
Cancer risks among studies of medical diagnostic radiation 
exposure in early life without quantitative estimates of dose

Mark P. Littlea,*,1, Richard Wakefordb,1, Simon D. Boufflerc, Kossi Abalod, Michael 
Hauptmanne, Nobuyuki Hamadaf, Gerald M. Kendallg

aRadiation Epidemiology Branch, National Cancer Institute, Bethesda, MD 20892-9778, USA

bCentre for Occupational and Environmental Health, Faculty of Biology, Medicine and Health, The 
University of Manchester, Ellen Wilkinson Building, Oxford Road, Manchester, M13 9PL, UK

cRadiation Effects Department, UK Health Security Agency (UKHSA), Chilton, Didcot OX11 0RQ, 
UK

dLaboratoire d’Épidémiologie, Institut de Radioprotection et de Sûreté Nucléaire, BP 17 92262 
Fontenay-aux-Roses Cedex, France

eInstitute of Biostatistics and Registry Research, Brandenburg Medical School Theodor Fontane, 
Fehrbelliner Strasse 38, 16816 Neuruppin, Germany

fRadiation Safety Unit, Biology and Environmental Chemistry Division, Sustainable System 
Research Laboratory, Central Research Institute of Electric Power Industry (CRIEPI), 2-11-1 
Iwado-kita, Komae, Tokyo 201-8511, Japan

gCancer Epidemiology Unit, Oxford Population Health, University of Oxford, Richard Doll Building, 
Old Road Campus, Headington, Oxford, OX3 7LF, UK.

Abstract

Background: There is accumulating evidence of excess risk of cancer in various populations 

exposed at acute doses below several tens of mSv or doses received over a protracted period. There 
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is also evidence that relative risks are generally higher after radiation exposures in utero or in 

childhood.

Methods and Findings: We reviewed and summarised evidence from 89 studies of cancer 

following medical diagnostic exposure in utero or in childhood, in which no direct estimates 

of radiation dose are available. In all of the populations studied exposure was to sparsely 

ionising radiation (X-rays). Several of the early studies of in utero exposure exhibit modest 

but statistically significant excess risks of several types of childhood cancer. There is a highly 

significant (p<0.0005) negative trend of odds ratio with calendar period of study, so that more 

recent studies tend to exhibit reduced excess risk. There is no significant inter-study heterogeneity 

(p>0.3). In relation to postnatal exposure there are significant excess risks of leukaemia, brain 

and solid cancers, with indications of variations in risk by cancer type (p=0.07) and type of 

exposure (p=0.02), with fluoroscopy and computed tomography scans associated with the highest 

excess risk. However, there is highly significant inter-study heterogeneity (p<0.01) for all cancer 

endpoints and all but one type of exposure, although no significant risk trend with calendar period 

of study.

Conclusions: Overall, this large body of data relating to medical diagnostic radiation exposure 

in utero provides support for an associated excess risk of childhood cancer. However, the 

pronounced heterogeneity in studies of postnatal diagnostic exposure, the implied uncertainty as to 

the meaning of summary measures, and the distinct possibilities of bias, substantially reduce the 

strength of the evidence from the associations we observe between radiation imaging in childhood 

and the subsequent risk of cancer being causally related to radiation exposure.

Graphical Abstract

Figure 1. Meta-regression for studies of in utero exposure. Restricted maximum likelihood 
(REML) fits to odds ratio or relative risk by calendar year midpoint of study data 
ascertainment range (for <1950, 1950–1959, 1960–1969, 1970–1979, 1980–1989, 1990+). Plots 

are shown for (a) the four cancer endpoints analysis (leukaemia, lymphoma, brain/CNS cancer, 

other cancer) and (b) the any cancer endpoint analysis, for each in utero exposure study. Dashed 

red line is odds ratio/relative risk = 1.

Figure 2. Meta-regression for studies of postnatal exposure. Restricted maximum likelihood 
(REML) fits to odds ratio or relative risk by calendar year midpoint of study data 
ascertainment range (for <1960, 1960–1969, 1970–1979, 1980–1989, 1990–1999, 2000+). Plots 

are shown for (a) the four cancer endpoints analysis (leukaemia, lymphoma, brain/CNS cancer, 

other cancer) and (b) the any cancer endpoint analysis, for each postnatal exposure study. Dashed 

red line is odds ratio/relative risk = 1.
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1. Introduction

Quantitative estimates of the excess risk per unit dose of various types of cancer are the 

cornerstone of radiation protection (Armstrong et al., 2012; Committee to Assess Health 

Risks from Exposure to Low Levels of Ionizing Radiation, 2006; International Commission 

on Radiological Protection (ICRP), 2007; United Nations Scientific Committee on the 

Effects of Atomic Radiation (UNSCEAR), 2008), with risk estimates at low doses supported 

by mechanistic information (United Nations Scientific Committee on the Effects of Atomic 

Radiation (UNSCEAR), 2021). From this it might be imagined that little could be learnt 

from studies which lack quantified dose estimates. However, this would be to over-state 

the case. One has only to consider, for example, the importance and impact of the British 

case-control study (which came to be known as the Oxford Survey of Childhood Cancers, 

OSCC) of childhood cancer mortality and antenatal radiography by Alice Stewart and her 

colleagues (Bithell et al., 2018; Bithell and Stewart, 1975; Stewart et al., 1956; Stewart et 

al., 1958). When first published, this study lacked dose information, although risk estimates 

based on fetal dose estimates have now been made (Bithell, 1993; Bithell and Stiller, 1988; 

Doll and Wakeford, 1997; Mole, 1990; Muirhead and Kneale, 1989; Wakeford and Little, 

2003), and point to an excess relative risk (ERR) per unit fetal dose for childhood cancer 

of around 50% per 10 mGy, although there remains substantial uncertainty in this risk 

estimate (Wakeford and Little, 2003). Perhaps surprisingly, it would also appear that the 

risk associated with exposure in utero is proportionally raised to around the same extent 

for most of the cancers typical of childhood, with the possible exception of bone tumours 

(Bithell and Stewart, 1975; Wakeford and Bithell, 2021). There are many other studies 

of medical diagnostic radiation in utero, most without quantitative individual estimates 

of radiation dose, which also point to an associated increased risk of childhood cancer 

(Wakeford and Bithell, 2021). There is also growing evidence in a number of exposed 

groups (Grant et al., 2017; Little et al., 2020; United Nations Scientific Committee on the 

Effects of Atomic Radiation (UNSCEAR), 2013) that radiation exposure in childhood is 

generally associated with higher cancer risks compared with exposure later in life. However, 

in contrast to exposure in utero, evidence that low-level exposure to radiation in childhood 

is associated with an increased risk of subsequent cancer has been equivocal (Linet et al., 
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2012; Rajaraman et al., 2011; Wakeford, 2008), although the recent large studies of cancer 

following computed tomography (CT) scans at a young age have provided a stronger base of 

evidence (Gilbert et al., 2020). Again, in contrast to childhood cancers following exposure 

in utero, exposure in childhood is associated with subsequent increases in cancer risk that 

show a notable variation with cancer type. Although some of these studies have individual 

estimates of radiation dose (and therefore risk), this is not the case for all (Linet et al., 2012).

In the present paper we review studies of early life medical diagnostic exposures, both 

antenatal and postnatal, in which quantitative radiation dose estimates are lacking, though 

general indications of the magnitude of the doses are likely to be implicit. The present study 

complements a parallel and contemporary review that evaluated studies in which quantitative 

estimates of radiation risk with respect to doses are available (Little et al., 2022b).

2. Methods

2.1 Literature review

A literature search of PubMed was last performed on 16th May 2021 using the search 

terms given in the Supplementary Methods. Additionally, recent UNSCEAR reports (United 

Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), 2008; 

United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), 

2013; United Nations Scientific Committee on the Effects of Atomic Radiation 

(UNSCEAR), 2018) were scanned to assess additional literature, as well as recent review 

articles (Abalo et al., 2021; Han and Kim, 2018; Kendall et al., 2021; Linet et al., 2009; 

Linet et al., 2012; Memon et al., 2019; Wakeford and Bithell, 2021). We restricted attention 

to those studies of persons exposed in utero or postnatally at age 20 years or less to 

medical diagnostic radiographic procedures. There was no restriction on language or date 

of publication. Editorials, abstracts and reviews were excluded, except to identify potential 

additional studies.

A total of 3117 papers were returned. A PECO statement is given in Supplementary 

Table S3. The titles and abstracts of these papers were independently double scanned by 

MPL and GMK, and case reports, review papers and other clearly inapplicable results 

(e.g., relating to populations not exposed in childhood) were eliminated. Consistency 

was established via consensus. Additionally, recent UNSCEAR reports (United Nations 

Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), 2008; United 

Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), 2013; 

United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), 

2018) were scanned to assess additional literature, as well as recent review articles (Abalo 

et al., 2021; Han and Kim, 2018; Kendall et al., 2021; Linet et al., 2009; Linet et al., 

2012; Memon et al., 2019; Wakeford and Bithell, 2021). A total of 299 papers that were 

deemed applicable based on the title/abstract search, and the associated full publications 

were then obtained for more detailed review of these by MPL and GMK. Of the 299 

consensus samples we restricted attention to those studies of persons exposed in utero or in 

childhood (age 20 years or less) to medical diagnostic radiographic procedures and in which 

quantitative estimates of radiation doses were not available. Again, consistency between the 

reviewers was established via consensus; all studies that had been superseded by others were 
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eliminated. This yielded a total of 89 papers, 29 of which were derived from the PubMed 

search.

2.2 Meta-analysis

Meta-analysis was conducted of odds ratios (OR) or relative risks (RR), combining these 

equivalent measures. Wherever possible the maximally adjusted OR or RR were taken 

directly from the relevant publication; further details of the risk estimates for each study 

are given in Tables 1–2 and Supplementary Tables S1–S2. Further details of data exclusions 

and of how the data abstraction was performed for particular studies are given in the 

Supplementary Methods. The type of radiological procedure used within each study of 

postnatal exposure was classified as catheterisation, fluoroscopy, CT scan, X-ray, mixed or 

unknown; associated codes (C, F, CT, X, M, U, respectively) were given for each endpoint 

within studies in Table 2. For the purposes of the meta-analysis, to avoid double counting 

of cases, we concentrated on results in relation to procedures likely to result in the largest 

radiation dose, specifically catheterisation, fluoroscopy or CT scan.

An aggregate estimate of meta OR (mOR) or meta RR (mRR) was computed across 

subsets of these studies (with non-overlapping endpoints within each study if more than 

one was available) using log-transformed risk estimates, random effects models and standard 

statistical methods (inverse variance weighted least squares) (see Supplementary Methods). 

Restricted maximum-likelihood fits were used by default to derive estimates of variation 

of risk over time; ordinary maximum likelihood fits were also used, as these facilitate 

comparison of nested models (in particular, to test against improvement over the null, i.e., 

lack of homogeneity of risk, where homogeneity of risk across categories is the assumed 

null hypothesis. Confidence intervals on mOR/mRR were derived using the method of 

Knapp and Hartung (Knapp and Hartung, 2003). The analysis was done in two ways. In the 

first, only those cancer sites within each study that contributed to one of the four endpoints 

(a) leukaemia, (b) lymphoma, (c) brain/central nervous system (CNS) tumours and (d) 

any other cancer (i.e., all solid cancers except brain/CNS tumours) were used; leukaemia, 

brain/CNS tumours and lymphoma are the commonest forms of cancer in childhood. In the 

second type of analysis, as far as possible the endpoint used was “any available cancer site” 

from each study.

In order to assess selection or publication bias, funnel plots were employed. Funnel plots are 

scatterplots of the central estimate of OR or RR against estimates of standard error, and as 

discussed by Egger et al (Egger et al., 1997; Sterne and Egger, 2001) are useful qualitative 

means of detecting various types of selection bias, in particular publication bias. If the 

funnel plot has the form of an inverted symmetric funnel, then selection bias is considered 

to be unlikely (Egger et al., 1997; Sterne and Egger, 2001). More formal tests of selection or 

publication bias were also conducted using the test statistic suggested by Egger et al (Egger 

et al., 1997). We also employed the trim-and-fill method of Duval and Tweedie (Duval and 

Tweedie, 2000) to assess the likely magnitude of the change in OR/RR that may result from 

selection bias.
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All statistical models, including funnel plots, were fitted using the metafor package 

(Viechtbauer, 2010; Viechtbauer, 2020) in R (R Project version 3.6.1, 2019). Further details 

of the statistical methods are given in the Supplementary Methods.

3. Results

The literature review yielded 89 papers on cancer incidence/mortality following medical 

diagnostic radiation exposure antenatally or postnatally, principally of those diagnosed or 

dying while aged less than 21 years, in which quantitative dose estimates were not given. 

The papers were divided by whether they dealt with results of in utero exposure (70 papers) 

(Table 1, Figure 1) or were in relation to postnatal exposure (41 papers) (Table 2, Figure 

2). There were 22 papers that contributed both to Tables 1 and 2. Overall, 29 of the 89 

papers were derived from the PubMed database search. While for most of the studies in 

Table 1 follow-up is restricted to cancer incidence or death while ≤ 20 years of age, for eight 

studies this is not the case, specifically those of Gunz and Atkinson (Gunz and Atkinson, 

1964), Preston-Martin et al (Preston-Martin et al., 1982), Operskalski et al (Operskalski et 

al., 1987), Bunin et al (Bunin et al., 1989), Gardner et al (Gardner et al., 1990), Holly et al 
(Holly et al., 1992), Winn et al (Winn et al., 1992) and Roman et al (Roman et al., 1997); 

only for Holly et al (Holly et al., 1992) and Roman et al (Roman et al., 1997) does the upper 

age limit exceed 25 years (at 31 and 29 years, respectively). Likewise four of the studies 

listed in Table 2, those of Preston-Martin et al (Preston-Martin et al., 1980) (age at diagnosis 

18–64 years), McLaughlin et al (McLaughlin et al., 1993) (age at diagnosis/death 0->30 

years), Modan et al (Modan et al., 2000) (age at diagnosis 15–49 years) and Hong et al 
(Hong et al., 2019) (age at diagnosis <30 years) relate to cancer occurring both in childhood 

and beyond. For all other studies in Table 2 exposure and follow-up both occurred at age ≤ 

20 years.

3.1 Risks of in utero exposure

Table 1 presents the data and risk estimates for malignant disease endpoints in a large 

number of studies of in utero exposure for medical diagnostic purposes; these are 

predominantly case-control studies, although there are two cohort studies of antenatal 

exposure (Diamond et al., 1973; Ray et al., 2010) (Table 1). The tendency for risks to 

be raised is apparent for the four cancer endpoints displayed in Figure 1 (any cancer, 

leukaemia, brain/CNS tumours, lymphoma), particularly for the earlier studies, and the large 

studies of Bithell and Stewart (Bithell and Stewart, 1975) and Monson and MacMahon 

(Monson and MacMahon, 1984) are notable in this respect; risks tend to reduce in the later 

studies.

3.2 Risks of radiation exposure in childhood

Table 2 presents the data and risk estimates for malignant disease endpoints in studies of 

postnatal exposure for medical diagnostic purposes. Again, the tendency for risks to be 

raised is apparent in Figure 2 showing risks from the studies for the three main cancer 

endpoints (leukaemia, brain/CNS tumours, lymphoma), and raised risks are more evident in 

earlier studies. Among the more striking of the reported risks are those for leukaemia in the 

study of patients exposed to diagnostic X-rays and fluoroscopy by Polhemus et al (Polhemus 
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and Koch, 1959), for brain tumours and dental X-rays in the studies of Preston-Martin et al 
(Preston-Martin et al., 1980; Preston-Martin et al., 1982) for brain tumours and skull X-rays 

in the Canadian study of Howe et al (Howe et al., 1989), non-Hodgkin lymphoma (NHL) in 

the Israel cardiac catheterisation study of Modan et al (Modan et al., 2000), and in relation to 

various cancer endpoints and CT scans in the studies of Hong et al (Hong et al., 2019) and 

Li et al (Li et al., 2020).

It is notable that a large majority of the studies in Table 2 are from the period before 2010. 

The relative rarity of more recent studies without quantitative dose information is probably 

due to the greater availability of dose estimates with more modern radiography, particularly 

CT scans (Little et al., 2022b).

3.3 Meta-analysis of cancer risks associated with radiation exposure in early life

3.3.1 Exposure in utero—Significantly raised OR/RR estimates for in utero exposure 

are obtained from the meta-analysis for all four separate cancer endpoints and for any 

available cancer type (Table 3). There was little indication (p>0.3) of differences in 

mOR/mRR between different cancer endpoints, although there was perhaps a suggestion that 

the risk was somewhat lower (but still significantly greater than zero) for brain/CNS tumours 

(Table 3). There is a highly significant (p<0.0001) decreasing trend of OR/RR from studies 

of in utero exposure with calendar year (mid-point of the study period), by about 0.84% per 

year (Table 3, Figure 3). Little difference was made in central estimates or in width of CI by 

fitting using the 1-step method of DerSimonian and Laird (DerSimonian and Laird, 1986), 

restricted maximum likelihood (REML) or maximum likelihood random effects (results not 

shown). When analysis was done using, as far as possible, all cancers analysed together 

for each study rather than the four-endpoint analysis a slightly weaker temporal trend was 

found, of about 0.78% per year, although still highly significant (p=0.0002) (Table 3). The 

analyses do not suggest that notable heterogeneity is present, as indicated by the Q statistic 

(p>0.3), and values of the I2 statistic are generally small (mostly < 15% and all <25%) 

(Table 3).

3.3.2 Postnatal exposure—The meta-analysis found statistically significant excess 

risks for leukaemia, brain/CNS tumours and the group of solid cancers other than brain/CNS 

tumours, but not for lymphoma; the excess risk was most pronounced for solid cancers 

other than brain/CNS tumours (Table 5). There were marginally significant variations in risk 

by the four cancer endpoints (Table 5, p=0.0663). As Table 2 shows, there are a variety 

of types of postnatal exposure included in studies, ranging from chest and dental X-rays 

to CT scans, and also in the cancer endpoints studied. The meta-analysis confirms that 

these types of exposure are associated with somewhat different risks (Table 5), although 

the precise level of statistical significance varies depending on whether analysis uses either 

four specific cancer endpoints (p=0.0242) or any cancer endpoint per study (p=0.0570). 

Risks tend to be higher for fluoroscopy (although based on a single study from 1959) 

and CT scans (five studies from 2010 or later), although the four-endpoint analysis of 

catheterisation (four studies) also indicates a high risk. There are no significant trends with 

calendar year (p>0.5), whichever type of analysis is performed (Table 5, Figure 4). Of note 

is that all analyses by cancer endpoint in the four-endpoint analysis yield highly significant 
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heterogeneity, as indicated by the Q statistic (p<0.0005), and values of the I2 statistic are 

also uniformly high (>50%). For all types of exposure apart from fluoroscopy (for which 

there was only a single study) the heterogeneity was also highly significant (p<0.01) (Table 

3). Analysis in which exposures due to CT scans, catheterisation or fluoroscopy were 

omitted yielded lower estimates of risks for all endpoints, so that only those for all cancers 

and leukaemia remained (marginally) statistically significant, with mOR/mRR = 1.21 (95% 

CI 1.04, 1.42) and mOR/mRR = 1.19 (95% CI 1.01, 1.39), respectively (results not shown), 

versus mOR/mRR = 1.37 (95% CI 1.23, 1.53) and mOR/mRR = 1.25 (95% CI 1.07, 1.46), 

respectively (Table 5), for the main analysis; the reduction was particularly pronounced in 

the risk for lymphoma, with a mOR/mRR = 1.10 (95% CI 0.26, 4.67) (results not shown) 

versus mOR/mRR = 1.30 (95% CI 0.66, 2.59) for the main analysis (Table 5).

3.3.3 Possible selection bias—The general symmetry of the funnel plots does not 

suggest any marked selection bias in relation to the in utero exposure studies (Figure 5), 

except, perhaps, for a few of the studies with largest standard error. However, the formal 

analysis of selection bias in Table 4 suggests that there are some indications of selection bias 

for these studies (p=0.0064), although only when analysed using the four cancer endpoints; 

when combining any cancer estimates per study there was little evidence of selection bias 

(p=0.1802). In any case, the analyses of Table 4 also demonstrate that adjusting for selection 

bias using the trim-and-fill method of Duval and Tweedie (Duval and Tweedie, 2000) does 

not in general lead to marked changes in the central estimate of mOR/mRR.

There are at best weak suggestions of asymmetry in the funnel plot in relation to postnatal 

exposure (Figure 6), and this is confirmed by the Egger test, whether performed on the 

pooled four cancer endpoint data (p=0.3991) or using any cancer endpoint (p=0.5095); 

adjusting for selection bias using the trim-and-fill method of Duval and Tweedie (Duval and 

Tweedie, 2000) does not lead to marked changes in the central estimates of mOR/mRR.

4. Discussion

Our review has highlighted that both in relation to in utero exposure and postnatal exposure 

to medical diagnostic radiation there are multiple studies that yield statistically significant 

excess cancer risks. For in utero exposure, modest but significant excess risks tend to be 

concentrated in the earlier studies (Table 1) while for postnatal exposure, significant excess 

risks are also apparent in later studies, in particular in recent CT scan studies (Table 2).

The meta-analysis of the in utero exposure data (Table 3) does not suggest that there 

are significant differences in mOR/mRR between the four cancer endpoints considered 

(p>0.3), although there is a highly significant decreasing trend (p<0.0005) with calendar 

year. This may well be due to a progressive decrease in fetal dose per X-ray examination 

(United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), 

1972), reflecting advances in radiographic technology, and possibly also to the influence on 

medical practice of the early studies of Stewart et al (Stewart et al., 1956; Stewart et al., 

1958). That the risks of childhood cancer associated with an antenatal X-ray examination are 

elevated to approximately the same extent for all the common types of cancer in childhood 

(with the possible exception of bone tumours) was reported in the mid-1970s by Bithell and 
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Stewart (Bithell and Stewart, 1975) using data from the OSCC. This finding has provoked 

comment, such as that by Boice and Miller (Boice and Miller, 1999), who noted that this 

was “perplexing” and not the pattern of radiation-related cancer risks seen after postnatal 

exposure, and they suggested that this finding pointed away from a causal interpretation of 

the association. Nonetheless, recently Wakeford and Bithell (2021) reported that the results 

of all studies of antenatal radiography and childhood cancer other than the OSCC when 

appropriately combined in a meta-analysis produced a broadly similar pattern of raised 

relative risks as originally found by Bithell and Stewart (Bithell and Stewart, 1975), so the 

similarly increased risks for the typical cancers of childhood is not confined to the OSCC.

In contrast to the antenatal studies, a troubling feature of the meta-analysis of postnatal 

exposure is that for the four cancer outcomes analysed, highly significant heterogeneity 

(p<0.0005) was found, and the high values (generally >50%) of the I2 statistic imply that 

a material proportion of the variance is due to inter-study heterogeneity (Table 5). This 

makes interpretation of summary measures of risk especially problematic. Again, in contrast 

to the in utero data, there are no significant trends by calendar year (Table 5, Figure 4). 

Previous narrative reviews (e.g., Linet et al (Linet et al., 2012)) have concluded that studies 

of postnatal radiography and childhood cancer have produced ambivalent results, but these 

reviews have not included more recent studies including those of CT scans. The substantial 

heterogeneity of the risk estimates from the postnatal studies found here poses considerable 

difficulties to a reliable interpretation of the meta-analysis results – whether these results 

are indicative of underlying raised risks for the cancer endpoints is questionable under these 

circumstances.

This paper focuses exclusively on studies of persons receiving medical diagnostic exposures 

for which there are no individual estimates of radiation dose, and therefore of dose-related 

risk. In this respect it contrasts with the paper of Little et al (Little et al., 2022b) which 

included only those studies which had radiation dose estimates. Clearly, the latter analysis is 

more informative about the magnitude of risks in relation to the level of radiation exposure, 

but the large number of studies where quantified dose information is not available are still 

informative about the presence of radiation-related risk, if not its magnitude. We judge that 

the studies of in utero exposure are likely to be particularly informative in this respect 

because of the degree of homogeneity of the findings. However, owing to significant inter-

study heterogeneity, the studies of postnatal exposure are more difficult to interpret. It is 

possible that some of the observed heterogeneity may result from disparities in the levels of 

radiation exposure in these postnatal studies. This is not implausible, as radiation doses from 

CT scans are likely to be considerably larger, by at least an order of magnitude, than those 

from many diagnostic X-ray procedures, in particular from dental X-rays (National Council 

on Radiation Protection and Measurements (NCRP), 2019). It is possible that other factors, 

such as the variety of populations under study and the types of exposure could contribute, 

and also methodological factors such as whether a cohort or case-control study; however, a 

case-control study nested within a cohort would be expected to yield the same relative risk 

as that in the underlying cohort (Breslow and Day, 1980), so this latter factor probably does 

not play a large role. There are indications that type of exposure accounts for borderline 

significant (p=0.02–0.06) variation in risk (Table 5), and it is therefore conceivable that 

uncontrolled variation in this factor could account for some of the inter-study heterogeneity.
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The association between cancer in childhood and a prior radiographic examination of 

the abdomen of the pregnant mother identified by case-control studies such as those of 

the OSCC (Bithell and Stewart, 1975; Stewart et al., 1956) and Monson and MacMahon 

(Monson and MacMahon, 1984), and many others (Wakeford, 2008; Wakeford and Bithell, 

2021) (see Table 1, Figure 1), provides persuasive epidemiological evidence that exposure in 
utero to external sources of penetrating radiation increases the risk of cancer in childhood. 

By definition, the exact level of dose incurred is not known for the studies considered 

here, but analogy with other studies (Little et al., 2022b) suggests that they would have 

been from several mGy to a few tens of mGy, values that are consistent with estimates of 

fetal doses made by UNSCEAR (United Nations Scientific Committee on the Effects of 

Atomic Radiation (UNSCEAR), 1972). This level of dose is much lower (by around an 

order of magnitude) than the lowest doses producing significantly increased risks of cancer 

in all other epidemiological studies except studies of natural background radiation (Little 

et al., 2022b; United Nations Scientific Committee on the Effects of Atomic Radiation 

(UNSCEAR), 2008), and indicates that cancer may be caused by low levels of exposure to 

radiation; it may be, however, that exposure in utero produces a higher risk per unit dose 

than postnatal exposure and that different types of cancer are affected (Doll and Wakeford, 

1997).

Case-control studies have often been used in a medical setting, and can be subject to a 

number of biases, in particular selection, participation and recall biases. This can make 

them a poor choice for studies of medical exposure, but with care, large case-control 

studies have produced results without appreciable bias because they are entirely record-

based (MacMahon, 1962). The interpretation of the associations found in studies of in 
utero exposure has long been controversial, see for example, the critical review of Boice 

and Miller (Boice and Miller, 1999). Some have concluded that the association is likely 

to have a causal explanation (Doll and Wakeford, 1997), although certain objections 

to this interpretation continue to prevent universal acceptance (International Commission 

on Radiological Protection (ICRP), 2003; National Council on Radiation Protection 

and Measurements (NCRP), 2013). Nonetheless, the concerns over a cause-and-effect 

interpretation have weakened in recent years (Armstrong et al., 2012; Wakeford and Bithell, 

2021; Wakeford and Little, 2003) making this explanation more likely.

A potential problem in the analysis of the studies considered here is that there may have 

been an element of publication (sometimes called reporting) bias. By this we mean that 

studies (in particular small and underpowered studies) finding an apparent effect of radiation 

exposure were more likely to be published than similar studies that found no association, 

a bias that might affect smaller studies preferentially; large studies are more likely to 

be published whether positive or not (Hauptmann et al., 2020). There are indications of 

selection bias in the in utero exposure data, although only for the four cancer endpoint 

analysis (p=0.006); there is no significant indication of such bias when all cancers are 

analysed together (p>0.1) (Table 4), and nor is any bias suggested by the funnel plot (Figure 

5). In any case, adjustment for such bias does not generally change the mOR/mRR estimate 

(Table 4). Examination of the funnel plot (Figure 6) for the studies of postnatal exposure, as 

well as more formal tests of selection bias (Table 6), do not suggest any such bias. It is a 
priori more plausible that selection bias may preferentially affect older studies, particularly 
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in the period before 1970. One disconcerting aspect of our analysis is the small proportion, 

~33% (29/89), of papers that were ascertained in our PubMed search. Part of the reason for 

this is undoubtedly that the older papers tend not to be indexed in PubMed; the percentage of 

papers covered by the PubMed search was markedly lower among papers published before 

1970, 10% (1/10), increasing to 28% (7/25) for papers published in 1970–1989 and to ~39% 

(21/54) among papers published in 1990 or later.

The presence of bias resulting from confounding by indication, in other words the possibility 

that conditions predisposing to cancer also lead to an increase in prevalence of radiation 

imaging, must always be considered in studies of medical diagnostic exposure. This is 

particularly so in relation to the finding of large excess risk associated with catheterisation in 

the four-cancer endpoint analysis (Table 5). It is known that many chromosomal congenital 

abnormalities are associated with heart defects and increased risk of cancer (Johnson et 

al., 1997; Ko, 2015; Lupo et al., 2019), and catheterisation is commonly used as part of 

the diagnosis and treatment of cardiac anomalies (Kumar et al., 2014b). Further, in their 

cohort study of cardiac catheterisations, the striking findings of Harbron et al (Harbron 

et al., 2018) for a markedly raised risk of lymphoma (in particular, NHL) in relation 

to organ transplantation and associated radiation exposure demonstrate the importance 

of confounding as a potential explanation for radiation exposures in a medical context 

because the excess of lymphoma disappeared completely when the transplant patients were 

excluded from the study, and the raised risk was very likely to be attributable to the 

immunosuppressive drugs used after transplantation.

There have been a variety of studies evaluating risks of cancer after a childhood CT scan, 

some indicating excess risk (Berrington de Gonzalez et al., 2016; Journy et al., 2015; Journy 

et al., 2016; Kojimahara et al., 2020; Krille et al., 2015; Mathews et al., 2013; Meulepas 

et al., 2019; Pearce et al., 2012). However, the interpretation of these findings is not 

straightforward (Boice, 2015; Walsh et al., 2014). Reverse causation, that is the possibility 

that the CT scan might have been taken because of early symptoms from pre-existing 

(latent) disease and was therefore not a cause of the disease, is a source of concern in these 

studies, and as noted above, confounding by indication is also a source of potential bias 

(Boice, 2015; Walsh et al., 2014). Both issues are usually dealt with in the analysis by 

employing lag and exclusion periods, and a simulation study suggests that this should be 

enough to eliminate bias from this cause (Little et al., 2022a). However, for solid cancers it 

is common to use larger values of lag and exclusion than the period of two years used in the 

studies of Tettamanti et al (Tettamanti et al., 2017), Hong et al (Hong et al., 2019) and Li et 
al (Li et al., 2020), or the period of 6 months employed in the studies of Bailey et al (Bailey 

et al., 2010) and Milne et al (Milne et al., 2014), that are considered here.

Tettamanti et al (Tettamanti et al., 2017) and Hong et al (Hong et al., 2019) employed a 

variety of different lags between 1 year and 5 years in analysis of all cancers, and both 

studies observed a modest diminution in RR when longer lag periods were used. Milne et al 
(Milne et al., 2014) also evaluated lag periods between 6 months and 5 years in relation to 

all radiological procedures, but little difference in brain tumour risk was observed. Reverse 

causation and confounding by indication are general problems in studies of diagnostic 

radiation exposure; only a few of the studies of other types of postnatal exposure assembled 
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here deal with this by use of lag periods (Ager et al., 1965; Baaken et al., 2019; Bartley et 

al., 2010; Graham et al., 1966; Howe et al., 1989; Meinert et al., 1999; Preston-Martin et 

al., 1982; Rajaraman et al., 2011; Schuz et al., 2001; Shu et al., 2002), even to the limited 

extent that is attempted by Tettamanti et al (Tettamanti et al., 2017), Hong et al (Hong et al., 

2019), Li et al (Li et al., 2020), Bailey et al (Bailey et al., 2010) and Milne et al (Milne et 

al., 2014) (see Table 2). Hence, one cannot discount the possibility that the relatively modest 

increases we have seen for postnatal exposures may largely result from such biases, and in 

this respect it is of interest that in the CT scan study of Hong et al (Hong et al., 2019), of the 

many different types of cancer investigated, the RR (with a lag of 2 years) was <1.0 only for 

lymphoid leukaemia while the RR estimates were >1.0 for all other types of cancer, some 

significantly so (e.g., digestive and respiratory cancers and NHL) and others not.

The meta-analysis for antenatal radiography reported here differs somewhat from that 

conducted by Wakeford and Bithell (Wakeford and Bithell, 2021), the principal objective 

of which was to compare the results of the OSCC studies for different childhood cancers 

with those produced by all other case-control/case-cohort studies appropriately combined in 

a meta-analysis. However, the broad compatibility of these findings of the two sets of studies 

(Wakeford and Bithell, 2021) invites the pooling of the results of all studies, including 

the OSCC, that has been conducted here. We have confined attention to four main cancer 

endpoint groups (leukaemia, lymphoma, brain/CNS tumours, other solid cancers), which 

inter alia were also employed by Wakeford and Bithell (Wakeford and Bithell, 2021), but we 

also considered the composite of any type of cancer, which was not examined by Wakeford 

and Bithell (Wakeford and Bithell, 2021). Wakeford and Bithell (Wakeford and Bithell, 

2021) also conducted a separate analysis of the (admittedly few) cohort studies, whereas in 

the present paper both types of study were analysed together.

There are other methodological differences, specifically the use by Wakeford and Bithell 

(Wakeford and Bithell, 2021) of unadjusted OR estimates derived from the exposed and 

unexposed totals of cases and controls in each study, as opposed to our use, wherever 

possible, of OR (wherever possible the maximally adjusted ones) as given in the various 

publications. In those cases where an OR or CI were not given in a study we employed 

a hypergeometric model to derive an estimate of the OR, fitted by maximum likelihood, 

with Fisher exact CI (see footnotes to Table 1), rather than the crude OR and asymptotic CI 

(Breslow and Day, 1980) employed by Wakeford and Bithell (Wakeford and Bithell, 2021) 

for all their individual estimates. It is to be expected that the crude OR and asymptotic CI 

will be nearly the same as the hypergeometric maximum likelihood estimates (and exact CI) 

when numbers of cases and controls are large in all four parts of the associated 2 × 2 table 

([case, controls] × [exposed, unexposed]), but this will not be the case when numbers are 

small (< 10) in any component cell, as is the case for a few studies in our analysis (Table 1); 

however, these small studies would not be expected to be of much consequence in the meta-

analysis. Table 7 compares results of the meta-analysis of Wakeford and Bithell (Wakeford 

and Bithell, 2021) with those of the present paper taken from Table 3. The Mantel-Haenszel 

random-effects meta-analysis of Wakeford and Bithell (Wakeford and Bithell, 2021) yields a 

mOR for all cancers for the OSCC of 1.39 (95% CI 1.30, 1.49), and for all other antenatal 

case-control and cohort studies of 1.30 (95% CI 1.18, 1.43), both of which are comparable 

with both the maximum likelihood and REML mOR from our own analysis (Table 3, Table 
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7) of 1.33 (95% CI 1.26, 1.40) and 1.32 (95% CI 1.25, 1.40), respectively. Wakeford and 

Bithell (Wakeford and Bithell, 2021) do not incorporate the results of antenatal cohort 

studies in their meta-analysis, and the cohort studies were considered separately from the 

case-control studies, but as these are mostly small (Table 1) they would be expected to have 

little weight in the analysis.

Inevitably, meta-analysis using the results reported in published papers (as opposed to 

pooled analysis using individual data from each study) presents problems in that, for 

example, different approaches to adjustments have been employed to obtain ORs or the 

actual numbers of cases and controls used in deriving ORs are not presented. This leads 

to difficulties in interpreting results, particularly when significant heterogeneity between 

studies is present (see, for example, (Blettner et al., 2014; Blettner et al., 1999)). However, 

the consistency of the findings for studies of antenatal radiography and childhood cancer 

found using the approach of Bithell and Wakeford (Wakeford and Bithell, 2021) and that of 

the present study encourages confidence in the reliability of the results of the meta-analysis 

of in utero exposure studies reported here.

As well as the medical diagnostic exposure studies without assessed doses, there is 

information in a large number of studies of various exposed groups in which individual 

dose estimates are available, which are reviewed elsewhere (Little et al., 2022b) with the 

conclusion that they offer support for low doses (<0.1 Gy) received in early life increasing 

the subsequent risk of cancer.

5. Conclusions

We have considered the relationship between low-level exposure to radiation in utero and 

in childhood and the consequent risk of cancer, principally at a young age, in medical 

diagnostic studies which did not include estimates of radiation dose. A large body of data 

relates to children exposed in utero, which suggests a radiation-related cancer risk that has 

attenuated over time, most likely due to reductions in the doses received from antenatal 

radiography. Taken together with findings of studies based upon quantitative dose data in 

a parallel review of radiation risk (Little et al., 2022b) this strengthens the evidence for a 

carcinogenic effect of low doses of radiation with respect to exposure in utero. However, 

the pronounced heterogeneity of findings from studies of medical diagnostic exposure after 

birth, and the real possibilities of bias due to reverse causation or confounding by indication, 

substantially reduces the strength of a causal interpretation of the association we have found 

between postnatal radiation exposure and the subsequent risk of cancer.
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Highlights for “Cancer risks among studies of medical diagnostic radiation 
exposure in early life without quantitative estimates of dose”

• There is mounting evidence of cancer risk from low dose radiation in 

childhood.

• A review was conducted of cancer after exposure in utero or childhood among 

studies without individual quantitative radiation dose estimates.

• There were excess cancer risks associated with radiation exposure in utero.

• There were excess cancer risks associated with radiation exposure in 

childhood, but there was also substantial heterogeneity in effect.

• Overall, the totality of this large body of data relating to medical diagnostic 

radiation exposure in utero provides support for the existence of a consequent 

excess risk of childhood cancer; the pronounced heterogeneity in studies 

of postnatal diagnostic exposure, the implied uncertainty as to the meaning 

of summary measures, and the distinct possibilities of bias, substantially 

reduce the likelihood of the risk of cancer being causally related to postnatal 

radiation exposure for these studies.

Little et al. Page 22

Sci Total Environ. Author manuscript; available in PMC 2023 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. In utero exposure, odds ratio/relative risk (+95% CI) by midpoint year of study data 
ascertainment for (a) any cancer, (b) leukaemia, (c) brain/CNS tumour and (d) lymphoma.
Each point corresponds to a single cancer endpoint (generally one per study), using all 

studies and endpoints in Table 1 (see Supplementary Table S1). Dashed red line is odds 

ratio/relative risk = 1
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Figure 2. Postnatal exposure odds ratio/relative risk (+95% CI) for (a) leukaemia, (b) brain/CNS 
tumour and (c) lymphoma by midpoint year of study data ascertainment.
Each point corresponds to a single study and relevant endpoint in Table 2 (see 

Supplementary Table S2). Dashed red line is odds ratio/relative risk = 1
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Figure 3. Meta-regression for studies of in utero exposure. Restricted maximum likelihood 
(REML) fits to odds ratio or relative risk by calendar year midpoint of study data ascertainment 
range (for <1950, 1950–1959, 1960–1969, 1970–1979, 1980–1989, 1990+).
Plots are shown for (a) the four cancer endpoints analysis (leukaemia, lymphoma, brain/CNS 

cancer, other cancer) and (b) the any cancer endpoint analysis, for each in utero exposure 

study in Table 1 (see Supplementary Table S1). Dashed red line is odds ratio/relative risk = 

1.
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Figure 4. Meta-regression for studies of postnatal exposure. Restricted maximum likelihood 
(REML) fits to odds ratio or relative risk by calendar year midpoint of study data ascertainment 
range (for <1960, 1960–1969, 1970–1979, 1980–1989, 1990–1999, 2000+).
Plots are shown for (a) the four cancer endpoints analysis (leukaemia, lymphoma, brain/CNS 

cancer, other cancer) and (b) the any cancer endpoint analysis, for each postnatal exposure 

study in Table 2 (see Supplementary Table S2). Dashed red line is odds ratio/relative risk = 

1.
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Figure 5. 
Funnel plot of in utero exposure study odds ratios/relative risks, using any cancer endpoints 

within all studies, as in Table 1.
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Figure 6. 
Funnel plot of postnatal exposure study odds ratios/relative risks, using any cancer endpoints 

within all studies, as in Table 2.
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Table 3.

Univariate meta-regression maximum likelihood fit and restricted maximum likelihood fits of random effects 

models to childhood cancer outcome data from studies of in utero exposure to medical diagnostic radiation 

(odds ratio (OR) and relative risk (RR) as in Table 1)

Cancer endpoint 
(number of studies)

Meta odds ratio 
(mOR) / meta 

relative risk (mRR) 

(+95% CI)
a

p-value improvement 
over null [model with 

constant risk]
b

Residual 
heterogeneity p-

value
c I2 (%) (95% CI)

d Heterog eneity 
p-value

Analysis by cancer endpoint (fitted via restricted maximum likelihood (REML))

Leukaemia (38) 1.35 (1.25,1.46) <0.0001 0.6344 9.94 (0.00,34.86)

0.3097
Lymphoma (10) 1.31 (1.15,1.49) 0.0010 0.9674 0.00 (0.00,10.42)

Brain/CNS (21) 1.16 (1.02,1.32) 0.0222 0.7094 10.56 (0.00,39.29)

Other (19) 1.34 (1.16,1.55) 0.0004 0.3307 23.21 (0.00,62.30)

All cancers [four cancer 
endpoints] (62) 1.32 (1.25,1.40) <0.0001 0.7629 10.19 (0.00,16.17)

All cancers [any cancer] 
(66) 1.21 (1.13,1.30) <0.0001 0.4982 12.98 (0.00,28.16)

Calendar year trend for any childhood cancer combined – four separate cancer endpoints analysis (fitted via REML)

Trend in OR/RR, % per 
year −0.84 (−1.16, −0.52) <0.0001 0.9875 0.00 (NA) -

Calendar year trend for any childhood canc er combined – any cancer analysis (fitted via REML)

Trend in OR/RR, % per 
year −0.78 (−1.17, −0.39) 0.0002 0.8859 2.06 (0.00, 14.97) -

Analysis by cancer endpoint (fitted via maximum likelihood)

Leukaemia (38) 1.36 (1.26,1.47) <0.0001 0.6344 6.37 (0.00,34.86)

0.3097
Lymphoma (10) 1.31 (1.15,1.49) 0.0010 0.9674 0.00 (0.00,10.42)

Brain/CNS (21) 1.17 (1.04,1.33) 0.0146 0.7094 7.96 (0.00,39.29)

Other (19) 1.38 (1.21,1.58) <0.0001 0.3307 11.49 (0.00,62.30)

All cancers [four cancer 
endpoints] (62)

1.33 (1.26,1.40) <0.0001 0.7629 8.73 (0.00,16.17)

All cancers [any cancer] 
(66)

1.21 (1.13,1.30) <0.0001 0.7919 5.20 (0.00,13.95)

a
estimates and CI via restricted maximum likelihood.

b
significance evaluated via maximum likelihood fits.

c
significance of residual heterogeneity, assessed via Cochran’s Q statistic based on maximum likelihood fits.

d
contribution of inter-study heterogeneity to intra-study variance, via Higgins and Thompson (Higgins and Thompson, 2002) I2 statistic based on 

maximum likelihood fits.

e
Estimates and CI via maximum likelihood.
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Table 4.

Egger test (Egger et al., 1997) for selection bias for studies of in utero exposure risk, and magnitude of 

correction in raw meta odds ratio (mOR) or meta relative risk (mRR) suggested by trim-and-fill method of 

Duval and Tweedie (Duval and Tweedie, 2000)

Egger test for selection bias, p-
value

Meta odds ratio (mOR) / meta relative 
risk (mRR) (95% CI) (REML estimate)

Bias corrected meta odds ratio (mOR) / meta relative 
risk (mRR) (95% CI) (Duval & Tweedie trim-and-fill 

corrected REML estimate)

Four cancer endpoint analysis

0.0064 1.32 (1.25,1.40) 1.38 (1.30,1.47)

Any cancer analysis

0.1802 1.21 (1.13,1.30) 1.26 (1.17,1.35)
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Table 5.

Univariate meta-regression maximum likelihood fit and restricted maximum likelihood fits of random effects 

models to childhood cancer outcome data from studies of postnatal exposure to medical diagnostic radiation 

(odds ratio (OR) and relative risk (RR) as in Table 2)

Cancer Endpoint / Type 
of Exposure (number of 
studies)

Meta odds ratio 
(mOR) / meta 
relative risk (mRR) 

(+95% CI)
a

p-value improvement 
over null [model with 

constant risk]
b

Residual 
heterog eneity 

p-value
c

I2 (%) (95% CI)
d Hetero 

geneity p-
value

Fits with four specific types of cancer considered separately

Analysis by cancer endpoint

Leukaemia (21) 1.25 (1.07,1.46) 0.0055 <0.0001 71.53 (44.18,87.70)

0.0663Lymphoma (8) 1.30 (0.66,2.59) 0.4065 <0.0001 64.39 (<64.39,>99.91)

Brain/CNS (18) 1.26 (1.02,1.56) 0.0339 0.0003 54.36 (14.88,85.36)

Other(9) 1.65 (1.37,1.97) <0.0001 0.0004 56.51 (28.81,90.14)

Any cancer (39) 1.37 (1.23,1.53) <0.0001 <0.0001 68.45 (65.88,90.16)

Analysis by type of exposure

X-ray (26) 1.25 (1.08,1.45) 0.0046 0.0002 53.04 (30.32,86.32)

0.0242

Fluoroscopy (1) 3.48 (1.29,9.37) 0.0136 NA NA

Computed tomography (5) 1.52 (1.34,1.72) <0.0001 <0.0001 69.23 (42.42,88.20)

Catheterisation (4) 2.14 (0.85,5.37) 0.0962 0.0060 19.75 (<19.75,>99.26)

Unknown/mixed (4) 1.18 (0.77,1.80) 0.4177 0.0003 71.19 (38.40,93.34)

Calendar year trend for any cancer combined – unadjusted for type of exposure

Trend in OR/RR, % per 
year

0.15 (−0.51,0.81) 0.6596 <0.0001 67.57 (65.83,90.18) -

Calendar year trend for any cancer combined – adjusted for type of exposure

Trend in OR/RR, % per 
year

−0.14 (−0.86,0.59) 0.7090 <0.0001 62.89 (60.64,88.84) -

Fits using any type of cancer for each study

Analysis by type of exposure

X-ray (27) 1.19 (1.03,1.37) 0.0167 0.0001 59.79 (33.07,85.36)

Fluoroscopy (1) 3.48 (1.29,9.37) 0.0136 NA NA

Computed tomography (5) 1.32 (1.04,1.67) 0.0272 0.0112 74.18 (5.78,96.75) 0.0570

Catheterisation (3) 0.88 (0.61,1.27) 0.2709 0.8030 0.00 (0.00,87.84)

Unknown/mixed (4) 0.92 (0.65,1.32) 0.5315 0.1805 44.27 (0.00,94.96)

Calendar year trend for any cancer combined – unadjusted for type of exposure

Trend in OR/RR, % per 
year

0.17 (−0.47,0.81) 0.5921 <0.0001 67.47 (47.23,86.14) -

Calendar year trend for any cancer combined – adjusted for type of exposure

Trend in OR/RR, % per 
year

0.07 (−0.69,0.83) 0.8563 <0.0001 62.84 (36.70,83.87) -

a
estimates and CI via restricted maximum likelihood.

b
significance evaluated via maximum likelihood fits.
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c
significance of residual heterogeneity, assessed via Cochran’s Q statistic based on maximum likelihood fits.

d
contribution of inter-study heterogeneity to intra-study variance, via Higgins and Thompson (Higgins and Thompson, 2002) I2 statistic based on 

maximum likelihood fits.
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Table 6.

Egger test (Egger et al., 1997) for selection bias for studies of postnatal exposure risk, and magnitude of 

correction in raw meta odds ratio (mOR) or meta relative risk (mRR) suggested by trim-and-fill method of 

Duval and Tweedie (Duval and Tweedie, 2000)

Egger test for selection bias, p-
value

Meta odds ratio (mOR) / meta relative risk 
(mRR) (95% CI) (REML estimate)

Bias corrected meta odds ratio (mOR) / meta relative 
risk (mRR) (95% CI) (Duval & Tweedie trim-and-fill 

corrected REML estimate)

Four cancer endpoint analysis

0.3991 1.37 (1.23, 1.53) 1.34 (1.22, 1.48)

Any cancer combined analysis

0.5095 1.17 (1.05, 1.30) 1.16 (1.04, 1.28)
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Table 7.

Comparison of meta odds ratios (mOR)/meta relative risks (mRR) obtained by Wakeford and Bithell 

(Wakeford and Bithell, 2021) from the data of the Oxford Survey of Childhood Cancers (OSCC) and a meta-

analysis of results from all other case-control/case-cohort studies (using a Mantel-Haenszel random-effects 

model) with those obtained from the meta-analysis of antenatal exposure in the present study (taken from 

Table 3).

Endpoint

Wakeford and Bithell 
(Wakeford and Bithell, 

2021) OSCC mOR (+95% 
CI)

Wakeford and Bithell 
(Wakeford and Bithell, 2021) 
non-OSCC case-control and 

case-cohort studies mOR 
(+95% CI)

Present analysis 
(maximum likelihood) 

mOR/mRR (+95% 
CI)

Present analysis 
(restricted maximum 

likelihood) mOR/mRR 
(+95% CI)

Leukaemia 1.51 (1.35, 1.69) 1.28 (1.16, 1.41) 1.36 (1.26,1.47) 1.35 (1.25,1.46)

Lymphoma 1.34 (1.06, 1.69) 1.75 (1.08, 2.84) 1.31 (1.15,1.49) 1.31 (1.15,1.49)

Brain/CNS tumours 1.42 (1.19, 1.69) 1.13 (0.97, 1.31) 1.17 (1.04,1.33) 1.16 (1.02,1.32)

All solid cancer 
except brain/CNS 
tumours

1.51 (1.32, 1.72) 1.28 (0.89, 1.85) 1.38 (1.21,1.58) 1.34 (1.16,1.55)

All cancers 1.39 (1.30, 1.49) 1.30 (1.18, 1.43) 1.33 (1.26,1.40)
a

1.32 (1.25,1.40)
a

a
four separate cancers
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