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Abstract
Radiation protective (RP) eyewear effectively protects crystalline lenses from radiation exposure. A drawback of RP eyewear 
is the angular dependence of the shielding effect, which results from the design of the eyewear. In this study, 21 models of 
RP eyewear with different designs and lead equivalences were assessed. Each piece of RP eyewear was hung on a Styrofoam 
phantom that imitated the head, and a 0.125-cc ionization chamber dosimeter was placed at the position of the crystalline 
lens. The differences in angular dependence of the shielding effect were evaluated by changing the irradiation angle, and 
parameters that improved the angular dependence of the shielding effect—sufficient lead equivalence, large coverage design, 
and minimum gap between the crystalline lens and the RP eyewear—were identified. Thus, the findings highlight the impor-
tance of selecting RP eyewear according to the angular distribution and the nature of radiation exposure in the workplace 
for radiation workers.
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1  Introduction

The crystalline lenses of the eyes are highly sensitive to 
radiation, and this poses risks, such as the development of 
cataracts [1]. In a statement issued in April 2011 regarding 

tissue responses to radiation, the International Commission 
on Radiological Protection (ICRP) announced a decreased 
radiation threshold dose of 0.5 Gy to guard against cataracts 
and recommended a reduction in the annual dose-equivalent 
limit from 150 to 20 mSv for crystalline lenses. In August 
2012, ICRP Publication 118 reported a re-evaluation of 
the sensitivity of the eye to radiation-induced cataracts [2]. 
The dose rate did not affect the incidence of cataracts. This 
implies that the injuries in these cases and at these low dose 
levels are caused by single-hit irreparable-type events. A 
threshold dose of 0.5 Gy is proposed herein for practical 
purposes, irrespective of dose rate, and future studies may 
elucidate this judgement further. Nevertheless, studies have 
reported that some healthcare workers are exposed to radia-
tion levels beyond the new dose limit of 20 mSv per year 
[3–7]. Therefore, sufficient protection from radiation and 
periodic air kerma measurement of the crystalline lens is 
necessary.

There have also been reports about the conversion factor 
for radiation protective (RP) eyewear and the appropriate posi-
tion for measuring the air kerma of the lens [8–11]. Some 
studies have reported that conversion factors differ among 
different types of RP eyewear [12–16]. For example, a study 
by Bart et al. confirmed that the difference in dose reduction 
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between various models of RP eyewear ranged from 3.4 to 
8.3 [12]. However, no study, to the authors’ knowledge, has 
investigated the reasons behind the observed differences in the 
conversion factors. It is hypothesized that the differences in 
angular dependence of the shielding effect of the RP eyewear 
would play a role. In radiological examinations, where the 
positional relationship between the scattered radiation source 
and the crystalline lenses changes, the angular dependence of 
the shielding effect is thought to have important effects.

In this study, 21 models of RP eyewear were evaluated, 
and the angular dependence of the shielding effect was deter-
mined by changing the irradiation angle in the horizontal and 
vertical directions. By comparing the angular dependences 
of the shielding effect, the parameters that may be inducing 
the differences observed in the study were identified.

2 � Methods

2.1 � Classification of RP eyewear

In this study, 21 models of RP eyewear were classified by 
design, as shown in Table 1. The front type had RP glass, 

which contains lead only on the front to protect against 
radiation. The front and side types had RP glass on the front 
and sides. The panorama type had a three-dimensional lead 
acrylic lens, which extended to the sides and covered a large 
range. The screen type extended over 180° in the front and 
had a lead acrylic screen covering the whole face.

2.2 � Measurement method

The geometry for the measurement is shown in Fig. 1. The 
source chamber distance (SCD) was set to 150 cm. An ioni-
zation chamber dosimeter N31005 (PTW; Freiburg, Ger-
many) with a volume of 0.125 cc was positioned 100 cm 
above the floor. The useful tube voltage range of the ioniza-
tion chamber dosimeter was 140 kV to 50 MV. In this study, 
a relative value was used. Therefore, this effect was minimal.

In this study, the main beam was focused directly at the 
position of the eye to clarify the irradiation direction. The 
ionization chamber dosimeter was placed at the position of 
the crystalline lens of the right eye of a Styrofoam head 
phantom, and the ionization chamber surface matched the 
lens phantom. The ionization chamber dosimeter coincided 
with the center of the rotating table. This positioning helped 

Table 1   Classification of RP eyewear

Twenty-one models of RP eyewear were classified by design
The front type has RP glass only on the front. The front and side type has RP glass on the front and the sides. The screen type covers 180° at the 
front using lead acrylic. The panorama type has a three-dimensional lead acrylic lens that extends to cover the sides

Product name Manufacturer, Country Design type Lead equiva-
lence (mm Pb)

Weight (g) Length of RP glass 
(cm): horizontal

Length of RP glass 
(cm): vertical

Sporty Uniray Medical, India Front 0.75 84 7 4
Front Uniray Medical, India Front 0.75 74 5.5 4.5
Maxx Uniray Medical, India Front 0.75 62 5 3.5
PT-99AL Protech, USA Front 0.75 77 5.5 3.5
PT-99 Protech, USA Front 0.75 69 6 3.4
FP-6 Hoshina, Japan Front 0.6 73 6 4
PT-NIKE-BRAZEN Protech, USA Front 0.5 84 5.7 3.7
LG-N700B AADCO Medical, USA Front 0.5 75 6 3.6
PT-COMET Protech, USA Front and Side 0.75 80 6 3.5
PT-53 Protech, USA Front and Side 0.75 94 5.5 5.5
PT-70S Protech, USA Front and Side 0.75 92 5 4
PT-90 Protech, USA Front and Side 0.75 114 6.5 5
Front and Side Uniray Medical, India Front and Side 0.75 86 5 4.5
Fitover Uniray Medical, India Front and Side 0.75 96 6 4
LG-N190 AADCO Medical, USA Front and Side 0.6 84 6 4.5
FG50-770 MAEDA & CO LTD., Japan Front and Side 0.5 102 6.5 5
EC-06 AOYAMAKOUGAKU, Japan Front and Side 0.15 47 5 3
FP-3 Hoshina, Japan Screen 0.1 278 15 40
LG-800 AADCO Medical, USA Screen 0.1 432 10 30
HF-350B Toray Medical, Japan Panorama 0.07 41 9 5
HF-400S Toray Medical, Japan Panorama 0.07 47 11 5.6
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prevent the SCD from changing, even if the angle of the 
center of the rotating table was changed to alter the irradia-
tion angle. Thus, the ionization chamber was always placed 
on the rotation axis of the turntable. The RP eyewear was fit-
ted to the nose and the ears of the phantom. The gap between 
the crystalline lens (ionization chamber) and the RP glasses 
was 1.5–2 cm in most models of the RP eyewear.

The irradiation angle was changed by rotating the turn-
table to evaluate the angular dependence of the shielding 

effect of the RP eyewear (Fig. 2). In the horizontal direc-
tion, the irradiation angles were − 90°, − 75°, − 60°, − 30°, 
0°, 30°, 60°, 75°, and 90°. In the vertical direction, the 
irradiation angles were − 75°, − 60°, − 45°, − 30°, 0°, 30°, 
45°, 60°, and 75°.

The radiological parameters employed were as fol-
lows: 120 kV, 100 mA, and 0.1 s, with a radiation field 
measuring 20 × 20 cm and an SCD of 150  cm. The 

Fig. 1   Geometry for measure-
ment. The source–chamber dis-
tance (SCD) was set to 150 cm. 
The ionization chamber dosim-
eter N31005 (PTW; Freiburg, 
Germany), with a volume of 
0.15 cc, was positioned 100 cm 
above the floor to reduce the 
effects of radiation scattered 
against the floor

Fig. 2   Illustration of rotation 
phantom. a View from the 
front in the horizontal direc-
tion. b View from above in the 
horizontal direction. c View 
from the front in the vertical 
direction. d View from above 
in the vertical direction. The 
irradiation angle was changed 
by rotating the turntable. In the 
horizontal direction, the irradia-
tion angles were − 90°, − 75°, 
− 60°, − 30°, 0°, 30°, 60°, 75°, 
and 90°. In the vertical direc-
tion, the irradiation angles were 
− 75°, − 60°, − 45°, − 30°, 0°, 
30°, 45°, 60°, and 75°
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highest allowable tube voltage in interventional radiology 
(120 kV) was used to ensure overestimation [17].

2.3 � Visualization of positional relation between RP 
eyewear and crystalline lens

To visualize the positional relationship between the RP eye-
wear and the crystalline lens, a metal marker was placed at 
the position of the lens of the phantom’s head, and X-ray 
images were obtained, as shown in Fig. 3. These X-ray 
images allowed clear visualization of the gap between the 
RP eyewear and the crystalline lens, and the area protected 
by the lead shields.

2.4 � Analysis

Using the phantom, the lens air kerma dose was measured 
at each irradiation angle with and without the RP eyewear. 
The shielding rate was calculated using Eq. (1)

where SE(θ) is the shielding efficiency, D(θ)without is the lens 
dose without the RP eyewear, and D(θ)wearing is the lens dose 
while wearing the RP eyewear.

In this study, the relationship between the lead equiva-
lence and the shielding rate at each irradiation angle was 
assessed, and the angular dependence of the shielding rate 
was compared between various models of RP eyewear. Addi-
tionally, a relationship between the shielding effect and the 
length of the front of the RP eyewear was identified. These 
relationships were assessed with the coefficient of determi-
nation (R2), which shows the degree of correlation, and its 

(1)SE(�) =
D(�)without − D(�)wearing

D(�)without
× 100

value ranges from 0 to 1. The correlation is stronger as the 
value near 1.

2.4.1 � Relationship between lead equivalence and shielding 
rate

The relationship between the shielding rate and the lead 
equivalence, which is the main factor indicating the shield-
ing ability of RP eyewear, was considered. It was confirmed 
how the correlation between lead equivalence and shielding 
rate is altered when the irradiation angle changes horizon-
tally or vertically using R2.

2.4.2 � Comparison of angular dependence of shielding rate 
by design type

The angular dependences of the shielding rates of the four 
types of eyewear classified by design (front type: Maxx, 
front and side types: PT-COMET, panorama type: HF-350 
B, and screen type: LG-800) were compared for the horizon-
tal and vertical directions.

2.4.3 � Relationship between length of RP glass 
and shielding effect

It was hypothesized that the length of the RP glass at the 
front affects the shielding coverage. Increasing the shield-
ing coverage leads to improvement in the overall shielding 
ability of RP eyewear. Therefore, the correlation between the 
length of the front RP glass and the overall shielding ability 
of the RP eyewear was assessed using R2.

As an index for evaluating the overall shielding ability 
of RP eyewear, the sum of shielding efficiency (SSE) in the 
horizontal and vertical directions was calculated using the 
following equation:

SSE is the sum of the shielding efficiency, SE(θ) is the 
shielding efficiency, and A is the irradiation angle. The SSE 
in the vertical direction was used for the vertical length of 
the front the RP glass. The SSE for the horizontal direction 
was used for the horizontal length of the front RP glass. 
The SSE is equal to the sum of the shielding rates at all 
angles. When the shielding rate is 100% in all directions 
along a 180° angle, the SSE is at its maximum, which is 
180. In this analysis, only the front-type RP eyewear with 
a lead equivalence of 0.75 mm Pb was used to confirm the 
relationship between the shielding effect and only the length 
of the front RP glass.

(2)SSE =

90◦

∫
−90◦

SE(�)dA

Fig. 3   a Photograph and b radiograph of the head phantom, with 
metal markers denoting the position of the lens



405Angular dependence of shielding effect of radiation protective eyewear for radiation protection…

1 3

3 � Results

3.1 � Relationship between lead equivalence 
and shielding rate

3.1.1 � The relationship between lead equivalence 
and shielding rate from the front

The lead equivalence indicated by the manufacturers denotes 
the value for irradiation from the front, at 0°. Before con-
firming whether the relationship between the lead equiva-
lence and the shielding rate varies depending on the irradia-
tion angle, the correlation between the lead equivalence and 
the shielding rate at the front was confirmed. A correlation 
diagram of lead equivalence–shielding rate in the front is 
shown in Fig. 4. The coefficient of determination is 0.97, 
which indicates a strong correlation between the lead equiva-
lence and shielding rate at the front.

3.1.2 � Lead equivalence–shielding rate changes at various 
angles

Table 2 shows the approximation and the coefficient of 
determination of the relationship between lead equivalence 
and shielding rate at each horizontal irradiation angle. In 
the horizontal direction, the irradiation angles for which a 
correlation was confirmed between the lead equivalence and 
shielding rate were − 60°, − 30°, 0°, 30°, and 75°. In the 
vertical direction, the irradiation angles for which a cor-
relation was confirmed between the lead equivalence and 
shielding rate were − 45°, − 30°, and 0°. These results show 

that the relationship between lead equivalence and shielding 
rate changes markedly with the irradiation angle.

3.2 � A comparison of angular dependences 
of shielding rate by design type

A diagram of the shielding rates of the four types of RP 
eyewear at each horizontal irradiation angle is shown in 
Fig. 5a. For the front and side, panorama, and screen types, 
X-ray irradiation from the sides (− 90°, 90°) was shielded by 
the side lead shield, as shown in Fig. 6a, b. The front type, 
which only has an RP glass at the front, did not shield X-rays 
directed from the sides, as shown in Fig. 6c.

Parts of the eyewear frame that lack shielding ability 
reduce the shielding coverage. In this study, this part of the 
frame was seen at 60° in the horizontal direction.

A diagram representing the shielding rates of the four 
types of RP eyewear at each vertical irradiation angle are 
shown in Fig. 5b. None of the eyewear types successfully 
shielded X-rays from the head end (90°–30°), as shown in 
Fig. 7b.

The lead seal attached to the bottom of the RP eyewear 
shielded X-rays from the foot end (down to − 75°). In the 
front type, X-rays from the foot end were not shielded suf-
ficiently, as shown in Fig. 7b.
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Fig. 4   Relationship between lead equivalence and shielding rate from 
the front. A strong correlation exists between the lead equivalence 
and the shielding rate at the front

Table 2   Approximation and coefficient of determination between 
lead equivalence and shielding rate

The relationship between lead equivalence and shielding rate varies 
markedly depending on the irradiation angle

Irradiation angle Approximation Coefficient of 
determination

a) Horizontal direction
 − 90° y = − 3.0ln(x) + 47.7 R2 = 0.01
 − 75° y = 9.3ln(x) + 78.7 R2 = 0.08
 − 60° y = 12.8ln(x) + 98.9 R2 = 0.96
 − 30° y = 13.3ln(x) + 95.9 R2 = 0.66
 0° y = 15.0ln(x) + 100.0 R2 = 0.97
 30° y = 14.6ln(x) + 98.5 R2 = 0.82
 60° y = − 8.9ln(x) + 41.8 R2 = 0.13
 75° y = 11.3ln(x) + 99.2 R2 = 0.76
 90° y = 2.0ln(x) + 60.1 R2 = 0.00

b) Vertical direction
 − 75° y = − 0.42ln(x) + 23.0 R2 = 0.00
 − 60° y = 22.1ln(x) + 90.3 R2 = 0.34
 − 45° y = 17.8ln(x) + 102.6 R2 = 0.66
 − 30° y = 13.8ln(x) + 101.0 R2 = 0.97
 0° y = 15.0ln(x) + 100.0 R2 = 0.97
 30° y = 4.4ln(x) + 67.8 R2 = 0.02
 45° y = − 7.5ln(x) + 3.3 R2 = 0.14
 60° y = − 8.0ln(x) − 3.2 R2 = 0.16
 75° y = − 7.1ln(x) − 4.0 R2 = 0.12
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3.3 � Relationship between the length of the RP glass 
and the shielding effect

A correlation diagram of the front RP glass length and the 
SSE is shown in Fig. 8. The coefficient of determination of 
0.66 suggests a correlation between the length of the front 
RP glass and the SSE.

4 � Discussion

4.1 � Lead equivalence of the front RP glass

According to the simulation results reported by Hu et al., 
when the lead equivalence exceeds 0.35 mm Pb, it becomes 
difficult to improve the shielding rate [18]. In this study, it 
was difficult to improve the shielding rate above the lead 
equivalence of approximately 0.5 mm Pb. The attenuation of 
radiation is exponential, and the shielding rate is (1—attenu-
ation rate). Therefore, this result is likely to be theoretical. 

Fig. 5   Shielding rates of four 
types of RP eyewear at each 
irradiation angle. Angular 
dependency of the shielding rate 
varies depending on the design 
of the RP eyewear. Factors 
affecting angular dependency 
include the gap between the lens 
and the RP eyewear, the length 
of the front RP glass, whether 
a lead shield is placed on the 
bottom or on the sides, and the 
position of the frame

(a) (b)Horizontal direction Vertical direction
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Fig. 6   Radiographs showing the 
positional relationship between 
the crystalline lens and RP eye-
wear when irradiated horizon-
tally. a Panorama type. b Front 
and side types. c Front type. In 
the front and side, panorama, 
and screen types, X-ray irradia-
tion from the sides (− 90°, 90°) 
is shielded by the lead shields 
placed on the side. In the front 
type, which only has the front 
RP glass, the X-ray irradiation 
from the side and from the foot 
end was not sufficiently shielded

Fig. 7   Radiographs showing the positional relationship between the 
crystalline lens and the RP eyewear when irradiated a from the head 
end and b the foot end. None of the eyewear types were able to shield 
X-ray irradiation from the head end (up to 30°)
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These findings indicate that an excessive increase in the lead 
equivalence does not necessarily yield an improved shielding 
effect, and it merely increases the weight of the RP eyewear.

4.2 � Design of RP eyewear

In this study, it was found that the angular dependence of the 
shielding rate varies depending on the design of the RP eye-
wear. Factors affecting angular dependence include the gap 
between the lens and the RP eyewear, the length of the front 
RP glass, whether the lead shield is placed on the bottom 
or on the left and right sides, and the position of the frame. 
The most influential angular dependence factors are the gap 
between the RP eyewear and the lens and the length of the 
front RP glass. If the length of the front RP glass is large, the 
overall shielding ability of the RP eyewear is improved. The 
larger shielding coverage observed in the horizontal direc-
tion compared to the vertical direction may be attributed 
to the dimensions of the front RP glass, which is longer 
horizontally than it is vertically. However, the screen type, 
which has a longer RP glass length in the vertical direction, 
did not shield the X-rays from the foot end sufficiently due to 
the markedly larger gap of 5 cm between the RP eyewear and 
the lens compared to the other types of eyewear. The other 
types of eyewear have a gap difference of 0.5 cm, which 

appears to have minimal influence on shielding coverage. 
In a clinical context, having a sufficient shielding rate at all 
angles is ideal to ensure the protection of crystalline lenses, 
because the positional relationship between the source of 
radiation and the lens of the surgeon changes frequently. 
However, if the RP glasses were large enough to provide 
adequate shielding at all angles, they would be too heavy 
and impractical for extended wear.

4.3 � Limitations

Some limitations exist in this study. In this study, the irradia-
tion angle was changed 15° at a time. The angular depend-
ence of the shielding effect would have been different if the 
changes were made in smaller increments.

In addition, only the shielding ability of the RP eyewear 
was evaluated, and the influence of radiation absorption and 
scattering by a real human head composed of various organs 
was not considered. Therefore, the clinical lens dose and 
measured value are likely to be different.

Finally, the angular dependence of the shielding effect 
varies depending on individual differences in the size and 
shape of the head of the user. These individual factors affect 
the gaps between the crystalline lens and the RP eyewear. 
This study did not consider these variables.

5 � Conclusion

In this study, factors that decrease or improve the shield-
ing ability of RP eyewear were identified by measuring 
the angular dependence of the shielding rate of 21 models 
of RP eyewear, each with different lead equivalences and 
designs. Factors affecting angular dependence include the 
gap between the lens and the RP eyewear, the length of the 
front RP glass, whether the lead shield is placed on the bot-
tom or on the sides, and the position of the frame. These 
factors cause marked angular-dependent variation in the 
shielding ability of RP eyewear. Thus, it is crucial to con-
sider the state of lens exposure and the radiation field when 
selecting RP eyewear.
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