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Abstract

Introduction: Evidence suggests that current levels of tritium emissions from CANDU

reactors in Canada are not related to adverse health effects. However, these studies lack

tritium-specific dose data and have small numbers of cases. The purpose of our study

was to determine whether tritium emitted from a nuclear-generating station during

routine operation is associated with risk of cancer in Pickering, Ontario.

Methods: A retrospective cohort was formed through linkage of Pickering and north

Oshawa residents (1985) to incident cancer cases (1985–2005). We examined all sites

combined, leukemia, lung, thyroid and childhood cancers (6–19 years) for males and

females as well as female breast cancer. Tritium estimates were based on an atmospheric

dispersion model, incorporating characteristics of annual tritium emissions and meteorology.

Tritium concentration estimates were assigned to each cohort member based on exact

location of residence. Person-years analysis was used to determine whether observed cancer

cases were higher than expected. Cox proportional hazards regression was used to determine

whether tritium was associated with radiation-sensitive cancers in Pickering.

Results: Person-years analysis showed female childhood cancer cases to be significantly

higher than expected (standardized incidence ratio [SIR] = 1.99, 95% confidence

interval [CI]: 1.08–3.38). The issue of multiple comparisons is the most likely

explanation for this finding. Cox models revealed that female lung cancer was

significantly higher in Pickering versus north Oshawa (HR = 2.34, 95% CI:

1.23–4.46) and that tritium was not associated with increased risk. The improved

methodology used in this study adds to our understanding of cancer risks associated

with low-dose tritium exposure.

Conclusion: Tritium estimates were not associated with increased risk of radiation-

sensitive cancers in Pickering.
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Introduction

According to a survey conducted in 2012 for

the Canadian Nuclear Association, 55% of

the Canadians surveyed think that ‘‘danger-

ous’’ describes nuclear energy extremely

well or very well.1 This perception may

stem from studies that found elevated risks

of adult cancers resulting from high levels

of exposure to radiation2 experienced by

survivors of the nuclear bombs dropped on

Japan in WWII or from events such as the

Chernobyl nuclear disaster. On the other

hand, reviews examining risk at low levels

of exposure, conditions consistent with

working in the Canadian nuclear industry,

suggest increased risks are possible but

undetectable.3-6

The developing fetus is particularly sensi-

tive to radiation effects. As such, all

childhood cancers and leukemia are a

concern even at low levels of exposure.

Several studies have been conducted on

childhood leukemia near nuclear power

plants (NPPs).7-9 Most reported no

increased risk. Recent case-control studies

in Germany10,11 found that the risk of

childhood leukemia (age < 5 years)

doubled within 5 km of German NPPs.

The reasons for this increase remain

unclear.12 Studies in France,13,14 Britain15

and Finland16 did not find increased risks.

The uncertainty around health effects from

low-dose exposures is related to the small

numbers of cases and the lack of tritium-

specific dose data in these studies. This

uncertainty contributes to the continued

public concern in communities near NPPs.

The Pickering Nuclear Generating Station

(PNGS), along with most of the city’s

population, is in the southern part of

Pickering, Ontario, a municipality east of

the city of Toronto with a population of

87 838.17 PNGS began operating in 1971

and decommissioning is planned for 2020.
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PNGS consists of two distinct stations, A

and B, each with four Canadian Deuterium

Uranium (CANDU) reactor units, two of

which were shut down in 1997. CANDU

and other heavy water reactors (HWRs)

comprise a small proportion of nuclear

reactors worldwide, operating in Canada

and several other countries.18 HWRs emit

one or two orders of magnitude more

tritium (per gigawatt of energy produced)

than any other type of nuclear reactor.19

Tritium is a by-product of routine opera-

tion, emitted mostly as tritiated water

vapour (HTO), and its decay results in

emission of beta radiation.20 Tritium con-

stitutes 99% of all radioactive emissions

from PNGS.21 PNGS provides a unique

opportunity to examine cancer risks in a

large urban population that may arise

from low-dose radiation exposure from

tritium emissions.

HTO can be inhaled, absorbed through the

skin or ingested and can be incorporated

into organic molecules in the body as

organically bound tritium (OBT).3 Dose

estimates referred to or calculated in this

study include contributions from both HTO

and OBT. Estimates assume that 97.8% of

tritium entering the body as HTO remains

as HTO (half-life of 9.7 days) and 2.2% is

converted to OBT (half-life of 48.5 days).3

Human cells that reproduce quickly are

especially sensitive to ionizing radiation.

In 2011, the total radiological dose result-

ing from the operation of PNGS was

estimated to be 0.9 mSv for an urban

resident in the Pickering and Ajax area22

(see Figure 1). This is well below

the public dose regulatory limit of

1000 mSv/year. It also represents 0.1% of

the 1400 mSv naturally occurring annual

radiation dose near PNGS, or 8% of the

12 mSv dose from two hours of airplane

travel.22

The purpose of our study was to determine

whether tritium emissions from routine

operations at PNGS were associated with

higher risk of radiation-sensitive cancers in

Pickering, Ontario. Our three objectives

FIGURE 1
Study areas, PNGS tritium dispersion surface and location of nuclear power plants, Pickering, Ontario, and Oshawa, Ontario
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were to: (1) evaluate the health of the

cohort of Pickering residents by comparing

the observed cases of cancer to the

expected number of cases given cancer

rates in all Ontario; (2) determine whether

tritium estimates explain cancer risk

among Pickering residents compared with

residents of north Oshawa; and (3) deter-

mine whether tritium estimates are asso-

ciated with cancer risk among Pickering

residents exposed to stable tritium (‘‘non-

movers,’’ resident at the same address for

the previous 6 years). Our study minimized

the limitations of previous studies by using

tritium estimates based on actual emissions

data as well as a population-based retro-

spective cohort with sufficient follow-up

and a large sample size.

Methods

A 20-year retrospective cohort including

residents of Pickering (n = 36 805) and

north Oshawa (n = 43 035, comparison

population) in 1985 followed forward for

cancer incidence and mortality until the

end of 2005. These data were analyzed in

two ways: person-years analysis (objec-

tive 1) and Cox proportional hazards

regression (objectives 2 and 3).

Data sources

Pickering and north Oshawa property
assessment files (PAFs)
The Durham Region Planning Department

provided 1979 and 1985 property assess-

ment files (PAFs) for the cities of

Pickering and Oshawa (n = 162 986).

These files contained the surname, given

name(s), birth year, birth month, full

address and postal code of each person

living in the region. These files were

securely transferred to the study investi-

gators and were stored on a secure server

at Cancer Care Ontario. Analysis of the

cohort excluded those residents aged

5 years or less and 85 years or more

since these age groups were under-

represented in the PAF.

We tried to increase the sample size and

distribution of exposures by including a

large comparison population with no

tritium exposure. We chose north

Oshawa because we were limited to

municipalities for which we had the PAF

(Durham Region) and we needed a popu-

lation similar to Pickering but far enough

away from both PNGS and the Darlington

Nuclear Generating Station (see Figure 1)

to minimize tritium exposure.

Members of the 1985 Pickering cohort

living in the same residence for the

previous 6 years (non-movers) were iden-

tified through deterministic linkage to the

1979 PAF. We assumed the stability of

non-movers’ residence and therefore

assumed more stable tritium exposure in

comparison to the rest of the cohort. Non-

movers were analyzed separately.

Additional information on data quality

and data preparation, including linkage

methodology, is available from the

authors on request.

Ontario Cancer Registry
We obtained incident cancer cases for this

study from the Ontario Cancer Registry

(OCR). The OCR captures all new cases of

invasive neoplasia, except for non-mela-

noma skin cancers, in the province of

Ontario.23

The 1985 Pickering and Oshawa PAFs

were probabilistically linked24 to the OCR

to determine incident cases of cancer

diagnosed from 1 July 1985, to

31 December 2005. Cohort members diag-

nosed with cancer contributed person-

time until their diagnosis date.

Cancers were chosen a priori based on

evidence from moderate-to-high dose stu-

dies that achieved reasonable statistical

power and precise estimates.2 Elevated

risks were substantial for leukemia and

especially pronounced for those exposed

at a young age. Female breast, thyroid and

lung cancers were also elevated. A review

supported the linear extrapolation of these

results to low-dose scenarios.25 All can-

cers combined were examined for com-

parison. The relevant International

Classification of Diseases, 9th revision

(ICD-9) diagnosis codes were 140 to 239

(all cancers), 162 (lung), 174 (breast), 193

(thyroid) and 204 to 208 (leukemia).

Vital Statistics - Mortality Data26

These data were used to remove cohort

members who had not been diagnosed

with cancer but who died from any cause

within the follow-up period (1985–2005).

These subjects contributed person-years

until their date of death. The Pickering and

Oshawa PAFs were probabilistically

linked to these data.

PNGS modelled tritium estimates

To characterize the spatial distribution of

tritium originating from PNGS, we imple-

mented the AERMOD Gaussian atmo-

spheric dispersion model.27 Average

regional meteorological data observed at

Toronto Pearson International Airport

(1996–2000) and facility characteristics

that included average annual tritium

emissions reported by Ontario Power

Generation (1994–1998) were incorpo-

rated into the model, as were the velocity

and temperature of the emissions.

Atmospheric tritium radiation levels were

estimated in becquerels (one unit of radio-

active decay per second) per cubic meter

(Bq/m3) for each unit in a spatial grid

50 km by 50 km that covered the study

area. Tritium estimates were assigned to

each cohort member based on the value

calculated for the grid cell that overlapped

the exact residential address as indicated

in the 1985 PAF (see Figure 1 for tritium

dispersion surface).

Average annual household income

We used average household income as a

proxy for smoking28 and adjusted for this

in the analyses. Average household

income was assigned as a continuous

variable to each cohort member using

the average household income in 1990 as

recorded by the 1991 Census at the

enumeration area29 level. The 1991

Census was the earliest time for which

average household income information

was released at this fine spatial level.

Individual income information was not

available.

Analytical methods

Person-years analysis
For objective 1, we undertook a standard

person-years analysis30 of the Pickering

and north Oshawa cohort to estimate

standardized incidence ratios (SIRs) by

five-year periods (1986–1990, 1991–1995,
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1996–2000, 2001–2005) and assess differ-

ences over time as well as over the whole

time period (1986–2005). We conducted

this analysis to assess the overall health of

the cohort in comparison to a standard

population.

We used the LEXIS SAS macro31 to

calculate person-years for the specified

time periods for Pickering residents,

Pickering non-movers and north Oshawa

residents, by major cancer site (all sites

combined, female breast, leukemia, lung,

thyroid and childhood cancers combined

for 6–19 years), sex and 5-year age group.

The childhood cancers combined category

was limited to 6 to 19 years due to PAF

exclusions (see ‘‘Data Sources’’ section).

We obtained cancer rates by sex and

5-year age group for Ontario from

SEER*Stat32 (data available from 1986

onwards) for the time periods specified.

Site-specific expected counts were calcu-

lated by multiplying sex- and age-stratified

person-years for each cancer site by

Ontario age-specific cancer rates.33

Expected (E) and observed (O) counts

were summed across age groups and

overall SIRs (O/E) and mid-p exact con-

fidence intervals (CIs) were calculated34

for Pickering residents, Pickering non-

movers and north Oshawa residents.

Cox models
We conducted Cox proportional hazards

regression35 with R version 2.13.2 (R

Foundation, Vienna, Austria) to address

objectives 2 and 3. Cox models are

preferred for time-to-event analysis over

other statistical methods in the epidemio-

logical literature for several reasons, the

most often cited being that specifying a

probability distribution for follow-up

times is not required.36 Models focused

on male and female lung cancer and

female breast cancer. We could not

analyze thyroid cancer and leukemia in

the cohort due to small sample sizes.37

Two exposure scenarios were tested: one

where Pickering (higher tritium concen-

trations) was compared with north

Oshawa (low tritium concentrations) with

risk estimates adjusted for tritium concen-

tration; the other where risk of cancer

associated with increasing tritium concen-

tration was examined in a model limited to

Pickering non-movers. Given a sample

size of about 18 000 exposed (Pickering)

and about 22 000 unexposed (north

Oshawa), we have 80% power to detect:

(1) a doubling of breast cancer risk; (2) a

2.5 times increase in female lung cancer

risk; and (3) a 2.4 times increase in male

lung cancer risk. Considering the much

smaller sample size in the Pickering non-

mover analysis, these analyses are under-

powered. We note that obtaining adequate

sample sizes is a common problem in this

area of research; however, we stress the

unique character of this study in examin-

ing cancer risks from tritium exposure in a

sizeable population-based cohort.

In all Cox models, age was used as the

time scale38,39 rather than follow-up time

to (1) more efficiently adjust for the non-

parametric effect of age, taking into

account the risk of cancer increasing

non-linearly with age40 and (2) put sub-

jects with similar risks, related to age, in a

risk set together rather than forming the

risk set based on subjects with similar

follow-up time.41 The hazard ratio (HR) in

these models is interpreted as an age-

specific risk rather than a time-specific

risk.39

We assumed that average annual house-

hold income would confound the relation-

ship between tritium exposure and cancer,

and therefore we did not formally build

models.42 Non-linearity of tritium exposure

and average household income were

accommodated by creating a change-

point* at the average values of 2.9 Bq/m3

and $64 725, respectively. HRs and asso-

ciated 95% CIs for tritium were associated

with a unit increase in tritium exposure.

Non-normality of average household

income was corrected by square root

transformation of standardized values. HRs

and associated 95% CIs for average income

were associated with a $10 000 increase in

income. Interactions between income and

tritium exposure were also tested and

retained only if significant (p ƒ .05).

Models were also adjusted for frailty,

taking into account potential clustering of

cancer risk in adjacent census tracts.43,44

The study received ethics approval from

the Ontario Cancer Research Ethics Board.

Access to OCR and Vital Statistics

Mortality data was approved by the Data

Access Committee at CCO. The Durham

Region Planning Department provided

approval for use of the PAF.

Results

Description of study cohort

Characteristics of the Pickering (n = 36 805),

north Oshawa (n = 43 035) and Pickering

non-mover cohorts (n = 10 084) are

summarized in Table 1. Of note, the

average annual household income in 1990

was significantly lower (,$10 000;

p < .0001) and the average age at the

beginning of follow-up for both sexes

was significantly older (,3 to 4 years;

p < .0001) in north Oshawa compared to

Pickering. Compared with all Pickering

residents, the average age of Pickering

non-movers at the beginning of follow-up

for both sexes was significantly older. In

addition, average annual household

income was significantly lower (,$1500;

p < .0001) among Pickering non-movers

compared with all Pickering residents.

More than half of Pickering and all of

north Oshawa residents experienced aver-

age tritium concentration levels below

2.9 Bq/m3 (range: 0–14.74 Bq/m3). This

value is estimated to be an average

effective dose of 0.47 mSv/year (range

0–2.36 mSv/year) for an average adult45

(assuming a radiological biological effec-

tiveness of 1 and the dose coefficient

recommended by the Canadian Nuclear

Safety Commission, 2.0610211 Sv/Bq),

consistent with Ontario Power Generation

dose estimates22 and not registering on

the low-dose range (1–100 mSv, where

1 mSv = 1000 mSv).46 If the provisional

radiological biological effectiveness value

for tritium of 2 was used,6 dose estimates

would be double that indicated but would

still be far below the regulatory limit.

Person-years analysis

We observed little difference in SIRs

across the four time periods for any of

* Point along the distribution of values for the independent variables where the nature of the relationship with the dependent variable is thought to change.
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the cancer sites for Pickering, Pickering

non-mover or north Oshawa residents. As

a result, we reported only results across

the whole time period (1986–2005) (see

Table 2).

In Pickering the observed number of cases

for the majority of cancer sites examined

was significantly lower than expected

across the entire time period. However,

the observed number of female childhood

cancers was significantly higher than

expected (SIR = 1.99, 95% CI: 1.08–3.38).

None of the SIRs among all Pickering non-

movers and north Oshawa residents were

significantly elevated across the entire

time period.

Cox models

The models comparing Pickering to north

Oshawa (Table 3) reveal a significantly

higher risk of female lung cancer in the

Pickering cohort compared with the north

Oshawa cohort (HR = 2.34; 95% CI:

1.23–4.46) after adjusting for modelled

tritium dispersion, average household

income and frailty. Of note, there was no

evidence that tritium exposure was sig-

nificantly associated with the risk of

female lung cancer (< 2.9 Bq/m3: HR =

0.56, 95% CI: 0.21–1.48; § 2.9 Bq/m3:

HR = 1.00, CI: 0.39–2.55). An increase of

$10 000 in average household income was

associated with a significant 33% reduc-

tion in female lung cancer risk among

those with below average household

income (HR = 0.67, 95% CI: 0.55–0.82).

There was no significant difference in the

risk of male lung cancer (HR = 0.93, 95%

CI: 0.53–1.66) or female breast cancer

(HR = 1.20, 95% CI: 0.82–1.77) between

Pickering and north Oshawa residents.

There was a significant 20% reduction in

male lung cancer risk for every $10 000

increase in household income, irrespective

of average neighbourhood household

incomes. Frailty in these models indicated

non-significant clustering of cancer risk at

the census tract level. No significant

interactions were found.

In the Cox models limited to Pickering

non-movers, tritium had no significant

effect on male and female lung cancer risk

and female breast cancer risk (results

available from the authors on request).

Average household income, frailty and

interactions were non-significant in all

models.

Discussion

Person-years analysis of this retrospective

cohort does not provide sufficient evi-

dence for significantly elevated risks of

cancer in Pickering, Ontario. For all

Pickering residents, Pickering non-movers

and north Oshawa residents, 19 of 33

categories of observed cancer cases were,

in fact, significantly lower than expected.

The one exception was female childhood

cancers (all types combined, for

6–19 years) where the observed number

of cases in Pickering was significantly

higher than expected. However, this

should be interpreted with caution for

several reasons. First, radiation-induced

cancer risks do not differ for boys and

girls, yet there was no increased risk

among boys. Second, the small expected

value of 6 suggests this finding could be

TABLE 1
Characteristics of Pickering, north Oshawa and Pickering non-movera cohorts, 1985

Population (n)

All Pickering North Oshawa Pickering Non-moversa

Females
(n = 18 200)

Males
(n = 18 605)

Females
(n = 21 731)

Males
(n = 21 304)

Females
(n = 4845)

Males
(n = 5239)

Starting age, mean (SD) years 31.84 (16.50) 31.58 (16.25) 35.73 * (19.03) 34.55 * (18.55) 35.14 * (17.74) 34.41 * (17.60)

Follow-up time in years, n (%)

< 1 43 (<1) 53 (<1) 86 (<1) 92 (<1) 16 (<1) 19 (<1)

1 to < 10 502 (3) 599 (3) 985 (5) 1217 (6) 183 (4) 243 (5)

10 to < 20 815 (4) 1012 (5) 1503 (7) 1652 (8) 293 (6) 435 (8)

20 16 840 (93) 16 941 (91) 19 157 (88) 18 343 (86) 4353 (90) 4561 (87)

1990 Average EA incomeb, $ (SD) 67 000 (13 395) 67 050 (13 279) 56 732 * (15 525) 57 507 * (15 403) 65 488 * (12 524) 65 238 * (12 876)

1990 Average EA incomeb, n (%)

$0–$64 725c 8241 (45) 8391 (45) 17 196 (79) * 16 557 (78) * 2424 (50) * 2666 (51) *

$64 726–$115 015d 9959 (55) 10 214 (55) 4535 (21) * 4747 (22) * 2421 (50) * 2573 (49) *

Tritium dispersion in Bq/m3, n (%)

§ 2.9d 7127 (39) 7268 (39) 0 (0) * 0 (0) * 2645 (55) * 2851 (55) *

< 2.9c 11 073 (61) 11 337 (61) 21 731 (100) * 21 304 (100) * 2200 (45) * 2388 (46) *

Abbreviations: EA, enumeration area; SD, standard deviation.
a Resident at the same address in 1979.
b Source: Census of Canada, 1991.28

c Below average.
d Above average.

* p < .05 compared with All Pickering and same sex mean or proportion; significance tests not conducted for follow-up time.
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due to chance. Third, in this analysis we

simultaneously conducted 33 hypothesis

tests and under these conditions there is a

large statistical probability that one test

will be significantly higher than expected

by chance alone. We believe this issue of

multiple comparisons is the most likely

explanation of the increased risk in female

childhood cancers. We also examined the

observed number of cases for individual

cancer sites in this age group and found

none were higher than expected. In addi-

tion, the cancer site with the largest

observed count has no association with

ionizing radiation. We also note that the

studies conducted in Germany10,11 found

elevated risk of childhood leukemia in the

under-five age group, which is younger

than the age group in this study.

The Cox models did not provide evidence

of a statistically significant association

between tritium emissions originating

from PNGS and cancer risk.

The Cox models did show that risk of

female lung cancer is over twice as high

among Pickering residents compared with

north Oshawa residents; however, tritium

estimates do not significantly contribute to

this risk. It is estimated that more than

85% of lung cancers in Canada are related

to smoking47—32% of Canadian women

were reported to be daily smokers in

198148—and we did not have information

on individual or small area level smoking

estimates to adjust for this in our analyses.

We did adjust for smoking in Cox models

using average household income as a

proxy; however, this may have been

insufficient. It is possible that there was

substantial disparity in smoking preva-

lence as well as other confounders and

period or cohort effects between Pickering

and north Oshawa residents in the 1970s

and 1980s that we were unable to estimate

and adjust for and that could have

contributed to the difference in female

lung cancer risk seen here.

Using Pickering non-movers in a separate

Cox model was the best method available

to control for potential migration of cohort

members and the effect of this on tritium

exposure estimates. However, these ana-

lyses were adequately powered to detect

only very large differences in risk, which
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would not be expected from low levels of

tritium exposure.

The number of research studies examining

cancer risks in relation to CANDU reactors

and other HWRS are limited. McLaughlin

et al.49 and Clarke et al.50,51 examined risk

of childhood leukemia around PNGS and a

nuclear-generating station in Bruce

County (also in Ontario) in a cross-

sectional study. They found elevated but

non-significant risks among children born

within 25 km and among children whose

mothers lived within 25 km of either

plant.49,50,51 In 2007, Durham Region

Health Department released a surveillance

report that examined cancer incidence in

Ajax-Pickering (Ajax is a municipality

adjacent to Pickering) compared with that

of two nearby regions with no nuclear

facilities, over two time periods.52 This

report found that female breast, lung,

thyroid, leukemia and childhood cancer

risks were not consistently higher in Ajax-

Pickering compared with reference

areas.52 The results of our cohort study

are consistent with these findings.

In terms of occupational studies related to

CANDU nuclear reactors, Zablotska et

al.53 found significant excess relative risks

(but with wide-ranging CIs) for leukemia

and all solid tumours combined. However,

the authors indicated that it was possible

that these results were due to chance.

Concerns about the data prompted a re-

analysis54 and no increased cancer risk

was found. McLaughlin et al.55 found that

childhood leukemia was not associated

with paternal occupational radiation expo-

sure. Potentially important confounders

were unavailable to use for adjustment in

all studies.

Strengths

The cohort design we used in our study

permitted explicit consideration of the

long latency period of cancer by enabling

follow-up of cohort members for a period

of time (about 20 years) sufficient for most

cancers to develop.

We were able to adjust for income in our

Cox models whereas the studies men-

tioned49-55 above did not. We were also

able to identify non-moving Pickering

residents to further isolate a sub-

population of the cohort that likely had

more stable tritium exposure.

Ours appears to be the only population-

based epidemiological study examining

risks from any type of nuclear power plant

that used formal estimates of tritium

concentrations in the environment—an

important strength. All previous studies

around CANDU reactors assumed tritium

exposure by proximity alone.

Better aligned data not being available,

there is some misalignment of dates for

data sources used in tritium estimation.

The impact of this on the validity of these

tritium estimates is, however, minimal.

Long-term meteorological data are rela-

tively constant over many years, and thus

the estimated exposure gradient would be

similar over many years both before and

after the period of the data source

(1996–2000). In terms of the tritium

emissions and facility characteristics used

in this study (1994–1998), historical data

show that the quantity of annual tritium

emissions has been relatively consistent

since the mid-1970s.3,56

There are marked differences between on-

site meteorology at PNGS and meteorol-

ogy observed at Toronto Pearson

International Airport. However, when

predicted model estimates using either

meteorology are compared with observed

tritium concentrations for a number of on-

site monitors, predicted model estimates

were quite similar to each other and

higher than concentrations observed by

on-site monitors.57

Limitations

We are reasonably confident that our

tritium estimates are appropriate given

that modelled estimates closely align with

on-site monitors. However, we are less

confident that these ecological estimates

represent true dose for cohort members

because we could not reconstruct personal

activity patterns or consider other sources

of radiation exposure. We could have

made assumptions to reconstruct the dose;

however, this would add little value to

these analyses because assumptions

would be uniformly applied across the

TABLE 3
Cox models for Pickering versus north Oshawa residents for female and male lung cancer, and female breast cancer

Hazard Ratio (95% CI)

Variable Female Lung Cancer (n = 39 521) Male Lung Cancer (n = 39 562) Female Breast Cancer (n = 39 521)

Pickering (vs. north Oshawa) 2.34 (1.23–4.46) 0.93 (0.53–1.66) 1.20 (0.82–1.77)

Tritium, Bq/m3

< 2.9a 0.56 (0.21–1.48) 1.60 (0.69–3.71) 0.71 (0.40–1.26)

§ 2.9a 1.00 (0.39–2.55) 0.84 (0.40–1.75) 1.52 (0.92–2.50)

Income, $

< 64 725b 0.67 (0.55–0.82) 0.81 (0.68–0.95) 1.15 (0.99–1.34)

§ 64 725b 0.95 (0.80–1.14) 0.82 (0.71–0.95) 1.01 (0.92–1.12)

Frailty (Census tract) n.s. n.s. n.s.

Abbreviations: CI, confidence interval; n.s., non-significant
a Change-point at the average tritium concentration. Interpret as per unit increase in tritium.
b A square root transformation was applied, income was standardized and change-point made at the average income for Pickering. Interpret per $10 000 increase in average income.
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cohort and would not change the distribu-

tion of exposure among cohort members.

This inability to assign individual expo-

sure accurately can lead to measurement

error.58 Considering the wide CIs around

these tritium risk estimates and the large

sample sizes in the Pickering versus north

Oshawa analyses, potential misclassifica-

tion of tritium would not likely change the

interpretation of its contribution to cancer

risk.

Loss-to-follow-up is a potential bias that

may affect the results. Potential loss-to-

follow-up due to name changes was

minimized because alternative names

were available in the OCR. There was

88% agreement between two record link-

age analysts working independently to

review uncertain matches. It is also

possible that loss-to-follow-up occurred

through emigration from Ontario. As long

as cohort members remained in Ontario,

there is reasonable certainty that

cancer and mortality information were

captured by the probabilistic linkages.

Unfortunately, no estimate of emigration

from the study area is available. The bias

caused by migration is not well under-

stood.59

Future studies

Future studies would benefit from using a

larger retrospective cohort to examine rare

cancers. In addition, reconstruction of

personal dose estimates using knowledge

of other sources of radiation exposure,

residential history and activity patterns

would be useful.

Conclusion

We did not find increased risk of cancer

associated with tritium exposure from

PNGS. Improving the validity of individual

tritium exposure estimates is crucial to

allay public concern. The use of a retro-

spective cohort with sufficient follow-up

time, a large sample size and tritium

estimation in this study are substantial

methodological improvements. This study

increases our understanding of cancer

risks and low level tritium exposure.
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