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BUKOPUCTAHHA AHTPOITOMOP®HUX 'ETEPOT'EHHUX
®I3UYHUX PAHTOMIB JJIS BAJIIIALIII PO3PAXYHKOBOI
JTO3UMETPII IIEPCOHAJTY TA TTAIIIEHTIB

Y no3umeTpii i0Hi3yl04Oro BUNPOMiHIOBAHHA DaHTOMM Tifa NIOANHY, WO BUKOPUCTOBYIOTHCA SIK 3aMiHa Tina NIOANUHM
npv Gi3nyHNX BUMIPIOBAHHAX Ta pO3paxyHKax, NOCifaloTb BaXKIUBe, e NOAEKYAN HeAoOUiHeHe, Micue. PO3pi3HAITL
di3nyni haHToMun 6e3nocepefHbO ANA BUMIPIOBAHb Ta MaTeMaTUyHi haHTOMU ANA PO3paxyHKoBoi fo3umeTpii. IxHa
CKNafHicTb Bapiloe Bif NpocToi reomeTpii As Lineit KanibpyBaHHA 40 AyXKe CKNagHoi, 1o fAeTanbHO Moaentoe popmu
OpraHiB Ta TKaHWH Tina noanHu. BukopuctaHHs di3nyHmux aHTponoMopdHuUx HaHTOMIB A€ MOXKAUBICTb eEKTUBHO
ONTWUMi3yBaTV JO3M ONPOMiHEHHSA, cCKopuryBaBLlm napameTpu KT-ckaHyBaHHA (komn'toTepHoi ToMorpadii) BignosigHo
[0 XapaKTEpUCTUK NauieHTa 6e3 3HUKEHHS AKOCTI 300paXeHHsA. 3acTocyBaHHsA (AaHTOMiB € HE3aMiHHUM CMOCo6OM
OLiHKM aKTyanbHWUX 403 Ha OpraHu abo BM3HA4YeHHs edeKTUBHOT [03M NPALiBHUKIB — BEIMUMH, O HOPMYIOTLCS, ane
HEe MOXyTb OyTW BUMipsaHi. CTaTTa MiCTUTb OMAA BUAIB, KOHCTPYKLIT Ta cdepu 3acTocyBaHHA aHTPONOMOPdHUX reTe-
poreHHUxX disnyHux GaHTOMiB NOAUHM 3 0COONMBUM AKLLEHTOM Ha iX BUKOPUCTAHHA ANs Baniaauii moaeneil 1a me-
TOLIB PO3paxyHKOBOT JO3UMeTpii.
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USE OF ANTHROPOMORPHIC HETEROGENEOUS PHYSICAL
PHANTOMS FOR VALIDATION OF COMPUTATIONAL DOSIMETRY
OF MEDICAL PERSONNEL AND PATIENTS

In the dosimetry of ionizing radiation, the phantoms of the human body, which are used as a replacement for the
human body in physical measurements and calculations, play an important, but sometimes underestimated, role.
There are physical phantoms used directly for measurements, and mathematical phantoms for computational
dosimetry. Their complexity varies from simple geometry applied for calibration purposes up to very complex, which
simulates in detail the shapes of organs and tissues of the human body. The use of physical anthropomorphic phan-
toms makes it possible to effectively optimize radiation doses by adjusting the parameters of CT-scanning (comput-
ed tomography) in accordance with the characteristics of the patient without compromising image quality. The use
of phantoms is an indispensable approach to estimate the actual doses to the organs or to determine the effective
dose of workers — values that are regulated, but cannot be directly measured.
The article contains an overview of types, designs and the fields of application of anthropomorphic heterogeneous
physical phantoms of a human with special emphasis on their use for validation of models and methods of compu-
tational dosimetry.
Key words: dose, ionizing radiation, physical, mathematical phantoms, computational dosimetry.
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REVIEWS

BCTYII

Tonisyroue BUNpPOMiHIOBAaHHSI Ma€e 0araTo MpaKTUUYHUX
3aCTOCYBaHb Y Pi3HUX cepax AisTbHOCTI JTIIOAUHU: Me-
JULVHI, HAyKOBUX JOCTiIXKEHHSIX, TPOMUCIOBOCTI TO-
1110, TIPOTE HECe PU3UKHU JJISI 3T0POB’T 0COOU, 110 3a3HAE
ornpoMiHeHHs. JocmiiKeHHs BIUIMBY i0OHi3yI0UOIO BUII-
POMIiHIOBaHHSI HA OpraHi3M Y4 OKPEeMi OpraHu Ta TKaHU -
HU (HOpMAaJIbHi UM MATOJOTiYHO 3MiHEHi), 30KpeMa, BUB-
YEeHHS 3aKOHOMipHOCTel (hopMyBaHHS i PO3MOIITY 103
OINMPOMiHEHHSI BCEPEAMHI Tijla JIOAUHU € HEBil EMHOIO
CKJIAJIOBOIO padialliifHOTO 3aXMCTy Ta MEAWYHOI (Pi3UKMN
(m1aHyBaHHS TepaleBTUUYHOTIO omnpoMiHeHHs). Jlias
YHUKHEHHSI IIPOMEHEBOTO YIIKOMXKEHHSI TKAHWH i op-
ratiB JIoei TIpu AOCJiIXKEHHI BIUIUBY pafiallil Ha op-
raHiam ix IOTpiOHO 3aMiHUTU MEBHUM cyporatom ado
MOJIEJUTIO, BiITBOPUBILIU IPU LILOMY BCi, 200 MpUHANMHI
BU3HaAYaJbHi, BJACTUBOCTI B3aEMO/il BUMTPOMiHIOBAHHS
3 TKAHMHAMU.

Maiixxe Big moyatky goOu pamialliiHUX OOCHiAXeHb
(20-1i poku XX cTopiuust) Aj1s IOTO BUKOPUCTOBYIOTh-
cs, Tak 3BaHi (hpaHTOMU, TOOTO MOJEJIi Tijla JIIOAUHU a00
MOro 4YacTMHU HATypaJbHOTO PO3Mipy — CIOYATKY
¢isnuni (MarepianbHi), a Big KiHII 1950-x — mMaTema-
TUYHI.

V Halibiabll 3araJjbHOMy ceHci ¢gaHTOM (Bim ¢p.
fantome, y cBo uepry, Bix jar. phantasma Tta aas.-
Tpell. QOVTOGUO — «SBUIIE; MPUBUI») — 1€ MOJEJb
JIIOICBKOro ab0 TBApMHHOTO TiJla (YU HOro YaCTUHM)
HaTypaJIbHOTO PO3Mipy, 11O CIYXXUTh HAOYHUM IIpU-
JIaAasiM y HaBYaJIbHOMY 3aKJIaldi, € eKCIIOHATOM Y MY-
3ei Towio [1].

daHTOMMU, 1110 BUKOPUCTOBYIOTBCS Y JO3MMETPIl i0Hi-
3yI0YOTO BUIIPOMIHIOBaHHSI — MaTepiajbHEe YU Y BUI-
JISIAI MaTeMaTU4YHOI MOJesi — BiATBOPEHHSI PO3MipiB,
¢dopMU i BHYTPIIITHLOI CTPYKTYPU Tijla JTIOAWHU 3 Trde-
peH1ialieo Ha M’gKi Ta KiCTKOBi TKAaHUHMU, JIETEHi.
3 TOSIBOIO i CTPIMKUM MPOrpPecoM YMCETbHMX METOIIB
MOJIC/TIOBAHHSI IIEPEHOCY BUIIPOMIHIOBAaHHSA I (popmy-
BaHHSI 03 Y CMCTEMax CKJIaJHOI TeOoMeTpil Ta Mare-
pialibHOTO cKiaamy, 30Kpema, metony Monte-Kapio [2],
METOJI PO3PaXyHKOBOI JO3UMETPIii MMOBCIOJHO BUTICHU-
JIM HaA3BUMYAMHO TPYIOMICTKi Ta oOMexXeHO iH(opMa-
TUBHI TIPSIMi BUMIpIOBAaHHSI 3a JOIMOMOTOI0 (hi3MIHUX
¢danTomiB (aHTOoMHI BuMiptoBaHHs). Kon nisg Mome-
moBaHHS MoHTe-Kapio 3arajbHOro Ipu3HavYeHHSI I10-
BUHEH BPaXOBYBaTHU BCi aCIIEKTH IEPEHOCY €JIEKTPOHIB i
(¢OTOHIB, BiH MOBUHEH MaTW 3MOTY OTPUMYBATH TOYHI
pe3ysnbTaTu B reTeporeHHoMy (aHTomi. s momemio-
BaHHS TIEPEHOCY BMIIPOMiHIOBAHHS y PEYOBUHI OYyJI0
PO3pO0JICHO AEKiJibKa KOMIIB 3arajlbHOrO IIpH3HAYCHHS
(9K BIIBHOTO BWUKOPMCTAHHS, TaK i JHIEH3IHHNX), IKi

INTRODUCTION

Tonizing radiation has many practical applications
in various fields of human activity: medicine,
research, industry, etc., but it also carries risks to
the health of a person exposed to radiation. Study
of effects of ionizing radiation on the body or indi-
vidual organs and tissues (normal or pathological-
ly altered), in particular — the study of patterns of
formation and distribution of radiation doses with-
in the human body is an integral part of radiation
protection and medical physics (therapeutic radia-
tion planning). To avoid radiation damage to
human tissues and organs in course of the study of
effects of radiation on the body, these tissues must
be replaced with a specific surrogate or a model,
while reproducing all, or at least the definitive
properties of the interaction of radiation with tis-
sues.

Almost from the beginning of the era of radiation
research (20-s of the twentieth century), the so-
called phantoms are used for this purpose, i.e.
models of the human body or its part of life size —
originally — physical (material), and from the late
1950-s — mathematical.

In the most general sense, a phantom (from the
French fantome, in turn, from the Latin phantas-
ma and the Greek govtoouo — «phenomenon;
ghost») — is a full size model of human or animal
body (or part of it), which serves as visual aids in an
educational institution, is an exhibit in a museum,
etc. [1].

Phantoms used in the dosimetry of ionizing radi-
ation — material or in the form of a mathematical
model — reproduction of size, shape and internal
structure of the human body with differentiation
into soft and bone tissues, lungs. With the advent
and rapid progress of numerical (computational)
methods for modeling radiation transport, energy
deposition and dose formation in systems of com-
plex geometry and material composition, in par-
ticular, the Monte Carlo method [2], computa-
tional dosimetry methods have replaced extremely
labor intense and limitedly informative direct
measurements using physical phantoms (phantom
measurements). The general-purpose code for
Monte Carlo simulation must take into account all
aspects of electron and photon transfer and inter-
action with matter, and must be able to give accu-
rate results in a heterogeneous phantom. To simu-
late radiation transport in matter, several general-
purpose codes have been developed and are widely
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IIMPOKO BUKOPUCTOBYIOTHCS, 30KpeMa, B MEIMIIMHI,
Hanpukian [3,4], EGS4, EGSnrc, MCNP ta GEANT.
Komamu g MoHte-Kapio MopeatoBaHHST JIiHIAHUX
MPUCKOPIOBAYiB Ta PO3pPaxyHKy [0O3M Yy TalliEHTa €
BEAMnrc ta DOSXYZnrc, siki 6a3yiotbess Ha EGS4 /
EGSnrec.

BonHouac, xouya cy4yacHi po3paxyHKu MeTogoM MoH-
Te-Kapso naioTh MOXJIMBICTb BU3HAYATH 103U a00 iHIITI
pesieBaHTHI BEJIWYMHM (HAINpUKIad, (toeHC (hOTOHIB
YU eJeMEHTAapHMX YacTOK) i3 BEIMKOIO CTAaTHUCTUIHOIO
TOUYHICTIO, JOCTOBIpHICTh Ta pe3yJibTyloua TOYHICTh Be-
JINYMH 3aJI€KUTH BiJl 6araTboX UMHHUKIB, AESIKi 3 IKUX
JIOCUTh BaXKKO BpaxyBaTU IIPU CTBOPEHHI MaTeMaTUIHOI
MoOJeJli CKJIaAHOI CUCTeMM, 110 € 00’€KTOM BUBUYCHHSI.
Binrak, mo3uMeTpUYHi po3paxyHKU MalOTh IIPOXOAUTHU
cTafilo BUOIPKOBOI €KCIIEpUMEHTAJIbHOI TIepeBipKU
(Basmigariii), U1t SIKOi y PUTOi MOXYTh CTaTU (PaHTOMHi
BUMIpPIOBaHHS 3a JOIIOMOTO0I0 (Di3MIHMX TeTepPOTeHHMX
aaTporiomopdHux (anToMis. Lleit ornsm mpuUcBIYEHO
caMe BMKOPMCTAHHIO Takux (paHTOMIB B iCTOPUYHIMN
PETPOCIIEKTHBI, Ha Cy4acHOMY eTamri Ta IJIsI TepCITeK-
TUBHUX JOCTiIKEHb.

IcTopia pO3BUTKY Ta BUKOPUCTAHHA Di3nYHNX
AO3UMEeTPUYHUX paHTOMIB

ITepwi my6aikauii mMpo BUKOPUCTAHHS 3aMiHHUKIiB
0i0JIOTIYHMX TKAHWUH Yy BUBYEHHI JO3UMETPUUYHUX
eeKTiB BcepeArHi i HaBKOJO OIPOMiHEHUX TKAaHWH
3’aBuck 1ie B 1906 pori [S]. [Tpotsirom 1920-x pokis
OCHOBHMM MaTepiajiom s iMiTtanii 6ioJ0oriYyHUX TKa-
HUH OyJM BoJa Ta BicK [6—8], mpoTe, BUSIBUIOCH, 110
KoedillieHTH oc1abJeHHS BOCKY 3HAUHO BiIpi3HSIOTHCS
Big KoedillieHTiB A1 M’S13iB, A0 CYMillli MoYaJu J101a-
BaTU PEYOBUHU 3 BUCOKMM aTOMHUM HOMEPOM, TaKi SIK
OKCHJI MaTHilo i miokcua tuTaHy [9]. 3a3Hauumo, 1110 y
MiOHEpPChKUX pobOTaxX He BKa3aHO, KM came BicK i
SIKOi SIKOCTi BUKOpMUCTOBYBaBcs. HacTymHuM mo-
KOJIIHHSIM CTaJIM TO3UMETPUYHI (PaHTOMM HAa OCHOBI JIe-
pesunm [10, 11], ane 3’acyBajiocst, 0 BIACTUBOCTI IIbO-
ro MPUPOJHOIO MaTepiajly 3MiHIOBAJIMCh 3 YacoM,
BIUIMBAIOUYM Ha JO3UMETPUYHI XapaKTePUCTUKU TaKMX
¢daHTOMIB.

TpuBanuii yac BUKOPUCTOBYBAJM CIIPOLIEHI MOIei
¢aHTOMIB, SIKi Bigpi3HSIUCS MPOCTOIO, a, OTXKE, Hepe-
aJliCTUYHOIO FeOMeTpi€Elo.

Y 1940—50-x pokax HEOAHOPA30BO MOPYIIYBAIOCh
MUTAHHS peanizMy, TOMY Ha TOI yac (piKCyBaancs HETTO-
OIWHOKiI CIpOOM BUTOTOBUTH ITOBHOPO3MIipHi pe-
aJlicTU4Hi (haHTOMMU, HANpPUKIIAA, XiHOUMIA (aHTOM 3
namn’e-maille, TOKPUTUN TOHKUM IIApOM TillCy i 3amoB-
HEHMI BOCKOM Ta IBOMAa MOPOXKHIMU IOJIIETUIEHOBUMU

used in medicine (both open access and licensed),
for example [3, 4], EGSnrc, MCNP, and GEANT.
The codes for Monte Carlo simulation of linear
accelerators and dose calculation for the patient
are BEAMnrc and DOSXYZnrc, which are based
on EGS4 / EGSnrec.

Although modern Monte Carlo calculations
make it possible to determine doses or other rel-
evant quantities (e.g. flux of photons or elemen-
tary particles) with high statistical accuracy, the
reliability and resulting accuracy of concerned
quantities depend on many factors, some of
which are difficult to take into account within
the model of a complex system that is the object
of study. Therefore, dosimetric calculations must
undergo a stage of selective experimental verifi-
cation (validation), for which phantom measure-
ments using physical heterogeneous anthropo-
morphic phantoms may be useful. This review is
devoted to the use of such phantoms in historical
retrospect, at the present stage and for future
research.

History of development and use of physical
dosimetric phantoms

The first publications on the use of biological tis-
sue substitutes in the study of dosimetric effects in
and around irradiated tissues appeared in 1906 [5].
During the 1920-s, the main material for the imi-
tation of biological tissues was water and wax
[6—8], however, it turned out that the attenuation
coefficients of wax are significantly different from
the coefficients for muscle and, therefore, high
atomic number fillers, such as magnesium oxide
and titanium dioxide [9] began to be added to the
compound. Notably, the pioneering publications
do not specify which wax and of what quality was
used. The next generation was wood-based dosi-
metric phantoms [10, 11], but it was found that the
properties of this natural material changed over
time, affecting the dosimetric characteristics of
such phantoms.

For a long time, simplified phantom models
were used, which had simple and, therefore, unre-
alistic geometry.

In the 1940-s and 1950-s the question of realism
was repeatedly raised. So at that time there were
many attempts to make full-size realistic phan-
toms, such as a female phantom made of papier-
mache, covered with a thin layer of plaster and
filled with wax and two empty plastic bottles
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TUISIIIKAMU 3aMicTh JereHb [12], ado ¢aHTOM, 3pobiie-
HUI Ha OCHOBiI MaHEKeHa 3i CKJIOBOJIOKHA (0OOJOHKH),
3amoBHeHoro pucoM [13]. Ixuim Hemonikom Gyma Hec-
TaHJApTU30BaHa SKiCTh MaTepialiB Ta HE3PYYHICTh KO-
PUCTYBaHHSI.

JilicHO iHHOBaLIiIHHMM IIPOAYKTOM Ha mo4yatky 1960-x
pokiB cramm cucremn «Temex» [14] Ta «Rando» [15].
Taki haHTOMU Maiu BCcepennHi CIpaBXHi CKeJIeTH, MOo-
POXXHWHMU Tija i Ty4YHi JereHi. @aHnToMu Oy/u HapizaHi
Ha IIapu, 110 BIEPIIE IaJI0 MOXJIUBICTh OLIIHUTH PO3-
OOAiN 103 y TiJli yepe3 MollapoBe PO3MillleHHs JeTeK-
TOpPiB BUIIPOMiHIOBAHHSI.

IHIIMM acmekToM, IO TNPUBEPHYB YBary IO3WMeET-
PUCTIB, € BIIMiHHICTb aHTPOMIOMETPUYHUX JAHUX Y MIPE-
CTaBHUKIB pi3HUX pac, crari Ta Biky. Tak, y HamioHanb-
HOMY iHCTUTYTi pamionoriyHmx HaykK (fmonist) aHa-
JIOTiYHO [0 MiBHIYHOAMePUKAHCHKOi/€BPOIEHChKOI MO-
Jelli «cTaHaapTHOI (pedepeHTHO1) JI0AUHU» 0YyJI0 CTBO-
peHo crneuudiuyHy BEPCilo «IIMOHCHKOI (a3ifichbKoi) pe-
(epeHTHOI JonuHW» [16]. Y wiil po3pobli BpaxyBaiu
pO3Mipu opraHiB Ta MOOYIOBY TiJla, XapaKTepHi caMe IJIst
asiaris.

Bigznaunmo, 110 GiabLIicTs (haHTOMIB, 3raJaHNX BU-
e, Oyau po3poOJieHi M1 3aCTOCYBaHHS B JO3MMETPIl
npu npoMeHesiit Tepamii. Big 1970 poky morenep 6yJo
CTBOpPEHO 0araTo (haHTOMIB IS iHIIMX 3aCTOCYBaHb, BO-
HU 3HAYHO BiJpi3HSAIOTHCS 33 CBOEIO OYHOBOIO, (PyHK-
LisIMM, CKJIAIOM MaTepiajiB, MPU3HAYEHHSIM TOIIIO.

Knacudikauia dpaHtomis

®aHTOMHM IIMPOKO BUKOPHUCTOBYIOTHCS Y MEIWYHIN
¢izuni (pamioreparmii, SaepHili MeIWIIMHI Ta Pi3HUX
PEHTIeHOJIOTIYHUX TOCHiIXKEHHIX), paaiodioorii, pa-
JialiiiHOMY 3aXMCTi. 3BaXkalouu Ha Haa3BUYalHE pO3-
MaiTTd Gi3uuyHUX (PaHTOMIB, IX CKJIaJHO OZHO3HAYHO
KiacugikyBaTl 3 BUKOPUCTAHHSIM HACKPi3HUX KpPHU-
tepiiB. Y Ily6mikamii 48 MixHapomgHoi Kowicii 3
Pagiauilinux Oauauub Ta BumiproBanb (MKPO) [17]
HaBeJeHa Kiacudikamiga (aHTOMIB BigmoBiZHO OO
iXHiX MepBUHHUX (YHKIiH. PekomMeHIoBaHO PO3pi3-
HSATU JO3UMETPUYHI, KaJdiOpyBajbHi Ta Bizyasi3alliiiHi
daHTOMMU.

» Jlo3uMmeTpuyHi (PaHTOMU BUKOPUCTOBYIOTHCS JIJIsI
BUMIipIOBaHHS TOTJIMHEHOI 1031 Y CUCTEMi 3aJaHO1 Teo-
meTpii. Takuii (hbaHTOM MOXXHA TaKOX BUKOPHUCTOBYBATU
SIK pO3CiloBay BUMIPOMiHIOBaHHSI, JJIs1 BUMipIOBaHb 1032
¢danTOMOM.

» KaniopyBanbHi (paHTOMU BUKOPUCTOBYIOTHCS JJIsI
BU3HAYEHHS BiATYKY IEeTEKTOPiB a00 KOpUTYBaHHS
KUJIbKiCHOI iH(bopMallii, OTpMMaHoOi 3 HMPpPoBUX 300pa-
JKEHb.

instead of lungs [12] or a phantom made on the
basis of a mannequin made of fiberglass (shell)
filled with rice [13]. Their disadvantage was the
non-standardized quality of materials and incon-
venience of use.

«Temex» [14] and «Rando» [15] became indeed
innovative products in the early 1960-s. Such phan-
toms contained real skeletons, body cavities and
artificial lungs inside. The phantoms were cut into
layers, which for the first time made it possible to
estimate spatial dose distribution inside the body
due to the layered placement of radiation detectors.

Another aspect that had attracted the attention
of dosimeters is the difference in anthropometric
data in humans of different race, sex and age.
Thus, in the National Institute of Radiological
Sciences (Japan), similarly to the North Ameri-
can/European version of a «Reference Man», a
specific version of the «Japanese (Asian) Refe-
rence Man» was created [16]. This development
took into account the size of the organs and body
constitution, which is typical for Asian race.

Note that most of the above mentioned phan-
toms were designed for use in dosimetry for radia-
tion therapy. Since 1970, many phantoms have
been created for other applications, they differ sig-
nificantly in their structure, functions, composi-
tion of materials, purpose and more.

Phantom classification

Phantoms are widely used in medical physics
(radiotherapy, nuclear medicine and various radio-
logical studies), radiobiology and radiation protec-
tion. Due to the extraordinary diversity of physical
phantoms, they are difficult to unambiguously clas-
sify using cross-cutting criteria. Publication 48 of
the International Commission on Radiation Units
and Measurements (ICRU) [17] provides a classifi-
cation of phantoms according to their primary
functions. It is recommended to distinguish
between dosimetric, calibration and imaging phan-
toms.

» A dosimetric phantom is used to measure the
absorbed dose in a specified geometry. This
phantom can also be used as a radiation scatter-
ing object for measurements outside the phan-
tom.

» A calibration phantom is used for establishing
the response of radiation detectors and for correct-
ing quantitative information derived from digital
images.
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» Bigyanizanilini (paHTOMU BMKOPUCTOBYIOTHCS JJIsI
OLIIHKM SKOCTi 300pakeHHsI MiJ yac PeHTTeHOJIOT YHUX
JTOCITIIKEeHB. 3 iIXHBOIO JIOTTOMOTOI0 MOXKHA OIIHUTH Pi3-
Hi acrekTu JaHuora (gopMyBaHHs 300paxkeHb Y CTaH-
JapTU30BaHMIA, BiITBOPIOBAHUIA i TTOCIiIOBHUIA CITOCIO.

VY KOXHil 3 mux (yHKLiOHAIbHUX KaTeropiil pos-
PI3HSIOTH IIe TPW TUTM (BapiaHTW KOHCTPYKILii) daH-
TOMIB 1 O0YMCTIOBAILHUX MOJeJIel, SIKi 3a3BUYail Ha3u-
BalOThCS «(aHTOM TiJla», «CTaHAAPTHUMN (METPOJIOTiv-
HUIt) paHTOM» Ta «pedepeHTHUN (haHTOM>».

» Mdanromu Tina MaoTh GOPMY i CKIIALI JIIOACHKOIO Tijia
abo 1ioro yactTuHu. BoHM, SIK MpaBUIO, CKIAagalOThC 3
pi3HUX 3aMiHHUKIB TKaHWH, 10 iMiTyIOTb JIOACHKE TiJIO
a0b0 YaCTUHY TiJla CTOCOBHO po3Mipy, (hopMuU, TPOCTOPO-
BOr0O pPO3MOAiNY, LIIIBHOCTI Macu i B3aEMOIil 3 BUII-
poMiHIOBaHHSAM. l[eomeTpist Bapilo€TbCs Bim HaMII-
pocriroi (imeayizoBaHOi) 10 CKJIAmHOI (peasiCTUYHOI).
PeanictuuHi paHTOMM, SIKi MOBHICTIO MOBTOPIOIOTH TijIO
JIIONVHM, Ha3UBaIOTHCSI aHTPOIIOMOP(MHUMMU.

» CrangapTHi (paHTOMU MalOTh MPOCTY BiATBOPIOBAHY
reoMeTpilo, BUKOPUCTOBYIOTbCS [JISI ITOPiBHSIHHS
BUMIpIOBaHb Y CTaHIAPTHMX YMOBaX OIIPOMiHCHHS.
Ilepmuit takuit ¢daHToM OYJI0 MNOpPEeACTaBIEHO Y
ITy6nikanii 10d MKPO [18]. Bin sBisie co6o10 Kyo umn
mapanenerninea 30 x 30 x 20 cMm®, BUTOTOBJICHUIA 3 TI1AC-
TUH 3 noJiMetuaMmerakpuiaaty (IIMMA) i 3anoBHe-
HUM Bomo1. 11 BUBHAUEHHS MOTJMHEHOI A03U IpU
MpOMEHEBil Teparii e (paHTOM OYJIO peKOMEHI0BA-
Ho y Ilyonikanii 23 MKPO [19]. Ili3Hiure BBeau mo-
HSITTS cTaHAapTHUI paHTOM A enekTpoHiB (ITy6i-
kanig 35 MKPO [20]) Ta uetitponiB (Ilyomikamis 45
MKPO [21]).

» PedepeHTHi (paHTOMU (€TAIOHHI) Y padialiiiiHOMy 3a-
XUCTi BUKOPUCTOBYIOTHCSI [JIsI BU3HAYEHHS OIle-
paliiHUX BEJIMYMH MPU OOUYMCIEHHI eKBiBajlleHTa 103U
(ITyonikauis 33 MKPO [22]). Hanpuknan, pobodi Be-
JIMYMHU, PEKOMEHIOBaHI IJI1 MOHITOPUHIY pPOOOYMX
Micllb, BU3HAYAIOTbCS Y (paHTOMi, BiToMOMY sIK cepa
MKPO [23]. Takuit (panToM sIBISIE COOO0IO chepy 3 TKa-
HUHO-eKBiBaJIeHTHOro Matepiany 3 mgiameTrpoMm 30 cm,
TYCTUHOIO 1 T/CM® Ta eJleMEHTHUM CKJIAJIOM (3a Macoio)
76,2 % O, 11,1 % C, 10,1 % H, 2,6 % N (tak 3BaHa
«0iosoriuna TkannHa MKPO»).

HesBaxkaloun Ha MeBHY YMOBHICTh, HaBeJeHa BUIIE
Kacudikallisi 1a€ 3MOry SIKiCHO 30pi€HTYBAaTUCh y BU-
Jax ¢daHToMiB. BapTo 3aszHauuTu, 110 cdepa 3acTocy-
BaHHS JO3UMETPUIHUX (DAHTOMIB Tijla He OOMEKYETHCS
CYyTO JO3MMETpi€lo. 30KpeMa, aHTPOITOMOP(MHUIA reTe-
pOreHHU (paHTOM MOXeE 3aCTOCOBYBATUChH i MpPU Bi3y-
ajlizallii Ta, BpeluTi, MOXe MaTu LIUpPLIe KOJIO 3aCTOCY-
BaHb.

» An imaging phantom is used to assess image
quality during X-ray examinations. This phantom
can be used to evaluate various aspects of the
imaging chain in a standardized, reproducible and
consistent manner.

Within each of these functional categories
there are three types or designs options of phan-
toms and computational models, called body,
standard (metrological) and reference phan-
toms.

» A body phantom has the shape and structure of
the human body or its part. They usually consist of
various tissue substitutes that mimic the human
body or part of the body in terms of size, shape,
spatial distribution, mass density and interaction
with radiation. Geometry varies from the simplest
(idealized) to complex (realistic). Realistic phan-
toms that completely replicate the human body are
called anthropomorphic.

» A standard phantom has a simple reproducible
geometry, used to compare measurements under
standard irradiation conditions. Originally such
phantom was presented in publication 10d of the
ICRU [18]. It is a parallelepiped 30 x 30 x 20 cm’®,
formed with plates of polymethyl methacrylate
(PMMA) and filled with water. To determine the
absorbed dose during radiation therapy, this phan-
tom was recommended in publication 23 of the
ICRU [19]. Later, the concept of a standard
phantom was introduced for electrons (Pub-
lication 35 ICRU [20]) and neutrons (Publication
45 ICRU [21]).

» A reference phantom in radiation protection is
used to determine the operating quantities when cal-
culating dose equivalent (Publication 33 ICRU [22]).
For example, the operational quantities recom-
mended for workplace monitoring are defined in a
phantom known as the ICRU sphere [23]. This
phantom is a sphere of tissue-equivalent material
with a diameter of 30 cm, a density of 1 g - cm™ and
an elemental composition (by weight) of 76,2 % O,
11,1 % C, 10,1 % H, 2,6 % N (so called «<ICRU
biological tissue»).

Despite some conventionality, the above classifi-
cation allows one to qualitatively navigate the
types of phantoms. It should be noted that the
application scope of dosimetric body phantoms is
not limited solely to dosimetry. In particular, the
anthropomorphic heterogeneous phantom can be
used in imaging and, ultimately, can have a wider
range of applications.

(1) 152
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AHTponomopdHUii reteporeHHuin gismyHmnin paHTom
Ta MOro 3aCToCyBaHHS

OCKIJIBKM MIPEeIMETOM HAIIIOTO OIVISIAY € 3aCTOCYBaHHS
AHTPOIOMOP(HUX TeTeporeHHUX (Pi3UUHUX (PaHTOMIB Y
JO3UMETpii, pO3MJITHEMO OiIbLI IeTalbHO came i paH-
tomMu. CyyacHMI aHTpoNOMOP(HUIA TreTeporeHHUN
¢danTom Tty Rando-Alderson [15] ckimamaeTbesd 3 TKa-
HUHO-EKBiBAJIECHTHUX MaTepialliB, 3MOJIeIbOBAHUX ¥
BUIIAAI Tina moauHu. Ha BigMiHYy Big IMoyaTKOBUX
Bepciii, ckejeT (aHTOMYy CKJIaJalOTh BUCOKOIETAIi30-
BaHi IMOJIIMEPHI JIMTTS, SIKi BIATBOPIOIOTH (POPMY, MaCOBY
IIJIBHICTh Ta KoedillieHTH ocjiabjieHHsT KicToK. M’ axi
TKaHWHY BiATBOPIOIOTH iHIII MOJiIMEPHI JIUTTS, SIKi YiTKO
MOBTOPIOIOTh AHATOMil0 JoAWHU. JlereHi BUTOTOBIIS-
I0ThCSI 3 MaTepiajy-iMiTaTopa JiereHeBO1 TKaHWHU, 1110
Ma€ TaKuUi X€ aTOMapHUM CKIad, 0 W TKAHUHO-
€KBiBaJIECHTHUM TJIAaCTUK-iMiTaTOp M’SIKUX TKaHWH, aJjie
MNPOMOPLIAHO MEHINY LIUIbHICTh (puc. 1). baratopiuHa
MpakTUKa II0Ka3aja, 110 TakKi (haHTOMM BUSIBUIMCH
3HAYHO KpalllMMM HiX Ti, 1110 OyJM1 MOOYyAOBaHi Ha pe-
aJIbHUX CKeJleTaX, OCOOJMBO KOJIM OCTaHHiI BUCYLIyBa-
Juchk y npoueci BuroroBieHHs. Cam ¢danTtoM Rando-
Alderson po3pizaHuii Ha apu, MEePIECHINKYIISIPHI M03-
JOBXHI OcCi TiJla, KOXeH 3 IIUX IIapiB MiCTUTh OTBOPHU

Anthropomorphic heterogeneous physical
phantom and its application

Since the subject of our review is the use of anthro-
pomorphic heterogeneous physical phantoms in
dosimetry, we will consider these phantoms in
more detail. Modern anthropomorphic heteroge-
neous phantom of the Rando-Alderson type [15]
consists of tissue-equivalent materials modeled in
the form of a human body. Unlike the initial ver-
sions, the phantom skeleton consists of highly
detailed polymer castings that reproduce the
shape, mass density and attenuation factors of the
bones. Soft tissues are reproduced by other poly-
mer castings that thoroughly replicate the human’s
anatomy. The lungs are made of a material that
mimics lung tissue, which has the same atomic
composition as the tissue-equivalent plastic imita-
tor of soft tissues, but proportionally lower density
(Fig. 1). Many years of practice have shown that
such phantoms are much better than those built on
real skeletons, especially when the latter were
dried in course of the manufacturing process. The
Rando-Alderson phantom itself is cut into layers
perpendicular to the longitudinal axis of the body,

PucyHoK 1. 3oBHiwHin BUrnap ta BHyTpiwHA cTpykTypa (3a Aauumu KT) antponomopdHoro rereporeHHo-

ro pisuuHoro paHTomy gUTUHU BikoM 5 pokis

Figure 1. Exterior appearance and internal structure (according to CT) of anthropomorphic heterogeneous

physical phantom of a 5-year old child
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(IyHKU) 1151 pO3MIlLIEHHS 1eTEKTOPiB BUTIPOMiHIOBAHHSI
(puc. 2). Ili 1yHKM IpOHYMEPOBaHi i po3MillleHi TAKUM
YUHOM, 110 32 IXHIMM HOMEpaMM MOXHa BCTAaHOBUTH
OJIHO3HAYHY BiAIIOBiIHICTh OpraHaM Y1 TKaHMHaM 3 BU-
KOPUCTaHHSIM CIlellialbHuX Taoauip (puc. 3). Po3mip
TiJla JIOAWMHU MAa€ BaxKJWBE 3HAYEHHSI, TOMY, MOPSI 3
«IOPOCTMMMU» (JOJIOBIYMM Ta KiHOYMM), (paHTOMaMM
OyJ10 po3po0JIeHO LIy JiHIAKY NeaiaTpuIHUX (PaHTOMIB
pi3Horo Biky (HOBOHapomxkeHuii, 1 pik, 5, 10, 15 pokiB)
— puc. 4 [24].

each of these layers contains holes (wells) to
accommodate radiation detectors (Fig. 2). These
wells are numbered and arranged in such a way
that their numbers can be used to establish unam-
biguous correspondence to organs or tissues using
special tables (Fig. 3). Human body size is impor-
tant, so, along with «adult» (male and female)
phantoms, a whole line of pediatric phantoms of
different ages has been developed (newborn, 1, 5,
10, 15 years) — Fig. 4 [24].

PucyHok 2. ®oto wapy ¢aHtomy nig 4ac ioro
cnopAmKeHHa aetekropamu. BugHo TJ1 petekTop
(yTpMyeTbCA niHUeTOM) Ta NPOHYMepOBaHi JyH-
KW AnA po3MillleHHA AeTeKTopiB.

Figure 2. Photo of a layer of a phantom while

equipping it with detectors. TL detector (held by
tweezers) and numbered holes for detectors can
be seen.
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Xo4ya MepBUHHUM MPU3HAYEHHSIM 1IUX (DAaHTOMiB OYyJIO
BUKOPUCTAHHSI B pajaioTepallii, BOHM cebe a100pe 3ape-
KOMEHIYBaJIM TaKOX B pamiomiarHocTuii [25—28], me-
nuuHin Bizyamizauii [29—31], KT [32—34], pamiauiiiHo-
My 3axucti [35, 36]. ¥V Tabauui 1 HaBemeHO Mepesik
JIOCJiIKeHb Y MEIUYHI AiarHOCTHIII Ta Teparlii 3 BUKO-
pUCTaHHSIM aHTPOTTOMOP(MHUX TeTePOTeHHUX (PAaHTOMIB.
Binbiioro Mipoto st 3AilCHEHHS eKCITIePUMEHTIB aBTO-
pU BUKOpPUCTOBYBaM ciMmeiicTBo Rando-Alderson [31,
34,37, 39, 40, 42—44, 46, 48, 52, 54, 55] Ta macuBHi TEP-
momomiHecteHTHi (TJI) merexkTopu. JIyst BUKOpHUCTaHHS
aktuBHuX go3umeTpiB MOSFET [33, 38, 41] HeoOxigHi
JOJATKOBI MpoLeaypy i BIOCKOHAJIEHHS KOHCTPYKIIii
¢danTomiB. Tomy B Takux poboTax 3a3Ha4yeHO (aHTOMM
BJIACHOI PO3pOOKM. ¥ poboTax SAIMOHCHKUX aBTOPIB [45,
49, 50] BHUKOPHCTOBYIOThCS IE€peBakKHO pamiodoTo-
JIIOMIHECILIEHTHI MEeTeKTOpYM Ha OCHOBi amomodocdar-
Horo ckJjia. QueBUAHO, TaKUil BUOIp AETEKTOPiB 10Hi3y-
FOYOTO BUIIPOMIHIOBAHHS TOB’SI3aHUN 3 IXHIM TTOIIM-
PEHHSIM Y 1Iii1 KpaiHi.

OgHUM 3 BaXXJIMBUX 3aCTOCYBaHb aHTPOIIOMOPMOHMX
¢daHTOMIB € ONTUMI3allisl MapamMeTpiB i podouyux pe-
KMMIB MEAMYHOTO OOJIaJHAHHS ST 3MEHIIIEHHS 1030~

PucyHoK 4. Mepiatpuyni antommn (HoBOHapoaKeHUN,
1 pik, 5 pokiB, 15 pokiB)

Figure 4. Pediatric phantoms (newborn, 1 year, 5 years,
15 years)

Although the primary purpose of these phantoms
was radiotherapy application, they have also
proven themselves well in radiodiagnostics
[25—28], medical imaging [29—31], CT [32—34],
radiation protection [35, 36]. Table I lists the stud-
ies in medical diagnosis and therapy using anthro-
pomorphic heterogeneous phantoms. To a greater
extent, the authors used the Rando-Alderson fam-
ily phantoms [31, 34, 37, 39, 40, 42—44, 46, 48,
52, 54, 55] and passive thermoluminescent (TL)
detectors to carry out experiments The use of
active MOSFET dosimeters [33, 38, 41] requires
additional procedures and improvements in phan-
tom designs. Therefore, in such works phantoms of
specialized design are specified. The works of
Japanese authors [45, 49, 50] mainly use radio-
photoluminescent detectors based on alu-
minophosphate glass. Obviously, this choice of
ionizing radiation detectors is due to their prolifer-
ation in this country.

One of the important applications of anthropomor-
phic phantoms is the optimization of parameters and
operating modes of medical equipment to reduce the
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BOTO HaBaHTaXXE€HHS Ha MallieHTiB [45—47]. Bix MoMeHTy
BIIpoBakeHHs y 1970-x pokax KoM’ toTepHa ToMorpadist
cTaja He3aMiHHMM iHCTPYMEHTOM JiarHOCTUYHOI peHTre-
Hosorii. [llopoky kinbkicTs KT-00cTeXXeHb 3HAUHO 3pOocC-
Tae [57], BiIMOBiIHO 3pOCTa€ J030Be HaBaHTaxKeHHSs (KO-
JIEKTUBHI Ta, MOACKYIU, iHAMBiAyalbHi 1031) Ha TMalli€H-
TiB. ITOpiBHSIHO 3 iHIIMMU BUJAMU PEHTTEHIiarHOCTUKU
KT € 6inbm iHpopMaTUBHOMO, ajie il 103U, OTpPUMAaHI Bil
LUX MPOLIEAYp, TOPiBHSIHO BUCOKI.

Ockinbku nporpamu Ta pexumu KT-Bizyanizalii, 1o
MPOMOHYIOTHCSI BUPOOHMKOM aIapaTypu, 3a3BHYail BU3-
HAYyaloThCs EMITIPUYHUM IIJISIXOM i € HEIOCTaTHHO HayKO-
BO OOI'PYHTOBAHMMM, OITUMi3alli€l0 MapaMeTpiB Bce I
MOXHa JTOCSTITH ITOHAJBIIOrO 3HIDKEHHS J03M MAalli€HTa.
Ha croromni Haibinpil e(PEeKTUBHUM CIIOCOOOM OII-
TUMi3allii 1031 ONPOMiHEHHS € KOPUTYBAaHHS TTapaMeTpiB
KT ckaHyBaHHS BiIlITOBiTHO A0 iHAWBIAYaIbHUX aHTPOIIO-
METPUYHMUX O0COONIMBOCTEN MatieHTa. [1pyu iboMmy, OCHOB-
HOI0 TIpobIeMOI0 € 30epekeHHsI BUcokoi sikocTi KT 300-
paXKeHHSs TIpU 3HUKEHHI 1030BOTO HaBaHTaxkeHHd [31].

Hanpukinan, mist cTaHZapTHOTO METOAY PEeKOHCTPYKIIil
3BOPOTHUX ITpoekiii 3 (inbrpauieto (filtered back projec-
tion, FBP) mipu mocriitHoMy cTpyMi OMITHOTO 3MEHIIICHHS
03 MOXKHa JOCSITH 3a PaXyHOK 3MEHILIEHHS CTpyMy Ha
TPYOLli, ajie MPU LIbOMY iCTOTHO 30LIbLIYIOThCS LIIyMU 300pa-
JKeHHSI. [HIIMiT HU3bKOM030BUI PEXXUM BUKOPHCTOBYE MO-
IYJSIio CTpyMy Tpyoku (tube current modulation, TCM) i
JIa€ MOXKJIMBICTh aBTOMAaTUYHO PETY/IIOBaTU CTPYM 3aJIEXKHO
Bil TOBILMHM 00'€KTa CKaHyBaHHsS. MeTolo pobotu [46] Oy-
JIO TIOPIBHSITH 031 PadiOYyTIMBUX OPTaHiB FOJIOBH Ta TPY/I-
HOI KJIiITKM, a TAKOX $SIKiCTb 300paKeHHSsI TP BUKOPUCTAHHI
LIMX ABOX HU3bKOJ030BUX MPOTOKOJIiB 00CTEKEHHS. Y LIbOMY
JOCTiIXKEHHI 103y OpraHy BUMiploBaIu ISl KOXHOTI'O MPOTO-
KoJly Oe3rnocepeaHbo 3a jgomnomorow TJI no3umeTpis,
iIMIUTAaHTOBAaHMX Y aHTPOIIOMOP(GHUI (PaHTOM JOPOCIO] JTIO-
auHu Rando, Ta orocepenkoBaHO — HIJISIXOM KOMIT IOTEpPHO-
TO MOZE/TIOBaHHS 3a JIOTIOMOT'OIO ITOIIMPEHOTO MTPOrPaMHOTO
3a6esneueHHs1 CT-Expo. Pe3ynsraTi BUMiploBaHb 103, IPO-
BEJICHNX 3a JOTIOMOTOIO (hi3MYHOTO (PaHTOMY, TTOPIiBHIOBAIIA
3 pe3yasTaTaMM po3paxyHKiB 3a goromororo kKoxy CT-Expo
(V 2.4), 1110 BU3HAYAIUCh Y JOPOCIOMY aHTPOITOMOP(MOHOMY
maTemMaTuyHoMy ¢paHToMi (ADAM). ABTOpM MOPIiBHSUIM 11
JIBa HU3BbKOI030Bi IMMPOTOKOIMN 1 00’€KTUBHO TTOKA3aJIH, 1110
TCM y noenHaHHi 3 iTepaTUBHOIO PEKOHCTPYKIIIE€IO CITPU-
sie 3HWKEHHIO no3u nopiBHSHO 3 FBP y cepenHboMy Ha
25,06 %, 23,82 % ta 54 % ni1st MO3KY, KpULLITATIMKA OKa Ta Jie-
reHb, BiIMOBIAHO, 0€3 3HMKEHHSI SIKOCTi 300pakeHHsI 3a M0~
Ka3HUKaMU «CUTHAJI-IITYM» Ta «KOHTPACT-IIIyM>».

ExcriepyMeHT 3 peKOHCTPYKIlil 300paXkeHb MUTSTHKU
AOPTU Ta CEePENOCTIiHHS 3 BUKOPHMCTAHHSM METOMIB 3BO-
POTHUX TIpoeKIIiit 3 ¢inprpaniero FBP Ta itepatusHOI pe-

(1) 160

dose burden on patients [45—47] Since its introduc-
tion in the 1970-s, computed tomography has
become an indispensable tool in diagnostic radiolo-
gy. Every year the number of CT scans increases sig-
nificantly [57], respectively, the dose burden (collec-
tive and, occasionally, individual doses) on patients
increases. Compared with other types of X-ray tech-
niques, CT is more informative, but the doses
received from these procedures are relatively high.

Because the CT imaging programs and operation
modes offered by equipment manufacturers are
usually determined empirically and are insuffi-
ciently scientifically substantiated, optimization of
parameters can still achieve further reduction of the
patient’s dose. To date, the most effective way to
optimize the radiation dose is to adjust the param-
eters of the CT scan according to the individual
anthropometric characteristics of the patient. In
this case, the main problem is to maintain high
quality CT images while reducing the dose [31].

For example, for the standard method of
reconstruction of filtered back projections
(FBP) with fixed mA s, a significant reduction
in dose can be achieved by reducing the current
on the tube, but significantly increases the
image noise. Another low-dose mode uses tube
current modulation (TCM) and allows auto-
matic adjustment of the current depending on
the thickness of the scanned object. The aim of
[46] was to compare the doses of radiosensitive
organs of the head and chest, as well as image
quality using these two low-dose examination
protocols. In this study organ doses were direct-
ly measured with TL dosimeters placed inside
an adult Rando phantom and estimated by
computation with well known CT-Expo code.
Results of physical measurements were com-
pared with CT-Expo (V 2.4) calculations with
mathematical anthropomorphic adult phantom
(ADAM). The authors compared these two
low-dose protocols and objectively showed that
TCM in combination with iterative reconstruc-
tion helps to reduce the dose compared to FBP
by an average of 25.06 %, 23.82 % and 54 % for
the brain, lens of the eye and lungs, respective-
ly, without reducing the image quality in terms
of «signal-to-noise» and «contrast-to-noise»
ratios.

An experiment on the reconstruction of images
of the aortic and mediastinum was made using
inverse projection techniques with FBP and iter-
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koHcTpykuii (IR) Ha ¢dhaHTOMax HOBOHApOIKEHOTO Ta
OJHOpiuHOro MaJiroka [49] mokaszaB, 1110, 3HalOuu
B3a€EMO3B'SI30K MiX IIIYMOM 300pakeHHS Ta BiTHOIIEH-
HSIM KOHTPACT-1IYyM IIPU Pi3HUX HaIlpyrax TpyOKu, MOXK-
Ha 3HAYHO 3MEHIIMTU A03u omnpoMiHeHHs mnpu KT.
LeHTpa/ibHa A03a 115 300paxkeHHs FBP Oyna 3HuxeHa
Ha 56 % nipu 80 xB11, 34 % nipu 100 xBI1 1151 HOBOHAPOI-
keHux i 36 % npu 80 kB, 22 % npu — 100 kB jutst nu-
TUHHU Y Billi OTHOTO POKY MOPiBHSHO 3 J03010 IS ITiKO-
Boi Hampyru 120 xBno. Otxe, moTpuMaHHsS iHAEKCY
«KOHTpaCT-IIIyM» IIpA 3MEHIIEHHI HAIIpyTd Ja€ MOX-
JIMBICTh 3MEHILIUTHY 1030Bi HAaBaHTa>K€HHSI Ha Malli€HTiB-
JiTeit, 30epirarouu siKicTb 300paxkeHb Ha OAHOMY DPiBHIi i3
300pakeHHSIMU, OTPUMAHUMU IIPU OUIBIIMX IMiKOBUX
HaIpyrax.

ABTopu mocaimkeHHs [31], BUKOPUCTOBYIOUM TeiaT-
pUYHi (haHTOMU, TTOPIBHSUIM BUMipIOBaHHS €(DEKTUBHOI
JIO3M IUISI YepeBHUX BTPyYaHb 3 BUKOPUCTAHHSIM CTaH/Ia-
PTHUX MapaMeTpiB 0OCTeXKEHHSI, TepeadayeHuX BUpPOO-
HUKOM, a TaKOX /103U ITiCJIsI KOPUT'YBaHHS IlapaMeTpiB.
Ho3u opraHiB BUMipIoBain Yy TPbOX aHTPOMIOMOP(PHUX
¢danTomax Rando-Alderson, 1o mpeacTaBIsilOTh AiTei
pi3HOTO BIiKYy i MacH Tijia (HOBOHApOMXKEHWI 3 Macoio
tina 3,5 xr, mamok 10 xr, autuHa 19 xr). KoxiMauito
MPOBOJAMIM 3 aKLIEHTOM Ha BEPXHIO YACTHUHY >KUBOTA,
iMiTyI0UM MpoUEaypu iHTEPBEHLIMHOI PEHTIEHOJIOTI,
Taki K Kpi3blIKipHa Kpi3blleuiHKOBa XoJaHriorpadis
(PTCD) i3 3acTocyBaHHSIM TaKMX METOIIB Bi3yasi3allii,
SK (roopockorisg Ta uudpoBa cyOTpaklliiiHa aHTior-
padiss (DSA), y 3agHbonepenHiii (PA) reometpii or-
pomiHeHHs. EdekTUBHY 103y BUMIipIOBaJIM 3a TOTIOMO-
rol0 AEKiJIbKOX BOYIOBAaHUX TEPMOITIOMIHECLIEHTHUX 10-
3uMeTpiB. Pe3ynbTaT cBigyaTh, 1110 KOPUTYBaHHS Mapa-
METpiB, 30KpeMa, 3HUKEHHSI 3HaUY€Hb BXiAHOI 103U Ha
JIETEKTOPi, A€ MOXJIMUBICTb 3MEHIIUTU BiAIOBIIHY
epexTuBHy 103y Ha 12—27 % nnsa guaroopockorii Ta
22—63 % nns DSA. Takox 1034 pagiodyTaMBUX OpraHiB
MOXKYTb OyTH 3MeHIIeHi 6itbil HiXX Ha 50 %, 0COOIMBO,
SIKIIO BOHU PO3TAlllOBaHi MOPYyY i3 NEPBUHHUM DPEHT-
TeHiBCHbKHUM TPOMEHEM.

Bucoka gKicTh 300pakeHb 0OYMOBITIOE TMEPEBaKHE BU-
kopuctaHHg KT mopiBHSIHO 3i 3BUYaifHOIO PEHTIEHOTr-
padi€ro Mpy CKPUHIHTY TpaBM B OCTaHHI poku. [Iporte,
BaXKJIMBO OLIiHIOBATH JOJATKOBY 3aXBOPIOBAHICTh 3a paxy-
HOK BimiajleHnX e(deKTiB ONMpPOMiHEHHS, aJXe 3acTOoCy-
BaHHs1 KT, Hanmpukian, MKMKHOrO Bidaiay XpedTra 3yMOB-
JIFOE OMPOMIHEHHS IIUTONOAIOHOI 3aJ103U J103aMU, SIKi Y
90—200 paziB Oiynblii, HiXX MPU OpoLEAypax 3BUYAHOI
peHTtreHorpadii. st OLiHKY HAJTAIIIKOBOTO BiTHOCHOTO
PU3UKY PO3BUTKY paky npu KT-mocaimkeHHsIX xpeOTa Bu-
COKOI PO3IiJIbHOI 31aTHOCTI aBTOpH [26] MpoBesin peTpoc-

ative reconstruction (IR) on the phantoms of new-
borns and one-year-old infants [49]. This experi-
ment proved that knowing the relationship
between image noise and contrast/noise ratio and
by applying different tube voltages, the doses at CT
can be significantly reduced. The central dose for
FBP imaging was reduced by 56 % at 80 kVp, 34 %
at 100 kVp for newborns and 36 % at 80 kVp, 22 %
at 100 kVp for a one-year-old child compared to
the dose for a peak voltage of 120 kVp. Therefore,
compliance with the «contrast-noise» index when
reducing the voltage makes it possible to reduce
the dose burden on pediatric patients, while main-
taining the image quality at the same level as the
images obtained at higher peak voltages.

The authors of the study [31], used pediatric phan-
toms to compare the effective dose for abdominal
interventions using the standard parameters of the
examination provided by the manufacturer, as well
as the dose after adjusting the parameters. Organ
doses were measured in three Rando-Alderson
anthropomorphic phantoms representing children
of different ages and body weights (newborn weigh-
ing 3.5 kg, infant 10 kg, child 19 kg). Collimation
was performed with an emphasis on the upper
abdomen, simulating interventional radiology pro-
cedures, such as percutaneous transhepatic cholan-
giography and drainage placement (PTCD) using
the following imaging techniques, as fluoroscopy
and digital subtraction angiography (DSA), in pos-
terior-anterior (PA) irradiation geometry. The effec-
tive dose was measured using several built-in ther-
moluminescent dosimeters. The results show that
the adjustment of the parameters, in particular,
reducing the values of the input dose on the detector
makes it possible to reduce the corresponding effec-
tive dose by 12—27% for fluoroscopy and 22—63%
for DSA. In addition, the doses of radiosensitive
organs can be reduced by more than 50%, especial-
ly if they are located near the primary X-ray.

High image quality leads to the predominant use
of CT compared to conventional radiography for
injury screening in recent years. However, it is
important to assess the additional incidence due to
the long-term effects of radiation, because the use
of CT, for example, cervical spine causes irradia-
tion of the thyroid gland with doses, which are
90—200 times larger than with conventional radi-
ography procedures. To assess the excessive rela-
tive risk of cancer in CT scans of the high-resolu-
tion spine, the authors [26] conducted a retrospec-
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MEeKTUBHE IOCIIIKEHHS OiTell 3 TpaBMaMM IIMHAHOTO
Binminy xpeota, siki obcrexxyBayucs 3a gonomororo KT.
IMonynsuis 557 nauieHTiB OyJjia moijieHa Ha TPU BiKOBi
rpynu: 0—4 poku (rpyna 1), 5—8 pokiB (rpymna 2) Ta ctap-
e 8 pokiB (rpyna 3). s BUMiproBaHHSI OIIPOMiHEHHS
IMTONOoAiOHOI 3a103M min yac peHTreHorpadii Ta KT Bu-
KOPUCTOBYBAJIM aHTpONOMOpP®DHiI AuUTA4i (HaHTOMU
ATOM, 1110 pernpe3eHTyBaIu AiTelt BIKOM OTHOIO Ta IT’SITH
POKiB. 3a JOIIOMOTOIO LIMX BUMIPIOBaHb OLIIHIOBAIN BEJIN-
YHY HaAIJIAIIKOBOIO BiTHOCHOTO PM3UKY paKy IIUTO-
noaibHoi 3ajio3u. ExcriepuMeHTalIbHO MPOIEMOHCTPOBA-
Ho, mo KT xpebdTta cynpoBOIKYETLCS 3HAYHUM BIJTUBOM
iOHI3yI04Oro BUIIPOMIHIOBAaHHS Ta 30UIbILIYE HAaAMipHUIA
BITHOCHMI PU3UK pPaKy IIUMTOIOAIOHOI 3a7103U y OiTeit
PaHHBOIO BiKYy: CepedHill HAIIMILIKOBUI BiZHOCHMUIA pU-
3uk (ERR) BMHMKHEHHS paKy IIMTOMNOTIOHOI 3a703U1
micast nposeaeHHst KT cranosus 2,0 g 1 rpymu ta 0,6
1151 rpynu 2. ToMy NOTeHUIMHUM pU3MKOM HE CJTifl HEXTY-
BaTU i 110 MOXJIMBOCTI CJIii, BAKOPUCTOBYBAaTU 3BUYAHY
pentreHorpadiro 3amictb KT. [1pu BripoBamkeHHi pe3yib-
TaTiB BUIIE3ragaHuX (PaHTOMHUX JOCIIIKEHb JTO3M IIPU
JiarHOCTUYHOMY Ta iHTePBEHLIIHHOMY ONPOMiHEHHi 3HU-
e Ha 15—-20 % y meanunux 3akiagax CILA B oc-
taHHi 10 pokiB, 3a nanumu Ilyonikariii 184 HarionaasHoi
KoMicii 3 pagionoriudoro 3axucty (HKP3) CIIIA [58].

BukopuctaHHa @aHTOMHUX BUMIpIOBaHb AJ1S
Banipauii po3spaxyHKOBUX MeTOAIB A03NMeTpil
OkpeMO MOXHa BHIIIATH pPOOOTHU, e (aHTOMHI
BUMIipIOBaHHSI BUKOPUCTOBYIOThCS JJIS1 Bajlifallii mpor-
paMHUX KOJIiB po3paxyHKOBOi mo3mmetpii [28, 34, 40,
42, 44]. do3umeTpid MailieHTa, sIK TpaBUIO, 3aCHOBaHa
Ha BU3HAYEHHi JO30BUX BEJIUYMH, MOB’SI3aHUX 3 Tep-
BUHHUMHU XapaKTePUCTUKAMU [Kepesa i0Hi3yruoro
BUIlpoMiHiOBaHHs. Lli MOKa3HMKU BUKOPHUCTOBYIOTHCS
JJIST BCTAHOBJIEHHSI CTaHIAPTIB HaleXXHOI KIIiHIYHOI
MpakTUKU 3 METOIO ONTHMMIi3alii pagialifHOro 3aXUCTy
nawieHTiB. Xo4ya Orjisia MaTeMaTUYHUX (haHTOMIB $IK Ta-
KHMX HE € MPeAMETOM L€l CTaTTi, BUYEPIIHI OTJISIAU JOC-
TYIIHi Y HAYKOBIli JliTepaTypi: AyKe JeTalbHe BUKIaNdeH-
HS ISITAECATUPIYHOI iCTOPil 3aCTOCYBaHb MaTeMaTHUY-
HUX (paHTOMIB y pamialiiiHOMy 3aXWCTi, Bidyasiszallii Ta
pamioTeparrii MoXKHa 3HalTH y [3], a TaKOX BceOiTHOMY
orisini W. Kainz [59], 110 cki1ama€eThbest 3 1BOX OCHOBHUX
PO3iiB: TepIIrii po3aia po3IsiaaE pi3Hi METOAU MOJIe-
JIIOBaHHS, 1110 BUKOPUCTOBYIOThCSI [IJIsI CTBOPEHHS CY-
YaCHUX MaTeMaTMYHUX (aHTOMIB, a APYTU PO3IiT
pO3IJIsiIa€e pi3Hi 3aCTOCYBaHHS CyYaCHUX MaTeMaTUYHUX
(ha"TOMIB Yy GioOMenMYHIN iHXXEHepil, BKIIOYalOUn 103U~
METPil0 30BHILIHBOTO i BHYTPILLIHHOTO OMNPOMiHEHHS,
OioMeaMUHY Bi3yasizallilo Ta paaialiiiHUi 3aXUCT.

tive study of children with cervical spine injuries,
who were examined by CT. The population of 557
patients was divided into three age groups: 0—4
years (group 1), 5—8 years (group 2) and older than
8 years (group 3). Anthropomorphic pediatric
phantoms ATOM, representing children aged one
and five years, were used to measure doses to thy-
roid during radiography and CT. These measure-
ments were used to assess the magnitude of the
excess relative risk of thyroid cancer. It has been
experimentally demonstrated that CT of the spine
is accompanied by a significant effect of ionizing
radiation and increases the excessive relative risk of
thyroid cancer in young children: the mean excess
relative risk (ERR) of thyroid cancer after CT was
2.0 for group 1 and 0.6 for group 2. Therefore, the
potential risk should not be neglected and, if pos-
sible, one should use conventional radiography
instead of CT. With the implementation of the
results of the above phantom studies, the doses of
diagnostic and interventional radiation were
reduced by 15—20 % in USA medical institutions
in the last 10 years according to Publication 184 of
the National Commission on Radiological
Protection (NCRP) of the USA [58].

Use of phantom measurements for validation
of computational dosimetry

Specifically one can consider the works where
phantom measurements are used to validate the
program codes of computational dosimetry [28, 34,
40, 42, 44]. The patient’s dosimetry is usually based
on determining the dose values associated with the
primary parameters of the source of ionizing radia-
tion. These parameters are used to set standards of
good clinical practice, in order to optimize radia-
tion protection of patients. Although the reviewing
of mathematical phantoms per se is not a subject of
this paper, the relevant comprehensive reviews can
be found in other sources. The historical review of
fifty years of mathematical phantom application in
radiation protection, visualization and radiothera-
py was detailed in [3]. Another comprehensive
review by Kainz [59] consists of two main parts: the
first describing various methods of modeling used
for development of modern mathematical phan-
toms, the second considers various applications of
contemporary mathematical phantoms for bio-
medical engineering including dosimetry of exter-
nal and internal expose, biomedical visualization
and radiation protection.
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Bigomo, 1110 oLliHKa 103U Mali€HTa IMpU peHTreHorpa-
(iuHiit KOMIT IOTEpHiit ToMorpadii € HeTpUBiaJTbHUM 3aB-
JaHHsaM. OgHUM i3 He3aMiHHMX METOMIiB OTPUMAaHHS
TPUBUMIPHUX PO3MOiIiB 103U € MOJETIOBAHHS METOAOM
Momnte-Kapno (MK), HanpukJiiaa, 3a J0IOMOIOI0 Mpor-
paMHOTO0 3aco0y, po3pobiaeHoro Schmidt ta Kalender [60],
JIOCTYITHOTO Y BUTJISANI ITporpaMHoro nakety ImpactMC
Bin VAMP GmbH (Epnanren, Himeyunna). MeTtoro po-
001U [44] Oy10 PO3IIMPUTH iCHYIOUY TIpoTrpamMy JJIsSI BU-
KOPHMCTaHHS y BUMAIKY IOBUIBHUX CKaHEpiB Ta IIPOTO-
KOJIiB CKaHyBaHHsI, TaKuX sIK OaraTo3pi3oBi KT-ckaHy-
BaHHs (MSCT), Ta eKcriepuMeHTaJIbHO TIEPEeBipUTH 11 Ha
OIHOPITHMX i reTeporeHHUX (paHToMax. Po3paxyHKoBuI
IHCTpYMEHT OyB Bepu(iKOBaHUII BUMipIOBAHHSIMU JIJIsI
pizaux mnportokodaiB MSCT ckanyBanHsa. KimbkicHi
BuMiproBaHHs iHgekcy no3u KT (CTDI) npoBogunuce y
muninapuyaux CTDI ¢anTomMax Ta y aHTporToMOp(HUX
¢aHTOMAX TPYAHOI KJIITKM Pi3HUX PO3MIpiB, a TAKOX Y
noBHOpo3MipHOMY ¢aHToMi Rando-Alderson. Ilpodii
03U BUMIipIOBaId TEPMOJIOMIHECLHIEHTHUMU JO3UMET-
pamu y paHTOMax i MOPiBHIOBAIU 3 OOYMCIEHUMM IMPO-
dinssmu go3u. OOYMCIeHI 3HAYEHHS N03U 3a3BUYail
30iraymcs 3 pe3yjabraTaMy eKcrepuMeHTy B Mexkax 10 %
JIJ1s BCiX (paHTOMIB i BCiX TOCIiIKyBaHUX YMOB. 30Kpema,
TOPU30HTAJIbHI Ta BEPTUKAIbHI TTPODiJi 1031, BUMIipsIHI
Ta 3MOJEJbOBaHI JJIs CKaHYBaHHS MiJSSHKM CTETOH Y
¢danTomi Rando-Alderson mmoxka3anm BigMiHHUWI1 30ir: ce-
peaHsl Pi3HULS MiX BUMIPIHUMHU i 3MOJEIbOBAaHUMU
3HAYEHHSIMU JT03U CTaHOBMJIA 10 4 % JUTS 3aaHOTO TIPO-
dimo. OTxe, Oy10 €KCHNEPUMEHTAIbHO MiATBEPIKEHO,
1110 TPMBUMIPHI PO3IOILIN 103U MOXYTb OYTU TOUHO 00-
ylCcJIeHi 3a JoIoMorol MojaemoBaHHsS MoHTte-Kapio
JIJI1 JOBILHUX CKAHEPiB i MPOTOKOJIiB, BKIIOYAIOUYU CXE-
MU MOAyJsuil cTpyMmy B Tpyoui. Cnin 3a3HayuMTH, 110
iCHY€E BXe€ KiJIbKa MOMNYJSIpHUX KOMEPUIMHUX Mporpam,
SIKi 1aI0Th MOKJIMBICTh BU3HAYaTU 103U opraHis 11s1 KT-
00CTEeXXEeHHS, 1110 BUKOPUCTOBYIOTh Pi3HI MaTeMaTUYHi
¢daHTOMM Ta aNropuTMU po3paxyHkiB. ITopiBHSIHHS 4o-
TUPbOX BUJIB KoMepLiiHuX KodiB mist KT-nmpoTokosiB
kiiniunoi npaktuku: CT-Expo, NCICT, NCICTX Ta
Virtual Dose [61] moka3zao, 110 BiIMiHHICTb Y 103aX MO-
>Ke OLUTbIIIE 3aJIeXKaTH BiJl BAKOPUCTAHHSI TOTO YU iHILIOIO
MPOrpaMHOro KOy, HiX Bil TaKWX IapaMeTpiB CKaHY-
BaHHSI, SIK HaIpyra Ha TpyoOlIi.

3rigHo 3 iCHYIOYMMU HOPMAaTUBHUMM JOKYMEHTAaMU, He-
00XiTHO MOBIAOMJISITH MaLli€EHTA MPO A03y MPU PEHTIEHO-
JIOTiYHOMY OOCTEeXKeHHi Ta BiAIOBIIHUI pamialiiHUi pu-
3uK. OCKiJIbKY MOMIMHEHI 1031 IS pafioyyTJIUBUX Opra-
HiB MPU PEHTTEHOJIOTIYHUX OOCTEXXEHHSIX 0e3MOoCcepeaTHbO
MOMIpSITH B MIPUHLIMITT HEMOXKJIMBO, BOHU Oy pO3paxo-
BaHi [62—64] meTomom MonTe-Kapsio mist 1iarHOCTUYHUX

It is known that the assessment of the patient’s
dose in radiographic computed tomography is a
non-trivial task. One of the indispensable methods
for obtaining three-dimensional dose distributions
is Monte Carlo (MC) modeling, for example,
using software developed by Schmidt and Kalen-
der [60], commercially available as ImpactMC
software package from VAMP GmbH (Erlangen,
Germany). The aim of [44] was to extend the
existing program code for use in the case of arbi-
trary scanners and scanning protocols, such as
multi-slice CT (MSCT), and to experimentally
test it on homogeneous and heterogeneous phan-
toms. The calculation tool was verified by meas-
urements for different MSCT scanning protocols.
Quantitative CT Dose Index (CTDI) measure-
ments were performed in cylindrical CTDI phan-
toms and anthropomorphic chest phantoms of
various sizes, as well as in the full-size Rando-
Alderson phantom. Dose profiles were measured
with thermoluminescent dosimeters in phantoms
and compared with the calculated dose profiles.
The calculated dose values usually coincided with
the results of the experiment within 10 % for all
phantoms and all studied conditions. In particular,
the horizontal and vertical dose profiles measured
and simulated to scan the thigh area in the Rando-
Alderson phantom showed an excellent match: the
average difference between the measured and sim-
ulated dose values was up to 4 % for a given profile.
Therefore, it has been experimentally confirmed
that three-dimensional dose distributions can be
accurately calculated using Monte Carlo simula-
tions for arbitrary scanners and protocols, includ-
ing tube current modulation schemes. However,
there is a number of popular commercial software
products for estimation organ doses in course of
CT examinations; these codes use different phan-
toms and calculation algorithms. Comparison of
four commercially available CT codes CT-Expo,
NCICT, NCICTX and Virtual Dose [61] demon-
strated that dose variations rather depend on the
code used than on scanning parameters like tube
voltage.

According to the existing regulations it is neces-
sary to inform the patient about the dose at X-ray
examination and the attributed radiation risk.
Since the absorbed doses for radiosensitive organs
during X-ray examinations cannot be measured
directly by default, they were calculated [62—64]
by the Monte Carlo method for diagnostic proto-
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MPOTOKOJIIB, 1110 BUKoprcToByBaMCh Y CIIA mpoTsrom
octaHHix 30 pokKiB, mepeBakHO 3a JOITOMOTI00 MaTeMaTUy-
HUX cTIIi3oBaHuX paHToMiB Ty MIRD-5 [62]. Pesyiib-
TaTU pPO3PaxXyHKIiB Oy/IM TpeACTaBJIeHi Y BUIJISIAI KOH-
BepciitHnx koedinieHtiB (KK) MK MmornmHeHow abo
€KBiBaJIEHTHOIO 103010 IS PaJiovyyTJIMBUX OPTaHiB i
BUMIpIOBAaHMMM J103aMU Ta BBEAECHI y Pi3HiI MporpamHi
MPOOYKTHU, SIKi TIOJETIIYIOTh OOUKCIEHHS 103 HAa OpraHu
JUTST 3BUYATHUX PEHTTCHOJIOTIYHUX 00CTEKEHb.

OCKiIbKM 103U, TMOMIMHEHI opraHaMu, 4acTO BUKO-
PUCTOBYIOTbCSI i1 OLIHKM 1HAWBiAYyaJbHOTO PU3HKY,
BakJIMBO OLIIHUTU CTYIIiHb BapiaOeIbHOCTI LMX BEIU-
yuH. Cepist (paHTOMHMX €KCIIEpUMEHTIB OyJia IpoBee-
Ha aBTopamu [28] wist 3BUYailHUX PEHTTEHOJOTIYHUX 10~
CJIiIKEHb IPYAHOI KJIITKM 1 Taza. EKcriepuMeHTH MpoBO-
JUJINCS 3 BAKOPUCTAHHSIM (Pi3MYHMX aHTPOIOMOP(PHUX
(anTomiB Rando-Alderson, 1110 BiAITOBiTalOTh JOPOCIIiii
JIIoAMHI Ta 5-piuyHiil autuHi. CepeaHi 103U opraHy Ta
BXiIHY TOBEPXHEBY 103y BUMIipIOBaJIUd 3a JOIIOMOIOIO
TH-no3umeTtpiB. [lopiBHSIHHSA BUMIpSHUX 103 3 AaHU-
MM, OTPUMAHUMM ITiJI Yac O0YMCJICHb Y TaKHUX ITporpa-
max, sk EDEREX ta PCXMC 2.0, noka3zajuo, 1110 po3-
OLXHICTb MiX J03aMHU, pO3paxOBaHUMU 3 BUKOPUCTAH-
HSIM MaTeMaTU4YHOTO CTUJIi30BaHOTO (paHToMy MIRD-5,
Ta BUMipIOBaHMMH TO03aMH IIJIsI OPTaHiB, PO3TAalIOBAaHUX
MOBHICTIO a00 YaCTKOBO Yy IIPOMEHI IIEPBUHHOIO BUII-
pOMiHIOBaHHs, He niepeBuInyBana + 33 % (p = 0.95) nig
Harpyru Ha Tpyoui 60—140 kB sk minsg daHTomy gopoc-
JIOI JIIOAWHM, TaK i s (paHTOMY S5-piyHOI TUTUHU. Pe-
3yJbTaTA PO3PaxyHKiB JO3M OpraHy 3a IJOIIOMOTOIO
EDEREX ta PCXMC 2.0 y3romKyioTbCcsI B MexXax He-
BusHaueHocTi 20 % (p = 0.95). OTxe, BUKOpUCTAHHS
MEBHUX CIPOIIEHb Y METOTOJIOTII PO3paxyHKiB ITPOT-
pamHoro 3a6e3neyeHHs EDEREX He npu3Boauth 10
CYTTEBOI BTpaTU TOYHOCTI BU3HAUEHHSI 1031 OpraHy rnpu
30epeskeHHI IBUAKOCTI O0YMCIEHHS K TOJIOBHOI Mepe-
Baru Takoro crnocoo0y OLIiHKU 103.

IHoAi He MOXXHA YHUKHYTH BUKOPUCTAHHSI i0Hi3YI040-
ro BUIOPOMiIHIOBAHHSI MPpU MEAUYHUX OOCTEXKEHHSIX
BaritHuX. IH(opMallii mpo Te, 110 KiHKa BariTHa, MOXe
He OyTH Tif yac OOCTeXeHHsI, a00 MOXe 3HaJ00UTHUCS
MIPOBECTU OOCTEKEHHS 3 HEBINKIATHUX MEIUYHUX TP -
yuH. PagialuiiHuii pU3MK BHACHiAOK OOCTEXKEHHSI Ma€e
OyTu 30a7aHCOBAHMW1 i3 3arajJbHOI KOPUCTIO AJsI
nali€eHTa, a y BUMAAKY BariTHOCTI — 3 MPOMEHEBUM PU-
3UKOM JUIs1 HEHApOIXKEHO1 TUTUHU. BiamoBinHO no Au-
peKTuB €BpONENCHKOI KOMicil, KOKHA eKCITepTr3a I0-
BMHHA OYyTM OOIpyHTOBaHa Ta OINTMMi3OBaHa. 3HAHHS
PIBHIB 1031 MOXe€ OyTU BUKOPUCTAHE B 11ili onTUMi3allii
i, TAKMM YMHOM, JOIYCKATH MOXJIMBICTH IJIAHYBaHHS
00CTeXeHb 3 MiHIMaAIbHUMM J03aMM IJIsI HEHapOJXe-

(1) 164

cols used in the USA for the past 30 years, mainly
using mathematical stylized phantoms such as
MIRD-5 [62]. The results of the calculations were
presented in the form of conversion coefficients
between the absorbed or equivalent dose for
radiosensitive organs and the measured doses and
were introduced into various software products
that facilitate the calculation of doses to organs for
conventional radiological examinations.

Because organ-absorbed doses are often used to
assess individual risk, it is important to assess the
degree of variability in these values. A series of phan-
tom experiments was performed by the authors [28]
for conventional radiological examinations of the
chest and pelvis. The experiments were performed
using Rando-Alderson physical anthropomorphic
phantoms corresponding to an adult and a 5-year-
old child. Mean organ doses and input surface dose
were measured using TL dosimeters. Comparison of
the measured doses with the data obtained during
the calculations in programs such as EDEREX and
PCXMC 2.0, has demonstrated that the difference
between the doses calculated using the mathemat-
ical stylized phantom MIRD-5, and doses meas-
ured for organs fully or partially located within the
primary radiation beam did not exceed * 33 %
(p = 0.95) for the voltage on the 60—140 kV tube for
both phantom of an adult and phantom of a 5-year-
old child. The results of organ dose calculations
using EDEREX and PCXMC 2.0 are consistent
within an uncertainty of 20 % (p = 0.95). Therefore,
the use of certain simplifications in the calculation
methodology of the EDEREX software does not
lead to a significant loss of accuracy in determining
the dose of the organ while maintaining the speed of
calculation as the main advantage of this method of
dose estimation.

Sometimes the use of ionizing radiation in med-
ical examinations of pregnant women cannot be
avoided. Information that a woman is pregnant
may not be available during the examination, or it
might be necessary to perform the examination for
urgent medical reasons. The radiation risk from
the examination should be balanced with the over-
all benefit to the patient and, in the case of preg-
nancy, considering the radiation risk to the unborn
child. According to the directives of the European
Commission, each examination must be substanti-
ated and optimized. Knowledge of dose levels can
be used in this optimization and thus allow the
possibility of planning surveys with minimum
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HUX giteil. MeTtoro poboTu [27] Oyi10 BU3HAYEHHS Ce-
peaHbOI MOTIMHEHOI 03U IS HEHAPOIXKEHOI TUTUHU
Opyu TUIOBUX peHTreHojiorivHux ta KT-o0cTexeHHsx
BariTHUX Ha OCHOBi [JaHMUX, 3apeECTPOBAHUX Y
pamioJIoTiuHii iH(OpMaIliiiHili CHUCTEeMi IIIBEICHKOTO
ApxiBy 3HiMKiB Ta Cucremu 38’s13Ky (RIS/PACS). /100y-
ToK Kepmn Ha 1romy (KAP) ta inmekc CTDI,o miioga
OTPUMYBaJIU 3a JOMOMOIOK MOIEIIOBaHHS IBOMa PO3-
paxyHKoBUMM Mporpamamu MoHTte-Kapiio Tta 3a goro-
MOTOI0 BUMIipIOBaHb TEPMOJIOMIHECICHTHUMM IO3U-
MeTpaM¥, PO3MIIIIEHUMHU yCcepeanHi aHTPOITOMOP(HOTO
¢antomy ATOM, i mopiBHIOBAIU 3 PO3paxOBaHMMU 3HA-
YEeHHSIMU, OTPUMYIOUM [Jis IUIoJa KOHBEpPCIiiiHiI KO-
edilieHTH BiINOBIAHO A0 OOpaHUX MOpouenyp (I03u
mona BigHeceHi o BximHuX 3HadeHb KAP ta CTDly,
BiAgmoBigHo). JlociakeHHS MoKa3ajo, 110 KOHBepCiiiHi
KoediuieHTH 1031 Ha ocHOBi 3HaUeHb KAP a60 CTDlI,oj,
aBTOMAaTUYHO cTBOpeHux cuctemoro RIS / PACS, mo-
XKYTb OyTH BUKOPUCTAHI JJIs1 ILIBUAKOTO OLIiHIOBAHHSI J10-
3U IS 11710112 IIPU 3arajbHUX MeToAaxX O0CTeXKEeHHS, IS
MPUIHATTS pillleHb 100 HEOOXITHOCTI CPOIIEHOI a00
OiIbII TOYHOI OLIHKM 03U MJI0/a Ta 11010 NOAATbIIOTO
PUBUKY IJIs TI01A.

MaTtemaTtunyHi aHTponomopdHi paHToMU

Ilepini MaTeMaTU4Hi paHTOMU OMUCYyBaau popMy i mo-
JIOXKEHHS ieaizoBaHUX OpraHiB Tijla JIOAWUHU IO~
HaMM, a TaKOX MOBEPXHSIMU JIPYroro Mopsiaky (LWIiH-
JPUYHUMU, KOHIYHUMMU, eTinTudyHuMu) [65, 66]. Hac-
TYIIHAM MOKOJiHHSIM MaTeMaTUYHMX (AHTOMIB CTaIU
BOKceJIbHI (paHTOMMU. OCHOBOIO JUIST LIMX MOJEJeit Oymmn
TPUBUMIpPHI 300paxkeHHsI OKpeMuX Jitoaei (oTpuMaHi B
pamkax mpoekty Visible Human Project [67] meTomom
MOIIAPOBOI CEKIIil 3aMOPOKEHOI0 KagaBpa 4u 00poOKu
BimmoBimHux KT-300paxeHb) 3a TOTTOMOTOI0O OKPEMUX
eJleMeHTapHUX 00’eMiB (BOKCeJliB), TOMY JoOcsrajaach
3HAYHO Kpalla peajiCTUYHICTb, ajle TaKi (paHTOMHU He
BigoOpaxkanau cepeIHbOCTATUCTUUHY «pedepeHTHY» JI0-
JIMHY Ta He MOTIJIU MOAUQIKYyBaTUCS — HEMOXKJIUBO OYJI0
3MiHIOBaTH iXHi po3Mip, ¢opMmy uu mocrtaBy. Tomy To-
Janplia poboTa mossirajia B yIOCKOHAJIEHHI (paHTOMY
Tak, 100 MOEAHATU peajli3M BOKCEJbHOTO, CTBOPEHOTO
Ha OCHOBi KOHKPETHHUX 0Ci0, Ta THYy4KiCTh MaTeMaTuy-
Horo ¢daHToMiB. Tak 3BaHi «riOpuUaHiI» (paHTOMM, 3aCHO-
BaHi Ha reoMmeTpii BOKCeJiB, ajie iXHi CTYMiHYacTi IMo-
BEpXHi 3aMiHIOIOThCSI MOJIITOHOBUMM CiTKamMu abo B-
CIJIalHaAMU.

Ha cporonHi ¢aHTOMHI AOCHiIKEHHST II0J0 BUMipIO-
BaHHSI 3a JAOMOMOIOI0 aHTPONOMOP(MHUX TeTepOreHHUX
¢iznyHMX (haHTOMIB LIIMPOKO BUKOPHUCTOBYIOTHCS 1151 Ba-
Jiganii po3paxyHKiB MeTonoM MoHTe-Kapio [40, 42, 44].

doses for unborn children. The aim of [27] was to
determine the average absorbed dose for an
unborn child in typical radiological and CT exam-
inations of pregnant women based on data regis-
tered in the radiological information system of the
Swedish image archive and Communication
System (RIS / PACS). The kerma by area product
(KAP) and fetal CTDI,, index were obtained by
modeling with two Monte Carlo calculation pro-
grams and by measurements with thermolumines-
cent dosimeters placed inside the anthropomor-
phic phantom ATOM, and compared with the cal-
culated values, obtaining for the fetus conversion
factors according to the selected procedures (fetal
doses are attributed to the input values of KAP and
CTDl,o, respectively). The study showed that dose
conversion factors based on KAP or CTDI, val-
ues automatically generated by the RIS / PACS
system can be used to quickly estimate the dose to
the fetus in general screening method, to decide on
the need for a simplified or more accurate assess-
ment of the fetal dose and on the subsequent risk
to the fetus.

Mathematical anthropomorphic phantoms
The first generation mathematical phantoms
described the shape and position of idealized
organs of the human body by planes, as well as sec-
ond-order surfaces (cylindrical, conical, elliptical)
[65, 66]. Voxel phantoms became the next genera-
tion of mathematical phantoms. The basis for
these models were three-dimensional images of
individuals (obtained in the framework of the
Visible Human Project [67] by layer-by-layer sec-
tion of a frozen corpse or processing of relevant
CT images) using individual elementary volumes
(voxels), therefore, much better realism was
achieved, but such phantoms did not reflect the
average «reference» person and could not be mod-
ified — it was impossible to change their size, shape
or posture. Therefore, further work was to improve
the phantom so as to combine the realism of voxel,
created on the basis of specific individuals, and the
flexibility of mathematical phantoms. The so-
called «hybrid» phantoms are based on the geom-
etry of voxels, but their stepped surfaces are
replaced by polygon grids or B-splines.

Nowadays, the phantom studies of measurements
using anthropomorphic heterogeneous physical
phantoms are widely used to validate calculations by
the Monte Carlo method [ 40, 42, 44] So, in the
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Tax, y nocmimkeHHi [42] aBTOpY aKIIEHTYIOTh yBary Ha
Bajifallil TakKuMX pO3paxyHKiB, MOPIBHIOIOYM J03U Op-
raHiB, OLIIHEHi €KCIIepUMEHTaIbHO, 3 103aMU1, PO3Paxo-
BaHMMM IS BOKcedi3oBaHOi (ToOTO 1udppoBoi 3D-
JUCKPEeTU30BaHOI Bepcii) Mojesi BiaacHe ¢aHTOMY
Rando-Alderson mist nesiKux TUMOBUX PEHTIEHiBCbKUX
npoueayp. byio npoBeneHoO 4OCIiIXKEHHS 151 BUSIBJICH -
HSI OCHOBHMX TlapaMeTpiB, SIKi BIUIMBAalOTh Ha BU3HAYEH-
Hs no3u opradiB. Crouatky BuMiptoBaHHs TJI Oyiu Ha
65 % Bu1e, HixX po3paxoBaHi 3HayeHHs. [Tics anexkBar-
HOIro ypaxyBaHHsI €HepreTUYHOI Ta KyTOBOI 3aJIeXKHOC-
teit Biaryky TJI meTeKTopiB, €JI€MEHTHOrO CKJaay Ma-
Tepiany, po3Mipy Ta IOJIOKEHHS T0JIsl BUITPOMiHIOBaH-
Hsl, OiJBIIICTh PO30iXKHOCTEH MiXX BUMipIOBaHHSIMU Ta
po3paxyHKaMK ONMMHUINCS B Mexax 15 %. 51 opratis,
BimpmaneHux Big 1mmoJst, pizHuis csarae 30 %.

BnacHuin pocsig y rany3si aHTOMHUX BUMIPIOBaHb
Ta eKCnepuMeHTasibHOI Banipauii po3paxyHKOBOT
Bo3uMmeTpir

®aHTOMHI BUMIpIOBaHHSI MOXYTb CTaTW Yy MPUTOAi He
JIMILIEe TIpU OLIIHIII Ta Bajligalii 103 Nali€eHTiB, aje i mpa-
moYnx (MeINIHUX MPaliBHUKIB, IEPCOHAITY KaTeTopii
A, 1110 Ma€ KOHTaKT i3 IxKepeJaMM i0Hi3y104oro BUIIPO-
MiHIOBaHHS). SIK MpuKJIag MOXXHA HABECTU BUBYEHHS
3aKOHOMipHOCTEN (POPMYBAHHS 103 HA OPraHU Ta eeK-
TUBHOI 1031 B iHTEPBEHLIIMHUX PadioJioOriB, sIKi BUKO-
PUCTOBYIOTH 3aXMCHi (hapTyXu, a TAKOX PO3POOKY ajro-
pUTMiB nonBiitHOI mo3umeTpii [35]. EkcriepuMeHT, npo-
BEACHUI aBTOpaMu L€l myOaiKallii, mojsiraB y TpMBaIO-
My €KCITOHYBaHHi (paHTOMY JTOpOCIIoi TIoAuHU ((paHTOM
ATOM tuny Rando-Alderson) mig yac pyTMHHOI TTpaK-
TUKW Y BiIJIiIi €eHAOBacKYJIsIpHOI Xipyprii Ta iHTep-
BeHLiiHO1 pagionorii HauioHaabHOro IHCTUTYTY Xipyp-
rii Ta TpaHcruranrtosoriii iM. O.0. IllamimoBa HAMH
VYkpaiuu. byno 3gilicHeHO ABi cepii BUMipioBaHb TpU-
BaJIICTIO TPY THKHI KOXKHa. DaHTOM, CITOPSIIKEHUI Jie-
TEKTOpaMM Ta OASITHEHUM y 3aXMCHUI (hapTyx Ta KOMip
(exBiBasieHT cBUHILIIO 0,35 MM), po3MiILyBaBCsI HABIIPO-
TH Xipypra-iHTepBeHILiOHiCTa CHUMETPUYHO BiJHOCHO
Bici omepauiifHoro crony 3 maiieHtoM. Kpim Toro, Ha
¢danTOMi OyaM po3MillleHi iIHAUBiAyaJIbHI TO3UMETPU —
Hap i mig papryxoM. Yci mapamMeTpu ormpoMiHeHHS (HalT-
pyra Ha TpyOlli, cTpyM, KojdiMalis, pagiorpadiyHa rmpo-
eKllis1) peTesibHO (pikcyBanucs Ta Oy BUKOPUCTAHI ITpU
30iACHEHHI MOJEJIOBAaHHSI ONPOMiHEHHS METOI0M
Monre-Kapmo i3 Bukopuctanusam komy MCNP-4B ta
matematuyHoro ¢daHtoMy ADAM. byno npomeMoH-
CTpoBaHO BiaMiHHMI1 (Y Mexkax 11 %) 30ir po3paxyHKO-
BUMX Ta €KCIepUMEHTaIbHUX JaHUX, a caMi 1aHi OyJ10 BU-
KOPUCTAaHO JJIs1 pOo3p00KU aJropuTMy MOABIAHOI 103U-

(1) 166

study [42], the authors focus on the validation of
such calculations, comparing the doses of organs
evaluated experimentally with the doses calculated
for the voxelized (i.e. digital 3D-discretized version)
model of the Rando-Alderson phantom for some
typical X-ray procedures. A study was conducted to
identify the main parameters that affect the deter-
mination of the dose of organs. Initially, TL meas-
urements were 65 % higher than respective calculat-
ed values. After adequate consideration of the ener-
gy and angular dependences of the response of TL
detectors, the elemental composition of the materi-
al, the size and position of the radiation field, most
of the differences between measurements and cal-
culations were within 15 %. For organs remote from
the field, the difference reaches 30 %.

The own experience in the area of phantom
measurements and experimental validation

of calculated dosimetry

Phantom measurements can be useful not only in
assessing and validating the doses of patients, but
also workers (medical workers, category A person-
nel in direct contact with sources of ionizing radia-
tion). As an example, we can study the patterns of
formation of doses to organs and the effective dose
in interventional radiologists who use protective
aprons, as well as the development of algorithms for
double dosimetry [35]. The experiment conducted
by the authors of this publication consisted of long-
term exposure of an adult phantom (Rando-
Alderson-type ATOM phantom) during routine
practice in the department of endovascular surgery
and interventional radiology of the O.O. Shalimov
National Institute of Surgery and Transplantology,
National Academy of Medical Sciences of Ukraine.
Two series of measurements lasting three weeks
each were performed. The phantom, equipped with
detectors and wearing a protective apron and collar
(equivalent to 0.35 mm lead), was placed in front of
the intervention surgeon symmetrically relative to
the axis of the operating table with the patient. In
addition, individual dosimeters were placed on the
phantom — above and below the apron. All irradia-
tion parameters (tube voltage, current, collimation,
radiographic projection) were carefully recorded
and used in Monte Carlo irradiation simulation
using the MCNP-4B code and the mathematical
phantom ADAM. An excellent (within 11 %) coin-
cidence of calculated and experimental data was
demonstrated, and the data themselves were used to
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MeTpii (KOJM MOKa3u OBOX NO3WMETPIiB — Ham Ta Iif
¢dapTyxoM — BUKOPUCTOBYIOTbCSI JJISI BU3HAYEHHS
e(eKTUBHOI JO3M MpPAILiBHUKIB, 1110 3aCTOCOBYIOTH 3a-
xucHi oonanyHku) [35]. EdpektuBHa no3a, oliHeHa 3a 4
Jo3UMeTpaMU B YMOBax ofepaliiiHo1, BiIpi3HSIETLCS Bil
YMOBHO iCTUHHOI (32 JaHUMU (haHTOMHOTO BUMipIOBaH-
Hs1) Ha 1 % 1a 11 % 1npu 3acTOCyBaHHI BarOBUX MHOX-
HUKIB Il TKaHUH Ta opradiB Wr (MKP3 60) [68]. mis
MepIoi Ta Ipyroi cecii, BiamosigHo. [1py 3acTocyBaHHi
BaroBux MHOXHKKIB Wr MKP3 103 [69]. Take Bigxu-
JIEHHA He nepesuirysaio 8 % [70].

Kpim HaBenmeHoro BuIle MpUKIamy, (baHTOMHI BUMi-
PIOBAHHSI YCITIIIIHO BUKOPUCTOBYBAJIMCH JJIS1 Basligallii
aJITOPUTMiB MHOXXMHHOI JO3UMETpil B YMOBax OIIPO-
MiHEHHS Ha 00’ €KTaX aTOMHOI eHepTeTUKN YKpainm [71]
Ta B aHI30TPOMHUX pamialliiHUX Moasax Ha «O0’eKTi «YK-
puttsa» [72].

MepcnekTUBHI AOCNIAXEHHS 3 BUKOPUCTAHHAM
¢baHTOMHUX BUMIipIOBaHb

DaHTOMHI BUMIpIOBaHHS Mepen0avyacThbCsi BUKOPUCTO-
ByBatu y MixkHaponHoMy npoekTi HARMONIC gk
OJVH 3 OCHOBHUX €TamiB BaJlifallii J03MMETPUYHOI MO-
JeJTi JJ1 OLiHKM 103 Ha TKAHWUHM Ta OpraHu neaiaTpud-
HUX MAaLieHTIB, 1110 3a3HAIOTh HEHABMUCHOTO (11032 Me-
>KaMM LiJIbOBMX OPraHiB) OMPOMiIHEHHS IIiJ Yyac mpolie-
nyp inTepBeHiiHoi kapaionorii. HARMONIC (Health
effects of cArdiac fluoRoscopy and MOderN radiothera-
py in paediatrics — Meau4Hi e(peKTU ONMPOMiHEHHS ITif
yac KapaioJjioriuHoi (I0OpOCKOIMil Ta 3aCTOCYBaHHS
MoOJepHOI pagioTeparii) — €BpoTeiichbKIiT TPOEKT MPOT-
pamu HORIZON-2020, MeTo10 IKOTO € pafiobionoriuHe
Ta eIigeMioyioriyHe AOCIiAXeHHS JOBrOCTPOKOBOIO
BIUIMBY MEIWYHOIO OIPOMIHEHHSI Ha 3[0pPOB’S IiTeil.
Ile crocyeTbcsi TUX TMALI€EHTIB, JIKyBaHHSI SIKMX 3[ili-
CHIOETHCSI CYyYaCHUMU METOAaMU ITPOMEHEBOI Tepaltii Ta
MeniaTpUYHUX TMali€HTIB i3 BagaMu Cepls, SIKi OTpUMY-
IOTh XipypridHe BTpy4YaHHS i3 BUKOPHMCTaHHSM IIpOIIe-
Jyp iHTepBeHLiMHOI Kapaioaorii.

Xouya mepeBaru BUKOPUCTAHHS pamialii 1jisi MeIUIHOT
NiarHOCTMKM Ta Teparlii megiaTpUIHUX Nali€HTiB 3HAYHO
nepeBaxalTb PU3UKU i 30UIbIIYIOTh BUXKMBAHICTD LIUX
MNAaLi€HTIB, Y JOBrOCTPOKOBIH MepPCHeKTUBI TaKi MNalLli€H-
TH, MOXYTb 3aXBOPITH Ha TaK 3BaHi BTOpUHHI paku. [1po-
ekt HARMONIC BiacHe MOKJIMKaHWUI BUBUMTHU TOBIO-
TEPMiHOBI €(EeKTU BILUIMBY MEIMYHOTO OIPOMiHEHHS,
11100 ONTUMI3yBaTH IUIAH JIiIKyBaHHS Ta 3HU3UTU PU3UKU
BUHUKHEHHS BingageHUX e(eKTiB OMPOMiHEHHS.

Bukiuk, 1o cToiTh nepen J03MMETPUYHUM CYIIPOBO-
JIOM MPOEKTY MOJIsIrae B TOMY, 11O JIJISl €ITiAeMioJIOriyHO1
OL[IHKW PU3UKY BUHUKHEHHS paKy MiCJisi OMPOMiHEHHS

develop a double dosimetry algorithm (when read-
ings of two dosimeters — above and below the apron
— are used to determine the effective dose of work-
ers using protective garment) [35]. The effective
dose, estimated by 4 dosimeters in the operating
room, differs from the conditionally true (according
to phantom measurements) by 1 % and 11 % when
using weighting factors for tissues and organs Wr
(ICRP 60) [68] for the first and second sessions,
respectively. When using ICRP 103 [69] weighting
factors Wr this deviation did not exceed 8 % [70].

In addition to the above example, phantom
measurements have been successfully used to vali-
date multiple dosimetry algorithms under irradia-
tion conditions at nuclear power plants in Ukraine
[71] and in anisotropic radiation fields at the
«Shelter» Object» [72].

Ongoing studies using phantom
measurements

Phantom measurements are to be used within the
international project HARMONIC as one of the
main stages of validation of the dosimetric model
for estimating doses to tissues and organs of pedi-
atric patients, undergoing unintentional (outside
the target organs) irradiation during interventional
cardiology procedures. HARMONIC (Health
effects of cArdiac fluoRoscopy and MODerN
radiotherapy in pediatrics — Medical effects of
radiation during cardiac fluoroscopy and the use of
modern radiotherapy) — European project of the
HORIZON-2020 program, the aim of which is a
radiobiological and epidemiological study of the
long-term effects of medical radiation on chil-
dren’s health. This applies to those patients who
are treated with modern methods of radiation
therapy and pediatric patients with heart defects
who receive surgery using interventional cardiolo-
gy procedures.

Although the benefits of using radiation for med-
ical diagnosis and treatment of pediatric patients
far outweigh the risks and increase life expectancy
for these patients, on the long run such patients
may develop so-called secondary cancers. The
HARMONIC project is designed to study the
long-term effects of pediatric medical exposure to
optimize the treatment plan and reduce the risks of
long-term effects.

The challenge facing the dosimetric support of the
project is that for the epidemiological assessment of
the risk of cancer after irradiation, it is necessary to
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MOTPiIOHO BU3HAYUTU JA03M OKpeMMX opraHiB. s pe-
amizauii mpoektry HARMONIC HeoOXigHO Yy cTUCIUI
TepMiH owiHnTy mo3u i 100—150 Tuc. mponenyp cep-
1IeBOI PEHTIeHOCKOITii Ha OCHOBi OOMexXeHOi iH(pop-
Mallii, 3amMcaHoi Ha MOMEHT MPOBEAECHHS MPOLEIypU
(Tur oOcTexkeHHs, BiK / Bara Iaii€HTa, KepMa B ITOBITpi).
BupileHHsIM 11i€l mpobieMu ctaHe po3po0Ka J03UMeT-
PUYHOI MporpamMu, IO BUOMpAE BiATOBITHE 3HAYEHHS
KOHBepciltHOro KoedilieHTy i3 3a3gajeriab po3paxoBa-
HUX MetonoM MonTte-Kapio noBinkoBux Tabaullb, 3
ypaxyBaHHSIM XapaKTePUCTUK IalliEHTa Ta TUILY IIpOLie-
nypu. ExkcrepuMmeHTanbHa mnepeBipka (Bepudikallisi)
OLIIHEHMX 03 3MiICHIOBAaTUMEThLCS 3a TOIOMOrolo (i-
3MYHUX BUMIipIOBaHb B aHTPOMOMOPGHUX (PaHTOMAX, 110
PeTpe3eHTYIOTh IiTell pi3HOro BiKy (HeMoBis, 1, 5 ta 15
POKiB) Ta uepe3 MOPiBHSIHHS i3 pe3yJIbTaTaMU PO3paxyHKiB
meronoM Monte-Kapio (kongu PHITS, PCXMC) wis 06-
MEXEHOro Jiama3oHy Habopy yMOB ompomiHeHHs [73].
[NepenbavaeTbed, 1110 JaHi PaHTOMHUX BUMipIOBaHb CITy-
TryBaTUMYTh TaK 3BaHUM benchmark njis1 Baiinauii po3pa-
XYHKOBHUX MOJIeJIeil i JO3UMMeTPpUYHOI CUCTEMU MPOEKTY B
uiniomy. HoBu3Ha 11bOro hparMeHTy AOCTiIKEHHS OIS~
ra€ B €KCIIEpMMEHTAIbHOMY BU3HAYEHHI 103 HA TKAHMHU
Ta OpraHu, IO HEe MOTPaIUISIIOThH ITil HAaBMUCHE OIl-
POMiHEHHSI, ajie OTPUMYIOTh JO3M 33 PaXyHOK PO3CisTHO-
IO BUIIPOMiHIOBaHHS.

Hasenenwit Buiie puknan (paHTOMHUX BUMipIOBaHb
y pamkax npoekty HARMONIC 6a3yeTbcst Ha BHUKO-
pUCTaHHI TpPaAWLIiHUX i TEepeBipeHUX YacOM TEXHO-
JIOTii, Xo4ya i y BiTMiHHOMY 3aCTOCYBaHHi.

AJle HaBiTb B TaKuX IEpPEBIpeHUX YaCOM METOAMKAaX
3aBXAU € Miclle Il YIOCKOHaJIeHb. PO3BUTOK TeXHO-
Joriti 3D-nmpyKy, BiZKpUBa€ NEPCIEKTUBY CTBOPEHHS
HOBUX (aHTOMiB, 110 OyayTh MOOYJIOBaHi Ha OCHOBI
IHAVWBIAYai30BaHUX IS KOXHOTO mairieHTa gannx 3D
MeIMYHOI Bi3yajizalii. Bxe Bimomi npuxiianu 3D-apy-
KOBaHUX (paHTOMiB, 1O iMiTYIOTb TKAHWHU JJISI MEANY-
HUX 300paxXeHb i AOAATKIB 11 OOYMCIIOBAJIbHOI IIe-
peBipkn [74], abo (aHTOMM TOJOBU IJisI JO3UMETPIl
kpuiurtanuka [75]. Y uiii po6oTi HanpykoBaHUii (haHTOM
nopiBHioBaIM 3 Rando ta 3M lucite ¢hanTomamu. Busi-
BWJIOCh, 1110 3D mpuHTEpM Ha CbOTOAHI KOMEpPLIiAHO
JIOCTYIHI, ajie HEe MalOTh JOCTATHHOTO Pi3HOMAHITTSI Ma-
TepialiB 1151 IPYKY (3 Pi3HOI NIUIBHICTIO Ta €JeMEHT-
HUM CKJIaJIoM), TOMY IMOKH 1110 MOXXHa CTBOPIOBATH aHa-
TOMiUHi (paHTOMMU JJISI CTPYKTYPHUX 300paXkeHb, SIKi Ma-
I0Tb Ha METi BiITBOPEHHS 1O3MMETPUYHUX BJIACTUBOC-
Teil opraHiB Y1 TKaHWH.

HoBi kpaiii 3aMiHHUKW TKaHWH i HOBi TEXHIKW BU-
TOTOBJIEHHS 1alI0Th MOXJIUBICTb pOOUTHU OifbIn HAMil-
Hi, peaJiCTU4YHIIIi (PaHTOMM, SIKi pa3oM 3 yIOCKOHa-
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determine the doses to particular organs. To imple-
ment the HARMONIC project it is necessary to
estimate the doses for 100—150 thousand cardiac
radioscopy procedures in a short time on the basis of
limited information recorded at the time of the pro-
cedure (type of examination, age / weight of the
patient, air kerma). The solution to this problem
will be in development of a dosimetric protocol that
selects the appropriate value of the conversion fac-
tor from pre-calculated by the Monte Carlo refer-
ence tables, taking into account the characteristics
of the patient and the type of procedure.
Experimental verification of the estimated doses
will be performed using physical measurements in
anthropomorphic phantoms representing children
of different ages (infant, 1, 5 and 15 years) and by
comparison with Monte Carlo -calculations
(PHITS, PCXMC codes) for a limited range of
irradiation conditions [73]. It is assumed that the
phantom measurement data will serve as a bench-
mark for the validation of computational models
and the dosimetric protocol of the project as a
whole. The novelty of this fragment of the study is
the experimental determination of doses to tissues
and organs that are not exposed to intentional radi-
ation, but receive doses due to scattered radiation.

The above example of phantom measurements
within the HARMONIC project is based on the
use of traditional and time-proven technologies,
although in different application.

However, even within such proven techniques
there is always a room for improvement. The devel-
opment of 3D printing technologies opens the
prospect of creating new phantoms that will be
built individually for each patient based on 3D
medical imaging data. There are already some
examples of 3D-printed phantoms that mimic tis-
sues for medical imaging and applications for com-
putational testing [74], or phantoms of the head for
lens dosimetry [75]. In this work, the printed phan-
tom was compared to Rando and 3M lucite phan-
toms. It turned out that 3D printers are currently
commercially available, but do not have a sufficient
variety of materials for printing (with different den-
sities and elemental composition), therefore, it is
still not possible to create anatomical phantoms for
structural images, which aim to reproduce the
dosimetric properties of organs or tissues.

New, better tissue substitutes and new fabrica-
tion techniques make it possible to make more
reliable, realistic phantoms, which, together with
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JIECHUMU OOYMCIIOBAJbHUMU MOAETSIMU 3HAYHO I10-
JIiMaTh TOYHICTh BUMipIOBaHb i JO3UMETPil0 Malli-
€HTIB Y LIiJIOMY.

Cunin 3a3HaYMTH, 1110 HE3BaXKalOuuM Ha BUKOPUCTAHHS
HOBHUX CTpAaTeTiii, IKi CIIPUSIIOTh 3HKEHHIO 103U OIPO-
MiHEHHS Mali€eHTa, 30epiralouyM HeoOXiIHY SIKiCTb 300-
paxeHHs, npouenypu KT Bce 11e n0CTaBasIOTh MpUO-
qu3HO 50—60 % KoJieKTUBHOI €(DeKTUBHOI J03U Bill Me-
JUYHOTrO Ta CTOMATOJIOTiYHOrO OMPOMiHEHHS y 0araTbox
KpaiHax 4yepe3 BiTHOCHO BUCOKY J03y LIMX MHPOLEAYp,
MOPIBHSIHO 3 iHIIUMU METOAAMU 1iarHOCTUYHOI PEHTIe-
HoJjorii. OTXe AyXe BaxXJIUBY POJIb Bilirpa€e TOYHICTb
JI030BUX OLIIHOK.

3a JaHMMUM HAyKOBOI JiTepaTypu OLliHKA J03U OpraHy
MOK€ CYTTEBO 3aJIeXKaTH Bifl IPOTPaMHOIO KOMY, 1110 BU-
KOPUCTOBYETbCS, Ta BiJl BU3HAYCHHS IIITHKM CKaHY-
BaHHs [61]. TTopiBHSIHHSI aBTOpaMM KiJIbKOX ITporpam
nokKasajo, 110 BapiabeJbHICTh J03U I MOBHICTIO OIl-
POMiHEHMX OpraHiB HMX4a, HiX JJIsl OpTraHiB, sIKi Iepe-
OyBalOTb HAa MEXIi MicClLisl CKaHyBaHHSI i TOMY 4aCcTKOBO
onpomiHeHuX. Hanpukian, BapiabeIbHiCTb 103U IIIUTO-
noaioHoi 3ano3u npu gociigkeHHi KT rpynHoil KIITKU
€ IyXe IIMPOKOIO (IO KiJIbKOX pa3iB), TAKOX IIe XapaK-
TEpHO MJIS TO3M CIMHHUX 3aJ103 i CIIM30BOi OOOJTOHKU
MOPOXXHUHY poTa nipu gocaimkeHHsx KT rososu Ta 1ie-
JIEMHO-JIMLIEBOI AiAsTHKU. [TpUYMHOIO TAKOTO 3HUKEHHS
TOUYHOCTI € TIepeBaKHUI BHECOK Y J03Y PO3CiSTHOTO BUII-
POMIHIOBaHHS, SIKE BaXKKO TTiIAAE€ThCS BpaXyBaHHIO MPU
po3paxyHKax 3 BAKOPUCTAHHSIM CITPOIICHb Ta aHAJIITHY-
HUX METOMiB (HAIIpMKJIaJ METOI TOYKOBOTO [IKepesa).
[Tpu mpoMy BiZMiHHOCTI y TapaMeTpax Bidyamizalrii (Mo-
Jellb cKaHepa, KojdiMallisi, KpoK i TOBIIMHA IIapy), He
BIUIMBAIOTh CYTTEBO Ha OLIHKY 103U, 3p00JIeHY MpOr-
paMHMM KogoM. O4eBUIHO, OCTAHHE CJIOBO Y BUSIBIICHHI
Ta YUCEJIbHOMY BU3HAUYEHHI TaKUX PO30IKHOCTEH 3aiu-
IIA€ThCS 3a Pi3UIHUM €KCIIEPUMMEHTOM 3 BUKOPHCTaH-
HSIM T€TePOreHHUX aHTPOTTOMOP(MHUX (PaHTOMIB.

BUCHOBKU
MdaHTOMHI BUMIpIOBaHHS € e€(EeKTUBHUM Ta iHdopma-
TUBHUM METOJOM Ballifallii TEOPETUYHUX PO3PAXYHKiB
no3. He3Baxxaroun Ha 3HaAYHY TPYIOMICTKiCTb MpoOLieCy
BUMIpPIOBAaHb i BUCOKY BapTiCTh BiIacHe (PaHTOMIB, aHT-
porioMopdHi reTeporeHHi 103MMeTpUYHi (paHTOMU, BU-
TOTOBJIEHI 3 TKAHWUHO-EKBIBAJICHTHUX MaTepiajiB yCHill-
HO BUKOPUCTOBYIOTHCS JJIS iMiTallil MaLIiEHTIB Ta MepCo-
HaJly B Pi3HUX rajy3six JOCJiIKeHb Ta KJIiHIUHilA 103M-
MeTpii.

OCKUTBKY HEMOXIIMBO 0€3M0CEPETHBO MMOMIPSATH MOT-
JIMHEHI J03M IUISI paliouyTIMBUX OPraHiB IIPY PEHTTEHO-
JIOTIYHUX OOCTEKEHHSIX, BUKOPUCTAHHS (Pi3WIHNX aHT-

improved computational models, will greatly
improve the accuracy of measurements and the
dosimetry of patients in general.

It should be noted that despite the use of new
strategies to reduce the patient’s radiation dose
while maintaining the required image quality, CT
procedures still deliver approximately 50-60 % of
the collective effective dose from medical and den-
tal exposure in many countries due to the relative-
ly high dose of these procedures in comparison
with other methods of diagnostic radiology imag-
ing. Therefore, the accuracy of dose estimates
plays a very important role.

According to scientific literature, the assessment
of organ dose may depend significantly on the soft-
ware used and on the determination of the scan
area [61]. After comparison of several software
applications the authors showed that the dose vari-
ability for completely irradiated organs is lower
than for organs that are at the border or outside the
scan region and therefore are partially irradiated.
For example, the variability of thyroid doses in the
chest CT study is very broad (up to several times),
it is also typical for the dose of salivary glands and
oral mucosa in head and maxillofacial CT studies.
The reason for this accuracy decrease in dose esti-
mation is the predominant contribution of scat-
tered radiation, which is difficult to take into
account using simplified simulation models and
analytical methods (e.g. point kernel method).
The difference in the acquisition parameters
(scanner model, collimation, pitch and layer
thickness) does not significantly affect the dose
estimate made by the software. Obviously, the last
word in detection and quantification of such dis-
crepancies belongs to physical experiments using
heterogeneous anthropomorphic phantoms.

CONCLUSIONS
Phantom measurements are an effective and
informative method of validation of theoretical
dose calculations. Despite the considerable com-
plexity of the measurement process and the high
cost of the phantoms themselves, anthropomor-
phic heterogeneous dosimetric phantoms, made of
tissue-equivalent materials are successfully used to
simulate patients and staff in various fields of
research and clinical dosimetry.

Since it is not possible to directly measure the
absorbed doses for radiosensitive organs during X-
ray examinations, the use of physical anthropomor-
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pornoMop(HUX (aHTOMIB CITPUSIE MOXJIUBOCTI eKCIIEepU-
MEHTaJIbHO 3MOJIEIIOBAaT YMOBH OIIPOMIiHEHHS JIST TH-
MOBHUX PEHTIeHOJIOTIYHUX TMpoLeayp ado cKJIaaHi Heo-
HOPiAHI YMOBHU ONPOMIiHEHHS MEIUYHUX MpPalliBHUKIB,
1110 OCOOJIMBO BaXXJIMBO JJIsI TAKUX HAUOUTIBII OMpoMiHe-
HUX KaTeropiii, K nepcoHaj iHTepBeHLIMHOI paaioaorii.

B ocTaHHi KijnbKa JeCSITUIITh BUKOPUCTAHHSI O0OYKC-
JieHb MeTonoM MoHTte-Kapso y rmoenHaHHi 3 aHTPOITO-
MOP(HUMU MOJAEISIMU CTaJ0 HEOLiHEHHUM iHCTpYMEH-
TOM JO3MMETpil Ta MenudHoi (izuku. PaHTOMH, IO
MPeICTaBIsAIOTh IallieHTa Y1 MEIUYHOTO IIpalliBHUKA,
MEPETBOPUIINCS Bill TIPOCTUX MaTeMaTUYHUX (PaHTOMiB
IO CKJIaAHIIIMUX, ajie peaJiCTUMHUX BOKCEJIbHUX MOJe-
Jieii. BogHouac, 3 MeTOI0 eKCITepUMEHTAIbHOI Basligalii
pO3paxyHKOBUX MOJeNei, OTprUMaHi Npu OOUYMCIEHHI
03U TIOPiBHIOIOTH 3 J03aMM OpraHiB, OLIiIHEHUMM €KC-
MEPUMEHTAbHO 3a JOIMOMOT0I0 TEPMOIIOMiHECLIEHTHUX
JIeTeKTopiB, po3MilleHux y ¢paHToMmi Rando-Alderson.

BuxkopucranHg ¢i3nyHnx ¢GaHTOMIB € HaWOIiIbII
e(eKTUBHUM CIIOCOOOM JIJIsI KOPUTYBaHHsSI MapaMeTpiB
KT ckaHyBaHHS BiIMOBIZHO MO XapaKTePUCTUK Talli-
€HTA, 110 Ja€ MOXIJIMBICTh 3HU3UTHU J03M OIIPOMIHEHHS
pagiodyTiiMBUX opraHiB 10 50 %.

JaHi haHTOMHUX €KCIIEPUMEHTIB CIPUSIIOTH MO -
BOCTi Bepu((]iKyBaTH KOMIT'IOTEpHI METOIM OLLIHKU 103,
MaTeMaTH4Hi (paHTOMH, IO BUKOPUCTOBYIOTh IJISI MO-
JIeJII0OBaHHSI ompoMiHeHHsT MeTtogoM MoHTte-Kapio, a
TaKOX IMpPOTrpaMM PO3pPaxXyHKY PHU3MKIB, TOB’SI3aHUX 3
JIIarHOCTMYHUMU Ta TePalleBTUMHUMU OIPOMiHEHHSIMMU.
3okpema, 1Li JaHi Aal0Thb MOXJIWUBICTH POOUTHU OLIIHKU
HAJJIUIIKOBOIO BiZHOCHOTO PHU3UKY PO3BUTKY paKy
BHACJIIOK pagiallifHOro ONMpOMiHEHHS Y JUTUHCTBI.
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phic phantoms contributes to the possibility of
experimentall modeling the irradiation conditions
for typical radiological procedures or complex inho-
mogeneous conditions for medical workers, which is
especially important for the most irradiated cate-
gories, such as interventional radiology personnel

In the last few decades, the use of Monte Carlo
computations in combination with anthropomorphic
models has become an invaluable tool for dosimetry
and medical physics. Phantoms representing a
patient or medical worker have evolved from simple
stylized mathematical phantoms to more complex
but realistic voxel models. At the same time, for the
purpose of experimental validation of computational
models, the computed doses need to be compared
with the doses of organs evaluated experimentally
using thermoluminescent detectors placed inside the
Rando-Alderson phantom.

The use of physical phantoms is the most effec-
tive way to adjust the parameters of CT scans
according to the patient’s characteristics, which
makes it possible to reduce the radiation dose to
radiosensitive organs by up to 50%.

Phantom experimental data contribute to the
ability to verify computational methods for dose
estimation, mathematical phantoms used to
model irradiation by the Monte Carlo method, as
well as programs for calculating the risks associat-
ed with diagnostic and therapeutic exposure. In
particular, these data make it possible to assess the
excessive relative risk of cancer due to radiation
exposure in childhood.
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