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Statement on Tissue Reactions  

Approved by the Commission on April 21, 2011 

 

(1) The Commission issued new recommendations on radiological 

protection in 2007 (ICRP, 2007), which formally replaced the 

Commission’s 1990 Recommendations (ICRP, 1991a). The revised 

recommendations included consideration of the detriment arising from non-

cancer effects of radiation on health. These effects, previously called 

deterministic effects, are now referred to as tissue reactions because it is 

increasingly recognised that some of these effects are not determined 

solely at the time of irradiation but can be modified after radiation 

exposure. 

INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION  

ICRP ref 4825-3093-1464 



 

(2) The Commission has now reviewed recent epidemiological evidence 
suggesting that there are some tissue reaction effects, particularly those 
with very late manifestation, where threshold doses are or might be lower 
than previously considered. For the lens of the eye, the threshold in 
absorbed dose is now considered to be 0.5 Gy.  

 

(3) For occupational exposure in planned exposure situations the 
Commission now recommends an equivalent dose limit for the lens of the 
eye of 20 mSv in a year, averaged over defined periods of 5 years, with no 
single year exceeding 50 mSv. 

INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION  

ICRP ref 4825-3093-1464 



A-bomb survivors 

Infants treated for facial hemangiomas 

Residents of contaminated buildings 

Radiological technologists 

Astronauts 

Chernobyl “Liquidators” 

Interventional cardiologists 







Anesthesiology 114, 512-520, 2011 



CATARACT 

 

A change in transparency of 

the lens 



Why study the lens? 

 Why do we still care about cataract?  



Cataract and World Blindness 

•  25 million blind people globally due to cataract 

•  119 million individuals visually impaired by lens opacification 

•  Cataract is still the leading cause of blindness in the 3rd world 

•  Lens opacities can be found in 96% of all individuals older than 60 yrs 

•  With an increasingly healthy, aging population, the societal and 

      economic burden of cataract surgery is expected to greatly increase 

- Cataract surgery represents 12% of the U.S. Medicare budget and 60% of all Medicare 

visual costs 

WHO, 2002, Eye Diseases Research Prevalance Group, 2004 



Hans Bethke 





Major Cataract Subtypes 
 

• Cortical 

• Nuclear 

• Posterior SubCapsular (psc) 

• Mixed 



RADIATION CATARACT 

 

a specific subset of lens opacities 



Posterior SubCapsular (PSC) 



Classical Radiation Cataract 

 
A lens opacity most often originating near  

the visual axis, first appearing in the 

posterior subcapsular region of the lens 



nucleus 

Capsule 
Epithelium 



radiation cataract 
(Scheimpflug image) 



Why study radiation 

cataract?  



Why do we care about radiation 

cataract? 

 Impact on workers 

 May be preventable 

 Model for low-dose exposure 

 Canary in a coal mine? 

 





 Terrestrial ionizing radiation and cataract 

– risk(s) to the general population 

– risk(s) to occupational workers 

 

 Galactic cosmic radiation and cataract  

– risk(s) to space travelers 

 

 Appropriateness of current dose limits 

– relevance of low dose radiation exposure 

and cataract to overall human health 



Potential Low-Dose 

Radiation Exposures 
 

• Accidental 

 - Chernobyl, Fukushima, future?? 

 - contaminated buildings (e.g. Taiwan) 

 - Goiânia 

•Terrorism 
- dirty bomb 

• Occupational 
 - interventional physicians 

 - associated nurses and technicians 

 - nuclear medicine personnel 

 - nuclear plant workers 

 - industrial workers 

 - astronauts 

 - uranium miners 

• Medical 
- Diagnostic procedures 

- Therapeutic treatments 

•  Environmental 
- geography (Denver, USA; Kerala, India; Ramsar, Iran) 



The lens is one of the most 

radiosensitive of all tissues 



The accessibility of the lens to 

repeated, non-invasive measurement 

facilitates long-term studies 

of low-dose radiation exposures. 



Potential visual disability and 

morbidity resulting from radiation 

cataract and/or its treatment is 

greatly underappreciated. 



Potential surgical/post-surgical 

complications of cataract extraction 

• Endophthalmitis 

• Uveitis 

• Hyphema 

• Corneal edema 

• Choroidal hemmorrhage 

• Cystoid macular edema 

• Lens dislocation 

• Rupture of the posterior capsule 

• Retinal detachment 

• Glaucoma 

• Posterior subcapsular opacification 

• Pain and discomfort 



Cataract surgery risk estimates 

• Posterior Sub-Capsular Opacification 
• 10% 

• Cystoid Macular Edema 
• 1-10% 

• Retinal Detachment 
• 0.5% 

• Permanent Vision Loss 
• 0.1% 

• Death 
• 0.01% 



HEALTH PHYSICS SOCIETY  

Comments on ANPR, 10 CFR 20  

November 10, 2014  

Docket ID No. NRC-2009-0279 

Issue 2: Occupational Dose Limit for the Lens of the Eye 

  

Q2–2: How should the impact of a radiation-induced cataract be viewed in 

comparison with other potential radiation effects? 

Response:  The Society wishes to bring the following information to the attention of the Commission: 

  

“…available data suggests mortality following cataract surgery is on the order of 0.1%, and that morbidity, defined both from an 

ophthalmological as well as medical standpoint, is consider-ably higher. Of equal import, prior to a documented clinical need for 

cataract surgery, there may be accompanying progressive decreases in visual acuity, contrast sensitivity and visual function that 

may negatively impact worker performance” 

 

 

“In conclusion, the combined morbidity and mortality risks of 

surgical correction of radiation-induced cataracts (1% or more) 

and the, as yet unquantified, risk of a physician misdiagnosing or 

mistreating a patient because of loss of visual acuity due to the 

presence of an undiagnosed cataract, greatly outweighs the risk 

of cancer in affected individuals. “ 



Radiation cataract provides a 

model for studying long-term 

biological effects following low-

dose ionizing radiation 

exposures in environmental or 

occupational settings. 



Chernobyl Nuclear Power Station Reactor 4 

Radioactive graphite core ejected from the reactor 

“Liquidators” 

Chernobyl, USSR 1986 

http://upload.wikimedia.org/wikipedia/en/e/e4/Ejected_graphite_from_Chernobyl_core.jpg


0.25 – 2.5 mSv/h 

0.5- 5 mSv/h 

1- 10 mSv/h 

Interventional Medicine 



J Vasc Interv Radiol 24:197-204, 2013 
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- Is there new data on human radiation cataract risk? Are 

proposed new eye dose limits appropriate? 

- What is the relevance of radiation cataract in animal 

models to human radiobiology?  

 -Can we utilize radiation cataract as a “biomarker” of 

   radiation exposure? 

  -Can we model radiation sensitivity and /or population 

   heterogeneity effects using this approach 

 -i.e., can we identify specific genes that confer sensitivity or 

 resistance to radiation cataract? 

- Can we find alternative methodologies for quantitating 

lens opacities for that better estimate any visual 

disability caused by radiation exposure? 

 



Additional data regarding the 

dose threshold, if any, for visual 

disability is essential for better 

risk assessment and further 

refinement of suggested 

exposure guidelines. 



How did we derive the 

guidelines for lens 

exposure limits? 



Prior to 2012, eye exposure guidelines 

were based on the view that radiation 

cataract is a “deterministic” event with a 

relatively high threshold radiation dose 



Lens Exposure Limits 

 Old New 

 

Annual exposure limit 150 mSv 20 mSv (5 yr avg) 

 

Cataract “threshold” 2 Sv (acute) 0.5 Sv (acute) 

 8 Sv (chronic) 0.5 Sv (chronic) 

  0.5 Sv (protracted) 



Establishing an accurate dose 

threshold, if any, for radiation 

cataractogenesis is critical for 

risk assessment and exposure 

guidelines. 



Chalupecky, H., "Ober die Wirkung der Rontgenstrahlen auf das Auge 

und die Haut. Centralbl. Augenheilk. 21, 234, 267, 368, 1897. 

1897: Chalupecky reports cataract in x-rayed rabbits 



•  Chalupecky, 1897 

•  Rohrschneider, 1932 

•  Hiroshima, Nagasaki, 1945 

•  Cyclotron , 1940’s 

•  Poppe, Cogan, 1950’s 

•  Merriam & Focht, 1957, 1962 

•  Merriam & Worgul, 1976 

Early Radiation Cataract Studies 

“Ophthalmological survey of atomic bomb survivors in Japan in 1949” 

 Trans. Am. Ophthalmol. Soc. 48, 1950 

“Cyclotron-induced radiation cataracts” Science 110, 1949 



• Important historical studies that helped define the 

nature of radiation cataract and establish initial 

guidelines for safe exposures to the lens. 

 

• Failed to take into account increasing latency period 

as dose decreases. 

 

• Did not have sufficient sensitivity to detect early lens 

changes. 

 

• Relatively few subjects with doses below a few Gy. 

Early Radiation Cataract Studies 



Historical 

Threshold Estimates (Sv)   

threshold dose reference # subjects 
 
 5 - 15 anecdotal, pre-1950 100 

 2 - 5.5 Merriam and Focht, 1957 276 
 0.7 - 1.4 Otake, 1982 2,124 
 0.4 – 0.7 Worgul, 2007 8,600 

 



Additional data regarding the 

dose threshold, if any, for visual 

disability is essential for better 

occupational and environmental 

risk assessment and further 

refinement of suggested 

exposure guidelines. 



Fukushima, Japan 2011 

• Total releases somewhat uncertain 

• Primarily 131I and 137Cs 

Future health consequences? 

Susceptible sub-populations? 

Eye pathology? 



Recent studies of radiation cataract risk: 

Epidemiological findings 

HUMAN STUDIES 



  

  

Diagnostic procedures Klein, 1993 

Radiotherapy Wilde, 1997 

Hall, 1999 

Astronaut core Cucinotta, 2001 

Rastegar, 2002 

Atomic bomb survivors Nakashima, 2006 

Neriishi, 2007, 2012 

Contaminated buildings Chen, 2001 

Chernobyl 

 

Day, 1995 

Worgul, 2007 

Occupational Risk Worgul, 2004 

Chodick, 2008 

More recent studies are consistent with a 

very low or even zero threshold model for 

radiation cataract 



B.V. Worgul, Z.J. Haskal and A.K. Junk (2004) 

RSNA News 14, 5-6, 2004 



Nakashima, Neriishi, et al. (2006) A reanalysis of 

atomic-bomb cataract data, 2000–2002: a threshold 

analysis. Health Phys. 90, 154-160. 

 
“exposure blind” evaluation of  lens photographs 

 

threshold dose estimate of 0.6 Gy and 0.7 Gy for cortical and psc 

opacities, respectively 

95% confidence interval included 0 Gy 

 

significant dose–response associations for 

posterior subcapsular opacities; OR@1Gy = 1.41 

 

greater radiation risk for psc 

opacities among those exposed at younger ages 



Neriishi, Nakashima, et al. (2007) Postoperative 

cataract cases among atomic bomb survivors: radiation 

dose response and threshold. Rad Res 168:404-408. 
 

Neriishi, Nakashima, et al. (2012) Radiation dose and 

cataract surgery incidence in atomic bomb survivors, 

1986-2005. Radiology 265:167-174. 

 
first documentation of clinically relevant visual disability 

 (cataract extraction) following low dose exposure 
 

threshold dose estimate of   0.45 Gy 

 95% confidence interval of   0.1-1.0Gy 
 

At the time of the study (2005), the youngest survivors were only 

57 years old, suggesting that additional cases may occur in future 

years. 
 

Underestimates risk as some individuals may decline cataract 

extraction or be poor candidates for surgery. 



Risk of Cataract after Exposure to Low 

Doses of Ionizing Radiation: A 20-Year 

Prospective Cohort Study among US 

Radiologic Technologists 

 
G. Chodick, N. Bekiroglu, M. Hauptmann, B.H. Alexander, 

D.M. Freedman, M.M.  Doody, L.C. Cheung, S.L. Simon, 

R.M. Weinstock, A. Bouville and A.J. Sigurdson 

Am. J. Epidemiol. 168, 620-631 (2008)  

 - long term, prospective analysis of self-reported cataract 

diagnosis in 35,700 individuals 22-44 years old at study onset  



Chernobyl 



Health Phys,1995 

- 3.6% of ~1,000 exposed children exhibit radiation-related psc changes 

- p < 0.0005  



Rad Prot Dosim, 1997 

- Absorbed β-radiation doses to the eye lens are ~ 4.5x 

greater than whole body γ–radiation doses 

- Mean γ whole body dose of 170 mGy (>1 Gy eye dose) 

- Eye dose levels are consistent with development of 

radiation cataract in Liquidators 



• A cohort epidemiological study of cataract 

onset and progression in Liquidators. 

• Included longitudinal quantitative non-

subjective analyses of radiation cataract 

development and progression in a relatively 

low-dose exposed human population. 

• Acquisition, archiving  and molecular 

analyses of lens tissue removed during 

cataract surgery. 

The Ukrainian American Chernobyl Ocular Study 

(UACOS) 

Ukrainian Ministry of Health 

Mailman School of Public Health 

Department of Energy 

National Cancer Institute 



Cataracts among Chernobyl clean-up worker: 

Implications regarding permissible eye exposures  

B.V. Worgul, Y.I. Kundiyev, N.M. Sergiyenko, V.V. Chumak, P.M. Vitte, 

C.P Medvedovsky, E.V. Bakhanova, A.K. Junk, O.Y. Kyrychenko, N.V. 

Musijachencko, S.A. Shylo, O.P. Vitte, S. Xu, X. Xue and R.E. Shore 

The Ukrainian American Chernobyl Ocular Study 

(UACOS) 

Radiat. Res. 167, 233-243 (2007)  

http://upload.wikimedia.org/wikipedia/en/e/e4/Ejected_graphite_from_Chernobyl_core.jpg


Numbers of Subjects and Exclusions  
 

Circumstance Number % 

1. Total Database received from SCRM  32,826  

2. Examined cohort (Total) 12,638  

3. Examined subjects who are not included in the total Database     

received from SCRM  

841  

4. Included subjects in cohort for analysis 11,797 100.0 

5. Excluded number with preliminary ophthalmological criteria  507 4.3 

6. Excluded number with preliminary epidemiological criteria  1,337 11.3 

7. Cohort subject to epidemiological analysis 9,953 84.4 

8. Excluded number with dosimetry criteria 1,346 11.4 

9. Cohort analyzed epidemiologically which have confirmed and 

reconstructed doses. 

8,607 73.0 



Selected Variables* vs. Geometric-Mean Dose Group  

* Means  S.D.  

 Dose Groups  (mSv) 

Variable 0-49 50-99 100-199 200-399 400-699 700+ 

No. of Workers 1,300 1,550 3,776 1,431 364 186 

Geometric Mean 

Dose  
26.1  
16.5 

78.1  
15.0 

136.6  
26.3 

266.1  
47.7 

534.3  
87.0 

974.8  
307.4 

Arithmetic Mean 

Dose  
32.4  
21.0 

99.1  
19.7 

174.2  
33.5 

340.3  
61.5 

665.7  
126.2 

1197.4  
349.5 

Age at Exposure 34.2  
8.2 

32.0  
6.8 

31.8  
6.5 

32.3  
7.4 

37.8  
8.5 

39.9  7.2 

Age at 1st Exam. 46.4  
8.4 

44.4  
6.8 

43.9  
6.5 

44.5  
7.5 

50.4  
8.7 

52.0  7.4 

 



Focht & Merriam, 1957 

Cataract Staging 



Slit Lamp Imaging of Radiation Cataract Grades 

Merriam-Focht Scoring 



Outcomes at 1st Examination (“Prevalence” Data)  

Outcome 

 

Either Eye 

N         (%) 

Left Eye 

N         (%) 

Right Eye 

N          (%) 

Polychromatic sheen 1575  (25.6) 1,516  (25.0) 1,532  (25.2) 

Early pre-cataract changes 2,211  (32.7) 2128  (31.8) 2149  (32.0) 

Stage 1-5 cataract 1,944  (22.6) 1,889  (22.0) 1,862  (21.7) 

Stage 1 cataract 1,870  (21.9) 1811  (21.3) 1780  (21.0) 

Stage 2 cataract 97  (1.1) 69  (0.8) 76  (0.9) 

Stage 3-5 cataract 15  (0.2) 9  (0.1) 6  (0.1) 

Stage 1-5 cataract, excluding nuclear  1,757  (20.4) 1,697  (19.7) 1,672  (19.5) 

Stage 1 cataract, excluding nuclear  1,693  (19.7) 1634  (19.0) 1604  (18.7) 

Stage 2-5 cataract, excluding nuclear 90  (1.1) 63  (0.7) 68  (0.8) 

Early PSC changes 1580  (18.4) 1502  (17.5) 1516  (17.6) 

Stage 1 PSC cataract 1464  (17.2) 1397  (16.5) 1384  (16.3) 

Early Superficial Post. Cort. Changes 1912  (28.2) 1833  (27.3) 1849  (27.5) 

Stage 1 Superficial Post. Cort 

Cataract 
1817  (21.2) 1733  (20.3) 1730  (20.3) 

 



Outcomes at 2nd Examination (Incidence Data) 

 

Outcome 
Either Eye 

N         (%) 

Left Eye 

N         (%) 

Right Eye 

N          (%) 

Polychromatic sheen 425  (9.6) 417  (9.5) 412  (9.4) 

Early pre-cataract changes 488  (11.0) 465  (10.6) 462  (10.5) 

Stage 1-5 cataract 387  (5.7) 361  (5.4) 366  (5.4) 

Stage 1 cataract 381  (5.6) 354  (5.3) 358  (5.4) 

Stage 2 cataract 20  (0.2) 16  (0.2) 16  (0.2) 

Stage 3-5 cataract 7  (0.1) 4  (0.1) 6  (0.1) 

Opacity progression   828  (9.6) 836  (9.7) 

Stage 1-5 cataract, excluding nuclear  274  (3.9) 254  (3.7) 256  (3.7) 

Stage 1 cataract, excluding nuclear  268  (3.8) 248  (3.6) 250  (3.6) 

Stage 2-5 cataract, excluding nuclear  16  (0.2) 11  (0.1) 12  (0.1) 

Early PSC changes 541  (17.6) 517  (17.3) 512  (7.2) 

Stage 1 PSC cataract 252  (3.5) 230  (3.2) 235  (3.3) 

Early Superficial Changes 297  (6.7) 284  (6.5) 280  (6.4) 

Stage 1 Superficial Post. Cort. 

Cataract 
295  (4.4) 267  (4.0) 277  (4.1) 



Adjusted Odds Ratios for Cataract Outcome Variables (Incidence Data) Among the 

Chernobyl Liquidators
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•  30% prevalence of pre-cataractous changes at first exam 

•  Median dose 123 mGy 

•  Dose threshold estimates of 350 mGy, CI not exceeding 700 mGy 

•  Dose response relationship for several endpoints 

• (e.g., stage 1 cataract; OR @ 1Gy = 1.42) 



Cataracts According to Lens Radiation  
Dose in Chernobyl Cleanup Workers 
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These new studies provide additional 

support for the hypothesis that the 

threshold radiation cataract dose in 

human populations may be 

significantly lower than currently 

accepted. 



ANIMAL STUDIES 



Irradiation of the mouse lens by 500 mGy X-ray 

(Contralateral eye shielded) 

LABORATORY STUDIES 



100 mGy Exposure 
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Fully Exposed Lens. 

Partially Exposed Portion of  Lens 

Fully Shielded Lens 

Partially Shielded Portion of Lens. 

Invest. Ophthalmol. Vis. Sci. 46, 2005 
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Cataract Prevalence among unexposed, gamma and 

HZE irradiated outbred mice 



Familial Predisposition for Radiation Cataract in 

Outbred Mouse Populations 

time 

 

increasing cataract severity shown from gray  to blue to orange to  red 

Family 

grouping 



ECOLOGICAL STUDIES 



Elevated Frequency of Cataracts in 

Birds from Chernobyl 

PLoS ONE 8(7): e66939; 2013 

Mean cataracts in birds from Chernobyl in 

relation to background radiation level 



Sci Rep 6, 19974; 2016 

Age-Adjusted Cataract Severity in 

Chernobyl Vole Populations 





Lens Changes in 

Wild Mice and Voles 

from Chernobyl 



Myodes glareolus Apodemus sylvaticus 

Rodent Species Trapped 



Trap Locations and Dose Rates 

Physical Locations 
 

• >60 different trap locations throughout the Exclusion Zone 

• mean μSv/hr determined from 16 measurements in each trap 

location (4m x 4m grid) 

• Range = 0.18 (“cold”) to >130 µSv/hr (“hot”) 



“Red Forest” 

730 µSv/hr 



Pripyat 

1.05 µSv/hr 



Chornobyl Town 

Wooded Forest 
NPP 



Mushrooms 

17.26 µSv/hr 62.89 µSv/hr 



Gamma Counts 
 

Individual Whole Body Gamma Counts 
 

• >180 voles and >120 mice 

• Dose range = 10-20 cpm (background) to >5,000 cpm 



The “Lab” 



Physical Measurements 

• Weight 

• Length 

• Gender 

• Head diameter 

• Physical examination 

• Whole body gamma count 

• Dilated slit lamp exam 

• Intraocular pressure 
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PSC severity in Chernobyl voles 
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Findings 
 

No overt, visually disabling cataract observed 

Merriam-Focht lens opacity scores relatively low 

PSC prevalence lower than expected 

 
• Relatively young age of all animals 

• Very few older mice or voles 

AND 

• suspected high mortality for visually impaired animals 





Kiev University Voles 

Radiation Cataract Prevalence  in captive Myodes 

trapped in “cold” regions or “hot” regions at young ages 

and raised in captivity  at Kiev University for 20+ months 

 

• Captured in either Kiev or Chernobyl at ~ 2 months old 

• Old  animals average age = 22 months 

• n=70 



  Kiev 

captured-young 

Kiev 

captured-old 

“Hot” Chernobyl 

captured-old 

        

M-F Score 0.5 or 

greater 
0.19 0.11 0.76 * 

M-F Score 1.0 or 

greater 
0 0 0.14* 

        

  Kiev 

captured-female 

Kiev 

captured-male 

“Hot” Chernobyl 

captured-female 

“Hot” Chernobyl 

captured-male 

          

M-F Score 0.5 or 

greater 
0.13 0.24 0.80* 0.73* 

M-F Score 1.0 or 

greater 
0 0 0.0 0.27* 

          

Cataract prevalence in “old” hot voles 

* = P < 0.01 



   Recent findings in both human and 

animal populations exposed to radiation 

as a result of the Chernobyl nuclear 

accident, as well as in other 

epidemiological cohorts, support 

radiation cataract development after 

relatively low environmental exposures. 

Conclusions 



   Additional studies, including 

continuing follow-up of the Chernobyl 

Liquidator cohort, may help further 

refine appropriate risk guidelines and 

the radiation cataract “threshold” for 

environmental and/or occupational 

exposures 



Radiation cataract provides a 

unique model for studying long-

term human health effects 

following low-dose ionizing 

radiation exposures in 

environmental or occupational 

settings. 
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