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Background: We previously reported evidence of a dose–response relationship between ionising-radiation exposure from
paediatric computed tomography (CT) scans and the risk of leukaemia and brain tumours in a large UK cohort. Underlying
unreported conditions could have introduced bias into these findings.

Methods: We collected and reviewed additional clinical information from radiology information systems (RIS) databases,
underlying cause of death and pathology reports. We conducted sensitivity analyses excluding participants with
cancer-predisposing conditions or previous unreported cancers and compared the dose–response analyses with our original results.

Results: We obtained information from the RIS and death certificates for about 40% of the cohort (nB180 000) and found cancer-
predisposing conditions in 4 out of 74 leukaemia/myelodysplastic syndrome (MDS) cases and 13 out of 135 brain tumour cases.
As these conditions were unrelated to CT exposure, exclusion of these participants did not alter the dose–response relationships.
We found evidence of previous unreported cancers in 2 leukaemia/MDS cases, 7 brain tumour cases and 232 in non-cases. These
previous cancers were related to increased number of CTs. Exclusion of these cancers reduced the excess relative risk per mGy by 15%
from 0.036 to 0.033 for leukaemia/MDS (P-trend¼ 0.02) and by 30% from 0.023 to 0.016 (P-trendo0.0001) for brain tumours. When we
included pathology reports we had additional clinical information for 90% of the cases. Additional exclusions from these reports further
reduced the risk estimates, but this sensitivity analysis may have underestimated risks as reports were only available for cases.

Conclusions: Although there was evidence of some bias in our original risk estimates, re-analysis of the cohort with additional
clinical data still showed an increased cancer risk after low-dose radiation exposure from CT scans in young patients.

Computed tomography (CT) scan use has increased substantially
around the world since its widespread introduction in the 1980s
(Mettler et al, 2009). Indisputably, CT scans have the ability to save
lives in injury management, by detecting disease early and avoiding

unnecessary operations. These benefits need to be balanced
against a potential increase in the risk of radiation-related cancer,
particularly in children who are more radiosensitive and
who, especially in the past, received higher radiation doses
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(Frush and Goske, 2015). It is difficult to assess cancer risks from
low-dose radiation directly because of the need for large
populations, detailed exposure information and long-term follow-
up to study this question effectively. In a study of UK paediatric CT
scan use, we reported evidence of a dose–response relationship
between the risk of leukaemia and brain tumours and organ-
specific ionising radiation exposure (Pearce et al, 2012a). The
dose–response relationship was broadly compatible with that
observed in the Japanese atomic bomb survivors. In our previous
study, we examined the possibility that our results were influenced
by reverse causation, that is the CT scan was taken because of
preexisting disease and therefore not a cause, by extending the
exclusion period between CT scan and cancer diagnosis from 5 to
10 years, but this did not decrease our dose–response estimate. We
also considered the possibility that the children may have
underlying conditions that predispose to cancer, but as these
conditions are very rare and not clearly related to frequency of CT
scanning, we thought this was unlikely to have biased our findings
(Pearce et al, 2012b).

Our retrospective cohort study was based on record linkage
between radiology databases from hospitals and cancer registration
data and includes approximately 180 000 children and young
adults. To directly investigate concerns about the impact of
underlying conditions (Pearce et al, 2012b), we collected and
reviewed additional clinical information to assess whether the
children had cancer-predisposing conditions or whether the CT
scan may have been performed because of a preexisting or
unreported cancer. As no single electronic database exists in the
United Kingdom with all of the relevant clinical information, we
collected and reviewed information from the available radiologists’
contemporaneous comments from the hospital databases, under-
lying cause of death and pathology reports. We then conducted
sensitivity analyses where we excluded these patients with cancer-
predisposing conditions or preexisting cancers and compared the
dose–response analyses with our original results.

MATERIALS AND METHODS

We previously published a detailed description of the methods we
used to construct our retrospective cohort of approximately
180 000 children who had had CT scans (Pearce et al, 2012a).
Briefly, it is a record linkage study of CT scan exposure
information from hospital radiology departments in 81 National
Health Service (NHS) regional services in Great Britain linked to
outcome information from the National Health Services Central
Register (NHSCR). From each of the radiology departments, we
requested information on all CT scans performed before 2003 on
children and young adults (aged o22 years). The details included
date scanned, body region scanned, name, sex and date of birth.
The NHSCR used the names, dates of birth, sex and location
information to link to information on cancer registrations, deaths
and emigrations.

Evidence of cancer-predisposing conditions. We used three
additional sources of information to assess whether the patients
(cases and non-cases) had underlying conditions that are related
to, or possibly related to, an increased risk of leukaemia or brain
tumours: (1) text comments written by radiologists in the radiology
information systems (RIS) databases that were available from
about one-third of the hospitals in our study that typically
described the result of the exam and noted underlying conditions,
(2) underlying cause of death for those who had died, and
(3) pathology reports from the appropriate Cancer Registry or
hospital of diagnosis, for each of the cases of leukaemia/MDS or
brain tumours. These sources of information were reviewed by
clinical experts (AC, CS, KM, DS), and conditions were coded

as either being related to the cancer of interest, possibly related
or unrelated.

The leukaemia-predisposing conditions were (Supplementary
Table A): Down syndrome (Seewald et al, 2012), Noonan
syndrome (Lindor et al, 2008), Li–Fraumeni syndrome (Lindor
et al, 2008), Wiskott–Aldrich syndrome (Bosticardo et al, 2009),
Langerhans cell histiocytosis (Egeler et al, 1993), Kostmann
granulocytopenia (Ward and Dale, 2009), neurofibromatosis type 1
(Lindor et al, 2008), ataxia telangiectasia (Lindor et al, 2008),
Shwachman–Diamond syndrome (Burroughs et al, 2009), Bloom
syndrome (Lindor et al, 2008), myelodysplasia monosomy 7
(Liew and Owen, 2011), Fanconi anaemia (Lindor et al, 2008) and
solid organ and bone marrow (hematopoietic stem cell) transplants
(Metayer et al, 2003; Engels et al, 2011) In addition, some
conditions were classified as possibly related to leukaemia,
including immunodeficiency syndromes (Shiels et al, 2011) and
Klinefelter syndrome (Machatschek et al, 2004) The brain tumour-
related conditions were: Li–Fraumeni syndrome (Lindor et al,
2008), tuberous sclerosis (Lindor et al, 2008), neurofibromatosis
type 1 and type 2 (Lindor et al, 2008), nevoid basal cell syndrome
(Lindor et al, 2008), Von Hippel Lindau (Lindor et al, 2008) and
Turcot syndrome (Lindor et al, 2008).

Evidence of previous cancer or possible previous cancer.
Patients were ineligible for the original analysis if they had a
cancer registration before the date of the first CT scan. This
exclusion was performed to minimise confounding owing to
previous cancer. For example, a previous cancer treated with
chemotherapy or radiotherapy would be associated with an
increased leukaemia risk (Churpek and Larson, 2013) and possibly
more CT scans. The UK cancer registry data is reported to be at
least 90% complete (Dickinson et al, 2001, Hawkins and Swerdlow,
1992). During our review of the additional data sources described
above, we did find some reports of previous cancers that had not
been captured by the NHSCR. We therefore also performed a
systematic review of all available additional clinical data for
previous cancers. A radiologist (KM) also reviewed the radiologist’s
comments to determine whether there was a possible undiagnosed
cancer or whether the CT could have been performed owing to
cancer-related symptoms. These were categorised as ‘possible
previous cancers’.

Statistical analysis. Details of the original statistical analysis are
provided in our previous publication (Pearce et al, 2012a). In brief,
we analysed the relationship between estimated organ dose and
cancer risk using Poisson regression. All tests are two sided, using
the likelihood ratio test, and confidence intervals are derived using
the profile likelihood except when this did not converge when the
Wald-based confidence limit was used instead. We used a dose
lagging period of 2 years for leukaemia and 5 years for brain
tumours. To reduce the likelihood of reverse causation, we started
follow-up 2 years for leukaemia, and 5 years for brain tumours,
after the date of first CT scan.

To assess the possible impact of cancer-predisposing conditions,
we re-analysed the dose–response relationship excluding patients
(cases and non-cases) with the conditions listed above. We had to
exclude rather than censor patients who were found to have a
previous (unreported) cancer, because we did not have the date of
diagnosis for these prior cancers and could not always confirm
whether the cancer was diagnosed before or after the CT scans.
Our primary set of exclusions was based on information from the
radiologists’ comments and death certificates, because these were
equally available for cases and non-cases. We also conducted
sensitivity analyses where we only used radiologists’ comments to
define exclusions and assessed the impact of excluding additional
cases who had underlying conditions or previous cancers that were
ascertained from the pathology reports. We compared the results
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from these sensitivity analyses with those from our original
analysis (Pearce et al, 2012a).

To assess reverse causation, we excluded individuals for whom
there was evidence that the cancer was possibly or likely evident
before the diagnosis date based on the review of the radiologists’
comments, that is, ‘possible previous cancers’.

RESULTS

Radiologists’ comments were available for about 40% of the patients
(Table 1). There was no relationship between age at CT scan or year
of scan or type of hospital (specialist/general) and availability of
these comments. The key determinant was the hospital as some had
routinely used this field on the database and others had not. When
including death certificate information and pathology reports
additional clinical information was available for 86% of the
leukemia/MDS cases and 87% of the brain tumour cases.

From the RIS and death certificates, we found four out of 74
leukaemia/MDS cases had underlying conditions that are known to
predispose to leukaemia and an additional three patients with
conditions were identified from the pathology reports (Table 2).
We found four cases who had had a cancer before the reported
diagnosis of leukaemia, including two identified only from the
pathology reports. Three of these were previous lymphomas or
leukaemias, suggesting that the reported leukaemia was a relapse
rather than the first diagnosis.

Our review of the non-cases (n=178 528) revealed that 104 of
the patients with available clinical information had a leukaemia-
predisposing condition (Table 2). In addition, 236 had cancers that
had not been reported to the NHSCR.

The mean estimated red bone marrow (RBM) dose from the CT
scans in the cases with leukaemia-predisposing conditions was
similar to those without (Table 2). Exclusion of the patients with
leukaemia-predisposing conditions, therefore, did not materially
alter the dose–response relationship (Table 3 and Figure 1B).
When exclusions were based on the comparable data for cases and
non-case (RIS and death certificates), the excess relative risk (ERR)
per mGy changed from 0.036 to 0.037 (95% CI: 0.005–0.126),
P-trend¼ 0.01.

The mean RBM dose in the leukaemia/MDS cases with a
previous unreported cancer was considerably higher than those
without (Table 2). Exclusions based on comparable data (RIS and
death certificates) reduced the estimated ERR per mGy from 0.036
to 0.033 (0.004 to 0.114), P-trend¼ 0.02 (Table 3 and Figure 1C).
Additional exclusion of the patients with conditions that were
possibly related to leukaemia or possible previous cancers had
minimal additional impact on the risk coefficients. Results of
analyses where exclusions were based only on the RIS data were
very similar. When we also excluded previous cancers that were
identified on the pathology reports for the leukaemia cases, the
ERR per mGy was further reduced to 0.020 (95% CI: � 0.011 to
0.086), P-trend¼ 0.13. However, a RBM dose of 30þ mGy

compared with o5mGy was still associated with a significantly
increased risk of leukaemia/MDS (RR¼ 2.63, 95% CI: 1.09 to 6.24).

The review of the radiologists’ comments for the 29 leukaemia/
MDS cases with this information did not reveal any evidence that
the CT scans were performed because of symptoms related to
leukaemia. The indication for the CTs (2þ years before diagnosis)
included suspected hydrocephalus, headaches, meningitis, sus-
pected congenital cerebral anomalies, congenital heart disease, limb
trauma, juvenile arthritis, respiratory disorders, lymphoedema and
amenorrhoea.

We found 13 of the 135 brain tumour cases had underlying
conditions that are known to be related to brain tumour
risk from the RIS data and death certificates, and an additional
16 were identified only from the pathology reports. There
were also 10 cases who had had a cancer before the reported
diagnosis of the brain tumour (three identified only from the
pathology reports) and most of these were previous brain
tumours (Table 4). In addition, there was evidence of a possible
preexisting brain tumour 45 years before the reported brain
tumour in 16 of the brain tumour cases based on the review of
the radiologists’ comments.

Our review of the non-cases (n=176 447) revealed that 100
patients with available clinical information had conditions that
predispose to brain tumours (Table 4). In addition, 257 had a
previous cancer or possible previous cancer.

The mean estimated brain dose from the CT scans in the cases
with brain tumour-predisposing conditions was slightly higher in
cases with, than in those without, these predisposing conditions
(Table 4). Exclusion of the patients with those conditions reduced
the ERR per mGy slightly from 0.023 to 0.019 (95% CI: 0.008–
0.043), P-trendo0.0001 (Table 5 and Figure 2B).

As with the leukaemia cases, the mean brain dose in the brain
tumour cases with a previous unreported cancer was higher than in
those without (Table 5). After exclusion of previous cancers using
data from comparable sources for cases and non-cases (RIS and
death certificate), the ERR per mGy was reduced from 0.023 to
0.016 (95% CI: 0.006–0.037, P-trendo0.0001; Table 3 and
Figure 2C). It was further reduced by the exclusion of cases for
whom there was earlier suspicion of the brain tumour in the
radiologists’ comments, to 0.012 (95% CI: 0.004–0.031), but the
trend remained highly statistically significant (Po0.0001). Results
were very similar when we only excluded patients using the RIS
data. However, when previous cancers or possible cancers
identified on pathology reports were also excluded the ERR
per mGy decreased further to 0.010 (95% CI: 0.002–0.026),
P-trend¼ 0.002.

These exclusions did not alter the patterns with age at exposure
or time since exposure (Supplementary Tables B and C).

DISCUSSION

After detailed review of the available clinical information, we found
no evidence that patients with cancer-predisposing conditions

Table 1. Additional sources of clinical information for leukaemia/MDS cases, brain tumours and non-cases

Leukaemia/MDS Brain tumours

Cases % Non-cases % Cases % Non-cases %
Pathology reports 46 62.16% NA — 89 65.93% NA —

Death certificate 28 37.84% 2531 1.42% 20 14.81% 1748 0.99%

RIS 29 39.19% 67100 37.59% 56 41.48% 66162 37.50%

No additional
information

10 13.51% 110081 61.66% 18 13.33% 109331 61.96%

Abbreviations: MDS¼myelodysplastic syndrome; NA¼not available; RIS¼ radiology information systems.
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biased the relationship between leukaemia or brain tumours
and paediatric CT scans in our large retrospective cohort. Although
a higher proportion of the cases than non-cases had cancer-
predisposing conditions, these patients did not undergo more
CT scans or have higher estimated radiation doses, hence these

conditions did not confound the relationship. Exclusion of patients
with prior cancer diagnoses that were not reported to the NHSCR
did, however, reduce the ERR per mGy by about 15% for
leukaemia and by 30% for brain tumours. The dose–response
remained statistically significant, however, and the lower dose–

Table 2. Description of the leukaemia-related conditions, previous cancers and other conditions in the leukaemia/MDS cases

Non-cases (RISþDIC) Cases (RISþDC) Non-cases (RIS) Cases (RIS) Cases (PATHþRISþDC)

Sources of
information for
exclusions

Mean
RBM
dose

Mean
RBM
dose

Mean
RBM
dose

Mean
RBM
dose

Mean
RBM
dose

Subgroup N (mGy) PYR N (mGy) PYR N (mGy) PYR N (mGy) PYR N (mGy) PYR
All patients 178 528 11.89 1 720534 74 18.92 448 178528 11.89 1 720534 74 18.92 448 74 18.92 448

Excluding definite
leukaemia-related
conditiona

178424 11.88 1 719619 70 19.03 421 178462 11.89 1 719828 73 19.05 448 67 18.85 406

Excluding definite or
possible leukaemia-
related conditionb

178424 11.88 1 719619 67 19.43 386 178462 11.89 1 719828 71 19.26 422 63 19.49 359

Excluding definite
previous cancer

178 292 11.87 1 718161 72 18.54 435 178330 11.88 1 718369 73 18.7 438 70 16.2 428

Excluding definite or
possible previous
cancer

178 254 11.87 1 717722 70 18.68 420 178292 11.87 1 717930 72 18.63 428 67 16.5 409

Abbreviations: DC¼death certificate; MDS¼myelodysplastic syndrome; RBM¼ red bone marrow; PATH¼pathology reports; PYR¼person years at risk; RIS¼ radiology information systems.
aNon-cases (RISþDC): Down syndrome (n¼ 18), neurofibromatosis (n¼ 69), Fanconi anaemia (n¼ 4), Noonan syndrome (n¼ 2), ataxia telangectasia (n¼ 4), Wiskott–Aldrich syndrome (n¼ 5),
Langerhans cell histocytosis (n¼ 2). Cases (PATHþRISþDC): Down syndrome (n¼ 1), Noonan syndrome (n¼ 1), ataxia telangectasia (n¼ 1), Li–Fraumeni syndrome (n¼ 1), monosomy 7 (n¼ 1),
organ transplant (n¼ 2).
bCases: Large granular lymphocytes (n¼ 1), Immunodeficiency, centromeric region instability, and facial anomalies (ICF) syndrome (n¼ 1), Klinefelter syndrome (n¼ 1), possible
neurofibromatosis (n¼ 1).

Table 3. Excess relative risk (ERR) per mGy for leukaemia/MDS in relation to estimated red bone marrow dose from CT scans for
all cases and after exclusions

Exclusion source Exclusions Cases ERR per mGy (þ95% CI) P-trend
None 74 0.036 (0.005, 0.118) 0.01

RIS and DC Leukaemia-related conditions 70 0.037 (0.005, 0.126) 0.01

Leukaemia-related and possibly related conditions 67 0.037 (0.005, 0.125) 0.01

Previous cancers 72 0.033 (0.004, 0.114) 0.02

Previous cancers and possible previous cancers 70 0.031 (0.003, 0.109) 0.02

RIS Leukaemia-related conditions 73 0.041 (0.007, 0.135) 0.01

Leukaemia-related and possibly related conditions 71 0.040 (0.006, 0.133) 0.01

Previous cancers 73 0.035 (0.004, 0.121) 0.01

Previous cancers and possible previous cancers 72 0.032 (0.003, 0.110) 0.02

PATH, RIS and DC Leukaemia-related conditions 67 0.034 (0.004, 0.116) 0.02

Leukaemia-related and possibly related conditions 63 0.037 (0.005, 0.129) 0.01

Previous cancers 70 0.020 (�0.011, 0.086)a 0.13

Previous cancers and possible previous cancers 67 0.020 (�0.011, 0.089)a 0.14

Abbreviations: CI¼ confidence interval; CT¼ computed tomography; DC¼death certificate; MDS¼myelodysplastic syndrome; PATH¼pathology reports; RIS¼ radiology information systems.
aWald-based confidence interval.
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Figure 1. Dose–response relationship for leukaemia/MDS in relation to RBM dose from CT scans (exclusions based on RISþdeath certificates).
(A) No exclusions. (B) Excluding underlying conditions. (C) Excluding previous cancers.
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response for brain tumours was more compatible with the
observed risk estimates for brain tumours following childhood
radiation exposure in the Japanese atomic bomb survivors (Pearce
et al, 2012a).

A recent evaluation of the question of underlying conditions
and previous cancers was conducted in a smaller French cohort of
CT scans and cancer risk (n¼ 67 274; Journy et al, 2015). There
was no evidence that children with underlying leukaemia-related

Table 4. Summary of the brain tumour-related conditions, previous cancers and mean brain dose (mGy) in brain tumour cases and
non-cases

Non-cases (RISþDC) Cases (RISþDC) Non-cases (RIS) Cases (RIS) Cases (PATHþRISþDC)

Sources of
information for
exclusions

Mean
brain
dose

Mean
brain
dose

Mean
brain
dose

Mean
brain
dose

Mean
brain
dose

Subgroup N (mGy) PYR N (mGy) PYR N (mGy) PYR N (mGy) PYR N (mGy) PYR
All patients 176 447 43.08 1 187541 135 77.48 647 176447 43.08 1 187541 135 77.48 647 135 77.48 647

Excluding definite
brain tumour-related
conditionsa

176347 43.06 1 186746 122 76.74 575 176362 43.06 1 186851 125 77.86 595 106 79.59 515

Excluding definite
or possible brain
tumour-related
conditionsb

176286 43.05 1 186262 122 76.74 575 176301 43.05 1 186367 125 77.86 595 106 79.59 515

Excluding definite
previous cancers

176 228 43.02 1 185841 128 72.84 603 176250 43.02 1 185967 128 72.84 603 125 68.09 594

Excluding definite or
possible previous
cancers

176 190 42.99 1 185516 112 72.59 556 176212 42.99 1 185642 115 72.47 568 107 67.26 520

Abbreviations: DC¼death certificate; PATH = pathology reports; PYR = person years at risk; RIS¼ radiology information systems.
aNon-cases (RIS+DC): Ataxia telangectasia (n¼ 3), neurofibromatosis (n¼ 58), tuberous sclerosis (n¼ 90), Von Hippel Lindau syndrome (n¼ 10). Cases (PATH+RIS+DC): Ataxia telangectasia
(n¼ 1), neurofibromatosis (n¼ 11), tuberous sclerosis (n¼ 14), Von Hippel Lindau syndrome (n¼ 3).
bNon-cases with possible, but not confirmed, tuberous sclerosis and neurofibromatosis.

Table 5. Excess relative risk (ERR) per mGy for brain tumours in relation to estimated brain dose from CT scans for all cases and
after exclusions

Exclusion source Exclusions Cases ERR per mGy (þ95% CI) P-value
None 135 0.023 (0.010, 0.049) o0.0001

RIS and DC Brain tumour-related conditions 122 0.019 (0.008, 0.043) o0.0001

Brain tumour-related and possible related conditions 122 0.019 (0.008, 0.043) o0.0001

Previous cancers 128 0.016 (0.006,0.037) o0.0001

Previous cancers and possible previous cancers 112 0.012 (0.004, 0.031) o0.0001

RIS Brain tumour-related conditions 125 0.019 (0.008, 0.043) o0.0001

Brain tumour-related and possible related conditions 125 0.019 (0.008, 0.043) o0.0001

Previous cancers 128 0.016 (0.006, 0.037) o0.0001

Previous cancers and possible previous cancers 115 0.013 (0.004, 0.033) o0.0001

PATH, RIS and DC Brain tumour-related conditions 106 0.027 (0.010, 0.065) o0.0001

Brain tumour-related and possible related conditions 106 0.027 (0.010, 0.065) o0.0001

Previous cancers 125 0.014 (0.005, 0.033) o0.0001

Previous cancers and possible previous cancers 107 0.010 (0.002, 0.026) 0.002

Abbreviations: CI¼ confidence interval; CT¼ computed tomography; DC¼death certificate; PATH¼pathology reports; RIS¼ radiology information systems.
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Figure 2. Dose–response relationship for brain tumours in relation to brain dose from CT scans (exclusions based on RISþdeath certificates). (A)
No exclusions. (B) Excluding underlying conditions. (C) Excluding previous cancers.
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conditions had higher RBM dose than those without, but estimated
brain dose was higher in the children with conditions predisposing
to brain tumours. The estimated ERR per mGy for leukaemia
was reduced slightly after exclusion of underlying conditions
(0.057 vs 0.047), but case numbers were small (n¼ 25) and the risk
was not significant before or after exclusions. For brain tumours
and lymphomas, the ERR per mGy was halved (0.022 vs 0.012 and
0.018 vs 0.008, respectively) but was also non-significant (n¼ 27
brain tumours, n¼ 21 lymphomas). There are several major
differences that complicate direct comparison with our study,
particularly the different calendar periods of exposure: 1980–2002
in the United Kingdom vs 2000–2010 in France. CT scan use may
have increased in children with Down syndrome more recently as
scan times have reduced. The calendar period difference could
explain the higher proportion of cases with Down syndrome in the
French cohort and lower average RBM doses. In addition, their
study population came from a number of specialist hospitals,
which resulted in an enriched population for serious conditions
and finally they used hospital inpatient data to ascertain the clinical
conditions. They also used a somewhat different list of cancer-
predisposing conditions.

In a German cohort (n¼ 44 584), within the subset with
additional clinical information, none of their seven cases of
leukaemia and only one of the six cases of CNS tumours had
underlying conditions or signs of preexisting cancer on CT (Krille
et al, 2015). Exclusions, therefore, did not materially impact the
results for these outcomes. A larger proportion of the lymphomas
(5 out of 13) had underlying conditions, particularly posttransplant
lymphoproliferative disease (n¼ 4) and 4 of the 13 cases with other
solid cancers (non-CNS) had evidence of the cancer on the first CT
scan. This suggests that careful review is needed of these other solid
cancers in future studies to minimise potential bias. A number of
other cohorts are in progress and several are collecting similar
clinical information, so future comparison will be possible. The
differences between the UK, French and German cohorts
demonstrate the dangers of generalising the impact of these
potential biases across populations and calendar periods.

We found evidence of under-ascertainment of cancers in the
NHSCR. Although the degree of under-ascertainment was
generally o10%, it did have an impact on our risk estimates, as
these patients had more CT scans than the other patients possibly
owing to the previous cancer. We could not confirm that the CT
scans were taken because of the previous cancer in all instances,
because our clinical information did not enable us to ascertain the
date of diagnosis of the previous cancer. The pathology reports
were the key source of information on these previous cancers in
the cases, and we would recommend collection and review of
pathology reports in other ongoing studies of CT scans and
cancer risk. We did not base our primary analysis on exclusions
from pathology reports, however, because they were not available
for non-cases. Benign brain tumours are reportable in the United
Kingdom, but it is suspected that they are under-reported, and
cases who undergo surgery are more likely to be reported
(Pobereskin, 2001). Our review of the radiologists’ comments did
reveal a number of brain tumours that were being monitored by
CT and were not reported to NSHCR or were reported at a much
later date. This is an issue that needs to be carefully considered in
other ongoing cohorts. If benign brain tumours are not reportable
in some countries, then it is unclear whether malignant brain
tumours can be studied in relation to CT scan risk, because these
benign brain tumours are likely to introduce confounding owing
to the increased risk of a subsequent malignant brain tumour
(possibly from the treatment of the benign tumour) and higher
number of CT scans.

We still do not know what the causes are of most childhood
leukaemias (Greaves, 2006). It is possible, therefore that there is
residual confounding by unknown factors. The most widely

accepted theory currently is that common childhood infections
could be an important trigger factor for childhood leukaemia along
with population mixing (Greaves, 2006). These infections are
probably not serious enough to result in CT scans, although we did
also assess this possibility in the radiologists’ comments. Molecular
characterisation of childhood leukaemias does not suggest that
there are any remaining unidentified conditions that confer a high
risk of the disease (Inaba et al, 2013). In contrast to the unreported
brain tumours, we did not find evidence of unreported cases of
MDS, which was reassuring.

We had several experts conduct this rigorous manual review of
the available clinical information. Overall, we had additional
clinical information for a high percentage of the cases (nearly
90%), and where we had multiple sources for the same individual
the majority confirmed the condition. Although cancer-predis-
posing conditions may have been missed even in patients with
clinical information, these missing conditions should not have
biased our results because there was little evidence that they were
related to more CT scans, assuming (as is plausible) that data
were missing at random. Because, by definition, pathology reports
were not available for patients without cancer, we only had
additional clinical information for about 40% of the non-cases.
The sensitivity analysis that included information from pathology
reports for cases could be interpreted as a lower bound for our
risk estimates, if we assume that there were no unreported
conditions/cancers in 60% of the non-cases who were lacking
clinical information. In previous studies, up to 10% of cancers
from the 1970s and 1980s were not ascertained in the NHSCR
(Hawkins and Swerdlow, 1992; Dickinson et al, 2001). Although
it may be reasonable to expect ascertainment to have improved
since then, the proportion of unreported cancers that we located
in our non-cases (1990s–2000s) was so much lower (0.1–0.2%) as
to suggest that we have still missed cancers in the non-cases. This
suggests that there were likely to be unreported cancers in the
non-cases and, therefore, this sensitivity analysis likely under-
estimated the risks.

The proportion of leukaemia/MDS cases in our cohort with
underlying conditions was small, as expected based on previous
analyses of childhood cancer registries (Narod et al, 1991). We
expected that the number of leukaemia cases in our cohort with
Down syndrome would be low, because CT scans were avoided in
the past in these patients because of the need for sedation (personal
communication with Down syndrome society). This finding may
not apply to cohorts that include patients scanned more recently.
In contrast, patients with underlying conditions related to radio-
sensitivity are now less likely to undergo CT scans, and so the
proportion of patients with these conditions may be lower in
patients scanned more recently. For example, MRI has largely
replaced CT for patients with neurofibromatosis (Dombi et al,
2013). Our results cannot be generalised to other cancer outcomes,
such as lymphomas where the degree of confounding may be
different because of different underlying conditions and an
increased probability of reverse causation as suggested in the
French and German cohorts (Journy et al, 2015; Krille et al, 2015).
We are conducting a separate investigation of these questions for
lymphomas. We are also in the process of conducting further
dosimetry work for a subset of patients and incorporating dose
uncertainty into the risk estimates, so the revised risk estimates in
the current paper may still be subject to change.

In conclusion, we found no convincing evidence that patients
with underlying cancer-predisposing conditions, such as Down
syndrome, resulted in bias in our risk estimates. Previous,
unreported cancers may have, however, introduced some bias.
After correction for this bias, there was still evidence of a
relationship between radiation exposure from CT scans and the
risk of these cancers. Although the magnitude of the risk was
halved for brain tumours, this made our risk estimates more
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compatible with results from the Japanese atomic bomb survivors
(Pearce et al, 2012a). Our findings suggest that other ongoing
studies of this relationship need to review the reliability of the
cancer registrations carefully, as this is a potential source of
confounding. Collecting this clinical information for these large
record linkage studies is complex, and the sources are likely to vary
in different countries, but pathology reports and death certificates
should be collected wherever possible.
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