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Abstract

Purpose—To assess the shape of the dose response for various cancer endpoints, and modifiers
by age and time.

Methods and Materials—Re-analysis of the US peptic ulcer data testing for heterogeneity of
radiogenic risk by cancer endpoint (stomach, pancreas, lung, leukemia, all other).

Results—There are statistically significant (p<0.05) excess risks for all cancer, and lung cancer,
and borderline statistically significant risks for stomach cancer (p=0.07), and leukemia (£=0.06),
with excess relative risks Gy~1 of 0.024 (95% CI1 0.011, 0.039), 0.559 (95% CI 0.221, 1.021),
0.042 (95% CI1 -0.002, 0.119), and 1.087 (95% CI —0.018, 4.925), respectively. There is
statistically significant (pv=0.007) excess risk of pancreatic cancer when adjusted for dose-response
curvature. General downward curvature is apparent in the dose response, statistically significant
(p<0.05) for all cancers, pancreatic cancer and all other cancers (than stomach, pancreas, lung,
leukemia). There are indications of reduction in risk with increasing age at exposure (for all
cancers, pancreatic cancer), but no evidence for quadratic variations in relative risk with age at
exposure. If a linear-exponential dose response is used there is no significant heterogeneity in the
dose response between the five endpoints considered, or in the speed of variation of relative risk
with age at exposure. The risks are generally consistent with those observed in the Japanese
atomic bomb survivors and in groups of nuclear workers.

Conclusions—There are excess risks for various malignancies in this dataset. Generally there is
marked downward curvature in the dose response, and significant reduction in relative risk with
increasing age at exposure. The consistency of risks with those observed in the Japanese atomic
bomb survivors, and in groups of nuclear workers, implies that there may be little sparing effect of
fractionation of dose or low dose rate exposure.
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Introduction

Cancer is a well-documented effect of exposure to moderate and high doses of ionizing
radiation?. For the purposes of assessing low dose cancer risk there is particular interest in
assessing departures from linearity in the dose response in moderate and high dose exposed
groups. Such curvature can be upward (i.e. risk per unit dose increasing with increasing
dose) as for bone cancer, leukemia, and non-melanoma skin cancerl:2, although downward
curvature (i.e., risk per unit dose decreasing with increasing dose), and which is thought
largely to result from cell-sterilization effects?, has also been observed at higher dose levels
for some endpoints*>.

For most cancer sites there is generally reduction in relative risk with increasing age at
exposurel. U-shaped variations of relative risk with age at exposure have been observed in
the most recent analysis of the Japanese atomic bomb survivor Life Span Study (LSS)
incidence and mortality data:®, and increasing trends with increasing age at exposure in
some other cohorts’8. In general there are no very marked time trends in relative risk for
solid cancer after exposure in adulthood?.

Pierce and Preston? jointly analysed various categories of solid cancer mortality in the LSS
and found no heterogeneity of radiogenic excess risk across cancer types in the adjustments
for gender, time since exposure or age at exposure. However, analysis of the most recent
LSS solid cancer incidence and mortality data found highly statistically significant
(p<0.00(:5L) heterogeneity in speed of variation of relative risk with age at exposure by cancer
subtype®.

Cancer outcomes in the cohort of persons treated for peptic ulcer has been previously
analysed10. Carr et a/. found strong evidence of radiation-related excess risk of stomach and
lung cancer, but did not formally model the shape of the dose responsel0. Carr et a/. also
assessed the relative risk (exposed vs unexposed) in three age-at-treatment groups but did
not model modifications in the dose response by age at exposure or by time since
exposurel0,

In this paper we re-analyse the shape of the dose response for various cancer endpoints in
the US peptic ulcer dataset, and assess modifications of risk by age at exposure and time
since exposure. Using the methods of Pierce and Preston® we formally evaluate
heterogeneity of the shape of the dose-response and modifications by time and age in this
dataset. We specifically examine evidence for possible U-shaped variations in modification
of relative risk by age at exposure. Patients chosen for irradiation may have been less fit for
anesthetic/surgery than those treated in other ways; assessing this potential bias requires that
we analyze the full cohort (exposed+unexposed) as well as the exposed group only. The data
used are very similar to those used in previous analyses of this cohort1?.

Data and Methods

Data

The cohort consisted of 3719 persons, comprising 1860 unexposed persons and 1859
exposed patients. 8 persons in the exposed group for whom the dosimetry was incomplete,
and 111 who were treated with energies other than orthovoltage (megavoltage or89Co ),
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and for whom detailed dosimetry measurements were not done, were removed from the
cohort, leaving an analysis cohort of 3600 persons. For all cancers apart from leukemia
follow-up started 5 years after radiation treatment in the exposed cohort, while for leukemia
follow-up started 2 years after exposure to allow for the known shorter latency of this
malignancy?. Follow-up ended with the earlier of the patient's death, loss to follow-up, or
December 315t 1997, as previously'0. There were a total of 86,779.2 person years of follow-
up (Table 1). The distribution of persons and deaths from cancer for various demographic
parameters are given in Table 2. We concentrate on those cancers for which there were
suggestions of excess risk in the previous analysis®, namely: (a) all cancers; (b) stomach
cancer; (c) pancreatic cancer; (d) lung cancer; (e) leukemia excluding chronic lymphocytic
leukemia (CLL); and (f) all other cancers (Tables 3, 5). Other sites with 20 or more deaths
with > 5 years follow-up comprised cancers of the (a) colon; (b) female breast; (c) prostate;
and (d) malignant neoplasms without specification of primary site (ICD9 199). We include
additional analyses of the first three of these (Table 4). We excluded three cases of CLL
from the leukemia subtype (although they are included in all other cancers) since there is
little evidence that this type of leukemia is radiogenic?.

The dosimetry for this cohort has been described in detail elsewherell. Briefly, the patients
were treated with orthovoltage X-ray machines (250 kVp, 1.3-1.5 mm Cu half-value layers).
One course of radiation consisted of anterior and posterior parallel-opposed fields (typically
13 cm x 13 cm), centred on the stomach under fluoroscopic control starting in 1949. Most
courses were delivered in daily fractions of 1.5 Gy at a dose rate of 0.3 Gy/min. Patients
were treated with one or two courses, each course lasting 6-14 days, and delivering an
approximate stomach dose of 16-17 Gy.

Organ doses were estimated using radiation measurements in an adult male Alderson
phantom. The machine used to irradiate the phantom was one of the machines (Maxitron
250; General Electric, Milwaukee, WI) used to treat the patients in the study.
Thermoluminescent dosimeters were placed in the phantom throughout the organs of
interest.For total active bone marrow, the dose to each partition of ABM was weighted
according to Cristy12,

Statistical methods

Results

A stratified person-year/event table was generated using the categories given in Appendix A
(Table A1). A Poisson relative risk model was fitted by Poisson maximum likelihood3. The
radiation dose used is generally the appropriate organ dose, and using stomach dose for all
other cancers (than stomach, pancreas, lung, leukemia). Tests were based on the likelihood
ratio test!3. Confidence intervals are (unless otherwise indicated) based on the profile
likelihood13. Tests of homogeneity of excess relative risk Gy~1 (a) and other parameters
modifying the relative risk across cancer subtypes are based on the methods of Pierce and
Preston®. All p-values are two-sided.

Table B1 shows that for cancers the optimal model was a cubic polynomial of age, with
additional adjustment for gender, and smoking habit/quantity. [Note: as can be seen from
Table B1, only for “all cancer” are the remaining terms in the background model statistically
significant.]

Table 3 (model 1) demonstrates that there are statistically significant (p>0.001) increasing
dose responses for all cancer and lung cancer, and borderline statistically significant trends
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for stomach cancer (p=0.066), pancreatic cancer (p=0.059), and leukemia (excluding CLL)
(p=0.057). Table 3 (model 3) also shows that there is significant (p<0.05) downward
curvature in the dose response for all cancers, pancreatic cancer and all other cancers (see
also Figure 1). For pancreatic cancer there is evidence of a significant dose response when
using a linear-exponential model (p=0.007)(Table 3 model 3).

Table 3 (model 5) indicates that for all cancers and pancreatic cancer there is a statistically
significant (p<0.02) decreasing trend of excess relative risk with age at exposure; for
stomach cancer this trend is borderline statistically significant (p=0.080). There are
significant increasing trends in risk by time after exposure for pancreatic cancer (p=0.008)
(Table 3, model 7). For all other endpoints there no indications of time trends after
adjustment for age at exposure (Table 3, model 8), although there indications of age at
exposure trends after adjustment for time for all cancers (p=0.027), and all other cancers
(1p=0.052). There are no statistically significant modifications to excess relative risk by
gender (©>0.1) (Table 3, model 4). For colon, female breast, and prostate cancer there are
only weak indications of radiation associations (Table 4); a complication with many of the
models fitted for prostate cancer was numerical instability of the model fits.

Table 3 (model 9) demonstrates that there is generally no evidence for quadratic (U-shaped)
adjustment of relative risk by age at exposure (£>0.05), although if adjustment is made for
time since exposure there is significant quadratic curvature for stomach cancer (p=0.035)
(results not shown).

If a linear dose-response model is used, there are significant differences (p=0.004) (Table 5
panel A) in the magnitude of excess relative risk (ERR) per unit dose between the five
cancer subtypes that we consider. However, if a linear-exponential dose response is used
there is no evidence for such heterogeneity (©>0.1) (Table 5, panels C, D), nor in the degree
of downward curvature in the dose response (£>0.5) (Table 5 panels C, D). There are also no
statistically significant variations between these endpoints in the degree of variation of
relative risk with age at exposure (p>0.05) (Table 5 panels A-D). All this is generally true if
we exclude the remainder cancer category (cancers excluding stomach, pancreas, lung,
leukemia) (Table 5 panels B, D).

Inference is problematic in the subcohort of people receiving only radiation treatment for
peptic ulcer, because most model fits failed to converge. The only specific cancer site which
did not have this problem was lung cancer, risks for which were somewhat higher (ERR /
Gy 1.724, 95% CI 0.053, 417.1) than, but consistent with, those in the full cohort (ERR / Gy
0.559, 95% CI 0.221, 1.021) (Table 3, Appendix Table B2).

Discussion

We found statistically significant excess risks related to radiation treatment for peptic ulcer
for a variety of malignant endpoints in the present data, specifically lung cancer, and
stomach cancer, and borderline significant excess risk for pancreatic cancer and leukemia
excluding CLL. There were no marked radiation associations for three other sites (colon,
female breast, prostate).

The findings of general downward curvature in the dose response for most endpoints, even if
only statistically significant for all cancers, pancreatic cancer and the remainder category, is
novel. This is not generally seen in many other datasets, in particular with the Japanese
atomic bomb survivor Life Span Study (LSS) cohort? and with many medically-irradiated
groups-14. Only for leukemia in the LSS and in some other datasets':1° is there generally
marked curvature in the dose response. The small number of leukemia deaths (14) in this
cohort may limit power to detect curvature for this endpoint. The curvature is not suggestive
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of the effect of cell sterilization — the exponential coefficient, -y, takes the value (for all
cancers) of about —0.1 Gy, rather larger than the range of experimental i vitro measured
inactivation parameters, —1.72 — —=0.30 Gy~1 16, This implies that, if cell inactivation is
involved in the dose-response downturn at high dose, there must be a degree of offsetting
cellular repopulation. Cellular repopulation would be expected in a regime of daily
fractionated doses, as here. Repopulation of the stem-cell and transformed stem-cell
compartments in each irradiated organ can offset the cell-sterilizing effects of radiationl’.
For the red bone marrow, an additional feature to be considered is that hemopoietic stem
cells transfer to other bone marrow compartments via the blood, complicating the stem-cell
recovery kinetics when there is partial body exposure, as here 18:19,

The findings are not inconsistent with those of Carr et a/19, who analysed a slightly larger
cohort, including 111 persons for whom detailed dosimetry measurements were not
performed. For example, Carr er /.19 ascertained an ERR for stomach and pancreatic cancer
of 0.06 Gy~1 and 0.04 Gy ™1, similar to our estimates of 0.042 Gy~ and 0.055 Gy~ (Table
3). Carr et al19 ascertained an ERR for lung cancer of 0.24 Gy™1, somewhat lower than the
present estimate of 0.559 Gy~ (Table 3). However, their lung cancer risk was in terms of
dose to the more highly irradiated left lung, whereas our risk was estimated using an average
of left and right lung dose. We estimated risk using only left lung dose to be 0.365 Gy ™1
(95% C1 0.144, 0.667) (results not shown), reasonably similar to the previous estimate. Carr
et al 10 assessed dose-response curvature using an isotonic regression method that is
manifestly inconsistent with the downward curvature in dose response that we observe
(Figure 1, Table 3). The other analyses performed here, of modification of risk by age at
exposure and time, and of homogeneity of risk across cancer endpoints, was not carried out
in the previous report.10

The reductions in relative risk with increasing age at exposure agrees with findings in many
other datasets, in particular the Japanese atomic bomb survivors 2and other groups!. We find
no evidence for quadratic variations of relative risk with age at exposure, of the sort that
have been observed in some other cohorts’:® and (at borderline levels of statistical
significance) in the most recent analysis of the LSS incidence data®. The relatively narrow
range of age at exposure may limit power to detect modifications of risk with this variable.
There are indications of increasing excess relative risk with time for pancreatic cancer; apart
from pancreatic cancer (which few previous studies have found to be radiogenicl), these
findings are generally consistent with what is observed for groups (as here) exposed in
adulthood!?.

We observed a striking homogeneity by endpoint in the excess relative risk per unit dose,
and in the variation in speed of variation of risk with age at exposure. This agrees with
analyses of solid cancer mortality data (for respiratory, digestive, solid tumors other than
respiratory + digestive + female breast) in the LSS, in which there was no evidence of
heterogeneity by cancer types in the adjustments for time since exposure or age at exposure
to the radiogenic ERR. However, analysis of the most recent Japanese atomic bomb survivor
solid cancer incidence and mortality data found highly statistically significant heterogeneity
in speed of variation of relative risk with age at exposure by solid cancer subtype®. The
contrast with the analyses of cancer mortality developed here (and the previous mortality
analyses of the LSS?) may possibly be explained by endpoint (incidence vs mortality) but
may also be a function of the reduced statistical power in the present data (and the older LSS
mortality data®) compared with the LSS incidence data.

A complication in this cohort is that patients were treated with surgery or radiotherapy, and
it is possible that medically less fit persons may have been selected for radiation treatment.
Unfortunately, there is little information on cancer risk in the radiation-only group, which is
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complicated by the lack of convergence in most models fitted to this sub-cohort (Appendix
Table B2). Among the specific sites there is information only for lung cancer; relative risks
are somewhat higher than, but consistent with, risks in the full cohort, suggesting that the
subcohort is not too dissimilar from the full cohort.

The relevance of this study to radiation therapy regimes is intriguing. Person-year-weighted
stomach doses average 5.7 Gy overall, comparable with radiotherapy doses in many groups
treated for cancer, although doses to other organs are generally lower (e.g., person-year-
weighted bone marrow dose averages 0.6 Gy overall). The magnitude of excess cancer risks
are generally close to those of the LSS, in which average organ doses are generally much
lower (mean 0.1 Gy). Using the linear low-dose excess relative risk coefficient in fits of the
linear-exponential model (Table 3 model 3) for cancers of the stomach, lung and leukemia
are 0.223 (95% CI -0.508, 4.906) Gy ™1, 0.343 (95% CI 0.029, 1.723) Gy 1, and 0.831 (95%
Cl -2.136, 13.49) Gy 1, respectively, consistent with the values, 0.397 Sv~1, 0.318 Sv1,
and 1.019 Sv~1, respectively, predicted by UNSCEAR risk models fitted to LSS incidence
and mortality data evaluated at age 60 (the approximate mean age in this dataset).! Relative
risks for stomach cancer and leukemia are also similar to those observed in a study of
women irradiated for treatment of cervical cancer, 0.69 (95% CI 0.01, 2.25) Gy 1, 0.149
(95% CI 0.00, 0.45) Gy~120, respectively, as also with those observed in the UK nuclear
worker mortality study, 0.34 (95% CI -0.63, 1.88) Sv™1, 1.71 (95% CI -0.17, 4.92) Sv~121,
Mean stomach and bone marrow doses are 2 Gy and 7 Gy, respectively, in the cervical
cancer study?9, and about 0.02 Sv in the worker study?L. There is little evidence for excess
risk of pancreatic cancer in other exposed groups, in particular in the latest LSS cancer
incidence? or mortality?? datasets. The consistency of the risks in the peptic ulcer data, in
which dose was delivered acutely in about 10 daily fractions (see Methods) with those in the
LSS, in which dose was also delivered acutely but in a single fraction, and with the risks in
occupational series, in which dose was delivered at low dose rate in small daily fractions,
implies that there may be little sparing effect of low dose rate or dose fractionation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Endpoint

Known radiation dose and >2
year of follow-up (% of cancer
deaths)

Known radiation dose and >5
year of follow-up (% of cancer
deaths)

Stomach (ICD9 151) 67 (9.4) 60 (8.7)
Colon (ICD9 153) 63 (8.8) 62 (9.0)
Pancreas (ICD9 157) 58 (8.1) 56 (8.2)
Lung (ICD9 162) 198 (27.7) 193 (28.1)
Female breast (ICD9 174) 27 (3.8) 26 (3.8)
Prostate (ICD9 185) 71 (9.9) 69 (10.0)
Leukemia excluding CLL (ICD9 204-207 — 204.1) 14 (2.0) 12 (1.7)
All other cancers (than stomach, pancreas, lung, leukemia) 377 (52.8) 366 (58.3)
All other cancers (than stomach, colon, pancreas, lung, female 216 (30.3) 209 (30.4)
breast, prostate, leukemia)

All cancer (ICD9 140-209) 714 (100.0) 687 (100.0)
Numbers of people 3600 3600
Person years 86,779.2 76,567.1
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Table 2

Numbers of cancer deaths (>5 years after start of follow-up) by radiotherapy status and distribution of other
risk factors in US peptic ulcer cohort

Radiotherapy No radiotherapy
Category Cancer deaths Personsatrisk Cancer deaths Personsat risk
Age at treatment
<35 68 252 87 437
35-44 109 462 110 549
45-54 100 515 71 497
=55 83 511 59 377
Year of treatment/entry
<1940 48 207 78 534
1940-44 89 373 81 459
1945-49 62 277 96 504
1950-59 139 738 72 363
>1960 22 145 - -
Gender
Male 297 1389 266 1423
Female 63 351 61 437
Marital status
Not stated/unknown 4 47 2 9
Never married 33 163 32 234
Married 291 1356 275 1471
Divorced separated 17 63 9 60
Widowed 15 111 9 86
Cigarette smoking status
Unknown 54 301 68 369
Never smoked 78 418 64 499
Smoked 228 1021 195 992
Cigarette smoking quantity
Unknown 137 749 137 903
<1 pack/day 148 694 134 726
> 1 pack/day 75 297 56 231
Alcohol drinking status
Unknown 66 342 74 424
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Radiother apy No radiother apy

Category Cancer deaths Personsatrisk Cancer deaths Personsat risk

Never drank 120 574 104 642

Drank 174 824 149 794

Alcohol drinking quantity

Unknown 215 1025 201 1214

<5 drinks/week 77 404 69 379

6-15 drinks/week 28 143 28 123

>15 drinks/week 40 168 29 144
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Table 5

Test of heterogeneity in dose response and its modification by age at exposure in various categories of cancer.
The background model for each cancer subtype is cubic model in age, with adjustment for gender and
smoking habit and quantity. Stomach dose is used for all cancer and stomach cancer, pancreatic dose is used
for pancreatic cancer, (average of left and right lobe) lung dose is used for lung cancer, active bone marrow
dose is used for leukemia, and stomach dose is used for all other cancers. All p-values relate to the
improvement in fit over the model immediately above.

Panel  Model p-value

A Test of heterogeneity across five cancer endpoints (stomach, pancreas, lung, leukemia, all other cancers), linear dose response
Background[1+ a D exp[< (age at exposure — 41.32)]]a 0.00lb
Background[1+ a; D exp[t (age at exposure — 41.32)]]5 0.004°
Background[1+ a; D exp[t;(age at exposure — 41.32)]]a 0.083d

B Test of heterogeneity across four cancer endpoints (stomach, pancreas, lung, leukemia), linear dose response
Background[1+ a D exp[< (age at exposure — 41.32)]]a <0.001b
Background[1+ a; D exp[< (age at exposure — 41.32)]]a 0.037¢
Background[1+ a; D exp[t’ (age at exposure — 41.32)]]a 0.071d

C Test of heterogeneity across five cancer endpoints (stomach, pancreas, lung, leukemia, all other cancers), linear-exponential dose

response

Background[1+ a Dexp[y D+ t (age at exposure — 41.32)]]a <0.001b
Background[1+ a; Dexp[y D+ t (age at exposure — 41.32)]]3 0.123¢
Background[1+ a; Dexp[y; D+ t (age at exposure — 41.32)]]a 0.682°
Background[1+ &; Dexp[y,;D + t;(age at exposure — 41.32)]]a 0.590d

D Test of heterogeneity across four cancer endpoints (stomach, pancreas, lung, leukemia), linear-exponential dose response

Background[1+ a Dexp[y D+ t (age at exposure — 41.32)]]a <0.001b
Background[1+ a; Dexp[y D +t (age at exposure — 41.32)]]5 0.774¢
Background[1+ a; Dexp[y; D+ T (age at exposure — 41.32)]]a 0.503%
Background[1+ &; Dexp[y,; D+ t;(age at exposure — 41.32)]]a 0.463d

a . . . . . .
age at exposure is approximately centered by subtracting off its person-year weighted mean (41.32 years) in the full cohort (exposed+unexposed),
to stabilize parameter estimates.

b . ) . -
pvalue for improvement of fit over model without radiation dose response term.
p-value for improvement of fit over model with the same excess relative risk coefficient (o) for each endpoint.
p-value for improvement of fit over model with the same age at exposure trend in excess relative risk (t) for each endpoint.

e . ) . . - .
p-value for improvement of fit over model with the same exponential dose coefficient (7y) for each endpoint.
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