr el §0@88] TrBriefiysa NOC aremdraIfVOQ) far adammhaﬂmbmtr(aﬁe}mhé el ation

(NCO) techni as desc ed in Fast nornmalized
Cross- 8P?‘é‘f°g\’%fﬁame JeEH"{/? %W?KP@W&& eym?gﬁﬁﬁuﬁﬁe'}tﬁjﬁﬁen‘ﬁlﬁf’esm ng
and Paffiagien ) Rec@ehitisdiayn Society, 12 1995, pp. 120-123, the entire
contents of which are incorporated herein by reference. [0056]

Briefly, a NCC neasure (NCC) for a landmark point (u, v) of the
deconvol ved fra . and a Ja,nd-ﬂmxjp,q.l nﬂ,(,u,,.)v ) of its. adjacent
deconvol ved fraf® %, § ' 6

i \C ji,u,v
-ji,v,v,ji-1,u v (6) Lii Maew~ J‘"'C”lh““""' v”T“I‘)ﬁl-I,u',v' where J;,u,, is
a (2 W+l)x(2 We+l) nei ghborhood centered around the | andmark poi nt

(3 whord U3 0t 0, BT L oblh REAERGH 000

I andmapkmptu v in(frlame v, Jandny, rsame m]ean mtemsﬂy nEtkﬁé\ﬂelgEIamrhbﬁtﬂ ehsi iys of
t hi s nei ghborhood. The notation "~~ " denotes the dot operator,
wher ea8§ (Wit M%W@t!'é‘p‘nelgbeQnd cadterashanoand the [OIEErk Phint () vipinof Ve

Ve rmy "Rkl E¥ec0 't HsMEAR THBERBARA ARGHART oA ! THAEAio ) any
\e:)re\rlvesgeno es gwe émt% epat twh%entagvse e[n,, (? Infotcéasr gtmgér?ip%se 6prerétgr(? field of
[0057] The value of Wc may be empirically selected. For example, We may be
32. The value of Wt may be selected so that the observed maximum displacement
of any corresponding image point between different frames in the field of view
remains within a block of this width [(2We+1)x(2We+1)] for all image frames in the

sequence.

[0058] The point-to-point correspondence, or correlation, between (u,v) and
(u’,v) is established if the following conditions are satisfied:

A. (u, v) lies within the (2We+1)x(2Wc+1) neighborhood of (17, v,

B. the NCC measure given in Equation (6) is the largest within the
(2We+1)x(2We+1) neighborhood and

C. the NCC measure is higher than a pre-selected threshold NCCy,.

[0059] The threshold NCCy, may be empirically selected. For example, in one
embodiment, NCCy, = 0.9. NCCy, should be large enough so that spurious
landmark points are avoided but at the same time it should be low enough such
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remains within a block of this wdth [ (2W+1)x(2 We+1)] for all inmage
frames in the sequence. [0058] The point-to-point correspondence, or
correl ation, between (u,v) and (u,v') is established if the
following conditions are satisfied: A (u, v) lies within the

(2We+1) x(2 We+1l) Nei ghborhood of (u, v); B. the NCC neasure given in
Equat i dhat(ré)t toes namny vaid esinank pbints sifecexciuidth Ih xohaepplibatiaisy No@hood

and C. .the.NCC. npasure i.s _higher than a pre-selected threshold NCCth
[ 0059] 'ﬁ'ﬂ’@'cﬂ%;é% '@“ﬁ%@?ﬁ‘ @%glée enpirically selected. For exanple,
in one enbodinment, NCCth = 0.9. NCCth should be | arge enough so that

spur i os060]andning lanfmiaft Soifitstn dve adpdefideodhvdhed Famst14®at satehpul d
be | ow_enough such, 13 that not too many valid | andmark points are
excl uddie @ &Vesﬁ ]S e SenYHgred\eigiated dmag@ PelNS.y in the range from
0.7-0.9. [0060] The | andmark points in the adjacent deconvol ved

f r ames (@611 hat TiesarRé Yandhitek gbm@a@@r@b tbAsiderRbtRIMEE ¢ 8
oints. [0061] The sane | andmark points_ are al so

correl ated i mge

consi déPB’BSRQﬂq?@ E‘@%’Qd TAMesd 2. clﬁrth@rpWWG’ﬁn@ef%tQ@Sgﬁlelﬂi gheaintte- | n

ot her nség;f@g : o o LI ' : hat ween
corr eswgﬁg?%gé%ggﬁyg?@épm nt sbtﬁﬂéﬂgﬁ%ﬁﬁgﬁ%%@ gﬂ? s ya?g%?ﬁhg% d‘tﬁ% Pke%g

f r ames filttoredfearges 42 arvpguided by thepoinbigppodint caroeladidrabewecndhetsmdmarie

landmééi&timtﬂg?eican%ﬁ%ﬁﬁéqgved frames 14. [0062] The procedure

descri ere for i hd correlating |landmark points
conveni ently provides certain advantages. For exanple, it does not
requi r 0062}t endievierocenipa dasirired kemder idesiifyingeandGo ropatirg laodmask
suffic ) C bgt ween_any. t.wo | andnmar k

poi nt <57 TR plolite< Sl BANRAGS:  OIPANRAB s b¥8: DBGHAR, e
| ocal i exensige ghhmutatinds sinte tlsindiaNE@bbe@miontis suffise &y dededirgithee t hey
have isotropic profi]les. [0Q63], Wiile | andmark. poipts may_be directly
dent | FEG ARG PEMERDAY R RN baIEiedn PIAEREL ey IPRg t he
deconvedrsitlityrof GO ¢ rasticheindhe RRFAIIREGd AEiIghBBY08Es of the landmark points

is avoided since they have isotropic profiles.

[0063] While landmark poinfs may be directly identified and correlated from the
filtered frames 12, using the deconvolved frames 14 as described herein may be
more convenient in cases where the fiitered frames 12 still contain a high level of
background noise thus making it difficult to accurately identify and correlate
landmark points.

[0064] Using intensity maxima from the underlying fluorescence profiles
(deconvolved frames) to identify landmark points is also advantageous since these
maxima points are well localized in space and therefore are sensitive to positional
changes in any given direction. The selection of the intensity maxima can also be
automated, thus providing an automated method of obtaining a reasonably large
number of landmark points.

[0065] As can be appreciated, each filtered frame 12 may have several
landmark points with corresponding points in the adjacent filtered frame 12. After
the correlation between the landmark points in each pair of adjacent frames 12 has
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nore convenient in cases where the filtered franmes 12 still contain a
hi gh | evel of background noise thus making it difficult to
accurately identify and correlate |andmark points. [0064] Using
intensity maxi ma fromthe underlying fluorescence profiles
(deconvol ved franes) to identify landmark points is al so advantageous

si nce tHeeheestdishe® thelzdjstent fames mdydsasddqemtibny agmea (ard réitéﬁ’eeft@r e
are sensitive to positional changes in any given ection.

sel ect .%P%*iegﬁ%%”eﬁﬁﬁe Hatihe rerespeElg lam%aﬁe haygbpaams, coerﬂaeates
provi difgr afigryégmat ed method of obtaining a reasonably large nunber
of | andmark points. [0065] As can be appreciated, each filtered frane
12 may have several . | andmark points with correspondl ng points in the
adj aced0§8]| « yeveniighalignmenhrafers totﬁ@%@ﬂﬁéloéﬁllwwtﬁﬁé@fpmﬁéoﬂ

| amm%e‘?%h@[ﬁrdn’ib@ﬁ@s erncgfar@ghw;b d iﬁmf | yegréﬁ]ri@?

est abl t he adj acent sequen
referr éldsttﬁ@m@@ycdateregnmgéhemansformaMn betweearumﬁgmdjad;gcemimms(s

h t t 066] .S t,

o g TS IRE 3P B B ERmeBlotl B4 ln WPeR e RP AR Blpative

aI | fraﬁgmedf avganetfeueanm gafeeed el fgaes ihe ?E}L{[eﬁtlélle?lbnmfneref@g@cé fo ane
irst etermnin e.trapsfo i on_bet ween

unal i gﬁ?@EF"&(ﬂ 'QEW{ pf&&egggmeqﬂ@gee%p&wéeq%veéy rom;t gr%%ﬁﬁ onal

CO- I egiagjdcahi oRhaWNA refpdntd A td mechérﬁé ttrhaf[ is Pérliﬁ@?ﬁoﬁ&ﬁe ﬂﬁﬁalt he

initial reference frame, in a sequential alignnent referred t

her ei nefarangRHEme, @FTdtQ?@hf%L@ﬁéguﬁmér@é&j'ﬁ renesl; spelhit it iﬁﬁi%ﬁé frane
t hat §?a®€'\! :E,Cé‘ﬂécérﬁ fH?ﬁe {2 h?@'alréﬁf?@é]?&@rfe@m%ﬂé ] ﬁéél@bEééWﬁ'aﬁ'm@% s

farthes romthe 1nit erence frane, and eac sequent frane
i s trafbpdihesighdediraedy) altgrﬁé aghingh the iniighfrage. i t s adj acent frame that
has al ready been aligned. As a result, each franme is also (though

|l efddor) @ ngieh ety elR tpRTRFIG T ahionrent
accorrpﬂllmﬁ'@%i‘i’f@ﬁnehe agdormdished hy Borating sansiormeaiism dfreach ﬁram fi (2 </ =N)
agal NSy LPAEAHETERTENdd e, SHH ARSI BALR BL IO PR a0

oper at ,
which is selected so that in the transformed frame, referred to herein as the aligned

filtered frame 18, /%=Ta; Ta;.1 ... Taz [}, the corresponding landmark points are
aligned. The transformation operator Ta; describes the alignment of the i
unaligned frame to the (i-1)" unaligned frame.

[0068] For example, assume a landmark point (¢/,v") in [ is correlated to the
landmark point (&,v) in the adjacent reference frame, which is either /1 when i= 2 or
.1 when i > 2, and (u,v) and (u’,v) are displaced from each other due to
franslational motion, then the affine transformation operator, Ta;, may be selected
so that

fra(u,v) = ' v). (7)

It is not necessary that Equation (7) is true for all or any pairs of correlated
landmark points. The affine transformation operator may be selected so that after
the affine transformation, a measure of the total displacement between all
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which is selected so that in the transformed franme, referred to
herein as the aligned filtered frame 18, Al=Tal Tal 1 ... Tae ii,
the correspondi ng | andmark points are aligned. The transformation
operator Tai describes the alignnent of the ith wunaligned frame to
the (i-1)th unaligned frame. [0068] For exanple, assune a | andmark
poi nt (aoreNdidd pairs of landmark phiatsdsbttvoet tee referadoa fianzoamt thetalighed n t he

adj aceg reference frame, which is either f, when i= 2 or !al_1 when
1> 2, ARPS 6 INARE Ty, v' are displaced from each other due to
transl ational notion, then the affine transformati on operator, Tai,

may be [B%ﬂCt ethe §|®Jctab§ts re aéiéd i Bligry dacH pait 6f Qéﬂ'bcé}ﬁqﬁtéﬁaf ﬁ‘arhé@bﬁ
Equation (7) is true for a or any pairs of correlated |andmar

poi nt s AGRET gorreladed lapdarask Hﬁﬂ%ﬁ?ﬁ%’&@ﬁ Hhetn tgyioh @nvaffies iraasfepnatiog:

after the affine transformation, a neasure of the total dISp| acerrent

bet weeoetd] 1578 ar@%rﬁémdn@pbé %eﬂfbrrhé’d@é@féﬁtlﬁw SestirRPryReRn, WA

reference frame and the aligned rame is a m.nimum- [ 0069] Th

pr oces $Sit8e il sefeeenas eamen TR Hz2 arlioned vi) fichasedran Taz éslefEHlQﬁ%@ by
al i gni f £ f
transfg@#aqﬁlt%ﬁbehﬁﬁdfa%ﬁgws rgcf’i ¢SSa“ﬁf.:[ée{\rr@&'ql:f) perPorrre hgé"q%t@ .{é"hl |y
st ar t i agdisoam, iuatl theilagi fitereddeanndin heisequenceisaligned 16 ttemeferdhes, 12
S all% with f, based on Tae, 13 is aligned wth f, based on Tae
and Tai, and /4 is aligned with a3 based on Ta2, Ta3 and Tao, and so
on, until the last filtered frame in the sequence is aligned to the
ref er e 1]f r dhshoyld 0 Lhdenstaidohititheelignoient maydstart abthtzmy feneg ment

may start t he .seque the lal re
(e, ebpetlelp8R¥ o B herdnd® el B FipREnb et drsh ) ﬁwgﬁa%f
initi afranm‘:aayhe&hé irdiied refOEncefairhy., Obhienally; #ld maﬁgsiécﬁﬂﬁ@méfif
useda the|n| lal.reference fra | n_thi s€, thf d
oy beD&HoER a8 the, G| SerEleries Fram i his G Befhelercic ra@a%%é[’grﬁé and
15 mayagginstse /4 ahd Antlaybe @ligned 8§4iRt !’ésalﬁﬁfl— rafly dBEREE FRoMd dosh.
initial reference frane does not have to be
[0072] As can be understood, the initial reference frame does not have to be
transformed to align with another frame. However, in some embodiments, it is
possible to register the initial reference frame in a new coordinate system for
various purposes, such as to use a simpler coordinate system, or for comparison

with other sets of images.

[0073] The aligned filtered frames 18 form a sequence corresponding fo the
other sequences of input, filtered and deconvolved frames 10, 12, 14.

[0074] For use in the later non-linear transformation at $110, each deconvolved
frame J; (where / > 1) is also transformed, at $108, into an aligned deconvoived
frame 16, J4, using the same transformation function Ta; that is used to transform
the corresponding filtered frame 18 [} into /2. This is expected to correct for global
motional displacement in the deconvolved frames.

[0075] It is expected that determining the alignment transformation of adjacent
images sequentially may be more accurate as compared to determining the
alignment transformation of any given image frame against a same, fixed reference
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transforned to align with another franme. However, in sone

enbodi nments, it is possible to register the initial reference frane
In a new coordi nate systemfor various purposes, such as to use a

si npl er coordinate system or for conparison wth other sets of

i mges. [0073] The aligned filtered frames 18 form a sequence

cor r espameli Mhe treaddneis tindthies displicenens befiveenpidiacent Inhagjeffamed tends
deconvol ved f(?ames 10, 1é, %’455[@387@ For use in the later non-linear
t r ansfiBPR YIRS eoparedde fra FAGdUrtheTapAt 3 (where i > 1) is
al so transfornmed, at S108, into an aligned deconvolved frane 16,

Jai, UaoTe] t hes sanBeluABRIGENG BNt URFSIcPMATEN diskassdcbatsed to
transform the cg{respondl ng filtered frane 18 i; into Pi.. This is

expect@Fers Bakk é’ff'”ﬁB?'a@?fbb'aiahoﬁoianﬂ%ﬁ”@ﬁbﬁ@%m@ﬁﬂﬂ |bﬁtw¢e@ the
deconvplyad fi6RaRs s&nﬂ@ﬁbgé 8b§0%xe§(% §§iatltbi?1§ eﬁé@ cﬂ@b ”géﬁ%%
I mages e nor e

alignment transformtion o J'acent equéhtia
accur aay drdergenstliardynss Qfenevemmta@rph@lg@, i Eprrexampde, em@fttoa iw@i on of

s o DTS L AT T AP B Rk KEDIBRT PR, h 28T enae
to be tmnafdrmationa&ohnrqnerme malymatee dbfedo curect sudhacoapdst . [ 0076]

As can beﬁgnder {E@ {I ne transformati on di scussed above
cor r eCEPIRGM 'E"I?ﬁ PISPt BPFUraSk at i on, scaling and shearing
not i on between the frames. However, sone inaged objects, such as a

li vi ngooimjy, Ih ipmstioellayy a@aﬁmeitmsformonnwweﬁédstﬁre fby@mecmhg

and mepeBh et BRAaT e B P he BelFolEer BnfestRalesd sastonsl

t r ans iptarebh.On gieisdl mn@tmaaaieaecmnﬂeta &epeeémehpoﬁﬁérce%swfdh@
conpl ex I’ESEI rator%/@rmt ilon with sufficient accuracy. [0077]

part i #URSE POigEs Rradianent framesdi MENGhoHTarent eags peipts mém éamecbmaa@t i ng
gl Obabré@i%bl%ééi agb&ﬂh"@ctg@ﬁm@‘ﬂf\ O%‘Wn&fbn! nﬂ‘fl{segﬁéﬁ’ﬁlsb%rceﬁ@hf 851 b89

| ocal notional distortion not | ona acenent 1S a

di spl GeEpEad beSUb}@@ﬁﬁ@ihﬁe@’pﬁQﬂjmmgtS tp @aﬁf@@maﬂ@ruaﬁ‘mﬁ@wmnamanes in
whi ch,
I C A'Fjé ideal %%ohgecﬁ%l?ﬂ%hnfrﬁeeﬁ]@gﬁ iR |ﬁ$h%réﬁ@r3§|r?ngl Zg?éﬁ%@%ﬁggan be

according to sane eaf cenen
are displaced according to different relatlons or according o a non-linear function.
Thus, such distortions cannot be accurately corrected by an affine transformation of

the entire image.

[0078] To further correct for the other types of complex or local motional
distortion, the aligned filtered frames 18 are subject to a non-linear transformation
for motion correction at $110.

[0079] This may be accomplished by first generating a motion-corrected
deconvolved frame from the corresponding deconvolved frame, and then non-
linearly transforming the filtered frame by a rank matching transformation with
reference to the corrected deconvolved frame, as further illustrated next.

[0080] For ease of illustration, it is assumed below that J;, the 1% frame in the
sequence of deconvoived frames 14, is selected as the reference frame and it is
not subjected to any transformation.
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corrected by subjecting the inmage points to a sane linear or affine
transformation. In a local notional distortion, inmage points in
different regions of the sane inage are displaced according to
different relations, or according to a non-linear function. Thus,
such distortions cannot be accurately corrected by an affine

t L ansf ﬁoomi OrEaD:hfalighed laatdﬁ\»el\z:eﬁﬁgxime fiaQ PBdwl h@%f sriphe !‘traﬁ@fdnﬁl@d i:lﬁt_@r g
the other types o ex or, .| oca tiona istortion, the aligne
fil ter@dnqt}fégggreﬁergaggcgwmvggﬁap@ 201on- 1 i near transformation for
notion correction at S110. [0079] This may be acconplished by first

gener ajoos2]a MNisEnthe 6SHEIRGEEndie eoalived Her@nethbt #@ thdisformed
corres ond:scg%hdeconvol ved frame, and then non- _linearly transfornmi ng

the fiFB@e< e Egferange framair the samess the sRgnel frampoke-w thJi Feber ence
to the corrected deconvolved frane, as further illustrated next.

[ 0080] [dﬁsa}]eamraﬂ aligreebddcdhiOed Framies A5 WHBRS; D! ow digakdJ1l, the 1St
frame in the sequence of deconvolved frames 14, 1s selected as the

r ef er efReNVPlAE framp istiransformed tawbjsedbald to any transformation. 17

[ 0081] Each aligned deconvolved frane 18, Ja; (where i> 1), is
transforned intQriayotegpn-corrected deconvol ved frame a0, J"i.
[0082] It can be 'g:djrqg?dé@g’d@gand I's so assuned herein, (tﬁhat t he

transforned franme of the reference frame is the same as the original
f r ame, Wher@ - <6 ygx+ Wi, and y-o s =wtdlt. and Cal vy iethede@asusintda af r anes

Jai, hi | %dw CP, Ad, n@é}%n, L0
J"; s\é@t@éhlgPé{?ﬁF?Q?g??g%dgg( o, ) o)‘/,a'm?% Wne'ﬂa x-] %afu@%ﬁ%gﬁéd
y-W  <Savivglenito thaief theoimags) paiat (xhe in thegeoraspanding adjacghtesrrected

nei gh l.neer b Jaf & At ensity val ue whose
r ank @é@%ﬁéﬂ?@% 9?8”%%%@'?#2'{Sn%eat%g?%fdhf’%y) in the
correspondi ng adj acent corrected (reference) frame, Ja(l_1)(x, Vy),

where J' of Is quga_'ged-laszJf{OJ-JIpvvs: ref _ (i-1)xJ.'i +Ji9)J, (9)
1} - . .

i

[0084] Experimental results show that, in at least some cases, an accurate
alignment can be achieved if the neighborhood size (2W,+1) is not smaller than the
sum of the diameter for the largest local structure in the image and the maximum
displacement (in pixels) between adjacent image frames. If the neighborhood size
is too small, the accuracy of alignment may decrease in these cases, The proper
value of W, may be empirically determined in a given application. For example, in
the case of in vivo mouse retinal images, W, may be selected to be 17.

[0085] As used herein, the rank of a pixe! (image point) is determined as follows.
For a given neighborhood, the image poinis (pixels) within the neighborhood are
ordered based on their intensity values, in an ascending (or descending) order.

The rank of an image point {pixel) is its position in the ordered seguence. For
example, in one embodiment, the image point having the lowest intensity in the
neighborhood may have a rank of 1, the next lowest Intensity point may have a
rank of 2, and the brightest image point may have the highest rank.
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[ 0084] Experinental results show that, in at |east sone cases, an
accurate alignnment can be achieved if the neighborhood size (2 W+1)
Is not smaller than the sumof the dianeter for the | argest |ocal
structure in the inmage and the maxi nrum di splacenent (in pixels)

bet ween adj acent inage frames. If the neighborhood size is too

smal |, [ﬂbBﬁ]acchraE&yuaiibne(B) ghmaeighbm;hoddasﬁms(QWmﬂ)*(emﬁmhses. The

. ;
oo+ caEbTagd bt G The ik o rings Peigt B 2 ¥ tes to
| mages, th%rd@bfmag@bmtgg ¥y ilothelifitenkRP ue‘h%eléﬁ%ﬂ if866 bbintd iAghe ank

ofaplxelg % @!ZISd erm ned as For a given

e grogeess ongifig neighy "E’QP’rﬁf (C&ﬂ?@é@%ﬁf%whme{w?féhgﬁb@@%@af%ﬁe
d

Gescond) iR geh Jererl the d A %"”ﬁ i 8 iBREERPLORerRE ofal o

in the lmﬁgerp@mt%e*tfbem@gesmmdm@ﬂambber opd oéd’é(,emmmérat{x, e i mage
poi nt haV|ng the lowest intensity in the neighborhood may have a

k offpdgrit h
{he " br I9P5TI, ARG B TRled SEer 4l b IneBB bl ndlp A e 7, °
Equat i @M@)qf tlueneefgbbqhbodﬁbednmmmm of Fuegd painB/Within a meighfidsbodubod

t i int. (X0, in, f: i
Fo ¢ S0t hboerlbBrRNeR] S, SRR Rl dke bl gt ° °
aI | i nm?ﬁwtg,dhammuemédnef theqmmb@gnmeimhm}féggmoﬁéd PTrhfent e{ edt ﬁt

, e.ran Ol , In e erers (0} e
or dgz 8@“?%@@5%%%%"33'0”38??%‘ #T%e ft @ qeya%@ﬁ?}g% %\"F i mage
poi nt s tiaRsidi@afer WSRO dteradpbaiipg ifags peints’ W‘anﬂ, arfd ﬁf@pw SR,

(x,y). [0087] Assum ng no_noiSe is present and no image points nove
acr oss SVR@ W@Br"ﬂ%ﬁe e Vﬁﬁét"mﬁ igribe eMeEge RtRasHbieNals Al t'ﬁﬁ"‘ "eﬁﬁg@fwﬁm nts
W t hi npaigh@beideeshood shoul d not change their intensity ranks. Thus,
by matching the ranks of the imge points, the novenent of the inmge
poi nts_can be accurat ea%{etracked The transfor mation in Equation (8)

can t hi8®H, e rgtoegs fardhe gasymplialy that thestensiaranikinoiwithie
the co'fﬁéeﬁagﬁmmeoama%réu §¥lh'{bveﬂ1en@fﬂjho]!3fs§1&l%rt eenaisb%lgs% even

when there are variations in the average intens eve their
r espec@pgent i I gihb@® RBisadnay significantly alter the ranking of the image points.

Thus, noise should be minimized in the frames that are used as the basis for
motion correction. To this end, it is found that noise is sufficiently removed in the
deconvolved frames J; (1 <=N), where noise is further eliminated by deconvolution.
The deconvolved images J, serve as a-priori estimates of the ideal images that
have no noise and have a high resolution. They are therefore useful for guiding the
rank-matching operation of Equation (10).

[0089] It can now be appreciated that, the rank matching method described
herein can provide a significant improvement to the alignment accuracy over a
conventional standard motion compensation operations such as an affine
transformation. It is expected that the result of the rank matching non-linear
transformation described herein is not significantly affected by (i) variations in the
average intensity levels of the fluorescence signal in the input image frames, (2)
noise in the input image frames, and (3) local motion displacements between
different image frames due to the inherent dynamics of complex biological tissues.
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[ 0088] As can be understood, for the assunption that the intensity
ranking within the neighborhood is not altered by novenent to hold
strictly true, noise nust be absent in JrelO_1), as noise nay
significantly alter the ranking of the image points. Thus, noise
should be mnimzed in the frames that are used as the basis for

not i on [pag0JectA®oan B unbestal the frames UFifuimt hasquenice ©f rsference
sufficientl ved in the deconvolved franmes J, (1 5N), where

noi se |§°?ﬂ%¥ﬁ%fﬁ@“ﬁﬁinated by deconvol uti on. The deconvol ved i nages
J; serve as a -priori estimates of the ideal inmges that have no

noi se qoeB1]aveTHe fhagb S860 Y isiexpeciBaay have bebf cefrecedysemotionar
gui ding, the rank-matching operation of Equation (10). [0089] It can

now be !f’ﬁ?ﬁt‘@& ated that, the rank matching nethod described herein
can provi de a si gnificant | nprovenent to the alignnent accuracy over

COHYGU’QZ]Onal*heséér‘%%bﬁdnﬁﬁ&th@ﬂgﬁ%ﬁ}%aﬁ'|théhﬁ?drﬁ?drﬁ{é%l iBHEA nas- an
afflne transformation. It is expected that the result of the rank

mat chi @earMmptIW@aﬁrre@tedﬁ?m%tl| owndes aorarknean dappiprmatiey for motion
f
si gni bS@Q&Le ﬁﬁ&ﬁ&ﬁﬁn@éﬂr‘dn&foﬁ\%ﬁ% nﬁ@nl:::gg%t'aeqlﬁegégmfﬁ%ﬁée@&@%& y

| evel s uor escence signha
noi se refera@d t¢ apuank ondgesdlectivey fransfbripajion adthirefentncertodhspl acenent s

comt cgomrescp ElierorPBeE ue s BReBGu}S, & el oo incer ot oou. ¢ he

frames Jlrefform a sequence of reference deconvolved franmes. [0091]
The frame J"; - 1(K{xy) =i/ expdcted to have been corrected for(1@pti onal
di stortion. [0092] The correspondi ng ith aligned frane /8; is then

tr ansf QhERANGIBG8 oA el LW ELCIE diRRAL HIEWAAin'the Blnxdoiai)

nder a non- |ne r'tra correc
non- | i neighborhand fcententd ammdjx,imcanmm thaiibe ramingf ﬁs(nqg hnig (al so

e ke Hhed b L P B s oS 1
/ al (xdwegqywolv(aai(fbam@mﬁ@(mja)e | mage point (xv, y,) is selected such
that, it is within the (2W +1) x(2W +1)

[0093] The non-linear transformation applied o /% described above is referred to
herein as non-linear transformation based on rank matching.

[0094]  As discussed above, in appropriate cases, the non-linear transformation
based on rank matching can provide a significant improvement in terms of
alignment accuracy over standard motion compensation technigues such as affine
transformation. At the same time, it can also achieve a SNR level comparable to
conventional frame averaging and motion compensated frame averaging methods.

[0085] As can be appreciated, as the non-linear transformation is performed
sequentially from an initial reference frame, more accurate motion correction may
be obtained. The initial reference frame does not need to be subject to a non-linear

transformation, as no movement correction is necessary for the initial frame.

[0096] As discussed above, the sequential alignment procedure reduces the
possibility of aligning two images which are significantly displaced from each other.
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nei ghbor hood centered around (x,y), and such that the rank of /a;

(xx, yp) is equivalent to that of the inmage point (x,y) in the
correspondi ng adj acent reference deconvolved frame, MI(x, Vy).

[ 0093] The non-linear transformation applied to /"i described above
is referred to herein as non-linear transformation based on rank

mat chi i§097]009"ie transibrsmativadhchluineehoth mifaEpaapno@dinearaemsfortriation)
non- | i ngar .t ransf or,mat,i on . based on. rank tching can provide a

si gni fic@ﬁﬁ?bgﬁ%\?&?@rﬂeqnﬁo?@ ﬁ%Pf&V'dreaﬁcPaﬁ%ﬁH@@%f&@e Re¥FredPlndar d
not i on Asoarets atdarstoba cinthgiteandfenatonaf heelatile ANSHoPIoTHI4 PRage the
same ting, it can also achieve a SNR | evel conparable to

conventPBi& N the diferes\Eaags he ammacerssed Ry corplatingitbess image noiviEdgi ng

et nodSorreb ARl fitageAing |RBY S eq ARnid ARG REfes 14, 18

transformation i's perfo sequentia an 1 n rence
fr ane, and28).avivch aae bewnorerconveniesty and heljer dogratdtediduedo tkhe i niti al

{ranst SR BTuc e gBR SRBE TR, A St Bl b Rude i A bty
i ni ti abséd asesfefddes flantss fdr swiisaedrrebiivreof thbdiltersifeaneat2al i gnnent
procedure reduces the possibility of aligning two i mages which are

signi fj ly ,di aced.- from each other. 20 [0097] The .,

transf briati ore‘q(sﬁﬂéi ?IIEPR%Q ﬁm%af]}’ﬂ.éo 'QHEFOﬁ'Eﬁ?i?qO&%%PS{}%JHEf%r mat i on)
descri beguierttiaiigaid priyeessifadyaveraged toyestaratc § vsUlianti eRtdrfie 12a] | ONn
correcti O‘??"B AﬁAcan be understood, in these transformations, the

rel ati Y8508 MAof the image points in the filtered frames 12 are
accessed by correlating these image points to correspondi ng i nage
poi nt s[G099Y he Inlas erydbitey eibatkiertt] hel i@draing hidVESe ddried But agnd 20),

whi ch can be nore conyenjently and bett correlated due to the
enhancg’go‘ﬁ’Pu&sﬁ‘é@m & Sl érﬁrefg@%@ framgal Jé‘é"o?ﬁ/ﬁ'! weton-rarpded fifered
convenfrgmbl /Y (i>VS8 Gehrated seaitamgith #MRatGP(1 Dt i on correction of the
filtered fragreg)sil , [0098] At 5%12;@?5;;” o¥ ?ﬁe non-Ilinearly
notion-corrected frames 22 /i are sequentially and progressively
averaged to gent—:-ﬁatze@al}ééﬁl-ftﬁ'nt i mage frame 24, denoted a%‘lﬁ'
[0099] In an exenplary empodi nent, the averagi ng may be carried out
as

[00100] The last reference frame i is then selected as the resultant frame,
Le.,

In = I, (12)

{00101] In this approach, //® is updated at every iteration (/) and as such, the
sensitivity of /4 to image outliers in any given frame in the sequence is reduced.

[00102] According to an exemplary embodiment of the present invention,
process §100 is automatically performed by a computing device or computer 200,
as lllustrated in FIG. 2.

[00103] Computer 200 has a processor 202, which communicates with
primary memory 204, secondary memory 206, input 208 and output 210. Computer
200 may optionally communicate with a network (not shown).
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follows. Assuming l1lref= 11, a reference frame /ife{for each
notion-corrected filtered frame In, (i>1) is generated according to
Equation (11), (i-1)x+ 1Ire |I; (11) [00100] The last reference franme
/INref is then selected as the resultant frame, i.e., |A=/Nref,

(12) [00101] In this approach, 1lref is updated at every iteration (Q

and as [90¢04] t he Procasbi 202 intlueies/ofeld mdradRoSisbiLiof prdteaBiigdi ven

frame in the sequence is reduced. [00102] Accordl ng to an exerrpl ary
enbodi ROMPUWST SARCURAES BOHES NEFAon,  process 5100 is automatically
performed by a conputing device or conputer 200, as illustrated in

FIG  206f65103] ©2eR ¢ fenidisaa a'%‘;ﬁﬁ@%%le@t@@mc% 5%%8 fipH SRpHhG 8t es

with primary nenory 204, secondary nenory 206, input out put

210. CSApRUERr mﬁ@@biﬁﬁl@edwn formsipring eleslronicslataingudingacorepwier k ( not
shown sP) for
ot ocos S SouteB s PACER PEmeLY 2045 1Bl RRSINERI BiftliGi A
menor i &gntioa and dyicms!yiischatiesed exrtdoom accmsonaxgenc(cﬂﬁp‘m Hringarg memoyut er
r eadab 0, | ectronic ta_inclu

xocut 20O ARt AR AR s peraifid matpob 2 blupl TR

pr oces persiat storagelmneinaey fan dtd-z%ig idztd bammgém?e@pimanﬁngmgf@@fes S
menor nmor only needs to store data a

runti %gecg%&{ﬁ% ;gi‘?%’ﬁge Ay OR&s0 H‘@K’l?(!%’ bepped traiferUPeERe menory -
for stepbwe t@iateasop.grsme@m ihé.art, Wb@:ﬁbbﬁér i'éhda'&?é FREMiNY mayBesty oni ¢
files. Secondary nenory 206 may al so be used for other purposes

known E¥ailsbleBesiasreqassily by a semputer, wtwﬁpmpéableeuaf@mr@mwabiam may

e ok koG AL o B RIS SR ©
magnet %hctsﬂatea@teragmdems ot amagier orediwo Mfubfsmy@nmqﬁyatge ddemd: es,
or any 4 LNREILERY SR Cl e MBL RN NG HESidrEll accessed, sither locally

or remotely, by a computer or computing device. Any combination of the above is
also included in the scope of computer readable medium,

[00106] Input 208 may include one or more suitable input devices, and
typically includes a keyboard and a mouse. It may also include a microphone, a
scanner, a camera, an imaging device, and the like. It may also include a computer
readable medium such as removable memory 212 and the corresponding device
for accessing the medium. Input 208 may be used to receive input from the user.
An input device may be locally or remotely connected to processor 202, either
physically or in terms of communication connection.

[00107] Ouiput 210 may include one or more output devices, which may
include a display device, such as a monitor. Suitable output devices may also
include other devices such as a printer, a speaker, a communication device, and
the like, as well as a computer writable medium and the device for writing to the
medium. Like an input device, an oufput device may be local or remote.

[00108] Computer 200 may communicate with other computer systems (not
shown) on a network (not shown).
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data includi ng conputer executable instructions and can be accessed,
either locally or renotely, by a conputer or conputing device. Any
conbi nation of the above is also included in the scope of conputer
readabl e nedium [00106] I|nput 208 nmay include one or nore suitable
i nput devices, and typically includes a keyboard and a nouse. It may
al so i nfﬂOﬂﬂ&] a m!twﬂimmmmjerﬁooﬁbarﬂmse ofardimemy skill iarthe eeghaccoisyitee,

and the Lt ma ude a conpute readabl e nedi.um such as

emovan?ld e aisp Bl oler, Bt PPessHRUPh o L COMRBENIRIER SOPHE I8 ho
medi um therfigute.208 nmay be used to receive input fromthe user. An

I nput device may be locally or renotely connected to processor 202,

ith |l in f t t 00107]
Qut put B901Ty " Aot T 28H o812 T Hake GrropdaEoxmANS Rage, Wieh Ude
a di Sp'\ﬁyerd@%lc@%d By BFoce8sdt 202486 c&%bh?é?'zgonga% otie¥h nﬁuﬁh'%ay al so

i ncl ude o her devi ces such as a printer, a spea nication
devi ce, MatRgdstHECESEE, PIREEdwIER Oaglg@rf&mdsecmhﬁdlhea@neomaonmand t he
devi ce tf-IQIJ’eOEII’ItI ng to the medium Like an input device, an output
device may be | ocal or renote. [00108] Conputer 200 may conmuni cate
wi th other conputer systens (not shown) on a network (not shown). 22
[00109]1991114i | | Fer exaieple: theccapyputeneecotalie dodmmayshélide code foe art

that c

opt i ondroing (R a8l pficeshd Sekbhepolitve il HREGACRE T JBya
206 or 112 may store conputer executable code, which when executed
by processor 202 causes conputer 200 to carry out any of the

hod hys. d i ped _her ei
por 1 on0 AT oo A8 poB MBI IS el Bt A Bgfie s et Bln 8 e
may i n@hygertcodbefeof, maxa afsorlm crgri¢deui nsge afimodesei dlgfldéelw ngdoeiccLgove
ﬁg? higg i ﬁﬁlﬂpgs%%e @‘ t@ggec?f tﬁg aieﬁ%ﬁ@i] a(?g.':lllat]ions c»rqfuncinonsalt-)grr g}?alln%g S d.

the functions of one or more of the above mentioned program code may be
petformed by a computing circuit.

[00113] In an exemplary embodiment of the present invention, a sequence of
image frames taken from a same living object with a fluorescence imaging
technique may be processed as follows. A noise-reducing filter, stuch as a multi-
scale Gaussian filter, is applied to the image frames to generate a first sequence of
filtered frames with reduced noise. A signal-enhancing filter, such as a diffusion
filter, is applied to the first sequence of filtered frames to generate a second
sequence of filtered frames with enhanced fluorescent signal. The first sequence
of filtered frames are transformed fo motion-corrected frames, wherein the
transformation includes correlating image points in the first sequence of filtered
frames to image points in the second sequence of filtered frames for assessing
relative motion of image points in the first sequence of filtered frames. The motion-

corrected frames are progressively averaged to generate a resultant frame.

[00114] An image signal in an image refers to the intensity profile in an image
that is reflective of an underlying physical or biological structure or signal source in
the imaged object. A signal in an image or image frame is enhanced when the
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any portion thereof, may al so be carried out using a hardware device
having circuits for performng one or nore of the described

cal cul ations or functions. For exanple, the functions of one or nore
of the above nentioned program code nay be perforned by a conputing
circuit. [00113] In an exenplary enbodi nent of the present invention,
a sequepmeesded (lema.gméd) amege sakere §uilkblethafnBe biiyinADintyed6k a‘épéd:h‘" @

fl uores%gqr]ce |ma g echnlagueF ma be processed as foll ows.

noi se-r @PW@P refsipa fo e signals For erample, 8 slanal erhaneao i rﬁ&.‘ear%
appl i edoft @adidrao ey, bF ABE Betier wm%e%%naaﬁéé % W nﬁﬁfthé' I'tered
frames w th reduced 'noi se. A signal -enhanci ng ter, such as a

di f f usi APves j Thedmage$igiab mavda enhansed jusing t@@hxmqne@smh 4$ heoiee ed

ennanced 11 by samane @ g ARfraciEe LG Rind, slcRlfg: SRR irysin.c

ar e tr droyfrier tradsfoomatinn, @Embwem:wbﬁnamseaw&maartnansimﬂnatron or the

t r ansf cor atln e points in the first
sequengkg‘if'd‘ ?‘%ﬁ”@f%’g%ﬁ tﬁ%@j‘@qlb%l egl 'NMAHER PRSI quence

of fil tgmredalfis proviietidn mgmwag@ Pr@rﬁs@k@vﬁy R@tfaélrc WonAgRgearRPi Nts in
the fir se ce of filtered franes. tion- corrected franes
are prd% Q%Q%Sﬂ?‘)%@tnggﬁ?d %@%Eﬁ@?’fﬁ‘?é‘@’ N?éfﬁ#%"&ﬁi’: the grtire cqnieis f  An
i mage siigeRhrd RcdipotdtBd Befedh %S{?efe?eﬁc}ée intensity profile in an inmage
that is reflective of an underlying physical or biological structure
or sig t he i maged obj ect. in an i mage or imnmage

rce in

frane ir}@bﬁfﬁgnceé\' ﬂMﬁ’é‘?ﬁCteﬁES‘QQaUﬁfﬁféé%éﬂ lm@wgmeﬁbe in freyinage that e
sui t ablrgfiddiRg of i mdemwglﬂuda@&%nfce prétiRBAH) the imABRY bERLL APnge! at ed
to the signal. For exa a SI% | S enhance earer,
or easibgenieundibat am}{ylngra diffysipafiter tocefiuorescansinageces, or a

o :
com e Sebolulgcniekane [HRchAdTu3ItBl: JBN i RIRIEC el
f i ndi ngvhesrthetimage hashdow&NRg, diffusion, Fourier transformation,

gray level transformation, Gaussian transformation or the like. A
d f
gener 'S e PO SSPhefimles B RGAIANES WIFtA Moo BOE EARSITAPT |1

Gonzal écludesaifime bansforEatiotisdegrraedt globd! mo#onal, displecdemernd drial non-ear

Jersey yahBRnRahidd £ GHUE RS Abtional distortion, as illustrated above within the
process 5100. Both the affine transformation and the non-linear transformation
may include correlating image points between the two sequences of filtered frames.
The non-linear fransformation may be the rank matching transformation described
herein, and illustrated above in $100.

[00117]1 The rank matching non-linear transformation described above may be
adapted to improve alignment or correct for motional distortion of other types of
sequenced image frames. In an exemplary embodiment of the present invention, a
method of averaging a sequence of input image frames taken over a period of time
may be performed as follows. A corresponding sequence of deconvolved frames
are generated from the input frames. The deconvolved frames may be generated
using an anisotropic diffusion filter. Optionally, the deconvolved frames may be
further filtered using a median filter and may be de-blurred through a blind de-

convolution operation. Both the input frames and the deconvolved frames are
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whi ch are incorporated herein by reference. [00115] A fluorescent
signal refers to an intensity profile in the inmage that is
reflective of the underlying fluorescence produced by the inmaged
object. It has been found that applying a diffusion filter to a
fluorescent imge can advantageously enhance the underlying

f | uor estigned $esgma:hve[y|, thhmghrmme pére tcarisformationhiercorteet foragsionals a

| ow SNR,.. [,00116 roation tered frames t.o

not i on- CE#?%&'%%} 'Q“ﬁ*g?ec%‘fa ‘(ﬁﬁifefr%m?? A& ‘{Jﬁgﬁ‘é?lﬁﬁjﬁ%ﬁ &azor r ect
gl obal lmhr@a@éfoﬂmﬁwnatﬁ%ﬁﬁ'@bt @ﬁd’ud’ér@ﬁaﬂm%ﬁfon fHLR Féﬂﬁg' cHirelcted
correct, | ocal {I onal _di st'ortlon as illustrated above within the

pr oces 18600 IVesL IraMeRe THEAIgREY it frameadra themnsibierted éma rantear
{ r ansT ofaBhinghondMeat REhdBRNARIT FR BRI MR BLUSRANERS { WO

sequences of filtered franes e non-linear transtormation may be
the radfansi chha@nkmasishiog mentineanransivtiaatiorhnay ibe, caanet buf asst r at ed
above i

descri beaéi%%v eégn}é; 1‘%”9 iﬁg‘gta%%és H%Sﬁ%)g g%@‘?‘%]éelgqg ﬁ@%‘fetd’f?%%? F’Q%Pél{ or

oxeml g1y enbodinent o1 L he.pr seent L ent on' 4 method of aver agin
:nggu T@Paﬂ’ﬁgﬁPrPﬁ% rﬂr&r%ss“? RBRIGH8P a period of time maygbeg
performed as follows. A correspondi ng sequence of deconvol ved franes

are gef@VErsgd fria frther embodimentes multiecale Griselarefilich teuiqusanape
gener at ed Opti onal | t he

t di ff filt
deconv F\}‘Qﬁgg? ﬁﬁ@'aoqr}ﬁ{,"(yﬁgs E’? I%:Q?é:' I S’I? %B@d’l Eg?e'{fga §eﬂﬁ€"%°‘ymlaﬂﬁr and
may befidmeelmiay BE prddcabed ad idllowdd AeirsnpPertulian A6k @pplidplh t he

I nput franes and t he deconvol ved frames are 24 aligned respectlvely
t hr ougR2&" A& Hierimageraupas brornareis,a plyralibt @f&@uwﬁm MAPE Gsapciated

di spl agafAwRakh ihB8e Aah¥) EaGFE3NYShY 8fert ﬁ%ﬁ'ﬁé’&%ﬁz&’ P&gxeti ?ﬁ’r}b?hﬁéil ed to

a non- |inear transformation to correct not | ona ortion, thus
gener aMidiy 2pdre daneard devisdian slependentanstbe fitarwisth gAe"dterecbﬂramEr anes

et or Rl BT RRE S e e RO By e A SRR B
non- | i inedilterechfismeraraintamsityragualingoa meaxadumunteasity at the image point in

the Gaussian maps associated with that image frame. The sequence of filtered

frames are averaged, such as by progressive averaging, to generate a resultant

frame. When desirable in a particular application, the filtered frames may be

subjected to further processing, such as motion correction, prior to being averaged.

EXAMPLES

[00119] Example image frames were processed according to the process
$100 using computer 200.

[00120] The processes used for processing these image frames included an
algorithm which is ilfustrated with the following pseudocode:
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descri bed above. The input franes nay be a sequence of filtered
frames but may also be other types of franmes. The notion-corrected
i nput frames may then be further analyzed or used for any desired
application. [00118] In a further enbodinment, a nulti-scale Gaussi an
filter technique nmay be used to filter other types of inmages. In

t hi s emsedrrents=——a--seguence—gi=d-mge==EEaqes nay be processed as
follo lLurali of Gaussian filters are applied to each one of
t he iwg%%é)géﬁ‘r%@?@/cﬁgﬁerate a plurality of Gaussian maps associ at ed
wi th eagbpifisRge=f tege. Each Gaussian filters is characterized by a

distinct filter wdth and a standard devi ati on dpgendent on the
filter{w dtfxects pybppesss $Hikio ganeraiefiatciiame /eliem rewdgame fane i s
generated b L g8 { it Llter an
intensity eé’ﬁa | ngd?éa{ﬂ g%%%fr%‘nq [ nt@nn%?%@ daétCBP K&éb;@dﬁﬁé@tep%ﬁgﬁﬁlﬁe@q he
Gaussi #ramealps associated with that image frame. The sequence of

filtered f r er sych..as b ogressi ye averaging, to
generate a %’Zéségl?% %%r8¥§S§Wéﬁeﬂ&f¢%}%Ripﬁiﬁs B’a‘%ti cul ar
applicationfiele filtered frames may be subjected to further
processi ng,. such as [ on correction rior tQ being averaged.
EXAMPLES [06119]?"@568{%5@3%%f @fﬁr{%dfﬂ%ké)%m‘fééésﬁ Atcording to the
process  S100 usix@guR®IVE &/ alighd; Mtﬂ%%%n‘é%in@réh@ﬁéé%m&ﬂd for
processing these image frames included an_ al gori thm which is

i | lustrated wit exereterl1bin enjrast alignseetter /28 1, generating corrected

-------------------- A P and eataranso ref

_______ ._____________Ttame_{nl_a:;ld_-l:e-fe_r_e??e_fra%%)lbegi n Pseudocode Loop from
1=1 to N { execuk &[G 6d8Ys S102 to generate filtered frame |, from
raw franme |z xecut e subprocess 5104 to generate deconvol ved frane
J; fromfiltered frame /, execute subprocess S160 to identify

| andnar k points liaf},

}end if i >1
}end loopfromi=1t1to N

%% End Pseudocode

= e et v Pt s v s e e et
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[fi>1 { execute S162 to correlate | andmark points in J1 and Ji _1
execute 5108 to align Al with /a, _,, generating aligned franme /a,
execute S110 to correct alignnent of /a, to (Ci.1l, generating
corrected frame /"; and reference frame /'ref [A(f-1)*1A+/",] [/’
ELSE /A Al } endif i >1} end loop fromi =1 to N %% End
Pseudocode 26 Exanple |I [00121] A sanple raw frame of a GFAP- GFP

i mge dxampl@lise retina taken in vivo and processed in this Exanple

is shown in FIG 3A [00122] FIG 3B shows a deconvol ved frane
n turn generated fromthe

t fi It d f
i e A e i Rl

Gaussi @wdadd@bcégsboam(iﬁi@%ﬁwé is0ghovir] ih&"1G. 48, can be seen, the
underlying features in the imge were enhanced wi t hout significant

di storib&@ ,:(éé B. This result indicates that, in this case,
subj ec Ahe f FlG-oTE8hewsadecanvoiab TR Eaneraied P o Alteeddens at e
est i matypdh &fin tiif gé’r‘l@?aﬂéd’ frBsh %ELF%?%E@BPF% eattel thd %‘@:(sﬁc? icSﬁaS %

frame. [00123] shows a conpari son frame genera
filter &Hli-sape G@Jss;anfﬂlteg BN a dgnenyolutiomfilbero Asechindbe seebm ghe onI y The

derl
mge. SpReHhG R R b hadt B EheRRed QB oledit Biditn iy &
313. [ 603.23B. Fhis resuil sidinatesathatyip this sase, fsubjeeting thefilamed fens fat ed by
f;gp LSgﬁ?E\Jélﬁriro@.gfoglgaﬁiht%geg%c}ch%gSrésﬂ#}é’cio# clafq’ theﬁ%de?lg%gl%o?'gsf)c:vgnge signai

in the filtered frame.

[00123} FIG. 3C shows a comparison frame generated from the filtered frame
of FIG. 3B by applying a 9x9 median filter only. The underlying signal was less
enhanced as compared to FIG. 3B. Some image artifacts were visible in FIG. 3C,
but were absent in FIG. 3B.

[00124] FIG. 3D shows a comparison frame which was generated by simple
averaging.

[00125] FIGS. 4A, 4B, 4C, and 4D show a representative sequence of four
filtered frames 124, 12B, 12C, and 12D and the correlation between different
landmark points 28A, 28B, 28C, 28D, 28E therein. The corresponding landmark
points are tracked with the same affix letter A to E respectively. FIG. 4A shows the
first filtered frame 12A in the sequence, FIG. 4B shows the second filiered frame
12B in the sequence, FiG. 4C shows the third filtered frame 12C in the sequence,
and FIG. 4D shows the fourth filtered frame 12D in the sequence. As can be seen,
some corresponding pairs of landmark points (e.g. 28E and 28F) do not appear in

all frames.
Example i

[00126] Raw image frames were obtained from the retina of two different mice
having the FVB/N strain, using a Heidelberg Retina Angiograph (HRAZ2) system. A
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filtered frames 12A, 123, 12C, and 12D and the correl ati on between
different [|andmark points 28A, 28B, 28C, 28D, 28E therein. The
corresponding |l andmark points are tracked with the sane affix letter
A to E respectively. FIG 4A shows the first filtered frame 12A in

t he sequence, FIG 4B shows the second filtered frame 12B in the
sequencidye Riser (488 hpwas ubked texaitefihé tranggkriic &@FRAPLGER expréssicregoence,

d FI st he f fil d, frame 12D in.t . As
can b edae SRLVAS el A iy TRATRY SRR rilY sl EP it e
and 28Rhednaged digplaged hire areldf of herEGcalzsamayion larolfOth@lptiRnenigrage
frames were  obt meg’_lfromr{_&g retina_ of, tt/]v_o dlfferent m ce having
t he FVé?‘?@ds?"PCz%tﬁ',S i e, fpaie el ipteredd, Al AL ages syR AFANTSMRIR®)  system

A 27 Q’ela‘&uii&ﬁ@ﬁdlﬂﬁ.STﬂg}amidﬁﬁﬁ'aéé%ﬁé@éﬁd%ggw% gé.fsi GFAP- GFP

expression and the barrier filter was set m The tield of
vi ew webesific fmeapaigtsSdiferant daygtAt thérenseteféle ekppringrddimmuediatele of a

nore | ' [s ' : l.ace this ., is the

regi ono‘%@rkﬁﬁ%lr @ﬁ%"@?%%?gﬁ&a% %@i "ﬁg(%/\e&%g "'E}rggt%gj‘g S€e hh?‘ea 8Itﬁ?i on

of 1O0urtregfdtbmicawasinjatidd with femicarid, initaperitedeallverA somuaneelo raw

speci f i, ' ojnts (different days). At the gnset, of the

o per i HERBES RRREARGR ath tay Ao weie ko fiaenr ion Rl prorkss 100 as

cont r olfuttiharelet@iediin L ELsinplct dboveltd BBtand réd\dtart [nejecldr Azt ayaThe
cid, intraperitoneal A sequence of raw

injected with kair&fﬁ-n ] \Igy

i mages RREFBCEEKUSPLRE NeRYLraping REPesaWerag ¥l =uto dr aenffCas T RS WaTess
S100 ag 1, Epanhessdetailed in the Exanpl e above to obtain a resultant
i mage for that day. The paraneters used for the averagi ng process
wer e: \% =17, T= 5 NCC, =0.9,_ W 11, and N = 55. [00127] FIGS.
54, 5819827 and BESfy XSG, a0didshow they@suliant iages Brithe Fontlce,
and Fl GHec,Gihd &S, 6pC6B28E, RY %ﬁ)élﬁo‘mhﬁerlﬁi%ﬂi'térﬁ%agé@%?%é REafkh®
treated mce, in the order of day zero, day 3, day 7, and day 14,

r espec G|y thg endepei dast zarot de 8, daysilangrday irhgespedtivelias obser ved
that the two m ce had

[00128] From these resultant images, it was observed that the two mice had
different base-line fluorescence at Day zero prior to the administration of saline or
kainic acid. Variation in the orientation and size of the fluorescing region between
the two mice, and as time progressed, was also observed. It was also observed
that a region of interest (ROI) initially defined in the Day zero image deformed or
warped as time progressed.

[00129] Using the above resultant images, the fluorescence in the retina
images could be normalized and analyzed, and good results were obtained,

[00130] Test resulis show that the resultant frames shown in FIGS. 5A, 5B,
5C, 5D, 6A, 6B, 6C, and 6D had a significantly better resolution than those
obtained by direct frame averaging (see e.g. FIG. 3D) or simple averaging after
only affine transformation.

Exampie I
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different base-line fluorescence at Day zero prior to the
adm nistration of saline or kainic acid. Variation in the
orientation and size of the fluorescing region between the two mce,
and as tine progressed was al so observed. It was al so observed that

a regi o&a inter %‘%i nitially defined in the Day zero inmage
def or me93P 1 war pHtf averaging resulfgobiaiaed UP‘DQ?ZQP“*&J%GEH%S@%BW

resul t s@ ﬁ”%r(m t d be
nor mal ?({zméd angﬂg)n?é%g%b”% good rggg%%gi%vgrde%ggt ai ng@ﬁeﬁ%BgOlSO]
Test r ediffmnstia ﬁMWan werecorppatacanith ptheraversingtetmisuEs. iNRAJING 13,
5C, 5D, bet t ution

t han thcggé;ﬁtfrgﬁ%a?\%ga I@@?%I re%?ff?g%&%%;%ﬁ%8¥ "8@'&9 g%éﬁfzotg' 3D) or
si npl e m&m&r@ongwaa‘ dearre usimg ferall Srinevt ineaelsorivart icabh rEX afpge wak! 28
[00131] ragi.n es obt ai ned | ti-scal e Gaussi an
filter @&ﬁ/g aﬂ Wﬁ@@aﬁgﬁ"éﬁ?'%ﬁ@%wﬂg g%@%é@rqboed above, and
I mredi ate arithnmetic averaging, were conpared with other averaging
t echni d0@$32]i ncl idiagfoudi tiesttihé Featiiany iR duhcr&EA)acadrlingd wadseral e

o A I o R A St NS A hasy hase CROcED of
Gaussi aitcoRiifftobER RFSER fshbirdh- Flb@o ﬂ?dndh I‘c?“fé’ th@ﬁkc—r»rt he

resul t ant |nage gener at ed 'accordi n ower normal i zed

sum of WBoralHeingigates thrdaepst ies wuﬂfrbs(ew@néﬂ%cascandabe fied filgerveidtFA
or FSClor PSGEN PG, 78 dildFhous %Ath??g'[emgA{Ethr ﬁiﬁéF finahld bbbty W 0t h

val ue indi cates the |argest fixed
filter cangtent for gr>FIdile the NSAR BraseF madhmh it ixadBAlEerfvadthVBGF

remai n I AE

i ncrea?g%élfmr% |t8 Sﬁ’(t]e %Hgﬁhi%%t é&ﬁ%\péfiﬁlfor\\ffﬁgf Wﬁ@%%ﬁ#’%"?éﬁ%'@?%
was 2, tharetheSaBVISGF fegefRy Was!.t he | owest, but still larger than that
of MSGF for any T >1. Exanple IV [00133] Cal cul ati ons showed t hat

al i gnrrE%m%HRf was significantly reduced

[00133] Calculations showed that alignment error was significantly reduced
after both affine transformation and non-linear transformation to correct for motional
distortion. It was also found that sequential alignment (against corrected adjacent
frame) produces the lowest alignment error, as compared to aligning all frames
against a fixed reference frame or the uncorrected adjacent frame. While affine
transformation improves alignment of the image frames, non-linear transformation
for motional correction further improves alighment sig'niﬁcantly. It was also found
that better performance of non-linear transformation was achieved when the
neighborhood width (W) was increased. The best result was obtained when W, =
22,

[00134] As can be understood, the exemplary process described herein can
be used advantageously to process sequence of images that have low SNR and
that may potentially have motional distortion, particularly local or complex motional
distortion. For example, in vivo fluorescence images of transgenic GFAP-GFP
expression in the mouse retina have very SNR and may involve complex motion.
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after both affine transformation and non-1linear transformation to
correct for notional distortion. It was also found that sequenti al
al i gnnent (agai nst corrected adjacent frame) produces the | owest
alignnent error, as conpared to aligning all franes agai nst a fixed
reference frame or the uncorrected aolsjf3 fine

f f
L r anst of s TRaeAIY 5 LAV ANATEN P TBSseRS P Inag Podimedts Glafe PIdkest

t ransf of, q for notional correction further inproves alignnent
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e convenie rocessed us s 0
| nvent | DAt efﬁédﬂfﬁswsvﬁ@f%s@ﬁn'ﬁ#%% Ao dntam @%O@&H‘?ﬁ G
resul t Mgsi[j’@fd)fj@cﬂem @%c%%smgwcﬁr@‘éb@ﬂzlﬂg%é EFP-Ibbeed ralinalgirnaictet 0

convent' onal averag ey can be used to provide ?ﬂoth
qual i t a3speiatartibiga N@ﬁe&mawr&ﬁaﬁ?@%éh%tranﬁ%@%m%seﬁ@??a'i“abs e4senal

| mges acgujil Ecq did ks! o r@ﬁwcgﬁsfﬁ@s W%ﬁ@ﬁg@éeo?%gh@%ﬁnd heurssigdiyhuman

di seases, sucC I nson ease | sease di abet es,
liver iarsléfficatye aog fowqm&}lﬂgaﬂngng?ﬂeaﬁcdwhﬂ@ danker therany deyelppment

G | anty feind P BPEE b R Bl S5 10 6" cccel et works.

Thus, the transgenic nouse retina may be used as a site for
di agnosipe136] r et iEmipetimieats offtbe presestinvertiart meyrhsoined A EURBHYGRR t v

o o gl B O 08 PSSRl o ek a0

[ 00136]oHrathed fmens snafset Nehepmessa mayrbearseidon megeltRarkineehiso aquant i fy

P Alzheimer's disease induced by neurotoxicants or transgenics. The mouse may be
a transgenic mice treated with neurotoxicants, or pesticides, or food additives, or
environmental contaminants. The mouse may be a mice with retinopathies
originated from the eye, CNS, or other systemic diseases, such as diabetes, liver
diseases, kidney diseases, hypertension, vascular diseases, congenital heart
disease, rheumatoid arthritis, multiple sélerosis, neurofibromatosis, Lyme
neuroborreliosis, Down’s syndrome, autism, sickle cell anaemia, infections with HIV
and cytomegalovirus, thyroid disorders. The mice may be treated with drug
candidates for the assessment of gliosis and neurotoxicity, or efficacy.

[00137] Embodiments of the present invention may also be used to quantify
fluorescent or bioluminescent signal and detect pattern change in blood vessel
networks on retinal images obtained from mice administered with exogenous
imaging agent(s), or from mice expressing other fluorescent or bioluminescent

reporters injected with exogenous imaging agent(s).
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signal and detect pattern change in blood vessel networks on retinal
i mges obtained froma nouse. The nouse may be used to node

Par ki nsoni smor Al zheiner's di sease i nduced by neurotoxicants or
transgeni cs. The nouse nay be a transgenic nmice treated with

neur ot oxj S, O esticides, or food . additives, or environmental
cont am 1GCE1 " TneTh HELERRRP %@C&Bﬁ* %@fﬁ}ﬁl £AN AlO; hropscHipgocess \GirnRLS ed
from theypeser iFbes SiciAd\ATsY irﬁggr;]f,s,q\nﬁﬁﬁ%‘és of pefindgydl abet es,

liver i seases, kidney diseases, pertension, vascular diseases,
i sease, rheumatoid arthritis, nmultiple sclerosis,

congeni art ,
neur of i Lﬁ?ﬁ”@? osi Qe igatures peilsdits and adyantagrswf the eprhndimentsaut i sm

si ckl e @ebdribaRaRmeiR.ndt BLSELLP H?erﬁibh@d Hh¥ve 294 pﬁ%ﬂ%&%@ﬁaﬁﬁiﬁ
e may be t i dat'es for

thyroid disorders. The mc reated w drug —can

t he assdaxiption enddhe degvéngmby these skilied ¢ the arar ef ficacy. [00137]
Enbodi nents of the present invention may al so be used to quantify

fl uores r bi 1 | : r.n_ch ein

bl ood vg?ggP? neﬁagr g&%ﬁﬁ?é ?ﬁ%. |ﬁ%gggngg%@ﬁhgg%%éﬁﬁ?W&%@P ¢

adni ni sillésteativaianty iémbi;'emmway ihinrﬁn%@ n'llghea@@mbeal embodimentsEre $u$cepﬁbi§:
expres [ e nt or_ biolu esgent . feporters |njecte

w eh exgaal BB e B Eiertsirast Bafermntelhr SLagkt ol chSribea
hersin FmﬁhmhﬁﬁmheaW@gds&mwﬂkﬂQQ%?cyﬁmbggaﬂFg%?ggfﬁ%?EBﬁG?ﬁhﬁﬁﬁh as
confocal__images,.. i jages or pet inages. er features,
benefif%mgﬁdg%aggﬁgiﬁ%ggﬁﬁmmﬁe embodi nents descri bed herein not
expressly nentioned above can be understood fromthis description
and the drawi ngs by those skilled in the art. [00140] O course, the
above described enbodi nents are intended to be illustrative only and
in no way limting. The described enbodi nents are susceptible to
many nodi fications of form arrangenent of parts, details and order
of operation. The invention, rather, is intended to enconpass al

such nodification within its scope, as defined by the clainms. 31
VWHAT IS CLAIMED | S:
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1. A nethod of averaging a sequence of image franmes taken froma
living object wth a fluorescent inmaging technique, said nethod
conprising: applying a noise-reducing filter to said image franes to
generate a sequence of filtered franes; applying a deconvol ution
filter to said sequence of filtered franes to generate a
correspondi ng sequence of deconvol ved franes; subjecting said
deconvoNVyidd IBrGIrAIMER 1S moti on- correction transformation to gener at e
a sequence of corrected deconvol ved frames, wherein the ith

The i e charrgoapt b B et Bl bR ts i ot IO veo

frane; twﬂzrmaffuomsngmsxmagzﬁg fecknigde fgafammetingd esmpfigingte transformati on
to align said filtered frames, thus generating a sequence of al i gned

frames, Whe"a?b!?mgrh hélQe-r@dld&'l?ﬁﬁtér&@ggd'I&abgﬁfa‘?ﬁ@é‘foe%ﬁé?‘ cel @
belngtheln en5|t%§ra i mage point (X,y) inthe It |gne rame,;
Aes;

rel ocati ng Philipsed in each aligned frame to generate a notion-
corrected frame, wherein an ith notion-corrected frane is represented
by | /" (x, yRpplying apdeangvoludon fitertsisaid sequeamagof fitkened fansytoin the ith

not i on-corr erein the

I ociati on (xgg']igr teé%@?%pc{ndjgﬁ%%@eng% flé"%“}ﬁ(’é’l}’e&%% onis within a
hbor hoo r f

vy T RUBEAE it BRI Mine s ot bl Bipd i h 8 8

in said nei gelmratmdew@whg csaﬁetedtdenen‘gﬂvm friineg, whemnuﬂmgm ?f

noti on-correcte r.ames; . an aver agin rect ranmes

to gener at ecrgrecg%%ﬁe%qﬂ\!o]lvregngamf 1 e%%qsc gygﬁy @Py& Pelglitei n t he

total nunbeintersityrat intye PoIiNEGE BN fHeafresortsctedNdeadisloNiRl fRariesai d

averagi ng conprises: 32 generating a sequence of reference franes,

anr ein a|n fréansfomeing aRriil@red Rhoes Byan| 41AHE FahSfohMBIGSRNAIRM Javd / | f ef
and is calc

H{erec? Prames thus generating a sequence of aligned frames, wherein an ith
alighed frame is represented by /%(x,y), /¥ being the intensity at image point

(x,y) in the ith aligned frame;

relocating image points in each aligned frame to generate a motion-
corrected frame, wherein an #h motion-corrected frame is represented by
1(x.y), i being the intensity at image point (x,y) in the ith motion-corrected
frame, £"(x,y) = 17(x,.¥p), and wherein the location (x,,¥,) is selected such
that

(i) said location is within a neighborhood centered around {x,y), and

()  anintensity rank of k(X)) in said neighborhood and an intensity
rank of Ji4®(x,y) in said neighborhood are the same,

thus generating a sequence of motion-corrected frames; and

averaging said motion-corrected frames to generate a resultant frame.

2. The method of claim 1, wherein the total number of motion corrected frames is

N, and wherein said averaging comprises:
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I~f = (i-1)xIt +I; ; and generating said resultant frame according to
/A =1Nof /Arepresenting said resultant frame. 3. The net hod of
claim1 or claim?2, wherein said notion-correction transformation of
sai d deconvol ved frames conprises transform ng said deconvol ved
frames by an affine transformation to align said deconvolved franes,
t hus gener at¥gnpratingea gegusncefof seferpnse fragees whergiodirf Hraoms of s¢iér ei n an
ith aligned f; i ersent. X ,Y), J;e being
t he intensiﬁ%ﬁggﬂ¥%%%§ggg§ﬁ#ﬁ%§$¥saﬁﬁﬂt%@Hfggagﬁwéﬁﬁéédeconvolved
frame; relocating imge points in each aligned deconvol ved franme to

generate a noti on-cog-l;_qj:;pehrdpconvol ved frame, wherein an ith

noti on-corrected I7 \ are i s represented by J;"(x,y), J1"
being the intensity at inmege point (x,y) in the ith notion-corrected

Ceovyo) 1 o STERRing e oslyanehahe gedifing @ ST B i Eab i e "

nei ghbor hoodesdtardfrathear ound (x,y), and (ii) an intensity rank of
Ji a(xo,yo) in said neighborhood and an intensity rank of J;
_ifef(x,y), in said ]pgli hbor hood are the same. 4. The method of claim

3, wherei AheAeAe AT elaim &or slpimel HRHPID Sk MgHen-rarregiiaieirasiermation

accor di ngot gxidlibooniiivst)fethes ogpribes 5 The method of any one of
clains Ito 4, conprising: establishing point-to-point correlation

bet ween corr, ndi ng_l.andnar k ints | n _each adjacent pair of said
decomvol ved TSR BRCR bR A Es hY o ot s e i ati b llor
bet ween cor sekpdsutinvgived fdmesk thugajeterating ®esduerdibagelignghi r of said
filtered franmes ui ded by sai d, poi nt-fo- int correlation between
said corr es&?ﬁﬂ'ﬁﬂ%@ﬁﬁ%ﬁﬁ%ﬁ”%ﬁﬁf@ {rt]lp]aé@qgﬂ?econvoived?rame s
represented by J%(x,y), J? being the intensity at image point (x,y) in the ith
aligned deconvolved frame;

relocating image points in each aligned deconvolved frame to generate a
motion-corrected deconvolved frame, wherein an ith motion-corrected
deconvolved frame is represented by J"(x,y), J" being the intensity at image
point (x,y} in the ith motion-corrected deconvolved frame, J"(x,y) = J7(%0.}0),
and wherein the location (xo,)0) is selected such that

(D said location (X, ¥s) is within a neighborhood centered around (x,y),
and

(i)  anintensity rank of J%(xg,¥o) In said neighborhood and an intensity
rank of Ji.1"(x, V) in said neighborhood are the same.

4. The method of claim 3, wherein said ith corrected deconvolved frame is
(-DxJY +J7
i .

generated according to J7 =

5. The method of any one of claims 1 to 4, comprising:

establishing poini-to-point correlation between corresponding landmark
points in each adjacent pair of said deconvolved frames;
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deconvol ved franes; and wherein said transformng said filtered
frames by said affine transformation conprises aligning
correspondi ng | andmark points in each adjacent pair of said aligned
frames. 6. The nethod of claimb5, wherein said establishing said

poi nt-to-point correlation between said corresponding | anﬁrratkk
points in sas@a@a@ﬁg@@;f&&wm&pﬂe@iw@aewewmﬁ@po@ggﬂa

conpri ses: : i i : | @il )pdifasur e
for each paﬁr%"rg?hﬁ%%%ﬁ@%%?%gn%?ﬁﬁ]%ﬁngﬁéﬁb@%?gb%%??rpm ni 2g

that sai d paiointeprrelatidmielversi said carrespanding landmaik peintsan ¢aidcc
measure sati sfi -sel ed condition. 7. A nethod of averaging
a sequence O Cbﬁ@é@“ﬁﬁ%ﬁégﬁ en froma living object wth a

fluorescent _i,magi ng. hni gu ' Lk Siag-: '

noi se-  eauc Mok Feieihto SRl ief g8 SVialtotfe «2REknaRE
filtered fraaRprisepaligning carrdssomirg lnhtmark pbihty inteack adihcertpa@inot of
filtered frangs to generate a correspondi ng sequence of deconvol ved
frames; det &P 3i9REY "@MARar k points in sai d deconvol ved franes, by
identifying, in each deconvolved franme, inmage points that have a

ook intens. ty: ecol ot L n
Cor r esindis Siathodiot a5 AGeRPLAY sLRORANAG SaRf Sdihito it e eRon
deconvol veelweearsakt carsasponidinii lagdmpaikmeints ipsaidteasbradigesent pair bEsaiden

corresponding. lan rk ints in each adjacent pair of said filtered
franmes, gg?@aogggg%%espcgoﬁwr{iste& poi nt correl ati on between said
correspondi ng | andmark points in said ,deco&\@l ved franes; kB 34,

t ransf or m n§aleylaging A nusmaizeqd sress-ogyrelaion NG reamie B agcharingf

sequenti al | ¥siqaldr@Rpsadidg addreakboidi@mes, thus generating a sequence
of aligned frames; transformng said aligned frames by a non- i near

transf or mat ly@ferinfing™sk Bid pair of landmark points are correlated when said NCC

measure satisfies a pre-selected condition.

7. A method of averaging a sequence of image frames taken from a living object
with a fluorescent imaging technique, said method comprising:

applying a noise-reducing filter fo said image frames o generate a sequence

of filtered frames;

applying a deconvolution filter to said sequence of filtered frames fo
generate a corresponding sequence of deconvolved frames;

determining fandmark points in said deconvolved frames, by identifying, in

each deconvolved frame, image points that have a peak intensity;

establishing point-to-point correlation between corresponding landmark

points in each adjacent pair of said deconvolved frames;

establishing poini-to-point correlation between corresponding landmark
points in each adjacent pair of said filtered frames, guided by said point-to-
point correlation between said corresponding landmark points in said

deconvolved frames;
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correction, thus generating a sequence of notion-corrected franes;
and averaging said notion-corrected frames to generate a resultant
frame. 8. The nethod of claim 7, wherein said establishing said

poi nt-to-point correlation between said correspondi ng | andmark

points in said each adj _acentqgai r of said deconvolved frames
conpri ses: cERSPEINggaid fifgraselrapes by aAlinciransfamation ncepuentair e

for each paigjicefegisa pandi ' Al i.ng
that oai d e EoP ] akeed RSP e ekt R d T s R e
measur e sat iy pdd - it Q0 f ragi ng
2 sequence oI TAnPLAULLAZ) RaAmEILY 4 hittinchr (RrtErtRigR At

f | uor escent donegtion, thes banerating aseduertehoidnoiinmpedséctgd frapmsyandg a
mul ti-scale Gaussian filter to said inage frames for noise

reducti on, tavesagieg eaidinotiprecorespiec frames (6 gbhanatdateanest frappl vi ng a
deconvolution filter to said filtered franes, thus generating a
sequencaﬁ B decgn oJFT\?/e,d rapes; extracting int_ensi_t{ maxi ma as

| andmar E ¢ metheq ghelaim 4, weewHy sid egtabiiphing said; paivkiorrepinterareiation
poi nt's i nhsRe—ndeso gﬁ&p i (i : ‘ :
cross-correl ation; g?(%ér??ﬁgfnggi d ?ﬁét%trg%tg% rga;ﬁee?% yadé%cegFP?Iﬁgfsald

t r ansf or nd@FBWOlMeErangeeenedsasd said tracked | andmark points, thus
generating aligned frames; transformng said aligned franmes by a
non-|inear cakoEfiogratoronzlibed crebicafreltion (RCO) PReadurs SordRtapir 619

motion corrected fram&*&'h ﬁlnd avera ing said notion corrected franes

to gener at e 8% GURSPRRTING [apmark poIn{s,” The et hod of claim 9, wherein

sai d tracki sai.d | andmarks .in said deconvolved frames conprises
A RiTnd B )

est abl i shi n§CEMHNG §18) SpickPART andmad-Palals Rse forrelsiad when aaiAJNCC

| andmar k pohfdssurelsatfibs adiraceictdPbdndiforsai d deconvol ved  franes;
said nethod further conprising

9. A method of averaging a sequence of image frames taken from a living object
with a fluorescent imaging technique, said method comprising:

applying a multi-scale Gaussian filter to said image frames for noise
reduction, thus generating a sequence of filtered frames;

applying a deconvolution filter fo said filtered frames, thus generating a
sequence of deconvolved frames;

extracting intensity maxima as landmark points from said deconvolved
frames;

fracking landmark points in said deconvolved frames using normalized
cross-correlation;

aligning said filtered frames by an affine fransformation with reference to
said tracked landmark points, thus generating aligned frames;

transforming said aligned frames by a non-linear fransformation for motion
correction, thus generating motion corrected frames; and

averaging said motion corrected frames fo generate a resultant frame.
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establ i shing point-to-point correlation between correspondi ng

| andmark points in each adjacent pair of said filtered franes,

gui ded by said point-to- point correlation between said correspondi ng
| andmar k points in said deconvolved franmes; wherein said aligning

said fil ed fra ompri ses ,aligning.corr, ondi ng. | andmar k
poi ntsI i %@Hﬁ@fﬁm :"‘ﬁ"e?ﬁ‘”§|§%&|r%ﬁ?q%%§ ?&'ﬁ%‘gg mS8%he et hod
of any ongjerbnydidFares CohPris¥dBSabIsHMY m'g@iht-@psoiﬁf%cﬁﬁdlﬁidnﬁétwaen

corrected frames is represented by /";, where i= 1 to N, N being the
total nunisefrespending lagAmeask peiisly gack AsiacenhBaiiabsaif fesanvieder agi ng
conpri Seszfragﬁééers%ﬁirﬁ&had?ﬁ%%ﬁ] ircef erence frames, an Ith one of
said reference’ Tranes I's represented by /ifef and is calculated as |
of (i -1) x -fir-elf +P ; and i enerating said resultant frame
accor di ng  oPSRPIShinG RAINTtpZpala sosslatrihetdser oFSatnpinglandaes ' 15
The met hod OhoiRYn @AEh BjaebRl f8ir df doi AleredMiaiRish gGRied byRaitEpeiAt-1f
filtered clains are generated by: applying a pfurall'g of Gaussi an
filters to eRRIRteoREeldiondatwesnsaid corresadnding laysimarkpeints MeAidl ity of

Gaussi an nmap i ith said each imtage frame, each one of
sai d Gaussi a%@?‘?@g‘%@h?@éghar acterized by a distinct filter wdth

and a stand Vi Ak L . i il 1 ; ﬂ@é{}ﬁh g a
filtered f rg‘knge rg(;&réfazés E‘@#}Hﬁ%g@gﬁ%ﬁ?ﬁﬁ%@%ﬁgﬁn%%% ?%dq%?/ ssiag! i ng
each i mage pandmaikpaisisdn £ath edipdentprirofaaid aligned framesjual i ng a

maxi mumintensity at said each image point in said plurality of

Gaussi 6 i at i th_sali h.i f th
gener at T Peanathed BEARY bt GEABkne7 18 4P avhrTin AR AN rE L saidrgs
net hod of clrabted Famathe reprasémedibit/gNwhére i=N0gs. )N baingdhe totalbsurpisemt

(x,y) in the jth Gaussian map associated with the ith imge franme in
sai d sequéhBwtipp corrected frames, and wherein said averaging comprises:

generating a sequence of reference frames, an jith one of said reference

ref

frames is represented by {* and is calculated as

G-DxI¥ +I7

=
H

and

generating said resultant frame according to /a = I, /s representing said

resultant frame.

12.The method of any one of claims 1 to 11, wherein said sequence of filtered
claims are generated by:

applying a plurality of Gaussian filters fo each one of said image frames to
generate a plurality of Gaussian maps associated with said each image
frame, each one of said Gaussian filters is characterized by a distinct filter
width and a standard deviation dependent on said filter width;

generating a filtered frame corresponding to said each image frame, by
assigning each image point in said filtered frame an intensity equaling a

maximum intensity at said each image point in said plurality of Gaussian
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image franes is calculated by Mj(x,y) =Y hi{x-xi) hj(y
yl)11(xi,yj), X Y] where the summation is over possible x and y
that satisfy (x-w) sx < (x+wt) and (y-w) !5y, :-<(y+wj), and
wherein I;(x,y) is the intensity at said imge point (x,y) in said
ith image frane, h =.exp. (-u2l. 20] i S Gaussian tr er
funct 1o 1 ormeRs apraray Safoiid oot ifete s, BugRbRe gt shE o

di mensi onal s&yieAbd 6f sdid fildredFranhes.t ranspose of h,{u), aj is a
standard deviation, and wj is a filter width for said jth Gaussi an

filter. 14.The method of claim 13, wherein wi =i. 15. The method of
cl ai m 183-dhednethad of clajthdPewhergin the igtansity.dd (&) tatan imagepoiniis.y) in

| ar gest v : i.Sf i E.}E%’ M ; = 3. t hod
of any ong{%ﬁh ?%g%ﬁnéﬁw %&?8 ‘(éllrt@?titr'le éﬁ%ﬁﬁ%%{% ﬂ?@%ﬁ?%aﬁ& (%%;Eg?%
filters conageframes iScalouldzd®ussi an filters. 17. The nmethod of any
one of clains 1 to 16, wherein said living object is a nouse retina.
37 18. The net hod ¢ a) clalne st 5 0y17, wherein said
fluorescent i nag%ékﬁez%@gu@{% g’@’(gﬁ/{)g’g)&’%?’bri |lary acidic
protein-green fluorescencde’protein (GFAP- GFP) inmging technique.

toring "t naR e pab e Ba Al 3RREANE ol RSl RIS SO

execut ed by zswli (g-wpeyredsaorn), andapt s sai d conputer to performthe

met hod of any one of clainms I to 18. 20. A conmputer readabl e nmedi um
storing thevgmreiagdinyl erthetendiigbl eaidifiagegioint(8.y) in said ith image
frame,

h{u) = exp (-u? / 20f) is a Gaussian transfer function for the jth Gaussian
filter, u representing a one dimensional variable,

h{u) is the transpose of h{u),
o; is a standard deviation, and

w; is a filter width for said jth Gaussian filter.

14.The method of claim 13, wherein wj =.

15.The methed of claim 13 or claim 14, wherein g; is selected so that it has the

largest value that satisfies

exp (-wf / 20f) <10

16.The method of any one of claims 13 to 16, wherein said plurality of Gaussian
filters consists of 3 to 10 Gaussian filters.

17.The method of any one of claims 1 to 16, wherein said living object is a mouse
retina.
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whi ch, when executed by a processor, adapts said processor to perform
the method of any one of clains 1 to 18. 38

18. The method of any one of claims 1 to 17, wherein said fluorescent imaging
technique is a glial fibrillary acidic protein-green fluorescence protein (GFAP-
GFP) imaging technique,

19.A computer comprising a processor and a computer readable medium storing
thereon computer-executable instructions which, when executed by said
processor, adapts said computer to perform the method of any one of claims 1
fo 18.

20.A computer readable medium storing thereon computer-executable instructions
which, when executed by a processor, adapts said processor to perform the

method of any one of claims 1 {o 18.
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