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Background Understanding and quantifying the differences in disease development in different socioeconomic :';;;‘:2 Ell:)';’g;
groups of people across the lifespan is important for planning healthcare and preventive services. The study aimed to oo
measure chronic disease accrual, and examine the differences in time to individual morbidities, multimorbidity, and ~ PPished Online
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Methods Population-wide electronic linked cohort study, following Welsh residents for up to 20 years (2000-2019).

Chronic disease diagnoses were obtained from general practice and hospitalisation records using the CALIBER
disease phenotype register. Multi-state models were used to examine trajectories of accrual of 132 diseases and
mortality, adjusted for sex, age and area-level deprivation. Restricted mean survival time was calculated to
measure time spent free of chronic disease(s) or mortality between socioeconomic groups.

Findings In total, 965,905 individuals aged 5-104 were included, from a possible 2.9 m individuals following a 5-year
clearance period, with an average follow-up of 13.2 years (12.7 million person-years). Some 673,189 (69.7%)
individuals developed at least one chronic disease or died within the study period. From ages 10 years upwards,
the individuals living in the most deprived areas consistently experienced reduced time between health states,
demonstrating accelerated transitions to first and subsequent morbidities and death compared to their
demographic equivalent living in the least deprived areas. The largest difference were observed in 10 and 20 year
old males developing multimorbidity (-0.45 years (99% CI: —0.45, —0.44)) and in 70 year old males dying after
developing multimorbidity (-1.98 years (99% CI: -2.01, -1.95)).
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Interpretation This study adds to the existing literature on health inequalities by demonstrating that individuals living
in more deprived areas consistently experience accelerated time to diagnosis of chronic disease and death across all

ages, accounting for competing risks.
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Research in context

Evidence before this study

We searched PubMed without language restrictions for
longitudinal or population-based published studies between
database inception and 14th April 2023 that utilised multi-
state models to examine disease trajectories over time. The
search terms were (((multi-state) OR (multistate)) AND
((trajectories) OR (trajectory) OR (transition) OR (transitions))
AND ((morbidity) OR (multimorbidity) OR (multi-morbidity)
OR (disease)) AND ((longitudinal) OR (population))). Several
studies have used multi-state models to examine
transitioning between health states in developing chronic
diseases and multimorbidity, however, existing studies have
focused on disease-specific outcomes, or accumulation of a
limited number of diseases, were based on adults only, or
selected cohorts rather than across the lifespan, or did not
focus on health disparities.

Added value of this study

To our knowledge, this study is the first to examine
population-wide, long-term follow-up to measure the accrual
of multiple chronic diseases and mortality, having included a
disease clearance period and appropriately accounted for
competing risks, in producing direct comparisons of
trajectories of health outcomes across different

Introduction

Reducing health inequalities within and between coun-
tries is a global priority to improve human life.' Previous
research has shown that living in poverty and worse so-
cioeconomic circumstances are associated with poor
health.** Being more socioeconomically deprived has
shown to be associated with increased morbidity, multi-
morbidity, and mortality.*> Chronic morbidity is defined
as the existence of one chronic health condition in an
individual, whereas multimorbidity is defined as the
presence of two or more concurrent chronic health con-
ditions. Chronic morbidity and multimorbidity are
associated with reduced quality of life, increased health-
care utilisation, polypharmacy, and mortality.” Despite
being informative, previous multimorbidity studies have
largely focused on the incidence or prevalence disease-
specific outcomes, or health outcomes in adults and

socioeconomic groups over a period of two decades. This
study contributes to the evidence base demonstrating an
acceleration in the accumulation of chronic morbidity and
multimorbidity and premature mortality in individuals living
in deprived areas across all age groups. Additionally, this study
provides evidence of a disparity in time spent free of chronic
disease(s) and mortality between males and females of the
same age and deprivation. Females experience an accelerated
accrual of chronic conditions compared to males, whereas
males experience accelerated time to death compared to
females.

Implications of all the available evidence

Our findings provide important evidence with both clinical
and social policy implications. We provide quantifiable and
comparable evidence of chronic disease and mortality inequity
across all ages and sexes in Wales, UK. Our study adds to the
existing literature on health inequalities by demonstrating
that individuals living in more deprived areas consistently
experience accelerated time to chronic disease diagnosis and
death across all ages, accounting for competing risks.

This methodology could be used to evaluate interventions
designed to slow down disease accrual with findings being
used to inform health and social policy and clinical practice.

older individuals rather than transitions in disease states
across the population or by deprivation.'>*

Some studies have used research cohorts to follow
up samples of the population or increasingly total pop-
ulation linked electronic health record studies.”* For
example, the Danish Atlas of Disease Mortality study
which included 1803 individual conditions in 7.9 M
people, reported on incidence, age of onset, and mor-
tality but not the transition from morbidity to multi-
morbidity or from multimorbidity to death.”

Better understanding of the timing and transition
from a disease-free state to chronic morbidity, multi-
morbidity and death is important for planning health
system and targeting interventions. Multi-state models
have been used to investigate transitions between health
states in older people, disease or disorder-specific
pathways across a limited number of conditions.'*'*
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The aim of this study was to use multi-state models
to measure the accrual of 132 chronic diseases, appro-
priately accounting for competing risk of death, and
examine the differences in trajectories of morbidity,
multimorbidity, and mortality between socioeconomic
groups in Wales, UK. We hypothesised that individuals
living in more deprived areas will accrue diseases at a
faster rate compared to more affluent areas, demon-
strating the implication of socioeconomic inequity on
accelerating morbidity and mortality.

Methods

Study design

In this observational, longitudinal, population-wide cohort
study, we used the Wales Multimorbidity e-Cohort
(WMC) held within the Secure Anonymised Information
Linkage (SAIL) Databank which follows 2.9 million resi-
dents of Wales for up to 20 years from 2000-2019.'
Electronic health records (EHR) derived from primary
and secondary care sources were used to capture disease
diagnoses, with mortality data captured in the national
death register. We utilised multi-state models to model
trajectories of chronic disease accrual and death, adjusted
for potential competing risk of death.”>*

Data sources

This study used routinely collected anonymised,
individual-level, population-scale health and de-
mographic data held in the SAIL Databank to create the
retrospective population-based individual-level linked
WMC.”?" The WMC contains linked demographic,
primary and secondary healthcare, and mortality data on
all individuals living in Wales on the 1st January 2000
with follow-up until first date of migration out of Wales/
residency break, death, or the study endpoint on 31st
December 2019.

Demographic data were obtained from the Welsh
Demographic Service Dataset, containing administra-
tive information and sociodemographic characteristics,
including age, sex, and area-level deprivation for so-
cioeconomic categorisation, for the resident population
of Wales registered with a Welsh General Practice.
Socioeconomic groups were formed by grouping in-
dividuals based on the Lower layer Super Output Area
of residence into income deprivation quintiles using
the Welsh Index of Multiple Deprivation (WIMD)
version 2019 at study end.” Primary healthcare data
were obtained from the Welsh Longitudinal General
Practice database which contains all general practice
(GP) events for individuals registered to a SAIL
providing GP. SAIL holds GP data for 83.4% of GPs
across all health boards in Wales. Secondary healthcare
data were obtained from the Patient Episode Database
for Wales (PEDW) of all hospital admissions, inclusive
of day cases, for all NHS Wales hospitals as well as
hospital admissions for Welsh residents treated at NHS
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England hospitals. Disease diagnoses and dates of di-
agnoses were obtained from both GP and hospital-
isation records wusing a comprehensive disease
phenotype register, the CALIBER resource to map
disease phenotypes to individual International Classi-
fication of Diseases-10, Office of Population Censuses
and Surveys codes version-4, and Read codes V2.”
CALIBER conditions were reviewed by an expert in
clinical coding (RAL) to categorise conditions into acute
and chronic, with 132 chronic conditions, ranging from
cardiovascular, respiratory, cancer to mental health,
included (Supplementary Table S1).

The Annual District Death Extract from the Office
for National Statistics was used to capture all deaths and
dates of death that occurred over the study period for all
Welsh residents.

Participants

All individuals from the WMC, alive and living in Wales
on 1st January 2005 with follow up until death, migra-
tion or study endpoint of 31st December 2019 were
included. We excluded individuals who had any of the
132 chronic disease diagnoses between 1st January 2000
and 31st December 2004 to allow for a 5-year clearance,
with individuals starting from a chronic disease-free
(CDF) state and capturing first diagnosis from 1st
January 2005 (Supplementary Figure S1). We conducted
analysis to evaluate the impact of varying the clearance
period from 0 to 10 years where none of the 132 disease
diagnoses occurred (Supplementary Table S2) and used
a 5-year clearance allowing for a 15-year follow-up, with
sensitivity analyses using 1 and 10-year clearances. We
restricted the study population to include individuals
who were registered with a SAIL providing GP to cap-
ture all possible diagnoses regardless of healthcare
setting.

Outcome measures

The primary outcome measure was Restricted Mean
Survival Time (RMST) which represents the average
time free from the event (development of disease or
death), and is measured as the average time (in years)
since entry to the health state and transition to subse-
quent health states including single chronic morbidity,
multi-morbidity (2+ chronic diseases), and death. The
time to first chronic disease diagnosis (morbidity), time
to second chronic disease diagnosis (multi-morbidity),
or time to death in years were used as the timescale for
transitions between health states. The difference in
RMST between socioeconomic groups was used to
examine the speed of transitions between states and
subsequently demonstrating differences in time to
developing a chronic disease(s) or dying.

Statistical methods
This study utilised multi-state models to model trajec-
tories of chronic disease accrual accounting for death as
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a competing risk”?> We applied a 4-state model
(Supplementary Figure S2) with all individuals starting
in a chronic disease-free state on 1st January 2005. From
this state, individuals could transition to single chronic
morbidity, multimorbidity, or death. The model allows
simultaneous estimation of each trajectory via estima-
tion of all possible forward transitions between health
states.”

Cox Proportional Hazard regression models were
fitted to adjust for covariate effects. Covariates included
time-varying age, as a continuous variable, defined as
the age an individual enters the health state, sex, and,
area-level deprivation at study end.” Individuals were
censored, assuming independent censoring, on the first
date of a break in Welsh residency, cohort end (31st
December 2019), or date of death when death was a
competing risk.” The Schoenfeld test was used to assess
proportional hazards assumption. Proportional hazards
did not hold for the included covariates, therefore,
RMST (with an upper limit of 15 years) was calculated
for all possible transitions from entry to each health
state to measure time spent, in years, between health
states, and to compare between the socioeconomic
areas.””* Covariates were either re-centred or the refer-
ence category modified to estimate baseline RMST as a
measure of absolute risk for each of the covariate pat-
terns.”*° Sensitivity analyses were carried out with area-
level deprivation measured at the study start
(Supplementary Table S3). Additional sensitivity ana-
lyses were carried out to repeat the study based on a one
and 10-year clearance period (Supplementary Tables S4
and S5). Analysis was performed using the mstate
package in R version 4.1.3.”

All models were adjusted for age, sex, and area-level
deprivation. Models were estimated for 10, 20, 30, 40,
50, 60, and 70 years of age, both for males and females,
and for all deprivation quintiles to simulate the effect of
population distribution change and to allow direct
comparison of trajectories of disease accrual and death
between the most and least deprived individuals in
Wales, UK.

Role of the funding source

The funders of the study had no role in the data
collection, study design, analysis, interpretation of re-
sults, or writing of the manuscript.

Results

In total, 965,905 individuals aged 5-104 on 1st January
2005 were included in this study, from a possible 2.9 m
WMC individuals following a 5-year clearance period.
The average follow-up time was 13.2 years equating to
12.7 million person-years. The median age at the study
start was 33 years (interquartile range (IQR): 17-47),
55.5% were male, 20.5% were living in the most
deprived quintile and 19.4% were in the least deprived

quintile (Table 1). Overall, 624,823 individuals devel-
oped morbidity, 465,856 developed multimorbidity, and

56,485 died within the study period (Table 1,
Supplementary Tables S6—-S8).
From the chronic disease-free starting state,

624,823 (64.7%) individuals developed one chronic
disease, 42,453 (4.4%) developed two or more diseases,
5913 (0.6%) died before developing any of the 132
diseases, and 292,713 (30.3%) remained in the chronic
disease-free state for the follow-up duration (Table 1).
Some 20.9% of individuals living in the most deprived
areas in Wales developed one chronic condition
compared to 18.6% in the least deprived areas; 21.5%
of individuals living in the most deprived areas devel-
oped two or more chronic conditions compared to
18.4% in the least deprived areas; and 24.9% of in-
dividuals living in the most deprived areas died before
developing any disease compared to 14.5% in the least
deprived areas.

Of the 624,823 who developed one chronic disease,
423,403 (67.8%) of these individuals went on to develop
at least one more chronic disease to become multi-
morbid, 4519 (0.7%) died, and 196,901 (31.5%)
remained morbid (one chronic disease) until follow-up
end. Similar to the transitions from chronic disease-
free, a higher proportion of individuals that transi-
tioned from morbidity to multimorbidity or death lived
in the more deprived areas (Table 1). The transition
from single morbidity to multimorbidity shows a large
difference between males and females, with 53.4% of
individuals diagnosed with at least one more disease
being female. 46,053 (9.9%) individuals transitioned
from multimorbidity to death (Table 1). Like other
transitions, a higher proportion of individuals who
transitioned from multimorbidity to death lived in the
most deprived areas in Wales, UK (Table 1).

Overall, across all possible trajectories, ages and sex,
those living in the most deprived areas consistently
experienced reduced time between states, demon-
strating accelerated transitions to chronic morbidity,
multimorbidity, and death compared to their equivalent
demographic living in the least deprived areas in Wales,
UK (Table 2, Supplementary Figure S3). The largest
mean difference in time to chronic disease diagnoses
of —0.45 years (99% CI: -0.45, —0.44) was observed in
younger (10-20 years) males living in the most deprived
areas compared to younger males living in the least
deprived areas when measuring the trajectory from
morbidity to developing multimorbidity. The largest
mean difference in time to death of —1.98 years (99%
CI: -2.01, -1.95) was observed in 70 year old males
living in the most deprived areas compared to 70 year
males living in the least deprived areas for the multi-
morbidity to death trajectory. Taking the youngest,
middle age, and oldest individuals as examples, cumu-
lative incidence of multimorbidity, mortality, and prob-
ability at each health state were calculated to
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21,566 (46.83)

24,487 (53.17)

10,704 (23.24) 69 (59-78) 9101 (19.76) 70 (59-78) 8694 (18.88) 70 (60-79) 7122 (15.46) 70 (60-79)

10,432 (22.65) 67 (56-76)

46,053 75 (64-84)

Multimorbidity
-> death

CDF = chronic disease free. Welsh Index of multiple deprivation 2019 income quintiles.

Table 1: Summary statistics for each health state.
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demonstrate the impact of area level deprivation on
accelerating the accrual of disease and mortality over the
life-course (Figs. 1-3). Individuals living in the most
deprived areas for both males and females spent less
time in the initial chronic disease-free state and more
time in the morbid, multimorbidity, and death states
across the 15 year follow-up. Figures for the other ages
and sex can be found in the Supplementary File.

Across all ages and sex, individuals living in the
most deprived areas lost approximately a fifth of a year
from developing a chronic disease (Table 2,
Supplementary Figure S3). On average, 10 year old
females living in deprived areas spent 6.86 years
disease-free compared to 7.09 years disease-free years
to their demographic equivalent living in a least
deprived area. Similar trends can also be seen in 10
year old males. However, compared to females, 10 year
old males spend more time in the chronic disease-free
state, with a RMST of 8.89 and 9.10 for the most and
least deprived respectively. This observation and com-
parison between males and females of the same age
can also be seen across all age groups. Increasing age is
also associated with accelerated rates of transition to
morbidity.

Development of multimorbidity from both a chronic
disease-free state and single morbidity state resulted in a
reduction in RMST, subsequent acceleration to multi-
morbidity, of —0.04 (99% CI: —0.04, —0.04) to —0.45 (9%
CI: —0.45, —0.44) years across age and sex in individuals
living in the most deprived areas compared to their
demographic equivalent living in a least deprived area
(Table 2, Supplementary Figure S3). Taking 40 year old
females as an example, those living in the most deprived
areas spend 6.79 years chronic disease-free compared to
7.02 years for those living in the least deprived, a
reduction of —0.23 years (99% CI: —0.23, -0.23). Once
they had already accrued a chronic disease, 40 year old
females living in more deprived areas spent on average
4.21 years before developing further chronic diseases
compared to 4.61 years for females living in the least
deprived areas, a reduction in time of —0.40 years (99%
CI: -0.41, —0.40). This difference is also seen in 40 year
old males, however, progression to multimorbidity oc-
curs later compared to females.

Across the three possible trajectories to death
(Supplementary Figure S2), individuals living in the
most deprived areas experience accelerated transitions
for both male and females, and across all ages when
compared to individuals living in the least deprived
areas (Table 2, Supplementary Figure S3). The RMST
ranges from a small difference of <-0.01 (99% CI:
<—0.01, <-0.01) years in 10 year olds to —-1.98 (99%
CI: -2.01, —-1.95) years for 70 year old males living in
more deprived areas compared to their demographic
equivalent living in a least deprived area. Males consis-
tently experience accelerated transitions to death
compared to females. Regardless of sex, multimorbidity
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Demographic Trajectory Most Second  Middle Second  Least Gain (+) or loss 99% Gain (+) or loss 99% Gain (+) or loss 99% Gain (+) or loss 99%
deprived most deprivation least deprived (-) in time Confidence  (-) in time Confidence  (-) in time Confidence  (-) in time Confidence
RMST deprived RMST deprived RMST spent in state intervals of spent in state intervals of spent in state intervals of spent in state intervals of
(years) RMST (years) RMST (years) for most vs  difference for second most difference for middle vs  difference for second least difference
(years) (years) least deprived vs least least deprived vs least
deprived deprived
10 year old CDF -> morbidity ~ 6.86 6.87 6.81 6.86 7.09 -0.23 -023 -023 -0.22 -022 -022 -0.28 -028 -028 -0.24 -024 -0.24
female CDF -> MM 14.66 14.67 14.69 14.70 14.71 -0.05 -0.05 -0.05 -0.04 -0.04 -0.04 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01
CDF -> death 14.99 14.99 14.99 14.99 14.99 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01
Morbidity -> MM 5.32 5.39 5.53 5.55 5.76 -0.44 -044 -0.44 -037 -037 -037 -0.22 -022 -022 -0.20 -021 -0.20
Morbidity -> death 14.98 14.99 14.99 14.99 14.99 -0.01 -0.01 -0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01
MM -> death 14.86 14.88 14.89 14.90 14.91 -0.05 -0.05 -0.05 -0.04 -0.04 -0.04 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01
10 year old CDF -> morbidity ~ 8.89 8.90 8.84 8.89 9.10 -0.21 -021 -021 -0.20 -021 -020 -0.26 -026 -026 -0.22 -022 -0.22
male CDF -> MM 14.73 14.74 14.76 14.77 14.77 -0.04 -0.04 -0.04 -0.03 -0.03 -0.03 -0.02 -0.02 -0.02 <-0.01 <-0.01 <-0.01
CDF -> death 14.98 14.99 14.99 14.99 14.99 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01
Morbidity -> MM 6.39 6.46 6.61 6.63 6.84 -0.45 -0.45 -0.45 -038 -038 -038 -023 -023 -022 -021 -021 -0.21
Morbidity -> death 14.98 14.98 14.99 14.99 14.99 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01
MM -> death 14.82 14.84 14.86 14.87 14.89 -0.07 -0.07 -0.06 -0.05 -0.05 -0.05 -0.03 -0.03 -0.02 -0.02 -0.02 -0.01
20 year old CDF -> morbidity ~ 6.84 6.84 6.78 6.83 7.07 -0.23 -023 -023 -0.22 -022 -022 -0.28 -028 -028 -0.24 -024 -0.24
(el CDF -> MM 14.55 1457 14.59 14.61 14.62 -0.07 -0.07 -0.07 -0.06 -0.06 -0.06 -0.03 -0.03 -0.03 -0.01 -0.01 -0.01
CDF -> death 14.98 14.98 14.98 14.98 14.99 -0.01 -0.01 -0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01
Morbidity -> MM 4.94 5.01 5.15 517 5.37 -0.43 -043 -0.43 -0.36 -036 -036 -0.22 -022 -0.22 -0.20 -0.20 -0.20
Morbidity -> death 14.97 14.98 14.98 14.98 14.98 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01
MM -> death 14.75 14.77 14.81 14.82 14.84 -0.09 -0.10 -0.09 -0.07 -0.07 -0.07 -0.04 -0.04 -0.04 -0.02 -0.02 -0.02
20 year old CDF -> morbidity ~ 8.87 8.88 8.82 8.86 9.08 -0.21 -021 -021 -0.21 -021 -0.20 -0.26 -026 -026 -0.22 -022 -0.22
male CDF -> MM 14.65 14.66 14.68 14.70 1471 -0.05 -0.05 -0.05 -0.04 -0.04 -0.04 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01
CDF -> death 14.98 14.98 14.98 14.98 14.98 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01 <-0.01
Morbidity -> MM 6.00 6.07 6.22 6.24 6.44 -0.45 -0.45 -0.44 -038 -038 -038 -0.23 -023 -022 -021 -021 -021
Morbidity -> death 14.96 14.97 14.97 14.98 14.98 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 <-0.01 <-0.01 <-0.01
MM -> death 14.67 1471 14.75 14.77 14.80 -0.12 -013 -0.12 -0.09 -0.09 -0.09 -0.05 -0.05 -0.05 -0.03 -0.03 -0.03
30 year old  CDF -> morbidity ~ 6.81 6.82 6.76 6.81 7.04 -0.23 -023 -023 -0.22 -022 -022 -0.28 -028 -028 -024 -024 -024
female CDF -> MM 14.42 14.43 14.47 14.50 14.51 -0.09 -0.09 -0.09 -0.07 -0.07 -0.07 -0.04 -0.04 -0.04 -0.01 -0.01 -0.01
CDF -> death 14.97 14.97 14.97 14.97 14.98 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 <-0.01 <-0.01 <-0.01
Morbidity -> MM 4.57 4.63 4.77 4.79 4.99 -0.42 -042 -042 -035 -036 -035 -0.21 -022 -021 -0.20 -020 -0.19
Morbidity -> death 14.95 14.96 14.96 14.97 14.97 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01
MM -> death 14.53 14.58 14.64 14.67 1471 -0.18 -018 -017 -0.13 -013 -013 -0.07 -0.07 -0.07 -0.04 -0.04 -0.04
30 year old CDF -> morbidity ~ 8.85 8.85 8.80 8.84 9.06 -0.21 -021 -021 -0.21 -021 -020 -0.26 -026 -026 -0.22 -022 -0.22
male CDF -> MM 14.55 14.56 14.59 14.61 14.62 -0.07 -0.07 -0.07 -0.06 -0.06 -0.06 -0.03 -0.03 -0.03 -0.01 -0.01 -0.01
CDF -> death 14.96 14.96 14.97 14.97 14.97 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01 <-0.01 <-0.01 <-0.01
Morbidity -> MM 5.60 5.67 5.82 5.84 6.05 -0.44 -044 -0.44 -037 -038 -037 -022 -023 -022 -021 -021 -0.20
Morbidity -> death 14.93 14.94 14.95 14.95 14.96 -0.04 -0.04 -0.04 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01
MM -> death 14.39 14.45 14.53 14.57 14.62 -0.23 -023 -023 -0.17 -017 -017 -0.09 -0.09 -0.09 -0.05 -0.06 -0.05

(Table 2 continues on next page)
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Demographic Trajectory Most Second Middle Second Least Gain (+) or loss 99% Gain (+) or loss 99% Gain (+) or loss 99% Gain (+) or loss 99%
deprived most deprivation least deprived (-) in time Confidence  (-) in time Confidence  (-) in time Confidence  (-) in time Confidence
RMST deprived RMST deprived RMST spent in state intervals of spent in state intervals of spent in state intervals of spent in state intervals of
(years)  RMST (years) RMST (years)  for most vs  difference for second most difference for middle vs  difference for second least difference
(years) (years) least deprived vs least least deprived vs least
deprived deprived
(Continued from previous page)
40 year old CDF -> morbidity  6.79 6.79 6.74 6.78 7.02 -0.23 -023 -023 -0.22 -0.22 -022 -0.28 -028 -028 -0.24 -024 -0.24
female CDF -> MM 1424 14.26 1431 1434 1435 -0.11 -012 -011 -0.09 -010 -0.09 -0.05 -0.05 -0.05 -0.01 -0.01 -0.01
CDF -> death 14.94 14.95 14.95 14.96 14.96 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01
Morbidity -> MM~ 4.21 4.27 4.41 4.42 4.61 -0.40 -041 -0.40 -034 -034 -034 -021 -021 -021 -0.19 -019 -0.19
Morbidity -> death 14.90 14.91 14.93 14.93 14.95 -0.05 -0.05 -0.05 -0.04 -0.04 -0.04 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02
MM -> death 14.13 14.22 14.33 14.38 14.46 -0.33 -033 -032 -0.24 -0.25 -0.24 -0.13 -013 -012 -0.08 -0.08 -0.07
40 year old CDF -> morbidity ~ 8.82 8.83 8.78 8.82 9.04 -0.21 -021 -021 -0.21 -021 -021 -0.26 -026 -026 -0.22 -0.22 -0.22
male CDF -> MM 14.41 14.42 14.46 14.49 14.50 -0.09 -0.09 -0.09 -0.07 -0.07 -0.07 -0.04 -0.04 -0.04 -0.01 -0.01 -0.01
CDF -> death 14.93 14.93 14.94 14.95 14.96 -0.03 -0.03 -0.03 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01 -0.01 -0.01 -0.01
Morbidity -> MM 5.22 5.29 5.43 5.45 5.65 -0.44 -0.44 -043 -0.37 -0.37 -037 -0.22 -022 -022 -0.20 -020 -0.20
Morbidity -> death 14.85 14.88 14.90 14.91 14.93 -0.08 -0.08 -0.08 -0.05 -0.05 -0.05 -0.03 -0.03 -0.03 -0.02 -0.02 -0.02
MM -> death 13.87 13.98 14.12 14.19 14.29 -0.42 -043 -042 -031 -032 -031 -0.17 -0.17 -016 -0.10 -0.10 -0.09
50 year old CDF -> morbidity ~ 6.76 6.77 6.71 6.76 6.99 -0.23 -023 -023 -0.22 -022 -022 -028 -028 -028 -0.24 -0.24 -0.24
female CDF -> MM 14.01 14.03 14.10 14.14 14.16 -0.15 -015 -015 -0.12 -012 -012 -0.06 -0.06 -0.06 -0.02 -0.02 -0.02
CDF -> death 14.89 14.90 14.92 14.93 14.94 -0.04 -0.04 -0.04 -0.03 -0.03 -0.03 -0.02 -0.02 -0.02 -0.01 -0.01 -0.01
Morbidity -> MM 3.87 3.93 4.06 4.07 4.25 -0.39 -039 -039 -0.33 -033 -033 -0.20 -020 -020 -0.18 -018 -018
Morbidity -> death 14.78 14.81 14.85 14.86 14.90 -0.12 -0.12 -0.12 -0.08 -0.08 -0.08 -0.04 -0.04 -0.04 -0.04 -0.04 -0.04
MM -> death 13.40 13.55 13.76 13.85 13.99 -0.59 -0.60 -059 -0.44 -0.45 -043 -024 -024 -023 -014 -015 -0.13
50 year old CDF -> morbidity ~ 8.80 8.81 8.75 8.80 9.01 -0.21 -022 -021 -0.21 -021 -021 -0.26 -026 -026 -0.22 -022 -0.22
male CDF -> MM 14.23 14.25 14.30 14.33 14.34 -0.12 -012 -012 -0.10 -0.10 -0.10 -0.05 -0.05 -0.05 -0.01 -0.01 -0.01
CDF -> death 14.87 14.88 14.90 14.91 14.92 -0.06 -0.06 -0.05 -0.04 -0.04 -0.04 -0.02 -0.02 -0.02 -0.02 -0.02 -0.02
Morbidity -> MM 4.84 4.91 5.05 5.07 5.27 -0.43 -043 -042 -036 -036 -036 -0.22 -0.22 -022 -0.20 -0.20 -0.20
Morbidity -> death 14.68 14.74 14.79 14.80 14.85 -0.17 -017 -017 -0.12 -012 -012 -0.06 -0.06 -0.06 -0.05 -0.05 -0.05
MM -> death 12.93 13.13 13.39 13.51 13.69 -0.76 -0.77 -0.75 -0.56 -0.57 -0.55 -0.30 -031 -029 -0.18 -019 -0.17
60 year old CDF -> morbidity  6.74 6.75 6.69 6.73 6.97 -0.23 -023 -023 -0.22 -022 -022 -0.28 -028 -028 -0.24 -024 -0.24
female CDF -> MM 1371 13.74 13.82 13.88 13.90 -0.19 -019 -019 -0.16 -016 -0.16 -0.08 -0.08 -0.08 -0.02 -0.02 -0.02
CDF -> death 14.80 14.83 14.85 14.86 14.89 -0.08 -0.08 -0.08 -0.06 -0.06 -0.06 -0.04 -0.04 -0.04 -0.02 -0.02 -0.02
Morbidity -> MM~ 3.54 3.60 372 374 3.91 -037 -037 -037 -031 -032 -031 -019 -019 -019 -0.17 -018 -0.17
Morbidity -> death 14.52 14.60 14.68 14.70 14.78 -0.26 -026 -026 -0.18 -0.18 -0.18 -0.10 -0.10 -0.10 -0.08 -0.08 -0.08
MM -> death 1211 12.38 12.73 12.90 13.15 -1.04 -1.05 -1.02 -0.77 -0.78 -0.75 -0.42 -0.43 -0.40 -0.25 -026 -023
60 year old CDF -> morbidity ~ 8.78 878 873 8.77 8.99 -0.21 -022 -021 -0.21 -021 -021 -0.26 -026 -026 -0.22 -0.22 -0.22
male CDF -> MM 13.99 14.02 14.08 14.13 14.14 -0.15 -015 -0.15 -0.12 -013 -012 -0.06 -0.06 -0.06 -0.02 -0.02 -0.02
CDF -> death 14.75 14.78 14.81 14.83 14.86 -0.10 -0.10 -0.10 -0.08 -0.08 -0.08 -0.04 -0.04 -0.04 -0.03 -0.03 -0.03
Morbidity -> MM 4.47 4.54 4.67 4.69 4.89 -0.41 -0.42 -041 -0.35 -0.35 -035 -0.21 -021 -021 -0.19 -0.20 -0.19
Morbidity -> death 14.32 14.43 14.55 14.57 14.69 -037 -037 -036 -026 -026 -025 -0.14 -014 -014 -011 -011 -0.11
MM -> death 1133 11.66 12.10 1231 12.62 -1.29 -131 -127 -0.96 -0.98 -0.94 -0.52 -054 -050 -031 -033 -0.29
(Table 2 continues on next page)
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Gain (+) or loss 99% Gain (+) or loss 99% Gain (+) or loss 99%

Gain (+) or loss 99%

Least

Second

Middle

Second

deprived most

Most
RMST

Demographic Trajectory

Confidence
intervals of

(-) in time
for second least difference

Confidence

(=) in time

Confidence

(-) in time
spent in state

Confidence

spent in state intervals of

for most vs

deprived (-) in time

deprivation least

deprived RMST

-0.24
-0.03
-0.04
-0.16

-0.24
-0.03
-0.04
-0.17
-0.17
-0.43
-0.22

spent in state

vs least

deprived
-0.24

-0.28
-0.10
-0.07
-0.18

intervals of
difference
-0.28

-0.28
-0.10
-0.07

spent in state
-0.18

for middle vs
least deprived

intervals of
-0.22

for second most difference
-0.23

-0.20

vs least
deprived
-0.22

-0.23
-0.24
-0.15
-0.35
-0.55
-1.65
-0.21

difference
-0.23

least deprived

-0.23
-0.24
-0.15
-0.35
-0.55

deprived RMST
(years)
6.95

RMST
(years)
6.71

6.66
13.48

(years)
14.72

RMST
(years)
6.72

(years)
6.71

13.33

14.64

CDF -> morbidity

CDF -> MM

70 year old
female

(Continued from previous page)

-0.03
-0.04
-0.17
-0.17
-0.41
-0.22

-0.10
-0.07
-0.18

-0.20

-0.20

-0.24
-0.16
-0.35
-0.55
-170
-0.22

13.58
14.79

13.55
14.75

13.37
14.68
3.28

14.15

-011
-0.30
-0.38
-1.23
-0.21
-0.16
-0.14
-0.34
-0.54
-1.46

-0.12
-0.30
-0.39
-1.28
-0.21
-0.16
-0.14
-0.34
-0.54
-1.52

-011
-0.30
-0.38
-1.25
-0.21
-0.16
-0.14
-0.34
-0.54
-1.49

CDF -> death

358
14.53

3.41
14.36
11.28

3.40
14.32

323

Morbidity -> MM

-0.17
-0.39
-0.22

-021
-0.66
-0.26
-0.08
-0.08
-0.20
-029
-0.80

-0.21
-0.71
-0.26
-0.08
-0.08
-0.21
-0.30
-0.85

-0.21
-0.69
-0.26
-0.08
-0.08
-0.20
-0.29
-0.82

Morbidity -> death 13.98

MM -> death

-1.67
-0.22

11.69
8.

11.01

10.44

8.76
13.72
14.59

10.02

97

875
13.86
14.68

871
13.81
14.65

875
13.69
14.54

CDF -> morbidity

CDF -> MM

70 year old
male

-0.02
-0.05
-0.19
-0.24
-0.47

-0.02
-0.05
-0.19
-0.24
-0.52

-0.02
-0.05
-0.19
-0.24
-0.49

-0.19
-0.19
-0.40
-0.77
-1.95

-0.19
-0.20
-0.40
-0.78
-2.01

-0.19
-0.19
-0.40
-0.77

13.88
14.74

CDF -> death

4.52
1433
10.82

433
14.09
10.33

4.31
14.03

418
13.79
9.33

4.12

Morbidity -> MM

Morbidity -> death 13.56

MM -> death

-1.98

10.00

8.84

multimorbidity. CDF = chronic disease-free.

Max RMST = 15 years. MM

Table 2: Restricted Mean Survival Time (RMST) by trajectory and socioeconomic patient group.

accelerated the transition to death for all ages which is
further accelerated for individuals living in the most
deprived areas.

Discussion

This study was designed to examine the differences in
trajectories of single and 2+ chronic disease accrual to
death for the population of Wales, UK and to explore
how this differed by area-based deprivation status and
sex. The study incorporated 12.7 million person-years of
follow-up on 965,905 people, with an average individual
follow up of 13.2 years.

Overall, across all the possible trajectories, regardless
of age and sex, people living in the most deprived areas
consistently spent less time in the chronic disease-free
state as well as between single morbidity to multi-
morbidity, and in any state before dying compared to
their demographic equivalent living in the least deprived
areas. Differences in RMST between people living in the
most and least deprived areas ranged from a small dif-
ference of less than —0.01 in the younger chronic
disease-free individuals when measuring time to death
to —1.98 in older individuals for the trajectory between
multimorbidity to death (Table 2). Results show accel-
erated rates of transition from being chronic disease-
free to developing morbidity, multimorbidity, and
death in individuals living in more deprived areas across
both sexes and for all age groups, demonstrating faster
accrual of chronic disease and death.

The results also show that males spend more time
chronic disease-free compared to females of the same
age and area-level deprivation but experience accelerated
time to death. Whilst the time spent chronic disease-free
can be perceived to be a positive outcome, the reduction
in time to death suggests that this finding could be
masking delays in diagnoses, resulting in unmanaged
conditions contributing to poorer health and health
outcomes as well as highlight differences in disease
developments between sexes.

Previous multimorbidity trajectory studies did not
use a clearance period to identify the disease-free state.
The inclusion of a clearance period reduces bias when
identifying true incident conditions compared to prev-
alent cases. There is a trade-off between the clearance
duration and follow up periods available. After explora-
tion, we used a 5-year clearance and conducted sensi-
tivity analyses for 1-year and 10-year clearances, as well
as measuring deprivation at the start of the study
(Supplementary Tables S3-S5). The sensitivity analyses
where the clearance period was reduced to 1 year or
increased to 10 years resulted in differences in the ab-
solute values of RMST due to varying the total follow-up
time compared to the main analysis, as expected.
However, whilst the RMST differed, the relative differ-
ence in RMST between area-level deprivation and by age
and sex were little changed. Similarly, the sensitivity
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Fig. 1: Comparison of the cumulative incidence of multimorbidity and mortality between 10, 40, and 70 year old females by area-level

deprivation in Wales.
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Fig. 2: Comparison of the cumulative incidence of multimorbidity and mortality between 10, 40, and 70 year old males by area-level deprivation

in Wales.

analysis where deprivation was measured at the start of
the study produced the comparable results as the main
analysis which also supports the main analyses of the
study (Table 2, Supplementary Table S3).

Among the strengths of this study was the ability to
link multiple demographic, longitudinal primary and

www.thelancet.com Vol 32 September, 2023

secondary healthcare, and mortality data for the popu-
lation of Wales through the SAIL Databank.**" Having
access to the underlying individual-level data allowed
inclusion of disease diagnosis across healthcare settings
for 132 chronic diseases and allowed the inclusion of
covariates such as age as a time-varying covariate.
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Fig. 3: Mirror plot comparing the probability in state over time for 10, 40, and 70 year olds living in one of the most deprived areas of Wales vs
10, 40, and 70 year old living in one of the least deprived areas of Wales by sex.

Previous studies have had to rely on a set age at the
study start or end date, or included health data from
primary care only, included a limited number of con-
ditions or disease specific and only focussed on out-
comes in adults.*'*** Additionally, with access to 20
years of EHRs for the population of Wales, we were able
to include a clearance period in our study to follow all
individuals from an equal chronic disease-free starting
state and capturing first disease occurrence, subsequent
disease diagnoses and any deaths recorded from 1st
January 2005.

Although our study provides important findings on
the different trajectories of health outcomes between
the most and least deprived individuals in Wales,
several limitations need to be considered. In this study,
we focussed on measuring the difference between in-
dividuals from affluent or deprived areas in developing
chronic diseases over time who were disease-free up to
the starting point of the study. With all individuals
having to survive to 1st January 2005 and the starting
point for analysis being the same for all age-sex cate-
gories (to reduce bias of prior health conditions at
baseline influencing the analysis), this selection
criteria for our study will have reduced the numbers
included, particularly in the older age groups. It is
important to realise that this study was not designed to
measure socioeconomic differences in chronic disease
prevalence as there is already an extensive literature on
that.

Whilst 132 chronic conditions have been included
in this analysis, this is not a comprehensive list of all
chronic conditions. The CALIBER list of phenotypes

was the most extensive list available to us at study
design.” Nevertheless, it is unlikely that the patterns of
health disparities we identified would be changed by
the inclusion of other conditions. Diagnoses prior to
2000 were not included as this timeframe falls outside
the WMC membership follow-up period and historic
EHR may not be complete, therefore, some historical
diagnoses cannot be accounted for. It was not possible
to account for any delays from disease development to
recording of diagnosis due to patient specific health-
care interactions. Similarly, there are likely to be
missed diagnoses. In the analysis of computerised re-
cords it is not possible to account for self-medication of
conditions instead of seeking medical help resulting in
missed recordings of diagnoses. It is possible that
there are different rates of use of ‘over the counter’
treatments that will vary by the ability to pay for treat-
ment. However, this is less of an issue in Wales
compared to the rest of the UK as all prescriptions are
free.

A further potential limitation of this study is we
could not account for disease severity or resolution. The
132 conditions included from the CALIBER resource
were chosen with this in mind. Most medical ontology
terms do not capture severity of disease well. Addition-
ally, as we could not accounting for disease severity, it is
not possible to measure burdensome as each disease
included without weighting and so does not reflect the
impact of conditions on individual’s health and well-
being. Some conditions will be more serious or
burdensome than others in general but are not captured
by disease classifications used in hospitals or GPs.
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We did not include ethnicity in the models due to
poor coding in GP records, however, we plan to explore
ethnicity in future work once the ONS Census 2021 data
becomes available to improve ethnicity recording
particularly for ethnic minority groups where sample
sizes are small due to the predominantly white popu-
lation in Wales, UK.

Lastly, this study utilised relative area-level depriva-
tion quintiles at the study end which will underestimate
the effect of individual-level deprivation as shown in a
Danish birth cohort.> However, previous research
investigating the relationship between health and area
and individual-level measures of deprivation in Wales
reported that area-level differences persist after adjust-
ment for factors such as individual measures of social
class, employment status, family income, household
tenure and council tax band.**

These results have important policy implications.
In this study, 69% developed at least one new chronic
disease demonstrating substantial population-wide
accrual of morbidity over the life-course. Taking one
of the demographic groups in this study as an
example, 10 year olds expect to be diagnosed with
their first chronic disease on average between
6.86-7.09 years for females living in the most and
least deprived areas, and 8.89-9.10 years for males
living in the most and least deprived areas. The dif-
ferences between the most and least deprived in-
dividuals provide guidance on ages of preventative
intervention and highlight an important inequity in
our society that should be addressed through
adequate policy responses for prevention and treat-
ment, and provision of services.*

This study contributes to the evidence base for
demonstrating both reduced time spent free of chronic
diseases and accelerated time to death in deprived in-
dividuals living with chronic diseases.”*” To our
knowledge, this study is the first to examine the accrual
of multiple chronic diseases and associated mortality by
socioeconomic status in a population-wide, long-term
study having included a clearance period and adjusted
for competing risks.

The results provide quantifiable evidence in terms of
restricted mean survival times (time spent in states)
with respect to health inequity across all ages and sexes,
which will be used to support better public and policy
understanding of the implications of social de-
terminants of health. As previously mentioned, further
work will include the incorporation of ethnicity into
future models to explore the difference in disease
pathways and health equity by ethnic groups and
individual-level metrics of deprivation.

In conclusion, this study has provided quantifiable
evidence of the disparity in the speed of accruing
chronic diseases and early mortality by area depriva-
tion status across all ages, demonstrating that in-
dividuals living in more deprived areas experience

www.thelancet.com Vol 32 September, 2023

accelerated transitions to chronic disease(s) diagnosis
and mortality. Outputs from this study can be used to
inform social policy and clinical practice by high-
lighting the scale of the health inequity and help
identify marginalised groups of individuals for
intervention.
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