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Abstract

Background: Although lifestyle factors have been studied in relation to individual non-communicable diseases
(NCDs), their association with development of a subsequent NCD, defined as multimorbidity, has been scarcely
investigated. The aim of this study was to investigate associations between five lifestyle factors and incident
multimorbidity of cancer and cardiometabolic diseases.

Methods: In this prospective cohort study, 291,778 participants (64% women) from seven European countries,
mostly aged 43 to 58 years and free of cancer, cardiovascular disease (CVD), and type 2 diabetes (T2D) at
recruitment, were included. Incident multimorbidity of cancer and cardiometabolic diseases was defined as
developing subsequently two diseases including first cancer at any site, CVD, and T2D in an individual. Multi-state
modelling based on Cox regression was used to compute hazard ratios (HR) and 95% confidence intervals (95% CI)
of developing cancer, CVD, or T2D, and subsequent transitions to multimorbidity, in relation to body mass index
(BMI), smoking status, alcohol intake, physical activity, adherence to the Mediterranean diet, and their combination
as a healthy lifestyle index (HLI) score. Cumulative incidence functions (CIFs) were estimated to compute 10-year
absolute risks for transitions from healthy to cancer at any site, CVD (both fatal and non-fatal), or T2D, and to
subsequent multimorbidity after each of the three NCDs.
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incident cases of cancer and T2D were censored at that
date. After exclusions of subjects from countries not par-
ticipating in EPIC-CVD or EPIC-InterAct, i.e. France,
Greece, and Norway, subjects with prevalent cancer, myo-
cardial infarction and angina, stroke, and T2D at baseline,
with missing information on T2D status at baseline, edu-
cation, smoking, and physical activity, a total of 291,778
study subjects (64% women) were included in the study
(Additional file 1: Figure S1).

Statistical methods
Cause-specific hazards for transitions to first conditions,
i.e. cancer, CVD, and T2D (including fatal events), and
subsequently to multimorbidity were modelled in a
multi-state framework with Cox proportional hazard
models [23] as outlined in Fig. 1. Deaths were censored
and not modelled as a separate outcome. When model-
ling transitions to first conditions, follow-up was to the
date of diagnosis of a first event, 31 December 2007 (or
earlier for centres with an earlier censoring date) or the
date of death, whichever occurred first. When modelling
transitions to multimorbidity, follow-up was considered
to be the date of a subsequent second event, 31 Decem-
ber 2007 (or earlier for centres with an earlier censoring
date), or the date of death, whichever occurred first.
Cause-specific hazard ratios (HR) and 95% confidence in-

tervals (CI), with age as the primary time variable, were esti-
mated for BMI (continuous, per 5 kg/m2), alcohol intake at
baseline (continuous, per 12 g/day, non-drinkers were mod-
elled with a separate indicator variable), physical activity
(continuous score expressing intensity: inactive, moderately
inactive, moderately active, active), smoking status (never
[reference], former, current), mrMDS (continuous, per 3-

unit increment), and the composite HLI score combining
all five lifestyle factors (continuous, per 3-unit increment).
The model was stratified by sex, age at inclusion (1-

year categories), recruitment centre, and transitions to
allow for transition-specific baseline hazards and esti-
mated transition-specific parameters [24]. Parameter es-
timates were further adjusted for an indicator variable to
define alcohol non-drinkers, education level (no school-
ing, primary [reference], secondary, and university or
more), height (continuous), and energy intake from non-
alcohol sources (kcal/day). In women, models were fur-
ther adjusted for menopausal status (pre-menopausal
[reference], peri-menopausal, post-menopausal, surgical)
and use of hormones (never [reference], ever, unknown).
Analyses were repeated in a priori defined subgroups.
Sensitivity analyses were carried out further adjusting for
hypertension (yes/no), determined as systolic blood pres-
sure of at least 140mmHg or diastolic blood pressure of
at least 80 mmHg and excluding, in turn, each compo-
nent of the HLI. In order to evaluate disease trajectories
according to the fatality of cancers, we divided total can-
cer into two groups based on their 5-year survival rates
[25]: (a) greater than 40% and (b) below 40%.
Cumulative incidence functions (CIFs) were estimated

to compute 10-year absolute risks to develop, in turn,
first cancer, CVD (both fatal and non-fatal), T2D, and
multimorbidity, according to the disease trajectories de-
scribed in Fig. 1. Non-fatal CVD events only were con-
sidered for the transition from CVD to multimorbidity.
Non-Markovian multi-state models that included time
since diagnosis for the transitions from any first condi-
tion to death or multimorbidity were implemented and
CIFs were estimated using the simLexis function of the

Fig. 1 Transitions from baseline to cancer, CVD, T2D, and subsequent cancer-cardiometabolic multimorbidity. Cancer refers to first malignant
tumours at any site excl. non-melanoma skin cancer. Deaths were censored and not modelled as a separate outcome. State-specific number of
events is reported in boxes, and transition-specific number of events and incidence rates per 1000 person-years (within brackets) are reported on
arrows. CVD cardiovascular disease, T2D type 2 diabetes

Freisling et al. BMC Medicine            (2020) 18:5 Page 4 of 11







geographical regions (three groups: Spain, Italy vs.
Germany, the Netherlands, the UK vs. Denmark,
Sweden) (Additional file 1: Figure S3). The 10-year ab-
solute risks for men and women at the age of 55 years
are shown in Additional file 1: Figure S4. Results were
only marginally attenuated towards the null after
additional adjustment for hypertension and remained
statistically significant. Excluding in turn each compo-
nent of the HLI resulted in similar risk estimates
(Additional file 1: Figure S5). Findings were consistent
when we used the simplified version of the HLI, which
reflects associations per one additional healthy lifestyle
behaviour (Additional file 1: Figure S6). Correspond-
ing 10-year absolute risks to develop cancer, CVD,
T2D, and subsequent cancer-cardiometabolic multi-
morbidity for men and women at the age of 65 years
for values of the simplified HLI of 4 (adherence to four
lifestyle factors) and 1 (adherence to one lifestyle fac-
tor) are shown in Additional file 1: Figure S7.

Discussion
In a large cohort of more than 290,000 adult participants
from seven European countries, favourable lifestyle
habits, summarized by the HLI score, were strongly in-
versely associated with incident multimorbidity of cancer
and cardiometabolic diseases. Our absolute risk model
(CIFs) in particular assessed the burden of multimorbid-
ity among participants who experienced a first disease,
and quantified the preventive potential of healthy life-
style habits with regard to multimorbidity of cancer and
cardiometabolic diseases.
The findings of this study are consistent with evidence

from investigations that evaluated single NCDs with re-
gard to lifestyle exposures and obesity [9]. Few studies
investigated associations between lifestyle factors and
risk of multimorbidity [11–16]. In a Finnish population-
based cohort of 25–64-year-old men and women (n = 32,
972), smoking, physical inactivity, and a high BMI were
among the main pre-disposing factors of incident

Fig. 2 Lifestyle factors associated with risk of cancer, CVD, T2D, and subsequent cancer-cardiometabolic multimorbidity. Cancer refers
to first malignant tumours at any site excl. non-melanoma skin cancer. Deaths were censored and not modelled as a separate
outcome. a Cox proportional hazard models, stratified by age at inclusion (1-year categories), sex, centre, and transition, in a clock-
forward multi-state analysis with age as primary time variable, mutually adjusted lifestyle factors and further adjustment for education
level (no schooling, primary, secondary, and university or more), height (continuous), an indicator of alcohol use (no/yes), total energy
intake (kcal/day), and use of hormones and menopausal status in women. b Same as a, but the five lifestyle factors were combined in
the healthy lifestyle index (HLI); the HLI ranges from 0 to 20 units, with greater scores reflecting healthy lifestyles. CVD cardiovascular
disease, T2D type 2 diabetes
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multimorbidity defined as the co-occurrence of at least
two among T2D, CVD, asthma, cancer, and arthritis
[12]. In a small English cohort that included adults aged
≥ 50 years, positive associations with incident multimor-
bidity, defined as ≥ 2 chronic conditions including T2D,
CVDs, cancer, and others, in relation to smoking, higher
alcohol consumption, lower physical activity, lower fruit
and vegetable intake, and obesity were found [11, 14].
Among 13,714 Australian women aged 45–50 years at
enrolment, obesity, hypertension, physical inactivity,
smoking, or having other chronic conditions were also
significantly associated with increased odds of accumu-
lating cardiometabolic multimorbidity, defined as the co-
occurrence of at least two morbid conditions among
T2D, coronary heart disease, and stroke [16]. A large
pooling study of prospective cohorts from the USA and
Europe that included 120,813 adults showed that the risk
of cardiometabolic multimorbidity was positively associ-
ated with BMI, with a relative risk of 1.9 (95% CI, 1.8 to

2.3) per 5 kg/m2 increment [13]. In contrast, lifestyle fac-
tors were not associated with 3-year incidence of multi-
morbidity among community-dwelling older adults 75
years and older [15]. Our findings are largely consistent
with previous studies, but also go beyond in that we de-
fined multimorbidity as developing subsequently two in-
cident NCDs. This approach allowed the quantification
of the preventive potential with regard to multimorbidity
of cancer and cardiometabolic diseases.
The 10-year absolute risk estimates for cancer-

cardiometabolic multimorbidity ranged between 5 and 17%
for cancer patients, and between 20 and 40% for T2D and
CVD patients, depending on sex and adherence to healthy
lifestyles. In this respect, it is worthwhile mentioning that
once an individual develops a cancer, the competing risk of
mortality is comparatively larger than among individuals
experiencing T2D or non-fatal CVD. This explains why the
absolute risk of developing multimorbidity was lower
among cancer patients than among CVD or T2D patients.

Fig. 3 Cumulative incidence functions (CIFs) to develop cancer, CVD, T2D, and subsequent cancer-cardiometabolic multimorbidity. Cancer refers to first
malignant tumours at any site excl. non-melanoma skin cancer. Deaths were censored and not modelled as a separate outcome. Computed for 65 years
old men (dotted) and women (continuous) for values of the healthy lifestyle index (HLI) of 15 (healthy, 85th percentile in green) and 5 (unhealthy, 4th
percentile in red); the HLI ranges from 0 to 20 units, with greater scores reflecting healthy lifestyles. The model was stratified for centre, sex, and adjusted
for education level (no schooling, primary, secondary, and university or more), height (continuous), binary indicator of alcohol use (no/yes), total energy
intake (kcal/day), and use of hormones and menopausal status in women. CVD cardiovascular disease, T2D type 2 diabetes
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