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Abstract. Outdoor terrestrial gamma radiation exposure levels (T6r), estimated for each of
the 10 km squares of the Great Britain National Grid, were related to local cancer death
rates in childhood. The examination was based upon the prior hypothesis that an associ-
ation ought to be detectable. This was itself based upon an examination of geographical 16
varnations and upon a recently reported recalculation of the dose—response relationship
between the risk of childhood cancer and foetal exposure to medical x-rays. The analysis
was pressed through several stages in which the effects of sociodemographic and medical
confounding factors and their temporal changes were identified and separated. TGr was
then shown to exert an independent statistically significant effect.

1. Introduction

The relationship between foetal x-ray exposure
and the subsequent risk ot childhood cancer in
Great Britain was recently recalculated from
the extended data base of a national
case—control study[1]. The new estimates sug-
gest a relative risk (rry of 1.9 and a
dose-response relationship of 2000 cancers per
10* Gy. For exposures in the first trimester the
RR was substantially greater{2]. Over the past
30 years, when 11% of foetuses in the UK
received diagnostic x-ray exposures, about 7%
of all childhood cancers arose from this
source[1].

Medical diagnostic procedures provide only
part of the total radiation dose received by the
foetal population. The remaining ‘background’
arises both from endogenous (**K) and exo-
genous (cosmic, man-made and geological)
sources. The geological sources include build-
ing materials and local rocks and both fractions
are geographically variable. The extent of the
geographical variation (see later), combined
with the revised dose-response estimate for
medical x-rays, suggested that an association
between background radiation and childhood
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cancer should be detectable provided that the
confounding effects of geographically varying
social and medical determinants, including
exposures to medical radiation, are eliminated.
This approach therefore offered a prospect of
confirming or amending the foetal
dose-response relationships already derived,
and that ;@ﬁthe objective of this investigation.
Other geographical studies of background
radiation exposure have been reported. but
without resolving the question of a relationship.
One Japanese investigation found an associ-
ation between levels of background radiation
and cancer deaths over 40 years of age [3] and
another for cancer deaths i young children(4].
However, neither a follow-up of A-bomb
survivors(5] nor an American nationwide study
of background radiation produced any evi-
dence of a cancer risk[6]. Investigations else-
where have also been negative or equivocal
[7-12], although in some cases because of
small numbers or a narrow geographic vari-
ation. or because insufficiently sensitive
methods of statistical analysis were used.

2. Materials and methods

2.1 Data sources
The National Radiological Protection Board
(NRPB) recently completed a nationwide
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(England, Scotland and Wales) survey of
terrestrial gamma radiation (TGr), taking one or
more measurements in the open air in 95% of
the 2400 10 km grid squares of Great Britain.
Where more than one measurement was made
in a square, the mean was calculated, and for
squares where no measurement was made
(mainly because of their remoteness) the value
was estimated from data for surrounding
squares. Because individual measurements
have a high intrinsic variability, a two-dimen-
sional ‘moving mean’ was then calculated, the
measurement for each square being modified
using values from adjacent squares[13]. The
NRPB kindly made this material available to us
in advance of publication, together with a map
illustrating the form of the (smoothed) distri-
bution of TGr across England, Wales and
Scotland (figure 1).

Figure 1: Terrestrial gamma-ray dose rates out-of-doors
in Great Britain

(Note: Cosmic and intrinsic backgrounds removed (Data
smoothed twice))
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From these data we calculated that the
average absorbed dose rate in air was approxi-
mately 34 nGyh™!, varying from about 15 to
60 nGyh~!. During a foetal life of 270 d this
accumulates to 0.22 mGy. This is only 40% of
the average received dose of 0.55 mGy from
medical radiation (5 mGy per examination in
11% of the population) during the period
1944-1979(1]. The cumulative ‘outdoor’ TGr
exposures (between 0.1 and 0.4 mGy) show
less individual varation than exposure or non-
exposure to medical x-ray examination, but TGr
covers the early and more radiosensitive stages
of gestation; thus the range of carcinogenic
effects from the two sources might be com-
parable. :

In addition, TGrR measurements represent a
wider variation of exposure than the raw TGr
estimates at first suggest. The pregnant woman
spends more time indoors than outside. [ndoor
radiation exposures are greater than outdoor
exposures by a factor of 1.8 and the building
materials from which they emanate (in part)
are often, although not always, from local
sources[14]. Systematic national data on
indoor exposures are not yet available, but to
the extent that indoor and outdoor exposures
will eventually be shown to be correlated, the
outdoor TGR variations must reflect a larger
absolute dose variation than the raw figures
themselves suggest.

The Oxford Survey of Childhood Cancers
(OSCC), from which the medicai radiation
measurements were derived, is a case—control
study of all children dying from cancer in the
UK between 1953 and 1979 and born between
1944 and 1979. For children born between
1953 and 1964, there was.complete ascertain-
ment of all cancer deaths between birth and 16
years of age, while for cohorts born outside this
period the age limits of the follow-up are
truncated in early or late childhood. The
analysis was based upon 22 351 children dying
from cancer.

All death addresses (or birth addresses
where these were known to be different) were
coded to one of 1797 local authority districts
(i.e. metropolitan, county and municipal
boroughs, urban areas and rural districts which
existed in 1965), for which annual numbers of
live births were also available.

2.2 Method of analysis
In order to align the OSCC data with the rar



values, each local authority distnict was
assigned to a National Grid 10 km square. The
appropriate squares for boroughs and urban
districts were assigned directly from the index
of the Ordnance Survey Motoring Atlas. When
rural districts had the same names as boroughs
or urban districts, the two were merged and
linked jointly with the location of the urban
district. This resulted in a condensed map of
births, cancers and TGRs in which the original

V797 X number of 4791/ local authority districts was

reduced to 911 tor-related demographic
districts (op). The 911 pps were located within

40 X G6Harger grid squares (100 km) which are sub-

sequently referred to as demographic regions
(or). Cancer death rates for each pp were cal-
culated by relating numbers of cancer deaths in
component local authority districts to numbers
of live births in each annual birth cohort over a
period of 36 years from 1944 to 1979, and to
numbers of years of follow-up attained for each
of these birth cohorts. The 36 birth years and
the 911 pos supply 32796 individual oo
cohorts with follow-up periods ranging from 1
to 16 years. The total surveyed experience
amounted to 347 564 836 child years.

Each cancer death had been allocated a
healthy control from the birth file of the district
address at the time of death. The recalculation
of the effects of medical radiation already
reported was based upon case-control con-
trasts among the 14 759 matched and inter-
viewed pairs for which a full set of social,
medical and demographic data was available.
Because the controls were matched in terms of

location at death as well as in terms of sex and .

date of birth. the paired control data could not
themselves indicate any differential geographi-
cal distribution of the deaths. This was to be
based primarily upon a regression analysis
between the cancer death rate and the TGR
measurement in each poo.

However, the controls supplied additional
data on geographical and temporal distribu-
tions of social, medical and demographic
factors on which childhood cancer death rates
are known partly to depend, as well as provid-
ing estimates of the extent to which the risk was
altered by their presence, and this information
provided a basis for standardising for these
effects and for their geographical distributions.
Because of the temporal component. the
analyses 1nvolving control data were based
upon individual single-year po cohorts rather
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than aggregated po death rates over the full 36
year period. These more detailed analyses were
based upon the place of birth of cancer cases
rather than place of death; the two differed in
16.4% of the cases interviewed.

The analysis of cancer risk in relation to
TGR values was conducted in three separate
stages:

(i) A simple regression analysis of death
rates upon TGR was carried out for the 911 pos
over the full 36 year period with no attempt to
standardise for confounding factors.

(ii) A more complex regression analysis was
carried out jointly at a coarse and at a fine
level, again over the full 36 year period. The
coarse level of analysis used Dr-aggregated
death rates and mean TGRs, while the ‘fine’ (ppy
analysis was repeated within each of these
larger squares. The effects of local TGr
variations, within prs, were thus separated from
general geographic trends such as might be
determined by gross social variations.

(iil) Finally, a regression analysis of death
rates in relation to TGR (and a number of other
factors) was carried out using conditional
logistic regression (Miettinen-Breslow) tech-
niques. The details of the method are described
in appendix 1. Systematic sociogeographic
trends were eliminated through incorporating
Northing and Easting parameters, and data
from the controls were used in order to elimin-
ate the residual effects of social and health-care
vaniables (including the frequency of medical
radiation) not expressed in latitude or long-
tude. This detailed analysis was based upon
separate pp cohorts rather than the year-aggre-
gated ops used in the first two stages. Not all oo

Table 1. Cancer death rates for eight levels of wea.

rGr dose rate  Person years Cancer deaths

(nGy h™) of follow-up  No, Rate per 10°
person years

12-19 5103116 362 7.09

20~24 45687955 2973 6.51

25-29 87 605 332 5664 6.47

30-34 69027813 4334 6.28

35-39 73 368 981 4826  6.58

3044 56315974 3548 6.30

4549 4399 802 255 5.80

50-32 6055863 389 6.42

12-82 347564836 22351 6.43
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cohorts (and indeed not all pps) were ‘occu-
pied’ by cases and controls; only 9943 of the
32796 oo cohorts contained one or more
cancer deaths.

3. Results

3.1 Stage 1

The joint distribution of TGrs and death rates in
the 911 pps are given in table 1. There was no
evidence of a direct radiation effect. Indeed,
the lowest TGr dose band (under 20 nGyh™")
had the highest cancer rate, and the second
highest dose band had the lowest. Aggregation
of the National Grid into three zones running
from east to west is demonstrated in table 2.
This also shows a tendency for the death rate to
run against the gradient of background radi-
ation.

3.2 Stage 2
Table 3 lists 36 prs in descending order of per-
son years of surveillance, and it records the
numbers of ‘occupied’ pps within each of them.
(Four prs with only a single occupied pp are
omitted.) Person years of experience, number
of cancers and ranges for TGr are given. The
final two columas give the linear coefficients of
dependency (b) of pp cancer rates upon TGRs
within each pr and ¢ values. Three of the
twenty positive coefficients were statistically
significant: five if we accept a single-tailed
criterion. Three of these five were in the three
most populous regions. None of the negative
coefficients was significant. The aggregated
coefficient for bpp variation within all Dpgrs
together was positive. [t was statistically signifi-
cant on a single-tailed criterion (¢ = 1.83).
These results do not permit a clear-cut con-
clusion. but they differ from those of the stage
1 analysis. This suggests that there might

Tabie 2. Cancer death rates and

indeed be a general covanation between cancer
and TGR. but one that is dominated by contrary
geographical gradients of the confounding
social determinants.

3.3 Stage 3

The third analysis was designed to tcst this
hypothesis. Unlike the earlier analyses, it was
based upon individual pp cohorts defined in a
year-of-birth as well as in a geographical
dimension, and with cancer cases located
according to their place of birth rather than
their place of death. First, however, it was
necessary to explore the question of space-time
heterogeneity. This is partly because it is an
important contemporary question in its own
right, but also because the question of statisti-
cal significance hinges upon the premise that
individual occurrences are independent of each
other. The question of clustering was first
investigated through deriving distributions of
numbers of cancer deaths, and expected distri-
butions, among different oo cohorts classified
according to their population-determined mean
expectations. A condensed representation of
these distributions is given in table 4. The over-
all expected distribution is the sum of the
Poisson expansions for each row. It can be seen
that except for the last column the expected
and observed distributions are similar.

A ° test of heterogeneity revealed a stat-
istically significant non-uniformity between the
pp cohorts but it was not sufficient to reveal
itself in the tabulated distribution. When y- was
partitioned into its spatial, temporal and space-
time components, the variations were shown to
be entirely spatial and temporal, with no evi-
dence of an interaction between them. At this
level of temporal and spatial, resolution. there-
fore, there was no evidence of space-time

16r dose rates for geographical

zones.
Zones Person years Cancer deaths TGR dose rate
of follow-up No Rate per 10° (nGyh™")
person years
West 69 731 256 4281  6.14 37.1
Centre 145 343 857 9371 6.44 34.0
East 132289723 8699  A.58 313
All regions 347 5364 836 22351 643 339
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Table 3. Cancer rates and tor exposures within 36 demographic regions.

Demographic regions '

Person years follow-up per oo Cancer deaths
1895379

6r  dose rates Regression coefficients’

Code No of oos Rank Average 10° _ (nGyh™) B :
Lowest  Highest

TQ 51 61 1 1157 _A685 ALY 21 35 + 1.30 4.00§
Sy 33 53 2 686 2207 29 42 + 0.87 1.94§
NZ 45 29 3 646 1109 30 45 + 1.19 1.91§
NS 26 39 4 569 1281 23 35 + 0.07 0.07
SP 42 53 5 469 1649 23 48 - 0.33 0.97
SK 43 54 6 457 1587 30 45 ~ 0.63 1.48
SE 44 49 7 418 1318 28 43 - 0.71 1.30
SD 34 42 8 408 1075 25 44 + 0.95 1.08
SU 41 47 9 370 1241 13 37 - 0.07 0.13
TA 34 15 10 351 318 28 39 + 2.33 2.07§
ST 31 50 11 293 928 21 46 - 046 0.92
SO 32 48 12 267 838 35 49 + 0.96 1.15
TL 52 47 13 258 896 21 34 + 0.50 0.51
SX 20 19 14 238 2178 37 48 - 0.85 1.20
SS 21 20 15 237 .2580 268 32 48 + 0.70 0.88
SZ 40 12 16 230 159 12 48 + 0.19 0.18
NT 36 31 17 202 416 27 30 + 0.29 0.35
TR 61 13 18 195 184 25 35 + 1.38 0.87
TG 63 11 19 180 142 20 28 - 4.05 1.03
NO 37 24 20 156 258 18 16 + 1.02 0.58
NJ 38 19 21 153 190 30 51 - 0.26 0.51
™ 62 26 22 145 255 22 29 - 117 1.04
SM 12 4 23 143 46 43 45 + 2.99 0.13
NH 28 8 24 131 70 29 46 — 0.66 0.29
NY 35 17 25 130 138 30 47 - 1.06 1.05
NR 16 2 26 117 14 24 29 —13.39 0.76
TF 53 26 27 116 213 21 40 + 0.15 0.18
SY 30 9 28 115 90 19 41 + 1.58 1.33
SW 10 10 29 113 92 47 82 + 1.03 1.47
NX 25 11 30 82 82 22 45 + 0.09 0.06
SN 22 18 31 84 111 30 19 - 0.04 0.03
NN 27 6 32 79 33 32 39 +27.02 2.89§
NC 29 3 33 68 10 29 37 + 3.81 0.75
SH 23 24 34 56 89 24 50 - 1.13 0.61
NU 16 5 35 49 24 41 48 - 3.66 0.39
NM 17 2 36 24 8 18 34 - 4.27 0.33
Total 907 Total 378 22301 12 82 + 0.23 1.83§

" Excluding four ors where there was no varation of TGr at district level.

¢ Cases per 10° per (nGyh™').
§ P < 0.05 (one-tailed).

interaction: that is, no evidence of geographical
‘concentrations’ and ‘gaps’ occurring in differ-
ent places at different times.

Regression calculations of death rate upon
Tor for different oo cohorts were next per-
formed within the framework of the Miettinen
and Breslow (conditional logistic regression)
procedure for analysing matched pairs. This

was done by incorporating the number of
cancer deaths and the number of person years
of surveillance within the appropnate oo
cohort. as additional variables of each case and
control. This analysis was performed upon the
same subset of the population (14 759 case-
control pairs) as that from which the medical
radiation dose-response relationships had been
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Table 4. Distribution of cohorts according to observed and expected numbers of cancer deaths.

Expected no Observed no of deaths Total
of dealhs 0 1 2 3 - 4 5 6 7 8 9 10+ cohorts
0.00.5 20379 3254 465 74 14 1 0 0 0 0 0 24 187
0.6-1.5 2503 2021 889 315 93 19 9 1 0 0 0 5 850
1.6-2.5 209 377 341 216 128 71 17 6 4 0 l 1370
2.6-3.5 37 90 134 105 66 50 24 16 1 5 4 532
3.6-4.5 5 29 51 64 65 46 37 18 9 6 6 336
4.6-5.5 2 S 2 19 25 2 22 22 15 13 8 187
5.6-6.5 2 2 7 9 19 27 32 19 19 8 19 163
6.6—-17.5 1 0 4 4 9 20 13 17 13 10 26 117
7.6-8.5 0 1 1 1 3 7 9 5 12 11 23 73
8.6—9.5 0 0 1 2 0 3 7 3 4 9 13 12
9.6-9.9 0 0 0 1 I 1 l l 1 1 6 13
10+ 0 0 1 3 0 2 9 8 3 10 171 207
Total

Cohortst*! 23138 5779 1922 813 423 275 180 116 81 73 277 33077
Expected®™ 22961.1 5963.8 1939.0 827.6 4347 267.7 184.8 1358 1043 79.4 177.8 33077.0

N\
" All cohorts with births >0, including 281 cohorts from nineéq/lo km squares for which no TGr data were available.
"} The expected distribution was calculated as the sum of the Poisson expansion for each individual row of the original table.

calculated. This incurred a risk that cancers for
which full data were available might not accu-
rately represent the totality of childhood cancer
deaths; there was also some loss of information
in that the pp cohorts which truly yielded no
cancers at all could not contribute to the
analysis. This also demanded modification of
significance-testing procedures for regression
coefficients, because the ‘expected’ distribution
of cases had to be treated as a zero-suppressed.
rather than a full Poisson distribution. How-
ever, the advantages of studying the effects of
TGrR dependency and of the sociodemographic
and medical variables within a single procedure
are plain enough. A technical description of the
method is given in appendix 1.

Table 5 gives the results of a conditional
logistic regression analysis of cancer death rates
upon TGR among the 9943 po cohorts which
qualified for entry. The first panel extracts
variation attributable to sociodemographic
factors, of which maternal age showed the only
statistically sigificant effect. The second panel
shows the significant effect of prenatal medical
x-rays. There is a significant interaction
between x-rays and year of birth, a reflection of
the declining carcinogenicity of medical x-ray
examination over this period of time{l]. The
type of cancer (factor 7) made no difference:
the determinants in this table atfected the risk
of the leaukaemias and of the solid cancers

equally. The final panel demonstrates the in-
dependent statistically significant effects of
geographical location and of Tcr. Once more,
the effect was independent (factor 16) of the
type of neoplasm.

The unit of change (i.e. the interval

between ‘levelspfor pre-natal x-ray was about ¥

5.0 mGy while for Tor it was defined in the
terms of the NRPB data as 1.0 aGyh™'. The
ratio berween the respective regression coeffi-
cients (f3), 0.7413/0.0034, shows that a single
radiological examination has the same effect as
about 218 TGR units, or, accumulated over the
full gestation period of 270 d. about 1.4 mGy.
(i.e. 218 units X 270d X 24 h X 107 Gy). T6rR
therefore appears to be about 3.6 times (5.0/
1.4) as effective, dose for dose, as medical
X-ray exposure.

This difference might reflect the concentra-
tion of pre-natal x-rays in the third trimester,
compared with the wider distribution of TGr
across all trimesters, including the particularly
radiosensitive first trimester{2]. It could also
reflect the likelihood that geographical vari-
ation of TGR reflects the correlated variation of
a larger fraction of background radiation than
that represented by the out-of-doors TGr estim-
ate alone. However, the estimated ratio (3.6)
has rather wide confidence limits. and there are
additional grounds for treating such calcu-
lations with caution.

/)
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Table 5. Results of the regression analysis of cancer death
rates upon TGR.

00

% Factor (units) :J-E.E_:.I ;f It
1. Maternal age (years) —0.0079 +4.94 ***
2. Sex —0.0138 —0.81
3. Sibship position —0.0041 —-0.71
4. Social class (I~-IV) —0.0198 -1.92
5. Year of birth 0.0010 +0.77
6. Pre-natal x-ray 0.7413 +3.52 ***
7. Cancer Diagnosis (RES or solid) 0.0507 +0.66
8. Cancer onset age (months) 0.0003 +1.37
9. (Cancer onset age)? -3.40 X 10™*  —0.69
10. (x-ray) X (onset age) —0.0004 —0.84
11. (x-ray) X (onset age)? =535 x10™ —0.62
12. (x-ray) X (year of birth) —0.0085 —255*
13. Place of birth: Easting (10 km) 0.0047 +4.05 ***
14. Place of birth: Northing (10 km) —0.0012 ~-1.86
15. T6r dose rate (nGyh™") 0.0034 +1.96 *
16. (T6r dose rate) X (diagnosis) —0.0012 —0.51
~ )5=@x change i“@(félgfi;’g.-ﬁ*) per unit change of each factor. In ! st Ly S )

1 Levels of significance: * 0.01 < p < 0.05: ** 0.001 < p <

0.01; *** p < 0.001.

The London conurbation presents us with a
difficult problem in that it has a low T6r and, in
common with several other large urban areas, a
low cancer death rate. London is so large that it
might alone be responsible for the statistical
association between TGr and cancer death rate,
and for reasons other than a direct effect of
radiation itself. Fortuitous urban/rural associ-
ations with local Tor measurements, elsewhere
in the country, could also contribute towards a
spurious result. We therefore incorporated the
binary urban/rural classification of the original
civil district as a confounding variable. Table 6
shows the independent effects of urban status
and of TGR.

4. Discussion

This investigation was designed to test the prior
hypothesis, based on previous evidence, that an
association between childhood cancer death
rates and background radiation should be
detectable within the UK. The hypothesis
followed from a recent recalculation of dose-
response relationships for foetal x-ray exposure
with respect to childhood cancer. and examin-
ation of the results of a national terrestrial
gamma radiation (tGRr, survey carried out by

NRPB across the whole of England, Wales and
Scotland. We deduced that if the new estimates
of the dose-response relationship for x-rays
were correct, then a geographical relationship
between TGrR and cancer incidence should be
demonstrable. This would probably require
simultaneous allowance for a number of con-
founding factors also known to influence the
nsk, but this could be achieved if the back-
ground radiation data were combined with the
sociodemographic and medical data already to
hand.

In the event, simple regression analysis of
childhood cancer death rates upon TGR across
the 10 km squares of the National Grid failed
to detect such a relationship, although a second
level of analysis, using both a coarse (100 km
square) and a fine (10 km square) disaggreg-
ation of death rates and TGRs, looked more
promising. The second analysis suggested that
nationwide gradients of social and demogra-
phic factors might be masking a true TcRr effect,
so that it was evident only within socially
homogeneous zones. A conditional logistic
regression  analysis, taking  simultaneous
account of sociodemographic and medical-care
variations in ditferent parts of the country and
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Table 6. Results of the regression analysis including urban/
rural status as an independent variable.

A

X Factor (units) Q&x'- P‘ ¢

1. Maternal age (years) —0.0078 +4.89 ***
2. Sex —0.0141 —~0.83

3. Sibship position —0.0040 —0.69

4. Social class (I-1V) -0.0193 ~1.87

5. Year of birth . 0.0009 +0.74

6. Pre-natal x-ray 0.7393 +3.51 ***
7. Cancer Diagnosis (RES or solid) 0.0003 +1.35

8. Cancer onset age (months) —3.24 X 10 —0.92

9. (Cancer onset age)’ —0.0004 -0.85
10. (x-ray) X (onset age) -5.20 x 10 —0.60
1. (x-ray) X (onset age)? —0.0085 ~2.54*
12. (x-ray) X (year of birth) 0.0126 —0.74
13. Place of birth: Easting (10 km) 0.0047 +4.05 ***
14. Place of birth: Northing (10 km) —0.0011 -1.76
15. Tor dose rate (nGyh™') 0.0432 —-2.29*
16. Urban‘" or ruralt® —0.0026 +2.08 *

)4 ? = \'ﬁx:ﬂchangc ir{ $n {relative risk) per unit change of each factor. e cnall & Smeliny)

1 Levels of significance: * 0.01 < p < 0.05: ** 0.001 < p<

0.01; *** p < 0.001.

in different cohorts then revealed a significant
TGR relationship.

The risk per unit dose from TGr was greater
than from pre-natal x-rays, and this accorded
with prior expectation. TGR €xposure occurs in
all trimesters, including the very sensitive first
trimester, while pre-natal x-rays are largely
concentrated in the third trimester. There is a
second contributory explanation: TGrR is only
one component of the geographically variable
fraction of total background radiation, and
since the different components are likely to be
positively correlated, TGr values must represent
greater absolute exposure variations than the
measurements themselves suggest.

Such quantitative estimates must be treated
with caution. We can probably rely upon the
qualitative demonstration of a relationship
between TGrR and cancer risk, but the effects of
fortuitous  non-independent  geographical
clusters of the social determinants and the
geological formations may have perturbed the
quantitative outcomes. However, to the extent
that it has been possible 10 press the analysis.
these outcomes do contirm the prior hypothesis
established at the outset.

We have calculated that pre-natal x-ray
exposures accounted for about 7% of all child-
hood cancers over the past 30 years[1]. The
accumulated foetal exposure to background
radiation from all sources over the full gest-
ation period is several times greater than the
average dose (exposed plus non-exposed) from
pre-natal x-rays. The background dose is also
received at a more sensitive foetal age. These
facts, together with the demonstration of a T6r
effect, suggest that radiation might be an
element of the causal chain in the majority of
childhood cancers. Proportional increases in
overall foetal radiation exposures, from what-
ever cause, would then be expected to result in
a near-proportional increase in the subsequent
cancer rate.

The Chernobyl incident might provide a
means of testing this prediction and consolidat-
ing our knowledge of the dose-response
relationship. The appropriate technique would
be to accumulate dates of birth of childhood
cancers as they arise, and relate the size of the
birth-date step (around November 1986) to
different exposures recorded in different locali-
ties.
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Appendix 1

A.l. Modified Miettinen-Breslow analysis
The application of standard conditional logistic
regression techniques to the matched-pair data
used in this analysis were reported in a previous
paper[1]. In the present analysis it was neces-
sary to incorporate two new varables, namely
TGrR and death rate, which (except for those
children who moved house between birth and
death) were common to both cases and con-
trols. The analysis therefore took the form of a
logistic regression analysis of the dependency
of death rate upon both TGrR and a number of
other factors, most of which also supplied case-
control comparisons. The method was adapted
to standardise for two main classes of con-
founding variable namely (a) the geographi-
cally distributed values for the controls alone,
and (b) the case—control contrasts and their
interactions with cancer nsk. The analysis pro-
ceeded as follows.

(1) Let x; be a vector of observed values for
case i, and let y, be the vector of corresponding
values for control { in a situation where x,
equals y, for all matching or case-oaly factors.

(2) Let 3 be a vector of regression coeffi-
cients and « a constant such that the estimated
probability of case i being an actual case (p,) =
exp (¢ + 3 x) and the correspondmg prob-
ability for control i1s (q,) = exp (¢ + b‘v)

In these circumstances « will equal the
baseline logarithm of case incidence. Then,
according to Miettinen (and with the stated
values of x, and v), the conditional probability
of any case/control pair having the values
actually observed is p/p;. g,), and, according
to Breslow, the best estimates of [3 are given by
maximising the log-likelihood

S

L=< 8+ exp [ (5~ )]

fh el Lo Smali

Background radiation and childhood vancers 00

i.e. the standard conditional logistic regression
formula.

A.2. Application to OSCC data

(1) Let there be N, cases for pp cohort , and
let the total person years of follow-up be T.
Then the expected incidence is Q, = (Z,, g,)/
N, where X, means summation over N, case/
control pairs for oo cohort .

In practice it is values of matched controls
rather than the values of cancer cases which
feature in this formula since the controls should
be a random sample of the regional birth
cohort and therefore more typical of pp cohorts
than cases.

The expected value of N, (M,) is T, Q, and
the variance of N, about this value is propor-
tional to M, Therefore, best estimates of ¢ and
{ are obtained by minimising any discrepancy
between N, and M, and this discrepancy Z, =
ZAN-MY /M,

This expression is similar to a ¥? formula,
whereas the expression for L, (above) is a log-

likelihood. Therefore, ;an an alternative mea-
= T

ure of discrepancy We have Z, = I, N,
@M} M, since this is the variable part of the
g

likelihood ratio statistic corresponding to
Z, as a y° statistic.

As an expression to be evaluated Z. has
two disadvantages: in the first place Z,
depends upon control values. Therefore, it can-
not be evaluated for oo cohorts with no cancer
cases (and therefore no matched controls). Sec-
ondly, although L, can be expressed as a sum
over all case-control pairs this is not possible
with Z..

The first problem was solved by treating N,
(and its expectation M,) not as an ordinary
Poisson variable (as io the conventional -
statistic denivation by Fisher) but as a zero-
suppressed Poisson variable. This meant adding
an additional term to Z, and thus converting it
to

Z,=% (N,(M,)-M,-Sn( L-exp(-M)))).

The second problem was solved by realising
that when (3¢, is small compared with . any
function f{/ ) of M, will be approximately
equal to

X, (fIN.m.j)/N, where m=T, q,/N, is the con-
tribution of case i 10 M, Thus, we finally have
an approximate log-likelihood

X ag
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which may be added to L, and the whole maxi-
mised for variation in « and 3.

Finally, the statistical analysis recognised
that there might be missing data, thus making it
necessary to give median values for certain
items such as sibship (second), maternal age
(25-29 years) and social class (grade III).

A.3. Unsolved technical questions

There are several unsolved questions requiring
resolution before the above methods can be
described as definitive.

(1) In the first approximation (Z,) there are
two sources of variance. The first is the Poisson
variation of N, about M,; this is proportional to
M_ Also there is variation of M, about its true
value. This variation comes about because
there are only N, controls to estimate the true
mean value of Q. Fortunately, this extra var-
ation is proportional to N, and may therefore
be taken as proportional to M, when N, is
allowed to vary. Thus the total deviance of Z,
or Z, will be multiplied by a constant factor.
This constant can be estimated as follows:

It can be shown that L, achieves its maxi-
mum value, with independent variation of the
m, when m; is equal to e, with ¢ = l-exp
(- V .e)). This maximum value i 1sI given by

LAY

C="-3, [e-(1-1/N,) Su(e)].

Thus the deviance can be estimated by V = -
(L.-C). A possible query is the number of
degrees of freedom of this estimate. However,
on a typical analysis with 21 factors, 22 351
cancers and 9943 cohorts with at least one
cancer death, the value of V was 9324.99.
Therefore, the deviance is probably less than
any likely number of degrees of freedom, and
equal weighting of L, and L, would seem to be
appropriate.

(2) The second query concerns the opti-
mality of any linear combination of L, and L.
in estimating « and [3. Strictly speaking, this
could only be justified if L, and L. were in-
dependent. However, considerations of ortho-
gonality suggest that. since L, (the Miettinen-
Bresiow log-likelihood) is strictly a function of
the difference between case and control values.
the corresponding function. L., in the regres-
sion analysis ought perhaps to be strictly a

~. - L v
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function of the sum of case and control values,
rather than just control values only; however,
the correct formula for this function is not
obvious.
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