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Radiation-Induced Cataracts

n 1905 – first mention of a human radiation cataract 
in an x-ray laboratory worker

n Post-WWII – reports of lens opacities in cyclotron 
workers and A-bomb survivors published

n These studies stimulated much interest and 
research into this phenomenon



Anatomy of the Eye



Cataract
Cataract is an opacity of the normally clear lens which may develop as a result of 
aging, metabolic disorders, trauma or heredity

It is well established that ionizing radiation may also cause cataract



Types of Cataract
Cortical Cataract

Involves spoke or wedge-like opacities that often start around the 
periphery of the lens

Nuclear Cataract 
Involves a yellowing of the central lens
Sometimes cause a shift in prescription, leading to a temporary 
improvement in near vision  

Posterior Subcapsular Cataract
Involves a hazing of the back of the lens. 
Progress more rapidly and affect vision more significantly 
Seen more frequently with diabetes, steroid use, and s/p vitreoretinal 
surgery; 
Closely associated with ionizing radiation exposure



Radiation-Induced Cataracts

Characteristically, the opacities initially appear centrally in the posterior subcapsular region 
of the lens and consist of small granules and vacuoles that tend to form a roughly circular 
opacity

As posterior changes increase, granular opacities and vacuoles may appear in the anterior 
subcapsular region, usually centrally 
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of  between 6.51 to 11.5 Gy, the average latent 
period was reduced to about 4 years. This and 
other evidence indicate that the latent  period be-
comes shorter as dose is increased.

■  DOSE–RESPONSE RELATIONSHIP 
FOR CATARACTS IN HUMANS

Both the National Council on Radiation Pro-
tection and Measurements (NCRP) and the 
International Commission on Radiological Pro-
tection (ICRP) have categorized a radiation- 
induced cataract as a “deterministic effect.” That 
is, a cataract is characterized by the following:

■ A threshold in dose below which the effect 
does not occur.

■ The severity of the effect increases with dose 
above the threshold.

■ The effect is thought to be caused by damage 
to many cells.

The threshold suggested by ICRP is 2 Gy, 
delivered in a single exposure, or a larger dose 
(5–8 Gy) for a prolonged or fractionated expo-
sure. These recommendations were based largely 
on early work by Merriam and Focht and others, 
which involved the study of a limited number of 
people (mostly radiotherapy patients) exposed to 
relatively large radiation doses and followed for 
relatively short periods. For example,  Merriam, 
Szechter, and Focht reviewed the case histo-
ries of 233 patients on radiotherapy who re-
ceived radiation to the lens of the eye and for 
whom dose estimates were available. Of these 
patients, 128 developed cataracts, 105 did not. 
Britten and his colleagues reported 14 cases of 

dose. The degree of opacity, measured with the 
Scheimpfl ug system, is shown in the lower panel.

■ THE LATENT PERIOD

Time to onset of clinically relevant disabling 
opacities ultimately requiring cataract  extraction 
surgery is variable, but in general dose related; 
the latency gets shorter with increasing dose. 
This latency has been reported in the literature 
variously to be from 6 months to more than 
50 years. In radiotherapy patients who had re-
ceived 2.5 to 6.5 Gy to the eye, the average la-
tent period was about 8 years. At higher doses 
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Cataract Classifications

FIGURE 13.3  The system of cataract classifi cation 
devised by Merriam and Focht, illustrating the arbitrary 
numeric scores assigned to progressive severities of 
cataracts. (Courtesy of Dr. Basil Worgul.)

Anterior segment (mm)

1.2

1

0.8

0.6

0.4

0.2

0

–0.2
11 1 1 1 1 1 1 1

FIGURE 13.4  Top: Photograph of the 
lens of a “liquidator” who worked on top of 
the reactor at Chernobyl and accumulated a 
substantial radiation dose. Bottom: Degree of 
opacity through the lens measured with the 
Scheimpfl ug imaging system. This equipment 
gives a quantitative and objective assessment 
of the severity of the cataract. The area under 
the curve represents a densitometric reading 
of the lens. The region of greatest opacifi cation 
is under the posterior capsule. (Courtesy of Dr. 
Basil Worgul.)
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Radiation-Induced Cataracts

A female exposed to A-bomb at age 21 on the street 805 m from the hypocenter

The progression of opacities as previously described is not unique to radiation, but in most 
instances, a careful history and ocular examination will allow a differential diagnosis to be made 
with considerable accuracy



Radiation-Induced Cataracts

n There are 3 possible clinical outcomes, depending 
on the dose and other factors  
¨The opacities may remain stationary in the early stage 

with little effect on vision
¨May develop slowly to an intermediate stage and remain 

stationary for years
¨May progress to a fully mature cataract, resulting in 

blindness  



The Effect of Radiation

1) What is the minimum dose to the lens that would produce a cataract (threshold)

2) What is the percent incidence of cataracts at increasing dosage level? (probability)

3) What is the effect of dose on the timing of onset of a cataract? (latency)

4) What is the effect of dose on the incidence of stationary or progressive opacities? 
(severity)

5) What are the relative effects of single and divided treatments on the above? 
(fractionation)

6) What is the relative sensitivity of young and adult lenses? (age) 

Questions 



The Work of Marriam and Focht
Radiation charts from Memorial and Columbia-Presbyterian in New 
York city were reviewed

A total of 233 cases were identified which had detailed radiation 
plans available.  

These included patients being treated for hemangioma or carcinoma 
of the head and neck region

Of those 128 patients developed radiation cataracts, 105 patients 
did not.  



The Work of Marriam and Focht
In each case, the actual amount of radiation to the 
lens was determined by employing a paraffin and 
beeswax phantom

A small condenser ionization chamber was inserted 
into the position of the lens 

In each case, the radiation factors, shielding, and 
positioning were reconstructed as closely as possible 
from data available in the chart 

For analytic purposes, the cases were arranged in 3 
groups representing the most frequent courses of 
therapy: *single treatments, *multiple treatments 
from 3 wks-3 mo, *multiple treatments over a 
period > 3 mo



The Work of Marriam and Focht

Dose for cataract and noncataract cases vs. the overall treatment time



Dose-Response 

100% cataract

0% cataract

There is a clear time-dose 
relationship – the lens were able 
to tolerate a higher dose with 
increased fractionation and 
overall duration of treatment

As the dose increases, the 
probability of developing a 
cataract increases



Dose-Response

threshold

“Deterministic effect”
“Tissue Reaction”



The Degree of Opacities
Of patients who received low dose levels to the eye (2.2 - 6.5 Gy), only 12% 
developed progressive opacities

Of patients who received higher dose (6.5 - 11.5 Gy), only 12% had stationary 
opacities

As dose increases, the severity of the cataracts increases 

Remember, radiation cataractogenesis is a deterministic effect (tissue reaction)!



The Latent Period 

n The latent period estimated to be from 6 mo to more than 
50 years

n In RT patients received 2.5 to 6.5 Gy, the average latent 
period was 8 years

n At higher doses 6.5 to 11.5 Gy, the average latent period 
was 4 years

n The latent period is therefore an inverse function of the 
dose 



Quality of Radiation

Neutrons and other densely ionizing radiations are very effective at 
inducing cataracts 

10 of 11 physicists exposed to cyclotron neutrons developed cataracts over periods of 10-250 
wks
The estimated total accumulated doses at lens averaged 1 Gy

During the Apollo 11 flight, astronauts reported seeing “light flashes and streaks”, which were 
believed to be due to particles passing through the retina 
 
Subsequent experiments with 1,000 rats exposed to accelerated 40Ar ion showed that the heavy 
ions in space can be from 3.5 – 100+ times more cataractogenic than conventional x-rays



Quality of Radiation

Consider cataract induction as a 
biologic endpoint

The RBE of fast neutrons relative to x-ray 
is 10 at high dose level (several Gy)

The RBE increases to 50+ for small 
doses of a fraction of a cGy

The increase in RBE at low doses is caused largely by the sharply declining effectiveness of x-
rays with decreasing dose, rather than an increasing in effect per unit dose of neutrons or 
charged particles
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neutron survival curves have different shapes, 
the x-ray survival curve having an initial shoul-
der, and the neutron curve being an exponential 
function of dose, the resultant RBE depends on 
the level of biologic damage (and therefore the 
dose) chosen. The RBE generally increases as 
the dose is decreased, reaching a limiting value 
that is the ratio of the initial slopes of the x-ray 
and neutron survival curves.

■  RELATIVE BIOLOGIC EFFECTIVENESS 
AND FRACTIONATED DOSES

Because the RBE of more densely ionizing ra-
diations, such as neutrons, varies with the dose 
per fraction, the RBE for a fractionated regimen 
with neutrons is greater than for a single expo-
sure, because a fractionated schedule consists 
of several small doses and the RBE is large for 
small doses.

Figure 7.3B illustrates a hypothetical treat-
ment with neutrons consisting of four frac-
tions. For a surviving fraction of 0.01, the RBE 

neutrons compared with x-rays is then simply 
the ratio 6:4 or 1.5.

The study of RBE is relatively straightfor-
ward so long as a test system with a single, un-
equivocal end point is used. It becomes more 
complicated if, instead, a test system such as the 
response of mammalian cells in culture is cho-
sen. Figure 7.3A shows survival curves obtained 
if mammalian cells in cultures are exposed to a 
range of doses of, on the one hand, fast neutrons 
and, on the other hand, 250-kV x-rays. The 
RBE may now be calculated from these sur-
vival curves as the ratio of doses that produce 
the same biologic effect. If the end point chosen 
for comparison is the dose required to produce 
a surviving fraction of 0.01, then the dose of 
neutrons necessary is 6.6 Gy; the corresponding 
dose of x-rays is 10 Gy. The RBE, then, is the 
quotient of 10/6.6 or about 1.5. If the compari-
son is made at a surviving fraction of 0.6, how-
ever, the neutron dose required is only 1 Gy and 
the corresponding x-ray dose is 3 Gy. The re-
sultant RBE is 3:1 or 3.0. Because the x-ray and 
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FIGURE 7.3  Typical survival curves for mammalian cells exposed to x-rays and 
fast neutrons. A: Single doses. The survival curve for x-rays has a large initial shoul-
der; for fast neutrons, the initial shoulder is smaller and the fi nal slope is steeper. Be-
cause the survival curves have different shapes, the relative biologic effectiveness 
(RBE) does not have a unique value but varies with dose, getting larger as the size 
of the dose is reduced. B: Fractionated doses. The effect of giving doses of x-rays or 
fast neutrons in four equal fractions to produce the same level of survival as in A. 
The shoulder of the survival curves is reexpressed after each dose fraction; the fact 
that the shoulder is larger for x-rays than for neutrons results in an enlarged RBE for 
fractionated treatments.

25858_Hall_CH07.indd   10725858_Hall_CH07.indd   107 3/11/11   4:03 AM3/11/11   4:03 AM



Mechanism of Radiation Cataractogenesis
Hypotheses

? ?
?

It was clear that abnormal lens fibers are 
the first cytopathological correlates to 
clinically detectable opacities
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person with a radiation history strongly suggests 
radiation as the causative agent. Similarly, an ab-
sence of this sequence of events would exclude 
radiation as a cause. In other words, although it is 
never possible to state unequivocally that a given 
cataract is radiation induced, it is possible to say 
with some certainty that some cataracts—for ex-
ample, nuclear cataracts—do not have a  radiation 
etiology. Depending on the dose, the cataract fre-
quently remains stationary at this stage, confi ned 
to the posterior subcapsular region. If it continues 
to progress, it becomes nonspecifi c and cannot be 
distinguished from other types of cataracts.

■ THE DEGREE OF OPACITY

Figure 13.3 shows the system of cataract clas-
sifi cation devised in the 1950s by Merriam and 
Focht. The accumulation of some opaque fi bers 
at the posterior pole is labeled a 1! cataract; as 
the severity of this opacity increases and some 
impaired fi bers show up in the anterior part of 
the lens, the score edges up progressively to 4!.

The severity of the cataract can be assessed 
quantitatively and objectively by using the 
Scheimpfl ug imaging system. This device pro-
vides a distortion-free digitized image for den-
sitometric analysis of the cataract. Figure 13.4 
shows a cross section of the lens of one of the 
“liquidators” who worked on the roof of the re-
actor at Chernobyl and accumulated a signifi cant 

as a dot, usually situated at the posterior pole. 
As it enlarges, small granules and vacuoles ap-
pear around it. With further enlargement, to the 
point at which the opacity is several millimeters 
in diameter, it may develop with a relatively clear 
center, so that it is shaped like a doughnut. At the 
same time, granular opacities and vacuoles may 
appear in the anterior subcapsular region, usually 
in the pupillary area. This sequence of events is 
not unique to radiation, but its appearance in a 

FIGURE 13.1  Diagram of a sagittal section of a 
human lens, illustrating the various cellular relation-
ships. Cells are produced by mitosis in the germination 
zone (GZ) of the epithelium. They begin to differentiate 
into lens fi bers at the meridional rows (MR) and accu-
mulate at the equator. Cells in the central zone (CZ) do 
not normally divide. (Adapted from Merriam GR, Worgul 
BV.  Experimental radiation cataract: its clinical relevance. 
Bull NY Acad Med. 1983;59:372–392, with permission.)

FIGURE 13.2  Cataract in the pos-
terior subcapsular region 4 years after 
a dose of 24 Gy of x-rays to a patient 
on radiotherapy. (From Merriam GR, 
Worgul BV. Experimental radiation 
cataract: its clinical relevance. Bull 
NY Acad Med. 1983;59:372–392, with 
 permission.)

25858_Hall_CH13.indd   18925858_Hall_CH13.indd   189 3/11/11   4:31 AM3/11/11   4:31 AM

Anatomy and Physiology of Human Lens 
Central zone cells are nonmitotic

Germinative zone is 
the primary site of 
mitotic activity of 
the lens epithelium 

The ocular lens 
is enclosed in a 
capsule

Cells begin 
differentiation and form 
the meridional rows 
where cells queue up in 
precise register, forming 
ordered columns of 
nuclei

Terminal zone where 
progeny of GZ undergo 
a terminal cell division
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person with a radiation history strongly suggests 
radiation as the causative agent. Similarly, an ab-
sence of this sequence of events would exclude 
radiation as a cause. In other words, although it is 
never possible to state unequivocally that a given 
cataract is radiation induced, it is possible to say 
with some certainty that some cataracts—for ex-
ample, nuclear cataracts—do not have a  radiation 
etiology. Depending on the dose, the cataract fre-
quently remains stationary at this stage, confi ned 
to the posterior subcapsular region. If it continues 
to progress, it becomes nonspecifi c and cannot be 
distinguished from other types of cataracts.

■ THE DEGREE OF OPACITY

Figure 13.3 shows the system of cataract clas-
sifi cation devised in the 1950s by Merriam and 
Focht. The accumulation of some opaque fi bers 
at the posterior pole is labeled a 1! cataract; as 
the severity of this opacity increases and some 
impaired fi bers show up in the anterior part of 
the lens, the score edges up progressively to 4!.

The severity of the cataract can be assessed 
quantitatively and objectively by using the 
Scheimpfl ug imaging system. This device pro-
vides a distortion-free digitized image for den-
sitometric analysis of the cataract. Figure 13.4 
shows a cross section of the lens of one of the 
“liquidators” who worked on the roof of the re-
actor at Chernobyl and accumulated a signifi cant 

as a dot, usually situated at the posterior pole. 
As it enlarges, small granules and vacuoles ap-
pear around it. With further enlargement, to the 
point at which the opacity is several millimeters 
in diameter, it may develop with a relatively clear 
center, so that it is shaped like a doughnut. At the 
same time, granular opacities and vacuoles may 
appear in the anterior subcapsular region, usually 
in the pupillary area. This sequence of events is 
not unique to radiation, but its appearance in a 

FIGURE 13.1  Diagram of a sagittal section of a 
human lens, illustrating the various cellular relation-
ships. Cells are produced by mitosis in the germination 
zone (GZ) of the epithelium. They begin to differentiate 
into lens fi bers at the meridional rows (MR) and accu-
mulate at the equator. Cells in the central zone (CZ) do 
not normally divide. (Adapted from Merriam GR, Worgul 
BV.  Experimental radiation cataract: its clinical relevance. 
Bull NY Acad Med. 1983;59:372–392, with permission.)

FIGURE 13.2  Cataract in the pos-
terior subcapsular region 4 years after 
a dose of 24 Gy of x-rays to a patient 
on radiotherapy. (From Merriam GR, 
Worgul BV. Experimental radiation 
cataract: its clinical relevance. Bull 
NY Acad Med. 1983;59:372–392, with 
 permission.)
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Mechanism of Radiation Cataracts

Many investigators have shown that the 
germinative zone must be irradiated for a 
cataract to develop

A marked depression of mitotic activity 
occurs soon after irradiation, followed by 
an overshoot with a gradual return to 
normal

This post-irradiation proliferative activity is 
absolutely essential for cataract formation



Mechanism of Radiation Cataracts
Meridional rows in rat lens

Cells are highly ordered in the MR

This precise alignment of elongating epithelial 
cells is important to the maintenance of normal 
cytoarchitecture and, therefore, transparency

MR 2 wks after 10 Gy x-ray

Moderate doses of x-ray causes disorganization of 
the MR
Note the cells occupying the row were in the GZ at 
the time of irradiation
The higher the dose, the more severe the 
disorganization and the earlier it will appear 



Mechanism of Radiation Cataracts
Initial injury is suffered primarily by epithelial cells in the germinative zone

When these cells resume mitosis, their progeny are displaced into the meridional rows; altered 
differentiation causes disorganization of the MR

Nucleated, abnormally shaped fibers begin to 
accumulate beneath the posterior capsule; in the 
posterior subcapsular region these cells 
assume a rounded, bladderlike appearance and 
are known as “Wedl” cells



When the superficial cortex becomes enclosed by the newly formed abnormal fibers, 
normal metabolic activity is disrupted and the deeper cortex and eventually the entire lens 
opacifies

Mechanism of Radiation Cataracts

Wedl cells may rupture, leaving eosinophilic material and cellular debris strewn between 
apparently intact cells
Since lens has no blood supply and is enclosed in a capsule, there is no mechanism for 
removing cellular debris 
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of  between 6.51 to 11.5 Gy, the average latent 
period was reduced to about 4 years. This and 
other evidence indicate that the latent  period be-
comes shorter as dose is increased.

■  DOSE–RESPONSE RELATIONSHIP 
FOR CATARACTS IN HUMANS

Both the National Council on Radiation Pro-
tection and Measurements (NCRP) and the 
International Commission on Radiological Pro-
tection (ICRP) have categorized a radiation- 
induced cataract as a “deterministic effect.” That 
is, a cataract is characterized by the following:

■ A threshold in dose below which the effect 
does not occur.

■ The severity of the effect increases with dose 
above the threshold.

■ The effect is thought to be caused by damage 
to many cells.

The threshold suggested by ICRP is 2 Gy, 
delivered in a single exposure, or a larger dose 
(5–8 Gy) for a prolonged or fractionated expo-
sure. These recommendations were based largely 
on early work by Merriam and Focht and others, 
which involved the study of a limited number of 
people (mostly radiotherapy patients) exposed to 
relatively large radiation doses and followed for 
relatively short periods. For example,  Merriam, 
Szechter, and Focht reviewed the case histo-
ries of 233 patients on radiotherapy who re-
ceived radiation to the lens of the eye and for 
whom dose estimates were available. Of these 
patients, 128 developed cataracts, 105 did not. 
Britten and his colleagues reported 14 cases of 

dose. The degree of opacity, measured with the 
Scheimpfl ug system, is shown in the lower panel.

■ THE LATENT PERIOD

Time to onset of clinically relevant disabling 
opacities ultimately requiring cataract  extraction 
surgery is variable, but in general dose related; 
the latency gets shorter with increasing dose. 
This latency has been reported in the literature 
variously to be from 6 months to more than 
50 years. In radiotherapy patients who had re-
ceived 2.5 to 6.5 Gy to the eye, the average la-
tent period was about 8 years. At higher doses 
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FIGURE 13.3  The system of cataract classifi cation 
devised by Merriam and Focht, illustrating the arbitrary 
numeric scores assigned to progressive severities of 
cataracts. (Courtesy of Dr. Basil Worgul.)
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FIGURE 13.4  Top: Photograph of the 
lens of a “liquidator” who worked on top of 
the reactor at Chernobyl and accumulated a 
substantial radiation dose. Bottom: Degree of 
opacity through the lens measured with the 
Scheimpfl ug imaging system. This equipment 
gives a quantitative and objective assessment 
of the severity of the cataract. The area under 
the curve represents a densitometric reading 
of the lens. The region of greatest opacifi cation 
is under the posterior capsule. (Courtesy of Dr. 
Basil Worgul.)
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of  between 6.51 to 11.5 Gy, the average latent 
period was reduced to about 4 years. This and 
other evidence indicate that the latent  period be-
comes shorter as dose is increased.

■  DOSE–RESPONSE RELATIONSHIP 
FOR CATARACTS IN HUMANS

Both the National Council on Radiation Pro-
tection and Measurements (NCRP) and the 
International Commission on Radiological Pro-
tection (ICRP) have categorized a radiation- 
induced cataract as a “deterministic effect.” That 
is, a cataract is characterized by the following:

■ A threshold in dose below which the effect 
does not occur.

■ The severity of the effect increases with dose 
above the threshold.

■ The effect is thought to be caused by damage 
to many cells.

The threshold suggested by ICRP is 2 Gy, 
delivered in a single exposure, or a larger dose 
(5–8 Gy) for a prolonged or fractionated expo-
sure. These recommendations were based largely 
on early work by Merriam and Focht and others, 
which involved the study of a limited number of 
people (mostly radiotherapy patients) exposed to 
relatively large radiation doses and followed for 
relatively short periods. For example,  Merriam, 
Szechter, and Focht reviewed the case histo-
ries of 233 patients on radiotherapy who re-
ceived radiation to the lens of the eye and for 
whom dose estimates were available. Of these 
patients, 128 developed cataracts, 105 did not. 
Britten and his colleagues reported 14 cases of 

dose. The degree of opacity, measured with the 
Scheimpfl ug system, is shown in the lower panel.

■ THE LATENT PERIOD

Time to onset of clinically relevant disabling 
opacities ultimately requiring cataract  extraction 
surgery is variable, but in general dose related; 
the latency gets shorter with increasing dose. 
This latency has been reported in the literature 
variously to be from 6 months to more than 
50 years. In radiotherapy patients who had re-
ceived 2.5 to 6.5 Gy to the eye, the average la-
tent period was about 8 years. At higher doses 
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FIGURE 13.3  The system of cataract classifi cation 
devised by Merriam and Focht, illustrating the arbitrary 
numeric scores assigned to progressive severities of 
cataracts. (Courtesy of Dr. Basil Worgul.)
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FIGURE 13.4  Top: Photograph of the 
lens of a “liquidator” who worked on top of 
the reactor at Chernobyl and accumulated a 
substantial radiation dose. Bottom: Degree of 
opacity through the lens measured with the 
Scheimpfl ug imaging system. This equipment 
gives a quantitative and objective assessment 
of the severity of the cataract. The area under 
the curve represents a densitometric reading 
of the lens. The region of greatest opacifi cation 
is under the posterior capsule. (Courtesy of Dr. 
Basil Worgul.)
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exposure of personnel by a given amount? As a 
rule of thumb in the nuclear power industry in the 
United States, ALARA has a cash value of about 
$1,000 per 10 mSv. If the exposure of one person 
to 10 mSv can be avoided by the expenditure of 
this amount of money, it is considered reasonable. 
If the cost is more, it is considered unreasonable, 
and the exposure is allowed. However, the $1,000 
per 10 mSv fi gure applies specifi cally to low-dose 
levels. At higher dose levels at which the accumu-
lation of an additional exposure may threaten a 
worker’s job by exceeding the lifetime dose limit, 
then the cash value of avoiding a 10 mSv exposure 

Radiation is potentially harmful, and expo-
sure to it should be monitored continually and 
controlled. No unnecessary exposure should 
be allowed. Equipment and facilities should be 
designed so that exposure of the personnel and 
the public is kept to a minimum and not up to a 
standard. No exposure at all should be permit-
ted without considering the benefi ts that may be 
derived from that exposure and the relative risks 
of alternative approaches.

Of course, the ultimate problem is determin-
ing what is “reasonable.” There is also the ques-
tion: How much expense is justifi ed to reduce the 

TABLE 17.5 Summary of Recommended Dose Limits

 NCRP ICRP (If Different)

Occupational Exposure:
 Stochastic effects: effective dose limits
  Cumulative 10 mSv ! age 20 mSv/y averaged 
   over 5 years
  Annual 50 mSv/y 50 mSv/y
 Deterministic effects: dose equivalent 
  limits for tissues and organs (annual):
  Lens of eye 150 mSv/y 150 mSv/y
  Skin, hands, and feet 500 mSv/y 500 mSv/y
Embryo/Fetus Exposure:
 Effective dose limit after 0.5 mSv/month Total of 1 mSv to abdomen  
  pregnancy declared   surface
Public Exposure (annual):
 Effective dose limit, continuous or 1 mSv/y No distinction between
  frequent exposure   frequent and infrequent—
 Effective dose limit, infrequent exposure 5 mSv/y  1 mSv/y
 Dose equivalent limits; lens of the eye 15 mSv/y 15 mSv/y
 Skin and extremities 50 mSv/y 50 mSv/y
Education and Training Exposure (annual):
 Effective dose limit 1 mSv/y No statement
 Dose equivalent limit for lens of eye 15 mSv/y No statement
 Skin and extremities 50 mSv/y No statement
Negligible Individual Dose (annual): 0.01 mSv/y No statement
Based on National Council on Radiation Protection and Measurements: Recommendations on Limits for Exposure to Ionizing 
Radiation. NCRP Report No. 116. Bethesda, MD; 1993; and International Commission on Radiation Protection: Recom-
mendations of the ICRP. ICRP Publication 103. New York, NY: Pergamon Press; 2007.
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NCRP and ICRP Dose Limits to Lens

§ A threshold in dose below which 
visually disabling cataracts do 
not form

§ The severity of the effect 
increases with dose above the 
threshold

§ Visually disabling cataracts may 
require damage to a population 
of cells rather than to a single 
cell

Definition of Deterministic Effect 
(Tissue Reaction)



Updated Data from A-Bomb Survivor
1990 – Threshold of 1.5 Gy (based on data collected in the 1960s and 
principally involved those irradiated as adults)

Radiat Res 2007; 168:404-408
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These and other recent data call into ques-
tion the classifi cation of an ocular cataract as a 
“deterministic effect,” because  vision-impairing 
cataracts appear following quite low doses of 
 radiation in persons who are exposed at younger 
ages and followed for a suffi ciently long period. 
This view is supported by the unexpected ap-
pearance of cataracts in astronauts, clean-up 
workers from Chernobyl, and radiation tech-
nologists, all of whom received doses well below 
the purported threshold of 2 Gy. Historically, 
radiation-induced cataracts appeared to be de-
terministic if the persons exposed were mature 
adults who survived for a relatively short pe-
riod (e.g., radiotherapy patients in the 1950s). 
In this scenario, it required a dose of several 
grays to produce a vision-impairing cataract 
quickly. It is likely that the standard-setting 
bodies, such as ICRP and NCRP, will revise 
their  recommendations regarding cataracts in 
the near future.

SUMMARY OF 
PERTINENT CONCLUSIONS

■ A cataract is an opacifi cation of the nor-
mally transparent lens of the eye.

■ Dividing cells are limited to the preequa-
torial region of the epithelium. The prog-
eny of these mitotic cells differentiate into 
lens fi bers and accrete at the equator. It is 
the failure of these cells to differentiate 
correctly that leads to a cataract, whether 
spontaneous or radiation induced.

■ A unique feature of the lens is that there is 
no mechanism for the removal of dead or 
damaged cells.

radiation- induced cataracts in 38 patients treated 
with radon gold seed implants for tumors of the 
 eyelid; in 6 of these patients, visual acuity was 
seriously  affected. These cataracts were thought 
to be progressive between 6 and 11 years after 
treatment. Doses were calculated to the center 
of the lens, and it  appeared that 40 Gy produced 
a cataract in all cases, whereas 20 Gy resulted in 
no cataracts at all. In a  parallel series treated by 
superfi cial x-rays, only 1 case of radiation cata-
ract was observed in 57 patients treated; this was 
in the contralateral eye that has received a dose 
of 9.5 Gy in a single exposure, which presumably 
was transmitted through the nose to the opposite 
eye. The lens dose on the treated side that was 
shielded with lead was only 0.16 Gy.

Otake and Schull (1990) analyzed the cataract 
data from the A-bomb survivors and concluded 
that the data were consistent with a threshold of 
about 1.5 Gy; however, their analysis was based 
on data collected in the 1960s (i.e., with a  20-year 
follow-up after the bombings), and principally 
involved persons irradiated as adults.

More recent studies of the A-bomb survi-
vors, involving persons exposed at earlier ages 
and followed for much longer periods until they 
reached the age at which cataracts occur anyway, 
showed that the prevalence of cataracts requiring 
surgery (i.e., vision-impairing cataracts) increase 
signifi cantly with radiation dose, with little sign 
of a threshold in dose, certainly not as large as 
2 Gy (Neriishi et al., 2007).  Figure 13.5 shows 
the relationship between the odds ratio and ra-
diation dose for visually disabling cataracts that 
needed to be removed surgically in the Japanese 
A-bomb survivors. The odds ratio at 1 Gy is 
1.39, which is statistically signifi cant.
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FIGURE 13.5  Odds ratio as a function of 
dose for the induction of a cataract requiring 
surgical lens removal in Japanese A-bomb sur-
vivors. (Adapted from Neriishi K, Nakashima 
E, Minamoto A, et al. Postoperative cataract 
cases among atomic bomb survivors: radia-
tion dose response and threshold. Radiat Res. 
2007;168:404–408, with permission.)
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§ Included individuals exposed at 
earlier ages with longer follow up

§ Prevalence of cataracts requiring 
surgery (vision-impairing cataracts) 
increases significantly with radiation 
dose, with little sign of a threshold 
in dose, certainly not 2 Gy

§ Odds Ratio = 1.39 @ 1 Gy

OR = 1.39

Is cataract a deterministic effect?



Dose-Response Relationship Re-
Examined 
n The updated A-bomb survivor data call into the question 

of the classification of an ocular cataract as a tissue 
reaction or deterministic effect 

n This view is supported by the unexpected appearance of 
cataracts in astronauts, clean-up workers from 
Chernobyl, and radiation technologists, all of whom 
received doses well below the old threshold dose of 2 Gy



ICRP & NCRP Updated 
2011

Lower the threshold dose of cataract 
from 2 Gy to 0.5 Gy

2016



Review Questions



Question 1 

Which of the following statements concerning radiation-induced 
damage to the eye is TRUE? 
A. The threshold radiation dose for cataract formation is approximately 10 Gy 
B. It is often possible to distinguish between a radiation-induced cataract and 

an age-induced cataract 
C. The neutron RBE for cataract formation is about 5 for low total doses 
D. The tolerance dose for the development of blindness is lower than the 

tolerance dose for cataract formation 
E. The length of the latency period for cataract formation is independent of 

radiation dose 


