Interuniversity— interdepartmental Postgraduate Program of Studies
in Medical Physics — Radiation Physics

Ev\\ National and Kapodistrian
L. University of Athens

Master Thesis
Evaluation of Radiation Dose to the Eye Lens
and Head of Interventional Radiologists

Psarras Michail
R.N.:20160069

Supervisors

Professor of Medical Radiation Physics, DUTH

I. Seimenis
Professor of Medical Radiation Physics, NKUA

E. P. Efstathopoulos

Athens 2018



7am¢/memam%e

Father. ..




ITPOAOTI'OX

H mapoloa  SutAwpatiky  gpyacio  ekmovBnke  ota  mAaiowa  TOU
ALOTIOVETILOTNULOKOU- AlATUNHATIKOU Mpoypdpuotog METOMTUXLOKWY IMoudwy othv
latpky Quoikn- Aktvoduoikn TnG latpikng ZxOAng tou EBvikou kal Kamodiotplakol
MNaveniotnuiov ABnvwv (EKMA) og cuvepyaoia pe to Tunua latpikng tou Anpokpitelou
Mavernotnuiov Opdkng (ANO). H tpLueAng e€eTaoTIKN EMITPOT OploTNKE WG €ENG:

o lwavvng Zeipévng Kabnyntng latpkng Ouoikng, latpikr oxoAn AMO.

e EuotaBiog EuctaBomoulog Kabnyntng latpikng Quotkng, latpikr oxoAn EKNA

e Jtavpog¢ ImnAidomoulog Emikoupog KaBnyntng EmepPatiknc Axtivoloyiag,
latpikr oxoAn EKMA

H Slekmepaiwon tng SUTAWHATIKAG gpyaciag mpayuatonolnke oto B Epyacthplo
Aktwvoloyiag tou Mavemotnuiokol levikol Noocokopeiou ATTIKOV Kal oto TpAuo
Aoowuetpiog kat BaBpovopunoswv tng EAAnvIkAg Emttpomnng Atopkng Evépyetag (EEAE).

EYXAPIXTIEX

Zekwwvtag Ba nBeha va guxoploTow Toug untelBuVoUG pou K. lwavvn Zeipévn
Kot K. EuotaBlo EuotaBomoudo yla tnv moAUTIUN kKaBodnynon, EUMLOTOcUVN, EKTILNGN
KOlL EVKOLPLO TTOU POU Swoave yla va GEpw LG TTEPAC TN Tapol oo SUTAWUATIKA epyacia.
Itn ouvéxela, Ba nBsla va euxaplotiow Oeppd TNV epeuvATpla Kal umoPndLla
Awbaktopa k. Ayamn MAouon, yla OAeG TIG cUBOUAEG Kal T BornBeila mou pou mpdadepe
KOl KUPLWG Lo OAeC eKEIVEC TIG OTLYUEG TIOU QVEXTNKE Kol SLAXELPLOTNKE TO AyXOG HOU.
Emiong, BGéAw va euxoplotiow Ttnv UumelBuvn Tou TupAHATOC AOGCLUETplog Kol
BaBpovounoswv tg EEAE k. EAeuBepia Kapivou, kabBwg emiong kat tov k. Mavaylwtn
AokouUvn. Akopa, Ba nBsha va suxaplotiow tov Kabnyntr Emepfatikig Aktivoloyiag
tou EKNA k. HAla Mmpouvtlo, Tov AvamAnpwth kabnyntr Eneppotikng Aktivohoyiag tou
EKNA k. AAéEn Kehékn, Toug Emikoupoug KaBnyntég Emeppatikng Aktivoloyiag tou EKMA
K. Ztaupd ZImnAdmoudo kat K. Anuntpn OWAuudadn, kabwg emiong Kol TOug
Eneppatikoug AKTLvoAOyouG K. Xpuoootopo Kwvotavtod, k. Kwvotavtivo MaAloAEEn kal K.
Adlopo Pémma mou pou €dwoav TtV eukapia va cuvepyootw pall touc. Emiong Ba
NnBela va Tw €va EuXOpLOTW Yylo TNV €e€aipetn ouvepyacio oToug TEXVOAOYOUC-
oktwoloyoug k. Nikn Moappevidou kal k. Kuplakd Ayyehomoulo, kaBwg emiong Kol oToug
KOTATANKTIKOUG VOonAeuteég Aéomolva Xat{omoUAou kol Oodwpr Ocodwpomoudo Kal
™V ypappatéa Mapia AgBavtdkn. AKOUa, Eva EYGAO EUXAPLOTW CE OAO TO MPOCWIILKO
™¢ Movadag Aktivoduotkng tou B’ epyaotnpiou Aktvoloylag, tng latplkng IXoAng tou
EKMNA. Emiong, 6 Ba fuouv edw oruepa €av 8V NTAV N OLKOYEVELA LOU, TIOU HE E€XEL
otnplEeL og OAEC HOU TIG ETAOYEC KOL TNV EUXAPLOTW YLA O,TL EXEL KAVEL Yl PEva. TEAOC,
£va Heyalo euxaplotw otoug GiAoug pou yia OAn tv othpLen Kat tdlaltépwg otnv Mapia
KoutookdAn kot tov AAEEavSpo EVO yla TLg MOAUTLUEG CUMPBOUAEG TOUG.




INEPIAHWH

H moAumAokotnta twv enepfatikwy dtadikactwyv kabwe kat ot uPnAiol pubuot
660on¢ oe ocuvbuaopd pe tn paydala avfnon Twv emMeuPaTKWV TPALEwWY €XEL oav
OTOTEAECHA TN ONUAVILKN OKTWIKA ETUPBAPUVON TWV EMEUBATIKWY LOTPWVY. ZTOXOG TNG
napovoag SUTAWUATIKAG gpyaciag Atav n aglohoynon twv 660ewv akTtivoBoAiag otoug
EMEUPATIKOUG AKTLVOAOYOUG, 0TOUG hakoUG Twv oPpBaApwyY Kol 0To KEDAAL

Ma TG HETPROELS Xpnolomnodnkav dooipetpa Bepuodwtavyelag (TLDs) og tpeLg
Tunmoug enepPatikwv Tpafswv. OL emepPaocelg mou peAetnOnkav Atav: i) 70
AyYYELOTAQOTLKEG KATW AKkpwvy, ii) 15 EpBoAiopol kal XnueloepPoAiopol Amatog kat iii) 13
ITOVOUAOTTAQOTLKEG. 2TN MEAETN OUPUETEIXAV SUO OPASEG EMEUBATIKWV QAKTLVOAOYWY, €K
Twv omolwv n pio opada Slevepyoloe TIC AYYELOTMAAOTIKEG KATW AKPWV KOL TOUG
geuPoAlopolg/ xnueloepPoAlopols NMATOG, evw N AAAN TLG omovOUAOMAQOTIKEG. Mua
Stataén twv 7 SoolpéTpwy TOmMoBeTNOBnKe o KABE emepPatikO AKTIVOAOYO, yla KABE
gidog emépPaong. OL B€oslc TomoBETNONG TwV SOCLUETPWY ATAV OL 0KOAOUBEG: aplotepdg
Kpotadog, eMAvVwW amod to aplotepo GpudL, endvw amod to 6e€l dpubdt, de€l10¢ kpoTadog,
KOVTA otov aplotepd odpBaApd, avapeoca otoug odpBaApolg Kal kovid otov Oeflo
odpBaAUO amod omou Kal €nxBnoav oL avTioToLXEG TILEG SOOEWV.

AtevepynBnkav otatiotikol £leyyol yla thv mibavh Umapén Sladopdg avapeoa
otg 86oelg ava Stadikaoio, and tnv aplotepn Kot 6efLd MAeupad Tou KePaAloU KaBWC
£MONG Kal oTLG 8O0l avd Sladikacio oTo eminedo Twv oKWV Twv 0PBAALWY KoL TOU
peTwrou. EmutAéov, mpaypotomolnOnke OTATIOTIKOG EAeyXog yla Tnv Slepelvnon
OUGCXETLONG TWV XPOVWV EUTIELPILOC TWV EMEUBATIKWY AKTIVOAOYWV Kol TwV SOCEWV TOUG
ava Swadikaoia. Emiong, eléyxbnke n Umopén ypapulkng oxéong tne &déong oava
erudavela (DAP) pe tn 660n ava Sladikooia Twv EMEUPATIKWY AKTLVOAOYWY, KABWS Kot
™G 660NG ava Sladkaoio TwV AVOTOULKWY TIEPLOXWY TNG APLOTEPNG Kal SeELAC TAEUPAC
Tou Kedallol. TENOC, £ylve EKTIHNON TWV OMMOTEAEOUATWY OE OXECN HE TA TIPOTELVOUEVA
£TNola Opla YL TOUG EMEPPATLKOUE OKTIVOAOYOUC.

JUMIMEPACUATIKA, avapeoa ota Tpla €16 emeufdcewv mou PeAeTHOnKkav, ol
omovOUAOTTAQOTIKEG NTaV £Kelveg Tou £€06woav Tta peyoAUtepa emimeda  AKTWVIKAG
gmPapuvong tooo otn B€on Tou MPWTOU EMeUPATIKOU OKTWVOAOYOU OGO Kal OTou
Seutepou. Ta AMOTEAECUOTA TWV OTATIOTIKWY EAEyXwV E6€L€av OTL: N APLOTEPN TAEUPA
Tou KedpaAlov Aappavel peyalitepn 86on amd tnv 6e€ld Omwg kol ot doKol Twv
odOaAuwv oe clykplon HE TO UETWNO. H eumelpia tou aktvoAdyou dalvetal va
oxetiletal pe tnv 660n mou Ba AdBeL oto Ppako tou aplotepol odhBaApol, GAAA OXL yLa
TIG UTTOAOUTIEG OVATOULKEG TIEPLOXEG TTOU peAeTOnkav. To DAP kal n 66on ava dtadikaaoia
Sev Bpébnkav va mapouctalouv YpOUULK €fdaptnon. AvTOETWEG LoXupn YPAUULKA
g€aptnon ¢aivetal va mapouctdlouv oL AVOTOMLKES TIEPLOXEC TNG APLOTEPNG TTAEUPAC TOU
kedaAlol pe Tic avtiotoleg tng Se€lac. TENOG, TMPEMEL VoL TOVIOTEL OTL N XprAon tou
OKTLVOTIPOOTATEUTIKOU g€OmMALOpOU elval emBeBANUEVN £TOL WOTE va LNV unepPalvovtat
TO ETAOLA EMAYYEALATIKA OpLA.




ABSTRACT

The complexity of interventional radiology procedures as well as the high dose rates
in conjunction with the rapid increase of interventional radiology procedures, have led to
increased exposure levels among interventional radiologists. The aim of this master
thesis was the evaluation of the radiation dose to the eye lens and head of interventional
radiologists.

The measurements were conducted with thermoluminescence detectors (TLDs) for
three general types of interventional procedures, including: i) Angioplasties lower limps
(N=70), ii) Embolizations/Chemoembolizations (N=15) and iii) Vertebroplasties (N=13).
Two groups of interventional radiologists participated in this study; the one group
performed DSA/PTA LL and Embolization/Chemoembolization procedures and the other
Vertebroplasty procedures. A set of 7 dosimeters was attached to each physician for each
procedure. TLDs’ positions were the following: left side of the temple, over the left
eyebrow, over the right eyebrow, right side of the temple, near the left eye, in the middle
of the eyes and near the right eye from which the corresponding doses were calculated.

Statistical tests were performed for detecting possible differences between the
doses per procedure on the left and right sides of the head, as well as between the doses
per procedure to the eye lenses and forehead. in addition, statistical tests ware used to
demonstrate whether there was a correlation between the interventional radiologists’
experience and the received doses per procedure. Furthermore, we examined whether
there was a linear relationship between the DAP and the dose per procedure, as well as
between the doses per procedure on the head’s left and right side. In the end, we
compared the results with the recommended occupational annual limits.

In conclusion, among the three types of procedures examined Vertebroplasties
deliver the highest values of radiation burden both to the primary and assistant operator.
The statistical tests’ results revealed that the left side of the head received higher dose
than the right, as well as the eye lenses than the forehead. Moreover, the interventional
radiologist’s experience correlated only with the received dose on the left eye lens. The
results showed there is no linear relationship between the DAP and the doses in any of
the examined anatomic regions. On the other hand, a strong linear relationship was
found between the doses per procedure on the head’s left and right side. Finally, we
should emphasize that the use of radiation protective devices is of critical importance in
order to avoid exceeding of the occupational annual limits.
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1 Introduction

1.1 Background

Interventional Radiology (IR) is a medical field associated with high occupational
exposures. During the last decade a rapid increase has been observed in the number of
interventional radiology procedures, due to the advantages offered by these minimally
invasive techniques. As a result, interventional radiologists are chronically exposed to
ionizing radiation which is associated with the development of eye lens opacities [1, 2]
and increased risk of cancer. Recent studies have examined whether there is a link
between ionizing radiation and brain malignancies to interventional radiologists and
cardiologists [3, 4] . Additionally, many research papers recommended a reduction of the
annual dose limit to the eye lens for occupational exposure, and the reduction of the
threshold for radiation-induced cataract. Both proposals have already been adopted by
the International Commission on Radiological Protection (ICRP). Therefore, the new
annual dose limit is 20 mSv/year, when the previous dose limit was 150 mSv/year and the
new threshold for cataract formation is 0.5 Gy [5].

Nonetheless, some investigators express the view that cataract may be a
stochastic phenomenon [2]. According to literature, so far there is no clear connection
between brain tumors (e.g. glioblastoma) and interventional radiology, since the
interventional radiologists/cardiologists’ sample participated in the studies is limited [4].
For these reasons, there is a need for more systematic monitoring of the doses to the
anatomic regions, which are not protected by the lead-apron. Such regions are: the eye
lenses, head and extremities, which can receive high doses when there is intensive
workload and non-usage of protective equipment (e.g. lead glasses, ceiling suspended
shield, table shield, lead gloves, etc.).

1.2 Aim

The purpose of this study was to measure and evaluate the radiation dose to the
eye lens and head of interventional radiologists at the General University Hospital
Attikon, in three general categories of interventional radiology procedures: i)
Angiographies and angioplasties Lower Limb (DSA- Digital Subtraction Angiography/
PTA-Percutaneous Transluminal Angioplasty LL-Lower Limb), ii) Embolization/
Chemoembolization procedures and iii) Vertebroplasty procedures. The measurements
were performed with thermoluminescent dosimeters (TLDs) consist of Lithium Fluoride
and impurities of Magnesium and Titanium (LiF:Mg,Ti). Also, the occupational radiation
doses were correlated with parameters such as: DAP, type of procedure, physician’s
experience, the distance of the flat panel from the patient, and the use of protective
equipment.




2 Theoretical overview

2.1 Dose Quantities

In the current unit, the basic dosimetric quantities are presented.

2.1.1 Absorbed dose

The absorbed dose, D, is the quotient of d& by dm, where d& is the mean energy
imparted by ionizing radiation to matter of mass dm, thus D:

de
~dm
In other words, the non-stochastic quantity absorbed dose is defined as the

statistical average of the energy imparted per unit mass at a point. The unit for radiation
absorbed dose in the Sl system is the gray (Gy) and is defined as follows:

1Gy = —
y 1kg

One gray is an absorbed radiation dose of one joule per kilogram.

The gray unit is universally applicable to all types of ionizing radiation dosimetry
due to external fields of gamma rays, neutrons, or charged particles as well as internally
deposited radionuclides.

2.1.2 Equivalent dose

The absorbed dose is not a reliable indicator of the possible biological effects. As
a reference, 1 Gy of alpha radiation would be much more biologically damaging than 1 Gy
of photon radiation. Therefore, appropriate weighting factors can be applied reflecting
the different relative biological effects for each radiation type. For this reason, a
protection quantity was defined, which is known as equivalent dose (Ht). The equivalent
dose, Hy, is defined by

Hp = EWR ' DT,R
R

Where Dy is the mean absorbed dose in a tissue T due to radiation of type R and Wy
the corresponding radiation weighting factor (see: Table 2.1.1, Fig. 2.1.1). The sum is
calculated for all types of radiation involved. The unit of radiation weighted dose is J per
Kg and has the special name Sievert (Sv).




Table 2.1.1 Radiation weighting factors [6]

Radiation

Radiation type weighting

factors, Wr
Photons 1
Electrons and muons 1
Protons and charged pions 2
Alpha particles, fission fragments, heavy ions 20

Neutrons See Fig. 2.1
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Fig. 2.1.1 Radiation weighting factor, Wg, for neutrons versus neutron energy [6]

2.1.3 Effective dose

The effective dose is used to compare the stochastic risk of non-uniform
exposure to radiation. Each body tissue reacts differently to each type of radiation and
cancer-induction occurs at different dose rate to different tissues. Hence, the effective
dose is the risk of developing fatal cancer in the tissue. If the body is uniformly irradiated,
the summed effective doses are equal to 1. The effective dose, E, is defined by a
weighted sum of tissue equivalent doses as:

EZZWT-HTZZWT.ZWR.DRIT
T T R

Where Wr is the tissue weighting factor for tissue T and ), W; = 1. The sum is calculated
for all organs and tissues of the human body, considered to be sensitive to the induction
of stochastic effects. These W+ values (see: Table 2.1.2) are chosen to represent the
contributions of individual organs and tissues to overall radiation detriment from
stochastic effects. The unit of effective dose is Sievert (Sv) (J per kg).




Table 2.1.2 Recommended tissue weighting factors [6]

Tissue Wr Z Wy
Bone-marrow (red), Colon, Lung, 0.12 0.72
Stomach, Breast, Remainder tissues*
Gonads 0.08 0.08
Bladder, Oesophagus, Liver, Thyroid 0.04 0.16
Bone surface, Brain, Salivary glands, 0.01 0.04
Skin
TOTAL - 1.00

* Remainder tissues: Adrenals, Extrathoracic region, Gall bladder, Heart, Kidneys, Lymphatic nodes,
Muscle, Oral mucosa, Pancreas, Prostate, Small intestine, Spleen, Thymus, Uterus/cervix.

2.1.4 Dose area product

Dose area product (DAP) is a product of the surface area of the patient that is
exposed to radiation through the skin entrance, in square centimeters or square meters,
multiplied by the radiation dose of this surface in grays. DAP is valuable because
radiation-induced bioeffects are directly related to both the radiation dose and the total
amount of tissue that is irradiated. Moreover, many new fluoroscopy and angiography
units include a special ionization chamber at the surface of the x-ray tube collimator that
measures DAP, making these values directly available. DAP is a better risk indicator than
entrance dose. DAP has been shown to correlate well with the total energy imparted to
the patient, which is related to the effective dose and therefore to the overall cancer risk.




2.2 Harmful effects of ionizing radiation

As it is widely accepted, ionizing radiation could induce chemical changes in cells
and damage them. Some cells may lead to apoptosis, necrosis or genetic variation. The
effects, that have been associated with ionizing radiation, are classified to deterministic
and stochastic effects (see: Fig. 2.2.1). Stochastic effects occur by chance, usually
without a threshold. On the other hand, deterministic health effects increase in severity
with the increasing of the dose above a threshold.

Deterministic effect

Threshold DNA break

Stochastic effect
DNA damage

e S i o i i i Spontaneous incidence

Effects of Radiation Damage

————= Radiation dose

Fig. 2.2.1 Classification of radiation effects. [7]

2.2.1 Stochastic effects

Stochastic effects are those effects that occur by chance, with the probability of
the effect increasing with dose, but the severity of the effect is independent of the dose
received. For stochastic effects, there is no threshold dose below which it is certain that
an adverse effect cannot occur. In addition, because stochastic effects can occur in
individuals that have not been exposed to radiation above background levels, it can never
be determined for certain that cancer incidence or genetic damage was due to a specific
exposure. The International Commission on Radiological Protection indicates a value of
5.5 % per Sievert for cancer and 0.2 % per Sievert for heritable effects after exposure to
radiation at low dose rate [6].

2.2.2 Deterministic effects

In contrast to stochastic effects, deterministic effects only occur when a
threshold from exposure has been exceeded, where the threshold level is different for
each organ or tissue. Also, deterministic effects increase in severity and incidence with
dose. Thus, in some cases, the sensitivity of the method of detection is fundamental. For
example, clinical methods are available to detect small radiation-induced lesions in the
lens of the eye which do not affect vision significantly. The time at which deterministic
effects can be detected after irradiation varies among tissues, which are classified as




early-responding and late-responding. Some other examples of ionizing radiation
deterministic effects are: skin injuries and non-cancer brain diseases.

2.2.2.1 Skin injuries

As it is well known, ionizing radiation can cause skin reactions and injuries. Skin
injuries occur for doses higher than a threshold and depend on the dose received by the
skin. The effects are distinguished in prompt (< 2 weeks), early (2-8 weeks), midterm (6-
52 weeks) and long-term (>40 weeks) [8]. Tissue reactions in relation to absorbed dose
are presented in Table 2.2.1. One example of procedures that can provoke skin injuries
are interventional radiology procedures. These procedures may deliver a high skin
entrance dose, and in rare occasions, some of them may cause serious skin injuries.
Therefore, monitoring radiation dose is essential. The display of radiation dose indicators
are required by the U.S. Food and Drug Administration’s regulations and by the
International Electrotechnical Commission’s standards [9, 10]. These displays usually
include the reference point of air kerma (kinetic energy released per unit mass) and DAP.
When the reference point of air kerma is used appropriately, it provides a useful clinical
indicator to radiologist of the likelihood of skin injury. Also DAP is used to estimate the
risk of a stochastic effect (e.g., cancer) [11] .

Table 2.2.1 Tissue Reactions from Single-Delivery Radiation Dose to Skin of the Neck, Torso, Pelvis,
Buttocks, or Arms [11].

National Approximate Time of Dnsetof Effacts
Dose® | Cancer Institute
Band| (Gy) Grade Prompt{<2wk) Early (2-8wk) Midtarm [6-52 wk) Long Term {>40 wk)
Al 0-2 NA No obsarvable effects expected | No observable effects No obsarvable effacts No observable effects
axpecied anpectad expected
Al| 2-5 1 Transient erythema Epilation Recovery from hair loss No observable effects
expectad
B | 50 i Transient erythema Erythema and epilation | Racovery; after higher doses, | Recovary; after higher doses,
prolonged erythema and dermal atraphy and induration
permanent partial epilation | expected
anpectad
G105 1-2 Transient erythema Erythema and epilation, | Prolonged erythema; Telangiectasia® dermal
possible dry or moist permanent epilation atrophy and induration; skin
desguamation; recovary expactad to be weak
fram desquamation
D] =18 i-4 Transient erythema; aftervery | Erythema and epilation; | Dermal atrophy; secondary | Possible late skin breakdown;
high doses, edema and acute | moist desquamation ulearation due tofailure of | wiound might persist and
uleeration axpacted, with moist desquamationto heal, | progressto a deeper lesion,
surgical intervention most likely with surgical intervention | with surgical intervention
required in langer term most likely required most likely required




2.2.2.2 Cataract formation

Cataract is an ocular lens opacity of the eye, associated with visual impairment
and may be classified according to, anatomic location to three main forms:
i) nuclear,

ii) posterior subcapsular (PSC) and
iii) cortical or mixed types.

Nuclear refers to the central portion of the lens, called the nucleus. Cortical
refers to the lens cortex, which is the peripheral (outside) edge of the lens. Posterior
subcapsular refers to the posterior, which is the back surface of the lens and
"subcapsular" as it is beneath the lens capsule, which is a small "sac", or membrane, that
encloses the lens and holds it in place.

The lens of the eye is sensitivity to ionizing radiation and cataract formation has
been recognized as a major ocular complication, associated with the exposure to ionizing
radiation [12, 13]. Among the three main forms of cataract, studies have shown that
posterior subcapsular and cortical cataract are associated with exposure to radiation
[14]. Cataractogenic radiation damage occurs at the ““germinative zones” at the anterior
surface, where dividing cells form a clear crystalline-protein fiber that migrates towards
the posterior pole of the lens, the posterior subcapsular region. Radiation damage by
both direct and oxidative mechanisms causes DNA breaks, aberrant cell migration and
complex biochemical alterations that result in aberrant crystalline protein folding and
dysregulation of lens cell morphology [15].

Historically, PSC was thought to be the predominant lesion of radiation damage

to the lens, although more recent data suggest that radiation induced opacities can be
found in the lens cortex as well. The latency period between irradiation and cataract
formation is inversely proportional to dose and it ranges from years to decades [2, 16].
The new threshold for cataract formation is 0.5 Gy and the occupational annual dose
limit is 20 mSv, averaged over defined periods of 5 years, with no single year exceeding
50 mSv [5]. The previous annual dose limit for the eye lens was 150 mSy, in terms of
equivalent dose and the previous threshold for detectable lens opacities, was considered
to be 5 Sv for chronic exposure, 0.5-2.0 Sv for acute exposure, 8 Sv for fractional
exposure and 5 Sv for acute exposure for visual impairment (cataract) [17]. Nonetheless,
some investigators express the view that cataract is a stochastic phenomenon [2, 18].
These changes were adopted when several studies raised concerns about the annual
dose limit to the eye lens, for occupational exposure, and the threshold for radiation-
induced cataract, recommending the reduction for them both [2, 14, 18, 19].
One of the health professionals, who are at risk of radiation induced eye lens injury, is
interventional radiologists [16]. Interventional radiologists are usually within a high-
scatter X radiation field for several hours a day, during IR procedures. The risk for eye
lens injuries is particularly high for intense workloads, unless the appropriate protective
devices (either personal or catheterization’s laboratory protective devices) and proper
operational techniques are applied.




2.2.2.3 Brain diseases

According to the fundamental law of radiology, Bergonie and Tribodeau (1906),
“the sensitivity of cells to irradiation is direct proportion to their reproductive activity and
inversely proportional to their degree of differentiation”. Therefore, the brain is a great
example of a highly differentiated organ with low mitotic activity, and as a consequence,
it is radio-resistant.

However, ionizing radiation has been established as one of the causes of brain
cancer. In particular, among the interventional cardiologists/radiologists, there are
evidences for a link between ionizing radiation and brain malignancies. The dose to the
left side of the head to these specialists is, in most cases, greater than the right [20]. This
is because, they usually work on the patient’s right side, so their left side is closer to the
x-ray tube. In most of the cases recorded, the brain malignancies of the interventional
physicians were located on the left side [4, 21]. Nevertheless, there is not a clear
connection, due to limited sample size [4, 21, 22]. Additionally, ionizing radiation may
provoke non-cancer effects, too. Several epidemiological and cardiovascular-diseases
studies, concluded that there is a significant association between radiation exposure and
circulatory disease, either cardiovascular or cerebrovascular [3]. Radiation may induce
atherosclerosis in large vessels [23], which resulted in the increase of cardiovascular
disease and stroke risk [24].

Brain is an organ where the mitotic activity is reduced or null. However,
hippocampus and olfactory is two structures, that neurogenisis continues after birth.
Thus, these structures are sensitive to radiation [3, 25]. Hippocampus is important for
memory and other brain functions. Studies have indicated that radiation-induced arrest
of neurogenesis, to hippocampus and olfactory bulb, may lead to neurocognitive
disorders [3, 25].




2.3 C-ARM Fluoroscopy Unit

Fluoroscopy is a real time imaging technique, which is used to visualize internal
structures of human body for assisting to medical professionals in surgical procedures.
Early fluoroscopy systems consisted simply of an X-ray source and a fluorescent screen,
and the patient was situated between them. After passing through the patient, the
photon beam impacted the fluorescent screen and produced a visible glow, which was
directly observed by the physician. The modern fluoroscopy systems are more
complicated. The fluorescent screen is coupled with an electronic device that amplifies
and transforms the glowing light into a video signal suitable for presentation on an
electronic display. Therefore, the dose to the physician and the patient has been radically
decreased. These systems are called C-ARM and the name derives from the C-shaped arm
used to connect the x-ray source and x-ray detector to one another (see: Fig. 2.3.1).

The key components of C-ARM fluoroscopic unit are: an X-ray tube, spectral
shaping filters, a field restriction device (collimator), an anti-scatter grid, an X-ray
detector (flat panel or image intensifier), a display device (monitor), a patient-support
device (table or couch) and a high-voltage generator Additionally, it is essential to
mention, that the use of radioprotection equipment is mandatory during fluoroscopically
guided procedures. The main radioprotection devices are: ceiling suspended shield, table
shield, individual lead apron, lead glasses and lead gloves.

Fig. 2.3.1 C-ARM fluoroscopy unit with its components




2.3.1 Basic components

2.3.1.1 The X-ray tube

An x-ray tube is a vacuum tube that converts electrical input power into x-rays
(see: Fig. 2.3.2). The quantity (exposure) and quality (spectrum) of the x-radiation
produced can be controlled by adjusting the electrical quantities (kV — voltage or the
potential applied to the tube, mA — current that flows through the tube) and the tube’s
exposure time. The energy used by the x-ray tube to the produced x-ray radiation is
supplied by a high voltage generator. The main feature of the generator is to amplify the
electrical energy from the electrical power systems and converts the alternating current
(AC) into the direct current (DC).

The x-ray production is based on a process known as thermionic emission. A
small coil of wire (a filament) is heated and expels the electrons (cathode). After the
electrons are emitted from the cathode, they come under the influence of an electrical
force pulling them toward a target (anode). The anode is usually made from tungsten.
When the electrons impact the anode, their kinetic energy converts into: x-radiation and
heat. The 99% of the electrons’ kinetic energy turn into heat and only 1% change to x-
rays. For this reason, the anode is rotated, in order to dissipate the heat.

The radiation is produced within a very small area on the anode’s surface known
as the focal spot. The dimensions of the focal spot are determined by the dimensions of
the electron beam reaching from the cathode and usually range from 0.1 mm to 2 mm.
The x-ray tubes are designed to have specific focal spot sizes. Small focal spots produce
less blurring and more detailed visibility, whereas large focal spots have a greater heat-
dissipating capacity. The produced x-rays rely on the bremsstrahlung effect.

In Additional, in the case of electrons, with high enough energy to expel an
electron out of the atomic shell of the anode’s bombarded atoms, characteristic x-rays
are produced.

Rotating anode Tungsten target slator

+ 100 000°W

Flectron bearn X rays

Fig. 2.3.2 View of an X-ray Tube
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2.3.1.2 Beam filtration

The X-ray beam that emerges from the tube has a continuous spectrum of
photons with characteristic x-ray peaks (see: Fig. 2.3.3). Only a few of the emitted
photons have energy close to the energy of the electrons that produced them. Most of
the photons produced have lower energy. These lower energy photons are absorbed by
the patient and they do not impact to the establishment of the medical image. In that
case, the patient’s dose will be increased. In order to eliminate the low energy photons,
without affecting the high energy photons, an appropriate filter is used. The filter is
located at the x-ray’s tube exit and the filter is usually made of aluminum or copper. One
more advantage of the beam filtration’s use is the increase of the medical image’s
contrast.
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Fig. 2.3.3 Typical spectrum from x-ray tube at 80 Kv
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2.3.1.3 Collimation

Collimators are pairs of lead shutters that limit the geometric extent of the X-ray
field which occurs in all X-ray equipment. In this way, the dose to the patient and the
medical staff is reduced. Moreover, the quality of medical image is improved, as a result
of the decrease scatter radiation from patient, which provokes low contrast. In
fluoroscopy, the collimation may have a circular or rectangular shape, matching the
shape of the x-ray detector.

2.3.1.4 Patient’s table

The patient’s table must be durable to support patients, so they are classified, by
the manufacturer, for a particular weight limits. It is important that the table not absorb
much radiation, in order to avoid shadows, loss of signal and loss of contrast in the
image. Also, the table must have the ability to move to all directions (x, y, z) in assistance
of the interventional radiologist. The carbon fiber technology offers a good combination
of durability and minimal radiation absorption, making it an ideal table material. In
addition, foam pads are often placed between the patient and the table for more
comfort, yet with minimal radiation absorption.
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2.3.1.5 Anti-scatter grid

Anti-scatter grids are standard components of fluoroscopic systems, since a large
percentage of fluoroscopic examinations are performed in high-scatter conditions, such
as in the abdominal region. The anti-scatter grid lessens the scattered photons, which are
accountable for the degradation of medical image. Typical grid ratios range from 6:1 to
10:1. The grids may be circular (image intensifier systems) or rectangular (flat panel
detector systems).

2.3.1.6 The X-ray detector

The x-ray detectors, of current fluoroscopy systems, are divided in two
categories: the image intensifier and the flat-panel detectors (see: Fig. 2.3.4). The most
conventional and older system is the image intensifier detector, which is coupled with a
television camera system and displays. The image intensifier is a large vacuum tube, that
captures the transmitted pattern of x-ray radiation from the patient and converts it into a
light image of sufficient brightness, which is displayed on the television camera. After the
x-rays enter the curved input surface of the image intensifier, they interact with a layer of
phosphor, which is usually composed of cesium iodide, and deposit energy to it. The light
from the phosphor layer is absorbed by the photocathode layer of the image intensifier,
which uses the energy to emit electrons. A high voltage (25,000-35,000 V), which is
placed between the input photocathode and the output phosphor layer of the image
intensifier, accelerate the electrons. The high voltage is applied by electrostatic plates,
which are used to focus and direct the electrons to the output phosphor. Subsequently,
the electrons’ kinetic energy is converted to light image. After passing through a lens
system and an aperture, the television camera tube intercepts this light image and
converts the light pattern into a series of electrical signals, that may be displayed on the
television monitor.

In the recent years, the image intensifier detector and television camera
components have been replaced by flat-panel detectors, which consist of an array of
individual detector elements. Their typical size ranges from 140 um to about 200 pum per
side, depending on the manufacturer and model. The entire size of the flat-panel ranges
from 25x25 cm? to 40x40 cm?. Due to the detector’s elements sensitivity to light, a
scintillation layer is appropriated. This layer, which is mostly composed of thallium-
activated cesium iodide, attenuates the incident x-rays and produces light. The
scintillation layer is composed of many needle-like crystals, which are grouped together
to cover the surface of the detector element. These needle-like structures help direct
light toward the photodiode, located below. When light hits the surface of the low-noise
photodiode and transistor, placed below, it acts like a switch, allowing the diode to
conduct electricity and an electronic signal is produced. In this way, each detector
element is read in the plat-panel array row by row and an electronic image will be
formed.

The flat-panel systems have multiple advantages, such as smaller size, extended
dynamic range, no spatial distortion and greater stability. However, flat-panel systems
typically have the same spatial resolution for all fields of view and are prone to ghosting.
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The image intensifier systems have better spatial resolution, with the use of smaller fields
of view (magnification modes), and tend to be less expensive. However, the spatial
resolution of image intensifier systems is limited by the television camera system to
which they are coupled. Moreover, image intensifier systems are degraded by glare,

vignetting, spatial distortions, and defocusing effects, whereas the flat-panel systems do
not have these problems.
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Fig. 2.3.4 (a) The internal structures of an image intensifier, (b) a section of the flat-panel detector and
many individual detector elements.

2.3.1.7 Image display

Fluoroscopy requires high-quality video displays that allow users to appreciate
fine details and subtle contrast differences, in the anatomic region of interest. The
medical image display technology has relied on breakthrough technologies of the
television industry over the last several years. Modern systems feature high resolution
flat-panel LCDs with high maximum luminance and high-contrast ratios. These displays
should be calibrated to a standard luminance response function, to ensure that the
widest ranges of gray levels are visible.

2.3.2 Parameters affecting the radiation dose

During fluoroscopically guided procedures there are several parameters that
affect the scatter radiation dose to the interventional radiologists/cardiologist, such as:
the angulation of the C-ARM, the use of magnification, the distance of the x-ray detector
from the patient, the time of exposure, the use of protective equipment, the body size of
the patient, the physician’s experience and the type of procedure.

2.3.2.1 C-ARM’S Angulation

Lateral projections, increase the scatter radiation dose to the physician [26, 27].
Whenever a projection with high obliquity is used, the photons have to pass through a
thicker section of the patient’s body. This, results in an increase of the fluoroscopic
exposure parameters (mainly kV), in order to maintain image quality. According to
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C.Koukorova et al. [27], the highest dose rate is measured at the Left Anterior Oblique
90° (LAO 90) projection , which corresponds to the lateral projection, when the operator
is standing at the tube’s side. Generally, when the C-arm angulation is above 30° the dose
levels are significantly higher (see: Fig. 2.3.5).
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Fig. 2.3.5 The Scatter graph demonstrates the relation between LAO angle and head dose to primary
interventional radiologist during Digital Subtraction Angiography (DSA). [28]

2.3.2.2 Magnification

The use of magnification during interventional procedures improves the spatial
resolution of the image, which is sometimes necessary for accurate diagnosis and
therapy. However, the radiologist/cardiologist should use the magnification with sense,
as it is a parameter that directly affects the radiation dose to the patient and the medical
staff.

2.3.2.3 X-ray detector’s distance from the patient

Another parameter, that influences the dose to interventional
radiologist/cardiologist, is the distance between the x-ray detector and the patient. The
optimal distance between the patient and the x-ray detector surface, must be as much
closer to the patient as possible. This technique decreases the dose received by the
physician, due to the reduction of the scatter radiation. Furthermore, one more
parameter that should be considered is the source-to-patient distance. If the patient is
close to the x-ray tube, there is more exposure to him/her via the inverse square law.
Therefore, the optimal technique is for the distance between the patient and the x-ray
detector to be as small as possible, whereas the distance between the patient and the x-
ray source to be as long as possible, so the interventional radiologist and the patient will
be protected by ionizing radiation (see: Fig. 2.3.6).
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Fig. 2.3.6 The effects of various relationships between the patient, x-ray and x-ray detector distance. The
optimal technique is shown in the first figure.

2.3.2.4 Time of exposure

The time of the interventional radiologist exposure, while performing a
procedure, is related to the scatter dose. The longest time needed for the procedure, the
longest the physician’s exposure to radiation. Usually, the most extended procedures,
result to higher levels of scattering radiation exposure [28].

2.3.2.5 Protective equipment

During interventional procedures, the patient’s scattered radiation is the main
source of radiation dose received by the medical staff. The radiation dose can be reduced
by using personal protective devices (e.g. lead apron, lead glasses, thyroid collar,
protective cap, lead gloves etc.) along with catheterization laboratory protective devises
(e.g. lead shielding ceiling, table lead curtain and mobile floor screen). According to the
lead aprons’ and lead shielding ceiling’s manufacturers, each of them can attenuate the
received scatter dose more than 90%, depending on the energy of the X-rays (kV setting)
and the lead equivalent thickness of the protective devise [29].

Nonetheless, professionals involved in fluoroscopy procedures should receive
special training regarding radiation protection issues. Training should be targeted to the
specific needs of fluoroscopy work, such as the right use of radioprotection devises, and
it should be provided by an expert in radiation protection, such as a medical physicist.

2.3.2.6 Patient’s Body size

In X-ray imaging, occupational radiation risk arises mainly from the scattering of
X-rays impinging on the patient. The patient’s body size is the dominant parameter that
affect the scatter dose. Patient’s body thickness determines the kV and mA that should
be used. The automatic control system (AEC) will select higher exposure quantities for
thicker patients and thus the medical staff will be exposed to higher scattered radiation
[30, 31]. According to E. Vano et al.[30], on fluoroscopy and cine modes, as the patient’s
thickness increases, the occupational doses can increase up to 30 times than the baseline
level.
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2.3.2.7 Interventional specialist’s experience

The physician’s experience is a parameter, which may affect the dose. Usually, an
experienced interventional radiologist/cardiologist can complete a procedure in a shorter
period of time comparing to a younger and less experienced specialist. Therefore, the
most experienced radiologists usually receive lower radiation dose.

2.3.2.8 Procedure’s type

A parameter, which dramatically influences the dose to the physician, is the type
of procedure. There are various procedures with dissimilar complexity. This means that
the scatter radiation from the patient may be different in relation to the type of
procedure. For instance, according to, J. Domienik et al. [32] the highest doses, received
by the main operator, have been observed during DSA/PTA R and Embolisations. For
other types of procedures (e.g. DSA/PTA C&C, DSA/PTA LL) the received doses are all
below 0.080 mSv, while for the ERCPs the doses are much lower (below 0.025 mSv).
Furthermore, depending on the procedure, the parts of the operator’s body that receive
the highest doses are the left finger (DSA/PTA R) and the left wrist (DSA/PTA R), which
were 0.14 mSv and 0.12 mSy, respectively. The highest doses to the eyes were measured
during embolisations, which were 0.085 mSv for left eye and 0.059 mSv for the region
between the eyes (see: Fig. 2.3.7).
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Fig. 2.3.7 The median dose to different parts of the body depending on the procedure [32]
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2.4 Thermoluminescence dosimeter (TLD)

Radiation dosimeter is a device, instrument or system that measures or evaluate,
either directly (active dosimeter) or indirectly (passive dosimeter), the quantities
exposure, kerma, adsorbed dose or equivalent dose, or their rates, or related quantities
of ionizing radiation. The dosimeter along with its reader is called as a dosimetry system.
In order to function as a radiation dosimeter, the dosimeter must possess at least one
physical property. For instance, the physical property of the thermolumuminescence
dosimeter (TLD) is the thermal activated phosphorescence (thermolumuminescence)
[33]. TLDs come in a variety of shapes and size (see: Fig. 2.4.1). They are the most
popular dosimeters in the field of medical physics. Due to their multifunctionality, TLDs
have found application in diagnostic radiology, radiation therapy, and health physics [34].

Fig. 2.4.1 Different shapes and sizes of TLDs

2.4.1 Thermoluminescence mechanism

The light emission from an irradiated material, through thermal process is well
known as thermoluminescence. This phenomenon is present in many crystalline
materials and is vital for the detection and quantification of ionizing radiation with TLDs
[34].

According to, the band theory of solid the electrons are found in valence band. If
electrons absorb energy greater than energy gap (Eg), when the material is irradiated,
they move from the valence to the conduction band, where they move freely.
Consequently, a hole is created in the valence band, where it can also move inside to
crystal. Then, the free electrons and holes migrate into metastable states, which is known
as electron and hole traps and they are located between the valence and the conduction
band. These traps are energy wells and if the charge carriers have not enough energy,
they cannot escape from them. By heating electrons and holes receive energy and then
they release and recombine at luminescence centers (recombination centers). The
recombination is characterized by release of visible light (see: Fig. 2.4.2).

It is important to mention that a pure thermoluminescence crystal does not show
considerable luminescence. Therefore, the addition of trace amount of impurities in the
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crystal lattice is essential, in order to boost the thermoluminescence properties. These
added impurities in the crystal lattice create the trap centers and the luminescence
centers. The probability (P) of a charge carrier to release from trap center, in reference of
time is given by Randall-Wilkins theory as:

Where,

e 1 = The mean half — life of a charge carrier in a trap
The frequency factor

e «a
e E = The energy of the trap (eV)

e k= The Boltzmann’s constant = 8.62 - 107° Ev/°K
e T = The Temperature (°K)
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Fig. 2.4.2 Thermoluminescence process. (a) Irradiation and e moves to conduction band, (b) trapping, (c)
de-trapping by thermal stimulation, (d) recombination [35].

2.4.2 TLD’s Characteristics

Not all thermoluminescence materials are ideal for dosimetry. However, the TLDs
have characteristics which make them suitable for measuring radiation dose. TLDs are
very small, for this reason, they have a great extent to approach a point measurement.
Also, their small size slightly disturbs the radiation field for medium to high-energy
photon beams. Some of the TLDs used for determining the radiation dose, have low
atomic number (Z) and are characterized as tissue-equivalent materials. These are: LiF:
Mg, Ti, LiF: Mg, Cu, P and Li.B4O;: Mn. They are used for medical applications as well as
for personnel monitoring for industrial application [33, 34]. Two more characteristics of
TLDs are accuracy and precision. The precision of dosimetry measurements specifies the
reproducibility of the measurements under similar conditions and can be estimated from
the data obtained in repeated measurements. High precision is associated with a small
standard deviation of the distribution of the measurement results. The accuracy of
dosimetry measurements is the proximity of their expectation value to the ‘true value’ of
the measured quantity. The thermoluminescence signal decreases after irradiation due to
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spontaneous emission of light at room temperature. This phenomenon is called fading.
Typically, TLDs have low fading rate, which does not exceed a few per cent, in a period of
months, after irradiation [33, 36].

Ideally, the signal from dosimeter reading should be in linear proportion to the
received dose. However, beyond a certain dose range, a non-linearity is observed. TLDs
present a wide range of linearity zone. When TLDs are not used in the linear region, a
correction should be applied to the signal. Nevertheless, at high doses the supralinearity
(or sublinearity) and saturation are unavoidable (see: Fig. 2.4.3) [36].

LiF:Mg,CuP Co-60 data

1000 T T T T T
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Fig. 2.4.3 Diagrams demonstrate linearity, sublinearity, supralinearity and saturation region of LiF:Mg, Cu,
P (left diagram) and LiF:Mg, Ti(right diagram)

TLDs are characterized by adequate sensitivity. Sensitivity may be defined as the
amount of light released by the phosphor per unit of radiation exposure. Dosimeters
have to be chosen according to the purpose of dosimetry. For example, CaSO4:Dy is 80%
more sensitive than LiF:Mg, Ti, whereas LiF:Mg,Cu,P is 60% more sensitive than LiF:Mg,Ti.
So, for personnel dosimetry a LiF:Mg,Ti is used. For patient dosimetry in diagnostic
radiology and radiotherapy practices LiF:Mg,Cu,P TLDs are recommend. For quality
assurance practice CaSO4:Dy are ideal [36, 37].

A thermoluminescence system (detector-reader-annealing processes-irradiation)
presents a good reproducibility of heating cycles during the read out process, which is
important for accurate dosimetry [36]. Finally, one of the most essential characteristics of
TLDs is their energy independence. The energy response of TLDs to high energy photon
beam and low energy photon beam is similar for any certain dose. For this reason, they
are ideal for a variety of practices.

2.4.3 Read-out and annealing process

In order to understand the read-out process of TLDs, it is important to
understand the reading system used to evaluate TLDs. A basic TLD reader system consists
of: a planchet for placing and heating the TLD, a photomultiplier tube (PMT) to detect the
thermoluminescence light emission and convert it into an electrical signal linearity,
proportional to the detected photon fluence, and an electrometer for recording the PMT
signal as charge (see: Fig. 2.4.4).
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Fig. 2.4.4 TLD reader

The thermoluminescence intensity emission is a function of the TLD temperature.
Keeping the heating-rate constant makes the temperature proportional to time and so
the thermoluminescence intensity can be plotted as a function of time (or temperature).
The resulting curve is called the TLD glow curve. TLDs have multiple trap depths and each
trap depth gives a different glow peak. After a peak, there is a rapid fall-off of the
thermoluminescence intensity due to charge carrier release. Thus, the
thermoluminescence peak is not symmetric. The height of the crystal glow curve peaks
depends on the depth of each trap. This means that traps of lower depths will be
observed in lower temperature levels. These peaks have a short half-life, resulting to
higher fading. These peaks can be removed by pre-heating just before the read-out
(annealing). After the TLDs are read-out, they are annealed again in order to ensure the
signal has been completely removed and the TLD is again ready for use. [33, 34].

For instance, for LiF:Mg, Ti detectors the annealing process consists of heating to
400 °C for 60 minutes before irradiation and then they are annealed for 2 hours at 100°C
following by heating to 80 °C for 60 minutes after irradiation [37]. After this process the
main dosimetry peak will remain at the glow curve (see: Fig. 2.4.5).

Relative 1L 1ntensity
=
=

0 \ J
100 200 300

Temperature (°C)

Fig. 2.4.5 Glow curves from LiF:Mg, Ti. (A) Glow curve without annealing, (B) Glow curve with annealing
(38]

2.4.4 TLDs' Calibration

The calibration of TLDs is performed to correlate the read-out of signal process
with the absorbed dose. In most cases, for industry needs, routine calibrations are
performed using *’Cs or ®°Co, reference beams. Therefore, TLD’s are irradiated in well
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known radiation fields. Because of this, for each TLDs’ signal from read-out process there
is a value of absorbed dose. Then, the calibration curve is constructed where the TLDs’
signal and absorbed dose are proportional. It is important that the dose must be verified
with a well-calibrated reference instrument, such as an ionization chamber [34].
Nevertheless, according to J.M. Bordy et al. [39], in cases of the interventional
radiology/cardiology procedures, a specific calibration using a reference beam with
energy lower than 150 keV is suggested since it is useful to choose a quality close to the
one frequently met at the workplace.

2.4.5 Element correction coefficient

Dosimeters of the same batch often differ greatly in their sensitivity. The
sensitivity variance in a typical batch of TLDs is unavoidable, but can be reduced from 15-
20% to 1-2% when the dosimeters are calibrated in known fields, in order to be given an
individual correction factor. Through this process each TLD is given an element
correction coefficient (ECC) which can be expressed by:

ECC; = —
O]

Where,

o (Q) = The average measured charge of the calibration dosimeters
e Q; = The measured charge of dosimeter i

The ECC is then multiplied with the response of each dosimeter and its sensitivity
becomes identical to the mean of all the dosimeters.
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2.5 Interventional radiology procedures

Interventional radiology is a medical sub-specialty of radiology utilizing minimally-
invasive image-guided procedures to diagnose and treat various endovascular,
cardiovascular and musculoskeletal diseases. The advantages of interventional radiology
procedures are: fewer risks, lower cost, comfort, less recovery time needed and better
health outcomes compared to open surgery. This master thesis focuses on the
measurements of three general categories of interventional procedures i) angioplasty,
ii) Embolization/chemoembolization and iii) Vertebroplasty procedures.

2.5.1 Angiography and angioplasty

The Peripheral Arterial Disease (PAD) is a condition where plaque builds up in the
arteries that carry blood to the head, organs, and limbs. Plaque is made up of fat,
cholesterol, calcium, fibrous tissue, and other substances in the blood. When plaque
builds up in the body's arteries, the condition is called atherosclerosis. Over time, plaque
can harden and narrow the arteries, which limit the flow of oxygen-rich blood to the
organs and other parts of the body. PAD usually affects the arteries in the legs, but it also
can affect the arteries that carry blood from your heart to your head, arms, kidneys, and
stomach.

The treatment for this disease is the angioplasty or stenting, which are
procedures used for the treatment of a narrow or blocked artery. This is achieved with
the use of either a balloon to stretch the artery (angioplasty) or a metal scaffold to hold
the artery open (stent). These procedures improve blood flow which helps to relieve any
symptoms the patient experience. All these procedures are performed without incisions
or any other damage to the skin, through a small pin hole puncture.

2.5.2 Embolization/Chemoembolization

Cutting off the blood supply to a specific area of the body, can be an important
form of care when treating tumors (or other abnormal growths), internal bleeding and
aneurysms. Embolization is an invasive surgical procedure, which cuts off the blood flow
of the affected area. The interventional radiologist inserts a catheter (small plastic tube)
through a primary artery and propel it to the area where the blood supply needs to be
cut off. The specialists inject a granulized or particulate material that congeals and
hardens, thus blocking the blood flow or they may insert a metallic coil through the
catheter, which remains in place, so the body will form a blood clot around the coil and
block off the area. The materials used may depend on the size and type of the area
which is to be closed and on whether the occlusion is intended to be temporary or
permanent. Apart from these techniques, in the case of liver cancer treatment, the
physician may inject small embolic particles, coated with chemotherapeutic drugs,
through a catheter and into an artery, directly supplying the tumor. These particles can
both block the blood supply and induce cytotoxicity, attacking the tumor in several ways.
This procedure is called chemoembolization.
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2.5.3 Vertebroplasty

Vertebroplasty is considered an image-guided spinal procedure in which bone
cement is injected through a small hole of the skin (percutaneously) and into a fractured
vertebra, with the goal of relieving back pain, caused by vertebral compression fractures.
It is @ minimally invasive procedure and the patients usually go home on the same or the
next day of the procedure. The patients are administered with local anesthesia and light
sedation for the procedure, though it can be performed by using only local anesthetic, for
patients with medical problems, who cannot tolerate sedatives. During the procedure,
bone cement is injected with a biopsy needle into the collapsed or fractured vertebra,
which is maneuvered with fluoroscopic x-ray guidance. The cement (most commonly
PMMA, although more modern cements are used as well) quickly hardens and forms a
supportive structure within the vertebra, that provides stabilization and strength. The
needle makes a small puncture on the patient's skin, which is easily covered with a small
bandage after the procedure.
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3 Materials and methods

3.1 Protocol

All the measurements were conducted at the 2nd Department of Radiology at
“Attikon’”” General University Hospital. All the procedures were performed using a C-arm
fluoroscopic system Toshiba infinix VC-i, with 30 cm x 40 cm flat panel detector (see:
Fig. 3.1.1).

Fig. 3.1.1 (a) Fluoroscopic system Toshiba infinix VC-i, (b) C-arm console

The study included 98 interventional radiology (IR) procedures for the assessment
of the occupational eye lens and brain doses from three general categories: i)
Angiographies and angioplasties Lower Limbs (DSA- Digital Subtraction Angiography/PTA-
Percutaneous Transluminal Angioplasty LL-Lower Limb) (N=70), ii)
Embolization/chemoembolization procedures (N=15)
and iii) Vertebroplasty procedures (N=13). The
selection criteria of these IR procedures were: i) the
high radiation dose per procedure and ii) the highest
frequency of each procedure according to radiology
department archives. Two groups of interventional
radiologists participated in this study. The first group
performed DSA/PTA LL and Embolization/
Chemoembolization procedures and consisted of four
physicians. The second group performed
Vertebroplasty procedures and consisted of two
physicians. The measurements were performed with
MTS-N TLDs (LiF: Mg, Ti).

A set of 7 dosimeters was attached to each
physician for each procedure. In total, 84 TLDs were

used (70 for the assessment of the occupational dose  Fig. 3.1.2 TLDs positioning during IR
and 14 for the calculation of background dose). Four procedures

TLDs were placed on the radiologist’s forehead: one dosimeter on the left side of the
temple, one over the left eyebrow, one over the right eyebrow and one on the right side
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of the temple. Moreover, 3 TLDs were placed on the physician’s lead-glasses, so they
would not be shielded by them: two dosimeters were placed on the upper two corners of
the lead-glasses’ frame (right and left) and one in the middle (see: Fig. 3.1.2).

The measurement process lasted approximately 4 months (November 2017 -
March 2018). The reading of the dosimeters was carried out once all the measurements
had been conducted. Afterwards, the doses per procedure were calculated, for each
region where the dosimeters were placed.

Radiation doses were calculated as following:

o The dose per procedure for the forehead’s right side was calculated as the average
dose per procedure of the right temple and the right eyebrow.

o The dose per procedure for the forehead’s left side was calculated as the average
dose per procedure of the left temple and the left eyebrow.

o The dose per procedure for the left eye was calculated as the average (dose per
procedure) of the dosimeters placed on the middle and the left corner of the
radiologist’s lead glasses.

o The dose per procedure of the right eye was calculated, as the average (dose per
procedure) of the dosimeters placed on the middle and the right eye of the
radiologist’s lead glasses.

Dose report and parameters like DAP, type of the procedure, physician’s experience, the
distance of the flat panel from the patient, the time of exposure for each interventional
radiologist and the use of protective equipment were recorded for all the procedures.

3.2 Interventional radiologists’ behavior

The interventional radiologists’ behavior in the interventional suite should also be
considered, as it might significantly influence the measurements of the received doses.
Such behavior includes their positioning during the procedures, the protective devices
used and the distance between the flat panel detector and the patient.

The protective equipment that was used from the first group was: lead shielding
ceiling, table lead curtain, mobile floor screen, lead apron, lead glasses and thyroid collar.
In contrast, the second group did not use lead shielding ceiling, but they used lead gloves
and non-lead radiation protective cup. During the DSA/PTA LL and Embolization/
Chemoembolization procedures the first group of interventional radiologists placed the
flat panel in the minimum possible distance from the patient, whereas during the
Vertebroplasty procedures the second group placed the flat panel in a long distance from
the patient. During the Embolization/Chemoembolization procedures the assistant
interventional radiologist was not on the right side of the primary operator, as usual, but
in several cases he was standing on his left side. Finally, both interventional radiologists’
groups were standing behind the mobile floor screen during the cine acquisition.
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3.3 TLDs management

For the purpose of this study, 84 MTS-N (TLD-100) were used. The shape of TLDs
was a solid disk pallet with 4.5 mm diameter and 0.89 mm thickness. They are made from
Lithium Fluoride doped with Magnesium and Titanium (LiF:Mg,Ti). The code name MTS
with the additional symbol, represents the isotopic content of Lithium. In this case, N
represents natural abundance (°Li-7.5%, "Li 92.5 %).

solid disc 4.5 mm diameter, of selected

(FEIT |lhic|-<n ess

Effective atomic number Z 8.2

Density [g.cm-3] 2.5

TL emission spectrum [nm] 400

Relative sensitivity to TLD-100 1.5

Main peak temperature [oC] 210

Zero dose reading [mGy] 15

Detection threshold [mGy] 10

Linearity range [Gy] 5=10-5-5

Repeatability < 2%

Photon energy dependence 30 keV - 1.3 MeV < 30 %

Batch homogeneity [1 SD] =5 %

Thermal fading [% at room temperature] < 5% ! yr

Fluprescent light effect on fading and zero negligible at laboratory light intensity
reading

Reusability unlimited

Dose rate influence independent

Fig. 3.3.1The main feature of MTS-N pallets

The MTS-N are ideal detectors for personal dosimetry, due to their atomic
number which is close to the atomic number of human tissue (Ze#=8.2 and Ze#=7.4,
respectively). Also, their small size makes them suitable for point measurements as they
do not disturb the radiation field. Moreover, MTS-N detectors are reusable and they
present large range linearity between TLD signal and dose (see chapter 2.4.2). For easier
recognition, all TLDs were inserted into custom-made cases with their code number
printed on the cases. The TLDs (with their cases) that were used for the head dose
evaluation were attached onto headbands (see: Fig. 3.3.2)

Fig. 3.3.2 A set of 7 TLDs that were used on this study
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3.3.1 Element correction coefficient (ECC)

Dosimeters of the same batch that have been irradiated with the same uniform
dose and the same geometrical conditions, show different sensitivity (see: chapter 2.4.5).
For this reason, it is necessary to calculate the Element Correction Coefficient (ECC) for
each batch of TLD, which will be used to correct the read-out process’s measurements.
Concerning the measurement of ECC, all TLD disks that were used in this study were
placed into TLD slide (four in each slide) and then the slides were placed into special
dosimeter cards (TLD slide holder). Finally, all dosimeter cards were loaded into cassettes
(20 cards in each cassette) (see: Fig 3.3.3) and every cassette was placed in an irradiator
of a %°Sr radioactive source (see: Fig 3.3.4).

TLD slide

A

Fig. 3.3.3 TLD cassettes with their cases Fig. 3.3.4 %0 Sr irradiator

All TLDs were irradiated with the same dose. Afterwards, the TLDs’ average signal
was calculated based on their readings. In the end of this process all TLDs were annealed.
This process was repeated further two times. The ECC; was calculated for each TLD as
follows:

Q)

ECC;; =
Qi

Where,

e (Qj) = Averege signal of TLDs for each process
* Qi = The signal of each TLD for each process

Therefore, the aforementioned process generated 3 ECC values for each TLD, so the final
ECC for each TLD is the average of each TLD’s 3 values.

_ (B ECGyy)

ECC; 3

In order for a TLD to be reliable for diagnostic radiology dosimetry, it needs to
present a good repeatability. The repeatability is expressed by the Coefficient of
Variation (CV), which for each TLD is derived from standard deviation (SD) relative to the
final ECC for each TLD.

SD

cV =
ECC;

+100%
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In diagnostic radiology dosimetry, the CV’s accepted limit for each TLD must be
less than 5%. In this case, all the TLDs that were used, presented a CV from 0.15% to
3.52%. Therefore, all TLDs included in the study, were reliable. The calculation process of
the ECC was held at the Department of Dosimetry and Calibration of the Greek Atomic
Energy Commission (GAEC).

3.3.2 TLDs annealing

Before irradiation, all TLD disks were annealed for 1 hour at 400°C in a special
oven (WEST 4100+, RadPro International, see: Fig. 3.3.5.a), followed by fast cooling-
down to room temperature. Then the TLD’s were annealed for 2 hours at 100°C, in order
to reset their signal (see: chapter 2.4.3). For the annealing procedure the
thermoluminescent material was placed on tray of stainless steel (see: Fig. 3.3.5.b),
which fit in the oven.

Fig. 3.3.5 a) West 4100+ Oven, b) Tray of stainless street

3.3.3 TLDs read-out process

The read-out process of TLDs was performed at the Department of Dosimetry
and Calibration of the GAEC. The TLDs readings were performed using a Mirion RE 2000
reader (see Fig. 3.3.8). The reader was connected to a computer where the readings
were processed by a software called RADOS TLD SERVER. Similarly to the calculation
process of the ECC, all TLDs were installed into dosimeter cards which were placed into
cassettes. The cassettes were fed into the reader automatically by a conveyor. Every slide
was pushed out of dosimeter card into to the reader, and the TLD disk was then lifted
from the slide into the measuring chamber where it was heated by hot nitrogen. Slides
from dosimeter cards are changed automatically after all of the TLD disks in the slide had
been measured. The reader’s temperature was increasing exponentially up to 300 °C in
order to obtain the maximum of the dosimeter’s emitted light. The total signal of a TLD
reading procedure is shown in the glow curve below (see: Fig. 3.3.7).
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Fig. 3.3.6 TLD glow curve after pre-heated annealing

Before the read-out process, the TLD’s were pre-heated at 80°C for 1 hour in
order to erase the signal from low-temperature peaks (see: chapter 2.4.3). The oven that
was used for the annealing was a Thermo Scientific’s Heraues (see: Fig. 3.3.9).
Afterwards, all TLDs signals were collected and corrected. The correction applied to the
TLDs signals, is defined as follows:

TLDs signalcorrected,i = (TLDs signalread_out,i) - ECC; — Ave. TLDs signalg,ckground

Where,

N .
.~ . (TLD signal i) - ECC;
Ave.TLDs SignalBackground _ 21—1 ( g Background,l) i

Fig. 3.3.7 Mirion RE 2000 reader Fig. 3.3.8 Thermo Scientific’s Heraues
oven
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3.3.4 Calibration

The TLDs’ calibration was performed at the lonizing Radiation Calibration
Laboratory (IRCL) of the GAEC, which is a Secondary Standard Radiation Calibration
Laboratory (SSDL). A total of, eleven TLDs were separated in two groups. The group A
(N=6) was separated in two subgroup of three and each subgroup received a dose of
1mSv. The group B (N=5) was also separated in two subgroup of three and two and each
subgroup received a dose of 2mSv. TLDs were irradiated with the PANTAK x-ray tube
(see: Fig. 3.3.10).

Fig. 3.3.9 PANTAK X-ray tube at the lonizing Radiation Calibration Laboratory of the Greek Atomic Energy
Commission

All TLDs were placed into custom-made cases and then were attached into
headbands, in order to simulate the experiment’s conditions. Then the band of TLDs was
placed around a water-filled cylindrical phantom with a diameter and height of 20 cm,
while the lateral wall thickness was 0.5 cm (see: Fig.3.3.11). The cylindrical phantom was
made of polymethymetacrylat (PMMA) and was selected in order to better stimulate the
human head [40]. The qualities of the radiation (x-tube voltage and 1st HVL) were
selected based on RQR quantities, as the energy range and the less-filtered radiation,
that characterize fluoroscopically guided procedures, are closer to the RQR series energy
range [41]. The calibration was based on the RQR-9. The adjustments used for the
calibration process were according to the IEC 61267 for the RQR-9: x-ray tube voltage set
on 120 kVp and 1st HVL set on 5 mm of Aluminum [39].

TLDs were calibrated in terms of Hp(3), in order to determine the eye lens dose
of interventional radiologists. In order to determine the head dose, Hp(3) was converted
to Hp(0.07) According to, Behrens R. et al. [42] the conversion factor from Hp(3) to
Hp(0.07) for calibration to cylindrical phantom and energy photons above 30 keV is
approximately 0.85 (see: Table 3.3.1).
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Fig. 3.3.10 Cylindrical PMMA phantom with TLD’s band.

After the TLDs' irradiation an annealing process, of 80°C for 1 hour was
performed, to erase any undesirable signals. The equipment used consisted of: a Thermo
Scientific’s Heraues oven (annealing process), a Mirion RE 2000 reader (read-out process)
and the RADOS TLD SERVER software (TLD reading). Finally, all TLDs signals were
obtained and their values corrected with the ECCs. Two calibration curves were designed,
one for the assessment of eye lens dose and the other for the assessment of head dose

(see: Fig 3.3.12-3.3.13).

Table 3.3.1 Corrected signal with corresponded dose for eyes and head, respectively [43]

Group of TLDs TLDs corrected signal Hp(3) (mSv) Hp(0.07) (mSv)
18235 1 0.85
19900 1 0.85
22624 1 0.85
A 20747 1 0.85
23383 1 0.85
21942 1 0.85
49152 2 1.7
48635 2 1.7
B 48228 2 1.7
43558 2 1.7
44237 2 1.7
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Fig. 3.3.11 Calibration curve for the eye lens

The linear relationship between the eye lens dose and the TLDs corrected signal,

according to the above graph, is:

y = 0.00004352 - x

Where,

® y = Doseeyelens (m Sv)
X = (TLDS signalread_out,i) - ECC; — Avarage TLDs signalp,ckground

2.5 -

1.5 ~
R?=0,95169003

0 Q0T

Hp(0.07) (mSv)
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Fig. 3.3.12 Calibration curve for the head

The linear relationship between the head dose and the TLDs corrected signal,

according to the above graph, is:

y = 0.00003699 - x
Where,

* y=Dosepeaq (m Sv)
e X= (TLDs signalread_out'i) - ECC; — Avarage TLDs signalg,ckground
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3.4 Data analysis

SPSS software v. 23 ((SPSS, Inc., Chicago, IL, USA) was used for the statistical
analysis and the assessment of data’s normality. Since our sample was less than 50
values, Shapiro-Wilk test was adopted to check the data’s normality. The non-parametric
Wilcoxon signed-rank test was performed to demonstrate whether there was a
statistically significant difference between the doses per procedure, in the anatomic
regions of interest. Pearson and Spearman correlation coefficient were used to
investigate any possible correlations between the dose per procedure, in each anatomic
region, and the interventional radiologist’s experience. In all cases, a level of p=0.05 was
defined as statistically significant

Furthermore, Microsoft excel 2007 was used for the estimation of the doses per
procedure received by each anatomic region. Also, it was used for constructing the
calibration curves and for detecting any possible presence of linear relationships between
the dose per procedure, in the eye lens (right and left) and the forehead (right and left
side), for all types of procedures.
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4 Results

4.1 Interventional radiologists’ profile

The interventional radiologists’ profile can influence the received dose. Their
profile, in the period of this study, includes: their experience over the years, the total
number of procedures performed, the total time of exposure for each interventional
radiologist and their positioning during the procedure. The results for each interventional
radiologist are shown on the Table 4.1.1. In the first group, of 4 interventional
radiologists, all the participants in the DSA/PTA LL procedures were primary operators,
whereas in the embolization/chemoembolization procedures only one was a primary
operator and the rest participated as assistants. In the second group, of 2 interventional
radiologists, one was a primary operator and the other was an assistant operator to all of
the procedures.

Table 4.1.1 Interventional radiologists’ profile

Number of . .
. . Total time of Interventional
Interventional Experience  procedures . -
Type of procedure . . . . exposure radiologist’s
radiologist # (in years) (during the . i
(min) position
study)
1 26 13 106.7 P
2 12 19 261.6 P
DSA/PTA LL
3 8 21 354.9 P
4 6.5 17 188.7 P
1 26 15 252.1 P
Embolization/ 2 12 5 76.8 A
Chemoembolization 3 3 3 102.6 A
4 6.5 3 24.9 A
5 18 13 286.5
Vertebroplasty
6 9 12 2594 A

P=Primary operator, A=Assistant operator
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4.2 DSA/PTALL procedures

In this type of procedures all the interventional radiologists were primary
operators. The average doses per procedure for each position of TLDs and each
interventional radiologist, are displayed on Table 4.2.1. It is observed that the
interventional radiologist 1 received lower radiation dose than the other three
interventional specialists. Also, it is detected that the TLDs’ positioned on the left side of
the head (left temple, over left eyebrow and left upper corner of lead-glasses), for all
operators, received higher radiation dose than the TLDs’ positioned on the right side of
the head (right temple, over right eyebrow and right upper corner of lead-glasses).

Table 4.2.1 Dose per procedure for each position of TLDS’ position in DSA/PTA LL procedures

Interventional radiologist

Type of procedure TLDs’ position 1(P) 2(P) 3(P) 4 (P)

Dose (uSv) per procedure

Right Temple 12.2 17.1 6.5 16.8
Over Right Eyebrow 19.5 25.7 15.5 35.4
Over Left Eyebrow 22.6 42.9 36.7 45.3
DSA/PTA LL Left Temple 20.6 49.3 46.4 50.6
Right Upper Cornerof - , 408 26.3 21.8

the Lead-glasses
Middle of the Lead- 493 558 69.1 735

glasses

Left Upper Corner of 40.7 66.6 70.4 77.9

the Lead-glasses

The dose per procedure for each anatomic region of interest and for each
interventional radiologist was calculated following the protocol described in chapter 3.1.
The results are presented on Table 4.2.2. It is clear that the left side of the head received
higher dose than right side, on all occasions. Moreover, the anatomic region which
received the higher dose was the left eye, for all the operators. The highest value of dose
per procedure was detected in interventional radiologist 4, on the lens of the left eye
(75.7 uSv).

Table 4.2.2 Received dose per procedure per anatomic region, in DSA/PTA LL procedures

Interventional radiologist

Type of procedure Anatomic region 1(P) 2 (P) 3 (P) 4 (P)

Dose (uSv) per procedure

Forehead’s right side 15.9 21.4 11.0 26.1
Forehead’s left side 21.6 46.1 41.6 48.0
DSA/PTA LL
Lens of the right eye 32.0 48.3 47.7 47.6
Lens of the left eye 45.0 61.2 69.7 75.7

35



4.3 Embolization/Chemoembolization procedures

The average doses per procedure for each position of the TLDs, are shown on
Table 4.3.1. In these cases, only the interventional radiologist 1 was a primary operator
whereas all the others acted as assistants to all the procedures. A remarkable result is
that the dose per procedure for two of the assistant operators, is higher than the primary
operator’s. Usually, the primary operator receives higher dose than the assistant. As in
DSA/PTA LL procedures, TLDs’ positioned on the left side of the head received higher
radiation dose than those positioned on the right side of the head, for all radiologists.

Table 4.3.1 Dose per procedure for each TLDs’ position in Embolization/Chemoembolization procedures

Interventional radiologist
Type of procedure TLDs’ position 1(P) 2 (A) 3 (A) 4 (A)
Dose (uSv) per procedure

Right Temple 200 57.8 20.2 525
Over Right Eyebrow 263 70.4 239 46.5
Over Left Eyebrow 48.1 73.0 43.6 1287
Embolization/ Left Temple 64.3 79.6 36.9 1717
Chemoembolization
Right Upper Corner of 31.7 92.7 25.1 80.6
the Lead-glasses
Middle of the Lead- 75.7 1229 51.8 199.7
glasses
L8 R (Aol o) 77.5 107.0 555 195.0

the Lead-glasses

The doses per procedure, for each anatomic region of interest, in
embolization/chemoembolization procedures are presented on Table 4.3.2. The dose per
procedure received by interventional radiologist 1, who was a primary operator on both
types of procedures, is higher on the embolization procedures than the DSA/PTA LL
procedures. The same trend is also observed on the rest operators, but it cannot be
compared since their position in the procedures was different (assistant and primary
respectively). As in DSA/PTA LL procedures, the anatomic region which received higher
dose was the left eye, for all the operators. The highest dose per procedure was observed
in interventional radiologist 4 on the lens of the left eye (197.3 pSv).

Table 4.3.2 Received dose per procedure per anatomic region, in Embolization/Chemoembolization

procedures
Interventional radiologist
Type of procedure Anatomic region 1(P) 2 (A) 3(A) 4 (A)
Dose (uSv) per procedure
Forehead'’s right side 23.2 64.1 22.0 49.5
. Forehead’s left side 56.2 76.3 40.3 150.2
Embolization/
Ch bolizati
eMoembolization | ons of the right eye 53.7 107.8 385 140.2
Lens of the left eye 76.6 114.9 53.6 197.3
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4.4 Vertebroplasty procedures

The average doses per procedure for each position of the TLDs, are demonstrated
on Table 4.4.1. In this type of procedures, one of the interventional radiologists was a
primary operator and the other one was an assistant. The primary operator received
higher dose per procedure than the assistant. As in the other two types of procedures,
the TLDs’ positioned on the left side of the head, received higher radiation dose than the
TLDs’ positioned on the right side of the head.

Table 4.4.1 Dose per procedure of TLDS’ position in Vertebroplasty procedures

Interventional radiologist

Type of procedure TLDs’ position 5 (P) 6 (A)
Dose (uSv) per procedure
Right Temple 116.5 143.3
Over Right Eyebrow 492.3 283.0
Over Left Eyebrow 1359.4 454.8
Vertebroplasty Left Temple 1644.0 473.1
Right Upper Corner of 551.3 183.0
the Lead-glasses
Middle of the Lead- 1760.6 4995
glasses
Left Upper Corner of 1762.7 478.5

the Lead-glasses

The dose per procedure for each anatomic region of interest in vertebroplasty
procedures, are presented on Table 4.4.2. It is observed that this type of procedure
delivers the highest radiation burden to interventional radiologists, among the other
types of procedures examined in this study. In vertebroplasty procedures, the highest
value of dose per procedure was detected in interventional radiologist 5 on the lens of
the left eye (1761.6 uSv), which is the highest value of dose per procedure encountered
in this study.

Table 4.4.2 Received dose/pro per anatomic region, in Vertebroplasty procedures

Interventional radiologist

Type of procedure Anatomic region 5 (P) 6 (A)

Dose (uSv) per procedure

Forehead ‘s right side 304.4 213.2
Forehead ‘s left side 1501.7 464.0
Vertebroplasty
Lens of the right eye 1155.9 341.2
Lens of the left eye 1761.6 489.0
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4.5 Radiation dose from IR procedures

The dose per procedure in relation to the type of procedure and the interventional
radiologists’ positioning (primary or assistant) for each anatomic region, is displayed on
the following histograms (see: Fig. 4.5.1- 4.5.4). According to the histograms, DSA/PTA LL
procedures present the lowest level of radiation burden, whereas the vertebroplasty
procedures have the highest. The primary operator of vertebroplasties receives the
highest scatter dose. Also, the lens of the left eye and the forehead’s left side, are the
anatomic regions with the highest radiation exposure. The most remarkable finding is
that the assistant operator of embolizations/ chemoembolizations receives less radiation
than the primary.
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Fig. 4.5.1 Dose per procedure for the lens of the right eye
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4.6 Estimation of the annual dose

The assessment of the annual doses is important in order to investigate if any of
the interventional radiologists exceed the new annual dose limit for the lens of eyes. The
calculation of the annual doses was based on the annual workload of each interventional
radiologist for each type of procedure. The number of procedures performed by each
interventional radiologist in relation to the interventional radiologists’ position during the
year 2017 is presented on Table 4.6.1. The annual workload was recorded from the
interventional radiology department’s logbook.

Table 4.6.1 Annual workload during 2017

. Number of .
Interventional . Interventional
Type of procedure . R procedures during . ., "
radiologist # radiologist’s position
2017
1 86 P
2 113 P
DSA/PTA LL
3 92 P
4 71 P
1 83 P
Embolization/ 2 23 A
Chemoembolization 3 32 A
4 37 A
5 15
Vertebroplasty
6 15

The estimated annual dose for each interventional radiologist were determined by
multiplying the average dose per procedure, for each anatomic region, with the annual
workload. The following tables present the calculated annual doses, on both forehead'’s
sides and eye lenses, for the interventional radiologists who performed DSA/PTA LL and
Embolization/ Chemoembolization procedures (see Tables 4.6.2 & 4.6.3) and for the
interventional radiologists who performed Vertebroplasty procedures (see Table 4.6.4).

Table 4.6.2 Interventional radiologists’ annual doses in DSA/PTA LL procedures

Interventional radiologist

Type of . .
procedure Anatomic region 1(P) 2(P) 3(P) 4 (P)
Annual dose (mSv)

Forehead’s right side 14 2.4 1.0 1.9
Forehead’s left side 1.9 5.2 3.8 34

DSA/PTA LL
Lens of the right eye 2.8 5.5 4.4 3.4
Lens of the left eye 3.9 6.9 6.4 5.4
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Table 4.6.3 Interventional radiologists’ annual doses in Embolization/Chemoembolization procedures

Interventional radiologist

p:ch: d‘:fre Anatomic region 1(P)  2(P)  3(P)  4(P)
Annual dose (mSv)

Forehead’s right side 1.9 1.5 0.7 1.8

Embolization/ Forehead’s left side 4.7 1.8 1.3 5.6

Chemoembolization Lens of the right eye 4.5 2.5 1.2 5.2

Lens of the left eye 6.4 2.6 1.7 7.3

Table 4.6.4 Interventional radiologists’ annual doses in Vertebroplasty procedures

Interventional radiologist

Type of . .
procedure Anatomic region 5 (P) 6 (A)
Annual dose (mSv)
Forehead'’s right side 4.6 3.2
Forehead’s left side 22.5 7.0
Vertebroplasty

Lens of the right eye 17.3 5.1

Lens of the left eye lens 26.4 7.3
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4.7 Correlation of DAP-Dose per procedure

The DAP values per procedure for each interventional radiologist in DSA/PTA LL
procedures, are displayed on Table 4.7.1. The DAP per procedure was calculated as the
average DAP of all the procedures performed by each radiologist. It is observed that the
DAP per procedure is higher for interventional radiologist 1 than the other three
operators (79.1 +28 Gy-cm?).

Table 4.7.1 DAP per procedure, DAP range for each operator in DSA/PTA LL procedures

DAP ( Gy-cm?) per procedure

Interventional radiologist DAP ( Gy-cm?) range

meantSD
1(P) 79.1 £28 2.1-339.8
2(P) 25.5+6.9 1.9-103.9
3(P) 35.5+14.6 2.1-246.3
4 (P) 55.7+16.9 4.2-199.9

The linear relationship between DAP per procedure and occupational dose per
procedure was investigated on the following figures (see: Fig 4.7.1-4.7.4). The results
showed that there is no linear relationship between DAP and the radiation dose in any
anatomic regions.
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Fig. 4.7.1 Correlation between DAP and occupational dose the forehead'’s right side

42



Dose (uSv) per procedure

Dose (uSv) per procedure

Dose (uSv) per procedure

y =-0.3948x + 58.649

R?=0.5962
50 -
o) o
40 - Q
30 +
20 - Q
10 -
O T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
DAP (Gy*cmA2) per procedure
Fig. 4.7.2 Correlation between DAP and occupational dose on the forehead’s left
60 - y = -0.2896x + 58.076
R?=0.7475
50 - o) o
40 -
30 R
20 -
10 A
O T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90
DAP (Gy*cm”2) per procedure
Fig. 4.7.3 Correlation between DAP and occupational dose on the lens of the right eye
80 -~ o
70 - o y =-0.2996x + 77.564
R?2=0.2836
60 - 0
50 -
®]
40 -
30 -
20 -
10 A
0 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90

DAP (Gy*cm”2) per procedure

Fig. 4.7.4 Correlation between DAP and occupational dose on the lens of the left eye

43



4.8 Statistical analysis of the doses per procedure for the
anatomic regions of interest

Before reviewing whether there was a statistically significant difference between
the dose to the various anatomic regions, it was essential to check whether the data
distribution is normal. Shapiro-Wilk test was used for the data’s normality assessment
(see Table 4.8.1). The results showed that none of the variable distributions is normal.

Table 4.8.1 Normality test 1

Shapiro-Willk

Statistic df Sig.
Dose_per_procedure_on
_the_left_sye_lens 830 10 .ooo
Dose_per_procedure_on
_the_right_eye_lens 546 1a .aoa
Dose_per_procedure_on
_the_left_side_of_the_for 540 10 000
ehead
Dose_per_procedure_on
_the_right_side_of_the_f GE6 10 .ooo
orehead

Therefore, the non-parametric Wilcoxon singed-rank test was used to
demonstrate whether there was a statistically significant difference between the dose
per procedure on the following anatomic regions:

Lens of the right eye lens vs. lens of the left eye lens,
Forehead’s right side vs. Forehead’s left side,
Lens of the right eye vs. Forehead’s right side and

O O O O

Lens of the left eye vs. Forehead’s left side.

The dose per procedure was calculated as the total average dose derived from all the 6
radiologists participated in the study, for all the types of IR procedures. The results are
presented on Table 4.8.2. It was founded that the dose per procedure on the lens of the
left eye was statistically significantly higher than the dose on the lens of the right eye and
the forehead’s left side. Also, the dose per procedure on the lens of the right eye was
statistically significantly higher than the dose on the forehead’s right side. Regarding the
forehead’s levels, the dose per procedure on the left side was statistically significantly
higher than the dose on the right side.

Table 4.8.2. Results of the Wilcoxon signed-rank test. The significance level was 0.05

Variables of interest p-value
Dose per procedure on the lens of the left eye
vs. 0.005

Dose per procedure on the lens of the right eye
Dose per procedure on the forehead’s left side

vs. 0.005
Dose per procedure on the forehead’s right side
Dose per procedure on the lens of the left eye

vs. 0.005
Dose per procedure on the forehead’s left side
Dose per procedure on the lens of the right eye

vs. 0.005
Dose per procedure on the forehead’s right side
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4.9 Statistical analysis of the correlation of doses per procedure
and the operator’s experience

The normality test for the dose per procedure for each anatomic region of interest
and the operators’ years of experience, are displayed on the Table 4.9.1. The
aforementioned parameters concern the first group of interventional radiologists
performed DSA/PTA LL procedures. The results show that all distributions are normal
except for the dose per procedure on the lens of the right eye.

Table 4.9.1 Normality Test 2

Shapiro-Wilk

Statistic df Sig.
Dose_per_procedure_on
_the_left_eye_lens_DSA 850 4 718
_PTA_LL
Dose_per_procedure_on
_the_right_eye_lens_DS JBER 4 o004
A_PTA_LL
Dose_per_procedure_on
_the_left_side_of_the_for 810 4 122
ehead_DSA_PTA_LL
Dose_per_procedure_on
_the_right_side_of_the_f J8ET 4 G44
orehead_DSA PTA_LL
Experience_years 834 4 79

Therefore, the correlation between the interventional radiologists’ experience
and the dose per procedure, during DSA/PTA LL procedures, on the lens of the left eye,
the forehead’s left side and the forehead’s right side, was based on the Pearson
correlation coefficient. On the other hand, the correlation between the interventional
radiologists’ experience and the dose per procedure on the lens of the right eye, in
DSA/PTA LL procedures, was calculated based on the Spearman correlation coefficient.
The correlation results are demonstrated on Table 4.9.2. A negative strength correlation
(P.C.=-0.979) was observed between the interventional radiologists’ experience and the
dose per procedure on the lens of the left eye lens.

Table 4.9.2 Correlation’s results between the doses per procedure and the interventional radiologist’s

experience
Variable vs. Experience’s Correlation coefficient p-value
years
Dose per procedure on the -0.979 (P.C.) 0.021
lens of the left eye
Dose per procec.iure on the -0.200 (S.C.) 0.800
lens of the right eye
Dose per procedure on the
forehead’s left side el o0
Dose per procedure on the -0.278 (P.C.) 0.722

forehead’s right side

P.C.=Pearson Correlation, S.C.=Spearman Correlation
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4.10 Linear relationship of the dose per procedure on the eyes and
the forehead

The linear relationship between the dose per procedure on the lens of the left and
right eye with the forehead’s left and right side, is presented on the following graphs. In
Fig. 4.10.1, it is observed that the dose per procedure on the forehead’s left side is
reduced by a factor of 0.85, in regard to the lens of the left eye.
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Fig. 4.10.1 Linear relationship between the dose per procedure on the forehead’s left side and the lens of
the left eye

According to Fig. 4.10.2, the dose per procedure on the right side of the head is
reduced by a factor of 0.30, in relation to the lens of the right eye.
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Fig. 4.10.2 Linear relationship between the dose per procedure on the forehead’s right side and the lens of
the right eye
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5 Discussion

This master thesis concluded on some interesting results. Between the three types
of the examined IR procedures (DSA/PTA LL, Embolizations/Chemoembolizations and
Vertebroplasties), we found that vertebroplasty procedures deliver the highest values of
radiation burden to both primary and assistant operators. One possible explanation is
that the interventional radiologists chose not to use the lead shielding ceiling and place
the flat panel at the highest possible distance from the patient, as it was more
convenient for them to perform the procedure. According to Qianjun lJia, et al. [43], the
use of lead shielding ceiling can significantly reduce the received scatter radiation dose to
interventional radiologists. The study showed that when the lead shielding ceiling was
placed close to the patient, the reduction was 76.8 %, for the primary operator, and 81.9
% when it was placed at the left lateral position. The most efficient position was close to
the primary operator, where the reduction was 93.5 %. The corresponding results for the
assistant operator were 70.3 %, 76.7 % and 90.0 %, respectively. Also, one more
explanation, that vertebroplasties presented the highest radiation levels, is that they are
very complex procedures and therefore, they require prolonged fluoroscopy time.

The statistical analysis concluded that the dose per procedure on the lens of the
left eye and the forehead’s left side were significantly higher than the corresponding
doses per procedure on the right side. The most probable explanation is that the left side
of the interventional radiologists is closer to the X-ray tube than the right side and as a
result it is more exposed to radiation. Furthermore, it was observed that the doses per
procedure on the eye lenses were significantly higher than the corresponding doses on
the forehead’s sides. This is a reasonable outcome, as the forehead’s distance from the x-
ray source is larger than the eye lens’s and due to the inverse square law, the forehead
receives lower dose than the eye lenses.

The correlation between the interventional radiologists’ experience (in years)
with the received doses per procedure, for each anatomic region of interest, in DSA/PTA
LL procedures showed that there is a negative strength correlation (Pearson correlation
coefficient = - 0.979) between the dose per procedure and the physician’s experience on
the lens of the left eye . Only the DSA/PTA LL procedures were chosen, since in that type
of procedure, all the operators were primary. This finding is attributed to the fact that the
most experienced interventional radiologist completed the procedures in a shorter-time
(see table 4.1.1), The correlations between the physician’s experience and the dose per
procedure on the right side of the head (lens of the right eye and forehead’s right side)
did not present any statistical significance. This may be attributed to the to uncertainty of
the low-dose measurements. A non-significance difference was observed between the
experience and the forehead’s left and right side.

Moreover, no linear relationship was observed between DAP and dose per
procedure, which can be explained by the use of room shielding and each operator’s
distance from the radiation source. According to Reeves, R.R., et al. [20], the operators’
position may affect his/her exposure, when indicators such as fluoroscopy time and DAP
are similar. Additionally, the RadiCure study found that fluoroscopy time and DAP were
not significantly reduced compared with the operators’ exposure reduction [44].
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On the other side, some studies demonstrated a linear relationship between the DAP and
the adsorbed dose, however, they were not performed under clinical conditions. In the
aforementioned study, the scatter doses were measured with solid state detectors,
positioned at a fixed distance from the radiation source, and PMMA phantoms to
simulate the patients. Therefore, this finding is linked with the fixed distance the
“operators” had from the radiation source. Also, the distance between the flat-panel and
the patient-phantom, the fluoroscopy pulses, the acquisition rate, the field size and the
collimation were the same during the experiments. [31, 45, 46].

An unusual finding reported in Embolizations/Chemoembolizations. In this type
of procedures, the dose per procedure was higher to the assistant than the primary
operator. The assistant operator is usually on the right side of the primary operator and
due to the inverse square law, he/she receives lower dose than the primary.
Nonetheless, in several cases in this study, during Embolization/Chemoembolization
procedures, the assistant operator was standing on the primary’s left side and therefore,
he received higher doses.

An interesting finding is the strong linear relationship between the dose per
procedure on the lens of the left and the right eye with the forehead’s left and right side,
respectively. R?2 was 0.998 between the lens of the left eye and the forehead’s left side
and 0.829 for the right side, respectively. As a result, the linear relationship between the
dose to eye lens and the dose to the forehead (for the same side) allows us to estimate
the dose to the eye lens when the dose to the forehead is known and the reverse.

Recently, the ICRP provided recommendations for the new occupational annual
dose limit for the eye lens and the threshold for radiation-induced cataract. These
changes were performed, after several studies raised concerns regarding the previous
annual dose limit to the eye lens for occupational exposure, and the threshold for
radiation-induced cataract [47]. The previous annual dose limit for the eye lens was 150
mSy, in terms of equivalent dose, and the threshold for detectable lens opacities, was 5
Sv for chronic exposure, 0.5-2.0 Sv for acute exposure, 8 Sv for fractional exposure and 5
Sv for acute exposure for visual impairment (cataract) [17]. The new threshold for
cataract formation is 0.5 Sv and the new occupational annual dose limit is 20 mSy, in
average for a 5-year period, with no single year exceeding 50 mSv [5].
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Fig. 4.10.1 Annual dose without considering the lead-glasses’ shielding
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In this master thesis, we estimated the annual doses received by the interventional
radiologists’ eye lenses. On the above histogram (see: Fig. 4.10.1) displays the estimated
annual doses on the lens of the right and left eye, for both interventional radiologist
groups, in comparison with the new annual limit.

As observed in the figure above, the annual dose of the interventional radiologist
5 on the lens of the left was the only case where the annual limit was exceeded.
However, it is important to emphasize that the TLDs were placed on the physician’s lead-
glasses, so they weren’t shielded by them. Therefore, the above estimation of the annual
doses on the operators’ eye lenses ignores the lead-glasses shielding. According to Gebel
et al., who studied the transmission factor from eight different radiation protection
eyewear models, when the scattered radiation strikes the lead-glasses from the front,
they have the same effect on both the right and left eye, and only small differences could
be seen between the different models. The transmission factors, that Gebel et al.
calculated, ranged from 13 to 27 % [46]. The following histogram (see: Fig. 4.10.2),
demonstrates the estimation of the annual doses on the eye lenses for both
interventional radiologist groups considering the lead-glasses shielding. The transmission
factor used for the correction of the measurements was 27%. In this case, none of the
interventional radiologists exceed the eye lenses annual limit.
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Fig. 4.10.2 Annual dose considering the lead-glasses’ shielding

Table 4.10.1 presents the results of other relevant studies, for the three types of
procedures examined. The values present the doses per procedure on the lens of the left
eye for the primary operator. In DSA/PTA LL procedures, our results are very similar to
the literature with the exception of two cases. A probable reason is that they preferred to
use the median value to estimate the dose per procedure. In
Embolizations/Chemoembolizations the results of this master thesis are in accordance
with the literature. Finally, in Vertebroplasty procedures, a considerable difference is
observed between this study and the literature. This can be attributed to the different
protocols used among the various studies. For example, Fitousi, N.T., et al. [48]
considered the shielding from the ceiling suspended screen, whereas Von Wrangel, A., A.

49



Cederblad, and M. Rodriguez-Catarino [49] in order to estimate the dose per procedure
on the eye lens placed the dosimeter on the physician’s forehead.

Table 4.10.1 Values’ comparison with other related studies

Embolization/
Study DSA/PTA LL Chemoembolization Vertebroplasty
Dose (uSv) per procedure
Current study 63 (Average value) 77 (Average value) 1762 (Average value)
Domienik, J., et al. [32] 15 (Median value) 85 (Median value) -
leodemt[)sv:], D., etal. 13 (Median value) 60 (Median value) -
Efstathopoulos, E.P., et .
al, [51] 1129 (Maximum value)
Ciraj-Bjelac, O. and
M.M. Rehani [52] 16-64 (Range) 15-66 (Range)
Bacchim Neto, F.A., et
4 ! .7 (Medi | - -
al. [53] 53.7 (Median value)
Vanhe'w.ere Fur C..E., 20 (Median value) 80 (Median value)
Gualdrini G., Clairand 52 (Average value) 120 (Average value) )
I., et al. [54] & &

Fitousi, N.T., et al. [48] -
Von Wrangel, A., A.
Cederblad, and M. -
Rodriguez-Catarino ) 230%* (Average value)
[49]

- 328* (Average value)
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6 Conclusion

The purpose of current master thesis was the evaluation of the occupational doses
per procedure on the eyes lenses and the forehead’s sides in three categories of
interventional radiology procedures (DSA/PTA LL, Embolizations/Chemoembolization and
Vertebroplasties).

Overall, the highest levels of radiation burden were recorded on Vertebroplasty
procedures both to the primary and assistant operator. Also, we found significantly
higher dose per procedure on the lens of the left eye and the forehead’s left side than on
the lens of the right eye and forehead'’s right side. Furthermore, the doses per procedure
on the eye lenses were significantly higher than the corresponding doses per procedure
on the forehead’s sides. One interesting finding was the strong negative correlation
between the interventional radiologists’ experience (in years) and the dose per
procedure on the left eye lens in DSA/PTA LL procedures. Also, we found a linear
relationship between the dose per procedure on the left and right eye lenses with the
forehead’s left and right side, respectively. This can be considered a good indicator for
estimating the dose on the forehead’s side if we only know the dose on the respective
eye lens and the opposite.

The no-use of the appropriate radiation protection tools lead to surpassing of
the dose limits. In particular, when the use of the ceiling suspended screen is impossible,
the operators must be obligated to wear lead-glasses to avoid the exceeding of the
annual dose limit (20 mSv) to the their eyes’ lenses.
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