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Abstract

Background: Little is known regarding life-course trajectories of important diseases. We aimed to identify diseases
that were strongly associated with mortality and test temporal trajectories of these diseases before mortality.

Methods: Our analysis was based on UK Biobank. Diseases were identified using questionnaires, nurses'interviews,

or inpatient data. Mortality register data were used to identify mortality up to January 2021. The association between
60 individual diseases at baseline and in the life course and incident mortality was examined using Cox proportional
regression models. Those diseases with great contribution to mortality were identified and disease trajectories in life
course were then derived.

Results: During a median follow-up of 11.8 years, 31,373 individuals (median age at death (interquartile range): 70.7
(65.3-74.8) years, 59.4% male) died of all-cause mortality (with complete data on diagnosis date of disease), with
16,237 dying with cancer and 6702 with cardiovascular disease (CVD). We identified 37 diseases including cancers and
heart diseases that were associated with an increased risk of mortality independent of other diseases (hazard ratio
ranged from 1.09 to 7.77). Among those who died during follow-up, 2.2% did not have a diagnosis of any disease of
interest and 90.1% were diagnosed with two or more diseases in their life course. Individuals who were diagnosed
with more diseases in their life course were more likely to have longer longevity. Cancer was more likely to be diag-
nosed following hypertension, hypercholesterolemia, CVD, or digestive disorders and more likely to be diagnosed
ahead of CVD, chronic kidney disease (CKD), or digestive disorders. CVD was more likely to be diagnosed following
hypertension, hypercholesterolemia, or digestive disorders and more likely to be diagnosed ahead of cancer or CKD.
Hypertension was more likely to precede other diseases, and CKD was more likely to be diagnosed as the last disease
before more mortality.

Conclusions: There are significant interplays between cancer and CVD for mortality. Cancer and CVD were frequently
clustered with hypertension, CKD, and digestive disorders with CKD highly being diagnosed as the last disease in the
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life course. Our findings underline the importance of health checks among middle-aged adults for the prevention of

premature mortality.

Keywords: Disease trajectory, Cancer, Cardiovascular disease, Hypertension, Chronic kidney disease, Multiple chronic

diseases, Multimorbidity, Premature mortality

Background

Chronic conditions were estimated to account for 63%
of 54.6 million global deaths in 2008, and this number
increased to 71% of 56.7 million in 2016 [1, 2]. Car-
diovascular diseases (CVDs) and cancers are the first
two leading causes of mortality accounting for 31.8%
and 17.1% of global deaths in 2017, respectively [3]. In
the UK, 89.7% of total mortality was attributed to non-
communicable diseases in 2017 with cancers, CVDs,
and dementia as the first three leading contributors
[4]. Of all deaths, 77.0%, 17.3%, and 5.7% were peo-
ple who were aged 70 years or older, 50-69 years, and
younger than 50 years old, respectively [4]. The leading
cause of mortality is cancer followed by CVD among
people who died younger than 70 years; however, CVD
is the leading cause followed by cancer among those
who died 70 years or over [4]. It has been estimated
that life expectancy at birth increased rapidly until
2010, but slowly since 2010 in the UK [5]. One expla-
nation for this is that the population is reaching the
biological limits of longevity, but addressing the causes
of premature mortality may help promote longevity.

Research shows that most individuals over 50 years
have not one but several comorbidities (defined as
multimorbidity) [6, 7], and multimorbidity is associ-
ated with an increased risk of mortality [8]. Trajec-
tory analyses as an emerging method have been used
to identify temporal disease progression patterns for
predicting and preventing future diseases [9, 10]. Most
people may die because of multiple diseases. A previ-
ous study based on the UK Biobank cohort has inves-
tigated the disease trajectories during follow-up and
mortality among individuals with depression [11].
However, this study is limited by failing to identify
temporal trajectories of important diseases in the life
course.

Prevention and reduction of premature mortality
risk are of paramount importance for achieving further
substantial life expectancy increases. Using the UK
Biobank, we aimed to examine the association between
important diseases and incident mortality. Based on
the diseases with great contribution to mortality, dis-
ease trajectories in the life course were identified.

Methods
Study population
The UK Biobank is a population-based cohort study
of 502,505 participants aged 40-73 years at baseline
between 2006 and 2010. Participants were recruited from
one of the 22 assessment centers throughout the UK
[12]. The study design, recruitment flow, and population
have been described in detail elsewhere [12]. A baseline
assessment was conducted among 502,505 out of approx-
imately 9.2 million people invited. Participants provided
information on geographic factors, lifestyle, and other
health-related aspects through comprehensive baseline
questionnaires, interviews, and physical measurements.
The UK Biobank study’s ethical approval was granted
by the National Information Governance Board for
Health and Social Care and the NHS North West Multi-
centre Research Ethics Committee. All participants pro-
vided informed consent through electronic signature at
baseline assessment. The present study was conducted
under application number 62443 of the UK Biobank
resource [13].

Ascertainment of diseases

Diseases were defined if participants reported that they
had ever been told by a doctor that they had a disease
(field code for each disease is listed in Additional file 1:
Table S1). A further question “What was your age when
the disease was first diagnosed?” was requested to answer
for those who reported a diagnosis of disease. The checks
for disease diagnosis age were performed to confirm
whether the diagnosis age was within the rationale range.
Individuals who were uncertain about the diagnosis age
provided an estimate or selected “Do not know” Sixty
major diseases including CVD, cancer, diabetes, demen-
tia, and chronic kidney disease (CKD) were included in
the analysis.

Additional disease cases at baseline and follow-up were
defined using inpatient data. The Hospital Episode Sta-
tistics database, the Scottish Morbidity Record, and the
Patient Episode Database were used to capture inpatient
hospital records in England, Scotland, and Wales [12].
The inpatient hospital data for the UK Biobank partici-
pants were available since 1997 [12]. The codes for inter-
national classification diseases (ICD) for each of the 60
diseases are listed in Additional file 1: Table S2. The age
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at diagnosis of disease (years) was then computed by
subtracting the birth date from the initial diagnosed date
divided by 365.25. The incident cases of these 60 diseases
during follow-up were identified using ICD codes.

Ascertainment of mortality

Mortality data for participants in England and Wales
were obtained from the National Health Service Digital,
and the mortality data for the participants in Scotland
were obtained from the National Health Service Central
Register [12]. Specific causes of mortality with a primary
diagnosis were identified using ICD codes [14]. Person-
years were calculated from the date of baseline assess-
ment (2006-2010) to the date of death, or the end of
follow-up (31 December 2020 for England/Wales and 18
January 2021 for Scotland), whichever came first.

Covariates

Data on age, gender, ethnicity, education, and income
were collected using a touch-screen computer. A detailed
questionnaire on lifestyle factors, including diet, physical
activity, smoking status, and frequency of alcohol con-
sumption was also completed. We divided sleep duration
into three groups: <7, 7-9, and >9 h [15]. An excess met-
abolic equivalent (MET)-hours/week of physical activity
during work and leisure time was estimated using ques-
tions that were similar to those used in the short form of
the International Physical Activity Questionnaire [16]. A
healthy diet score was computed based on seven com-
monly eaten food groups following recommendations
on dietary priorities for cardiometabolic health [17] with
a higher score representing a healthier diet. In the pre-
sent analysis, the high diet quality was defined as the diet
score>4. A genetic risk score (GRS) for longevity was
computed using 78 single-nucleotide polymorphisms
[18].

BMI was calculated as measured weight in kilograms
divided by measured height in meters squared. Glycated
hemoglobin (HbAlc) was measured using high-perfor-
mance liquid chromatography on a Bio-Rad Variant II
Turbo. Total cholesterol, high-density lipoprotein choles-
terol (HDL-C), low-density lipoprotein cholesterol (LDL-
C), and triglycerides were measured by direct enzymatic
methods (Konelab, Thermo Fisher Scientific, Waltham,
Massachusetts).

Statistical analysis

Cox proportional hazard regression models were used
to examine the association between each of the 60
major diseases at baseline (including both self-reported
and inpatient data) and incident mortality. The covari-
ates were selected based on clinical knowledge and
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potential multicollinearity was tested in the analy-
sis. Those covariates with a variance inflation factor
greater than 5 were excluded from the analysis (LDL-C
and total cholesterol). Model 2 was adjusted for age,
gender, ethnicity, education, income, BMI, smoking,
physical acidity, alcohol consumption, sleep duration,
diet, blood pressure, longevity GRS, HDL-C, triglycer-
ides, and HbA1lc. For the analysis of each disease, the
effect of the other diseases was additionally adjusted
for in the full model (Model 3). All the individual dis-
eases were found to have no potential multicollinearity
(all individual variance inflation factors<2). Individu-
als who died within the first year of follow-up were
excluded from the analysis. The log-minus-log plots
were used to test the proportional hazards assumption.
We then examined the association between each major
disease was diagnosed in the life course (including
those reported at baseline and follow-up) and mortality
using Cox proportional hazard regression models. Indi-
viduals with a disease diagnosed in the last year before
mortality were excluded from the analysis. Benjamin-
Hochberg’s procedure was used to control the false dis-
covery rate at a 5% level for multiple comparisons [19].

We then classified the diseases that were signifi-
cantly associated with mortality into groups. Indi-
viduals who died during follow-up were divided into
groups according to the number of types of diseases:
0,1, 2,3,4,5, and >6. Baseline data were expressed as
means * standard deviations, medians (interquartile
ranges [IQRs]), or frequency (percentage) according
to the number of types of diseases. ANOVA analysis
for normally distributed continuous variables, Wil-
coxon rank-sum test for skewed continuous variables,
and chi-square test for categorical variables were used
to examine the difference in baseline characteristics
across the number of diseases in the life course.

Temporal disease trajectories were identified using
the permutation of diseases (multiple diseases in order
of age at diagnosis) among individuals who were diag-
nosed with two or more diseases before mortality. The
age at diagnosis of diseases was based on self-reported
or inpatient data. For example, among those who were
diagnosed with two diseases in the life course, the pri-
mary disease was defined as the disease diagnosed at a
younger age and the secondary disease as the disease
diagnosed at an older age. This analysis was also con-
ducted for those with 3, 4, 5, and >6 diseases separately.
The disease trajectories were identified for all mortality,
cancer mortality, and CVD mortality, separately.

For chronic diseases at baseline that were associated
with a lower risk of incident mortality, a matched anal-
ysis was conducted to test these associations with con-
trols matched by age and gender. For each individual
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with the disease, one control was randomly selected
from those free of the corresponding disease.

The percentage of participants with missing values in
physical activity, household income, education, BMI,
alcohol consumption, smoking, sleep duration, LDL-
C, triglycerides, blood pressure, and HbAlc was 19.9%,
15.3%, 2.0%, 2.0%, 0.3%, 0.6%, 0.8%, 14.4%, 6.6%, 6.0%,
and 7.2%, respectively. Missing values for categorical
variables were assigned as a single category. Missing val-
ues for continuous covariates were assigned as the mean.
Sensitivity analysis for associations between individual
diseases and mortality was conducted among partici-
pants with complete data.

All data analyses were conducted using SAS 9.4 (SAS
Institute Inc.), and P values were two-sided with statisti-
cal significance set at <0.05.

Results

Incidence of mortality

During a median follow-up of 11.8 years (IQR 11.1-12.6),
33,393 individuals died of all-cause mortality (overall
incidence: 6.6%), and their longevity ranged from 40.3
to 83.7 years (69.5 £+ 7.4). Around 97.0% of them were
defined as premature mortality with the age at death
younger than the life expectancy at birth in the UK (83.1
years for women, 79.4 years for men).

Disease and incident mortality

After excluding individuals who died within the first year
of follow-up (n=394), 502,131 participants were included
in the analysis. There was no violation of the proportional
hazards assumption for most diseases examined (Addi-
tional file 2: Figures S1-S5).

As shown in Fig. 1, 50 out of 60 diseases were signifi-
cantly associated with incident mortality after adjustment
for false discovery rate. After adjustment for geographic
factors, lifestyle factors, and biomarkers, the number of
diseases that were significantly associated with mortality
was reduced to 43. This number was reduced to 37 when
all other diseases were adjusted for in the full model. The
multivariable-adjusted hazard ratio (HR) ranged from
0.87 to 7.77. The highest HRs (95% confidence interval
[CI]) for diseases that were positively associated with
incident mortality were 7.77 (6.15-9.84) for dementia,
4.60 (3.92—5.40) for lung cancer, 4.54 (4.08—5.05) for Par-
kinson’s disease, 4.15 (3.34—5.15) for oesophageal cancer,
and 3.15 (2. 69-3.69) for ovarian cancer.

Three diseases that were inversely associated with inci-
dent mortality included migraine (HR (95% CI): 0.91
(0.84-0.98)), endometriosis (0.82 (0.69-0.97)), and pros-
tate disorder (excluded prostate cancer, 0.90 (0.84—0.96)).
As Additional file 1: Table S3 shows, individuals with
migraine, endometriosis, or prostate disorder did not
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differ in the incidence of mortality compared with age-/
gender-matched controls in the full model.

When analyzing diseases in the life course, 55 out of 60
diseases were significantly associated with incident mor-
tality after adjustment for false discovery rate. In the mul-
tivariable analysis, the highest HRs (95% Cls) for diseases
that were significantly associated with incident mortality
were 3.76 (3.48-4.07) for ovarian cancer, 3.22 (3.14-3.31)
for other cancer, 2.98 (2.84-3.13) for lung cancer, 2.37
(2.17-2.59) for oesophageal cancer, and 2.20 (2.06-2.35)
for Parkinson’s disease (Additional file 3: Figure S6).

Diseases that were significantly associated with pre-
mature mortality were classified into 16 groups for those
with a contribution of 0.5% or more (Additional file 1:
Table S4).

A larger number of the 16 groups of diseases was asso-
ciated with an increased risk of mortality during follow-
up (Additional file 1: Table S7).

Baseline characteristics

Among 33,393 participants who died during follow-up,
2020 with missing values on age at diagnosis of any dis-
ease of interest were excluded from the analysis. A total
of 31,373 participants (median age at death (IQR): 70.7
(65.3-74.8) years, 59.4% male) were included in the dis-
ease trajectory analysis. The leading cause of mortal-
ity was cancer (n=16237), followed by CVD (n=6702).
There were 2.2% (n=702) of deaths who did not have a
diagnosis of any disease of interest using questionnaires
or inpatient data before mortality. The percentages of
deaths who were diagnosed with 1, 2, 3, 4, 5, or >6 (6—14)
diseases were 7.7%, 12.8%, 15.7%, 15.8%, 14.5, and 31.3%,
respectively. Individuals without being diagnosed with
any disease of interest in life course were more likely to
be younger and male and have higher levels of education,
income, and total cholesterol, but lower levels of HbAlc
compared to those with one or more diseases (Table 1).
Individuals who died during follow-up were more likely
to be older, male, and lowly educated. The mortality was
associated with lower household income, lower diet qual-
ity, smoking, and higher levels of BMI, systolic blood
pressure, triglycerides, and HbAlc (Additional file 1:
Table S6).

Number of diseases and longevity

Individuals who were diagnosed with more diseases in
their life course were more likely to have longer longev-
ity. The median time from the initial diagnosis to mor-
tality was 5.0 years (IQR 1.3-13.4) among individuals
who were diagnosed with one disease in their life course.
Among individuals who were diagnosed with two dis-
eases in the life course, the median time from initial diag-
nosis of the primary disease to mortality was 10.4 years
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Disease Mortality events/person-years Hazard ratio (95% CI), Model 1 Hazard ratio (95% CI), Model 2 Hazard ratio (95% CI), Model 3
No disease Disease H H '
Hypertension* 19662/4351841 13358/1508264 E | | 1.40 (1.37-1.43) E n 1.27 (1.24-1.30) E. 1.18 (1.15-1.21)
High cholesterol* 26463/5154960 6557/705145 'm 1.22 (1.19-1.25) (] 1.07 (1.04-1.10) ] 0.95 (0.92-0.97)
Coronary heart disease* 28775/5606527 4245/253578 ; n 1.96 (1.90-2.03) Pom 1.58 (1.53-1.63) i om 1.45 (1.40-1.50)
Atrial fibrillation* 32467/5819048 553/41057 R 1.48 (1.36-1.61) . 1.54 (1.41-1.67) . 1.44 (1.32-1.57)
Heart failure® 32911/5856946 109/3159 E - 4.40 (3.64-5.31) E Cl 3.42(2.83-4.13) s - 2.36 (1.95-2.86)
Stroke* 31628/5786157 1392/73948 ' [ | 2.37(2.24-2.50) H n 1.77 (1.68-1.87) rom 1.54 (1.46-1.63)
Peripheral vascular disease¥  32775/5845552 245/14553 : - 2.55 (2.25-2.89) o= 2.01 (1.77-2.28) P 1.65 (1.46-1.88)
Other cardiac problem* 32818/5841697 202/18409 B 1.60 (1.39-1.83) 3 1.50 (1.31-1.72) 3 1.30 (1.13-1.49)
Diabetes* 29375/5617114 3645/242991 ; n 2.09 (2.02-2.16) Pom 1.54 (1.49-1.61) | m 1.43 (1.37-1.49)
COPD#* 32539/5842461 481/17645 ' - 3.62(3.30-3.96) ' - 2.37(2.16-2.59) H 3 2.17 (1.98-2.38)
Asthma* 28834/5181605 4186/678500 ' 1.21 (1.17-1.25) . 1.16 (1.12-1.20) m 1.09 (1.06-1.13)
Bronchiectasis* 32874/5847227 146/12878 E - 1.58 (1.34-1.85) E - 1.71 (1.45-2.01) E - 1.62 (1.38-1.91)
Depression* 30780/5532762 2240/327343 E [ ] 1.51 (1.44-1.57) E ] 1.23 (1.18-1.28) E. 1.16 (1.11-1.22
Anxiety* 32544/5781683 476/78423 | 1.24 (1.14-1.36) . 1.08 (0.99-1.19) [ 1.03 (0.94-1.13)
Schizophrenia* 32735/5837571 285/22535 E = 2.64 (2.35-2.96) E = 1.88 (1.67-2.11) E - 1.88 (1.67-2.11)
Dementia* 32950/5858970 70/1135 ! —— 7.62 (6.02-9.63) ' 7.25(5.74-9.17) ! —— 7.77 (6.15-9.84)
Parkinson’s disease* 32674/5851111 346/8994 ) - 4.64 (4.17-5.16) N - g - 4.54 (4.08-5.05)
Multiple sclerosis* 32807/5839659 213/20446 - 2.42(2.11-2.77) ' - 2.14 (1.87-2.45) ' - 2.24 (1.96-2.57)
Alcohol problems* 32815/5851431 205/3674 : - 4.42 (3.86-5.08) - 2.22(1.93-2.55) : - 1.93 (1.68-2.23)
Psychoactive substance abuse* 32996/5859049 24/1056 ! —— 6.09 (4.08-9.09) H —— 3.14 (2.10-4.69) P —a— 2.05(1.37-3.08)
Migraine* 32379/5689959 641/170146 .i 0.85 (0.79-0.92) .i 0.88 (0.81-0.95) .E 0.91 (0.84-0.98)
Epilepsy* 32544/5813788 476/46318 ' - 1.91 (1.75-2.09) o= 1.66 (1.52-1.82) [ 1.56 (1.43-1.71)
Painful conditions* 29113/5287077 3907/573028 H | 1.14 (1.10-1.17) [ ] 1.03 (1.00-1.07) ] 1.01 (0.97-1.04)
Chronic fatigue syndrome 32894/5834561 126/25544 - 1.12 (0.94-1.34) *— 1.06 (0.89-1.26) .'F. 1.05 (0.88-1.26)
Connective tissue disorders* 31815/5733049 1205/127057 i | | 1.60 (1.51-1.69) | 1.43 (1.35-1.51) ) 1.39 (1.32-1.48)
Osteoporosis* 29267/5386323 3753/473782 - 1.14 (1.10-1.18) [ 1.01 (0.97-1.04) [ 1.00 (0.96-1.03)
Fracture* 32948/5851529 72/8576 | —— 1.51 (1.20-1.91) | - 1.52 (1.20-1.91) | =l 1.49 (1.19-1.88)
Anorexia 33002/5855735 18/4370 ‘-_u_ 1.59 (1.00-2.52) J_._ 1.50 (0.95-2.39) _2_._ 1.37 (0.86-2.18)
Dyspepsia* 29621/5408443 3399/451663 'm 1.14 (1.10-1.18) " 1.03 (0.99-1.06) 1 0.98 (0.95-1.02)
Treated constipation 32991/5855812 29/4293 - 1.24 (0.86-1.79) = L19(083-17)  —m— 1.08 (0.75-1.55)
Pernicious anaemia* 32826/5842780 194/17326 g - 1.90 (1.65-2.19) 3 1.65 (1.44-1.91) e 3 1.51(1.31-1.74)
Diverticular disease 32549/5797400 471/62705 :I 1.03 (0.94-1.13) I:, 0.96 (0.88-1.05) -i 0.92 (0.84-1.01)
Inflammatory bowel disease* ~ 32610/5811244 410/48861 3 1.50 (1.36-1.66) N 1.42 (1.29-1.56) e 3 1.35 (1.22-1.49)
Irritable bowel syndrome 32402/5724263 618/135842 .5 0.92 (0.85-1.00) Ii 0.89 (0.82-0.96) .E 0.88 (0.82-0.96)
Chronic kidney disease* 32703/5846141 317/13964 H = 3.77 (3.37-4.21) ' = 3.19 (2.86-3.57) ! - 2.55 (2.28-2.85)
Viral hepatitis* 32906/5844452 114/15653 i-.- 1.29 (1.08-1.56) i-l— 1.27 (1.06-1.53) E.._ 1.18 (0.98-1.42)
Chronic liver disease* 32833/5849270 187/10835 g - 3.03 (2.63-3.50) g - 2.42 (2.09-2.79) H - 2.24 (1.94-2.59)
Prostate disorders* 18666/2557284 938/94292 .i 0.85 (0.80-0.91) . 0.88 (0.83-0.94) .E 0.90 (0.84-0.96)
Endometriosis* 32889/5812358 131/47747 - 0.83 (0.70-0.98) -~ 0.83 (0.70-0.98) - 0.82 (0.69-0.97)
Polycystic ovary 13404/3201216 1977759 _..._ 0.87(0.49-1,53)—.—%— 0.75 (0.43-1.32) _._._ 0.74 (0.42-1.30)
HIV* 32974/5854787 46/5318 ! —.— 2.15 (1.61-2.87) \ —— 1.76 (1.32-2.35) | —— 1.63 (1.22-2.18)
Thyroid disorders* 31001/5522245 2019/337861 E. 1.12 (1.07-1.18) :. 1.05 (1.00-1.09) .: 1.00 (0.96-1.05)
Psoriasis/eczema* 31771/5651016 1249/209089 i 1.12 (1.06-1.19) | 1.09 (1.03-1.15) [ ] 1.06 (1.00-1.12)
Chronic sinusitis 32844/5823635 176/36470 ...' 0.86 (0.74-1.00) ;7 0.89 (0.77-1.03) ..: 0.92 (0.79-1.06)
Meniere’s disease 32910/5844062 110/16043 - 1.02 (0.85-1.23) - 0.99 (0.82-1.19) - 0.97 (0.80-1.17)
Glaucoma* 32472/5800227 548/59878 - 1.13 (1.03-1.23) - 1.12(1.03-1.22 - 1.05 (0.96-1.14)
Cataract* 32176/5780523 844/79582 f - 1.40 (1.31-1.50) ; » 1.37 (1.28-1.47) E » 1.27 (1.18-1.36)
AMD 32990/5856953 30/3152 —— 1.36 (0.95-1.94) —— 1.41 (0.99-2.02) —.— 1.34(0.94-1.92)
Lung cancer* 32866/5857618 154/2487 i - 8.20 (7.00-9.60) i - 6.66(5.68-7.81) E - 4.60 (3.92-5.40)
Skin cancer 32949/5852114 71/7992 - 1.13 (0.89-1.42) - 1.16 (0.92-1.46) - 1.12(0.89-1.42)
Melanoma* 32661/5817669 359/42436 s 1.28 (1.15-1.42) . 1.33 (1.20-1.48) e 1.26 (1.14-1.40)
Stomach cancer* 32975/5858185 45/1921 H —— 2.65 (1.98-3.55) 1 —— 2.24 (1.67-3.00) V —.— 1.79 (1.33-2.40)
Oesophageal cancer* 32937/5858234 83/1871 E - 4.88 (3.94-6.06) E - 4.14 (3.34-5.13) E - 4.15 (3.34-5.15)
Colon cancer* 32699/5842987 321/17118 ! - 2.11 (1.89-2.36) H - 2.08 (1.86-2.32) - 1.91 (1.71-2.13)
Rectal cancer* 32959/5856253 61/3852 [ 1.98 (1.54-2.54) f— 1.89 (1.47-2.44) D 1.66 (1.29-2.14)
Prostate cancer* 18909/2613916 695/37661 ) 1.54 (1.43-1.66) ] 1.64 (1.52-1.77) Y 1.65 (1.53-1.78)
Ovarian cancer* 13259/3199609 157/8920 E - 3.60 (3.07-4.21) E - 3.39 (2.90-3.97) E e 3.15 (2.69-3.69)
Breast cancer* 11905/3082243 1511/126286 ! n 2.43 (2.30-2.56) ' n 2.43 (2.30-2.56) ! . 2.42 (2.29-2.55)
Uterine cancer® 32881/5845988 139/14117 E - 1.70 (1.44-2.01) E - 1.52 (1.29-1.80) E - 1.32 (1.12-1.57)
Other cancers* 30481/5660211 2539/199894 E [} 2.07 (1.99-2.16) E ] 2.05(1.97-2.14) E n 1.95 (1.87-2.03)
—_——
0.5 1.0 2.0 4.0 8.0 0.5 1.0 20 40 80 0.5 1.0 2.0 4.0 8.0

Fig. 1 Risk for mortality associated with individual diseases of interest at baseline. Cox proportional hazard regression models were used to

examine the association between each of the 60 major diseases at baseline and incident mortality. Model 1 was adjusted for age and gender;
Model 2 was adjusted for Model 1 plus ethnicity, education, income, BMI, smoking, physical acidity, alcohol consumption, sleep duration, diet, blood
pressure, HDL-C, triglycerides, and HbATc. Model 3 was adjusted for Model 2 plus all other 59 chronic diseases. The analysis for breast cancer, ovarian
cancer, endometriosis, and polycystic ovary was conducted among women only while the analysis for prostate cancer and prostate disorders was
conducted among men only. Individuals with disease diagnosed in the last year before mortality were excluded from the analysis. Horizontal lines
indicate the ranges of the 95% Cls and the vertical dash lines indicate the hazard ratio of 1.0. *Refers to significant associations after adjustment for
false discovery rate at a 5% level using Benjamin-Hochberg's procedure
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Table 1 Baseline characteristics of participants across the number of diseases in life course
Number of diseases in life course among individuals who died during follow-up Pvalue®
0 (n=702) 1 (n=2406) 2 (n=4010) 3 (n=4934) 4 (n=4963) 5 (n=4545) >6 (n=9813)
Age (years) 60 (53-65) 61 (54-65) 62 (56-66) 62 (57-66) 63 (59-67) 64 (60-67) 64 (60-67) <0.0001
Gender <0.0001
Female 213(30.3) 1080 (44.9) 1833 (45.7) 2104 (42.6) 1903 (38.3) 1724 (37.9) 3718 (37.9)
Male 489 (69.7) 1326 (55.1) 2177 (54.3) 2830 (57.4) 3060 (61.7) 2821 (62.1) 6095 (62.1)
Ethnicity <0.0001
Whites 676 (96.3) 2314 (96.2) 3900 (97.3) 4772 (96.7) 4782 (96.4) 4353 (95.8) 9285 (94.6)
Non-whites 24 (3.4) 72 (3.0) 94 (2.3) 135(2.7) 149 (3.0) 153 (34) 445 (4.5)
Unknown 2(03) 20(0.8) 16 (0.4) 27 (0.5) 32(06) 39(0.9) 83(0.8)
Education <0.0001
0-5 years 119 (17.0) 485 (20.2) 845 (21.1) 1216 (24.6) 1342 (27.0) 1420 (31.2) 3722 (37.9)
6-12 years 338 (48.1) 1078 (44.8) 1889 (47.1) 2236 (45.3) 2262 (45.6) 2039 (44.9) 4141 (42.2)
>13 years 233(33.2) 770 (32.0) 1185 (29.6) 1359 (27.5) 1213 (24.4) 956 (21.0) 1630 (16.6)
Missing 12(1.7) 73(3.0) 91 (2.3) 123 (2.5) 146 (2.9) 130 (2.9) 320(33)
Household income (pounds) <0.0001
<18,000 147 (20.9) 553(23.0) 992 (24.7) 1365 (27.7) 1545 (31.1) 1543 (33.9) 4045 (41.2)
18,000- 163 (23.2) 556 (23.1) 992 (24.7) 1164 (23.6) 1204 (24.3) 1115 (24.5) 2087 (21.3)
30,999
31,000- 158 (22.5) 476 (19.8) 761 (19.0) 861 (17.5) 826 (16.6) 663 (14.6) 1037 (10.6)
51,999
52,000- 107 (15.2) 311(129) 498 (12.4) 541(11.0) 427 (8.6) 311(6.8) 438 (4.5)
100,000
>100,000 33(4.7) 109 (4.5) 110 (2.7) 126 (2.6) 95(1.9) 60 (1.3) 82(0.8)
Unknown 23(3.3) 103 (4.3) 191 (4.8) 250 (5.1) 263 (5.3) 261 (5.7) 752 (7.7)
Not 71(10.1) 298 (124) 466 (11.6) 627 (12.7) 603 (12.1) 592 (13.0) 1372 (14.0)
answered
Physical activity 2651.9 (1050.0- 2649.7 2532.5(1004.0- 2586.0 26519 2478.0 2186.0 <0.0001

(MET-minutes/  3266.0)
week)

Diet quality”
Low 292 (41.6)
High 410 (584)
Alcohol consumption
Never 21 (3.0
Previous 20 (2.8)
Current 659 (93.9)
Missing 2(0.3)
Smoking
Never 339 (48.3)
Former 224 (31.9)
Current 135(19.2)
Missing 4(0.6)
Sleep duration (hours)
<7 170 (24.2)
7-9 521(74.2)
>9 8(1.1)
Missing 3(04)

BMI (kg/m?) 26.8444.30

Total choles- 6.01£1.02
terol (mmol/L)

(10320 3146.0)

1005 (41.8)
1401 (58.2)

87 (3.6)
78(3.2)
2234 (92.9)
7(0.3)

1197 (49.8)
783 (32.5)
411(17.1)
15(0.6)

545 (22.7)
1792 (74.5)
48 (2.0)
21(0.9)
26.57+4.28
5.85£1.06

2970.0)

1702 (42.4)
2308 (57.6)

153(3.8)
174 (4.3)
3677 (91.7)
6(0.1)

1837 (45.8)
1486 (37.1)
666 (16.6)
21(0.5)

949 (23.7)
2944 (73.4)
97 (24)
20(0.5)
26914448
581£1.09

(988.5-2946.0)

2180 (44.2)
2754 (55.8)

220 (4.5)
230 (4.7)
4464 (90.5)
20 (0.4)

2091 (424)
1910 (38.7)
890 (18.0)
43(0.9)

1218 (24.7)
3519(71.3)
144 (2.9)
53(1.1)
27.32+4.76
5.70£1.14

(975.0-2844.0)

2189 (44.1)
2774 (55.9)

207 (4.2)
276 (5.6)
4465 (90.0)
15(0.3)

1936 (39.0)
2082 (42.0)
910(18.3)
35(0.7)

1249 (25.2)
3506 (70.6)
162 (3.3)
46 (0.9)
27.86£5.03
551£1.19

(826.5-2758.0)

2129 (46.8)
2416 (53.2)

210 (4.6)
305 (6.7)
4003 (88.1)
27 (0.6)

1617 (35.6)
2017 (44.4)
866 (19.1)
45(1.0)

1203 (26.5)
3106 (68.3)
181 (4.0)
55(1.2)
2841£507
5374121

(693.0-2651.9)

4905 (50.0)
4908 (50.0)

644 (6.6)
951(9.7)
8161 (83.2)
57 (0.6)

2958 (30.1)
4554 (46.4)
2193 (22.3)
108 (1.1)

2859 (29.1)
6148 (62.7)
641 (6.5)
165 (1.7)
29.48+£5.62
513£1.23

<0.0001

<0.0001

<0.0001

0.0385

<0.0001
<0.0001
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Table 1 (continued)
Number of diseases in life course among individuals who died during follow-up Pvalue®
0 (n=702) 1 (n=2406) 2 (n=4010) 3 (n=4934) 4 (n=4963) 5 (n=4545) >6 (n=9813)
HDL-C 1.4240.35 1.4440.36 1454037 1434037 1.394+0.36 1.37+0.36 1.33£0.37 <0.0001
(mmol/L)
LDL-C (mmol/L) 3.83+0.78 3.6940.79 3.65+0.82 3.57£0.86 3.44+£0.89 3.33+£0.90 3.14£0.90 <0.0001
Triglycerides 1.64(1.13-2.18)  1.59(1.09-2.09) 1.59 (1.11-2.11) 1.62(1.12- 1.66 (1.16- 1.75(1.21- 1.75 (1.25- <0.0001
2.12) 2.20) 2.29) 2.37)

HbAlc (mmol/  35.5143.90 35.73£4.99 36.12+544 36.80+6.85 37.74+£7.83 38.81+£9.54 4156£11.74 <0.0001
mol)
DBP (mmHg) 83.9£10.8 82.3+9.6 82.3£10.0 82.7£10.3 82.6+10.3 82.8+10.2 81.6£10.6 <0.0001
SBP (mmHg) 142.7£19.6 138.5£17.8 139.5£18.7 141.1£189 142.2+£19.0 143.4+£194 142.8£19.6 <0.0001
Genetic risk 049 (0.45-0.53) 049 (0.46-0.53) 0.50 (0.46-0.53) 0.49 (0.46— 0.49 (0.45- 0.49 (0.46- 0.49 (0.45- 0.0435
score© 0.53) 0.53) 0.53) 0.53)
Cause of mortality <0.0001

Cancer 103 (14.7) 1284 (53.4) 2367 (59.0) 2965 (60.1) 2875 (57.9) 2376 (52.3) 4267 (43.5)

CVvD 318 (45.3) 560 (23.3) 776 (19.4) 921(18.7) 927 (18.7) 985 (21.7) 2215 (22.6)

External 71(10.1) 90 (3.7) 117 (2.9) 88(1.8) 83(1.7) 66 (1.5) 110(1.1)
reason

Others 210(29.9) 472 (19.6) 750 (18.7) 960 (19.5) 1078 (21.7) 1118 (24.6) 3221(32.8)

Data are means =+ standard deviations, medians (interquartile range), or N (%). BMI Body mass index, CVD Cardiovascular disease, DBP Diastolic blood pressure, HbA1c
Glycated haemoglobin, HDL-C High-density lipoprotein cholesterol, LDL-C Low-density lipoprotein cholesterol, MET Metabolic equivalent, SBP Systolic blood pressure

2 Baseline data were expressed as means =+ standard deviations, medians (interquartile ranges), or frequency (percentage) according to the number of types of
diseases. ANOVA analysis for normally distributed continuous variables, Wilcoxon Rank Sum Test for skewed continuous variables, and Chi-square test for categorical

variables was used to examine the difference in baseline characteristics across the number of diseases in life-course.

b Diet score was computed based on seven commonly eaten food groups following recommendations on dietary priorities for cardiometabolic health with higher

score representing healthier diet. High diet quality was defined as diet score>4.

“The genetic risk score (GRS) for longevity was compuated using 78 single-nucleotide polymorphisms.

(IQR 3.3-19.5) and the number for the secondary disease
was 1.7 years (IQR 0.8-5.9). Among individuals who were
diagnosed with three or more diseases in the life course,
the median time from initial diagnosis of the primary dis-
ease to mortality ranged from 14.3 (IQR 7.1-24.1) to 24.1
years (IQR 16.6-35.8) and the number for the last disease
ranged from 0.9 (IQR 0.5-1.6) to 5.0 years (IQR 1.3-13.4,
Fig. 2).

Disease trajectories in life course for all mortality
As Fig. 3 shows, among individuals with at least one dis-
ease diagnosed during their life course, the most com-
mon primary condition was hypertension followed by
cancer, respiratory disease, musculoskeletal disorders,
and painful conditions. The proportion contributed by
hypertension decreased from 21.8% of the primary con-
dition to 1.2% of the denary condition. The number for
CKD increased from 0.5 to 24.2%. An increasing trend in
the proportion of neurodegenerative disorders and liver
diseases and a decreasing trend in the proportion of can-
cer was seen with the accumulation of disease.

Among individuals who were diagnosed with one
disease only in the life course, cancer, hypertension,
and CVD were the three leading contributors with the

proportion as 50.9%, 10.4%, and 7.6%, respectively (Addi-
tional file 1: Table S7).

Among individuals who were diagnosed with two
diseases in the life course, the proportion of cancer
increased from 28.5% of the primary disease to 32.2% of
the secondary disease. Around 29.8% of individuals with
cancer as the primary disease was diagnosed with diges-
tive disorders as the secondary disease. Around 22.9%
and 18.4% of cancer as the secondary disease was diag-
nosed following hypertension or digestive disorders,
respectively. Around 29.8% and 29.2% of CVD as the sec-
ondary disease was diagnosed following hypertension or
cancer, respectively (Additional file 3: Figure S7).

Among individuals who were diagnosed with three
diseases in the life course, the proportion of hyperten-
sion decreased from 22.6% of the primary disease to 5.4%
of the tertiary disease. Whilst the proportion of CKD
increased from 0.5% of the primary disease to 10.4% of
the tertiary disease. A large proportion of CVD as the
secondary disease was diagnosed following hyperten-
sion (33.6%) or cancer (16.9%) as the primary disease. A
large proportion of CVD as the tertiary disease was diag-
nosed following cancer (25.0%), hypertension (19.2%), or
digestive disorders (10.1%) as the secondary disease. A
large proportion of cancer as the secondary disease was
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Number of disease Age at diagnosis of Years from primary Years from last disease to

in life-course Participants Longevity (vears) primary disease (years) disease to mortality mortality

o men [ e
L awsen [ e ——D R = P e

2 4010 (12.8)
3 4934 (15.7)
4 4963 (15.8)
5 4545 (14.5)
6 9813 (31.3)

F T T 1 L T T T T 1 L T T T f T T

50 60 70 80 20 30 40 50 60 70 o 10 20 30 0 5 10
Fig. 2 Number of diseases in life course and longevity among individuals who died from any reasons. The barchart displays the medians
(interquartile ranges) for longevity, age of diagnosis of primary disease, years from primary disease to mortality, and years from last disease to
mortality, respectively. Number of diseases was computed based on the16 groups of diseases accounting for 0.5% or more of all disease. Diseases
diagnosed in life course were identified using self-reported questionnaire, nurses'interview, and inpatient records. Primary disease is the first one
of diseases of interest diagnosed in life course, and the last disease is the last one diagnosed before mortality. Horizontal lines indicate interquartile
ranges for medians
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Fig. 3 Proportion of major disease groups for the first ten diagnosed conditions in life course. The temporal trajectory was computed based the 16
groups of diseases according to the age at diagnosis of the diseases among 30,671 individuals who was diagnosed with at least one disease in life
course. Primary disease is the first one of diseases of interest diagnosed in life-course. Given only 268 participants were diagnosed with 11 or more
diseases in life course, the first ten diagnosed diseases are shown in this figure
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diagnosed following hypertension (49.5%) or digestive
disorders (26.8%) as the primary disease. The proportion
of cancer as the tertiary disease was diagnosed following
digestive disorders or hypertension as the secondary dis-
ease was 19.5% or 17.9%, respectively (Additional file 3:
Figure S8).

Among individuals who were diagnosed with four dis-
eases in the life course, the proportion of hypertension
decreased from 25.9% of primary disease to 4.3% of the
quaternary disease, whilst the number for CKD increased
from 0.6 to 16.3%. CVD was more likely to be diagnosed
following hypertension, hypercholesterolemia, cancer, or
digestive disorders and more likely to be diagnosed ahead
of cancer or CKD. Cancer was more likely to be diag-
nosed after hypertension, hypercholesterolemia, CVD, or
digestive disorders and more likely to be diagnosed ahead
of CVD, CKD, or digestive disorders (Additional file 3:
Figure S9).

Similar results were observed for individuals who were
diagnosed with five (Additional file 3: Figure S10) or six
or more diseases in the life course (Additional file 3: Fig-
ure S11).

Disease trajectories in life course for cancer mortality
Among individuals who died with cancer, 0.6% did not
have a diagnosis of any disease of interest in the life
course. Around 7.5% of them had one disease only diag-
nosed in the life course and cancer contributed to 89.9%
of the disease (Additional file 1: Table S7). Among indi-
viduals who were diagnosed with two diseases before
dying from cancer, 43.5% of the primary disease was con-
tributed to cancer and 51.3% of the secondary disease
was contributed to cancer. A large proportion of indi-
viduals with cancer as the primary disease was diagnosed
with digestive disorders (31.7%), CKD (13.1%), or CVD
(11.2%) as the secondary disease (Additional file 4: Figure
S$12). Cancer contributed to 25.3% of the primary disease,
36.2% of the secondary disease, and 35.4% of the tertiary
disease. Cancer is more likely to be diagnosed ahead of
hypertension, CVD, digestive disorders, or CKD and to
be diagnosed following hypertension, digestive disorders,
or CVD (Additional file 4: Figure S13). Similar results
were seen for individuals who were diagnosed with four
(Additional file 4: Figure S14), five (Additional file 4: Fig-
ure S15), or six or more diseases (Additional file 4: Figure
S16) before dying from cancer. Hypertension was more
likely to precede other diseases, and CKD was more likely
to be diagnosed following other diseases.

Disease trajectories in life course for CVD mortality

Among individuals who died with CVD, 4.4% were not
diagnosed with any disease of interest in life-course.
Among 573 individuals who were diagnosed with one
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disease only before dying from CVD, 23.7% were diag-
nosed with hypertension, and 21.5% were diagnosed with
CVD (Additional file 1: Table S7). Among individuals
who were diagnosed with two diseases in the life course,
a large proportion of the primary disease was contrib-
uted to hypertension, hypercholesterolemia, and CVD
(Additional file 4: Figure S17). A large proportion of CVD
was diagnosed following hypertension or hypercholester-
olemia, and CVD was more likely to be diagnosed ahead
of CKD before death. Around 27.8% of the last disease
before mortality was CKD, largely following CVD, diges-
tive disorders, cancer, hypertension, or hypercholester-
olemia (Additional file 4: Figures S18-S21).

Sensitivity analysis

Among participants with complete data (covariates), 48
out of 60 diseases were significantly associated with inci-
dent mortality after adjustment for false discovery rate.
Migraine, endometriosis, and glaucoma were signifi-
cantly associated with mortality in the main analysis but
not in the sensitivity analysis. Irritable bowel syndrome
was associated with a decreased risk of mortality after
adjustment for age and gender in the sensitivity analysis
but not in the main analysis. In the multivariable analysis,
an inverse association between irritable bowel syndrome
and mortality was observed in both sensitivity and main
analyses. All other diseases (n=47) were overlapped in
both analyses (Additional file 1: Table S8).

Discussion

We found that more than half of the participants died
with cancer and more than one fifth died with CVD.
More than 90% of the individuals were diagnosed with
two or more diseases of interest in the life course. A
larger number of diseases diagnosed in the life course
was associated with longer longevity. Hypertension was
more likely to be diagnosed ahead of CVD and cancer,
whilst CKD was more likely to be diagnosed following
CVD and cancer. This trend was more pronounced with
the increasing number of diseases diagnosed in the life
course. There were significant interplays between cancer
and CVD. Similar results were found for individuals who
died with cancer or CVD.

Our analysis is consistent with a previous study show-
ing that cancer, CVD, diabetes, neurological disorders,
mental disorders, chronic respiratory diseases, and diges-
tive diseases play an important role in the development
of mortality [3]. An increasing number of studies have
linked cataract to increased mortality risk [20-22]. This
is in line with our study demonstrating that cataract
was associated with an increased risk of mortality inde-
pendent of geographic factors, lifestyle, biomarkers, and
other chronic diseases. A recent meta-analysis showed
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that findings for the association between glaucoma and
mortality remained inconsistent between previous stud-
ies [22]. In our analysis, glaucoma was not significantly
associated with mortality risk after adjustment of other
diseases suggesting the potential risk of glaucoma was
dependent on its association with other diseases. We
also observed endometriosis, prostate, and migraine at
baseline were associated with a lower risk of mortality,
but these associations were attenuated to be non-signif-
icant in the matched analysis. A prospective cohort study
of Finnish women (49,956 with endometriosis, 98,824
age- and municipality-matched controls) with a median
follow-up of 17 years reported that endometriosis diag-
nosed by surgery was associated with a lower risk of all-
cause mortality (HR (95% CI): 0.73 (0.69-0.77)) [23]. We
found endometriosis (defined by both self-reported and
inpatient data) was associated with a decreased risk of
mortality, but this association was not significant in the
age-matched analysis. The inconsistent results between
the previous study and our analysis may be due to dif-
ferent methods used for the diagnosis of endometriosis.
A recent large prospective study of 27,844 women with
a median follow-up of 22.7 years showed that migraine
was not significantly associated with all-cause mortality
(HR (95% CI) 0.96 (0.89-1.04)) [24]. We found migraine
was associated with a reduced risk of mortality, but this
association was attenuated to be non-significant after
adjustment for other chronic diseases. This suggests the
potential beneficial effects of migraine on mortality pre-
vention may be due to confounding. An analysis based on
the Oxford Record Linkage Study and English national
data demonstrated that benign prostatic hyperplasia was
associated with a lower risk of mortality although the
effect size was minimal [25]. Likely, we found prostate
disorders (excluding prostate cancer) were associated
with decreased risk of mortality, but this association was
not significant after adjustment for other diseases.

There was a small proportion of individuals who were
not diagnosed with any disease in the life course, a large
proportion of whom died with CVD or neurogenerative/
mental disorders. Although a relatively larger proportion
of these individuals died from external reasons (10.1%),
they had shorter longevity compared to those who
were diagnosed with one or more diseases in life course
even when those who died from external reasons were
excluded from the analysis. As the reduction in longevity
was possibly due to the unawareness of diseases in those
individuals, it is imperative to screen diseases, especially
CVD and neurogenerative/mental disorders among
middle-aged adults. Higher total cholesterol but lower
HbAlc was observed in this subgroup of individuals.
As further analysis showed that individuals with fewer
diseases were more likely to have fewer deadly diseases
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(Additional file 1: Table S9), the shorter longevity among
individuals who were diagnosed with fewer diseases may
be due to the fact that they were less likely to seek health
check and care. Therefore, health screening is important
among these participants in their mid-life.

Cancer is the leading cause of mortality and is also the
most prevalent one of diseases of interest (60.2%) in the
life course among individuals who died prematurely. This
is consistent with a previous study demonstrating that
cancer was the leading cause of life years lost and life
years lost due to cancer increased by 16% from 1995 to
2015 [26]. Around one quarter of those who were diag-
nosed with cancer had no other disease diagnosed before
the diagnosis of cancer in the life course and others had
at least one disease (including hypertension, digestive
disorders, or painful conditions) diagnosed before the
diagnosis of cancer. Likely, previous prospective stud-
ies have shown that hypertension was associated with
an increased risk of cancer [27, 28]. Digestive disorders
including anorexia may increase the risk of cancer [29-
31]. We found CVD was the second leading cause of pre-
mature mortality. Although CVD contributed to a much
smaller proportion of premature mortality in our study,
a larger proportion of mortality caused by CVD (80%)
was related to modifiable risk factors compared with that
caused by cancer (47%) [32]. It is well known that hyper-
tension and hypercholesterolemia are primary causes of
CVD [33], whilst blood pressure and cholesterol-lower-
ing is shown to be beneficial for the prevention of CVD
[34, 35]. There were significant interplays between cancer
and CVD [36], which might explain why a large propor-
tion of CVD was diagnosed following cancer. This is in
line with previous studies showing that cancer clustered
with hypertension, CVD, and/or digestive disorders is a
common multimorbidity pattern in the European popu-
lations [37-40]. However, the temporal trajectories of
these conditions in life course need to be investigated in
more prospective cohort studies.

A systematic analysis for the Global Burden of Dis-
ease Study showed that hypertension is the leading con-
tributor to global mortality [41]. We found, although
hypertension is not the leading cause of mortality, hyper-
tension is the most prevalent one of diseases of interest.
The association between hypertension and mortality is
probably attributed to the fact that a large proportion of
cancer and CVD (leading causes of mortality) was diag-
nosed following hypertension. Several recent studies
have shown that the cluster of hypertension and/or CVD
and CKD is a frequently seen multimorbidity pattern
[9, 37, 42]. Hypertension is more likely to precede other
conditions before mortality whilst CKD is more likely to
occur following other conditions [43, 44]. This suggests
the importance of screening more severe conditions
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such as cancer and CVD among those with hyperten-
sion and the prevention of CKD also deserves scrutiny
among those with one or more existing diseases. Given
the interactions between various shared risk factors and
the known significant hormonal shifts across this period,
it is clear that longitudinal research spanning the pro-
drome of disease development is central to improving
our understanding of the evolution of multimorbidity in
the life course. It is also important to identify time win-
dows for potential risk and preventative factors that may
contribute to premature mortality.

To our knowledge, this is the first study to examine
the disease trajectory in the life course based on a large
population cohort. There are several potential limitations
in our study. Firstly, most cases of many chronic condi-
tions at baseline including hypertension, high cholesterol,
stroke, asthma, depression, and anxiety were captured by
self-reported data (Additional file 1: Table S10), whilst
those conditions diagnosed during follow-up were largely
captured by inpatient data given that self-reported data
during follow-up were available in only a small subgroup
of the UK Biobank cohort. Data on age at diagnosis of dis-
ease until recruitment among some individuals (without
initial diagnosis records in the inpatient data) were based
on self-reported questionnaires, which might have biased
the associations. Secondly, UK Biobank participants are
more likely to have better general health (lower preva-
lence of main chronic diseases and unhealthy behaviors).
However, a previous study has demonstrated that find-
ings regarding exposure-disease relationships may be
generalized to other populations [45]. Thirdly, we present
the disease trajectories for the first six and the last dis-
eases among individuals who were diagnosed with seven
or more diseases in their life course. The permutations
of diseases diagnosed between the seventh and the last
diseases were not displayed given the too large metrics.
Finally, the severity of the diseases cannot be captured in
the data and thus was not included in the analysis. This
might have biased the associations as a disease of being a
different severity may result in different risks for mortal-
ity or different combinations of diseases then leading to
different risks of mortality.

Conclusions

Cancer is frequently diagnosed following hypertension,
or digestive disorders, and is more likely to be diagnosed
ahead of CVD, CKD, or digestive disorders. Whilst CVDs
are more likely to be diagnosed following hypertension,
cancer, or digestive disorders and more likely to be diag-
nosed ahead of cancer or CKD in the life course. Hyper-
tension tends to precede other diseases and CKD tends
to follow other diseases before mortality. Our findings
also underline the importance of health check for the
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prevention of premature mortality given no diagnosed
disease was identified before mortality in some people.
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