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Abstract
Objective  To assess whether personal medical diagnostic 
procedures over life, but particularly those associated with 
exposure in adulthood, were associated with increased 
thyroid cancer risk.
Design  Participants from the US Radiologic 
Technologists Study, a large, prospective cohort, were 
followed from the date of first mailed questionnaire 
survey completed during 1983–1989 to the earliest date 
of self-reported diagnosis of thyroid cancer or of any 
other cancer than non-melanoma skin cancer (NMSC) in 
any of three subsequent questionnaires up to the last in 
2012–2014.
Setting  US nationwide, occupational cohort.
Participants  US radiologic technologists with exclusion 
of: those who reported a previous cancer apart from 
NMSC on the first questionnaire; those who reported 
a cancer with an unknown date of diagnosis on any of 
the questionnaires; and those who did not respond to 
both the first questionnaire and at least one subsequent 
questionnaire.
Primary outcome measure  We used Cox proportional 
hazards models with age as timescale to compute HRs 
and 95% CI for thyroid cancer in relation to cumulative 
5-year lagged diagnostic thyroid dose.
Results  There were 414 self-reported thyroid cancers 
(n=275 papillary) in a cohort of 76 415 persons. 
Cumulative thyroid dose was non-significantly positively 
associated with total (excess relative risk/Gy=2.29 (95% 
CI −0.91 to 7.01, p=0.19)) and papillary thyroid cancer 
(excess relative risk/Gy=4.15 (95% CI −0.39, 11.27, 
p=0.08)) risk. These associations were not modified by 
age at, or time since, exposure and were independent of 
occupational exposure.
Conclusion  Our study provides weak evidence that 
thyroid dose from diagnostic radiation procedures 
over the whole of life, in particular associated with 
exposure in adulthood, influences adult thyroid cancer 
risk.

Introduction
Thyroid cancer has been increasing rapidly 
in the USA1 and in other countries. Thyroid 
cancer is one of the most radiogenic types 
of cancer, and has been associated with 
high dose  rates of  external ionising radia-
tion exposure in the Japanese atomic bomb 

Strengths and limitations of the study

►► Unique aspects of the study include the comprehen-
sive assessment of diagnostic radiation procedures 
received throughout life that allowed for estimation 
of medical diagnostic radiation absorbed doses to 
the thyroid gland, as well as the rich set of covari-
ate information on lifestyle and environmental ex-
posures that allowed for adjustment for potential 
confounding.

►► Additional major strengths are the large size, pro-
spective design, long follow-up and availability of 
occupational doses.

►► A weakness is the reliance on self-reported medi-
cal diagnostic procedures and self-reported thyroid 
cancer diagnosis, although since they are all radio-
logic technologists, it is expected that their reporting 
of medical radiation procedures, including diagnos-
tic exams, would be reasonably accurate.

►► Another weakness is that medical diagnostic proce-
dures could be given as part of the process of diag-
nosis of thyroid cancer, so that there could be a type 
of bias known as reverse causation.

►► There are ambiguities in the precise nature of the 
procedure being used, based on the wording of the 
questionnaire that the technologists completed, so 
that the questionnaire does not elicit information on 
whether the thyroid radionuclide diagnostic proce-
dures being asked about were thyroid scans, a type 
of imaging exam or 131I thyroid uptake tests, a mea-
sure of thyroid function.
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survivors2 as well as lower-dose medical exposures.3 There 
are also well-documented excess risks of thyroid cancer 
following childhood internal exposure to radioiodine 
from the Chernobyl nuclear accident.4 5 There is signif-
icant reduction of relative risk with increasing exposure 
age, but rather weaker indications of variations of rela-
tive risk with time after exposure.2 6 Although there is 
growing information about thyroid cancer risk after adult 
exposure,2 7 less is known about thyroid cancer risk after 
lower-dose external radiation exposures and about risks 
associated with radiological examinations in adulthood. 
Per capita population doses associated with many medical 
diagnostic radiological procedures have been recently 
increasing in the USA and elsewhere.8 

Our earlier prospective questionnaire-based cohort 
investigation of thyroid cancer in relation to self-reported 
history of personal diagnostic radiological examinations 
among US radiologic technologists identified an associ-
ation with dental, but not other higher-dose, diagnostic 
procedures.9 The previous study was based on numbers of 
procedures, not individually estimated doses.

The present study, the largest investigation of personal 
diagnostic radiological examinations and thyroid cancer 
risk, is an extension of the previous study9 with an addi-
tional estimated 10 years of follow-up, averaging now 
22.2 years. To estimate radiation exposure to the thyroid, 
we used individual assessments of thyroid doses from 
medical diagnostic procedures. Dose estimates were 
derived using a novel regression method, based on ques-
tionnaire-derived number and type of radiological proce-
dures, combined with estimated time  period-specific 
doses from comprehensive literature review and calcu-
lated based on machine parameters reported in the liter-
ature for radiological examinations during 1930–2009.10 
We assessed variations of risk by time since exposure and 
exposure age, as well as by thyroid cancer histological 
type. In particular, we assessed contributions to thyroid 
cancer risk associated with exposure in adulthood.

Methods
Study population/follow-up
The US Radiologic Technologist (USRT) study popu-
lation and methods are described elsewhere.11 Briefly, 
the US National Cancer Institute, in collaboration with 
the University of Minnesota and the American Registry 
of Radiologic Technologists (ARRT), has studied cancer 
incidence and mortality among 146 022 (106 953 women) 
US radiologic technologists who were certified for at 
least 2 years during 1926–1982.11 12 Annual follow-up was 
conducted through yearly recertification with the ARRT. 
Four different survey questionnaires were administered 
in the periods 1983–1989, 1994–1998, 2003–2005 and 
2012–2014 to collect information on health outcomes 
(including self-reported thyroid cancer), work history and 
practices, history of personal medical diagnostic radiolog-
ical examinations and radiotherapy, demographic char-
acteristics, medical histories and other environmental 

and lifestyle risk factors. The response rate to the ques-
tionnaires among living and located cohort members was 
approximately 70% for the first three surveys and 63% for 
the last survey, with 110 418 individuals completing one 
or more questionnaires.

We studied radiologic technologists who completed the 
first questionnaire (1983–1989) and who were followed up 
for thyroid cancer incidence, reported by the participants 
in responses to subsequent questionnaires. We excluded: 
participants who reported a previous cancer apart from 
non-melanoma skin cancer (NMSC) on the first question-
naire; those who reported a cancer with an unknown date of 
diagnosis on any of the questionnaires; and those who did 
not respond to both the first questionnaire and at least one 
subsequent questionnaire. After these exclusions, 76 415 
persons were available for analysis (table  1). Follow-up 
started at the date of completion of the first questionnaire. 
Follow-up ended on the earliest of (1) last questionnaire 
answered or (2) first date of diagnosis of any cancer apart 
from NMSC (including, but not limited to, thyroid cancer). 
We excluded cancers other than NMSC at baseline because 
of the potential for radiotherapy in treatment of such cases, 
doses from which we could not estimate. It was decided that 
the prevalent thyroid cancer cases at the first questionnaire 
could not be analysed because of the possibility of recall and 
selection bias.

Medical diagnostic dose estimation
In the first questionnaire, information was elicited about 
the specific types and the number of radiological examina-
tions, and the first year in which each type of examination 
occurred for specific types of diagnostic radiological proce-
dure. In online supplementary appendix A table A1, we list 
the types of radiographic examinations for which this infor-
mation was obtained that involved potential radiation expo-
sure to the thyroid gland. Unfortunately, the specific type of 
certain medical diagnostic procedure was not specified on 
the first questionnaire. As discussed below, we assumed that 
most dental X-rays were bitewing procedures and that most 
thyroid radionuclide procedures were thyroid scans. Shown 
in online supplementary file appendix A table A1 are the 
estimated absorbed doses to the thyroid gland by diagnostic 
procedure and calendar period, derived from a compre-
hensive literature review of 14 common types of diagnostic 
radiological examination.10 13 For diagnostic x-rays of the 
collar bone and shoulder, Chang et al10 estimated radiolog-
ical parameters for each procedure (number and type of 
projections, kVp, field size, mAs) from a radiological posi-
tioning textbook series14–21 and then calculated doses using 
the Monte Carlo PCXMC code.22 Doses for mammography 
and thyroid scan were assumed to be 0 before 1960, as it was 
thought unlikely that these types of procedure would have 
been performed during those early time periods. Self-re-
ports from the second questionnaire were used to derive 
cohort-level estimates of number of procedures by age, as 
shown in online supplementary file appendix A table A2.

The doses per diagnostic procedure vary quite mark-
edly by calendar period (see  online supplementary file 
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Table 1  Thyroid cancers by histological type and other summary data

Variables

Characteristics

Cases Persons Person-years

Population characteristics

 � Total 414 76 415 1 694 960

 � �  Women 364 59 635 1 338 952

 � �  Men 50 16 780 356 047

 � Birth year

 � �  Before 1930 6 4585 71 861

 � �  1930–1939 35 9834 205 894

 � �  1940–1949 141 25 581 578 472

 � �  1950–1959 229 35 764 823 611

 � �  1960 and later 3 651 15 071

 � Work history

 � �  Age first worked

 � �  Unknown 9 1800 38 042

 � �  Before age 20 232 40 444 915 539

 � �  20–24 154 26 829 594 424

 � �  25–29 12 4704 97 293

 � �  30 and older 7 2638 49 701

Doses

 � Cumulative occupational radiation doses (average (minimum, maximum))

 � �  Thyroid cancer cases (mGy) 45 (0, 310)

 � �  Non-cases (mGy) 56 (0, 1625)

 � Cumulative radiation doses from diagnostic examinations (average excluding thyroid scans (minimum, maximum))

 � �  Thyroid cancer cases (mGy) 23 (0, 350)

 � �  Non-cases (mGy) 26 (0, 1853)

 � Cumulative radiation doses from diagnostic examinations (average including thyroid scans (minimum, maximum))

 � �  Thyroid cancer cases (mGy) 102 (0, 1435)

 � �  Non-cases (mGy) 65 (0, 34 313)

 � Mean cumulative diagnostic thyroid doses (mGy) by age group exposed (excluding thyroid scan) (minimum, maximum)

 � �  Age < 20 4.9 (0, 794.9)

 � �  Age 20–39 15.6 (0, 1034.6)

 � �  Age 40–59 5.2 (0, 992.8)

 � �  Age ≥ 60 0.4 (0, 439.3)

 � Mean cumulative diagnostic thyroid doses (mGy) by age group exposed (including thyroid scan) [minimum, maximum]

 � �  Age < 20 6.6 (0, 3003.4)

 � �  Age 20–39 42.7 (0, 8833.5)

 � �  Age 40–59 14.8 (0, 34 312.0)

 � �  Age ≥ 60 0.9 (0, 3997.0)

 � Outcomes

 � �  Total thyroid cancers 414

 � �  Papillary 275

 � �  Follicular 19

 � �  Medullary 5

 � �  Other/non-classified 115
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appendix A table A1), emphasising the importance of 
ascertaining the time distribution of each type of proce-
dure. This was achieved using information from the first 
questionnaire on number of examinations by type of diag-
nostic procedure and first year of such diagnostic proce-
dures. This entailed deriving information on the age and 
calendar  period dependent distribution of numbers of 
procedures from the second questionnaire; information 
on number of procedures for the periods <1980, 1980–
1989, >1990, combined with the subject’s birth date and 
date of response to the second questionnaire, was used to 
derive the distribution of procedure rates given in online 
supplementary file appendix A table A2.

The numbers of technologists who either  recorded a 
year of first examination without giving the total number 
of examinations or recorded the number of examinations 
without giving the first year of the diagnostic examina-
tions are shown according to specific examination type in 
online supplementary file appendix B table B1. In these 
cases, the missing information was estimated from the 
procedure-specific means by sex and age group (0–19, 
20–24, 25–29, 30–34, …, 95–99, >100) at date of comple-
tion of first questionnaire.

We itemise in online supplementary file appendix B 
table B2 the various sensitivity analyses given in online 
supplementary file appendix B tables B3–B7, and the 
reasons for doing these.

The combination of per-procedure thyroid dose 
(see online supplementary file appendix A table A1) and 
age-specific distribution of number of procedures per 
year (see online supplementary file appendix A table A2) 
was then used to derive an array of annual thyroid doses. 
Since the questionnaire did not ascertain the year or age 
of each procedure, responses may not accurately reflect 
the exposures. Thus, sensitivity analyses were conducted 
in which we assumed either that all procedures occurred 
within 10 years of the first procedure of each type 
(see online supplementary file appendix B table B3) or 
that procedures occurred with a constant frequency per 
year (see online supplementary file appendix B table B4), 
ignoring the information in online supplementary file 
appendix A table A2. Online supplementary file appendix 
A Supplementary Methods gives further details on the 
methods used to determine the calendar-year distribu-
tion of medical diagnostic doses for each individual in the 
cohort, and presents a hypothetical calculation of dose.

Statistical methods
Thyroid cancer risks in the cohort were assessed using 
Cox proportional hazards models,23 with age as timescale, 
in which the relative risk (RR) for individual ‍‍ at age ‍a‍ was 
given by:

	
‍
RRi
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)
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where ‍Di
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)
‍ is the time-varying cumulative thyroid 

dose in Gy, lagged by 5 years to allow for disease latency,24 
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(
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‍ are the lifestyle and medical risk factors (other than 

medical radiation exposure), ﻿‍α‍ is the excess RR coeffi-
cient (ERR) per unit dose (Gy), and ‍

(
βj
)
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adjusting for lifestyle risk factors. Additional sensitivity 
analyses were conducted using lag periods of 0 and 10 
years. We also fitted models incorporating separately 
accumulated ‘windows’ of dose accumulated by intervals 
of time since exposure:
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or similar separate accumulations of dose by intervals 
of exposure age:
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All CI and two-sided p values are profile–partial likeli-
hood based,25 unless otherwise stated. Models were strati-
fied by sex and year of birth (<1900, 1900–1909, 1910–1919, 
1920–1929, 1930–1939, 1940–1949, 1950–1959, 1960+), 
as these are known to strongly affect thyroid cancer risk. 
We did not collect information about the source of infor-
mation used for diagnosis, for example, thyroid cancer 
screening or symptoms. To account for potential surveil-
lance bias among people with other thyroid conditions 
who may also be undergoing increased diagnostic proce-
dures and thus have higher dose, we conducted sensitivity 
analyses by estimating ERRs by excluding groups with the 
following prevalent conditions determined from the first 
questionnaire, in particular presence of hyperthyroidism, 
hypothyroidism, goitre and any other (non-malignant) 
thyroid pathology (including nodules). Because of the 
possibility that thyroid radioisotope procedures may 
be administered for the purpose of diagnosing thyroid 
cancer, we excluded all thyroid radioisotope diagnostic 
procedures from the estimation of absorbed thyroid dose. 
Because of uncertainty associated with the type of dental 
examinations, certain sensitivity analyses also excluded 
this group of procedures.

Patient and public involvement
The development of the research question and outcome 
measures, specifically thyroid cancer risk associated with 
protracted low-dose occupational radiation exposure, was 
not specifically informed by participants’ priorities and 
preferences. During development of the various survey 
questionnaires, subgroups of radiological technologists 
participated in focus groups and provided input on the 
applicability and wording of questions pertaining to work 
history and radiation exposures. Results are dissemi-
nated to participants via periodic newsletters and on the 
USRT Study website (https://​radtechstudy.​nci.​nih.​gov/). 
Participants were not involved in the recruitment to and 
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conduct of the study, except in as much as they were part 
of the underlying cohort and completed questionnaires.

Results
There were 414 first primary thyroid cancers (excluding 
prevalent thyroid cancers at baseline) in a cohort of 
76 415 persons (after omitting those with cancer other 
than NMSC at baseline) with 1 694 960 person-years of 
follow-up (table 1), an average of 22.2 years of follow-up 

per individual. The mean medical diagnostic dose 
(excluding thyroid uptake scans) was 23 mGy (range 0, 
350) among cases and 26 mGy (range 0, 1853) among 
non-cases (table 1). If thyroid uptake scans were included, 
these figures were considerably higher, 102 mGy (range 
0, 1435) among cases and 65 mGy (range 0, 34,313) 
among non-cases (table  1). Most of the dose, whether 
including thyroid uptake scan or not, was incurred at ages 
20–39 (table 1). The majority of cancers were papillary 
thyroid cancers (PTC) (n=275), with small numbers of 
follicular (n=19) and medullary (n=5) cancers; there was 
a large group of thyroid cancers (n=115) from individ-
uals for whom medical records could not be obtained, 
with thyroid cancer subtype unknown (table  1). Anal-
yses in which thyroid scan dose was excluded and using 
lag periods of 0 or 15 years showed that increases in the 
period of latency from 0 to 15 years resulted in a modest 
strengthening of the trend with dose (table 2). However, 
when sensitivity analysis was conducted in which thyroid 
scan dose was included, increasing the latent period 
results in some weakening of the trend with dose, which 
would be consistent with there being a degree of reverse 
causation (table 2). For this reason, most analyses from 
now on excluded thyroid scan dose. Additional sensi-
tivity analysis shows that little difference was made by 
excluding dental dose (table 3, see online supplementary 
file appendix B table B5).

Table  3 and figure  1 demonstrate that there was a 
non-significant increasing dose response for thyroid 
cancer, with an ERR/Gy of 2.29 (95% CI −0.91  to 7.01, 
p=0.191). There was no significant variation of ERR/Gy 

Table 2  Thyroid cancer risk by period of dose latency 

Latent period 
(years) ERR/Gy (+95% CI) P value*

Excluding thyroid scan doses

 � 0 2.10 (−0.97 to 6.66) 0.216

 � 5 2.29 (−0.91 to 7.01) 0.191

 � 10 2.49 (−0.89 to 7.43) 0.174

 � 15 3.00 (−0.74 to 8.45) 0.133

Including thyroid scan doses

 � 0 1.69 (0.81 to 2.83) <0.001

 � 5 1.66 (0.78 to 2.81) <0.001

 � 10 1.55 (0.66 to 2.73) <0.001

 � 15 1.49 (0.54 to 2.75) <0.001

Stratification is by sex and year of birth (<1900, 1900–1909, 1910–
1919, 1920–1929, 1930–1939, 1940–1949, 1950–1959, 1960+). 
*P value for improvement in fit compared with null model, that is, 
significance of the departure of the ERR/Gy from 0.
ERR, excess relative risk coefficient.

Table 3  Thyroid cancer and papillary thyroid cancer, by time since exposure, exposure age and sex, using cumulative 
diagnostic thyroid radiation dose 

Model number Statistical model

All thyroid cancer Papillary thyroid cancer

ERR/Gy (+95% CI) ERR/Gy (+95% CI)

 � 1 Linear thyroid dose 2.29 (−0.91 to 7.01) 4.15 (−0.39 to 11.27)

P value 0.191* 0.080*

 � 2 Time since exposure 5–9 years −1.10 (−24.84 to 39.52) 3.24 (−26.16 to 61.98)

Time since exposure 10–14 years −6.95 (−24.49 to 17.05) −12.03 (−30.21 to 18.06)

Time since exposure 15+ years 3.49 (−0.55 to 9.07) 5.27 (0.11 to 13.22)

Heterogeneity p value 0.578† 0.441†

 � 3 Exposure age 0–19 years 4.57 (−3.08 to 16.19) 6.75 (−3.36 to 23.24)

Exposure age 20–39 years 0.15 (−3.98 to 6.24) 3.31 (−2.69 to 12.42)

Exposure age 40–59 years 8.13 (−2.51 to 28.05) 4.47 (−4.24 to 29.65)

Exposure age 60+ years −36.22 (<−100 to >100) −18.23 (<−100 to >100)

Heterogeneity p value 0.724† 0.971†

 � 4 Men 3.48 (−2.62 to 20.85) 2.60 (−6.42 to 30.96)

Women 2.05 (−1.33 to 7.22) 4.35 (−0.45 to 12.14)

Heterogeneity p value 0.797† 0.848†

Stratification is by sex and year of birth (<1900, 1900–1909, 1910–1919, 1920–1929, 1930–1939, 1940–1949, 1950–1959, 1960+).
*P value for improvement in fit compared with null model, that is, significance of the departure of the ERR/Gy from 0.
†P value for improvement in fit compared with simple linear model 1.
ERR, excess relative risk coefficient. 
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by time since exposure or exposure age (p>0.5, table 3), 
although there were weak indications that risk increased 
with increasing years after exposure and with decreasing 
exposure age (table 3). Tables 3 and 4 demonstrate that 
the dose response for PTC had borderline significant 
positive trend, with an ERR/Gy of 4.15 (95% CI −0.39 to 
11.27, p=0.080); there were weak indications (p>0.4) that 
relative risk of PTC increased with increasing time since 
exposure and decreasing exposure age. There were no 
indications of excess risk for any type of thyroid cancer 
other than PTC (table  4). There were only weak indi-
cations of excess thyroid cancer risk associated with any 
exposure age group (20–39, 40–59, 60+) in adulthood. 
Table 3 demonstrates that the ERR/Gy for PTC was slightly 
higher in women, 4.35 (95% CI −0.45 to 12.14, p=0.085), 
than in men, 2.60 (95% CI −6.42 to 30.96, p=0.727), but 
the difference was not statistically significant (p=0.848). 
There were similar findings for all thyroid cancers.

Sensitivity analysis, in which all persons with various 
types of non-malignant thyroid disease at first question-
naire were excluded, demonstrated that there was a slight 
reduction of trend for thyroid cancer, so that the ERR/Gy 

became 1.62 (95% CI −1.89 to 7.32, p=0.445), as well as for 
PTC, with ERR/Gy 1.80 (95% CI −2.59 to 9.61, p=0.519) 
(see online supplementary file appendix B table B6).

Sensitivity analyses in which we assumed that all proce-
dures occurred within 10 years of the first procedure of 
each type (see  online supplementary file appendix B 
table B3) or that procedures occurred with a constant 
frequency per year (see  online supplementary file 
appendix B table B4) yielded slightly lower dose trends.

A sensitivity analysis in which we compared the model 
incorporating only medical diagnostic dose (table 3) with 
one that simultaneously adjusted for medical and occu-
pational dose (see online supplementary file appendix B 
table B7) did not materially affect the trend with diag-
nostic dose, whether for all thyroid cancer or PTC.

Discussion
In this large cohort of US radiologic technologists, we 
did not find a clear positive association between risk of 
thyroid cancer and absorbed thyroid dose from medical 
diagnostic radiation procedures received across the life 
course. In particular, there were only weak indications 
of excess thyroid cancer risk associated with exposure in 
adulthood. A novel feature of the study is the method-
ology used for assessment of medical diagnostic radiation 
dose, using a regression model to assess frequency of 
diagnostic dose combined with a literature-based lookup 
table of thyroid dose per diagnostic procedure. As such, 
it marks a substantial advance over the previous analysis,9 
which did not incorporate individual diagnostic doses in 
the analysis. Follow-up has also been somewhat extended 
from the cohort previously analysed,9 which included 251 
thyroid cancers, compared with the 414 assessed here.

There is some evidence that hypothyroidism and 
thyroiditis are associated with thyroid cancer.26 27 There 
are also indications in the Japanese atomic bomb survi-
vors28 and in persons treated for cancer29 of associations 
of radiation dose with thyroid nodule prevalence. In 
paediatric Chernobyl-exposed groups, hypothyroidism is 
associated with radiation dose.30 31 Removing people with 
these benign thyroid conditions might therefore amount 
to removing persons with an intermediate phenotype, 
which would result in weakening if not elimination of the 
dose response, as indeed happens here to some extent 
(see online supplementary file appendix B table B6).

Figure 1  Thyroid cancer diagnostic radiation dose response 
(relative risk +95% CI). Evaluated in relation to cumulative 
thyroid dose, using stratification by sex and year of birth 
(<1900, 1900–1909, 1910–1919, 1920–1929, 1930–1939, 
1940–1949, 1950–1959, 1960+). Red line is relative risk=1.

Table 4  Thyroid cancer risk by subtype. Thyroid scan is not used, and stratification is by sex and year of birth (<1900, 1900–
1909, 1910–1919, 1920–1929, 1930–1939, 1940–1949, 1950–1959, 1960+)

Thyroid cancer subtype ERR/Gy (+95% CI) P value* Cases

Follicular −0.29 (−5.75 to 29.08) 0.964 19

Medullary −22.47 (−42.59 to 48.92) 0.277 5

Papillary 4.15 (−0.39 to11.27) 0.080 275

Other and unclassified thyroid cancer −0.08 (−2.99 to 8.03) 0.978 115

*P value for improvement in fit compared with null model, that is, significance of the departure of the ERR/Gy from 0.
ERR, excess relative risk coefficient. 
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The indications of excess thyroid cancer risk that 
are observed here, most pronounced for PTC, with an 
ERR/Gy of 4.15 (95% CI −0.39 to 11.27) (table 3, online 
supplementary file appendix B table B8), are compa-
rable with those in other groups exposed in adulthood; 
as the dose distribution of table 1 indicates, young adult-
hood (ages 20–39) is arguably the most appropriate 
exposure age to compare with. As summarised in online 
supplementary file appendix B table B8, there are 
various groups exposed to ionising radiation in adult-
hood for whom there are indications of excess risk. In 
particular, there are modest but non-statistically signifi-
cant excess risks in the Japanese atomic bomb survivors 
exposed at age >20 and among UK nuclear workers, with 
ERR/Gy of 0.27 (95% CI <0 to 1.07)2 and 3.24 (95% CI 
−0.48 to 17.51),7 respectively (see online supplementary 
file appendix B table B8). More controversially, a Cher-
nobyl-liquidator case–control study showed a larger and 
statistically significant association between thyroid dose 
and thyroid cancer incidence, with an ERR/Gy of 3.8 
(95% CI 1.0 to 10.9)32 (see online supplementary file 
appendix B table B8). Recall bias may have also influ-
enced the results of the Chernobyl-liquidator study, as 
doses for cases and controls were derived from inter-
views about their work conditions, many years after the 
Chernobyl accident. The indication of reduction of ERR 
with increasing exposure age (table 3) is also consistent 
with what is seen in the Japanese atomic  bomb survi-
vors2 and in many other exposed groups.33

Strengths and limitations
Unique aspects of this study include the comprehensive 
assessment of diagnostic radiation procedures received 
throughout life that allowed for estimation of medical 
diagnostic radiation absorbed doses to the thyroid gland, 
as well as the rich set of covariate information on lifestyle 
and environmental exposures that allowed for adjustment 
for potential confounding. Additional major strengths are 
the large size, prospective design and long follow-up. The 
availability of occupational thyroid dose is also a signifi-
cant strength. Comparison of the analyses of table 3 and 
online supplementary file appendix B table B7 suggests 
that occupational radiation dose does not confound the 
relationship of thyroid cancer with medical diagnostic 
dose. A weakness is the reliance on self-reported medical 
diagnostic procedures and self-reported thyroid cancer 
diagnosis. However, since they are all radiological tech-
nologists, it is expected that their reporting of medical 
radiation procedures, including diagnostic examinations, 
would be reasonably accurate. Additionally, 96.6% of the 
thyroid cancers reported on the second survey for which 
medical records were obtained were found to be accu-
rately reported.34

Potentially the most substantial complication of the 
study is that medical diagnostic procedures could be 
given as part of the process of diagnosis of thyroid 
cancer, so that there could be a type of bias known 
as reverse causation. This is particularly problematic 

for thyroid radioisotope procedures. Because of the 
substantial likelihood that thyroid scans are given as 
part of the diagnosis of thyroid cancer, we excluded 
all thyroid radioisotope diagnostic procedures from 
dose assessments. Although the magnitude of the 
dose response did not markedly change if thyroid 
scan dose was included, increasing the dose lag from 
0 to 15 years caused the ERR/Gy to modestly decrease 
(table  2). This is the direction one would expect the 
ERR/Gy to change if reverse causation played a role, 
since diagnostic procedures would likely cluster in the 
period immediately before cancer diagnosis. When 
thyroid scan dose was excluded, the ERR/Gy increased 
with increasing lag, suggesting that reverse causation 
was unlikely (table 2). Information on certain medical 
diagnostic procedures was not elicited in the first ques-
tionnaire, the most significant of which is computer-
ised  tomography. The errors resulting from omission 
of such doses should not be correlated with the other 
medical diagnostic doses, and so to first order should be 
of approximately Berkson form. As such, these would 
not be expected to bias the dose response, although 
they could inflate the variance of trend estimates.35 36 
The potential for screening bias due to differences in 
healthcare utilisation patterns within the cohort seems 
unlikely given the homogeneous nature of the cohort 
and their similar access to healthcare.

There are certain crucial ambiguities in the precise 
nature of the procedure being used, based on the 
wording of the first questionnaire. For example, the 
questionnaire does not elicit information on whether 
the thyroid radionuclide diagnostic procedures being 
asked about were thyroid scans, a type of imaging 
examination, or 131I thyroid uptake tests, a measure of 
thyroid function, and which is not an imaging proce-
dure. Online supplementary file appendix A table A1 
indicates that there were substantial differences in dose 
from the two types of diagnostic thyroid examination. 
Information was also not collected on the type of dental 
procedures. We made the assumption that most such 
procedures were dental bitewing X-rays, which is likely 
to be the case,37–40 but inevitably, there is uncertainty 
here. Exclusion of such dental doses did not make 
much difference to the dose trends (table 3, see online 
supplementary file appendix B table B5).

Follow-up was censored at the date of the last ques-
tionnaire answered. The plausible assumption was made 
that censoring was non-informative with respect to the 
endpoint (thyroid cancer) being considered.

Inevitably, there is some loss of information because 
follow-up only commenced at the date of completion 
of the first questionnaire, and we excluded any persons 
reporting any cancer other than NMSC at that point. This 
should not be a source of bias. However, if the ERR/Gy 
were to decrease with time since exposure, as has been 
suggested in a number of childhood-exposed groups,3 6 41 
it may be that the statistical power of the study would be 
reduced.
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Conclusions
In summary, we found little evidence of increased thyroid 
cancer risk associated with greater medical diagnostic 
radiation exposure across the lifespan, in particular only 
weak indications of excess thyroid cancer risk associated 
with adult exposure.
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