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In This Issue

This issue of Survey Merhodology features a special section on Record Linkage and Statistical Matching. Special thanks
are due to Fritz Scheuren for coordinating the editorial work of this special section. One or two papers which also deal
with this topic, and which were too late to be included in this issue, may appear in a later issue,

In record linkage two datafiles are combined by linking records which refer to the same unit. The objective may be to
create an enriched datafile containing variables from both of the source files, or it may be to identify records referring to
common units. In situations where record linkage is not possible, statistical matching could be used to create an enriched
datafile. A datafile created by statistical matching may contain synthetic records in the sense that variables obtained from
the different data sources nged not refer to the same unit; however, it is hoped that the matched file still accurately reflects
statistical relationships among the variables. .

Bartlett, Krewski, Wang and Zielinski discuss the advantages and disadvantages of record linkage in epidemiological
studies. Record linkage methodology and methodological issues are reviewed and illustrated with examples of two large
scale record linkage studies in epidemiology. Issues in the analysis of data from linked files are also reviewed.

Belin describes an experimental approach to the evaluation of alternative record linkage procedures. The approach is
illustrated through a factorial experiment investigating the effect of such factors as the choice of matching variables,
assignment of weights, and other factors. The experiment uses data from the 1988 U.S. census/post-enumeration survey
dress rehearsal.

Thibaudeau considers an alternative to the commonly used conditional independence model for the probabilities of matches
in different comparison fields. Data from the 1988 St. Louis census/post-enumeration survey dress rehearsal is nsed for
illustration. It is found that the conditional independence model is reasonable for the true links; however, a hierarchical
log-linear model with some interaction terms is used for the true nonlinks.

Scheuren and Winkler consider the analysis of data from linked files. In particular they consider the problem of regres-
sion of a dependent variable from one source file onto an independent variable from another source file. The approach
taken is to estimate and correct for biases due to possibly incorrectly linked records. The approach works well if the probability
of a match being a true link (and hence the biases in the regression estimation) can be well estimated, Some empirical results
are presented.

The last paper in this special section, by Singh, Mantel, Kinack and Rowe, deals with statistical matching rather than
record linkage. The authors develop methods of matching which use auxiliary data to avoid the conditional independence
assumption. They also consider imposing categorical constraints so that the matched file agrees with appropriate marginal
or conditional categorical distributions obtained from the source files or from auxiliary information. The main conclusion
of an empirical evaluation is that the use of appropriate auxiliary information ¢an considerably improve the quality of the
matched file.

Hidiroglou, Drew and Gray present standards for the definitions of nonresponse to surveys that are being adopted at
Statistics Canada. This will facilitate the analysis of global trends in nonresponse and better understanding of differences
in nonresponse to different surveys. Factors affecting nonresponse and measures taken to reduce it are also discussed and
nonresponse for two major Statistics Canada surveys is examined.

Treder and Sedransk compare simple random sampling and three allocation methods for double sampling. The three
allocation methods are proportional, Rao’s and optimal.

Casady and Lepkowski propose stratified telephone survey designs, based on commercial lists of telephone numbers,
as alternatives to the widely used two stage random digit dialing procedure known as the Mitofsky-Waksberg technique.The
efficiencies of various sampling schemes for this stratified design, simple random digit dialing and the Mitofsky-Waksberg
procedure are compared.

Ouyang, Schreuder, Max and Williams consider the problem of estimation in Poisson-Poisson and binomial-Poisson
sampling. A number of estimators of totals and standard errors are developed and empirically evaluated in the context of
estimation of total volume of usable wood in a stand of trees.

Starting with this issue, Survey Methodology is changing to a larger page size.This larger size is less expensive to print
and will allow Survey Methodology to reduce its continuing production deficit. We also took this opportunity to redesign
the cover. I hope you like the result of our efforts.

The Editor






Survey Methodology, June 1993
Vol. 19, No. 1, pp. 3=12
Statistics Canada

Evaluation of Error Rates in Large Scale Computerized
Record Linkage Studies

S. BARTLETT, D. KREWSKI, Y. WANG and J.M. ZIELINSKI!

ABSTRACT

Matching records in different administrative data bases is a useful tool for conducting epidemiological studies to
study relationships between environmental hazards and health status. With large data bases, sophisticated comput-
erized record linkage algorithms can be used to evaluate the likelihood of a match between two records based on
a comparison of one or more identifying variables for those records. Since matching errors are inevitable, consideration
needs to be given to the effects of such errors on statistical inferences based on the linked files. This article provides
an overview of record linkage methodology, and a discussion of the statistical issues associated with linkage errors.

KEY WORDS: Computerized record linkage; Canadian Farm Opérators Study; National Dose Registry Mortality

Study; Threshold selection.

1. INTRODUCTION

In recent years, there has been a trend in environmental
epidemiology towards the use of existing administrative
databases as sources of information for health studies
(Howe and Spasoff 1986; Carpenter and Fair 1990). In gen-
eral terms, this involves linking records of human exposure
to environmental hazards with records on health status,
often using computerized methods for matching individual
records from different databases (Newcombe 1988).

Computerized record linkage (CRL) methods have
recently been used to examine the mortality experience of
over 326,000 farm operators in Canada in relation to farm
practices (Jordan-Simpson et al. 1990). This study involved
linking the Canadian Mortality Data Bage (CMDB) with
the 1971 Census of Population and the 1971 Census of
Agriculture. Preliminary results based on 70,000 male farm
operators in Saskatchewan have indicated that, although
the cohort as a whole demonstrated no excess mortality for
specific causes of death, there was some evidence of a dose-
response relationship between mortality due to non-Hodkins
lymphoma and acres sprayed with herbicides among farms
less than 1,000 acres in size (Wigle ef al. 1990).

Another ongoing large-scale study which involves
record linkage is based on the National Dose Registry
{(NDR) of Canada. The NDR contains information on
occupational exposures to ionizing radiation experienced
by approximately 255,000 Canadians dating back to 1950.
The NDR has recently been linked to the CMDB to
investigate associations between exposure to ionizing
radiation and cancer mortality (Ashmore et al. 1993).

A number of other health studies have been conducted
by linking exposure data to the CMDB. Howe et al. (1987)
determined significantly elevated lung cancer in uranium
miners in the Northwest Territories, Significant associa-
tions were determined between lung cancer and diesel
fumnes and coal dust in a cohort study of male pensioners
of the Canadian National Railway Company (Howe et al.
1983). Shannon et al. (1984) linked employment records
of nickel workers in Ontario to the CMDB and found an
excess in laryngeal and lung cancer mortality. Morrison
et al. (1988) found significantly elevated risk of cancer of
the lung, salivary gland, buceal cavity and pharynx among
Newfoundland underground fluorspar miners. Mao e? af.
(1988) used CRL to link the CMDB to the Alberta Cancer
Registry to determine survival rates after diagnosis for a
wide range of cancers. The Canadian Labor Force Survey
data base has been linked to the CMDB to examine the
mortality experience of different occupations (Howe and
Lindsay 1983). A comprehensive list of other health
studies based on linking exposure data with the CMDB
was compiled by Fair (1989).

Record linkage is the process of bringing together two
or more separately recorded pieces of information pertaining
to the same individual. The procedures for CRL have
become highly refined, using sophisticated algorithms to
evaluate the likelihood of a correct match between two
records (Hill 1988; Newcombe 1988). Statistics Canada
has developed a CRL system called CANLINK which is
capable of handling both one-file or internal linkages as
well as linkages between two separate files (Howe and
Lindsay 1981; Smith and Silins 1981).

! 5_ Bartlett, D. Krewski, Y. Wang and J.M. Ziclinski, Environmental Health Directorate, Health Protection Branch, Health and Welfare Canada,

Ottawa, Ontario, Canada K1A 0L2,



The confidentiality of records protected under the
Statistics Act is strictly maintained if they are to be used
in a study requiring record linkage. All studies requiring
linkage with protected data bases must satisfy a rigorous
review and approval process prior to implementation. All
linked files with identifving information remain in the
custody of Statistics Canada (Labossiére 1986).

Record linkage studies have several advantages over
traditional epidemiological studies. By using existing
administrative databases, the need to collect new data for
health studies is circumvented. By accessing existing data,
large sample sizes can often be achieved with relatively
little effort. Depending on the nature of the databases
utilized, record linkage provides an inexpensive way of
exploring many possible associations in epidemiological
studies.

Record linkage also has a number of disadvantages.
Matching errors may occur due to coding differences or
nonuniqueness of the identifiers. There is generally little
control over the information collected and there can be
appreciable loss to follow-up. Record linkage studies also
suffer from the same deficiencies as conventional epidem-
iological studies, including possible biases, confounding,
and insensitivity to weak associations between the environ-
ment and health.

The purpose of this article is to explore the use of comput-
erized record linkage in epidemiological studies based on
administrative health and environmental records. Of parti-
cular interest is the impact of false links on statistical
inferences about environmental health hazards. Algorithms
for computerized record linkage are discussed in section 2.
Applications of record linkage in studies of occupational
exposure to ionizing radiation and agricultural chemicals are
described in section 3. A discussion of statistical issues in

Bartlett er af.: Error Rates in Computerized Record Linkage

the analysis of data bases formed by record linkage is given
in section 4. Qur conclusions concerning the use of record
linkage as a tool for use in environmental epidemiology
are presented in section 5.

2. ISSUES IN RECORD LINKAGE

2.1 Problem Definition

Consider two computer files, A and B, consisting of
health data and environmental exposure data, respec-
tively, for two groups of individuals. Each file consists of
a number of records or ‘‘observations”’, each containing
a number of fields or ‘‘components’’. Typically, each
observation corresponds to an individual member of the
population. Fields are attributes such as name, address,
age, and sex which characterize the gbservations. Record
linkage is used to identify and link observations on each
file that correspond to the same individual (Figure 1). In
this example, record 1 of file A matches record 1 in file
B, and record 2 in data base A matches record 3 in file B.
Record 3 in file A does not match any records in file B,
nor does record 2 in file B match any records in file A.

If the records contain unique identifiers which were
accurately assigned, then the matching operation is triviai.
The social insurance number is an example of an identifier
that is unique to an individual. However, unique iden-
tifiers may not be available, in which case a ““hard”
linkage cannot be performed and thus some form of proba-
bilistic linkage must be considered {see section 2.3). With
this latter form of linkage, the likelihood of a correct match
is computed, and a system of linkage weights is used to
determine links and nonlinks.

File A
Identifier
1 2
Record 1
Record 2 1
Record 3

Figure 1. Schematic Diagram of Linking Two Files

File B
ldentifier
1 2
Record 1
Record 2
{ Record 3
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2.2 Computerized Record Linkage System (CRL)

In probabilistic record linkage systems, the preliminary
matching decision is based on a weight obtained from the
comparisons of components of a pair of records (Newcombe
1988). The weight reflects the degree to which the pair is
likely to be a true link: the higher the weight, the more likely
the pair is a true link. The weight is commonly based on
the odds in favour of a match when comparing two records,

P(M|AB...Z) _P(A|M)P(B|M)...P(Z|M)P(M)
P(M|AB...Z) P(A|M)P(B|M).. P(Z|M)P(M)

Here, M is the event that two records match and [ A4,
B, ..., Z} are outcomes of the comparisons of individual
identitiers. The weight w is defined by the log-odds

. (P(M|AB...Z)
"= Iog’{P(MIAB. . .Z)}
W+ Wyt .+ W+ W,
where
L (PUIM)
W=t i)

forallJe {A, B, ..., Z}, and

P(M
W = log, {PEM:} .

It should be noted that in order to obtain an absolute
odds, it is necessary to know the number of true matches
and the number of non-matches. Otherwise, only the relative
odds ratio can be determined. The weight determined by
the CRL system used by Statistics Canada is the relative
log-odds ratio. ‘

Algorithms have been developed for assigning weights
for the likelihood of a link between two records, based on
the assumption that the likelihoods of the match for the
individual identifiers are statistically independent (Howe
and Lindsay 1981). Some identifiers, however, may be cor-
related leading to bias in the assignment of the overall
weight.

Fellegi and Sunter (1969) proposed a mathematical
model to provide a theoretical framework for record
linkage. In the Fellegi-Sunter model, the weight takes into
account the error probabilities for each field by using a
likelihood ratio, with the weight w defined by

w = E Wi,

i €{fields|
where

if field i of a record
pair agrees

logalm;/u;}

wi= logo{ (1 — my)) /(1 — u)} if field i of a record
pair disagrees,
with
m; = Pr{field / agrees | record pair e M} (1)
and

u; = Pr{field { agrees | record pair € U}.  (2)

Here, M is a set of true matched record pairs and Uis a
set of un-matched pairs of records. The outcomes of each
field comparison are also assumed to be statistically
independent (Jaro 1989).

Newcombe (1988), Fellegi and Sunter (1969), Tepping
(1968), Copas and Hilton (1990) developed various
probabilistic and model-based approaches for assigning
weights to components (fields) of records. A probabilistic
system like the one used at Statistics Canada determines
linkage weights by computing the logarithm of observed
odds in favour of a match; other model-based systems use
the EM algorithm (Dempster ef al. 1977) to estimate
linkage weights (Jaro 1989; Belin 1989; Winkler 1988).

2.3 Sources of Error

There are a number of sources of potential errors in
record linkage that may lead to mismatching of records.
Coding errors, such as the wrong birthdate, may occur
when records are entered into data bases. There could be
variations in the codes, such as different versions of the
given name O surname.

In addition to coding errors and coding variations,
missing data, especially for important identifiers, will
significantly increase the error rate for record linkage (Fair
and Lalonde 1988), Duplicate records, which occur when
the same record in one file is matched with more than one
record in the second file, could also lead to linkage errors
(Fabine and Scheuren 1986). Because of this, CRL systems
need to include rules that permit multiple matches.

One technique used for increasing the reliability of the
surname identifier is to use a phonetic coding system, For
example, two observations of an identifier, ANDERSON
and ANDERSEN, will both be recoded as ANDAR by
using the New York State Intelligence and Identification
System (NYSIIS) (Newcombe 1988). Thus, the impact of
variations in the name on the linkage would be minimized.
However, in compressing the name, the power to discrim-
inate between records may be diminished since two different
names may have the same NYSIIS code. The likelihood of
making incorrect links also increases (Newcombe 1988).



The given name may have variations with different
versions entered on different data bases. Examples are
William and Bill, Cynthia and Cindy, and David and Dave,
Newcombe ef al. (1992) discuss methods of using knowledge
about variations in given names to increase the likelikood
of a correct link.

Sometimes, the available identifiers may not adequately
discriminate between individual records. The linkage
algorithm may also under use the information contained
in the the identifying fields used in the linkage process.
Both situations can lead to matching errors.

For large files, it becomes impractical to compare all
possible pairs of records. To reduce the number of com-
parisons, the records for the two files to be linked can be
partitioned into mutually exclusive and exhaustive blocks
and compdrisons be made within blocks. Blocking is
generally implemented by sorting the two files using one
or more identifying variables. A disadvantage of doing this
is that pairs of records, assigned to different blocks would
not be compared, and hence would be classified as non-
matching. The pairs to be compared would only be drawn
from those records where the sorting variables agree.
Thus, the number of false negative links would increase
(Newcombe 1987; Jaro 1989). Good blocking variables are
those based upon blocks that contain nearly the same
number of records (Jaro 1989).

In most applications of the Fellegi-Sunter method,
results of comparisons for different matching fields are
assumed to be independent. Kelley {1986) performed
simulation studies to investigate the robustness of the U.S.
Census Bureaw’s linkage system against violations of the
independence assumption. For certain populations and
linkage variables, it was found that violation of the inde-
pendence assurnption can have an appreciable effect on the
linkage error rates.

Newcombe et al. (1983) compared the accuracy of
computerized matching with that of corresponding
manual searches in an epidemiological follow-up study.
They found that the computerized matching was more
successful than the manual searches, and less likely to yield
false links with records not related to the study popula-
tion. In both approaches, accuracy was strongly depen-
dent on the degree of personal identifying information
available on the records being linked. Fair and Lalonde
(1987) reached the same conclusion after examining the
influence of the availability or non-availability of various
identifiers on linkage error rates.

Schnatter ef al. (1990) tested the adequacy of the CRL
system used at Statistics Canada for correctly identifying
deaths. Deaths known to have occurred in a cohort of
17,446 refinery and petroleum workers were compared to
deaths determined through record linkage to the CMDB.
Of the deaths occurring in Canada, 98% were detected by
the CRL system, |

Bartlett ef al.; Error Rates in Computerized Record Linkage

2.4 Threshold Selection and Error Rate
Estimation

After weights have been assigned to all potential matched
pairs, a decision is made about the likelihood of the match
being a true link. With the Fellegi-Sunter method, each
weight is compared to upper and lower thresholds and a
decision made as follows.

a link if wz=w,

Potential link =4 a possible link if w, < w < w,

a non-link if w=w.

Here, w, and w, are the lower and upper linkage
thresholds, respectively, which ideally are selected to
minimize the number of possible links, holding the two
types of classification errors (true links classified as non-
links and true nonlinks classified as links) at or below given
levels.

Where feasible, any matches classified as possible links
are resolved manually. Additional information may be
used to aid in making decisions about possible links. In
many applications, however, manual resolution is not
practical, especially for linkages with a large number of
possible links, In these situations, a single threshold,
w, = w; = w,, may be determined so that only two out-
comes are possible. Those links with weights greater than
w, are declared links; those with weights less than w, are
declared non-links.

The choice of the threshold w, is not straightforward.
Existing methods are based on knowledge of the linkage
error rates which are estimated either by manually
resolving a sample of (if not all) possible links, or
analytically. The former is a sample based approach since
it involves the collection of data to estimate the linkage
error rate.

The error rates for record linkage depend on how the
thresholds are set. The larger the difference between the
upper and lower thresholds, the more possible links there
are, With a single threshold, the number of false negatives
increases and the number of false positives decreases as
the threshold increases.

A simple sample based approach for selecting the
threshold entails a pilot study. First, a sample of the smaller
of the two files to be linked is selected. Second, links are
determined both manually and using a computerized pro-
babilistic record linkage system. Third, assuming that the
manually matched links are true links, the threshold is
chosen as the weight at which the number of false posi-
tives plus the number of false negatives is minimized. Even
5o, linkage errors could still occur in the manually resolved
links due to coding errors, insufficient discriminatory power
in the identifiers used, or other linkage problems.
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To estimate the error rates of a CRL system,a2 x 2
contingency table can be constructed as follows.

Manual
CRL . -
Linked Unlinked
Linked 1% Hya
Unlinked Hy My

The false positive (FP) and false negative (FN) rates are
then estimated by

n
FP = —2
ny + Ay
and
n
FN = —2 |
Ry + N

Fellegi and Sunter {1969) point out that the error rates
associated with given thresholds are functions of the agree-
ment probabilities for true matches and true non-matches.
Consequently, estimates of the agreement probabilities
can be used to determine thresholds. This approach is also
discussed by Jaro (1989).

For model-based record linkage systems, the principles
for linking pairs of records and the strategy for setting
thresholds are, with some modifications, similar to the
sample based described above. The emphasis of this
approach is to fit models for estimating conditional probabil-
ities given by (1) and (2) and for estimating error rate using
log odds of two estimated conditional probabilities. One
such system uses the EM algorithm to estimate the condi-
tional probabilities m; and «; given in (1) and (2) for the
ith field of the record by assuming independence of the
comparisons among fields,

Pr(y/|M) = T, myi(1 — m)' ™,
Pr(y/|UY = T, w71 — up)'=i,

(i=1,...,nrandj =1, ..., N), wherenis the number
of fields, N is the number of all comparison pairs, and

_ 1 if field i agrees for record pair j
vl =

0 if field i disagrees for record pair j.

Iterating between the expectation step (E-step) and the
maximization step (M-step) in the EM algorithm yields
estimates of conditional probabilities #; and #;. The overall
probability of correct matches may then be estimated
based upon #1; and 4; (Jaro 1989).

Belin and Rubin (1991) provide a procedure which uses
previous computer matching experience to fit a mixture

model for estimating the linkage error rate. A Box-Cox
transformation (Box and Cox 1964) is applied to the weights
for matches and for non-matches so that the transformed
weights w* form Gaussian distributions, ¢rand g, with
means ur and pg, and variances o%and ¢%, respectively.
All transformed weights are then assumed to come from
a mixture distribution

* *
m(w—' “T) + (1= Mw("’—‘ ”F).
ar oF

After estimating the mixture coefficient A using infor-
mation obtained from previous matching experience, the
above model can be fit using weights obtained from
linkage procedure. The error rate for the record linkage
algorithm given a particular threshold can then be
estimated using the fitted model. The associated standard
error of the estimated error rate is also estimated by using
the SEM algorithm in which the covariance of the
estimated parameters provided by the EM algorithm is
estimated (Meng and Rubin 1991).

3. EXAMPLES OF LARGE RECORD STUDIES

3,1 Canadian Farm Operators Study

The Canadian Farm Operators Study was initiated to
investigate possible relationships between causes of death
in farm operators and various socio-demographic and
farming variables. In particular, relationships between
pesticide use and mortality are of interest. Mortality data
was obtained from the CMDB, while the socio-demographic
and farming variables were obtained from the Census of
Population and the Census of Agriculture. Since exposure
to pesticides was not directly available in the census data
bases, variables such as the number of acres sprayed for
the control of insects or weeds and the cost of agricultural
chemicals was used as surrogate information. The analysis
file containing the pertinent information was constructed
using probabilistic record linkage.

3.1.1 Cohort Definition

The-cohort consists of all male farmers who met the
definition for farm operator in the 1971 Census. A farm
operator is defined as the person responsible for the daily
decisions to be made about the operation of the farm. Farm
operators are not necessarily owners, but could be tenanis
or hired managers. Only one operator was designated for
each farm. A farm as determined in the 1971 census was
an agricuttural holding with one or more acres and with
sales of agricultural products of $30 or more. There were
326,000 male individuals who were classified as farm
operators (Jordan-Simpson er ¢f. 1990). The mortality
experience of the cohort was followed up to 1987.



3.1.2 Record Linkage Methodology

The analysis file for the Canadian Farm Operator Study
was formed as a result of three separate linkages, the last
of which was the linkage of the farm operator cohort file
to the CMDB. Before this linkage was done, the farm
operator cohort file needed to be constructed.

Socio-demographic data was available from the 1971
Census of Population and information on farming practices
was available from the 1971 Census of Agriculture. The
Census of Population contains records for every individual
in Canada and was collected in two versions, a short form
and a long form. The long form asked for more informa-
tion than the short form and was randomly administered
to one third of the households. The Census of Agriculture
was administered at all agricultural holdings.

Farm operators are not specifically identified by name
in the Census of Agriculture file nor in the Census of
Population file. The name and addresses of farm operators
are contained in the Central Farm Registry which was
created as a mailing list for agriculture questionnaires.

CMDB contains records for all registered deaths
reported by the provinces and territories since 1950 and
is stored in a standardized, computerized format under the
custody of Statistics Canada (Smith and Newcombe 1982).
The total number of death registrations on the CMDB
from 1950 to 1987 is 5.9 million. The file contains identi-
fying information, plus the date, place and underlying
cause of death coded using the International Classification
of Disease (ICD) code.

The Statistics Act protects the confidentiality of all
records in the CMDB and the Census of Population and
Census of Agriculture. As stated previously, all studies
requiring linking with these data bases must satisfy a rigorous
review and approval process prior to implementation and
the resulting linked files with identifying information
remain in the custody of Statistics Canada.

To form the analysis file, all the files described above
were linked together in three phases.

(a) Follow-up. The 1971 and the 1981 Central Farm Registers
were linked using CRL to determine if farmers listed in
1971 were still alive in 1981. This information was added
to the 1971 Central Farm Registry to increase the prob-
ability of linkage to the correct individual in the CMDB.

(b) Farm operator cohort data base. The 1971 Central
Farm Registry with the follow-up information was
merged with the Census of Agriculture in order to add
names to the cohort data base. This was necessary for
linkage to the mortality data base. The resulting file
was then linked to the Census of Populaton file using
CRL to form the farm operator cohort data base.

(c) Analysis file. The farm operator cohort data base was
linked to the CMDB using CRL. The resulting file
contained sociodemographic, exposure and death data
and was then suitable for analysis.
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3.1.3 Threshold Selection

Thresholds were required for each of the three linkages
completed to form the analysis file and for linkages based
on the short form and the long form. For the mortality
linkage, Statistics Canada used a sample based procedure
for setting thresholds. This procedure is illustrated for the
final linkage of the farm operater cohort data base for
those who filled out the short census form with the mortality
data base.

A sample of approximately 10% of the short form
records filled out by the cohort of farm operators was
selected (Statistics Canada 1991a). The links were then
determined in two ways, by using the Statistics Canada
CRL and by manual resolution using information from
death records. The results of the linkages were then compared
assuming that the linkages determined by manual resolu-
tion were true linkages.

Numbers of false positives and false negatives at a series
of link weight thresholds are shown in Figure 2 for the
short form linkage. The threshold was selected to mini-
mize the total number of false positives and false
negatives, and occurs at a threshold value of 8. The false
positive error rate is estimated to be (36/453) x 100 = 7.9%,
while the false negative error rate is estimated to be
(38/20,847) x 100 = 0.2% leading to an overall error
rate of 8.1% (Table 1).

Table 1

Comparisons of Linked and Unlinked Records
Using CLR and Manual Resolution Based on
a Sample of Census Records in the
Farm Operator’s Study

Computerized Manual Resolution
Record Linkage Total
(CLR) Linked Unlinked
Short Form
Linked 417 36 453
Unlinked 38 20,809 20,847
Total 455 20,845 21,300
Long Form
Linked 286 13 299
Unlinked 15 18,498 18,513
Total 301 18,511 18,812

To illustrate the impact of additional identifying infor-
mation, a similar table can be constructed for the long
form records (Table 1). The false positive and false
negative error rates are (13/299) x 100 = 4.3% and
(15/18,511) x 100 = 0.1%, respectively, for an overall
rate of 4.4%. Thus, with more identifying information,
the error rates can be reduced.
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3.2 National Dose Registry Mortality Study

The National Dose Registry of Canada contains records
of occupational radiation exposures for approximately
255,000 Canadians dating back to 1951, The NDR has
recently been linked to the CMDB. The purpose of the
National Dose Registry mortality study is to determine
associations between excess mortality due to cancer and
other causes and occupational exposure to low levels of
ionizing radiation (Ashmore ef @f. 1993).

3.2.1 Cohort Definition

The cohort consists of all workers monitored for ionizing
radiation, including tritium and radon daughters, whose
records were contained in the National Dose Registry as of
December 31, 1983, It contains radiation exposure records
of virtually all monitored radiation workers in Canada,
with some records providing 37 years of exposure data.
In addition, the Registry includes 80 different job categories
ranging from nuclear power generating station workers to
hospital radiologists to dentists. A total 248,940 people
were included in the study cohort.

Depending on the type of radiation and the levels of
exposure anticipated within specific job categories, radiation
exposure records have been collected annually, quarterly,
monthly, or biweekly. Each year, a summary measure of
the annual dose experienced by each individual is recorded
in the Lifetime Dose History System (LDHS). The annual
exposure records maintained in the LDHS will be used as
the basis for examining potential relationships between
occupational radiation exposure and health status.

The individual data in the LDHS also permit the calcu-
lation of a cumulative lifetime dose for each individual.
Although individuals will not experience the same level of
exposure each year, an average annual dose for an indi-
vidual can be obtained by dividing the cumulative lifetime
dose by the number of years which have elapsed since the
time of first exposure. Statistical analysis can be based on
the cumulative lifetime dose, the average annual dose, or
the annual doses as recorded on the LDHS. Up to 1986,
personal identifying information such as surname, given
name, sex, year of birth, and assigned identification
numbers used to identify the individuals’ dose records
were stored separately in the Master Identification File
(MIF) (Ashmore and Grogan 1985).
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3.2.2 Record Linkage Methodology

Identifying variables changed form a number of times
during the history of the NDR making tracing an individual’s
dose history difficult, at times. Because of these and related
problems, the Social Insurance Number has been used as
the key to the individuals’ records from 1977 onward.

There were several linkages required to bring together
the appropriate personal identifiers, dose histories, and
death information.

(a) Dose history linkage. Since 1984 Statistics Canada has
been conducting dynamic merges to their LDHS
database in order to regroup dose records; reducing
the number of fragmented records and consolidating
the records into comprehensive dose histories for each
study member. The file resulting from the internal
linkages indicated which records on the NDR appear
to belong to the same individual.

(b) CMDB linkage. The internally linked MIF cohort was
linked to the mortality records {two-file linkage). By
linking the two, it is possible to measure the cohort
members’ subsequent risk of death. In this study, the
CMDB was used to obtain the underlying cause, year
of death, the place of death, place of birth, and birth
year information.

(c) Analysis file. A match of data from MIF, the CMDB
and the LDHS was performed to create a comprehensive
record for each member of the study cohort, Where the
information is available, each record includes birth
month and year, sex, the death data listed above, the
death linkage weight, and a dose history. Any unmat-
ched records from the MIF or dose history file have
undergone special scrutiny.

3.2.3 Threshold Selection

Threshold selection for the link of the cohort file to the
CMDB was done in a manner similar to that used in the
Canadian Farm Operator Study. First, the weights of
potential links were determined. All potential links that
had weights less than — 30 were considered to be nonlinks.
There were 4,429 female and 8,686 cohort members with
linkage weights above this value. A sample of these remaining
individuals was selected and manually resolved by reviewing
death certificates to determine if the links were true links
or nonlinks. The threshold was selected at the link weight
for which the number of false positive links was equal to
the number of false negative links for females and males
separately. For females the selected threshold was 53 and
for males, 27 (figure not shown).
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4, ISSUES IN ANALYSIS OF LINKED
DATA SETS

Relatively little work has been done to determine the
impact of record linkage on the results of regression
analysis. Neter et al. (1963) recognized that errors
introduced during the matching process could adversely
affect analysis based on the resultant linked files. Suppose
that true values of a random variable of interest are
recorded on a data file comprised of N records. Let ¥;
denote the true value for record i =1, ..., N. This file
is linked to a second file containing identifying informa-
tion, following which a value of Z; is assigned to record
i =1, ..., N. Assuming that all matching errors are
equally probable, we have,

Y; with probability p
Z,' =
Y; with probability g(j # i),

wherep + (N — g = 1.

Neter et al. (1965) used this model to study the impact
of matching errors on the sample mean and variance of
the variable Z. The effect of matching errors on the correla-
tion between Z and a second random variable X contained
on the same file as well on parameter estimates of the
regression between Z; and X;, was also investigated. It
was shown that (1) the estimate of the mean of Z is
unbiased for the mean of the Y; (2) if *“X”’ is positively
correlated with Y, the residual variance from a regression
of Z on X will be larger than the variance from a regres-
sion of ¥ on “X”’; and (3) the slope of the regression line
will be underestimated when Z is used rather than Y.

Belin and Rubin (1991) and Winkler and Thibaudeau
(1991) discuss theoretical framework, computational
algorithms, and software for estimating matching probabil-
ities. These advances motivated Scheuren and Winkler
(1991) to update the work of Neter et af. (1965). They used
the model

Y; with probability p;
Z" =
Y, with probability g;;(j # i),

where p; + ¥, gy =1, to study the impact of matching
errors on the estimates of the coefficients 8 in the linear
regression model

Y=X8+e.

The effect of matching errors on the above regression
model may be expressed as

E(Z) =Y + B,

where the bias term is given by






