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ABSTRACT 

 
Some epidemiological evidences were recently reviewed by the ICRP and it was suggested that, for the eye lens, 

the absorbed dose threshold for induction of late detriments is about 0.5 Gy. On this basis, on 2011, the ICRP 

has recommended changes to the occupational dose limit in planned exposure situations, reducing the eye lens 

dose equivalent limit of 150 mSv to 20 mSv per year, on average, during the period of 5 years, with exposure 

not exceeding 50 mSv in a single year. Following the ICRP recommendation, the Brazilian Commission of 

Nuclear Energy (CNEN) adopted immediately the new limit to the eyes lens. This study aimed to show an 

overview about the doses in eye lens of occupational radiation workers in situations of planned exposures in the 

medical, industrial and nuclear areas, emphasizing the greatest radiological risks applications. It was observed 

that there are some limitations, such as example, to use individual monitor calibrated on Hp(3), to assess the 

equivalent dose in the eye lens. This limitation obstructs some experimental studies and monitoring of the levels 

of radiation received in the eye lens of radiation workers. Recent studies have showed that the lenses of eyes 

monitoring of workers, mainly in the planned exposure, must be follow-up. However, such researches were 

obtained only in medical exposures, mainly in interventional medicine procedures. Studies with planned 

exposure on nuclear and industrial areas are really needed and will be very important due to the new 

recommended by ICRP dose limits. 

 

 

 

1. INTRODUCTION 

 

The use of nuclear energy has been growing with the advanced of the technology and it has 

assumed an important role in the market and the people’s quality of life, mainly in the 

radioactive application in medicine and industry areas. There are a large use of radiation in 

medical application for the diagnostic examinations or treatments for pathology by the use of 

x-ray diagnostic techniques, nuclear medicine, or radiotherapy. In the same way, the use of 

radiation in industrial application is still growing mainly to control the quality of products 

and for sterilization of consumers’ goods.    

 

The use of radiation in medical, nuclear and industrial applications must be taking into 

account the doses received by the workers during their jobs. The doses of the Individual 

Occupational Exposure (IOE) and members of the public must be as low as reasonably 

achieved taking into account the limitations and restrictions stipulated by the Regulatory 

Authority of the country.  
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To find a correlation between the effects caused by radiation and the dose of radiation 

received has always concerned researches and doctors.  To find the best way to have a precise 

diagnosis and a better human treatment for the victims of radiological accidents is the goal of 

them.  

 

With this intention, many researchers have tried through their scientific work to estimate 

doses of radiation using the technology available at the time.  The main data were related to 

high radiation doses due to some radiological accidents, the effects of the Hiroshima and 

Nagasaki’s victims or by guinea pigs’ experiments.
1,2

 

 

The radiation effects basically depend on the type and energy of the radiation, the rate and 

dose fractionation and above all the radiation sensitivity of some tissue or organs. There are 

some other factors that alter the response or biological effect such as age, sex and physical 

health of the individual.
2
 

 

The most sensitive tissues to radiation are the reproductive organs, bone marrow and the 

lenses of the eyes. Due to the recent researchers, the lenses of the eyes are attracting more 

attention on the part of researchers, doctors and users. 

 

Cataracts caused by radiation have been proved amongst those workers involved with X-ray 

equipment.  A series of studies has suggested that there can be a significant risk of opacity to 

the lens of the eye in people exposed to low doses of ionising radiation.  Evidence for this are 

from those having taken C.T. examinations, the astronauts, the radiology technicians, the 

radiotherapists, as well as from data on survivors of the atomic bomb and those exposed in 

the Chernobyl accident.
 3

 

 

So far, the cataract has been considered as a deterministic effect of a threshold dose, however 

the most recent epidemiology studies indicate that this type of damage also has the character 

of being probably being able to manifest itself by only low doses.
3
 

 

The International Commission of Radiological Protection analysed recent epidemiology 

evidences that suggested that for the lens of the eye, the threshold of the absorbed dose to 

cause biological effects is around 0.5 Gy.
3
 

 

On this basis, on 2011, the ICRP has recommended changes to the occupational dose limit in 

planned exposure situations, reducing the eye lens dose equivalent limit of 150 mSv to 20 

mSv per year, on average, during the period of 5 years, with exposure not exceeding 50 mSv 

in a single year.
4
 

 

In face of this recommendation, the Brazilian Commission of Nuclear Energy (CNEN) 

adopted immediately the new limit to the eyes lens through resolution CNEN 114/2011 

published on 2011.
 5
 

 

Recent studies have showed that the lenses of eyes monitoring of workers, mainly in the 

planned exposure, must be follow-up. However, such researches were obtained only in 

medical exposures, mainly in interventional medicine procedures. 
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Workers involved in other medical, industry and nuclear applications could be, from the point 

of view of radiation protection, be exposed to relevant levels of radiation.
6
 Thus, it becomes 

important to measure the levels of radiation on the eye lens of these workers.
 

 

 

2. SURVEY BIBLIOGRAPHY 

2.1 – Opaqueness of the lens 

 

The lens in the eye is a natural bi-convex, transparent, a vascular lens located behind the iris, 

and together with the cornea it is 4mm thick and 9mm in diameter.  It is responsible for the 

convergence of the light rays on the retina to form an image.  The loss of transparency of the 

lens is the cataract that prevents the formation of a clear image on the retina.
7 

According to the World Health Organization (WHO), cataracts are the principal cause of 

reversible blindness in the world.  It is responsible for approximately 48% of the cases of 

blindness on the world: more than 17 million people.  The WHO estimates three new cases of 

cataracts per 1000 inhabitants each year (0.3%) and in Brazil this corresponds to around 

552,000 new cases annually.
7
 

Cataract, as shown in Fig. 1, is the term given to any opacity of the lens of the eye and is a 

progressive condition.  Initially the lens is clear, turning yellow and even brown or black 

depending on the degree of development.  Advanced stages can lead to blindness.
7 

 

 
 

Figure 1: Position the lens in the eye and cataract. 
 

 

There are three types of common cataract: nuclear, subcapsular posterior and cortical. The 

subcapsular cataract causes a notable reduction in vision even in well-lit environments.  The 

opacity caused by the nuclear cataract is associated with a temporary improvement in close 

up vision which then develops into myopia.  The cortical cataract allows for good vision until 

the total commitment of the visual axis. Only the subcapsular posterior and cortical cataracts 

are attributable to the effects of ionizing radiation.
7
 

 

The Fig. 2 shows how the radiation causes opacity of the lens.  There is a transparent layer of 

epithelises cells on the inside front of the coating that covers the lens. 

 

This layer maintains the function of the lens by slowly growing toward the center, achieved 

through cell division at the periphery (called the equator) of the lens. Because radiation is 
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especially harmful to dividing cells, exposed cells at the equator are most prone to damage. 

For unknown reasons, damaged cells move toward the rear of the lens before converging on 

the center. Such cells prevent light from travelling straight forward, resulting in opacity.
8 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Lens opacity at the posterior subcapsular region caused by radiation. 

 

 

The principal risk factor for the development of cataracts is age.  Anyone over 65 years of age 

will naturally have a slightly affected lens which may or may not result in a significant 

reduction in vision.  Other factors accelerate the aging and can contribute to the appearance 

of a cataract, such as diabetes, genetic predisposition, previous eye trauma, excessive alcohol 

consumption, exposure to sunlight, smoking and exposure to doses of radiation.  

 

Other studies exist show that high frequency electromagnetic radiation from cell phones and 

other electrical devices can be harmful to eye tissue, but their effect on the lens is presently 

unknown.
9
 

 

2.2– Epidemiological Studies  

 

In the article “Lens injuries induced by occupational exposure in non-optimized 

interventional radiology laboratories” by VANO et al [1998], a brief account is given about 

confirmed cases of damage to the lens caused by occupational exposure to radiation in two 

X-ray rooms dedicated to vascular and visceral radiological procedures.  For the two 

radiologists affected, the estimates for the eye lens equivalent dose varied between 450-900 

mSv per year for a number of years.
10

 

 

Additionally, according to the article of KLEN et al. [1993], a study was undertaken of eye 

problems of the general public related simply to old age.  During the taking of a standardized 

medical history, the 4926 individuals were questioned if they had received a chest X-ray, CT 

scan or other head X-rays, abdomen X-rays, or other diagnostic X-rays.  The 

ophthalmological examination included photos of the lens of the eye which were 
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subsequently classified in accordance with the protocol. Nuclear sclerosis and opacity 

subcapsular posterior were found to be associated significantly with CT scans
11

. 

 

DAY et al. [1995] undertook a study to determine the predominance and characteristics of 

changes to the lens amongst a sample of children aged 5 to 17 years old, residents of the 

controlled zone around Chernobyl, and compared these results with those of a control sample 

of individuals who hadn’t been exposed.   A total of 1787 Ukrainian children formed the 

survey (996 exposed and 791 not exposed).  More than ¾ of the children analysed in this 

study showed a small alteration, classified as a defect in the focal lens in the cortical parts 

and/or nuclear parts of the lens of the eye.  The exposed group showed a small (3.6%) but 

statistically significant alteration in the lens subcapsular posterior similar to the changes 

identified in survivors of the atomic bombs of Hiroshima and Nagasaki.   These subcapsular 

posterior changes occurred in boys between 12 and 17 years old and in exposed children who 

reported eating mushrooms cultivated in the locality.
12

 

 

The article by HALL et al. [1999] presented a study about the development of lens opacity 

and the measures to be taken to avoid it in the areas of oncology, radiotherapy and 

radiological protection.  The objective of the study was to correlate the predominance of lens 

opacity in individuals exposed in infancy to ionizing radiation considering the dose of 

radiation through radiotherapy and other factors of possible risk.  Between 1920 and 1959, 

around 16500 children (<18 months old) with skin haemangioma were sent to the 

Radiumhemmet, University Hospital Karolinska, 89% of whom were then treated with 

radiotherapy.  A total of 484 individuals exposed and 89 individuals not exposed as the 

control sample underwent an ophthalmological examination.  Lens opacity was found in 357 

(37%) of the 953 lenses examined of those exposed to radiation.  In contrast, lens opacity was 

observed in only 35 (20%) of the 178 lenses examined in the non-exposure control sample. It 

was concluded that the increase in the predominance of cortical and subcapsular posterior 

opacity is related directly to radiotherapy treatment.
13

 

 

According to ICRP 85 [2000], it has been observed and documented that doctors and other 

medical staff who perform radiological procedures could suffer any damage to the lens of the 

eye. Significant doses of radiation can cause erythema with 2 Gy, cataracts with 2 Gy, 

permanent hair loss with 7 Gy and skin necrosis with 12 Gy.   Prolonged occupational 

exposure of the lens can cause cataracts with 4 Gy, if the dose is received in under 3 months 

and with 5.5 Gy if it is received in a period over 3 months.
14

 

 

For more than thirty years, astronauts orbiting the Earth or on Lunar missions have been 

exposed to radiation from space composed of high energy protons, large atomic mass ions 

and secondary particles produced in collisions with space crafts and body tissue.  A lot of 

uncertainty exists in the projection of the cumulative risks of space radiation like cancer and 

cataracts due to scarce epidemiological data.  CUCINOTTA et al. [2001] presents 

epidemiological data that shows an increased risk of developing cataracts for astronauts who 

have received elevated doses (>8mSv) of radiation in the lens of the eye.  The study used 

historical data for the incidence of cataracts in 295 astronauts that participated in NASA’s 

Longitudinal Study of Astronaut Health (LSAH) and the data of exposure to radiation of 

workers.  These results suggested that relatively low doses of space radiation can predispose 

the crew to an increase in the incidence and premature appearance of cataracts.
15
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The study of RASTEGAR et al. [2002] was undertaken to examine of the lenses of the eyes 

of astronauts and cosmonauts to detect signs of radiation induced cataracts.  The objective of 

this study was to take the first step to understand better the risks of cataracts induced by the 

radiation associated with long duration space missions.  The lenses of 21 ex-astronauts and 

cosmonauts were examined using an updated camera system Topcon Scheimpflug Model B-

45 SL. The degree of opacity in this group of astronauts and cosmonauts was compare to the 

measurements of those in a reference group.  This reference group was established by 

analysing a group of 395 individuals using the same Scheimpflugsystem.  The initial results 

indicated that the values of opacity in the majority of astronauts and cosmonauts were clearly 

greater in regions IV (cortex posterior) and V (capsula posterior) in comparison to the 

average values of opacity for the respective band of the reference group.
16

 

 

In the article published by NERIISHI et al. [2007], a reconstructive analysis was undertaken 

to estimate doses in 3761 survivors of the atomic bomb who submitted themselves to medical 

examinations during 2000-2002, including 479 post-operative cases of surgery for cataracts.  

The analyses indicated a statistical increase in the stated dose in the predominance of those 

having undergone cataract surgery to 1 Gy.   The predominance of cataract surgery in 

survivors of the atomic bomb increased significantly with the dose of radiation from the 

atomic bomb.  The estimate lower (0.1 Gy) and upper limits (0.8 Gy) of the threshold limit 

for the predominance of cataracts that were operated on, was much less than the threshold of 

2-5 Gy generally assumed by the community of radiological protection and statistically it was 

not compatible with no other limit.
17 

 

The ICRP 103 affirms that “new data is hoped for about the radiological sensitivity of the eye 

in relation to reduction in sight…because of the uncertainty about this risk, there must be 

special attention given to optimization in situations of lens exposure.”  The ICRP 

recommended that optimization should be applied in whatever situation of planned exposure 

and for whatever category of exposure.
4
 

 

Alterations in the subcapsular posterior of the lens, characteristics of exposure to radiation at 

a threshold of an effective dose less than 1 Gy were reported in cleaners of Chernobyl 

WORGUL et al. [2007].  These results are inconsistent compared to ICRP 85 and ICRP 103, 

which report that that the threshold dose for detectable opacity was from 5 Gy in prolonged 

exposure.  However, this data is in agreement with the new limit of 0.5 Gy for detectable 

opacity that was recently proposed in ICRP 2011b. 
14, 4, 18, 19

 

 

An international study called RELID (Retrospective Evaluation of Lens Injuries and Dose) 

was started by AIEA in 2008.  A number of eye testing examinations have been held, as 

shown in Fig. 3.
3 

 

http://www.elsevier.com/wps/find/bookdescription.cws_home/29083/description
http://www.elsevier.com/wps/find/bookdescription.cws_home/713998/description
https://rpop.iaea.org/RPOP/RPoP/Content/News/relid-activities.htm
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Figure 3:  The IAEA cataract study – RELID Reports. 

The ICRP published a declaration in April 2011 reducing the dose limit to the lens of the eye 

by almost eight times. 
4  

The temporal evolution is shown in Fig. 4. 

 

Figure 4:  The evolution of annual dose limit for the eye lens as recommended by the 

ICRP. 
 

 

In summary, recent human epidemiological findings for acutely, protractedly, and chronically 

exposed populations suggest that the current ICRP recommendations following fractionated 

or prolonged exposures of a 5 Gy threshold for detecting opacities and a 8 Gy threshold for 

visual impairment may underestimate the risk. Some of the earlier epidemiological studies, 

on which these recommendations were made, may not have had sufficient follow-up to detect 

either radiation-induced lens changes or visual disability requiring cataract surgery. In 

addition, better techniques for detecting, quantifying, and documenting early radiation-

associated lens changes, as well as better dosimetry, may be factors that have contributed to 

more recent findings of radiation cataract risk at low exposures. Continued follow-up of 

atomic bomb survivors, Chernobyl victims, and various occupationally exposed individuals 

may lead to a more precise estimate of any threshold. 
20

 

 

2.3 – Physical Dosimetry of Eye Lens 

 

Normally, individual external monitoring records the effective dose (or equivalent dose in an 

organ or relevant body tissue) received by each individual during a specific period. This 
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allows the evaluation of work conditions and the comparison with the established dose limits 

(standards). 

 

The quantities used in radiation protection cannot be measured directly.  However, radiation 

protection is based upon the limits for these quantities.  Operational quantities are possible of 

being measured, where values will provide upper limits for the quantities.  The operational 

quantities for individual monitoring are the Hp(10), that represents the equivalent dose in the 

soft tissue of the ICRU to a depth of 10mm in the body in the area in which the personal 

dosimeter is used and the Hp(0.07), that represents a depth of 0.07mm in the body in the area 

where the personal dosimeter is used.  To estimate the effective dose to external exposure, an 

individual monitor positioned at the most exposed point of the thorax, calibrated to Hp(10) 

must be used for example.     

 

In Brazil, provisionally for the evaluation of effective dose from photons, the quantity 

“individual dose” (Hx) is used, defined for individual external monitoring by the product of 

the value determined by the individual dosimeter used on the surface of the thorax, calibrated 

in terms of Kerma in air, by the factor  f= 1.14 Sv/Gy.
5
 

 

In the case of equivalent dose in the lens, individual calibrated monitors must be used in the 

operational quantity Hp(3).  However, at the moment in Brazil there is no supply of such 

monitors, making an experimental study of the levels of radiation received into the lens of 

workers unviable. 

 

In the article by BEHRENS et al. [2011], it was investigated whether dosimeters designed for 

the quantity Hp(0.07) calibrated on a rod phantom could also be worn on the head (close to 

the eyes) and still deliver correct results (Hp(0.07) on a head). For that purpose, different 

types of partial-body dosimeters for routine usage were irradiated at different photon energies 

on both a rod and a slab phantoms. It turned out that their response values were within +5% 

independent of the phantom if the quantity value for the respective phantom is used. Thus, 

partial-body dosimeters designed for the quantity Hp(0.07) calibrated on a rod phantom may 

be worn on the head and be used to as monitor of eye lens dose due to photon radiation via 

the measurement of Hp(0.07) on the head.
21

 

 

In EYE-D ™ the proven and reliable high-sensitive thermoluminescence detectors MCP-N 

(LiF:Mg,Cu,P) are applied, which as sure the good energy response and broad dose range 

between at least 10 μSv and 10 Sv. Calibration and testing of dosimeters were performed on 

cylindrical water phantom 20 cm diameter, 20 cm height with 0.5 cm PMMA walls. The 

EYE-D ™dosimeter, showed in Fig. 5, was developed, optimized and tested within the 

ORAMED (Optimization of Radiation protection for Medical staff) project funded by EU-

EURATOM within the 7
th

 Framework Programme.
22
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Figure 5: Eyes lens TLD dosimeter by ORAMED for monitoring of Hp(3) doses. 

 

 

2.4 – Computational Dosimetry of Eye Lens through Monte Carlo Method 

 

The modern version of the Monte Carlo method was invented in the late 1940s and since 

then, after seven decades, many researchers developed software to improve the estimative of 

radiation doses received by the workers. 

 

A Brazilian software named “Visual Monte Carlo –VMC”
23

 was also developed using the 

Monte Carlo Method and a human body simulator. The Visual Monte Carlo (VMC) 

transports photons, protons and alpha particles through inhomogeneous geometries, mostly 

through voxel geometries. The VMC photon transport algorithms have been applied to dose 

calculations (VMC dose calculation) and to simulating the counting geometry as applied to 

in-vivo measurements (VMC in-vivo). This software VMC enables to calculate the absorbed 

dose received by each organ and tissue relevant to the calculation of effective dose, as 

defined in ICRP Publication 103.
4
 

 

A research project is now ongoing to calculate the eye lens doses to workers in many areas of 

radiation applications using the VMC. The first results about this theme were presented on a 

manuscript named “Estimation of Eye Lens Dose to Industrial Gammagraphy Workers”
24

.  

The Fig. 6 shows some screens of the VMC. 

 

 

 

 

 

 

 

 

 

 

Figure 6: VMC and ICRP Male Simulator. 
 

 

3. CONCLUSIONS  

 

It can be inferred that the dose in the lens of the eye of those who work with radiation, albeit 

in the medical, nuclear or industrial area or in planned or unplanned situations of expose, has 

always been a concern and a motive for investigation by various researchers due to the 

possibility of the lens suffering cataracts.   

 

But, this concern became more real after the alteration made by the ICRP on the occupational 

dose limit when the equivalent dose limit of the lens was reduced from 150 mSv/year to 20 

mSv/year. 
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Despite this change has being based on planned exposures associated with medical 

procedures only, it was observed that it was necessary to follow more systematically the 

doses on the lens of the eye of workers involved in applications of radiation that had greater 

radiological risk, such as in nuclear and industrial areas. 

 

The estimation of the eye lens dose is resulted of the technology development on the use of 

dosimeters compatible with each practical situation. Not only an accurate dosimetry system is 

required but as well its calibration to non-conventional magnitudes.  

 

To make up for this gap, researchers are developing specific computational programs based 

on the Monte Carlo Method, which make it possible to estimate the dose in the lens without 

the necessity of advanced technology. 

 

It is hoped that this study serves as a reference for subsequent works about this theme, 

emphasizing and stimulating new experimental and computational studies resulting in a 

greater certainty of the risks associated with exposure to radiation in the face of the new lens 

dose limits recommended by the ICRP. 

 

The professionals involved in other medical, industrial and nuclear applications can be 

exposed to significant levels of radiation, from the point of view of radiation protection.  It 

therefore becomes necessary to estimate the doses of radiation of the eye lens of all 

individuals exposed occupationally. 

 

With this estimation it will be possible to evaluate the impact of this new dose limit and 

foresee adequately current scenarios and as well as this to make recommendations so that the 

professionals that work in radiological areas do not receive doses above those established by 

the regulatory authority. 
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