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(57) Abstract: A method and apparatus are used to compare an intended treatment plan using a radiation source with a delivered
plan. This done by arranging markers at known three-dimensional (3D) positions in a detection reference system between a two di-
mensional radiation detector configured to acquire images generated by radiation emitted by the radiation source and an area where
the radiation source is positioned during a treatment. The positions of projections of the markers on an image detected are determ-
ined when the radiation source is at a treatment position in an intended treatment plan reference system. A plurality of lines in the
detection reference system are calculated, each line being defined by a 3D position of a marker and a 3D position of a corresponding
projection of the marker on the detector according to the image. A 3D position of the radiation source in the detection reference sys-
tem is inferred based on the calculated lines. If no correspondence between the detection reference system and the intended treatment
plan reference system is available, the inferred 3D position is matched with the treatment position to extract the correspondence
between the detection reference system and the an intended treatment plan reference system. If the correspondence between the de-
tection reference system and the an intended treatment plan reference system is available, the inferred 3D position is compared with
the treatment position.
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3N TRACKING OF AN HDR 530URCE
USING A FLAT PANEL DETECTOR

BAUKGROUND OF THE INVENTION

b Field of the Invenrion

The present invention generally relatox to a method and spparatus for reconsiructing
the position of s high dose rate (HDR) seurce in threo-dimensional {303 space i real-time
asing 2 al panel detecior (FPD and can be used w8 compare the detected position with the

path produged by the treatment plan,

Rackgrownd Deseription

Brachytherapy mvolves two distinet phases, a planning phase aod a troatment phase.
The planning phase, which produces @ treatment plan, typically invelves subsjecting the
patient to O scan, an MR or altrasound imaging in order 10 determine the 313 coordinates
15 ofthe locations within the patizat’s body where radiation therapy is {o be apphied, The
treatment phase requires placing the radiation emitiing or HDR source at these locations
determined in the planning phase according to the trestment plas.
Duning HOR treatments, the sonres follows a path through catheters snd applicators

based on a plan produced by the treatment planaing phase. A number of Quality Asswance

i,
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{QA) procedures ave put m place to safely deliver a reatment as planped. Bvalnatng
whether the treatment 18 or has been delivered as planned s difficult beemize 3 typival
treatnient plan is 2 list of sowrce positions and tne inervals, The sowrce posilion may be
defined s distances from the end of the catheter along the catheter (L., along 2 trgjectony).
i order i compare the apphied treatoment with the plaaned treatment, the plamned source
postiions and the reconstructed source positions have to be expressed in the same
coordinate system. Thus, g correspoendence between a detertion coordinate system and a
planned cotrdinate systam hag to be established. As known in the art, such a conversion is
generally an overlap of @ 3D transtation and a 31 rotation with a scale factor, if necessary,
The problem of establishing a correspondonce botween a detection coordinate system and &
plan coomdinate aystem is ovesy more complex due to the manner in which the plan sets forth
the sonres positions (Le., distances ou & trygeciory fronran end therend), Conventionally, it
was assumed that the plan was delivered ag intended, bat v feedback was generated. That
is, 3o compartson of applied reatment with the planned treatment was performed.
Muoreover, this must be done b real Hine to defermine that the roal HDR positions sind the
dwell times correspond 0 the {reatment plan. This might be done psing, for example, 3
fQurascope image of the catheter. However, this procedure subjocts the patient to a doubls
dose of radiation if the planning phase was condusted using a U sean, for example. The
Nuclear Regulatory Compussion (NRO) prolabals asing fwo sourees of radistion
simftaneonsty (for instance an Xeray sonrce for imaging and an HDR sowree for treatment

dedyvery).
MIMMARY OF THE INVENTION

s ay object to provide methods, apparatases and & computer readable medium
configured and capable o eable o comparison between an infonded trestment plan and an
actually deliverad treatment, by reconstrugting the radiation sowrce position based on
projeciions of markers at known locations on an image soquired nsing 8 twe-diensional

radiation detector. One or more of the independent claims advantageously provides the

jow
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possibility to make a real-time comparison between the intended treatment plan and the
actpatly delivercs treatment antomatically, fee of human afror.

According to an exemplary embodiment, there is o method for conparing an
intended teatment plan with a delivered plan, The method includes arranging markers {a.g.
at leaat two markers) at three-dimensional (313} postitons {typically known postiions, which
are arranged according {o the delivery plan) in & detection reference svstem. The markers
are locatad between a radiation detector (sig. 8 two dimensional radiation detecton
configured to acquire unages generated by radiation emilted by & mdiation source (e ot
least onve radiation sowce) and an drea where the radiation souree is positioned during a
ireatment. The method further includes defermining positions of {e.g. detecting) projections
of the markers on an image delectad when the radiation source isat a treatment position in
an intended treatment plan reforence syst The method Rartber includes calowlating a
phurality of lines, each line being defined by 5 3D position of a marker and a 317 position of
& corresponding prajection of the marker oo the detector acording to the image, ina
detection veference systomn. The method further includes inferring & 3D position of the
radiation source in the defection reference system, based on the caleulated lings, Further, i
no correspondence bebween the detection reforence system and the intended treatment plan
roferance system s avatlable, the infared 3D position s matched with the treatment
position 1o extract the corrgspondence between the detection reference system and the
intended treatment plan reference system. I the comespondence hetween the detection
veforance system and the intended treatmuent plan veference systom s available, the infened
3D position is compared with the freatment position,

According to another exemplary eoabodiment, there s 2 computsy rexdable mediung
transitory storing execulable codes which when executed on a computer make the computer
perform a method for comparing an intended treatment plan with a defivered plan. . The
method eludes arranging murkers at known three-dimensional (3D} positions in &
delection reference systony, the markers being ocated between a two dimensional radiation
dotector cordigured 0 suquire images gonerated by radiation envtted by a radiation source

sl an ares where the radiation seutee i positionsd during a treatment. The method farther
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wcludes deternumng positions of projections of the markers on an image detected when the
radiation sopres 18 of a treatment position i sn intended treatment plan reft ¢ systent.
The method further includes caleulating a plurality of Hues, sach live being defined by a 3D
position of a marker and 4 312 position of & corresponding projection of the marker on the
detector sccording to the image, in 2 detection reference system. The method further
chades inferring a 31 position of the radiation source i the delection refeérence sysiom
based on the caloulated lines, Further, i no comespondence between the defection reference
sysiom angd the intended treatment plav refergnce systom is available, the inforred 3
position is matched with the freatment position to extract the correspondence between the
detection reference system and the mitended treatment plan referonee system. I the
prrespondence bolwoen the dofection reference system and the intended treatmont plan

veference system is avatlahle, the inforred 3D position 1s comparad with the trestment
position,

According to another exemplary embodinment, there s an apparaiug for comparing
an mtended freatment plan wsing a radiation soarce with a delivered plan, The apparatus

meiudes a two-dimensiooal radiation detegtor, a plurality of markers ansd a data processing

unit. The apparatis is configored to acguire images penerated by radiation emitted by the
radiation source at a planmed 3103 position of the radiation sowee avcording 1o the intended

treatnent pdan. The markers are &%anggd at known three-dimensional (30} marker
positions, between the detector and the planved 3D position of the radiation sowee
according to the intended treatment plan. The Jdate processing unit is condigued: (1 o
determine projections of the markers on an image detected whon the radiation sowrce ix
located at & treattnent pesttion; (3} 1 caloulate a plurality of Hoes, gach live being defined
by a 3D posttion of 3 marker and a 31 posttion of & corresponding projection of the wrarker
on the detector aceording 10 the image; {3Y 1o infer a 3D position of the radiation source
based on the caloulated lines; and (43 to compare the inferred 3D position with the planned
3D position,

According to anather embodiment, there s a method for real-time method fr threo

dimensional {303} high dose rate (HOR) source position detertion and tracking and for
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comparing, in realsthme, an intended tregtmens plan with & delivered plan. The methed
according to ihis erabodiment beging with developing the intended treatment plan by
scarining @ patient in & frst 3D coordinate system. A fat patel detector (FPD) having a
malrex of markers with precisely known locations on the FRIY at variable heighis is placed
over the patient. Projections of markers as images on the FPD produced by the HDR sowce
at mulitple dwell postiions are detected. Images of the markers wee processed io obtain a
caleulated relative position of the HDR sturce in'a second 313 voordinate system at cach of
the muliipde dwell positions, Then, & & trnsformation caleulation is perﬁ:«mmi of
coordinates from the second 3D coordinate aystem to the first 3D eoordinate systeny
Detevted positivns of the HDR sowrce at each of the multiple dwell }_‘_Si?}Sii'i{}IiS 15 gompared
with corresponding intended dwell positions according to the intended treatment plan, The
processis performed in real-time fo provide a divect correlation of delivered reatment plan
with the intended freatment plan.

The tresiment position of the radiation source may be nside or on a patient’s body.
The radiation souree may be a high dose radiation (IR} xource having an sclivity of fow
Cunies {e.g., 30, The time for scquiring a ussable ynage iy inverseby proportional with the

£.4. the farger the activity of the sonrce the shorter the time necessary

h

activity of the source,
0 sequire the image.

The projections of the matkers are fusey mostly due to radistion statter between the
sonrce and the detector. The positions of the projections are sxtracted from the mage, for
example, using morphological sepmentation. Here # should be undersiood that the image is
not a sharp image and thus idontifving the shapes of the projections and exhancing the
itnage by filtering noise are necessary to determing the positions of the projections.

In ovder to infer the 3D position of the sowrce, oy cach pair of lines it 8 determined
an estimated position of the source, I the lines of 2 pair intersect, the sstimated p@sitim of
the sonree 15 the point of trtersection; but if the Hnes do vot intersect, a distance of closest
approach is detormuived and the coprdinates of the inferred position are the middle point of
this distance. The wferred 3D position may be median or averdge of the extinsated pasitions.

Prior to defermuning the inferved 3D position, outlivr extimated positions may be eliminated

L% 2]
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or weighted such as to lower their snportance in the average.

The above-described ombodiment of inferring the 3D position s exemplary and it is
ot intended Yo be timiting. One can foresee grouping three lines and finding s distance
froms the detector af which an ares of a triangle defined by infersections of sach of the lines
with a plane pmaﬂa} 1o the detector is sniallest; the estimated position of the source then
may be considered the centerof this trisngle coupled with the distance,

The intended treatment plan is defined as sets of positions along a {rajectory and
axposnre times. loitally the correspondence between the defection referéncs system (two-
dimensional (20} defector and a distance from the detector) and this intended treatnsent plan
reference system s avatlable, It is assumed that the fivst inforred 3D position corresponds o
the fivst posttion it the ttended {reatment plan, the second inforred 313 position corresponidy
oy the sopond position i the intended treatment plan, and so forth. The inferved positions
are detenmimned with & Hmited preciston. Upon combiniog {matching) enough of the inferred
3D position with corresponding positions in the intended ireatment plan, a satisfactory
comversion of the position in the intended trestment phay info the detection reference system
may be achigved. Then following positions in the intended treatment plan can he converted
o the dotection reference systont and compured directly with the inforred 3D positions.

During tests, the markers were arranged 11y 8 square gurid on the cover of the delector
i g plane. However, this geomstry was convenient but i is not infended to be hmifing. For
example, sranging the markers on a sphers or parabolic surface may have focusing effects
enhancing the resolufion of mferring the 3D position. Another regular or veauday pattern of
ihe mwrkers may bo emploved and wore effective for differat the treatment plans. Here it ix
smphasized evaluating guality of the treatment, that i3, the deviation of the position of the
souree from the planned position should not exceed what 18 consrdered sccepiables Not
cocrdinates have the same importance; the -y posifion is more important than the 2
position, which is more affected by the patient’s breathing.

The aceeptable position deviations cannot be lees than the uncertainties, but they
may be mere. The avceptable position deviations may be the haurger of the ancertainiies and

predetarmined values.
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The vention provides the potential 1o correct the applisd trestment when i deparis
top much from the intended treatment. More specifically, an alamumay be g mosssge or any
visaal or otherwise indication wging the operator’s sttention, Cne may Imaging protocals
{software implemented) in which the alarm would be triggered by repenied and successive
mstances of the one ormore differcoces exceading acceptable position deviations.

Prior to starfing the treatment, without the patient body between the source and the
detector mmd with the source at & known fixed position, the known threg-dimensional {303
positions may be confirmed and an origin of a reference coordinate systent may be
established by acquiring and analyzing a sharp image. The perpendicular wires may define
anvangin of the horizontal coordinates and may eorrespend o the known fixed position of
the sowres,

The guality rules may be related to quality of the projection of the marker on the
detector. If the projection is fuzzier, there iy more wncerfainty to associating coordinaies to
the image. Further down in inferring the source postiion the guality rules may be related to
mmpact of a line i mitering the 30 position. For exémple, i1 s distance Fom one lne toall
the uther Hoes is larger than a prodetermined threshold, this one line should be removed
from the subset used to infor the 3D position,

Identifying the marker projections on the image means associating a projection to g
marker. The projections are fuzzy and there may be a lot of hackeronnd noise, Some
projections may overlap or otherwise become wi-usegble, being “eliminated” from the
fhather processing: Le., an embodiment of projection quality mjes. The position estimation

rules may be {o use cender of the muarker projections or “hightest spot”™ of the projection,

BRIEF DESCURIPTION OQF THE DRAWINGS

The foregomg and other objeots, aspents and advanfages will be better undersionad
from the following delatled description of & prefomred embodiment of the invention wiih
referonce (o the drawings, i which;

Figure 1 s g block diagram illustrating the amangomend of the svetem osing a flat

w3
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panel detector to track an HDR source in a patient;

Figure 2 is g schematic representation of the construction of the flat pang detector
{FPDY according to one aspect of the Invention;

Figure 3 is g schematic {lustration of fwo non-intersecting projection lnes showing
the determination of the shortest distence I between the lines:

Figure 4 is a grey scale image, averaged and cropped, scquired using an HOR soures
and the flat panel detector {FPDy

Figure § s a flow diagram summarizing the method according to the invention:

Figure 6 is a flow diagram illustrating the logic of the image processing alporithm
mmplumented according fo the mvention;

Figure 7 15 a flow diagram illustrating the logic of the marker map process
iplemented according fo the invention;

Figure 8 i a flow dlagram lustrating the logie of the calibration algonithm
implemented according to the invention;

Figure & is o diagram which explains the caloulation of H iy the process
implemented by the calibration algovithm of Figure §

Figurz 10 13 a flow diagram iHustrating the ogic of the reconstroction maodel process
mmplamented according o the mvention] and

Figure 1 1s 2 flow diagramn tlustrating the logic of the rotation translation algoriths

implemented accerding to the invention.

DETAILED DESCRIPTION OF THE INVENTION

The following description of the excmplary embodiments refers to the
accompanying drawings. The following conbodiments sre discussed, for simplicity, with

egard to the teominology and strocture of & brachytherapy treatment methodolo

DRY.
Reference throughout the specification to “one embodingent™ or “an ambodiment” neais
that a parbrcular feature, structure, of characteristic described in connection with an

embodiment s inchuded i at least one embodiment of the presat invention. Thus, the

b
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appearance of the phrases “in one embodiment™ or “in an smbodiment™ in various places
threughout the specification ia not necsssarily all referning lo the same embodiment.
Further, the partivalar features, structures or characteristics may be combined in any suitable
manner i ong or nwore ambodiments,

In the conventional Xoray, the patient’s body s the unkuown and the spurce is
Enown, 1o the present invention, the source position is unknown and the markers’ positings
and sizes are known, The rsdiation from the HDR source is detected by @ fat panel detector

{FPD). A matviy of markers (in the form of 4mm ball bearings) with previsely known
Tovations is placed between the source and the FPD atvaniable heights, Using segmentation
aned notse reduction slgonithims, the lovation of the radiation source can be determined with
subv-rniluneter precision based on the image of the markers on the FPI,

Segmemntation and noise reduction algorithims we spphied to the image. The
segmentation algorithm automatically segovenis and labels the markers” images: In addition,
s mathematical solution fr “near-intersection” of two 3D ines was implemented and used
to determine the “true” 3D source position, Software is used o match or compare the
reconstructed source pasition with the actus! freatmont plan. A radiation therapy procedure
is bypieally delivered afier lompectomy as part of the breast conservation solution, There
might be as many as 20-3¢0 cathoters with as many as 200300 positions with short dwell
thines, Correspondence between the plaming coordingte svsterm and the treadment
coordinate system can be determined afler the detection of between fowr and ton positions of
the HIIR source.

Refersing now to the drawings, Figure | illustrates 2 block diagravn of the system
using a fat panel detoctor o track a radicactive source b 8 patient as explained above.
More specilically, @ patient 19 is Iying on g treatinent couch 110 A catheter 12 s connected
to an afferfoader 13, Although a single catheter is represented in the drawing figure, there
might be as many as 20 catheters with as many as 200-300 dwell positions within the
patient 1 The radioactive source 14, which may be a high dose radivactive (HDR} snoren

18 positioned scowately in g remote aflerloader 13 and travels twough the catheter o or

on the patient. Positioned shove the patiem’ in this dlustration is a flat pane} delector (FPI3)
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15, and superpossd between the FPD 18 and the patient 10 ix a3 marker paned 16, desorthed
ur pwe detail with seference to Flgwee 2. The locstion tHustrated in Figure 1 is exomplary
and not intended 1o be Umiting, The FDOP 15 can be located anywhere else relative o the
patient 10 such that o nunimize the attenuation and scattering of the sadistion traveling
from the HDR seurce 14 to the FDP 15

The cutput of the FFD 15 1s supplied te & computer 17 having & user mterface {1}
18 and cuiput 19, The UL 18 may take the form of a keyboard, a pointing device, such as a
mouse of trackball, and media reader, either magnetic or optical. The output 19 may take

the form of a display, printer and media writer. The computer 17 is typically a desk top
computer baving a multi-core processor and sufficient randont acvess memory {RAM) and
magnetic disk storage to perform the image processing and real time ealoulations required
to porform the processes desaribed. Software implementing the invention may be slored
onko nen-franstiory computer readable media, such o magnetic or optical storage mediy, and
feaded onto the memory 30 of the computer 17,

Referring now 1o Figure 2, there is shown achematic representation of the {lat pansd
ditector (FPD} 15 m combination with the marker panel 10 avcording 1o an swwbodiment of
the invention. The FPD 15 and marker panel 16 form two planes, a detsetor plane panel 20
and a paratiel marker plane panel 22. The miarker plane panel 22 may be made of plastie and
machuned o provide & precision mutrix of holes to reveive markers spaced Jom apart, with
the conter of the mairix cotnciding with the conter of the EPID. In this exemplary
entbrodinent, ball bearings of dowm Gy dianyeter are used as markers. The matix of markers
rakes up the marker plane 22 (B, and B}, while the projection of these markers makes up
the detector plaoe 20 (P, and By). Images acgnired using an x-ray sowres are used to

M

calibrate the systam, to got the height between the detector plane 20 wind the marker plane 22
and tn get the voordinates of the markers (P, and Py} in 313 space with reference o the
center of the detector as the ongin of the coordmate sysiem, while the HDR source is used
for treatment. The marker positions are shways fixed. For every position of the HUR source,
each murker will have g unigoe projection. The poiat of ntsrsection of two lines defined by

a marker and its projection gives the position of the HDR source. Markers produce
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projections an the detector plane 10, Coordinates of the mackers and of the projections are
calculated. Lines are defined in 3D space for each marker-projection pair.

Tracking of the HDR source af point § at one of a pluality of dwell positions
seoording to the Weatmant phase is Wustrated in Figee 2. P, and P, represent two mackers
placed at kiown positions on the marker plane 22, The systeny of axes is chosen such that
the center of the detector acty a3 the origin, the v-axds and the v-axis vy through the center
of the detegtor and the z-axis is perpendicular o the plane of the detector. For purposes of
explanation, i is sssumed thai point § is one of the dwell positions where the HDR source
will be active for a cerfain aniount of time, Le., the dwell tme. When the HDR sowree
reaches point $ and is active, # will produee projections of the markers on the detecior.
Thus, marker By will produce projeetion P, en the detector plane 20 while marker B, will
produce projection B, on the detegtor plane 20, Onee the coordinates of the markers and
their projections with respect to the origin are known in 31 space, a line which passes
through the macker and its projection can be defined. Line p is defined by the combination
of marker Py and its projection P, while line ¢ is defined by the combination of marker P,
and its projection By The intorsection of these two imaginary lines z and ¢ o 3D space will
give the posiiion of the HDR source at point 8, The sans provedure is repeated o track all
other dwell positions of the HDR source,

It 18 not necossary for tvo noveparalie! Hnes o intersect in space. Most nonsparaliel
lines do not have any points in common, They go over and under one another withowt
touching. Thus, to plot the irne intersection of the Hne p and the Yine g In space is very
andikely, lnsiead, the shortest distance between the two fines is computed as an alternative
fora “real” inlersection. When two Hnes in 3D space do not himersect, they can be comnsoted
by a hne segment. The shortest such fine segment is anique and is considered to be the
“irue” intersection of the two Hnes in 308 space. The shortest distanee hotween e p and the
Iime ¢ is represented by D, ay iflustraled in Fignre 3 where P and Q represent the
searesponding two points contained on the lines pand g, respectively, that define the line £,

The mean of the coordinates of points P and Q gives an sstimate of the 31 coordinaies of

the source position best for this situation,

il
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While the schemativ representation of Figure 2 represemts pndy two markers, it

will e understend that a well defined matrix of markers 18 wsed, A single pair of

navkers sind their projections vield an estunation of the sowee position. The above
procedure s repeated for all possible combinations of marker/projection pairs, W
markers would prodooe N¥N- 12 combinations of nuarker/projection pairs, each pair
produding sn estimate position. The average over all estimated positions gives the niost
accurate position reconstroction of the source gt any point in time,

An image data setis acquived and stoved by the computer 17, shown in Figare 1
in an exemplary embodiment, at least one image, and genceally mulliple images for each
dhwell posttion are acquived and stored. Image averaging s performed and o blank image
{eontaiming only podse) s subtracted for poige redustion. The tdea of averagimg ts Signal
to Motse Ratio (SNR} improvement. Without being bound by theory, it is beleved that if
a weak signal is sequired inthe presence of noise, the signal is coherent but the nodseia
net. Thus, when multiple measurements are added wopether, multiple coherent signaly
will “stack up™ while the notse will vancel out, resulting in a detectable signal
unencumbered by notse. In other words, the concept of mage averaging is that when the
fveamages are added fogether, the randont Suctuations of the notse above and below
the progections of the markers will gradually cancel each other out, thus ncreasing the
stgnal to noise ratio (S of the image by removing major components of noise. Those
of skill b the art will recognize that the number of images acquired is a compromise
hetween the desive to inerease the SNR and the time seeded to scquive nisltiple images.

While one would choose a very large number of tnages to be averaged in ander to

dnaprove marker projection defection, one also bas fominimixe the tolal sequisition time,

kg indo account the relevant tine resolution of the process that is being monitored.
Averaging over, for example, from at Tegst about two to shout 10, or from about 3 to

ghont 10 {or more), images helps to redace the noise in the image. The prejection of the

i)

markers holds a value {pixe imtensity} that depends on the loeation and strength of the
source, but which is fixed-across the multiple images that are acquired. Noise i3 assumed
e be truly rowdom, Even aRer image averaging, unwanted noise may be observed along
the borders of the mage. This noise is removed by simply cropping twenty five pisels
off each border of the tmage. Figured 1s a grey scale image after being averaged and

J

cropped for one of the dwell positions.
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Morphelogical image processing of the marker iimage data involves selating and
segmenting the mackers, sorting the projections of the makers in aceordance with the

relative position of the markers obtained from the calibration tmage. The shape and size

of the muarkers that have to be isolated from the image are known before hansd, For this
reason, morphological image processing 18 performed 1o isolate the projection of the

wrarkers and obtain the coordinates of the centroid, The “imbotha” command from the

Matlab image progessing foolbox is used to perform morphological bottom-hat filtering

oncdhe grey scale image, The MorphologicalBattomHat object perfooms bottom-hat

gre
fltering on an intensily or binary tmage. Bottom-hat filtering is the equivalsnt of
subtracting the inpul image from the result of performing s morphological closing
operation an the input Image. The hottom-hat filtering object uses flat structuring
clements only.

A bottom-hat filter enhances black or dark spots in ¢ white background. It
subtracts the morphological closing of the image frons the image {sse below fora
deseription of closing).

Closing: Performs a dilatton followed by an eroston. The offert is te fill holex and join
nesrby objeets,

Frosion: For binary, replaces any 1 pixed by O i any of itx neighbors i3 6. For grayseale,
cach pixel is replaced iy the minimum of its noighbors and el

Lilation: For binary, replaces any O pixel by 1 i any of its neighbors is 1. For gravsesle,

each pixel is replaced by the maximum of its neighbors and Hself.

The bottonv-hat flter roguires a structuring elsment which wouald define the shape of the
markers. The markers are substantially cireular structimes, so the first step is o define a
structuting elonent of the type “disk”™ This is done by nsing the “wref function, The
filtered image is then stored. An example of the “imhorhar’™ and © St < functions is
explained as follows:

se = girel{*disk’ 25y,

Il = mmbothat{lsck
The above code ereates a flat, diskeshaped strucinring elomemt “se™ with a rading oF 25

pixels. The bottom-hat function s performed oo the cropped image 1 using “se™ and

it
Py
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stores i in 11 Ciiber than the bottean-hat Hlier, two move fliers are used 1 order o
reduce noise First, @ wiener? filier is used. Wiener2 is 8 2D pixelowise adaptive Wiener
filtering method which acts as g lowpass filter © unprove & degraded grey svale mage
by rentreving neise. I is based on stabistics estimated from alocal veighborhaod of each

5 pixel Mext, a mediit? filter is used, Medfit2 is a 2D nonlinear median fliering method

which is osed 1o reduce “sal{ and pepper™ noise. The code for the two filters s as
follows:

[R2noise] = wisner 20 {15 157

3= med BHEI2,08 8))

10 A 15x15 pixel size neighborhood is used 10 sstimate the locad ivage msan and standard
deviation to perform the wicner? filtration method on the inage 11 and the filered
unage is stored in 2.4 83«8 pixel size neighborhood 18 used around sach pivel in 12 1w
perform the median filtration method and the Hliered images ave storad in 13,

Next, the markers are isolated. The grey seale buage is converted o & binary

is

T,
L&

tmage such that only the mavkers take the valne 1 while the rest of the bnage s, This
dene by spplving a threshold to the Image.
= I means 202 + 25560203 )
The mean value plus 2.5 tunes the standard deviation valne isused as the threshold
applicd to image 13 and the binary image is storad i 4 From the hinary image M the
20 markers can be teolated, fabeled and the centrond oy each munker can be calonlated
using the fulfowing cods:
15 UM = bwlabelodidy,
STATE = regionprops{Is, Compoid’ " Area’y;
The “hwilaheln™ function labels the markers tn tmage 14 and saves itin 15, The
I8 Tregionpreps” funclion measures the centroid and ares of the labeled markers In image
15 and stores i in the array STATS. The x-y pixel coordinates of the centrouds can be
sccessed using the Comma-Separated List Syntax cxplained as follews:
STATS Centroid

The Controid acts as a substitute for the coordinates of the markers and is represented by

i
P
>

the pixel number. o order fo obtain the coordinates with respeet fo the system of chosen
axes, the x and y eoordinates of the pixel number of the condroids have to he subiracted

bvihe center of the detector. The coordinates arg convertad into centimetars by

14
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muitiplying the pixel number with the pixel size or the resohution of the fat panel
detentor,
When the labeling of the segmented fruage is perfonmed, the markers got labeled
1w any randens order. Thus, the Iabeled markers need to be rearranged such that the same
5 ovder for the markers on the calibration imags and the projection of the markers on the
image aoguired by the HDR seurce have the same order. This is done by using the “sors
command i Matlah, The sorted coordinates of the projections are stored iy a variahle
called “img" while the sorted coordinates of the markers ave stored in a variable onlted
“cal™. The following is the code used to sort the marker image.
10 N = lengih{STATSY,
fori= tm
aredali} = STATS( L Areg;
Xx{i} = S'TE_‘_A“FS{E).{Iex;rmji.d{i_};

yyiid = RTATSE entroid( 2,
15 e ) = OREE* {1~ 48Ty
vl (i} = DOIRRRISH - (il
eyl
feent wIMy] = son{yyiae Dimge{];
for = 13
20 MG =My 7
MG = sor{IMO )
g = [y IMG2]
=R
end
28 where 00388 is the resolation of the detoctor, (487,359} {s the center of the ¢roppad

g

Figare § s a flow diagram summarizing 2 method according to snd embodiment
of this application. The first step 510 8 10 arvange markers at known 3D locations. Next,
at 520, the projections of murkers on a detected Bmage is determined when a radistion

30 source is located at & treatment position. Then at 530, a plarality of lines are caloulated,

e
[
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each line being defined by 3 3D position of a nueker and a 3D position of a
corresponding projection of the marker on the detector socurding to the tnage. From the
calenlated Hnes, a 3D po‘s.itim} of the radiation iz Infered at 340, A detsemination 18
made & 350 as to whether there Is available correspondence between reference systems.

5 Koo corvespondence between the detection reference svstom snsd the imtended treatmont

plan reforence svstent is available, the inferved 3D position is matched with the
treatment posttion to exiract the correspondence between the detection reference system
and the intended reatment plan refergnce system at $60. I the correspondence between
the detection reference svstem and the an intemded treatment plan reference sysiem i3

iy available, the inferred 3D position ia compared with the treatraent position &t §70, The

mtended treatmeant plan is defined as sets of positions along & trajectory and exposure
mes. Initially the eorrespondenice between the detection reference system (213 detoetor

and a distance from the detector) and this intended treatmient plan roference syste
not avatkable. It s assuned that the st infeered 30 position corresponds 1o the first

I3 position i the intended treatment plan, the second mnferved 3D position corrésponds 1o
the second pesttion i the intended treatment plan, efe. The inferred poaitions are
determined with a Bndted precision. Upen combining (matching) enough of the inforred
3D position w ithcorre sponding positiony 19 the intended treatment plan a satistactory

conversion of the position in the intended freatment plan into the detection reforencs

24 system mway beachieved. Then ollowing positions in the intended freatment plan cin be
converfed tnio the detection reference sysiem and compaved divectly with the inferred
3D positions.

The at panel detector produced by Varian {Vanan Flat Panel Detector: PaxSean
A030CBY is an example ofuseable detector but s not intengded o be limiting, The

25 weatment position of the radigtion sowee may be mside or on @ patient’s body, The
radiation source may e a high dese source having an activity of fow Cuarles {e.g., 3CHL
The time fiy soquiring a ussable image v nversely proportional with the activity of the
source ~ the larger the antivity of the source the shorter the time negassary to acquire the
unage. Henee, larger activity sowrces may be advantagesus sinee longer exposwre times

30 can crédte more noise,

The proje nthe images are Ry mestly due to radiation scatior bebwogn

the soares and the detector. The positions of the projections arcextracted from the

L
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image, for example, using morphologicsl segmentation. Here it should be understoad
that the image is not & sharp image and thus identifving the shapes of the projections and
ez‘iimitti’.ing the fimage by fltaring noise ave necessary 1o determing the positions of the
projoctions.

In order to infer the 3D position, for sach pair of lines # (s determined an
estimated position of the sowrce. I the lines of a pair intersect, the estimaied position of
the sowree is the point of inlersection; i the lines do not intersect, a distance of closest
approach s determined and the coovrdinaies of the inforvad position are the middle point
of this distance. The inforred 3D position may be median or average of the estimated
positions. Prior to deterndning the inferred 3D position, outlier estinmated positions may
be elimmated or weighted such as o lower theiv tmporiance 1o the average.

The ahoveé-deseribed enbodinient of nferring the 3D position iz exemplary and
it ix not intended 1o be Timitng. One can foresee grouping three Hoes and finding a
distance from the detector af which an area of u triangle defined by intersections of each
of the hoes with a plaoe paraliel to the detecior s smallest; the estimated position of the
source then may be considerad the center of this triangle coupled with the distange,

The methaed of i Figure § 18 dexeribed f one position. In fact the determining,
the caloalsting, the matching or comparing ave repeated for a predetermined munber of
points m the reatment plan, or until & predetarmined precision of matehing the inferred
30 position with the freatment position 18 schievad, Then the correspondence between
the detection reference systent and the infended troatment plan reforence system
becomes avaitable for performing the comparing. The intended treatment p?&m 1s defined
as sets of positions along a trajectory and exposure trmes, Initially the correspendence

between the detsction reference system {2-13 detector and & distance from the detectar}

and this itended treatment plan reference sysiem is avatlabde. I is assumed that the
first inferred 3D position corresponds to the first postiion in the intended treatment plan,
the second inferred 312 position corresponds to the second position in the intended
reatment plan, ele. The miferred seuree positions are determined with a hmited
precision. Upon combining {(matching) enough of the infared 3D position with
corresponding positions in the intended troatment plan a satisfuctory conversion of the

position i the intended treatment plan o the detection referencs system may be

achieved, Then following positions in the ifended treatmont plan can be converted into
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the detechion reforence systom and compared dirsetly with the mferred 3D positions,
{in the embodiment iHasttaied in Figure , the known 30 positions of the markers
are substantially in a plane which is substantially pavallel o the detector. However,

netther being in a plane por being parallel 1o the detector are necessary, Hmiting

L

conditions. I some embodiments, the markers may be arvanged in a grid having
substantially egnal distances there-between, but regulacity of the arrangement iy nof a
reguirgment either. During tests the markers were mvanged in g square grid on the cover
of the detector 1 a plane, However, this geometry was eonvenient but it is not intended
ie be hmiding. For example, aranging the markers on a sphere or parabolic surfsce may
I have focusing effects enhaneing the reselutivn of inferving the 3D position. Anothey
aular or tregular pattens of the markers way be employed and more effective S
different the treatment plans.
The markers may be substantially spherical and are made of a radiation

absorbing material. For example, the radiation shsorbing malerial may be (but it is not

[
i 1

Hmitled ) stamdess steel or lead,

Comparmy the mfared 3D position of the source with the freatment posttion
may meludes comparing one ov more differences hetwoen correspomshing coordinates of
the inferred 3D posiiion and coordinates of the planned 31 position with ene or mare
aceeplable postiion deviations. Hege it {s emphasized ovaluating quality of the treatmay
200 - that is the deviation of the position of the seurce from the planned position shouid not
exeeed what is considered acceptable, Not all coordinates have the same Importance;
the x-y position 1s more important than the ¥ position, which s more affected for
examplo by the patient’s breathing,

The one or more aecepiable position deviations may have predeteemined valaey

25 ormay be defined relative to the one or move uncertainties. The o or e
uncertamnties of one or more coordinates of the inferred 30 position may also he
estimated. The acceptable position deviations cannot he less than the uncertainties (for
exﬁimpk}* i the ancertanty m deternuning sccurately 3D positions during the treatment
5 0.8 num, then only a distance greater than 0.5 mm can be considered a deviation)), hut
30 they migy bo mere: The scceptable position deviations is generally the larger of the

uncertaintios and predetermined valugs. In some embodiments, deviations greater than 2

3

v ave of concen, However, generally, bot generally deviations of from gbhowt 1-1.3

I8
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man e indisgtive of ﬁ‘c noed for an alord, with a stronger warning occurring &t 2 mny,
and, optionally, an aptomatie stop of the treatmment delivery for distances for deviations
of = 2,53 minu Those of skl in the artwill recognize thet such thresholds ary
dependent ou anatomical sites, For example, applicators (8., catheters) placed in the
breast will Bkeldy roove due o uormal breathing, iy which vase a Hueshold of g 5 mm

may be appropriate, whereas for cathoters placed in or of 2 more stationary position {o.g.

prostate), smaller deviation thresholds may be saitable.

When the one or wore difforentes oxeved the one or mare agceptable position
deviations, an alarm may be generated. Thus, applying this method provides the
potential to correct the apphied treatment when it departs too much from the intended
trestment. The alarm may be o message or any visual or otherwise indication urging the
operator’s gitention. One may imagine protocols {software implemented) in which the
alarm would be riggered by repeated and sugcessteg tnstances of the ong or more
differences exconding doceptable position deviations,

In some erabediments, g calibration precedure using substantially perpendivular
wires srranged on g plang and pleced botween the radiation seurce and the detecior may
he employed. Prior lo sfacting the treatmenyt, without the patient body betwen the soures
arul the detector and with the souree at a known fixed position, the known
three-dimensional 31 pesitions may be confirmed and an origin of a reference

sordinade system may be estabilished by sequiring and analyxing a sharp image. The
perpendicular wires may define an onigin of the borizontal covrdinates and may
correspond 0 the known fixed position of the sosuree,

I sovue embodiments, 2 subset of hnegix selected based on one or more
predeternined qualily rules. The quality roles waay be related to qualiiy of the projection

et the marker on the detector. I the projection is fuzsier, there ts more uncertanmty e

associating coordinates wo the mmage. Further down in inferring the source position the

quality rules may be related to tmpaet of & Hee it inforring the 3D position. For
example, it a distance from one line to all the other lines is larger thas a predetermined

threshold, this one line should be removed from the subset used to infer the 313 position,

The »‘t:::p 3304 Figure 'S may inclades identifiing marker projections on the

intage, estimating 38 positions of the marker projections based on posilion estimation
rules, selecting a subset of projections among the marker prejections on the image based

19
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on projection gushity rules, Identifying the marker projeetions on the Image meens
sssociating 8 projection to a miwker, The projections are fuzey and there may boalat of
hackeround noise. Some projections may overlap or otherwise becone w-usesble,

being “climinated™ fromy the further processing 1., au embodiment of projection

S guality rades. The positicn estimation rules may be o use center of the marker
projections or “Hghiest spot™ of the projection.

The computer 17 includes a memory 30 that non-transitory stores sxecutable
codes which when exconted ona ::umputef make the computer parform the methad in
Figure 3 or other similar embodiments deacribed above,

10 Annther embodiment is an apparatus for comparing an intended treatmeont plan

using a radiation source with @ delivered plan as Hostrated iy Flgure 1. The apparatus
moludes & two dumenstonal radiation detestor {e.g., 15 in Figure 1} configured o aogquire
images generated by radiation emitted by the radiation soures and a planned 30 position
of the radiation source according to the intended treatment plan. The apparatus further

1§ meludes a plusality of mwrkers {o.g., 10} arvanged gt knows three-dimensional {319
markey positions between the detector and a planned 3D position of the radiation source
ai;‘s;'.(‘}r{ﬁ}lg to the intended treatoment pim‘ The appa.mius alro inchudes o data processmg
the radiation souree {s located st a treatmend position; (2 1o caleulate g 'pit's:x‘alit}-‘ of Hines,

20 cach lne heing defined by & 3D position of s marker and 2 3D position of a
corresponding projection of the marker on the detecior according jo the image; {3 1o
infer a 3D position of the radistion souree based on the calonlated Hnes; snd (4) in
compans the inforred 31 position with the plowed 3D postiion.

The specifie alporithms buplemented socording o the invention will now he

25 deseribed. Reforving first to Figure 6, there is shown g fow dingram of the tmage
processing algorithor. The first step at function block 618 is 1o read the image; that is,
the hmage acqueived by the FPI 13 s read by the computer 17 in Figore 1. Next, in
function block 611, the iage 13 cropped (o ramove neise sround the edges and retain all
pixels of the markers. In funchion block 612, morphological image processing is

30 performed Gsing a “disk™ g8 a strucluring elaraent. Then, n funciion block &13, noise
reduction filters are used to further reduce the noise hu the image. A threshold is

established in function block 614 g8 the wiean of pixel values plus the standard

20
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3.
¥

devigtion, The threshold catablished in fimction block 614 {s applied in function hlwek
615 1o convert the tmage to 3 binary image and isolaie the markers. Using this binary
fmage, themarkers are sorted and labeled in fanetion block 5§16 such that the markers
follow s known paltern. Ther in function block 617, the center of the cirenlar marker is
S psed as x-v coordinates. Pinally, in function block 618, a multiplication process is
perfotmed with the resolation of the FPD 15 0 get the x-y coordinates in centimeters
{emi
Figure 7 is the flow diagram illustrating the logie of the marker map procoss
mmplamentad according to the invention. The first step in this process a8 fimetion block
710 3a o read the tmage sequired for creating the marker map. This is done by placing
the marker ’;:sfi ane on o of the detector and acquiving an x-ray image on the FPD. Afuy

ng showy in Flgure 6, a vetin is made in functon block 720, where the

YE gt

inage process
distance s calenlated with respect to o ceniral marker vsing distance formulae, The

process ends at function bloek 730 by storing the calenluted distances i a variable.

Py
N

The calibration algoriibn s illustrated in the floswe diagrans of Figuie 8. The

alibration of the panel siroply means establishing, prior to paticnt use, the

construction geometry. This is essentially vontposed of (1) the relative posttion of the
markers in the matix and (2} the relative position of the panel containing the yackers of
the panel detector. The fivel step in Rusetion block ST is read the calibration imags.
20 Adter image processing shown in Figure &, a vetwrn 18 inade lo function block 811, where.
for purpoeses of the following Heration, the count “n™is set to 1. They, in decision block
§13, v determination is made as to whether n 13 less than or egual o the omber of
markers, Initially, the decision is resolved in the affinnative so that the provess next

goes 1o function block 813 where the distates betweon mankers is caloulated with

25 vespect o the central marker and stored in the o variable “ealt™ Next, in function block
814, the height 1 s calenlated gs the distance between the source and the detectar Himes
the diffevence of the variable call and the marker divided by the variabile cali.

Figure 9 is @ dingram that explains the calenlation of H, In Pigare ¥, M, is the
coniral marker and My iz one of the markers along the cendral axis; P, and Py their

30 respective projociions; X, distance between projections {ealoulated by software using the

caltbration Iroage} and X, distance bebween markers on the panel {caloulated mannally

from the panely and Howas caloulated nsing the formula balows
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H = {Distanee betwesn source and detector (X~ X1,

Retumning to Figure &, after the caloulation of H for esch marker, the count “n™ s
advancerd by 1 in functon block B13F bafore the process refurns fo decision block $13 At
auch time as the count “n” exeeeds the number of markers, indicating that H has been
caloulated for all the markers, the process next goes o function block 816 where the
caleulated value H s established as the z-coordinate for each of the markers. Finally, in
function block 817. The x-y coordinate is caleulated for each marker using @ line
equation with respect for the wrigin.

Figure 10 iz the flow diagram illustrating the logic of the reconstraciion
algorithmy implemented by the invention. In the first step at function hleck 1081, the
X005 coordinales for the markers are caleulated based on the calibraiion algorithm of
Fignre 8. Then fn funchion block 1002, five images are read. These five Imsges are
acguired using the HDR sowrce as the imaging source for a given dwell position. Then
the average of the five images 1s caloulated. After image processing shown in Figure &, a
retprn ts made fo function hlock 1003 whers the X,y coordinates are caleulaied for the

projection markers. In function block 1004, moarker paies are selected from the matrix

such that the distance between them is greater than 4om but less than 12em. Atthe
begnning of the femion kmp g oount 1 s setto 1 m funciion block 1005, Then, in

decision beck 1006, g detorntination is made 3310 whether the cowt ¥ {s less or equsl

o the number of such marker paies: Initially, this will be answered in the affirmative, so
the process gous to fanction block 1007 where two Hnes are defined using the x v,z
covrdinates of the arkers and their respective projections, Next, in functinn blogk
HO0E, the shortest distance formula is used o get the 3D eoordinates of the two poiniy
representing the shortest distance. The mean of the 31 cocrdinates of the fwo points is
set egual i the 3D coordinate of the pemnt of Intersection (P} in fimetion block 1069,

ﬂ?

The courd 17 is intremented by one befors the process returns to decision block 1006,
Onee all the marker pars bave beon processed, the proeess goes i function hlack 1010
where the man of all Ps = xy.2 coordinates of the reconstracied dwell postiion is
caleulated.

The rotation transiation algorthm implemented by the invention is tHustrated in
the fow disgram of Figure 11, The provess begine at function block 1101 where the

[XYZ1=3D coordinstes of the planned dwell position as scquired from the tregtment
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plan is read. Then, in function block 1102, the Drval]=3D coordinaies of the
reconstrucied dwell position gs soquired from the recomstruction moded is read. Using a
rotation/ransiation algosithm in fanction block 1103, [XYZ1] is wranslated to he equal 16
Dovzl] times arotation value R Rois calenfated in fanction block 1104 using the
coordinates of the first four planned and reconstructed dwell positions. Then in function
block 1103, R 1x multiplied with the remaining reconstracted dwell positions. Finally,
the reconsttuctesd dwell positions are compared in function block 1106 with the planmed
dwell positions by calonlating the distance betwesn planned dwell positions and the now
reconstructed dwell positions after rotation and translation,

The foregomg algorithoms were implawented in Matlab code; however, those
skilled in the art will recognize that ether and different programming languages can be
wsed lowrite pode that nplemeants the necessary algorithms.

The disclosed sxemplary enthodiments provide nasthods and apparatuses for
reconstrocting the posttion of a rediation sonvee during treatment using a
two-dimensional flat detecior. 1t should be understood that this description s not
mitended o it the nvention. On the contrary, the exemiplary embodiments are
wiended to cover glternatives, modifications and equivalents, which are inchuded in the
spirit and scope of the invention as defined by the appended claims. Further, in the
detailed deseription of the exemplary embodiments, nomeros speeifie detatls are st
forth i order to provide @ eomprehensive widersianding of the claimed invention,
Howaever, one skilled iy the art would understand that various embodiments may be
practiced without such speeific details,

Although the featores and cloments of the present exomplary embodiments wee
descrthad i the embodiments in partivular comldnations, cach festure or element can be
wsed alone without the other features and clomats of the embadiments or in various
combinations with or withowt other features and claments disclosed herein.

This written description uses examples of the subject matter disclosed to enable
any person skilled in the art to practice the same, inclnding making and using sny

devices or system (3}, and performmg any ineorporsted methods, While the fnvention

has been desoribed in terras of Uy preforred emibodinents, those skilled in the are will

recognize that the Invention can be practiced with modification within the spirit and

scops of the appended elpims, Accordingly, the prosent invention should not be limited

3
153
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iz the embodineas ag described shove, hig shoudd further include sl modifications and

sgntvalents thorontwithin the spirit and scope of the deseription provided hereta,
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CLAIMS

What s clamed is:

L A megthod for comparing an itended freatment plan using a radiation source with g
delivery plan, comprising the steps of:

arvanging makers at kaown three-dimensional (3D) positions in a detection
reference system batween a two dimensional radiation detector configured to acguire
inages gonerated by radiation emitied by the radistion source snd an avea where the
radiation sourceds positioned during a treabment;

deternuining positions of projections of the at least one marker o an imave when
the radiation source 1s af a reatment postion in an intended treatment plan reference
systeny;

catoulating a plurality of Hoes in the detection reforence systean, each line being
defined by & 303 posttion of 2 nuarker and 2 3D position of a vorresponding projection of

the marker on the detector according to the image;

et

inferring a 3D position of the radiation sonrce in the detection reference system

based on the calenlated Hoes: and

i no covrespondense hebween the detection reference systens and the intended
treatment plan reference syslom i3 gvallable, matching the nferved 3D posivion with the
treatment position to extract the correspondence between the detection reference sysiem
andd the an infended trestment plan reference systeny) and

e

if the correspondenee bebwesn the detection reference systen and the an

intended treatnierdt plan reforence systun is available, comparing the inferred 30

position with the treatiment position.

2. The method of claim 1, wherein the sieps of deternuiuning, caleulating, inferring and
comparing are repéaled for 8 predetermined number of points in the treatment plag, o
until & prodetermined precision of matehing the inferred 3D position with the treatment
position is achieved, before making the corrsspondonce bitween the detection reforence
system and the Intended troatment plan reference systont available for perfonming the

stepy of comparing.
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3 The msthed of olain 3, wheretn known 3D positions of the miarkers are substantially
k 258

g plane.

4. The method of ¢lain 3, wherein the plane 1s substantially parailel to a detecior which

detects an image of projections of the markers,

3. The method of claing 4, wherein the markers are arvanged tn g grid haviog

substantially synal distances thors bebween,

&, The method of claim {, wherein the markers are subsiantially spherical.

7. The method of olaim 1, wherein the markers are made of ¢ radistion shsorbing

material,

& The methed of claim 1, wherst the step of comparing ncludes comparing one or
more difforences batween coaresponding coordinates of the iInforred 3D position and

epondinates of the planved 313 position with one or more acceptable position deviations.

8. The method of claim 8, wherein the ang or more aceepiable position deviations have

predetecmined values,

13, The methad of claim &, farther comprising the step of estimating ong or more
unertaintios of one or mers coordinates of the mitrred 3D position, the one or more

acegpiable poaition deviations being defined rélative to the oneor more unceriainties,

11, The method of elamm 8, Ruther comprising the siep of generating an alarm when the

one or more differences exceed the ong or more acoeptable position deviations.

12, The method of claim 1, further comprising the step of performing a calibyation
procedure using substantially perpendiculay wires srranged on 8 plane and placed

hetween the radiation souree and the defecion

26
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13, The method of claim 1, wherely the step of inferring includes selecting a subset of

lines based on one or more predetermined quality rales,

14, The method of elain {, wherein the step of caleulating includes at least one oft
wlentifving marker projections on the tnwage;
estumating 312 positions of the murker projections based on position estimation
rudes; and
selecting a subset of projections among the marker projections on the imags

based on projection quality rules.

15,0 A computer readable non-transiiory medinm storing sxecotable cades which when
execuied ona computer make the computer perform a method for comparing an
mtended treatmont plan using a radiation source with a dedivered plan, the methed
comprising the stops off

recuiving three-dimensional (3D} marker positions of markers posttiong ina
deteation refirencs system, the markers being Iocated hetween a two dimensional
radiation detector configured to acquire mages generated by radiation emitted by the
radiation source and an area where the radiation sowrce is posttioned during @ tresbment;

determining projections of the markers on an image deteeted when the radiation
souree Is al @ freatment position v an infended freatment plan reference system;

calvulating a plurality of ines in a detection reference systony, vach Hne being
defined by ¢ 3D position of a marker and a 30 position of 1 corresponding projection of
the marker on the detector according o the image;

inforring a 31 position of the radiation sowrce in the detection reference systeny
based on the calvulaied lines! and

3 no correspondence betwean the detection referstvs systom and the intended
treatmend plan reference system s available, matching the inferred 3D posttion with the
freatment position to extract the correspondence between the detection reference system
and the an intended Weatment play reference system, and

if the coprespondence hetween the deteetion reference system and the an

intensted treatment plan veforence system is avatlable, c:smpa* g the nfared 3D

Y
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postiion with the treatment posttion,

18, An apparatus for comparing an intended treatment plan using 2 radiation sourcs with
a dehiverad plan, the apparstus comprising:
a two dimensional radiation detector configured to soquire mages generated by
radiation cmnitted by the radiation source and 2 plansed three-dimensional (3D position
of the radiation source gocording 1o an titended treatment plary
a plurahity of nwrkers arranged at known 31 marker postiions between the
detecior and @ planned 3D position of the radistion setree according 16 the intended
freatment plan; and
a data processing unit conligured
to deternune profections of the markers on an
image detectod when the radiation source is
focaied at a treatment position,
to caloidate a plurality of lines, eagh line being
defined by 2 31 position of & markey mnd @
30 position of a corresponding projection
of the marker on the detector according to
the tmage,
o pevder & 30 position of the radiation souree hased on the

calonlated hues, and

to compate the infarred 3D position with the planued 3D position.

17, A method for real-time three dimensional (31) high dese rate (HDR) sonres positing
detection and fracking and for comparing, in real-time, an intended treatment plan with a
delivered plan, comprising the steps of

developing the intended treatment plan by scanning a patient in & first 3D
coordingte system;

placing a flat panel detector (FPD) having & nabrix of markers with precisely
known focations on the FPD at variable heighis over the patient;

detecting projections of markers as Images on the FPD produeced by the HDR

suree gt nudiiple dwell positions;
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10 provessing the images to obtain a ealowlated relative position of the HDR sowee
i1 1 a second 3D coordinate system ab eich of the muliiple dwell positions;

12 calculating 3 transformation ef eoordinates from the second 30 covrdinaie

13 Fysten to the st 30 coordinate system; aind

14 comparing a detected position of the HDR seurce at cach of the multiple dwell
15 positions with an miended dwell position sccording to the lntended treatmsent plan,

16 whereby thie steps of processing, valeulating and comparing are performed in

17 real-time to provide a divect corvelation of delivered trestment plan with the imended

18 treatment plan.



PCT/US2012/035682

WO 2012/149488

110

el

ARIRN

lsjauyien S»/

L 8inbi+

yonop L1

/

L AN

AN

N

A

usiied 0l

seoeJyieNiew
om; Bumoys
sueld JaxlelN g1

/

204n0s YAH v1

ol

é

10p8)ed Gl

SUBSTITUTE SHEET (RULE 26)



WO 2012/149488 PCT/US2012/035682

2/10
Ad
\
Z-axis T '\‘ D /4

I
i ! , Test applicator with 5
| Y, dwell positions
[
!
I L
' *
[
| P
|
|
[
|
I
I:
b
‘|

1
|
|
t

SUBSTITUTE SHEET (RULE 26)



PCT/US2012/035682

WO 2012/149488
3110
q
p
qQ \P
P
Py P,
P3 P,
Figure 3
_ g
i % o
. % % i
Figure 4

SUBSTITUTE SHEET (RULE 26)



WO 2012/149488 PCT/US2012/035682

4/10

e 7

ARRANGE MARKERS AT
KNOWN 3D POSITIONS

Y

DETERMINE PROJECTIONS OF
MARKERS ON ADETECTED |
IMAGE WHEN RADIATION 920
SOURCE IS LOCATED AT A
TREATMENT POSITION

530

! /

CALCULATE A PLURALITY OF LINES, EACH LINE

BEING DEFINED BY A 3D POSITION OF A MARKER AND

A 3D POSITION OF ACORRESPONDING PROJECTION

OF THE MARKER ON THE DETECTOR ACCORDING TO
THE IMAGE

Y

INFER A 3D POSITION OF THE
RADIATION SOURCE BASED ON THE[~__ 540
CALCULATED LINES

NO

YES
AVAILABLE

g_IQRRESPONDENCE
BETWEEN REFERENCE
500 SYSTEMS 570
/ Y /
MATCH INFERRED 3D COMPARE INFERRED 3D
POSITION WITH THE POSITION WITH THE
TREATMENT POSITION PLANNED 3D POSITION

y
( STOP )

Figure 5

SUBSTITUTE SHEET (RULE 26)



WO 2012/149488

5/10

PCT/US2012/035682

( Start )

.

Read image

/‘610

Y

Crop image to remove noise around the edges and retain all the /-611
pixels of the markers

y

structuring element

Perform Morphological image processing using “disk” as the f612

y

613
Use noise reduction filters f

Y

] T f614
Threshold = mean of pixel values + standard deviation

615
Apply threshold to convert to binary image and isolate markers .

N

616
Sort the markers and label them such that they follow a known pattern /-

Y

617
Center of the circular marker used as x-y cocrdinates A

A

\ . . . . 618
Multiply with resolution of dectector to get x-y coordinates in centimeters .

Y

o )

Figure 6

SUBSTITUTE SHEET

(RULE 26)



WO 2012/149488 PCT/US2012/035682

6/10

( Start ) 710
/

Y
Read image acquired for creating marker map (by placing the
marker plane on top of the detector and acquiring
X-ray image on the detector)

y

Image Processing Algorithm

720
/

Calculate Distance with respect to central marker using distance formulae

Y
730
Store in a variable (Marker, 5x7 Matrix) L/

v
( Stop )

Figure 7

SUBSTITUTE SHEET (RULE 26)



WO 2012/149488 PCT/US2012/035682
7110

< Start ’ 810
Y /

Read Calibration Image

Y
Image Processing Algorithm

n=1 f811

812

»<n < number o
markers

813

/

Calculate distance between markers with respect to the
central marker and store it in a variable (cali) 814

v /

Height (H) = {Distance between source
and detector} * (Cali - Marker) / (Cali)

v

n=n+1 \815 816

A

Height (H) = z-coordinate for marker

817

/

A

Calculate x-y coordinate for marker using line equation (line defined by

3 points-x-ray source, marker point and projection, with only unknown
being x-y for marker} with respect to origin

Figure 8

SUBSTITUTE SHEET (RULE 26)



WO 2012/149488

8/10
A
0
150cm
M1 M2
<« X, > T
16
! H
!
|
|
v | l
P 14 * P
Figure 9

SUBSTITUTE SHEET (RULE 26)

PCT/US2012/035682



WO 2012/149488 PCT/US2012/035682

9/10

o

Calculate x, y, z coordinates for markers (Calibration algorithm - C)

1002

v

f’

Read 5 images (acquired using the HDR source as the imaging source
a given dwell position) and calculate average of the 5 images

for

v

Image Processing Algorithm

v

v

Select marker pairs from the matrix of markers such that
distance between themis > 4cm and < 12cm

: " /1003
Calculate x, y, z coordinates for projection of markers

1007

Define 2 lines using X, v, z coordinates of the marker

e

and its respective projection 1008

Use shortest distance formulae to get 3D coordinates of the 2 points

representing the shortest distance

2 4

1009

Mean of the 3D coordinates of the two points = 3D coordinate
of the point of intersection (P)

Mean of all P's = z, y, z coordinate of the reconstructed dwell position

d
)

\\
o

Figure 10

SUBSTITUTE SHEET (RULE 26)



WO 2012/149488 PCT/US2012/035682
10/10

Start 1101

/

[XY Z 1] = 3D coordinate of the planned dwell
position (Acquired from the Treatment Plan) 1102

v ~

[x y z 1] = 3D coordinates of the reconstructed dwell position
(Acquired from the reconstruction model)

Y
Rotation - Translation Algorithm | 1103
XYZ1]=[xyz1]*R

v

Calculate R using 3D coordinates of 1st four planned /”04
and reconstructed dwell positions

Y
. . . N /1105
Multiply R with the remaining reconstructed dwell position

v

Compare the reconstructed dwell position with the planned dwell
position by calculating distance between planned dwell position and
the new reconstructed dwell position (after Rotation and translation)

Y /

Figure 11

SUBSTITUTE SHEET (RULE 26)



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings

