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I N T R O D U C T I O N  
THE NUCLEAR indust ry  is p robab ly  un ique  in tha t  quant i ta -  
tive records of  exposure to its occupat ional  hazard,  ionising 
radiat ion,  have been  kept  since its incept ion  [1]. 
Nevertheless ,  while radia t ion  has been  recognised as a carci- 
nogen  since well before the start  of  the nuclear  i ndus tw ,  in 
the earliest days there  was a bel ief  tha t  the risk of  cancer  
was zero if doses were held low enough.  Even w h e n  the 
' l inear  no th reshold '  hypothes is  was accepted there  was a 
bel ief  that  no effect of  radia t ion would ever be de tec ted  in 
pract ice because  the requi red  sample  size would be too 
large [2]. However ,  by  the early 1970s it came to be recog- 
nised that  direct  evidence on  the heal th  of  occupat ional ly  
exposed persons  would be of use, even if the quant i ta t ive  
es t imates  of  radia t ion risks were so imprecise  tha t  the lower 
b o u n d  of the conf idence interval was to be indis t inguishable  
f rom zero. Accordingly,  after consul ta t ion  with employers ,  
the Trades  U n i o n  Congress  and  o ther  in teres ted parties, the 
Nat iona l  Radiological  Pro tec t ion  Board  (NRPB)  set up the 
Nat iona l  Resis ts"  for Radia t ion  Workers  ( N R R W )  on 1 
January  1976 [3]. T h e  plans for the N R R W  were descr ibed 
in a protocol  [4] and  the results of the first analysis have 
recently been  pub l i shed  [5, 6]. This  paper  outl ines the de-  
sign of  the study, data  collection and  val idat ion (with special 
reference to practical  p roblems)  together  with  a br ief  out l ine 
of me thods  for analysis and  results. 

D E S I G N  OF T H E  S T U D Y  
T h e  N R R W  is a cohor t  study, i.e. one in which  data are 

collected on a large group of radia t ion workers and  analyses 
are t hen  carr ied out  to see whe the r  mortal i ty  and  incidence 
of cancer  differ be tween  those who incurred  different  doses. 
In order  to ensure  the absence  of bias it is i m p o r t a n t  tha t  
epidemiological  studies should  achieve a very, high coverage 
of the groups studied.  T h e  protocol  for the N R R W  specified 
at least 95% (a l though for the first analysis a coverage of 
over 98% was achieved).  

T h e  s tudy popula t ion  for N R R W  was originally defined,  
very widely, as all those exposed to ionising radia t ion in the 
course of  their  work and  for w h o m  radiat ion dose records 
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were kept. Th i s  was in tended  to exclude workers who oc- 
casionally wore a dosemeter ,  bu t  for w h o m  no systematic  
dose reccird was main ta ined .  It would,  however,  include 
workers who were mon i to red  regularly and  for w h o m  dose 
records were kept, even if they were not  'classified radia t ion  
workers '  and  subject  to the detai led provisions of legislation. 

Practical  cons idera t ions  de t e rmined  the groups who were 
first enrol led in N R R W .  T h e  nuclear  i n d u s t w  con ta ined  the 
largest n u m b e r s  of workers and  also those who t e n d e d  to 
accumula te  the highest  doses; for this reason a t t en t ion  was 
first concen t ra t ed  on Brit ish Nuc lea r  Fuels  (BNFL) ,  the 
electricity supply i n d u s t w  (Nuclear  Electric and  Scott ish 
Nuclear)  and  the U.K.  Atomic  Energy Author i ty  (UKAEA) .  
O the r  large employers  of  radia t ion  workers were the 
Min i s tw  of Defence  ( M O D ) ,  inc luding b o t h  the Atomic  
Weapons  Es t ab l i shmen t  (AWE) and  those mon i to r ed  by the 
Defence Radiological  Pro tec t ion  Service (DRPS) ,  and  also 
A m e r s h a m  In te rna t iona l  (ALL). A n u m b e r  of o ther  m e d i u m  
and  small organisat ions have since been  added  and  the 
deve lopmen t  of the da tabase  has been  d o c u m e n t e d  [7 9]. 
T h e  addi t ions  include research laboratories,  engineer ing 
firms and  industr ial  radiographers .  It was a condi t ion  of  the 
par t ic ipat ion of the sites tha t  individuals  should  be allowed 
to refuse to be inc luded in N R R W .  In practice,  relatively 
few workers have exercised this option.  Practical  consider-  
at ions also dic ta ted that  at some organisa t ion  (e.g. Nuc lea r  
Electric) the popu la t ion  inc luded  in N R R W ,  at least for the 

t ime being, was restr icted to classified workers.  
W h e n  the N R R ~  ~ was set up it was realised tha t  it would 

be easier to ensure  tha t  data were comple te  and  accurate  for 
those who were still in radia t ion  work than  for those who 
had  left employment .  For  this reason,  and  at the reques t  of  
the par t ic ipat ing organisat ions,  radia t ion  workers at each 
site were divided into four categories: 

A thosc con t inu ing  radia t ion  work on  1 January  1976; 
B those con t inu ing  in e m p l o y m e n t  on 1 January  1976, 

and  who had  u n d e r t a k e n  radia t ion  work in the past,  bu t  

no longer did so; 
C - -  those who had  left e m p l o y m e n t  before 1 January  

1976; 
D those who star ted radia t ion work after 1 January  

1076. 
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Those  in categories A and  D were enrol led in the first 
phase.  If  records for those in category" B were equally acces- 
sible then  they too were inc luded  (this decis ion might  vary, 
on  a site-by-site basis).  Otherwise  category B workers were 
held back  to be inc luded  in a second  phase.  T h e  lat ter  was 
subject  to a feasibility study, which  conf i rmed that  at mos t  
sites the historical records relat ing to category C (and  B) 
workers were of  sufficient quali ty for their  inclusion in the 
analysis. Nevertheless ,  collating these historical  data  is a 
very. substant ia l  task and  one tha t  has no t  yet been  com- 
pleted at all sites. 

C O L L E C T I O N  O F  P E R S O N A L  A N D  D O S E  
I N F O R M A T I O N  

T h e  data  collected from employers  are descr ibed in detail  
in Append ix  A. They  fall into three categories,  a l though  
some in format ion  has more  than  one funct ion,  e.g. date  of 
b i r th  - -  b o t h  an identifier  and  a d e t e r m i n a n t  of morta l i ty  
rates: 

(a) in format ion  to identify the individual ,  e i ther  in com- 
mun ica t ions  with the employing  organisa t ion or with  
flagging organisat ions,  or to recognise successive 
employmen t s  of  the same individual  (e.g. name,  date  of 
bir th,  Nat iona l  Insu rance  N u m b e r ) ;  

(b) in format ion  tha t  affects the expected pa t t e rn  of mor-  
tality (e.g. date  of  bir th ,  sex, industr ial  category, 
e m p l o y m e n t  history);  

(c) rad ia t ion  dose history. - -  for purposes  of  the first analy- 
sis this is l imited to recorded  exposures  to external  radi-  
a t ion with n e u t r o n  and  pro rata not ional  dose 
c o m p o n e n t s  identified separately. 

Whereve r  possible data  t ransfer  to N R R W  has been  by 
compu te r - compa t ib l e  m ed i um ,  generally magne t ic  tape. 
Th i s  is an  efficient m e t h o d  and  also reduces  the possibility 
of t ranscr ip t ion  errors. After  the initial data transfer,  
updates  have been  t ransferred  on  an  annua l  basis. Each  
annua l  data  t ransfer  includes personal  and  dose in format ion  
for those s tar t ing dose record  keeping and  also an upda te  of 
dose and  personal  in format ion  for those already on  N R R W .  
Changes  in personal  details of par t ic ipants  (e.g. name)  
occur  more  frequent ly t h a n  migh t  be supposed.  Th i s  com- 
plicates the  processing of  the annua l  updates .  However ,  the 
receipt  of annua l  data  transfers,  wi th  queries be ing  referred 
back to the sites, assists in the  process of ensur ing  that  the 
da tabase  has been  proper ly  scrnt inised.  

Problems with historical dose records 
It mus t  be recognised tha t  historical  dose records were 

kept  with the a im of  control l ing the immedia te  exposures of  
individual  workers and  (usually) to bui ld  up  a dose record. 
T h e  in format ion  kept  was enough  to allow the  dosemeters  
to reach their  in t ended  wearer  and  to allow the results of 
the dosemete r  assessment  to be  credi ted to h im or her.  
In fo rma t ion  no t  needed  for this purpose  would very. p rob-  
ably not  be kept  and,  if it were, data  quality would  p robab ly  
be  poor.  At  least in the U.K.  it is a lmost  cer tain tha t  histori-  
cal dose records will no t  conta in  all the  in format ion  needed  
for an  epidemiological  study. Addi t ional  in format ion  will 
have to be  collected from, for example,  personne l  or medi-  
cal records.  

Th i s  leads on to the ques t ion  of how individuals  are 
identified. A c o m m o n  pract ice in the U.K.  was to assign a 

serial n u m b e r  for this purpose .  If  the same serial n u m b e r  
was used elsewhere in the employing  organisa t ion  it will be 
very helpful,  w h e n  records are assembled  for epidemiologi-  
cal studies. If  not ,  the n u m b e r  may be of  very little use 
except  to br ing  together  hea l th  physics records for the same 
individual .  Even here,  great  p rob lems  can arise if individuals  
can change  their  n u m b e r  as they move  a round  the p lant  or 
if n u m b e r s  are reassigned to new individuals  w h e n  an  indi- 
vidual leaves employment .  I t  is likely tha t  records for the  
same individual  will somet imes  have to be b rough t  together  
by ma tch ing  on  n a m e  and  date of  birth.  Qui te  apar t  f rom 
r a n d o m  t ranscr ip t ion  errors there  are wel l -known prob lems  
with variants  of  su rnames  (Gardener ,  Ga rdne r )  and  with 
forenames  (William, Bill) and  their  n u m b e r  and  order.  
C o m p u t e r i s e d  Record  Linkage techniques  are available to 
assist wi th  this task a l though,  in our  hands ,  they are used 
only to assist h u m a n  intell igence. 

T h e  physical fo rmat  of the historical records may give 
problems.  If  handwr i t t en ,  there are the  inevitable p rob lems  
of legibility and  inconsis tency in the degree of detail  pro-  
vided. Even compute r i sed  records can present  p rob lems  
with idiosyncrat ic  p u n c h i n g  convent ions .  It may also be tha t  
the records themselves  are no t  sufficient, the file header  
may conta in  in format ion  or the order ing of the records may  
be impor tan t .  

A few guidelines may be of  use for those set t ing up  data-  
bases for radia t ion  epidemiolog3, using results f rom pro-  
g rammes  of  personal  moni tor ing .  

(a) Check  as m u c h  as you can as early as you can in the 
data acquis i t ion process.  

(b) F ind  out  how m a n y  of the  s tored data  i tems are used 
and  how m a n y  are simply s tored and  pr in ted  on reports.  
T h e  latter are likely to have a h igh level of  inaccuracy.  

(c) Identifiers are vitally impor tan t .  
(d) It is wor th  discussing the available data sources in detail  

with those who were conce rned  with its day- to-day use. 
They  will no t  only know of some of the pitfalls, they 
may also th ink  of  o ther  data sources (e.g. lists of those  
leaving the record-keeping  system). 

Follow-up information 
As is usual with  epidemiological  studies in Grea t  Britain,  

the N R R W  obtains  morta l i ty  in format ion  f rom the  Na t iona l  
Hea l th  Service Cent ra l  Registers ( N H S C R s )  at Sou thpor t  
(for England  and  Wales) and  E d i n b u r g h  (for Scot land) .  
T h e  records of  s tudy-group m e m b e r s  were flagged on  the 
N H S C R s  [10]. Th i s  was done  by sending  a card con ta in ing  
the personal  details of each s tudy-group m e m b e r  to 
N H S C R s .  W h e n  a flagged individual  dies, N R R W  receives 
a copy of  the dea th  certificate, with the causes of  dea th  
coded  to selected In te rna t iona l  Classification of  Diseases 
( ICD)  Revisions [11]. Slightly different a r rangements  are 
m a d e  for those res ident  in N o r t h e r n  Ireland,  the Isle of 
M a n  or the C h a n n e l  Islands. I f  a s tudy-group m e m b e r  emi-  
grates and  leaves the  area covered by the Nat iona l  Hea l th  
Service then  this m e c h a n i s m  for ob ta in ing  mortal i ty  infor- 
ma t ion  is likely to fail, and  the  individual  is taken to leave 
the s tudy on  the  date of  emigrat ion.  N H S C R s  obta in  infor- 
ma t ion  abou t  some emigrat ions  and  pass this on  to the 
appropr ia te  researchers.  However ,  it is known tha t  the  cov- 
erage of  emigrat ions  by N H S C R s  is incomplete .  I f  individ- 
uals emigrate,  u n k n o w n  to the researchers,  and  die abroad,  
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they will con t inue  to be  regarded as alive and  the dea th  
rates calculated will be too low. This  is a recognised pro- 
b lem and  one which  does not  have a complete ly  satisfactory 
solution.  A similar p rob lem might  arise if individuals  left the 
Na t iona l  Hea l th  Service for any o ther  reason.  Th i s  would 
be the case for m e m b e r s  of the Armed  Services whose 
hea l th  care is provided by Service Medica l  Offices ra ther  
t han  by the  Na t iona l  Hea l th  Service. T o  try to overcome 
these problems,  and  also to c o m b a t  the small  n u m b e r  of 
cases in which  N H S C R s  may establ ish a trace to the wrong  
person  (for example,  to fa ther  ra ther  than  son, or to the 
wrong  twin, part icularly if living at the same address) ,  
N R R W  has also m a d e  use of  the t racing facilities of  the 
Records  Branch  of  the  D e p a r t m e n t  of Social Security 
(DSS) at Newcast le .  Th i s  office will, for proper ly  approved  
studies,  conduc t  a vital s tatus check and,  in the case of 
s tudy m e m b e r s  who have died, give whatever  in format ion  is 
available on  date and  place of  death.  

Validation of personal and dose data 
Data  on  Category B and  C workers was t ransferred  in a 

one-off  exercise (at least in principle;  f requent ly  the exercise 
was repeated  with successively refined datasets) .  Data  on 
Category A and  D individuals  have been  received on  an 
annua l  basis f rom the  par t ic ipat ing organisat ions.  As data 
were added  to the database ,  checks were carried out  by 
specially wri t ten  software. T h e s e  involved: 

(a) checks on  the ident i ty  of  the individual  and  that  per-  
sonal details were in agreement  with the informat ion  
given in previous  years; 

(b) checks on the  comple teness  of  essential i tems of infor- 
mat ion;  

(c) checks for plausibili ty of  dose and  employmen t  his- 
tories. 

Statistical summar ies  of the data held were r e tu rned  to 
each site ever). 6 m o n t h s  and  this allowed an oppor tun i ty  
for e r roneous  data  to be identified and  corrected.  
Never theless ,  comple te  rel iance could not  be placed on this 
on-going  data  validation.  Th i s  was for a n u m b e r  of  reasons: 

(a) the sites no t  inf requent ly  m a d e  annua l  re turns  which  
were known to be  incomple te  or inaccura te  in some 
non-essent ia l  respect  with  the in ten t ion  of correct ing the 
deficiency in a later re turn;  

(b) dur ing  the data collection phase,  only l imited efforts 
were made  to correlate in format ion  from successive 
employers;  

(c) the  checks u n d e r t a k e n  would  often not  have detected 
in format ion  which  was plausible,  bu t  incorrect .  Errors 
in cer tain i m p o r t a n t  i tems, eg sex or date of bir th,  

would  usually have been  qucr icd by thc flagging organ-  
isations (or have caused the flagging to fail), bu t  this 

would not  apply to, say, dates of emp loymen t  or radi- 
a t ion work. 

Accordingly,  special val idat ion checks had  to be  u n d e r t a k e n  
before the da tabase  was analysed. N R P B  was for tunate  in 
tha t  the cohorts  which  were the subject  of pub l i shed  reports  
on  the U K A E A  [12], Sellafield [13] and  A W E  [14] work- 
forces had  largely been  checked already by staff  f rom the  
L o n d o n  School of Hygiene  and  Tropica l  Medic ine  
( L S H T M ) .  T h e  except ion was radia t ion  dose histories at 
Sellafield which had  been  checked by N R P B  on beha l f  of  
bo th  L S H T M  and  N R R W .  Wi th  the ag reemen t  of the 
N R R W  Advisor) '  C o m m i t t e e  it was decided tha t  these 

blocks of data did not  need  to be checked again. However ,  
special checks against  data tha t  had  not  been  independen t ly  
val idated were needed  before analysis. 

T h e  s tudy popula t ion  for N R R W  is defined in te rms of  
those for w h o m  dose records are kept. Accordingly  checks 
were generally carried out  against  each employer ' s  hea l th  
physics records.  These ,  by definit ion,  he ld  the appropr ia te  
records of  exposure to external  radiat ion.  They  also held  
sufficient in format ion  to identify the individual:  name,  sex 
and  date of birth.  Na t iona l  Insurance  N u m b e r  was some-  
t imes held as an identifier.  Na t iona l  Hea l th  Service 
N u m b e r s  were never  used by personal  mon i to r ing  services, 

a l though  all sites made  an a t t empt  to collect this infor- 
ma t ion  so as to assist the flagging of  par t ic ipants  at 
N H S C R s .  

At  some organisat ions the mas te r  copy of  the dose record  
is held on a compute r i sed  database.  W h e r e  the  records 
relate to radia t ion workers in the legal sense, the Hea l th  and  
Safety Executive will have satisfied itself of the security and  
integrity of such compu te r -ba sed  systems. At  all the sites 
inc luded in this analysis of N R R W ,  any individuals  for 
w h o m  records were kept, bu t  who were not  radia t ion  
workers in the legal sense, would have been  inc luded  on the 
same footing as o ther  radia t ion workers.  T h u s  there  are 
a rguments  for accept ing the validity of  such compute r i sed  
dose record-keeping  systems. W h e r e  compute r i sed  systems 
held the mas te r  copy of the radia t ion  dose record  they were 
used as the basis for the data  val idat ion exercise. Th i s  was 
done  ei ther  as a 1% sample  check or else by comple te  data 

in terchange.  T h e  former  was preferred where  the raw 
records supplied by sites had  unde rgone  significant amalga-  
ma t ion  with data  f rom other  sources. Where  the mas te r  
copy of the radia t ion  dose record  was no t  compute r i sed  it 
was necessaw to check the card or paper  record.  Th i s  was 
done  on a 1% sample basis. 

Table 1. Breakdown of study population by lifetime dose and employer 

Number of individuals in dose range (mSv) 

Employer <10.0 10.0 50.0 50.0 100.0 100+ Total workers 
Collective dose 

(man Sv) 
Mean dose 

(mSv) 

13NFL 10,223 7464 3083 4847 25,617 1805 70.4 
MOD-AWE 8599 1249 239 154 10,241 85 8.3 
MOD-DRPS 20,717 4635 1018 870 27,246 381 14.0 
Nuclear Electric 4490 2553 696 480 8199 198 24.1 
UKAEA 14,916 5455 1631 1912 23,914 730 30.5 
TOTAL 58,945 21,336 6667 8269 95,217 3196 33.6 
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Table 2. Status of partictpants at the end of follow-up 

Alive 86,638 
Dead 6660 
Emigrated 1850 
Untraced 69 
TOTAL 95,217 

A descr ip t ion of the val idat ion of follow-up informat ion  
prior  to analysis is given in Append ix  B. 

Population studied for the first analysis 
T h e  popula t ion  s tudied for the first analysis is s u m m a r -  

ised in Tab le  1; the precise definit ion of the s tudy popu-  
lat ion can be found  in the pub l i shed  repor t  [5, 6]. Ra the r  
more  t han  40,000 of the 95,000 par t ic ipants  have been  
inc luded  in o ther  pub l i shed  studies of radia t ion  workers and  
these groups con t r ibu te  two-thi rds  of the collective dose and  
two-thirds  of  the deaths.  It is therefore  impor t an t  to ap- 
preciate tha t  N R R W  includes substant ia l  data  addi t ional  to 
tha t  in the separately pub l i shed  studies. 

Tab le  2 shows the s tatus of the s tudy popula t ion  at the 
end  of  the follow-up period.  Th i s  was 31 D e c e m b e r  1988 
for mos t  par t ic ipants ,  a l though  the Board  agreed, for the 
first analysis of the N R R W ,  not  to include certain subgroups  
beyond  the dates of the previously publ i shed  analyses. 

M E T H O D S  O F  A N A L Y S I S  
Two  types of  analysis were under taken :  an external  or 

s tandard ised  mortal i ty  ratio (SMR)  analysis and  an internal  
analysis or test  for t rend with dose. 

In the external  analysis, mortal i ty  of the s tudy popula t ion  
is compared  with tha t  of  a reference populat ion.  For  the 
first analysis of  the N R R W ,  the reference popula t ion  was 
the general  popu la t ion  of Eng land  and  Wales. D e a t h  rates 
by age, sex and  ca lendar  years are compared  using the s tan-  
dardised mortal i ty  ratio (SMR).  T h e  S M R  takes the value 
of 100 if the overall dea th  rate in the popu la t ion  s tudied is 
the same as in the reference popula t ion.  SMRs  below 100 
mean  tha t  the dea th  rates are generally lower in the s tudy 
group than  in the reference popula t ion  and  vice versa. 
However ,  it is usually found  that  SMRs  are below 100 in 
occupat ional  groups (the 'Hea l thy  Worker  Effect ')  and  this 
makes  the S M R  analysis ha rd  to in terpret  if the S M R  is 

85, how can we know whe the r  it would have been  80 in the 
absence  of radia t ion exposure? 

For  this reason,  more  a t t en t ion  is usually concen t ra ted  on  
the internal  analysis. Here,  the s tudy popula t ion  is divided 
into ' s t ra ta '  in which  individuals  are of the same age, sex, 
social class and  place of occupat ion.  Morta l i ty  pa t te rns  for 
separate  ca lendar  periods are compared  for those in differ- 
ent  dose groups  and  the results are s u m m e d  over all strata. 

R E S U L T S  O F  T H E  A N A L Y S I S  
Selected resul ts  f rom the external  (SMR)  analysis are pre-  

sented  in Tab le  3. Th i s  shows the expected heal thy worker  
effect. T h e  S M R  for all causes of dea th  is 85, significantly 
below 100 at the 0 .1% level. T h e  S M R  for all ma l ignan t  
neoplasms  (86) is similarly below 100. Both  the S M R  for 
lung cancer  (76) and  also tha t  for o ther  diseases associated 
with smoking  (89) are significantly below 100. 

T h e  group of  diseases in which  any effect of  radia t ion 
would  mos t  easily be de tec ted  are neoplasms  of  the haema-  
topoiet ic  systems; wi th in  this grouping special a t ten t ion  
should  focus on  the subset  of  leukaemias excluding chronic  
lymphat ic  leukaemia (CLL).  T h e  S M R  for all neoplasms  of 
the haematopoie t i c  system is 88 and  that  for leukaemias 
except C L L  93. T h e  figures thus  give no suppor t  to the 
idea that  dea th  rates are generally elevated in radia t ion 
workers. O the r  diseases of interest  are pros ta te  cancer  and  
mult iple myeloma for which the SMRs  are 110 and  65, re- 
spectively. While  the fo rmer  is above 100 it is far f rom a 
statistically significant elevation.  

Only for one  type of  cancer  is there  an  S M R  significantly 
above 100. This  is thyroid cancer,  S M R  303, significantly 
elevated at the 1% level. T h e r e  is no  t rend  in risk with 
external  radia t ion dose, and  those who had  died of  thyroid 
cancer  had  not  worked at the same place. Th i s  result  may 
be a chance  finding. 

T h e  ma in  results f rom the test for t rend  with dose are 
shown in Table  4. These  take the  form of  an  es t imated  
excess relative risk (RR) per  Sv, together  wi th  the p rob-  
ability (p) that  an excess RR as large as the value observed 
would arise if there  were no effect of radiat ion.  A positive 
excess RR reflects an increase in the level of disease in the  
h igher  dose groups;  a negative value would be found  w h e n  
the dea th  rates were lower in high dose groups (a protect ive 

Table 3. Standardised mortality ratio (SMR) fi~r selected causes (_lagged by 2 years for leukaemias, 10 years otherwise) 

Disease Observed deaths SMR/100 95% Confidence interval 

All causes 4884 0.85+ 0.83 0.87 
All malignant neoplasms 1363 0.86+ 0.81 0.90 
Diseases other than malignant 
neoplasms related to smoking 2085 0.89+ 0.85 0.93 
Cancer of the trachea, bronchus, 
lung and pleura 478 0.76t 0.09 0.83 
Prostate cancer 80 1.10 0.87 1.36 
Thyroid cancer 0 3.03" 1.39 5.76 
All lymphatic/haematopoietic 
Lag= lOyears 100 1.00 0.81 1.21 
Lag = 2 years L30 0.88 0.74-1.05 
Multiple myeloma 12 0.65 0.33 1.13 
Leukaemia 52 0.91 0.68 - 1.19 
Leukaemia except chronic 
lymphatic lcukaemia 44 0.93 0.67 1.24 

*p < 0.001. +p < 0.01. 
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Table 4. Results of selected tests for trends in risk with dose 
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Disease One-sided p-value Excess RR (Sv ]) 

90% Confidence limit 

Lower Upper 

All known causes except 
cancers 0.49 0.01 -0.30 0.36 
All malignant neoplasms 0.10 0.47 -0.12 1.20 
Bladder cancer 0.070 3.0 -0.11 13.9 
Thyroid cancer 0.30 1.0 - I .  1 12.3 
Multiple myeloma 0.064 6.9 0.029 45.8 
Prostate cancer 0.28 1.5 - 1.4 10.7 
Lymphatic/haematopoietic 0.30 0.O 1 -0.87 3.4 
Leukaemia 0.10 2.3 -0.32 8.4 
Leukaemia (except CLL) 0.0345 4.3 0.40 13.6 

effect of  radiation). All p values quoted for the internal 

analysis are one sided. 

For  all known causes of death except cancers the excess 
relative risk is almost exactly zero with a 90% confidence 

interval approaching symmetry  in its coverage of negative 

and positive values. For  all malignant neoplasms,  the esti- 

mated  excess RR is above zero, and al though the excess 

does not  reach the conventional  level of  statistical signifi- 

cance, the chance that an est imated excess RR as high as 

the observed value would arise in the absence of a radiation 

effect is 10% (i.e. p = 0.10). For  all neoplasms of the hae- 

matopoiet ic  system the est imated excess RR is positive, but 

not significant (p = 0.30). For  all leukaemias the est imated 

excess RR is again positive and closer to statistical signifi- 
cance (p = 0,10). When  at tention is focused on leukaemias 

except C L L  the positive excess RR reaches statistical signifi- 
cance (p = 0.0345). 

There  is t rend with dose in the death rates from multiple 

myeloma that approaches significance (p = 0.064); however,  

this result is largely due to individuals included in the study 

of  the Sellafield workforce, so the two observations are not 

independent .  No significant association was found between 
prostate cancer and radiation dose. This is in contrast  to 
two of the earlier individual studies despite the fact that  
data from these two studies are included in NRRW.  

D I S C U S S I O N  
In order to make compar ison with the familiar lifetime 

risk estimates of  ICRP [16], the values of excess relative risk 
presented  above can be incorporated in projection models 
to allow the data to be extrapolated to lifetime risks for a 
working population.  Table 5 shows estimates of  excess rela- 
tive risk derived from N R R W ,  the Japanese atomic b o m b  
survivor data [17], and a combined  study o f A m e r i c a n  
nuclear  workers [18]. This table also shows the correspond-  
ing lifetime risk estimates,  of which the ICRP values were 
derived by applying a D D R E F  (dose and dose rate effective- 
ness factor) of two to the Japanese data. It can be seen that, 
while the risk estimates from N R R W  are above those of  

ICRP,  the statistical uncertainty in the N R R W  data is large 
(for all cancers the 90% confidence interval includes a pro-  
tective effect of radiation). It can also be seen that  the 

Table" 5. Comparison of risk esthnates from studies oj the Japanese atomw bomb survivors, N R R W  and the combined cohort of 
American nuclear workers 

Atomic bomb su~'ivors ~ NRRW American nuclear workers{ 

Cohort size 
Person years 
Collective dose (man Sv) 
Range of doses (Sv) 
Excess relative risk (Sv 1) 
(90% CI) 
All malignant neoplasms 

Leukaemia 

Lifetime risks (%Sv I) 
(90% ci)  
All malignant neoplasms 

Leukaemia 

75,001 95,217 35,933 
2,185,000 1,218,000 705,000 

10,000 3213 1140 
0 4+  0 0.5 0-0.5+ 0-0.5+ 

0.41{ 0.38{ 0.47 -0.99 
(0.32, 0.52) ( 0.12, 1.20) (<l.6, 0.38) 

5.25 2.4~ 4.3 <-1.5 
(3.8, 7.1) (0.40, 13.6) (<-1.5, 3.4) 

ICRP 

41 10 <0 
(3, 5) (<0, 26) (<0, 8.2) 
0.4 i 0.76 <0 

(0.3, 0.55)1, (0.07, 2.4) (<0, 0.60) 

:~:Shimizu and associates [17] (note that results are presented both for the whole cohort and also for those receiving doses of 500 mSv or 
less). 
+Workers at Hanford, Oak Ridge and Rocky Flats (Gilbert and associates [18]). 
++Value of all malignant neoplasms excluding leukaemia, based on all ages. 
§Value for all ages at exposure. 
i Derived by applying a DDREF of two to the Japanese data. 
llApproximate values based on Japanese data. 
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Amer i can  s tudy failed to f ind an  associat ion be tween  radi- 
a t ion and  ei ther  all cancers or leukaemias,  a l though the stat- 
istical uncer ta in t ies  are again large. In fact, if the Amer i can  
data  are pooled with N R R W ,  the resul t ing risk est imates are 
very close to those of ICRP,  a l though the conf idence  inter-  
vals are still wide. T h e  lifetime risk es t imate  f rom the com- 
b ined  studies for all ma l ignan t  neop lasms  is 4 .9%/Sv  (with 
90% conf idence interval <0,  18) and  for leukaemias  0 .30%/  
Sv (<0,  1.04). 

T h e  combina t i on  of N R R W  with the Amer i can  data has 
wide conf idence  intervals,  and  does not  provide evidence to 
suppor t  a revision of the  new risk es t imates  r e c o m m e n d e d  
by I C R P  in Publ ica t ion  60. 

N E X T  A N A L Y S I S  O F  N R R W  
T h e  N R P B  in tends  to carry, ou t  a second analysis of 

N R R W  shortly. This  will include b o t h  longer follow-up and  
also groups of  radia t ion  workers no t  inc luded  in the first 
analysis. Th i s  second analysis should  provide more  powerful  
evidence on  the risks of occupat ional  exposure  to radiat ion.  
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A P P E N D I X  A 
S u m m a r y  o f  data required by N R R W  

Personal 

1 N a m e  
2 Date  of b i r th  
3 Sex 
4 Nat iona l  Insurance  N u m b e r  
5 Nat iona l  Hea l th  Service N u m b e r  
6 Personne l  n u m b e r  
7 Date  employmen t  began  
8 Da te  employmen t  ceased 
9 (a) Year of  c o m m e n c e m e n t  as a radia t ion  worker  

dur ing  this per iod of e m p l o y m e n t  with  this or- 
ganisa t ion 

(b) Year of c o m m e n c e m e n t  as a radia t ion worker  in 
any e m p l o y m e n t  (if available) 

10 Date  of entry to N R R W  
11 Indust r ia l  classification 
12 U p d a t e  status 

Exposure  
13 Body-pene t ra t ing  external  radia t ion  dose 

(a) Dose  histoD" on  an annua l  basis 
(b) Dose  in year 

14 Not iona l  c o m p o n e n t  of dose 

(a) Dose  history on  an annua l  basis 
(b) Dose  in year 

15 N e u t r o n  dose 

(a) Dose  history on an  annua l  basis 
(b) Dose  in year 

16 In te rna l  con t amina t i on  

(a) M o n i t o r e d  for p lu ton ium? 
(b) M o n i t o r e d  for t r i t ium? 
(c) M o n i t o r e d  for any o ther  nuclide? 
(d) K n o w n  body  content?  

17 Involved in radiological  acc ident  or incident? 

~'otes on data 

Personal  

1 N a m e - - P r e f e r a b l y  this should  consist  of  su rname  
and  full forenames,  e.g. John  Freder ick  Smith.  If  the  full 
n a m e  is unavai lable  then  su rname  and  initials shou ld  be 
given, e.g. Smith ,  J.F. If  an individual  has changed  his or 
her  n a m e  then  previous names  should  be  notified. 

2 Date  of b i r t h - - T h e  exact date should  be  given, e.g. 
230254  or 23 Feb  1954. (Special a r r angemen t s  should  be 
made  for dates of b i r th  in the n i n e t e e n t h  century.)  

3 Sex Male  or female. 
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4 Nat iona l  In su rance  N u m b e r - - e . g .  AB 123456. Th i s  
i tem is very impor t an t  since it is the ma in  index used to 
identify individuals  in the records.  I f  there is a letter at 
the end  of  the Nat iona l  Insu rance  N u m b e r ,  e.g. AB 
123456A, this last letter is no t  needed.  T h e  Nat iona l  
Insu rance  N u m b e r  c o m m o n l y  appears  on  pay records.  

5 Nat iona l  Hea l th  Service N u m b e r - - e . g .  P Z K K 2 3 4 .  
This  i tem is needed  in order  to flag the individual  on the 
Nat iona l  Hea l th  Service Cent ra l  Registers. For  any indi- 
vidual this n u m b e r  will appear  on his or her  medical  
card. For  people  b o r n  before the end  of  the Second  
Wor ld  W a r  it will be the  same as thei r  war t ime identifi-  
cat ion number .  I f  any individual  is unab le  to supply a 
Nat iona l  Hea l th  Service N u m b e r ,  then  it is possible to 
flag h im  or her  us ing al ternat ive informat ion.  Th i s  can be 
ei ther  full fo renames  (see note  1) and  last p e r m a n e n t  
address  (i.e. address  when  last registered with a doctor)  
or place of  b i r th  or cur ren t  doc tor ' s  n a m e  and  address.  

6 Personne l  n u m b e r - - F r o m  the poin t  of view of 
N R R W  this i tem does no t  cons t i tu te  an essential piece of 
informat ion.  However ,  m a n y  par t ic ipat ing organisat ions 
f ind it conven ien t  to include the personne l  n u m b e r  or 
o ther  pe rsonne l  ident if icat ion whenever  any data  con-  
cerning tha t  individual  are t ransferred.  It  can then  be 
used as a reference in any queries.  

7 Date  of e m p l o y m e n t - - T h i s  should  cor respond  to the 
date of e m p l o y m e n t  with  the par t ic ipat ing organisa t ion as 
a whole ra ther  than  at any par t icular  site. T h e  exact date 
should  be  given as in note  2. I f  the individual  has  had  
more  than  one per iod  of e m p l o y m e n t  with an organis-  
a t ion and  been  a rad ia t ion  worker  dur ing  any previous 
periods,  then  the e m p l o y m e n t  dates (both  beg inn ing  and  
end)  for these periods should  also be notif ied to N R R W .  

8 Da te  e m p l o y m e n t  c e a s e d - - W h e n  an individual  who 
is listed on  N R R W  leaves the e m p l o y m e n t  of  the part ici-  
pa t ing  organisa t ion  the  date  tha t  emp loymen t  ceased 
should  be supplied,  even if the individual  was not  a radi- 
a t ion worker  at the t ime. T h e  exact date should  be given 
as in note  2. 

9 Year of  c o m m e n c e m e n t  as a radia t ion  w o r k e r - - T h i s  
should  be the year of c o m m e n c e m e n t  as a radia t ion 
worker  dur ing  the present  per iod  of  e m p l o y m e n t  with  the 
par t ic ipat ing organisa t ion as a whole. I f  the year of first 
c o m m e n c e m e n t  as a radia t ion  worker  in any e m p l o y m e n t  
is known this should  also be notified. 

10 Date  of  entry  to N R R W - - F o r  positive entry, sys- 
tems this should  be  the date on  which  the consen t  form 
was signed. Fo r  positive refusal systems this should  be 
the  date on  which the  list of eligible personnel  was com- 
piled. T h e  exact date  should  be given as in note  2. 

11 Industr ia l  c lass i i fcat ion--e .g ,  industr ial  or non -  
industrial .  The  classification of  employees as industr ia l  or 
non- indus t r ia l  is a rou t ine  measure  carried out  by the 
nuc lear  industry.  Fo r  those organisat ions  which  do no t  
use this classification, individual  a r r angemen t s  can be 
made  based  on ei ther  m e t h o d  of  p a y m e n t  of the 
employee (e.g. weekly or month ly)  or occupat ional  cod- 
ing. 

12 U p d a t e  s t a t u s - - T h i s  i tem should  accompany  the 
annua l  exposure  data. 

N - - N e w  radia t ion  worker,  i.e, an  individual  for w h o m  
there  should  no t  be exposure  data f rom that  site for the 
preceding  year. 

U - - U p d a t e  for worker  con t inu ing  radia t ion  work, i.e. 

an individual  for w h o m  there  should  be exposure data 

f rom tha t  site for bo th  the preceding  and  following years. 

R. L.--Ixadividuals who have ei ther  ret ired (R) or left 
(L) radia t ion work (the lat ter  while con t inu ing  in employ-  

men t )  dur ing  tha t  year, i.e. for w h o m  no exposure data 

f rom tha t  site are to be expected the following year. 

W h e r e  the informat ion  is available it would be  helpful  

if sites would code ' D '  ins tead of 'R '  or 'L '  for individ- 

uals who died dur ing  employment .  I f  it is possible to dis- 

t inguish those who ret i red (on grounds  of  age or ill- 

heal th)  f rom those who moved  on  to ano the r  employ-  

men t ,  'R '  should  be coded  for the fo rmer  and  'S '  for the 
latter. I f  an individual  c o m m e n c e s  and  ceases radia t ion  

work within a single ca lendar  year, then  R or L, etc, as 

appropria te ,  should  be indica ted  ra ther  t han  N. 

Exposure  

13, 14, 15 Dose d a t a - - T h e  dose data  can be supplied 

using any uni ts  of dose equivalent  p rovided  these are 

clearly stated. Dose  histories should  be given going as far 

back in t ime as the records permit .  It should  also be sta- 

ted whe the r  no t iona l  and  n e u t r o n  c o m p o n e n t s  are 

inc luded in the body-pene t ra t ing  totals. Preferably they 
should  be inc luded in note  13 and  given separately in 

notes  14 and  15, if relevant.  T h e  threshold  dose, the pro-  
cedure regarding recording of doses below threshold  and  

whe the r  or no t  al lowance for backg round  radia t ion has 

been  made  should  be clearly indicated for ever 3 , year for 
which dose data are supplied. For  not ional  doses it 

should  also be s tated whe the r  the dose is a realistic esti- 
mate  of dose received or whe the r  the appropr ia te  fract ion 

of the dose l imit for the per iod has been  assigned. In 

some cases it may not  be possible to supply detai led neu-  

t ron dose histories on  an annua l  basis, and  special 

a r rangements  will be needed.  

16 In te rna l  c o n t a m i n a t i o n - - Y e s  or No. 

The  answers  to these quest ions  should  show the ent ire  
lifetime experience of the individual .  For  example,  the 

answer  to 16a should  be 'yes '  if mon i to r ing  for p l u t o n i u m  

is known to have been  carried out  at any t ime in the past.  

It should  also be s tated whe the r  an est imate of dose due 

to internal  con t amina t i on  has been  inc luded  in the 

whole -body  total dose. I f  it has been  included,  details 

should  be given. If  a person  is likely to have a significant 

radia t ion  dose from internal  con t amina t i on  as a result  of  
be ing  involved in a radiological accident  or incident ,  indi-  

vidual a r rangements  as to fur ther  data collection will be  

made  as necessaw.  It is t hough t  tha t  the n u m b e r s  of 
people  involved will be  v e ~  small. However ,  if the group 

is large enough  to meri t  fur ther  analysis, sufficient details 

will be sought  on the nuclides involved and  their  distri- 

bu t ion  within the body to pe rmi t  all calculat ions to be 

carried out  as far as possible on the same basis. W h e n  

the data are available, flags for 'mon i to red  for in ternal  

emit ters '  are reques ted  on  a year-by-year  basis. In  the 
longer term, est imates of dose from internal  emit ters  

would be desirable.  

17 Invo lvement  in radiological accident  or i n c i d e n t - -  
Yes or No.  
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Has the individual  been  involved in an  inc ident  which  
led to an effective dose equivalent  or effective dose equiv- 
alent  c o m m i t m e n t  of more  than  50 mSv? 

A P P E N D I X  B 
Validation of follow-up information 

Checks on cause of death codings. D e a t h  certificates t ,  ere 
checked by the  N R P B  Assis tant  Di rec tor  (Medical)  for any 
errors in the cause of dea th  codings. Very. few codings were 
quer ied  and  these nearly always proved to be correct  in- 
te rpre ta t ions  of  the complex  coding rules. Fol low-up infor- 
m a t i o n  was double  p u n c h e d  in order  to el iminate 
t ranscr ip t ion  errors. Never the less  this could not  detect  
errors in flagging or in the t ransmiss ion  of  follow-up data  to 
N R P B .  Accordingly,  a n u m b e r  of checks were carried out. 

Checks at the ,National Health Set'vice Central Registers. A 
1% sample of N R R W  par t ic ipants  was sent  to N H S C R s  
where  staff were asked to check: 

(a) tha t  a s tudy card was held for the individual;  
(b) if so, whe the r  the individual  was in one of the groups 

which  should  have been  notif ied to N R P B ,  ie died, emi- 
grated or no t  registered with an N H S  doctor.  

Of  the s ammple  of 930, there were 3 individuals  who had  
died within the follow-up per iod and  whose  deaths  were not  
recorded  on  N R R W .  In 2 cases it was recognised that  the 
dea th  should  have been  repor ted  to N R P B  bu t  in the th i rd  
case records at N H S C R s  indicated  that  it had  already been  
notified. N H S C R s  also repor ted  that  38 records in the 
sample  were not  flagged for N R R W ;  in 3 ins tances  the indi- 
vidual had  died. N H S C R s  could not  trace 10 individuals  in 
the sample.  T h e  reasons for this are no t  known.  

Al though  there  was general  agreement  be tween  the 
N R R W  records and  the N H S C R  records it was felt tha t  in 
order  to ensure  tha t  the follow-up was as complete  as poss- 
ible, N R P B  staff, wi th  the assistance of  staff f rom N H S C R s ,  
should  ca rw  out  a check on  mortal i ty  in format ion  held at 
N H S C R s  for N R R W  part ic ipants .  A l though  a fur ther  5 
deaths  were at first identified f rom this check, upon  fur ther  
invest igat ion only i of  these was conf i rmed to be a dea th  
(in 1988) which  had  been  omi t ted  for the re levant  follow-up 
period.  O f  the o ther  4, 1 dea th  had  occur red  outside the fol- 
low-up per iod  (in 1989) and  3 were incorrec t  matches .  

Checks at the Department of Social Security. A 1% sample 
of all o ther  N R R W  par t ic ipants  was sent  to D SS  Newcast le .  
Of  the total  of 1146 records,  1035 individuals  were repor ted  
to be alive, 103 dead and  8 unt raced .  Of  the 103 dead,  2 
were not  known to N R R W .  However ,  1 of these was a 
recent  dea th  and,  as such,  outs ide the  s tudy period. 

In addi t ion,  in an earlier exercise, all those wi thout  a 
Na t iona l  Insurance  N u m b e r  (NIN)  had  also been  referred 
to the DSS.  This  was in order  to check that  fol low-up was 
satisfacto~" for individuals  for w h o m  this impor t an t  identi-  
fier was missing. Despi te  the absence  of  NINs ,  the DSS was 
able to trace over 90% of  this group.  Of  the 589 individuals  
who could no t  be t raced,  101 had  been  at or close to retire- 
m e n t  age when  the DSS system was set up  in 1948. It is 

known that  such individuals  may not  be inc luded  in DSS 
records.  N I N s  t e n d e d  to be  missing for older individuals  

and  abou t  20% of the group had  died. Of  these,  36 deaths  
in the fol low-up per iod have no t  been  t raced at N H S C R s .  

Checks on m e m b e r s  of  the Armed  Services. 

As descr ibed above,  m e m b e r s  of the A r m e d  Services are 
no t  covered by the Na t iona l  Hea l th  Service, bu t  ra ther  by 
specific a r rangements  for serv icemen and  thei r  families. 
Th i s  means  that  the no rma l  m e t h o d  for ob ta in ing  follow-up 

in format ion  via the Na t iona l  Hea l th  Service Cent ra l  
Registers may be less reliable than  usual. Th i s  would  be es- 

pecially so for deaths  in service, bu t  it is also p robab le  tha t  
it is less easy to flag a record  reliably at a t ime w h e n  an  indi-  
vidual is in the Services and  not  registered with an N H S  

doctor.  N R P B  was therefore  for tunate  to be  able to make  
use of data  held  by the M O D  Medica l  Statistics 

D e p a r t m e n t  to check for missing deaths  in N R R W  partici-  
pants  in the A r m e d  Services. A fur ther  7 deaths  were ident-  

ified for the Royal Na  W and  8 for the Royal Air Force.  No  
extra deaths  were found  for the Army whose  records had  

already been  checked at the DSS.  

Summary of the validation exercises. T h e  audits  of records 

held at the sites generally showed tha t  the data  quality was 
good. T h e r e  was often some ambigui ty  in dates of  

e m p l o y m e n t  and  of radia t ion  work, part icularly for those 
with complex  e m p l o y m e n t  or radia t ion work histories.  As a 
general  rule, for the  N R R W  the earliest date of e m p l o y m e n t  

or of rad ia t ion  work was sought .  A low level of  errors in 
doses and  personal  in format ion  was found.  R a n d o m  errors 

were relatively few and  unlikely to affect an  analysis bu t  in a 

few cases more  serious systematic errors were found  (e.g. 
omiss ion of  all doses incurred  in the last quar te r  of  a par-  
t icular year). In these cases a special data  t ransfer  exercise 

t ,  as unde r t aken  to rectify the  error. 

As for mos t  epidemiological  studies in the U.K.  N R P B  

has relied mainly  on  the Nat iona l  Hea l th  Service Cent ra l  

Registers for its fol low-up informat ion .  Given  the size, com- 
plexity and  dura t ion  of  the study, it is p robably  not  surpris-  
ing tha t  there  was a degree of  incomple teness  in the follow- 
up data  held by N R R W ,  albeit  at a low level. T o  a large 

extent  this was correc ted  by in te rcompar i sons  wi th  data  

held by o ther  research groups and  by N H S C R s  themselves.  
However ,  o ther  deaths  were identified in checks at the 

D e p a r t m e n t  of  Social Security, Newcast le ,  and  M O D  
Medical  Statistics. It was encourag ing  that ,  when  records 
for Army par t ic ipants  were checked at the DSS  and  then  

with the M O D ,  the second check found  no extra deaths.  

It is known  tha t  N H S C R s  do not  hold  comple te  infor- 

ma t ion  on emigrat ions  and  shortage of  skilled staff  pre-  

ven ted  the DSS f rom identifying probab le  emigra t ions  f rom 
the records held at Newcast le .  A b o u t  2000 N R R W  partici-  
pants  are known  to have emigrated.  T h e  available data do 

not  al lot ,  the authors  to be  conf ident  tha t  this is no t  an  
underes t imate .  T h e  magn i tude  of any such unde res t ima t ion  

canno t  be known  with certainty,  bu t  it is perhaps  unlikely to 

exceed 50%. 


