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researchers across the globe for conducting health-related 
research, in particular for identifying novel risk factors 
associations with a range of diseases that mostly occur at 
middle and older ages.

In order to enable longitudinal analyses, UKB performs 
ongoing linkage to a range of electronic health administra-
tive datasets, which currently includes hospital inpatient 
records, cancer and death registry data. These datasets rep-
resent the main source of health outcome ascertainment for 
a range of different diseases and are regularly updated by 
UKB. For a subset of the cohort (45%), primary care data 
are available up until 2016–2017.

Hospital admissions are recorded in the Hospital Episode 
Statistics for England (HES), Scottish Morbidity Record 
(SMR) and Patient Episode Database for Wales (PEDW) 

Introduction

The UK Biobank (UKB) is an ongoing population-based 
prospective cohort study of approximately 500,000 par-
ticipants recruited across England, Scotland and Wales 
between 2006 and 2010 [1]. The resource is widely used by 
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Abstract
The UK Biobank has made general practitioner (GP) data (censoring date 2016–2017) available for approximately 45% 
of the cohort, whilst hospital inpatient and death registry (referred to as “HES/Death”) data are available cohort-wide 
through 2018–2022 depending on whether the data comes from England, Wales or Scotland. We assessed the importance 
of case ascertainment via different data sources in UKB for three diseases that are usually first diagnosed in primary care: 
Parkinson’s disease (PD), type 2 diabetes (T2D), and all-cause dementia. Including GP data at least doubled the number 
of incident cases in the subset of the cohort with primary care data (e.g. from 619 to 1390 for dementia). Among the 786 
dementia cases that were only captured in the GP data before the GP censoring date, only 421 (54%) were subsequently 
recorded in HES. Therefore, estimates of the absolute incidence or risk-stratified incidence are misleadingly low when 
based only on the HES/Death data. For incident cases present in both HES/Death and GP data during the full follow-up 
period (i.e. until the HES censoring date), the median time difference between an incident diagnosis of dementia being 
recorded in GP and HES/Death was 2.25 years (i.e. recorded 2.25 years earlier in the GP records). Similar lag periods were 
also observed for PD (median 2.31 years earlier) and T2D (median 2.82 years earlier). For participants with an incident 
GP diagnosis, only 65.6% of dementia cases, 69.0% of PD cases, and 58.5% of T2D cases had their diagnosis recorded 
in HES/Death within 7 years since GP diagnosis. The effect estimates (hazard ratios, HR) of established risk factors for 
the three health outcomes mostly remain in the same direction and with a similar strength of association when cases are 
ascertained either using HES only or further adding GP data. The confidence intervals of the HR became narrower when 
adding GP data, due to the increased statistical power from the additional cases. In conclusion, it is desirable to extend 
both the coverage and follow-up period of GP data to allow researchers to maximise case ascertainment of chronic health 
conditions in the UK.
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for England, Scotland and Wales, respectively [1]. We will 
collectively refer to all three sources of hospital inpatient 
data as “HES” data. Death records in England and Wales are 
provided by NHS England, and Scotland by NHS Central 
Register, National Records of Scotland. The HES diagnoses 
include the main reason for hospital admission, as well as 
other underlying health conditions. Thus, ambulatory con-
ditions that often do not initially require hospitalisation and 
are typically diagnosed in primary care (i.e. GP) data, may 
(or may not) be subsequently recorded in hospital inpatient 
records depending on whether patients are admitted for 
another condition and whether the ambulatory condition is 
recorded in the inpatient records.

The aim of this study is to determine the added-value of 
incorporating GP data to that of HES and death data when 
ascertaining cases of Parkinson’s disease (PD), type 2 diabe-
tes (T2D), and dementia for epidemiologic analyses. These 
conditions were selected because they are likely to be ini-
tially diagnosed in primary care, prior to any hospital record. 
Furthermore, as they are usually managed within primary 
care, their documentation in the corresponding HES records 
is usually not the primary reason for the hospitalisation.

Methods

Risk factors

Established risk factors for each disease were identified 
from the literature [2–6]. We used the risk factors that are 
assessed in UKB, and are applicable to the UK (full detail in 
Supplementary Tables 1–2, and Supplementary Fig. 1). We 
kept the derivation and categorisation of risk factors con-
sistent across the diseases wherever possible. For example, 
we used BMI “underweight/normal, overweight, and obese” 
consistently.

Outcome definitions

We used the “code lists for algorithmically-defined out-
comes” (UKB Resource 594) developed by the UKB team 
to identify Parkinson’s disease and dementia cases. These 
code lists contain diagnostic and medication codes for PD, 
and diagnostic (no medication) codes for dementia. These 
diagnostic codes include UKB self-report, ICD-9, ICD-10, 
and Read codes. T2D is not currently included in these code 
lists, and we instead used clinical codes as reported from the 
existing literature [7].

Study populations

We applied the following exclusion criteria for each of the 
three diseases:

 ● Age outside of the UKB enrolment criterion of 40 to 69 
years.

 ● Those without GP data (i.e. we only analysed the ~ 45% 
UKB participants who had GP data available).

 ● Prevalent cases of the disease of interest.

For dementia, we further excluded individuals younger than 
60 years at baseline, to ensure the sample was restricted to 
those most at risk of developing dementia during the follow-
up period. We also further excluded participants with miss-
ing APOE e4 carrier status.

For diabetes, we excluded both prevalent Type 1 diabetes 
(T1D) and T2D cases at baseline (i.e. UKB enrolment) [8]. 
The “prevalence algorithm 1” by Eastwood et al. [9] and 
hospital inpatient records were used to identify prevalent 
type 1 or type 2 diabetes at baseline.

The differences in sample size between two study popu-
lations (“HES only” and “HES + GP”) for each of the three 
diseases are illustrated in Fig. 1.

 ● For the “HES only” population, we used (i) self-report 
(diagnoses and medications) UKB data at enrolment 
date, and (ii) hospital inpatient data prior to or at enrol-
ment, to identify prevalent cases.

 ● For the “HES + GP” population, we further incorporat-
ed (iii) GP data (diagnoses and medications) to identify 
prevalent cases. This study population is slightly smaller 
than the “HES only” population, since some prevalent 
cases may be present only in GP data, but not in the self-
reported UKB data or hospital inpatient data.

The definition of prevalent and incident cases are shown in 
Supplementary Table 3. We note that prevalent cases are 
excluded to define the study population, whereas incident 
cases are for obtaining estimates of the incidence of the 
disease.

Incident cases were ascertained longitudinally using 
record-level hospital inpatient data and death registry (here-
after referred to as “HES/Death”) for both populations. GP 
diagnosis data were used additionally for the “HES + GP” 
population (Supplementary Table 3).

Censoring approach

To compare incidences across the same follow-up period 
between the “HES only” and “HES + GP” populations, we 
applied the GP administrative censoring date (2016–2017, 
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hereafter referred to as “GP censoring date”) for both popu-
lations [10]. Therefore, the only difference between the two 
populations is that the “HES + GP” population have GP data 
as an additional data source, thereby enabling a direct com-
parison of the added value of including GP data for case 
ascertainment purposes.

However, the “GP censoring date” (2016–2017) was ear-
lier than the “HES censoring date” (2018–2022, depending 
on whether the data come from England, Wales, or Scot-
land), as illustrated in Supplementary Fig. 11. This means 
that our follow-up period for the primary analyses (e.g. 
median 7.0 years in “HES only” population for dementia) is 
shorter than what researchers would typically use if they are 
relying on hospital and death data (i.e. without GP data) for 
case ascertainment. Further details on different censoring 
approaches can be found in Supplementary Table 6.

The follow-up time for each participant was calculated as 
the number of years from the date of UKB enrolment until 
the earliest of the following dates:

 ● First occurrence of the health condition (diagnosis or 
death).

 ● Death from causes other than the outcome of interest.
 ● Loss to follow-up (e.g. emigration or withdrawal from 

the study).
 ● GP censoring date: 2016 in England (TPP supplier) and 

2017 in England (Vision supplier), Scotland and Wales 
(Supplementary Fig. 11).

 ● Final deduction date from GP data (i.e. the date a par-
ticipant was recorded as leaving a GP). Approximately 
3% of participants had conflicting records showing them 
joining two or more GP on the same day; we resolved 
this discrepancy by choosing the most recent record.

Table 1 Incident cases among the “HES only” and “HES + GP” study populations for each disease. The rows show the “number of incident cases / 
number of participants” and follow-up period. IQR: interquartile range. We note that the “HES only” and “HES + GP” population sizes are slightly 
different; this is because incident cases in the “HES only” population can become prevalent cases in the “HES + GP” population, where prevalent 
cases in the GP data were excluded from the “HES + GP” population, as shown in Fig. 1

Parkinson’s Disease Type 2 Diabetes Dementia
HES only cases / population (%) 377 / 221,167 (0.17%) 3431 / 209,988 (1.63%) 619 / 90,700 (0.68%)

Median (IQR) follow-up 
in years

7.1 (6.25, 7.93) 7.1 (6.22, 7.92) 7.0 (6.21, 7.84)

HES + GP cases / population (%) 740 / 221,041 (0.33%) 7829 / 209,684 (3.73%) 1390 / 90,668 (1.53%)
Median (IQR) follow-up 
in years

7.1 (6.25, 7.93) 7.0 (6.16, 7.89) 7.0 (6.19, 7.83)

Fig. 1 Conceptual diagram illustrating the difference between the “HES only” and “HES + GP” populations. Our study is based on the ~ 45% UKB 
participants whose GP data are available; i.e. we do not consider those without GP data
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Results

Baseline characteristics

After applying the exclusion criteria to the 502,368 UKB 
participants, approximately 221,000, 210,000 and 90,700 
participants were available for analysis for PD, T2D 
and dementia, respectively, for both “HES only” and 
“HES + GP” populations (detailed flow charts in Supple-
mentary Figs. 2–4).

Table 1 shows that for all three diseases, including GP 
data at least doubled the number of incident cases com-
pared with those diagnosed when only using HES/Death 
data (“HES only” population). For example, the number of 
incident cases for dementia increased from 619 in the “HES 
only” population to 1390 in the “HES + GP” population. 
Note that in the “HES + GP” population, cases diagnosed in 
the GP data prior to baseline were excluded, and therefore 
the number of cases diagnosed in the HES/Death data will 
be lower than that in the “HES only” population.

Figure 2 shows that of the 786 dementia cases (before 
GP censoring date) in the “HES + GP” population that were 
initially only recorded in the GP data, 421 appeared later in 
HES/Death data, after GP censoring date. Similar phenomena 

Quantifying differences

To quantify the difference between the “HES only” and 
“HES + GP” populations for each disease, we first plotted 
the cumulative incidence by family history - a risk factor 
shared across all three diseases. To quantify the difference 
in estimated effect of risk factors with outcome between the 
two populations, we constructed respective Cox models to 
obtain the hazard ratios (HR) for comparison. Missing data 
were replaced by multiple imputation (10 imputed datas-
ets) under the assumption of missing at random using the 
mice package. The missing percentage of all variables are 
reported in Supplementary Tables 4–5.

We presented the ratio of HR (RHR) to provide a direct 
comparison of the HR obtained from the two respective 
populations. Bootstrap inference with multiple imputation 
[11] was used to calculate the confidence intervals (CI) of 
the RHR [12] (Supplementary Fig. 16). Statistical tests were 
two-tailed at a 5% significance level.

Fig. 2 Venn diagram comparing incident cases of dementia from 
HES/Death and those from GP records in the “HES + GP” population 
(n = 90,668). Among the 786 cases in GP (but not in HES/Death) data 
prior to the GP censoring date, 421 appeared in HES/Death later; i.e. 
365 (= 786 − 421) cases were unique to the GP data even after allow-
ing for the extended follow-up in the HES/Death data. Please see 

Sect. 3.4 and Supplementary Table 6 for details on different censoring 
approaches. Using the HES/Death data beyond the GP censoring date, 
2218 (= 2639 − 421) further cases were recorded in the HES/Death 
data, but we do not know how many appeared in the subsequent GP 
records due to the lack of these records after 2016–2017. Dth: Death
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excluded from the “HES + GP” population, how many sub-
sequently appeared in the HES/Death data. Table 1 shows 
that 32 (= 90,700 − 90,668) individuals from the “HES only” 
population for dementia were excluded in the “HES + GP” 
population. Figure 2 shows that 604 dementia cases in the 
“HES + GP” population were captured in the HES/Death 
data before the GP censoring date, compared to the 619 
dementia cases in the “HES only” population (Table 1). 
We can therefore conclude that of the 32 individuals iden-
tified as prevalent dementia cases in the GP data, only 15 
(= 619 − 604) were subsequently captured in the HES/Death 
data; the remaining were incorrectly regarded as non-cases 
in the “HES only” population. Similar considerations apply 
to the Supplementary Figures for PD and T2D.

For incident cases present in both HES/Death and GP 
data during the full follow-up period (i.e. until the HES cen-
soring date), we plotted histograms (Supplementary Figs. 5, 
7, 9) showing the distributions of the time difference (i.e. 
lag) between diagnosis dates between the two data sources. 
These median (interquartile range, IQR) time differences in 
years were 2.31 (0.83, 4.60) for PD, 2.82 (1.07, 5.30) for 
T2D, and 2.25 (0.76, 4.20) for dementia.

We note that the above represents the latency (i.e. time 
between a diagnoses being recorded in GP compared with 
HES/Death data) among those who had records in both 
GP and HES/Death data. For participants with an incident 
GP diagnosis, only 65.6% of dementia cases, 69.0% of PD 
cases, and 58.5% of T2D cases had their initial GP diagnosis 
recorded in HES/Death within 7 years since GP diagnosis 
(Supplementary Figs. 6, 8, and 10).

We note that these numbers reflect recorded diagnoses 
made during the available follow-up period (that differs for 
each participant). For example, if a participant had a GP 

were observed for PD and T2D in Table 1 (detailed Venn 
diagrams in Supplementary Figs. 5, 7, and 9).

Combining the numbers in Table 1; Fig. 2, we can exam-
ine among the prevalent cases captured by the GP data but 

Table 2 Baseline characteristics of the “HES + GP” population for 
Parkinson’s disease (PD), type 2 diabetes (T2D), and dementia. Fam-
ily history represents family history of PD, T2D, and dementia

PD 
(N = 221,041)

T2D 
(N = 209,684)

Dementia 
(N = 90,668)

Age at enrolment
 Mean (SD) 56.99 (8.02) 56.83 (8.03) 64.55 (2.81)
 Min, Max 40.11, 69.99 40.11, 69.99 60.00, 69.99
Self-reported 
ethnicity
 White 209,643 

(94.8%)
199,722 
(95.2%)

88,134 
(97.2%)

 Black 2441 (1.1%) 2187 (1.0%) 403 (0.4%)
 S. Asian 3829 (1.7%) 3140 (1.5%) 950 (1.1%)
 Mixed 1113 (0.5%) 1056 (0.5%) 202 (0.2%)
 Other 2964 (1.3%) 2633 (1.3%) 609 (0.7%)
 Missing 1051 (0.5%) 946 (0.5%) 370 (0.4%)
Gender
 Female 121,043 

(54.8%)
116,750 
(55.7%)

47,977 
(52.9%)

 Male 99,998 
(45.2%)

92,934 
(44.3%)

42,691 
(47.1%)

Townsend Depri-
vation Index
 Mean (SD) -1.32 (3.04) -1.38 (3.01) -1.56 (2.92)
 Min, Max -6.26, 11.00 -6.26, 11.00 -6.26, 10.50
 Missing 323 (0.1%) 304 (0.1%) 91 (0.1%)
Family history
 No 212,191 

(96.0%)
167,165 
(79.7%)

76,929 
(84.8%)

 Yes 8850 (4.0%) 42,519 
(20.3%)

13,739 
(15.2%)

Fig. 3 Age specific cumulative incidence plots by family history, for all three diseases. Note that the ranges of the y-axis are different in the three 
subplots
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family history. This trend is maintained for dementia, but 
less prominent towards the older age of 75–80 years. These 
age-specific cumulative incidence plots are overall consis-
tent with the incident cases shown in Table 1.

Results obtained from Cox models

We built Cox proportional hazard models for each of the dis-
ease outcome defined in Methods. The resulting forest plots 
(Figs. 4, 5, 6 and 7) show the HR obtained from the “HES 
only” and “HES + GP” populations, respectively (details in 
Supplementary Tables 9–12). Similar results were obtained 
using complete-case analyses (Supplementary Figs. 12–15 
and Supplementary Tables 13–16). The HR are largely in 
the same direction, and of comparable magnitude, indicat-
ing the overall agreement between the two populations. 
The confidence intervals (CI) of the HR obtained from 
the “HES + GP” populations are narrower than those from 
the “HES only” population, due to the increased statistical 
power from the additional incident cases in GP data.

diagnosis of dementia in 2016 (i.e. close to GP censoring 
date), and was followed up for a further 5 years until 2021 
(i.e. close to the HES censoring date), this might not be long 
enough for the diagnosis to be captured in the HES record. 
In contrast, a participant with an earlier GP diagnosis (e.g. 
2010) would have had a longer time period in which their 
diagnosis could be captured in the HES data.

The baseline characteristics of the “HES only” and 
“HES + GP” populations are very similar. The overlapping 
variables of the three diseases for the “HES + GP” popula-
tion are shown in Table 2. Detailed baseline characteristics 
of both populations are in Supplementary Tables 4–5.

Cumulative incidence

To illustrate differences in cumulative incidence stratified 
by a risk factor, we plotted the age-specific cumulative inci-
dence of each disease stratified by family history - a com-
mon predictor for all three diseases. Figure 3 shows that for 
PD and T2D, the additional GP data approximately doubles 
the number of incident cases across all ages, regardless of 

Fig. 4 Forest plot showing 
hazard ratios (HR) obtained from 
the Cox proportional hazard 
models for Parkinson’s Disease 
(PD), using the “HES only” and 
“HES + GP” populations, respec-
tively. The corresponding ratio of 
HR (RHR) is shown with its 95% 
CI obtained from bootstrapping
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that this is partly due to the short follow-up period in our 
analyses, in which we censored both populations by the GP 
censoring date, which is approximately 5 years earlier than 
the HES censoring date. In an additional sensitivity analysis 
using a longer follow-up period (i.e. HES censoring date) 
(Supplementary Tables 7–8), the HR of “hearing loss” in 
“HES only” population returned to the expected direction 
(HR = 1.04, 95% CI 0.97, 1.12). These results show that on 
occasion having limited follow-up period in primary care 
data may alter conclusions about a risk factor association.

High BMI appears to be inversely associated with inci-
dent dementia risk in both “HES only” and “HES + GP” 

To provide a statistical comparison between the two HR, 
we calculated the corresponding RHR and used bootstrap 
to obtain its 95% CI. An RHR < 1 means the “HES only” 
population yields a smaller HR than the “HES only” popula-
tion, and vice versa. Among overlapping risk factors, only 
age had a statistically significant RHR for all three health 
outcomes by source of case ascertainment.

Our estimated effect of “hearing loss” on dementia in the 
“HES only” population (HR = 0.96, 95%CI 0.81, 1.14) is in 
the opposite direction to the existing literature, and therefore 
we performed additional analyses to examine this incon-
sistency. Our results (Supplementary Tables 7–8) showed 

Fig. 5 Forrest plot for Type 2 
Diabetes (Male only)
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Discussion

The UKB is increasingly used for the development of risk 
prediction models, and is one of the few studies incorpo-
rating polygenic risks [13]. We show that the age-specific 
cumulative incidence is more than halved for each of these 
three diseases when not incorporating GP data - compat-
ible of course, with the fact that more than half of the cases 
were identified only in the GP data. A similar consideration 

populations. This is most likely caused by reverse causation 
owing to the short follow-up period of this analysis (we cen-
sored both populations by the GP censoring date).

Fig. 6 Forrest plot for Type 2 
Diabetes (Female only)
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risk factors for these three conditions that are usually first 
diagnosed in general practice. While limited to three com-
mon conditions, these results are reassuring that results 
based on the full UKB cohort from epidemiological studies 
of diseases first diagnosed in the community yield compara-
ble estimates for the direction and magnitude of established 
risk factors for these diseases.

Our purpose was not to replicate the effect estimates of 
risk factors in the existing literature. Instead, we aimed to 
quantify the additional benefit of incorporating GP data 
into UKB for the ascertainment of PD, T2D and demen-
tia. We used the GP censoring date (2016–2017) for both 
the “HES only” and the “HES + GP” populations to enable 
direct comparisons of case ascertainment to be made. The 
extended follow-up data available in the HES/Death data 
were used to assess the time lag between diagnoses recorded 
in GP data compared with HES/Death data.

The short follow-up period of this study means that our 
results are prone to reverse causation, which is a key con-
sideration when investigating associations between risk 
factors and a disease outcome. This is most noticeable in 
the estimated association of BMI with dementia, for which 
being obese appears to be protective for dementia. An indi-
vidual may experience slow cognitive decline for more 
than a decade before receiving a definite clinical diagnosis 
of dementia, and preclinical disease can cause appreciable 
weight loss during this period [14, 15]. Therefore, being 
overweight or obese may be associated with seemingly 
lower risk of dementia due to the short follow-up period 
(median 7 years) in our study. This further demonstrates 
the importance of extending the existing follow-up period 
of the GP data in the UKB cohort, as the current follow-up 
period is likely insufficient to rule out the bias of reverse 
causation [16].

GP data were obtained in 2017 from the GP system sup-
pliers who agreed to provide data to the UKB study. These 
data are largely a representative subset of the cohort as a 
whole, and we do not anticipate that the different GP system 
suppliers will have substantial impact on our results.

Conclusions

Adding GP data in the UKB substantially increased case 
ascertainment for all three health conditions that are primar-
ily diagnoses and managed in primary care. Including GP 
data approximately doubled the incident cases, compared 
with using hospital and death records alone, for all three 
conditions across ages. Estimates of cumulative incidence 
of these diseases in risk prediction algorithms will be mis-
leading, if GP data are not included. Our results are largely 
reassuring that the main established risk factors for these 

applies to age at diagnosis which is systematically later in 
the HES data than those in the GP data, even for the cases 
that subsequently appear in hospital inpatient data or death 
registry.

In general, during the period of follow-up for which both 
primary care and HES/Death data were available, we did 
not observe large differences in the estimates of established 

Fig. 7 Forest plot for Dementia
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knowledge, no patients were explicitly engaged in the design or imple-
mentation of the UK Biobank study. No patients were asked to advise 
on interpretation or writing these results. Results from UK Biobank are 
routinely disseminated to study participants via the study website and 
social media outlets.
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three diseases are apparent, with and without the primary 
care outcomes being included.

Access to the primary care data enabled more precise 
estimate of the risk factor-outcome associations for these 
three diseases, compared with that obtained using only the 
HES/Death data. However, the relatively early GP censor-
ing date (compared with the HES/Death censoring date for 
the full cohort) yielded a short follow-up period, and hence 
limited the number of incident cases available for analysis. 
The availability of comprehensive cohort-wide primary care 
data to authorised researchers, is thus highly desirable to 
enhance the value of epidemiological research using UKB.
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