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Abstract

Objectives The aim of this study was to develop prediction models for the individual-level impacts of cardiovascular events
on UK healthcare costs.

Methods In the UK Biobank, people 40-70 years old, recruited in 2006-2010, were followed in linked primary (N = 192,983
individuals) and hospital care (N = 501,807 individuals) datasets. Regression models of annual primary and annual hospital
care costs (2020 UKE) associated with individual characteristics and experiences of myocardial infarction (MI), stroke,
coronary revascularization, incident diabetes mellitus and cancer, and vascular and nonvascular death are reported.

Results For both people without and with previous cardiovascular disease (CVD), primary care costs were modelled using
one-part generalised linear models (GLMs) with identity link and Poisson distribution, and hospital costs with two-part models
(part 1: logistic regression models the probability of incurring costs; part 2: GLM with identity link and Poisson distribution
models the costs conditional on incurring any). In people without previous CVD, mean annual primary and hospital care costs
were £360 and £514, respectively. The excess primary care costs were £190 and £360 following MI and stroke, respectively,
whereas excess hospital costs decreased from £4340 and £5590, respectively, in the year of these events, to £190 and £410
two years later. People with previous CVD had more than twice higher annual costs, and incurred higher excess costs for
cardiovascular events. Other characteristics associated with higher costs included older age, female sex, south Asian ethnicity,
higher socioeconomic deprivation, smoking, lower level of physical activities, unhealthy body mass index, and comorbidities.
Conclusions These individual-level healthcare cost prediction models could inform assessments of the value of health
technologies and policies to reduce cardiovascular and other disease risks and healthcare costs. An accompanying Excel
calculator is available to facilitate the use of the models.
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1 Introduction

Cardiovascular disease (CVD) is the leading cause of global
disease burden [1]. In the United Kingdom (UK), 7.6 mil-
lion people are living with CVD, and half of the popula-
tion are predicted to develop a CVD condition during their
lifetime [2]. In 2015, CVD was estimated to incur £9 billion
of healthcare costs in the UK, 4.7% of the total healthcare
budget, and to cost society £19 billion [3, 4].

Decisions to adopt policies and interventions to reduce
CVD risk require reliable estimates of the impact of CVD
events on healthcare costs. However, few studies report com-
prehensive estimates. Previous studies in the UK focused on
people with previous CVD [5-8] and on hospital care costs
only [8—12] and were often limited in size [7-12]. Contem-
porary estimates of the impacts of CVD events on healthcare
costs, particularly among people without previous CVD, and
the impacts on primary care costs and over the long term
are needed.

This study used the UK Biobank study data of 500,000
adults to quantify the immediate and long-term impact of
incident CVD events on primary and hospital care costs in
categories of people without and with previous CVD.

2 Methods
2.1 Study Population and Data

UK Biobank is a prospective cohort of > 500,000 adults
from across England, Scotland and Wales aged 40—69 years
at recruitment in 2006-2010. All UK Biobank participants
with established linkage to primary (192,983 [38.5%] par-
ticipants) or hospital care (501,807 [100%] participants)
records were included; the lack of primary care data for
research purposes for 61.5% of participants was due to lack
of agreement with data providers. A small number of partici-
pants with end-stage renal disease at entry into UK Biobank
were excluded as dialysis information was not included in
the linked hospital data [13]. The linked healthcare data
were used to identify the primary and hospital care records
from participants’ entry to 31 March 2016 (the latest date all
required linked data was available at 2019 datacut), death or
loss to follow-up, whichever occurred first. Participants who
had moved to primary care practices not contributing linked
data had gaps in their registration records in the linked pri-
mary care data. The annual periods of participant data with
such registration gaps were excluded from the primary care
cost analysis.
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2.2 Adverse Events Identification

The first occurrences of four cardiovascular events after
entry into UK Biobank: myocardial infarction (MI), stroke,
coronary revascularization (CRV) and vascular death (VD)
were the focus of the study. Three non-vascular events
were also identified: incident diabetes, incident cancer and
non-vascular death (NVD). Events were identified using
the earliest date identified from the linked primary care,
hospital admission and cancer and death registry records
(see Supplement section 1 and Supplement table 1 of
Online Resource 1 in the electronic supplementary mate-
rial [ESM])).

2.3 Costing Primary and Hospital Care

Three categories of primary care services recorded in the
primary care records were costed: primary care consulta-
tions, diagnostic and monitoring tests, and prescription med-
ications. Primary care consultations were costed using an
average cost per general practice (GP) consultation of £29.01
based on the unit cost per minute by GP staff [14], duration
of consultation by GP staff [15], and proportions of types
of consultations by GP and practice nurse [16] (Supplement
section 2 of Online Resource 1, see ESM). Diagnostic and
monitoring tests were costed by identifying and costing cat-
egories of tests using the relevant average unit cost from
the National Health Service (NHS) England reference cost
[17] (Supplement table 2 of Online Resource 1, see ESM).
Prescription medications were costed using the mean cost
per prescription at paragraph level from NHS prescription
cost analysis [18].

Hospital care services, identified in the hospital admis-
sion records, were costed by mapping the hospital inpatient
episodes into Healthcare Resource Groups (HRGs), the
standard grouping of clinically similar treatments using the
HRG4+ reference costs grouper [19]. HRGs and the excess
bed days were costed using the NHS England reference costs
[17,20].

All costs were inflated to year 2020 using the NHS cost
inflation index [21].

2.4 Statistical Analysis

Annual primary and hospital care costs were calculated over
annual periods from recruitment into UK Biobank by sum-
ming up the costs incurred by each participant during each
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year of follow-up in the study. For the hospital admissions
spanning more than 1 year of follow-up, a share of the total
cost was allocated into each respective annual period based
on the duration of hospital stay in that annual period. Sepa-
rate statistical models were estimated for annual primary and
annual hospital care costs.

The following participant characteristics at entry were
considered for inclusion in the cost models: sex, ethnic-
ity, quintile of Townsend deprivation index [22], smok-
ing status, physical activity, diet quality, body mass index
(BMI), low density lipoprotein (LDL) cholesterol, high
density lipoprotein (HDL) cholesterol, serum creatinine,
systolic blood pressure (SBP), diastolic blood pressure
(DBP), antihypertensive treatment and histories of dia-
betes mellitus, severe mental illness or CVD. The his-
tory of CVD was specified as follows: prior myocardial
infarction only, prior stroke only, prior peripheral arte-
rial disease only, prior other coronary heart disease only
(including acute rheumatic fever, chronic rheumatic heart
diseases, hypertensive heart disease, angina pectoris,
other acute ischaemic heart disease, chronic ischaemic
heart disease, pulmonary heart disease and other form
of heart disease); and prior events in two or more of the
above categories. The following annually updated par-
ticipant characteristics were also considered: current age,
duration since first occurrences of cardiovascular events
during follow-up and duration since incident diabetes or
cancer. For each event of interest, duration since event
was defined as a categorical variable with the following
levels: no event; event in the annual period (same year);
event in the previous annual period (1 year ago); event in
the annual period two years ago (2 years ago); and event
in an annual period three or more years ago (> 3 years
ago). Missing data handling and covariate specification
for modelling were specified (Supplement section 3 of
Online Resource 1, see ESM) and interactions between
co-occurring events during annual periods were assessed
(Supplement section 4 of Online Resource 1, see ESM).
Separate statistical models were estimated in participants
without and with previous CVD at entry as preliminary
analyses indicated important differences in impacts.

Annual primary care costs were modelled using general-
ized linear regression models (GLMs). Due to the high pro-
portion of zero-cost observations (no hospital use in year)
and highly skewed distribution for non-zero costs, annual
hospital care costs were modelled using two-part models
with the first part modelling the probability of having any
costs using logistic regression, and the second part modelling
the costs conditional on having incurred costs using GLMs
(Supplement section 5 of Online Resource 1, see ESM). Six
different GLMs using three distributions (Gaussian, Poisson,
and Gamma) and two link functions (identity and natural

log) were considered for the primary care costs models and
for the second part of the hospital costs models. The selec-
tion of the most appropriate models was based on common
specification tests, predictive performance, and parsimony
(Supplement section 6 of Online Resource 1, see ESM).
Cluster robust standard errors were estimated acknowledg-
ing the lack of independence between annual periods for the
same participant. Stepwise bidirectional covariate selection
(backward elimination and forward selection) was performed
at the 1% level of statistical significance.

The mean excess annual costs associated with events in
the UK Biobank were summarised using the estimated cost
models with recycled prediction used for the hospital cost
model (see further details in Supplement section 7 of Online
Resource 1 [ESM]). The confidence intervals (Cls) for the
estimated mean annual hospital costs for the reference indi-
vidual were derived using a bootstrap approach with 1000
resamples with replacement from participant data.

Analyses were performed using R version 4.1.3.

3 Results

501,807 UK Biobank participants (100%) with 3,798,324
annual periods of follow-up contributed to the hospital cost
analyses, and 192,983 UK Biobank participants (38.5%)
with 1,255,741 annual periods of follow-up contributed
to the primary care cost analyses (Supplement figure 1 of
Online Resource 1, see ESM). The average age at recruit-
ment of participants contributing to the hospital cost analy-
ses was 56.5 years (standard deviation: 8.1), 45.6% were
men, and 57,271 (11.4%) were with previous CVD. The
characteristics at baseline of participants contributing and
not contributing to the primary care analyses, respectively,
were similar (Supplement table 3 of Online Resource 1, see
ESM). Participants with previous CVD were older, more
likely to be men, of lower socioeconomic status, smok-
ers, with lower level of physical activities, unhealthy diet,
higher BMI, and higher proportion of disease histories such
as hypertension, diabetes, cancer and severe mental illness
(Table 1).

Over the average follow-up duration of 7.1 years, there
were 6861 (1.4%) participants experiencing Mls, 5978
(1.2%) experiencing strokes, 8971 (1.8%) experiencing
CRVs, 3193 (0.6%) died from vascular causes, and 11,699
(2.3%) died from nonvascular causes. Among the partici-
pants without previous diabetes or cancer at recruitment,
9696 (2.1%) were diagnosed with diabetes and 29,874
(6.7%) with cancer during follow-up, respectively. Com-
pared with people without previous CVD, people with pre-
vious CVD had higher risks of adverse events (Supplement
table 4 of Online Resource 1, see ESM).

A\ Adis



J. Zhou et al.

550

(€'€0) Tseel (S°€€) 9v8°8¥1 (#'¥20) $£09 (82€) 9TT'SS ST>G8I <
(#'0) €5C (S°0) ¥9¢¢ ($°0) 821 (S'0) 0v8 ¢8Il >
(;w/3Y) xapur ssew Apog
(LD sesT (T oLv6 (€7) 8¢S (8'D) L¥6T SussI
(T°$€) 991°0C (S°€€) LLO' 6T (6'7€) €798 (6°€€) S¥6°9¢ Apresyun
(T'79) 0LS°S¢E (€'79) 686°68C (8'79) €56°CT (#'%9) €1€°801 Apresq
KAyenb ja1q
(T viLTt (9'61) LLT'LS (L'12) 69¢€S (F'61) 6¥S°CE SuIssIy
(€°62) 9LLOT (LT TOT'SHT (T°0€) 89¥L (1°€€) 089°6S Y31
(6°0) LLY°LT (6'2E) OVT'OPT (1€)9L9L (8'2€) 661°GS 9JeI9pOIN
(9°L1) ¥OT°0T (8'%1) 12659 (T'L1) S9T¥ (L¥D) LLLYT Mo
K)1AT)OR TROTSAYq
(8°0) 99% (9°0) 08T (L0) 181 (S0) 618 SuIssIy
(T°21) LT69 (€01) 6L6°SY (9'T1) ¥L8¢ (T01) 9T0°LT Joyows Jualinyy
(9°¢¥) 866'+C (T€E) 18L°LYT (€¥) ¥S9°01 (T°€€) L09'SS Joyows JouIoq
(F'ev) 0884C (6°SS) 96T°8%C (L'¥P) 690°TT (€'95) €9L°%6 JoASN
Suryowrg
(T°0) 69 (T°0) €8S (T°0) ¢ (T0) L£T SuIssIA
(0'91) 8€16 (L'TT) €88°TS (8'%1) LS9E (L'01) 620°81 ¢ omumg)
(0'91) S16 (S¥1) 8SEH9 (1'91) 286¢ (9'%1) 9TS*¥C  omnuImg
(L'ST) 6106 (€91) T6¥'TL (T'91) LL6E (#'91) 959°LT € omumg)
(T'61) 6£6°01 (1°00) 112°68 (L'61) 088¥ (9°00) ¥¥9'v¢ T omumg
(T°€€) 156°81T (#'LE) 6£0°991 (€¢c) 81T8 (S'LE) €11°€9 (paatxdap 1se9) T S[HUMY
uoneALIdop JTWOU0J90100S PUISUMO],
(9°0) 09¢ (S0) 11¥C (S'0) 9¢1 (s'0) Z9L SuIssIA
(L'1) 796 (T2 T166 1D sse (6D oLIE PO
(8'T) 8501 (9'T) €869 (2) 61 (L'T) S06T UBISY anos
(€DoLL (9'1) 992L (6'0) TTC (T'1) 1681 oerg
(S'¥6) TTI'¥S (¥6) ¥96°L1¥ (T°$6) 0LS*€T (8'%6) LIS6ST AMYM
Kyomuyg
(6'8S) 6TL'CE (6'€h) 6L6V61 (8'95) #8011 (Lev) eLS'EL SlBIN
0L 709 (I'9) 0'9§ () €09 (08) 19§ (s1eok) 98y
(TILT'LS =u) Oy =u) (8LLYT =u) (S0T‘891 = u)
AAD snotaaxd g AAD snotaaxd Jnoyp AAD snotaaxd g AAD snoraaxd oy
(%) u 40 (qs) uvapy (%) u 10 (qs) uvapy

SIsA[eue s3s09 a1 [e)dso

SISATeUR $)S00 18D ATRWII]

syuedronred Apnis Jo sonsLIaloRIRYD QUI[Asey | d|qeL

A\ Adis



551

Prediction Models for Healthcare Costs Associated with Cardiovascular Events in the UK

9SBASIp 1189y JO WLIOJ JOYI0 pue dseasIp 11edy Areuownd
“OSBASIP 118 OIUOBYDST JIUOIYD “DSBISIP 118y JIWARYDSI Anok JoyJo ‘s110309d eurSue “oseasip 11eay] 9AISU)IodAY ‘SaseasIp 11eay dNewnayl JIUOIYD “IOAYJ ONBWNIYI Nde SapN[oul (qHD YOy

dnoi3 oruyle 1930 pue punoIIYORq POXIW IAYI0 AUY ‘UBISY PUB YA\ ‘UBDLIJY JOv[d PUR YA\ ‘UBIQQLIRD) JOB[q PUB YA\ ‘POXIJA ‘QSQUIYD) sapn[oul AJOTUyI0 Y10«

UOTJBIAQD

pIepuels (7§ ‘oseasip [eraire [eroyduad gy ‘uonoreur erpiesokuw jpy ‘ursjordodr] Aysuop-mol 777 ‘urerordodr] K3Suop-ySiy K ‘9SeasIp IB[NOSBAOIPILD (JA,) ‘9SBasIp 1IedY AIBUOIOD (JTH)

(%) Jaquunu Io ((JS) UBSUI e SINJRA

(S0) 06T°¥1 o (8°€7) 968¢ 00 QI0W 10 0M],
(9°05) 696°8C o (19) Tv9°CI (K] vA[uo gD 1810
(6'T1) S089 o (F1) €L¥E (K] Ao avd
(6) LETS o (8) 1661 (K] Aquo ayong
(9°¢) 0L0T o (Te)9LL (K] Auo TN
00 (001) 9€S v 0o (001) S0T'891 ON
dAD Joug
(171) €2€9 (1'8) 280°9¢ (9¢D) vLEE (0D 6¥S°LI K103S1Y SSOU[JT [EIUSUI DIGADS
(T01) 658S WL ziLee (8°6) 0THT (€°L) 122°T1 Jooued 01 g
(6'11) T6LY (€¥) SLO'6T (601) ¥69C T vEIL T edAL
(') 8LET (9°0) L8¥T (€20 85S¢ (90) 926 [ 2dAg,
$9)9qeIp Iold
(L°SP) 181°9C (T91) ST6'1L (¥+) 006°01 (T9D 0vT'LT JusuIEa) AAISUIRAAYNUE UQ
(0D 608 (1on +'z8 #oD 018 (101 928 (BHuwr) dxnssaxd poojq d1[oIseI
(6°81) 6'8€1 (981) 8°LET 061 1°6€1 (L8 T8€1 (8Hww) dxssaxd poo[q d1joISKS
(86D 0LL rspsiL (S'61)$9L IsnsiL ("1/10wm) Sutunear)
&0 ¢ &0 ST &0 g1 &0 ST (710w [03I$A0Yd TAH
60 1€ (80 9¢ 60 1€ 60)9°¢ ("1/1ouru) [012)SA0YD TA'T
(I'1) 0£9 (9°0) LS¥T (1) 152 (S°0) 906 SuIssIA
(T¢) €181 (871) 1L8L (©) ¢€L (8°T) 066C or <
(L zigy (9%) S¥9°0C (¢°L) 2081 (L) 6v6L ob > ‘6e <
(870 LEOET (L91) 96€°vL (1°72) s8¥¢ (I'L1) 6LL'8T S¢>‘0¢ <
(L'19) ¥L8°€T (€Th) LS6°L8T (L'1) ¥E01 (STY) SIS TL 0€> 6T <
(I1LT°LS = u) (9¢S*vPt = u) 8LL'YT=u) (S0T'891 = u)
dAD m:o;v.& UM dAD m:o;o‘a INOYIM dAD mzogv.& UM dAD msogo.a INOYIA

(%) u 40 (as) uvop
SIsA[eue s3s09 a1ed [e)dsoy

(%) w40 (gs) uvay
SISA[eUR $)S00 2180 AIewig

(ponunuod) | 3jqeL

A\ Adis



552

J. Zhou et al.

The duration of follow-up was similar for both primary
and hospital care costs analyses and across people without
and with previous CVD. From the annual follow-up periods
of participants with any linked primary care data, 13.7%
included registration gaps in their linked primary care data
and were excluded from analysis. Participants had on aver-
age 5.5 primary care consultations, 3.3 diagnostic and moni-
toring tests and 21.8 prescription medications per year, at
an overall primary care cost of £409 per year (consultations
£160; tests £31; medications £218); and 0.4 hospital admis-
sions per year at an overall hospital inpatient cost of £583.
Compared with people without previous CVD, people with
previous CVD had higher rates of primary care consulta-
tions, diagnostic and monitoring tests, prescription medica-
tions and hospital admissions, and higher costs of primary
(£360 vs £746) and hospital care (£514 vs £1131) (Supple-
ment table 4 of Online Resource 1, see ESM).

Among participants who experienced MI, stroke, CRYV,
diabetes or cancer, annual primary care consultation rates
and annual hospital admission rates peaked in the year of

the event, then decreased over the subsequent years. The
annual costs had a similar pattern across event types, except
that the annual primary care costs continued to increase after
the year of stroke. Among participants who died, the rates of
primary care consultations and costs of primary care were
generally lower in the year of death, whereas the rates and
costs of hospital admissions were higher. Compared with
participants without previous CVD, participants with previ-
ous CVD had higher annual primary care consultations rates
and hospital admission rates, and higher annual primary care
and hospital care costs (Fig. 1).

Following statistical model selection, primary care
costs were assessed using one-part generalised linear
models (GLMs) with Poisson distribution and identity
link function (Table 2), and hospital care costs were
assessed using two-part models (part 1: logistic regres-
sion models probability of incurring costs; part 2: GLM
with Poisson distribution and identity link function mod-
els costs conditional on incurring any) (Table 3). In the
final estimation models, the annual primary and hospital
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Year since adverse event

Fig.1 Annual costs (£) and rates of healthcare use by time since
adverse event. In the figure, mean annual costs are summarised for
UK Biobank participants experiencing the respective events. Annual
periods are defined from date of participant’s entry into UK Biobank.
‘Event year’ corresponds to the annual periods with the respective
event, ‘Pre-event years’ corresponds to annual periods prior to annual
periods with respective events. Thereafter, data is presented for each
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subsequent annual period up to 5 years following the annual periods
with events. Total number of first events in the study period were pre-
sented. For numbers of event in the separate analyses, please refer to
Supplement table 4 of Online Resource 1 in the electronic supple-
mentary material. *Incident cases only; CRV coronary revasculariza-
tion, MI myocardial infarction, NVD non-vascular death, VD vascular
death
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Table 2 Annual primary care costs (£) models: Generalised linear models with Poisson distribution and identity link function

Covariate Participants without previous CVD Participants with previous CVD
Mean (SE) * Mean (SE) #

Intercept 262 (4) 302 (22)
Baseline characteristics
Male (ref: female) -5103) —-50(13)
Ethnicity (ref: white)

Black -3(1) 61 (127)

South Asian 57 (9) 24 (36)

Others* -3Q2) - 107 (24)
Townsend socioeconomic deprivation (ref: Quintile 3)

Quintile 1 (least deprived) -5() 6(17)

Quintile 2 4(2) 25(17)

Quintile 4 6(3) 49 (21)

Quintile 5 50 (6) 132 (34)
Smoking (ref: never)

Former smoker 22 (2) b

Current smoker 50 (5) b
Physical activity (ref: moderate)

Low 30 (5) 117 (21)

High -2(2) - 8(10)

Missing 32 (4) 96 (21)
BMI (ref: > 18.5, < 25)

< 18.5 36 (15) 182 (107)

>25,<30 3(2) 8 (11)

>30,<35 31(4) 58 (16)

>35,<40 91 (9) 194 (46)

>40 132 (13) 329 (44)
LDL cholesterol (centred at 3.6; per 1 mmol/L) -6(2) b
Natural logarithm of HDL cholesterol (Inmmol/L) —32(6) b
Systolic blood pressure (centred at 140; per 20 mmHg) b —20(6)
On antihypertensive treatment (ref: no) 127 (5) 93 (14)
Severe mental illness history (ref: no) 152 (6) 280 (31)
Prior type 1 diabetes (ref: no) 643 (45) 731 (78)
Prior CVD (ref: MI only)

PAD only NA 66 (19)

Stroke only NA 124 (37)

Other CHD only” NA 84 (17)

Two or more NA 221 (22)
Time-updated characteristics
Current age (centred at 60; per 10 years) 57 (2) 62 (7)
Incident MI (ref: no) 194 (24) 231 (54)
Incident stroke (ref: no) 362 (56) 428 (82)
Incident CRYV (ref: no)

Same year 391 (40) 233 (33)

> 1 year ago 69 (15) 10 (26)
Diabetes (ref: no)

< 10 years ago 360 (11) 343 (24)

> 10 years ago 560 (19) 568 (39)
Cancer (ref: no)

< 5 years 357 (11) 236 (25)

> 5, < 10 years 159 (13) 123 (28)
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Table 2 (continued)

Covariate Participants without previous CVD Participants with previous CVD
Mean (SE) ? Mean (SE) *
> 10 years ago 77 (6) ¢
VD (ref = no) —95(30) - 16 (91)
NVD (ref = no) 389 (37) 198 (65)
Interactions
Any incident MI and same year CRV (ref = no) — 226 (47) b
Any incident MI and same year VD (ref = no) b — 500 (109)
Any incident stroke and same year VD (ref = no) — 277 (86) — 439 (133)
< 5 years cancer and same year NVD (ref = no) — 245 47) b

Costs in years with administrative censoring at end of study follow-up were adjusted by including a further covariate of proportion of year
not observed (not shown)
For an example of how to use this model, see Supplement section 8 of Online Resource 1 in the electronic supplementary material

BMI body mass index, CHD coronary heart disease, CRV coronary revascularization, CVD cardiovascular disease, HDL high density lipoprotein,
LDL low density lipoprotein, MI myocardial infarction, NA not applicable, NVD non-vascular death, PAD peripheral arterial disease, SE standard
error, VD vascular death

*Qther ethnicity includes Chinese, Mixed, White and Black Caribbean, White and Black African, White and Asian, any other mixed background
and other ethnic group

AOther CHD includes acute rheumatic fever, chronic rheumatic heart diseases, hypertensive heart disease, angina pectoris, other acute ischaemic
heart disease, chronic ischaemic heart disease, pulmonary heart disease and other form of heart disease

*The interpretation and use of model coefficients is as for any linear regression model. The intercept represents the annual cost for an individual
in the reference categories of all covariates. All other coefficients represent the additional annual costs for an individual in the respective cat-

egory compared with the reference category

SCovariate or interaction term excluded during the selection procedure (not statistically significant)

“Same as the preceding temporal category

care costs (£) were 262 (95% CI 254-270) and 244 (95%
CI 237-251), respectively, for the reference individual in
models for people without previous CVD (a female aged
60 years, of white ethnicity, quintile 3 Townsend socio-
economic deprivation, never smoked, moderate physi-
cal activities, healthy diet quality and normal BMI level
(18.5-25 kg/mz), with LDL cholesterol of 3.6 mmol/L,
HDL cholesterol of 1 mmol/L, creatinine of 81.5 umol/L,
SBP of 140 mmHg, DBP of 80 mmHg, not on antihyper-
tensive treatments, and without histories of severe mental
illness, cancer, diabetes, without incident cardiovascular
or other studied events). The reference annual primary
and hospital care costs (£) were 302 (258-345) and 376
(332-419), respectively, in models for people with previ-
ous CVD with the above characteristics except having
history of MI alone at baseline. An example of how to
calculate the annual costs using the models is provided
in Supplement section 8 of Online Resource 1 (see ESM)
and an Excel calculator, including variance-covariance
matrices of the estimated models, accompanies the paper
to facilitate the use of the models (Online Resource 2,
see ESM).

In participants without previous CVD, the excess pri-
mary and hospital care costs (£) in the year of cardio-
vascular event, estimated by the respective models, were
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190 (95% CI 150-240) and 4340 (4050-4640) for MI,
360 (250-470) and 5590 (5340-5840) for stroke, 390
(310-470) and 7140 (6920-7360) for CRYV, respectively
(Table 4). In participants with previous CVD, the excess
costs were higher: 230 (130-340) and 5610 (5170-6040)
for M1, 430 (270-590) and 6170 (5780-6560) for stroke,
230 (170-300) and 7200 (6920-7490) for CRV. VD was
only associated with excess hospital costs (£), which were
1560 (1240-1880) and 2720 (2280-3160) in participants
without and with previous CVD (Table 4). Overall, the
excess costs in the year of co-occurrence of MI and CRYV,
MI and VD and stroke and VD were lower than the sum of
individual excess costs for respective events (Tables 2, 3).
The excess primary care costs remained relatively stable
after cardiovascular events, except for CRV, whereas the
excess primary care costs decreased in the years following
CRV (Table 4).

The estimated excess costs associated with incident dia-
betes, cancer and NVD were also generally larger among
people with previous CVD (Table 4). Unlike most other
events, the excess primary care costs associated with
incident diabetes were somewhat larger in years follow-
ing diagnosis. Substantial excess healthcare costs were
noted in years with incident cancers and in subsequent
years. Participant characteristics associated with higher
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Table 3 Annual hospital care costs (£) models: Two-part models (Part 1: Logistic regression model; Part 2: Generalised linear model with Pois-
son distribution and identity link function)

Covariate Participants without previous CVD Participant with previous CVD
Part 1: Likelihood of incurring cost Part 2: Cost, if any Part 1: Likelihood of incurring cost Part 2: Cost, if any
incurred incurred
OR (95% CIs) * Mean (SE) * OR (95% CIs) * Mean (SE) *
Intercept 0.13 (0.13-0.13) 2102 (23) 0.19 (0.18-0.21) 2326 (119)
Baseline characteristics
Male (ref: female) 0.92 (0.91-0.93) — 65 (14) 0.87 (0.84-0.89) — 125 (54)
Ethnicity (ref: white)
Black 1.04 (1-1.08) — 117 (68) 1.06 (0.97-1.16) — 412 (128)
South Asian 1.14 (1.1-1.18) — 168 (48) 1.21 (1.12-1.31) — 426 (102)
Others* 1.03 (1-1.06) — 165 (49) 1.09 (1.01-1.19) — 246 (145)
Townsend socioeconomic deprivation (ref: Quintile 3)
Quintile 1 (least deprived) 0.95 (0.94-0.96) — 81 (20) 0.91 (0.89-0.94) b
Quintile 2 0.99 (0.98-1.01) -55(22) 0.95 (0.92-0.99) b
Quintile 4 1.07 (1.05-1.08) 24 (27) 1.06 (1.02-1.1) b
Quintile 5 1.17 (1.15-1.19) 94 (27) 1.15 (1.11-1.19) b
Smoking (ref: never)
Former smoker 1.11 (1.1-1.12) 40 (15) 1.06 (1.04-1.09) 8 (45)
Current smoker 1.2(1.18-1.22) 183 (24) 1.13 (1.09-1.17) 276 (85)
Physical activity (ref: moderate)
Low 1.1 (1.09-1.12) 110 (23) 1.25 (1.21-1.29) 415 (74)
High 1.07 (1.05-1.08) — 12 (16) 1.04 -13
(1.02-1.07) (46)
Missing 1.14 (1.13-1.16) 72 (20) 1.17 (1.13-1.2) 156 (51)
Unhealthy diet (ref: healthy diet) 1.06 (1.05-1.07) b 1.06 (1.04-1.09) b
Body mass index (kg/mz) (ref: > 18.5, < 25)
<185 1.13 (1.06-1.2) 298 (169) 1.43 (1.23-1.66) 1007 (796)
>25,<30 1.12 (1.11-1.13) 68 (16) 1.04 (1.01-1.07) 16 (50)
>30,<35 1.24 (1.23-1.26) 239 (20) 1.14 (1.1-1.17) 177 (58)
> 35, <40 1.36 (1.33-1.39) 451 (35) 1.21 (1.16-1.27) 381 (87)
>40 1.51 (1.46-1.56) 649 (66) 1.34 (1.26-1.42) 840 (178)
LDL cholesterol (centred at 3.6;  0.97 (0.96-0.97) —36(8) b b
per 1 mmol/L)
Natural logarithm of HDL 0.86 (0.84-0.88) b b b
cholesterol (Inmmol/L)
Natural logarithm of creati- 0.98 (0.98-0.99) b 1.02 (1.01-1.04) 107 (24)
nine centred at 4.4; per 0.2
Inumol/L
Systolic blood pressure (centred  0.93 (0.93-0.94) b 0.95 (0.94-0.96) b
at 140; per 20 mmHg)
Diastolic blood pressure (centred 1.02 (1.01-1.02) b b b
at 80; per 10 mmHg)
On antihypertensive treatment 1.14 (1.13-1.16) 141 (20) 1.11 (1.09-1.14) b
(ref: no)
Severe mental illness history 1.43 (1.41-1.45) 193 (25) 1.39 (1.34-1.43) 227 (66)
(ref: no)
Prior type 1 diabetes (ref: no) 1.83 (1.74-1.93) 702 (119) 1.69 (1.58-1.82) 792 (148)
Prior CVD (ref: MI only)
PAD only NA NA 1.19 (1.12-1.27) 498 (122)
Stroke only NA NA 1.11 (1.04-1.19) 113 (118)
Other CHD only” NA NA 1.27 (1.2-1.34) 105 (106)
Two or more NA NA 1.43 (1.35-1.52) 381 (114)
Time-updated characteristics
Current age (centred at 60; per 1.38 (1.37-1.39) 173 (9) 1.25 (1.23-1.27) 121 (31)
10 years)
Incident MI (ref: no)
Same year 47.09 (38.69-57.32) 3054 (167) 47.33 (33.93-66.02) 3965 (241)
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Table 3 (continued)

Covariate Participants without previous CVD Participant with previous CVD
Part 1: Likelihood of incurring cost Part 2: Cost, if any Part 1: Likelihood of incurring cost Part 2: Cost, if any
incurred incurred
OR (95% CIs) * Mean (SE) * OR (95% Cls) * Mean (SE) *
1 year ago 1.76 (1.59-1.95) 670 (153) 1.71 (1.52-1.92) 1011 (303)
2 years ago 1.44 (1.29-1.61) 304 (117) 1.28 (1.17-1.41) 696 (171)
> 3 years ago 1.35 (1.22-1.49) ¢ ¢ ¢
Incident stroke (ref: no)
Same year 47.08 (41.91-52.9) 4485 (142) 46.65 (36.98-58.85) 4591 (208)
1 year ago 2.58 (2.39-2.8) 2192 (296) 2.19 (1.96-2.46) 1561 (260)
2 years ago 1.78 (1.62-1.95) 833 (137) 1.52 (1.38-1.67) ¢
> 3 years ago 1.49 (1.37-1.61) ¢ ¢ ¢
Incident CRV (ref: no)
Same year d 5186 (114) d 5117 (146)
1 year ago 1.66 (1.53-1.81) 137 (82) 1.54 (1.41-1.68) 599 (192)
2 years ago 1.51 (1.37-1.65) ¢ 1.32 (1.23-1.41) 4(110)
> 3 years ago 1.32 (1.22-1.43) ¢ ¢ ¢
Diabetes (ref: no)
< 10 years ago 1.36 (1.33-1.39) 274 (35) 1.36 (1.32-1.41) 408 (80)
> 10 years ago 1.2 (1.16-1.23) 158 (51) 1.22 (1.17-1.28) ¢
Cancer (ref: no)
Same year 40.92 (39.33-42.58) 5380 (56) 24.59 (22.17-27.27) 5160 (150)
1 year ago 6.04 (5.87-6.21) 4620 (86) 3.81 (3.55-4.08) 3475 (181)
2 years ago 3.03 (2.94-3.12) 2332 (88) 2.39 (2.23-2.56) 1863 (172)
3 years ago 2.46 (2.38-2.54) 1899 (89) 2.09 (1.95-2.25) 1601 (176)
4 years ago 223 (2.16-2.31) 1502 (86) 1.92 (1.79-2.07) 947 (75)
> 5 years ago 1.69 (1.66-1.72) 1159 (38) 1.6 (1.54-1.65) ¢
VD (ref = no) 2.32(2.03-2.64) 4318 (491) 2.38 (2.07-2.74) 4749 (420)
NVD (ref = no) 11.4 (10.69-12.16) 6792 (145) 9.1 (7.97-10.38) 6412 (260)
Event interactions
Same year MI and same year d — 3848 (227) d — 3358 (364)
CRYV (ref = no)
Same year MI and same year VD  0.03 (0.02-0.04) — 4694 (670) 0.02 (0.01-0.03) — 4874 (722)
(ref = no)
Same year stroke and same year  0.22 (0.16-0.32) — 4171 (685) 0.09 (0.06-0.14) — 4308 (691)
VD (ref = no)
Same year cancer and same year  0.35 (0.26-0.47) — 1725 (291) 0.37 (0.21-0.66) — 1529 (617)

NVD (ref = no)

Costs in years with administrative censoring at end of study follow-up were adjusted by including a further covariate of proportion of year
not observed (not shown)

To predict the annual costs using the two-part model, please follow the following steps (see also an example in Supplement section § of
Online Resource 1 in the electronic supplementary material): (1) predict the odds of incurring any costs in the year (Oddsp,) from the first
part: Oddsp, = exp™ (ntereepd+X;(nOR)IXX) (2 predict the annual costs assuming such were incurred in the year (Costp,) from the second part:
Costp, = Intercept + Y} (Mean, X X;), (3) calculate the predicted annual costs using this formula: [Oddsp/(Oddsp+1)] x Costp, where X; is the
value of the ith covariate (excluding the intercept term)

CHD coronary heart disease, CI confidence interval, CRV coronary revascularization, CVD cardiovascular disease, HDL high-density lipoprotein, LDL low-density lipoprotein,
MI myocardial infarction, NA not applicable, NVD non-vascular death, OR odds ratio, PAD peripheral arterial disease, SE standard error, VD vascular death

*Other ethnicity includes Chinese, Mixed, White and Black Caribbean, White and Black African, White and Asian, any other mixed background
and other ethnic group

AOther CHD includes acute rheumatic fever, chronic rheumatic heart diseases, hypertensive heart disease, angina pectoris, other acute ischaemic
heart disease, chronic ischaemic heart disease, pulmonary heart disease and other form of heart disease

“The intercept terms represent the respective values for an individual in the reference categories of covariates (odds for part 1 model and cost for
part 2 model); other coefficients represent the added effect for that category of the covariate compared with the reference category (odds ratio for
part 1 model and additional cost for part 2 model)

Covariate was excluded during the selection procedure (not statistically significant)

“Same as the preceding temporal category

YIncurring cost is certain in annual periods with CRV
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Table 4 Excess annual healthcare costs (£) associated with cardiovascular and non-vascular events

Event (reference: no)  Participants without previous CVD

Participants with previous CVD

Primary care cost (95% CI)

Hospital care cost (95% CI)

Primary care cost (95% CI)  Hospital care cost (95% CI)

Cardiovascular events

Myocardial infarction

Same year 190 (150-240) 4340 (4050-4640)

1 year ago 2 370 (280-450)

2 years ago 2 190 (120-260)

> 3 years ago a 160 (100-220)
Stroke

Same year 360 (250-470) 5590 (5340-5840)

1 year ago a 1060 (870-1240)

2 years ago a 410 (330-500)

> 3 years ago a 310 (240-390)
Coronary revascularization

Same year 390 (310-470) 7140 (6920-7360)

1 year ago 70 (40-100) 210 (160-270)

2 years ago a 170 (120-220)

> 3 years ago

Vascular death
Non-vascular events
Diabetes

< 10 years ago

> 10 years ago
Cancer

Same year

1 year ago

2 years ago

3 years ago

4 years ago

> 5, < 10 years ago

> 10 years ago
Non-vascular death

a

—100 (=150 to —40)

360 (340-380)
560 (520-600)

360 (340-380)

160 (130-180)
80 (70-90)
390 (320-460)

120 (80-170)
1560 (1240-1880)

160 (140-170)
90 (60-110)

6150 (6050-6250)
2970 (2890-3060)
1160 (1100-1230)
850 (800-900)
670 (620-720)
410 (400-430)

a

5350 (5130-5560)

230 (130-340)

a
a

a

430 (270-590)

a
a

a

230 (170-300)
10 (=40 to 60)

a

a

—20 (=190 to 160)

340 (300-390)
570 (490-650)

240 (190-290)

a
a
a
a

120 (70-180)

a

200 (70-330)

5610 (5170-6040)
710 (460-970)
370 (240-500)

a

6170 (5780-6560)
1180 (940-1430)
810 (610-1010)

a

7200 (6920-7490)
480 (330-630)
160 (80-250)

a

2720 (2280-3160)

310 (260-370)
240 (190-300)

6240 (5970-6520)
2740 (2520-2950)
1340 (1170-1510)
1090 (930-1250)
750 (670-840)
600 (540-660)

a

6040 (5630-6460)

Estimates adjusted for patient sociodemographic and clinical characteristics and rounded to UK£10

CI confidence interval, CVD cardiovascular disease, MI myocardial infarction

*Excess annual cost remains as in preceding annual period (e.g. £190 excess annual primary care costs in each year following MI)

primary care cost included older age, female sex, south
Asian ethnicity, higher socioeconomic deprivation, smok-
ing, low level of physical activity, unhealthy BMI, and
morbidity, including antihypertensive treatment, severe
mental illness, or prior diabetes or CVD (Table 2). Simi-
lar characteristics, except south Asian ethnicity, were also
associated with higher hospital care costs (Table 3).

4 Discussion

This large observational cohort study quantified the tempo-
ral impacts of cardiovascular disease events on primary and
hospital care costs for people with different characteristics.

Overall, both primary and hospital care costs increased
substantially in years with events. The excess hospital care
costs decreased substantially in the following years. Excess
primary care costs were relatively lower than excess hospi-
tal costs in the years of events and remained largely stable,
contributing a growing proportion of total excess health care
COsts.

Comparisons with previous work on excess healthcare
costs are difficult due to the focus on particular patient popu-
lations in these studies, such as patients with chronic kidney
disease (CKD) [10] or diabetes [11], and on different health-
care systems [23, 24]. To the extent to which the results can be
compared, our estimates of excess costs were either somewhat
larger [5, 9] or similar [6] in size to previous estimates. Our
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excess primary and hospital care costs associated with adverse
events were comparable to estimates presented in two previ-
ous studies among patients with previous CVD [6, 7].

Our study provides much-needed contemporary evi-
dence for long-term primary and hospital care costs associ-
ated with cardiovascular events, with the personalized cost
models allowing individual-level estimates, and the esti-
mates of average excess costs facilitating cost estimates in
the absence of individual-level data. These estimated costs
can inform economic and policy assessments of the value
of health interventions to reduce CVD risk and burden-of-
illness cost analyses. In particular, our results can be used to
inform cost-effectiveness assessments of cardiovascular pre-
vention treatments such as lipid or blood pressure manage-
ment therapies, which are analysed using models including
cardiovascular events studied in the present study. The indi-
vidual-level predictions from the cost models or estimated
average excess costs associated with particular events can
directly inform healthcare costs in such analyses. In addition
to morbidities such as cardiovascular disease, diabetes, and
cancer, our study also indicates further key individual fac-
tors contributing to primary and hospital care costs, such as
smoking, obesity and low physical activity, which could be
targeted to alleviate demand and costs of healthcare services.

Our study has important methodological strengths, being
based on a large observational UK cohort, with reliable par-
ticipant data at recruitment and comprehensive routine pri-
mary and hospital care data during follow-up. Because of
participant selection, the more customary trial-based analy-
ses [8—12] are less likely to reflect typical healthcare con-
sumption patterns than cohort studies and trials also rarely
collect primary care data. Previous cohort studies [7, 25]
had limited sample sizes and restricted their analyses to the
excess healthcare costs after particular events. Two large
retrospective studies [5, 6] used Clinical Practice Research
Datalink (CPRD) data but assessed excess healthcare costs
by simple subtraction of the costs in the years after events
with the costs in the years before events without considering
participants’ characteristics or cost trajectories. Conversely,
we report models of annual healthcare costs including a
range of patient characteristics and show that, while the
excess annual primary care costs of cardiovascular events
are similar across categories of patients (i.e. linear primary
care cost models), the excess annual hospital inpatient costs
vary (i.e. non-linear two-part hospital cost models) with,
for example, female sex and higher age conferring higher
odds of incurring costs and, therefore, higher excess hospital
costs (Supplement table 5 of Online Resource 1, see ESM).
Finally, we directly addressed the issue of co-occurrence of
cardiovascular events which was not considered in previous
studies, and report that the impact of co-occurring cardio-
vascular events on healthcare costs was not a simple addition
of separate event impacts.
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Our study has some potential limitations. Firstly, our
study population was not representative of the general UK
population. Although the detailed cost models adjust for a
range of individual-level characteristics, including socio-
economic deprivation, and are expected to perform well
across broader categories of people, UK Biobank partici-
pants were 40-70 years old at recruitment and aged up to
around 80 years during study follow-up. Therefore, further
research to assess excess costs associated with adverse
events in younger people as well as in the elderly will be
helpful. Secondly, we excluded a small number of partici-
pants with end-stage renal disease due to unavailability of
dialysis care data. Thirdly, we did not have data on outpa-
tient hospital care use and, therefore, are likely underesti-
mating total excess healthcare costs. However, the excess
outpatient hospital care costs for cardiovascular events are
comparatively small in the UK. For example, in a study by
Luengo-Fernandez et al. [26], the healthcare costs for cardi-
ovascular disease in the UK included hospital inpatient care
costs (76%), drug prescriptions (18%) and primary care con-
sultations (4%), with < 2% contributed by other health care
including outpatient hospital care. Finally, the primary care
cost models were estimated on the subset of UK Biobank
participants with linked primary care data. The availability
of linked primary care data was, however, independent of
patient and practice characteristics and unlikely to have led
to biases in estimated costs.

5 Conclusions

This large observational cohort study reports contemporary
estimates of temporal impacts of cardiovascular events on
annual primary care and hospital admission costs in people
without and with previous CVD in the UK. The study find-
ings and accompanying personalized cost prediction models
should aid health-care planning and commissioning of car-
diovascular disease treatments and prevention interventions
to reduce CVD risk. An accompanying Excel calculator is
available to facilitate the use of the models.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40273-022-01219-6.
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