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Abstract

Background

Cohorts such as UK Biobank are increasingly used to study multimorbidity; however, there

are concerns that lack of representativeness may lead to biased results. This study aims to

compare associations between multimorbidity and adverse health outcomes in UK Biobank
and a nationally representative sample.

Methods and findings

These are observational analyses of cohorts identified from linked routine healthcare data
from UK Biobank participants (n =211,597 from England, Scotland, and Wales with linked
primary care data, age 40 to 70, mean age 56.5 years, 54.6% women, baseline assessment
2006 to 2010) and from the Secure Anonymised Information Linkage (SAIL) databank (n =
852,055 from Wales, age 40 to 70, mean age 54.2, 50.0% women, baseline January 2011).
Multimorbidity (n =40 long-term conditions [LTCs]) was identified from primary care Read
codes and quantified using a simple count and a weighted score. Individual LTCs and LTC
combinations were also assessed. Associations with all-cause mortality, unscheduled hos-
pitalisation, and major adverse cardiovascular events (MACEs) were assessed using Wei-
bull or negative binomial models adjusted for age, sex, and socioeconomic status, over 7.5
years follow-up for both datasets.

Multimorbidity was less common in UK Biobank than SAIL (26.9% and 33.0% with >2
LTCs in UK Biobank and SAIL, respectively). This difference was attenuated, but persisted,
after standardising by age, sex, and socioeconomic status. The association between
increasing multimorbidity count and mortality, hospitalisation, and MACE was similar
between both datasets at LTC counts of <3; however, above this level, UK Biobank under-
estimated the risk associated with multimorbidity (e.g., mortality hazard ratio for 2 LTCs
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1.62 (95% confidence interval 1.57 to 1.68) in SAIL and 1.51 (1.43 to 1.59) in UK Biobank,
hazard ratio for 5 LTCs was 3.46 (3.31 to 3.61) in SAIL and 2.88 (2.63 to 3.15) in UK Bio-
bank). Absolute risk of mortality, hospitalisation, and MACE, at all levels of multimorbidity,
was lower in UK Biobank than SAIL (adjusting for age, sex, and socioeconomic status).
Both cohorts produced similar hazard ratios for some LTCs (e.g., hypertension and coronary
heart disease), but UK Biobank underestimated the risk for others (e.g., alcohol-related dis-
orders or mental health conditions). Hazard ratios for some LTC combinations were similar
between the cohorts (e.g., cardiovascular conditions); however, UK Biobank underesti-
mated the risk for combinations including other conditions (e.g., mental health conditions).
The main limitations are that SAIL databank represents only part of the UK (Wales only) and
that in both cohorts we lacked data on severity of the LTCs included.

Conclusions

In this study, we observed that UK Biobank accurately estimates relative risk of mortality,
unscheduled hospitalisation, and MACE associated with LTC counts <3. However, for
counts >4, and for some LTC combinations, estimates of magnitude of association from UK
Biobank are likely to be conservative. Researchers should be mindful of these limitations of
UK Biobank when conducting and interpreting analyses of multimorbidity. Nonetheless, the
richness of data available in UK Biobank does offers opportunities to better understand mul-
timorbidity, particularly where complementary data sources less susceptible to selection
bias can be used to inform and qualify analyses of UK Biobank.

Author summary

Why was this study done?

o Multimorbidity, the presence of multiple long-term conditions (LTCs), is associated
with a range of adverse health outcomes.

o The UK Biobank cohort study has gathered and linked genetic, physical, and clinical
information on a population scale providing unique opportunities to study the impact
of multimorbidity.

« However, participants in UK Biobank appear on average to be healthier than the general
population (“healthy volunteer bias”) and it is not clear if this selection bias affects esti-
mates of the impact of multimorbidity using UK Biobank.

What did the researchers do and find?

o We compared the prevalence of multimorbidity, and the impact of multimorbidity on
adverse health outcomes, in UK Biobank and in a representative sample of people from
Wales, UK (SAIL databank).

« While multimorbidity was less common in UK Biobank, the relationship between num-
ber of LTCs and mortality, hospital admissions, and major adverse cardiovascular
events (MACEs) was similar between UK Biobank and SAIL at lower levels of
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multimorbidity (e.g., 2 or 3 LTCs) and for many common LTCs (e.g., hypertension, cor-
onary artery disease, and chronic obstructive pulmonary disease).

« However, for people with higher LTC counts (e.g., 4 or more), or with specific LTCs
such as mental health conditions, UK Biobank underestimates the risk of mortality, hos-
pitalisation, and MACE:s.

What do these findings mean?

o The wide range of measures gathered by UK Biobank make it a valuable resource for
studying multimorbidity, and our study suggests that analyses of modest levels of multi-
morbidity (such as people with 2 or 3 LTCs) are likely to yield reliable estimates.

« However, for people with a higher number of LTCs or with LTCs such as mental health
conditions, alcohol-related disorders, or addiction, estimates based on UK Biobank data
are likely to be conservative compared to a representative sample.

o Ideally, future LTC and multimorbidity research should combine insights from both
representative routine data and information rich research cohorts such as UK Biobank.

o These analyses are limited by a lack of data on the severity of LTCs.

Introduction

Multimorbidity, the coexistence of multiple long-term conditions (LTCs) within an individual,
is a global clinical and public health priority [1]. Multimorbidity is common [2], increasing in
prevalence [3], and associated with adverse health outcomes [4,5]. However, important ques-
tions remain about how best to identify, quantify, prevent, and manage multimorbidity within
modern healthcare. There is also growing interest in the implications of specific combinations,
or clusters, of LTCs, and the identification of specific targets for intervention [6,7]. An impor-
tant resource for addressing such questions are large cohort studies with linkage to routine
healthcare data. One such resource is the UK Biobank.

UK Biobank is a large cohort study of approximately 500,000 people recruited from across
England, Scotland, and Wales. Strengths of UK Biobank include its size, detailed baseline
assessment and measurements including biological samples, follow-up assessments for certain
issues, and the availability of long-term linkage to outcome data. This has allowed investigators
to explore various aspects of multimorbidity including demographic patterns [4], prevalence
of disease clusters [8], association with related states such as frailty or sarcopenia [9,10], the
impact of lifestyle factors in the context of multimorbidity [11], and associations between mul-
timorbidity and adverse health outcomes [4,12-15]. Many such analyses would not have been
possible using routine data alone, and the sample size of UK Biobank provides considerable
statistical power. However, one major limitation of UK Biobank is that its response rate to
recruitment invitation, approximately 5%, is substantially lower than many cohort studies
[16,17]. UK Biobank participants are recognised to be less socioeconomically deprived, have
fewer lifestyle risk factors, and have a lower prevalence of LTCs than the UK population in
general [18]. This presents challenges for studying multimorbidity, in particular in relation to
the risk of selection bias [19,20].
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It has been claimed that while UK Biobank cannot be described as representative, associa-
tions between risk factors and outcomes are nonetheless reliable [21]. Others, however, have
questioned this assertion [22]. In particular, it is argued that notwithstanding the large sample
size and presence of participants with multiple LTCs, selection pressures within the sample
may lead to collider bias, resulting in biased associations between risk factors and outcomes. A
collider is a variable that is causally influenced by 2 other variables [19]. For example, if people
with multiple LTCs and people who are more likely to be hospitalised or die are less likely to
be recruited into UK Biobank (i.e., a “healthy cohort” effect), this could bias the association
between LTCs and those outcomes observed in UK Biobank.

A recent study compared associations between a range of risk factors and mortality in UK
Biobank and in national surveys with considerably higher response rates and reported that the
relative associations between risk factors and outcomes were very broadly similar between the
2 sources [21]. It is not clear, however, if the same is true of multimorbidity, as the previous
study did not assess LTCs nor did it explore combinations of risk factors. Furthermore, when
studying multimorbidity, absolute risks of outcomes are important as well as relative associa-
tions. This previous comparison is also limited by the fact that although the health surveys
used for comparison had higher response rates than UK Biobank, they still relied on voluntary
recruitment and are therefore also susceptible to selection bias. This study seeks to compare
the relationship between multimorbidity and adverse health outcomes in UK Biobank with a
representative, unselected population identified from routine health records. This is important
as it addresses the question of whether UK Biobank analyses can produce reliable estimates of
the associations between multimorbidity and adverse health outcomes. Understanding and
quantifying the reliability of UK Biobank in this context is needed if the strengths mentioned
above are to be harnessed to meet the rising challenge of multimorbidity.

Our study aims (i) to compare the prevalence of multimorbidity in UK Biobank with an
unselected population identified from the Secure Anonymised Information Linkage (SAIL)
databank; and (ii) to compare the associations between multimorbidity and all-cause mortal-
ity, unscheduled hospitalisation, and major adverse cardiovascular events (MACEs) between
the datasets, in both relative and absolute terms.

Methods

This is an observational analysis of multimorbidity in cohorts identified from UK Biobank
and the SAIL databank. Unless otherwise stated in this section, all analyses were conducted
according to a prespecified analysis plan (S1 Protocol). This study is reported as per the
Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) guide-
line (S1 Checklist).

Data sources

UK Biobank. UK Biobank participants were recruited between 2006 and 2010 by postal
invitation (5% response rate). Eligible participants had to be registered with a General Practi-
tioner, aged between 40 and 70, and live within 20 miles of one of 22 assessment centres in
England, Scotland, and Wales. Participants answered a touchscreen questionnaire, a nurse
interview, and had physical measurements taken. Participants also consented to data linkage
to healthcare records including primary care, hospital episode statistics, and mortality
registers.

At present, data on linked primary care data are only available for a subset of participants.
The availability of primary care data depended on the electronic medical record system used
by the practice (data only currently available from certain systems) rather than any
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participant-level factors. This subset is representative of the UK Biobank cohort in terms of
age, sex, socioeconomic status, lifestyle factors, and self-reported LTCs (S1 Table). To allow a
consistent approach to identifying multimorbidity between UK Biobank and SAIL, we
restricted our analysis to this subset of participants with primary care data. We further
excluded participants from practices using the “Vision” primary care system, as data were not
available from these practices for participants who had died since baseline assessment.

This analysis was performed as part of UK Biobank project 14151.

SAIL. Data on our unselected community comparison were taken from the SAIL data-
bank [23]. SAIL collected linked primary care, hospital, and mortality data from participating
general practices within Wales. Participating practices cover approximately 70% of the popula-
tion of Wales and are representative of the wider population in terms of age, sex, and socioeco-
nomic deprivation [24,25]. Comparison between the SAIL population and the overall
population of Wales are reported elsewhere [25].

From this population, we identified all participants registered with a participating practice
on 1 January 2011, and who were aged between 40 and 70 years (to mirror the age criteria of
UK Biobank). This time was chosen as electronically coded data is most complete from this
point and is similar to the timing of recruitment to UK Biobank.

Assessment of multimorbidity

We quantified multimorbidity using a count of 40 LTCs originally developed for a large epide-
miological study in Scotland, identified using Read codes [26]. Read codes are used in primary
care to record diagnoses as well as coding events such as prescriptions. The coding system is
common to Wales and the rest of the UK. LTCs were identified from Read codes occurring
prior to the baseline assessment, using the criteria described by Barnett and colleagues [26].
For most conditions, any diagnostic Read code occurring prior to baseline assessment was
taken to indicate the presence of the LTC (as per the previous study on which the definitions
were based) [26]. For some prespecified conditions, the presence of a recent diagnostic code
(e.g., depression, anxiety) or of specific prescriptions dispensed in the year prior to baseline
(e.g., asthma, constipation, pain, dyspepsia, migraine, epilepsy) were used to confirm if the
condition were current (also according to definitions described by Barnett and colleagues)
[26]. A list of all Read codes used for diagnoses and prescriptions is included in the Supporting
information (S1 and S2 Files).

At the time of baseline assessment, many LTCs in the UK were managed and coded accord-
ing to the Quality Outcomes Framework. These standards were applied in Wales similarly to
the rest of the UK. Median time from practice registration to baseline assessment (from which
diagnostic Read codes were assessed) was 14.6 years (interquartile range 7.4 to 23.3) in UK
Biobank and 14.8 years (interquartile range 10.2 to 18.8) in SAIL.

For both UK Biobank and SAIL, we calculated the count of LTCs for each individual at
baseline, which was treated as a numerical variable.

In order to enhance our understanding of the influence of type as well as number of LTCs,
we also calculated the Cambridge multimorbidity score [5]. The Cambridge multimorbidity
score has been developed based on this same list of 40 LTCs but is a weighted score used to pre-
dict mortality, hospitalisation, and primary care use. Weights are applied to each LTC and then
summed to give an overall score. Separate weights are available for each outcome, as well as a
generic “overall” weight. For this study, we used weights specific to each outcome where avail-
able (i.e., for mortality and hospitalisation). Using the Cambridge multimorbidity score allows
us to assess the impact of type of LTC, in addition to a simple count, when looking at associa-
tions with hospitalisation and mortality using baseline data for each participant in each dataset.
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We also analysed each of the 40 LTCs separately, assessing the relationship between each
LTC and all-cause mortality. Finally, we identified combinations of 3 LTCs from previous stud-
ies of common co-occurring LTCs (clusters) [7,12]. We assessed the relationship between all
possible combinations of the conditions within each cluster and all-cause mortality, unsched-
uled hospitalisation, and MACE. For example, for the cluster of coronary heart disease, diabetes,
and stroke, we assessed the risk of adverse outcomes in each condition individually, in all pair-
wise combinations, and in people with all 3 conditions. The clusters of conditions assessed were
as follows: coronary heart disease, diabetes, and stroke or transient ischaemic attack; hyperten-
sion, diabetes, and pain; pain, deafness, and irritable bowel syndrome; depression, pain, and
anxiety; asthma, pain, and chronic obstructive pulmonary disease; alcohol-related disorders,
illicit drug use, and pain; coronary heart disease, pain, and depression.

Covariates

Age was taken as age at baseline for both datasets (this corresponded to date of recruitment for
UK Biobank, and 1 January 2011 for SAIL participants) and was treated as a numerical vari-
able. Sex was coded as male or female and treated as categorical. Socioeconomic deprivation
was assessed using Townsend scores: an area-based measure of socioeconomic deprivation
[27]. Baseline UK Biobank data are linked to Townsend scores based on participant postcodes
linked to previous (2001) census data. To allow comparison to a similar measure of socioeco-
nomic deprivation in SAIL, we obtained Townsend scores based on the same census data
(2001) for Local Super Output Areas in Wales, and linked these to baseline SAIL data. Town-
send scores were analysed as a numerical variable.

Outcomes

Outcomes of interest were all-cause mortality, unscheduled (urgent or emergency) hospital
admission, and MACEs. For both datasets, outcomes were assessed by linkage to Office for
National Statistics mortality registers and to hospital inpatient data (Hospital Episode Statistics
or Patient Episode Database for Wales), respectively. Unscheduled hospital admission was
defined as any inpatient hospital episode coded as “urgent” or “emergency” (excluding admis-
sions coded as “elective”). MACE was defined as hospital admission with myocardial infarc-
tion (ICD-10 code 121), stroke (163 or 164), or cardiovascular death (ICD-10 code for
underlying cause of death beginning with “I”). In SAIL, linked outcome data were available for
7.5 years follow-up (censored at 1 July 2018). Participants were censored at date of death,
deregistration from a participating practice, or 7.5 years follow-up, whichever occurred first.
For UK Biobank, to ensure comparable follow-up periods for outcome assessment, we cen-
sored participants similarly at death, deregistration, or 7.5 years.

Statistical analysis

SAIL data are stored and analysed within a secure repository allowing remote access. Export is
limited to aggregate data. Therefore, comparison between data sources was achieved by fitting
models within SAIL and then exporting model parameters from which the relationships
between covariates could be summarised and presented. This process is described in detail for
each comparison below. This approach was chosen because outputs from regression models
are considered to be a lower risk to privacy than are frequency tables while still allowing flexi-
bility in subsequent reporting and comparisons.

Comparison of multimorbidity distribution. We first plotted the distribution of LTC
counts in each dataset and compared these graphically to assess the observed distribution of
multimorbidity in each dataset.
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We then compared the distribution of LTC count in UK Biobank with SAIL after standard-
ising SAIL to the age/sex distribution, and then the age/sex/socioeconomic status distribution,
of UK Biobank using a form of standardisation analogous to indirect standardisation. To do
this, we first modelled the distribution of LTC count in SAIL on age and sex, and on age, sex,
and Townsend score. We assessed Poisson and negative binomial models initially. We used up
to 2 fractional polynomial terms (from the set -2, -1, -0.5, 0, 0.5, 1, 2, and 3 recommended by
Royston and colleagues) to model nonlinear relationships between age and Townsend score
and LTC counts [28]. The best-fitting fractional polynomials were identified using backward
selection in the mfp package in R. We also explored interaction terms between each of the
explanatory variables. Candidate models were assessed using the Akaike information criterion
(AIC), by comparing the likelihood ratio and assessing the dispersion statistic for each model.
We also compared the best-fitting models to zero-inflated models using Vuong tests. Finally,
we plotted expected and observed LTC counts within strata of age, sex, and Townend score.
The negative binomial model was found to fit the data well. We exported the model coeffi-
cients, variance—covariance matrix, and dispersion parameter from the secure platform, along
with diagnostic plots summarising model fit (S1 Fig). This allowed us to model the expected
distribution of LTC counts in SAIL conditional on age/sex and on age/sex/Townsend scores.
Participants with missing data for Townsend scores were excluded from these models.

Next, we calculated the expected LTC count in UK Biobank based on the models fitted in
the SAIL data. To do this, we aggregated the UK Biobank dataset by age (1-year bands), sex,
and Townsend score (0.1-point intervals). We summed the total number of participants, as
well as the number of participants with each LTC count, in each stratum. We used the coeffi-
cients of the negative binomial models exported from SAIL to calculate the expected mean
LTC count for each stratum. Next, we used the cumulative density function for the negative
binomial distribution to calculate the expected proportion of participants with each LTC
count within each stratum. Finally, each expected proportion was multiplied by the number of
UK Biobank participants in each stratum to obtain the expected number of participants with
each LTC count. We then summed these expected values across strata to calculate the expected
number of UK Biobank participants with each LTC count.

To calculate 95% confidence intervals for these estimates, we obtained 10,000 samples of
the intercept, age, sex, and Townsend score coefficients by sampling from a multivariate nor-
mal distribution where the parameters were the point estimates and variance-covariance
matrix for the SAIL regression models. We then repeated the above process with each of the
10,000 samples to obtain 10,000 estimates of the expected count, which we then summarised
by the mean, 2.5th and 97.5th centiles to obtain 95% confidence intervals.

Modelling all-cause mortality and MACE. For all-cause mortality and MACE, we used
parametric survival models to assess the relationship between LTC counts and each outcome.
This allowed us to export model summary statistics from the SAIL secure platform, which
could facilitate estimation of predicted event rates for any combination of covariate levels.
Before fitting models, we plotted log(time) against log(—log(Kaplan—Meier estimates)) for
strata of each covariate. We found that for age (5-year bands), sex, and Townsend scores
(1-point intervals), lines were linear and parallel, suggesting that Weibull models were an ade-
quate fit for the data. Up to 2 fractional polynomial terms (selected using similar methods to
the previous section) and interaction terms were explored. Best-fitting models were selected by
comparing AIC and likelihood ratios. We finally compared Weibull models to more flexible
Generalised Gamma models. Weibull models including fractional polynomials for age and
Townsend scores, as well as interaction terms between LTC count and age, and LTC count
and sex, were found to fit the data best. We summarised the overall fit by plotting predicted
and observed 5-year event rates (52 and S3 Figs). Separate models were fitted for UK Biobank
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and SAIL. For MACE, we assessed time to first event and used cause-specific models (censor-
ing participants dying of noncardiovascular causes and coding as event-status “0”). These
models were then used to obtain predicted 5-year mortality at different values of age, sex,
Townsend score, and LTC count. This allowed comparison of the absolute risk of mortality for
different LTC counts between UK Biobank and SAIL. We then fit a further model treating
LTC count as categorical (0, 1, 2, 3, 4, 5, and more than 5) and obtained hazard ratios to assess
any difference in relative risk of mortality.

We repeated this process using the mortality weightings for the Cambridge multimorbidity
score, in place of the LTC count.

Modelling unscheduled hospitalisations. For unscheduled hospitalisation, we fit count-
based models using a similar strategy to that described above for modelling number of LTCs.
Briefly, we compared Poisson and negative binomial models (with and without fractional poly-
nomials and interaction terms) using likelihood ratios and dispersion statistics. We also
assessed for zero inflation using Vuong tests. Overall fit of the final model was assessed by plot-
ting observed and expected numbers of hospitalisations for each cohort as a whole, and within
strata of age, sex, and socioeconomic status. Negative binomial models were found to best fit
the data and included nonlinear terms for LTC count and age, as well as interactions between
age and sex; age and LTC count; and sex and LTC count. Model fit is summarised in S4 and S5
Figs. Models for UK Biobank and SAIL, respectively, were used to assess hospitalisation rates
per 1,000 person years at given levels of LTC count (plus age, sex, and socioeconomic status).
We then repeated this process using the hospitalisation weights from the Cambridge multi-
morbidity score.

Modelling specific LTCs. We used Weibull models to assess the relationship between
each individual LTC and mortality, adjusting for age, sex, and socioeconomic status.

Finally, we assessed the relationship between prevalent combinations of 3 LTCs and each
outcome (all-cause mortality, unscheduled hospitalisation, and MACE) using Weibull or nega-
tive binomial models adjusted for age, sex, and socioeconomic status.

Sensitivity analyses. In sensitivity analysis, we repeated analyses of the association
between LTC count and mortality, hospitalisations, and MACE restricting the UK Biobank
cohort to those participants who attended one of 2 assessment centres based in Wales. This
was to assess if differences between UK Biobank and the community cohort were driven by
differences between Wales and the rest of the UK. Separately, we also repeated the SAIL analy-
ses restricting SAIL to participants registered in Cardiff and Swansea (the locations of the UK
Biobank assessment centres in Wales). These analyses were not prespecified, being conducted
following initial peer review.

Ethical approval

The UK Biobank has full ethical approval from the NHS National Research Ethics Service (16/
NW/0274). All participants gave informed consent for participation in UK Biobank. Permis-
sion to access and analyse UK Biobank data was approved under UK Biobank project 14151.
SAIL analyses were approved by SAIL Information Governance Review Panel (Project 0830).

Results

Primary care data were available for 211,597 UK Biobank participants and were compared to
852,349 SAIL participants. Baseline characteristics are shown in Table 1. UK Biobank had a
greater proportion of female participants. UK Biobank participants also tended to be more
affluent (42.0% in the most affluent quintile of the UK as a whole), whereas SAIL participants
were on average less affluent than the UK population as a whole (e.g., 10.6% in the most
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Table 1. Baseline demographic characteristics.

Total

Age

Mean (SD)

Sex

Men

Women

Socioeconomic status®
Quintile 1 (most affluent)
Quintile 2

Quintile 3

Quintile 4

Quintile 5 (most deprived)
Missing

LTC count

‘\/U’!%WNP—‘O

6

SAIL
852,349

54.2 (8.6)

426,372 (50.0%)
425,977 (50.0%)

89,944 (10.6%)
96,622 (11.3%)
168,868 (19.8%)
308,080 (36.1%)
188,835 (22.2%)

281,580 (33.0%)
196,584 (23.1%)
151,043 (17.7%)
97,946 (11.5%)
58,672 (6.8%)
33,130 (3.9%)
33,394 (3.9%)

UK Biobank
211,597

56.5 (8.1)

96,060 (45.4%)
115,537 (54.6%)

88,883 (42.0%)
29,454 (13.9%)
27,937 (13.2%)
33,324 (15.7%)
31,675 (15.0%)
324

102,547 (48.5%)
51,955 (24.6%)
29,149 (13.8%)
14,924 (7.1%)
7,156 (3.4%)
3,353 (1.6%)
2,403 (1.1%)

*Quintiles of socioeconomic status (Townsend scores) are based on quintiles for the general UK population.

LTC, long-term condition; SAIL, Secure Anonymised Information Linkage; SD, standard deviation.

https://doi.org/10.1371/journal.pmed.1003931.t001

affluent quintile). UK Biobank participants with primary care data were similar to the wider

UK Biobank cohort in terms of age, sex, socioeconomic status, and self-reported LTCs (S1

Table). Median follow-up time was 7.5 years in both datasets.

Distribution of multimorbidity

The distribution of LTC counts for SAIL and UK Biobank are shown in Fig 1. Median LTC
count was similar in SAIL (median 1 LTC, interquartile range 0 to 3) and UK Biobank (median

1 LTC, interquartile range 0 to 2); however, the distribution in SAIL was more skewed to the
right. A far greater proportion of UK Biobank participants had no LTCs compared to SAIL.
Few UK Biobank participants (2,403/211,597, 1.1%) had LTC counts greater than 5, whereas
3.8% (33,100/852,349) of SAIL participants had more than 5 LTCs.

Standardising SAIL to the age and sex distribution of UK Biobank had little impact on the

difference in LTC counts (blue triangles on Fig 2)—as would be expected since the SAIL com-
parison was selected to have the same age range as UK Biobank. After additionally standardis-
ing by socioeconomic deprivation (red circles), however, the expected LTC counts in SAIL
were closer to the observed counts in UK Biobank. These findings demonstrate that differences
in socioeconomic deprivation account for a substantial proportion of the difference between
UK Biobank and SAIL. Notably, however, there were still a greater proportion of UK Biobank
participants with no LTCs.

Association between multimorbidity and all-cause mortality

The association between LTC count and all-cause mortality in UK Biobank and SAIL, adjusted
for age, sex, and socioeconomic deprivation, is summarised in Figs 3 and 4. The predicted
absolute risk is shown in Fig 3 and demonstrates that, at all levels of LTC count, the adjusted
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Fig 1. Distribution of counts in UK Biobank and SAIL. Bar plot showing the percentage of participants at baseline with each LTC count for UK Biobank and SAIL,
respectively. LTC, long-term condition; SAIL, Secure Anonymised Information Linkage.

https://doi.org/10.1371/journal.pmed.1003931.9001

mortality rate is lower in UK Biobank than in SAIL (e.g., for a 60-year-old man with 2 LTCs,
predicted 5-year mortality was 2.7% (95% CI 2.6 to 2.8) in UK Biobank and 4.6% (95% CI 4.4
to 4.8) in SAIL). This pattern is consistent across all levels of socioeconomic deprivation (56
Fig). When using the mortality weightings from the Cambridge multimorbidity score, and
thus considering the type as well as number of LTCs, the difference in absolute mortality risk
between SAIL and UK Biobank persisted (e.g., for a 60-year-old man with a Cambridge mor-
tality score of 12 [mean value in UK Biobank, approximately equivalent to a diagnosis of alco-
hol-related disorders: score 12.72, or the combination of diabetes, coronary heart disease, and
hypertension: combined score 12.36], predicted 5-year mortality was 2.2% (95% CI 2.1 to 2.3)
in UK Biobank and 4.0% (95% CI 4.0 to 4.1) in SAIL; see S7 Fig).

Fig 4 shows adjusted hazard ratios for mortality associated with the different LTC counts
for UK Biobank and SAIL. As LTC counts increase, the difference in the relative association
between UK Biobank and SAIL increases, with SAIL showing higher hazard ratios at greater
LTC counts.

Association between multimorbidity and unscheduled hospitalisation

The absolute and relative associations between LTC counts and unscheduled hospital admis-
sion are shown in Figs 5 and 6, respectively. Up to an LTC count of 3, the LTC count-specific
rate of hospital admissions was similar between UK Biobank and SAIL. Above this level, the
rate was higher in SAIL than in UK Biobank. At all levels of LTC count, the incident rate ratio
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Fig 2. Observed and expected LTC counts in UK Biobank. The grey bars show the observed LTC counts in UK Biobank. The blue line shows the expected LTC
counts in UK Biobank based on the age and sex adjusted regression models fitted in SAIL. The red line shows the expected LTC counts in UK Biobank based on age,
sex, and socioeconomic status adjusted regression models fitted in SAIL. Observed and expected counts, with 95% confidence intervals, are also shown in S2 Table.
LTC, long-term condition; SAIL, Secure Anonymised Information Linkage; SES, socioeconomic status.

https://doi.org/10.1371/journal.pmed.1003931.9002

for SAIL was higher than for UK Biobank. Also, as LTC count increases, the difference in rela-
tive association between UKB and SAIL increases. As with mortality, the pattern was similar
when using the weighted Cambridge multimorbidity score, with similar hospitalisation rates
at low levels but higher rates in SAIL at higher levels.

Association between multimorbidity and MACE

Findings for MACE are shown in Fig 7 (for absolute risk) and Fig 8 (for relative associations).
As for mortality and hospitalisation, absolute risk was lower in UK Biobank; however, the rela-
tive association was similar at lower LTC counts (below 5).

Relationship between individual LTCs and all-cause mortality

The prevalence and hazard ratios for all-cause mortality for each individual LTC are shown in
Fig 9. Results are adjusted for age, sex, and socioeconomic deprivation. Most LTCs were more
prevalent in SAIL than in UK Biobank; however, the magnitude of difference was highly vari-
able. For example, chronic kidney disease was more than 6 times more prevalent in SAIL than
in UK Biobank, and dementia and illicit drug use were more than 5 times more prevalent. Sev-
eral common conditions, such as coronary heart disease, hypertension, chronic obstructive
pulmonary disease, and asthma, were all more than twice as prevalent in SAIL than in UK
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Fig 3. Relationship between LTC count and absolute mortality risk for UK Biobank and SAIL. Lines indicate the modelled 5-year mortality rate. Shaded area
indicates 95% confidence interval. Predicted values are modelled at mean age for UK Biobank (56.5 years) and UK national mean Townsend score for socioeconomic
status. LTC, long-term condition; SAIL, Secure Anonymised Information Linkage.
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Bl SAIL B UK Biobank

LTC count SAIL UK Biobank
N (n events) HR (95% ClI) N (n events) HR (95% ClI)
0 281554 (5835) (ref) 102657 (3898) (ref) i
1 196570 (5932) 1.23 (1.18-1.27) 51955 (2850) 1.23 (1.17-1.29) =
2 151037 (6477) 1.62 (1.57-1.68) 29149 (2167) 1.51 (1.43-1.59) o
3 97942 (5901) 2.09 (2.01-2.16) 14924 (1503) 1.9 (1.79-2.01) i
4 58668 (4961) 2.77 (2.66-2.87) 7156 (917) 2.25 (2.1-2.42) _—
5 33130 (3687) 3.46 (3.31-3.61) 3353 (567) 2.88 (2.63-3.15) .
>5 33390 (5684) 5.14 (4.95-5.34) 2403 (540) 3.31 (3-3.64) .
10 20 a0

Fig 4. Relationship between LTC count and hazard ratio for mortality in UK Biobank and SAIL. Points indicate hazard ratios adjusted for age, sex, and
socioeconomic status. Whiskers indicate 95% Cls. N = total number of participants per LTC count, n events = number of events. CI, confidence interval; HR,
hazard ratio; LTC, long-term condition; SAIL, Secure Anonymised Information Linkage.

https://doi.org/10.1371/journal.pmed.1003931.9004
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Fig 6. Relationship between LTC count and IRR for unscheduled hospitalisation in UK Biobank and SAIL. Points indicate IRRs adjusted for age, sex, and
socioeconomic status. Whiskers indicate 95% Cls. N = total number of participants per LTC count, n events = number of events. CI, confidence interval; IRR,
incidence rate ratio; LTC, long-term condition; SAIL, Secure Anonymised Information Linkage.
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Fig 7. Relationship between LTC count and absolute risk of MACE for UK Biobank and SAIL. Lines indicate the modelled 5-year risk of MACE. Shaded area
indicates 95% confidence interval. Predicted values are modelled at mean age for UK Biobank (56.5 years) and UK national mean Townsend score for socioeconomic
status. LTC, long-term condition; MACE, major adverse cardiovascular event; SAIL, Secure Anonymised Information Linkage.
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Fig 8. Relationship between LTC count and incident rate ratio for unscheduled hospitalisation in UK Biobank and SAIL. Points indicate HRs adjusted for age,
sex, and socioeconomic status. Whiskers indicate 95% Cls. N = total number of participants per LTC count, n events = number of events. CI, confidence interval;
HR, hazard ratio; LTC, long-term condition; SAIL, Secure Anonymised Information Linkage.
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Condition

Dementia

Alcohol related disorders
Parkinsons disease

Heart failure

Learning disability

Multiple sclerosis

COPD

Substance misuse
Chronic liver disease
Schizophrenia or bipolar disorder
Epilepsy

Stroke or TIA

Anorexia or bulimia

Atrial fibrillation

Cancer

Bronchiectasis

Diabetes

Peripheral vascular disease
Blindness and low vision
Viral hepatitis

Treated constipation
Chronic kidney disease
Coronary Heart disease
Pain

Depression

Asthma

Treated dyspepsia
Inflammatory arthropathies
Psoriasis or eczema
Anxiety

Hypertension
Inflammatory bowel disease
Glaucoma

Thyroid disease

Prostate disorders
Diverticular disease
Deafness

Irritable bowel syndrome
Chronic sinusitis

Migraine

SAIL prevalence

946 (0.11%
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Fig 9. Relationship between each LTC and all-cause mortality in UK Biobank and SAIL. Points indicate HRs adjusted for age, sex, and socioeconomic
status. Whiskers indicate 95% Cls. Conditions are ordered by the mean HR (of UK Biobank and SAIL) for each condition. CI, confidence interval; COPD,
chronic obstructive pulmonary disease; HR, hazard ratio; LTC, long-term condition; SAIL, Secure Anonymised Information Linkage; TIA, transient

ischaemic attack.

https://doi.org/10.1371/journal.pmed.1003931.9009

Biobank. However, a few conditions (e.g., multiple sclerosis, anorexia or bulimia, and Parkin-

son’s disease) were slightly more common in UK Biobank than in SAIL.

For many common conditions, the hazard ratios for all-cause mortality were similar
between UK Biobank and SAIL (e.g., chronic kidney disease, coronary heart disease). Other
conditions had notably higher hazard ratios in SAIL than in UK Biobank (e.g., alcohol-related
disorders, illicit drug use, and chronic liver disease).

Association between combinations of LTCs and clinical outcomes

The relationship between specific combinations of LTCs and each outcome (mortality, hospi-
talisation, and MACE) are shown in the Supporting information (S11-S34 Figs). Associations
between LTC combinations and outcomes were similar between the 2 datasets for some LTC
types (most notably multiple cardiovascular conditions, or cardiovascular and respiratory
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conditions). Risk of outcomes was underestimated in UK Biobank for other combinations,
particularly those including depression, anxiety, or pain (S11-S34 Figs).

Sensitivity analyses

In a sensitivity analysis of the relationship between LTC count and each outcome (all-cause
mortality, hospitalisations, and MACE), we restricted UK Biobank participants to those
attending assessment centres in Wales. The adjusted event rates were slightly lower in the
Welsh UK Biobank subset than in the whole UK Biobank cohort (S35-S37 Figs). Separately,
we restricted the SAIL analyses to Cardiff and Swansea (the location of UK Biobank assess-
ment centres), finding similar rates to the main analysis for mortality and MACE. For hospita-
lisation, the difference between SAIL participants from Cardiff and Swansea and UK Biobank
participants from Wales was less than the difference between each of the full cohorts (S36 Fig),
although rates in SAIL remained higher than UK Biobank. This suggests that differences
between SAIL and UK Biobank are unlikely to be driven by differences between Wales and the
rest of the UK.

Discussion

Multimorbidity in UK Biobank, as identified through linked primary care Read code data, is
both less common and associated with a lower absolute risk of all-cause mortality than in a
similarly aged representative sample from Wales (SAIL databank), whether one assesses multi-
morbidity via a simple count or uses a weighted scale that takes type of LTC into account. Dif-
ferences in socioeconomic deprivation account for some, but not all, of the observed
difference in the distribution of multimorbidity. The difference in absolute mortality risk per-
sisted after adjustment for socioeconomic deprivation. Despite this, the relative association
between multimorbidity and mortality and hospitalisation seen in UK Biobank were compara-
ble to SAIL at lower LTC counts (below 4). Moreover, although generally less prevalent in UK
Biobank, many common LTCs such as hypertension, chronic kidney disease, chronic obstruc-
tive pulmonary disease, and coronary heart disease had a similar relative risk of mortality
between the 2 datasets. These findings suggest that, given its large sample size and extensive
baseline assessment, UK Biobank is a valuable resource for exploring risks associated with
chronic illness or multimorbidity with lower LTC counts. However, UK Biobank is likely to
underestimate the impact of multimorbidity in people with greater numbers of LTCs or with
specific LTCs such as mental health conditions. This difference was most obvious among par-
ticipants with LTC counts or 4 or more.

There are a number of possible explanations for the lower risk of mortality and hospitalisa-
tion associated with a given LTC count in UK Biobank. First, the specific LTCs present in UK
Biobank participants with multimorbidity are likely to differ, particularly as we found that the
differences in prevalence are not evenly distributed across all LTCs (e.g., dementia, schizophre-
nia, and illicit drug use are particularly underrepresented). This is unsurprising as many of
these conditions are likely to impact the likelihood of volunteering for recruitment to this type
of study, and show strong relationships with mortality. However, the difference in mortality
and hospitalisation was similar when using the Cambridge multimorbidity score, which
weights each LTC by its respective risk of each outcome, suggesting that type of LTC alone
cannot explain the observed difference.

Second, LTCs in UK Biobank may be less severe or advanced than in the population in gen-
eral. This could occur if severe disease resulted in increased functional limitation which in
turn reduced the likelihood people would volunteer to attend for UK Biobank assessment.
This hypothesis is supported by our findings for conditions such as chronic liver disease, in
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which the prevalence was similar in UK Biobank and SAIL, but the hazard ratio for mortality
was 2-fold higher in SAIL compared to UK Biobank. Unfortunately, it is usually not possible
to estimate severity of LTCs using routine data alone.

Finally, additional factors are likely to influence the risk of adverse outcomes such as beha-
vioural and environmental risk factors. Also, area-based measures of socioeconomic depriva-
tion may not pick up all relevant elements. Within a given area (within which individuals will
be assigned the same value for socioeconomic status), there is likely to be variation in factors
such as income, education, disability, and behaviours such as smoking and alcohol consump-
tion. These factors may influence the likelihood of volunteering for studies such as UK Bio-
bank, but may not be adequately reflected in an area-based measure of socioeconomic status.
UK Biobank participants are recognised to have lower levels of various lifestyle risk factors,
such as smoking, than the UK population, and this is likely to mitigate the impact of multimor-
bidity [18]. Indeed, previous UK Biobank analyses have demonstrated that lifestyle factors
influence life expectancy in people with multimorbidity [11]. Also, unhealthy lifestyle factors
disproportionately impact mortality risk in the context of higher socioeconomic deprivation
[29]. Selection bias of UK Biobank on these features is therefore likely to influence the relation-
ship between multimorbidity and adverse health outcomes.

Compared to individuals without LTCs, the association between LTC count and outcome
was more similar across SAIL and UK Biobank at lower counts (e.g., 1, 2, 3 conditions) for
both death and hospitalisation. One possible explanation for this is differential selection pres-
sures. As the number of LTCs increase, individuals able to undergo the UK Biobank visits and
procedures are likely to be increasingly atypical of individuals in the community with that
number of conditions (e.g., they may have less severe disease or less functional impairment).
Similarly, for certain conditions (such as mental health conditions or addiction, where the dif-
ference in prevalence is large), people volunteering for UK Biobank may be less typical of peo-
ple with these conditions in the community. It is also possible that, for some people, living
with a condition may be a motivation for participation in UK Biobank. Furthermore, some
LTCs have been noted to be more common in more affluent populations [30]. We speculate
that this may be one possible explanation for the higher prevalence of some conditions (e.g.,
Parkinson’s disease) in UK Biobank compared to SAIL.

Previous studies have compared associations in UK Biobank to national surveys with higher
response rates (e.g., Health Survey for England and Health Survey for Scotland) [18,21]. To
our knowledge, this is the first study to directly compare estimates from UK Biobank with
those from routinely collected data from a representative sample, and also the first to do so for
multimorbidity. Batty and colleagues reported that associations between a wide range of estab-
lished risk factors and mortality were similar between UK Biobank and more representative
surveys, suggesting that associations were largely generalizable and reassured that UK Biobank
was a useful resource for studying aetiological mechanisms [21]. However, like UK Biobank,
surveys may involve visits and procedures, and so biases based on health and functional status
are likely to operate in both settings. Furthermore, for some risk factors, differences were
observed between estimates from UK Biobank and more representative surveys.

While some of our findings, such as the relationship between specific LTCs and mortality,
support this previous study [21], other findings highlight important caveats relating to multi-
morbidity research. First, some underrepresented conditions may not give reliable estimates.
Second, at higher LTC counts (where UK Biobank data is sparce), estimates become less reli-
able. Finally, assessing absolute event rates is particularly likely to yield underestimates.

A previous study assessing the impact of cardiometabolic multimorbidity analysed UK Bio-
bank alongside pooled data from 91 cohorts in the Emerging Risk Factors collaboration [12].
This study found that diabetes, stroke, and coronary heart disease (alone or in combination)
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were associated with similar risks across these datasets. We found similar results for these com-
mon conditions, both alone and in combination. However, we found greater differences with
other conditions, which are underrepresented, such as mental health conditions, addiction,
and pain.

Previous studies of multimorbidity using UK Biobank have acknowledged the lack of repre-
sentativeness and cautioned that estimates of association are likely to be conservative [4,9].
Our findings support this hypothesis, suggesting that both relative and absolute risks of multi-
morbidity estimated using UK Biobank are likely to be lower than in the population in general.
Moreover, where multimorbidity counts are included as a potential confounder, rather than as
the exposure of interest, the direction of effect may be less predictable.

Observational studies are crucial to advancing our understanding of multimorbidity, par-
ticularly as people with multimorbidity are often excluded from clinical trials [25,31]. Further-
more, UK Biobank contains a wealth of phenotypic and lifestyle data that is not discoverable
from routine data alone. In addition, follow-up questionnaires facilitate analysis of the rela-
tionships between multimorbidity and diverse factors not recorded in routine data [32].
Therefore, studies such as UK Biobank offer valuable opportunities to understand the causes,
phenotypic manifestation, and wide-ranging implications of multimorbidity. However, our
findings reinforce the need for caution in interpreting findings, particularly as some estimates
are likely to be conservative. Furthermore, people with multimorbidity with high LTC counts
are underrepresented in UK Biobank: 1.1% of UK Biobank participants had LTC counts
greater than 5, compared to 3.8% of people in SAIL. While these people are a small proportion
of the overall population, many clinical and public health challenges are concentrated and
intensified in such individuals.

Potential for selection bias is a problem for cohort studies in general, not just UK Biobank.
This study emphasises the importance of assessing population demographics compared to the
general population and being mindful of the potential for estimates to be biased by a lack of
representativeness. Our findings suggest that UK Biobank may be biased (and likely conserva-
tive) in making inferences for the population of people with multimorbidity involving high
LTC counts, many of whom live in areas of high socioeconomic deprivation. However, the
impact of selection bias is unpredictable, and this pattern may not necessarily be the same in
other cohorts susceptible to selection bias. In the absence of a direct comparison with a repre-
sentative sample, investigators should be cautious in their interpretation of findings derived
from highly selected cohorts. This suggests a need for future research cohorts to intensify
efforts to target recruitment to ensure people with multimorbidity or living in areas of high
socioeconomic deprivation are included. It will also be worth considering how routine health-
care data can be linked with other information resources or enhanced by collection of addi-
tional data to enable more mechanistic research for those with complex multimorbidity and
those living in areas of high socioeconomic deprivation [33].

Strengths of this analysis include the use of Read coded primary care data to identify multi-
morbidity in both data sources. This allowed identical definitions to be applied to both UK
Biobank and SAIL. The use of linked hospitalisation and mortality data allowed reliable esti-
mation of outcomes. Therefore, our analyses are likely to give an accurate representation of
the differences in multimorbidity and association with outcomes between UK Biobank and an
unselected community population from within the UK. However, some conditions, such as
chronic pain, may be underidentified by using Read coded data compared with self-report.
Also, SAIL includes data from Wales only, whereas UK Biobank comprises England, Scotland,
and Wales, although this is unlikely to have a substantial impact on our findings. There may
also be some overlap between UK Biobank participants in Wales and people included in SAIL
databank; however, we were unable to identify UK Biobank participants in SAIL. As discussed
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above, we lacked data on the severity of the included LTCs (in both datasets), as well as data on
ethnicity and broader lifestyle factors from SAIL. It is therefore not possible to disentangle the
relative impact of LTC type, severity, and wider factors on the differences in mortality and hos-
pitalisation risk. It is likely that the differences in association seen are a combination of these
factors. Finally, we were only able to analyse a subset of the UK Biobank cohort as, to date, pri-
mary care data linkage is only available for this subset. However, these participants are similar
to the wider cohort in terms of age, sex, socioeconomic status, and prevalence of multimorbid-
ity (S1 Table).

In conclusion, UK Biobank accurately represents the increased relative risks associated
with multimorbidity involving LTC counts of 3 or less and therefore can be a useful resource
for multimorbidity research. However, its lack of representativeness limits inferences about
the minority of people with higher levels of multimorbidity, most noticeably those with LTC
counts of 4 or more. The rich lifestyle, environmental, phenotypic, and genetic data available
in UK Biobank offers unique opportunities to understand factors associated with development
of multimorbidity as well as relationships between multimorbidity and various associated phe-
nomena. Nonetheless, researchers should understand that where LTCs are the exposure, UK
Biobank is likely to provide results that are more conservative than one would find in a general
population cohort. Ideally, future research should combine insights from both representative
routine data and information rich research cohorts such as UK Biobank.
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stroke. CI, confidence interval; IRR, incidence rate ratio; SAIL, Secure Anonymised Informa-
tion Linkage; TIA, transient ischaemic attack; UKB, UK Biobank.
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$20 Fig. IRRs for unscheduled hospitalisation: Hypertension, diabetes, and pain. CI, confi-
dence interval; IRR, incidence rate ratio; SAIL, Secure Anonymised Information Linkage;
UKB, UK Biobank.
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$21 Fig. IRRs for unscheduled hospitalisation: Irritable bowel syndrome, deafness, and
pain. CI, confidence interval; IRR, incidence rate ratio; SAIL, Secure Anonymised Information
Linkage; UKB, UK Biobank.
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$22 Fig. IRRs for unscheduled hospitalisation: Depression, pain, and anxiety. CI, confi-
dence interval; IRR, incidence rate ratio; SAIL, Secure Anonymised Information Linkage;
UKB, UK Biobank.
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$23 Fig. IRRs for unscheduled hospitalisation: Asthma, pain, and COPD. CI, confidence
interval; COPD, chronic obstructive pulmonary disease; IRR, incidence rate ratio; SAIL,
Secure Anonymised Information Linkage; UKB, UK Biobank.
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$24 Fig. IRRs for unscheduled hospitalisation: Alcohol-related disorders, illicit drug use,
and pain. CI, confidence interval; IRR, incidence rate ratio; SAIL, Secure Anonymised Infor-
mation Linkage; UKB, UK Biobank.
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$25 Fig. IRRs for unscheduled hospitalisation: Coronary heart disease, diabetes, and atrial
fibrillation. CI, confidence interval; IRR, incidence rate ratio; SAIL, Secure Anonymised
Information Linkage; UKB, UK Biobank.
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$26 Fig. IRRs for unscheduled hospitalisation: Pain, coronary heart disease, and depres-
sion. CI, confidence interval; IRR, incidence rate ratio; SAIL, Secure Anonymised Information
Linkage; UKB, UK Biobank.
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$27 Fig. HRs for MACE: Coronary heart disease, diabetes, and stroke. CI, confidence inter-
val; HR, hazard ratio; MACE, major adverse cardiovascular event; SAIL, Secure Anonymised
Information Linkage; TTA, transient ischaemic attack; UKB, UK Biobank.
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$28 Fig. HRs for MACE: Hypertension, diabetes, and pain. CI, confidence interval; HR, haz-
ard ratio; MACE, major adverse cardiovascular event; SAIL, Secure Anonymised Information
Linkage; UKB, UK Biobank.
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dence interval; HR, hazard ratio; MACE, major adverse cardiovascular event; SAIL, Secure
Anonymised Information Linkage; UKB, UK Biobank.

(PNG)
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dence interval; HR, hazard ratio; MACE, major adverse cardiovascular event; SAIL, Secure
Anonymised Information Linkage; UKB, UK Biobank.
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$34 Fig. HRs for MACE: Pain, coronary heart disease, and depression. CI, confidence inter-
val; HR, hazard ratio; MACE, major adverse cardiovascular event; SAIL, Secure Anonymised
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