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Executive Summary 
 
 

Background 
Over the last two decades there have been attempts to estimate the risks from occupational 
exposures in the nuclear industry by epidemiological assessments on cohorts of workers.  
However, generally low doses and relatively small worker populations have limited the precision 
of such studies.  Estimates of risk have had wide uncertainty ranges—from essentially no risk to 
risks higher than the nominal values of risk that form the basis of current regulations.  In Canada, 
estimates of radiation risk from studies that have involved AECL workers alone or with those 
from other Canadian nuclear facilities have not been significantly different from zero until very 
recently.  In 1995 the International Agency for Research on Cancer (IARC) completed a study 
that involved nuclear workers from facilities in the USA, UK and AECL.  The only significant, 
though weak, associations found were for leukaemia and multiple myeloma.  The results for the 
AECL cohort were compatible with these for the other national cohorts. 
 
In 2005, IARC completed a further study, involving nuclear workers from 15 countries, 
including Canada.  In these results, the risk for leukaemia was not significant but the prominent 
finding was a statistically significant excess relative risk per sievert (ERR Sv-1) for “all cancers 
excluding leukaemia”.  The result seemed to depend heavily on deaths from lung cancer.  
Surprisingly, the risk ascribed to the Canadian cohort for all cancers excluding leukaemia, driven 
by the AECL component, was significantly higher than the cohort as a whole.  Further, the 
central estimate of risk was much higher than had been observed in all but one of the studies 
involving Canadian nuclear industry workers that included the AECL workforce.  The exception 
was the one that used the same database as was used in the 2005 IARC study.  Another oddity is 
that the lower confidence bound is greater despite there being fewer cases in the higher dose 
ranges in this IARC study compared with previous studies. 
 
There is no evident reason for this finding, in the 2005 IARC study, of an elevated value of ERR 
Sv-1 largely due to the AECL component.  International commentators have pointed to the large 
uncertainties and confounding variables in these kinds of studies, which are not reflected in the 
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statistical confidence limits.  The work described here is an attempt to unravel what might have 
accounted for the divergence between the results for the AECL cohort and the others.  Since the 
annual radiation doses are a critical input into such an analysis, we have also looked to see if 
there are or have been any deficiencies in the dosimetry and record handling that may need 
correction. 
 
Accordingly, we have considered the possibilities for problems or issues in three general areas − 
those related to dosimetry, those related to the validity and handling of the data associated with 
the AECL cohorts, and those related to the epidemiological analyses themselves. 
 
Dosimetry 
In our consideration of dosimetry issues, we have concluded that random errors associated with 
laboratory processing and handling of personal dosimeters in the field will not have been a 
significant bias on the results for the AECL cohort in the 2005 IARC study.  This is in accord 
with findings by others. 
 
Doses were adjusted in both the 1995 and 2005 IARC studies to account for various biases from 
variations in the response of dosimeters to radiations of different energies, different irradiation 
geometries and dosimeter placement and conversion from the dosimeter reading to organ doses 
in field conditions.  Although we have not been able to verify the magnitude of the actual 
adjustments made to the AECL doses we estimate that the adjustments would have been small 
and similar to those for the cohorts from other facilities.  They would not have led to substantial 
distortion of the dose response relationships estimated for the AECL cohort, relative to those for 
other cohorts. 
 
Similarly, the underestimation of cumulative individual doses because of the de facto recording 
threshold for doses will not have been sufficiently different for the AECL cohort compared to 
others for this to have had a substantial biasing effect on risk estimates relative to those for the 
other cohorts. 
 
We have no reason to believe that unmeasured doses will have resulted in substantial bias in the 
risk estimates compared with those for other cohorts and facilities.  In the particular case of 
tritium doses, we have determined that some pre-1968 records of tritium doses in AECL workers 
are missing from the NDR files.  Nevertheless, the magnitude of the missing doses are small 
relative to the tritium doses over the whole AECL cohort in the 2005 IARC study and we 
consider that the tritium dose discrepancy is therefore not of a magnitude that could explain the 
relatively high values of ERRs in that study.   
 
Overall, we find no evidence that biases or uncertainties related to dosimetry account for the 
large ERR Sv-1 estimated for the Canadian (essentially the AECL) cohort in the 2005 IARC 
study. 
 
The data on the AECL cohort 
In our consideration of issues associated with data on the AECL cohorts and their handling, we 
have noted that the major change in outcome of studies occurred when data from the NDR were 
used rather than data directly from AECL.  This would seem not to be the dosimetry information 
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per se, as a dose validation project in the late 1990s had resolved discrepancies greater than 
5 mSv between the NDR and dose information provided to the NDR by the Canadian nuclear 
utilities and by AECL.  These corrections were in place for the datasets used for the Canadian 
component of the 2005 IARC study.  We have concluded that the remaining discrepancies 
cannot account for the large ERRs observed in the recent 2005 IARC study. 
 
We have been able reproduce what we believe is a reasonable replica of the data file from the 
NDR that was used in the 2005 IARC study and in other recent studies on the Canadian workers.  
This has allowed us to identify peculiarities in the NDR data that may have had unanticipated 
effects on the analyses. 
 
Records have been excluded from the various epidemiological studies for various reasons, 
determined a priori, as is proper.  One of the exclusion criteria for the 2005 IARC study was 
being employed for less than one year in any one of the study facilities.  However, in applying 
this criterion to the AECL cohort in the study, IARC excluded all workers recorded as having a 
single year of monitoring.  The group of workers in the AECL cohort of the 2005 IARC study, 
who had been entered in the NDR as being monitored for a single year contributed 36% of the 
deaths among AECL workers.  A substantial fraction of the workers recorded as being monitored 
for a single year were most likely summer students who were actually only monitored for a part 
year. They accounted for few of the deaths in this sub-cohort so their inclusion in or omission 
from a study would have little effect on the number of deaths in the AECL cohort.  
Consequently, just over a third of the deaths in the AECL cohort that were removed by this 
exclusion would have been of workers who had one year or less of exposure and would be in the 
lowest dose range.  The likely effect would be to increase the positive trend of risk with dose. 
 
Other exclusion criteria for the 2005 IARC study included: potential for ≥10% of the annual 
whole body doses to have been from other than photon radiation (except for tritium, which was 
included as whole body dose); involvement in a radiation accident or incident; and at least one 
annual dose of ≥250 mSv.  From our examination of the exclusion of different records from the 
various studies, we have not been able to identify a consistent pattern of removal of records on 
these criteria that could account for the significantly larger ERRs in the 2005 IARC study 
compared with those in the previous studies 
 
One of our main findings is that some records for AECL workers who had zero recorded doses in 
the calendar years 1956 to 1970 are absent from the NDR. The first recorded year of monitoring 
has been used as a surrogate for the year of hire of AECL workers in the NDR-based studies, 
including the 2005 IARC study.  Hence, the unintended omission of these person-years (PY) 
with individual doses that were below the recording threshold invalidates the use of the first year 
of monitoring as the indicator of the year of hire.  This omission would have resulted in an 
underestimation of the person years at risk in the lowest dose categories, which we conclude may 
well have been an important contributor to the considerable shift in apparent risk seen in NDR-
based studies.  We note that that actual years of hire from AECL records were used in the 1995 
IARC and other earlier studies. 
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The epidemiological analyses 
In our consideration of issues associated with the epidemiological analyses themselves, a main 
finding concerns the various adjustments that were made to the data to correct for confounding 
variables.  This procedure, which is standard in epidemiological analyses, is one in which the 
data are stratified in terms of the various characteristics of the individual members of the cohorts.  
In the case of the AECL cohort in the 2005 IARC analysis, the results of two of the adjustments 
appear to be anomalous compared with the effect of those adjustments on the total cohort in the 
2005 IARC study.  Stratifying for duration of employment had a 15-fold greater effect on the 
total cohort than it did for the AECL cohort alone.  This may well have been a consequence of 
the AECL worker person years missing from the years before 1971.  However, the greatest 
anomaly in stratifying was in that for socio-economic status (SES) in the AECL cohort.  The 
adjustment on the AECL data increased the risk coefficient by 75% whereas the same adjustment 
on the total cohort reduced the risk coefficient by 25%.  We have not been able to evaluate the 
effect on the estimates of risk of having neither of these stratification adjustments so we are 
unable to say just how these two stratification adjustments may interact, whether for the overall 
cohort or for AECL in particular. 
  
It is conceivable that an effect on the expected values due to missing PY before 1971 for many in 
the AECL cohort in the studies based on the NDR may be the root cause of the apparently 
anomalous effects of adjustment for both SES or duration of employment with respect to the 
AECL results.  The missing PY may also be an explanation for what appears to us to be the 
unusually high value of the lower confidence bound to the point estimate of risk for the AECL 
cohort in the 2005 IARC study.  A comparison with the results for ORNL in the IARC study 
supports our sense that the confidence bound for the AECL point estimate is anomalous.  
However, although additional analysis of this issue is important it is beyond the scope of this 
report. 
 
Lung cancer was the only disease for which the disease-specific excess relative risk was 
significantly greater than zero in the 2005 study.  A question that arises is whether lung cancers 
themselves and in particular smoking-related lung cancers are the underlying reason for the 
relatively high overall excess relative risk for all cancers in the Canadian (essentially AECL) 
cohort observed in the 2005 IARC study.  Our conclusion is that although deaths from lung 
cancer clearly have a large influence on the overall risk estimates, and smoking may well be a 
significant factor, it is difficult to see why this should influence the AECL results alone and be 
the main determinant of the relatively high value of ERR Sv−1.  The authors of the 2005 IARC 
study concluded as such, noting that while there likely was residual confounding by smoking, it 
did not suffice to explain all the excess radiation risk. 
 
Exposure to other carcinogens concomitantly present with radiation in the workplace could 
potentially act as confounders to the effect of radiation.  However, to explain the magnitude of 
effect seen (i.e. compared to risk estimates for other cohorts in the 2005 IARC study), such 
exposures would have to have been pervasive and unique to AECL workers.  We have concluded 
that other carcinogens could have had at most a minor effect on the risk estimate for AECL 
workers and is unlikely to be accountable for the high excess relative risk observed for the AECL 
cohort. 
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Conclusions 
The explanation for the high apparent ERR Sv-1 for AECL workers is unlikely to relate to any 
deficiencies in the AECL dosimetry service.  We have not found any reason to suppose that dose 
has not been measured and recorded with the diligence and accuracy expected in terms of its 
license and ethical responsibility. 
 
We confirm that the estimate of ERR Sv-1 for cancers excluding leukaemia in the Canadian 
(essentially the AECL) cohort in the IARC study published in 2005 appears unusually high and 
the lower confidence bound does not include even the upper confidence bound of the estimate of 
ERR Sv−1 for the total study cohort.  Our review has led us to conclude that one or more 
assumptions made by IARC in applying the exclusion and stratification criteria to the records of 
the AECL cohort—for example, taking the first year of monitoring as the year of hire—is the 
explanation for the high ERR Sv–1 observed for the AECL cohort in the 2005 IARC study, rather 
than an actual increase in risk in AECL workers. We concur with the view expressed, notably by 
UNSCEAR, but also by other commentators, that there are substantial uncertainties in the results 
and that not too much should be made of the apparent discrepancies with risks observed in other 
studies, such as that of the A-bomb survivors.  We reiterate that we see no reason to conclude 
that AECL workers are, in fact, at any higher risk than workers elsewhere who perform similar 
work and receive similar doses in the course of their work. 
 
We have concluded that an important contributor to the considerable upward shift in apparent 
risk in the studies that have been based on the NDR is likely to be the absence from the NDR of 
the person-years of workers who had zero doses in the calendar years 1956 to 1970.  It would be 
most satisfactory for all concerned if this conclusion could be tested.  Our initial impression was 
that obtaining the needed datafile with the hire dates that are missing from the NDR would 
require considerable effort by AECL but as a result of our investigation we have been able to 
locate such a datafile ourselves with the needed hire dates.  The data are therefore available to 
test our conclusion. 
 
One possibility would be to engage an epidemiological group, such as from the National Cancer 
Institute of Canada, to conduct an epidemiological study of the mortality experience of AECL 
workers using entirely in-house demographic and dose information on employees, bypassing 
entirely the NDR but using comparable methodology.  We recognize though, that this would be 
an expensive project and it would take several years before findings were available.  
 
An alternative is to cooperate in the study that is about to be undertaken by Dr L. Zablotska to 
assess excess relative risks from radiation in nuclear industry workers in Canada, organization-
by-organization.  This would be a prime opportunity to have an examination by her of the effect 
of some of the potential influences (such as that of the missing person years before 1971) that we 
have identified.  Dr Zablotska has already indicated her interest in cooperating. 
 
Initially, we had thought that AECL would have to search its paper personnel records order to 
retrieve the hire dates of workers with zero doses between 1956 and 1971.  This would have been 
a labour intensive exercise.  However, recently we have been successful in locating a computer 
readable file that contains the hire dates and sufficient identification information to allow it to be 
linked to the NDR’s file.  The only cost would be the linking of the two files and having 
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Statistics Canada replace the NDR’s identifiers with their own study numbers so that the records 
could be added to the analysis file.  This would be a very cost-effective approach.  If this process 
were to be embarked upon, the relevant results would be available late in 2007.  We believe that 
this is a timely window of opportunity that should not be missed. 
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1.  Introduction 

 
 
1.1 The IARC 15-country study of mortality in the nuclear industry workforce 

 
In 2005 the International Agency for Research on Cancer (IARC) published the results of its 
study of the cancer risk among nuclear industry workers exposed to low, protracted doses of 
ionizing radiation of [Cardis, Vrijheid, Blettner et al. 2005].  It was a retrospective cohort study, 
covering the nuclear workforces in 15 countries.  Potentially, it was the most powerful 
epidemiological attempt to date to obtain direct estimates of the radiation risk from occupational 
exposures, as opposed to relying on radiation risk estimates derived in main from populations 
exposed to acute radiation and generally higher doses (primarily the Japanese A-bomb 
survivors). 
 
A large number of such studies have been conducted with various national cohorts of nuclear 
workers, but the generally low average doses and relatively small cohort sizes have limited the 
precision of such estimates.  While largely statistically compatible with the radiation risk 
estimates derived from the A-bomb survivors, the point estimates from individual national 
cohorts of nuclear industry workers exhibit a considerable range—from essentially no risk or 
reduced risk at low doses to risks higher than those that form the basis of current radiation 
protection regulations and recommendations.  If direct estimates based on the experience of 
nuclear workers were to be available, they would circumvent the need to transfer risk estimates 
based largely on a Japanese population to other populations wherein the cancer experience and 
national rates (particularly for specific sites of cancer) differ. 
 
Such combined or pooled studies can be difficult to conduct properly, but the advantages 
potentially outweigh the disadvantages.  To address some of the problems in pooling studies, the 
IARC study used a common core protocol and a subgroup on studies of errors in dosimetry 
developed corrections to the various practices and technologies used so that the dosimetric input 
parameters were, so far as possible, comparable both temporally and across countries. 
 
This IARC study, the results from which were released in 2005, was a follow up to an earlier 
IARC study, the results from which were published in 1995, that had involved nuclear workers 
from nuclear sites in just three countries, three sites in the UK, three sites in the USA and the 
AECL sites in Canada [Cardis, Gilbert, Carpenter et al. 1995a].  In the IARC 3-country1 study no 
significant relationship between radiation dose and cancer excluding leukaemia was observed but 
for leukaemia excluding chronic lymphocytic leukaemia (CLL) the slope of a linear non-
threshold line fitted to the data was significantly greater than zero at the 95% confidence level.  
In the IARC 15-country study, the relationship for leukaemia was found to be not significant, 
even at the 90% confidence level, but that for cancer excluding leukaemia was now significant.  
The numbers of cases in the higher dose ranges of both the IARC studies were small and the 

                                                
1 For convenience in this report, we have referred frequently to the two IARC studies as the IARC 3-country study 
and the IARC 15-country study.  These are, respectively, [Cardis, Gilbert, Carpenter et al. 1995a] and [Cardis, 
Vrijheid, Blettner et al. 2004].  
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ratio of the observed to expected cases of cancer in these dose ranges, as might be expected, 
showed considerable variation as illustrated in Figures 1.1−1 and 1.1−2. 

 
Figure 1.1−1: [Observed/Expected] for cases of leukaemia 
(excluding CLL) from the IARC 3-country study (green squares) 
and the IARC 15-country study (yellow circles).  The numbers of 
cases in the higher dose bands are shown on or by the data points.  
[Cardis, Gilbert, Carpenter et al. 1995a; Cardis, Vrijheid, Blettner 
et al. 2005]. 

 
Figure 1.1−2: [Observed/Expected] for cases of cancers excluding 
leukaemia from the IARC 3-country study (green squares) and the 
IARC 15-country study (yellow circles).  The numbers of cases in 
the higher dose bands are shown on or by the data points.  [Cardis, 
Gilbert, Carpenter et al. 1995a; Cardis, Vrijheid, Blettner et al. 
2005]. 
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Unexpected in the 2005 study was that the risk estimate for cancer excluding leukaemia was 
highest for the Canadian cohort and that excluding the Canadian cohort from the analysis 
reduced the purported risk to non-significant.  The AECL sub-cohort was the major contributor 
to the Canadian cohort that was analyzed for this particular group of causes of death.   
 
 
1.2 Queries and issues 
 
These results and, in particular the influence of the Canadian data, elicited immediate comments 
in the literature.  Shigematsu, for example, suggested that the Canadian data should be examined 
for heterogeneity [Shigematsu 2005].  Lagarde argued that experience elsewhere had shown that  
estimated risks greater than those observed in this study could be plausibly induced by 
uncontrolled confounding [Lagarde 2005].  McGeoghegan pointed to the possibility that the 
excess risk observed could be just a consequence of residual confounding due to smoking since 
the excess risk was driven by lung cancers in the Canadian cohort [McGeoghegan 2005].  
Wakeford raised the same concern about the influence of the Canadian results and lung cancers 
in particular [Wakeford 2005]. 
 
Previous studies (up to 1995) on AECL workers and Chalk River workers had not provided 
evidence of elevated risks.  These studies include the IARC 3-country study as well as the 
Gribbin, Weeks and Howe [1993] study that represented the input Canadian data for that study.  
The studies from this early period were based on information assembled from data sources 
within AECL.  Epidemiological studies on AECL workers and Chalk River workers from 1998 
onwards, in contrast, consistently showed an apparent upward shift in risk.  The studies from this 
later period, which included the IARC 15-country study and its input data [Zablotska, Ashmore 
and Howe 2004] were based on data collected in the NDR.   
 
Despite the IARC study being the largest one on nuclear workers carried out so far (~600,000 
workers were in the data base), the estimated excess relative risk coefficient per sievert 
(ERR Sv−1) for cancers excluding leukaemia was barely significant (at the 90% level) and the 
estimated ERR Sv−1 for leukaemia excluding chronic lymphocytic leukaemia was not significant 
even at that statistical confidence level.  The lack of statistical robustness in the results limits the 
conclusion that can be drawn from comparisons of the results for different sub-cohorts 
[UNSCEAR 2007]. 
  
The ERR Sv−1 for cancers excluding leukaemia in Canadian workers is nearly seven times that 
for the whole studied group; far greater than any other national cohort (excluding that from 
Australia, which contributed only 17 cases to the study, compared with 204 from Canada and a 
total in the study of 5,024).  Lung cancers were about a third of the Canadian cases.  The 
Canadian lung cancers were the only set that showed a significant disease-specific ERR Sv−1 
greater than zero (excluding the four cases from Spain).  The range in the confidence limits for 
the estimated ERR Sv−1 of the Canadian cohort (90% confidence interval of 2.56, 13) is much 
greater than that for the total cohort (90% CI: 0.27, 1.8) [Cardis, Vrijheid, Blettner et al. 2007].   
 
The recorded doses were corrected on the basis of the results of new estimations of the energy 
and geometry response of the dosimeters used by the groups studied combined with assessments 
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of the radiation field characteristics and work practices in the relevant facilities.  The corrections 
applied were greatest for the period when unfiltered films were used; the doses were estimated to 
be high by a factor of 1.33 (95% CI: 0.34, 5.2).  For later periods the estimated bias correction 
needed dropped to 0.86 (95% CI: 0.65–1.1), i.e. the recorded doses were low.  Whether Canadian 
devices and practices differed from those on which this analysis was based (USA, France, UK) 
needs to be examined, particularly in the early days.  However, because Canadian individuals 
working prior to 1956 have been excluded from the IARC 15-country study, differences between 
the Canadian dosimetry biases and the others may turn out to be insufficient to account for the 
differences in the ERRs.  Unlike in the IARC 3-country study, individuals with doses from 
tritium were included in the Canadian cohort.  Uncertainties in these risk estimates and the 
completeness and accuracy of recorded doses, particularly for the earlier period, also needs 
examining.   
 
The elimination of data (for various reasons—lost records; potential for >10% contribution from 
internal emitters [excluding tritium] and neutrons; inadequate socio-economic status data) has 
removed data points from the higher dose ranges compared with the earlier 1995 study.  This is 
evident from Figures 1.1−1 and 1.1−2, drawn from Tables in the two IARC studies.  The plots 
also illustrate the few data points in the higher dose ranges and give a sense of the poor statistical 
power in these ranges—and hence the inherent constraint on drawing firm conclusions in more 
refined analyses. 
 
The “drivers” of the estimates of ERR for solid cancers are the cases in the 150–199 mSv dose 
range2.  If this is true also for the Canadian cohort (which contributed 204 cases to this analysis) 
then the Canadian cohort must have contributed a disproportionate fraction of the 27 excess 
cases in this dose range.  The apparent relatively high ERR for the Canadian cohort may 
therefore depend on only a few cases.  This warrants further analysis. 
 
Both IARC studies are “internal” analyses in that expected values were estimated for the 
population studied on the assumption that the cause of death under study was not associated with 
radiation.  Although this method avoids the need to define a statistically comparable general 
population and ostensibly is not biased by the healthy worker effect there are still uncertainties 
for other reasons in the estimation of the expected values.  There was some attempt to adjust for 
the healthy worker effect by stratifying the data in terms of length of employment but whether 
this was sufficient or whether the healthy worker survivor effect distorts/biases the Canadian 
results in comparison with those of other countries remains to be examined.  It is noteworthy that 
the estimate of ERR was very sensitive to the length of employment stratification; without it the 
ERR estimates were reduced 3-fold and were no longer significant.  This warrants further 
analysis. 
 
Another possible source of differences between national cohorts is the prevalence of smoking.  
Given that lung cancer was the only single cancer type to give a significant estimate of ERR and 
that smoking was corrected for only partially at best, smoking may be biasing the overall ERR 
high.  There may well be significant differences between the Canadian cohort and other national 

                                                
2 Figure 1.1−2 shows the aggregated cases in the range 100–199 mSv so that the later study results can be compared 
with those from the earlier one; there were 56 cases in the 150−199 mSv range in the IARC 15-country study. 
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cohorts related to smoking.  The discussion and analysis of the lung cancer/smoking issue needs 
to be studied in detail. 
 
The workers excluded from the analysis (predominantly from Canada, US and UK) had, on 
average, lower mortality rates than those left in the study.  The bearing of this on possible 
differences between the Canadian cohort and the rest needs to be examined.  Since the 
implication is that many of these excluded workers may have had doses in addition to the 
recorded values it is curious that they appeared to be healthier. 
 
It is evident that a detailed appraisal of the IARC and related studies and their methodologies and 
findings is needed to address these issues and questions.  Such an appraisal would need to assess 
whether the higher than expected point value of risk of cancer from radiation estimated in the 
IARC 15-country study for the Canadian cohort is: 
• accurate and unbiased,  
• an artifact of some problem in the dosimetry records or some other input parameter,  
• due to some confounding variable(s),  
• a result of some methodological quirk in one or more of the studies, or  
• simply a chance finding. 
 
The work described in this report is intended to address this need.  Further, if it transpires that 
there are or have been any inadequacies in AECL’s dosimetry and dose recording practices that 
have or are resulting in underestimation of doses—which would be an explanation for higher 
than expected estimates of radiation-related risk—corrections could be made as appropriate.  
This project also addresses this question. 
 
 
1.3 Terms of Reference 
 
AECL has directed the project team to evaluate the findings of the IARC study and related work 
and the possible implications of AECL's dose recording practices, such as recording thresholds.   
 
This evaluation will entail: 

(i)      summarizing the results from the IARC study as published in the British Medical 
Journal along with other relevant studies and information; 

(ii)     assessing the consistency of the studies; 
(iii)   suggesting possible explanations for the results and assessing the probable validity of 

the explanations; 
(iv)    interpreting these findings in the context of AECL's past and present dosimetry 

programs; and 
(v)    providing recommendations and opinions resulting from this work as to actions, if 

any, to be taken to improve AECL's dosimetry services. 
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1.4 Approach of the project team 
 
The initial effort has been to assess the accuracy, completeness and self-consistency of the 
records on which the IARC 15-country study was based.  The assessment has entailed a detailed 
comparison of the various databases that have been used for epidemiological studies involving 
AECL workers.  Since the AECL component within the Canadian data in the IARC 15-country 
study has been the main driver in the significant radiation risk identified for all cancers excluding 
leukaemia, an ancillary focus has been on identifying possible explanations as to why the AECL 
results might be different from those of other Canadian cohorts.  This has led into analysis of the 
findings of the IARC study as outlined in the initial publication [Cardis, Vrijheid, Blettner et al. 
2005] and more detailed ones that have recently been published [Vrijheid, Cardis, Blettner et al. 
2007; Thierry-Chef, Marshall, Fix et al. 2007; Cardis, Vrijheid, Blettner et al. 2007].  It is 
expected that an even more detailed report will be issued by IARC (similar to that issued for the 
1995 study; [Cardis, Gilbert, Carpenter et al. 1995b]) but this has not been available to the 
project team.   
 
The earlier epidemiological studies on the health of nuclear workers that have involved cohorts 
from AECL have been reviewed as a basis for comparison with the recent IARC findings.  As 
well, the personnel dosimetry practices by AECL through the period of employment of the 
workers in the IARC study have been reviewed.  This has allowed us to consider if there have 
been peculiarities in the dosimetry practices that may have resulted in biases in the results of the 
IARC 15-country analysis, to provide a basis for assessing the validity of the adjustments made 
to dose records by IARC and to provide a basis for any recommendations for improvement of the 
dosimetry service.  The detailed description by IARC of the errors in dosimetry [Thierry-Chef, 
Marshall, Fix et al. 2007] has been one source of this information.  We had hoped that 
examination of the actual adjusted database as used by IARC would have been another check but 
we have not been able to obtain it before the completion of this evaluation. 
 
Several of the cohorts, in addition to that from AECL, that contributed the majority of statistical 
power in the IARC 15-country analysis have been studied and reported on separately by others 
and such reports have also been reviewed, especially that for Oak Ridge National Laboratory in 
the USA. 
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2.  Background 
 
 
2.1 Dosimetry and dose records  
 
In the IARC 15-country study, adjustments were made to the dose records from the various 
national cohorts, based on measurements made by IARC on a selection of personnel dosimeters.  
To provide a basis for assessing the validity of the adjustments that were made to the Canadian 
data, as well as an indication of the likely errors and uncertainties in the measured doses, this 
section reviews the dosimetry methods employed by AECL through the period of exposure of the 
AECL cohort in the IARC study.  Copies of the dose records have been accumulated by the 
National Dose Registry and the validation and corrections that have been undertaken on the NDR 
records before those dose records went to IARC for the latest study will be described in the next 
section.   
 
Table 2.1−1 summarizes the types of personnel dosimetry methods that have been used from the 
1950s at Chalk River and other AECL sites, initially based on photographic films and 
subsequently on thermoluminescent lithium fluoride chips. 
 

Year 
of 

change 
Type Filtration 

Original 
badge 

High sensitivity film Dupont 555 and low sensitivity 
film Dupont 834 in single package (Dupont 544 
dosimeter package). 

0.38 mm Cd 
50% of area 

1960 Added alternative badge for more highly exposed 
workers; same films but stainless steel case. 

1 mm Cd  

1963 Initially, Dupont Type 544 dosimeter film package; 
later, single film with two emulsions (Kodak Type II) 
in same film package. 
  

2 mm Al on ¼ of film 
Open window on ¼ of film package 
1 mm Sn on 1/16 of film 
1 mm Cd on 1/16 of film 
0.625 mm Pb on 3/8 of film 

1973 Two thermoluminescent chips (LiF:Mg,Ti) in the same 
badge assembly. 

2 mm Al on 0.87 mm chip 
Open window on 0.38 mm chip in film-
dosimeter plastic package 

1977 Two sensitized TL chips in similar but dustproof 
package.   
Li in thin chip depleted in 6Li to reduce sensitivity to 
thermal neutrons. 

2 mm Al on 0.87 mm chip 
Black plastic 7 mg/cm2 for open window 

 
Table 2.1−1: Personnel dosimeters used by AECL.  The 
information has been extracted from the references cited in the text 
in this Section.   

 
 
Film dosimetry up to 1963 
Photographic films for personnel dosimetry were standard throughout the nuclear industry until 
the late 1960s but because of their poor accuracy and sensitivity their readings were often at odds 
with those from pocket chambers or instruments.  The blackening of films by radiation is very 
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energy dependent (see Figure 2.1−1) with the response to low energy radiation being an order of 
magnitude or more greater than that to higher energies such as that from 60Co.  The initial 
packaging in the film badge that was in general use before 1963 (see Figure 2.1−2) only reduced 
the over-response of the film to 7-fold at 70 keV.  Gamma radiation was not distinguishable from 
beta radiation in that early film badge.   
 

Figure 2.1−1: Relative sensitivity of bare Dupont Type 555 
dosimeter film as a function of photon energy [Knight, Simpson, 
Cross et al. 1963]. 

Figure 2.1−2: Single filter photobadge; back view showing the 
cadmium filter [Knight, Simpson, Cross et al. 1963].   
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The thicker cadmium filter in the alternative badge that was introduced in 1960 reduced the over-
response at low energies and this badge was issued to workers who were known to be receiving 
the higher radiation exposures.  Cowper writes “This modification provided temporary relief 
from the problems resulting from overestimation of radiation exposures” [Cowper 1981].   
 
The filtration in the new design (see Figure 2.1−3) that was introduced in 1963 had a much 
improved energy response and improved discrimination between different radiations.  Under the 
lead filter the variation in the response to gamma radiation was within ±20% from 120 keV to a 
few MeV for radiation incident from the front (see Figure 2.1−4).  Discrimination against beta 
radiation was achieved by comparing the optical densities under the aluminum and lead filters 
and the open window.  Thermal neutron doses were estimated by comparing the optical densities 
under the tin and cadmium filters. 
 
 

 
 
Figure 2.1−3: Film badge introduced in 1963 [Knight, Simpson, 
Cross et al. 1963]. 
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Figure 2.1−4: Relative sensitivity of the film under the 0.625 mm 
lead filter for radiation incident from the front.  Adapted from 
[Knight, Simpson, Cross et al. 1963]. 

 
 
The lowest exposure that was recorded per badge reading was 20 mR (≈0.2 mSv), the limitation 
being a net change in optical density that was small from exposures of this order compared with 
base fog of the film.  Figure 2.1−5 shows the variation in the measured percentage error with  
gamma exposure for the Dupont Type 555 film in the photobadge.  Below 100 mR the range of 
percentage error increased rapidly.  In terms of approximate doses, from the graph the ranges of 
error were ±0.13 mSv at 0.2 mSv, ±0.2 mSv at 1 mSv and ±1 mSv at 10 mSv. 

Figure 2.1−5: Percentage error of gamma exposure estimate to 
99.8% confidence limits.  Dupont Type 555 film in photobadge 
[Knight, Simpson, Cross et al. 1963]. 
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Exposures were recorded as zero or a positive value of 20 mR or up every week until 1958 when 
the frequency was changed to every two weeks.  This frequency has been retained throughout the 
subsequent period of interest. 
 
The response of the films to radiation incident from the rear of the badge was about 26% higher 
then that for radiation incident from the front at higher energies (60Co) but was only about 8% 
higher at lower energies.  The greater paper thickness and the additional film (the Dupont Type 
834) behind the Type 555 film resulted in a closer approach to charged particle equilibrium in it 
when the irradiation was from the rear.  There was considerable variation in the response to 
radiation at various angles of incidence in the vertical and horizontal planes, particularly at lower 
energies; at intermediate energies the response was about 30% low but at low energies the 
response was up to about ten times high compared to that to radiation incident from the front.  It 
was considered, though, that this was not a serious problem in the workplace when the badge 
was worn on a worker body.  Figure 2.1−6 shows a comparison of the readings from film badges 
with those from Stephen pocket dosimeters that were worn alongside the badges.  The overall 
response of the badges was about 20% low with respect to the pocket dosimeters but with a 
scatter of ±50 mR (≈±0.5 mSv) at the lower exposures and more than this at the higher exposures 
[Knight, Simpson, Cross et al. 1963]. 

Figure 2.1−6: Scatter diagram showing gamma ray exposures 
recorded by photobadges and by pocket dosimeters (R.A. Stephen 
Co. Ltd.).  The least squares straight line fit for estimating y from x 
is shown together with the standard error of estimate to 68% 
confidence [Knight, Simpson, Cross et al. 1963]. 
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The design objective for the film badges was for a response independent of energy and direction 
and numerically equal to the exposure.  Results were reported in this quantity.  It was realized 
though that the quantities of interest were the dose equivalents in various specific critical organs 
[Jones 1964].  (For irradiation from external sources, the replacement of organ dose equivalents 
as the targets of interest by effective dose equivalent for the whole body and, subsequently, the 
currently used operational quantities Hp (d) did not come until later with the publications by 
ICRP [1977] and ICRU [1985] respectively.)  Jones measured the relationship between exposure 
at the position at which a film badge was usually worn and the dose to various organs, and also 
the relationships between the exposures in free air and the organ doses [Jones 1964].  The results 
obtained for the free-air/organ dose relationships are consistent with the reference values now 
provided by the ICRP [1996].  Examples of the results for the relationships between the film 
badge reading and organ doses are shown in Figure 2.1−7 (gut mucosa) and Figure 2.1−8 (bone 
marrow).  It is noticeable that the film badge exposure underestimated the marrow dose by a 
factor of six at 80 keV for exposure from the back and overestimated it by two for irradiation 
from the front [Jones 1964].   
 
 

Figure 2.1−7: Dose absorbed in gut mucosa for one röentgen 
exposure to film badge [Jones 1964].   
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Figure 2.1−8: Dose absorbed in bone marrow for one röentgen 
exposure to film badge [Jones 1964]. 

 
 
Jones also proposed a correction factor of 0.87 for the results of measurements of exposure by 
personnel dosimeters so that they would better reflect doses to the gonads, taken as the critical 
organ, from exposures to the range of photon energies (>0.4 MeV) most likely to be encountered 
in practice [Jones 1966].  The experimental values are shown in Figure 2.1−9.  This factor 
appears not to have been applied until after the introduction of the TLD personnel dosimetry 
system.  The results of these measurements by Knight, Simpson, Cross et al. [1963] and Jones 
[1964, 1966] provide a comparison for the corrections applied by IARC in the 2005 study. 
 
In addition to contributions to the recorded gamma dose from beta radiation and, to a lesser 
extent, thermal neutrons in the early photobadge, there was likely to have been some blackening 
from tritiated water that had permeated into the film [Knight, Simpson, Cross et al. 1963].  The 
extent to which this might have occurred was not known.  An attempt was made to improve the 
sealing of the newer photobadge and the protocol generally followed was to seal the photobadge 
temporarily in a polythene envelope if exposure to a tritiated atmosphere was expected.   
 



Analysis of the results of the IARC 15-country study Ashmore, Gentner and Osborne 

 14 

Figure 2.1–9: Calibration factor recommended for personnel 
dosimeters, based on the dose to gonads.  Plotted from [Jones 
1966]. 

 
 
Thermoluminescent dosimetry after 1973 
In 1973 thermoluminescent dosimeters (TLDs) came into general use for personnel dosimetry 
after a small-scale trial period that started in 1971 [Jones 1971; Cowper 1981].  The badge 
assembly as used for the film package was used with two lithium fluoride (LiF:Mg,Ti) chips 
being mounted in an aluminum plaque the same size as the film package, with the thin chip 
having lithium that was depleted in 6Li to reduce sensitivity to thermal neutrons.  The reading 
from the thicker chip (see Table 2.1−1) was recorded as the whole body penetrating radiation 
dose; the reading from the thinner chip was recorded as the total body skin dose.  The calibration 
of the TLDs took into account the 0.87 correction factor noted above.  Spurious high dose 
readings from thermo-luminescent dusts that penetrated the badge assembly led to a redesign of 
the chip holder in 1977 and the introduction of “sensitized” lithium fluoride.  Substantial pre-
irradiation of the TLD chips increase their sensitivity to subsequent radiation exposures and 
allowed for better discrimination against the spurious luminescence.  The dust-proof assembly 
had the thin chip under the “open window” sealed with 7 mg/cm2 black plastic and the thick chip 
sealed between the aluminum filters [Jones and Richter 1982]. 
 
The TLD assembly provided for more accurate discrimination between gamma and beta 
radiation although a small signal was observed in the thick chip from higher energy beta rays 
(such as from 90Sr/ 90Y), which could result in an overestimate of the whole body dose if the ratio 
of beta dose to gamma dose were to be high.  Jones gives a 9% contribution for 90Sr/ 90Y and 6% 
from natural uranium [Jones and Richter 1982]. 
 
As with film badges the relationship between dosimeter reading and dose, either expressed as 
critical organ dose, effective dose equivalent or the current operational quantity Hp(10) varies 
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with geometry and with radiation energy.  Following the introduction of effective dose 
equivalent for the whole body by the ICRP [1977], Jones and Marsolais [1979], using an 
Alderson phantom, measured the relationship for different gamma energies and irradiation from 
various directions between effective dose equivalent and exposure at the position where a TLD 
personnel dosimeter would be worn.  Jones and Richter [1982] followed this up with the 
measurement of the relationship for different energies and irradiation directions between the 
TLD personnel dosimeter response and exposure.  The combination of these two sets of results 
showed how well the reading of the TLD badge assembly as used by AECL reflected the whole 
body effective dose equivalent for the range of energies and irradiation directions.  The ratio of 
TLD reading to whole body effective dose equivalent for the range of and incident photon 
energies is shown in Figure 2.1−10 [Jones and Richter 1982].  Coincidentally, the over-response 
in the energy range above about 0.4 MeV was close to that determined and applied on the basis 
of the gonad critical organ dose, noted above. 
 
With the introduction of TLDs, the minimum detectable dose would have been lower than with 
films but is unlikely to have been as low as the value of 1 mrem (0.01 mSv) quoted by Cowper 
[1981].  This value of 0.01 mSv has been used as the minimum recording dose above zero 
however. 
 

Figure 2.1−10: Reading of the AECL TLD personnel dosimeter 
relative to the whole body effective dose equivalent, estimated 
from measurements on an Alderson phantom [Jones and Richter 
1982]. 

 
 
Doses from internal radionuclides 
The radionuclide of interest for this appraisal of the IARC study is tritium.  It was measured in 
urine samples only sporadically in the early 50s but it was “fairly routinely” measured after 1956 
[Johnson 1981].  From 1963 onwards, doses from tritium were calculated and were added to the 
estimates of doses from external radiation sources.  
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Dose record storage 
The methods that have been used for archiving the dose records by AECL are summarized in 
Table 2.1−2, copied from the review by Gale [2003].  The description below, taken from that 
report, covers the period of interest for this evaluation of the IARC 15-country study results. 
 

 
Table 2.1−2: Methods used for archiving dose records in AECL 
[Gale 2003]. 
 

 
The review noted that primary records in the form of log books for all bioassay results were 
complete and available back to 1949 April.  The fire in the dosimetry records section at Chalk 
River in February of 1956 destroyed all of the paper records pertaining to external exposures up 
to that time.  However, much effort was made to reconstruct these doses, based on individual 
branch memos, with the result being the availability of partial records for personnel up to the end 
of 1955.  Fortunately, exposure records associated with clean up activities of the NRX reactor 
facility following the accident in 1952 had been stored elsewhere on site and were available in 
their entirety. 
 
The review noted that from the start of operations at Chalk River the dosimetry records had been 
maintained manually on cards, with measurements entered bi-weekly for each monitored 
individual.  This practice continued until 1972 at which time the first prototype electronic data 
records management system was introduced. 
 
Occupational exposure records for all AECL employees were then (in 1983) stored and managed 
in an electronic database designated as the Chalk River Dosimetry Database (CDD).  This 
database, developed internally in the former Biomedical Research Branch of the Chalk River 
Laboratories, went into use in 1983 March.  Its initial purpose was to store and maintain 
information relating to internal dosimetry measurements and to calculate tritium dose.  External 
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dosimetry monitoring was tracked in a separate database, the Personnel Radiation Recording 
System (PRRS), written in COBOL.  In 1985 the information in CDD was merged with that in 
PRRS with the CDD system becoming the official dosimetry services information management 
system for AECL.  The external dosimetry data in PRRS was transferred to CDD as follows: for 
all employees employed at the time of data migration, the external lifetime total dose was 
tabulated to the end of 1984, included with the details for all monitoring periods of 1985 and the 
total was entered into CDD.  By 1993, the CDD system had undergone several functional 
enhancements and computer platform changes.  Recently (in 2006) the external dose records 
were transferred to the Corporate Dosimetry System (CDS), together with the historical records.  
The CDD is still used for doses from internal emitters.   
 
Summary 
Before 1960, the response of films to beta radiation and the over-response to moderate and low 
energy gamma radiation would have resulted in recorded exposures generally being biased high.  
With the modified film package after 1960 the over-response would have been reduced.  
However the uncertainties that result from varying incident directions and energies of the 
radiation were considerable.  These arose from anisotropy of the directional and energy response 
of the badge assembly and the spatial relationships between the badge, radiation direction and 
body.  Interpreting the dose in mrad as numerically equal to the exposure in mR could result in 
recorded doses that were up to two times too high or up to six times too low for particular 
combinations of organ, radiation direction and energy.  In practice though, the more likely 
photon energies and irradiation geometries would have led to much smaller divergences. 
 
After 1972, with the introduction of TLDs, the accuracy and sensitivity of measurements 
improved and the dosimeters provided an estimate of the whole body effective dose equivalent to 
within 20%. 
 
The frequency of recording doses was originally weekly but this was changed to every two 
weeks in 1958 where it remained through the period of interest.  The recording level was 20 mR 
up to 1973 when it was changed to 1 mrem (≈0.2 mSv and ≈0.01 mSv respectively). 
 
Until 1972, the recorded values were originally in terms of exposure in mR and later in terms of 
dose equivalent in mrem, taken as numerically equal to the value of exposure.  When the 
monitoring system was changed to TLDs the calibration was set so that the recorded value (in 
mrem or mSv) reflected the whole body dose equivalent. 
 
 
2.2 Historical AECL-specific studies   
 
In the review of the earlier epidemiological studies of the health of AECL workers in this 
section, there is an emphasis on those aspects of the studies that are relevant to the issues that we 
have identified surrounding the recent IARC study. 
 
Epidemiological studies of the health of AECL workers started in 1979 [Weeks 1981].  The 
initial cohort included all past employees at Chalk River and Whiteshell; that is, all employees 
whose employment started and ended in the period 1944–1980, together with the then current 
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employees at AECL sites across Canada.  Current employees were able to opt out of the study 
and about 586 chose to do this.  The actual numbers involved in the first analysis, which was 
completed in 1987, were 7054 former employees and 7548 current employees [Howe, Weeks, 
Miller et al. 1987].   
 
Radiation exposure records had been destroyed by a fire in 1956 and many individual records 
prior to that year had been lost.  For this 1987 study doses were attributed to individuals 
employed before 1956 in one of several ways.  Individual doses were reconstructed for those 
involved in the NRX reactor incident in 1953.  For others, for whom the total cumulative doses 
to the end of 1955 were available, individual yearly doses were simply allocated evenly to the 
years in employment.  When such a total was not available, but the individual continued to be 
employed after 1955, the average subsequent yearly exposure was allocated to the years of 
employment before 1956.  For those who did not continue to be employed after 1955 and for 
whom no total dose was available, a value of 2.25 mSv was allocated for each year of 
employment.  This was taken as the mean of what appeared to be reasonable limits on the likely 
range of annual exposure of 0.5 to 4.0 mSv [Howe, Weeks, Miller et al. 1987]. 
 
The average cumulative whole body exposure for the 6626 male workers with some recorded 
exposure was 46.8 mSv and for the 1239 female workers the average was 3.86 mSv.  The 
maximum recorded dose for any one individual was 1150 mSv.  It is noteworthy that a large 
proportion of the more highly exposed individuals in this AECL study and others were excluded 
from the IARC 15-country study, either because they were employed before 1956 or because 
their exposures apparently occurred as a result of an accident or incident. (This is discussed 
further in a later section.)  
 
For the AECL study, mortality in the cohort was obtained by linking the records to the Canadian 
National Mortality Database.  Individuals entered the AECL study either on 1950 January 1 if 
employed before that or at the mid-point of the year of employment.  Individuals exited the study 
at the end of 1981 or, if they died between 1950 and 1981, at the mid-point of the year in which 
they died. 
 
A distinction was made in the analysis between “non-exposed” and “exposed” workers.  “Non-
exposed” referred to years accumulated with no recorded dose, and “exposed” to years 
accumulated with some recorded dose.  Years accumulated by workers prior to a recorded 
exposure were allocated to the “non-exposure” category.   
 
The observed mortality (as measured by the standard mortality ratio [SMR]) was less than 
expected for cancers and all other causes of death, for both the exposed and the non-exposed 
sub-cohorts, although the point values for the exposed sub-cohort was greater than that for the 
non-exposed.  In both sub-cohorts the deficit was greater for other causes than for cancer, a 
pattern that was very consistent with the healthy worker effect and similar to that seen in other 
Canadian occupational cohort studies.  As can be seen from Table 2.2−1 though, the numbers of 
cases were low, even for male workers.  The specific cancer group with the greatest number of 
cases was lung and trachea and it is noteworthy that the point value of the SMR was higher than 
those for all cancers for both exposed and non-exposed groups.   
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Non-exposed Exposed 
Cause of 

death Observed Expected 
SMR 

(95% Confidence 
interval) 

Observed Expected 
SMR 

(95% Confidence 
interval) 

All causes 216 288 
0.75 

(0.65, 0.86) 
665 779 

0.85 
(0.79, 0.92) 

All cancer 49 58 
0.85 

(0.63, 1.12) 
150 166 

0.9 
(0.77, 1.06) 

All other 167 230 
0.73 

(0.62, 0.84) 
515 613 

0.84 
(0.77, 0.92) 

Lung and 
trachea 

18 16.32 
1.10 

(0.65, 1.74) 
50 50.23 

1.00 
(0.84, 1.31) 

Lung and 
trachea* 24 30.45 

0.79 
(0.5, 1.17) 44 36.11 

1.22 
(0.89 , 1.64) 

*  Doses lagged by 15 years 
 

Table 2.2−1: Mortality (1950–1981) by exposure status for males 
[Howe, Weeks, Miller et al. 1987]. 

 
 
From an examination of the risks for lung and trachea cancer in the dose bands up to 100 mSv 
and above 100 mSv, relative to that for the zero dose group, the authors concluded that there 
were no significant trends with dose.  It is generally recognized, though, that SMRs are only 
crude tools for assessing toxicological risks of any kind. 
 
Given the small numbers of observed and expected deaths in the cohort, the authors concluded 
that there was little power in the study for detecting levels of risk moderately above the then 
current nominal estimates but that those risk estimates could not be in error by a large amount. 
 
Parallel to the 1987 AECL study by Howe, Weeks, Miller et al., a series of studies confined to 
workers at Chalk River were carried out by Chalk River staff in the period 1982 to 1990  
[Werner, Myers and Morrison 1982a, 1982b, 1983; Werner and Myers 1986, 1990]. 
 
Two of the studies were confined to the workers who were involved in the NRX clean up in 1953 
and the NRU clean-up in 1958 [Werner, Myers and Morrison 1982a, 1982b].  In neither case was 
there any unexpected mortality in workers.  The same result was obtained in the 1983 and 1986 
studies on the health of long-term Chalk River employees [Werner, Myers and Morrison 1983; 
Werner and Myers 1986].  The mortality rates of long-term CRNL employees, including retired 
personnel, were approximately the same as those expected on the basis of age and sex-specific 
vital statistics for the general population of Ontario.  No statistically significant increase in 
cancer mortality was observed in either of these analyses on long-term CRNL employees.  Lung 
cancers remained the most prevalent of the solid cancers, being about 30% in each of the studies 
(32 out of 94 in 1983; 40 out of 119 in 1986).  Although not significant, the SMR for cancer, 
estimated on the cases that occurred during the four 5-year intervals covered by the study, did 
show an increase in the last three intervals (see Table 2.2−2 up to the fourth time interval).  Since 
there was a total of only 119 cases in the complete cohort the confidence intervals were large on 
these values. 
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Period SMR 
1966−1970 0.95 
1971−1975 0.72 
1976−1980 0.89 
1981−1985 1.07 
1986−1989 0.72 

 
Table 2.2−2: Standard Mortality Ratios for cancer, males, 1966–1985 by 
5-year intervals [Werner and Myers 1986] and for the 1986–1989 interval 
[Werner and Myers 1990]. 

 
 
Nevertheless, the 1988 Hare report on the safety of nuclear power reactors, prepared at the 
request of the provincial government, noted that there had been a rise in SMRs for cancer among 
these employees in the last three successive five-year periods and speculated that the apparent 
trend could be indicative of the development of latent cancers [Hare 1988].  However, in a 
further follow up in 1990, the SMR for all cancers in the Chalk River cohort for cases that 
occurred in the interval 1986–1989 was found to be 0.72 as shown in the last column of 
Table 2.2−2.  The SMR for all cancers through the study period from 1966 to 1989 was 0.89 
(95% CI: 0.79, 1.00).  The conclusion was that the wide fluctuations seen in the SMRs over time 
were likely anomalies arising from the small size of the study group [Werner and Myers 1990]. 
 
Lung cancers continued to account for about one third of the cancer deaths in the Chalk River 
male cohort (52 in 153 cancer cases; the expected value was 57), which was typical of the 
general population.  In the group of employees who had accumulated at least 200 mSv, lung 
cancers accounted for more than half the cancer deaths but the total number—26—was too small 
for much significance to be given to this observation.  The authors noted that the smoking 
histories of these individuals were not known but commented that roughly 80–90% of lung 
cancer cases in the general population were then normally attributed to cigarette smoking 
[Werner and Myers 1990]. 
 
Hence, by 1990, none of the epidemiological studies of the health of AECL workers or of just 
Chalk River workers had provided any unexpected findings.  In particular, although lung cancer 
was the main single cancer type, the number of cases overall was not greater than expected. 
 
In the 1990s two studies extended the analysis of AECL workers.  One was an update to the 
AECL series, described above, that covered exposures in the period 1950 –1980 and mortality 
between 1950 and 1985 [Gribbin 1991; Gribbin, Howe and Weeks 1992; Gribbin, Weeks and 
Howe 1993].  The other was as part of a study by IARC of mortality in the nuclear workers in 
three countries, the UK, USA and Canada (AECL) that covered exposures from 1956–1980 and 
mortality between 1956 and 1985 [Cardis, Gilbert, Carpenter et al. 1995a, 1995b].  These studies 
are discussed in the next section. 
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2.3 Recent studies using data directly from AECL records 
 
The AECL study 
The last analysis that directly involved AECL was an update to the previous AECL studies.  The 
analysis was reported in Gribbin’s Master’s thesis [Gribbin 1991] and subsequently in an AECL 
report [Gribbin, Howe and Weeks 1992].  A slightly modified analysis was published in the 
literature [Gribbin, Weeks and Howe 1993].   
 
The cohort consisted of 13,496 AECL workers from CRNL, WRNE, and the Radiochemical 
Works, employed from 1944 to 1980 with vital status follow-up from 1950 to 1985.  The cohort 
was formed from 2 main groupings of employees: Current employees as of 1980 July 1 and past 
employees who had left before 1980 January 1.  Hire and termination dates from personnel 
records were used to determine the time of entry into the cohort.  Excluded from the analysis 
were 586 employees who did not wish to participate and 455 whose personnel or dosimetry 
records were deemed inadequate.   
 
As mentioned previously, AECL workers monitored prior to 1956 had their radiation dose 
records reconstructed.  For the thesis analysis, workers employed between 1947 and 1956 were 
assigned an annual dose rate of 4 mSv per year, based on the mean dose of subsequently exposed 
workers3.  In addition, doses were extracted from paper records of high doses and from records 
of doses received in the cleanup incident in 1952.  No tritium exposures were included in the 
analysis.   
 
A health questionnaire that requested information on personal and family health and lifestyle 
habits, including smoking, was distributed to all current AECL employees.   
 
The cohort records were linked to the Canadian Mortality Database at Statistics Canada.  The 
resulting vital status information was analyzed at the National Cancer Institute using standard 
epidemiological methods.  This involved the use of Standardized Mortality Ratios (SMRs) based 
on Canadian national vital statistics, SMRs by increasing dose category with a trend test, and a 
linear model to calculate Excess Relative Risk (ERR). 
 
A refinement of the analysis was reported in 1993 [Gribbin, Weeks and Howe 1993].  In this 
analysis, females and any workers who terminated before 1956 were excluded from the analysis.  
Reconstructed doses were used for those who were hired prior to 1956 but continued to work 
after that year.  Table 2.3−1 below summarizes the differences between the two analyses. 
 

                                                
3 In Howe, Weeks, Miller et al. [1987] the attributed dose is stated to be 2.25 mSv; the value we quote Section 2.1.  
In Gribbin [1991] the statement is that: “An annual rate of 4 mSv . . . was used in the analysis, as has been done 
before” and Howe, Weeks, Miller et al. [1987] is cited.  In Gribbin, Howe and Weeks [1992] the statement is that an 
annual radiation dose of 4 mSv was assigned.  Gribbin, Weeks and Howe [1993] only state that allocations were 
made.  We have not determined whether 4 mSv was actually used in the later study, it being mistakenly thought to 
be what had been done in the earlier study, or whether 2.25 mSv was used and the text describing the later study was 
incorrect. 
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[Gribbin 1991] 
[Gribbin, Howe and 

Weeks 1992] 

 
[Gribbin, Weeks 
and Howe 1993] 

 
Follow-up period 1950–1985 1956–1985 

Number of males 9,997 8,977 

Number of male deaths 1,178 878 

Mean external body dose (mSv) 49.4 15.0 

Mean tritium dose (mSv) – – 

Mean period of follow-up (years) 20.5 17.5 
 

Table 2.3−1: Differences in characteristics of the cohort in the 
various reports of the analysis on AECL workers based on AECL 
records. 

 
 
The thesis analysis contains 9,997 workers while the final analysis has 8,977.  The difference is 
due to the removal of 1,020 “pre 1956” workers who terminated before that date.  This also 
resulted in fewer deaths in the paper and a dramatic drop in the mean dose due to the removal of 
the workers who would have contributed a yearly dose of 4 mSv/worker to the average. 
 
The SMRs reported in the thesis [Gribbin 1991] and in the Radiation Research paper [Gribbin, 
Weeks and Howe 1993] are shown in Table 2.3−2 below.  The low SMRs in both analyses are 
indicative of the healthy worker effect found in most occupational health studies.  None of the 
SMRs for individual types of cancer is statistically significant at the 95% confidence level and 
they show similar point estimates to those in the thesis and AECL report.  The largest point 
estimates are for rectal, prostate and brain, in that order.  The SMR for pancreatic cancer was 
high in Gribbin [1991] and Gribbin, Howe and Weeks [1992] but the removal of the pre-1956 
workers dropped the SMR to below unity.   
 
Analysis of the SMR trends showed only one significant trend, that for trachea, bronchus and 
lung (p = 0.0435), which was taken as indicative of a possible confounding with smoking.   
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[Gribbin 1991] 
[Gribbin, Howe and 

Weeks 1992] 

[Gribbin, Weeks 
and Howe 1993] Cause of death 

Males SMR 95%CI Males SMR 95%CI 

All causes 1,181 0.79 N/A 878 0.77 (0.72, 0.83) 

All cancers 292 0.84 N/A 227 0.87 (0.76, 0.99) 

 

Leukaemia 8 0.61 N/A 6 0.6 (0.22, 1.30) 

Leuk. excl. CLL 6 0.52 N/A 4 0.45 (0.12, 1.16) 

Non-Hod. lymph. 10 0.93 N/A 7 0.84 (0.34, 1.73) 

Mult. myel. 3 0.64 N/A 2 0.56 (0.07, 2.04) 

 

Buccal cav./phar. 12 1.2 N/A 8 1.04 (0.45, 2.06) 

Esoph. 7 0.85 N/A 5 0.8 (0.26, 1.88) 

Colon 26 0.98 N/A 20 1 (0.61, 1.55) 

Rectal 16 1.2 N/A 15 1.52 (0.85, 2.51) 

Pancreatic 16 1.7 N/A 13 0.88 (0.47, 1.50) 

Lung 101 0.91 N/A 77 0.9 (0.71, 1.13) 

Prostate 21 1.07 N/A 17 1.21 (0.71, 1.94) 

Brain 10 0.82 N/A 10 1.05 (0.51, 1.94) 
 
Table 2.3−2: Values of the estimated SMRs in the various reports 
of the analysis on AECL workers based on AECL records. 

 
 
The values of ERR Sv−1, shown in Table 2.3−3, are based on only a small number of cancers.  
Although none of the ERRs are significant in themselves and their corresponding confidence 
intervals overlap, the ERR point estimates for “all cancers” and “all cancers excluding 
leukaemia” are considerably higher than those in the published paper.  No other ERRs than those 
presented in Table 2.3−3 were provided in either the thesis or the published paper. 
 
About 25% of the males responded to the health survey.  Of these it was observed that there was 
no significant difference between the exposed and non-exposed workers and the mean age of 
first smoking, or the number of cigarettes smoked.  However, we note that the results of this 
survey would not necessarily have been representative of the worker cohort because of the low 
percentage of returns. 
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[Gribbin 1991]  
[Gribbin, Howe and Weeks 1992] 

[Gribbin, Weeks and Howe 
1993] 

Cause of death 

Males 
ERR 
Sv−1 

95% CI Males 
ERR 
Sv−1 

90% CI 

All cancers 292 1.28 (–0.7, 3.3) 227 0.36 (–0.46, 2.45) 

All cancers excl. leuk. 288 1.07 (–0.9, 3.0) 221 0.049 (–0.68, 2.17) 

Leukaemia 8 6.51 (–13.9, 26.9) 6 7 (–0.54, 47.4) 

Leukaemia excl. CLL 6 11.1 (–20.1, 42.3) 4 19 (0.14, 113) 

 
Table 2.3−3: Values of the estimated ERR Sv−1 in the various 
reports of the analysis on AECL workers based on AECL records. 

 
 
Typical of occupational radiation studies, the statistical power of these analyses is low and while 
point estimates may suggest a small positive ERR for “all cancers excluding leukaemia”, the 
confidence intervals are wide enough to include zero.  The same applies to the comparison of the 
large difference in the point estimates for all cancers; there is no statistically significant 
difference between them. 
 
Gribbin, Weeks and Howe [1993] compared their estimate of ERR Sv−1 for all causes with values 
from the literature (see Table 2.3−4).  The ERR Sv−1 of 0.36 for all causes is consistent with all 
these, even with the point estimate of 3.3 for “Oak Ridge to 1984”. 
 
 

Cohort ERR Sv−1 
90% Confidence 

Interval 

Gribbin, Weeks and Howe [1993] 0.36 −0.46, 2.45 

Hanford −0.9 <0, 0.9 

Oak Ridge to 1977 −0.7 <0, 3.2 

Rocky Flats <0.0 <0, 2.8 

Hanford, Oak Ridge, and Rocky Flats combined −1.0 <0, 0.4 

UK Atomic Weapons Establishment 8.1 −4.0, 20.2 

Oak Ridge to 1984 3.3 1.3, 5.3 

UK National Registry of Radiation Workers 0.47 −0.12, 1.20 

Atomic bomb survivors 0.41 0.32, 0.51 
 

Table 2.3−4: Comparison of estimates of ERR Sv−1 for all causes 
[Gribbin, Weeks and Howe 1993]. 
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The IARC 3-country study 
The same AECL data set used by Gribbin, Weeks and Howe [1993] was included in analysis of 
data from three countries undertaken by IARC.  The cohort consisted of 7 data sets for nuclear 
workers from nuclear sites in three countries, three sites in the UK, three sites in the USA and the 
AECL sites in Canada [Cardis, Gilbert, Carpenter et al. 1995a]. 
 
In order to be included in the analysis the data sets had to include annual records based on 
regular monitoring, and contain sufficient identification information to allow vital status 
ascertainment to be 90% or better.  In addition, the mechanism for follow-up had to be not 
selective (e.g. only current workers to be included).  The characteristics of the 7 data sets are 
summarised in Table 2.3−5. 
 

 

 Hanford 
Rocky 

Flats 
ORNL Sellafield 

UK other 
than 

Sellafield 
AECL Total 

Follow-up 1944−1986 1951−1979 1943−1984 1947−1988 1946−1988 1956−1985  

# Workers 32,595 6,638 6,591 9,494 29,000 11,355 95,673 

# Deaths 6,445 587 1,246 2,027 4,629 891 15,825 

# Cancer 
deaths 

1,508 109 304 544 1,272 239 3,976 

Collective 
dose (Sv) 

877.2 241.8 141.4 1,390.6 958.6 314.6 3,757.5 

 
Table 2.3−5: Characteristics of the cohorts analysed in the IARC 
3-country study [Cardis, Gilbert, Carpenter et al. 1995a, 1995b]. 

 
 
For entry into the cohort, workers had to have at least six months of continuous employment at 
the facility.  Workers with a high dose rate exposure were excluded from the cohort.  
Specifically, this was based on workers who had any annual dose greater than 250 mSv.  
Workers where 10% or more of their dose was from low energy photons, neutrons, or 
radionuclides were identified and excluded from specific analyses in the study. 
 
Analysis involved standard methods similar to those used by Gribbin, Weeks and Howe [1993].  
Deaths and person years at risk were stratified on sex, attained age (5 year intervals), calendar 
year (5 year intervals) and socio-economic status (SES).  Note that no SES data were available at 
that time for AECL.  In the analysis, doses were lagged by 2 years for leukaemia and 10 years 
for other causes of death to allow for the latency period between radiation exposure and the onset 
of disease.  The ratio of observed to expected cases for selected causes of death in the whole 
cohort and the estimated trend with dose are shown in Table 2.3−6. 
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Cumulative dose (mSv) Cause of 
death 0– 10– 20– 50– 100– 200– 400– 

Total 
deaths 

Trend 
(p ,1 sided) 

All causes 9582/9506.3 1848/1915.6 1880/1909.9 989/986.5 702/719.2 586/549.2 238/238.2 15,825 0.75 (0.226) 

All cancers 2317/2317.3 483/483.5 465/494.7 285/263.2 201/196.8 165/151.5 60/68.9 3,976 –0.02 (0.508) 

Multiple 
myeloma 

28/26.2 3/5.2 ¼.7 5/2.7 3/2.1 2/1.9 2/0.8 44 1.87 (0.037) 

All 
leukaemia 

72/75.7 23/21.2 20/21.8 12/11.3 9/7.8 4/5.5 6/2.6 146 1.43 (0.076) 

All leukaemia 
exc. CLL 60/62.0 19/17.2 14/17.4 8/9.0 8/6.4 4/4.7 6/2.3 119 1.85 (0.046) 

Circulatory 
disease 4689/4626.5 908/975.7 654/975.4 487/504.4 372/366.6 313/282.6 132/123.9 7855 1.69 (0.045) 

 
Table 2.3−6: The ratio of observed to expected cases for selected 
causes of death in the whole cohort and the trend with dose 
[Cardis, Gilbert, Carpenter et al. 1995b]. 

 
 
There was no indication of association between radiation and all causes (p = 0.226) nor “all 
cancers” (p = 0.508).  There was a significant association found with “leukaemia excluding 
chronic lymphocytic leukaemia” (0.046), and with multiple myeloma (p = 0.037).  There was 
also an association found with circulatory disease (p = 0.045).  While acknowledging that an 
association between radiation and circulatory disease has also been reported in the atomic bomb 
survivors and a study of USA radiologists the authors suggest that this could be due to 
confounding by lifestyle factors which have not been adequately taken into account by correcting 
for socio-economic status. 
 
The trend analysis for “all cancers excluding leukaemia” is summarised by facility in Table 
2.3−7.  A strong association was found for ORNL (p = 0.061) but none for AECL or for any of 
the other facilities. 
 
The trend analysis by facility for “all leukaemia” excluding CLL is summarised in Table 2.3−8.  
Significant associations were found for Sellafield (p = 0.012) and AECL (p = 0.009) but the 
AECL result is based on only 5 cases.   
 
Multiple myeloma (not shown) showed an association (p = 0.046, 7 cases) for Sellafield workers 
and AECL workers (p = 0.098, 2 cases), but not for workers at the other facilities. 
 
For the entire cohort, the excess relative risk for “leukaemia excluding CLL” was 2.18 Sv−1 (90% 
CI: 0.13, 5.7).  Further analysis of the leukaemia’s showed that the ERR was greatest for chronic 
myeloid leukaemia (ERR Sv−1 = 1.0 with 90% CI: 2.9, 30.9), and acute myeloid leukaemia 
(ERR Sv−1 = 3.38 with 90% CI: −1.3, 14.9). 
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[Observed/Expected] for deaths from cancer excluding leukaemia   

Cumulative dose (mSv) Cohort 

<10 10– 20– 50– 100– 200– 400– 

Total 
deaths 

Trend 
(p ,1 sided) 

All Facilities 2234/2228.3 462/465.4 445/476.9 276/254.3 196/190.5 161/147.6 56/67.3 3830 –0.28 (0.609) 

Hanford 968/963.2 199/199.4 138/137.2 58/60.8 45/45.5 38/37.7 6/8.2 1452 –0.43 (0.668) 

Rocky Flats 83/76.6 10/9.3 4/9.2 3/4.4 4/2.9 0/1.4 0/0.1 104 –1.43 (0.923) 

ORNL 176/170.0 40/43.5 27/36.2 15/15.6 14/9.0 5/4.4 3/1.4 280 1.54 (0.061) 

Sellafield 131/132.3 37/43.1 86/89.4 80/75.6 78/75.0 78/71.1 43/46.6 533 –0.01 (0.505) 

AEA+AWE 718/722.6 166/158.6 172/184.9 99/83.9 42/47.0 29/23.0 1/7.1 1227 –0.64 (0.740) 

AECL 158/163.7 10/11.5 18/20.0 21/14.0 13/11.1 11/9.9 3/3.8 234 0.13 (0.447) 

 
Table 2.3−7: [Observed/Expected] for deaths from all cancers 
excluding leukaemia and the trend with dose, summarised by 
facility [Cardis, Gilbert, Carpenter et al. 1995b]. 
 

 
 

[Observed/Expected] for deaths from leukaemia excluding CLL  

Cumulative dose (mSv) Cohort 

<10 10– 20– 50– 100– 200– 400– 

Total 
deaths 

Trend 
(p ,1 sided) 

All facilities 60/62.0 19/17.2 14/17.4 8/9.0 8/6.4 4/4.7 6/2.3 119 1.85 (0.046) 

Hanford 28/27.1 9/7.4 5/5.9 1/2.5 3/1.8 0/1.7 1/0.7 47 –0.57 (0.693) 

Rocky Flats 2/2.1 1/0.6 0/0.5 0/0.4 1/0.2 0/0.1 0/0.0 4 0.42 (0.247) 

ORNL 9/9.3 5/3.2 3/2.8 0/1.3 1/0.8 0/0.4 0/0.1 18 –0.86 (0.799) 

Sellafield 0/1.2 1/0.9 0/1.9 1/1.7 2/1.8 2/1.4 4/1.1 10 2.74 (0.012) 

AEA+AWE 18/18.5 3/4.8 6/5.9 5/3.0 1/1.7 2/0.9 0/0.3 35 0.37 (0.321) 

AECL 3/3.8 0/0.3 0/0.4 1/0.2 0/0.2 0/0.1 1/0.1 5 3.52 (0.009) 

 
Table 2.3−8: [Observed/Expected] for deaths from leukaemia 
excluding CLL and the trend with dose, summarised by facility 
[Cardis, Gilbert, Carpenter et al. 1995b]. 

 
 
For all cancers excluding leukaemia the ERR Sv−1 was −0.07 (90% CI: −0.4, 0.3).  If no 
correction was made for socio-economic status (SES) this increased to 0.20 (90% CI: −0.2, 0.6). 
 
Excess relative risk by facility is shown in Table 2.3−9.  The values of ERR Sv−1 for all cancers 
excluding leukaemia range from –1.63 to 1.66 with wide confidence intervals.  For all leukaemia 
excluding CLL the values of ERR Sv−1 ranged from −1.06 to 48.4, again with very wide 
confidence intervals.  The AECL result is the highest (48.4) but is based on only 5 cases. 
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All cancers excluding leukaemia Leukaemia excluding CLL 
Cohort 

# Deaths ERR Sv−1 90% CI # Deaths ERR Sv−1 90% CI 

Males 3522 −0.07 (−0.4, 0.3) 109 2.21 (0.1, 5.8) 

Females 308 0.97 (<−2.9, 8.2) 10 −2.67 (0.1, 5.8) 

Hanford 1452 −0.22 (<0, 0.6) 47 −0.90 (−5.7, 2.9) 

Rocky Flats 104 −1.63 (<0, 0.5) 4 4.08 (<−0.0, 54.2) 

ORNL 280 1.66 (0.04, 4.4) 18 −1.06 (−5.0, 4.8) 

Sellafield 533 −0.03 (<0, 0.5) 10 43.5 (3.1, >100) 

AEA+AWE 1227 −0.40 (<0, 0.7) 35 1.50 (−8.7, 14.3) 

AECL 234 0.13 (<0, 2.1) 5 48.4 (2.8, >100) 

 
Table 2.3−9: ERR for all cancers excluding leukaemia and 
leukaemia excluding CLL, summarised by facility [Cardis, Gilbert, 
Carpenter et al. 1995b]. 
 

 
Table 2.3−10 shows the only directly comparable ERRs for the Gribbin, Weeks and Howe 
[1993] study and the IARC 3-country study.  The number of cases for all leukaemias excluding 
CLL is small and accounts for the difference in the point estimates and the wide confidence 
intervals.  For “all cancers” the numbers are not significantly different, Gribbin, Weeks and 
Howe [1993] having an ERR Sv−1 of 0.36 and the IARC 3-country study, 0.13, with overlapping 
confidence intervals.  Unfortunately these are the only data where it is possible to make a direct 
comparison. 
 
Our conclusion is the results from Gribbin, Weeks and Howe [1993] and the results from the 
IARC 3-country study, using the same AECL data set, have showed compatible results. 
 

Gribbin, Weeks and Howe [1993] IARC 3-country study 
Cause of death 

# Deaths ERR Sv−1 90% CI # Deaths ERR Sv−1 90% CI 

All leukaemias 
excl. CLL 

4 19.0 0.14, 113 5 48.40 2.8, >100 

All cancers 227 0.36 –0.46, 2.45 234 0.13 <0, 2.1 

 
Table 2.3−10: Comparison of ERRs from Gribbin, Weeks and 
Howe [1993] and Cardis, Gilbert, Carpenter et al. [1995b]. 
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3.  Latest studies on nuclear workers 
 
 

3.1 The IARC 15-country study  
 
The initial publication of the results of the IARC study, published by Cardis, Vrijheid, Blettner et 
al. in 2005, have been followed up by more detailed publications [Vrijheid, Cardis, Blettner et al. 
2007, Thierry-Chef, Marshall, Fix et al. 2007, Cardis, Vrijheid, Blettner et al. 2007]. 
 
The initial publication of Cardis, Vrijheid, Blettner et al. [2005] 
The prominent finding of the IARC 15-country study was a statistically significant excess 
relative risk per sievert (ERR Sv–1) for “all cancers excluding leukaemia” of 0.97 (95% CI: 0.14, 
1.97).  The authors acknowledged that this result depends heavily on deaths from lung cancer but 
believe that possible confounding has been addressed, in part at least, by applying corrections 
based on socioeconomic status (SES).  As evidence, the authors cited that while the increased 
risk for the category of smoking-related cancers was elevated, though non-significantly so (ERR 
Sv–1 = 0.91 with 95% CI of –0.11, 2.21), and was driven primarily by an increased risk of lung 
cancer (ERR Sv–1 = 1.86 with 95% CI of 0.26, 4.01), there was little evidence for any increased 
risk for other smoking-related cancers (ERR Sv–1 = 0.21 with 95% CI of <0, 2.01).  In further 
support of their contention that smoking had been accounted for, at least partially, they quote the 
findings of risk estimates for mortality from non-malignant respiratory disease and emphysema, 
which though raised were not significantly different from zero (ERR Sv–1 = 1.16 [95% CI: –0.53, 
3.84] and 2.12 [95% CI: –7.46], respectively).   
 
It should be noted here that while lung cancer is definitely elevated in smokers, it also most 
definitely can be a radiation exposure-related outcome.  Further, ionizing radiation exposure can 
increase the rate of lung cancer in smokers, just as it does (in a synergistic fashion) in uranium 
miners who are exposed to radon decay products and smoke.   
 
It should be remarked here that in the preceding IARC 3-country study (involving facilities from 
USA, UK and Canada, the latter being solely AECL workers), there had been no evidence for an 
association between radiation exposure for either “all cancers” or for all causes of death: the 
ERR Sv–1 for all cancers excluding leukaemia was –0.07 (90% CI: –0.4, 0.3)4 [Cardis, Gilbert, 
Carpenter et al. 1995a].   
 
The ERR Sv–1 for leukaemia excluding CLL (the subtype that has not been found to be related to 
exposure to ionizing radiation) was non-significantly elevated in the IARC 15-country study, at 
1.93 (95% CI: <0, 8.47), whereas in the IARC 3-country study it had been significantly elevated 
(ERR Sv–1 = 2.18 with 95% CI of 0.1, 5.7). 
 
International concern has been focused on the IARC 15-country result for “all cancers excluding 
leukaemia” for two reasons; the magnitude of the point estimate for risk with the associated 
confidence intervals, and the dependence of the results on the Canadian data.  We discuss these 
aspects below. 

                                                
4 In the IARC reports, confidence limits on some estimates of ERR Sv−1 are 95%, others are 90%.  
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In the IARC 15-country study, the ERR Sv–1 calculated for solid cancers was 0.87 (95% CI: 
0.03, 1.88).  This allowed comparison with the A-bomb survivor population: for a comparable 
set of persons within the A-bomb survivor cohort (men exposed at 20–60 years of age), the ERR 
Sv–1 was 0.32 (95% CI: 0.01, 0.50).  While these two risk estimates are statistically not 
significantly different both the point estimates and the upper confidence bounds (the latter being 
the most important in terms of assuring protection) are about three-fold higher in the 15-country 
results compared to the comparable A-bomb survivor subset.  Since direct risk estimates from the 
latter (who were exposed to radiation delivered acutely, which is judged to have greater 
effectiveness per unit dose) are generally divided by a DDREF (dose and dose-rate effectiveness 
factor) of two to obtain risk estimates for the manner in which occupational exposures are 
generally received, the difference is even more marked. 

 
The statistical significance of the finding for “all cancer excluding leukaemia” depends critically 
on the results from Canada.  Figure 2 in Cardis, Gilbert, Carpenter et al. [2005], which is 
reproduced below as Figure 3.1−1, shows all cohorts with >100 deaths from “all cancer 
excluding leukaemia”. 

 

 
 

 
 
 
Though the authors claimed that formal tests for heterogeneity showed no evidence for 
differences in risk between countries, cohorts or groups of facilities, the risk estimate for Canada 
is the largest.  Analyses were further done that excluded one country or cohort at a time; this 
yielded ERR Sv–1 ranging from a low of 0.58 (when Canada was excluded) to a high of 1.25 
(when the UK results were excluded).  Only when the cohort from Canada was excluded was the 
ERR Sv–1 no longer significantly elevated (0.58, with 95% CI of –0.22, 1.55). 

 

Figure 3.1−1: Excess relative risks per sievert for all cancer 
excluding leukaemia in cohorts with more than 100 deaths (NPP = 
nuclear power plants, ORNL = Oak Ridge National Laboratory).  
Reproduced from Cardis, Vrijheid, Blettner et al. [2005]. 
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The value of ERR Sv–1 in the Canadian results depicted in Figure 3.1−1 is 6.65 (90% CI: 2.56, 
13.0), based on 204 deaths.  This excludes Ontario Hydro5 workers, who were not included in 
either the overall risk estimate or in tests for heterogeneity because of the lack of SES data.  The 
inclusion of Ontario Hydro in the Canadian results added 196 deaths and lowered the risk 
estimate for Canadian workers to ERR Sv–1 = 3.60 (90% CI: 1.03, 7.27), i.e. by a factor of two 
for ERR Sv–1, as well decreasing both the lower and upper confidence bounds of the estimate.  
From this we may infer that Ontario Hydro workers manifested essentially no demonstrable 
radiation-related risk and that the demonstrated risk accrued to the Canadian workers in the 
cohort for which SES had been assessed.  As will be shown, the nuclear industry workers to 
whom this appreciable apparent radiation risk accrued are largely AECL workers, and not the 
whole Canadian worker cohort per se.  This led us to focus attention, when investigating and 
evaluating possible explanations, on comparisons of AECL versus other facilities within Canada. 

 
For comparison, in the IARC 3-country study the result for Canada (which had only AECL 
workers from Canada) was an ERR Sv–1 = 0.13 (90% CI: <0, 2.1) for “all cancers excluding 
leukaemia, based on 234 such deaths in the Canadian cohort [Cardis, Gilbert, Carpenter et al. 
1995b].  While there was more follow-up in the period between the IARC study reported on in 
2005 compared with that in 1995, such a dramatic difference in the ERR Sv–1 values, and 
especially in the confidence intervals, is highly unexpected.  This is particularly so considering 
that the number of deaths from the combined workforces of AECL and the Canadian nuclear 
utilities in the same disease category was smaller, namely 204, in the later IARC study.  We 
believe that some factor in methodology or design might be identified to explain this. 

 
It is not surprising that these reasons—the magnitude of the ERR Sv–1 value for “all cancers 
except leukaemia” and the relatively narrow confidence intervals, together with the dependence 
on the Canadian component—have led to controversy in the international community.  Not only 
is the point estimate of risk some 20 times higher than that for the comparable set of A-bomb 
survivors, but also the lower CI of the Canadian results is some five times greater than the upper 
CI of the direct estimates from that A-bomb survivor comparison group.  Moreover, the results 
for the Canadian cohort are significantly higher than the combined cohort estimate, which 
already encompasses the Canadian contribution (without it, the ERR Sv–1 would be 0.58, with 
95% CI of –0.22, 1.55 and the statistical incompatibility even more marked). 
 
The cohort with a point estimate of risk closest to that for the Canadian component is the ORNL 
(Oak Ridge National Laboratory) subset of the US data.  ORNL had an ERR Sv–1 = 4.28 (90% 
CI: –0.40, 11.6).  The ORNL cohort had comparable numbers of deaths (225) from all cancers 
excluding leukaemia to that in the core (i.e. excluding Ontario Hydro) Canadian cohort.  Given 
the similarities between ORNL and AECL, it is puzzling why these intervals might be so narrow 
in the Canadian cohort compared to those from ORNL.   
 
 
 

                                                
5 This refers to all the nuclear power utilities in Ontario in the period of the study—organizations that have 
subsequently become Ontario Power Generation and Bruce Power. 
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Detailed follow-up papers from the 15-country study  
There are noteworthy details in the later papers describing the IARC 15-country study.  The three 
papers deal with errors in dosimetry [Thierry-Chef, Marshall, Berman et al. 2007]; the study 
design, epidemiological methods and descriptive results [Vrijheid, Cardis, Blettner et al. 2007]; 
and estimates of radiation related risks [Cardis, Vrijheid, Blettner et al. 2007].  These papers 
have provided the information for this sub-section. 
 
To allow stratification of the data, a minimum set of variables had to be collected for each cohort 
member.  These included: demographic variables (date of birth, sex, socioeconomic status, vital 
status, and date and cause of death for workers who had died); employment history including 
start and end of employment (or monitoring if employment dates were not available); category of 
worker (employee vs. contractor); organization where employment took place; and where 
possible, start and end dates and job title for each employment period.   
 
All analyses, both trend tests and regression models, were stratified by sex, age and calendar year 
(the latter two in 5-year categories), facility, duration of employment (<10 years, ≥10 years) and 
socioeconomic status (SES).  The SES indicator was derived in each country based on 
occupational categories, education or pay scale.  Duration of employment was used to adjust risk 
estimates on the basis of the “healthy worker survivor effect”, i.e. workers who stay in 
employment longer, and thereby are more likely to have higher doses, are deemed more likely to 
be healthier and to have lower rates of mortality from various causes.  This adjustment was made 
because non-compensation for the healthy worker survivor effect would tend to bias risk 
estimates towards no effect.   
 
Analyses were also performed with lung and pleural cancers removed from the category of “all 
cancers excluding leukaemia”, thus making a new category of “all cancers excluding leukaemia, 
lung and pleura”, which could be considered to represent clearly non-smoking related cancers.  
This reduced the number of deaths by 30%, however, and the excess was no longer significant 
(ERR Sv–1; 90% CI of –0.16, 1.51).   
 
It is informative to see the impact on the risk estimates when these adjustments are not 
implemented.  These results are shown in Table 3.1−1. 
 
Stratification for SES in fact decreased the ERRs for the four main causes of death examined.  
The estimates of ERR Sv–1 tended to be higher when this adjustment was dispensed with.  When 
three groups not included in the standard analysis (Ontario Hydro, Japan and Idaho National 
Laboratory in the USA) because of inadequate SES indicators, were added back, however, the 
apparent risks for all cancers and lung cancers dropped further; this was driven by strongly 
negative risk estimates in the INL and Ontario Hydro cohorts.   
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Table 3.1−1: Effects of various stratifications on the estimates of 
ERR Sv−1.  Reproduced from Table 6 in Cardis, Vrijheid, Blettner 
et al. [2007]. 

 
 
The major adjustment affecting the significance and magnitude of the risk estimates was duration 
of employment.  Risk estimates for all the main study outcomes were decreased about three-fold 
by removal of the adjustment for duration of employment, and no outcome was significantly 
elevated without this adjustment.  While we have no means at present to ascertain the relative 
contribution this adjustment made specifically to the Canadian component of the overall study in 
the IARC analysis, it could be large.  In particular, the absence of the person years for AECL 
workers with radiation doses recorded as zero before 1971, as discussed in Section 6.4, may have 
been very influential.  Clearly, it will be important to assess to what extent the duration of 
employment has been incorrectly estimated for the AECL data. 
 
Inclusion of associated (secondary) causes of death to augment the outcome categories where 
these occurred did not appreciably alter the results. 
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A stratification that did have a pronounced effect was that based on facility type.  This 
categorization was made based on whether a facility was involved in nuclear power production 
(“NPP”) or not: the remaining facilities, called “mixed activities facilities”, carried out diverse 
activities including research, waste management, and production of nuclear fuel, isotopes or 
weapons.  These results are summarized in Table 3.1−2. 
 
The estimates of ERR Sv–1 for all cancers excluding leukaemia and for lung cancers were 
significantly elevated in mixed-type facilities but were negative, but not significantly so, in 
NPPs.  Note that AECL was categorized as a mixed-type facility; so was ORNL. 

 
Table 3.1−2: Effects of stratification on ERR Sv−1, based on 
facility type.  Adapted from Table 4 in Cardis, Vrijheid, Blettner et 
al. [2007]. 

 
 
The Canadian cohort contributed only about 5–6% of the total number of cases within the mixed-
facilities grouping (204 out of 3838 deaths due to “all cancers excluding leukaemia” and 65 of 
1141 lung cancer deaths).  However, it may still have been driving the significant association 
with dose in the mixed-facilities group just as for the cohort overall.  No information is available 
for us to make a definitive assessment of this. 
 
The significant excess relative risk observed for all cancers excluding leukaemia in the 15-
country study clearly does not depend on cases at higher doses.  This is in contrast to the finding 
in the 3-country study of significant ERR for leukaemia excluding CLL, where significance 
depended critically on the cases at high doses.  Of the eleven categories of dose in the 15-country 
study, the ERR Sv–1 was most appreciably elevated (for all cancers excluding leukaemia and for 
lung cancer) in the 150–199 mSv and 200–299 mSv dose ranges.  Similarly, analyses of ERR 
Sv–1 for all cancers excluding leukaemia that were restricted to progressively decreasing upper 
bounds of dose, shown in Table 3.1−3, also illustrate that the risk estimate is not driven by the 
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higher dose categories; significant ERR is not lost until the analysis is restricted to doses <100 
mSv.   

 

 
 

Table 3.1−3: Effect of excluding results from higher dose ranges 
on the estimates of ERR Sv−1.  Reproduced from Table 2 in Cardis, 
Vrijheid, Blettner et al. [2007]. 
 
 

3.2 Recent Canadian studies not specific to AECL  
 
NDR mortality study 
The first cohort mortality study of occupational radiation exposure conducted using the records 
of the National Dose Registry (NDR) of Canada was published in 1998 [Ashmore, Krewski, 
Zielinski et al. 1998].  The cohort consisted of 208,620 individuals monitored for radiation 
exposure between 1951 and 1983; mortality follow-up was through the end of 1987.  A total of 
5426 deaths were identified, through computerized record linkage with the Canadian National 
Mortality Data Base, as having occurred in this cohort.  Occupational categories were dental 
(43,240 persons), medical (73,060 persons), industrial (77,756 persons; this was the category 
containing AECL workers) and nuclear power (12,564 persons).  Risks were not calculated 
separately by category, so we have no inkling of how AECL employees fared within the context 
of the study results.  Significant risks were observed in males for all causes (ERR Sv–1 = 2.5, 
with 90% CI: 0.9, 3.5), all cancers combined (ERR Sv–1 = 3.0, with 90% CI: 1.1, 4.9), lung 
cancer (ERR Sv–1 = 3.6, with 90% CI: 0.4, 6.9), circulatory diseases (ERR Sv–1 = 2.3, with 90% 
CI:0.9, 3.7) and accidents (ERR Sv–1 = 8.8, with 90% CI: 2.7, 15.0).  (Note: the actual paper 
quotes ERR in terms of per cent per 10 mSv, which has the same absolute numerical value as 
ERR expressed per Sv; for ready comparability we continue here to report risk as being 
ERR Sv−1.) 
 
The risks in the male NDR cohort for all cancers combined were 6–10-times larger than the 
comparable estimates at that time for the atomic bomb survivors; the lower bound of the NDR 
estimate was some two-fold larger than the upper bound of the estimate for the A-bomb 
survivors.  Further, the NDR estimate was some 7–8-fold larger than the non-significantly 
elevated risk reported for AECL employees (ERR Sv–1 = 0.4; 90% CI: –2.4) by Gribbin, Weeks 
and Howe [1993], though not statistically incongruent with it.   
 
For reasons not yet apparent, the advent of NDR-based risk estimation in workers occupationally 
exposed to ionizing radiation was thus associated with an order of magnitude apparent elevation 
of risk compared to other studies.  The number of workers and cancer cases involved make it 
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evident that AECL is only a small proportion of the total, and it seems unlikely that deaths 
specifically in any one subgroup or facility could account for the size and strength of this 
association.  The radiation-related increase in risk for so many disparate causes of death has been 
interpreted as an indication of some ubiquitous and fundamental confounder or oversight in 
analysis of the cohort overall, but despite considerable scrutiny none, to our knowledge, has been 
identified yet. 
 
What the IARC 15-country study has done is to highlight the incongruity in the NDR results 
compared to those of most other cohorts of nuclear industry workers, and make it an issue that 
has to be dealt with at the international level. 
 
 
NDR cancer incidence study 
The first analysis of cancer incidence and occupational radiation exposure based on the NDR 
was published in 2001 [Sont, Zielinski, Ashmore et al. 2001].  Dose information from 1951 to 
1988 was compiled for 191,333 persons and compared with cancer incidence data, from 1969 to 
1988, in the Canadian Cancer data Base.  One difference for AECL workers compared to the 
cancer mortality study is that here AECL workers were assigned to the NPP category rather than 
the Industrial category.  Standardized Incidence Ratios (SIRs) were <1 for all cancers in males, 
but were higher than the mortality SMR values in the earlier study.  (However, the healthy 
worker [survivor] effect might be minimizing these values.)  For males, the ERR Sv–1 values 
(with 90% CI in brackets) were: for all cancers, 2.6 (1.3, 4.3); for all cancers except lung, 2.5 
(1.0, 4.4); and for all cancers except leukaemia, 2.5 (1.1, 4.2).  The cohort was still relatively 
young, with only 6% of the numbers of cancers expected at extinction. 
 
The pattern in the NDR incidence study of ERR Sv–1 again was notably high compared to other 
studies of occupational cohorts.  This was addressed in a commentary by Gilbert [Gilbert, 2001], 
which appeared immediately following the NDR cancer incidence publication; the estimates of 
ERR Sv–1 in the NDR study “are larger than those from any of the other studies and appear 
incompatible with other estimates”.  Gilbert also commented on the earlier mortality study as 
suggesting bias, not only because of the elevated ERR Sv–1 for circulatory diseases and 
accidents, but also in regard to the common features of linkage analysis used in both the 
mortality and incidence studies.  Gilbert felt that overall it was unlikely that worker studies could 
replace A-bomb survivors as the primary source of data for radiation risk estimation; rather, all 
that worker studies might do is “generally confirm the appropriateness of estimates obtained 
through extrapolation from studies of persons exposed to high doses and dose rates”. 
 
The authors of the NDR incidence study replied that while risks might indeed be small compared 
with biases in calculated risks, a primary goal of including ERR calculations was to identify 
cancer types that might be missed in the NDR calculations because of the healthy worker effect 
[Sont, Zielinski, Ashmore et al. 2001b].   
 
 
Lung cancer in the NDR cohort 
High estimated values of ERR were also obtained in the biologically based analysis of lung 
cancer incidence in the NDR cohort, reported by Hazelton, Moolgavkar, Curtis et al. [2006].  
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Large ERRs were seen in comparison to studies of other cohorts. For example, a significant dose 
response was seen for males receiving non-zero cumulative doses of gamma and tritium 
radiation, with a mean dose of 18.2 mSv; the authors estimated that 33 out of a total of 322 lung 
cancer cases (i.e. 10%) were attributable to radiation. 
 
 
Mortality study (NDR-based) specifically of nuclear industry workers in Canada 
The NDR mortality and incidence studies described above were based on the entire cohort of 
Canadian workers monitored for radiation exposure.  A more limited subset of the NDR—that of 
workers specifically employed in the Canadian nuclear power industry, i.e. comprising the 
nuclear workers at New Brunswick Power, Hydro Quebec and Ontario Hydro, plus AECL 
employees—was reported by Zablotska, Ashmore and Howe in 2004.  This was a mortality 
study.  The ERR Sv–1 values obtained were 2.80 (95% CI: –0.038, 7.13) for all solid cancers 
combined and 52.5 (95% CI: 0.205, 291) for leukaemia excluding CLL.  Although the point 
estimates were again considerably higher than found in other studies of whole body irradiation, 
the authors felt that the difference could well be due to chance. 
 
The selection criteria in this study conformed to those for the IARC 15-country study ongoing at 
that time, and in fact it was the data from this cohort that was used to contribute the input for 
Canada to the combined IARC analysis.  The ERR Sv–1 estimates are not dissimilar from those 
in the IARC 15-country analysis specifically for Canada separately, so an evident question is 
why the confidence intervals are quite large here and so comparatively narrow (and so relatively 
high for the lower confidence interval) in the Canadian component of the IARC results.   
 
 
Canadian nuclear workers analyzed separately by organization 
In the study by Zablotska, Ashmore and Howe [2004], only ‘grouped’ risk estimates were 
provided.  Hence, it is not possible to divine the results for the four component nuclear industry 
organizations within Canada separately from the paper.  However, Dr Zablotska, in a personal 
communication, has provided further details.  The cohort membership comprised: 36.0% AECL; 
5.0% Hydro Quebec; 4.7% New Brunswick Power; 51.1% Ontario Hydro; and 3.25% multiple 
sites.  While all sites together had an ERR Sv–1 of 2.80 (95% CI: –0.038, 7.13) for all solid 
cancers, as mentioned previously, the ERR Sv–1 for the AECL cohort was = 4.50 (95% CI: 0.60, 
11.1).  The values of ERR Sv–1 for the other facilities were: –4.65 for HQ, –2.00 for NBP and –
2.40 for Ontario Hydro (no confidence intervals were provided).  Note in Zablotska’s analysis 
that while the point estimate for AECL was not incongruent with that obtained from the more 
detailed IARC 15-country analysis [Cardis, Vrijheid, Blettner et al. 2007], the confidence 
intervals are much wider and, in particular, the lower bound is some 4–5-fold less.   
 
Dr Zablotska has also provided the results of the analysis when the Ontario Hydro cohort was 
excluded.  (This was the organization left out of the Canadian component in the IARC 15-
country study because of insufficient information on SES.)  With Ontario Hydro workers 
excluded there were 290 deaths (compared to 204 for the corresponding subset in the 15-country 
analysis).  The ERR Sv–1 was 4.42 (95% CI: 0.68, 10.55).  This is not much different from the 
estimate for AECL by itself (ERR Sv–1 = 4.50, with 95% CI of 0.60, 11.1), as might be expected 
if AECL dominated the cohort.  We note that AECL workers comprised 79% of the cohort and 
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had workers with longer employment and possibly proportionately more deaths than the 
workforces of New Brunswick Power and Hydro Quebec.  These results are summarized in 
Table 3.2−1. 
 

Cohort ERR Sv−1 95% CI 

Total study (AECL, OH, NBP, HQ, multiple sites) 2.8 –0.038, 7.13 

AECL 4.5 0.60, 11.1 

Total less OH 4.42 0.68, 10.55 

Total less AECL −2.02 −2.04, 4.77 
 

Table 3.2−1: ERR Sv−1 estimates for the whole cohort and sub-
cohorts in the study by Zablotska, Ashmore and Howe [2004], 
provided by Dr Zablotska [personal communication]. 

 
 
Further, the most striking feature is the elimination of AECL from the Canadian cohort in the 
study.  This exclusion of AECL yielded ERR Sv–1 = –2.02 (95% CI: –2.04, 4.77).  The contrast 
of the risk estimate specifically for AECL versus the other three is reminiscent of the NPP versus 
“mixed-type facilities” in the more detailed results analyses [Cardis, Vrijheid, Blettner et al. 
2007] within the IARC 15-country study. 
 
We note that the differences in point estimates of ERR Sv–1 between Zablotska, Ashmore and 
Howe [2004] (together with the later data from the noted personal communication from 
Zablotska) and the IARC 15-country study [Cardis, Gilbert, Carpenter et al. 2005] seem to arise 
from differences in approach, possibly most notably with respect to adjustment for duration of 
employment, which was not done in Zablotska, Ashmore and Howe [2004].  In the IARC 15-
country study the adjustment was made and considerably increased the estimates of ERR Sv–1 in 
that study, compared to when adjustment for duration of employment was excluded.  What we 
continue to identify as markedly discrepant between the results from more recent IARC 15-
country study and the Zablotska, Ashmore and Howe [2004] study are the confidence intervals.  
Both studies, after all, used essentially the same input data from the NDR.  There are two issues 
here.  One is the difference in confidence intervals between Zablotska, Ashmore and Howe 
[2004] and the IARC 15-country study.  The other is the jump in estimates of ERR Sv−1 that 
coincided in 1998 with the inauguration of the application of the NDR to radiation risk 
assessment.  We realize that these discrepancies may have different explanations.   
 
 
3.3 Recent non-Canadian-specific studies 
 
The results from studies of other national cohorts comprising the 15-country study have intrinsic 
value for the purposes of our study only so far as they illuminate why the Canadian results may 
be such outliers.  To this end they are of value mainly only in the context of how their estimates 
relate to those derived from the Canadian cohort alone.  We have concluded that it is therefore 
not productive to discuss those results in this report, except for those impacting on the 
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calculation of ERR Sv–1 values that relate to Canada which are primarily those involving nuclear 
workers in the USA.   
 
Mortality in USA nuclear industry workers 
Information on where the majority of studies on USA nuclear industry workers may be accessed 
can be found in the references in the IARC 3-country and 15-country publications and in the 
UNSCEAR6 Reports.  One that deserves discussion here is one that was performed by two of the 
same main authors as for the NDR-based study of nuclear industry workers in Canada, at the 
same time, and used a similar approach.  Howe, Zablotska, Fix et al. [2004] performed an 
analysis of the mortality experience among USA nuclear industry workers, who had chronic low-
dose exposure to ionizing radiation.  As was the case for the Canadian study [Zablotska, 
Ashmore and Howe, 2004], this USA study became the USA input data to the IARC 15-country 
study.  The USA cohort was assembled from 15 utilities and had a follow-up period 1979–1997.  
A very substantial healthy worker effect (considerably lower cancer and non-cancer mortality 
compared to the general population) was observed.  Positive but statistically non-significant 
associations were seen for all solid cancers combined (ERR Sv–1 = 0.506 with 95% CI of –2.01, 
4.64; based on 368 deaths) and for leukaemia excluding CLL (ERR Sv–1 = 5.67 with 95% CI of 
–2.56, 30.4; based on 26 deaths).  For comparison, the results in the IARC 15-country study for 
the USA component excluding INEL were ERR Sv–1 = 0.78 with 90% CI of –0.33, 2.15.   
 
A strong positive and statistically significant association with radiation dose was seen for deaths 
from arteriosclerotic heart disease including coronary heart disease (ERR Sv–1 = 8.78 with 95% 
CI of 2.10, 20.0).  In this respect, the USA results were consistent with findings reported in the 
first analysis of mortality in the Canadian NDR cohort [Ashmore, Krewski, Zielinski et al. 
1998]. 

 
 

3.4 Recent UNSCEAR commentary 
 
The UNSCEAR [2007] Report contains commentary on the results of the IARC 15-country 
study.  UNSCEAR felt that there were important unanswered questions concerning the 
magnitude and influence of the Canadian results, particularly in view of the unusually large ERR 
and the lower confidence bound not including the bounds from the combined study.  The 
Scientific Committee consequently felt that little should be made of the discrepancy with other 
studies such as the Life-Span Study of the A-bomb survivors given these substantial 
uncertainties in the risks from the IARC 15-country study and given that the results for the IARC 
2005 combined cohort are statistically compatible with those derived from the LSS.  The text of 
the commentary follows7.   

 
“110.  Following an earlier pooled analysis of radiation workers at selected sites in three 
countries [Cardis, Gilbert, Carpenter et al. 1995a; IARC 1994], a larger international 
collaborative study has been conducted based on workforces from fifteen countries 
working in any of 154 nuclear facilities, numbering 407,391 workers monitored for 

                                                
6 United Nations Scientific Committee on the Effects of Atomic Radiation. 
7 The paragraphing numbering is as it will appear in the UNSCEAR document.  The references have been formatted 
to the style of this report and are included in the list of references. 
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external photon (x and gamma) radiation with personal dosimeters [Cardis, Vrijheid, 
Blettner et al. 2005].  This study, which included most of the cohorts included in the earlier 
3-country study [Cardis, Gilbert, Carpenter et al. 1995a; IARC 1994], has attracted 
considerable attention, including a substantial editorial by Wakeford [Wakeford 2005].  
190,677 workers were excluded from the study because they had not been employed in one 
or more of the facilities for a year or more, or because they had not been monitored for 
external exposure, or because they had potential for substantial exposure from internal 
emitters or neutrons (>10% of effective dose).  The cohort was followed for mortality, and 
accumulated 5.2 million person years of follow-up.  The average individual effective dose 
was 19.4 mSv, with 90% receiving cumulative doses of <50 mSv, and less than 0.1% 
receiving doses of >500 mSv.  There were 6519 deaths from cancer excluding leukaemia, 
and 196 from leukaemia excluding CLL. 
 
111.  Cardis et al. estimate the ERR for cancers excluding leukaemia to be 0.97 Sv–1 (95% 
CI: 0.14, 1.97), for all solid cancers 0.87 Sv–1 (95% CI: 0.03, 1.88), and for leukaemia 
excluding CLL to be 1.93 Sv–1 (95% CI: <0, 8.47) [Cardis, Vrijheid, Blettner et al. 2005].  
As noted .  .  .  while not statistically significantly different from the LSS risks in a 
comparable (male, age at exposure 20–60) group, there are indications that solid cancer 
risks are therefore 4 times higher than those in the LSS.  As pointed out by Wakeford 
[2005], since the worker risks relate to low dose rate exposure, a DDREF of 2 might be 
indicated [ICRP 1992] .  .  .  so that the true discrepancy with LSS solid cancer risks may 
be about a factor of 8, but with very wide confidence limits.  The solid cancer ERR is 
strongly influenced by that for lung cancer, 1.86 Sv–1 (95% CI: 0.26, 4.01): the ERR for 
cancers excluding leukaemia, lung and pleural cancers is 0.59 Sv–1 (95% CI: –0.29, 1.70) 
[C41].  However, smoking-related cancers other than lung cancer exhibit an ERR of 0.21 
Sv–1 (95% CI: <0, 2.01).  Set against this, the ERR from nonmalignant respiratory disease 
is 1.16 Sv–1 (95% CI: –0.53, 3.84) and that associated with chronic obstructive bronchitis 
and emphysema is 2.12 Sv–1 (95% CI: –0.57, 7.46), both of these groupings of disease that 
are related to smoking.  As Cardis et al. indicate, “taken together, these findings indicate 
that a confounding effect by smoking may be partly, but not entirely, responsible for the 
estimated increased risk for mortality from all cancers other than leukaemia” [Cardis, 
Vrijheid, Blettner et al. 2005]. 
 
112.  As noted by Wakeford [2005], the Canadian study has “a surprisingly large influence 
on the ERR for all cancers other than leukaemia”.  Indeed, although the Canadian study 
contributes 204 deaths from cancers other than leukaemia (4% of the total deaths from this 
cause), and notwithstanding the fact that the Canadian workers have an average individual 
effective dose (19.5 mSv) that is virtually the same as the full cohort (19.4 mSv), removing 
the Canadian cohort results from the estimation of solid cancer ERR produces a value of 
0.58 Sv–1 (95% CI: –0.22, 1.55), i.e. a reduction of 40% from the overall central estimate 
value.  This estimate is still larger than the corresponding estimate from the atomic 
bombings survivors data, although it is no longer statistically significant [Cardis, Vrijheid, 
Blettner et al. 2005].  That this study has such a large influence on the results, given the 
small size (in terms of relative numbers of deaths, person years of follow-up, person dose) 
of the Canadian cohort appears to reflect the low precision in the findings from the other 
cohorts.  Figure 2 in the paper shows that the Canadian cohort has a solid cancer ERR of 
>6 Sv–1 with a lower 97.5% centile >2 Sv–1 [Cardis, Vrijheid, Blettner et al. 2005].  A 
previously published study of Canadian nuclear workers [Zablotska, Ashmore and Howe 
2004] gave a lower risk estimate for solid cancers (ERR = 2.80 Sv–1, 95% CI: –0.038, 
7.13), of only borderline statistical significance (p=0.05).  Detailed analyses aimed at 
understanding the apparent differences in risk estimates for the Canadian nuclear workers 
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cohort between Zablotska, Ashmore and Howe [2004] and the 15-country study [Cardis, 
Vrijheid, Blettner et al. 2005] show that the difference is related to the exclusion of Ontario 
Hydro workers from analyses of solid cancers in the latter study, owing to the lack of 
information on socio-economic status (SES) for this group of workers.  Several studies of 
radiation workers (e.g. Cardis, Gilbert, Carpenter et al. [1995a]; Muirhead, Goodill, 
Haylock et al. [1999]) have shown that SES is related both to solid cancer risk and to 
occupational radiation dose, and hence is a confounding factor.  All other differences 
between Zablotska, Ashmore and Howe [2004] and [Cardis, Vrijheid, Blettner et al. 2005] 
in analytical approaches, dosimetric quantity and definition of study population had very 
little impact on the results [Cardis, E. Personal communication].  In the Canadian National 
Dose Registry, which includes a large number of other personnel (e.g. medical and dental 
radiographers) not included in the 15-country study, the ERR for the incidence of cancers 
other than leukaemia among males was also large, 2.5 Sv–1 (90% CI: 1.1, 4.4) [Sont, 
Zielinski, Ashmore et al. 2001], as was that for mortality from all cancers among males, 
3.0 Sv–1 (90% CI: 1.1, 4.9) [Ashmore, Krewski, Zielinski et al. 1998].  However, whereas 
many non-cancer causes of death (including infectious and parasitic diseases and accidents) 
were correlated with dose in analyses of the Canadian National Dose Registry, suggesting 
the possibility of bias in vital status ascertainment, this was not the case for the Canadian 
component of the 15-country nuclear worker study [Cardis, E. personal communication].  
Furthermore, while the ERR for Canada in the latter study appears to be unusually high and 
the lower confidence bound does not include the combined estimate, reviews of historical 
dosimetric practices and records have not led to the identification of a possible dose-related 
bias in this study.  It should be stressed that there are substantial uncertainties in the risks 
derived from the 15-country study.  Consequently, not too much should be made of the 
apparent discrepancies with risks observed in other studies, such as the LSS, given that the 
findings are statistically compatible.” 
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4.  Consistency of the results from the studies 
 

The earlier studies of the AECL worker cohort are generally consonant with each other and with 
results of studies conducted in about the same periods on similar cohorts.  Generally a small 
positive but non-statistically significant point value of risk related to radiation exposure has been 
observed.   
 
The power and precision of such studies is limited by the relatively small sample sizes and 
relatively low number of years of follow-up compared to carrying and studying the cohort to 
extinction.  This lack of statistical power is, after all, the main rationale for embarking on the 
difficult business of combining studies with the accompanying need to assure comparability 
across studies.   
 
For the AECL cohort, studies in what may be called “the early period” (prior to about 1998) 
directed at assessing their risk provide no evidence of risk greater than that allowed for in 
regulations aimed at assuring radiation protection of such a population.  The results from this 
early period are also consistent with the possibility of no excess risk from the cumulative 
radiation exposure of the sub-cohort. 
 
This changed in 1998 with the advent of radiation risk studies based in the data assembled in the 
National Dose Registry, held in the Radiation Protection Bureau of Health Canada.  As a useful 
point of reference, it should be borne in mind that the AECL-specific studies documented in 
Section 2.2 represented input data collected predominantly from AECL records and did not relate 
to the NDR per se.  The change was reflected in the results of the IARC 15-country study as we 
have described in Section 3.1.  These results and those of other studies using the NDR data base 
are statistically consistent, but estimates of ERR Sv–1 are much larger, by approximately an order 
of magnitude compared to results from the earlier period (see Figure 4−1). 
 
Simultaneously the confidence intervals changed, most notably in regard to the lower confidence 
bound.  This latter feature was so pronounced that estimates of risk from this “later period” (save 
for the study of Zablotska, Ashmore and Howe [2004]) became statistically incompatible with—
because they were much larger than—most risk estimates on similar populations in other 
countries.  This incongruity came to a head when the results of the IARC 15-country study were 
published.  It appears to us that the major change in outcome of studies occurred when data from 
the NDR were used rather than data directly from AECL.   
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Figure 4−1: The estimates of ERR Sv−1 from the series of studies carried out 
involving AECL workers.   
Key:  Red symbols are estimates based on AECL dose records directly. 

Black symbols are estimates based on NDR dose records. 

Squares are for AECL cohorts alone. 

Circles are for Canadian cohorts that include AECL workers. 

Triangles are for international cohorts; # 3 and #8 are full cohorts from the 
IARC 3-country and 15-country studies respectively; #9 is the IARC 15-
country study excluding Canadian data. 

Confidence intervals are shown on the lines linking data points with 
authors.  For point #3, the interval is within the symbol. 
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The large apparent values of ERR Sv–1 do not, however, prevail across all groups of nuclear 
industry workers in Canada.  These might be expected to have similar point estimates of 
ERR Sv−1, though differing in confidence intervals because of different doses, duration of 
employment and length of follow-up.  This most decidedly is not the case.  In Section 3.1 we 
noted three sources of information that bear on this: 

• Data from the original publication of the IARC 15-country study [Cardis, Vrijheid, 
Blettner et al. 2005]. 

• Data from the paper that provides extended analysis of results [Cardis, Vrijheid, Blettner 
et al. 2007]. 

• Information privately communicated by Dr Zablotska, concerning the distribution of risk 
amongst the four different Canadian organizations within the study she was involved in 
[Zablotska, Ashmore and Howe 2004]. 

 
From these data, it is evident to us that essentially all the risk imputed to the Canadian 
component of the IARC 15-country study resides within AECL workers, even though AECL 
workers comprised only 36% of the total number in the Canadian study population.  (The 
percentages of the total collective dose associated with the workers in each of the separate 
organizations in the study, including that for the AECL workers are not available from the 
published papers.)  
 
The considerations outlined here and in Section 3 prompted a number of lines of investigation by 
which the question of the high apparent risk values for AECL workers might be explained 
(whether resolved or confirmed).  The estimates of ERR Sv–1 for AECL workers are inconsistent 
with studies, possessing similar or greater statistical power, of comparable nuclear worker 
cohorts.  We discuss our findings in the following sections.   
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5.  Issues related to dosimetry 
 
 
5.1 Biases in doses and uncertainties 
 
Although generally referred to as “dose records”, the actual radiological quantity recorded in the 
National Dose Registry has changed with time.  For AECL workers, in the period when films 
were used, the calibration was in terms of exposure in free air and the quantity recorded was 
exposure in milliröentgens (mR).  With the introduction of TLDs, the practice became to correct 
for the relationship between exposure and dose to what was considered the critical organ, the 
gonads, so that the recorded quantity was dose equivalent to the gonads in millirems (mrem).  
After the publication of the recommendations of the ICRP in 1977 [ICRP 1977], the calibration 
was changed conceptually to give effective dose millirems (and subsequently in millisieverts 
[mSv]) [Jones 1966, 1971; Jones and Marsolais 1979]. 
 
These quantities have been adequate for demonstrating regulatory compliance but for 
epidemiological analyses the doses to particular organs are more relevant. 
  
The various factors for converting recorded exposures to various dose quantities have been 
investigated in detail by many dosimetry groups for their own personnel dosimetry systems (see, 
for example, the outline in Section 2.1 of those by AECL) and there are standard references such 
as those by the ICRU [1985] and the ICRP [1996] for the physically based (as opposed to the 
device-specific) conversion factors.  Further, for the purposes of epidemiology there have been 
detailed estimates not only of the appropriate values for conversion factors between recorded 
doses and required organ doses for particular field conditions but also of their uncertainties; for 
example, Gilbert, Fix and Baumgartner [1996] and Gilbert [1998].   
 
Conversion (or bias) factors and uncertainties have been discussed in terms of five kinds of 
measurement error8:  
 

• Laboratory-related: errors in calibration, processing and reading. 
• Environmental: errors because of the influence of light, moisture and operational 

temperatures. 
• Radiological: variations in the response of dosimeters to radiations of different 

energies, different irradiation geometries (angular response) and dosimeter placement 
(backscatter effects for example). 

• Dosimetry: conversion from the dosimeter reading to organ doses in field conditions. 
• Detection threshold: uncertain knowledge of doses below a minimum detectable 

level. 
 
The first two are generally considered to be random errors, independent of the true dose, to be 
different for different workers and not to bias any estimate of true dose [Xue, Kim and Shore 
2006].  Gilbert [1998] points out that random errors in dose estimates can, however, bias 
estimated regression coefficients towards the null, can result in an under estimation of 

                                                
8 The term “error” as used here includes conversion or bias factors.  
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uncertainty and can distort the shape of the dose response function.  However, Gilbert concluded 
on the basis of an analysis on the Hanford workforce that these laboratory-related random errors 
did not result in any appreciable distortion of the dose–response relationships. 
 
The next two types of measurement error, treated as systematic errors, consist of biases that are 
the same for a specified group of workers, but where there may be uncertainty in the magnitude 
of the bias.  These are listed above as radiological and dosimetric [Gilbert, Fix and Baumgartner 
1996].  The systematic errors may depend on the true dose, may be similar for particular groups 
of workers and can therefore be biasing any estimate of true dose and, hence, any estimate of 
risk.  Further, the uncertainties in these biases can have an appreciable effect on the confidence 
intervals associated with risk estimates [Gilbert 1998]. 
 
The fifth type of error is the occurrence of values below the minimum detectable level.  
Uncertainty in the actual values below the minimum detection level (MDL) can bias subsequent 
epidemiological analyses.  Depending on how readings below the MDL are treated the bias can 
under- or over-estimate the true dose. 
 
 
5.2 Laboratory and environmental error  
 
A number of dose intercomparison exercises have substantiated the ability of AECL to perform 
good dosimetric measurements for a variety of types of radiation and exposure conditions.  
Regulatory oversight and auditing has verified this.  We therefore consider that errors of this 
kind in dosimetry will not have been of any significance in biasing the risk estimates for the 
AECL cohort. 
 
 
5.3 Treatment of dosimetric adjustments and uncertainties in the IARC 3-country study   
 
For the IARC 3-country study, it was decided to estimate the bone marrow doses from the 
submitted records for the various cohorts in order to estimate leukaemia risk but to use 
unadjusted dose records for all other cancer risk estimates [Cardis, Gilbert, Carpenter et al. 
1995a].  It was acknowledged that quite different quantities were estimated in the various 
facilities, as noted above.  Although the “deep dose” Hp(10) had been selected a priori as the 
reference quantity for the study, the conclusion was that the various quantities differed 
numerically very little and that they were sufficiently compatible for the study.  The bias factor 
for red bone marrow doses was 1.2 (i.e. the recorded values were divided by 1.2 to obtain the 
marrow doses).  The uncertainties were judged (by the study’s Dosimetry Subcommittee) to be 
50%, 30% and 20% for single dosimeter readings above the detection level for the early period 
with films, for the period with multielement film packages and the period with TLDs 
respectively.  It was noted that over longer periods these uncertainties would be somewhat less. 
 
The uncertainties in the estimated doses were accounted for in the estimation of the confidence 
intervals by one of two methods.  For cancers other than leukaemia the confidence intervals were 
“based on the score statistic using expected information”.  For leukaemia, because the number of 
deaths was relatively small and in these circumstances the very skewed nature of the dose 
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distributions can result in exaggerating the statistical significance of risk estimates, a simulation 
method was used.  These methods have been described by Gilbert [1989], Gilbert, Fry, Wiggs et 
al. [1990] and, more recently, by Gilbert [1998].  The methods used were considered the most 
appropriate ones for fitting a linear relative risk model.  The score statistic method was 
considered to have advantages over the likelihood ratio method.  Also, simulations were easier to 
conduct if based on the score statistic rather than the likelihood ratio statistic.   
 
 
5.4 Treatment of dosimetric adjustments and uncertainties in the IARC 15-country 

study   
 

For the IARC 15-country study, there was a more detailed adjustment of the recorded doses; 
doses to lungs, to red bone marrow and to colon were estimated.  These doses were applied in 
estimating the risks for lung, pleural, and smoking-related cancers; for leukaemia, multiple 
myeloma and lymphoma; and all other causes of death respectively [Cardis, Vrijheid, Blettner et 
al. 2007].  The uncertainties associated with the adjustments needed to calculate the various 
organ doses were also estimated.  Although these were substantial (see below) they appear not to 
have been included in the estimates of confidence limits on the various risk estimates as 
published so far; it appears that a subsequent analysis is being undertaken that will take account 
of the dosimetric uncertainties [Thierry-Chef, Marshall, Fix et al. 2007].   
 
Our intent in this report is to assess whether particular differences between AECL dosimetry 
practices and those of the other cohorts in the IARC 15-country study: 

• could in themselves resulted in substantial bias in the risk estimates for the AECL cohort, 
or  

• could have resulted in substantial bias in the risk estimates for the AECL cohort because 
of the adjustments made by IARC in this study to derive the organ doses. 

 
The dosimetry practices associated with the other cohorts in the IARC 15-country study have 
been broadly similar to those in AECL, particularly so for the larger cohorts from the USA and 
the UK.  For example, similar dosimetry technologies have been used over similar periods; 
single films up to the mid-1950s, multi-element film packages up to the early/mid 1970s, and 
finally TLDs, much as described for AECL in Section 2.1.  It seems unlikely, therefore, that 
there are any inherent differences that would result in substantial bias. 
 
The approach in the IARC 15-country study was to estimate sets of bias factors and their 
uncertainties with which to adjust recorded quantities to Hp(10) and to convert the estimated 
Hp(10) values to the desired organ doses.  The factors considered were: 

• photon energies in three ranges: 0–100 keV, 100–300 keV, and 300–1000 keV;  
• exposure geometries: anterior-posterior, rotational, and isotropic; and 
• conditions of exposure in different types of facility. 

 
There is insufficient information in the documents describing the IARC 15-country study that are 
currently available to us, for us to deduce the actual adjustments that were made to the individual 
NDR dose records.  For purposes here, however, a rough comparison should suffice to indicate 
whether there are likely to be substantial bias in the results for AECL. 
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The judgements made for the IARC study for estimating the dosimetric bias factors were that 
facilities could be divided into two types; nuclear power plant (NPP) and mixed activity (MA), 
and that the exposure conditions could be characterized by the average doses, their ranges and 
uncertainties, received from photons in the given energy ranges and irradiation geometries.  In 
fact there was little difference in the chosen characteristics.  Doses were assumed to be received 
only from photons in the two ranges above 100 keV.  For NPPs, 10% were in the photon energy 
range 100–300 keV; for MAs, 20% were in that energy range.  The assessed ranges in these 
percentages were slightly less for the MAs than for the NPPs.  The typical average geometries 
were assumed to be the same for the two types of facility: 50% anterior-posterior, 50% isotropic, 
with the range in percentages being slightly smaller for the MAs.  The AECL worker cohort was 
classified as being in a mixed activity facility. 
 
The results of the measurements on the AECL personnel dosimeters described in Section 2.1 
provide the basis for roughly estimating some of the values of appropriate bias factors needed to 
convert the AECL recorded dose values to the requisite organ doses if the exposure conditions 
assumed by IARC apply.  The factors for marrow doses and colon doses can be estimated but 
there are no measurements reported with the AECL dosimeters that allow us to estimate the 
factor for lung doses.  The estimates for the two main dosimeter types are given in Table 5.4−1. 
 
The bias values derived by IARC were largely based on measurements made on representative 
personnel dosimeters from facilities in France, the USA and the UK.  None were identical to 
those used by AECL, so the bias factors applied to the AECL data are not apparent to us.  For the 
multielement film badge, that in one of the French facilities (FR−1 in Thierry-Chef, Marshall, 
Fix et al. [2007]) appears closest.  For the TLDs, that in a USA facility (US−15, loc. cit.) appears 
closest.  The bias value for these facilities are in Table 5.4−1.  There are also more generic 
values given for “Other TLDs, MA”.  These values are also in Table 5.4−1. 
 
There is clearly substantial agreement between the estimates made here and those in the IARC 
15-country paper.  The difference in the TLD bias factors could be a reflection that the AECL 
value has already a 1.15 bias factor applied in the recorded doses.  We have not been able to 
ascertain whether this was taken into account by IARC.   

 
The adjustment factors are unlikely to have been much different for AECL than for comparable 
facilities.  Comparison of the data file with adjusted doses as used by IARC with the data file 
originally sent from the NDR would have allowed us to verify that the adjustments to doses were 
as expected.  However, we have not been able to obtain the file in time to report on the 
comparison in this document.  Nevertheless, based on the review here, we have no reason to 
believe that adjustments to the doses by IARC would have led to substantial distortion of the 
dose response relationships estimated for the AECL cohort, relative to those for other cohorts. 
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Bias factor (uncertainty) 

Multielement film package TLD 
Basis for estimate 

of bias factor 
Bone marrow  Colon Bone marrow Colon  

Estimated here from 
AECL measurementsa  

~1.3 ~1.1 ~1.14 ~0.97 

FR−1b 1.28 (1.36) 1.13 (1.36)   
US−15 b   1.24 (1.71) 1.08 (1,71) 

“Other TLDs” b   1.34 (1.7) 1.18 (1.7) 
 
 

Table 5.4−1: Bias factors for adjusting recorded AECL doses to 
bone marrow and colon doses under exposure conditions assumed 
in the IARC 15-country study and the bias factors and their 
uncertainties as estimated in the IARC 15-country study.  The bias 
factor is the ratio of recorded dose/true dose.  The uncertainty is 
the factor by which the 95% confidence limits on the bias factor 
are below and above the estimated value. 
a Estimated from results on AECL measurements outlined in 
Section 2.1.   
b Extracted from Thierry-Chef, Marshall, Fix et al. [2007]. 

 
 
5.5 Effect of threshold in recorded doses 
 
The minimum detection level (MDL) and the minimum recording level (MRL) for the weekly 
AECL readings before 1958 and the fortnightly readings thence until 1972 were quoted as 
20 mR (see Section 1.2).  The minimum recording increment was quoted as 10 mR.  After 1972, 
with the introduction of TLDs, the MDL would have been lower but is unlikely to have been as 
low as the value of 1 mrem quoted by Cowper [1981], as noted in Section 2.1.  This value (now 
0.01 mSv) is repeated in the report of the IARC 3-country study where it is given as the detection 
threshold, the recording threshold and the recording increment [Cardis, Gilbert, Carpenter et al. 
1995b].  A more realistic MDL for the TLD monitoring system is at least 0.1 mSv.  The practice 
with TLDs appears to have been, as it still is, to record readings in increments of 0.01 mSv above 
zero, even though they are below the formal MDL.  This minimum recording increment value of 
0.01 mSv may have mistakenly quoted as the MDL in the cited publications.   
 
The IARC 3-country study report also notes that the practice for AECL was to record sub-
threshold readings as zero for all the dosimetry systems [Cardis, Gilbert, Carpenter et al. 1995b].   
Hence, for the period when films were used in AECL, doses would have been recorded as 0, 
10 mR, 20 mR, .  .  .  (10n +20) mR .  .  .  where n is an integer (approximately, 0, 0.1 mSv, 0.2 
mSv .  .  .  etc.).  For TLDs the threshold referred to by IARC must refer to the incorrectly cited 
minimum recording increment.  Values from the TLD reader below 0.01 mSv are recorded as 
zero.  Readings above 0.01 mSv are recorded in 0.01 mSv increments. 
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The practices with low dosimeter readings in the other large facilities in the USA and UK are 
broadly similar.  Minimum detection levels for films range 0.2−0.5 mSv; MRLs range 0.05–
0.2 mSv.  For TLDs, MDLs range 0.05−0.2 mSv; MRLs range 0−0.2 mSv.  From the above 
comparison, it seems reasonable to conclude that the records for AECL will have, if anything, a 
lower fraction of small doses missed than would have been the case for other cohorts with the 
same distribution of true doses.  There is no indication that the recording levels and increments 
in themselves would lead to a substantial bias in the risk estimates for the AECL cohort, 
compared with those for other cohorts. 
 
There have been efforts made by various groups to account for missing doses because of this 
threshold effect.  (See, for example, Taylor [1991] in the UK, and in a series of papers concerned 
with facilities at Oak Ridge, Tennessee: Frome, Cragle, Watkins et al. [1997], Xue and Shore 
[2003], Xue, Shore, Ye et al. [2004], and Xue, Kim and Shore [2006].)  The bias in values of 
ERR based on the recorded doses could be appreciable, particularly for cohorts who had 
appreciable numbers of workers exposed in the early years when films were used.  For example, 
Frome, Cragle, Watkins et al. [1997] showed that adjusting the doses recorded in the 1940s and 
1950s when readings were taken weekly (and even daily in some instances) for the likely 
unrecorded doses reduced the risk estimates by 50%.  In the case of the AECL cohort in the 
IARC 15-country study, the lower frequency of reading of film dosimeters and the later start to 
the study period compared to this Oak Ridge study will have reduced the impact of the recording 
threshold on risk estimates. 
 
For the AECL cohort an estimate of the improvement in capturing doses brought about by the 
change from film dosimeters to TLDs can be obtained, at least for cumulative dose, by 
comparing the NDR records before and after the change in dosimetry system.  Only records with 
doses above the recording threshold of 0.2 mSv were sent from AECL to the NDR prior to 1971, 
even though all employees were monitored for radiation exposure.  After 1971 those with zero 
doses were reported as well.  (Other implications of this change in practice are discussed in 
Section 6.4.)  Figure 5.5−1 shows the increase in number of annual individual records below 20 
mSv.  This is the period, discussed in Section 4.1, when recording practices changed, coincident 
with the change from film dosimeters to TLDs.  The fraction of the workforce with recorded 
doses increased from about 30% to 80%.  A reasonable conclusion from this is that if the 
population of workers and the nature of their work did not change from before the change in 
dosimetry to after, then in the period before the change the doses shown in Figure 5.5−1 would 
have been missed each year. 
 
The worker population was steadily increasing through this period and from the annual records it 
is evident that there was a general increase at AECL in individual doses in the higher ranges over 
the period covered in Figure 5.5−1.  This general increase is the likely explanation for the 
gradual change in shape with averaging time in the distributions of changes.  The most useful 
observation is that the step increase in the cohort’s annual collective dose as a result of including 
these doses is about 10−15% of the total cohort collective dose.  Hence, although it is the 
differential effect of the addition of these missing doses across the range of individual 
cumulative doses that is important, it seems reasonable to conclude that the impact of the 
omission of these doses from the earlier dose records on risk estimates based on a linear model 
would not have been large.  In that recording practices with the other cohorts in the 
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IARC 15-country study were similar to that of AECL, there seems no reason to suspect that this 
threshold effect during the period when films were used as dosimeters would have had a biasing 
effect on the risk estimates for AECL relative to those for the other cohorts.  Since the effective 
recording threshold with TLDs is much lower than with films, the same conclusion can be drawn 
for the period when they have been used. 
 

Figure 5.5−1: Increase in number of annual doses below 20 mSv 
recorded in the NDR in periods before 1971 and after 1972.  The 
series labeled “1 year” is the change between 1970 and 1973.  The 
other series show the changes between the averages for the two, 
three and four year periods before and after 1971 and 1973. 

 
 
For our purposes in this report it suffices to note that the distribution deduced here for the AECL 
doses below the threshold before 1972, roughly lognormal, is similar to those observed and 
assumed by the authors cited.  In the IARC 3-country study, the Dosimetry Subcommittee judged 
that any biases to risk estimates based on a linear model would be small because the main 
influence would be from the higher doses where the threshold effects would be smallest.  The 
Subcommittee did point out that because of the threshold problem, the dose records in general 
would be inadequate to differentiate effects on groups of workers receiving doses below 50 mSv 
[Cardis, Gilbert, Carpenter et al. 1995b].  In the IARC 15-country study, adjustments were made 
(by re-reading) to the recorded doses from some of the UK facilities for the early period with 
films when the recording threshold was high (0.5 mSv) and dosimeters were exchanged weekly 
or fortnightly so that there could be appreciable under-recording of the cumulative doses.  
Otherwise, the effect was judged to be small [Thierry-Chef, Marshall, Fix et al. 2007]. 
 
 

0

200

400

600

800

1000

0.1 1 10 100

Annual dose:  mSv

Increase in 
number of 

records with 
greater than 

zero dose

I year

2 years

3 years

4 years



Analysis of the results of the IARC 15-country study Ashmore, Gentner and Osborne 

 52 

5.6 Effect of reading frequency 
 
Most facilities changed dosimeters weekly in the early days, dropping in frequency in the late 
50s or early 60s.  In this latter period, the facilities with the large cohorts adopted a monthly (or 
even annual) change frequency with the exception of AECL and Harwell, which adopted 
fortnightly changes.  (AECL has changed to 13 changes per year since the period covered by the 
IARC 15-country study.)  The potential for missed doses below the threshold is greater for the 
cohorts with the higher change frequency (see Section 5.5).  In the case of AECL, the effect, 
relative to the cohorts with less frequent changes would be through the 1960s when films were 
used.  However, from the observations above, we conclude that it is unlikely that this higher 
change frequency would have had a significant biasing effect on the risk estimates for the AECL 
cohort. 
 
 
5.7 Discrepancies between the AECL dose records and those attributed to AECL in the 

NDR  
  
A data base intercomparison study was undertaken in the mid 1990s to determine where there 
might be discrepancies between the NDR database and those at AECL and the nuclear power 
facilities and within the respective facilities’ own data bases, and to identify where the 
corrections were needed [as reported in Gale 2003].  In the first phase of the intercomparison 
study each facility provided the NDR with a file of the personal identifiers of all its monitored 
workers.  This file was linked to the NDR and any discrepancies in the linkage were followed up.  
Next the dose information from each organisation was assembled in a file ready for the 
comparison. 
 
The second phase (the data comparison) was undertaken by Fenta and Hanley of McGill 
University [Fenta and Hanley 1998].  Their findings were reviewed by the working group 
responsible for the study and a decision was made to review the discrepancies greater than 5 mSv 
(10 mSv for Ontario Hydro).  The third phase consisted of making the appropriate adjustments to 
the appropriate files at the NDR or the various facilities.  The final phase of the project involved 
making corrections to the NDR’s and facilities’ dose records where the discrepancy exceeded 
5mSv (10 mSv in the case of Ontario Hydro). 
 
Hence, the discrepancies between the dose records of the NDR and those of the utilities and 
AECL were generally resolved by the late 1990s.  The majority of errors had been found to be 
not those of the NDR.  The corrections were in place for the datasets used in the analyses by 
Zablotska, Ashmore and Howe [2004] and subsequently for the Canadian component of the 
IARC 15-country study of nuclear industry workers; indeed, this was the main reason for the 
intercomparison project and corrections in the first place. 
 
The intercomparison and correction project left a number of small discrepancies unresolved.  We 
have investigated whether these could have an appreciable impact on the epidemiological studies 
made on the basis of the newly corrected data.   
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For AECL, New Brunswick Power (NBP), and Hydro Quebec (HQ) lifetime dose discrepancies 
greater than 5 mSv were followed up and corrected.  For the Ontario Hydro (OH), discrepancies 
greater than 10 mSv were followed up.  For our analysis the dose difference files of the facilities 
were located and imported into a database, as shown in Table 5.7−1. 
 
 

Organisation 
Number of 

records  

AECL 3,247 

HQ 1,365 

NB 367 

OH 7,442 

Total 12,421 

 
Table 5.7−1: Numbers of records imported from each facility for 
the estimation of bias resulting from discrepancies remaining in the 
dose records. 

 
 
The assumption was made that all the discrepancies greater than the cut-off doses of 5 and 10 
mSv had been corrected in the correction phase of the study.  It was not possible to confirm this 
assumption since the number of corrected records is not stated, but it is certain that most, if not 
all, were resolved and corrected in the NDR.   
 
The distribution of the external body dose differences for AECL is shown in Figure 5.7−1.  This 
distribution has a larger number of negative differences, indicating that the NDR dose has been 
underestimated.  The doses that have not been reviewed and corrected are shown in red.  It can 
be seen that these are dominated by the large number of differences in the 0 to −0.49 mSv range. 
 
The bias for the AECL doses when the threshold for correction was 5 mSv was calculated by 
summing the differences, including the sign and expressing it as a percentage of the total dose as 
shown in Table 5.7−2.  The bias is negative (i.e. the NDR underestimates the dose).  The total 
dose was taken from the analysis file selecting AECL records.  The bias for AECL is less than 
1% (0.22%) in a negative direction (i.e. the NDR is lower) while the bias in the tritium doses is 
slightly larger at −0.59%.   
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Figure 5.7−1: The difference in external whole body doses as 
recorded in the NDR and in the records of AECL.  Shown is [NDR 
dose] minus [AECL dose].  Numbers of records corrected are in 
blue, labelled “fixed”.  Those not corrected are in red, labelled “not 
fixed”. 

 
 
 

External whole body dose (mSv) Tritium dose (mSv) 

Bias Total dose % Bias Bias Total dose % Bias 

−662.3 259,643.1 −0.22 −70.3 11,838.1 −0.59 
 

Table 5.7−2: Percentage bias for AECL external whole body doses 
and tritium doses when the threshold for correction was 5 mSv. 

 
 
It would have been very useful to investigate how many deceased workers in the IARC study had 
their doses underestimated because their dose differences were below the 5 mSv cut-off.  
Unfortunately, it is not possible, because the intercomparison data file and the IARC study file 
do not contain the information that would allow their linkage. 
 
However, it is possible to look at a worst-case scenario by assuming that all the bias was in the 
sub-group of deceased workers.  The results are shown in Table 5.7−3. 
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External whole body dose (mSv) Tritium dose (mSv) 

Bias 
Total dose 
(deceased 
workers) 

% bias Bias 
Total dose 
(deceased 
workers) 

% bias 

−662.3 27,588.0 −2.4 −70.3 577.3 −12.1 
 

Table 5.7−3: Worst-case scenario for the percentage bias for 
AECL external whole body doses and tritium doses when the 
threshold for correction was 5 mSv. 

 
 
In this extreme case the bias for is −2.4% for body and −12.1% for tritium.  This is too small to 
account for the large ERRs found for AECL workers, and this is for the worst-case scenario 
where it is assumed that all the discrepancies are for deceased workers. 
 
Our conclusion is that the negative bias of the uncorrected AECL doses below 5 mSv cannot 
account for the large ERRs observed in the recent IARC 15-country study. 
 
 
5.8 Unmeasured doses from external radiation 
 
We realize that while there may be cases of inadvertently missed doses in particular situations.  
However, in order to explain differences of the magnitude seen in the risk estimates one would 
have to posit both that a very substantial fraction of the doses was missed and that this did not 
occur to the same extent in similar facilities.  It seems unlikely there were other than minor 
inadvertent omissions in the normal operations. 
 
The foregoing does not mean that deliberate acts of individuals may not have led to missed doses 
in records.  We are aware of a number of anecdotal instances of persons who they knew 
deliberately failed to wear their badges.  An example was of persons who wished to work 
overtime and did not want their dose in the present period to preclude this.  However, it would 
difficult without a labour-intensive interview process to quantify how widespread this might 
have been, and such a process would have no guarantee of providing reliable statistics.  We 
would not expect such a situation to be peculiar to AECL.  It might be more prevalent in a mixed 
activity type of facility, compared to a nuclear power plant.  However we judged that pursuing 
this in the context of our project would not be worthwhile. 
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5.9 Missed tritium exposures  
 
Records of tritium doses were not transferred from AECL to the NDR until after 1968.  The 
comparison of AECL’s file of dose records with that for AECL in the NDR that was carried out 
in the 1990s, described in Section 5.7, identified all records where there was a discrepancy 
greater than 5 mSv between the two sets of records.  In this comparison it had become evident 
that of the identified records where there were discrepancies, there were 150 where tritium doses 
prior to 1968 were recorded in the AECL records but not in the NDR [Gale 2003].  A file with 
these tritium doses (the “update file) was prepared as part of the comparison project for the 
purpose of updating NDR.  We have located a copy of this file. 
 
We have observed that the NDR data file on which the IARC 15-country study and that of 
Zablotska, Ashmore and Howe [2004] was based (the “analysis file”) did have tritium doses in 
records for 136 AECL workers distributed over years in the 1960s before 1968.  The analysis file 
is the NDR dose file (the “source file”) to which Statistics Canada has linked mortality data and 
from which individual identifiers have been removed.  The presence of tritium records for AECL 
workers in those early years  was surprising since the adjustments stemming from the 
intercomparison would have been made as a single entry.  This prompted us to question whether 
these were tritium doses that had been a result of adjustments for other facilities (i.e. for workers 
who had been at AECL and had moved to other facilities).  We have found no explicit indication 
that the 150 adjustments for tritium doses from the intercomparison in the tritium “update file” 
have been entered into the NDR. 
 
We have carried out several checks.  We could only compare the update file records to the 
analysis file records indirectly since there is no common identifier.  If the pre-1968 records in the 
analysis file are the same as the records in the update file they should have a similar dose 
distribution.  A comparison of the dose distributions is shown in Figure 5.9−1.  Compared to the 
update file the analysis file has too few doses in the higher ranges and too many in the lower 
ranges and a greater number of records anyway.  The indication is that they are not the same 
records.   
 
As a further check we have examined the paper records at Chalk River Laboratories containing 
results of tritium urinalysis from the 1950s and 1960s.  The records are extensive.  Ten boxes, 
labeled ID–13 through to ID–22, contained about 12,000 cards of three different types, sorted 
alphabetically by surname, and stapled together for the same person.  The cards contained 
records of urinalysis results for fission products and tritium with the majority being for fission 
products. 
 
The most common type of card was buff coloured with punched holes along the edges.  It 
contained dated urinalysis results in µCi/L for fission products and tritium.  Tritium doses in 
mrem were in a column next to the concentrations and, at the bottom of the card, there were up 
to three years of quarterly and yearly totals, and the cumulative dose from 1963.  While tritium 
dose totals were all present for the 1960s, in later years the totals were not always filled in. 
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Figure 5.9–1: Tritium dose distributions for the update file and the 
analysis file.   

Blue—update file (150 workers). 
Purple—analysis file (136 workers). 

 
 
A second type of card, also buff coloured but of a different size than the more common card, 
included fission product and tritium concentrations in urine.  Most of the tritium concentrations 
were of the order of 1 to 2 µCi/L and the doses described as “negligible”.  These cards were for 
earlier years, typically 1960−1962.  The third type of card was a large white card, which 
contained urinalysis results of fission products alone.   
 
We sampled the records for a number of individuals who had tritium doses and compared them 
to the NRD source file.  It is clear from Table 5.9–1 that the NDR source file does not have the 
AECL tritium doses in the years before 1968.  Further, we have compared the cumulative 
individual pre-1968 tritium doses from the update file with the summation of the pre-1968 
tritium records from the analysis file.  Only 11 out of the 150 pre-1968 tritium totals from the 
update file matched the pre-1968 totals from the analysis file and these were for the smaller 
doses less than 10 mSv where the chances of a match are large with numerically rounded values. 
 
We have concluded that the pre-1968 tritium doses in the update file are not the same as the pre-
1968 doses in the analysis file.   
 
The implications of the omission of these tritium records can be judged from the relative 
magnitude of the collective dose (2000 person-mSv) from tritium associated with the records in 
the update file compared with that for the whole AECL cohort, which is 14,429 person-mSv.  
This means that about 14% of the tritium dose has been left out of the analysis file.  We consider 
that the tritium dose discrepancy is therefore not of a magnitude that could explain the relatively 
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high values of ERRs in the IARC 15-country study.  Furthermore, we note that the IARC 3-
country study did not use any tritium doses in the analysis and had much lower risk estimates. 
 
 
For completeness, the set of 150 records in the tritium update file, which is in machine readable 
form, could be added to the NDR’s source file for use in any future studies  
 

 
Table 5.9–1: Comparison of tritium doses entered on the AECL 
cards with doses recorded in the NDR source file. 

 
 
5.10 Summary 
 
We have concluded that random errors associated with laboratory processing and handling of 
personal dosimeters in the field will not have been a significant bias on the results for the AECL 
cohort in the IARC 15-country study.  This is in accord with findings by others. 
 
Doses were adjusted in both IARC studies to account for various biases from variations in the 
response of dosimeters to radiations of different energies, different irradiation geometries and 
dosimeter placement and conversion from the dosimeter reading to organ doses in field 
conditions.  Although we have not been able to verify the magnitude of the actual adjustments 
made to the AECL doses we estimate that the adjustments would have been small and similar to 
those for the cohorts from other facilities and would not have led to substantial distortion of the 
dose response relationships estimated for the AECL cohort, relative to those for other cohorts 
 
Similarly the underestimation of cumulative individual doses because of the de facto recording 
threshold for doses will not have been sufficiently different for the AECL cohort compared to 
others for this to have had a substantial biasing effect on ERR estimates relative to those for the 
other cohorts. 
 
The process of transferring AECL dose records to the National Dose Registry did result in some 
discrepancies between the AECL dose records and those in the NDR.  However, the dose 
validation project in the late 1990s had resolved discrepancies greater than 5 mSv between the 

Annual dose from tritium (mSv) 
Sample record 

1963 1964 1965 1966 1967 1968 
AECL card 11.37 1.67 6.37 4.25 4.17 4.31 

1 
NDR file – – – – – 4.3 
AECL card 3.36 1.52 1.06 1.31 1.32 3.13 

2 
NDR file – – – – – 3.1 
AECL card 4.90 3.80 2.18 6.35 3.38 2.30 

3 
NDR file – – – – – 2.3 
AECL card – – – 1.9 0.46 – 

4 
NDR file – – – – – – 
AECL card x x x x 43.18 2.13 

5 
NDR file – – – – – 2.1 



Analysis of the results of the IARC 15-country study Ashmore, Gentner and Osborne 

 59 

NDR and dose information provided to the NDR by the Canadian nuclear utilities and by AECL 
and the NDR file was adjusted before it was sent to IARC for the 15-country study.  We have 
concluded that the small negative bias of the uncorrected AECL doses below 5 mSv in the NDR 
cannot account for the large ERRs observed in the recent IARC 15-country study. 
 
We have no reason to believe that unmeasured doses will have resulted in substantial bias in the 
risk estimates compared with those for other cohorts and facilities.  In the particular case of 
tritium doses, although tritium doses from before 1968 appear to have been incompletely entered 
into the NDR we consider that the tritium dose discrepancy is not of a magnitude that could 
explain the relatively high values of ERRs in the IARC 15-country study. 
 
Overall, we find no evidence that the large ERRs estimated for the Canadian (essentially the 
AECL) cohort in the IARC 15-country study are a result of biases or uncertainties related to 
dosimetry. 
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6.  Issues related to data on the AECL cohorts 
 
 

6.1 Establishing the data files used in recent studies 
 
We noted in Section 4 that a major change in outcome of epidemiological studies occurred when 
data from the NDR were used rather than data directly from AECL.  We therefore have 
attempted to generate the data files as used in the various studies so that their features could be 
compared. 
 
Some records were excluded from the analyses in the IARC 3-country and 15-country studies 
and in that by Zablotska, Ashmore and Howe [2004].  The criteria for exclusion were established 
a priori, as is proper, and included: being employed for less than one year in any one of the study 
facilities (versus one-half year for the IARC 3-country study); a potential for ≥10% of the annual 
whole body doses to have been from other than photon radiation (except for tritium, which was 
included as whole body dose); involvement in a radiation accident or incident; and at least one 
annual dose of ≥250 mSv.   
 
It is not immediately clear whether these exclusions were all suitably performed, or what their 
effects were, specifically with respect to the Canadian records.  It does appear that IARC deleted 
13,990 workers with single records of exposure although at the time 6,525 were considered to be 
for one complete year of monitoring.  In the paper these are mistakenly described as representing 
less than one year of monitoring.  The last two exclusion criteria mentioned in the preceding 
paragraph were apparently established because the study was intended to address the effects of 
low dose protracted exposures; therefore persons with acute radiation exposures were excluded.  
However, the 250 mSv exclusion criterion was applied in the IARC 3-country study as well.   
 
We have tried to obtain the data file used in the analysis by Gribbin, Weeks and Howe [1993].  
This is the file of AECL workers used to convey the Canadian component into the 
IARC 3-country analysis in 1995, from which the Canadian cohort (AECL nuclear workers) 
exhibited a positive but relatively low and non-significant excess relative risk.  This data file is 
not available at Columbia University in the office of the late Prof. Howe, and we have not been 
able to contact Dr Gribbin. 
 
We have had more success with one of the files used in the recent studies [Cardis, Vrijheid, 
Blettner et al. 2005; Zablotska, Ashmore and Howe 2004].  These were created by the NDR and 
copies sent to IARC and to Dr Zablotska for their respective studies.  Although the initial files 
were identical, both research groups removed records from the file using different criteria 
appropriate to their own protocols.  
 
To replicate the Zablotska file, records with less than one year of monitoring and those where the 
first year of monitoring was earlier than 1956 were deleted from a copy of the NDR analysis file. 
A comparison of the statistics from this data file with those in the Zablotska, Ashmore and Howe 
[2004] paper showed that there were 192 more records in the analysis file than in the paper.  This 
is close to the expected number of 188 records that were deleted from the study described in the 
paper because of dose record irregularities.  Dr Zablotska has supplied us with the actual data file 
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used in her analysis so that it has been possible to identify doses received by the workers 
associated with the 188 missing records.  A dose distribution of the missing 192 records is shown 
in Figure 6.1−1. 
 
It can be readily seen that 50 of the workers with doses >500 mSv have been deleted from the 
study.  This is possibly because it was felt that the doses were single exposures and represent an 
acute high exposure to radiation.  However, in actual fact the majority of these workers 
experienced moderate exposures over a period of time.  Dr Zablotska is investigating the 188 
cases but has not yet been able to determine why they were deleted.  The remaining 4 cases 
cannot be explained by Dr Zablotska’s deletion but we felt that it was not cost-effective to try to 
determine the cause of such a small discrepancy. 
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Figure 6.1–1: Dose distribution for the 192 AECL records that are 
in the NDR analysis file but are missing from the Zablotska, 
Ashmore and Howe [2004] paper. 
Blue: Whole body dose.        Red: Tritium dose. 

 
 
Starting with a copy of the NDR file sent to IARC and using the deletions described in Table 4 
of Vrijheid, Cardis, Blettner et al. [2007] it was possible to re-create a reasonable facsimile to the 
file used in the IARC 15-country study.  Table 6.1−1 shows the deletions described in the paper 
compared to those made in the re-created NDR file. 
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Characteristic 
IARC 

15-country 
file 

NDR 
file 

Number of workers in the file 54,492 54,492 
Employment less than 12 months 13,900 13,900 
Internal dose (other than tritium) 88 87 
Potential neutron exposure 136 0 

Deletions 
from the 

file Other reasons (removal of workers 
monitored before 1956) 

1,789 1,325 

Remaining number of workers in the file 38,736 39,180 
 

Table 6.1–1: Characteristics of the Canadian cohorts in the data 
file used the IARC 15-country study and in the NDR data file. 

 
From Table 6.1−1 it can be seen that the re-created NDR file is slightly larger by 444 workers 
than the file used by IARC.  This discrepancy is mainly due to the difference between the 
numbers of records removed for “other reasons”.  It seems that IARC removed more records than 
those for workers monitored before 1956.  The file sizes are close enough to use the re-created 
file for comparison purposes if the discrepancy is kept in mind.  The re-created IARC 15-country 
file will be referred to as the 15-country file in this Section. 
 
With a reasonable replica of the analysis files used, it was possible to search for any unusual 
characteristics of the AECL data within the Canadian cohort as used in the IARC 15-country 
Zablotska, Ashmore and Howe [2004] studies.  The investigations described in the Sections 
below were undertaken. 
 
6.2 Tritium doses 
 
Following the resolution of the discrepancy between the NDR and the numbers of records used 
in the Zablotska, Ashmore and Howe [2004] study, the information in Table I of the paper was 
reviewed and it was found that the mean cumulative dose obtained from the NDR file did not 
agree with that in the paper.  (Note, this is a separate issue from the discrepancy between the 
AECL records and the NDR file discussed above). 

 
Mean cumulative dose (mSv) 

NDR doses on file 
 

External Tritium Total 
Zablotska, Ashmore and Howe 

[2004]  
Male 16.0 3.9 19.8 16.0 
Female 1.4 0.2 1.6 1.4 
Both 13.5 3.2 16.7 13.5 

 
Table 6.2−1: Mean tritium dose from the NDR file and from 
Table 1 in Zablotska, Ashmore and Howe [2004]. 

 
It can readily be seen from Table 6.2−1 that the external whole body dose from the NDR is 
identical to the mean cumulative dose quoted in the paper.  The real values should have been 
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19.8 mSv for males, 1.6 mSv for female, and 16.7 mSv for both.  The 19.8 mSv is close to the 
value of 19.5 mSv quoted in Table 5 of the detailed IARC paper on the 15-country study 
[Thierry-Chef, Marshall, Fix et al. 2007].  Our interpretation is that the analysis in Zablotska, 
Ashmore and Howe [2004] may have been based on only the external doses. 
 
The point has been raised with Dr Zablotska who has confirmed that the tritium doses were 
included in the analysis and that the values in Table 1 of the paper are only for the external 
doses.  This is therefore no longer an issue. 
 
 
6.3 Duration of monitoring 
 
It was noticed that the average time of monitoring in the Zablotska, Ashmore and Howe [2004] 
paper was 7.4 years, which we considered low for a cohort such as AECL where there were a 
large number of workers who had stayed at AECL throughout most of their career.  This was 
confirmed by inspection of the paper by Gribbin, Howe and Weeks [1992] who quoted a mean of 
21.4 years since first employment at AECL for exposed workers.  A plot of the duration of 
monitoring at AECL and of the whole cohort as determined from the data file used by Zablotska, 
Ashmore and Howe [2004] is shown in Figure 6.3−1.   
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Figure 6.3−1: Duration of monitoring for AECL (in red) and the 
whole cohort (in green). 
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The histogram shows that the number of workers with a single year of monitoring is very high 
and dominated by the AECL data.  A more detailed analysis shows that out of the 45,468 
workers in Zablotska’s analysis file there were 6,525 workers with only one year of monitoring.  
The actual numbers are in Table 6.3−1. 
 
 
 

  AECL Other Total 

Males 3,913 562 4,475 

Females 1,989 61 2,050 

Total 5,902 623 6,525 
 

Table 6.3−1: Breakdown of the number of workers with only one 
year of monitoring. 

 
 
An analysis of the first year of monitoring by calendar year showed no readily discernable 
pattern with the first year of monitoring.  Except for a small spike in 1964 the workers seemed to 
be distributed over most calendar years. 
 
The age distribution of the workers showed that 3,978 out of 6,525, or 61%, were in the age 
group 16−25y.  This high percentage is particularly noticeable when compared to the age 
distribution of workers at other facilities where the number is only 33%.  The dose distribution of 
these 6,525 workers showed that 5,105 (78%) had external doses less than 0.49 mSv and none 
had any tritium dose. 
 
Young age, low external doses, and no tritium doses have led us to believe that these workers in 
the 16−25y age group were summer students.  As such, their dose records should have shown 
that they were monitored for less than a year and they should have been deleted from the study.  
In actual fact, the dose record in the NDR shows them being monitored for a full (calendar) year. 
 
The number of deaths in the sub-group entered as being monitored for one year was reviewed to 
determine what impact they might have had on the outcome of the Zablotska, Ashmore and 
Howe [2004] study.  Table 6.3−2 shows the breakdown. 
 

 AECL Other Total 

Males 272 21 293 

Females 56 1 57 

Total 328 22 350 

 
Table 6.3−2: Number of deaths among the 6,525 workers with one 
year of monitoring.  
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It can be seen that this group of 6,525 workers, monitored for only one year, contributed 350 of 
the 1,599 deaths in the whole cohort.  The 328 deaths that occurred in the sub-cohort of workers 
from AECL who were monitored for one year were 36% of the 904 total deaths of AECL 
workers in the whole cohort. 
 
The distribution of numbers of workers by age at first monitoring and the distribution of numbers 
of deaths by age at first monitoring indicate that the 328 deceased workers are distributed over 
the range of ages at first monitoring (see Figure 6.3−2 below).  Hence, they are not associated 
with the large number of workers whose ages at first monitoring were less than 25 years.  We 
conclude that not all the workers with one year of monitoring were summer students. 
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Figure 6.3−2: Age at first monitoring for deceased AECL workers 
among those with only one year of monitoring.   

Yellow bars: Deceased workers who had had one year of 
monitoring. 
Red bars: All AECL workers with one year of monitoring.  
 

 
If the summer students had been identified and removed from the Zablotska, Ashmore and Howe 
[2004] study while the workers monitored for a full year were retained, most of the 328 deaths 
would have been retained.  Hence, if the summer students had been taken out it may not have 
had much effect anyway.  We have confirmed that the AECL dose records in the NDR through 
the period of the study all start at the beginning of the year and finish at the end of the year.  
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More precise dates were not sent to the NDR.  This has been remedied and AECL is now 
sending records with start and end dates. 
 
 
6.4 Early zero dose records  
 
The change in practice with respect to the transfer from AECL to the NDR of records with zero 
recorded doses was noted in Section 5.5.  This became evident to us from the graph of the 
distribution of annual external dose records by calendar year, shown in Figure 6.4−1, which has 
two surprising features.  There is a small peak in 1964 and there is a large jump of 1,871 annual 
records between 1970 and 1971.   
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Figure 6.4−1: Distribution by calendar year of AECL annual dose 
records in the NDR.   

 
 
On Figure 6.4−2 the distribution by calendar year of annual dose records for all AECL workers 
is plotted, together with the distribution for AECL workers who have positive doses, i.e. the zero 
dose workers have been removed.  The plot for positive doses has fewer records but retains a 
similar variation in time, though shifted to the left by two years.  Note that the peak in records at 
1964 has disappeared, possibly indicating that the jump was due to records with zero doses being 
present. 
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Figure 6.4−2: Comparison of the distribution of AECL annual dose 
records by calendar year for all workers and those with positive 
doses. 

Purple: All workers. 
Blue: Workers with doses above zero. 
 

 
This unusual feature can be explained by looking at the dose distributions shown below for the 
calendar years 1970 through to 1974, which covers the range of the two jumps in the numbers of 
records.  This is shown in Figure 6.4−3. 
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Figure 6.4−3: Distributions of annual dose records in the NDR by 
dose for AECL for the years 1970 to 1974 inclusive.   
 
 

It can be seen that the number of records with zero doses fluctuates between 1970 and 1974.  In 
1970 (dark blue line) it is low at 581.  In 1971 (red line) it jumps significantly to 2,349 and 
remains close to that number in 1972 (yellow line).  In 1973 (purple line) the number drops to 
just over under 1000 and remains there for 1974 (blue-green line). 
 
The jump by 1,871 records in 1971 is consistent with the inclusion in that year of worker’s 
records in which all the doses for the year were below the minimum reporting threshold of 0.20 
mSv and were entered as zero.  These records were first included in 1971, most likely with the 
implementation of the new computer system or in preparation for it.  With the implementation of 
the TLD in 1973 and the subsequent drop in the reporting threshold to 0.01 mSv, a large number 
of these records (1,576) were shifted from the zero dose range to the “less than 0.49 mSv” range 
or higher.  This pattern then continues into 1974 and beyond.   
 
Figure 6.4−4 shows the distribution of yearly dose records for those workers who had a first year 
of monitoring prior to 1971.  For comparison purposes the distribution of the yearly dose records 
for all AECL workers is shown.  The two plots are the same up until 1972 where the jump 
occurs.  The plot for the “pre-1971” workers shows a smaller jump of 813 records compared to a 
jump of 1,871 for all AECL workers.  The 813 records are those belonging to workers who had 
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positive doses prior to 1971 or who had zero doses recorded in 1964 when for some reason about 
835 workers with zero doses were recorded.  The tapering off of the blue line at the rate of 70 
records/year is most likely due to the workers retiring or leaving AECL to work elsewhere. 
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Figure 6.4−4: Comparison of the distribution by calendar year of 
pre-1971 workers dose records (blue) with all AECL workers 
(purple). 

 
 
Figure 6.4−5 shows the distribution of the duration of monitoring for pre 1971 AECL workers 
with positive doses (purple) and those with zero doses (blue).  There are a large number of 
workers who had been monitored for 1 year and for 24 years (the maximum, given that the dose 
records in the IARC 3-country study and the Zablotska, Ashmore and Howe [2004] study went 
up to 1994).   
 
Of the 187 workers with only one year of monitoring, 157 had zero doses.  These would most 
likely be some of the workers who were monitored in 1964 and received zero doses.  This is 
consistent with the premise that a large number of the workers with only one year’s dose record 
were summer students. 
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Figure 6.4−5: Duration of monitoring for all pre-1971 AECL 
workers (purple) and for pre-1971 AECL workers with zero doses 
(blue).   

 
 
The omission of some of the “zero” dose records between 1956 and 1970 may well have had an 
important effect on the IARC 15-country study.  In the study, the year of first monitoring was 
used as a surrogate for the first year of employment, which is used to determine the start of the 
accumulation of the person years at risk for an individual worker [Cardis, Vrijheid, Blettner et al. 
2007].  Workers who had been recorded by AECL as having zero doses prior to 1971 would 
have no dose records filed in the NDR before 1971.  If they continued employment at AECL 
after 1971 they would have had their date of entry into the IARC study set at 1971, although they 
could have been monitored for a number of years before but with zero doses recorded.  The 
consequence of this is that the person years at risk in the low dose workers between the years 
1956 and 1970 would have been underestimated.  The number of person years lost could have 
been appreciable.   
 
A sense of the magnitude of this underestimation can be gained by imagining a second line also 
beginning 1956 but proceeding proportionately above the present 1956–1971 line in the graph of 
Figure 6.4−1 above to join and become coincident with the existing line at 1971; the area 
between those two curves during the period 1956–1971 indicates the magnitude of missed PY 
compared to included PY (which is represented in comparable terms by the area for 1956–1971 
under the existing curve).   
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The omission of PY at risk for employees who continued to be employed past 1971 impacts 
directly on the estimation of the excess relative risk per unit dose (ERR Sv−1).  The estimation 
depends on the variation with dose of the ratios of the observed to expected mortality rates in 
workers grouped by dose.  (There are also sub-groupings—stratifications—that will be discussed 
in Section 7.)  The underestimation of the person years at risk will result in too few expected 
deaths being assigned, particularly likely in this case to the groups in the lower dose ranges.  
Since the expected deaths are in the denominator of the risk estimate calculation this results in an 
increase in the risk estimate.   
 
This factor gains in weight in the light of the large ERRs in the results from the IARC 15-country 
and the Zablotska, Ashmore and Howe [2004] studies, and the relatively low, positive, but not 
statistically significant ERRs in the Gribbin, Weeks and Howe [1993] paper and the IARC 3-
country study.  The latter two studies had actual hire dates for all employees, as the cohort was 
assembled from internal AECL records.  They therefore avoided the problem of the PY 
omissions for new employees with zero doses during the period 1956–1971.  We consider that 
this factor may well have been an important contributor to the considerable shift in apparent risk 
seen in NDR-based studies. 
 
 
6.5 Comparison of the characteristics of the cohorts analyzed in recent studies 
 
The records for AECL workers were extracted from the IARC 15-country and Zablotska files 
and compared with the results of the IARC 3-country study.  The comparison for the AECL 
cohort is shown in Table 6.5−1 
 

AECL cohort characteristic 
IARC 

3-country 
file 

IARC 
15-country 

file 

Zablotska’s 
file 

Male workers 8,591 9,170 11,903 
Female workers 2,764 2,575 4,453 
All workers 11,355 11,745 16,356 
Deaths 891 575 904 

Number 

Person years 198,210 215,143 296,104 
γ 311.8 296.8 220.7 

Male workers 
γ + tritium  322.8 230.8 

γ 2.8 8.7 8.7 Female 
workers γ + tritium  8.9 8.9 

γ 314.6 305.6 229.4 

Collective 
dose 

(person Sv) 

 All workers 
γ + tritium  331.7 239.7 

 
Table 6.5−1: Comparison of characteristics of the AECL cohorts in 
the data files used in the IARC 3-country study, the IARC 15-
country study and that by Zablotska, Ashmore and Howe [2004]. 
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It can be seen that the size of the cohorts is progressively larger as one would expect.  However 
the number of deaths is the smallest in the IARC 15-country file.  This is because a large number 
of workers were removed by IARC on the basis that they had been monitored for less than 12 
months.  The collective dose is lowest for Zablotska’s file, which is puzzling but explainable.  Dr 
Zablotska had removed 188 workers because of inconsistencies in their dose records and had 
also re-assigned 1,189 AECL workers to multiple employers because they had worked 
elsewhere.  These contributed 34.6 person-Sv and 68.1 person-Sv respectively to the collective 
dose of 239.7 person-Sv giving a total of 342.4 person-Sv.  This is slightly higher than the 
collective dose from the IARC 15-country file.   
 
Table 6.5−2 compares selected causes of death for AECL workers in the three files.  The number 
of deaths in the IARC 15-country file is less than that in the Zablotska file for all categories.  
This is due to the removal of workers from the study for “other reasons” by IARC. 
 

Cause of death 

IARC 
3-country 

study 
paper 

IARC 
15-country 

file 

Zablotska’s 
file 

All causes 891 575 904 
All cancers 239 195 297 
All cancers excl. leukaemia 234 189 285 
Leukaemia 5 6 12 
Leukaemia excl. CLL 5 4 9 
Lung & pleura 75 65 90 
All cancer excl. leukaemia, lung & 
pleura 

N/A 124 195 

 
Table 6.5−2: Comparison of numbers of deaths from various 
causes in the AECL cohorts in the data files used in the IARC 3-
country study, the IARC 15-country study and that by Zablotska, 
Ashmore and Howe [2004]. 

 
Figure 6.5–1 is a graph of the dose distributions for all cancer deaths among AECL workers in 
the three files.  The most striking feature in it is the low number of deaths among AECL workers 
in the lowest dose range for the IARC 15-country study.  One would have expected that this file 
would have had similar, but perhaps slightly fewer, AECL workers’ deaths, than Zablotska’s file.  
It is interesting to note that the IARC 15-country file has the almost the same number of deaths 
as Zablotska’s in all dose ranges other than the lowest where it has less than half the number, and 
in the highest dose range where it has slightly more.  This observation is consistent with the 
removal of the group of AECL workers with one year of monitoring, in which there were 328 
deaths from all causes, as discussed in Section 6.3). 
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Figure 6.5–1: Distribution by dose for deaths from all cancers in 
the AECL cohorts in the data files used in the IARC 3-country 
study, the IARC 15-country study and that by Zablotska, Ashmore 
and Howe [2004]. 
 

 
6.6 Summary 
 
We have been able to replicate the data file from the NDR that was used in the Zablotska, 
Ashmore and Howe [2004] study.  This has allowed us to identify peculiarities in the NDR data 
that may have had unanticipated effects on subsequent analyses, such as that of the IARC 15-
country study, that used substantially the same data files.   
 
The workers in the AECL cohort of the 2005 IARC study who had been entered in the NDR as 
being monitored for a single year contributed 36% of the deaths among AECL workers.  A 
substantial fraction of the workers recorded as being monitored for a single year were most likely 
summer students who were actually only monitored for a part year. They accounted for few of 
the deaths in this sub-cohort so their inclusion in or omission from a study would have little 
effect on the number of deaths in the AECL cohort.  However, in applying the “employed for 
less than one year” criterion, IARC excluded all workers recorded as having a single year of 
monitoring.  Consequently, just over a third of the deaths in the AECL cohort that were removed 
by this exclusion  would have been of workers who had one year or less of exposure and would 
be in the lowest dose range.  The likely effect would be to increase the positive trend of risk with 
dose.  
 
The absence from the cohort of some of the workers with zero doses in calendar years 1956 to 
1970 invalidates the use in the IARC 15-country study and that of Zablotska, Ashmore and 
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Howe [2004] of the first year of monitoring as a surrogate for the first year of hire of AECL 
workers.  This absence would have resulted in an underestimation of the person years at risk in 
the lowest dose categories which we conclude may well have been an important contributor to 
the considerable shift in apparent risk seen in NDR-based studies. 
 
Although records have been excluded from the data files used in the various studies based on a 
priori  criteria in addition to that for less than single year of monitoring, we have not been able to 
identify any consistent pattern that would allow us to deduce that these differences could account 
for the significantly larger ERRs in the IARC 15-country study and that of Zablotska, Ashmore 
and Howe [2004] compared with the IARC 3-country study. 
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7.  Issues related to the analysis 
 
 
7.1 Lung cancer as a driver  
 
The Canadian lung cancers were the only set that showed a significant disease-specific ERR Sv−1 
greater than zero (excluding the four cases from Spain) in the IARC 15-country study.  The 
values of ERR encompassed by the confidence limits for the estimated ERR Sv−1 of the 
Canadian cohort (90% confidence interval of 2.56, 13) are much greater than that for the total 
cohort (90% CI: 0.27, 1.8) [Cardis, Vrijheid, Blettner et al. 2007].   
 
A question that arises is whether lung cancers themselves and in particular smoking-related lung 
cancers are the underlying reasons for the relatively high overall ERR for all cancers in the 
Canadian (essentially AECL) cohort observed in the IARC 15-country study.  There would not 
appear to be an unexpectedly relatively large number of lung cancers in the AECL cohort in the 
IARC 15-country study, nor in the IARC 3-country study and that by Zablotska, Ashmore and 
Howe [2004], as shown in Table 7.1−1.  The AECL values are marginally higher than one might 
expect from Canadian vital statistics. 
 
As has been noted in discussion of the IARC 15-country study in Section 3.1 and in the 
commentary by UNSCEAR reproduced in Section 3.4, the question of the influence of lung 
cancer and the possible confounding role of smoking has been considered at length.  In the 
earlier study of AECL workers by Gribbin, Weeks and Howe [1993], the only significant trend, 
was for trachea, bronchus and lung (p = 0.0435) and that was taken as indicative of a possible 
confounding with smoking (Section 2.3). 
 
It is one thing to invoke the contribution of smoking to an ERR Sv–1 point estimate of, say, 0.4, 
which was the value in the Gribbin, Weeks and Howe [1993] study, and quite another to posit 
the same in relation to a point ERR estimate of 6.65, as for the predominantly AECL Canadian 
component in the IARC 15-country study, unless both lung cancer and “all cancer excluding 
leukaemia” in the latter were high for a similar reason. 
 
Our conclusion is that although deaths from lung cancer clearly have a large influence on the 
overall risk estimates, and smoking may well be a significant factor, it is difficult to see why this 
should influence the AECL results alone.  The authors of the IARC 15-country study concluded 
as such, noting that while there likely was residual confounding by smoking, it did not suffice to 
explain all the excess radiation risk. 
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Ratio of lung cancer deaths to all cancer deaths 
Cohort 

IARC 3-country IARC 15-country 
Zablotska, Ashmore 
and Howe [2004] 

All workers 1238/3976 = 31.1% 1457/5233 = 28.6% 183/531 = 34.5% 
AECL workers       75/239 = 31.3%       65/196 = 33.2%   90/297 = 30.3% 

 
Table 7.1−1: Numbers of lung cancer deaths in the IARC 3-
country study, IARC 15-country study, and that by Zablotska, 
Ashmore and Howe [2004].   
 

 
7.2 Concomitant exposure to other (possibly chemical) carcinogens  
 
This is a recognized potential problem in epidemiological studies.  The idea is that if workers 
exposed to ionizing radiation were exposed to another (e.g. chemical) carcinogen in the course of 
the same work, the second agent would act as a confounder and lead to elevated apparent risk 
estimates for the radiation component.  Such an effect, for example, might conceivably explain 
the dramatic NPP versus mixed-type facilities risk difference seen in the expanded results 
analyses from the IARC 15-country study.   
 
There is a paucity of data concerning exposures to other carcinogens in Canadian nuclear 
workplaces, and no systematic evaluations of exposure levels, even in merely a qualitative sense 
(e.g. low, medium, high), are available for Canadian nuclear industry workplaces.  Nevertheless, 
we can draw on the assessments of the likely combined effect of radiation with other agents and 
the reports in the literature from other cohorts where explicit evaluation has been made of such 
factors.   
 
Assessment of the combined effects of radiation and other agents 
Due to numerous agents in the workplace, essentially any assessment of the carcinogenicity of a 
specific biological, physical or chemical agent is in fact a study of combined exposures.  The 
action of any one agent can be influenced in either direction by simultaneous exposure to other 
agents, at least at high exposures (i.e. the effect of combined exposure could be greater or 
smaller than the summed effects of exposure to the agents singly).  The simplifying implicit 
assumption for risk assessment has been that the agent under examination acts independently of 
other agents.  An extensive examination of this subject by UNSCEAR concluded that, for most 
agents (cigarette smoking and ionizing radiation being an exception), this was likely to hold true 
at the low levels of exposure encountered in most occupational or environmental settings 
[UNSCEAR 2000].  This conclusion was based both on mechanistic considerations and on 
specific studies of radiation exposures combined with physical or chemical agents, and included 
combined exposures in cancer therapy.  We can take this finding as applicable here. 
 
Assessments at the Oak Ridge Reservation of the effects of other carcinogens in the radiation 
workplace 
A facility type comparable to AECL is the Oak Ridge Reservation in Tennessee.  As part of 
epidemiological studies there, assessments have been made of the possible effects or 
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contributions of other agents present in addition to radiation in the workplace.  These are, like 
AECL, designated as “mixed type” facilities in the IARC 15-country study. 
 
Epidemiological studies of Oak Ridge workers have generally identified some elevated risk in 
relation to radiation and a number of them have also examined the effects of various possible 
confounders, which have included other substances found in the workplace.  For example, at the 
X-10 facility (now Oak Ridge National Laboratory), Wing, Shy, Wood et al. [1993] looked at 
exposure to beryllium, lead and mercury as possible confounders; the calculated dose response 
estimate was fairly stable when adjusted for these potential confounders.  Further, these authors 
looked at risk related to the length of time spent in 15 job categories, which were deemed proxies 
for the effects of other occupational carcinogens.  Adjustments for employment duration in each 
job category were performed singly; these produced only small changes in radiation risk.  (A 
caveat, however, is that individual measures of exposure were not available, which would reduce 
the power to detect differences.) 
 
As a further example, no association of risk was found with any of 26 chemicals evaluated with 
regard to brain cancer (in a study of CNS cancers by Carpenter, Flanders, Frome et al. [1988]). 
 
Overall, a considerable array of factors has been examined in relation to effect on apparent 
radiation risk, often (for greater specificity and sensitivity) in specific cohorts.  These include: 
powdered nickel used at K-25 (uranium gaseous diffusion plant); cyanide; epoxy resins and 
solvents (with respect to bladder cancer at K-25); uranium dust exposure (in relation to lung 
cancer); and mercury (used at the Y-12 nuclear materials production plant during the period 
1953–1963 for producing enriched lithium).  Extensive information on this subject, complete 
with literature references, is available at web sites of the Agency for Toxic Substances and 
Disease Control [ATSDR 2007a, 2007b].  The conclusion from these Oak Ridge studies on solid 
cancers, which are our main interest here, is that other chemicals in the nuclear workplace are 
unlikely to have any appreciable influence on the apparent radiation risk, even in those sub-
cohorts most exposed to a particular agent.  It follows that the effect on a cohort overall 
(composed of many other workers, not exposed to this agent) will be so small as to be 
dismissible in terms of contributing to an elevated apparent radiation risk.  A similar conclusion 
is envisaged to apply to AECL workers: the apparent high radiation risk is unlikely to be related 
to some confounding exposure to another physical or chemical agent.   
 
For completeness, even though our interest here is in solid cancers, it should be noted here that 
the conclusion reached above for solid cancer may well not extend to leukaemia.  A recent 
publication illustrates this quite well, and Oak Ridge workers were part of this study.   
 
The risk of chronic myeloid leukaemia and acute leukaemia mortality (i.e. excluding CLL) after 
exposure to ionizing radiation among workers at four US nuclear weapons facilities (Hanford, 
the Savannah River site, ORNL and Los Alamos National laboratory) and a nuclear naval 
shipyard (Portsmouth) was examined by Schbauer-Berigan, Daniels, Fleming et al. [(2007] using 
a nested case-control methodology.  For mortality from leukaemia (excluding CLL), the ERR 
Sv–1 overall was 1.44 (95% CI: –1.03, 7.59).  The study evaluated a number of potential 
confounders, and is the first to jointly evaluate ionizing radiation and benzene risk and shows an 
increase, albeit not significant, in the point value of ERR.  The ERR Sv–1 for the group of 
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workers with the lower exposures to benzene was 1.20 (95% CI: 0.74, 1.90) and for the group of 
workers with the higher exposures the ERR Sv–1 was 1.71 (95% CI: 1.07, 2.70).   
 
Conclusion 
In order to have an appreciable effect, exposure to other carcinogens concomitantly present with 
radiation in the workplace, which could potentially act as confounders to the effect of radiation, 
would have to be pervasive among those at risk due to radiation exposure.  Identifying why 
AECL worker mortality (if any) due to such a factor might differ from that in other facilities 
performing the same or similar types of work would be difficult, if not impossible.  To explain 
the magnitude of effect seen (i.e. compared to risk estimates for other cohorts in the IARC 15-
country study), one would have to argue that it would not only have to be pervasive but also 
unique to AECL workers.  These sorts of considerations lead us to conclude that this would have 
at most a minor effect on the risk estimate for AECL workers and is unlikely to be an 
explanation for the high ERR Sv–1 observed for the AECL cohort. 
 
 
7.3 Effect of adjustment for stratification variables 
 
We have explored how the various adjustments based on stratification variables were calculated 
and applied in the IARC studies and that by Zablotska, Ashmore and Howe [2004].  Our goal 
was to identify the adjustments made to the Canadian input data, to determine whether the 
adjustments were appropriately performed, and to identify any that seemed out-of-line with those 
for the cohort overall. 
 
We have described in Section 3 the nature and direction of the effect on ERR Sv–1 estimates 
when adjustments based on some of the stratification variables were applied.  The effect of 
adjustment for duration of employment was particularly marked: when this adjustment was not 
performed, the ERR Sv–1 for the overall cohort decreased by a factor of about three and was no 
longer statistically significant.  The foregoing effect was with the Canadian data included.  We 
have noted in Section 6.4 that the net effect of the delayed entry into the cohort for AECL 
workers who had zero annual doses from 1956–1971 was that their apparent duration of 
employment was shortened (by up to 15 years), thus improperly putting a number of them in the 
<10-year category when they properly should be in the ≥10-year category instead.   
 
The implication of this it is that it is possible that the effect of the missing PYs (in the early 
years, for persons with zero doses recorded) has an effect in the same direction for adjustment 
based on duration of employment and on the distribution of risk (i.e. observed versus expected 
cases).  That is, the single factor we have identified may have had a multiple effect. 
 
We have been able to obtain, directly from IARC, data relating both to the Canadian cohort and 
to AECL specifically that allows an assessment of the effect of not performing adjustment for the 
two stratification variables: SES and duration of employment.  These values are compiled in 
Table 7.3−1, together with the values for the overall cohort (which includes the effect of the 
Canadian data), as taken from Table 3.1–1 and referenced in Cardis, Vrijheid, Blettner et al. 
[2007].   
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The first observation from Table 7.3−1 is that the results for the Canadian component of the 
IARC 15-country study are dominated by the results for AECL, as we expected from the results 
of Zablotska, Ashmore and Howe [2004] that were discussed in Section 3.2.   
 
Secondly, the effects of the stratification adjustments to the AECL cohort were somewhat 
surprising, as these were distinctly different from those for the overall cohort. 

 
 

Cohort 
No. of 
cases 

ERR Sv–1 95% CI 

Canadian results, excluding Ontario Hydro 
• Standard analysis 
• Without adjustment for SES 
• Without adjustment for duration of 

employment 

204  
6.65 
3.80 
5.79 

 
2.56, 13.0 
0.62, 9.01 
1.64, 12.5 

AECL by itself 
• Standard analysis 
• Without adjustment for SES 
• Without adjustment for duration of 

employment 

178  

6.58 
3.76 
5.81 

 

1.92, 14.5 
0.59, 8.96 
1.63, 12.6 

IARC 15-country study 
• Standard analysis 
• Without adjustment for SES 
• Without adjustment for duration of 

employment 

5024  

0.97 
1.24 
0.31 

 

0.27, 1.80 
0.52, 2.07 
–0.23, 0.93 

 
Table 7.3–1: Effect of stratification adjustments for socio-
economic status and for duration of employment on the radiation-
related risk estimates for “all cancers excluding leukaemia” for 
Canada (excluding Ontario Hydro workers, because SES 
information was not available for the full sub-cohort) and for 
AECL separately.  For ready comparison, the corresponding data 
for the full IARC 15-country results are provided in the last row.  
Data for the full IARC cohort are from Cardis, Vrijheid, Blettner et 
al. [2007], and were also included in Table 3.1−1 of this report.  
Data for the Canadian results and for AECL were provided 
privately by IARC. 
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Effect of adjustment for duration of employment 
There was little effect of the stratification adjustment for duration of employment on the AECL 
risk estimates themselves.  Compared to the case of no adjustment for duration of employment, 
the AECL risk estimate was slightly larger (by 13%) in the standard analysis, i.e. with 
adjustment for duration of employment, as used in the IARC 15-country study.  This is in 
contrast to the result for the overall IARC cohort, where the increase with adjustment for 
duration of employment was >200%, or some 15-fold greater.  This marked difference suggests 
that the adjustment for duration of employment may be appreciably in error for AECL.  Both 
ERR Sv–1 values (i.e. with adjustment included and without adjustment) may be erroneous.  
While it is difficult with the data in hand to posit an exact reason for how this odd result came 
about, the likely conclusion is that the discrepant data on the actual start date for AECL workers 
with zero doses prior to 1971 is a major factor contributing to this.   
 
Effect of adjustment for socio-economic status (SES) 
The largest effect of adjustment for a stratification variable for AECL was related to the 
adjustment for SES.  The risk estimate for AECL was 75% higher with the SES adjustment 
performed than without the adjustment.  This is in marked contrast to the effect of SES 
adjustment on the overall cohort, where the risk coefficient was 22% lower after adjustment for 
SES.  In other words, the effect of adjustment for SES was more than three times as large as for 
the cohort overall and in the opposite direction.  This was unexpected.  The reasons why this 
might be so merit close examination, but we have not been able to proceed any further in the 
course of the present investigation with the data and material available to us. 
 
SES adjustment was not possible in the IARC 3-country study for the Canadian component 
(which was represented there solely by AECL workers) due to the absence of information 
concerning SES.  The ERR Sv–1, thereby not adjusted for SES, was 0.13 (90% CI: <0, 2.1) in 
that study [Cardis, Gilbert, Carpenter et al. 1995b].  We note here that this earlier result is 
statistically compatible with the estimate for AECL from the more recent IARC study (ERR Sv–1 
= 3.76 with 95% CI of 0.59, 8.96; see Table 7.4–1) when there is no adjustment for SES in both 
studies.  Further, when there is no adjustment for SES the AECL results are entirely compatible, 
statistically, with those for the IARC 15-country cohort overall. 
 
Prior to obtaining the information conveyed in this section, we had been thinking that the main 
impact of missing PY for employees with zero recorded doses prior to 1971 might be manifested 
in relation to the adjustment for duration of employment.  While the factor of missing PY and 
apparent late start time of employment for many in the AECL cohort could potentially have a 
major impact on the adjustment for duration of employment, it is not immediately apparent how 
this factor might contribute to the unusual effect of adjustment for SES in the AECL compared to 
the overall cohort. 
 
Effect of no stratification adjustments 
We are not unmindful that the risk estimates in Table 7.3−1 quoted as being “without adjustment 
for duration of employment” in fact still retain the stratification adjustment for socio-economic 
status, and similarly that the risk estimates “without adjustment for SES” contain still the effect 
of adjustment for duration of employment.  We do not have at hand the risk estimates without 
adjustment for any of the stratification variables at all; hence we are unable to say just how these 
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two stratification adjustments may interact, whether for the overall cohort or for AECL in 
particular (this may differ from the interaction for the overall cohort).  It is, however, 
conceivable that an effect on the expected values due to missing PY may be the root cause of the 
strangely disparate effects of adjustment for either SES or duration of employment with respect 
to the AECL results.  Additional work, beyond our mandate, would be necessary to establish 
this, and would require re-assessment of AECL data with hire year attached, according to an 
IARC-style protocol. 
 
 
7.4 Confidence intervals 
 
The issue of confidence intervals is one of the most important and at the same time one of the 
most perplexing in our report.   
 
In Section 3.1 we noted that the risk estimate for Canadian workers separately in the IARC 15-
country study of 2005 was statistically incompatible with the results for the overall cohort 
including Canada.  In analyses that tested the effect of excluding one country at a time, only 
when the results from Canada were excluded was the ERR Sv–1 no longer significantly elevated 
above zero; this shows that the finding in the IARC 15-country study of significant risk for the 
endpoint of “all cancer excluding leukaemia” depends critically on the Canadian results for 
statistical power.   
 
However, the result for Canada in the IARC 15-country study was statistically incompatible with 
the result for Canada (represented at that time by only AECL workers) from the earlier IARC 3-
country study (Section 3.1).  This is evident in Figure 4–1.  For no other group analyzed 
separately was such a pronounced effect seen; neither was it evident for the combined results for 
the two sets of combined cohorts, comparing the IARC 3-country and IARC 15-country results 
for “all cancer excluding leukaemia”.  (Bear in mind that the Canadian group in the IARC 3-
country study was exclusively AECL workers and that essentially all the apparent radiation-
related risk in the later IARC 15-country study related to AECL workers, as we described in 
Section 3.2).  Moreover, the apparent risk for AECL workers increased in spite of additional 
years of follow-up and removal of some of the workers with high doses from the later (2005) 
compared to the earlier (1995) study; these factors might have been predicted to decrease risk. 
 
The confidence intervals provide some illumination.  What is decidedly unusual about the IARC 
15-country results for AECL is not the point estimate of risk per se but rather that the lower 
confidence interval has such a high value.  It excludes, in fact, any risk for AECL workers that is 
not at least several fold greater than the upper bound of the risk estimates from the Japanese A-
bomb survivors (the latter given in Table 7 of Cardis, Vrijheid, Blettner et al. [2007]).  The 
estimation of confidence intervals would appear to be skewed.   
 
In the previous section on stratification variables (Section 7.3) we identified that the pattern of 
risk for AECL workers following adjustment for socio-economic status (SES) is fifteen-fold 
greater than, and in the opposite direction to, the effect of the SES adjustment for the overall 
cohort.  Without adjustment for SES, the results for AECL workers do become congruent 
between the 1995 and 2005 IARC studies, and the important factor in this is that the lower 
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confidence interval for the risk estimate for AECL workers dropped greater than three-fold when 
adjustment for SES was not done.   
 
With respect to duration of employment, this stratification adjustment did increase the risk in 
both cases, but to a markedly different extent—over three-fold for the overall cohort but only 
13% for AECL workers (see Section 7.3). 
 
The same principal epidemiologist shepherded the preparation and input of the Canadian 
contribution in both the IARC 3-country and 15-country studies.  The calculations at IARC were 
done in a consistent manner for all the different cohorts.  If the dosimetry records for Canada in 
the NDR are an accurate reflection of AECL workers’ exposure, as they seem to be, then the 
distortion in confidence intervals for the AECL analyses—both with respect to the intra-AECL 
results between the two studies and in relation to comparison of AECL results with those of the 
combined cohort within the IARC 15-country study—we interpret as indicating that some other 
parameter(s) is in error in the input data for Canada.   
 
The factor we have identified, i.e. missing PY due to pre-1971 AECL workers with zero doses 
being “invisible”, is a possible answer for why the confidence intervals seem to be so skewed.  
Additional analysis of this issue is important but is beyond the scope of this report.   
 
 
7.5 Findings from Oak Ridge workers 
 
It was pointed out in Section 3.3 that in fact the results for ORNL workers were in considerable 
agreement with those from AECL workers in terms of the point estimates of risk.  However, the 
confidence intervals are much broader for ORNL workers, and include zero ERR.  The two 
facilities have substantial similarities and histories, and both represent “mixed-type facilities”.  
We judged it useful to compare the AECL/Canada and ORNL results more closely to see if this 
approach might shed light on the AECL results, including why an upwards shift in apparent risk 
occurred.   
 
Non-IARC studies involving ORNL workers 
Epidemiological studies at Oak Ridge National Laboratory (ORNL) have generally (but not 
always) indicated an excess risk of leukaemia and solid cancers among workers; though the point 
estimates of ERR were usually elevated, the estimates often had wide confidence intervals and 
thus may not have been statistically significant [ATSDR 2007a].  What is now ORNL was 
formerly the X-10 complex, and in making comparisons with earlier studies one has to 
distinguish between X-10 and the other facilities that are part of the Oak Ridge Reservation, 
especially in combined studies. 
 
One particular study that does bear on several of the issues we have examined here is that by 
Frome, Cragle, Watkins et al. [1997].  Although it does not deal exclusively with ORNL/X-10, it 
does allow the results for ORNL to be examined separately.  The cohort comprised employees 
between 1943 and 1985 at four federal nuclear plants in Oak Ridge—X-10, Y-12, K-25 and 
Tennessee Eastman Corporation.  Dose response analyses were restricted to the sub-cohort of 
white males employed at X-10 or Y-12.  For “all cancer” mortality (data is not available 
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separately for “all solid cancers”) and using the conventional 10-year lag, the ERR Sv–1 was 1.45 
(with likelihood ratio-based 95% CI of 0.15, 3.48).  There were differences between facilities; 
risks at X-10 (point estimate of ERR Sv–1 = 3.59) were about two-fold larger than for Y-12.   
 
Pattern of consistency between IARC studies with AECL cohorts and ORNL cohorts 
It is informative to compare, in the IARC 3-country and 15-country studies, the individual 
findings for AECL and ORNL separately with those for the overall cohorts.  These comparisons 
are summarized in Table 7.5−1. 
 

ERR Sv–1 for all cancers excluding leukaemia 
Cohort studied 

IARC 3-country study  IARC 15-country study  

Overall IARC cohort 
–0.07  

(90% CI: –0.4, 0.3) 

0.97 
(95% CI: 0.14, 1.97) 
(90% CI: 0.27, 1.80) 

IARC “14-country” cohort 
(i.e. excluding Canada) 

 
0.58 

(95% CI: –0.22, 1.55) 

AECL 
0.13 

(90% CI: <0, 2.1) 
6.65 

(95% CI: 1.92, 14.5) 

ORNL 
1.66 

(90% CI: 0.04, 4.4) 
4.28 

(95% CI: –0.40, 11.6) 
 

Table 7.5−1: Risk estimates (all cancers excluding leukaemia) for 
the combined cohorts, for the AECL cohort and for the ORNL 
cohort determined in the IARC 3-country and 15-country studies.  
[Cardis, Gilbert, Carpenter et al. 1995a, Cardis, Vrijheid, Blettner 
et al. 2005, Cardis, Vrijheid, Blettner et al. 2007]. 

 
 

The risk estimates for the ORNL cohort in the IARC 3-country and IARC 15-country studies are 
statistically compatible with each other as well as with those determined in other studies 
involving ORNL workers.  Moreover, the separated ORNL results are statistically compatible 
with those for the overall cohorts in both IARC studies. 
 
Such a pattern of consistency and comparability is not the case in relation to the results for 
AECL workers.  Direct comparisons of the results for the AECL portion of the IARC 3-country 
and 15-country results are hampered by the confidence intervals being 90% in the IARC 3-
country study and 95% (which are inevitably wider than the corresponding 90% confidence 
intervals would be) in the IARC 15-country study.  However, one can gain an impression of what 
the approximate magnitude of the difference would be by examining the results for the overall 
cohort from the IARC 15-country study.  Values were available for both the 90% and 95% 
confidence intervals and are given in Table 7.5–1.  If the AECL results for the two IARC studies 
could be compared on the same basis—whether 90% CI or 95% CI—it is evident that the two 
sets of results would not be statistically compatible with each other.  Furthermore, the results for 
AECL from the IARC 15-country study are statistically incompatible with the combined results 
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from the other fourteen countries.  The inconsistency is in the Canadian data, and within that, 
specifically with AECL.   
 
In the IARC 3-country study, the results were entirely consistent between results for AECL and 
the overall cohort.  The point of discrepancy is the large apparent increase in risk coefficient for 
AECL workers between 1995 and 2007, and even more puzzling, the pronounced increase in 
both the lower and upper bounds (noted above) within which the estimate of risk for AECL 
workers is considered to reside.  A large estimate for ERR Sv–1 for AECL workers might be 
understandable if accompanied by wide confidence bounds, such as are evident for ORNL.  It is 
not easily comprehendible, however, that such a change for AECL workers would be likely to 
occur without being mirrored, at least in part, by results pertaining to ORNL workers.   
 
 
7.6 Summary 
 
Our conclusion is that although deaths from lung cancer clearly have a large influence on the 
overall risk estimates, and smoking may well be a significant factor, it is difficult to see why this 
should influence the AECL results alone. 
 
Exposure to other carcinogens concomitantly present with radiation in the workplace could 
potentially act as confounders to the effect of radiation.  However, to explain the magnitude of 
effect seen (i.e. compared to risk estimates for other cohorts in the IARC 15-country study), such 
exposures would have to have been pervasive and unique to AECL workers.  We have concluded 
that other carcinogens could have had at most a minor effect on the risk estimate for AECL 
workers and are unlikely to be an explanation for the high ERR Sv–1 observed for the AECL 
cohort. 
 
The largest effect of adjustment for a stratification variable for AECL was related to the 
adjustment for SES.  The effect of SES adjustment on the AECL cohort was quite different from 
the effect on the overall cohort; it was more than three times as large as for the cohort overall and 
in the opposite direction.  This was unexpected and clearly warrants further examination, but we 
have not been able to proceed any further in the course of the present investigation with the data 
and material available to us.  It is conceivable that an effect on the expected values due to 
missing PY before 1971 for many in the AECL cohort in the studies based on the NDR may be 
the root cause of the strange effects of adjustment for either SES or duration of employment with 
respect to the AECL results.  We have not been able to evaluate the effect on the estimates of 
risk of having neither of these stratification adjustments so we are unable to say just how these 
two stratification adjustments may interact, whether for the overall cohort or for AECL in 
particular. 
 
The missing PY may also be an explanation for what appears to us to be the unusually high value 
of the lower confidence bound to the point estimate of risk for the AECL cohort in the IARC 15-
country study.  The comparison with the results for ORNL in the IARC 15-country study 
supports our sense that the confidence bound for the AECL point estimate is odd.  However, 
although additional analysis of this issue is important, it is beyond the scope of this report.   
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These considerations, taken together, lead us to conclude that one or more assumptions made by 
IARC in applying the exclusion and stratification criteria to the records of the AECL cohort—for 
example, taking the first year of monitoring as the year of hire—may be the explanation for the 
high ERR Sv–1 observed for the AECL cohort rather than an actual increase in risk in AECL 
workers. 
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8.  Conclusions 
 
The explanation for the high apparent excess relative risk for AECL workers is unlikely to relate 
to any deficiencies in the AECL dosimetry service.  We have not found any reason to suppose 
that doses have not been measured and recorded with the diligence and accuracy expected in 
terms of its license and ethical responsibility. 
 
The excess relative risk for cancers excluding leukaemia in the Canadian (essentially the AECL) 
cohort in the IARC 15-country study published in 2005 appears unusually high and the lower 
confidence bound does not include the estimate of excess relative risk of the total study cohort.  
However, we concur with the view expressed notably by UNSCEAR, but also by other 
commentators, that there are substantial uncertainties in the results and that not too much should 
be made of the apparent discrepancies with risks observed in other studies, such as that of the A-
bomb survivors.  We see no reason to conclude that AECL workers are at any higher risk than 
workers elsewhere who perform similar work and receive similar doses in the course of their 
work. 
 
We have concluded that an important contributor to the considerable upward shift in apparent 
risk in the studies that have been based on the NDR, including the recent IARC 15-country 
study, is likely to be the absence from the NDR of the dose records of some of the workers who 
had zero doses in the calendar years 1956 to 1970.  This absence invalidated the use of the first 
year of monitoring as a surrogate for the first year of hire of AECL workers.  The effect would 
have been not only on the estimation of excess relative risk directly but also on the effect of 
stratification for duration of employment.  We do not know whether the observed unusual effect 
of stratification for socio-economic status in the AECL cohort, and what to us appears to be an 
anomalous confidence interval on the risk estimate, could also have been a result of this 
deficiency. 
 
It would be most satisfactory for all concerned if this conclusion about why results so disparate 
with other organizations came about could be tested.  One possibility would be to engage an 
epidemiological group, such as from the National Cancer Institute of Canada, to conduct an 
epidemiological study of the mortality experience of AECL workers using entirely in-house 
demographic and dose information on employees, bypassing entirely the NDR but using 
comparable methodology.  We recognize though, that this would be an expensive project and it 
would take several years before findings were available. 
 
An alternative is to cooperate in the study that is about to be undertaken by Dr Zablotska to 
assess excess relative risks from radiation in nuclear industry workers in Canada, organization-
by-organization.  This would be a prime opportunity to have an examination by her of the effect 
of some of the potential influences such as that of the missing person years before 1971 that we 
have identified.  Dr Zablotska has already indicated her interest in cooperating. 
 
Initially, we had thought that AECL would have to search its paper personnel records order to 
retrieve the hire dates of workers with zero doses between 1956 and 1971.  This would have been 
a labour intensive exercise.  However, recently we have been successful in locating a computer 
readable file that contains the hire dates and sufficient identification information to allow it to be 
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linked to the NDR’s file.  The only cost would be the linking of the two files and having 
Statistics Canada replace the NDR’s identifiers with their own study numbers so that the records 
could be added to the analysis file.  This would be a very cost-effective approach.  If this process 
were to be embarked upon, the relevant results would be available late in 2007.  We believe that 
this is a timely window of opportunity that should not be missed. 
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served as a member of the Research Advisory Committee for the National Institute of Radiological 
Sciences in Japan. 

Dr Osborne's early research and papers were on the behaviour and measurement of natural radioactivity in 
the biosphere.  Later he led an R&D program on tritium health physics which resulted in many papers on 
topics ranging from biokinetics through instrumentation to operational protection.  In his work for various 
agencies he has been responsible for writing and editing many reports on the practical application of 
radiological protection principles. 
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