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BBenenue

B

Heab: Co3mare LUK PEKOHCTPYKLIUU TOMOTpadUyYecKoro n300paxkeHusl mo AaHHbM Maketa MUHHIIOT, a Takxke
pa3paboTaTh METOJUKY KOJUYECTBEHHOM OLIEHKH KaueCTBa PEKOHCTPYKIMH H300paxeHnii MUHUIIOT.

33[[3‘11/1 HCCJaea0BaHuMA:

1.

Ananutnyeckuii 0030p — HM3Y4YUTh NPHUHIMIBI PEKOHCTPYKIHH u3o0paxenuit B I[19T, maremarnueckue
ocHoBwl MeTOn1I0B FBP 1 MLEM, a takxe cyrmiecTByrorie MeTpuku cpaBHeHust nuzoopaxkenuit (NCC, SSIM).
OKCNEpUMEHTAIBHOE BOCCTAHOBJIEHUE — BBIIOJIHATh PEKOHCTPYKLHIO MPOEKIIMOHHBIX JaHHBIX, MOJTYYEHHBIX
¢ ycraHoBku MuHUIIOT, ¢ wucnone3oBanuem mnakera STIR, 4YTOOB omnpenenuTh UENECOOOPAZHOCTH
UCIIOJIb30BAHMSI TAHHOTO TPOrPAMMHOI0 00ECIICUEHHUS.

Onenka kauyectBa pexkoHcTpykuuu anroputmMoB FBP m MLEM Ha nanneix GEANT4 monenu — mposectu
CpPaBHEHUE TIOJYYEHHBIX M300paXE€HUH C OJTAIOHHBIMM C TIOMOLIIbIO  BBIOPAHHBIX  MHJEKCOB,
IIPOAHATIM3UPOBATh 3aBUCUMOCTh TOYHOCTH BOCCTAHOBJIIEHUS OT IOJIO)KEHUS MCTOYHMKA W MapameTpoB
PEKOHCTPYKLIHH.

Br160op onTuManbHOro MeTosia — Ha 0OcHOBe KonmmuecTBeHHbIX kKputeprueB (NCC, SSIM) o6ocHOBaTh, Kakoi U3
meTon0B (FBP nnn MLEM) obecnieunBaer Jqy4yllyr0 TOYHOCTh U MPUTOAEH ISl UCIOJIB30BAHUS B YCIOBUSAX
OrpaHUYEHHOT0 yucia npoekunii MUHUIIOT.
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BBenenue

Pannonyxmun B coctaBe POII mperepnesaer B + -pacnaja: mpoToH B
sIIpe MPEBPALIACTC B HEUTPOH, UCITYCKasl IIO3UTPOH U HEUTPHUHO:
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Cunorpamma

O6pazoBanue mpoekiuu p(s,d) B pe3yabTare HWHTETPUPOBAHUS
CxemarnyHoe n300paXkeHne NO3UTPOHHO-IMUCCHOHHON  pojp Beex napatensHex duani LOR mog yriom ¢.
ToMorpaduu.

Hcrounnx nsobpaxeHns: Hcrounuk wusobOpaxenus: benses B. H., Knumanos B. A. ®usuka snepHoiig

http://old.kko.khv.ru/pozitronno-emissionnaya-tomografiya-pet wieummHbL YacTs 2.



3KCHepI/IMEHTaJII)HaH YCTAaHOBKA

HCToMHNK

CHHUMOK BKCHepHMCHTaHBHOﬁ YCTaHOBKH

B

Konb1o, Ha KOTOpOM pacronararorcsi I1€TEKTOPbl, COCTOUT U3 32
HE3aBHCUMBIX KAaHAJIOB, PAaCIOJIOKEHHbIX ¢ marom 11.25°. B

kauecTBe cruHTWLIATOpPa BHIOpaH GAGG (Gd3Al12Ga3012),
XapaKTEPUCTUKH KOTOPOTO:

1. BeIcOokmii cBeTOBBIXOA (~ 50 000 dhoToHOB/M»HB)

2.  OTCYTCTBHE TUTPOCKOTTMYHOCTU

3. ymepeHHOe Bpems cuuHTWLIsIuA (~ 90 He)

4. sHepretuyeckoe paspeuenue 9 % (cuuHTHLISITOP + SiIPM)

B kauectBe (HOTOAETEKTOPOB HCIONB30BAHBI KPEMHUEBbBIC
dbotoymHOXkuTenu - SiPM, ux yno0CTBO COCTOUT B TOM, YTO OHH
MMEIOT KOMIIAKTHBIE Pa3MeEpbl, BBICOKYIO UYBCTBUTEIBHOCTH M
YCTOMYMBOCTh K MAarHUTHBIM TOJISIM.

Jnst cuuthiBaHusi JaHHbIX ¢ SiIPM M u3MepeHHsT MOMEHTa
cpabaTbiBaHWsl  JETEKTOPOB  MCIOJIb30BaHA  HMHTETrpalibHAst
MUKpocxema crennanbHoro HazHadeHuss (ASIC) Petiroc 2A,
pa3zpaboTaHHas koMmranuein Weeroc.



CxemaruuyHoe wu3o0Opaxenue paodorel mMerona FBP @ HUSY
(Filtered Back Projection) MNCOU

filtered view |
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a. Using 3 views b. Using many views

HcTounnk u300paskeHus:
Design of a universal phantom for quality assurance in diagnostic radiology x-ray imaging - Scientific Figure on ResearchGate.
https://www.researchgate.net/figure/a-Simple-back-projection-b-Filtered-back-projection-Steven-et-al-60 figl6 328577692



PeKOHCTPYKIMHU IKCIIEPUMEHTAJBHBIX JaHHBIX MakeTa MUHUIIIDT ¢ @ HUSY
MOMOIIBI0 BCTPOeHHBbIX MeToa0B STIR MACOU

Yron npoekuuu
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a) cMHOTpaMma 0) PEKOHCTPYHPOBAHHOE N300paXKEeHNE



PeKOHCTPYKIMH IKCIIEPUMEHTAIbHBIX JaHHBIX MaKkeTa MUHHIIIT @MCF;I;Z
C MOMOIIBI0O BCTPOeHHbIX MeToa0B STIR
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a) CUHOTpaMMa 0) pPEeKOHCTPYHPOBAaHHOE H300paKCHUE



@ HUgy
Peajiu3anus COOCTBEHHBIX AJITOPUTMOB PEKOHCTPYKIUHU MNCOU

PeannsoBaHbl OBa an ropuT™Ma:
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Huarpamma MLEM (Maximum Likelihood Expectation @%ngﬁ
Maximization) aJropurma.
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HcTouHrK H300paskeHus:
FPGA as a Hardware Accelerator for Computation Intensive Maximum Likelihood Expectation Maximization Medical Image Reconstruction Algorithm - Scientific Figure
on ResearchGate. https://www.researchgate.net/figure/Maximum-Likelihood-Expectation-Maximization-MLEM-The-process-starts-with-a-initial _fig3 334855119



Moaenb B GEANT4

B

]_IeJII)I cumyisinuda UACAJIbHBIX MCTOYHHKOB
C HU3BCCTHBIMHU pPasMCpaMu B H3BCCTHBIX

KOOpJIMHATAX

e wMarepuan cuuHTWLIATOpa - GAGG
e jwmaMeTp KoJsibla - 110 Mmm

® napa ramMmma-kBaHTOB 511 k3B

°

cpelna - BO3ayX



B

Nupexe niisi cpaBHEeHUSI H300paKeHU

Hopmann3oBaHHasi B3aMMHAasi KOPPeasilus
Ozy
NCC = —,
00y
rme o - JmUcnepeus IMUKCEJICH B
M300paXEHUN X, G, - UCTIepCHs MMUKCceIei

B M300paKEeHUN Y, G, , - KOBAPHAIIUSA MEXTTY
M300PKEHUAMH X U Y.

[Tpunumaet 3HaueHust B auarnaszoune [-1, 1],
rae 1 - moJIHoe ¢XOACTBO.

CpaBHeHHE ¢ U300paKeHHEM CO CpaBHEHHE C Pa3MBITHIM
caBurom 1o ocu x. NCC = 0.83 n3oo6paxxeaneM. NCC =0.98



HUcnouab3oBanue OnsimHeinHou uaTepnoisiuuu B FBP pexkoncTpykuuu

(a) DrTanonnoe mzodbpaxkenue

(r) Hzobpaxkenue, pexkoH-

CTpYHpOBaAHHOE € KO3(h-
dmpenrom OnnHeitHoil
nHTepnossAnm 4

(6) Nzobpaxkenne, pe-
KOHCTPYHPOBAHHOE He3
OnsmHeiHoi HHTepIosAIII

(1) Hzobpaxkenne, pexkon-
crpyHpoeanioe ¢ koadhdgni-
enToM OmmHeiiHoil HHTepIo-
sy 8

() Hzobpaxenne, pexkou-
CTpyHpoBaHHoe ¢ Ko3h-
hugreHToM O HeiTHOi
HHTePIOJsI 2

(e) MHMzobpaxkenne, pexkou-
CTPYHPOBaHHOE ¢ KO3~
hugenrom O He oI
mnrepossAn 10

Koadpumment
MHTEPIIONALNN

[S—

HUQy

MNCOU

NCC

0.71
0.77
0.76
0.75
0.76
0.79
0.80

0.80



HUccaenoBanme kauecTBa pekoHCTpyKuuu MLEM ot ko/inyecTBa uTepanuii Ha HUQy
nanubix GEANT4 monesupoBanust MMCDM

NCC
° ©

0.54

0.52

05
DTallOHHOE U300paKeHne 1 urepanus 0.48
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HUQy

MUHUIMIT ¢ nomowbio MLEM
H NCoU

BoccTaHOBJ/IeHUe 3KCNepUuMEeHTaNbHbIX AAaHHbIX MaKeTa ; Z
@
M

a) 1 urepanus 0) 2 utepanuu B) 5 urepauui

r) 7 urepanuit n) 15 urepaumii e) 20 urepanuii



HUQy

NCOU

HUcnonb3oBanue OnsivHeinHoM uHTepnoasiuuu B MLEM pekoHCTPYyKIUHA § 3
@

ATAIOHHOE U300paKeHHE n300pakeHune, Moy4eHHOE U3 CHHOTPaMMBI n300pakeHue, MoydYeHHOe U3
0€e3 HHTePIOoNIALNN VHTEPIOIUPOBAHHON CUHOIPAMMBI

NCC=10.50 NCC=0.73




CpaBHenue meToa0B pexkoHcTpykuuu FBP u MLEM
Ne
1
- . |

OTAJIOHHOE M300PVKEHHE  y3oGpaskeHue, H300pakeHUe,
BOCCTAHOBJIEHHOE C BOCCTAHOBJIEHHOE C
nomomso MLEM nomoso FBP

MLEM

NCC

0.75

0.73

FBP

NCC

0.77

0.74



HccnenoBanue Ka4eCcTBa PEKOHCTPYKIMU UCTOYHMKA B 3AaBUCUMOCTH OT
€ro y1aJIeHHOCTH OT LEHTPA IKCIEPUMEHTAJIbHON YCTAHOBKH

Koopnunara
Hcrounuk
e FBP HMCTOYHUKA
e OuJMHeWHHAs HHTEPMOJSIIIUS CHHOTPaMMBbI X200
®  JuaMeTp MCTOYHHUKOB 10 MM (0, 0)
LIEHTPAJIbHBIN 5,5)
(10, 10)
JE€BBII (-10, 0)
MpaBbIil (20, 0)

(a) Dranonusii uerounuk, pacnoso- (6) Herounuk, pacnonoskennsiii B8 1o4-
skenuslil B Touxe (0,0) ke (0,0)

B

NCC

0.70
0.60
0.62
0.56
0.40
0.44
0.70
0.65

0.64



3akJaodYeHue @ﬁlmcpm

BrlnonHeHa peKOHCTPYKIMS AKCIIEPUMEHTAIbHBIX JAHHBIX ¢ ucnoib3oBanueM nakera STIR, mokazano, uro
JUIsl TIOJy4YeHUs u300pakeHus Oe3 3HAYUTENbHBIX apTe(dakToB TpeOyeTcss KOPPEKIMS CHHOTPAMMBI C
UCKa)KEHUEM JaHHBIX, HA OCHOBE YETO CJIeJIaH BBIBOJI O HEIIeJIeCO00Pa3HOCTH MPUMEHEHHUS JAHHOTO I1aKeTa.

Pazpaborano nBe mporpammbel Ha ocHoBe anaroputMoB FBP m MLEM. Jlns MeTonoB mpeaBapUTENbHO
UCIIOJIb30BaHA OWJIMHEWHAs WHTEPHOJSALMA C Pa3TuYHbIMU KOI(PPUIMEHTAMU YBEIUYEHUSI pa3pelieHus
KOHEYHOTO M300paKeHHUS.

C IIOMOIIIBIYO HMHTCPIIOJLIINNUHN KOMIICHCHUPOBAHO BJIIMAHHUC 3da30POB MCKAY ACTCKTOPAMH, WM KaK CJICACTBUC,
YIIY4IICHO Ka4CCTBO PCKOHCTPYKI NN I o0oux MCTOOOB.

Meronst FBP 1 MLEM mnokazanu cpaBHHMOE KauecTBO BoccTaHoBlieHUs] u3o0paxkenus (NCC = 0.75 s
MLEM, NCC = 0.77 ans FBP). Cnenan BbIBOA, uTO 00a METOAa MPU JTAHHOW KOH(DHTypaluu yCTaHOBKHU
npuMeHnMbl, HO MLEM - Gosnee ruOkuii MeTo.

Taxoxe ITIOKa3aHoO, 4YTO Ka4CCTBO BOCCTAHOBIJIICHHAI I/I306pa}K€HI/ISI HCTOYHHKA 3aBHUCHUT OT B3aHMMHOIO
PaCIIONOKCHUA HCTOYHUKOB B INIOCKOCTH CKAHHUPOBAHUA, a4 TAKIKC OT IIApaAMCTPOB PCKOHCTPYKIHUH.



MMCDM Cnacun60 3a BHUMaHue!

HaumoHanbHbIM
nccrnemoBaTenbCcKum
SOEPHbIN yHUBEpCUTET



[TapameTpbl 3G PEKTUBHOCTH

Eff., % Eff, % Eff, %
0
2.1 7.6 11.8
10
1.4 5.2 8.2
20
1.7 6.4 10.2

I'eomerpuyeckas 3pPpeKTUBHOCTD YCTAaHOBKM Ha 64 KaHaa

Z,

HUay

UCOU

20



B

NCC =0.98, SSIM = 0.99



B

NCC = 0.97, SSIM = 0.84



NCC =0.95, SSIM =0.72

Z,

HUay

UdoU

23



(@ HUay
CpaBHeHMe ¢ 3allyMieHHbIM N306pakeHnem MNCOU

NCC =0.97, SSIM = 0.11



B

CpaBHeHMe ¢ pas3mbITbiM N306paxxeHnem

NCC =0.98, SSIM = 0.96



HUQy
CpaBHeHue ¢ n3obpakeHneM C NOHMKEHHOW KOHTPACTHOCTbIO éM|/|cp[/1

NCC =0.998, SSIM = 0.0879



B

CpaBHeHMe ¢ n3obpaxxeHMemM co CABUTOM MO OCU X

NCC = 0.83, SSIM = 0.96



NCC =0.60
SSIM = 0.02

Z,

HUay

UCOU

28



B

NCC =0.36
SSIM = 0.02



B

NCC =0.34
SSIM = 0.02



CpaBHenune MeTon0B pekoHcTpykiunu FBP u MLEM @I‘ZM C'B‘l“/i'

Pucynoxk 13 — Pe3ynbrarsl
TPETHETO MOAEITUPOBAHUSL.

(a) Uzobpazkenue, pexoH- (6) UMsobpazkenne, peKoH- (8) Drasonnoe n306parKeHe
CTPYUPOBAHHOE € IIOMOIIBIO CTPYHPOBAHHOE € IOMOIIBIO
MLEM FBP
Ne MmonenmmpoBaHust MLEM FBP
NCC SSIM NCC SSIM
1 0.61 0.01 0.77  0.02
0.27  0.02 0.71 0.02
3 051 001 074 002  1aomma2— Cpasnenue MLEM u FBP

3]



B

HUcnonb3oBanue OunHeinHoM uHTepnoasauun B FBP pekoHcTpykuumn
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CuHorpamMma, mojiydeHHasi i3 MOJEIUPOBAHUS. CuHorpamma, K KOTOpOU MpUMEHEHa OMIIMHEHAs

HHTCPIIOJIAIMSA.

32



HUcnonb3oBanue OunHeinHoM uHTepnoasauun B FBP pekoHcTpykuumn

y"?...__-

yl s e

B

: Q.. Tpebyercst Haiitn 3HadeHue f (X, y) 1)1 TPOU3BOJIBHON BHYTPEHHEH

9" Toukn (x,y),rmex € [x1,x2 ],y € [yl,y2].
1. HuTepnonsius no ropu3oHTanu (BAOJIb OCH X).
: Ty — T T — T
Ry = — Qu + ——— Qa1,
T9 — T} Ty — T1
Ty — T T — T
Ry = —— Q1a + ———— Qsn.
Ty — I Iy — I
2.  HWurepnonsuus 1no BepTUKAIH (BIOJb OCH Y).
Qn
: Yo—Y Yy—U
: Flz,y) = - R+ Rs.
Xz Y2 — Y2 =W

CxeMarnyHoe n300pakeHue OMIMHEHHON HHTEPIOISITUN
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B

WNuneke ctpykrypHoro cxonctsa (SSIM)

SSIM(z, ) = — PHaty + C 20wy + Co)
(12 + 12 + C1)(02 + 02 + Cy)
C1= (K1L)?,
Cy = (KsL)?,
A€ W - CPENHAS APKOCTB X, W - CPENHAS APKOCTb y, G, - JIMCHEPCHA MHUKCENeH B M300PAKEHUHU X, G, - JHMCHEPCHS

MUKCENel B U300paXkeHHH Y, G , ~ KOBapHaIis MEK Ty M300pakeHUsAMH X U 'y, L — nuamna3oHn nukcenei (00b4HO 255 nis

8-6urtHbIX n300paxenmuii), a K1 < 1 u K2 € 1 — maisle koHcTaHTHI (cTangaprHble 3Hadenns K1 =0.01, K2 = 0.03).
[IpuauMmaeT 3naueHus B nuanasone [-1, 1], toe 1 - nomHoe cxoncTso.



HUccnenoBanune kayecrsa pekoHcTpykuuu meronom MLEM ot koinuyecTBa
urepanuii Ha naHHbIX GEANT4 MonennpoBanus

B e

058 KomnuaectBo NCC
O - ATepanun
% 0.56 - )
0.54 : 1 0.44
0.52— . 2 0.54
05— 5 0.57
e i 10 0.52
0.46— .
E . 15 0.47
0.44 Y
0.42|— 20 0.46
0.4 }r 1 1 1 1 1 Lo | 1 1 I 1 1 Coao | 30 045
1 10 100
KonnuectBo urepaunit 40 0.44
50 0.44
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HUay

UCOU

HccienoBanue kauecTBa PEKOHCTPYKIMHU UCTOYHHUKA B 3AaBUCUMOCTH OT @I\i‘
€ro yi1aJICHHOCTH OT LI€EHTPAa 3KCHepHMeHTaJIbHOI71 YCTAaHOBKH

t”

(b‘cl) p(‘K()lI("[‘I)}'KlUIH IepBOID  MOJCIHPOBa- l()) P(‘K()ll("l‘])_\'KlLl[H BTOPOro MOJIe/IHpOBa- (VB) P(‘K()][("l'])}']{]u[ﬂ TPeTLer0 MOJIEIHPOBa-
HHA HHA HUA

PexonctpyupoBanubie ucrounuku metoqoMm FBP ¢ ucnonb3oBanrem OUIMHEHHON UHTEPHOISIUN
(yBenuueHue paspenieHus n3oopaxenus B 20 pa3 1o KaxxJoi u3 ocen).
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HccnenoBanue Ka4eCcTBa PEKOHCTPYKIMU UCTOYHMKA B 3AaBUCUMOCTH OT
€ro y1aJIeHHOCTH OT LEHTPA IKCIEPUMEHTAJIbHON YCTAHOBKH

No MmopenupoBanus Koopnunara
ACTOYHUKA

1 (0, 0)
(-10, 0)
(20, 0)

2 (5,5)

(-10, 0)

(a) Dranonuwni ucroumnk, pacnoso- (6) Herounnk, pacnonoxenusiit B to4-

sennstii B Touke (0,0) ke (0,0) (20, 0)

CpaBHEHHE pEKOHCTPYUPOBaHHBIX MeTo10M FBP ncTtounnkoB
C WCIIOJIb30BaHUEM OUITMHEHHON MHTEpNONALUH (YBEIUUCHUE
paspemienns uzoopaxenus B 20 pa3 mo Kaxiaou w3 oceil) ¢
ATAJOHHBIMU H300pakeHUsIMU. Bce HMCTOYHMKHM HMEIOT
OJIMHAKOBBIN TeoMeTpuueckuit pazmep (auamerp 10 mm).

3 (10, 10)
(-10, 0)

(20, 0)

B

NCC

0.70
0.56
0.70
0.60
0.40
0.65
0.62
0.44

0.64



