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Objective: Administrative databases seldom include detailed clinical variables and
vital status, limiting the scope of population-based studies. We demonstrate a com-
prehensive process for integrating 3 databases (all-payor inpatient hospitalizations,
clinical acute stroke registry and vital statistics) into a single statewide ischemic
stroke database. Materials and methods: The 3 Massachusetts databases spanned
2007-2017. Our integration process was composed of 3 phases: 1) hospitalizations-
registry linkage, 2) hospitalizations-vital linkage, and 3) final integration of all 3
databases. Following data uniqueness assessment, rule-based deterministic linkage
on indirect identifiers were applied in the first two phases. We validated the link-
ages by comparing additional patient variables not used in the linkage process in
the absence of a gold standard database crosswalk. Results: During the overlapping
period from 1/1/2008 to 9/30/2015, there were 47,713 stroke admissions in the
hospitalizations database and 43,487 admissions in the registry. We linked 38,493
(80.7%) of cases, 95% of which were validated. There were 391,176 deaths reported
in Massachusetts between 1/1/2010 and 3/6/2017 in the vital database. Of the
38,493 encounters in the hospitalizations-registry linked data, 10,660 (27.7%) were
linked to deaths, reflecting the cumulative mortality over the 7-year period among
all registry-linked ischemic stroke hospitalization records. Conclusion: We demon-
strate that a high-quality integration of the statewide hospitalizations, clinical regis-
try, and vital statistics databases is achievable leveraging indirect identifiers. This
data integration framework takes advantage of rich clinical data in registries and
long term outcomes from hospitalizations and vital records and may have value for
larger scale outcomes research.
Key Words: Ischemic stroke—Health services research—Database integration—
Clinical registry—Vital statistics
© 2021 Elsevier Inc. All rights reserved.
of Neurology, Massachusetts General Hos-
States; bOffice of Statistics and Evaluation,
nt of Public Health, Boston, MA, United
f Emergency Medicine, Massachusetts Gen-
, United States.
revision received October 29, 2021; accepted

t: Department of Neurology, Massachusetts
t Street, Boston, MA 02114, United States E-
.edu.
matter
rights reserved.
6/j.jstrokecerebrovasdis.2021.106236

ebrovascular Diseases, Vol. 31, No. 3 (March),
Introduction

Ischemic stroke is an important cause of long-term dis-
ability1 and mortality.2 Thus, longitudinal post-discharge
data is valuable for stroke population and health services
research. Administrative hospitalization records may pro-
vide such information; however, many clinical and popu-
lation studies require more granular clinical details such
as the data included in clinical registries. Additionally, for
the consideration of longer-term mortality outcomes, vital
records are a critical source of data. The integration of hos-
pitalizations, registry and vital data could harness the rel-
ative advantages of each data source into a combined,
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comprehensive database. For example, one could investi-
gate the comparative effectiveness of an endovascular
intervention (captured by a clinical registry) during the
acute stroke episode on patients’ long-term outcomes
with the integrated data. This would involve modeling
post-stroke comorbidities and healthcare resource utiliza-
tion (captured by administrative data), as well as different
modes or causes of mortality (captured by vital records)
while adjusting for various prior medications and comor-
bidities (captured by registry and administrative data). As
unique patient identifiers across these three types of data-
bases typically do not exist, indirect identifiers such as
patient gender, date of birth and date of service are often
used to link data. While previous work has demonstrated
the process of linking either registry and hospitalizations
data3,4 or hospitalizations data and vital statistics,5,6 work
that demonstrates a systematic integration of hospitaliza-
tions, registry, and vital data is sparse. This may be due to
challenges in finding combinations of indirect identifiers
to identify records in all three types of databases uniquely.
Additionally, the different structures of the individual
databases may complicate the integration process.
We aimed to address this gap in the literature by dem-

onstrating a comprehensive process for integrating three
databases (all-payor inpatient hospitalizations, stroke
clinical registry, and vital statistics) into a single statewide
ischemic stroke database using a series of deterministic
linkage strategies. With the integrated database, an inves-
tigator can then track healthcare utilization and patient
mortality status subsequent to the index stroke hospitali-
zation. We first introduced a method for formally assess-
ing the feasibility of linkage based on the calculation of
uniqueness among values of indirect patient identifiers.
We also demonstrated transforming the structure of hos-
pitalizations data to accommodate its linkage with both
registry and vital records. Finally, we demonstrated a pro-
cess to evaluate linkage quality in the absence of gold
standard database crosswalks. This integration frame-
work may serve as a reference for similar three-way data-
base linkages for other geographical regions and clinical
conditions.
Methods and results

Data sources and population

Three distinct databases with different timeframes were
employed in this study in sequence: the hospitalizations,
registry, and vital statistics databases. First, we used
Table 1. Key metrics of

Time period Observation level N

Hospitalizations 10/1/2007 � 9/30/2015 Encounter 6

Registry 1/1/2008 � 9/30/2015 Encounter 4

Vital 1/1/2010 � 3/6/2017 Individual 3
hospitalizations records from the Massachusetts (MA)
Case Mix Hospital Inpatient Discharge Data7 (hospitaliza-
tions), a comprehensive administrative database that
includes all emergency department, outpatient observa-
tion, and inpatient discharges from acute care hospitals in
Massachusetts. As such, it comprehensively covers all
stroke cases requiring emergency treatment in Massachu-
setts hospitals. Case Mix data also includes detailed demo-
graphics, treatments administered, length of hospital stay,
comorbidities, total charges, and procedures. It does not
include data from hospitals operated by the Veterans
Administration, rehabilitation facilities, or ambulatory pro-
viders. For this analysis, we included all 69,282 hospitaliza-
tions with the primary diagnosis of ischemic stroke (ICD-9
codes: 433.xx excluding 433.10, 434.xx, 436.xx), valid
patient identifiers, and discharge date between 10/1/2007
and 9/30/2015. We chose to link on index stroke hospital-
izations because the database contains a unique patient
identification number that can be used to identify patients’
subsequent emergency department visits, observation
stays, admissions, and other Case Mix records.
Second, we added the registry records from the MA Paul

Coverdell stroke registry8 (registry). The Coverdell registry
is a detailed clinical database that includes all ischemic
stroke encounters at participating MA hospitals. For this
analysis, we included all 43,487 hospitalizations associated
with the primary diagnosis of ischemic stroke and the dis-
charge date between 1/1/2008 and 9/30/2015, during
which 49 MA hospitals were participating in the registry.
Although this does not include all MA hospitals, the regis-
try does capture approximately 61% of all ischemic stroke
encounters in the state.
Third, we added the death records from the MA Vital

Statistics data9 (vital), which includes identifiable mortality
data on all deaths in MA. The death records provide infor-
mation on patients’ occupation, death place, death manner,
and place of injury when applicable. We were approved to
have access to 391,176 records corresponding to all deaths
that occurred between 1/1/2010 and 3/6/2017. The key
metrics of our data sources are summarized in Table 1.
This analysis was approved by the Massachusetts Depart-
ment of Public Health Institutional Review Board.
Phased linkage process

The overall method can be broken down into a series of
deterministic linkage strategies followed by a final inte-
gration of three distinct databases into a consolidated
source databases.

umber of observations Reporting hospitals

9,282 All 69 MA acute care hospitals

3,487 49 Coverdell participating hospitals

91,176 N/A



Table 2. Data populations for each integration phase.

Phase Population Number of Candidate Records to be

Linked (% of Original Records)

Hospitalizations-Registry Linkage Ischemic stroke hospitalizations of patients

discharged between 1/1/2008 and 9/30/

2015 from the 49 Coverdell-participating

hospitals

47,713 (69%) hospitalizations records

and 43,487 (100%) registry records

Hospitalizations-Vital Linkage Ischemic stroke hospitalizations* of

patients who were discharged between

10/1/2007 and 9/30/2015 from all 69 MA

acute care hospitals, and died between 1/

1/2010 and 3/6/2017

69,282 (100%) hospitalizations records

and 391,176 (100%) vital records

Integration of the three databases Ischemic stroke hospitalizations of patients

discharged between 1/1/2008 and 9/30/

2015 from the 49 Coverdell-participating

hospitals

47,713 (69%) hospitalizations records,

43,487 (100%) registry records and

391,176 (100%) vital records

*When an encounter-level database joins with an individual-level database, the resulting linked database is at the encounter-level as one

patient may have multiple hospitalizations encounters, but not vice versa.
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statewide stroke database. The hospitalizations-registry-
vital integration can be divided into three phases: hospi-
talizations-registry linkage, hospitalizations-vital linkage,
and integration of the three databases. Given three source
databases, any two out of the three distinct two-way link-
ages can be implemented during the first two phases.
However, some linkages can be superior to others when
we consider the choice of master data file for the process.
Master data file refers to the data file that initiates
searches during a linkage.10 For example, defining the
hospitalizations data as the master means that we would
identify an encounter in the hospitalizations database and
then search for a matched record in registry or vital data-
bases. It is convenient to have the master data involved in
both linkages of choices so that at the very last integration
phase, the record identification of the master data can be
directly used to join the linked data files obtained from
the previous two phases. For our analysis, we chose the
hospitalizations database as the master because i) it has
the same data level � hospitalization encounter � as the
desired integrated data, and ii) it has more records and a
longer duration of data than the registry (this is preferable
in order to link vital records to as many hospitalizations
as possible), as shown in Table 1. It follows that the first
two phases correspond to the hospitalizations-registry
and hospitalizations-vital linkages.
Decomposing the process into these distinct phases

allows us to account for situations when databases corre-
spond to overlapping but not identical populations. The
population of the hospitalizations-registry linkage phase
is defined as the intersection of the populations of the hos-
pitalizations and registry databases because the encoun-
ters of the hospitals not participating in the Coverdell
program and the encounters prior to 1/1/2008 are not
captured by the registry database. The population of the
hospitalizations-vital linkage is defined as the entire hos-
pitalizations population because all patients in the
hospitalizations are under the risk of death. Finally, the
population of the final integration is defined as the inter-
section between the populations of the hospitalizations-
registry linkage and hospitalization-vital linkage phases.
This approach enables the linked data files obtained in
each phase to retain their respective maximum popula-
tions. When defining phase-specific populations, we need
to account for all the key metrics summarized in Table 1.
The targeted phase-specific population can then be used
to identify candidate records to be linked at that phase, as
shown in Table 2. Figure 1 illustrates these three phases in
the full integration process.
Hospitalizations-registry linkage

As a potential linkage across databases is based on their
common identifiers, the first step in the linkage is to assess
whether these identifiers contain sufficient information to
support the linkage. If a combination of identifier values
cannot uniquely identify most of the records in a source
database, then the subsequent linkage may not be feasible.
Evaluating data uniqueness informs our assessment of
feasibility. Data uniqueness refers to the proportion of the
records that can be uniquely identified with a combina-
tion of identifier values in a database. For example, when
using distinct values of hospital name, admission date,
and patient gender as the combination, a record is consid-
ered unique if no other record has the same combination
of values on all these identifiers. If there is only one female
in the database admitted to Hospital i on 1/1/2011, this is
considered a unique record. The data uniqueness is a
summary statistic, giving the proportion of such unique
records among all records in a given database. A combi-
nation resulting in high uniqueness within both databases
involved in the linkage is necessary for the linkage to be
feasible. We examine uniqueness separately in each data-
base that will be linked to ensure feasibility.



Fig. 1. Illustration of database populations and integration phases. Legend: N_link: The number of linked records during the step.
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We identified five highly reliable common identifiers in
the hospitalizations and registry databases: hospital,
patient age, gender, admission date, and discharge date.
The combination of these five variables on their distinct
values distinguishes over 99% of the records in both hos-
pitalizations and registry databases, supporting that the
linkage is feasible with these identifiers. We then checked
uniqueness corresponding to the combination of the five
identifiers when allowing flexibility in their values. This
process involves permitting pre-specified variability in
select identifiers (e.g., allowing patient age to disagree by
1 year) in order to account for unknown timing of birth
dates relative to hospitalizations, or other similarly minor
inconsistencies in the data. Table 3 illustrates the specified
points of variability that we examined. All 4 combinations
of identifier values with permissive variability as specified
still retain relatively high uniqueness (over 97%), and thus
can be used to define rules in the deterministic linkage of
the two databases.
Following a previously described method,3 when per-

forming the hospitalizations-vital linkage, we applied all
4 rules shown in Table 3 successively. Rules with higher
uniqueness are more likely to give a higher proportion of
one-to-one linked pairs, and therefore were assigned a
higher priority when applied to linkage. Applying the
rules in series, records left unlinked with a given rule
became candidates to be linked with the rule of the next
lower uniqueness level, as shown in Table 4. When apply-
ing each rule, we only retain one-to-one links. After
exhausting all 4 rules, we reached 38,493 linked record
pairs, which corresponds to 88.5% of the 43,487 candidate
registry records and 80.7% of the 47,713 candidate hospi-
talizations records. Note that for the very first rule,
instead of performing exact matching for all variables, we



Table 3. Uniqueness level of hospitalizations and registry databases based on different linkage rules.

Rule Hospital Gender Age Discharge

Date

Admission Date Hospitalizations

Uniqueness

Registry

Uniqueness

1* Exactly Agree Exactly Agree Disagree by

at most 1

year*

Exactly

Agree

Exactly Agree 99.74% 99.32%

2 Exactly Agree Exactly Agree Disagree by

at most 1

year

Disagree by

at most 1

day

Exactly Agree 99.21% 98.86%

3 Exactly Agree Exactly Agree Disagree by

at most 1

year

Exactly

Agree

Disagree by at

most 1 day

99.23% 98.79%

4 Exactly Agree Exactly Agree Disagree by

at most 1

year

Disagree by

at most 1

day

Disagree by at

most 1 day

97.82% 97.60%

*A record is considered unique for this rule if no other record matches its hospital name, admission date, patient gender, discharge date and

age, even though two ages differing by one year are considered as the same age. When regarded as a linkage rule, the rule means that two

records from different databases are referring to the same hospitalization if they have the same hospital name, admission date, patient gender,

discharge date and patient age, while two ages differing by one year are considered as the same age.
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allowed 1 year flexibility in the age variable to incorporate
uncertainty resulting from different age calculation meth-
ods in hospitalizations and registry databases. As a sensi-
tivity analysis, we also examined the linkage process with
an additional rule with all variables matched exactly to be
applied at the very beginning of the linkage, and the
resulting links are almost identical.
In the absence of a gold-standard record identifier

across the source databases, we evaluate the linkage qual-
ity by calculating the proportions of agreement among
linked records on common data fields not used for link-
age. For our hospitalizations and registry databases, such
validation variables include the primary diagnosis code
(ICD-9-CM), patient disposition, and tissue plasminogen
activator (tPA) administration status. As these variables
can take on missing values, we defined the proportion of
agreement as the number of the linked pairs with agreed
values of the validation variables over the number of the
linked pairs with non-missing values of the validation
variables on both source databases, assuming that values
are missing independent of the linkage status. To increase
the discriminative power of the validation, we also evalu-
ated agreement on the three validating variables
Table 4. Hospitalizations-re

Rule Registry Uniqueness* Hospitalizations Records to be lin

1 99.32% 47,713

2 98.86% 10,989

3 98.79% 10,664

4 97.60% 9,251

Total

*In the table, we demonstrate ranking the rules using registry uniquene

sensitivity checking, and the resulting linked data were similar.
simultaneously by constructing a composite validator.
The detailed validation results are shown in the Supple-
mental Table S1. Agreement rates on the diagnosis code,
patient disposition, tPA status and composite validator
were 96.9%, 95.4%, 98.9% and 91.5% respectively, consis-
tent with a good linkage performance. We also evaluated
statistical significance of our observed agreement by
examining the agreement distribution from randomly
linked hospitalizations-registry records. We simulated
5000 randomly linked datasets and calculated their agree-
ment rate for each validator. The simulated distributions
are shown in Supplemental Figure S1. Our observed
agreement exceeds the maximum value obtained among
random replicates for all validators (i.e., p-values < 0.001,
shown in Supplemental Table S1), demonstrating that our
observed agreement rates are significantly different from
what would be expected by chance.
To evaluate the impact of measurement bias in the

linked data related to unmatched or mismatched records,
we have also compared the demographics and several
key clinical variables for matched versus unmatched
records with respect to the registry database. We assessed
the balance in variables with standardized mean
gistry linkage by rules.

ked Registry Records to be linked Linked Record Pairs

43,487 36,724

6,763 325

6,438 1,413

5,025 31

38,493

ss level. Rules were also ranked by hospitalizations uniqueness for
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differences (SMDs). We found that most variables are bal-
anced (SMD less than 0.2), and among the few unbalanced
variables (age and race/ethnicity) the SMDs are all less
than 0.3 (Supplemental Table S2).
Hospitalizations-vital linkage

Identifiers that are common in both hospitalizations
and vital databases are patient gender, patient date of
birth and zip code of patient permanent address. How-
ever, before assessing the feasibility of linkage with these
identifiers, we first needed to address the problem that
hospitalizations and vital databases were on different
record levels � encounter level in the hospitalizations
database versus individual level in the vital database.
To address this, we reduced the hospitalizations data

into an individual-level database, taking advantage of the
unique identification number attached to each hospital-
izations record. Specifically, we consolidated multiple
records of each identified individual into a single record
using a long-to-wide transformation. When multiple dif-
ferent values existed for a single patient on identifiers that
would typically not change over time (e.g., gender and
date of birth), we stored all of these values in additional
columns of the reduced hospitalizations database, as they
imply potential data mismeasurements and are likely to
be useful in the linkage. For variables whose values may
change over time (e.g., zip code and discharge date), we
retained the latest values of the variables to be matched to
vital records. The hospitalizations database was reduced
from 69,282 hospitalizations to 60,805 individuals, among
which 34 individuals have 2 different date of birth values
(though none with more than 2 different date of birth val-
ues), and no one has more than 1 gender value.
After the hospitalizations data were transformed to the

patient level, we assessed the feasibility of the hospitaliza-
tions-vital linkage. Combinations of gender, date of birth,
and zip code on their distinct values uniquely identified
99.1% of the records in the reduced hospitalizations data-
base and 95.7% of the records in the vital database, sup-
porting feasibility of the linkage. We tested linkage rules
that allowed for flexibility in values (similar to the flexibil-
ity rules used in the hospitalization-registry linkage and
outlined in Table 3). However, combinations of the identi-
fiers allowing flexibility in their values all resulted in
uniqueness less than 95%, and thus were not used as addi-
tional rules for implementing the linkage.
We then linked the reduced hospitalizations database

with the vital database on distinct values of gender, date of
birth, and zip code, while adding an additional constraint
that the discharge date of a reduced hospitalizations records
should be no later than the death date of a vital record.
While searching vital records to link to each reduced hospi-
talizations record, we gave the highest priority to the
reduced hospitalizations records with a unique date of birth
value. Vital records left unlinked then became available to
pair with reduced hospitalizations records with multiple
values of date of birth, among which one value was ran-
domly picked to participate in the linkage. Additional val-
ues of date of birth were used successively to link to
remaining vital records if the corresponding reduced hospi-
talizations record had not linked in previous steps. This link-
age scheme is illustrated in Figure 2. In total, we identified
16,610 ischemic stroke patients who were discharged
between 10/1/2007 and 9/30/2015 and died between 1/1/
2010 and 3/6/2017; this corresponds to 27.3% of the 60,805
individuals in the reduced hospitalizations data.
As a result of the hospitalizations-vital linkage, each

linked vital record acquired a unique patient identification
number from the hospitalizations data. The 16,610 vital
records were then joined with the original encounter-level
hospitalizations database on their patient identification
number to transform the linked file from individual-level
back to encounter-level, because one patient can have mul-
tiple hospitalizations records. This join completed the hos-
pitalizations-vital linkage, making 19,290 (27.8%) of the
hospitalizations records linked to the vital database.
We evaluated the hospitalizations-vital linkage by cal-

culating the percentage of deaths identified in the linkage
among the hospitalizations records with a discharge dis-
position of death. We used patient discharge disposition
from the hospitalizations data as the gold standard to
evaluate the linkage quality.
Among 2,776 hospitalizations records with a discharge

disposition of death after 1/1/2010, 2,045 (73.7%) were
linked to unique vital records. Among the 2,045 linked
records, most (2,031, 99.3%) have their discharge dates
and death date consistent within one day.
The evaluation for the quality of hospitalizations-vital

linkage was also performed through a sensitivity checking
where we reproduced the entire hospitalization-vital link-
age except that the restriction that the discharge date has to
be no later than the date of death was removed during the
linkage but then used during the validation. Demonstrated
in Supplemental Figure S2, this alternative linkage process
resulted in the total of 16,529 individual-level links that
were then transformed to 19,171 encounter-level hospital-
izations-vital links, among which 97.3% of the links have
their discharge date earlier than or equal to the date of
death. We also compared the demographics and several
key clinical variables for matched versus unmatched
records with respect to the administrative database among
those who died in hospitals to evaluate the impact of
potential unmatched and mismatched records. Again, we
assessed the balance in variables with SMDs and found
that all variables are balanced (Supplemental Table S3).
Integration of hospitalizations, registry and vital
databases

An integrated hospitalizations-registry-vital database
would cover all the data fields from the three source



Fig. 2. Hospitalizations-vital linkage process. Legend: *Small counts (< 11) and numbers directly calculated from such counts were omitted to comply with the
local institutional review board criteria to protect patient identities.
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databases for their intersected population, i.e., all ischemic
stroke hospitalizations of patients discharged between 1/
1/2008 and 9/30/2015 from the 49 registry-participating
hospitals. Therefore, the integration is equivalent to left-
joining the linked hospitalizations-registry to the linked
hospitalizations-vital data, both of which are on encoun-
ter-level. Records in the integrated database correspond
to the 38,493 hospitalizations linked to registry records,



Table 5. Reference steps for integrating regional hospitalizations, registry and vital data.

Step 1 Integration Preparation

1) Identify the master data file

2) Determine 3 integration phases: two linkage phases involving the master file followed by the integration of the three

databases

3) Determine data population for each phase

Step 2 Individual Linkage Phases (implement twice for linkages of choices)

1) If an individual-level database is involved, reduce the other (encounter-level) database into an individual-level database

2) Create linkage rules based on indirect identifiers

3) Check feasibility for each rule by calculating their corresponding data uniqueness

4) If feasible, perform rule-based linkages successively in descending order of uniqueness

5) if the linkage is on individual-level, link on extra values of static individual-level identifiers (e.g. age, gender, etc.), if any

6) If the linkage was performed on individual level, transform the linked data back to encounter level

7) Evaluate the linkage quality using additional variable(s) common to source databases or a gold standard database crosswalk,

if available

Step 3 Integration of the three databases

1) Left join the linked data without the vital component to the linked data with the vital component, if the linkage qualities are

acceptable in the last two phases

8 Z. YAN ET AL.
among which 10,660 (27.7%) were linked to vital records.
The detailed procedures of our entire integration process
are summarized in Table 5 and may serve as a reference
to replicate hospitalizations-registry-vital integrations in
alternative contexts.

Discussion

We described in detail the procedures used for integra-
tion of three distinct databases in the absence of direct
record identifiers for the development of a statewide
stroke database. The final integration database is com-
posed of hospitalizations, registry and vital data over
multiple years, corresponding to over 80% of statewide
stroke encounters identified in the comprehensive hospi-
talizations data. Our integrated database, in particular,
may be useful in a variety of state-level policy and surveil-
lance investigations, including but not limited to:

1) the use of quasi-experimental design strategies in the
evaluation of state-wide quality improvement initia-
tives.

2) the comparison of mortality or other hospital charac-
teristics among Coverdell-participating versus non-
Coverdell hospitals at the state level.

3) the modeling of outcomes among the Coverdell-par-
ticipating hospitals adjusting for full range of comor-
bidities and procedures over time.

4) examining the impact of state policy changes (e.g.,
regionalization or prehospital routing policy) on
patient-centered outcomes (e.g., long-term disability,
mortality).
The integration process represents an invaluable mech-
anism to study longer-term patient outcome and mortal-
ity by harnessing the important clinical details included in
registry data alongside the longer-term outcomes accessi-
ble in administrative records.
Previous reports have described hospitalizations-regis-

try and hospitalizations-vital linkages separately with
indirect identifiers. Our study adds to the literature by
introducing a framework of integrating the three distinct
types of data into a comprehensive database system
encompassing individuals that would constitute a com-
plete cohort based on their primary diagnosis. In addition
to its three-way linkage nature, our framework distin-
guishes from other data linkage practices documented in
existing literature in the following three aspects.
First, we emphasize determination of the target popula-

tions of each integration phases prior to implementation,
which helps the investigators to focus on the maximum
number of linked records that can be achieved during that
particular phase, regardless of whether the linked data
includes information from all three data sources. We
chose not to truncate data to the smallest overlapping
group of dates, because there is still potential that the ear-
lier hospitalization data may be useful to answer ques-
tions only requiring hospitalizations and vital
information. By maintaining encounters that occurred
outside of the fully overlapping time period, we created a
dataset to efficiently exploit the data available at any
given time. However, If the investigators focus solely on
research contexts that require full information from all
three data sources, then one may simply focus on the fully
overlapping data.
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Secondly, we underscore the value in formalizing the
evaluation of linkage feasibility by calculating data
uniqueness in individual datasets prior to linkage. A link-
age is not feasible if the indirect identifiers under consid-
eration do not contain enough information to distinguish
records in either source database, as this would lead to
uncertainty on which records truly identify a particular
encounter or patient. While several measurements exist to
estimate the information contained in the identifiers,11 we
regard data uniqueness as the most intuitive measure-
ment, because it directly demonstrates the percentages of
records that can be distinguished in a database. While the
uniqueness calculation was introduced in existing data
linkage literature,3 it was not formalized as a feasibility
checking step. In our study, we used 95% uniqueness
value as the threshold to assess linkage feasibility. We
note that this threshold is somewhat arbitrary and subject
to sensitivity checking.
Thirdly, it is important to have a process for reconciling

the level of data when source database are of different
natures (i.e., encounter-level versus patient-level). Specifi-
cally, our linkage process required two data transforma-
tions during the hospitalizations-vital linkage phase. The
first transformation reduced the hospitalizations data into
an individual-level database so that it could be linked to
the vital database on individual-level identifiers. The sec-
ond transformation reverted the patient population into a
hospitalizations population so that the hospitalizations-
vital data could be joined with the linked hospitaliza-
tions-registry data on the encounter level. Documenting
the detailed process of these transformation enables track-
ing of the varying population throughout the entire inte-
gration process.
We also present several additional important considera-

tions during an integration process. First is the identifica-
tion of a universal master database at the onset of the
integration effort. This is essential for setting up reason-
able integration phases and the phase-specific data popu-
lations. Secondly, the method to address non-one-to-one
links during linkage phases has to be specified. As in our
study, records that are matched but not distinguishable
from one another given the combination of specific identi-
fier values will lead to non-one-to-one links. For example,
several hospitalizations records are linked to one registry
record when the combination of corresponding identifier
values is unique in registry but not hospitalizations data-
base. These non-one-to-one links are discarded. In the
presence of high data uniqueness, this approach would
not result in too much data loss. Alternatively, an investi-
gator may also check non-one-to-one links associated
with the same set of identifier values and identify the best
link among all possible links through clerical review.
However, the specific criteria used in manual checking
may be subjective and vary across data contexts.
There are several reasons that we were unable to link all

registry records with all-payer hospitalizations records for
the same data collection window and facilities. First, both
candidate hospitalizations and registry records to be
linked were the subset of records with a primary diagno-
sis code associated with ischemic stroke, and the codes
may be reported separately in hospitalizations and regis-
try database for the same hospitalization. Thus, an ische-
mic stroke diagnosis code for a hospitalization may
appear as the primary diagnosis in registry data but not
the hospitalizations data. A second potential reason is
that registry data are often entered manually by trained
chart abstractors, and while generally of very high qual-
ity,12 the registry may contain data entry errors contribut-
ing to unmatched identifier values. In contrast, for the
hospitalizations-vital linkage, it would be unreasonable to
expect each hospitalizations record to be linked to a vital
record given that many stroke patients remain alive at the
time of linkage, and one would not know how many hos-
pitalizations records should be linked without a gold stan-
dard vital status variable attached to the hospitalizations
database.
Our study has limitations. For the hospitalizations-reg-

istry linkage, we detected approximately 20% of hospital-
izations records that were not linked to registry data.
Given that the Coverdell registry is rigorously main-
tained, this may be indicative of inherent misclassification
based on diagnosis codes in the hospitalization database.
Further study is needed for validation and adjustment in
using the diagnosis codes for defining stroke admissions
in the local hospitalizations data. For hospitalization-vital
linkage, without knowing the true vital status for all the
hospitalizations records, it is hard to comprehensively
validate the hospitalizations-vital links. Furthermore, we
could only capture deaths that occurred after 1/1/2010
due to data availability. While we performed the linkage
quality evaluation on the subset of the patients with in-
hospital death after 1/1/2010, this can only serve as a
proxied but not perfect evaluation for the entire hospital-
izations data. For both the hospitalizations-vital and hos-
pitalizations-registry linkages, data integration with
indirect identifiers may also lead to a certain number of
incorrectly matched links, which in turn may result in
measurement bias through misclassification in studies
using the integrated data. Reassuringly, we found relative
balance between matched and unmatched records in
terms of patient demographics and several key clinical
variables. Nonetheless, we recommend users of the inte-
grated database reproducing this balance checking for all
variables of interest particular to their study aim to explic-
itly address any potential measurement bias in any given
analysis. In addition, in removing non-one-to-one links,
the integration may result in some missed true links (e.g.,
undercounting death event), even though the number of
missed links should be small given the relatively high
uniqueness level of our matching variable combinations
(i.e., > 97% for the hospitalizations-registry linkage and >

95% for the hospitalization-vital linkage).
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Conclusion

A high-quality integration of the regional hospitalizations,
registry and vital data specific to ischemic stroke patients is
achievable based on data linkages with indirect identifiers.
Beyond our specific data results, the process and framework
of the hospitalizations-registry-vital integration can be
referred in other geographical and clinical context, facilitat-
ing health service researchers to answer a wide range of
questions regarding long-term patient outcomes.
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