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CpaBHeHMe Ha anropMTMu 3a oTCTpaHsiBaHe Ha apTedaKkTu, Nosy4yeHu oT He
c¢hoKycumpaHu paBHUHUN B PEKOHCTPYKLUUU OT LiucppoBa TOMOCUHTE3A

LindbpoBata TOMOCUHTE3a € METOA Ha PEKOHCTPYKUMS Ha Tomorpadckm m3obpaxkeHus, KOSTo
n3nonsea orpaHn4yeH Habop OT MpoeKkuun, Bb3NPou3BedeHn OT PasfnnyHU bIfM U NOydYeHu B
orpaHvyeHa Obra OKOMO YOBELLKOTO TAM0. PekoHCTpyuMpaHuTe TOoMorpamu oT HeobpaboTeHu
OpUrMHanNHW MNPOEKUNOHHM n3obpaxeHusi, obaye, ca HEM3MEHHO 3acerHaTn OT ToMorpadcku
wym. MNMpumep e pasmmBaHeTO Ha 0GEKTM, pas3noOnOXeHW M3BLH paBHMHATA Ha (POKYC, KOUTO
o6eKkTM ce HacnarBaT eavH BbpXy Apyr Bbpxy (PoKycuMpaHusa obpa3 B peKoHCTpyupaHaTta
paBHMHaTa. CbluecTByBaT ABa OCHOBHM TUNa METOAM, KOUTO pasrnexgar To3n npobrnem u
npeanarat BapuaHTW 3a HEroBoTO peweHuve. EaHuTe meTtoam wmsnonssat npeaBapuTenHa
obpaboTka Ha nony4YeHuTe nNpoeKkuMu, Hanpumep npegsapuTenHo unTpupaHe Ha
n3obpaxeHuaTa C pasnuyHn UNTpW, nNpeaum Aa ce MNPUIoXKM PEKOHCTPYMpaHeTo, [0KaTo
Apyrute meToam BKMYBAT nocrnefBalla nocT-obpaboTka Ha PEKOHCTPyMpaHUTe TOMOrpamu C
uen HamanseaHe Ha yma.

Tasn Hay4yHa pa3paboTka uma 3a uen ga m3crnegBa U CpaBHW ABa NOAXOAA 3a reHepupaHe Ha
TOMOrpamu C HamaneH wym. NbpBuAT nogxoa e GasmpaH Ha obuw, mMeTon 3a nocneaBalia
o6paboTKka Ha pekoHCTpyMpaHaTa TOMOrpama Bb3 OCHOBA Ha U3rpaxaaHe Ha Macka Ha Lyma oT
BCUYKN PABHUHWN B PEKOHCTPyMpaHus obemM M HEMHOTO NocneaBallo M3BaXKgaHe OT paBHUHATa
Ha dokyc. Btopuatr noaxon e 6asvpaH Ha PEKOHCTPYKUMst Ha TOMOrpamu, W3non3Baniku
AnroputbM Ha  MHorobponHute Usobpaxenua (Multiple Projections  Algorithm) ¢
npeaBapuTenHo omnTpupaHe Ha NbpPBOHAYaANHUTE NPOEKLMN.

C uen oueHsiBaHe Ha ABaTa nNoAxo4da, € W3BbpLUEHA CUMynauus, W3NOoN3Baviku Tpu
MaTemaTnyeckn paHToma, Cb3dadeHn Ypes3 creuuanuanpaH cobCTBeH codTyepeH MpPOAYKT:
XRaylmagingSimulator. PeanusvMpaH € ekcnepumMeHT, KOMTO wu3non3ea ABa uU3MYECKU
daHTomn (TOR-MAX n TOR-MAM), kouto ca nogobHM Ha MaTemaTudeckuTe aHTOMW,
n3nonssaHn B cumynauusTa. EkcnepumMeHTbT € peanu3npaH Ha SYRMEP nuHusta B
nabopatopHaTta nHdppacTtpyktypa Ha ELETTRA Synchrotron Light Laboratory, Tpuect, Atanus,
KbOETO Ca MOoSiydYeHW eKkcrnepumMeHTanHutTe usobpaxeHud. Bbpxy cumynaumoHHUTE U
eKcnepyMeHTanHuTe npoekuun ca nNpUNoXeHW pABata noaxoda 3a PEKOHCTpyuMpaHe Ha
ToMorpamu. Pedyntatute ca oLeHeHN Ka4eCTBEHO U KONTMYECTBEHO.

Pesyntatute nokassar, Ye M ABaTa MeToda 3a NpemMaxBaHe Ha Liyma YCMnewHO enuMuHupat
pasmasBaHeTo, NPUYMHEHO OT napasuTHU O6eKTn OT ApyrM paBHUHW. Bbnpekn ToBa, 1 B ABaTta
crny4as Ha XOMOreHeH Unn HexoMoreHeH OBeKT Ha u3crnefBaHe, MeToAbT C NpeaBapuUTENnHoO
dunTtpupaHe Ha npoekuunte (FMPA) He moxe ga nocturHe gobpwu CTOMHOCTM Ha KOHTpacTa
(CNR) 3a 06ekTun, xapakrepmsmpallm ce C HUCbK KOHTpACT, AoKaTo APYrMAaT MeTod C Macka Ha
wyma wu nocnegeawo usBaxgaHe (MPA-NM) pemoHcTpypa no-gobpo kadecTtBOo Ha
PEKOHCTPYMpaHMTE TOMOrpamMm 1 No-BMCOKM CTOMHOCTM Ha KoHTpacTa (CNR) 3a 06ekTn ¢ HUCKO-
KOHTPAaCTHWN XapaKTePUCTUKN (KaKBUTO ca MacTHUTE fne3umn), 0cCOBeHO B Criyd4an Ha HEXOMOreHeH
00exT.

KayectBeHaTa 1 KonmyecTBeHa OLEHKN Ha PEKOHCTPyMpaHUTe TOMOrpamMu rokaseat, 4ye Tpsioea
[a ce oCblLecTBM NocT-06paboTka Ha PEKOHCTPyUpaHMs obGem, 3a Aa ce MOBULLM KOHTpacTa U
Ja ce Hamanu LWymMa B PEKOHCTPyWpaHuTe paBHWHU. MeToabT € 0cobeHo LeHeH npu
XeTeporeHeH 06€eKT, KakbBTO € 06EKT e YoBeLlKaTa TbkaH, Tbi kaTo nogobpsiBa BUAMMOCTTA Ha
BCMYKM OOEKTU Ha u3cneaBaHe, KaTo HamansiBa egekta Ha MNpUMNOKpUBaHe Ha oTaenHuTe
crnoese.
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Comparison of algorithms for out-of-plane artifacts removal in digital
tomosynthesis reconstructions.

Digital tomosynthesis is a method of reconstructing tomographic images that uses a
limited set of projections reproduced from different angles and obtained in a limited arc
around the human body. However, reconstructed tomograms of raw original projection
images are affected by tomographic noise. An example is the blurring of objects located
outside the focus plane, which objects are superimposed on each other on the focused
image in the reconstructed plane. There are two main types of methods that address
this problem and propose solutions. Some methods use pre-processing of the obtained
projections, for example pre-filtering of the images before applying the reconstruction,
while other methods include subsequent post-processing of the reconstructed
tomograms in order to reduce the noise.

This research aims to explore and compare two approaches to generate tomograms
with reduced noise. The first approach is based on a general method for subsequent
processing of the reconstructed tomograms based on the construction of a noise mask
from all planes in the reconstructed volume and its subsequent removal from the plane
of focus. The second approach is based on the reconstruction of tomograms using the
Multiple Projections Algorithm with pre-filtering of the initial projections.

In order to evaluate the two approaches, a simulation was performed using three
computational phantoms created by a dedicated in-house developed software product:
XRaylmagingSimulator. An experiment was performed using two physical phantoms
(TOR-MAX and TOR-MAM), which are similar to the computational phantoms used in
the simulation. The experiment was performed at the SYRMEP line of ELETTRA of
Synchrotron Light laboratory infrastructure, Trieste, Italy, where the experimental
images were obtained. Both approaches for tomogram reconstruction were applied to
the simulation and experimental projections. The results are evaluated qualitatively and
quantitatively.

The results show that both noise reduction methods successfully eliminate blur caused
by parasitic objects from the other planes. However, in both cases of a homogeneous or
inhomogeneous object of study, the filtered multiple projection algorithm (FMPA) cannot
achieve good contrast values (CNR) for objects with low contrast, while the other
method with a using noise-mask and subsequent subtraction (MPA-NM) demonstrates
better quality of reconstructed tomograms and higher contrast-to-noise ratios (CNR) for
objects with low-contrast characteristics (such as fatty lesions), especially in the case of
an inhomogeneous object.

Qualitative and quantitative evaluations of the reconstructed tomograms show that post-
processing of the reconstructed volume should be performed to increase the contrast
and reduce the noise in the reconstructed planes. The method is especially valuable for
a heterogeneous object, such as the human tissue, as it improves the visibility of all
objects of study by reducing the effect of overlapping of the individual planes.
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lNMpoyuyBaHe 3a NPUNOXMMOCT Ha HOBU MaTepuanu 3a cb3faBaHe Ha PU3NYeCcKn
c¢paHTOMM Ha MNeyYHa Xxne3a

®dusnyecknTe MOAENM Ha MIIEYHa Xres3a UrpasT BaKHa W peluaBalla pons B TeCTBaAHETO U
ONTUMU3MPAHETO Ha pPEHTITeHOBUTE TEeXHWKUM C Uuen nogobpsBaHe Ha KayeCcTBOTO Ha
MeauuMHCkuTe usobpaxeHus. EQHO OT Han-BaXXHUTE MNPUMOXEHUS € U3MNOM3BaHeTO UM KaTo
CPEeACTBO 3a OueHsiBaHe W MpoBepka Ha KIAMHUYHM NPOTOKONM, KOWUTO Ce M3nonssaTr B
eXefHeBHaTa KIMHUYHA NpakTMKa Ha MOLAnHOCTUTE, M3MNON3Bally PEHTFEHOBWU NbYW: KaTo
HanpuMep, OUEeHKa Ha Jo3aTta, OUeHKa Ha BxoasuwaTa paguvauuvs, perynupaHe Ha HavanHarta
eHepruaTa, T.H. [Ipyro BaxxHO NpuUnoXXeHne Ha Te3n haHTOMM e U3MNON3BaHEeTO MM 3a TeCTBaHe,
OLUEHKa W U3SACHSABaHe Ha ponata W Mnons3utTe OT HOBWUTE PEHTreHOBM MOAANHOCTW, KaTo
HanpMmep TOMOCMHTE3a, KOMMNITbpHA ToMorpadusi, ABOMHO-eHeprMiHa MoganHocT U ap., €
uen CBOEBPEMEHHO OTKPUMBAHE W MPaBUIIHO AMarHocTUuMpaHe Ha cneundguyHn Buaose
TYMOpHM obpasyBaHusA B MrieyHaTta >xnes3a. Bbnpekn HeoTnoxHata Hyxaa oT Te3n paHToMu,
TSIXHOTO MPOM3BEXAAHE CpeLla TPYAHOCTU, CBbP3aHu € (a) orpaHMYeHus B NpyHUMna Ha paboTa
Ha HanW4HWUTE NPUHTUPALLM TexHonoruu, (6) nunca Ha NOAXOAsLWMN MaTepuanu 3a NpUHTUpaHe,
(B) orpaHu4eHus, HanaraHu ot codTyepa Ha NpuHTepa (orpaHMyYeHus B pasmepa Ha obekTa).

Tasn paspaboTka npeactaBs npeaBapuTenHu pesyntati, 6asvpaHn Ha  KOMMOTbPHU
cMMynauumn, umalim 3a uen ga vacnegBaT CMecu OT enoKkcugHa cMorna M 1hoh Ha npax B
onpegeneHn CbOTHOLWIEHUS, KaTO 3aMeCTUTeNU Ha TbKaHM BbB (PM3NYeckuTe PaHTOMWU Ha
MIleYHa nesa, npegHasHayeHW 3a PEeHTreHOBW TecTBaHWs. ToBa wu3crnegBaHe € 4acT OoT
AbArocpoYHa Uen Ha ekuna, a UMEeHHO da ce pa3paboTn, TecTBa W OUEHM UANOCTHA
TEXHONOrMsA 3a NMPOU3BOACTBO Ha (PU3MYECKM MOAENN HA YOBELUKM OpraHnm n CTPYKTYypu OT
TexHuTe 3D codpTyepHn mogenn. Mo CcbLOTO BpeMe € NogadeHo N NaTEHTHO NPUIOXeHNe 3a
peanusnpaHeTo Ha 3D npuHTEp C ABe A103n, M3NON3BaWun ABa MaTepuana, Kato KonmyecTBoTo
Ha BCEKM eOuH OT maTepuanure ce u3ducnsBa OT anropuTbM, paspaboTeH cneuuwanHo 3a
uenuTe Ha TO3n NpuHTep. [lBata OCHOBHM MaTtepuana ca enokCcMaHa CMofa M nog Ha npax.
CumynupaHn ca cmecu oT gBaTa matepuana B cboTHoweHue 0 go 100%. 3a cpaBHeHue ca
mMoZenvpaHn n 9 gpyrm martepuana, Kouto Ce M3non3saTt LWMPOKO B paguoniornsarta: macTHa
TbKaH, knesucTta TbkaH, BR-12, nnekcurnac, nonvetuneH, napadwvH, nonvkapboHaTt, Boaa,
enokcuaHa cmona. 3a BCeks martepuan, ca moaenupaHun abcopOuMOHHUTE KOeULMEHTU 3a
€Heprum Ha peHTreHoBoTO NbYeHne B ananasoHa 10 keV - 32 keV.

Pesyntatute nokassaT, Ye ako B CMecTa enoKkcuaHa cMmoria—mo[ ce usnonssa Mo C Terno,
Bapupawo mexay 0% n 1.8% oTt obwaTta mMaca Ha cMecTa enokcMaHa cMona-nog, To Torasa
cBOMCTBATa Ha nornyyeHata cMmec ca 6nu3kM OO Te3nM Ha peanHuTe TbKaHM Ha rbpaaTta.
MpencraBeHa e peanu3aums Ha TYMOPHO obpasyBaHMe C pasMUMTU KOHTYPWU M MPOMEHsLWa ce
NNBTHOCT, KaTO KOHUEHTpauusTa Ha Wog € no-ronsiMa B LeHTpanHata obnact Ha
obpasyBaHmeTo. [lo-HaTaTbLUHU CTBMNKM Ca CBbP3aHW C eKCnepuMeHTanHa Bepudumkaumsa Ha
cuMmynupaHuTe cmecu. MNMpurotTBeHn ca HAKOMKO hun3nyeckn haHTomMa CbC CMECU Ha enokcuaHa
cMona u oA, 1 TeCTBaHW B CUHXPOTPOHHaTa nHdpacTpyktypa ESRF B 'peHo6bn, PpaHums.

PeanuampaHo e 0CHOBHO KOMMIOTBPHO M3crneaBaHe 3a Noaxodsawm Matepuanu, Kouto Morat aa
Ce M3Mnon3BaTt KaTo 3aMecTUTENN Ha YOBELIKM TbKaHu. Pe3yntatbT e 6asa 3a peanusmpaHeTo
Ha nogafeH naTeHT 3a KoHCTpyupaHe Ha 3D npuHTep, nsnonsealy 2 OCHOBHWU MaTepuara, KouTo
ce cmecBaT NO NOAXOAsW, HadMH 3a u3pabotBaHeTo Ha 3D daHTOMM, CbabpXKaLM
HEXOMOreHH1 06nacTu ¢ pasMnUTK rPaHNLN.
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Study of suitability of new materials for use with physical breast phantoms

Physical models of the breast play an important and crucial role in testing and optimizing
X-ray techniques in order to improve the quality of medical images. One of the most
important applications is their use as a means of evaluating and verifying clinical
protocols used in the daily clinical practice of X-ray modalities: such as dose estimation,
entrance radiation, initial energy exposure, etc. Another important application of these
phantoms is their use to test, evaluate and clarify the role and benefits of new X-ray
modalities, such as tomosynthesis, computed tomography, dual-energy modality, etc., in
order to timely detect and correctly diagnose specific types of breast tumours and other
formations in the mammary gland. Despite the urgent need for these phantoms, their
production encounters difficulties related to (a) limitations in the principle of operation of
the available printing technologies, (b) lack of suitable printing materials, (c) limitations
imposed by the printer software - restrictions in the printing size of the object.

This study presents preliminary results based on computer simulations aimed at
investigating mixtures of epoxy resin and iodine powder in certain proportions, as tissue
substitutes in the physical phantoms of the breast intended for X-ray imaging. This
research is part of the team's long-term goal, nhamely to develop, test and evaluate a
complete technology for the production of physical phantoms of human organs and
structures from their 3D software models. At the same time, a patent application has
been submitted for the implementation of a 3D printer with two nozzles using two
different materials, the amount of each of the materials being calculated by an algorithm
developed specifically for the purposes of this printer. The two main materials are epoxy
resin and iodine powder. Mixtures of the two materials were simulated in a ratio of 0 to
100%. For comparison, 9 other materials that are widely used in radiology are modelled:
adipose tissue, glandular tissue, BR-12, Plexiglas, polyethylene, paraffin, polycarbonate,
water, epoxy resin. For each material, the absorption coefficients for X-ray energies in
the range 10 keV - 32 keV are modelled.

The results show that if iodine with a weight varying between 0% and 1.8% of the total
mass of the epoxy-iodine mixture is used in the epoxy-iodine mixture, then the
properties of the obtained mixture are close to those of the real breast tissues. The
creation of a tumour formation with blurred contours and varying density is presented,
as the concentration of iodine is higher in the central region of the formation. Further
steps are related to the experimental verification of the simulated mixtures. Several
physical phantoms with mixtures of epoxy resin and iodine were prepared and tested in
the European Synchrotron Radiation Facility infrastructure in Grenoble, France.

A basic computer study has been performed for suitable materials that can be used as
substitutes for human tissues. The results are the basis for the submission of a patent
application for the construction of a 3D printer using two basic materials, which are
mixed in a suitable way to make 3D phantoms containing inhomogeneous areas with
blurred boundaries.
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MopenupaHe Ha Manku no pasamepu, NOACUIIEHN C BbLINepoaHu BriakHa nonvmepu
3a cMMynauusi Ha peHTreHoOBU U3obpakeHus

MoacuneHn ¢ BbrnepogHu BriakHa nonumepu (MNBBI1) ca egHM OT HaW-NepCneKkTUBHUTE
KOMMO3UTHW MaTepuanu, KOMTO MoraT [a MWHTerpypaTr CbliecTByBallMTEe W3NCKBAHUSA Ha
aepoHaBTUKaTa, aBTOMOOUNOCTPOEHETO W CTPOUTENCTBOTO. Hanpumep, HapacTBawoTo
N3non3BaHe Ha KOMMO3WUTHWU MaTepuvanuM B aBMaUMOHHA WHAOYCTPUA Mpe3 MocnegHoTo
aeceTuneTve ce Ob/MKU OCHOBHO Ha M3MCKBAHE 3a HamansiBaHe Ha TernoTo U usrpaxgaHe Ha
NO-UKOHOMUYHM (OT rrefHa ToYKa Ha ropuso) camoneTn. KoMnosuTHuTe matepvanu npeanarat
HamaneHo Termno B KOMOMHaUUSA C OTSIMYHM MEXaHWYHN CBOMCTBA KaTo BUCOKA TBBbPAOCT U AKOCT
npv NOBULLIEHA TemnepaTtypa, KaTo CbLUEBPEMEHHO ca MO-TPanHW U MO-yCTONYMBU HA KOPO3NS
OT KOHBEHUWMOHanHWTe MeTanHu KoMnoHeHTW. KaTto TakuBa, Te ca vpeanHu martepuanu 3a
CTPYKTYPHO BrpakgaHe B camosieTU M Mno-crneumanHo B pamMKUTe Ha MbpBUYHUTE CTPYKTYPU M
yrnpaBnsBawy MNOBbPXHOCTM, KaTO €NepoHn WM poTopu, OOWMBKM Ha Kpwna, Kanauu Ha
asuratenuTe, kanauu Ha rosenaxa u ap.

Bbnpekn ToBa, BCe OLWie UMa HSKOMKO NpeamsBuKaTernicTBa, KOMTO Mpedar Ha MOo-LUMPOKOTO
N3Mnon3BaHe Ha KOMMO3UTHWUTE MaTepuanu B TO3U TUM MPUMOXEHUS KaTO HanpuMep BUCOKa
LeHa Ha KOMMO3UTHWUTE MaTepwuanu, YCNOXHEeHW npouenypu 3a nNpou3BOACTBO UM PEMOHT. B
OONMbIHEHUE, TEXHUYECKUTE NPOBEPKM N N3NNTaAHUSA Ha CTPYKTypw oT MNBBIT e MHoro no-ronamo
Npean3BUKaTenCcTBO NpU TPaAUUMOHHUTE TEXHWUKM, M3MON3BaLLM HepaspyLUMTENHO TeCcTBaHE U
KOHTPOJS1, KaTO HanpuMMep npoBepka C ynTpasByK. ToBa Ce Ab/MKN OCHOBHO Ha CROXHUTE hOpMM
Ha Te3n 4acTu M 3aTpygHEHOTO pasnpoCTpaHeHWe Ha ynTpasBykoBaTa BbflHA nopaaun npouecu
Ha OTpaxeHue, NMpeHacsiHe WU Oucnepcus, KOMTO MOraT Aa Bb3HUKHAT Ha rpaHuUUTE Mexay
BrnakHaTa M OCHOBHUSA MaTepuan Ha 3anbriBaHe.

Tasn HayyHa pa3paboTka npeacTtaBs METOAONOrMSA 3a reHepupaHe Ha pPeanuCTUYHU TPUMEPHHU
copTyepHM MoAenn Ha nNOACUIIEHN C BbLIMEPOOHU BRakHa MOMMMEPHU  CTPYKTYpW,
npeaHasHadYeHun 3a M3Non3BaHe B CUMYMAUMOHHU MNPOYYBaHUA Ha CbBPEMEHHM MeToAM 3a
HepaspyLwnTenHo TecTBaHe Ype3 peHTreHoBa TexHuka. Pa3paboTteHun, npeactaBeHn 1 oueHeHn
ca gBa mogena Ha [MBBI1. EgnHnaTt mogen e uarpageH OT MHOXECTBO MOApPEedeHn CrioeBe,
KOUTO CbAbpXaT HEnpekbCHaTW BbLIMEPOOHU HULLIKW, a BTOPUAT KaTO CnfeTeH TEeKCTurn OoT
BNNeTeHn BbrnepoaHn Huwku. Cnegxute MNBBI gedexktn ca mogenupaHn: NOpbO3HOCT, nvnca
Ha BbIMEepPOaHN HULLKW, He-BbrnepoaHU BKMOYBAHWS. PEHTreHOBU NPOEKUNOHHN M306paXKeHns
ca reHepvpaHu C noMmoLliTa Ha pa3paboTeH cumynaTop 3a PEHTITEHOBU W300paKeHus.
MonyyeHnTe npeaBapuUTENHM KAYECTBEHN N KONMYECTBEHN pe3ynTaTh NOTBbPXAABaT KaTo Lano
pobpata Kopenaumsi Ha XapaKTepUCTUMKUTE MexXay CUMYNUpaHu U eKCrepuMeHTarHu
peHTreHorpadpCckM OaHHW M onpaBgaBaT M3MNON3BaHEeTO Ha TO3M MOoAen 3a u3crneaBaHus Ha
MBBI1 ¢ peHTreHoBa 06pasHa AnarHocTukKa.

MpunaraHeTo Ha mogena Ha MNBBI1 e geMOHCTpUpaHo B CUMYMNaUNOHHO u3cneasaHe, uMaLlo 3a
uen ga oueHW KOnMyecTBEHO uenecbobpasHOCTTa Ha ABE PEHTreHOBM TEXHUKM 3a obpasHa
ANarHoCTMKa: KOHYCHO-NMbYeBa KOMMIOTbpHA ToMmorpadus M uMdppoBa TOMOCUHTE3a, KaTo
TEXHUKM 3a WHCNEeKuMa nocpeacTBOM HepaspywmTeneH koHTpon Ha [IBBIT cTpykTypw.
CumynaumaTa nokasea, 4e BbB BCUYKMN Cry4aun U3NOS3BaHETO Ha KOHYCHO-NbYeBa KOMMIOTbPHA
Tomorpadmsa npeBb3xoxda, KakTO KOHBEHUMOHAanHaTa peHTreHorpadusi Taka M umdgpoBaTa
TOMOCMHTE3a OT [fedHa TOYKa Ha XapakTepusvpaHe Ha aedektute u TsaxHaTa no-gobpa
BU3yanuaauusi.
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Modeling of small carbon fiber-reinforced polymers for X-ray imaging simulation

Carbon fibre reinforced polymers (CFRP) are one of the most promising composite
materials that can integrate the existing requirements of aeronautics, automotive and
construction industries. For example, the growing use of composite materials in the
aviation industry over the last decade is mainly due to the requirement to reduce weight
and build more fuel-efficient aircrafts. Composite materials offer reduced weight in
combination with excellent mechanical properties, such as high toughness and strength
at high temperatures, while being more durable and more resistant to corrosion than
conventional metal components. As such, they are ideal materials for structural
installation in aircrafts and in particular within primary structures and control surfaces,
such as ailerons and rotors, wing linings, bonnets, fuselages, etc.

However, there are still several challenges that prevent the wider use of composite
materials in this type of applications, such as the high cost of composite materials,
complicated manufacture and service procedures. In addition, technical inspections and
tests of CFRP structures are a much greater challenge in traditional techniques using
non-destructive testing and control, such as ultrasonic inspection. This is mainly due to
the complex shapes of these parts and the difficult propagation of the ultrasonic wave
due to reflection, transfer and dispersion processes that can occur at the boundaries
between the fibres and the base of the filling material.

This research work presents a methodology for generating realistic three-dimensional
software models of carbon fibre reinforced polymer structures designed for use in
simulation studies of modern methods for non-destructive testing by using X-ray
techniques. Two CFRP models have been developed, presented and evaluated. One
pattern is made up of a number of stacked layers that contain continuous carbon fibres,
and the other is made of woven carbon fibre fabrics. The following CFRP defects are
modelled: porosity, lack of carbon fibres, and non-carbon inclusions. X-ray projection
images are generated using an in-house developed X-ray imaging simulator. The
obtained preliminary qualitative and quantitative results largely confirm the good
correlation of the characteristics between simulated and experimental radiographic data
and justify the use of this model for studies of CFRP with X-ray imaging techniques.

The application of the CFRP model is demonstrated in a simulation study aiming to
quantify the feasibility of two X-ray imaging techniques: cone-beam computed
tomography and digital tomosynthesis, as inspection techniques through non-destructive
testing of CFRP structures. The simulation shows that in all cases the use of cone-beam
computed tomography is superior to both, conventional radiography and digital
tomosynthesis, in terms of characterizing the defects and their better visualization.
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Mop,enupaHe Ha MaJiKm KOMMNO3UTHU aepPO-CTPYKTYPHU HaCcTU npegHa3Ha4YeHU 3a
cnmMmynaumn Ha peHTreHoBU TeXHUKU

B OHelwHO BpeMe KOMMO3UTHUTE MaTepuanu HaBnuaaT BCe NO-LUMPOKO B CaMOSETOCTPOEHETO.
Mpeaswxaa ce, noede oT 50% OT CTPYKTYPHUTE YacTM Ha CredBaLloTO NOKOSIeHMe caMoneTu
(kato Hanpumep AIRBUS 350 XWB) ga 6baat HanpaBeHu OT KOMMO3UTHW MaTepuann, Koeto
We goeede A0 MNO-rofieMyM U3UCKBaHMS MO OTHOLUEHWE TeCTBaHeTO Ha Te3n maTepuanu 3a
eBeHTyanHn aedekTn, KaTo KyxXMHW, fMnca Ha 3anbiiBalia cmona, obpasyBaHe Ha nopu u
pascnosiBaHe. TakMBa M3NCKBaHUS BKMOYBAT U3CNeABaHe Ha CbLUECTBYBALLW U HOBUM METOAMKM
3a HepaspyLluMTeneH KOHTpos, 6asvpaHn Ha PEeHTreHoBM M300paKeHWs U npefHasHa4vYeHn 3a
TecTBaHe Ha aepo-CTPYKTYPHU YaCTU U KOMMOHEHTH.

Llenta Ha Ta3n HayyHa paboTa e ga pa3paboTu peanucTuyeH KOMMIOTbPEH MOAen Ha aepo-
CTPYKTYPHW 4acTu, u3paboTeHn OT nonvmepu noacuneHn c¢ BbrnepogHun BnakHa (MMNBB),
npeaHasHadeHn 3a uacnefBaHe U BepuduKauMa Ha U3MNON3BaHETO Ha PEHTreHoBO-OasnpaHu
TEXHWKN 3a oObpasHa AmarHocTuKa, KaTto MeToq 3a HepaspylmMTerneH KOHTPON Ha aepo-
CTPYKTYPHM YacTu B caMmoneTHaTa UHOYCTpuS.

MeTogonoruara 3a gmsanH n KoHcTpykums Ha [INBB e cnegnaTta. MNMNBB cbabpxaT crnoese ot
CHOMOBE BbLITIEPOOHU BrlakHa, 3anet cbe cmorna. OpmeHTaumsaTa Ha CHOMOBETE BbINEPOOHMU
BIakHa B pasfMyHUTE CINOEBE € CTPOro onpederieHa U 3aB1MCcu OT MECTOMONOXEHMETO Ha camMus
CNON No OTHOLIEHWE Ha Apyrnte crnoese. B HacTosiwma mogern, BCEKM CHOM OT BbINepoaHu
BNakHa € CUMYJIMPaH KaTo KPbroB UMIMHOBP C ANAMETbP HSAKONKO MUKpoMeTpa. LsnocTtHuar
MOZEN Ha aepo-CTPyKTypHaTa 4acT ce CbCTOM OT HacroXeHu eOuH BbpXy Apyr crioeese OT
€HOMOCOYHM BbINepoaHn cHornoBe. CHOMOBETE B TE3M CroeBe nmaTt opueHTaums Ha 0 ° /90 °/
45 ° [ -45 °. [1Ba Buga aepo-cTpykTypu, usnonseawu NrBB, ca mogenupaHu: nrocka naHesnHa
CTPYKTypa 1 pearnHa CTpyKTypa Ha knunc-ckoba. CumynupaHu ca aea Buaa Aedektn BbB BCEKU
KomnioTbpeH mogen: (1) nopect cnon u (2) He-BbIMEpoaHW enemeHTu. [eHepupaHu ca
copTyepHN peEHTreHOBU Wn300pakeHus CbC cneuuanHo paspaboTeHa CcuMynauMoHHa
nnatgopma. CumynupaHun ca Tpu pPeHTreHoBo-6a3npaHn MNOCTaHOBKU: pPeHTreHorpadums,
uMdpoBa TOMOCUHTE3A N KOHYCHO-NTbYEBA KOMMIOTbPHA TOMorpadus.

PesyntaTute nokasear, Yye ABaTta Buaa aedekTn (MopbO3HOCT U He-BbIMEPOOHN eNeMeHTU) ce
AeTekTMpaT U C TpuTe Buaa pPeHTreHoBo-6asmpaHu TexHuku. Lludbposata TOMOCHHTE3a W
KOHYCHO-TbYeBaTa KOMMIOTbpHA ToMorpadus, obaye, NpeaocTaBAT 3HAYMTENTHO MO-BUCOKO
KayecTBO Ha NoNy4YeHnTe TEeCTOBU U300paKeHus.

ABTOPUTE AEMOHCTPUPAT NpakTuyeckaTta nonsa ot KOMNITbpHaTa METOO0MOMA 3a reHepupaHe
Ha MOAEeNM Ha aepo-CTPYKTYPHU YacTu, cbecTaBeHn ot INMNMBB. PaspaboteHnsaT codpTyep € LeHeH
WHCTPYMEHT B MPOEKTMPAHETO, TECTBAHETO M ONTMMM3aAUMUATA Ha PEHTTEHOBU TEXHWKM 3a
obpasHa guarHocTuka, npefHasHavyeHU 3a M3NOM3BaHETO MM B HepaspyLUuTeneH KOHTPOn wu
TecTBaHe Ha KOMMO3WTHM MmaTepuanu. 3a reHepupaHeTO Ha PEHTreHOBM U300paxeHus Ha
mMogenu, 6asupanu Ha NMIMNBB e Heobxo4MMO CpaBHUTENHO Manko BpeME, KaTo Mo TO3U HauuH,
pes3yntatute OT MbpBUYHATA BUpPTyanHa oONTUMU3aumMs W TecTBaHe 6uBaT Hanu4HU
N3KMYNTENHO 6bP30 N HA HUCKa LieHa.

OpwuruHanHocTTa 1 Hay4YHUAT NMPUHOC Ha Tasu paboTa ce CbCTOU B NPeAnoXeHUs MHOBaTUBEH
koMnoTbpeH moden Ha NMMNBB aepo-cTpykTypu, npegHasHaYeHn 3a KOMMTbPHU CUMMYNaunm Ha
peHTreHoBW n3obpaxeHus. MogenbsT ce xapakTepuanpa ¢ NpocToTa Ha HeroBOTO KOHCTpynpaHe
N reHepupaHe, KakTo U C peanucTuUdeH Bu3yaneH usrned Ha CUMYNUMpaHUTE PEHTreHOBU
n3obpaxxeHus.
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Modelling of small CFRP aerostructure parts for X-ray imaging simulation

Nowadays, composite materials are becoming more widespread in aircraft construction.
It is estimated that more than 50% of the structural parts of the next generation aircrafts
(such as the AIRBUS 350 XWB) will be made of composite materials, which will lead to
greater requirements for testing these materials for possible defects, such as cavities,
lack of filler resin, porous formations and delamination. Such requirements include the
investigation of existing and new non-destructive testing methods based on X-ray
imaging and designed to test aero-structural parts and components.

The aim of this research work is to develop a realistic computer-based model of aero-
structural parts made of carbon fibre reinforced polymers (CFRP), designed to study
and verify the use of X-ray-based imaging technigques as a method for non-destructive
testing of aero-structural parts in the aircraft industry.

The methodology for design and construction of CFRP is as follows. CFRPs contain
layers of resin-coated carbon fibre bundles. The orientation of the carbon fibre bundles
in the different layers is strictly defined and depends on the location of the layer itself in
relation to the other layers. In the current model, each bundle of carbon fibre is
simulated as a circular cylinder with a diameter of several micrometres. The overall
model of the aero-structural part consists of superimposed layers of unidirectional
carbon bundles. The bundles in these layers have an orientation of 0° / 90° / 45° / -45°,
Two types of aero-structures using CFRPs are modelled: flat panel structure and real
clip-bracket structure. Two types of defects were simulated in each computer-based
model: (1) a porous layer and (2) non-carbon elements. Software X-ray images with a
dedicated in-house developed simulation platform have been generated. Three X-ray
techniques were simulated: radiography, digital tomosynthesis and cone-beam
computed tomography.

The results show that both types of defects (porosity and non-carbon elements) are
detected by all three types of X-ray-based imaging techniques. However, digital
tomosynthesis and cone-beam computed tomography provide significantly higher quality
test images.

The authors demonstrate the practical usefulness of the computer methodology for
generating models of aero-structural parts composed of CFRP. The developed software
is a valuable tool in the design, testing and optimization of X-ray imaging techniques
designed for use in non-destructive testing and testing of composite materials. It takes
relatively little time to generate X-ray images of CFRP-based models, so that the results
of the primary virtual optimization and testing are available extremely quickly and at a
low cost.

The originality and scientific contribution of this work lies in the proposed innovative
computer model of CFRP aero-structures designed for computer simulations of X-ray
images. The model is characterized by the simplicity of its construction and generation,
as well as, a realistic visual appearance of the simulated X-ray images.
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MpunoxeHne Ha KOMNIOTHLPHU Moaenn u TexHute 3D dusnyeckn Konus
3a obpasoBaTesiHu Lenu

Tasn nybnvkaunsa npeactaBs MHTEpPeceH NOAXOA 3a peanuanpaHe Ha 4Yact oT obpasoBaTtenHus
mMartepvan Ha eauvH oT moaynuTte ot EBponenickuss kypc EUTEMPE-RX 3a obGyyeHue Ha
ekcnepTn no MeaguumHcka cusmka. No-cneumdnyHo, npeactaBeH € NogxoabT, U3MNOoS3BaH B
Mogyna "AHTponoMopdHU baHToOMK", YUpe3 KOMTO Ce npenogaBa aTPakTUBHO CbAbPKAHNETO Ha
y4yebHnst matepman ot rnaesa "KoMnoTbpHUTE aHTpPONoMOopdHM haHTOMM KaTo MPOTOTUNKN Ha
dusundeckn obektn". CbLLUO Taka ce OEeMOHCTpUpa MNPUITOXKMMOCTTa 3a Bb3NpousBexgaHe Ha
peanHyn usnyeckn gaHToOMKU 3a U3NOM3BaHe B KMMHMYHATA NPakTUKa OT TEXHUTE KOMMIOTbPHM
Mogenun. To3nM nogxon BKMAYBA Cb3gaBaHETO Ha coTyepHW aHTpornomMopdHW aHTOMKU U
M3Nb/IHEHMETO Ha Habop OT onepaumm 3a obpaboTka Ha W30OpaXxeHusl, U3MNON3BaHW 3a
npuroTBsiHe Ha Kn3xogHus cann Ha paHToMa B nogxogsw, copmart 3a nedataHe Ha 3D
NpuHTEPW.

MooxoAbT ce CbCTOM OT CNeAHUTE CTHIKK:
(@) leHepupaHe Ha KOMMWOTBLPHUA MOAen C MNomowTa Ha COoMTYyepHUs NPOOYKT,
BreastSimulator. CodbTyepHOTO NpunoxeHue 3a Tasu CTbhkKa we 6bae Ha pas3nonoxeHve 3a
00y4YeHneTo Ha BCEKU yYacTHWK. [leMOHCTpauuu, opraHusnpaHu nog dopmaTta Ha BUAOEO-
aHMMauuKn, CbNbTCTBAT nNpoueca Ha npenogaBaHe W we ce okycmpaT BbpXy
B3aMMOOENCTBMETO Ha CTyOeHTUTe C WHTepdenca Ha codTyepHUa NpoaykT, 3a gda ce
reHepuvpaT KOMNIOTbPHU MOAENM Ha MMedHa xnesa. V3xogHuaT gann oT To3m codpTyepeH
NPOAYKT, CbAbpXKa BOKCENU3MpaHa BEPCUsSi HA KOMMIOTbPHUSA Moaen.
(6) OTBapsaHe n NnpounTaHe darna Ha moaena B nporpamHaTa cpega Ha MATLAB.
(B8) M3BbpluBaHe Ha nogxodsiia nocT-obpaboTka Ha Modena, Kato Hanpumep nogobpsiaHe
Ha M306paXeHNeTo Ype3 m3rnaxgaHe Ha BOKCENHWUs copTyepeH mMogen u HamansiBaHe Ha
Bb3MOXHUTE apTedakTy OT BOKCennsaumsaTa B OKOHYaTenHaTa neyatHata Bepcus.
(r) MpeobpasyBaHe Ha npepaboteHna mogen [o crepeonutorpadckm (STL) wusxogeH
dannoB gopmar. NMonydeHnsat STL dann moxe ga ce M3Mon3Ba, KakTo 3a oTneyaTBaHe Ha
dusnyeckn mogen Taka v 3a paspaboTBaHe Ha obpa3oBaTenHuM MaTepuanm.
(8) MpountaHe Ha STL canna ot cneuynanuanpax codptyep 3a 3D mogenupaHe n U3roTBsiHe
Ha KOMMIOTbPHM aHUMauUKM 3a BU3yanusaums Ha Mogena 3a uenute Ha OoOyyYyeHMeTo Ha
CTyAEHTUTE.
(e) MNpountaHe Ha STL davina ot cneumanuanpaHn Computer Aided Design (CAD) wnu
Computer Aided Manufacturing (CAM) codpTyepHn npoayktu, obpaboTka Ha mogena wu
pobaBsaHe Ha OONbNHUTENHUM nogabpxawm CcTpyktypu. CregBawarta  CTbhka €
oTneyaTBaHeTO Ha (bM3n4eCckM Moaen No Bpeme Ha 0Oy4eHNeTo Ha CTyaeHTuUTE.

B Tasu cratva e onucaHo NpPUMEpPHO peanuavpaHe Ha ropHUs Noaxon, Ype3 KOHCTpyMpaHe Ha
copTyepeH Moaen Ha MnevHa xnesa u HenHoto 3D npuHTMpaHe. 3a uenta, ca 6unu
NpoeKTUpaHM ABa Masnkm KOMMTbPHW MOAENa Ha MrevyHa >nesa, pasnuyaBalm ce no
CNOXHOCTTa Ha MOAENUPaHUTE MINEeYHN kaHann. Tean codTyepHu Mogenu ca obpaboTeHn Ypes
N3Non3BaHe Ha anropuTmu, Uensawm nogobpsiBaHe Ha M300paXKeHWeTO C Len usrnaxgaHe Ha
BOKcenuaupaHata matpuua. Cnea ToBa, mogensT ce npeobpasysa B STL dopmaT, nsnonasaH
3a oTnevyaTBaHe Ha umsmdeckms 3D mogen u 3a paspaboTBaHe Ha obpa3oBaTeENHN MaTepuanm.
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Application of Computational Phantoms and their 3D Print-outs
for Educational Purposes

This publication presents an interesting approach for the implementation of a part of the
educational material of one of the modules from the European course EUTEMPE-RX for
education and training of experts in Medical Physics. More specifically, the approach
used in the module "Anthropomorphic phantoms" is presented, through which the
content of the study material from the chapter "Computer anthropomorphic phantoms as
prototypes of physical objects" is delivered attractively. The applicability for reproduction
of real physical phantoms for use in clinical practice by their computer models is also
demonstrated. This approach involves the creation of software anthropomorphic
phantoms and the performance of a set of image processing operations used to prepare
the phantom output file in a suitable format for printing with 3D printers.

The approach consists of the following steps:
(@) Generating a computer-based model using the customized software tool,
BreastSimulator. The software application for this step will be available for training of
all the participants. Demonstrations organized in the form of video animations
accompany the teaching process and will focus on the interaction of students with the
interface of the software tool to generate computer models of the breast. The output
file from the software tool contains a voxelized version of the computational model.
(b) Open and read the model file in the MATLAB programming environment.
(c) Perform appropriate post-processing of the model, such as image enhancement
by smoothing the voxelized software model and reducing possible voxelization
artefacts in the final printed version.
(d) Conversion of the processed model to a stereolithographic (STL) output file
format. The resulting STL file can be used, both for printing as a physical model and
for developing educational materials.
(e) Reading the STL file from dedicated software tool for 3D modelling and
preparation of computer animations for visualization of a model for the purposes of
students’ education.
(f) Read the STL file from dedicated Computer Aided Design (CAD) or Computer
Aided Manufacturing (CAM) software products, process the model, and add
additional support structures. The next step is to print the physical model during the
students' training.

This article describes an exemplary implementation of the above approach by
constructing a software model of the breast, subsequently followed by its 3D printing.
For this purpose, two small size computer-based models of the breast were designed,
having different complexity of the modelled mammary duct trees. These software
models were processed using algorithms for image enhancement in order to smooth the
voxelized matrix containing the models. Then, the models were converted to STL
format, which is used both for printing the physical 3D models and for further
development of educational materials.
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OueHka Ha CO(bTyGPEH Moaen Ha MJieYdHa Xne3a 3a uscneaBaHunsa Ha AByMepHU U
TPUMEepPHU peHTreHOBMU M306pa)KEHVI$I Ha XXeHCKaTa rbpaa

dusnyecknte u KOMNWOOTbPHUTE MOoAdesIn Ca OT CbLLEeCTBEHO 3HAYEHUE 3a pPa3BUTUETO,
onTtuMnsaumAaTa M oueHKata Ha CbBpPEMEHHUTE PEHTreHoOBU 06p83HVI CUCTEMUN 3a
ANarHoCTMKa Ha MIeYHa Xnesa, Kouto moraT ga 6vaar OBYNU3MEPHNU, KaTo u,mcbpoaaTa
Mamorpa(bvm, MOOalriHoCT C Wu3noJji3BaHe Ha KOHTpaCTHO BewectBO U T.H. WUIN
TPUN3MEPHN, KaTO Harpumep Ll,I/ICprBa TOMOCUHTE3a UM KOMMIOTbPHA TOMOFpa(bVIFI
Ha Me4YHa Xrne3a. 3a BCUYKM Te3U TEXHUKN € BaXKHO U (pVI3VI‘—IeCKI/ITe N KOMNKIOTbPHUTE
Moderqin Ha MJie4Ha JKrne3a [Oa Bb3rpoun3BexagaTr KOPEKTHO peHTreHoBuTte wu
aAHAaTOMUYHNTE XapPaKTepUCTUKN Ha YOBeLLKaTa TbKaH C LeJ1 n3cjiegBaHe Ha KOHKpeTHU
acCleKkTn Ha Bepurarta, no Ko4ATo ce nosfy4yasa |/|306pa>|<eH|/|eTo.

EovH TakbB bmsmndeckn mogen e paspaboTeH OT ekun Ha YHuBepcuteTa B JIbOBEH,
Benrusa, kKonto mMogen cb3gaBa CTPyKTypupaH mamorpadcku ¢poH n Gewe TecTBaH
KaKTO 3a ABYMepHa mamorpadusi, Taka u 3a umcpoBa TOMOCMHTE3a Ha rbpaaTta. Toau
MOAES ce CbCTOM OT aKpUnHM cdepu, NOCTaBEHU B aKpUNeH Cbf, HaMblHEH C Bb3ayX
unu ¢ sBoga. C uen ontumuaMpaHe Ha mofena, coptyepeH moaen Ha usnyeckns e
pa3paboTeH n n3nonseaH B Ta3n cratnda. CopTyepHusaT mogen npeacrasnsasa nony-
UUIMHOPUYEH KOHTENHEp C pa3mepu: gebenvHa 48 mm n guametsbp 200 mm, NbAeH ¢
aKpuIiHmM cdepu € WecT pasnuyHn anameTbpa: 15.88 mm, 12.70 mm, 9.52 mm, 6.35
mm, 3.18 mm un 1.85 mm. YeTupu ns4uncnmtenHn mogena ¢ KOMMOHEHTU, CUMYINPaHU
OT pasnuyeH martepwuarn: nrekcurrac, XMBOTUHCKA Mac, NonueTureH, Boaa, xnesucra
TbKaH, Ca reHepupaHu CbC cneumanHo CoPTYEepHO NPUOXeHue, KaTo 3a ABa OT TAX
ca HanMyHu un U3MYecKn MoJenu, KOUTO Ja Cce u3nonsBaT 3a CpaBHeHue.
EkcnepumeHTanHuTe [daHHM ca MOSlydeHM Ha pPeHTreHoBa MawuHa Siemens
Mammomat ¢ getektop ¢ pasmep 2800 x 3518 nukcena n pasmep Ha nukcenute oT
0.085 x 0.085 mm. [IBymepHn MmamorpadCkm Npoekunmn n TpumMepHn n3obpaxeHnsa Ha
BCEKM €dWH OT Te3n copTyepHM MOAENU ca CUMYynMpaHuM CbC COBCTBEH cOoTyepeH
cumynatop. N3obpaxeHusita 6axa cpaBHEHU CYyOEKTMBHO M OBEKTUBHO C HaSIMYHU
ekcnepumMeHTanHu gaHHu. MNMpn 06eKkTMBHOTO CpaBHEHUE Ca U3YMCIEHN NapaMmeTpu OT
n3obpaxeHnaTa kKato pakTanHa OUMEHCUs), CTaTUCTUKU OT BTOPU pepn, CMneKTbpeH
aHanms.

Cy6eKkTMBHOTO W KONWYECTBEHOTO CpaBHEHWe rokasa MHOro [obpo cbBnageHue
MeXOy eKCrepuUMEHTanHn 1 CUMYrMpaHu NPoeKLMM U ToMorpaddckm M3obpaxkeHus Ha
mogenuTte. MogenuTte cbC cdepu, CUMyNUpPaHM OT MacTHa TbKaH M MONUETUNEH
nokasaxa rnokasaTenu 6nmMsku Ao Tesu, reHepupaHn oT Modena c Boda, KoeTo Lie ce
M3non3ea 3a U3roTBSIHETO Ha HOBU (PM3NYECKM MOAENN HA MeyYHa Xresa.
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Evaluation of a breast software model for 2D and 3D X-ray imaging studies
of the breast

Physical and computational models are essential for the development, optimization
and evaluation of modern X-ray imaging systems for the diagnosis of the breast, which
can be two-dimensional, such as digital mammography, contrast energy, etc. or three-
dimensional, such as digital tomosynthesis or computed tomography of the breast. For
all these techniques, it is important that the physical and software models of the breast
correctly reproduce the X-ray and anatomical characteristics of the human tissues in
order to study specific aspects of the imaging chain.

One such physical model was developed by a team at the Katholieke University of
Leuven, which created a structured mammography background and was tested for
both planar mammography and three-dimensional breast tomosynthesis. This model
consists of acrylic spheres placed in an acrylic container filled with either air or water.
In order to optimize the model, a software model representing the physical one was
developed and used in this study. The software model is a semi-cylindrical container
with dimensions: thickness 48 mm and diameter 200 mm, filled with acrylic spheres
with six different diameters: 15.88 mm, 12.70 mm, 9.52 mm, 6.35 mm, 3.18 mm and
1.85 mm. Four computational models with components simulated from different
materials: Plexiglas, animal fat, polyethylene, water, glandular tissue, are generated
with a dedicated in-house developed software application, and for two of them there
are physical models to be used for comparison purposes. The experimental data were
obtained from a Siemens Mammomat with a detector measuring 2800 x 3518 pixels
and a pixel size of 0.085 mm.

Two-dimensional mammographic projections and three-dimensional images of each of
these software phantoms are simulated with our own software simulator. The images
were compared subjectively and objectively with available experimental data. In the
objective comparison, parameters of the images such as fractal dimension, second-
order statistics, spectral analysis parameters, etc. are calculated.

Subjective and quantitative comparison showed a very good relation match between
experimental and simulated projections and tomographic images of the models. The
models with spheres simulated by adipose tissue and polyethylene showed
characteristics close to those generated by the model with water, which will be used to
prepare new physical phantoms of the breast.
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Cb3paBaHe Ha KOMNKOTBHLPHU q)aHTOMVI Ha XXeHCKa rbpaa ¢ n3pfie4eHn natoreHHun
aHOMalinm oT peanHun naumMeHTHU V|306pa>|<eHm|

PaHHOTO amarHocTMUuMpaHe Ha pak Ha rbpaaTa MOXe 3HauyuTeNnHo Aa YyBenuuu
BEPOSITHOCTTA 3a YCrEeLIHO fiedeHne Ha 3abonsisaHeTo. [Topaam ToBa MHOMO ycunus ca
Haco4YeHN KbM MofobpsiBaHe Ha CblLUECTBYBaLUM TEXHUKM 3a obpasHa AuarHocTuka
MK n3cnenBaHns Ha HOBM TakuBa.

HacTosiwarta paGoTa npeactaBs NoAxod 3a Cb3gaBaHe Ha CIOXHM KOMMIOTbPHM
MOZEenn Ha rbpaaTta, C BKIOYEHW MOAENW Ha TYMOpHM 06pasyBaHWs Ha MrieyHa
xnesa.

3a HacToALWOTO M3crneaBaHe ca M3MNOoSi3BHM TOMOrpaddcku M3obpaxeHust OT pearnHu
naumeHTn ¢ nesun. [BageceT NauUMEHTCKM u300pakeHUs ca nonydeHn ot
yHMBepcuTeTckata 6onHuua B JlboBeH, benrus, nanonsBanku peHTreHoBa MalluuvHa
Siemens Mammomat Inspiration (85 x 85 um), gokato 15 nauMeHTCKn M3obpakeHus
ca nonyvyeHn oT AnekcaHgposcka 6onHuua, Codma, bbnrapus, kbgeto e
WHCTanupaHa peHTreHoBa MawwuHa Giotto Tomo IMS (90 x 90 um). TpumepHuTe
obpasn ot Siemens Mammomat Inspiration ca nonyvyeHn oT 26 NPOEKLMOHHU
n3obpaxeHunsa npu komnpecupaHe Ha rbpgara. Npu Giotto Tomo IMS, TomorpamuTe ca
PEKOHCTPYyMpaHn oT 13 NpoekumMm Ha BCsKa edHa rbpaa. TpMMeEpHU TYMOPHU MOAENm
ca CerMeHTUpaHu OT Te3n Tomorpadcku msobpaxeHusi. 3a Tasm uen e paspaboTeH
nonyaBTomMaTU4YEH anropuTbM, KOMTO anropuTbM npunara cepus ot obpaboTka Ha
cpesoBeTe OT ToMorpadckute u3obpaxeHusi, 3anoyBamkm C Hopmanusauuss wu
dunTpupaHe Ha nsobpaxeHnsaTa 3a WyMm, NpuraraHe Ha onepauun 3a cermeHTauus,
KOUTO BKItouBaT BuHapusaums, Mopdonormyeckm onepaumm, TEXHUKa ,region growing®
n wuHTepnonaumsa. CermeHTMpaHuUTE Cpe3oBe Cce nogpexgar MnpaBuUiiHO U ce
CbXpaHaBaT B TpUMEpHa BOKCeNnHa MaTtpuua, CbOTBETCTBALL@ Ha XenaHaTta
pasgenuTtenHa cnocobHocT. MIHopmauusa 3a nesusTa: pasmep Ha BOKCena, pasmep
Ha MaTpuuaTa, reoMeTpuUyeH LeHTbP 1 Op. CbLO ce CbxpaHsasa. Cnep ToBa mogenute
ce BMbKBaT Ha pasnnyHM MecTa B KOMMIOTbPHUTE MOLENN Ha MNeYHM Xxnesa. 3a Tasmn
uen ce wusnon3ea cobCTBeHOpPbBYHO-pa3paboTeH codTyep, BreastSimulator, 3a
Cb3[aBaHe Ha pasnU4HM MoLenun Ha (PU3MONOIMYHO 34paBUu MbPAN, YPEe3 pPasfnyHK
napameTpu kato opma, pasmep, XapakTEPUCTUKN HA MIIEYHUTE KaHamnu, NMMrameHTu
Ha Kynbp, KOXa, N T.H..

Mpumepn 3a cumynupaHn mamorpadckm u Tomorpadckm n3obpakeHus OT roTOBM
MOZEenn Ha MneYHa xnesa C nesun ca npeacraBeHn, 3a Aa uncTpupaT noteHumana
OT NpeanoxeHusa nogxod. Ypes KOMOUHMpaHE Ha MaTeMaTUYeCKU MOLENU Ha rbpau
CbC CErMeHTUpaHu pearniHm TpUMepHN TYMOpPHU 0bpasyBaHus ce NnocTura Cb3gaBaHeTo
Ha peanucTUYHM KOMMITbPHU Mogenu. [loaxoabT no3BoNsiBa CUMynupaHe Ha
MHOXECTBO CLieHapum u HeorpaHuyeH 6pon cnyyam, KOMTO MoraT ga ce usnonssaT 3a
MoAenvpaHe W u3cnedBaHe Ha CblUeCTBYBaWM WM HOBM TEXHUKM 3a obpasHa
ANarHOCTUKa Ha MneYvHarta xnesa.
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Creation of Computational Breast Phantoms with Extracted Abnormalities
from Real Patient Images

Early diagnosis of breast cancer can significantly increase the chance of successful
treatment of the disease. Therefore, many efforts are being made to improve existing
imaging techniques or investigation of new ones.

This work contributes to an approach for creating complex computational breast
phantoms, including models of breast tumours.

For the present study, we used tomographic images from real patients with breast
lesions. Twenty patient images were obtained from the University Hospital in Leuven,
Belgium, using Siemens Mammomat Inspiration (85 x 85 um), while 15 patient images
were obtained from Alexandrovska Hospital, Sofia, Bulgaria, where Giotto Tomo IMS
(90 x 90 um) is installed. The three-dimensional images from Siemens Mammomat
Inspiration were obtained from 26 projection images following breast compression. In
Giotto Tomo IMS, tomograms were reconstructed from 13 projections from the left and
right breast. 3D tumour models are segmented from these tomographic images. For
this purpose, a semi-automatic algorithm has been developed. It applies a series of
processing of regions from the tomographic images, starting with normalization and
filtering of noise images, application of segmentation operations that include
binarization, morphological operations, "region growing" technique, and interpolation.
The segmented slices are arranged appropriately and stored in a 3D voxel matrix
corresponding to the desired resolution. Information about the lesion: voxel size, matrix
size, geometric centre, etc. are also stored. Further on, the models are inserted at
different locations in the computational phantoms of the breast. For this purpose, we
use our in-house developed software tool, BreastSimulator, to create different
phantoms of healthy breasts, using different parameters, such as shape, size,
characteristics of the duct trees, Cooper ligaments, skin, etc.

Examples of simulated mammographic and tomographic images from created breast
phantoms with lesions are presented to illustrate the potential of the proposed
approach. Combining computational breast modelling with segmented real 3D tumours
leads to the creation of realistic computational phantoms. The approach allows the
simulation of multiple scenarios and an unlimited number of cases that can be used to
model, simulate and study existing or new techniques for breast imaging.
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materials for manufacturing breast phantoms for phase contrast
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10.1088/1361-6560/ab0670

U3cneaBaHe Ha pa3nukaTa B nNoKasaTens Ha npeyynBaHe Ha matepuanute 3a 3D
neyar 3a Npou3BOACTBO Ha (hbaHTOMM Ha XXeHCKa rbpaa 3a ¢ha3oBO-KOHTpacTHa
obpa3Ha gnarHocTuka

TpuMepHOTO MoAenupaHe Ha MIledyHa »nesa ce Wu3nonsea 3a uenute Ha
onTMMmnsaumsaTa Ha cuctemmn 3a 2D n 3D obpasHa gmarHocTuka. 3a Taswm uen, ce
n3nonseaT KOMMOTbPHU U (U3NYECKN MOOEenn, KOUTO [OOCTaTbyHO TOYHO
Bb3Mpon3BeXaaT CrOXHOCTTAa Ha aHaToMudATa Ha rbpaaTa. [JokaTo peguua HayyHu
rpynu nNpeactaBsaT KOMMKOTbPHM MOAENVW Ha MIeyHa >Xresa C pasfiIM4HO HMBO Ha
aHaTOMW4yHa CNOXHOCT, U3NYeckuTe MOLEeNnn ca efBa B Havanoto Ha
pa3paboTBaHeTo UM. EQHA OT Bb3MOXXHOCTUTE 3a U3rOoTBSIHE HA TPMMEPHN OU3NYECKN
MOAENM Ha MIeYyHa Xfnes3a € 4ype3 M3MNOoN3BaHeTo Ha TexHonorusata 3a 3D nevar.
Mpean ga ce nsnonssa obaye, € HeobxoanMma oueHKa Ha PEHTFeHOBUTE CBOMCTBA Ha
Matepuanurte, Kouto ce wusnonseat 3a 3D neyaT, Ha TexHUTe KOeMUUMEHTM Ha
abcopbuunsa B u npeyyneaHe d.

Tasn cratms npeactaBa HOB MeTO4 3a OLEeHKa Ha PEeHTreHOBUTE CBOWCTBA Ha
ABaHageceT MaTepuana, usnonssaHu 3a 3D nedaT. U3BbplweHa e nopeauua oOT
namepsaxus npu 30, 45 n 60 keV B EBponenckata CUHXPOTPOHHA MHPpACTPyKTypa
(CpeHobbn, PpaHumd) 3a OuEeHKa Te3n KOeMUUNEHTM NO OTHOLUEHME Ha UCTUHCKUTE
TbKaHW Ha rbpgaTta: MacTHa, knesucta u TymopHa. [IBaHageceTTe maTepuana ca
wecTt dgoto-nonmmepHn cmonu: Black, Clear, Flex, Gray, Tough, n White n wect
nnactudyHn matepuanu: ABS, Hybrid, Nylon, PET-G, PLA n PVA. Te3an MKOHOMWUYHM
HanU4yHW MaTepuanu 3a ABeTe pasnuyHu TexHonorun 3a 3D nevat: MmogenupaHe ypes
pastoneHo otnaraHe (FDM) u ctepeonutorpadus (SLA) ca nsbpaHu nopagn TsixHaTa
BMCOKa YCTONYMBOCT Ha TOMMMHHM U MEXaAHWUYHW HaTOBapBaHus.

3a nokasaTtens Ha npevynBaHe O, METOADBT, KOMTO ce n3nonaea € 6asmpaH Ha pa3oBo
KOHTpACTHO n3obpaxeHne, OT KOeTo ce u3snuya O 4ypes3 U3nosi3BaHe Ha anroputbma
Ha lMaraHuH. KaTo eTanoHHM maTepuanu B TO3M anropuTbM ca U3MNos3BaHu Xnesncra,
MacTHa M KOXHa TbKaHW C M3BECTHO CbOTHOoweHue O / . BbBeaeHa e npoueHTHa
pa3nuka Ad 3a oueHKa Ha rogHOCTTa Ha nevartawmTe maTepuanu KaTo 3aMecTUTeNu
Ha YoBELLKNTE TbKaHW. TOYHOCTTa Ha MmeToaa (okono 4%) 6elue oueHeHa Bb3 OCHOBa
Ha CBOWCTBaTa Ha Nifiekcuriac n HaunoH, pedepnpanun KaTto 3naTeH ctaHaapT.

Pesyntatute nokaseaT 4e 3a u3crneaBaHuTe (OTOHHM eHeprun, ABS e pobbp
3amMecTuTen Ha MacTHaTa TbkaH, Hybrid kaTto 3amecTuten Ha xnesucrata TbKaH U
PET-G 3a cumynupaHe Ha KoxaTa.

Ha 6asaTta Ha nonyyeHuTe pes3yntatv ce nnaHuMpa peanusvpaHeTo Ha (Uandecku
MOAENM Ha MIeyvHa >nesa, Npou3BedeHU 4Ype3 TEXHONOrna 3a mogenuvpaHe u4pes
pastoneHo otnaraHe (FDM), nanonssawa ABS, Hybrid n PET-G kato 3amectutenu Ha
MacTHaTa, Xnesucrtara W KOXHaTa TbKaH M BTOPU (PaAHTOM 4Ype3 TexXHOsorus Ha
ctepeonutorpadusaTta (SLA) cbe cmonu Flex, Tough mn Black.
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Investigation of the refractive index decrement of 3D printing materials
for manufacturing breast phantoms for phase contrast imaging

3D modelling of the breast is used for the purpose of optimizing systems for 2D and
3D x-ray imaging. For this purpose, digital and physical phantoms are used that
accurately reproduce the complexity of the anatomy of the breast. While a number of
scientific groups have produced computational phantoms of the breast with varying
degrees of anatomical complexity, physical breast models are only at the beginning of
their development. One of the possibilities for manufacturing three-dimensional
physical models of the breast is through the use of 3D printing technology. However,
before use, it is necessary to evaluate the X-ray properties of the materials used for 3D
printing, their absorption coefficients 3 and refractive index 6.

This article presents a new method for evaluation of the X-ray properties of twelve
materials used for 3D printing. A series of measurements were performed at 30, 45
and 60 keV at the European Synchrotron Radiation Facility to assess these
coefficients in relation to the real breast tissues: adipose, glandular and tumour
tissues. The twelve materials include six photopolymer resins: Black, Clear, Flex, Gray,
Tough, and White and six plastic materials: ABS, Hybrid, Nylon, PET-G, PLA and
PVA. These low-cost materials are available for use with two different 3D printing
technologies: fused deposition modelling (FDM) and stereolithography (SLA). The
materials were chosen because of their high heating resistance and mechanical
properties.

For the refractive index 8, the method used is based on a phase contrast images from
which 9 is derived using Paganin's algorithm. Glandular, adipose and skin tissues with
a known & / B ratios are used as reference materials in this algorithm. A percentage
difference Ad was introduced to assess the suitability of printing materials as
substitutes for human tissues. The accuracy of the method (about 4%) was evaluated
based on the properties of Plexiglas and nylon referenced as a gold standard.

The results show that for the range of photon energies studied, ABS is a good
substitute for the adipose tissue, while Hybrid is a substitute for the glandular tissue,
and PET-G is a substitute for the breast skin.

Based on the obtained results, the implementation of physical breast phantoms,
produced with the use of fused-deposition modelling technology (FDM), using ABS,
Hybrid and PET-G as substitutes for adipose, glandular and skin tissues, is planned. A
second phantom using stereolithography technology (SLA) is also planned employing
Flex, Tough and Black resins.
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Mogenu Ha TyMopHu o6pa3yBaHusA, 6a3mpaHn Ha TPUM3MEPHU PEHTreHOBMU
M300paxeHUA Ha XXeHcka rbpaa

PakbT Ha rbpaaTta e Han-4ecTo AMAarHOCTULMPAHUAT pak WU BoAella npuvynHa npwm
CMBPT cpef XeHuTe no ceBeTa. Bbnpekn TeXHONOrm4yHna Hanpenbk, KaTo uudgposaTta
Mamorpadus, HauMOHanHUTE nporpamMu 3a CKPUHWHE, KakTO U BbBeXOaHeTo Ha
cucTeMM 3a nognomMaraHe Ha OTKPMBAHETO, AMarHoCTUKaTa Ha pak, CKPUT B MibTEH
napeHxunM, BCe oOlLle ocTaBa nNpeansBuKaTesnHa 3agavda.

Tasu ctaTua npeactaBs MeTod 3a Cb3JaBaHe Ha KOMMIOTbPHU MOLENW Ha ne3uu Ha
MIieyHa >Xresa, KOMTO fe3uMuM ca C HenpaBuiHU ¢OopMM U ca CEerMeHTUpaHu OT
nauyneHTCKN daHHW. 3a Tasu uen ca M3non3BaHu LMGPOoOBU TOMOCUHTE3N Ha MIieyHa
Xnesa n n3obpaxxeHns Ha MacTEKTOMUK, KaKTO M KOMMIOTbpPHa ToMorpadusa Ha uana
rbpaa. PaspaboTeHnaT noaxod BKMNOYBA LWECT OCHOBHU CTbLMNKWU: (@) HOpManusMpaHe
Ha MHTEH3MBHOCTTA Ha ToMorpadckute m3obpaxeHus; (6) HamansBaHe Ha Lyma Ha
n3obpaxeHneTto; B) BGuHapusMpaHe Ha nesusTta, r) npunaraHe Ha MOPOSIOrMYHU
onepauun C Uen OONBNHUTENHO HamansiBaHe Ha HUMBOTO Ha apTtedakty; (4)
npunaraHe Ha TexHuKaTa ,paspacTBaHe Ha PErmoHn“ 3a cerMeHTUpaHe Ha Nnes3usTa; U1
(e) cb3gaBaHe Ha okoHyateneH 3D wmopmen Ha nesusa. ANropuTbMbT €
noslyaBTOMaTUYeH KaTo MbpBOHA4yaneH u3bop Ha pernoHa Ha nesusta u cTtapToBuUTe
nos3vumMM 3a 3anoyBaHe Ha npoueca paspacTBaHe Ha pPerMoHn ce u3BbpLuBaT
NHTepakTUBHO. CoTyepeH NHCTPYMEHT, U3NbITHABALL, BCUYKM HEODBXOOUMU CTBHMKK, €
paspaboteH B nporpamHaTta cpega MATLAB. MetoabT € TecTBaH M OUEHEH 4pe3
aHanu3 Ha aHOHUMW3UPaHU N306paxeHns OT UndpoBa TOMOCUHTE3a Ha MAUUEHTH,
ANarHoCTULUMpaHn C pak Ha rbpgarta.

MpunoxeHn ca ABa BMAa OLEHKA: a) Ype3 CpaBHsIBAHE Ha CerMeHTUpaHuUTEe TYMOPHMU
nesvn OT aBTOMAaTMYHOTO CErMeHTUpaHe W OT O4YepTaHOTO TaKkoBa OT eKcnepTu-
peHTreHonosu; (6) cpaBHABaHe Ha obema Ha TyMOp C TOYHO ornpeaeneHu pasmepu c
TO3W, NONyYeH crnepj npunaraHe Ha anropyTbMa 3a CErMeHTUpaHe BbPXY CUHTETUYEH
obem, nony4yeH OT BUPTyanHO pPEHTIeHOBO Wu3cneaBaHe Ha TOMOCUHTE3a C
KOMMIOTbPEH MOAEN Ha rbpda U BbBeAeH TO3U OCHOBEH MOAeN Ha TyMop.

Tpuma ONUTHM PEHTIEHOMNO3M yyacTBaxa B OLEHKaTa Ha TpuM OT CEerMeHTupaHuTe
Tymopu. Te odepTaxa B Cpe30BETE HanM4YHUTE TyMOpHU obpasyBaHus. Pesyntatute
BGsxa oueHeHn 4pe3 net geduHupaHun nokasatend. ObGekTMBHaATa OuUEHKa MokKasa
NoaobHN CTOMHOCTU 3a anropuUTbM-PEHTIEHONOr U PEHTreHonor-peHTreHonor. Bbe
BCUYKKM criydamn, obemute Ha nesnnte, CerMeHTMpPaHu OT NPESSIOKEHNS anropuTbM, ca
Nno-Marnku OoT Te3n, odepTaHu OT eKCcnepTuTe-peHTreHonosn. [pyr n3dbpaH cny4yan Ha
Tymop Gelle BbBeAEeH B KOMMIOTbPEH MOAEN Ha MbpAaa, 3a Aa ce TeCTBa anropUTbMbT.
OTHocuTenHaTta pasnuka B obema mexay OCHOBHMUS 06eM Ha Tymopa M TO3K NOoJSyYeH
4ypes npunaraHe Ha anropuTbma BbpXy CUHTETUYHUS TOMorpadckn obem e 5%, koeTo
nokasBa 3a4OBOMUTENIHOTO MNPeACTaBAHE Ha MpeanoXeHus anropuTtbM  3a
cermeHTupaHe. CobTyepHUAT MHCTPYMEHT, KOUTO Gelwe pa3paboTeH, ce M3nonsea 3a
Cb3jaBaHe Ha MOAENW Ha pasfnMYyHM aHOManuMM Ha rbpaarta, KouMTo creg ToBa ce
cbxpaHaBaTt B 6asa gaHHWM C uen 13nona3saHe OT macnegosaTenu, pabotewwm B Tasn
obnacr.
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Models of breast lesions based on three-dimensional X-ray breast images

Breast cancer is the most commonly diagnosed form of cancer and a leading cause of
death amongst women worldwide. Despite technological advances, such as digital
mammography, national screening programs, and the introduction of systems to
support the early detection and diagnosis of cancer hidden in a dense breast
parenchyma, it still remains a challenging task.

This paper presents a method for creation of computational models of the breast
lesions that have irregularly shape and are segmented from real patient data. For this
purpose, digital tomosynthesis of the breast and images of mastectomies were used,
as well as computed tomography of the whole breast. The approach developed
includes six main steps: (a) normalization of the intensity of the tomographic images;
(b) image noise reduction; c) binarization of the lesion, d) application of morphological
operations in order to further reduce the level of artefacts; (e) applying the "region
growing" technique to segment the lesion; and (f) creating a final 3D model of the
lesion. The algorithm is semi-automatic as the initial selection of the region of the
lesion and the initial positions for starting the procedure for region growing are
performed interactively. A software tool that performs all the necessary steps has been
developed in MATLAB programming environment. The method was tested and
evaluated by analysing anonymized images from digital tomosynthesis of patients
diagnosed with breast cancer.

We applied two types of assessment: a) by comparison of the segmented tumour
lesions from the automatic tumour segmentation and from the one outlined by
radiologists; (b) comparison of the tumour volume with well-defined boundaries with
that obtained after applying the segmentation algorithm to a synthetic volume obtained
from a virtual X-ray examination of tomosynthesis with a computer model of the breast
with the basic tumour model introduced.

Three experienced radiologists participated in the evaluation of three of the segmented
tumours. They outlined the available tumours in the sections. The results were
evaluated using five preliminary defined indicators. The objective evaluation showed
similar values for the algorithm-radiologist and the radiologist-radiologist cases. In all
cases, the volumes of lesions segmented by the proposed algorithm are smaller than
those outlined by the experts. Another selected case of the tumour was introduced into
a computational breast model to test the algorithm. The relative difference in volume
between the main tumour volume and that obtained by applying the algorithm to the
synthetic tomographic volume is 5%, which shows the satisfactory performance of the
proposed segmentation algorithm. The software tool we developed is used to create
models of various breast abnormalities, which are then stored in a dedicated database
for further use by the researchers working in this specific field.
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AHTponomopdeH husnyecku cpaHTOM Ha XKeHcKa rbpaa, 6asnpaH Ha NauMeHTHU
AaHHU OT KOMMNITbLPHA TOMorpadusi Ha XXeHcKa rbpaa:
MpeaBapuTenHu pesynraTu.

KoMnioTbpHUTE U PU3NYECKUTE MOAENN Ha aHTPOMNOMOPGHM MITIEYHU XKIe3n ce
npeBbpHaxa B MOLWEH UHCTPYMEHT, N3MON3BaH B U3cnenBaHMsiTa Ha HOBU TEXHMKM 3a
obpasHa AmarHocTMka Ha MIiedHa Xnesa, KOeTo BKIYBa UudpoBa TOMOCUMHTES3a,
KOMNIOTbpHa TOoMorpadmss Ha rbpaa, as3oBO-KOHTpacTHa Mamorpadusa. B
nuTepaTyparta, CBbp3aHa C U3roTBAHETO Ha (PU3NYECKM MOAENiM Ha MrieyHa Xreasa,
MHOrO yCuUnus ca oTaeneHu 3a paspabotsaHeTo Ha HoBKM 3D neyaTHU maTepuanu KaTo
¢OTO-NoNMMeEpPHU, NermpaHun ¢ pasnmyHa koHueHtpauusa Ha TiO2, kanuun, nog n LUMHK.
OcHOBHO nNpegu3BuKaTeENnCcTBO W  U3UCKBAHe B obnactta Ha peHTreHoBuTe
n3obpaxeHna Ha MfevYHa Xnesa e W3NoM3BaHeToO Ha mMaTepuanu € nogobHM
KoeununeHTn Ha peHTreHoBa abcopbuna KaTo Te3n Ha rpbaHaTa TbkaH, 0cobeHo npu
TUNNYHUS EHEPIMEH OMana3soH, N3nona3eaH B MamorpadgusTa: go 45 kV.

B Ta3u ctatua ce onmucBa HOB NoaxoA 3a uspaborsaHe Ha (m3myeckn Moaen Ha repaa
C peanuctudHa dopma, pasmep U peHTreHoBn abcopbumoHHK cBowncTBa. MoaxoabT
enMMmnHnpa HeobxoauMMOCTTa OT CerMeHTMpaHe Ha TbKaHUTe Ha rbpaaTta OUPEKTHO,
UMUTUPANKN pagmo-niTbTHOCTTA Ha BCEKN BOKCEN OT N306paXXeHNeTo Ha KOMMNIOTbPHA
Tomorpacmsa. To3n nogxon e ©OasvpaH Ha npeguwHa Hawa paspaboTka 3a
M3NOM3BaHETO Ha MNPOMEHNMBA CKOPOCT Ha €eKCTpyaupaHe Ha nnactMacoBuTe
dumnameHTn npu cb3gaBaHe Ha 3D mogenu. 3a uenTta cme u3nonssanu Tomorpadckm
n3obpaxkeHns Ha MIrieyHa Xresa Ha nauueHT, 3a Ja ce cb3gage MoAenbT uypes
npegnoxenus noaxon. Nanonssax e Albion CT ¢ HanpexeHue Ha peHTreHoBaTa Tpbba
oT 80 kV. Pe3ontouusita Ha yCTPONCTBOTO € 672 nukcena x 656 nukcena, ¢ gebenvHa
Ha cpe3a u pa3mep Ha nukcenute oT 0,273 mm. M3untame ctorHocTTa Ha Hounsfield
Unit (HU) 3a Bcekn nukcen B nsobpaxeHneto DICOM u cnep toBa ce koHTponwupa
CKOPOCTT@ Ha eKCcTpyauvpaHe Ha dunameHTa, 3a fa ce nonyyu HeobxoammoTo
KONUYecTBO ekcTpyaupaH maTtepuan. MNpuHTeEpbHT, N3N0N3BaH 3a NPOM3BOACTBOTO Ha
mogena e 6asmpHa FDM TexHonoruaTa, mogen T-Rex 2, ¢ pa3amepu 3a neyat 400 mm
x 400 mm x 470 mm. WN3bpaH e dmnameHT PLA nopagn HeroBuTe noaxoasiim
XapakTepuUCTUKN 3a rneyaT U peHTreHoBU CBOMCTBA. [1ony4YeHnaT Moaern e ckaHupaH Ha
KOMMNIOTbPEH TomMorpad n cpes3oBe OT PM3MYeCKUss MOAeN M naumeHTcKkaTa rbpga ca
AeTanriHO CpaBHEHM.

CpaBHEHMETO MOKasBa CXOOEH Bu3yaneH BuA Ha mMamorpadckute naobpaxeHusa Ha
OCHOBHWUTE TbKaHM Ha rbphaTa: MacTHa W Xnesucrta, KOeTo Ccbwo e [obpe
nogkpeneHo OT BM3yarHOTO CPaBHEHMe Ha npodunuTte, HanpaBeHu npe3 nsbpaHu
cpe3oBe. Pe3dyntatute oT ToBa npoy4yBaHe we 6baaT AONbIHUTENHO M3MOM3BaHN Npu
pa3paboTBaHETO Ha cneuvaneH MOAENT Ha MIedHa »fes3a npu uscnegBaHusa ¢
KOMMNIOTbpHA ToMorpadus.
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Anthropomorphic Physical Breast Phantom Based on Patient Breast CT Data:
Preliminary Results

Computational and physical anthropomorphic phantoms of the breast have become a
powerful tool used in research for new techniques of breast imaging, which includes
digital tomosynthesis, breast computed tomography, and phase-contrast
mammography. In the literature related to the preparation of physical models of the
breast, many efforts have been devoted to the development of new 3D printed
materials such as photo-polymers doped with different concentrations of TiO2,
calcium, iodine and zinc. A major challenge and requirement in the field of
mammography is the use of materials with similar X-ray absorption coefficients as
those of the breast tissue, especially in the typical energy range used in
mammography: up to 45 kV.

This article describes a new approach for the development of a physical breast model
with realistic shape, size, and X-ray absorption properties. The approach overcomes
the need to segment breast tissue directly by mimicking the radio density of each voxel
from a computed tomography image.

This approach is based on our previous study for use of variable speed extrusion of
plastic fibres for the creation of 3D models. For this purpose, we used a tomographic
image of a patient's breast to create the phantom using the proposed approach. Albion
CT with an X-ray tube voltage of 80 kV was used. The resolution of the image is 672
pixels x 656 pixels, with a slice thickness and a pixel size of 0.273 mm. We read the
value of the Hounsfield Unit (HU) for each pixel in the DICOM image and then control
the extrusion rate of the thread to obtain the required amount of extruded filament. The
printer used to manufacture the model is a Fused Deposition Modelling technology,
model T-Rex 2, with print dimensions of 400 mm x 400 mm x 470 mm. The PLA
filament was chosen because of its suitable printing characteristics and acceptable X-
ray properties. The resulted phantom was scanned on a computed tomography and
parts of the physical and patient breast images were compared in details.

The comparison showed a similar visual appearance of the mammographic images of
the main tissues of the breast: adipose and glandular, which is also well supported by
the visual comparison of the profiles made through the selected sections. The results
of this study will be further exploited for the development of a dedicated breast
phantom used in computed tomography studies.
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