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Introduction
A cataract is a clouding or opacity of the normally trans-
parent crystalline lens of the eye, and is an iconic age-
related disease. Cataracts affect vision, especially during the 
daytime. Cataracts can be replaced with an artificial lens 
(typically with day surgery), but remain the first leading 
cause of visual impairment in the world.1 Cataracts are 
anatomically classified into nuclear, cortical, or posterior 
subcapsular (PSC) types.2 Ionizing radiation is a proven 
human cataractogen, and common radiation cataracts are 
PSC or cortical types (c.f. common senile cataracts being 
nuclear or cortical types).3,4

Radiation cataracts have long been recognized since the 
early days of radiation use. Following the discovery of 
X-rays in late 1895, the first case of radiation cataract was 
reported in experimental animals (rabbits) in 1897 and in 
humans in 1903.5,6 In Japanese atomic bomb (A-bomb) 

survivors, cataract studies preceded cancer studies by 
several years. In 1949, two papers on cataracts in A-bomb 
survivors and cyclotron workers were published simultane-
ously in Science,7,8 stimulating a surge of interest in radia-
tion protection of the ocular lens.

In 1950, the International Commission on Radiological 
Protection (ICRP) listed cataracts as one of the “effects to be 
considered,” and assigned the ocular lens as one of critical 
organs.9 In 1954, ICRP recommended the first set of lens 
dose limits for workers and public and an effective depth 
of 3 mm for the lens.10 In 1977, ICRP classified cataracts as 
“non-stochastic effects” (renamed “deterministic effects” in 
1990, then “tissue reactions” in 2007) with a dose threshold 
below which no effect would occur11–13: lens dose limits 
therefore aim to prevent vision impairing cataracts (VICs), 
but not minor opacities. Occupational and public lens dose 
limits, respectively, have so far undergone 8 and 6 revisions 
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ABSTRACT

The International Commission on Radiological Protection (ICRP) has considered for over 60 years that the lens of the 
eye is among the most radiosensitive tissues, and has recommended dose limits for the lens to prevent occurrence of 
vision impairing cataracts (VICs). Epidemiological evidence that doses much lower than previously thought produce 
cataracts led ICRP to recommend reducing dose threshold for VICs and reducing an occupational equivalent dose 
limit for the lens in 2011, when only a single threshold of 0.5 Gy was recommended. On the basis of epidemiological 
evidence, ICRP assumed progression of minor opacities into VICs and no dose rate effect. This contrasts with previously 
recommended separate thresholds for minor opacities and VICs, and for different exposure scenarios. Progression was 
assumed based on similar risks of cataracts and cataract surgery in Japanese atomic bomb survivors. The absence of 
dose rate effect derived from the observed similar thresholds for protracted exposures in Chernobyl cleanup workers 
and in atomic bomb survivors. Since 2011, there has been an increasing body of epidemiological evidence relating to 
cataracts and other ocular diseases (i.e. glaucoma and macular degeneration), particularly at low doses and low dose 
rates. This review paper gives an overview of the scientific basis of the 2011 ICRP recommendation, discusses the plau-
sibility of these two assumptions in the light of emerging scientific evidence, and considers the radiosensitivity of the 
lens among ocular structures.
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since 1954,14 among which the latest revision took place in April 
2011 when ICRP recommended reducing an occupational equiv-
alent dose limit for the lens from 150 mSv/year to 20 mSv/year 
averaged over defined periods of five years with no single year 
exceeding 50 mSv/year (Table 1).15 This triggered a resurgence of 
interest in radiation exposure of the lens and its effects. Various 
countries in Europe, Oceania and Asia have implemented the 
new ICRP occupational equivalent dose limit into national regu-
lations, and extensive discussions toward regulatory implemen-
tations are ongoing in many other countries.16,17

Since 2011, there has been an accumulating body of epidemiolog-
ical evidence relating to cataracts and other ocular diseases (i.e. 
glaucoma and macular degeneration), particularly at low doses 
and low dose rates. This review paper provides an overview of the 
scientific basis of the 2011 ICRP recommendation, discusses the 
plausibility of its underlying assumptions in the light of emerging 
scientific evidence, and considers the radiosensitivity of the lens 
among ocular structures. This brief paper aims to give an update 
of the literature and cannot fully cover the range and complexity 
of this subject matter; relevant reviews3,4,14,18–20 will be helpful 
for a deeper understanding of earlier knowledge and discussions 
in this field.

Scientific basis for the ICRP threshold of 
0.5 Gy for low-LET radiation
ICRP currently judges that cataracts are tissue reactions with a 
threshold of 0.5 Gy for low-linear energy transfer (LET) radia-
tion and with no dose rate effect, and that VICs occur in 1% of 
exposed individuals at >20 years after exposure to 0.5 Gy where 
minor opacities progress to VICs.15 Among  ~70 epidemiolog-
ical papers available by 2010, the following three papers partic-
ularly played a major role in judging such a nominal threshold. 
A threshold for acute exposure was judged as 0.5 Gy mainly 
from two papers on prevalence of cataracts and cataract surgery 
both at 55–57 years after exposure in A-bomb survivors.21,22 
A threshold for highly fractionated or protracted exposure 
was judged as  <0.5 Gy mainly from one paper on cataracts at 
12–14 years after exposure in Chernobyl clean-up workers.23 
A threshold for chronic exposure was judged as uncertain due 

to lack of evidence. Collectively, threshold was judged as 0.5 Gy 
independent of dose rate.

Emerging epidemiological evidence
Cataracts
Shore assessed the impact of epidemiological papers published 
after the 2011 ICRP recommendation through early 2016 and 
concluded that no influential papers were published during 
that period of time.20 Indeed, no new papers on cataract prev-
alence in A-bomb survivors have been published since 2006.21 
Provided below is summary of the recent findings from the two 
large cohorts that have been reported since mid 2016. One is the 
cohort of workers in the Mayak Production Association located 
in the Southern Urals in the vicinity of Ozyorsk city that started 
its operation in 1948 as the first Russian nuclear enterprise. The 
other is the cohort of the U.S. radiologic technologists (USRT). 
Table  2 compares characteristics of these two cohorts with 
A-bomb survivors.

In Mayak workers, the risk for cataracts in aggregate increased 
linearly with chronic cumulative effective dose from external 
γ-rays at ≥0.25 Sv, with the excess relative risk per unit effective 
dose (ERR/Sv) of 0.28 [95% confidence intervals (CIs): 0.20, 
0.37].27 The risk for each of all three main cataract types also 
increased linearly with chronic cumulative effective dose from 
external γ-rays at ≥0.25 Sv with the ERR/Sv of 0.91 (95% CI: 
0.67, 1.20) for PSC, 0.63 (95% CI: 0.49, 0.76) for cortical, and 
0.47 (95% CI: 0.35, 0.60) for nuclear cataracts,28 indicating that 
radiosensitivity was highest for PSC, and progressively lower for 
cortical and nuclear cataracts. Females accounted for 25.4% of 
the cohort members, and the risk for each of all three cataract 
types was significantly higher in females than in males (ERR/Sv 
being 3.8-fold higher in females for PSC and 2.5-fold for cortical 
both with p < 0.001, 1.9-fold for nuclear with p = 0.018). This 
study was the first to suggest the significant gender difference in 
radiation cataracts (PSC cataracts in particular). This was also 
the first large study to suggest the significantly increased radi-
ation risk for nuclear cataracts, in contrast to null results from 
other large studies, e.g. no significant dose response in A-bomb 

Table 1. ICRP equivalent dose limits and NCRP numeric protection criteria for the lens of the eye

ICRP NCRP
Past Present Past Present

Occupational exposure 150 mSv/year (1980–
2011)

100 mSv/5 years (≤50 mSv/
year) (2011–)

150 mSv/year (1987–2016) 50 mGy/year (2016–)

Public exposure 50 mSv/year (1970–
1990)

15 mSv/year (1990–) 15 mSv/year (1993–2016) 15 mGy/year (2016–)

Threshold >8 Sva 0.5 Gy (2011–) 4 Gyb N.A. (2016–)

Radiation weighting ‍Q‍(1973–1990) wR (1990–) wR (1993–2016) RBE (2016–)

ICRP, International Commission on Radiological Protection;N.A., not available due to uncertainty; NCRP, US National Council on Radiation 
Protection and Measurements; ‍Q‍, effective quality factor; RBE, relative biological effectiveness; VIC, vision impairing cataract; wR, 
radiation weighting factor.
aFor highly fractionated/protracted exposures:>8 Sv for VICs and 5 Sv for detectable opacities. For acute exposure: 5 (2–10) Sv for VICs 
and 0.5–2 Sv for detectable opacities. The “150 mSv/year limit” was obtained by rounding off “>160 mSv/year” calculated as >8 Sv divided 
by working life of 50 years.
bFor cataracts: 4 Gy for fractionated exposures and 2–10 Gy for acute exposure.
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survivors21 and no significant elevation in risk in Chernobyl 
clean-up workers.23 An earlier population-based case–control 
study in commercial airline pilots reported that cosmic radiation 
exposure (dose reconstructed from pilots’ flight logs) signifi-
cantly increases risk for nuclear cataracts and insignificantly 
decreases risk for PSC and cortical cataracts, but had various 
potential problems with selection factors, crude or absence of 
control for confounding factors, inadequate modeling of age as a 
confounder, and the small number of cases.29

In the USRT, the risk for self-reported cataracts in aggregate 
significantly increased linearly with the protracted cumulative 
5 year lagged lens absorbed dose over the full dose range with 
the excess hazard ratio per unit lens absorbed dose (EHR/mGy) 
of 0.69 × 10–3 (95% CI: 0.27 × 10–3, 1.16 × 10–3), and remained 
significant at <100 mGy with EHR/mGy of 1.16 × 10–3 (95% CI: 

0.11 × 10–3, 2.31 × 10–3).30 This study was the first to suggest 
that radiation exposure at low dose (at <100 mGy) and low dose 
rate (typically <5 mGy/h) causes cataract. A recent re-analysis of 
this cohort is the first to report excess absolute (additive) risk for 
radiation cataracts.31

In addition to these two cohorts, residents aged ≥45 years in 
natural high background radiation area in Yangjiang, Guangdong, 
China had a significantly increased risk for PSC opacities with the 
odds ratio (OR) of 4.05 (95% CI: 1.56, 10.46), but with a margin-
ally significantly increased risk for cortical opacities (OR of 1.45, 
95% CI: 0.99, 2.11), a non-significantly decreased risk for nuclear 
opacities (OR of 0.82, 95% CI: 0.60, 1.14) and a non-significant 
risk for all types of opacities in aggregate (OR of 0.99, 95% CI: 
0.72, 1.37),32 where the lifetime chronic lens dose should be below 
a few hundred mSv (c.f., less than 100 mSv in control area).

Table 2. Comparisons of cohorts in recent ophthalmological studies

End points Cohorts

Atomic bomb 
survivors Mayak workers Radiologic technologists

Countries Japan Russia US

Rounded number of eligible study participants 900–10,000 21,000 70,000

Male:female one to 2 three to 1 one to 3

Follow-up ≤60 yearsa ≤60 yearsb ≤92 yearsc

Mean follow-up ≤60 yearsa >30 yearsb >10 yearsc

Medical information Biennial health exams Annual health exams Periodic questionnaire surveysd

Exposure scenarios Acute Chronic Protracted

Dose evaluated Eye absorbed dosee Hp(10)f Lens absorbed doseg

Mean dose ~0.5 Gye ~0.5 Svf ~0.06 Gyg

Radiation cataracts in aggregate Significantly increased Significantly increased Significantly increased

Radiation posterior subcapsular cataracts Significantly increased Significantly increased N.A.

Radiation cortical cataracts Significantly increased Significantly increased N.A.

Radiation nuclear cataracts N.S. Significantly increased N.A.

Radiation cataract surgery Significantly increased N.S. N.S.

Radiation glaucoma in aggregate Significantly decreased N.A. N.S.

Radiation primary glaucoma N.A. N.S. N.A.

Radiation primary open-angle glaucoma N.A. N.S. N.A.

Radiation primary open-angle normal-tention glaucoma Significantly increased N.A. N.A.

Radiation primary open-angle high-tention glaucoma N.S. N.A. N.A.

Radiation primary angle-closure glaucoma N.S. N.A. N.A.

Radiation diabetic retinopathy Significantly increased N.A. N.A.

Radiation macular degeneration N.S. N.A. N.S.

NA, not available; NS, not significant.
aThose exposed in 1945 were followed up through 2005.
bThose first employed in 1948–1982 were followed up through 2008.
cThose certified as radiologic technologists for ≥2 years in 1928–1982 were followed up through 2014.
dSelf-reporting but by medically literate individuals.
eAccording to the Dosimetry System 2002 (DS02).24

fAccording to the Mayak Worker Dosimetry System 2008 (MWDS–2008).25

gAccording to the updated and improved dosimetry.26
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As such, available epidemiological evidence tends to support 
lack of a clear dose rate effect. The lens cells stay inside the lens 
throughout life due to the lens capsule, and lens fiber cells have 
no cellular organelles. Mechanistically, the lens has little if any 
turnover of lens cells and its components (e.g. proteins, lipids).33 
These make no dose rate effect biologically plausible. However, 
biological studies with animal models have shown either conven-
tional sparing dose rate effects, no dose rate effect, or enhancing 
inverse dose rate effects,34–36 although the “low dose rates” in 
some of these experiments are not low from radiation protection 
viewpoints. So, we do not yet have enough evidence to make a 
decision either way.

Cataract surgery
A-bomb survivors exhibited a significantly increased risk for 
prevalence of cataract surgery at 55–57 years after exposure 
with insignificant threshold, and for incidence and prevalence 
of cataract surgery at 31–60 years after exposure with significant 
threshold.22,37,38 In contrast, risk for cataract surgery in Mayak 
workers (ERR/Gy of 0.09, 95% CI: –0.02, 0.22) and for self-
reported cataract surgery in the USRT (EHR/Gy of 0.34, 95% CI: 
–0.19, 0.97) tended to increase, but not statistically significantly 
so.30,39 A significantly increased risk has thus far been observed 
only in A-bomb survivors, and it remains unclear whether such 
inconsistency is attributable to difference in dose rate, progres-
sion rate, age at exposure, nationality or follow-up period. In 
any case, the results should be interpreted with caution. Some 
VICs would require surgical intervention, but cataract surgery is 
a less specific surrogate for VICs than high-grade cataracts and 
an imperfect surrogate that may underestimate the prevalence of 
VICs. This is because various factors can influence the likelihood 
of cataract surgery, such as the size and location of the cataract, 
socioeconomic, medical-cost and health consciousness factors, 
visual acuity in the opposite eye, nature of work or avocational 
activities affecting the need for visual acuity, and amount of 
ultraviolet exposure.20 Nevertheless, cataract surgery is a better 
surrogate for VICs than low-grade opacities that dominate the 
existing examination studies.

Do minor opacities progress into vision 
impairing cataracts?
ICRP considered in 1969 and 1984 that minor opacities that do 
not interfere with vision do not progress in severity and may 
regress or disappear spontaneously, and that whether the lesion 
remains stationary or progressive depends on dose.40,41 ICRP 
had thus recommended thresholds separately for minor opaci-
ties and for VICs. In contrast, in the 2011 ICRP recommenda-
tion, minor opacities were judged to progress into VICs, mainly 
because in A-bomb survivors at 55–57 years after exposure, the 
risk for prevalence of cataract surgery [OR at 1 Sv of 1.39 (95% 
CI: 1.24, 1.55)] was similar to that for prevalence of cataracts 
[e.g. OR/Sv of 1.44 (95% CI: 1.19, 1.73) for PSC opacity].21,22 
However, as discussed above, a significantly increased risk for 
cataract surgery has been observed only in A-bomb survivors. It 
is also intriguing to highlight that early A-bomb data show little 
progression in lenticular changes, e.g. 36% unchanged and 19% 
regressed at 6 years after exposure, and ~60% unchanged and 
~30% regressed at 21 years after exposure.18 Taken together, in 

Fukushima nuclear workers, vacuoles in the PSC center (incip-
ient PSC changes) tend to increase with time, but their regression 
has also been observed.17,42 In summary, available evidence does 
not tend to support progressive nature of radiation cataracts at 
low dose.

Why is the lens so radiosensitive?
Over the past six decades, ICRP has always considered that bone 
marrow, gonads and the eye lens are among the most radiosensi-
tive tissues in the body.13,43

Mechanisms behind high sensitivity of the lens to low-LET radi-
ation may involve abnormal proliferation and differentiation of 
lens epithelial cells (LECs), oxidative stress, and denaturation of 
lens crystalline proteins.33,44 Human LECs were found to contain 
a subset whose proliferation is stimulated by radiation and 
another subset sensitive to radiogenic premature senescence.45,46 
Such radiation-stimulated LEC proliferation has been reported 
both in vitro in human cells45,47 and in vivo in experimental 
animals (mice and rabbits).48,49

The lens is more sensitive to high-LET radiation than other 
tissues. The mechanisms may involve low oxygen, high nitrogen, 
and cellular quiescence.34,35 Since 2016, the US National Council 
on Radiation Protection and Measurements (NCRP) has recom-
mended the use of relative biological effectiveness for high-LET 
radiation for absorbed dose limits (numeric protection criteria), 
instead of a radiation weighting factor (wR) (Table 1),50–52 and a 
similar change has also been proposed by ICRP. Over the past 
few decades, ICRP has not provided the updated report on 
high-LET radiation cataracts.41,53 The implications of a possibly 
higher relative biological effectiveness for radiation protection 
need to be discussed.

In addition to little if any turnover of lens cells and its constitu-
ents as aforementioned, various unique features make the lens 
radiobiologically very intriguing. For instance, the lens does not 
develop primary tumors (neither spontaneously nor following 
radiation exposure), but there has been mounting evidence for 
involvement of tumor-related factors in cataractogenesis.54–56 
Interestingly, the unique inverse dose rate effect within the very 
narrow dose rate range has also recently been reported for DNA 
damage response in the lens.36 There should be more unknown 
mechanisms operational in the lens. Clearly, continued efforts 
are needed for further biological and mechanistic developments, 
as those currently led by the European CONCERT-funded 
LDLensRad project.57

Integration of epidemiology and biology has long been discussed 
for cancer.58 This would also indeed be needed for cataracts,59 
and development of risk-predictive biomathematical models60 
would be important.

Is cataract a tissue reaction, a 
stochastic effect, or both?
ICRP considers that minor opacities are a linear function of 
dose, but VICs attributable to multiple minor opacities exhibit 
a threshold-type dose response.15 ICRP and NCRP have both 
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classified cataracts as tissue reactions. Currently, ICRP recom-
mends a nominal threshold of 0.5 Gy,15 but NCRP does not 
provide a quantitative estimate of a specific threshold because of 
large uncertainties and limitations in various studies (Table 1).50

Two papers21,22 that were used mainly to judge the ICRP 
threshold of 0.5 Gy for acute exposure reported insignificant 
thresholds for cataracts and cataract surgery in A-bomb survi-
vors. Evidence for a significant threshold implies some degree 
of upward curvature in the dose response, but in one paper on 
cataract in Chernobyl clean-up workers23 that was used mainly 
to judge the ICRP threshold of 0.5 Gy for highly fractionated 
or protracted exposures, there was evidence for a significant 
threshold, albeit with little evidence for upward curvature. Like-
wise, in a subsequent paper on cataract surgery in A-bomb survi-
vors,37 there was evidence for a significant threshold, but without 
linear-quadratic curvature. The discrepancy between the results 
of fitting threshold and linear-quadratic models to these data sets 
suggests methodological problems; the lack of C2 differentiability 
of the likelihood with respect to the threshold value means that 
asymptotic convergence of likelihood-based p-values and CIs of 
the threshold value is not guaranteed.4

Epidemiological evidence tends to demonstrate that threshold 
for cataracts becomes less clear with longer follow-up. There may 
be early-onset cataracts with threshold (e.g. cataracts occurring 
within a decade post exposure) and late-onset cataracts with no 
threshold (e.g. cataracts occurring decades post exposure). In 
this respect, we previously proposed the etiologically different 

three types of radiation cataracts (early-onset PSC cataracts with 
threshold, late-onset PSC cataracts with no threshold, and late-
onset cortical cataracts with no threshold).54 The updated model 
(Figure  1) now includes late-onset nuclear cataracts without 
threshold given a significantly increased risk for nuclear cata-
racts observed in Mayak workers,28 albeit with the caveat that all 
other major studies have had null results for nuclear cataracts.

The lack of clear threshold and the involvement of tumor-related 
factors in cataractgenesis suggest the stochastic nature of cata-
ractogenesis. It would be interesting to test whether an irradiated 
single lens stem cell can form a cloudy lens-like structure (i.e. 
a lentoid body),61 when such experiments become technically 
sound (not yet feasible).62

In summary, we do not yet know whether cataract is a tissue 
reaction, a stochastic effect or both, and more studies are clearly 
needed to address this issue.

The impact on ocular diseases other 
than cataracts
In 2016, NCRP recommended comprehensive evaluation of the 
overall effects of radiation on the eye.50 In this regard, ICRP 
considered in 1984 that ocular tissues other than the lens are 
relatively radioresistant based on data available before early 
1980s,41 and has not provided the updated report since then. 
ICRP described in 2012 that ocular pathologies other than lens 
opacification occur after acute or fractionated exposures of 
between 5 and 20 Gy,15 but this dealt only with edema, atrophy 

Figure 1. An updated hypothetical schematic of possible events that lead to ionizing radiation cataractogenesis. Red-colored 
arrows depict responses following acute exposure, and blue-colored arrows depict responses following protracted or chronic 
exposures. A previously proposed hypothetical schematic (Figure 2 in Hamada and Fujimichi54 was updated for the following 
three points: (1) “Late-onset cortical cataract with no threshold” was changed to “Late-onset cortical or nuclear cataract with 
no threshold” considering the recent evidence for a significantly increased risk for nuclear cataract28; (2) “denaturation of lens 
proteins” in “Acceleration of age-related changes” was changed to “posttranslational modifications of proteins” and “alteration of 
the lipid content” and (3) dotted arrows pointing from “Acceleration of age-related changes” to “Late-onset PSC cataract with no 
threshold” were added, both considering our recent proposal.33 PSC, posterior subcapsular. VIC, vision impairing cataract.
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and telangiectasia according to the previous report.41 Therefore, 
the low/moderate dose/dose rate radiation sensitivity of ocular 
structures other than lens remains almost entirely uncharac-
terized, and nether ICRP nor NCRP has discussed association 
between radiation exposure and various ocular diseases (other 
than cataracts) that are major causes of visual impairment, such 
as glaucoma, diabetic retinopathy (a typical ocular complication 
of diabetes) and macular degeneration (Table 3).

In this light, subcohorts of A-bomb survivors exhibited a signifi-
cantly increased risk for normal-tension glaucoma (a subtype of 
primary open-angle glaucoma), but an insignificantly decreased 
risk for high-tension primary glaucoma and macular degenera-
tion.66–68 In A-bomb survivors, radiation dose was also positively 
associated with retinal degeneration and retinal arterioloscle-
rosis, and was negatively associated with the diameter of central 
retinal vein equivalent.68,69 On the other hand, risk was insignifi-
cant for self-reported glaucoma in aggregate and macular degen-
eration in USRT, and for primary glaucoma in Mayak workers 
(Table 2).70–72

A significantly increased risk for diabetic retinopathy has been 
reported in subcohorts of A-bomb survivors, with the small 
number of diabetic retinopathy cases.69 However, a genuine 
association between radiation exposure and diabetic retinop-
athy remains unclear, until the prevalence of diabetic retinop-
athy is analyzed by dose among the diabetics in the cohort, while 
adjusting, e.g. for length of time when diabetes was present.

Accordingly, normal-tension glaucoma is the only major ocular 
disease (other than cataracts) with a significantly increased risk 
suggested. Such an increased risk has so far been reported only in 
A-bomb survivors (a factor to be borne in mind is that normal-
tension glaucoma is the most frequent type of glaucoma in the 
Japanese population unlike in other populations,72,73), and this 
result needs to be confirmed in other exposed cohorts, e.g. in 
Mayak workers.

Conclusions
A long-held tenet remains unchanged that the lens represents 
among the most radiosensitive tissues in the body and is the 
most radiosensitive ocular tissue. Radiation cataracts are no 
longer recognized as a typical tissue reaction with clear threshold 
of relatively high dose.

ICRP assumes progression of minor opacities into VICs and no 
dose rate effect. Available evidence tends to support the latter, 
but not necessarily the former at low dose and low dose rate. 
Whether a threshold exists for cataracts and whether cataracts 
are categorized as tissue reactions warrant further investigation.

Further biological and epidemiological developments, its inte-
gration, and continued assessment of implications are indis-
pensable to evidence-based best expert judgments for radiation 
protection purposes.

Studies on cataracts and other ocular impacts are useful not 
only for radiation protection, but also for radiotherapy as typical Ta
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normal tissue complications. Cataracts are also the unique 
effects significantly associated with radiation exposure in astro-
nauts,74–76 but the US National Aeronautics and Space Adminis-
tration has no longer conducted follow-up or new studies since 
2012.76 So, epidemiological studies in cohorts on Earth will serve 
as an important scientific basis for estimating the risk in astro-
nauts and other space travellers.
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