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Each person in the world creates a Book of Life.
This Book starts with birth and ends with death. Its
pages are made up of the records of the principal
events in life. Record linkage is the name given to
the process of assembling the pages of this Book
into a volume.

ITH the preceding poetic words, Halbert L.
Dunn began a discussion of the general sub-

ject of record linkage in a paper published in
1946 (1).

Since that time the theory of record linkage has
been well documented (2-11), but only a few
reports (12-18) give the practical procedures and
the results of an application of a computer record
linkage operation. None of the authors cited at-
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tempted to measure the accuracy of the process on
other than a sample basis.

For long-term studies of important problems,
public health workers have available a vast re-
source in the certificates of births, marriages, di-
vorces, and deaths which are registered and filed
routinely and which can be utilized by application
of electronic computer techniques (19). Identified
populations which have been studied for other pur-
poses can become the basis for mortality studies
through a search of death records, if this pro-
cedure can be carried out efficiently and inexpen-
sively. An example of the way in which a popula-
tion of 8,000 adults, surveyed in 1965, was fol-
lowed by a search of the death records for the
succeeding 51/2 years is described in this paper. A
comparison of the results is made with the ex-
pected number of deaths calculated from age-
specific death rates.

In 1965 the Human Population Laboratory
completed a survey of health and ways of living
in Alameda County, Calif. (20). The survey
population consisted of all adults (age 20 or over
or under 20 if ever married) living in a probability
sample area of 4,735 housing units in the county.
Persons living in 97 percent of the households
were enumerated, and 86 percent of those enu-
merated filled out questionnaires (respondents).
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The nonrespondents included proportionately
more older persons, males, single or widowed per-
sons, and whites than the respondents. For most
purposes of the survey, however, these differences
had negligible effects on population estimates, and
the respondents were an adequate representative
sample of the adult noninstitutional population of
the county.

Six years after the completion of the survey,
the death records in the State office of vital statis-
tics registration were searched by two independent
computer matching programs. This search was
made to determine which of the 6,928 persons
who filled out questionnaires in the survey (re-
spondents) and the 1,146 persons in the enu-
merated sample who did not respond had died
in California in the intervening period. It was
undertaken with the knowledge that records of
some of those who died were likely to be missed;
that is, those who had moved from the State,
women who had married, and others for whom
name or other identifying information was errone-
ous either in the survey or m the death records.

Procedures
A decision had to be made between two record

linkage systems which were available for use. One,
developed initially for the periodic updating of
master files, in which decisions are based on a
complex mathematical model and the other, an
empirical system, developed for death clearance
purposes, which utilizes a simple scoring system
to produce pairs of possible matching records for
subsequent visual inspection. Time and cost con-
siderations dictated a decision in favor of the em-
pirical system; it was felt that the effort required

to adapt the system based on the mathematical
model to the requirements of this study and to
derive estimates of the relevant parameters would
not be offset by significantly improved results.
The initial matching operation was done on an

RCA Spectra/45 computer with core capacity
131K. Primary matching items were the first four
characters of the surname, sex, and color (white
or nonwhite). The survey file and the California
State Master Death Index file for each year,
1965-70 (approximately 160,000 records per
year) were ordered to correspond. Those records
on the two files which matched on the three pri-
mary matching items were then compared on the
following secondary matching items:

1. Second four characters of the surname
2. Next three characters of the surname (surname

limited to 11 letters)
3. Initial letter of first name
4. Next four characters of first name
5. Remaining three characters of first name (limited

to eight letters)
6. Middle initial
7. Month of birth
8. Day of birth
9. Year of birth (+5 years)

10. Initial letter of birthplace

These items were selected because they were
common to both files. Marital status was the only
other item which might have been used. It was
eliminated because it is subject to change. The
four-character divisions of the name were chosen
because of the requirements of our computer.

In the matching process, each of the 10 sec-
ondary matching items was weighted equally. The
scoring system assigned a value of 1 to each posi-
tive match, a value of 0 to each nonmatch, and a

Table 1. Number of computer linked records (name-match method) with number and percent of verified
deaths, by point score

Survey respondents Survey nonrespondents

Point score Linked Searched Death verified Linked Searched Death verified
records further records further

Number Percent Number Percent

10.0 (max.) .......... 240 240 239 99.6 .............................................

9.5 ................ 10 10 9 90.0 1 1 0 ............

9.0 .............. 88 80 69 78.4 3 3 1 33.3
8.5 .............. 18 11 3 16.7 155 143 70 45.2
8.0 .............. 372 79 24 6.5 97 41 5 5.2
7.5 .............. 95 15 0 . ........... 845 249 12 1.4
7.0 .............. 2,262 76 9 .4 348 34 0 ............

Total ......... 3,085 511 353 11.4 1,449 471 88 6.1

1 Number of matched items with failure to match because of unknown equals 1/2 point.
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value of 1/2 to each comparison in which one or
both items were unknown. The program printed
out all pairs of records for which a score equal
to or greater than a specified threshold value was
attained. These printed linked records were then
inspected visually by the senior author (N.B.)
and, if judged to be possible matches, the survey
data were compared with the death certificate for
ultimate verification.

In this application, a low threshold value which
would minimize the proportion of false negatives
was deliberately chosen, even though it meant
that the proportion of false positives would be
high. The rationale behind this decision was that
most of the false positive matches could be elim-
inated quickly by visual inspection. We used the
threshold of 7.0 with the results shown in table 1.

Lowering the threshold from 7.0 to 6.5 would
have increased the number of linked records by
75 percent; further lowering it to 6.0 would have
resulted in an increase of more than threefold.
Since few death records had scores of 7.0 and 7.5,
we believed that the yield with 6.0 and 6.5 would
have been insufficient to justify the additional work
of a further search.
The computer produced a printout on which

the specified items from the two record sources
were listed on parallel lines, together with the
death certificate file number and the county of
residence of the decedent. Inspection of these
linked records eliminated a large proportion. For
example, although other items matched, the year
of birth might differ by 30 years, or persons with
similar names and identical birth dates might ap-
pear on the list with birthplaces in California or
Colorado (Cal and Colo), which counted as a
match on the first letter.
About one pair in five was selected for com-

parison with the death certificate in the Bureau
of Vital Statistics Registration. The certificates
were pulled, and the following items were
compared:

Survey questionnaire

Address at time of survey
in 1965

Marital status at time of
survey

Name of spouse
Occupation
Name of person to con-

tact or relative in house-
hold

Death certificate

Address at time of death

Marital status at time of
death

Name of spouse
Occupation
Name and address of in-

formant

If the address was the same on both records,
obviously no further confirmation was required.
If, however, the addresses differed, the name of
spouse or the occupation often provided verifica-
tion. Deaths of widows whose occupation was
keeping house were the most difficult to confirm
but, for some of these, the informant on the death
certificate was the same as a member of the
family named in the questionnaires. In only six
instances did the death certificate fail to yield
some item which verified the match previously
made by name, birth date, and place of birth.
These were verified if they were unusual names
and if there were no items which proved that they
were not the same persons.

Those who filled out questionnaires gave, in
addition to the items used in the computer linkage
and those listed above, the birthplaces of the
parents. In linked records in which there was
some discrepancy in name or age, all these items
could be used as clues for the verification or rejec-
tion of the match. For nonrespondents, the enu-
merators obtained name and where possible age,
occupation, and marital status (table 2). For this

Table 2. Items which provided verification of death on records previously linked by computer, by year

Total deaths
Item -d1965 1966 1967 1968 1969 1970

Number Percent

Survey respondents.......... 371 100.0 21 72 60 83 66 69
Address .288 77.6 18 63 46 62 51 48
Name of spouse . . 34 9.2 .......... 5 3 9 10 7
Occupation ............... 27 7.3 .......... 3 7 7 3 7
Informant ................ 12 3.2 1 2 2 2 5
Other .................... 10 2.7 2 1 2 3 .......... 2

Survey nonrespondents....... 88 100.0 21 22 12 9 13 11
Address .................. 65 73.9 20 15 8 7 10 5
Nameofspouse ........... 10 11.4 ..... 3 2 1 2 2
Occupation ............... 7 7.9 1 2 1 .................... 3
Informant ................ 5 5.7 ........ 2 1 .1
Other .................... 1 1.1 .................................................. 1

346 Health Services Reports



group, then, the verification of linked records
could not be carried as far, and for that reason,
the matching may be Iess complete than it was for
the survey respondents.

Because the first method would miss any de-
cedents whose names differed in the two records,
through misspelling, marriage, or the use of an
alias, a second program was developed which
matched on month and day of birth, first two let-
ters of birthplace, sex, and first letter of first name.
This program could be used only with records for
which all of the items were known. This method
excluded 307 of the respondents and all the enu-
merated persons for whom there were no question-
naires (nonrespondents). To reduce the possible
matches by eliminating those with gross differ-
ences in age, the year of birth was required to be
within 10 years. Secondary matching items were
not used in this program.
The yield in verified deaths by the two methods

is shown in table 3. The name-match system pro-
duced more linked records which were finally veri-
fied than did the birth date system, but the birth
date system did add 18 deaths, about 5 percent,
to the total.

Reliability of Findings
This method of doing a record linkage on a

survey population appears to be effective in pro-
ducing possible matches which can be easily veri-

Table 3. Yield from two methods of locating de-
cedents through computer linking of records,
by year

Number verified deaths
located through-

Year Total Name Birth-
method Both date
only I methods method

only 2

1965 (6 months)...... 21 3 15 3
1966 ............... 72 8 61 3
1967 ............... 60 5 53 2
1968 ............... 83 17 64 2
1969 ............... 66 17 44 5
1970 ............... 69 13 53 3

Total .......... 371 63 290 18

1 Reason for nonlinkage with birth-date method: variation
in birth date, 20; birth date unknown, 15; place of birth
unknown, 11; place of birth different, 10; unknown or
different first name, 5; more than 10 year difference in year
of birth, 2.

2 Reason for nonlinkage with name method: variation in
spelling of name, 12; color different, 3; use of alias, 2;
change of name by marriage, 1.

fied as decedents by the information available.
One important question remains. How many de-
cedents are missed? We attempted to answer this
question in two ways, by a manual search of part
of the names and by a comparison of the number
of deaths found with the number estimated by
applying age-specific death rates to the survey
populatic n.
The senior author (N.B.) and an assistant made

a manual search of 1,100 names from the sample
population in the 1968 index and 1,100 in the
1969 index. In 1968, no deaths were found which
had not been revealed by the computer. In 1969,
two possible matches were found among the non-
respondents. These differed on a number of the
items, so it was impossible to determine without
investigation beyond the vital records whether
they were indeed decedents from the sample popu-
lation. Because the manual method is subject to a
rather high error and because it would also be
likely to miss persons whose names differed in
the first four letters, this check was not pursued
further. (In a study in which a death clearance
was done on a population in which many were
known to have died, clerks did a manual search
on the entire file without knowledge of which were
known deaths. About 10 percent of the known
deaths were missed by the manual search.)

For the estimated death rates for the Alameda
County population, the following data were used.
Numerators for death rates were secured from the
registered deaths of residents of Alameda County
fpr each year from 1965 through 1970. These
were sex specific and in 5-year age categories. For
denominators, estimates were obtained by interpo-
lation between U.S. Bureau of the Census tabula-
tions of the 1960 and 1970 Alameda County pop-
ulations, adjusted to the current estimates of the
Alameda County intercensal populations by the
department of finance. Using life table techniques,
the resulting death rates were applied to the enu-
merated population (21).

Before comparing these expected numbers with
the numbers found in the record linkage, two ad-
justments were necessary. First, because the Ala-
meda County survey covered the noninstitutional
population and thus excluded deaths of residents
of nursing homes and other long-term care facili-
ties, the survey population would not have the
same proportion of deaths as the general popula-
tion of the county.

Alameda County deaths are shown in table 4
by the type of facility in which death occurred.
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During the period covered by the data, the propor-
tion dying in nursing homes increased from 15.6
in 1965 to 21.9 in 1969, probably because of the
increased availability of this type of care. During
the first 3 years of the period, the proportion dying
in mental, military, penal, and veterans hospitals
decreased from 13.7 to 9.9 percent, maintaining
a total for these two categories of about 29 percent.

Deaths in the health and ways of living survey
population were tabulated in the same categories
in table 5. In 1965, only six, or 12 percent, of the
42 known deaths were in long-term facilities; com-
pared with the 29 percent of Alameda County
deaths in such facilities, 17 percent of the ex-
pected deaths could be attributed to the institu-
tional population which was not included in the
1965 survey. By 1966, the proportion of deaths
among the survey population in long-term facili-
ties had increased to 21, in 1967 and 1968 it was
26, and by 1969 it had reached 29 percent, or
the same as the proportion in the county popula-
tion. These results are consistent with the authors'

idea that in 3 or 4 years enough of a survey
cohort will enter long-term care facilities to make
the proportion of deaths in such facilities the
same as that in the general population.
The first line in table 6 shows the number of

deaths which might have been expected year by
year in the survey population of 8,074 adults had
the age-sex-specific death rates for the Alameda
County population applied. The second and third
lines give the adjustment for the institutional popu-
lation, which was found by comparing the known
death4s in the survey population with the propor-
tion of deaths in long-term care facilities among
Alameda County deaths. Carrington (22), in a
study of a similar population in Alameda County,
noted that 4.5 percent had moved outside the
State in a period of 21/2 years, a rate of 1.8 per-
cent per year. On one hand, one might argue that
the migrant population tends to be younger and
thus to have a lower risk of death than the non-
movers. On the other hand, some high risk older
persons, after retirement or the death of a spouse,

Table 4. Deaths of Alameda County residents, by type of facility, 1965-69

Type of facility 1965 1966 1967 1968 1969

Total 1 ...................... 8,940 9,253 9,026 9,667 9,724

Not in hospital ...................................... 2,667 2,627 2,570 2,563 2,533
General and maternity hospitals ....................... 3,654 4,022 3,831 (2) (2)
Nursing homes, convalescent hospitals ................. 1,297 1,507 1,619 1,914 2,001
Mental, penal, military, and veterans hospitals ..... ..... 526 510 437 (2) (2)
Other specialized hospitals3 ........................... 615 512 403 (2) (2)
All other facilities ................................... 181 75 166 (2) (2)
Number of deaths over age 20 (= 100 percent).......... 8,335 8,674 8,491 9,098 9,127
Percent dying in nursing homes ....................... 15.6 17.4 19.1 21.0 21.9
Percent dying in other long-term facilities ............... 13.7 11.8 9.9 (2) (2)

Total ........29.3 29.2 29.0 (29.0) (29.0)

1 Excluding out-of-State deaths for 1965, 1966, 1967.
2 Categories not comparable to prior years.

3 Includes Fairmont Hospital, the county long-term
care facility.

Table 5. Deaths in health and ways of living survey population, by type of facility, 1965-70

Type of facility

Total ........................................... 42

Not in hospital (or DOA)................................
General and maternity hosptials ..........................
Nursing homes and convalescent hospitals..................
Military, veterans, and Public Health Service hospitals ......
Other specialized hospitals 1..............................

Percent dying in nursing homes...........................
Percent dying in other long-term facilities...................

1965 1966 1967 1968 1969 1970 Total

94 72 92 79 80 459

13
23
4
1
4

24
50
10
4
6

14
39
14
2
3

23
45
18
3
3

21
35
18
2
3

24
33
21

1

119
225
82
13
20

2.4 10.6 19.4 19.6 22.8 26.3 17.9
9.5 10.6 6.9 6.5 6.3 2.5 7.0

Total . 11.9 21.2 26.3 26.1 29.1 28.8 24.9

1 All but 1 (in 1965) were in Fairmont Hospital, the county's long-term care facility.
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Table 6. Expected deaths in a population of 8,074 adults by life-table method of estination, with
adjustments for institutional population and out-of-State migration

Line item 1965 1 1966 1967 1968 1969 1970 Total

1. Expected number of deaths by life-table method.47 100 99 106 107 105 564
2. Adjustment for institutional population, percent.-17 -8 -3 -3 ................ 3.9
3. Adjustment for institutional population, number. 8.0 8.0 3.0 3.2 .......... 22.2
4. Adjustment for out-of-State migration ..8 2.6 4.1 5.9 7.4 8.5 29.3
5. Net expected number of deaths in resident noninstitutional

population (line 1 minus lines 3 and 4) .38.2 89.4 91.9 96.9 99.6 96.5 512.5
6. Found by record linkage ............................... 42 94 72 92 79 80 459
7. Percent difference ..................................... +10 +5 -22 -5 -21 -17 -10

1 Half year.

leave California to be with relatives. We have
assumed that the effect of these tendencies would
be to make the overall death rate for migrants no
different from that of the general population of
Alameda County and have applied the crude
death rate to an estimated 1.8 percent per year,
accumulated. The fourth line shows this adjust-
ment.

The net number of deaths in the fifth line in
table 6, after the adjustment for the institutional
deaths and for outmigration, can then be com-
pared with the number found by record linkage.
In 1965, the number found was four more than
the estimated number; in 1966, it exceeded the
estimate by five. In 1968, the number found
approached the estimate, but in 1967, 1969, and
1970, there were substantial deficits. The mortality
rates (line six *. population at risk) ranged from
.009 to .012. On a sample of 8,000, these rates
have sampling errors of .0011 to .0012 or about
10 percent. Ninty-five percent confidence intervals
around the deaths shown in line six of table 6
would include the net expected number of deaths
(line five) in each year except 1967 and 1969.
Overall, the record linkage found 90 percent of
the number of deaths estimated for the survey
population.

The record linkage was done on the enumer-
ated sample in the survey, but proportionally more
deaths occurred among the nonrespondents than
would be expected by chance (X2 - 9.91, 1 df,
P < .01), and these deaths were concentrated in
the first 11/2 years after the survey, as shown in
table 2. Although nonrespondents made up 14.2
percent of the enumerated populations, deaths
among the nonrespondents accounted for 19.2
percent of the total verified deaths. In 1965, half
of the deaths were among nonrespondents; in
1966, the proportion was nearly one-quarter. As

noted before, the nonrespondents included a
higher proportion of older persons, males, and
single or widowed persons than the respondents.
For these groups the mortality rates are higher.
The nonrespondents probably included some per-
sons who were seriously ill and for whom ill-
ness was the reason for nonresponse.
When the projected followup survey of this

population is done in 1973, we hope to determine
whether some decedents were missed by the record
linkage process and, if so, why. If it is determined
that few decedents were missed, we may find that
institutional deaths accounted for a larger pro-
portion than we estimated here, that migration
was a greater factor, or that the population in-
cluded in the survey was in some ways not repre-
sentative of the general population of the county.
We can also determine whether errors in report-
ing or recording name, birth date, or birthplace
contributed substantially to the failure of the com-
puter to link some records.
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A technique for following a

survey population by computer,
and matching items from the sur-
vey with the State file of death
records is described. Two com-
puter programs were used-one
in which the primary match was
on name, sex, and color, the
other in which month and day of
birth, birthplace, sex, and first
letter of first name were the only
matching variables.

Final verification of computer
linked records was made by a
comparison of items not coded
from the death certificates, such
as address, name of spouse, oc-
cupation, and name of relative
or persons to contact. The name-
match method produced more
verified deaths than the birth-date
method, but the birth-date
method added 5 percent to the

total.
An estimate was made of the

number of deaths to be expected
in the survey population. Follow-
ing adjustment for deaths in long-
term care facilities (not included
in the survey) and for persons
moving from the State, it was
found that the computer record
linkage had located records of 90
percent of these deaths.
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