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ABSTRACT

Background Heart failure (HF), type 2 diabetes (T2D)
and chronic kidney disease (CKD) commonly coexist.

We studied characteristics, prognosis and healthcare
utilisation of individuals with two of these conditions.
Methods We performed a retrospective, population-based
linked electronic health records study from 1998 to 2020
in England to identify individuals diagnosed with two of:
HF, T2D or CKD. We described cohort characteristics at
time of second diagnosis and estimated risk of developing
the third condition and mortality using Kaplan-Meier

and Cox regression models. We also estimated rates of
healthcare utilisation in primary care and hospital settings
in follow-up.

Findings We identified cohorts of 64 226 with CKD and
HF, 82431 with CKD and T2D, and 13872 with HF and
T2D. Compared with CKD and T2D, those with CKD and
HF and HF and T2D had more severe risk factor profile.

At 5 years, incidence of the third condition and all-cause
mortality occurred in 37% (95% Cl: 35.9%, 38.1%%)

and 31.3% (30.4%, 32.3%) in HF+T2D, 8.7% (8.4%,
9.0%) and 51.6% (51.1%, 52.1%) in HF+CKD, and 6.8%
(6.6%, 7.0%) and 17.9% (17.6%, 18.2%) in CKD+T2D,
respectively. In each of the three multimorbid groups, the
order of the first two diagnoses was also associated with
prognosis. In multivariable analyses, we identified risk
factors for developing the third condition and mortality,
such as age, sex, medical history and the order of disease
diagnosis. Inpatient and outpatient healthcare utilisation
rates were highest in CKD and HF, and lowest in CKD and
T2D.

Interpretation HF, CKD and T2D carry significant
mortality and healthcare burden in combination.
Compared with other disease pairs, individuals with CKD
and HF had the most severe risk factor profile, prognosis
and healthcare utilisation. Service planning, policy and
prevention must take into account and monitor data
across conditions.

1,2

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Heart failure (HF), chronic kidney disease (CKD) and
type 2 diabetes (T2D) are major causes of mor-
bidity and mortality worldwide (Vos et al, Lancet
2016) and throughout the life course (Zhang et
al, BMC Medicine 2022), and commonly coexist
(Triposkiadis et al, European Journal of Heart Failure
2016; Birkeland et al, Diabetes, Obes and Metab
2020). In a study of nearly 500 000 individuals with
T2D, among those free from cardiovascular and re-
nal disease, lifetime risks of CKD and HF were 54%
and 29%. Individually and together, HF, CKD and
T2D have high impact on individuals, populations,
healthcare utilisation and economies (Norhammar
et al, Diabetes Obes and Metab 2022).

WHAT THIS STUDY ADDS

= Among those with HF and T2D, 37% went on to also
be diagnosed with CKD. Diagnosis of the third con-
dition was less common in the other two groups.
The observed 5-year risk of mortality among those
with HF and CKD, HF and T2D, and CKD and T2D
was 51.6%, 31.3% and 17.9%, respectively. We
also identified risk factors associated with develop-
ing the third condition and mortality.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= HF, CKD and T2D carry significant mortality and
healthcare burden in combination. Compared with
other disease pairs, individuals with CKD and HF
had the most severe risk factor profile, prognosis
and healthcare utilisation. Service planning, policy
and prevention must take into account and monitor
data across conditions.

INTRODUCTION

Multimorbidity, defined as co-occurrence of
two or more long-term conditions, affects
over a quarter of adults in the UK' and is
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projected to affect over two-thirds of individuals over the
age of 65 years.” With growing multimorbidity globally,’
single-disease approaches are increasingly inadequate
whether in real-world clinical practice, in evidence-based
management guidelines or in research.! Diseases need
to be studied together so prevention, treatment and
healthcare delivery can be planned and implemented in
holistic, patient-centred and effective ways.

Heart failure (HF), chronic kidney disease (CKD) and
type 2 diabetes (T2D) are major causes of morbidity and
mortality worldwide® and throughout the life course,’ and
commonly coexist.” In a study of nearly 500 000 individ-
uals with T2D, among those free from cardiovascular and
renal disease, lifetime risks of CKD and HF were 54% and
29%, respectively. Individually and together, HF, CKD
and T2D have high impact on individuals, populations,
healthcare utilisation and economies.” These diseases
(increasingly referred to as ‘CaReMe’ diseases—‘Cardio-
vascular—-Renal-Metabolic’) are important not only as a
component of multimorbidity,” but also in development
of integrated models of care."’ " Earlier, effective preven-
tion strategies require better knowledge of risk factors in
individuals with overlapping HF, CKD and T2D, but such
epidemiological studies are currently lacking.

The burden of adverse cardiovascular and renal events
could be reduced by ‘ideal cardiovascular health’, by
attaining target levels of blood pressure, cholesterol,
glucose, smoking, physical activity, diet and body mass
index (BMI) (ie, modifiable risk factors). For example,
in individuals with T2D, achieving ideal cardiovascular
health could reduce adverse cardiovascular and renal
events by 42%, 24% and 17% for those with one or more,
less than three, and three or more modifiable health
behaviours, respectively.” As well as behaviour modifi-
cation, there are effective, evidence-based therapies to
improve clinical outcomes for HF, CKD and T2D, with
similarities in approaches across the individual diseases,
whether statins, renin-angiotensin system inhibitors or
sodium-glucose cotransporter-2 inhibitors.'* Behavioural
and drug recommendations could be informed and opti-
mised by better characterisation of risk factor profile,
trajectory and prognosis of overlapping conditions,
with benefits and synergies across diseases. Moreover,
such research will provide individualised information
to patients and health professionals, facilitating shared
decision-making.

The major healthcare resource implications of HF, CKD
and T2D, particularly in individuals with multimorbidity,
are likely to be predictable, and may, in some instances,
be preventable. For example, in individuals with T2D,
cardiovascular disease (CVD) events and admissions
over a 4-year period were lower in those who received
annual CVD screening tests.'” Better knowledge of the
overlap between HF, CKD and T2D and their outcomes
could identify missed opportunities for guideline-
recommended care and inform clinical and policy priori-
tisation for treatment and prevention. However, different
combinations of HF, T2D and CKD have neither been

fully studied (eg, trajectory of disease after second and

third diagnoses) nor compared in terms of epidemiology

and healthcare utilisation.
Therefore, in a UK electronic health record (EHR)

study, our objectives were to investigate:

1. Baseline characteristics of individuals with coexisting
HF, T2D or CKD.

2. Prognosis by diagnosis of a third condition and mor-
tality.

3. Healthcare
populations.

utilisation in  these multimorbid

METHODS

Study design and data sources

We conducted a retrospective cohort study using EHRs,
primary care data (Clinical Practice Research Datalink
(CPRD)) linked with hospital admissions episode data
and cause of death registry data (Office for National
Statistics) in England from 1998 to 2020. CPRD has been
shown to be representative of the English population by
age, sex and ethnicity and validated for research.'* This
study was carried out as part of the CALIBER resource
which provides validated EHR phenotyping algorithms
and tools for national structured data sources.” The
disease phenotypes and codelists used in this study are
from the HDR UK phenotype library (https://pheno-
types.healthdatagateway.org/).

Study population

We included patients aged 18 years and above, diagnosed
with two of CKD (stage 3 or above), T2D or HF between
January 1998 and April 2020, resulting in three groups:
CKD and HF, CKD and T2D and HF and T2D. The base-
line data for each individual were the date of their second
diagnosis, that is, the date that they had overlapping
conditions. Individuals were required to have at least
lyear of data in CPRD prior to their baseline date and
were followed up until they had an outcome, transferred
out of their general practitioner (GP) practice, died or
until the administrative censoring date for data collec-
tion.

Baseline covariate definitions

Baseline covariates included demographics (age, sex
and ethnicity), behaviours (smoking and excess alcohol
consumption), medical history, clinical biomarkers (BMI,
systolic blood pressure (SBP), diastolic blood pressure,
haemoglobin, glycated haemoglobin (HbAlc), high-
density lipoproteins (HDLs), low-density lipoproteins,
triglycerides and creatinine) and prescribed medication.
Medical histories were defined as any record in primary
or secondary care prior to the baseline date. Behaviours
and clinical biomarkers were captured in primary care
data and were taken as the most recent record within
a year prior to baseline. Prescribed medications were
defined as any record of a prescription in primary care
prior to the baseline date.
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Study endpoints

Individuals were followed up for the diagnosis of a third
condition among CKD, T2D and HF, that is, individuals
with CKD and T2D at baseline were followed up for HF
and so on. We also followed up for CVD mortality and
all-cause mortality. Healthcare utilisation in primary care
(GP consultations and GP referrals to external care) and
hospital (inpatient admissions, inpatient procedures and
outpatient appointments) settings was also observed.

Statistical analysis

Patient characteristics at baseline were summarised
by overlap group (CKD and HF, CKD and T2D, or HF
and T2D) using mean and SD or median and IQR, as
appropriate, for continuous variables, and frequency
and percentage for categorical variables. We tested for
differences in baseline characteristics between the three
groups using X*, F-tests and Kruskal-Wallis tests as appro-
priate. Kaplan-Meier analyses were used to estimate the
observed risks of each outcome stratified by overlap
groups and log-rank tests were used to assess if the risks of
each outcome were different between the groups. Cumu-
lative incidence functions were also used to estimate the
incidence of the diagnosis of a third condition in the
disease pair groups, in the presence of the competing risk
of all-cause mortality.

For each overlap group, we fit multivariable Cox
regression models to estimate HRs and 95% CIs for the
associations between baseline risk factors and each of
the outcomes: developing the third condition, all-cause
mortality and cardiovascular mortality. We considered all
baseline variables for inclusion in the models, and choice
of variables included in the final models was based on a
combination of clinical knowledge and minimising the
potential for collinearity. The final variables included
in the models were age, sex, smoking status, first diag-
nosis, history of myocardial infarction, atrial fibrillation,
hypertension, peripheral arterial disease, stable angina,
unstable angina, ischaemic stroke, unspecified coronary
heart disease, chronic obstructive pulmonary disease,
cancer, prescriptions for beta-blockers, diuretics, non-
steroidal anti-inflammatory drugs and statins and BMI,
SBP, HDL, HbAlc and creatinine. Continuous variables
were fitted using restricted cubic splines with three knots.
The proportional hazards assumption was checked using
log (-log) and Schoenfeld residual plots.

We reported observed rates per person per year and
estimated 95% ClIs for each measure of healthcare utilisa-
tion for each year of follow-up from baseline.

Missing data

Missing covariate data at baseline were imputed by
multiple imputation using chained equations. We
imputed 10 datasets using models with all covariates and
outcomes included to estimate missing values. Predictive
mean matching was used to impute continuous variables
and multinomial regression was used to impute categor-
ical variables.

Sensitivity analyses

Given the wide age range of the cohort, we also carried
out our primary analyses on the subgroup of individ-
uals aged older than 60 years at baseline (the time of
the second diagnosis). We performed a complete case
analysis, fitting the multivariable models on the subset
of the cohort with complete baseline data. Furthermore,
on the complete case population, we fit Fine and Gray
competing risk models'® considering the presence of
the competing risk of all-cause mortality on the event of
being diagnosed with a third condition. Analyses were
completed using R V.4.1.2.

RESULTS

Study population and characteristics

Our study population included 160529 individuals diag-
nosed with two of CKD, HF or T2D: 64 226 with CKD and
HF, 82431 with CKD and T2D, and 13872 with HF and
T2D (online supplemental figure 1). The cohort was
followed up for a median of 3.3 (IQR: 1.3-6.6) years.
The characteristics of the baseline cohort and the time
of the second diagnosis are presented in table 1. Individ-
uals with CKD and HF were on average older than those
with CKD and T2D or HF and T2D (80.0 (9.9) vs 72.7
(10.1) and 70.5 (11.4) years, respectively). The majority
of individuals were women in the CKD and HF (51.4%)
and CKD and T2D (52.8%) groups, compared with only
33.3% in the HF and T2D groups.

Individuals with HF and T2D had the longest median
time between their diagnosis, 4.0 years (IQR: 1.5-7.6),
while those with CKD and HF had the shortest median
time, 3.2 years (IQR: 1.1-6.5). History of other comorbid-
ities was most prevalent in the groups with HF (CKD and
HF and HF and T2D) with the exception of hyperten-
sion. Individuals with CKD and T2D or HF and T2D had
a higher mean BMI than those with CKD and HF. The
mean SBP was lower among those with HF. The median
creatinine was higher among those with CKD.

We further stratified the groups by the order of diag-
noses (online supplemental table 2). Within the disease
pairs, characteristics of patients were generally similar
despite differing disease progression. Some noted differ-
ences were that within the CKD and HF group, those who
were diagnosed CKD followed by HF were mostly women
(54.5%) but not those who had HF followed by CKD
(47.8%). In the CKD and T2D group, those who were
diagnosed CKD followed by T2D were mostly women
(57.4%), whereas there was a more even split between
those with T2D followed by CKD (49.6%).

Observed outcomes

Among those with HF and T2D, 37.0% (95% CI: 35.9%,
38.1%) developed CKD over 5 years. Diagnosis of third
condition was less common in the other two groups: T2D
in 8.7% (95% CI: 8.4%,9.0%) of those with HF and CKD,
and HF in 6.8% (95% CI: 6.6%, 7.0%) of those with CKD
and T2D (figure 1). All-cause mortality at 5 years was

Pasea L, et al. Open Heart 2023;10:€002332. doi:10.1136/openhrt-2023-002332

3

1ybuAdoo
Aq pajoalold "sea1nas Arelqi 10N e €202 ‘€ 1990100 Uo /w0 fwg ueayuado//:dny woly papeojumod “£zZ0z 1aquadas /z uo ZeEzZ00-£202-Hyuado/oeTT 0T se paysiignd 1s1y :uesH uado


https://dx.doi.org/10.1136/openhrt-2023-002332
https://dx.doi.org/10.1136/openhrt-2023-002332
http://openheart.bmj.com/

Open Heart 8

Table 1 Characteristics at time of second diagnosis in individuals with two or more of heart failure (HF), chronic kidney

disease (CKD) and type 2 diabetes (T2D)

CKD and HF CKD and T2D HF and T2D
N=64226 N=83431 N=13872 P value

Demographics and behaviours
Age (years), mean (SD) 80.0 (9.92) 72.5(10.08) 70.5 (11.35) <0.0001
Age (years), range 18.4-109 18.6-109 20.2-105
Women 33032 (51.4) 44046 (52.8) 4623 (33.3) <0.0001
Ethnicity <0.0001

White 39121 (60.9) 51485 (61.7) 7217 (52)

Black 289 (0.4) 916 (1.1) 102 (0.7)

South Asian 535(0.8) 1814 (2.2) 213 (1.5)

Other 253 (0.4) 657 (0.8) 89 (0.6)

Unknown 24028 (37.4) 28559 (34.2) 6251 (45.1)
Smoking status <0.0001

Non-smoker 12566 (19.6) 17522 (21) 1974 (14.2)

Smoker 6909 (10.8) 10843 (13) 2568 (18.5)

Ex-smoker 43359 (67.5) 53956 (64.7) 9071 (65.4)

Missing % 2.2 1.3 1.9
Excess alcohol consumption 21737 (33.8) 28735 (34.4) 5556 (40.1) <0.0001
Multimorbidity characteristics
First diagnosis

CKD 34625 (53.9) 34428 (41.3) 0(0)

HF 29601 (46.1) 0(0) 5660 (40.8)

T2D 0(0) 49003 (58.7) 8212 (59.2)
Time between diagnoses (years), median (IQR) 3.24 (1.06-6.47) 3.85 (1.42-7.26) 4.04 (1.48-7.58)
Medical history
Myocardial infarction 17694 (27.5) 7691 (9.2) 4126 (29.7) <0.0001
Unstable angina 6222 (9.7) 2714 (3.3) 1379 (9.9) <0.0001
Stable angina 21252 (33.1) 14397 (17.3) 4763 (34.3) <0.0001
Percutaneous coronary intervention 4592 (7.1) 3206 (3.8) 1536 (11.1) <0.0001
Coronary artery bypass graft 5686 (8.9) 3039 (3.6) 1369 (9.9) <0.0001
Unspecified coronary heart disease 24876 (38.7) 14482 (17.4) 5609 (40.4) <0.0001
Peripheral arterial disease 2890 (4.5) 1548 (1.9) 526 (3.8) <0.0001
Ischaemic stroke 2750 (4.3) 1769 (2.1) 484 (3.5) <0.0001
Hypertension 42528 (66.2) 59407 (71.2) 8582 (61.9) <0.0001
Atrial fibrillation 28062 (43.7) 8885 (10.6) 5066 (36.5) <0.0001
Chronic obstructive pulmonary disease 11228 (17.5) 7564 (9.1) 2753 (19.8) <0.0001
Cancer 15426 (24) 14808 (17.7) 2478 (17.9) <0.0001
Clinical biomarkers
Body mass index, mean (SD) 28.1 (6.20) 31.0 (6.32) 32.3(7.14) <0.0001
Missing % 46.2 235 25.3
Systolic blood pressure (mm Hg), mean (SD) 131 (20.1) 136 (17.1) 132 (18.6) <0.0001
Missing % 7 55 6.7
Diastolic blood pressure (mm Hg), mean (SD) 73.1(11.4) 75.7 (10.1) 75.6 (11.1) <0.0001
Missing % 7 5.5 6.7
HbA1c, median (IQR) 46 (40-58.0) 52 (47-61.7) 53 (48-63.9) <0.0001

Continued
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Table 1 Continued

CKD and HF CKD and T2D HF and T2D
N=64226 N=83431 N=13872 P value
Missing % 77.3 20.3 249
HDL (mg/dL), median (IQR) 1.3 (1.05-1.60) 1.2 (1.00-1.42) 1.1(0.92-1.38) <0.0001
Missing % 471 22.6 28.3
LDL (mg/dL), median (IQR) 2.2 (1.7-2.86) 2.2 (1.7-2.90) 2.1 (1.6-2.75) <0.0001
Missing % 59.5 40.5 45.3
Triglycerides (mg/dL), median (IQR) 1.30 (0.94-1.8) 1.71 (1.28-2.4) 1.60 (1.12-2.3) <0.0001
Missing % 53 30.3 37
Creatinine, median (IQR) 115 (97-137) 108 (93-122) 83 (71-96) <0.0001
Missing % 6.9 2.7 10.5
Prescribed medication
ACE inhibitors 45614 (71) 53450 (64.1) 10320 (74.4) <0.0001
Beta-blockers 34108 (53.1) 30240 (36.2) 7639 (55.1) <0.0001
Antiplatelets 36075 (56.2) 37680 (45.2) 7552 (54.4) <0.0001
Statins 36443 (56.7) 57188 (68.5) 9981 (72) <0.0001
Diuretics 50541 (78.7) 41005 (49.1) 9158 (66) <0.0001
Metformin 4164 (6.5) 36223 (43.4) 6315 (45.5) <0.0001
Insulin 3370 (5.2) 4714 (5.7) 1016 (7.3) <0.0001
Non-steroidal anti-inflammatory drugs 12869 (20) 20757 (24.9) 2811 (20.3) <0.0001

Categorical data are summarised using frequency (%).

P values are testing the hypothesis of difference between groups, using the X? test for categorical variables, and F-tests (ANOVA) or the

Kruskal-Wallis test for continuous variables, as appropriate.

ANOVA, analysis of variance; HbA1c, glycated haemoglobin; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

highest among the HF and CKD group (51.6%, 95% CI:
51.1%, 52.1%), followed by the HF and T2D group
(31.3%, 95% CI: 30.4%, 32.3%), and then CKD and T2D
group (17.9%, 95% CI: 17.6%, 18.2%). A similar trend
was observed for cardiovascular mortality (figure 2).

Order of the first two diagnoses

When stratifying by the order of the first two diagnoses,
the 5-year risk of developing T2D among those with CKD
and HF was similar whether CKD or HF was first diag-
nosed (8.1% (95% CI: 7.6%, 8.5%) and 9.3% (95% CI:
8.8%, 9.7%), respectively) and the risk of developing
HF was similar among those with CKD and T2D whether
CKD or T2D was the first diagnosis (6.6%, 95% CI 6.3%,
6.9%; and 7.0%, 95%CL 6.7%, 7.3%, respectively)
(online supplemental figure 3). However, in the HF and
T2D group, the 5-year CKD risk was higher in those who
were diagnosed T2D first than those who had HF first
(41.5% (95% CI: 40.0%, 43.0%) and 31.6% (95% CI:
30.1%, 33.1%), respectively) (online supplemental figure
3). Within the CKD and HF group, we observed higher
5-year risks of all-cause and cardiovascular mortality in
those diagnosed with CKD followed by HF, than those
diagnosed with HF followed by CKD. Similarly, within the
HF and T2D group, we observed higher mortality risks
in those diagnosed with T2D followed by HF, than those
diagnosed with HF followed by T2D. Within the CKD and

T2D group, there were minimal differences in all-cause
and cardiovascular mortality between groups stratified by
order of diagnosis (online supplemental figure 3).

Risk factors for clinical outcomes

Developing the third overlapping condition

Figures 3 and 4 illustrate HRs for risk factors for developing
the third condition for each patient group, using multivar-
iable Cox regression models. In the CKD and HF group,
history of atrial fibrillation (HR: 1.17,95% CI: 1.09, 1.25) and
chronic obstructive pulmonary disease (HR: 1.2 95%CI: 1.1,
1.31) were associated with increased risk of developing T2D,
while hypertension was associated with reduced risk (HR:
0.80, 95% CI: 0.74, 0.86). Individuals whose first diagnosis
was CKD had lower risk of developing T2D than those whose
first diagnosis was HF (HR: 0.84, 95% CI: 0.79, 0.90). Those
prescribed statins also had markedly reduced risk of devel-
oping T2D (HR: 0.64, 95% CI: 0.59, 0.69) compared with
those who were not (figure 3).

In the CKD and T2D group, increased risk of developing
HF was associated with increasing age, sex (women had
increased risk compared with men), smoking status (smokers
and ex-smokers had increased risk compared with non-
smokers), history of CVDs and other comorbidities. Those
who were diagnosed with T2D first had lower risk of devel-
oping HF compared with those who were diagnosed with
CKD first (figure 3). Additionally, we observed increasing risk
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CKD and T2D -> HF
N (events) = 83,431 (6,367)

CKD and HF -> T2D
N (events) = 64,226 (3,690)

HF and T2D -> CKD
N (events) = 13,872 (3,972)

Risk factors HR (95% CI) HR (95% CI) HR (95% CI)

Age (per 10 years) - 1.06 (1.01, 1.10) - 1.76 (1.70, 1.82) - 1.34 (1.29, 1.40)
Women: Men - 0.94 (0.86, 1.02) - 1.07 (1.00, 1.14) - 0.62 (0.58, 0.67)
Smoker: Non-Smoker —-— 1.11(0.98, 1.25) —-— 1.44 (1.31, 1.58) - 0.95 (0.84, 1.07)
Ex—-Smoker: Non-Smoker - 0.93 (0.85, 1.02) - 1.12 (1.04, 1.20) - 0.89 (0.81, 0.98)
Excess alcohol consumption - 0.94 (0.87, 1.01) - 0.97 (0.92, 1.03) 0.91(0.85, 0.97)
First diagnosis* - 0.84 (0.79, 0.90) - 0.67 (0.64, 0.71) - 1.00 (0.93, 1.07)
Myocardial infarction - 0.98 (0.91, 1.07) —-— 1.59 (1.48, 1.72) - 1.08 (1.00, 1.17)
Atrial fibrillation - 1.17 (1.09, 1.25) —-— 2.05(1.92,2.18) - 1.04 (0.97,1.12)
Hypertension - 0.80 (0.74, 0.86) - 0.93 (0.88, 0.99) - 1.05 (0.98, 1.12)
Peripheral arterial disease —-— 0.84 (0.71, 1.01) —e 1.72 (1.50, 1.98) —e 1.33 (1.13, 1.57)
Stable angina - 0.93 (0.86, 1.01) - 1.11 (1.03, 1.19) - 0.86 (0.79, 0.93)
Unstable angina - 1.03 (0.92, 1.15) —-— 1.29 (1.16, 1.44) --— 1.00 (0.89, 1.13)
Ischaemic stroke —— 1.09 (0.91, 1.30) — 1.74 (151, 2.01) — 1.22(1.02, 1.45)
CHD (unspecified) - 1.03(0.95,1.11) - 1.24 (1.15, 1.33) - 1.02 (0.95, 1.11)
COPD - 1.20 (1.10, 1.31) —-— 1.60 (1.48, 1.73) - 1.05 (0.97, 1.15)
Cancer - 1.10 (1.01, 1.19) - 1.09 (1.02, 1.16) - 0.96 (0.88, 1.05)
Beta blockers - 1.09 (1.02, 1.17) - 1.11 (1.05, 1.17) - 0.90 (0.84, 0.97)
Diuretics - 0.95 (0.87, 1.03) - 1.43 (1.36, 1.51) - 1.07 (0.99, 1.15)
NSAIDs - 1.04 (0.96, 1.13) - 0.91(0.86, 0.96) - 0.98 (0.91, 1.06)
Statins - 0.64 (0.59, 0.69) - 0.75 (0.70, 0.79) - 0.91(0.85, 0.98)
I T T T T 1 I T T T T 1 I T T T T 1
0 05 1 15 2 25 0o 05 1 15 2 25 0 05 1 15 2 25
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Figure 3 Risk of developing third condition in disease pairs of heart failure (HF), chronic kidney disease (CKD) and type 2
diabetes (T2D), using multivariable Cox regression models. *For first diagnosis, HF is the reference group for CKD and HF, CKD
is the reference group for CKD and T2D, and HF is the reference group for HF and T2D. The upper and lower limits for each
point are the 95% Cls. All estimates are from fully adjusted models including the continuous risk factors displayed in figure 4.
CHD, coronary heart disease; COPD, chronic obstructive pulmonary disease; NSAIDs, non-steroidal anti-inflammatory drugs.

multivariable Cox regression models. Risk factors for
all-cause mortality were similar for the three groups.
Increased age, smokers compared with non-smokers,
history of cardiovascular conditions, chronic obstruc-
tive pulmonary disease and cancer were associated with
increased risk of all-cause mortality for all three groups.
We observed increased risks of all-cause mortality within
the CKD and HF group among those diagnosed with CKD
prior to HF, within the CKD and T2D group among those
who were diagnosed with T2D prior to CKD, and within
the HF and T2D group among those who were diagnosed
with T2D prior to HF.

Cardiovascular mortality

Online supplemental figures 4 and 5 show risk factors
for cardiovascular mortality among three overlap groups
using multivariable Cox regression models. In all three
groups, age and history of peripheral arterial disease
and ischaemic stroke were most strongly associated with
increased risk of cardiovascular death.

Age subgroup analysis

In the subgroup of individuals aged above 60 years at base-
line (N=61807 with CKD+HF, N=74128 with CKD+T2D,
N=11375 with HF+T2D), our analysis showed largely
similar results to those seen in the full cohort (online
supplemental figures 6-11).

Complete case analysis

In the complete case analyses, fitting the multivari-
able Cox models to the subgroup of the cohort with no
missing data (N=7706 with CKD and HF, N=43 785 with
CKD and T2D, N=6884 with HF and T2D), we observed
generally similar results to the analysis of imputed data
(online supplemental figures 11-17). One difference is
the change in direction of the association between first
diagnosis and subsequent development of HF in the CKD
and T2D group. In our imputed analysis, those diagnosed
with T2D first had lower risk (HR: 0.67 (95% CI: 0.64,
0.71)) (figure 3), whereas in the complete case analysis,
the same group had increased risk (HR: 1.25 (95% CI:
1.15, 1.36)) (online supplemental figure 12).

Competing risk analysis

Cumulative incidence functions (online supplemental
figure 18) demonstrated that when we consider the
competing risk of all-cause mortality, the estimated risk
of being diagnosed with a third condition is slightly lower
than estimated with the Kaplan-Meier curves. We esti-
mated at 5 years that the probability of patients with CKD
and HF being diagnosed with T2D was 5.96% (95% CI:
5.75%, 6.17%), patients with CKD and T2D being diag-
nosed with HF was 6.28% (95% CI: 6.09%, 6.47%) and
patients with HF and T2D being diagnosed with CKD was
32.0% (95% CI: 31.1%, 32.9%). Similarly, Fine and Gray
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Figure 4 Risk factors for developing third condition in disease pairs of heart failure (HF), chronic kidney disease (CKD) and
type 2 diabetes (T2D), using restricted cubic splines for continuous biomarkers in the multivariable Cox regression models.
The reference value for each risk factor was BMI: 25 kg/mz, SBP: 130mm Hg, HDL: 1.2 mmol/L, HbA1c: 30 mmol/mol and
creatinine: 50 ymol/L. The shaded area in each panel is the 95% CI. All estimates are from fully adjusted models including the
risk factors displayed in figure 3. BMI, body mass index; HbA1c, glycated haemoglobin; HDL, high-density lipoprotein; SBPR,

systolic blood pressure.

multivariable regression models fitted to the complete
case cohort subset (online supplemental figures 19 and
20) estimated effects of the risk factors that were atten-
uated but similar in terms of effect size and direction
compared with the estimates from the complete case Cox
regression models (online supplemental figures 12 and
13).

Healthcare utilisation

Over the duration of follow-up from the second disease
diagnosis, the HF and CKD and HF and T2D groups had
highest rates of GP consultations and referrals to external
care and the CKD and T2D group had lowest rates (online
supplemental figure 21). For example, in the first year
of follow-up, we observed per-person per-year GP consul-
tation rates of 61.6 (95% CI: 61.5, 61.7), 60.8 (95% CI:
60.7, 61.0) and 41.1 (95% CI: 41.0, 41.1) and in the fifth
year, we observed rates of 54.2 (95% CI: 54.1, 54.3), 52.3
(95% CI: 51.1, 52.5) and 41.1 (95% CI: 41.1, 41.2) for
CKD and HF, HF and T2D and CKD and T2D, respec-
tively. Besides a spike in the first year of follow-up, the

rates of healthcare utilisation in the primary care setting
remained fairly constant over time for all groups.

In the hospital setting (online supplemental figure 22),
the HF and CKD group had highest rates of inpatient
admissions and procedures, followed by the HF and T2D
group and the CKD and T2D group. For example, in the
first year of follow-up, we observed per-person per-year
inpatient admissions rates of 0.80 (95% CI: 0.79, 0.80),
0.49 (95% CI: 0.48, 0.50) and 0.22 (0.22, 0.23) and in
the fifth year, we observed rates of 0.58 (95% CI: 0.57,
0.59), 0.32 (95% CI: 0.30, 0.34) and 0.21 (95% CI: 0.20,
0.21) for CKD and HF, HF and T2D and CKD and T2D,
respectively. There appeared to be a decreasing rate of
inpatient admissions and procedures over time for the
CKD and HF group. The rates of healthcare utilisation
appeared to be generally constant in all settings for the
CKD and T2D group.

DISCUSSION
In the largest real-world study to date to consider the
detailed impact of combinations of HF, CKD and T2D on
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Risk factors CKD and HF HR (95% CI) CKD and T2D HR (95% CI) HF and T2D HR (95% CI)
N (events) = 64,226 (33,537) N (events) = 83,431 (19,448) N (events) = 13,872 (4,578)
Age (per 10 years) - 1.80 (1.73, 1.88) - 2.16 (2.11,2.22) - 1.83 (1.74, 1.92)
Women: Men - 0.97 (0.90, 1.04) - 1.11 (1.05, 1.17) - 1.17 (1.07, 1.29)
Smoker: Non-Smoker —-— 1.12(1.00, 1.26) - 1.51 (1.41, 1.62) —a 1.31(1.14, 1.50)
Ex—-Smoker: Non-Smoker - 1.11 (1.02, 1.20) - 1.06 (1.01, 1.12) - 0.98 (0.87, 1.09)
Excess alcohol consumption - 1.06 (1.00, 1.12) - 0.97 (0.93, 1.01) - 1.02 (0.94, 1.10)
First diagnosis* - 1.28 (1.21, 1.36) - 1.07 (1.02, 1.12) - 1.49 (1.37,1.62)
Myocardial infarction - 1.13 (1.05, 1.20) - 1.19 (1.12, 1.27) - 1.07 (0.98, 1.18)
Atrial fibrillation - 1.05(0.99, 1.11) - 1.39 (1.32, 1.47) - 1.08 (1.00, 1.17)
Hypertension - 1.17 (1.09, 1.25) - 0.91(0.87, 0.96) - 1.01 (0.94, 1.10)
Peripheral arterial disease —-— 1.34 (1.19, 1.50) —a— 1.54 (1.37, 1.73) —a 1.49 (1.25, 1.76)
Stable angina - 0.92 (0.86, 0.98) - 0.88 (0.82, 0.93) - 0.87 (0.79, 0.96)
Unstable angina - 1.06 (0.97, 1.16) - 1.08 (0.98, 1.19) —-— 0.99 (0.86, 1.13)
Ischaemic stroke —— 1.28 (1.12,1.47) —a— 1.54 (1.37, 1.72) —e 1.40 (1.17, 1.69)
CHD (unspecified) - 1.04 (0.97, 1.11) - 1.17 (1.10, 1.24) - 1.04 (0.95, 1.14)
COPD - 1.34 (1.25, 1.44) - 1.79 (1.69, 1.90) —.— 1.55 (1.42, 1.70)
Cancer - 1.16 (1.09, 1.25) - 1.46 (1.39, 1.53) - 1.36 (1.24, 1.49)
Beta blockers - 0.87 (0.82, 0.92) - 0.98 (0.94, 1.03) - 0.93 (0.86, 1.01)
Diuretics —-— 1.36 (1.25, 1.48) - 1.21 (1.16, 1.26) —-— 1.32 (1.21, 1.44)
NSAIDs - 0.87 (0.82, 0.94) 0.92 (0.88, 0.96) - 0.85(0.78, 0.93)
Statins - 1.13 (1.06, 1.21) 0.96 (0.91, 1.00) - 1.00 (0.92, 1.10)
T T T T 1 T T T T 1 T T T T 1
0 05 1 15 2 25 0o 05 1 15 2 25 05 1 15 2 25

Hazard ratio

Hazard ratio

Hazard ratio

Figure 5 Risk of all-cause mortality in disease pairs of heart failure (HF), chronic kidney disease (CKD) and type 2 diabetes
(T2D), using multivariable Cox regression models. *“For first diagnosis, HF is the reference group for CKD and HF, CKD is the
reference group for CKD and T2D, and HF is the reference group for HF and T2D. The upper and lower limits for each point
are the 95% Cils. All estimates are from fully adjusted models including the continuous risk factors displayed in figure 6. CHD,

coronary heart disease; COPD, chronic obstructive pulmonary disease; NSAIDs, non-steroidal anti-inflammatory drugs.

baseline characteristics, outcomes and healthcare utili-
sation, we have four main findings. First, HF, CKD and
T2D carry significant mortality and healthcare burden
in combination and across different disease trajectories.
Second, CKD and HF is the combination with the worst
prognosis in terms of all-cause mortality and cardiovas-
cular mortality, and the highest rate of healthcare utilisa-
tion. Third, use of established, evidence-based therapies
such as beta-blockers and ACE inhibitors at baseline was
low across disease combinations, including those individ-
uals with HF and CKD. Fourth, there are opportunities to
prevent development of CKD in HF and T2D.

Lifetime risk of CVD and CKD is known to be high in
those with T2D.° In our representative population-based
cohort, CKD and T2D was the most common two-disease
combination at baseline, followed by CKD and HF, then
HF and T2D. Individually, these diseases are common,
carrying significant morbidity, mortality and healthcare
utilisation.” We confirm that development of the third
condition is also common. For example, among those
with HF and T2D, 37.0% developed CKD in the next 5
years of follow-up (compared with 8.7% diagnosed with
T2D in those with HF and CKD and 6.8% diagnosed
with HF in those with CKD and T2D). Evidence already
supports treatment and prevention of T2D, HF and CKD
individually and together.”® Our findings support preven-
tion of the third diagnosis when individuals already have

two conditions, and highlight need for integrated care
across diseases from screening and diagnosis to manage-
ment and prevention.'” '®

HF and CKD emerged as the disease combination with
most impact on patients in terms of risk factors, prog-
nosis and healthcare utilisation, which is supported by
prior studies®? ' and suggests that prevention and moni-
toring of T2D should be further prioritised in those with
HF and CKD. In atherosclerotic CVD, comparative epide-
miology has led to knowledge about progression, severity
and service planning, for example, in recognising the
relatively worse prognosis with peripheral arterial disease
compared with coronary artery disease.”” Similar compar-
isons need to occur across individual diseases and across
disease combinations in order to better understand cross-
disease pathophysiology, personalised clinical decision-
making and public health strategies. For example, risk
prediction and health economic models are increas-
ingly looking at disease combinations rather than single
diseases.”

In recent years, there have been several therapeutic
advances for individual diseases (eg, angiotensin
receptor-neprilysin inhibitors in HF*) and across
diseases (eg, sodium-glucose cotransporter-2 inhibitors
in HF, T2D and CKD24_26). However, in our study, there
was room for improvement in the prescription of even
well-established, guideline-based drugs. For example,
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Figure 6 Risk of all-cause mortality in disease pairs of heart failure (HF), chronic kidney disease (CKD) and type 2 diabetes
(T2D), using restricted cubic splines for continuous variables in the multivariable Cox regression models. The reference value
for each risk factor was BMI: 25 kg/mz, SBP: 130mm Hg, HDL: 1.2 mmol/L, HbA1c: 30 mmol/mol and creatinine: 50 umol/L. The
shaded area in each panel is the 95% CI. All estimates are from fully adjusted models including the risk factors displayed in
figure 5. BMI, body mass index; HbA1c, glycated haemoglobin; HDL, high-density lipoprotein; SBP, systolic blood pressure.

only half of individuals with HF were prescribed beta-
blockers and ~70% were on ACE inhibitors, based on
prescriptions at the time of the second diagnosis. Adher-
ence is likely to be suboptimal and so this reflects an
overestimate of actual use. Moreover, we observed that
inpatient and outpatient healthcare utilisation was
highest for the HF+CKD combination and that this was
greatest in the first year after diagnosis, which could
suggest that the diagnosis of the third condition (T2D
in this case) occurs during admissions or outpatient
attendance for other conditions and complications.
This healthcare utilisation decreases over time, possibly
as routine monitoring and follow-up of the three condi-
tions together (HF, CKD and T2D) occur, suggesting that
early prevention of the third condition or its progres-
sion will lead to less healthcare burden. These types of
analyses need to be conducted across disease combina-
tions and by order of diagnosis. Therefore, there are
important gaps which need to be bridged in order to
improve morbidity, mortality and healthcare efficiency
across these diseases. If we consider multimorbidity

more broadly, polypharmacy and associated low rates of
prescription and adherence need to be investigated and
tackled.

In this study, we have concentrated on incident second
and third diagnoses in people with pre-existing CKD, HF
or T2D. There are opportunities and proven strategies
to prevent onset of these diseases (eg, antihypertensive
treatment to prevent CKD,”’ post-myocardial infarction
therapy to prevent HF*® and management of obesity to
prevent T2D*), but coordinated approaches across the
patient pathway are required. Moreover, risk factors
are rarely investigated comprehensively either in obser-
vational or interventional studies for primary preven-
tion. For example, in a large UK-based EHR study, we
showed that among new HF cases, 28.5% had no risk
factors supported by evidence for HF primary preven-
tion, 38.6% had no risk factors with evidence for CVD
primary prevention, and 15.6% had either no risk factors
or only risk factors without any trial evidence for HF or
CVD prevention.30
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Strengths and limitations

The strengths of our study design are the nationally repre-
sentative, linked EHR data, the inclusive and validated
definitions of diseases and the detailed analysis plan.
There are several limitations. First, due to the nature of
the EHR data, we only considered certain comorbidities
and risk factors of medications and sources of healthcare
utilisation and could not include a comprehensive list.
Second, we did not have measures of disease severity
such as HF stage or ejection fraction and we did not use
CKD stage in the analyses other than restricting the CKD
cohort to those diagnoses with stage 3 and above. Third,
we concentrated on pairs of diseases and only looked
at incidence of second and third diseases. Fourth, we
had significant missing data for some of the risk factors
analysed. We used multiple imputation in order to be
able to include these variables in our analysis under the
assumption that the data were missing at random. The
results of our complete case analysis found minimal devi-
ations between the analysis on imputed and complete
case data. Fifth, our analysis used only patient character-
istics and risk factors measured at baseline and did not
consider changing risk factor profiles of the cohort over
time, for example, additions or modifications to medi-
cations were not reflected after diagnosis of the second
condition. Sixth, we did not account for changes and
updates to clinical guidelines for medications during the
study period from 1998 and did not have data for indica-
tion for prescription of medications. We do not compare
the study population with controls, whether healthy or
those who develop a first condition. Seventh, for T2D,
our EHR phenotype excluded codes with unclear or
conflicting type of diabetes, which may have led to under-
ascertainment,” perhaps explaining the relatively low
T2D eventrates in those with HF and CKD (8.7%). Finally,
we performed Fine and Gray regression competing risk
analyses taking into account the competing risk of all-
cause mortality on the event of being diagnosed with a
third condition on only the complete case subset of the
cohort, due to computational limitations.

CONCLUSIONS

Inalarge observational study in national EHRs, we showed
the importance of detailed epidemiological studies in
the context of multimorbidity to inform targeted indi-
vidual and population-level healthcare. CKD, HF and
T2D frequently co-occur leading to major morbidity and
mortality in combination. There are multiple opportuni-
ties to fill evidence and practice gaps to improve knowl-
edge and outcomes, and future research in multimor-
bidity must take this into account.
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Table S1: Codelists for defining our chronic kidney disease, heart failure and type 2 diabetes cohorts

Read code
(Primary care)

ICD-10
(Hospital
admissions)

Clinical
biomarkers
(primary
care)

Chronic
kidney disease

1Z12.00, 1Z13.00, 1Z14.00, 1Z15.00, 1Z16.00,
1Z1B.00, 1Z1C.00, 1Z1D.00, 1Z1E.00, 1Z1F.00,
1Z1G.00, 1Z1H.00, 1Z1J.00, 1Z1K.00, 1Z1L.00,
7B06300, 81.50.00, K01..00, K010.00, K011.00,
K012.00, K013.00, K013.11, K013.12, K014.00,
K015.00, K016.00, K017.00, K018.00, K019.00,
KO01A.00, KO1B.00, KO1w.00, KO1w000, K01x000,
KO01x100, KO1x111, KO1x200, K01x300, KO1x400,
KO01x411, KO1y.00, K01z.00, K02..00, K02..11,
K02..12, K020.00, K021.00, K022.00, K023.00,
K02y.00, K02y000, K02y200, K02y300, K02yz00,
K02z.00, K05..00, K05..11, K05..12, K050.00,
KOD..00, K100.00, K100000, K100100, K100200,
K 100300, K100400, K 100500, K 100600, K100z00,
SP08300, TB00100, TBOO111, ZV42000

N18.3,N18.4,
N18.5, T82.4,
T86.1, Y60.2,
Y61.2,Y62.2,
Y84.1, 7249.0,
749.1,749.2,
794.0,799.2,
N18.6,177.0,

N16.5

eGFR

Heart failure

14A6.00, 14AM.00, 101..00, 388D.00, 661M500,
662T.00, 662W.00, 662f.00, 662¢.00, 662h.00, 662i.00,
662p.00, 679W 100, 679X.00, 8B29.00, 8CL3.00,
8CMK.00, SCMW800, 8CeC.00, 8H2S.00, SHBE.00,
8HHz.00, 8HK0.00, 9N2p.00, 9N6T.00, 90n..00,
90n0.00, 90n1.00, 90n2.00, 90n3.00, 90n4.00,
90r..00, 90r0.00, 90r1.00, 90r2.00, 90r3.00, 90r4.00,
90r5.00, 9h1..00, 9h11.00, 9h12.00, 9hH..00, 9hHO.00,
9hH1.00, G1yz100, G210100, G211100, G212100,
G232.00, G234.00, G400.00, G41z.11, G554000,
G554011, G58..00, G58..11, G580.00, G580.11,
G580.12, G580.13, G580.14, G580000, G580100,
G580200, G580300, G580400, G581.00, G581.11,
G581.13, G581000, G582.00, G584.00, G582.00,
G582.12, G5yy900, G5yyA00, ZRad.00

111.0,113.0,
113.2, 150

Type 2
diabetes

C108A11, C109.13, C109011, C109012, C109111,
C109112, C109211, C109212, C109411, C109412,
C109511, C109512, C109611, C109612, C109711,
C109712, C109A11, C109B11, C109C11, C109C12,
C109D11, C109D12, C109E11, C109E12, C109F11,
C109F12, C109G11, C109G12, C109H11, C109H12,
C109J00, C109J12, C10EA11, C10F.11, C10F000,
C10F011, C10F100, C10F200, C10F211, C10F300,
C10F311, C10F400, C10F411, C10F500, C10F600,
C10F611, C10F700, C10F711, C10F900, C10F911,
C10FA00, C10FA11, C10FB00, C10FB11, C10FC00,
C10FDO00, C10FD11, C10FE00, C10FE11, C10FF00,
C10FGO00, C10FH00, C10FJ00, C10FJ11, C10FLO0O0,
C10FL11, C10FMO00, C10FM11, C10FN00, C10FP00,
C10FQ00, C10FR00

E10
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Table S2: Baseline characteristics of the cohort stratified by the order of CKD, HF or T2D disease

diagnoses
CKD and HF CKD and T2D HF and T2D
CKD then HF HF then CKD CKD then T2D T2D then CKD HF then T2D T2D then HF

N 34,625 29,601 34,428 49,003 5,660 8,212
Demographics and behaviours
Age (years), Mean (SD) 81.5(9.32) 78.2 (10.30) 73.8 (10.05) 71.5 (9.99) 69.5 (11.40) 71.2 (11.26)
Age (years), range 18.4, 109 187,107 247,105 18.6, 108 25.4,105 20.2, 100
Women 18878 (54.5) 14154 (47.8) 19765 (57.4) 24281 (49 6) 1871 (33.1) 2752 (33.5)
Ethnicity

White 22514 (65} 16607 (56.1) 22133 (64.3) 28352 (59.9) 2991 (52.8) 4226 (51.5)

Black 175 (0.5) 114(0.4) 339 (1) 577 (1.2) 37(0.7) 65 (0.8)

South Asian 302 (0.9) 233 (0.8) 604 (1.8) 1210 (2.5) 62(1.1) 151 (1.8)

Other 141 (0.4) 112 (0.4) 242(0.7) 415 (0.8) 31(0.5) 58(0.7)

Unknown 11493 (332} 12535 (42.3) 11110 (32.3) 17449 (35.6) 2539 (44.9) 3712 (45.2)
Smoking status

Men-Smoker 6736 (19.5) 5830 (19.7) 7132 (20.7) 10390 (21.2) B12(14.3) 1162 (14.2)

Smoker 3399 (9.8) 3510 (11.9) 4195 (12.2) 6648 (13.6) 1005 {17.8) 1563 (19)

Ex-Smoker 24047 (69.4) 19312 (65.2) 22732 (66) 31224 (63.7) 3686 (65.1) 5385 (65.6)
Missing 5 13 32 11 15 28 12
Excess alcchol consumption 12185 (35.2) 9552 (32.3) 11924 (34.6) 16811 (34.3) 2110(37.3) 3446 (42)
Multimorbidity characteristics
Time between diagnoses (years), Median (IQR)  4.08 (1.49, 7.49) 2.44(0.76,5.20) 3.36 (1.15,6.49) 4.21(1.67,7.84) 3.05 (1.06, 5.96) 4.91(1.94, 8.67)
Medical history
Myccardial infarction BB38(25.5) BB56 (29.9) 3432 (10) 4255 (8.7) 1798 (31.8) 2328 (28.3)
Unstable angina 3208 (9.3) 3014 (10.2) 1217 (3.5) 1497 (3.1) 601 (10.5) 778 (9.5)
Stable angina 10773 (31.1) 104739 (35.4) 6458 (18.8) 7939 (16.2) 2194 (38.8) 2569 (31.3)
Percutaneous coronary intervention 2407 (7) 2185 (7.4) 1424 (4.1) 1782 (3.6) 684 (12.1) 852 (10.4)
Coronary artery bypass graft 2721(7.9) 2965 (10} 1251 (3.6) 1788 (3.6) 647 (11.4) 722 (8.8)
Unspecified coronary heart disease 12360 (35.7) 12516 (42.3) 6566 (19.1) 7916 (16.2) 2703 (47.8) 2906 (35.4)
Peripheral arterial disease 1746 (5) 1144 (3.9) 652 (1.9) 886 (1.8) 195 (3.4) 331 (4)
Ischaemic stroke 1697 (4.9) 1053 (3.5) 765 (2.2) 1004 (2) 178 (3.1) 306 (3.7)
Hypertension 25136 (72.6} 17392 (58.8) 24998 (72.6) 34409 (70.2) 3134 (55.4) 5448 (66.3)
Atrial fibrillation 15098 (43.6) 12964 (43.8) 4264 (12.4) 4621 (9.4) 2232 (39.4) 2834 (34.5)
Chronic obstructive pulmonary disease 5972 (17.2) 5256 (17.8) 3435 (10) 4129 (8.4) 1122 {19.8) 1531 (19.9)
Cancer 9266 (26.8) 6160 (20.8) 6384 (18.5) 8424 (17.2) 836 (15.8) 1582 (19.3)
Clinical Biomarkers
Body mass index, Mean (SD) 28.0(6.18} 28.2 (6.21) 31.2(6.26) 31.0 (6.35) 32.8(7.16) 32.0(7.12)
Missing % 4568 455 331 168 335 196
Systolic blood pressure (mmHg), Mean (5D} 133 (20.1) 129(19.9) 138 (16.8) 135 (17.3) 131 (18.3) 133 (18.7)
Missing % 6.1 8 5.7 5.4 84 5.5
Diastolic blood pressure (mmHg), Mean (SD) 73.8 (11.6) 72.3(11.2) 76.8 (10.1) 74.9 (10.0) 75.6 (10.8) 75.5(11.3)
Missing % 61 8 57 54 84 5.5
HbAlc, Median (IQR) 45(39.9, 55.2) 48 (41.0,80.7) 52 (486, 61.0) 52 (46.0,61.7) 54 (450, 65.0) 53 (46.0,63.0)
Missing % 75.9 788 39 72 423 129
HDL {mg/dL), Median (IQR) 1.30(1.10, 1.61) 126 (1.00,153) 1.20 (1.00, 1.44) 1.20(1.00, 141) 1.10(0.90, 1.30) 1.15 (0.96, 1.40)
Missing 5 484 456 276 192 325 255
LDL (mg/dL), Median (IQR) 2.20(1.70, 2.88) 2.20(1.70, 2.84) 2.50(1.90, 3.20) 2.10(1.60, 2.70) 2.22(1.70, 2.90) 2.00(1.56, 2.61)
Missing & 60.7 58.2 43.3 38.5 47.5 43.8
Triglycerides (mg/dL), Median (IQR) 1.20 (0.90, 1.70) 1.33 (1.00, 1.90) 1.80(1.30, 2.51) 1.70(1.20, 2.34) 1.83 (1.30, 2.60) 1.50 (1.06, 2.10)
Missing %o 545 50.8 337 279 388 357
Creatinine, Median {IQR) 112 (93, 138) 118 (103, 137) 101 (87, 119) 112 (96, 124} 85 (74, 99) 81 (69, 95)
Missing 5 9.8 35 55 07 128 9
Prescribed medication
Ace Inhibitors 22296 (64.4) 23318 (78.8) 18675 (57.2) 33774 (68.9) 4481(79.2) 5839 (71.1)
Beta blockers 17385 (50.2) 16723 (56.5) 13211(38.4) 17029 (34.8) 3528 (62.3) 4111 (50.1)
Antiplatelets 18953 (54.7) 17122 (57.8) 14408 (41.8) 23272 (47.5) 3062 (54.1) 4490 (54.7)
Statins 19118 (55.2) 17325 (58.5) 21091 (61.3) 36097 (73.7) 3838 (88.7) 6093 (74.2)
Diuretics 25506 (73.7) 25035 (84.6) 17689 (51.4) 23316 (47.6) 4000 (72.3) 5068 (51.7)
Metformin 2154 (5.2) 2010 (6.8) 6971 (20.2) 29252 (59.7) 1239 (21.9) 5076 (51.8)
Insulin 1784 (5.2) 1586 [5.4) 511(1.5) 4203 (8.6) 144 (2.5) 872 (10.6)
Non-steroidal anti-inflammatory drugs 7470(21.6) 5399 (18.2) 8451 (24.5) 12306 (25.1) 1047 (18.5) 1764 (21.5)

5

Pasea L, et al. Open Heart 2023; 10:€002332. doi: 10.1136/openhrt-2023-002332



Supplemental material

BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance

placed on this supplemental material which has been supplied by the author(s)

Figure S3: Kaplan-Meier analysis of the risks of development of third condition, all-cause mortality and
cardiovascular mortality in disease pairs, stratified by order of first two conditions
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Figure S4: Risk of cardiovascular death in disease pairs of heart failure, chronic kidney disease and type 2 diabetes, using multivariable Cox regression models on
multiply imputed data.

Risk factors CKD and HF HR (95% CI) CKD and T2D HR (95% CI) HF and T2D HR (95% CI)
N (events) = 64,226 (9,159) N (events) = 83,431 (2,131) N (events) = 13,872 (1,062)
Age (per 10 years) - 1.79 (1.66, 1.94) —-— 2.63(2.43,2.85) - 1.83 (1.85, 2.02)
Women: Men - 0.95 (0.83, 1.08) - 1.06 (0.92, 1.22) - 0.94 (0.78, 1.14)
Smoker: Non-Smoker —— 1.26 (1.00, 1.58) —_ 1.42(1.15, 1.75) e — 1.48(1.10, 1.99)
Ex-Smoker: Non-Smoker —-— 1.25 (1.08, 1.48) —-— 1.17 (1.00, 1.37) —— 1.13(0.88, 1.45)
Excess alcohol consumption - 1.32 (1.19, 1.48) - 1.26 (1.12, 1.41) - 1.25(1.07, 1.47)
First diagnosis*® - 1.46 (1.30, 1.63) - 0.79 (0.71, 0.89) — 1.54(1.29, 1.82)
Myocardial infarction - 1.20 (1.06, 1.36) - 1.07 (0.91,1.27) - 1.10(0.91, 1.32)
Atrial fibrillation - 1.36 (1.22, 1.51) - 1.70 (1.48, 1.95) - 1.28 (1.09, 1.50)
Hypertension - 1.25 (1.10, 1.42) - 1.06 (0.92, 1.21) - 0.88 (0.75, 1.04)
Peripheral arterial disease —_— 2.43(2.07,2.85) ——8—> 362(2.93,448) B —— 2.80(2.17, 3.62)
Stable angina - 0.84 (0.74, 0.95) - 0.97 (0.83, 1.14) - 1.00 (0.82, 1.20)
Unstable angina —a 1.55 (1.34, 1.80) —a 1.56 (1.25, 1.94) —— 1.31(1.03, 1.66)
Ischaemic stroke — 1.71(1.38, 2.11) —s———  313(250,3.93) —_— 2.33(1.74, 3.13)
CHD (unspecified) - 1.51(1.33,1.72) - 1.30 (1.11, 1.52) —a— 1.54(1.28, 1.87)
COPD - 1.38 (1.21, 1.57) —a— 1.86 (1.59, 2.18) —— 1.50 (1.25, 1.80)
Cancer - 1.19 (1.05, 1.35) - 1.29(1.14, 1.47) —-— 1.25(1.03, 1.50)
Beta blockers - 0.75 (0.67, 0.84) - 0.94 (0.84, 1.06) - 0.71(0.60, 0.84)
Diuretics - 1.13(0.98, 1.31) - 1.24 (1.10, 1.39) - 1.03 (0.87, 1.23)
NSAIDs - 0.81(0.71,0.93) - 0.87 (0.77, 0.99) - 0.83(0.68, 1.01)
Statins - 0.97 (0.85, 1.11) - 0.84 (0.74, 0.95) - 0.79 (0.66, 0.95)
rr T 1 1 1T 1T 11 rr T 1 1 1T 1T 11 Tt T 1 1 1T 1 711
005115 2 25 3 35 4 0 05115 2 25 3 356 4 0 0561 156 2 25 3 35 4
Hazard ratio Hazard ratio Hazard ratio

*For first diagnosis, HF is the reference group for CKD and HF, CKD is the reference group for CKD and T2D and HF is the reference group for HF and T2D. The upper and
lower limits for each point are the 95% confidence intervals. These models were also adjusted for the continuous variables modelled using restricted cubic splines displayed
in figure S5.
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Figure S5: Restricted cubic splines to model continuous biomarkers in the multivariable Cox regression
models on multiple imputed data: Risk of cardiovascular death in disease pairs of heart failure, chronic
kidney disease and type 2 diabetes
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Note: The reference value for each risk factor was BMI: 25kg/m?, SBP: 130mmHg, HDL: .1.2mmol/L, HbAlc:
30 mmol/mol and creatinine: S0umol/L. The shaded area in each panel is the 95% confidence interval. All
estimates are from the fully adjusted model including the risk factors displayed in figure S4.
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Figure S6: Risk factors for developing third condition in disease pairs of heart failure, chronic kidney disease and type 2 diabetes, using multivariable Cox

regression models on multiply imputed data, in the subgroup of the study population aged >60 years at baseline
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*For first diagnosis, HF is the reference group for CKD and HF, CKD is the reference group for CKD and T2D and HF is the reference group for HF and T2D.

Note: The upper and lower limits for each point are the 95% confidence intervals. These models were also adjusted for the continuous variables modelled using restricted
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Figure S7: Restricted cubic splines to model continuous biomarkers in the multivariable Cox regression
models on multiple imputed data: Risk factors for developing a third condition in disease pairs of heart
failure, chronic kidney disease and type 2 diabetes, in the subgroup of the study population aged >60
years at baseline
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Note: The reference value for each risk factor was BMI: 25kg/m?, SBP: 130mmHg, HDL: .1.2mmol/L, HbAlc:
30 mmol/mol and creatinine: S0pmol/L. The shaded area in each panel is the 95% confidence interval. All
estimates are from the fully adjusted model including the risk factors displayed in figure S6
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Figure S8: Risk factors for all-cause mortality in disease pairs of heart failure, chronic kidney disease and type 2 diabetes, using multivariable Cox regression

models on multiply imputed data, in the subgroup of the study population aged >60 years at baseline

*For first diagnosis, HF is the reference group for CKD and HF, CKD is the reference group for CKD and T2D and HF is the reference group for HF and T2D.

Note: The upper and lower limits for each point are the 95% confidence intervals. These models were also adjusted for the continuous variables modelled using restricted
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Figure S9: Restricted cubic splines to model continuous biomarkers in the multivariable Cox regression
models on multiple imputed data: Risk of all-cause mortality in disease pairs of heart failure, chronic
kidney disease and type 2 diabetes, in the subgroup of the study population aged >60 years at baseline
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reference value for each risk factor was BMI: 25kg/m?, SBP: 130mmHg, HDL: .1.2mmol/L, HbAlc: 30
mmol/mol and creatinine: 50pmol/L. The shaded area in each panel is the 95% confidence interval. All
estimates are from the fully adjusted model including the risk factors displayed in figure S8
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Figure S10: Risk factors for cardiovascular death in disease pairs of heart failure, chronic kidney disease and type 2 diabetes, using multivariable Cox regression
models on multiply imputed data, in the subgroup of the study population aged >60 years at baseline

Risk factors

Age (per 10 years)
Women: Men

Smoker: Non-Smoker
Ex-Smoker: Non—-Smoker
Excess alcohol consumption

First diagnosis*

Myocardial infarction
Atrial fibrillation
Hypertension

Peripheral arterial disease
Stable angina

Unstable angina
Ischaemic stroke

CHD (unspecified)

COPD

Cancer

Beta blockers
Diuretics
NSAIDs
Statins

CKD and HF
N (events) = 61,807 (8,996)

i

—_—
——
-

-

[ T T T I T T I 1
0051152253 35 4

Hazard ratio

HR (95% CI)

1.88 (1.73. 2.05)
0.95 (0.83, 1.08)

1.31 (1.04. 1.65)
1.27 (1.07, 1.50)
1.32(1.18. 1.48)

1.45(1.28.1.62)

1.21

1.34
1.28

1.07. 1.38)
1.20, 1.50)
113,147
2.36 (2.00,2.78
155 (1.33, 1.80
169
149
139

1.19

(

(

( )

( )
0.84 (0.73. 0.95)

( )

(1.37.2.10)

(1.30, 1.70)

(1.22, 1.59)

(1.05, 1.35)
076
1.1
0.82

0.68, 0.85
0.96,1.28

( )
( )
(0.71,0.94)
( )

0.97 (0.85. 1.11

CKD and T2D
N (events) = 74,128 (2,063)

—

-

-

[ T T T I T T T 1
0051152 253 35 4

Hazard ratio

HR (95% CI)

2.78 (2.55,3.04)
1.05 (0.91,1.22)

140 (1.13.1.74)
1.15 (0.98, 1.35)
1.27 (1.13.1.42)

0.79 (0.70. 0.88)

1.08 (0.91,1.28)
169 (1.47, 1.94)
1.05 (0.92,1.21)
3.51(2.82, 4.36)
0.97 (0.83. 1.14)
157 (1.26, 1.96)
3.10 (2.47. 3.90)
130 (1.11, 1.53)
1.88 (1.60, 2.21)
129 (

1.13, 1.48)

0.94
1.23
0.87

0.83,1.05
1.09, 1.39

( )
( )
(0.76,0.99)
( )

0.85(0.75.0.96

HF and T2D HR (95% CI)
N (events) = 11,375 (963)
—-— 2.12 (1.88, 2.39)
- 0.92 (0.75, 1.13)
—_— 1.45 (1.05, 2.00)
—- 1.15 (0.89, 1.50)
- 1.24 (1.0, 1.47)
— 1.64 (1.37, 1.97)
- 1.09 (0.90, 1.33)
- 1.25 (1.06, 1.48)
- 0.93 (0.78, 1.11)
—_— 2.66 (2.03, 348)
—-— 0.98 (0.80, 1.20)
— 1.40 (1.09, 1.79)
—_— 2.37 (1.75.3.22)
— 1.52 (1.25, 1.85)
— 1.58 (1.30, 1.91)
—-— 1.21 (1.00, 1.47)
- 0.71 (0.50, 0.85)
- 1.02 (0.85, 1.23)
- 0.86 (0.70, 1.06)
- 0.80 (0.66. 0.97)
T

[ T T I T T T 1
0051152 253 35 4

Hazard ratio

*For first diagnosis, HF is the reference group for CKD and HF, CKD is the reference group for CKD and T2D and HF is the reference group for HF and T2D.

Note: The upper and lower limits for each point are the 95% confidence intervals. These models were also adjusted for the continuous variables modelled using restricted
cubic splines displayed in figure S11.
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Figure S11: Restricted cubic splines to model continuous biomarkers in the multivariable Cox regression
models on multiple imputed data: Risk of cardiovascular death in disease pairs of heart failure, chronic
kidney disease and type 2 diabetes, in the subgroup of the study population aged >60 years at baseline
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Note: The reference value for each risk factor was BMI: 25kg/m?, SBP: 130mmHg, HDL: .1.2mmol/L, HbAlc:
30 mmol/mol and creatinine: S0pmol/L. The shaded area in each panel is the 95% confidence interval. All
estimates are from the fully adjusted model including the risk factors displayed in figure S11
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Figure S12: Risk factors for developing third condition in disease pairs of heart failure, chronic kidney disease and type 2 diabetes, using multivariable Cox
regression models on complete case data.
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*For first diagnosis, HF is the reference group for CKD and HF, CKD is the reference group for CKD and T2D and HF is the reference group for HF and T2D.

Note: The upper and lower limits for each point are the 95% confidence intervals. These models were also adjusted for the continuous variables modelled using restricted
cubic splines displayed in figure S13.
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Figure S13: Restricted cubic splines to model continuous biomarkers in the multivariable Cox regression
models on complete case data: Risk factors for developing a third condition in disease pairs of heart
failure, chronic kidney disease and type 2 diabetes
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Note: The reference value for each risk factor was BMI: 25kg/m?, SBP: 130mmHg, HDL: .1.2mmol/L, HbAlc:
30 mmol/mol and creatinine: 50pmol/L. The shaded area in each panel is the 95% confidence interval. All
estimates are from the fully adjusted model including the risk factors displayed in figure S12
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Figure S14: Risk of all-cause mortality in disease pairs of heart failure, chronic kidney disease and type 2 diabetes, using multivariable Cox regression models on

complete case data
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*For first diagnosis, HF is the reference group for CKD and HF, CKD is the reference group for CKD and T2D and HF is the reference group for HF and T2D.

Note: The upper and lower limits for each point are the 95% confidence intervals. These models were also adjusted for the continuous variables modelled using restricted

cubic splines displayed in figure S15.
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Figure S15: Restricted cubic splines to model continuous biomarkers in the multivariable Cox regression
models on complete case data: Risk of all-cause mortality in disease pairs of heart failure, chronic kidney
disease and type 2 diabetes
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Note: The reference value for each risk factor was BMI: 25kg/m?, SBP: 130mmHg, HDL: .1.2mmol/L, HbAlc:
30 mmol/mol and creatinine: S0umol/L. The shaded area in each panel is the 95% confidence interval. All
estimates are from the fully adjusted model including the risk factors displayed in figure S14.
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Figure S16: Risk of cardiovascular death in disease pairs of heart failure, chronic kidney disease and type 2 diabetes, using multivariable Cox regression models on
complete case data

Risk factors CKD and HF HR (95% CI) CKD and T2D HR (95% Cl) HF and T2D HR (95% CI)
N (events) = 7,706 (1,133) N (events) = 43,785 (942) N (events) = 6,884 (4,67)
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Ischaemic stroke —_— 177 (1.41,2.23) —s——— 295(2.22,391) —_— 218 (1.52, 3.14)
CHD (unspecified) —-— 1.56 (1.35, 1.80) — 1.27 (1.04, 1.54) —_— 1.71(1.35, 2.15)
COPD - 1.25 (1.08, 1.45) — 1.89 (1.56, 2.28) — 1.50 (1.21, 1.85)
Cancer - 1.20 (1.04, 1.38) - 1.34 (1.15, 1.57) —-— 1.26 (1.02, 1.57)
Beta blockers - 0.73 (0.64, 0.82) - 1.00(0.87, 1.15) - 0.65 (0.53, 0.79)
Diuretics - 1.01(0.87, 1.19) - 1.17 (1.02, 1.35) - 1.05 (0.85, 1.30)
NSAIDs - 0.84 (0.72,0.97) - 0.86 (0.74, 1.00) - 0.90(0.71, 1.14)
Statins - 0.90 (0.78, 1.05) - 0.95(0.81,1.10) - 0.77 (0.62, 0.97)
T 1 T 1T T 1T T 1 T 1 T 1 T 1T T 1 T 1 T 1 T 1T T 1
005115 2 25 3 35 4 0 05115 2 25 3 35 4 0 051 15 2 25 3 35 4
Hazard ratio Hazard ratio Hazard ratio

*For first diagnosis, HF is the reference group for CKD and HF, CKD is the reference group for CKD and T2D and HF is the reference group for HF and T2D.

Note: The upper and lower limits for each point are the 95% confidence intervals. These models were also adjusted for the continuous variables modelled using restricted
cubic splines displayed in figure S17.
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Figure S17: Restricted cubic splines to model continuous biomarkers in the multivariable Cox regression
models on complete case data: Risk of cardiovascular death in disease pairs of heart failure, chronic
kidney disease and type 2 diabetes
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Note: The reference value for each risk factor was BMI: 25kg/m?, SBP: 130mmHg, HDL: .1.2mmol/L, HbAlc:
30 mmol/mol and creatinine: 50pmol/L. The shaded area in each panel is the 95% confidence interval. All
estimates are from the fully adjusted model including the risk factors displayed in figure S16.
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Figure S18: Cumulative incidence functions estimating the probability of patients being diagnosed with a
third condition in the presence of the competing risk of all-cause mortality
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Figure S19: Risk factors for developing third condition in disease pairs of heart failure, chronic kidney
disease and type 2 diabetes, using multivariable Fine and Grey regression models on complete case data.

Risk factors CKD and HF -> T2D HR (85% ClI) CKD and T2D -> HF HR (95% C1) HF and T2D -> CKD HR (85% CI)
N (events) = 7,706 (305) N (events) = 43,785 (3,281) N (events) = 6,884 (1,880)
Age (per 10 years) - 0.68 (0.59, 0.78) - 1.45 (1.39, 1.62) - 1.14 (1.08. 1.20)
Women: Men —_— 1.26 (0.95, 1.67) - 1.04 (0.95.1.14) - 059 (0.53, 0.66)
Smoker: Non-Smoker —_— 1.23(0.81, 1.84) —— 1.42 (1.24.1.62) —— 1.05 (0.88, 1.26)
Ex-Smoker: Non-Smoker — 0.76 (0.55, 1.04) - 1.25 (1,13, 1.38) —-— 1.04 (0.90, 1.20)
Excess alcohol consumption . 0.7 (0.77, 1.24) - 1.06 (0.98, 1.14) - 0.54 (0.86. 1.04)
First diagnosis® ——r 0.81 (0.63, 1.03) - 125 (1.15.1.36) —— 145 (1.29, 1.62)
Myocardial infarction —— 0.87 (0.66. 1.14) — 154 (1.39.1.71) —-— 1.05 (0.94. 1.18)
Atrial fibrillation — 1.13(0.89, 1.43) —a— 1,89 (1.73.2.08) - 057 (0.88, 1.07)
Hypertension —— 0.90(0.70, 1.18) - 1.08 (0.99.1.17) —-— 1.16 (1,04, 1.29)
Peripheral arterial disease —_— 0.65(0.37, 1.13) —_— 1.69 (1.40, 2.03) —— 1.03 (0.80. 1.31)
Stable angina —— 0.86 (0.65, 1.14) - 1,16 (1.05. 1.29) - 0.88 (0.78, 1.00)
Unstable angina —— 1,09 (0.77. 1.85) —— 1.43 (1.24. 1.65) —— 1.02 (0.87. 1.18)
Ischaemic stroke —_— 076 (0.38, 1.48) —_— 1.41 (1,15, 1.74) —_— 0.9 (0.77, 1.28)
CHD (unspecified) |——— 1.36(1.03 1.79) . 1.29 (1.16, 1.42) - 1.10 {0.98, 1.24)
COPD — 1.13 (0.84, 1.51) —— 146 (1.32,1.62) - 094 (0.84. 1.07)
Cancer —— 1.06 (0,80, 1.42) - 100 (0.91.1.09) - 0.83(0.73,0.34)
Beta blockers —— 1.20 (0.93, 1.54) - 1.1 (1.03. 1.20) - 0.88 (0.80. 0.97)
Diuretics —_—— 0.89 (0.68, 1.21) - 142 (1.31.1.53) - 111 (1.00. 1.24)
NSAIDs e — 1.19(0.92, 1.56) - 0.90 (0.83,0.97) bl 1.08 (0.97. 1.21)
Statins —— 0.82(0.62, 1.08) - 0.88 (0.61. 0.96) —-— 1.26(1.11, 1.42)
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*For first diagnosis, HF is the reference group for CKD and HF, CKD is the reference group for CKD and T2D
and HF is the reference group for HF and T2D.

Note: The upper and lower limits for each point are the 95% confidence intervals. These models were also
adjusted for the continuous variables modelled using restricted cubic splines displayed in figure S20.

22

Pasea L, et al. Open Heart 2023; 10:€002332. doi: 10.1136/openhrt-2023-002332



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) Open Heart

Figure S20: Restricted cubic splines to model continuous biomarkers in the multivariable Fine and Grey
models on complete case data: Risk factors for developing a third condition in disease pairs of heart
failure, chronic kidney disease and type 2 diabetes

CKD and HF —> T2D CKD and T2D —> HF HF and T2D -> CKD
44 44 44
o o o
7 7 9 &3
T 24 e 2+ B2
© o (]
811 R | 5 ——— § 1]
I o / o o4 o = o
20 40 60 20 40 60 20 40 60
BMI (kg/m2) BMI (kg/m2) BMI (kg/m2)
4 4 4

w
1
)
f

—/

Hazard ratio
i
Hazard ratio
i
Hazard ratio
N

0 04 0
100 150 200 100 150 200 100 150 200
SBP (mmHg) SBP (mmHg) SBP (mmHg)

3 3 3
he) =] =]
'f_i 24 E 2+ E 24
® 2 B
gl-/—\ ﬁf-\— §1-/—\
e E =

0_ T T T T T T 0_ T T T T D T T T T

0 1 2 3 4 5 0 1 2 3 0 2 4 6
HDL (mmol/L) HDL (mmol/L) HDL (mmol/L)

44 44 4
(=] (=] o
8 87 5]
B 2 T 24 B2
@ © (]
E 1 E 1 e i) % 1 PSR e e
T '] b s ] il = e U

20 40 60 80 100 20 40 60 80 100 20 40 60 80 100
HbA1c (mmol/mol) HbA1c (mmol/mol) HbA1c (mmol/mol)

4 4 100
£ 3] 83 2 75
L i ol
D 24 B 24 P 50
LgE ¥ & A — £ 254

0- T T T T 0 L T T T T 00 L T T T T

10 30 100 300 10 30 100 300 10 30 100 300
Creatinine (umol/L) Creatinine (umol/L) Creatinine (umol/L)

Note: The reference value for each risk factor was BMI: 25kg/m?, SBP: 130mmHg, HDL: .1.2mmol/L, HbAlc:
30 mmol/mol and creatinine: 50umol/L. The shaded area in each panel is the 95% confidence interval. All
estimates are from the fully adjusted models including the risk factors displayed in figure S19.
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Figure S21: Observed rate of healthcare utilisation in primary care setting
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Figure S22: Observed rate of healthcare utilisation in hospital setting
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Note: Outpatient data limited to individuals who entered the cohort from 2003 onwards.
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