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Medical staff performing interventional procedures in cardiology and radiology is considered
to be a professional group exposed to high doses of ionizing radiation. With new epidemio-
logical evidences and recently reduced eye lens dose limit, dose assessment to the lens of the
eye, in the interventional cardiology, has become one of the most challenging research topics.
This paper presents results of the eye lens dose assessment in interventional cardiology ob-
tained by means of the computational dosimetry. Since placing and wearing the dedicated eye
lens dosimeter is encumbering for the staff, Monte Carlo simulation provides an accurate and
efficient method for obtaining an indication of doses to the eye lenses. Eye lens doses were es-
timated for three typical beam projections (PA, LAO, and RAO) and tube voltages ranging
from 80 kV to 110 kV, with different protective equipment setups, for the first operator posi-
tion. Simulations were carried out using MCNPX code. Results revealed that a whole body
dosimeter worn at the thyroid center position gives the best estimate of the eye lens dose with
a spread from 11 % to 18 % for the left eye. Corresponding average conversion coefficient
from whole body to the eye lens dose is estimated to be 0.18.
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INTRODUCTION

The use of X-rays for interventional procedures
in cardiology and radiology has increased in recent
years. The number of performed procedures is increas-
ing along with their complexity and exposure time
during these procedures. The radiation dose to the staff
is significantly higher than exposure of staff perform-
ing common diagnostic procedures [1-3]. Because of
that, there is a need for the adequate protection of
workers, in interventional cardiology (IC) and
interventional radiology (IR), from ionizing radiation.

The eye lens is more sensitive to radiation than
previously considered. Numerous epidemiological
studies, conducted over the past decade, have indi-
cated that radiation damage to the eye can occur at
dose levels far lower than the previously established
threshold [4], especially in the case of chronic and pro-
longed exposure to small doses, as is the case with pro-
fessionally exposure in medicine [5-8]. Until recently,
the occurrence of cataract was considered a typical tis-
sue reaction, with an equivalent dose threshold of 5 Gy
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in the case of chronic exposure and 2 Gy in the case of
acute exposures [4, 9]. However, based on new epide-
miological evidence, the International Commission on
Radiological Protection (ICRP) reduced the dose
threshold for the effects of ionizing radiation on the
eye lens at 0.5 Gy, bearing in mind the latent period
and the fact that cataract can occur at far lower doses
than previously established threshold, especially in the
case of chronic exposure to relatively small doses.
Anew dose threshold for tissue reactions also re-
sulted in reduction of the annual dose limit for eye lens
from 150 mSv to 20 mSv [10]. It has been shown that
for certain categories of professionally exposed per-
sons in medicine, the dose threshold may be exceeded
if appropriate personal and collective protective tools
are not used, or if the use of these devices is not ade-
quate [11]. Bearing in mind the new exposure limit,
dosimetry for eye lens has become one of the most im-
portant research topics in the field of radiation protec-
tion, challenging the scientific community for devel-
opment of new calibration procedures, eye lens
dosimeters and eye lens monitoring procedures, in or-
der to implement them in workplace situations with
sufficient level of practicality and accuracy [11-16].
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During interventional procedures the medical staff
wears a lead apron, thus, two whole body dosimeters
(one above, and one below the apron) are needed for cor-
rect estimation of effective dose (so called double dosim-
etry method). As the torso area is shielded with lead
apron, extremities are more exposed to direct and scat-
tered radiation thus, in some cases, extremity dosimeters
are also used for the staff members dose monitoring.
Moreover, for protection purposes, the staff in
interventional procedures is asked to wear lead thyroid
collar and to use ceiling suspended shield and/or lead
glasses. Therefore, in such complex work environment,
there is a need to establish a simple and practical eye lens
monitoring procedure, without increasing the number of
dosimeters worn by the medical staff.

Many options are available and their advantages
and disadvantages are widely discussed in the litera-
ture [16, 17]. One of the options is conversions of the
whole body dose, measured by a whole body dosime-
ter, to the eye lens dose. In particular, if the measure-
ments of dose using a whole body dosimeters, worn
outside the lead apron (or dosimeters worn on thyroid
collar) from medical staff is available, then the dose to
the eye lens can be calculated using a conversion fac-
tor from the whole body to the eye lens dose, for differ-
ent setups, taking into account reduction factors for the
shielding tools.

Monte Carlo method provides a way to get an
estimatione of doses to the eye lens simulating the
work environment of the staff involved in
interventional procedures [ 15, 18]. Parameters that af-
fect dose to the workers, beside the number of proce-
dures and exposure time in a single procedure, can also
be the geometry, collimation, the distance of the image
intensifier, distribution of scatter radiation (projection
of X-ray tube).

In the present study, Monte Carlo simulations were
used to derive conversion factors in order to correlate eye
lens doses with the whole body and thyroid doses in the
conditions that reflect a typical clinical environment,
during fluoroscopically guided interventional proce-
dures in cardiology or radiology.

MATERIALS AND METHODS

Monte Carlo simulations were performed using
MCNPX code [19]. Geometry for simulations included
X-ray source, body phantoms for first operator and pa-
tient, tabletop and flat-panel detector, personal and col-
lective protective equipment, and thermoluminescent
dosimeters (TLD) necessary to calculate conversion fac-
tors.

X-ray tube was modeled as a photon point
source directed in cone of beams. Source was posi-
tioned at a distance of 120 cm from flat panel detector
and 60 cm below tabletop, with the center line of the
cone going through the center of the patient torso
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Figure 1. Schematic presentation of the PA geometry
used for Monte Carlo simulation

phantom and center of the flat panel detector. Half-an-
gle for the cone of beams was calculated so that the
field of view would cover the entire patient torso phan-
tom. X-ray tube spectrum was obtained using Spec-
trum processor described in [IPEM Report 78 [20], for
tube voltages ranging from 80 kV to 110 kV (with
10 kV increment).

Both first operator's and patient's body were mod-
eled as a 180 cm x 40 cm x 20 cm phantom of muscle tis-
sue separated in three sections: head, torso and legs. Pro-
tective lead apron, 0.5 mm thick, was modeled to cover the
torso and one third of the legs of the first operator. Material
for protective glasses and ceiling suspended shield was
lead glass with such dimensions to cover eye region and
torso of the first operator, respectively, both with lead
equivalence of 0.5 mm. TLD used in simulations were di-
vided into three groups: (1) five were positioned in front of
the eyes (one is placed between eyes, two on the outside
and two above the eyes), (2) three were positioned at the
height of thyroid and (3) three at the chest level. TLD
were modeled as 5 cm x4 cm x 1 cm parallelepiped filled
with °LiF [21]. All material components and densities are
given in literature [22].

Simulations included three projections of the
X-ray tube. Projections were posterior anterior (PA) in
which the tube is directly beneath the patient and two
anterior oblique projections, left (LAO) and right
(RAO), in which the X-ray tube is positioned to +45
and —45 degrees. Following combinations of protec-
tive equipment (PE) were simulated: (1) both ceiling
suspended protection panel and protective glasses are
applied, (2) only ceiling suspended protection panel,
(3) only protective glasses, and (4) none of the protec-
tive tools.

Results of the simulations were obtained using
F6 tally for photons. F6 tally provides the user with en-
ergy deposition averaged over cells in terms of
MeVg!, which can easily be converted to mSv. Num-
ber of simulated particles was 300 million which en-
sured that relative error was satisfactory low and that
tallies passed all statistical tests.
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Dose to each eye lens is estimated as an average
of three tallies in cells that simulate TLD positioned to
surround the eye. Then the ratio between the eye lens
dose and the dose simulated by six tallies, positioned
on chest and thyroid, was calculated.

Finally, the average value of these ratios (aver-
aged on the total number of simulations), and the
spread to the mean ratio (coefficient of variance) were
calculated considering all configurations.

To validate Monte Carlo simulations and calcu-
lated Hp(3)/Hp(10) ratio, a set of measurements was
performed using ionization chamber calibrated in term
of H*(10) at the level of chest, thyroid and eyes.

RESULTS

The best correlation is given by the lowest spread
on eye lens dose and average whole body dose ratio.

Table 1 shows reduction factor for the doses to
the lenses of the eye, for the first operator, for three
typical projections and different combinations of the
protective tools.

In tab. 2 ratios and spreads for conversion from
position of whole body dosimeter to the position of the
eye lens dosimeter, are given.

DISCUSSION

The factors influencing the eye lens dose can be
grouped into a few main categories: beam orientation,
access route, fluoroscopy settings and operating mode,
use of protective tools (shielding screens, glasses) and
finally, factors related to the operator such as workload,
skill and training [16]. As presented in tab. 1, there are
evident differences between the effect of protective
equipment to the left and to the right eye lens, depend-

Table 1. Reduction factor for the doses to the lens of the eye for the first operator for three typical projections and different

combinations of the protective tools

Projection*® PA RAO LAO
Protective Eye lens Eye lens Eye lens
Tube voltage | quipment Left ’ Right Left ’ Right Left ’ Right

Glasses 3 4 2 2 4 5

80 Ceiling shield 52 2 70 5 3 1
Both 134 8 166 15 16 8

Glasses 3 4 2 2 5

90 Ceiling shield 46 2 73 5 3 1
Both 121 8 178 16 21 6

Glasses 3 4 2 3 4 5

100 Ceiling shield 49 2 51 4 4 1
Both 140 8 94 15 13 7

Glasses 3 4 2 3 4 5

110 Ceiling shield 47 2 60 4 4 1
Both 120 7 112 16 17 6

" Projection: PA — posterior anterior, RAO — right anterior oblique, LAO — left anterior oblique

Table 2. Ratio and spread for conversion from position of whole body dosimeter to the position of the eye lens dosimeter

TLD position”
Tube voltage | Eye lens TL TC TR CL CC CR
Left Ratio 0.65 0.16 0.12 0.58 0.18 0.13
20 Spread 0.41 0.55 0.99 0.25 0.50 0.94
Right Ratio 2.64 0.45 0.29 2.20 0.55 0.33
Spread 0.85 0.14 0.31 0.73 0.20 0.26
Left Ratio 0.70 0.19 0.13 0.76 0.21 0.15
90 Spread 0.25 0.45 0.91 0.31 0.41 0.90
Right Ratio 2.33 0.50 0.31 2.54 0.56 0.35
Spread 0.63 0.11 0.38 0.68 0.12 0.37
Left Ratio 0.75 0.18 0.12 0.76 0.20 0.16
100 Spreiad 0.25 0.39 0.84 0.28 0.37 0.94
Right Ratio 2.47 0.49 0.29 2.55 0.55 0.36
Spread 0.66 0.15 0.29 0.71 0.18 0.40
Left Ratio 0.84 0.20 0.13 0.79 0.22 0.17
110 Spread 0.25 0.44 0.85 0.18 0.41 0.93
Right Ratio 2.84 0.53 0.30 2.58 0.57 0.37
Spread 0.73 0.18 0.28 0.64 0.17 0.37

" Position: first letter: T — thyroid, C — chest; second letter: L — left, C — center, R — right
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ing on the origin of scatter radiation. The origin of scat-
tered radiation reaching the eyes was proved to be a rea-
son for variation in the protection efficiency of different
eyewear models [15]. In many interventional proce-
dures, in particular hemodynamic interventional cardi-
ology procedures, left eye is more irradiated due to the
fact that the source of scatter radiation is positioned at
the left side of the first operator. It is obvious from the
results, that for the position of the first operator, greater
reduction in dose is accomplished with proper position-
ing of the ceiling suspended shield (reduction factor of
3-70) than by protective glasses alone (reduction factor
of 2-5). However, combined use of protective equip-
ment still gives the greatest reduction factor, from 13 to
178, for all projections and voltages of the X-ray tube.
In addition, the effect of the lead glasses depends on the
operator's head orientation, which is related to the posi-
tion of the monitors in the X-ray room. The doses were
found to be lower, for both left and right eyes, when the
operator is facing away from the X-ray tube [23].

For the left eye lens, results indicate two possible
positions for whole body dosimeter, which would give
the best estimate of the eye lens dose. Both thyroid left
and chest left positions have lowest spread for two out of
four tube voltages. For thyroid left position the spread is
25 %, for both tube voltages, while for the chest, at the
left position, the spread is 25 % and 18 %, for two tube
voltages, giving this position advantage for eye lens dose
estimate. For the right eye lens, results also indicate two
possible positions for the whole body dosimeter, which
would give the reasonable estimate of the eye lens dose.
However, thyroid central position has the lowest spread
for three out of four tube voltages and for fourth tube
voltage the center chest position is better by 1 %, which
in terms of doses involved in interventional cardiology
and radiology, is negligible.

Over the 80 kV-110 kV tube voltage range, typi-
cally used in interventional procedures, the results in-
dicate that the whole body dosimeter, worn at the thy-
roid center position, gives the best estimate of the eye
lens dose, with spread from 11 % to 18 % for left eye
lens and an average conversion coefficient of 0.18.
The spread for right eye ranged from 39 % to 55 %,
whereas the average conversion coefficient was esti-
mated to 0.49. Study carried out by Farah et al. [14]
also showed that TLD, worn at the thyroid level, gives
the best estimate of the eye lens dose, with differences
in ratio values due to Monte Carlo simulation approxi-
mations used in this study.

CONCLUSION

In this work, the efficiency of different combina-
tions of protective equipment used in interventional
procedures is presented. The efficiency was assessed
for different X-ray beam projections. In addition, a
computational algorithm for eye lens dose assessment,
using whole body dose values, is presented. From the
presented results, choosing the center position at the

height of the thyroid, would give the best estimate for
the eye lens dose, which can be then calculated using
conversion factor for that position and reduction factor
for the combination of applied protective equipment.
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Ipegpar M. BOXKOBUWh, Onusepa ®. IUPAJ-BJEJIALL
Jenena C. CTAHKOBWH IIETPOBUh, Janujena . APAHBWh, Canppa M. REKIIMh

INPUMEHA MOHTE KAPJIO CUMYJALMJA Y INPOLHEHU JO3E 3A O4YHO
COYUBO MMPOPECUOHA/IHO MN3J0XEHUX JIMHA Y UHTEPBEHTHOJ
KAPIUOJIOININ N PAINOJOININ HA OCHOBY JO3UMETPA 3A HEIO TEJIO

Oco6spe Koje 00aB/ba MHTEPBEHTHE MPOIEAYpe Y KapAUOJIOTUjU U PAMOJIOTUjU cMaTpa ce
IpOo(PeCUOHATHOM TPYIOM H3JIOKEHOM BHCOKHM fo3aMa joHusyjyher 3pauewa. Ca HOBUM enu-
JIEMUOJIONIKUM Ca3HaWkIMa 1 HEJJABHO CMalkeHOM I'PaHUYHOM BpeHOuThy J03€ 32 OYHO COUMBO, IPOICHA
[l03€ 32 OYHO COYMBO Y MHTEPBEHTHO] KapAMOJOTrWj/ II0CTalla je jefHa Ofl Haju3a30BHUjUX TeMa UCTpa-
SKHBamlba. Y OBOM pajly ¢y IpUKa3aHU Pe3yJaTaTH MPOLEeHe 03¢ 32 OYHO COYMBO Y UHTEPBEHTHO] Kapau-
OJIOTHjU MPUMEHOM MeTofja KoMIjyrepcke go3umerpuje. C 003UpOM jla MOCTaBbalkhe M HOIICHE Ha-
MEHCKOT JJO3UMETPA 3a OYHO COYMBO 3alOCIE€HMMAa IIpeficTaB/ba onrepehemwe y papy, Monte Kapio
cUMYyJaluje MOry IPYy>KUTH TauHy 1 e(pUKacCHY METOJy 3a oOUjame NHAUKAIM]E O 03aMa 32 OUHA COUMBA.
Jlo3e 3a ouHa couMBa MPOLEHEHE CY 3a TPU TUIIHYHE pojekunje peHarencke nesu (RA, LAO u RAO) n 3a
BpepHocTu Bucokor HamoHa off 80 kV go 110 kV ca paznmuuTum KoMOMHaNKjamMa 3allITUTHE ONpeMe 3a
UHTEPBEHTHOT Kapauonora. Cumymnanuje cy ypabene npumeHoM nporpamckor nakera MCNPX. PesynraTu
MpOIIeHEe 103€ NMoKAa3yjy Aa je Mo3ulxja Koja faaje HajooJby MpolLeHy J03a 3a 06a OYHA COYMBa LEHTpaaHa
MO3UIIMjA Y BUCHHU IITUTHE KJIE37E.

Kmwyune peuu: 003a 3a 04HO couu60, UHTIEp8EHIIHA KAPOUOA0ZUja, X-3payerse, pacejaHo 3payerse,
Mowninie Kapao meitiooa



