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I N T R O D U C T I O N  
CANADA IS in a for tunate  posi t ion with respect  to the con-  
duc t  of epidemiological  studies of occupat ional  rad ia t ion  ex- 
posure.  T h e  Nat iona l  Dose  Registry (NDR)  opera ted  by  the 
D e p a r t m e n t  of Na t iona l  Hea l th  and  Welfare is one of the 
mos t  comprehens ive  central ised rad ia t ion  exposure record-  
keeping systems in the world.  T h e  N D R  current ly  conta ins  
radia t ion  exposure  records for approximate ly  500,000 indi-  
viduals. Virtually all mon i to r ed  radia t ion  workers in C a n a d a  

are inc luded  in the N D R ,  with some records providing 
in excess of 39 years of exposure  data [1]. In addi t ion,  
the Registry, includes 80 different job categories ranging  
f rom nuclear  power  genera t ing  stat ion workers to hospi tal  
radiologists and  dentists .  

Vital statistics inc luding cause of dea th  and  o ther  infor- 
ma t ion  derived form the dea th  certificates are also main-  
ta ined centrally in Canada .  Specifically, the Canad i an  
Morta l i ty  Da ta  Base ( C M D B )  ma in ta ined  bv  Statistics 
C a n a d a  [2] conta ins  vital statistics dat ing back to 1950. 
Compu te r i s ed  record  linkage (CRL)  techniques  allow for 

relatively inexpensive l inking of  the exposure  data ( radiat ion 
records in the N D R )  with possible heal th  effects (death 

registrat ion records in the C M D B ) .  In col labora t ion with 
the Epidemiology U n i t  of the Nat iona l  Cance r  Ins t i tu te  of 
Canada ,  Statistics C a n a d a  has developed a C R L  system 
called Genera l ized  Record Linkage System (GRLS)  [3, 4]. 
This  system has been  successfully used in a variety of epide- 

miological  studies [5] inc luding a s tudy of the mortal i ty  ex- 
per ience of over 320 ,000  Canad i an  male  farm operators  [6, 

7]. T h e  main  advantages  of compute r i sed  l inking are 
increased speed,  reduced  cost, and  the large volume of 
records tha t  can be processed in the s tudy [8, 9]. 

Given  the con t inued  concern  over the potent ia l  adverse 
hea l th  effects due to occupat ional  exposure  to ionising radi-  
ation, and  the extensive a m o u n t  of in format ion  on  occu-  
pat ional  exposures in the N D R ,  a retrospect ive cohor t  
mortal i ty  s tudy l inking the N D R  with the C M D B  was in- 
itiated. This  study will pe rmi t  a compar i son  of the mortal i ty  
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experience of the cohor t  with  tha t  of the Canad i an  popu-  
lation. Compar i sons  will also be made  be tween  the exposed 
and  non-exposed  m e m b e r s  of  the cohor t  (a lmost  ha l f  of the 
cohor t  received no  measurab le  level of rad ia t ion  exposure).  
Specifically, the s tudy objectives are as follows: 

1. to compare  the morta l i ty  of the cohor t  of workers mon i -  
tored for ionising radia t ion  with that  of the overall popu-  
lat ion of Canada ;  

2. to de te rmine  whe the r  or no t  there is a difference in the 
mortal i ty  rate be tween  the exposed and  non-exposed  
m e m b e r s  of  the cohort ;  

3. to de te rmine  if dea th  f rom specific diseases occurs  more  
f requent ly  in the exposed m e m b e r s  of the cohor t  than  in 
the ram-exposed  members ;  

4. to de te rmine  if a dose response  relat ionship can be 
es tabl ished be tween  the level of exposure  and  the  mor-  
tality of the cohort ;  and  

5. if no dose response  relat ionship can be established,  to 
de te rmine  an upper  limit on  the potent ia l  level of  risk as- 
sociated with radia t ion exposure.  

T h e  tact tha t  radia t ion  is a risk factor for several forms of  
h u m a n  cancer  is well established.  T h e  purpose  of this s tudy 
is thus  not  to conf i rm this f inding,  bu t  ra ther  to establish 
limits on  occupat ional  cancer  risks faced by radia t ion 
workers in Canada ,  and  to evaluate these limits in light of 
previously repor ted findings. Even  if no dose - r e sponse  re- 
la t ionships can be establ ished,  it will still be possible to 
establ ish an upper  limit on the residual level of risk associ- 
ated with occupat ional  radia t ion  exposure.  

This  initial s tudy will focus pr imary  on  cancer  mortal i ty.  
However ,  o ther  causes of dea th  will also be considered.  
Once historic cancer  incidence data  are available at the 
nat ional  leve], a follow-up study of cancer  morb id i ty  will be 

init iated. 

R A D I A T I O N  C A R C I N O G E N E S I S  
H u m a n  exposure to ionising radia t ion can lead to cancer  

in a n u m b e r  of organs and  tissues [10 13]. Epidemiological  
evidence of radia t ion  carcinogenesis  is based  largely on  stu-  
dies of survivors of the a tomic  bombings  of  H i rosh ima  and  
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Nagasaki, people exposed to fall-out from nuclear weapons 
tests, patients subjected to therapeutic doses of radiation, 
nuclear power plant workers, miners and radiologists, 
people exposed to high levels of naturally occurring radi- 
ation, and people involved in nuclear accidents. Of these 
study populations, the Hiroshima and Nagasaki bomb survi- 
vors continue to provide much of our current knowledge 
about the carcinogenic effects of ionising radiation in 
humans [14, 15]. 

External radiation 

Studies of the Japanese atomic bomb survivors have indi- 
cated increased mortality due to leukaemia [16], with a total 
of 202 leukaemia (other than chronic lymphocytic) deaths 
versus expected occurring between 1950 and 1985 [11]. 
Elevated leukaemia mortality has also been noted in patients 
treated with X-rays for ankylosing spondylitis [17], in 
women given fractionated doses of radiation for carcinoma 
of the cervix [18], and in patients given radiation therapy 
for cancers at other sites [11]. An increased incidence of 
acute leukaemia and chronic granulocytic leukaemia has 
been noted in radiologists occupationally exposed to X-rays 
prior to the implementation of modern safety standards 
[111. 

Radiation has been associated with an excess of some 
forms of lymphoma including multiple myeloma, in which 
malignant lymphocytes proliferate primarily in bone mar- 
row, and non-Hodgkin's lymphoma, which occurs primarily 
in the lymph nodes. Excess mortality from multiple myel- 
oma has been observed among the atomic bomb survivors, 
although with a longer latent period (in excess of 20 years) 
than with leukaemia [19]. Similar effects have been seen in 
patients followed for 25 or more years after radiation 
therapy for ankylosing spondylitis [17], and in nuclear 
power plant workers in the United States [20] and Britain 
[21, 22]. Although mortality from non-Hodgkin's lym- 
phoma has not been shown to be elevated in the Japanese 
atomic bomb survivors [11], mortality is increased in anky- 
losing spondylitis patients [17]. 

Mortality due to cancer of the breast, oesophagus, lung 
and stomach is also elevated in survivors of the Hiroshima 
and Nagasaki bomb blasts [23, 24]. Cancer of the colon is 
also responsible for increased mortality in these study popu- 
lations. 

Additional evidence of radiation-induced breast cancer is 
provided by studies of women receiving repeated fluoro- 
scopic examinations (25-28). Darby and associates [17] 
noted an increased risk of oesophageal and lung cancer in 
the cohort of patients given radiation therapy for ankylosing 
spondylitis. The risk of lung cancer was also increased in 
women treated with radiation for cancer of the cervix [29]. 
Although the Japanese atomic bomb survivors provide the 
strongest evidence that human exposure to ionising radi- 
ation can increase the risk of stomach cancer, a similar as- 
sociation has been observed in patients irradiated for peptic 
ulcers [30]. 

InterT~al radiation 

Iodine radionuclides. Although carcinoma of the thyroid 
was one of the first solid tumours observed with increased 
frequency among the Japanese atomic bomb survivors [31], 
internally deposited iodine radionuclides emitting primarily 
beta particles are also a risk /actor for thyroid cancer in 

humans. The effects of iodine radionuclides have been 
studied in patients receiving L~I for both therapeutic and 
diagnostic reasons [11]. Studies of people on the Marshall 
Islands exposed to iodine radionuclides as a consequence of 
nuclear weapons tests have provided further evidence of 
thyroid carcinogenesis [32, 33]. 

Ra&m. The carcinogenic effects of radon in exposed 
underground miners have been well documented. As early 
as 1556, excess deaths due to an unusual and fatal chest 
disease were recorded among Central European miners. 
However, it was not until 1879 that bronchogenic carci- 
noma was identified as the cause of death. By the 1920s, 
radon was suspected as the cause of lung cancer. Following 
a lengthy scientific debate, which lasted into the 1960s, 
radon and its decay products were eventually confirmed as 
one of the causes of this disease [34]. Miners experienced 
chronic low-level exposure to internally deposited high-LET 
alpha emitters. 

The epidemiological evidence implicating radon as a risk 
factor for lung cancer in humans has recently been reviewed 
by the International Agency for Research on Cancer [35]. 
Citing elevated lung cancer rates in studies of uranium and 
other miners, the Agency concluded that there is sufficient 
evidence for the carcinogenicity of radon and its decay pro- 
ducts in humans. Because of the elevated lung cancer risk 
in miners exposed to high levels of radon, questions have 
been raised about potential risks due to lower levels of 
radon present in homes and buildings. While case-control 
studies in New Jersey [36] and Sweden [37, 38] have pro- 
vided some evidence of elevated lung cancer risks, studies in 
China [39] and Canada [40] have been negative. Radon is 
known to act synergistically with tobacco smoke in the in- 
duction of lung cancer [10, 41 43]. 

N A T I O N A L  D O S E  R E G I S T R Y  
The National Dose Registry of Canada is a centralised 

occupational radiation dose record-keeping system, which 
includes all available records for monitored workers in 
Canada from 1951 to the present. The Registry is operated 
by the Radiation Protection Bureau (RPB) of the 
Department of Health in Canada. Data in the Registry 
include the records of the National Dosimetry Services 
(NDS), as well as records submitted by nuclear power gen- 
erating stations, Atomic Energy of Canada Limited 
(AECL), and uranium mines (radon daughters). 

Fi/~, strl~ctlo'c 

At the start of this study, the National Dose Registry was 
composed basically of four files [44]. The M a s t e r  
Ident i f ica t ion  Fi le  (MIF) contained personal identifying 
information such as surname, given names, sex, year of 
birth, and assigned identification numbers used to identify 
the individuals' dose records. The Li fe t ime Annua l  
His tory  File consisted of a sequential file summarising 
each individual's dose history in a series of records, one for 
each year. In addition to the individual's numerical identi- 
fier and dose information, this file contained the province in 
which the individual worked, a serial number identifying the 
organisation, and the type of work as of the last reported 
record for the year. The C u m u l a t i v e  File was a database 
that contained cumulative radiation doses for the current 
and previous year as well as the individual's lifetime dose. 
The Disc re te  His tory  File consisted of a microfilm record 
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of  each dose entD" and dose changes made  to an individual 's 
record. 

The  M I F  of the N D R  was used in the identification of in- 
dividuals'  records to be linked at Statistics Canada.  This  file 
was assembled by reviewing the paper  records for each in 
the 15,000 organisations on the National  Dosimetry  
Services. All available identification information (i.e. social 
insurance num ber  (SIN), surname,  first and second given 
names,  sex, and complete  date of  birth) was extracted and 
encoded  into machine-readable  form. At the beginning of 
the study in 1984, the M I F  was given to Statistics Canada  
for editing and further  processing [45]. 

In 1986, the National  Dose Registry" was restructured to 

consist  of a single database called the L i f e t i m e  D o s e  
H i s t o r y  S y s t e m  (LDHS)  and a Discre te  Transact ion  
Fi le  [44]. The  L D H S  contains all ident i~ ing  information 
and annual summary  records for each organisation where 
the individual was moni tored.  Combina t ions  of personal 
identifiers or any of  the organisational codes can be used to 

search through the NDR.  
The  Discrete Transac t ion  File consists of an index file of 

approximately one year 's duration.  Data more  than one year 
old are stored on microfilm in a format  similar to that of the 

original Discrete History File. The  data elements of the 
L D H S  and the Discrete Transact ion  File are shown in 
Tables  1-3. 

During the deve lopment  of the new L D H S ,  annual dose 
records prior to 1977 were taken from a copy of the N D R ' s  
Lifetime Annual  History Files. Data prior to 1964 were 
available for two time periods (1951 1957 and 1958 1963) 
on one machine-readable  file. F r o m  1977 onward,  dose 
records were taken from the Discrete Transact ion  Files. 

11 shows the relationship be tween the files in the original 
Registry and those in the restructured system. 

File contents 
Numerical identifiers. The  original records from 1951 to 

1964 were identified alphabetically by surname,  initials, and 

year of  birth. For  convenience,  an arbi traw numerical  
identifier was assigned to help with the initial loading of the 
records into the new L D H S  and to allow linkage of these 
records to the M I F  file at Statistics Canada.  

F rom 1964 to 1967, a five-digit numerical  identifier was 
used. This  is now referred to as the 'old namecode '  or 
'asterisked namecode ' .  

F r o m  1968 to 1972, a six-digit numerical  identifer, now 

referred to as the 'new namecode ' ,  was used. All early 
records of  individuals moni tored  in 1968 were converted to 
the new namecode ,  but  some of the early microfilms only 

recorded the old namecode .  No machine-readable  cross- 
referencing be tween the old and new namecodes  was avail- 

able. Cross-referencing information was encoded  from old 

printouts.  
F r o m  1973 to 1977, a new seven-digit  number  referred to 

as the 'RPB number '  was used. This  number  was assigned 
to all individuals whether  or not  they were still being moni-  
tored. Cross-referencing information be tween the RPB 
number  and the old and new namecodes  was available in 

machine-readable  form. 
When  reapplying for moni tor ing service, some individuals 

could not  r em ember  or did not  provide their old number .  
These  individuals were therefore assigned a new number ,  
resulting in f ragmentat ion of their dose records. Because of 

Table 1. Record layout./or analysis files 

(a) Individual data file 
ID number 

Record type 

Birth data 
Death date 
Cause of death 
Death linkage weight 
Sex 
Available for discrepancy flag 
Available for further flags 

(b) Annual dose records 
ID number 
Radiation type 
Radiation year 
Province 
Group-class 
Service-type 
Group-serial 
Job class 
Annual dose body 
Annual dose skin 
Dose count 
First period 
Last period 
Error-flag 

(c) Individual file with cumulative values 
ID number 
Birth year 
Sex 
First year monitored (gamma) 
Last year contact (gamma) 
First year monitored (tritium) 
Last year contact (tritium) 
First year monitored (radon) 
Last year monitored (radon) 
First year monitored (overall) 
Last year contact (overall) 
Cumulative dosc whole body 
Cumulative dose tritium 
Cumulative dose radon daughters 
Province 
Last job class 
Last group-serial (organization) 
Service-type 
Group-class 

(Statistics Canada 
linkage number to SC 
new sequence number) 
(value to distinguish 
from yearly records in 
part (b) below) 
(NDR file) 

(ICDA as of death year) 

Files (a) and (b) represent the main analysis file. File (c) may also 
be used in analysing cumulative exposure. 

these and related problems,  the SIN has been  used as the 
key to individual records from 1977 onwards.  This  has 
resulted in significantly fewer problems with f ragmented  

records. 
Types q/ radiation. The  N D R  has been designed in such a 

way as to allow the inclusion of any type of radiation dose 

ranging from external gamma exposures to effective dose 
equivalents for radioisotopes such as 14C. With  the 

exception of radon daughter  exposures, the doses are 
divided into penetrat ing (whole-body) and non-pene t ra t ing  
(skin) doses, and are expressed as dose equivalents in 
millisieverts (mSv). Currently,  the N D R  contains dose 
estimates for the types of radiation listed in Table  4. 
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Table 2. Ltfctime dose histoo, O,srem data elements 

ID number (SIN) 
Surname 
1st Given name 
2nd Given name 
Alternate surnames 
Alternate ID numbers (RPB number, namecodes, miner's X-ray 
numbers) 
Sex 
Date of birth (DD/MM/YY) 
Place of birth code 

For cach organisation and year or span of years, which the 
individual was monitored, the following information is also 
included: 

Radiation type 
Year of dose 
Job classification code 
Group numbers--province code 

--group-class code 
-- service code 
--serial 

Annual dose---body 
Annual dose--skin 

In order to evaluate the impact  of exposure to several 

different types of  radiation, it is necessaw to express radi- 

ation exposures in c o m m o n  units [46]. The dose equivalent 

H is defined by H = DQ~\; where D is the absorbed dose, O 

is the quality factor, and N is the product  of other  modify- 

ing factors. The  absorbed dose D is the amount  of energy 

deposi ted in the tissue (expressed in grays (Gy) where 1 

Gy = 1 J/kg of  tissue). The  quality factor Q is a measure of  

the biological damage different types of  radiation may 

inflict. In the N D S ,  quality factors for X-ray, gamma,  and 

beta are taken as 1.0, while the quality factor for neutrons  is 

taken as 10.0. Although the International  Commiss ion  on 

Radiological Protect ion has recently r e c o m m e n d e d  a quality 

factor of 20.0 for neut rons  [47], this has not  been univer- 

sally accepted. The factor N is assumed to be 1.0 [48]. 

Table 3. Discrete tra~lsacrion .lile 

ID number (SIN) 
Radiation type 
Surname 
1st Given name 
2nd Given name 
Sex 
Date of birth (DD/MM/YY) 
Job classification code 
Dosimctr3' entry 

Group number 

Body dose 
Skin dose 
Record cc~e 
Date of transaction (DD/MM.YY) 

- year 
period 
dosimeter number 
provincial code 

-class code 
service code 
serial 

For the purposes of clarity, only data fields containing relevant in- 
formation have been included. 

O R I G I N A L  N D R  R E S T R U C T U R E D  NDR 

shows flow of data from the original NDR to the restructurec 
NDR at the time of conversion to the new system 

shows flow of data within the original NDR and within 
the restructured NDR 

Figure 1, NDR data flow diagram. 

Radon daughter  records were first entered into the N D R  

in 1977. Since that time they have been  routinely entered 
on a quarterly basis in all uranium mines and in some non-  
uranium mines where radon is a problem. Radon daughter  

exposure records are submit ted  to the N D R  in working 

level months  (WLM).  A W L M  corresponds  to exposure of 
a miner  to the concentra t ion of the short-lived radon daugh- 

Table 4. 7[vpes of radiation included in the national dose registry 

Radiation type NDR exposure category 

X-ray 
Gamma 
Ncutron 
Bcta 
Internal tritium 
Radon daughter 

External whole-body, skin and extremity 
External whole-body, skin and extremity 
External whole-body, skin and extremity 
External skin and extremi~, 
Internal whole-body and skin 
Radon daughter exposures 
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ters of  one working level (WL) for a period of 170 h (a 
working mon th ) .  Mos t  records in the N D R  are est imates 
based  on area mon i to r ing  and  occupancy  times. Annua l  
records f rom the 1950s to 1977 are based  primari ly on  the 
data  ob ta ined  in a s tudy of the Ontar io  miners  [49], which  
was incorpora ted  into the N D R  in the mid-1980s .  T h e  
Onta r io  miners '  data pr ior  to 1968 are based  on es t imated 
working levels in the mines.  In fo rmat ion  ob ta ined  directly 
f rom Onta r io  mines  for the per iod 1 9 6 8 - 1 9 7 6  have been  
used to update  the N D R  records.  Data  pr ior  to 1977 for 
Saskatchewan miners  consist  of a single total  exposure level 
pr ior  to 1977, and  may not  be available for all u r an ium 
miners  in Saskatchewan.  G a m m a  moni to r ing  for the miners  
s tar ted in 1981. 

Unt i l  1977, all mon i to r ing  done  by the N D S  was per- 
fo rmed  using Kodak  radia t ion  moni to r ing  film for gamma,  
X-ray,  and  beta  exposures,  and  Kodak  N T A  nuclear  emul-  
sion film for neu t r on  exposures.  In 1976, the Nat iona l  
D o s i m e t w  Services ini t iated a part ial  t h e r m o l u m i n e s c e n t  
d o s i m e t w  (TLD)  program utilizing l i thium fluoride: two 
l i th ium fluoride chips were used, one for measur ing  the 
pene t ra t ing  dose, the o ther  for measur ing  the non -pene t r a t -  
ing dose. Convers ion  of the sen ' ice to T L D  was comple ted  
by 1981. In 1988, neu t r on  d o s i m e t w  in the N D S  was con-  
verted f rom film to a new technoloD" using po lycarbona te  
(CR-39)  e lements  as detectors  [50]. 

All nuclear  power  s tat ions now use T E D  and  make quar-  
terly submiss ions  of the external  doses to the N D R .  Onta r io  
Hydro  used the RPB film service unti l  1976 when  it s tar ted 
its own l i th ium fluoride T L D  program.  Quebec  Hydro  
remained  on the RPB film sen' ice unti l  1980, at which 
poin t  it s tar ted its own l i th ium fluoride T E D  program.  New 
Brunswick  Power  has,  since the beg inn ing  of its nuclear  
p rog ramme ,  run  its own l i thium bora te -based  T E D  pro- 
gram. A E C L  has always pe r fo rmed  its own d o s i m e t w  chan-  
ging from film to a l i th ium f luor ide-based T E D  program in 
1973. All nuclear  power  stat ions and  A E C L  per form their  
own bioassays for tr i t ium. T h e  dose equivalent  in mSv is 
de t e rmined  f rom urinalysis [51]. 

T h e  N D S  has used a variety of repor t ing  thresholds  since 
its incept ion in 1951. Doses  below the threshold  of repor t -  
ing were recorded  as zeros f rom 1951 to 1963. Between  
1964 and  1972, the repor t ing  th reshold  was 1 m R  (0.01 
mSv)  and  exposures below this value were recorded as 1 
m R  (0.01 mSv).  F r o m  1972 to 1977, the threshold  was 5 
m r e m  (0.05 mSv) for X-rays and  beta  rad ia t ion  and  20 
m r e m  (0,20 mSv) for g a m m a  radiat ion.  Values below the 
threshold  were recorded as zeros. Wi th  the in t roduc t ion  of 
the T L D  service in 1977, the repor t ing  threshold  was fixed 
at 0.20 mSv  with values below this limit be ing  inc luded as 
zero. 

Procedures  for repor t ing  thresholds  for submi t t ed  records 
vaw  for the nuclear  genera t ing  stat ions and  AECL.  T h e  
m i n i m u m  repor t ing  levels a r e  shown in Figure 2. Wi th  one 
exception,  doses below the m i n i m u m  repor t ing  levels are 
inc luded  in the cumula t ive  dose records as zeros. T h e  
except ion occurred  be tween  1964 and  1969, when  the value 
of 0.01 mSv  (1 mrem)  was used for doses below the mini-  
m u m  repor t ing  threshold  in the N D S .  

Because of these threshold  repor t ing  limits, it is possible 
tha t  cumula t ive  annua l  exposures may be overes t imated  or 
underes t imated .  For  example,  if an individual  was moni -  
tored  with eveD" second week and received doses just below 
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Figure 2. M in imum reporting thresholds. 

0.2 mSv, his /her  annua l  dose could theoretically be unde r -  
es t imated by 0.2 x 26 = 5.2 mSv if these values were 
recorded as zeros. While  the n u m b e r  of dosimeters  with 
readings below the repor t ing  threshold  can be de t e rmined  
manual ly  for each individual  f rom the microf i lm t ransac t ion  
records,  it is not  feasible to do this for all m e m b e r s  of the 
cohor t  because  of the large n u m b e r  of records.  The  possi- 
bility of taking this source of error  into account  will be pur-  
sued by the s tudy team.  

T h e  external  whole-body doses repor ted by each of  the 
nuclear  generat ing s tat ions and  A E C L  are generally compar -  
able. These  facilities part ic ipate  in nat ional  and  in te rna t ional  
in te rcompar i son  studies along with the Nat iona l  Dos imet ry  
Services, the results of which  are usually publ ished.  A recent  
nat ional  in te rcompar i son  for external  dos imetry  showed  
comparabi l i ty  to within + 2 0 %  be tween  facilities whose  
records are in the N D R  [52]. In the case of  early records,  
dos imet ry  for nuclear  facilities o ther  than  A E C L  was per-  
formed by the Nat iona l  Dos imet ry  Services. T h e  in te rcom-  
parabil i ty in t r i t ium dose equivalents  is cons idered  to be 
be t te r  than  tha t  for external  dos imetw.  

Systematic  differences may also result  f rom adminis t ra t ive  
procedures  or policies tha t  may differ f rom one facility to 
another .  For  example,  tr igger levels for the invest igat ion of 
high exposures may differ, and  could influence the accuracy 
of dose records assigned to an individual.  Th i s  potent ia l  
source of bias is yew difficult to take into account .  

C A N A D I A N  M O R T A L I T Y  D A T A  B A S E  
T h e  Canad i an  Morta l i ty  Data  Base ( C M D B )  conta ins  

records for all registered dea th  events f rom the provinces  
and territories since 1950. These  records exist in b o t h  ma-  
chine- readable  and  microfiche formats.  T h e  mach ine - read -  
able records consist  of provincial  records tha t  have been  
conver ted  into a s tandard ised  format  on magnet ic  tape 
unde r  the custody of C a n a d a ' s  central  statistical agency, 
Statistics C a n a d a  [2, 53]. 

The  C M D B  is ideally sui ted for long- te rm follow-up epi- 
demiological  studies. These  can be defined as studies invol- 
ving large cohorts  identified on the basis of a c o m m o n  
characterist ic  (e.g. exposure to a specific env i ronmenta l ,  or 
subject  to a specific medical  t r ea tment ,  diagnost ic  or thera-  
peutic  procedure)  followed over a specified t ime to assess 
the effect of the character is t ic  under - s tudy  on a par t icular  
heal th  ou tcome  (e.g. death) .  
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In recent  years, the comple teness  and  accuracy of  report-  
ing of  the various kinds of  personal  identifying in format ion  
on  the dea th  registrat ion forms is high. However ,  lack of  
personal  identifiers on  the cohor t  nomina l  roll records 
(based on  N D R  files) used to init iate the search of the 
C M D B  will affect the ability of the record linkage software 
to identify, t rue links be tween  the two files. 

T h e  Statistics Act  protects  the confidential i ty of all 
records [54]. All studies involving long- te rm medical  follow- 
up mus t  satisfy a r igorous review and  approval  process  pr ior  
to a search of  the C M D B  being  conduc ted .  

R E C O R D  L I N K A G E  

Record linkage is the process of  br inging  together  two or 
more  separately recorded  pieces or in format ion  per ta in ing  
to the same individual  [8, 9]. T h e  procedures  for c o m p u -  
ter ised probabi l is t ic  linkage have become  exceedingly soph-  
isticated, and  have been  e labora ted  in detail  elsewhere [55, 
56]. Statistics C a n a d a  has developed a general ised record-  
linkage system (GRLS)  tha t  is part icularly useful for studies 
of the type discussed here  [3, 4]. Th i s  software is capable  of  
hand l ing  bo th  one-file ( internal)  and  two-file linkages. 

Records  of the N D R  are accessible by compute r ,  as are 
the dea th  registrat ions on  the  C M D B .  Linkages of  the two 
sorts of records on  an individual  basis is dependen t ,  in pr in-  
ciple, on  the availability of sufficient personal  identifying in- 
format ion  c o m m o n  to the  two sorts of records,  to ensure  
against  ambiguous  ma tches  and  mis taken  identities.  

T h e  personal  ident ifying in format ion  per ta in ing  to N D R  
registrants  had  to be pu t  t h rough  a cons iderable  n u m b e r  of 
steps in order  to: (i) de t e rmine  the quality and  quant i ty  of  
data  available; (ii) group all records co r respond ing  to the 
same individual;  (iii) define the cohor t  in terms of the indi-  
viduals to be included;  and  (iv) pu t  these data into a format  
suitable for linkage with the C M D B .  T h e  details of this 
work have been  descr ibed previously [45]. 

A N A L Y S I S  M E T H O D O L O G Y  

Cohort definition 
T h e  cohor t  for the N D R  mortal i ty  s tudy consists  of all 

workers whose exposure  records were con ta ined  in the 
Nat iona l  Dose  Registry as of 31 D e c e m b e r  1983. This  
includes records f rom the Nat iona l  Dos imet ry  Service, as 
well as records rout inely  submi t t ed  by Atomic  E n e r ~  of 
C a n a d a  Limited,  nuc lear  power  stat ions and  u r a n i u m  mines  
( radon  daugh te r  exposure  est imates) .  

T h e r e  are approximate ly  255 ,000  workers in the cohor t  
with  a collective dose (external whole -body  + t r i t ium) of 
1480 Sv, and  an  average lifetime dose of 5.9 mSv  as of 31 
D e c e m b e r  1987. T h e  collective dose summar i sed  by job 
category' is shown in Tab le  5. 

T h e  Na t iona l  Dose  Registry provides detai led in format ion  
on occupat ional  exposures  to ionising radia t ion (external  
whole-body,  t r i t ium, r adon  daughters)  exper ienced by ap- 
proximate ly  500,000 Canad ians  dating,  in some cases, back 
to 1951. D e p e n d i n g  on  the type of  radia t ion  and  the levels 
of  exposure  ant ic ipa ted  within specific job categories,  radi- 
a t ion exposure records have been  collected annually,  quar-  
terly, month ly ,  or biweekly. Each  year, a summary'  measure  
of the annua l  dose exper ienced by each individual  is 
recorded in the Lifet ime Dose  H i s t o w  System (LDHS) .  
T h e  annua l  exposure  records ma in ta ined  in the L D H S  will 
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be used as the basis for examining  potent ia l  re lat ionships 

be tween  occupat ional  rad ia t ion  exposure and  hea l th  status. 

T h e  individual  data  in the L D H S  also pe rmi t  the calcu- 

lation of a cumula t ive  lifetime dose for each individual.  T h e  

d is t r ibut ion  of lifetime radia t ion exposures exper ienced by 

Canad ians  by year of  b i r th  is summar i sed  in Figure  3. 

Al though  individuals  will not  experience the same level of  

exposure each year, an average annua l  dose for an individ- 

ual can be ob ta ined  by dividing the cumulat ive  lifetime dose 

by the n u m b e r  of  years tha t  have elapsed since the  t ime of 

first exposure.  Statistical analysis can be based  on the  c u m u -  

lative lifetime dose, the average annua l  dose, or the annua l  

doses as recorded by the L D H S .  T h e  use of  annua l  doses is 

necessary in the presence of dose-rate  effects known to exist 

with ionising radia t ion  [43]. 

These  s u m m a w  measures  of exposure can be calculated 

fbr the cohor t  as a whole,  and  for specific subgroups  of 

interest  such as workers with  specific job titles. S u m m i n g  

the cumula t ive  lifetime dose across all individuals in the 

cohor t  yields the collective dose for the cohor t  as a whole. 
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Table 5. Collective dose (up to December 1987) by job classification 

Job classification External whole-body (S{ T) Tr i t ium (Sv) Radon (WLM) 

000 
0Ol 
002 
003 
004 
010 
011 
012 
013 
014 
015 
016 
017 
018 
019 
O20 
021 
022 
023 
O24 
O25 
040 
041 
O42 
O43 
044 
045 
O46 
O47 
O48 
O49 
070 
071 
O72 
O73 
074 
5OO 
510 
520 
530 
540 
545 
550 
560 
570 
580 
590 
596 
597 
598 
599 
601 
6O2 
603 
6O4 
610 
615 
620 
630 
650 
66O 
670 
680 
690 
801 
81o 
820 
Total 

Not available 
Administrator 
Office staff 
Safety officer 
Other (administration) 
Chiropractor 
Dentist 
Gynaecologist 
Laboratory technician (medical) 
Medical physicist 
Nurse 
Physician 
Radiological technician (diagnostic) 
Radiological technician (therapeutic) 
Radiologist (diagnostic) 
Radiologist (therapeutic) 
Veterinarian 
Ward aid/orderly 
Other (medical) 
Isotope technician (nuclear medicine) 
Dental hygienist 
Dial painter 
Instructor (non-medical) 
Instrument technician 
Laboratory. technician (industrial) 
Well logger 
Industrial radiographer 
Scientist engineer (field) 
ScientistJengineer (laborator3_') 
Other (industrial) 
Fuel processor 
Janitorial staff 
Salesman 
Student 
Visitor 
Other (miscellaneous) 
Reactor-scientific/professional 
Reactor administration 
Reactor health physics 
Reactor chemical & radiation control 
Reactor-electrical maintenance 
Reactor-industrial radiographer 
Reactor-mechanical maintenance 
Reactor-general maintenance 
Reactor-fuel handling 
Reactor operations 
Reactor control technicians 
Reactor summer student 
Reactor training 
Reactor-construction 
Reactor-visitor 
Uranium mine underground personnel 
Uranium mine surface personnel 
Uranium mine visitors 
Uranium mine office staff 
Uranium mine underground miner 
Uranium mine nurses 
Uranium mine support workers 
Uranium mine underground maintenance 
Uranium mine surface miner 
Uranium mine surface support workers 
Uranium mine surface maintenance 
Uranium mine mill maintenance 
Uranium mine mill workers 
Non-uranium mine underground personnel 
Non-uranium mine underground miner 
Non-uranium mine support workers 

389.6 3.1 2324.7 
1.0 0 .0  1.0 
5.1 0.1 11.7 
1.0 0.0 
1.4 0.0 0 .0  
1,6 0.0 
4,9 1.0 
0,7 
8,1 0.0 
1.9 0.0 

23.6 0.0 
14.8 0.0 
76.4 0.0 
12.1 0.0 
24.3 

3.9 
2.8 0.0 
6.2 

12.4 0.0 
24.1 0.0 

1,7 
1.7 0.0 
(/.o 0.0 
7.8 0.6 

14.5 0.1 
11.0 
91.0 0.2 

0.5 0.9 
10.4 0.0 
77.8 25.2 0.0 

4.4 0.0 
O.5 0.1 22.8 
0.4 0.0 
0.6 0.0 
0.0 
O.O 

104.8 34.0 6.2 
13.2 1.1 

1.4 0.1 
29.7 3.0 
12.3 1.6 
0.0 0.0 

80.0 14.2 
2(~.7 2.9 
10.2 1.9 
86.2 22.3 
14.2 4.1 
0.0 0.0 
0.2 0.0 

1{).4 2.1 
0.3 o.0 

101.8 0.0 156,623.7 
11.4 
0,2 

0.O 22.1 
0.4 1608.0 

0.3 
0.0 608.2 
0.0 
0.0 
0.1 
0.0 
0.0 
0.2 
1.5 
0,0 
0.0 

1362.5 117.8 

42.7 
56.3 

663.0 
147.3 
287.9 

11,961.5 

2.3 
174,402.4 
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Table' 6a. Total cumulative dose distribuuon up to 1987 
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Radiation type Sex Number of people Cumulative dose Number of records 

External All 247,074 1362.5 1,444,805 
Tritium All 20,460 117.8 131,935 
Radon All 17,271 174,402.4 101,826 
External Males 125,822 1143.6 788,683 
External Females 115,757 206.4 636,495 
External Unknown 5495 12.6 19,627 
Tritium Males 10,052 116.4 115,323 
Tritium Females 1895 0.2 8848 
Tritium Unknown 2522 1.3 7764 
Radon Males 16,695 173,870.6 99,132 
Radon Females 446 291.1 1692 
Radon Unknown 130 240.6 1002 

T h e  dis t r ibut ions  of the collective dose as a funct ion  of  the 
n u m b e r  of  years of exposure mon i to r ing  is shown in 
Figure 4. Descr ip t ions  of the s tudy cohor t  according to type 
of  radia t ion exposure (external whole-body,  t r i t ium, and  
radon  daughters)  are given in Tab les  6a and  6b. Annua l  
doses by year by radia t ion  type are given in Tab le  7. 

Statistical analysis 

T h e  major  goal of the analysis of  the N D R  cohor t  is to 
identify and  q u a n t i ~  effects of radia t ion  exposures  on mor-  
tality. Several me t hods  are available to examine  cohor t  data 
for evidence of differences in dea th  rates as a funct ion of  
job class or m o n i t o r e d  radia t ion exposures.  Evidence of 
dose response  relat ionships is of par t icular  interest .  Some 
grouping of cohor t  data  into categories def ined by sex, age, 
ca lendar  period,  cumulat ive  exposure,  and  o ther  fixed or 
t ime-varying factors will be necessaw to reduce  this massive 
da tabase  on approximate ly  250,000 individuals  into a form 
suitable for statistical analysis. 

C o m p a r i n g  morta l i ty  rates within different subgroups  of 
the cohor t  is s t ra ightforward when  the subgroups  are 
def ined on  the basis of factors that  do not  vary with time. 
Each  subgroup  is then  t reated as a separate  cohor t  and  the 
usual  al location of deaths  and  calculat ion of person-years  by 
age and  t ime is carr ied out  separately for each subgroup.  
Since a s tudy m e m b e r  cont r ibu tes  person-years  to only one 
subgroup,  there is no  ambigui ty  abou t  the ass ignment  of ob- 
servat ion time. 

However ,  to make compar i sons  be tween  subgroups  
defined on the basis of  t i m e - dependen t  variables, e.g. c u m u -  
lative dose, person-years  at risk needs  to be c o m p u t e d  care- 
fully. In this case, person-years  of  follow-up are assigned to 
the exposure  category to which  a dea th  would be assigned if 
the dea th  should  occur  at tha t  time. Thus ,  subjects whose  

exposure classifications change with t ime will con t r ibu te  
person-years  to several exposure  categories. 

In all analyses, person-years  will be regarded as the uni t  
of analysis, with each person-year  assigned values for c u m u -  
lative radia t ion  dose, age, ca lendar  year, and  vital status. 
Workers  are a s sumed  to be alive at the end  of  the fol low-up 
per iod if they have not  been  identified as dead.  

Standardised mortality ratios. T h e  s tandard ised  morta l i ty  
ratio (SMR)  is defined as the ratio of  the n u m b e r  of deaths  
observed in the s tudy cohor t  to the n u m b e r  of deaths  
expected on the basis mortal i ty  rates in a suitable reference 
popula t ion.  In the present  study, the mortal i ty experience of  
radia t ion  workers will be compared  with tha t  of  the 
C a n a d i a n  popula t ion .  Person-years  will be calculated for 
males  and  females separately within five-year age and  
ca lendar-year  categories. T h e  person-years  are mul t ip l ied  by 
cor responding  age, sex, and  calendar-specif ic  rates for 
C a n a d a  in order  to est imate the expected n u m b e r  of  deaths  
for each cause of interest .  T h e  statistical significance of the 
SMRs is evaluated u n d e r  the a s sumpt ion  that  the observed 
n u m b e r  of deaths  follows a Poisson dis t r ibut ion.  A two- 
sided test will be used to de te rmine  whe the r  any of  the 
SMRs  differs significantly f rom unity [57]. T r e n d s  in SMRs  
with degree or dura t ion  of exposure  will be examined  [57]. 

Trend tests. In addi t ion  to analyses based  on SMRs,  which  
involve compar i son  of mortal i ty  rates exper ienced by 
member s  of  the cohor t  with  external  rates for the general  
popula t ion ,  tests for the t rend  in mortal i ty  with  increasing 
exposure  to radia t ion may also be conduc ted  within the 
cohort .  Specifically, tests for the t rend  in mortal i ty  due to 
the 42 causes of dea th  listed in Tab le  8 will be performed.  
Par t icular  a t ten t ion  will be paid to cancer  mortal i ty  of the 
following types: s tomach ,  kidney, bladder ,  b ra in  nervous  
system, thyroid,  bone ,  n o n - H o d g k i n ' s  l ymphoma ,  

Table 6b. Total cumulative dose distribution up to 1987 by exposure categot 3, 

Exposure External whole- Number of External whole- 
category body Tritium Radon people body 

Cumulative dose 

Tritium Radon 

1 - -  + 

2 - -  + 

3 + - 

4 + + 

5 + + 

6 + + + 

7718 43,139.1 
117 0,2 

217,241 698.0 
9481 105.4 130,217.0 

20,280 556.8 117.1 
72 2.2 0.5 1046.2 

+, records present; , records not present. 
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Table 7. Cumulative dose distribution up to 1987 by year of exposure* 

External whole-body Tritium Radon 

Cumulative dose Cumulative dose Cumulative dose 
Year (Sv) Number of people (Sv) Number of people (WLM) Number of people 

1951 0.46 1165 0.00 28 304.67 217 
1952 1.37 1499 0.00 30 312.59 241 
1953 1.84 1670 0.01 36 326.80 267 
1954 3.70 1955 0.01 40 345.89 283 
1955 7.49 2675 0.03 53 796.70 263 
1956 19.77 4142 0.09 71 2663.64 505 
1957 15.60 4949 0.07 84 6027.53 858 
1958 33.94 10,548 0.12 102 9669.87 1220 
1959 35.09 13,009 0.10 113 11,197.59 1343 
1960 30.37 14,721 0.11 126 9940.54 1267 
1961 27.77 15,799 0.12 140 11,748.71 1142 
1962 26.97 16,869 0.14 162 11,319.30 1148 
1963 26.59 16,971 0.16 179 8700.66 1165 
1964 32.31 18,836 0.21 205 9139.32 1191 
1965 30.04 18,972 0.32 244 5619.71 1168 
1966 33.52 21,493 0.39 279 4539.48 1252 
1967 33.91 23,314 0.46 313 5462.89 1442 
1968 33.90 25,914 2.09 854. 2634.25 1457 
1969 34.83 29,172 3.19 1135 2724.39 1628 
1970 37.94 31,361 4.09 1350 2891.27 1736 
1971 40.45 37,295 5.10 1588 2739.47 1788 
1972 48.97 42,121 5.70 1735 2439.02 1875 
1973 41.51 50,660 6.34 1792 2763.36 2025 
1974 56.23 53,046 6.58 1950 2630.31 2324 
1975 54.06 54,213 9.84 2672 3206.03 3072 
1976 54.40 64,363 7.75 2641 3352.17 4475 
1977 48.00 63,809 7.57 5319 4878.52 5462 
1978 48.33 68,774 7.40 6136 5414.77 8015 
1979 56.48 74,106 7.68 6433 5797.43 8016 
1980 61.36 79,199 5.77 8198 5634.49 8161 
1981 55.74 89,395 5.29 12,291 6412.52 7943 
1982 00.02 93,742 5.18 14,250 5249.45 6762 
1983 65.54 94,491 5.74 14,619 4239.45 5441 
1984 62.23 86,795 5.15 13,343 3525.05 4650 
1985 63.54 78,558 4.04 12,294 3462.15 4341 
1986 47.25 72,737 5.00 11,618 3350.73 3923 
1987 40.95 66,467 5.96 9512 2941.65 3660 

': Cumulative dose is used here to describe summaw dose recieved by cohort members in a given calendar year. 

leukaemia ,  leukaemia  exc luding  chronic lymphat ic  

leukaemia ,  myeloid leukaemia ,  acute  myeloid  and  

monocy t i c  leukaemia ,  mul t ip le  mye loma ,  and  lung.  T h e s e  

types of cancer  have previously been  associated with ex- 

posure  to ionising radiation.  

Darby  and  Reiss land [58] p roposed  a test  for the t rend  

tha t  permi ts  an examina t ion  of mortal i ty in the cohor t  in re- 

lation to recorded radiat ion dose after adjust ing for o ther  

factors. Prior to appl icat ion of the D a r b y - R e i s s l a n d  test, the 

data are g rouped  into a n u m b e r  of  categories or strata. T h e  

strata to be used  in the p resen t  s tudy  are job type, latency, 

ca lendar  period (in 5-year inc rements )  and  age (in 5-year 

inc rements ) .  

After al locating observed deaths  to the relevant strata,  the 

D a r b y - R e i s s l a n d  test for the t rend  in mortal i ty  with increas-  

ing dose  is based on the statistic 

E d,( O e - E~, T ). 

[.1 

here O 0 is the n u m b e r  of  dea ths  observed in the  j th  dose 

catego W of the ith s t r a tum,  E 0 is the n u m b e r  of  dea ths  

expected  in the j th  dose category, of  the ith s t r a t u m  

(condit ional  on the total n u m b e r  of  dea ths  in tha t  s t r a t um 

calculated unde r  the  null  hypothes i s  of  no radiat ion effect), 

d, is the m e a n  dose for all individuals  in the j th  dose cat- 

egow over the entire cohort ,  and  the s u m m a t i o n  is over all 

dose categories and  over all strata tha t  could  provide any in- 

fo rmat ion  about  a t rend  in dea th  rates with dose. T h u s ,  

strata in which  there are no observed deaths  or where  all 

the person-years  fall in a s ingle-dose category are excluded.  

U n d e r  the null  hypothes is ,  the variance of T is given by 

var(T) = ,~ - jE,j . 

where  the subscr ip t  i runs  over all informat ive strata.  T h e  

s t andard i sed  statistics T/[var(T)] ~e is approximate ly  nor-  
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mally distributed. Large values of the statistic provide evi- 
dence against the null hypothesis. 

Breslow and Day' [57] proposed a similar test statistic 

,j 

with variance 

Here,  however, the summation is over all strata, not  just 
informative strata. Unde r  the null hypothesis the standar- 
dised statistic TZ/[var(T)] follows chi-squared distribution 
with one degree of  freedom. 

Dose-response relationships. A key assumption in the analy- 
sis of  grouped data is that disease rates are constant within 
each cell of  the mult idimensional  cross-classification. This 
assumption can be made more plausible by refining the 
classifications, although computat ional  difficulties may still 
arise in coping with a large number  of cells and estimating 
large number  of parameters.  

Analyses of dose-response relationships will be based on 
a relative-risk Poisson-regression approach. A major strength 
of  Poisson-regression methods  for the analysis of  survival 
data is the ease with which one can include t ime-dependent  
covariates, including time itself, in the models. In particular, 
once the data have been grouped, fitting a model  with t ime- 
dependent  covariates requires no more computat ion than 
fitting a model  (with the same number  of  parameters) in 
which the covariates do not vary. with time. The  use of  
Poisson-regression methods for data of this type have been 
discussed by Breslow and Day [57], Preston and colleagues 
[59], F rome  [60], and Laird and Oliver [61]. 

Model l ing of any observed dose-response relationships 
will be done using the A M F I T  program developed by 
Preston and colleagues [62]. The  generalised risk models 
available in A M F I T  include both relative and absolute risks 
models as special cases. A M F I T  uses a Gauss-Seidel  algor- 
i thm that allows models to include large numbers  of multi- 
plicative stratum parameters.  If  the number  of  deaths is 
sufficiently large this stratification obviates the need to 
develop explicit models for background rates and leads to a 
grouped data version of  the semi-parametric proportional 
hazards model  [63]. 

Exposure and response variables considered 
The  focus of this study is on the relationship between oc- 

cupational exposure to radiation and mortality due to cancer 
and other  causes. Although exposure to tobacco and other 
environmental  and occupational risk factors will contribute 
to worker mortality, adjustment for such confounders is not  
possible in a record-linkage study of this type based on 
existing administrative databases in which this information 
is stored. 

Cause of death. For the purpose of the present analyses, 
causes of death will be grouped into the 42 broad categories 
shown in Table  8. The  test for trends with an increasing ex- 
posure will be performed for all 42 causes of deaths. The  
results of the trend test will be used to select those cancer 
sites that will be subjected to a detailed dose-response 
analysis using Poisson regression. 

Table 8. Categories of death 

1 Tongue and mouth 
2 Salivary gland 
3 PhaD'nx 
4 Oesophagus 
5 Stomach 
6 Colon 
7 Rectum 
8 Liver, primary 
9 Liver, non-specific 
10 Gall-bladder 
1 1 Pancreas 
12 La~,nx 
13 Nose 
14 Prostate 
15 Testis 
16 Kidney 
17 Bladder 
18 Melanoma 
19 Other skin 
20 Brain, nervous system 
21 Thyroid 
22 Bone 
23 Connective tissue 
24 Non-Hodgkin's lymphoma 
25 Hodgkin's diseasc 
26 Leukaemia 
27 Leukaemia excluding chronic lymphatic leukaemia 
28 Myeloid leukaernia 
29 Acute myeloid and monocytic leukaemia 
30 Multiple myeloma 
31 Lung 
32 All cancer 
33 infective and parasitic 
34 Endocrine and metabolic 
35 Circulatory 
36 Respiratory 
37 Genito-urina~' system 
38 Accidents 
39 All causes 
40 Breast 
41 Uterus including cervix 
42 OvaD~ 

Types of radiation. The  types of  radiation included in the 
N D R  are listed in Table  4. In the analysis, doses from X- 
rays, gamma radiation and neutrons will be combined into a 
single variable, external whole-body radiation. Trends  and 
dose-response relationships will be investigated for the 
following four categories: external whole-body; tritium; 
radon daughters; and combined external whole-body and 
tritium. 

Exposure categories and radiation threshold reporting limits. 
The  cumulative lifetime dose for each individual is obtained 
by' summing the doses experienced during monitor ing 
periods va~'ing from one week to one year. The  dose 
measured during each period is subject to a threshold 
reporting level, depending both on the quality of  radiation 
and the type of  dosimeter.  For  example, the threshold 
reporting limit for gamma radiation using current T L D  
monitors is 0.2 mSv, with doses below the threshold 
reported as 0.0 roSy. Thus,  a null result confirms only that 
the actual exposure is in the range of 0-0 .2  mSv. Combin-  
ing exposures across reporting periods to construct  the 
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cumulative lifetime dose will increase the range of 
uncertainty when  a number  of null readings are included in 
the total. This  uncertainty can be appreciable when many 
records are accumulated over a period of years. 

In the initial analysis of the N D R  data, null results will be 
assumed to correspond to zero exposure.  If warranted,  a 
detailed analysis of this source of  error will be undertaken.  

Job and organisational classifications. The  job classifications 
used by the N D R  are given in "Fable 5. Grouping  of job 
classifications will be considered in the study to reduce the 

number  of different job classification types. Stratification by 
job category, affords an oppor tuni ty  to adjust to some extent  
for the potential  confounding  effect of socioeconomic status 
(SES). 

Subsets of the N D R  cohort  may be selected for special 
study on the basis of occupat ions of special interest,  the 

magni tudes  of accumulated lifetime personal doses, on the 
basis of  their likelihood of  having received internal exposure,  
or for the collective dose for the group as a whole. Such 
subsets include reactor  workers, uranium miners,  medical 
and related workers (e.g. radiologists, radiological tech- 
nicians and nurses),  and industrial radiographers.  This  
would involve analysis of mortali ty rates similar to that for 
the full cohort.  

Time variables. Time variables that are available for analy- 
sis include age, calendar year, age at first exposure,  latent 
period,  and exposure lag. Because radiat ion- induced solid 
cancers are believed to have a m i n i m u m  latent period, and 
to aid comparabili ty to other  studies, analyses have been 
conduc ted  in which person-years  and cancer deaths were 

excluded for a period after first exposure.  Various latent 
periods have been examined (0, 2, 5, 10 years) in previous 
studies. In the present  study, a short latent per iod (2 years 

or less) is considered to be most  appropriate for leukaemia 
and bone  cancer,  whereas a longer latent period of up to 10 
years may be most  appropriate  for the remaining sites. 

The  term exposure lag refers to the time from which an 
exposure is received until the t ime at which the disease of 
interest is induced.  By lagging radiation doses by 5 years, 
doses received in the 5 years previous to death will be 

ignored. Lag periods of  0, 2, 5 and 10 vears will be used in 
the initial analyses. 

Cumulat ive exposures to different radiation types may 
va W with time. Therefore,  cumulative exposure to external 
whole body, tri t ium and radon,  and respective exposure cat- 
egories are t ime-dependen t  variables. Cumulat ive exposures 
were classified into exposure categories as the subjects 

moved  through the study period. Exposure  categories are as 
follows: 

External Whole-body  and Tr i t ium Exposure Categories 
(mSv): 

0: =0.00 

1: >0.00 <0.50 
2: 0.50 <5.00 
3: 5.00 <10.00 
4: 10.00 <20.00 
5: 20 .00-  <50.00 
6: 50.00 <100.00 
7: 100.00 <200.00 
8: 200 .00-  <400.00 
9: >400.00 

Radon Daughters  Exposure  Categories (WLM):  

0: =0.00 
1: >0.00 <0.20 
2: 0.20 <10.00 

3: 10.00- <50.00 
4: 50.00-. <100.00 
5: 100.00 <200.00 

0: 200.00- <300.00 
7: 300.00 <400.00 
8: 400.00 <500.00 

9: >500.00 

The proposed  methodology will be used to quantify the 
effects of long-term,  low doses of radiation on the mortality 

of the National  Dose Regis tw cohort.  
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