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Statistical Methods

The program AMFIT, described in Annex 4C, was used to fit various
exposure-time-response models to these data sets. This program fits a general
form of "Poisson regression" model, in which the observed number of events in
each cell of the cross-tabulation is treated as a Poisson variate with parameters
given by the predicted number of events under the model, the product of the
person-years in that cell times the fitted rate. The specific models used can be
formally expressed as follows. Let y* denote the age-specific background risk of
death due to a specific cancer for an individual at a given age. This background
risk will also depend upon the individual's sex and birth cohort (that is year of
birth). For a given radiation dose equivalent d in sievert (Sv) we write the
individual's age-specific cancer risk y(d) as

(d) = yo[1 + f(d)g(B)]. (4-1)

Let fid) represent a function of the dose d which in the committee's models
is always a linear or linear-quadratic function, i.e., fid) = w;d or fid) = wd +

azd-. In general, the excess risk function, g(p) will depend upon a number of
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Solid Cancer Incidence among the Life Span Study of Atomic Bomb
Survivors: 1958-2009
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« A = Background X (1 + Excess Relative Risk)
* A = Background + Excess Absolute Risk

* ERR: fRE dDFE xR I 18, 4AEFEDEE
* ERR = f.d ,where [ is the sex specific effects
* ERR = f5,d + fs,d?
« ERR = f.(d — D,) ifd > D{, ERR = 0 otherwise
* ERR = );; B;s, where S, is the effect of ith dose category

» Background: NG HRODFZZLISINDIA
* Background = exp(a, + X; a;x;)
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FIG. 4. Panels A and B: Solid cancer dose-response functions for males and females (full dose range). Fitted
linear (black dashed line) and linear-quadratic (black solid curve) ERRs for all solid cancers using linear and
linear-quadratic dose-response functions for males and females. Also shown are ERR estimates for all 22 dose
categories (points) and a nonparametric smoothed estimate (solid gray curve) with point-wise 95% confidence
intervals (dashed gray curves). The ERRs are given for subjects at attained age of 70 years after exposure at pge
30 years.
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TABLE 6

Estimated Sex-Specific ERR Linear Dose Coefficients and Confidence Intervals (and for Males, Linear-Quadratic Dose
Coefficients) over Selected Dose Ranges

Linear’ Linear-quadratic:” males only

Dose Females Males Linear Quadratic Curvature (o)

range (95% CI) (95% CI) (95% CI) (95% CI) (95% CI)
Full range 0.64 (0.52 10 0.77) 0.27 (0.19 10 0.37) 0.09 (-0.03 10 0.23) 0.11 (0.04 10 0.20) 1.3 (Pane = 0.002)
0-2 Gy 0.65 (0.52 1o 0.78) 0.25 (0.17 10 0.36) 0.02 (<-0.05 10 0.18) 0.18 (0.07 10 0.30) 7.2 (Pane < 0.001)
0-1 Gy 0.58 (0.44 10 0.74) 0.19 (0.09 1o 0.30) -0.09 (<-0.10 10 0.11) 0.38 (0.12 1o >0.41) 4.4 (Pone = 0.004)
0-0.5 Gy 0.53 (0.34 10 0.75) 0.07 (<-0.05 10 0.22) 0.02 (<-0.09 10 0.38) 0.13 (<-0.17 1o >0.62) 56 (P...=>0.5)
0-0.25 Gy 0.55 (0.24 10 0.92) 0.02 (<-0.18 to 0.25) F et | K
0-0.1 Gy 0.39 (-0.27 to 1.1) 0.33 (<-0.10 to 0.89) Poae = 008°

“ Estimated sex-specific excess relative risks (ERR) per Gy using a linear dose-response model over the dose range. All estimates in this table
were based on models that included radiation effect modification by attained age (sex-specific), and age at exposure (common to both sexes) and
were adjusted for smoking using a multiplicative ERR model for the joint effect of radiation and smoking.

» Linear (per Gy) and quadratic (per Gy?®) dose effect estimates in a linear quadratic dose-response model. Only males were allowed to vary
using the quadratic model term over the dose range.

“ P value for a likelihood ratio test of curvature in the male dose response.

4 Linear-quadratic model parameter estimates unstable due to limited data, results not shown.
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TABLE 5

All Solid Cancer Linear ERR per Gy Adjusted for Modifying Effects of Age at Exposure and Attained Age with or
without Adjustment for Smoking: LSS Solid Cancer Incidence Cohort with Known Doses, 1958-2009

ERR: pee Gy* Age at exposure”
Sex-averaged Males Females F:M ratio (percentage change per Attained age’
(95% CI) (95% CI) (95% CI) (95% CI) 10-year increase) (95% CI) (power) (95% CI)
Unadjusted for smoking (deviation = 57,404.131, 17 parameters)
0.50 0.36 0.65 1.80 -19% -1.57
(0.42 10 0.59) (0.28 1o 0.45) (0.53 10 0.77) (1.42 10 2.33) (-27% t0 -12%) (-2.01 10 -1.11)
Adjusted for smoking, additive joint effect (deviation = 56,950.969, 21 parameters)

0.56 0.48 0.64 1.33 -21% -1.53
(0.46 10 0.66) (0.36 10 0.61) (0.52 10 0.76) (1.04 10 1.74) (=29% to —-13%) (-1.98 10 -1.07)
Adjusted for smoking, multiplicative joint effect (deviation = 56,959.086, 21 parameters)

0.47 0.33 0.60 1.81 -21% -1.66
(0.39 10 0.55) (0.25 t0 0.42) (0.49 10 0.72) (1.42 10 2.35) (-29% to -12%) (-2.11 1o -1.20)

“ Estimates were centered and scaled to correspond with an attained age of 70 years after exposure at age 30 years.

” The age-at-exposure effect was expressed as percentage change per decade increase (e.g., in the top row, the per decade decrease is calculated
as: —19% = 100%(exp[—0.21*(age exp — 30) / 10] —1), where —0.21 is the model parameter estimate and age.., is age 40).

“ The effect of attained age was modeled as power of attained age (e.g., in the top row: [age,..../70]"*")

18
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- d: RIGIFE
« BREIEZZEE I DIc6, 100FERIDOFUEZ AU
- RIEFE(T, BFRENRBE TR EFEESLRD
- i - fE FAEAMRE & DaE U iEES
« ZRDIE (Bid + B,d?) [FBETIIIEM>E (p=0.44)

* Background=exp(ag + X; a;x;)
o« BETHROFZELINDIR

- [H, BiESF, 1%, BT, A=IEEIRIL, ERRAR,
PEFE=S U TR




M REF =R

Table 1| Characteristics of cohorts included in the INWORKS consortium (nuclear workers

in France, UK, and USA, 1944-2005)

France UK Us INWORKS

Calendar years of follow-up 1968-2004 1946-2001 1944-2005 1944-2005
Workers (no) 59 003 147 B66 101 428 308 297
Person years (millions) 15 3.4 3.3 B.2
Causes of death [na)

All causes 6310 25 307 35015 66 632

All cancer 2352 7558 9638 19748

All cancer other than leukaemia 2473 7350 9241 19064

Solid cancer 2356 6994 8607 17 95%7

Solid cancer other than lung cancer 1761 4750 S6hb 12 155
Exposed workers (no)* 42 206 130 373 B4 587 257 166
Collective dose (person Gy) 742.0 29361 16922 53703
Average individual cumulative dose 17.6 225 20.0 209

(mGy)t

*Workers with cumulative dose greater than zero.
tAverage estimated cumulative dose to the colon, among exposed workers.
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Relative rate of mortality due to all cancer other than
leukaemia by categories of cumulative colon dose, lagged
10 years in INWORKS. Vertical lines=90% confidence
intervals; dashed line=fitted linear model for the change in
the excess relative rate of mortality due to all cancer other
than leukaemia with dose; numbers above vertical
lines=number of deaths due to cancer other than
leukaemia in that dose category. The number of cancers in
the lowest dose category (n=10433) has not been
annotated on this figure for reasons of legibility
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Table 2 | Estimates of excess relative rate per Gy for death
due to specific cancer categories in INWORKS*

Excess relative rate

Causes of death No of deaths  per Gy (90% Cl)
All cancer 19 748 0.51 (0.23 to 0.82)
All cancer other than 19 064 0.48 (0.20 to 0.79)
leukaemia

Solid cancer 17 957 0.47 (018 to 0.79)
Solid cancer other than 12 155 0.46 (0.11 to 0.85)
lung cancer

*10 year lag assumption.
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Cancer risk in 680 000 people exposed to computed
tomography scans in childhood or adolescence: data
linkage study of 11 million Australians

88 oPEN ACCESS
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Characteristic No (%) of people exposed” Total no of people in study
Sex
Male 357 119 (6.4) 5563 105
Female 323 092 (6.0) 5 376 575
Age at entry to study (years)
0-4 450 346 (6.8) 6 652 654
5-9 120 957 (9.0) 1 339 527
10-14 80 731 (5.4) 1 489 524
15-19 28177 (1.9) 1 457 975
Calendar year of entry to study
1985-89 526 488 (8.6) 6 156 422
1990-94 99 466 (6.5) 1539278
1995-99 40 931 (2.8) 1 467 602
2000-05 13 326 (0.8) 1776 378
Socioeconomic group
1 (lowest status) 82 332 (5.3) 1 557 545
2 97 236 (6.2) 1 556 448
3 95 547 (6.1) 1 557 331
4 101 154 (6.5) 1 556 311
5 103 454 (6.8) 1 558 887
6 102 449 (6.6) 1 557 562
7 (highest status) 97 392 (6.3) 1554 273
Unknown status 647 (1.6) 41 323
Total no of people in study 680 211 (6.2)t 10 939 680

*Exposure status at end of study. All study members were classified as unexposed on entry to the study. Those exposed to a CT scan continued to be classified
as unexposed for the duration of the lag period (taken to be one year here and in most analyses, but five or 10 years in some analyses). They were then transferred
to the exposed group, provided that the date of transfer was before the date of exit from the study (fig 1). 36

1The total no of CT scans received by these individuals at least one year before date of exit was 866 580.
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Lag period (years)

Cancer risk to date and type of exposure 1 5 10
Brain cancers after brain CT (brain exposures)
Absolute no of excess brain cancers to date 123 62 26
Collective organ dose (brain; Gy) 19 800 16 200 10 200
No of brain CTs 494 003 405 230 254 010
Average brain dose per scan (mGy)* 40 40 40
Absolute no of excess brain cancers to date per Gy 0.006 0.004 0.003
Proportion of CTs to date followed by an excess brain 1 in 4000 1in 6500 1 in 9800
cancer
No of people exposed 404 105 334 203 212 481
Average dose per exposed person (mGy) 49 48 48
IRR (exposed v unexposed)t 2.44 (21210 2.81) 2.02 (1.6910 2.43) 1.74 (1.35 t0 2.25)
Excess rate ratio per mGy§9 0.029 (0.023 to 0.037) 0.021 (0.014 to 0.029) 0.015 (0.007 to 0.026)
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Lag period (years)

Cancer risk to date and type of exposure 1 5 10
Leukaemias and myelodysplasias (all exposures)
Absolute no of excess leukaemias and myelodysplasias 48 31 6
to date
Collective organ dose (red bone marrow) (Gy) 4000 3200 1700
No of CTs 866 580 684 386 401 811
Average red bone marrow dose per scan (mGy) * 46 4.7 4.2
Absolute no of excess leukaemias and myelodysplasias 0.012 0.010 0.004
to date per Gy
Proportion of CTs to date followed by an excess 1in 18 000 1in 22 000 1in 67 000
leukaemia or myelodysplasia
No of people exposed 680 211 544 354 327 216
Average dose per exposed person (mGy) 59 59 5.2
IRR (exposed v unexposed)t 1.23 (1.08 t0 1.41) 1.25(1.06t0 1.47) 1.09 (0.85 to 1.40)
Excess rate ratio per mGy§ 0.039 (0.014 to 0.070) 0.042 (0.010 to 0.080) 0.017 (-0.029 to 0.078)
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* Practitioners will increasingly need to weigh the undoubted benefits of
CT scans in clinical practice against the potential risks to justify each CT
scan decision.

* Fortunately, many radiologists are now aware of the risks, and
technoIoEicaI advances have already allowed CT scan doses to be
reduced below those used in earlier decades. However, decision tools to
objectively assess the need for CT are still not used routinely—for
example, minor head trauma or suspected appendicitis are often
managed using CT, rather than by observation, ultrasound, or magnetic
resonance imaging.

* Imaging for head trauma still accounts for most CT scans in children. It is
timely to alert the wider community, as well as the non-radiologist
physicians who order most CT scans, to the potential risks.

* All parties, including patients and families, need to work together to
ensure that CT scans are limited to situations where there is a definite
clinical indication, and where every scan is optimised to provide a
diagnostic CT image at the lowest possible radiation dose.
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