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Abstract

Background: Methods for linking records between two datasets are well established.
However, guidance is needed for linking more than two datasets. Using all ‘pairwise
linkages'—linking each dataset to every other dataset—is the most inclusive, but
resource-intensive, approach. The ‘spine’ approach links each dataset to a designated
‘spine dataset’, reducing the number of linkages, but potentially reducing linkage
quality.

Methods: We compared the pairwise and spine linkage approaches using real-world
data on patients undergoing emergency bowel cancer surgery between 31 October 2013
and 30 April 2018. We linked an administrative hospital dataset (Hospital Episode
Statistics; HES) capturing patients admitted to hospitals in England, and two clinical
datasets comprising patients diagnosed with bowel cancer and patients undergoing
emergency bowel surgery.

Results: The spine linkage approach, with HES as the spine dataset, created an analysis
cohort of 15826 patients, equating to 98.3% of the 16 100 patients identified using the
pairwise linkage approach. There were no systematic differences in patient characteris-
tics between these analysis cohorts. Associations of patient and tumour characteristics
with mortality, complications and length of stay were not sensitive to the linkage
approach. When eligibility criteria were applied before linkage, spine linkage included
14509 patients (90.0% compared with pairwise linkage).

Conclusion: Spine linkage can be used as an efficient alternative to pairwise linkage if
case ascertainment in the spine dataset and data quality of linkage variables are high.
These aspects should be systematically evaluated in the nominated spine dataset before
spine linkage is used to create the analysis cohort.
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Key Messages

are applied.

* The spine approach to linking multiple datasets can reduce the number of linkages required and thus is more time-
efficient, resource-efficient and cost-efficient compared with obtaining all pairwise linkages.

¢ All methodological decisions made in the linkage process should be carefully considered and documented, in
particular the choice of the ‘spine dataset’, the definition of eligibility criteria and the point at which eligibility criteria

¢ Efficiency of spine linkage depends on high case ascertainment and data quality of linkage variables in the spine
dataset. These aspects need to be carefully evaluated before the spine approach is used to create the analysis cohort.

Introduction

Using data linkage to combine information from records in
separate data sources can provide a more detailed
picture of characteristics of patients, their disease, the care
they receive and their outcomes. For example, for patients
undergoing emergency surgery for bowel cancer, informa-
tion on patient, tumour and treatment characteristics can
come from a clinical disease-specific dataset, information
on emergency surgery from a clinical treatment-specific
dataset and information on admissions and outcomes from
a routinely collected administrative hospital dataset.

Methods for linking two datasets are well established.'™
However, when linking more than two datasets, many deci-
sions need to be made (Table 1), including which datasets to
link together.* “Pairwise linkages’ (i.e. linking each dataset to
every other dataset) offer the most inclusive approach.’
However, the number of linkages quickly escalates with the
number of datasets that need to be linked (Supplementary
Table A1, available as Supplementary data at IJE online),
which can add delays, increase costs and require transfer of
personal information between multiple organizations. An al-
ternative approach is to treat one dataset as the ‘spine data-
set’ and link each of the other datasets to this spine. For
example, four datasets can be combined using three linkages
in the spine approach (Supplementary Figure A1, available as
Supplementary data at IJE online), whereas the pairwise ap-
proach would use six linkages (Supplementary Figure A2,
available as Supplementary data at IJE online).

If the spine dataset captures 100% of eligible patients
and there is perfect linkage between all datasets, then the
spine and pairwise approaches will be equivalent. In prac-
tice, few datasets have complete case ascertainment and
missing or incorrect patient identifiers can lead to incom-
plete linkage.®”

The spine approach has a number of potential limita-
tions. First, patients who are missing from the spine data-
set, or not linked to the spine dataset, cannot be included

in the analysis. In addition, records in non-spine datasets
can only be identified as belonging to the same patient if
records link indirectly via the spine dataset. Consequently,
the spine approach will in general lead to a smaller analysis
cohort, which may affect how well the analysis dataset rep-
resents the full population. That is, if some patient groups
are less likely to be recorded in some datasets, spine link-
age will suffer from selection bias. Conversely, although
pairwise linkage is more inclusive, individual data items
may have more missing values due to the inclusion of more
patients who do not appear in all datasets. Thus spine link-
age may seem to have more complete data than pairwise
linkage.

Our aim was to compare spine and pairwise linkage
using a real-world example of patients undergoing
emergency bowel cancer surgery, with data from an ad-
ministrative hospital dataset and two clinical datasets. We
compared approaches by considering the number of eligi-
ble patients linked by each approach, characteristics of
these patients, levels of missing data and whether analysis
results were sensitive to the approach used.

Methods

Spine approach vs pairwise approach to linkage

We compared the spine and pairwise approaches, illus-
trated using three datasets: A, B and C, where A represents
the spine dataset (Figure 1). In the spine approach, A is
linked to B and to C (the non-spine datasets) separately,
with no direct link between datasets B and C. Records can
then be classified into six subgroups represented as rows of
blocks in Figure 1, defined by whether there was linkage
between datasets A and B, datasets A and C or both. For
example, Row 1 represents records in A that did not link
to B or C, whereas Row 4 represents records that linked
between A and B and between A and C. The pairwise ap-
proach uses all three pairwise linkages (A to B, A to C and
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Table 1 Decisions to be made when linking multiple datasets

Decisions to be made:

Available options include:

In this example, we used:

Choice of linkage methods be-

tween pairs of datasets

Strategy for which datasets to
link together

Selection of linkage variables

Selection of analysis cohort

Deterministic linkage

Probabilistic linkage

Combination of both

Spine approach

Pairwise approach

(Other approaches)

Desired characteristics: objective (e.g. administrative
rather than clinical), good completeness, available
in at least two datasets
Contribution to probabilistic linkage can be quan-
tified with respect to data quality and chance
agreement”

Depends on the research question, linkage strategy
used and the data source that includes outcomes

Deterministic linkage

Comparison of spine and pairwise approaches

NHS number, sex, date of birth, residential
postcode (used in deterministic linkage car-

ried out by trusted third party)**

For spine approach: maximum analysis cohort
is patients in spine dataset

Reconciling information Context-dependent
when available from more
than one source information
Dealing with incomplete data Complete case analysis
within a data source

Multiple imputation

Use expert knowledge to guide rules for reconciling

For pairwise approach: maximum analysis co-
hort is patients in any dataset

In general, clinical datasets take precedence
over administrative (spine) dataset

Details in Supplementary material, Section C,
available as Supplementary data at IJE online

Complete case analysis

‘Ad hoc’ missing data methods (e.g. missing indicator)

Use clinical knowledge to understand why data are

missing

NHS, National Health Service.

Spine Pairwise

B nonlinks :
C nonli — 2
- :
B-C links “Lam g
identified in
. | minecn. e
These _pataents excluded from palr\_lee_but i Analysis |
analysis as some are actually not in spine I cohort |
]

the same patient unlinked

Figure 1 lllustration of spine linkage vs pairwise linkage. Classification
of subgroups: Both: 1—unlinked A records; 2—records linked between
A and B; 3—records linked between A and C; 5—unlinked B records; 6—
unlinked C records. Spine (left): 4—records linked between A and B,
and between A and C. Pairwise (right): 4—records linked between A, B
and C; 7—records linked between B and C.

B to C) leading to seven subgroups, the additional
subgroup (Row 7) being those that linked between B and C
but not to A.

Figure 1 illustrates that with spine linkage, the same indi-
vidual may appear in the unlinked part of dataset B as well as
in the unlinked part of dataset C (Subgroups 5 and 6 in
Figure 1) because there has been no attempt to directly link
dataset B to dataset C. This means that we may double count
these individuals, who appear to be two distinct people rather
than two records belonging to the same person. As a result of
this duplication of records, the total size of the six subgroups
in the spine approach (Figure 1, left panel) may appear to be
greater than the total size of the seven subgroups in the pair-
wise approach (Figure 1, right panel). A solution is to exclude
these unlinked subgroups from the spine linkage analysis co-
hort (bold dashed box) to avoid including the same individual
twice. In contrast, the pairwise approach allows use of the di-
rect linkage between B and C to identify which records in
datasets B and C belong to the same individual, provided
case ascertainment and linkage quality are high. If so, this
reduces the risk of including the same individual twice and
therefore the analysis cohort created by pairwise linkage can
reasonably include all seven subgroups.
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Data sources for patients undergoing emergency
bowel cancer surgery

As a real-world example, we used three national datasets
including patients who had emergency bowel cancer sur-
gery in the English National Health Service (NHS).
Clinical information on patients diagnosed with bowel
cancer is contained in the disease-specific dataset collected
by the National Bowel Cancer Audit (NBOCA), including
information on patient and tumour characteristics, pro-
cesses of care and health outcomes.® Clinical information
about patients undergoing emergency bowel surgery is
available from the procedure-specific National Emergency
Laparotomy Audit (NELA), including information on
physiological characteristics of patients, surgery and health
outcomes.” Administrative information on all hospital epi-
sodes in the English NHS can be obtained from Hospital
Episode Statistics (HES), collected for reimbursement pur-
poses.'>!"! Each dataset contained information on mortal-
ity, provided by the Office of National Statistics.'?

Linkage was carried out for NBOCA records in which
the date of surgery was between 31 October 2013 and
30 April 2018, NELA records in which the admission date
was between 1 December 2013 and 30 November 2019,
and HES records for patients with a bowel cancer diagno-
sis or a bowel surgery procedure in any hospital episode
between 31 October 2013 and 30 April 2018
(Supplementary Table B1, available as Supplementary data
at IJE online). We used the maximum date range possible
for each dataset during linkage in order to prevent missed
links that could arise from applying restrictions prior to
linkage.

Sources of each data item are given in Tables 2—4. The
Index of Multiple Deprivation (IMD) is an area-based
measure of socio-economic deprivation across seven
domains, based on an area of residence typically including
~1500 people and 650 households.'® Patients were
grouped into five categories based on quintiles of the na-
tional ranking of the IMD, where 1 represents the most de-
prived quintile and 5 represents the least deprived quintile.
The American Society of Anesthesiologists (ASA) grade
categorizes a patient’s physical status from 1 (healthy) to 5
(moribund)." The performance status categorizes func-
tional ability from 0 (normal activity) to 4 (no self-care)."’
Surgical urgency was defined according to the National
Confidential Enquiry into Patient Outcome and Death
Classification of Intervention 2014.'®'” Diagnostic infor-
mation used the International Statistical Classification of
Diseases and Health Related Problems tenth revision (ICD-
10) codes,'® which were categorized by cancer site, and
surgical procedure used the Office of Population Censuses
and Surveys Classification of Interventions and Procedures

version 4 (OPCS-4) codes.'” Cancer stage in four catego-
ries was derived from the final pathology Tumour, Node,
Metastasis (TNM) staging in NBOCA?° and from the level
of malignancy based on surgical findings in NELA."® The
number of co-morbidities was defined using ICD-10 codes
in HES according to the Royal College of Surgeons of
England Charlson Score.?! Thirty-day unplanned readmis-
sion was defined as an emergency admission to any hospi-
tal for any cause within 30 days of surgery, according to
HES.

To reconcile conflicting information for the same pa-
tient from different datasets, our guiding principles were
to use the treatment-specific dataset as the preferred
source of data about patients and their surgery, the
disease-specific dataset as the preferred source of data
about their bowel cancer and the administrative hospital
dataset as the preferred source of administrative items,
including mortality (Supplementary material, Section C,
available as Supplementary data at IJE online).

Data linkage and analysis

For the spine approach, we used the administrative dataset
HES as the spine dataset because it is expected to have
good case ascertainment and data completeness.'® For
both approaches, linkage was undertaken using determin-
istic (i.e. rule-based) methods. For linkages with the spine
dataset, pairs of records were considered linked if there
was exact agreement on direct patient identifiers (the
patients’ unique NHS number, sex, date of birth and resi-
dential postcode)."** For linkage between the non-spine
datasets, pairs of records were considered linked if they
matched on NHS number.

For both approaches, linkage was carried out on all
available data. Thereafter, patients were retained for
analysis if they underwent emergency surgery for bowel
cancer in at least one dataset according to eligibility crite-
ria (Supplementary Table B2, available as Supplementary
data at IJE online). Since eligibility criteria were applied af-
ter linkage, we did not expect all patients to link across all
three datasets, e.g. not all patients undergoing emergency
surgery are patients with bowel cancer and not all bowel
cancer patients undergo emergency surgery.

Comparing the spine and pairwise approaches

First, we compared patient numbers in the analysis cohorts
created by spine and pairwise linkage. Second, we de-
scribed characteristics of eligible patients captured by (i)
spine approach, (ii) pairwise approach and (iii) pairwise
approach but not spine approach. Proportions of patients
with missing data were reported separately to patients
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with information not available due to incomplete linkage
[i.e. not linked to the dataset(s) containing the relevant in-
formation]. Third, we compared unadjusted regression
estimates of patient and tumour characteristics with
mortality (logistic regression for 90-day, Cox regression
for 2-year), complications (logistic regression) and length
of stay (linear regression) according to the linkage ap-
proach. Each analysis included only patients with complete
data on the outcome and covariates of interest.

In both linkage approaches, a decision must be made
regarding when to apply eligibility criteria. In the main
analysis, we undertook linkage on the full data available
and then applied eligibility criteria. To reflect situations
in which analysts request an extract of a dataset accord-
ing to specified eligibility criteria, we conducted a sensi-
tivity analysis in which broad eligibility criteria were
applied before linkage and further eligibility criteria
were applied after linkage (Supplementary Table B3,
available as Supplementary data at IJE online).

Results

Numbers of patients in the analysis cohorts
created by spine vs pairwise linkage

Spine linkage created an analysis cohort of 15 826 patients
compared with 16 100 when pairwise linkage was used
(Figure 2). Just over half of patients included in either link-
age approach (8526/15 826 patients with spine and 8628/
16 100 patients with pairwise) linked across all three data-
sets. For both linkage approaches, most patients (>95%)
in the analysis cohort linked between at least two datasets.
The spine analysis cohort was a subset of the pairwise co-
hort. The total numbers of eligible patients linked to the
spine dataset (i.e. captured inside the HES circle of the
Venn diagrams) differs between approaches because for
some patients the additional linkage between the two non-
spine datasets creates indirect links between the spine data-
set and the non-spine datasets. See Supplementary Figure
D1 (available as Supplementary data at IJE online) for fur-
ther explanation.

Characteristics of the analysis cohorts created by
spine vs pairwise linkage

Characteristics of patients included in the spine and pair-
wise analysis cohorts were almost identical (Tables 2—4)
because the sizes of the cohorts were so similar.
Proportions of missing data were also very similar. Note
that Tables 2-4 are split into sections defined by how
many datasets contribute to each variable. For example,
the variable age in Table 2 comes from HES, with missing

values imputed based on entries in the other two datasets,
according to a pre-defined rule (see Supplementary mate-
rial, Section C, available as Supplementary data at IJE on-
line for details).

Characteristics of patients linked by pairwise
linkage but not spine linkage

Of 274 additional patients captured in the pairwise ap-
proach (Figure 2), approximately two-thirds were only in
the treatment-specific dataset (NELA) and one-third were
only in the disease-specific dataset (NBOCA). Overall, the
additional patients were more likely to have ASA Grade 3,
rectal cancer and cancer stage 1-2 compared with the
remaining patients in the pairwise analysis cohort, but other
patient characteristics and processes of care were similar
(Supplementary Table E1, available as Supplementary data
at IJE online). Proportions of missing/unavailable data in
performance status, cancer site and deprivation were mark-
edly higher in the additional patients (71%, 65% and 65%,
respectively) compared with the whole pairwise analysis co-
hort (29%, 4% and 2%). Mortality was lower in the addi-
tional patients, but they had more missing outcome data
(32% vs 1%).

Comparison of unadjusted regression results for
spine vs pairwise linkage

With such similar numbers in the two approaches, associa-
tions between patient and tumour characteristics and out-
comes were not sensitive to the linkage approach (Figure 3,
further detail in Supplementary Tables F1-F5, available as
Supplementary data at IJE online). For these complete case
analyses, each unadjusted regression analysis used data
from >93% of the full analysis cohort for all patient and
tumour characteristics and outcomes, except for
unplanned return to theatre, which was complete for 63%
of patients in both linkage approaches.

Sensitivity analysis results

A sensitivity analysis applying broad eligibility criteria
before linkage (Supplementary Table B3, available as
Supplementary data at IJE online) resulted in 14 509
patients in the spine approach cohort compared with
16116 in the pairwise approach (Supplementary Figure
G1, available as Supplementary data at IJE online);
1607 patients linked via pairwise but not spine linkage.
The characteristics of patients in the spine and pairwise
analysis cohorts were almost identical although mortal-
ity was slightly lower in the spine cohort, e.g. 2-year
mortality: 15.2% in spine cohort vs 17.1% in pairwise
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Spine approach

HES:
1,585,905

1,401,611 unlinked HES

77,714 HES-NBOCA

92,629 HES-NELA

13,951 HES-NBOCA-NELA

8,102 unlinked NBOCA

36,855 unlinked NELA

oo Total: 1,630,862
Keep if eligible in at least 1 dataset

8,528 HES-NBOCA-NELA L
113 unlinked NBOCA
192 unlinked NELA

Total: 16,131

Overall total: 15,826

Pairwise approach

HES:
1,585,905

1,401,611 unlinked HES
77,627 HES-NBOCA
92,575 HES-NELA

14,092 HES-NBOCA-NELA

7,376 unlinked NBOCA

36,096 unlinked NELA

672 NBOCA-NELA

e o

Keep if eligible in at least 1 dataset Total: 1,630,049
539 unlinked HES F====== —_——

5,211 HES-NBOCA

1,459 HES-NELA

8,628 HES-NBOCA-NELA

77 unlinked NBOCA |

178 unlinked NELA :

8 NBOCA-NELA ====sm=mlecccaa==

Total: 16,100

Overall total: 16,100

Figure 2 Linkage process and resulting Venn diagrams for spine linkage vs pairwise linkage. HES, Hospital Episode Statistics; NBOCA, National

Bowel Cancer Audit; NELA, National Emergency Laparotomy Audit.
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Table 2 Number of cases (percentage of those with complete data) for patient and tumour characteristics, processes of care and

patient outcomes available in all three datasets, comparing analysis cohorts after spine linkage and pairwise linkage

Spine approach Pairwise approach

n % n %

(Total =15 826) (Total=16 100)

Available in all three datasets

Age (years) <50 1404 8.9 1445 9.0
50-59 2130 13.5 2167 13.5
60-74 5788 36.6 5893 36.7
75-84 4676 29.6 4738 29.5
>85 1804 11.4 1833 11.4
Missing (% of total) 24(0.2) 24(0.1)

Sex Female 7656 48.4 7793 48.4
Male 8170 51.6 8306 S1.6
Missing (% of total) 0(0.0) 1(0.0)

Surgical procedure Colectomy: left/sigmoid/anterior resection 2349 14.8 2381 14.8
Colectomy: right/ileocaecal 7853 49.6 7992 49.6
Colectomy: subtotal/panprocto 1282 8.1 1306 8.1
Hartmann 3209 20.3 3273 20.3
Other resection: transverse/abdominoperineal 465 2.9 473 2.9

resection of rectum/pelvic exenteration

Stoma or other surgery 668 4.2 675 4.2
Missing (% of total) 0(0.0) 0(0.0)

Calendar year of surgical procedure 2013/2014 3772 23.8 3799 23.6
2015 3466 21.9 3487 21.7
2016 3767 23.8 3862 24.0
2017/2018 4818 30.4 4938 30.7
Missing (% of total) 3(0.0) 14 (0.1)

90-day mortality Alive 14 335 90.6 14 509 90.6
Dead 1487 9.4 1499 9.4
Missing (% of total) 4 (0.0) 92 (0.6)

2-year mortality Alive 13 181 83.3 13 349 83.4
Dead 2641 16.7 2659 16.6
Missing (% of total) 4 (0.0) 92 (0.6)

The number of records with missing data is given after each covariate has been summarized.

(Supplementary Table G1, available as Supplementary
data at IJE online). The additional patients were more
likely to have less advanced cancer, longer hospital stays
and much higher mortality (Supplementary Table G1,
available as Supplementary data at IJE online). Despite
the differences in mortality, this had no impact on asso-
ciations between baseline characteristics and outcomes
statistics (Supplementary Figure G2, available as
Supplementary data at IJE online).

Discussion

Summary

We considered differences between spine and pairwise
linkage of three datasets, demonstrating how these
approaches can be evaluated. In our example using real-

world data, we found negligible differences in analysis
cohorts created using spine or pairwise linkage. There were
no systematic differences between patients linked using the
two approaches, and associations between patient and tu-
mour characteristics and outcomes were not sensitive to
the linkage approach. Sensitivity analysis demonstrated the
importance of applying eligibility criteria after spine link-
age; if patients are identified as eligible in some datasets
but not in others, applying strict eligibility criteria prior to
linkage may result in missing links as well as different char-

acteristics in unlinked patients, potentially leading to bias.

Strengths and limitations

Here, the analysis cohort created by spine linkage captured
a very high proportion of patients included with the
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pairwise approach. However, this should not be assumed
to be the case in general. Performance of spine linkage was
excellent here because the chosen spine dataset (HES) cap-
tured nearly all surgical patients treated in the English
NHS, resulting in very high case ascertainment. Also, link-
age error was low because of the availability of a common
set of patient identifiers throughout the care pathway that
are largely complete in all datasets.”

Where datasets arise from different systems, the choice
of the spine dataset may not be obvious and linkage errors
may be more common. For example, in a study linking
paediatric critical care data to laboratory surveillance data,
linkage errors were relatively common due to poor record-
ing of identifiers.>> Another study, which explored prema-
ture mortality in people with serious mental illnesses,
recommended using both hospital care data and primary
care data for case ascertainment after finding ascertain-
ment bias in previous studies that used a single data
source.”*

The additional patients in the pairwise cohort who were
not linked to the spine dataset typically had higher propor-
tions of missing or unavailable data. Since this was a rela-
tively small group, not including these patients had a
negligible impact on observed associations of patient and
tumour characteristics with outcomes in the spine
approach.

A limitation of the spine approach is that in a study in
which the outcome is defined by linkage, even a small pro-
portion of missed links could lead to ascertainment

bias.?**® Missed links can lead to underestimation of out-
comes captured in the linked data, which is problematic
when this occurs differentially according to variables of in-
terest. For example, a Canadian study linking administra-
tive datasets to immigration and mortality data found
lower linkage rates for people born in East Asia and for
some causes of death.?”

The spine approach does not allow identification of
missed links between non-spine datasets (NBOCA and
NELA in our example). However, it should be noted that
even if direct linkage between non-spine datasets was avail-
able, as in the pairwise approach, missed links could still
occur as no linkage process is perfect.”

This study used deterministic methods to link data-
sets. Probabilistic linkage methods could have been used
to reduce linkage error.”*® However, given the negligi-
ble difference between the spine and pairwise cohorts
here, it is unlikely that probabilistic linkage would have
an impact on findings. Furthermore, if probabilistic
linkage were to be incorporated into a pairwise ap-
proach, adding this further complexity to an already
computationally intensive process may negate any
gains.?’

When information was missing from one dataset but
available in one (or more) of the other datasets, linkage
allowed us to reduce the amount of missing data by ‘recov-
ering’ this information from one of the other datasets.
Consequently, there was very low missing data in the
analysis cohorts and complete case analysis could be
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Table 3 Number of cases (percentage of those with complete data) for patient and tumour characteristics, processes of care and

patient outcomes available in two datasets only, comparing analysis cohorts after spine linkage and pairwise linkage

Spine approach Pairwise approach

n % n %

(Total =15 826) (Total =16 100)

Available in two datasets only
IMD quintile (HES, NBOCA) 1: most deprived
2
3
4
5: least deprived
Missing (% of total)
Unavailable (% of total)
ASA grade (NBOCA, NELA) 1
2
3
4orS
Missing (% of total)
Unavailable (% of total)
Cancer site (HES, NBOCA) Colon
Rectal
Missing (% of total)
Unavailable (% of total)
Stage 1 or 2
Stage 3
Stage 4
Missing (% of total)
Unavailable (% of total)
Length of stay (days) (HES, NELA) 0-7
8-14
15-21
22-28
>28
Missing (% of total)
Unavailable (% of total)

Cancer stage (NBOCA, NELA)

2719 17.3 2746 17.4
2972 19.0 2992 19.0
3215 20.5 3232 20.5
3398 21.7 3422 21.7
3373 21.5 3381 214

149 (0.9) 149 (0.9)
0(0.0) 178 (1.1)
1670 11.3 1694 11.3
6244 42.4 6359 424
5242 35.6 5343 35.6
1581 10.7 1616 10.8
550 (3.5) 549 (3.4)
539 (3.4) 539 (3.3)

13 802 89.4 13 884 89.4

1632 10.6 1648 10.6
392 (2.5) 390 (2.4)
0(0.0) 178 (1.1)

6271 423 6383 42.4

5834 39.4 5909 39.2

2717 18.3 2776 18.4
465 (2.9) 493 (3.1)
539 (3.4) 539 (3.3)

4535 29.7 4569 29.5

5525 36.2 5606 36.2

2366 15.5 2415 15.6

1060 6.9 1075 6.9

1791 11.7 1821 11.8
549 (3.5) 537 (3.3)
0(0.0) 77 (0.5)

The number of ‘missing’ and ‘unavailable’ cases is given after each covariate has been summarized. ‘Missing’ refers to records in which there is linkage to the

source(s) of the data item but the information is missing. ‘Unavailable’ refers to records in which there is no linkage to either source of the data item. IMD, Index
of Multiple Deprivation; ASA, American Society of Anesthesiologists; HES, Hospital Episode Statistics; NBOCA, National Bowel Cancer Audit; NELA, National

Emergency Laparotomy Audit.

used.?® In general, careful consideration is needed to un-
derstand the reasons for missing data and why data items
are not completed, including discussions with clinical
colleagues and colleagues responsible for entering data.
An alternative could have been to include all eligible
patients and use missing data methods, such as multiple

imputation.>%3?

Implications

The key benefit of spine linkage compared with pairwise is
that it is more time-efficient, resource-efficient and cost-
efficient because fewer data linkages are required.
Requiring fewer linkages also reduces risks of disclosure of

sensitive information, thus enhancing data security. These
benefits are likely to grow the more datasets there are to
link together.

In order for the spine approach to be appropriate, the
nominated spine dataset must have excellent case ascer-
tainment.>? Case ascertainment is usually high for data-
sets that capture major procedures or events and can be
checked by considering proportions of eligible patients
in each dataset who link to the spine dataset. Further
work is needed to investigate the level of case ascertain-
ment required in general. We also need low linkage error
between pairs of datasets. This is likely to be true for
datasets containing a unique patient identifier, such as
the NHS number used in England.®
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Table 4 Number of cases (percentage of those with complete data) for patient and tumour characteristics, processes of care and

patient outcomes available in one dataset only, comparing analysis cohorts after spine linkage and pairwise linkage

Spine approach

Pairwise approach

n %

(Total =15 826)

N Y%
(Total =16 100)

Available in one dataset only

Co-morbidities (HES) 8020 53.0 8024 53.0
1 4522 29.9 4526 29.9
2+ 2577 17.0 2578 17.0
Missing (% of total) 707 (4.5) 709 (4.4)
Unavailable (% of total) 0(0.0) 263 (1.6)
Performance status (NBOCA) Normal activity 4681 41.5 4710 41.3
Walk and light work 3796 33.6 3843 33.7
Walk and all self-care 1917 17.0 1938 17.0
Limited or no self-care 897 7.9 903 7.9
Missing (% of total) 2511 (15.9) 2530 (15.7)
Unavailable (% of total) 2024 (12.8) 2176 (13.5)
Surgical urgency (NELA) Expedited (>18h) 2339 23.5 2394 23.4
Urgent (6-18 h) 3940 39.5 4044 39.5
Urgent (2-6 h) 2886 28.9 2967 29.0
Immediate or emergency (<2h, 808 8.1 827 8.1
or resus of >2 h possible)
Missing (% of total) 40 (0.3) 41(0.3)
Unavailable (% of total) 5813 (36.7) 5827 (36.2)
Emergency readmission within 30 days (HES) No 13613 90.0 13 621 90.0
Yes 1506 10.0 1507 10.0
Missing (% of total) 707 (4.5) 709 (4.4)
Unavailable (% of total) 0(0.0) 263 (1.6)
Unplanned return to theatre (NELA) No 9237 93.4 9471 93.3
Yes 658 6.6 679 6.7
Missing (% of total) 118 (0.7) 123 (0.8)
Unavailable (% of total) 5813 (36.7) 5827 (36.2)

The number of ‘missing’ and ‘unavailable’ cases is given after each covariate has been summarized. ‘Missing’ refers to records in which there is linkage to the

source(s) of the data item but the information is missing. ‘Unavailable’ refers to records in which there is no linkage to either source of the data item. HES,
Hospital Episode Statistics; NBOCA, National Bowel Cancer Audit; NELA, National Emergency Laparotomy Audit.

Suitability of the spine approach also depends on the re-
search question. For example, in effectiveness research, we
analyse linked records to produce unbiased estimates of ex-
posure—outcome relationships. However, if we were esti-
mating absolute levels of an outcome, we would need these
estimates to be unbiased. For example, in healthcare per-
formance assessment, between-hospital variation in link-
age rates to the spine dataset could affect comparisons of
performance indicators among hospitals.*?

Sensitivity analysis demonstrated that the analysis co-
hort created using spine linkage depended on when eligibil-
ity criteria were applied. If eligibility criteria are applied
when defining the datasets to be linked (e.g. when request-
ing data extracts to be linked), the spine approach may not
be appropriate: there may be missing links if patients are
identified as eligible in some of the datasets but not in
others, resulting in the spine approach capturing fewer

eligible patients. Also, there may be substantial differences
in characteristics of those not linked via the spine ap-
proach, potentially leading to bias, particularly in settings
with low case ascertainment or a higher rate of linkage
errors (e.g. missing data on personal identifiers).

In general, when choosing the spine dataset, factors to
consider include ascertainment of the population of interest,
and availability and completeness of linkage variables. We
chose an administrative dataset that is used for reimburse-
ment purposes'® and thus case ascertainment and data com-
pleteness were high. However, in different settings,
administrative datasets may not be the optimal choice of
spine dataset. For example, in a study considering the link-
age of routine birth records, the administrative hospital
admissions dataset had poor case ascertainment compared
with national birth registration records.** In some cases, the
most useful spine option might be an ‘independent’
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population spine, i.e. a dataset of identifiers capturing the
entirety of the relevant population but not containing any
variables required for the analysis. For example, the
Personal Demographic Service (a database of identifiers for
all individuals with an NHS number held by NHS Digital)
has been used to in England to facilitate linkage between
non-health datasets (specifically, the National Pupil
Database) and HES.>® A similar approach is taken to linking
multi-agency data in Australia.>®

In practice, the pairwise approach may not always be
feasible. In that case, the spine approach can only be vali-
dated using generic methods for assessing linkage quality:
comparing patient characteristics, care processes and patient
outcomes between patients linked and not linked to the
spine dataset; and investigating unlikely or implausible links

and unlinked records that were expected to link.”>*”+*

Conclusion

We demonstrate that spine linkage can be used as an effi-
cient alternative to pairwise linkage. The spine approach
requires fewer linkages between pairs of datasets, thus re-
ducing delays, costs and resources needed and increasing
data security. However, researchers should systematically
evaluate case ascertainment and potential for linkage error
in the nominated spine dataset before spine linkage is used
to create the analysis cohort.
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