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Abstract The eye lens is considered to be among the

most radiosensitive human tissues. Brain CT scans may

unnecessarily expose it to radiation even if the area of

clinical interest is far from the eyes. The aim of this study

is to implement a bismuth eye lens shielding system for

Head-CT acquisitions in these cases. The study is focused

on the assessment of the dosimetric characteristics of the

shielding system as well as on its effect on image quality.

The shielding system was tested in two set-ups which differ

for distance (‘‘contact’’ and ‘‘4 cm’’ Set up respectively).

Scans were performed on a CTDI phantom and an

anthropomorphic phantom. A reference set up without

shielding system was acquired to establish a baseline.

Image quality was assessed by signal (not HU converted),

noise and contrast-to-noise ratio (CNR) evaluation. The

overall dose reduction was evaluated by measuring the

CTDIvol while the eye lens dose reduction was assessed by

placing thermoluminescent dosimeters (TLDs) on an

anthropomorphic phantom. The image quality analysis

exhibits the presence of an artefact that mildly increases

the CT number up to 3 cm below the shielding system.

Below the artefact, the difference of the Signal and the

CNR are negligible between the three different set-ups.

Regarding the CTDI, the analysis demonstrates a decrease

by almost 12 % (in the ‘‘contact’’ set-up) and 9 % (in the

‘‘4 cm’’ set-up). TLD measurements exhibit an eye lens

dose reduction by 28.5 ± 5 and 21.1 ± 5 % respectively at

the ‘‘contact’’ and the ‘‘4 cm’’ distance. No relevant arte-

fact was found and image quality was not affected by the

shielding system. Significant dose reductions were mea-

sured. These features make the shielding set-up useful for

clinical implementation in both studied positions.
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shielding � Dose reduction � Image quality

Introduction

The lens of the eye is one of the most radiosensitive tissue

of the human body [1, 2]. Radiation-induced cataract has

been highlighted as a possible result of interventional

procedures whereas other studies have shown the risk of

lens opacities in populations exposed to even low doses of

ionizing radiation, including astronauts and patients

undergoing computed tomography (CT) [3–6].

Recently, in light of the results of an epidemiological anal-

ysis [7], the International Commission on Radiation Protection

(ICRP) has lowered the dose threshold for these effects and now

recommends, for exposed workers, a dose equivalent limit of

20 mSv to lens in a year, averaged over a 5-year period, not to

exceed 50 mSv in any single year. For these reasons, attention

on dose reduction techniques is growing and several scientific

studies on the topic have been published [8–10]. Gantry tilting,

organ-based tube current modulation, bismuth shielding and

iterative reconstruction [11, 12] are among the most widely

used procedures to reduce the eye lens dose. All authors agree

that gantry tilting and tube current modulation (or reduction)

techniques [13, 14] have to be preferred to high attenuation-
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filter (bismuth shielding) ones allowing for dose reduction

while maintaining image quality. However, these techniques

are not implemented in all available commercial scanners,

especially in less recent ones. In these last cases, taking into

account their cost of implementation and attenuation charac-

teristics, the bismuth filter may be a valid alternative, for the

protection of patient’s eye lenses [15].

The manufacturer of the shield guarantees eye lens dose

reduction up to 50 % (40 % mean reduction): these results

are on-line with reported data in literature [16]. The default

set up for this shielding system is to place the protection

dispositive just upon the eyes of the patient. Using this set-

up the compliance of uncooperative patient (children,

elderly, claustrophobic, etc.) may be compromised in some

circumstances. Moreover, cases of artefact due to the

contact between the shielding system and the patient have

been noted [16]. Avoiding contact between the shielding

system and patients’ eyes can bring two important benefits:

increase in patient’s compliance and a reduction of bio-

logical risk. This study aims at characterizing the clinical

impact of a high absorption filter, placed at different eye

distances, in head CT-scans.

Materials and methods

The bismuth shield (3 9 14 cm2, 0.06 mm Pb eq,

Attenurad, Vandergrift PA, USA) was placed on an in-

house developed height adjustable holder aimed at

increasing patients’ compliance (Fig. 1).

After the scout scan the shielding system can be easily

implemented in the CT-head holder, thanks to the equipped

‘‘Velcro’’ strips on both the shielding system and the head

holder. For stability and resistance purposes a layer of 2 cm

of radio-transparent rubber was positioned upon the filter.

CT acquisitions (see Table 1) were performed using a Light

Speed L16 (General Electric, Milwaukee USA) CT system.

A CTDI phantom and an anthropomorphic phantom

were subjected to Axial scans centered on the shielding

system. Because of its intrinsic high homogeneity CTDI

phantom scans were utilized for CTDI measurement and

image quality assessment while four calibrated TLDs have

been positioned on the anthropomorphic phantoms scans

(Fig. 2) for dose evaluation.

The CTDI measurements were performed with a 10 cm

pencil ionization chamber (10X5-3CT, Radcal Instruments,

Monrovia, California, USA) and clinical protocol scanning

parameters (see Table 1) were adopted.

For the purposes of this study, three set-ups were defined:

at 0 cm distance between shielding system from the top of

the phantom (‘‘contact’’ set up), a second set-up of 4 cm

distance (‘‘4 cm’’ set up, Fig. 3) and a final set-up without the

shielding system. Dosimetric characteristics were evaluated

through CTDI assessment and TLDs measurements. For each

position (right eye, left eye) and each set-up, the measure-

ments were reported 3 times with a different TLDs set every

time (2 eyes * 3 distance * 3 times = 18 scans in all).

The thermoluminescent material used was the

LiF:Mg,Cu,P (GR200A - Lavoro e Ambiente Srl, Forlı̀,

Italy) chosen for its better performance in terms of

Fig. 1 Developed height adjustable system for shielding set-up

Table 1 Scanning parameters
Clinical protocol details

Scan mode Axial

kVp 120

mA 250

Revolution time (s) 2

Collimation (mm) 10

CTDI (mGy) 114.03

DLP (mGy) 1824.48

Fig. 2 TLD positioning
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sensibility and reproducibility compared to the TLD-100

[17]. Dosimeters are calibrated once a year with X

(37–248 keV) and c (60Co) sources certified by the Italian

authority on personal dosimetry (ENEA).

Image quality was assessed by measuring Signal, Noise

and Contrast to Noise Ratio (CNR). Three vertical areas and

three horizontal areas of interest were defined. The vertical

ones are along the midline of the homogenous phantom and

on its lateral sides in correspondence to the eyes’ position

(see Fig. 4). The three horizontal areas (of the same dimen-

sions) are defined in the upper, the middle and the lower parts

of the CTDI phantom (see Fig. 4).

The vertical areas of interest have been divided into regions

of interests (ROIs) with dimension of 10x10 pixels. In each

ROI the mean Hounsfield units value (HU) was defined as

‘‘Signal’’ and the standard deviation of the HU as ‘‘Noise’’. In

the horizontal area the average Signal (contrast referred to

air = -1000 u.a.), standard deviation and contrast to noise

ratio CNR (phantom vs. air) of the vertical ROI (10 9 10)

belonging to the considered zone were calculated. Signal was

not converted in HU because CT-Number of CTDI phantom is

proximal to 0 (CT scanner are calibrated with HUwater = 0).

Then converting the signal in HU the direct proportionality

with density is lost and the relative variation due to shield

induced artefact could be incorrectly estimated.

Air measurements (signal and standard deviation) have

been performed outside the phantom in the exam without

high attenuation filter.

CNR was defined as:

CNR ¼ Iphantom � Iair
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

r2
phantom þ r2

air

q ð1Þ

where Iphantom; Iair are respectively the CT numbers of the

CTDI phantom and of the air, while r indicates their

standard deviations.

A MATLAB (The MathWorks, Natick, Massachusetts,

USA) code was developed for these purposes.

Eye lens doses were evaluated through TLDs dosimeter.

Relative attenuation was evaluated as the ratio between the

filtered and the full dose scans (without shielding system).

The uncertainty of the Relative Attenuation was evaluated

as follows:

ratt ¼
Dosefilter

DoseW
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

rfilter
�

Dosefilter

� �2

þ rW=DoseW

� �2
r

ð2Þ

where Dosefilter and DoseW are respectively the measured

TLD dose with and without bismuth shielding, while r
indicates their standard deviations.

Results

Dosimetric assessment

The in-house developed holder has proved to be reliable,

durable and user friendly. Comparisons of the TLD

Fig. 3 a CTDI phantom with

contact filter and b high

attenuation filter placed 4 cm

above the anthropomorphic

phantom

Fig. 4 Area of interest for image quality assessment (contact filter

set-up)
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measurements exhibit a substantial dose reduction at the

eyes’ level: by 28.5 % in the setup with the shielding

system just upon the phantom, and by 21.1 % for the set up

with the shielding system placed 4 cm above the phantom.

Table 2 gives information about the entrance surface

dose (ESD) measured with the TLD. The results reported in

Table 2 are the averages of the different repeated mea-

surements. Uncertainty was calculated as the standard

deviation of the measurements.

Peripheral and central dose measurements in the CTDI

phantom lead to the results presented in Table 3.

Image quality

The effect of shielding system, in the ‘‘contact’’ set-up,

produced a moderate artefact that caused a gradient in

Signal Level increasing the CT-number up to about 4-5 cm

from the shielding system (see Fig. 5). 5 cm below the

shielding system the increase is limited to a few point (a.u.)

of signal.

Images taken with the shielding system in the 4 cm set

up did not show any artefacts.

The plot in Fig. 5 outlines the trend of Signal and CNR

versus the distance from the filter. Quantitative analysis of

the data is reported in Table 4.

Mean CNRs in the ROI included in phantom were

measured along the three vertical profiles (see Table 5). In

the plots above a comparison between CNRs with filters

and without filters is provided (Fig. 5).

Data analysis shows a degradation of image quality. In

particular a moderate decrease of the average CNR value,

ranging between 8 % (in the ‘‘4 cm’’) to 20 % (in the

‘‘contact’’ set up) was found. CNR is influenced by the

presence of the artefact that increases the signal in the first

ROI. Thus, to quantify the variation of the image quality, we

included the analysis of the Standard Deviations of the

Signal below the shielding system. According to the distance

from the top of the phantom, three ranges were identified,

namely ‘‘top’’ range (up to 5 cm from top), ‘‘medium’’ range

(from 5 up to 10 cm) and ‘‘bottom’’ ranges (from 10 cm up

to the end) of the phantom(see Fig. 4). Noise distribution

was considered along these three vertical areas.

In Table 5 it can be seen a non-negligible noise increase

in the set up with the shielding system placed in contact

with the patient in the ‘‘Top’’ area. In this area the Standard

Deviation is three times its value for the central profile. In

the ‘‘Medium’’ and ‘‘Bottom’’ range the Noise increase is

moderate and it never exceeds 1 a.u., becoming negligible

in the ‘‘Bottom’’ range were the filter was placed at 4 cm

from the patient. In these last two areas a double paired two

tails T Test showed a not significant (p\ 0.05) difference

as visible in Fig. 6.

Noise increase in the left profile is moderately higher

than the increase in the right one. This is probably due to

the presence of the plastic support of the shielding system

on that side of the head support.

Discussion

The American Association of Medical Physics (AAPM)

recently (2012) recommended the use of alternative sys-

tems (tube current modulation, tube current reduction,

iterative reconstruction, etc.) for dose reduction in CT-

scans. The report focused on the fact that these systems are

not compromised by the disadvantage (artefact) of the high

attenuation filter [18]. However these systems (all above

iterative reconstruction algorithm) are not available in

every CT-scannner and may be not suitable for all

anatomical regions (e.g. tube current modulation is not

widely used in head CT-scan). In these cases the high

attenuation filter should represent a cheap, effective and

Table 2 Entrance surface dose

assessment (TLD

measurements)

Patient position Shielding system

position

ESD (mGy) ESD relative

attenuation (%)

Left eye No 54 ± 3 –

Contact 38 ± 4 (29 ± 5)

4 cm 43 ± 3 (20 ± 4)

Right eye No 55 ± 3 –

Contact 40 ± 4 (28 ± 5)

4 cm 43 ± 3 (22 ± 4)

Table 3 CTDI calculation in the three different set-up

Constructor

value (mGy)

Without

filter (mGy)

Contact filter

(mGy)

4 cm filter

(mGy)

CTDI 114.0 115.2 ± 4.6 100.1 ± 6.0 (-12.2 %) 103.1 ± 5.2 (-9.6 %)
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easy to implement alternative in head CT-scans where the

area of clinical interest is far from eyes.

The shielding system, developed in this study, has

proved to be reliable, durable and user-friendly. Moreover,

the set-ups presented here do not involve direct contact of

the shielding system with the patient, allowing for multiple

use of the shield.

The dosimetric analysis shows a moderate global dose

reduction induced by the presence of the filter. In fact, the

CTDIvol decreases by nearly 10 % in both studied set-ups.

A greater dose reduction was observed at eyes’ level in the

TLDs measurements (-21.1, -28.5 %). These data are

consistent with what declared from manufacturer (40 %

dose reduction for 0.06 mm Pb eq) with the bismuth shield

Fig. 5 Signal and contrast-to-noise ratio versus shielding system distance—left, and center. The zero point of the abscissa axis is the beginning

of the phantom in the central profile (v.Fig. 2)

Table 4 Image quality: mean

CNR in the three studied profile

(left, center and right) for the

various distance of the bismuth

shielding

Shield position Left Center Right

CNR % Decrease CNR % Decrease CNR % Decrease

Without shield 552 – 584 – 624 –

Contact 465 16 466 20 518 17

4 cm 485 12 537 8 551 12
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placed in contact with the eyes of the patient. The decrease

of variation of ESD can be attributed to the greater distance

between the patient and the shield.

The CTDI phantom images elaborations showed a

degradation of image quality up to about 5 cm below the

shielding system. In fact in the set-up where the bismuth

shield was placed in contact of the phantom it is possible to

see the presence of an artefact involving growth of the CT

number by nearly 250 % compared to the non-artefacted

signal. In the ‘‘medium’’ and ‘‘bottom’’ range CNRs of the 3

different set-ups are comparable; it is thus possible to say

that in these areas image quality is not significantly affected

by the presence of the shield. The choice of evaluating

image quality only in a homogenous phantom and not in the

anthropomorphic one was made with the intent to objectify

the effect of the shielding system. The presence of inho-

mogeneity (like cranial fossa, orbits or air cavity), acting on

the quality of X-ray spectrum (spatial difference in beam

hardening), could influence the variation of CT signal.

No artefact, at the phantom level, was evident in the set-

up with the shielding system placed at 4 cm from the top of

the phantom.

By observing that usually the distance between eye lens

and the brain is about 4 cm, it is possible to conclude that

no image degradation will affect brain region in Head CT

examination when using both shielding system ‘‘set ups’’.

Conclusions

The presence of the shielding system can lead to a reduc-

tion of the entrance surface dose by 21 % (in the ‘‘4 cm’’

set up) and by 29 % (in the ‘‘contact’’ set up). Our results,

when considering the distance from the eye lens to the filter

in the two studied set-ups, are comparable with the man-

ufacturer data.

Results (no artefacts in the brain area, good dose

reduction) show that the set up with the contact shielding

system seems to be a very attractive option but, in case of

uncooperative patient, also the other set up (4 cm distance

from the patient) appears to provide good results in terms

of eye lens dose reduction.
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