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Diabetes mellitusis a central driver of multiple long-term conditions (MLTCs),
but population-based studies have not clearly characterized the burden
across thelife course. We estimated the age of onset, years of life spent

and loss associated with diabetes-related MLTCs among 46 million English
adults. We found that morbidity patterns extend beyond classic diabetes
complications and accelerate the onset of severe MLTCs by 20 years earlier
inlifein women and 15 years earlier in men. By the age of 50 years, one-third
of those with diabetes have at least three conditions, spend >20 years with
themand die 11 years earlier than the general population. Each additional
condition at the age of 50 years is associated with four fewer years of life.
Hypertension, depression, cancer and coronary heart disease contribute
heavily to MLTCs in older age and create the greatest community-level
burdenonyears spent (813to 3,908 years per 1,000 individuals) and lost
(900to 1,417 years per 1,000 individuals). However, in younger adulthood,
depression, severe mentalillness, learning disabilities, alcohol dependence
and asthma have larger roles, and when they occur, all except alcohol
dependence were associated with long periods of life spent (11-14 years)
and all except asthma associated with many years of life lost (11-15 years).
These findings provide a baseline for population monitoring and underscore
the need to prioritize effective prevention and management approaches.

Type 2 diabetes is a major conduit for diverse forms of morbidity
because of the systemic effects of chronic hyperglycemia, insulin
resistance, and accompanying endothelial, inflammatory and other
pathophysiological dysfunctions’. This has been observed most in
its strong association with a cadre of microvascular and macrovascu-
lar complications, including diseases of the cardiovascular system,
eye, foot and kidneys**. These complications have been the target of
comprehensive guideline-driven prevention efforts and risk factor

management and have been accompanied by overall reductionsinrates
oflong-term complications, particularly cardiovascular complications,
in many high-income countries®*.

Diabetes is also associated with effects on morbidity far beyond
the classic complications, as highlighted by previous studies associat-
ing diabetes with hospitalizations and deaths due to cancer, infections,
respiratory disease, liver disease and dementia®”’. Although these lat-
ter conditions are less specific in their association with diabetes than
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Fig.1|Prevalence of MLTCs among women and men with and without diabetes, by age. Among persons with diabetes, anumber of conditions include diabetes.
The comparative population without diabetes has at least one index condition at any time (except for diabetes).

classic microvascular complications, they still carry moderately high
relative risks, and importantly, their rates are either stagnant or have
beenincreasing over time. Whether due toincreasing life expectancy or
increasesin theetiological drivers of these conditions, such as obesity,
they appear to be representing a diversification of diabetes-related
complications and contributing to a high burden of multiple long-term
conditions (MLTCs; or multimorbidity), wherein, compared to prior
cohorts, adults with diabetes live longer but may have more comorbid
conditions despite experiencing a decreasein theincidence of cardio-
vascular disease (CVD)"”.

The diversification of complications could be due to acombina-
tionof factors, with different drivers ateach end of the age spectrum—
increasing life expectancy and reduced CVD risk at the older end of
the age distribution, and increasing obesity, changing risk profiles
and early-onset diabetes at the young end of the age distribution'®',
Thus, the burden of complications may be shifting toward younger
adulthood and shifting the balance from CVD to non-CVD complica-
tions, while driving a growing crisis of MLTCs"***. MLTCs have therefore
emerged as an important priority for health systems, including the
National Health Service (NHS) in England, because of the burden on
clinical and self-management, health systems, costs and quality of
life if increasing segments of the population spend long periods of
life with multiple conditions™. The fragmented and single-disease
model of carein many health systems makes for further challengesin
adapting to complex patient needs with MLTCs. The apparent growth
in MLTCs in England may have been partially fueled by the multidec-
ade growth in type 2 diabetes prevalence, and conversely, MLTCs
may represent the next major transition and challenge in the type 2
diabetes epidemic™®.

Unfortunately, attempts to characterize and monitor the burden
of MLTCs among people with diabetes and other conduit conditions
have been limited by the presence of relatively crude metrics. For
example, people with diabetes are more likely to develop two, three,
four or more conditions'®™'%, but these estimates obscure the great
diversity in types and severity of the impact of MLTCs". Clustering
analyses have also suggested that in addition to the common micro-
vascular and macrovascular pathways, comorbid conditions may
aggregate around particular mental health outcomes or, separately,
aging-related conditions'*'®?, These findings provide insights into
epidemiology but have not clearly characterized the MLTC pheno-
types that are driving the contemporary burden and impact on life
expectancy through the life course. Similarly, it is unclear whether
the MLTC burden is driven by combinations of conditions that are
‘concordant’ (thatis, comprised primarily of etiologically linked classic

complications) or increasingly comprised of a ‘discordant’ mix of
emerging, nonspecific complications®.

One of the biggest gaps in the epidemiology of diabetes-related
MLTCs is the lack of quantification of years spent and years of life
reduced associated with MLTCs, in part due to the inherent difficulty
in computation. Incorporating these metrics is essential for policy-
makers, researchers and people with MLTCs to understand the burden
on health systems and individuals across the life course?. Providing
time-based, precise metrics could facilitate a better understanding
of modifiable risk factors of MLTCs and inform the health system's
response and models of care and prevention for the challenge of MLTCs.

Inthe present analyses, we examine the burden of MLTCs among
46.7 million adults in England, using the National Bridges to Health
Segmentation Dataset”’. The segmentation dataset assembles data
from15separate sources andincludes all adults registered witha gen-
eral practice (GP) in England. Previous work has suggested that over
98% of the English population are registered with a GP, so the data are
highly representative of the English population® . By using informa-
tion on the longitudinal onset of new conditions on 35 conditions, we
developed aseries of new metrics to assess the MLTC burden associated
with diabetes in England®®*?. In addition to describing the traditional
metrics of the prevalence of counts of common conditions in the Eng-
lish population, we estimate the age of onset and years spent and lost
due to MLTCs among the population with diabetes and express this
burden from the perspective of both individuals and communities.
These analyses are intended to provide a basis for monitoring the
national burden of MLTCs, to support better health service resource
allocationand commissioning decisions and to provide the infrastruc-
ture to assess impact of new initiatives in prevention and care.

Results

Diabetes-related MLTC prevalence

Of the 46,748,714 adults who were registered with a GP in England
and alive on 31 March 2020, 3,663,429 (7.8%) had diagnosed diabe-
tes, including type 1, type 2 and other forms of diabetes. Across all
age ranges, adults with diabetes were more likely to have MLTC
than the population with one of the other 34 comorbid conditions
(Fig.1). By the age of 50 years, about one-third of adults with diabetes
(37.0% women and 29.4% men) have at least three conditions, compared
to17.2% women and 16.4% men in the general population without dia-
betes. The prevalence of three conditions does not reach this level in
the general population until after the age of 70 yearsin women and the
age of 65 yearsinmen. The differencesin prevalence between persons
with and without diabetes were greater at younger ages and for more
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Fig.2|Prevalence of comorbid conditions among adults aged >18 years with diabetes, by sex and age group. Men are represented by dark bars and women are

represented by light bars.

severe levels of MLTCs. For example, women aged 40-44 years with
diabetes were more than three times as likely as those without diabe-
tes (12.8% versus 3.6% prevalence) and men more than twice as likely
as those without diabetes (9.7% versus 3.9% prevalence) to have four
conditions or more. By the age of 70 years, 40% of women and men
with diabetes had at least four conditions, compared to 20% among
those without diabetes.

MLTC patterns by life stages
The comorbid conditions associated with diabetes are diverse, with
a high prevalence of hypertension (51% of women and 50% of men),
coronary heart disease (CHD; 25.7% men and 18% women) and oste-
oarthritis (14.6% men and 22.2% women), followed by depression
(10.0% menand16.7% women) and asthma (9.5% men and 16.2% women).
The prevalence of CHD is 8% points higher in men than in women,
whereas osteoarthritis, depression and asthma are each 6-7% points
more common in women than in men (Fig. 2). A second tier of condi-
tions, including atrial fibrillation, cancer, cerebrovascular disease,
chronicobstructive pulmonary disease (COPD), heart failure, chronic
kidney disease (CKD), peripheral vascular disease (PVD), frailty, osteo-
porosis and chronic pain, ranged in prevalence from 5% to 10%.
Age-stratified analyses reveal variationsinthe ranking of the preva-
lence of diabetes-associated comorbid conditions (Fig.2). Older adults
(age =70 years) have a higher prevalence of hypertension (68.8% men
and 70.1% women), CHD (38.5% men and 27.6% women), osteoarthritis
(23.3% men and 33.3% women) and atrial fibrillation (20.3% men and
16.6% women), whereas cancer, cerebrovascular disease, heart failure
and CKD ranged from 12% to 20% in prevalence. Middle-aged adults
had similar contributors to MLTCs but with roughly 20-50% lower
absolute prevalence

Foryounger adults (age = 20-49 years), hypertensionis also one of
the most prevalent conditions (17.1% men and 16.1% women) and CHD is
already presentin 5.9% of men. However, apart from hypertension and
CHD, younger adults do not share the pattern or ranking of morbidity
seen in older adults. Instead, the more common chronic conditions
are depression, with prevalence at 18% (13.4% men and 23.4% women),
asthmaat13% (8.8% men and 16.6% women) and serious mental illness
at5%(5.2% men and 4.7% women).

When expressed as the absolute prevalence of all diabetes-related
bivariate combinations, the number of excess cases exceeded the num-
bersthat would be expected based on chance alone for most conditions
(Extended DataFig.1). Forexample, of the 14% of adults with both dia-
betesand hypertension, 4.5% are beyond what was expected by chance.
Among younger strata (age = 20-49 years), the prevalence is lower
(5% for the age of 65-69 years and 0.4% for the age of 20-49 years), but
the majority of cases are greater than expected by chance.

Years spent with and lost to MLTCs

The median age of onset of MLTCs for at least two conditions was age
67 yearsinwomen and 66 years in men, whereas persons who developed
three, four, five or six conditions had median onsets of their MLTC
combinations in their 70s (Fig. 3). Women consistently had 1-2 years
later onset of MLTC, but when it occurred, they lost roughly the same
number of years of life as men relative to their general population peers.
Persons with more conditions had fewer years living with MLTCs and
died earlier compared to the general population without MLTCs; for
example, persons with three conditions live about 10 years with the
MLTCs after entry into that group and lose five years relative to the
general population, whereas those with at least five conditions live
Syearsandlose 6 years (Fig. 3).
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Fig.3|Median age of onset and years of life spent and lost associated
with the number of conditions (including diabetes) among women and
menin England. Segmentin red represents period from median age of
onset of condition and death among persons who develop the noted number
of conditions. Segment in blue represents the period of expected life

from the equivalent age among the general population with and without
comorbid conditions.

When MLTCs occur in younger adulthood, the impact on life
years spent and lost is more substantial (Fig. 4). Among persons with
prevalent MLTCs at the age of 40 years, each additional condition is
associated with about four fewer years of life compared to the general
populationwith and without conditions (Fig. 4). By the age of 60 years,
each additional condition was associated with about two fewer years
of life spent with conditions. A 40-year-old with diabetes with three
conditions loses about 14 years of life, whereas a 60-year-old with three
conditions total loses about 8 years of life. Women spent about four
more years with MLTCs than men from age of 40 years. In older ages,
such as the age of 70 years, fewer years are spent and fewer years are
lost to a given level of MLTCs relative to younger ages.

Figure 5 describes, for each diabetes-associated combination of
comorbidities, the modeled median age of onset, the number of years
lived with the MLTC combination and years lost. Many of the classic
vascular-renal complications such as cerebrovascular disease, CHD,
PVD, heart failure and CKD occurred later in life, with median onset
inthe mid-70s to early 80s, and were associated with 4-6 years of life
lost. Combinations of diabetes with mental health conditions and
learning disabilities, depression, alcohol dependence and asthma
were characterized by an earlier median age of onset (late 50s to early
60s), of which all except alcohol dependence were associated with
long periods of life spent (median 11-14 years) and all except asthma
associated with considerably fewer (median 11-15 years) years of life.
Chronic liver disease also had fairly early onset (before 70 years) and
12 years of life lost. A large set of discordant conditions, including
rheumatoid arthritis, cancer, COPD and osteoarthritis, co-occurred
among people with earlier deaths and thus fewer years spent with the
combination of conditions. Additional conditions commonly associ-
ated with aging, including heart failure, atrial fibrillation and dementia,
had later onset (late 70s to mid-80s of age) but fewer years spent with
the condition (4-6 years).

Table 1 provides the contrast of the variation in differences in
years lived and spent with different condition combinations from
individual and community perspectives. When they occur for a given
individual, combinations of diabetes with asthma, serious mental
iliness and depression have the highest number of years of life spent

(15.4-16.6 years in women and 13.8-14.9 years in men), while combi-
nations of diabetes with alcohol dependence and chronic liver dis-
ease were associated with the largest reduction in years of life from
diagnosis, ranging from 12.5 to 15.7 years among men and women.
Serious mental illness and learning disabilities, which had an earlier
median onset, were associated with both alarge number of years of life
spent (14.0-15.4 years in women and 14.0-14.9 years in men) and lost
(9.7-10.8 years in women and 10.3-10.6 years in men).

When expressed in years spent with combinations of conditions
atthe community level (thatis, per 1,000 population), the prevalence
of conditionsis considered. Diabetes with hypertension, depression,
osteoarthritis,asthma and CHD account for the largest burden, ranging
from 1,101 to 4,318 years per 1,000 population among both men and
women. Depression, osteoarthritis, chronic pain and osteoporosis
have larger roles in women, whereas CHD, atrial fibrillation, and PVD
have a more prominent burden in men. In terms of years of life lost at
the community level, hypertension, cancer, heart failure and depres-
sion comprise the leading four contributorsin both men and women,
accounting forarange of 788-1,417 years of life lost per 1,000 individu-
als. With the exception of depression, men lost more years of life associ-
ated with these conditions than women. The second leading effect of
depression onyears of life lost was inwomen, whereas agreater effect
of hypertension and CHD on years of life lost was observed in men.

Discussion

Inthis comprehensive examination of MLTCs in England, the morbid-
ity associated with diabetes was extensive and diverse across the life
course. We found that diabetes-related morbidity extends beyond the
well-known classic complications. The patterns vary considerably by
age and express their impact and burden in varied ways in terms of
years spent or associated years of life lost. Diabetes-associated MLTCs
inolder ageinvolve abroad spectrum of vascular conditions typically
related to diabetes, including CHD, heart failure, CKD and stroke, but
are also accompanied by the excess prevalence of discordant condi-
tions, including osteoarthritis, cancers and asthma. By middle age,
the absolute burden of MLTCs is already substantial, as over 30% of
50-year-olds with diabetes have at least three additional conditions,
about 20 years younger for women and 15 years younger for men than
the same number of MLTCs seen in the general population. Further-
more, this level of MLTCS was associated with about 12 fewer years of
life. In young and middle-aged adults, however, depression, asthma
and serious mental illness have more distinct and prominent roles.
These observations are consistent with recent studies of MLTC clusters
suggesting that morbidity emanating from diabetes and other cardio-
metabolic conditions develops along several axes, including those of
vascular, mental health and musculoskeletal systems?.

Our study characterizes the burden of MLTCs in terms of years
spent and years of life lost, depending on whether the perspective is
individual or community burden. This reveals several distinct diabe-
tes associations, including combinations with serious mental illness,
alcoholdependence, chronicliver disease and learning disability that
have very large impacts on both years spent and years lost when they
occur for individuals affected, but given their low prevalence, have a
modestimpactat the community level. Cohort studies have established
these associations and suggest they are multifactorial with genetic,
environmental and treatment-related factors, but the degree to which
they, inturn, predict more complex forms of MLTCs in subsequent life
stagesis unclear?*°. Some other comorbid conditions, such as asthma,
exerta high burden in terms of years spent at both the individual and
community level while having a modest association with years of life
lost. The greatest burden onthe community, in terms of years spent and
yearslostin people with diabetes, is seen for hypertension, depression,
cancer and vascular conditions. The combination of osteoarthritis also
carriesalarge burden on time spent with the condition, with a weaker
association with years lost. Many of the common combinations may
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Fig. 5| Median age of onset and years of life spent and lost associated with
the combination of diabetes and additional comorbid conditions among
women and men in England. Segment in red represents period from median age
of onset of condition and death among persons who develop the combination of
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Table 1| Burden of diabetes-associated comorbid conditions, expressed in terms of years spent and reduction in years
lived compared to those without diabetes, per individual with the condition (columns 1-2) and per community of

1,000 women and men

Per average individual with conditions

Per community of 1,000

Women

Years spent Reduced years lived Years spent Reduced years lived
Asthma (16.6) Alcohol dependence (15.7) Hypertension (3,908) Hypertension (1,255)
Depression (16.2) Chronic liver disease (13.1) Depression (2,261) Depression (1,253)
Serious mental illness (15.4) Learning disability (10.8) Osteoarthritis (2,199) Cancer (1,126)
Inflammatory bowel (14.4) Epilepsy (10.7) Asthma (1,681) Osteoarthritis (821)
Learning disability (14.0) Serious mental Illness (9.7) CHD (1,280) Cerebrovascular disease (788)
Hypertension (13.1) Pulmonary heart disease (9.6) Chronic pain (814) Heart failure (786)
Chronic pain (12.2) Cancer (9.3) Cancer (813) CHD (702)
Osteoarthritis (10.9) Physical disability (9.2) Osteoporosis (784) COPD (689)
Rheumatoid arthritis (10.3) Depression (9.0) Cerebrovascular disease (674) CKD (651)

Epilepsy (10.3) Peripheral arterial disease (8.9) Atrial fibrillation (612) Asthma (635)

Men

Years spent Reduced years lived Years spent Reduced years lived
Serious mental illness (14.9) Alcohol dependence (13.5) Hypertension (4,318) Hypertension (1,417)
Learning disability (14.0) Chronic liver disease (12.5) CHD (2,057) Cancer (1,200)
Asthma (13.8) Learning disability (10.6) Osteoarthritis (1,617) Heart failure (986)
Inflammatory bowel (13.3) Serious mental Illness (10.3) Depression (1,375) Depression (963)
Depression (13.0) Epilepsy (10.0) Asthma (1,101) CHD (900)
Hypertension (12.5) Depression (9.0) Atrial fibrillation (901) Cerebrovascular disease (852)
CHD (10.6) Physical disability (8.9) Cancer (890) Atrial fibrillation (835)
Osteoarthritis (9.7) Pulmonary heart disease (8.8) Cerebrovascular disease (742) PVD (775)

Epilepsy (8.5) Chronic pain (7.9) PVD (653) COPD (729)
Rheumatoid arthritis (8.4) Severe interstitial lung disease (7.7) COPD (650) CKD (701)

exist primarily through common etiological pathways or through a
common risk factor, such as obesity”. Nevertheless, MLTC subtypes
we observe are likely to have important influences not only on years
of life lost but also on the quality of life of individuals and the demand
and cost for health services.

Our findings are consistent with prior studies showing that dia-
betesis a central contributor to MLTCs in the general population and
that the magnitude of association of diabetes with MLTCs is stronger
in younger ages, particularly for more severe manifestations of
MLTCs>'*'®%2 The strong association between diabetes and MLTCs
could come from many processes. First, the classic macrovascular,
microvascular, neuropathic and acute complications thataccompany
diabetes co-occur through common processes that serve as an engine
for multicomponent MLTCs. For example, underlying drivers such as
hyperglycemia, insulin resistance and inflammation may have driven
a set of co-occurring conditions associated with diabetes, including
cancers, infections, liver disease and chronic respiratory conditions.
Although less specific to diabetes and of lower magnitude of associa-
tionwith diabetes than the traditional complications, these conditions
appear tobeincreasing rather than decreasing and collectively affect
large segments of the population with diabetes® . Second, rates of
mortality among the population with diabetes have decreased pre-
cipitously over the past two decades, increasing the proportion of the
populationwith diabetesin their eighth and ninth decades of life with
longstanding diabetes®”. The growing presence and/or awareness of
nonspecific, noncardiovascular forms of diabetes-associated mor-
bidity and mortality has been observed in several population studies
over the past decade’. Third, the prevalence of obesity, particularly in

young people both before and after diagnosis of diabetes, hasincreased
dramatically and will also contribute to numerous pathways of MLTC
development, resulting from chronic hyperglycemia, insulinresistance
and inflammation that often occur in combination®. Fourth, social
and environmental factors that exacerbate mental iliness, dietary
and behavioral risk factors and access to preventive care could all
potentiate the development of more complex MLTCs. Finally, there
may be underlying genetic or environmental drivers of MLTCs that
simultaneously drive diabetes and MLTCs™.

The impact of MLTCs on potential quality of life and subsequent
progression of morbidity, frailty and mortality is well established, with
additional effects on caregivers. Health systems are challenged by the
current burden of MLTCs because of the fragmented nature of many
care systems and the need to coordinate diverse teams and special-
ties, as well as the increasing demands of polypharmacy and medica-
tion management, and behavioral and caregiver support. Whereas
chronic care has emphasized specialized teams in many settings to
address specific complications, the current findings indicate a need
to consider the importance of generalist healthcare that can address
the diversity of co-occurring conditions. Our findings highlight the
substantial individual burden of having diabetes in combination with
learning disability, depression, serious mental illness or epilepsy. This
highlights the potential benefit of coordinating diabetes prevention
and management alongside the primary specialty management of
these conditions. People living with serious mental health conditions
areatincreased risk of developing diabetes. This may be a bidirectional
association further influenced by the impact of some antipsychotic
drugs on weight gain and diabetes risk?’. Additionally, people with
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serious mental health conditions may have difficulty with diabetes
self-management and attending appointments, making the coordina-
tion of mental and physical health services even more critical®®. Our
findings could inform effortsin medical education and trainingin the
strategic integration of health service staff to support the challenges
of diabetes-associated MLTCs. Accordingly, our data could help inform
models of care to deliver more holisticapproaches to chronic disease
management for MLTCs.

The challenges of MLTCs expose at least three important gaps
in the science of care and prevention. First, it is not clear whether
the dominant risk factors of diabetes complications (such as hyper-
glycemia, insulin resistance, high blood pressure, hyperlipidemia,
inflammation and obesity) also influenced MLTC progression at the
same magnitude or whether different conduits need to be discovered
andtargeted. These cardinal drivers of classic diabetes complications
may also variably affect nontraditional comorbid conditions, such
as liver disease, respiratory disorders, infections, cancers, mental
health and musculoskeletal problems®. Obesity, physical inactivity
and social deprivation have each beenidentified as core contributors
to MLTCs*?**"*%, This underscores the need to understand how the
spectrum and magnitude of risk factors for classic complications vary
from other comorbid conditions and for the progressionto MLTCs. Sec-
ond, there hasbeen limited examination of how models of care should
bestbe changed or organized to adapttogrowthin MLTCs. Research to
date has focused onimproving and adapting care team coordination,
self-management support and medication management®. Third, it
is unclear whether the best prevention approaches for MLTCs differ
from the best approaches for their constituent conditions. Lifestyle
behaviors, including physical activity, dietary interventions, weight
loss and strength training, have received the most consideration, but
theimpact of interventions to reduce MLTCs remains unclear.

Several limitations in our analyses should be considered.
Our data sources are derived predominantly from hospital and
community-coded datasets (Supplementary Table 1) rather than GP
datasets, so there may be under-ascertainment for those conditions
usually diagnosed in GP. This means our estimates of time spent with
conditions are likely to be conservative and systematically under-
estimated, particularly for some conditions typically diagnosed
and managed in GP, such as combinations of diabetes with CKD
(without end-stage renal failure), depression and hypertension.
Moreover, diabetes-related eye diseases, which contribute to a sub-
stantial burden of disability among persons with diabetes, are not
included in these analyses*°. Our estimates of the age of median onset
of diabetes-associated MLTCs are determined by the second condi-
tion and may obscure large variations in the onset of the first of the
conditions. This variation may also have long-term effects on health
and survival that may not be reflected in these estimates. Similarly,
our analyses cannot determine the degree to which the differences we
reportacross age strataare influenced by age itself or by inherent birth
cohort effects. Our estimates of years of life lost with MLTC combina-
tions do not adjust for additional conditions that may be differentially
associated with the combinations; thus, the years of life lost should be
interpreted asbeing associated with, but not necessarily caused by, the
combination of conditions. The underlying data were not able to differ-
entiatetypeldiabetesfromtype 2 diabetes. Giventhe relative number
of cases of type 1 diabetes relative to type 2 diabetes (about 269,000
versus 3.5 million in England), this should have only a modest effect
on the years of life lost estimate and negligible effect when the years
of life lost are considered from an advanced age. Finally, we limited
our consideration of MLTCs to a set of 35 prioritized conditions. This
decision was in part due to the practical demands of modeling years
of life spent and lost across more conditions, as combinations become
rare”. Furthermore, this selection is in alignment with international
consensus onthe prioritization of conditions when considering public
health approaches to address MLTCs?.

Despite these limitations, our study includes almost the entire
population registered with a GP in England (over 98% of the popu-
lation are registered with a GP), so the data are highly representa-
tive of the English population®. This large study reports data on
diabetes-associated MLTCs in a whole national population of adults
with diabetes and quantifies burden in terms of years spent and lost
associated with MLTCs at individual and community level.

Insummary, our analyses quantify the diabetes-associated burden
of MLTCs and highlight the extensive burden and diverse forms it takes
across thelife course, taking both individual-and community-burden
perspectives. Inaddition to supporting better health service resource
allocation and commissioning decisions, these findings underscore
the need forinnovation and efforts to strengthen the agendas of both
MLTC prevention and treatment.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author con-
tributions and competing interests; and statements of data and code
availability are available at https://doi.org/10.1038/s41591-024-03123-2.
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Methods

Data sources and information governance

Our study population uses the National Bridges to Health Segmenta-
tion Dataset, which was developed and has been maintained since
2019 tosupport healthcare prioritization, planning and service evalu-
ation for the NHS in England®**~**, The dataset includes individuals
registered with a GP in England since 2014, comprising 60,004,883
individuals. The segmentation dataset has been derived from more
than15 years of longitudinally accrued datafromanumber of national,
predominantly secondary care, patient-level datasets in the National
Commissioning Data Repository (NCDR)*, each of which was linked
by a pseudonymized NHS number.

Data are collected and used in line with NHS England’s pur-
poses as required under the statutory duties outlined in the NHS Act
2006 and Section 254 of the Health and Social Care Act 2012. Data
are processed using best practice methodology underpinned by a
data processing agreement between NHS England and Outcomes
Based Healthcare (OBH), who produce the segmentation dataset
on behalf of NHS England. This ensures controlled access by appro-
priate individuals to nonconsented, anonymized/pseudonymized
data held on secure data environments entirely within the NHS Eng-
land infrastructure. Data are processed for specific purposes only,
including operational functions, service evaluation and service
improvement. The current work supported these purposes, so eth-
ics committee approval was not required. Where OBH has processed
data, this has been agreed upon and is detailed in a Data Processing
Agreement.

The presentanalyses are based on 46,748,714 adults aged 20 years
and older who were alive as of 31March 2019. Werestricted datato the
NHS financial year ending 2020 (thatis, 1 April 2019 to 31 March 2020)
to avoid distortion by the COVID-19 pandemic. The dataset includes
information onsociodemographic data (such as age, sex (not gender),
ethnicity and socioeconomic deprivation), geographical data (such as
registered GP practice and mapped administrative NHS organization
andlocation) and clinical diagnostic data, which are derived primarily
from coded hospital records. Our analyses considered 35 long-term
conditions, with the process of selection outlined previously** and
informed by a recent Delphi study that showed good concordance®.
The inclusion of conditions beyond these 35 generates additional
MLTC phenotypes of extremely low prevalence and lower priority for
public health interventions. Furthermore, the computing intensity
involved with modeling years spent and years lost due to condition
combinations required an a priori prioritization of conditions. The
35 conditions were derived using data definitions based on logic and
clinical codes (for example, International Classification of Diseases
(ICD)-10 diagnostic codes, Office of Population Censuses and Surveys
(OPCS) procedure codes and SNOMED CT codes) and were developed
for each condition following extensive clinical review and evaluation®
(Supplementary Table 2).

The full list of source datasets used to derive the segmentation
dataset, including the time over which data have been longitudi-
nally accrued, is described in Supplementary Table 1. The National
Diabetes Audit SNOMED codes and other condition definitions are
available in online technical documents®**°. An antecedent valida-
tion study showed good concordance with established prevalence
benchmarks, such as the England GP pay-for-performance scheme,
called the Quality and Outcomes Framework, for the majority
of conditions™.

Statistical analysis

We calculated the point prevalence of all dual combinations of dia-
betes with other comorbid conditions, using the adult populationin
March 2020 as the denominator. We also calculated observed minus
expected prevalence, where observed is the actual joint prevalence of
diabetes with each condition and expected prevalenceis the product

ofthe diabetes prevalence in the general population and that of each
condition, irrespective of diabetes status. Thus, expected prevalence
refers to the joint prevalence of each duo that would be expected by
chance with no etiologic association among the two conditions. We
also calculated the number of comorbid conditions according to age
and diabetes status.

To estimate the years spent and lost associated with types of
diabetes-related MLTCs, we constructed a standard three-state
iliness-death Markov model***’, The illness-death model (also
known as the semi-competing risk model), used extensively to model
time-to-event data, comprises the following three possible states:
healthy, illness and death. The model allows the following three pos-
sible transitions: from healthy to iliness, healthy to death or illness
to death. Remission (from illness to healthy) is not permitted in this
instance. The illness state is defined as the presence of the MLTC
condition pair of interest, independent of the presence or absence
of other conditions. The yearly likelihood of transition across states
is assumed to be age-dependent, and rates are estimated through
monthly observation of health status (long-term condition and mor-
tality status) for all individuals from April 2019 to March 2020, as
observed in the dataset. More precisely, the number of occurrences
n;;, of anindividual of age a moving from state i to statej is tallied
and probability distributed proportionally such that the likelihood,
P;;, of an individual age moving from state i to statej is given by

"1, ,a

Pi,j,a = Zkes/"i-k»ﬂ
transition data are available for a state at a given age, it is assumed
the individuals remain in the same state as the time is incremented
by 1year. Because transition data are measured monthly and yearly
dataarerequired by the model, initially constructed monthly transi-
tion matrices T, are exponentiated by a factor of 12 through matrix
multiplication to convert to yearly transition matrices 7, according
to the following equation:

, where S is the set of possible final states. Where no

For some combinations of conditions, the prevalence would be
rare and insufficient data would be available to perform the calcula-
tions. To provide a sufficient distribution of ages movinginto and out
of the illness segment, analyses were restricted to those condition
combinations where at least 1,000 observations were recorded of
eachtransitiontype inthe model. The model was limited to between
0 and 100 years. At this age, the vast majority of people have died,
so extension beyond this age would have a negligible impact on
model outputs.

Ofthe35long-term conditions, frailty wasinitially excluded from
the analysis as remission was present in the data model but was not
compatible with the form of the Markov model. There were insufficient
transition observations for sickle cell disease, cystic fibrosis, autism,
sarcoidosis and multiple sclerosis (as bimorbidity pairs with diabetes)
tobeincludedinthe analysis.

The model was used to calculate the following five key metrics:
lifetime risk of MLTC, median age at onset, years of life lived with (Y,,,)
the MLTC, age at death and years of life lost (V,,) associated with the
MLTCs. Lifetime risk, L,, is the probability that an individual at birth
will enter the illness state at any point in their lifetime. This can be
calculated by considering the proportion of the initial population
that transitions from the healthy state to theillness state at a given age
a, Phearthy—in (@). This can be calculated by multiplying the proportion
of the population who are in the healthy state at age a, Pyeainy (@) by
P; _neainy, j-it, o the probability of a healthy person entering the illness
state in theimmediate transition from age a.

Prealthy—ill(@) = Phealthy(@) X P; = healthy, j=ill,a
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This can be summed over all ages in the model to give the total
probability of transitioning to the iliness state over a lifetime, the
lifetimerisk L,.

100
Ly =3 Pheaithy-in(@

a=0

The years of life lost (at a given age a), Y, (a), is the difference in
the survival function between thosein theillness state and the survival
function of atwo-state alive-dead Markov model otherwise of the same
form. An average measure of the years of life lost ¥, experienced for
theillness state of interest is calculated by asum over all ages of ¥, (a),
weighted by the proportion of people entering the illness state who do
soatthat age.

100 / p (@
V=3 ( healthLy in(a@
r

x N (a))
a=0
Theyears lived withillness (given age a), Y, (@), is characterized
by the survival function of the population who enters the illness state
at that age. Again, an average measure, Y, is calculated using a
weighted sum.

100 ( Phealthy—in(a@)

YLW=Z I
r

X iw (a)>

a=0

The median onset age of the illness state is extracted from the
model by interpolating the age at the point where half of the total
number of individuals that will transition into the illness state have
transitioned, that is apcqian iS the integer value of a that minimizes

Ziiphcanhyaiu(a) _05
L

These person-level metrics are conditional onindividuals acquir-
ingthe ‘illnesses’ at some pointintheir lifetime. For the populationasa
whole, acommunity metricis defined as the total number of life years
lostacross1,000individuals, not all of which will enter the ‘illness’ state.
Community metrics canbe calculated by multiplying the above average
metrics by the lifetime risk of the condition and scaling to 1,000 people.

CYLL =1,000 x Y|_|_ X Lr

Cy]_w =1,000 x yLW X Lr

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

As part of the support made available for local services and NHS, the
Populationand Person Insights dashboard, accessible by NHS organi-
zations, presents aggregated data according to NHS administrative
footprints, including at the national level (https://apps.model.nhs.
uk/report/PaPi).

The source data used in this evaluation and to derive the National
Segmentation Dataset are from the NHS NCDR. The NCDR is a pseu-
donymized patient-level data repository managed by the NHS England
(NHSE) Data Services team. It is used by NHS England for operational,
service improvement and service evaluation purposes. It is designed
to deliver consistent data processing, linkage and reporting services,
mainly for the use of NHS England analytical teams to aid in the deliv-
ery ofawiderange of projects, including the long-term plan. The data
enable analysts to provide evidence in the form of reports and dash-
boards to support the NHS drive to improve health and well-being
across England.

DataServices was established by NHS England to ensure that infor-
mation about the performance and impact of NHS services is available
when decisions are made about the commissioning of health services.
DataServices also ensures thatinformation has been accessed legally
in accordance with all applicable laws and mandatory guidance con-
tained within the Health and Social Care Act 2012, the Care Act 2014,
the Data Protection Act 2018 and the UK General Data Protection Regu-
lation. The authors cannot provide direct access to the data, as this
would circumvent NHS England’s research data access procedures.
More information about the NCDR and how to contact NHS England
Data Services is available at https://webarchive.nationalarchives.
gov.uk/ukgwa/20231101051610/https://data.england.nhs.uk/
ncdr/database/ (ref. 42).

Code availability
The code is available in a GitHub repository at https://github.com/
nhsengland/Markov-modelling-for-years-of-life-lost.
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Extended Data Fig.1| Observed and expected prevalence of having both diabetes and comorbid conditions among overall adults population aged > 20 years.
Full bar represents the observed joint prevalence of diabetes with each condition; blue segment of the bar is the joint prevalence that would be expected with no
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