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Abstract

Background Healthy lifestyles are inversely associated with the risk of noncommunicable diseases, which are leading
causes of death. However, few studies have used longitudinal data to assess the impact of changing lifestyle behav-
iours on all-cause and cancer mortality.

Methods Within the European Prospective Investigation into Cancer and Nutrition (EPIC) cohort, lifestyle profiles

of 308,497 cancer-free adults (71% female) aged 35-70 years at recruitment across nine countries were assessed
with baseline and follow-up questionnaires administered on average of 7 years apart. A healthy lifestyle index (HLI),
assessed at two time points, combined information on smoking status, alcohol intake, body mass index, and physi-
cal activity, and ranged from 0 to 16 units. A change score was calculated as the difference between HLI at baseline
and follow-up. Associations between HLI change and all-cause and cancer mortality were modelled with Cox regres-
sion, and the impact of changing HLI on accelerating mortality rate was estimated by rate advancement periods (RAP,
in years).

Results After the follow-up questionnaire, participants were followed for an average of 9.9 years, with 21,696 deaths
(8407 cancer deaths) documented. Compared to participants whose HLIs remained stable (within one unit), improv-
ing HLI by more than one unit was inversely associated with all-cause and cancer mortality (hazard ratio [HR]: 0.84;
95% confidence interval [Cl]: 0.81, 0.88; and HR: 0.87; 95% Cl: 0.82, 0.92; respectively), while worsening HLI by more
than one unit was associated with an increase in mortality (all-cause mortality HR: 1.26; 95% Cl: 1.20, 1.33; cancer
mortality HR: 1.19; 95% Cl: 1.09, 1.29). Participants who worsened HLI by more than one advanced their risk of death
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by 1.62 (1.44,1.96) years, while participants who improved HLI by the same amount delayed their risk of death by 1.19

(0.65, 2.32) years, compared to those with stable HLI.

Conclusions Making healthier lifestyle changes during adulthood was inversely associated with all-cause and can-
cer mortality and delayed risk of death. Conversely, making unhealthier lifestyle changes was positively associated

with mortality and an accelerated risk of death.

Keywords Healthy lifestyle index, Composite score, Change score, Mortality, Cancer, Longitudinal, Prospective study

Background

The role of lifestyle in shaping our health outcomes is a
critical area of study. Modifiable lifestyle factors such
as tobacco and alcohol consumption, physical activity,
diet, and body mass index (BMI) have been identified as
important risk factors for non-communicable diseases
including heart diseases, stroke, pulmonary diseases, and
cancer [1]. These diseases are responsible for a consider-
able proportion of global mortality, accounting for 74%
of the 55.4 million deaths recorded in 2019 [2]. Adher-
ence to a healthy lifestyle is associated with extended life
expectancy [3] and lower premature mortality [4].

Over the last years, investigations on individual life-
style factors have been complemented by a more holis-
tic approach, using a composite score, or a healthy
lifestyle index (HLI) to combine lifestyle factors to meas-
ure adherence to a healthy lifestyle [5-7]. HLI has been
linked to cancer incidence [8, 9], lymphoma [10], and
the multimorbidity of cancer and cardiovascular dis-
ease [11] in the European Prospective Investigation into
Cancer and Nutrition (EPIC) cohort. A review of 45
EPIC studies concluded that adherence to healthier life-
style behaviours was consistently associated with lower
cancer mortality [12]. Additionally, a systematic review
and meta-analysis of 21 studies found that adherence to
at least four healthy lifestyle behaviours combined was
associated with 66% lower all-cause mortality, compared
to unhealthier lifestyle profiles [13]. Another systematic
review of 30 studies found that the healthiest lifestyle
profiles were associated with 58% lower cancer mortality,
compared to the least healthy [14].

However, nearly all studies on healthy lifestyle and
mortality conducted thus far have relied on measure-
ments obtained at a single point in time, usually at study
recruitment. Inferences made from single-time-point
measurements are based on hypothetical counterfactu-
als had healthier lifestyles been adopted in the first place,
instead of observed changes in lifestyle behaviours within
the same participant over time. Recently, we analysed
the associations of HLI changes on risk of incident colo-
rectal cancer [15] and lifestyle-related cancers [16]. Very
few studies have investigated the impact of changing life-
style behaviours on mortality using longitudinal expo-
sure measurements and have only been completed on a

national scale [17—19]. It is important to employ longi-
tudinal data in the assessment of changing behaviours to
inform public health recommendations and to decrease
the burden of mortality due to modifiable risk factors.

In addition to modifiable lifestyle behaviours, social
determinants of health, such as socioeconomic posi-
tion (SEP), have been estimated to account for 30-55%
of health outcomes [20]. SEP, combined with the other
lifestyle factors, has been associated with premature
mortality in several independent cohort studies. In a
multi-cohort meta-analysis of 1.7 million participants,
low SEP participants had greater mortality compared
with those with high SEP, with the third highest popula-
tion attributable fraction after smoking and physical inac-
tivity [21]. Low SEP has also been associated with double
the rate of all-cause mortality compared to high SEP in
the UK Biobank and the US National Health and Nutri-
tion Examination Survey (US NHANES) [22]. While the
interplay of lifestyle with other social determinants of
health, such as sex or smoking [23-25], has been repeat-
edly documented, the interaction between changing life-
style behaviours and SEP and their impact on mortality
remains largely unexplored.

Within the multi-national EPIC study, we used longi-
tudinal exposure measurements on smoking status, alco-
hol intake, BMI, and physical activity, combined into an
HLI, to estimate the association between changing life-
style behaviours and all-cause and cancer mortality and
to quantify the impact of lifestyle changes on mortality.

Methods

Study population and design

EPIC is an ongoing prospective study, which enrolled
521,323 adults aged 35 to 70 from 23 centres in 10 Euro-
pean countries (Denmark, France, Germany, Greece,
Italy, the Netherlands, Norway, Spain, Sweden, and the
UK) between 1991 and 2000 [26]. Participants completed
a baseline lifestyle questionnaire upon recruitment and a
follow-up questionnaire, on average 7 years later. Of the
521,323 participants enrolled, we excluded participants
from Greece for administrative reasons (n = 28,561),
participants who did not complete a baseline question-
naire (n = 6342), participants with top or bottom 1% of
the ratio of energy intake to energy requirement (n =
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9607), participants who had no follow-up vital status (1 =
1800), participants who ended follow-up before the sec-
ond questionnaire due to death or censorship (n = 1378),
participants with unknown date of death (# = 69), or par-
ticipants with prevalent cancer cases at recruitment (n =
23,478). In addition, participants were excluded if they
did not complete a follow-up lifestyle questionnaire (n =
102,125), if they received a cancer diagnosis in the time
between completing the first and second questionnaire
(n = 14,609), and if they were missing all follow-up life-
style data (n = 10,214) or data for any one component of
the HLI at both baseline and follow-up (n = 14,643), as
detailed in Fig. 1. In summary, 308,497 participants were
included in the analysis. All study participants provided
informed consent to participate in the study, and ethical
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approval was obtained from the participating centres and
ethics committees.

Exposure assessment

The HLI score was calculated at baseline and follow-up
as the sum of smoking history, alcohol intake, BMI, and
physical activity. Each factor comprised a score ranging
from O to 4, with low and high values corresponding to
less and more healthy behaviours, respectively, and the
total score ranging between 0 and 16 (Fig. S1). Changes
in HLI were calculated as the difference in score between
HLI at follow-up and HLI at baseline. HLI change was
modelled as a continuous and categorical variable, i.e.
improving (increasing HLI by more than one unit), stable

Participants: 450,088' e N
I Participants who did not complete a follow-up
¢ lifestyle questionnaire: 102,145
4 )
N - J
Participants: 347,963
. / ( )
______ _ Participants with cancer diagnosis between
baseline and follow-up questionnaires: 14,609
e - A L J
Participants: 333,354
4 R

G J

Missing values for smoking, alcohol, BMI, and
physical activity at follow-up: 10,214

J

4 N

Participants missing values at both baseline and
follow-up for:

Smoking: 1,065
Physical Activity: 13,578

~

Participants: 308,497
All-Cause Mortality: 21,696
Cancer Mortality: 8,407

N /

- — >
Y

Complete Case Data’
Participants: 189,831
All-Cause Mortality: 10,675
Cancer Mortality: 3,988

Fig. 1 Flowchart of exclusion criteria for the study

Participants with any missing values® for:
Smoking: 46,668

Alcohol: 59,862

Physical activity: 59,289
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(within a one-unit change), and worsening (decreasing
HLI by more than one unit).

Data on diet was only available at baseline and was
therefore not included in the HLI score and change anal-
yses; however, baseline diet score was used as an adjust-
ment factor in all analyses. The diet score was calculated
based on the intakes of cereal fibre, red and processed
meat, polyunsaturated to saturated fat ratio, margarine,
glycaemic load, and fruits and vegetables [9].

To assess socioeconomic position, relative index of
inequality (RII) based on education was used [27, 28].
RII measures the extent to which the occurrence of an
outcome (e.g. death) varies by socio-economic position.
RII considers the size of each study centre and the dis-
tributions of each level of education (i.e. none, primary,
secondary, professional/technical, university or higher)
within each study centre, thus minimising group differ-
ences across study centre.

Outcome assessment

Information on vital status during follow-up, comprising
of date and cause of death, was obtained through national
or regional mortality registries in their respective coun-
tries or through active follow-up [29]. The 10th revision
of the International Statistical Classification of Diseases
and Related Health Problems (ICD-10) was used to
define cancer mortality (i.e. ICD C00-C97 as the underly-
ing cause of death) [30].

Statistical analysis

Missing data

Of the 308,497 participants included in the study,
118,666 had missing values for at least one of the four
HLI factors in either questionnaire. For these partici-
pants, we performed a multiple imputation by chained
equation (MICE) by sex to iteratively impute the miss-
ing values, accounting for all HLI components and an a
priori defined set of relevant covariates, i.e. age at follow-
up questionnaire, study centre, height, RII, time between
questionnaires (log-transformed), time to event or cen-
sorship (log-transformed), baseline diet score, and the
all-cause mortality outcome. Menopausal status and use
of hormone replacement therapy were also included for
women. Missing data for covariates (i.e. 3.6% participants
missing RII, 2.1% women missing hormone use) were
also imputed. A total of 15 imputed datasets were gener-
ated with 20 iterations per imputation.

Hazard ratios

Associations between HLI changes and mortality out-
comes were modelled with Cox proportional hazards
regression using age as the underlying timescale, strati-
fied by sex, centre, and age at recruitment in one-year
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increments to estimate hazard ratios (HR) and 95% confi-
dence intervals (CI). Entry time was defined as age at fol-
low-up questionnaire, and exit time was the age of death
or loss/end of follow-up, whichever occurred first. Mod-
els were adjusted for HLI at baseline, baseline diet score,
height, RII, and log time difference between question-
naires. In models for women, menopausal status and use
of hormone replacement therapy were also included. The
assumption of proportional hazards of HLI change was
tested by Schoenfeld residuals, using the complete case
data (p = 0.58 for improving HLI p = 0.74 for worsening
HLI). Nonlinearity was assessed using restricted cubic
splines for continuous HLI change. The log-likelihood
of models with a linear term for the HLI change with a
model with the linear term and the terms of cubic spline
of HLI change to x* distribution with three degrees of
freedom.

Subgroup analyses were performed by sex, baseline HLI
categories (high [HLI = 11-16], medium [HLI = 9-10],
low [HLI = 0-8]), SEP (estimated by a dichotomous vari-
able representing the upper and lower 50th percentiles
of RII, for low and high SEP, respectively), and smoking
status (never vs current, removing the smoking compo-
nent from HLI), as well as by country. Interaction with
sex, baseline HLI categories, SEP, smoking status, and age
of change (estimated as the average age between baseline
and follow-up assessments) was tested with likelihood
ratio test comparing the log-likelihood of models with
and without the interaction terms to a chi-square distri-
bution with degrees of freedom equal to the number of
interaction terms. Analyses were performed on both the
complete case dataset (results not shown) and the mul-
tiple imputation dataset. Parameter estimates from each
imputed dataset were averaged out using the Rubin’s rule
[31, 32] to account for uncertainty in the MICE.

As sensitivity analyses, the same models were fitted
leaving out one HLI factor at a time to assess the contri-
butions of each factor to the overall association. In the
leave-one-out sub-analysis, the composite HLI scores
were recalculated as the sum of the three remaining HLI
components (e.g. when leaving smoking out, the HLI
score was recalculated as the sum of alcohol, BMI, and
physical activity scores, for a total maximum score of 12),
and the models were adjusted for that factor at follow-up.
Change scores were then re-calculated in the same way
as in the main analysis. To address potential reverse cau-
sation, we also assessed associations after excluding the
first 2 and 5 years of follow-up.

Rate advancement period

Rate advancement period (RAP) estimates were used
to measure the impact of HLI change on all-cause
mortality by quantifying the time by which mortality
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rates are advanced (or delayed) for participants with
worsened (or improved) HLIs, compared to stable HLI
[33, 34]. The methods of calculating RAP are described
in detail elsewhere [34]. In brief, RAP estimates can be
interpreted as the amount of time in years by which
the rate of death is advanced amongst exposed indi-
viduals relative to unexposed individuals (e.g. RAP =
1 means the exposed individual reaches the same level
of risk as an unexposed individual 1 year sooner). Fol-
low-up time was used as the underlying time variable,
with age at follow-up included as a covariate. RAP
and respective 95% CI were estimated by dividing the
log(HR) estimate for HLI change by the coefficient for
age at follow-up.

Statistical tests were two-sided, and p-values < 0.05
were considered statistically significant. Analyses were
performed with the ‘survival’ package in R V4.1.3 [35]
and the ‘mi’ package in Stata/SE 17.0 [36].
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Results

Participant characteristics

A total of 308,497 study participants (219,347 women and
89,150 men) were followed for a median (IQR) of 17.4
(15.3-19.2) years (5,221,718 total person-years), starting
from recruitment until death or loss to follow-up. 21,696
deaths (8407 cancer-related) were documented (Table 1).
Median (IQR) age at recruitment was 51.5 (45.5-57.6)
years, and participants completed a follow-up question-
naire an average of 7.1 years after recruitment. Median
(IQR) follow-up time between the second questionnaire
and when participants exited the study was 9.6 (7.4—12.4)
years. Overall, mean (SD) HLI change was 0.08 (2.06),
with 41% improving (i.e. increasing HLI by more than
one unit), 48% stable (i.e. HLI change within one unit),
and 11% worsening (i.e. decreasing HLI by more than one
unit). HLI changes were similar for men and women, but
heterogeneous across countries (Fig. S2), with partici-
pants from Norway displaying the greatest negative mean
(SD) change of — 0.98 (2.00) and participants from France

Table 1 Characteristics of the study population at recruitment by HLI change categories

HLI change category

Improve Stable Worsen Overall
N 125,205 148,459 34,833 308,497
Person-years 2,168,143 2,489,234 564,341 5221,718
All-cause deaths 8790 10,351 2555 21,696
Cancer deaths 3553 3961 893 8407
Age at recruitment [years] 51.7 (8.6) 51.209.1) 50.5(9.6) 51.3(8.96)
Sex
Female 88,807 (70.9%) 105,924 (71.3%) 24,616 (70.7%) 219,347 (71.1%)
Male 36,398 (29.1%) 42,535 (28.7%) 10,217 (29.3%) 89,150 (28.9%)
Education
None or primary 37,561 (30.0%) 43,629 (29.4%) 9254 (26.6%) 90,444 (29.3%)
Technical/professional or secondary 53,652 (42.9%) 62,792 (42.3%) 15,879 (45.6%) 132,323 (42.9%)
University or higher 32,012 (25.6%) 38,140 (25.7%) 8457 (24.3%) 78,609 (25.5%)
Not specified 1980 (1.6%) 3898 (2.6%) 1243 (3.6%) 7121 (2.3%)
BMI [kg/mz] 253 (4.32) 254 (4.19) 253 (3.66) 253 (4.19)
Smoking status
Current 43,702 (34.9%) 34,808 (23.4%) 7175 (20.6%) 85,685 (27.8%)
Former 31,363 (25.0%) 41,668 (28.1%) 11,543 (33.1%) 84,574 (27.4%)
Never 50,140 (40.0%) 71,983 (48.5%) 16,115 (46.3%) 138,238 (44.8%)
Alcohol intake [g/day] 124 (16.9) 124(17.3) 12.8(17.7) 124(17.2)
METS recreational and household activity ~ 78.7 (48.8) 83.2(49.2) 85.2 (48.6) 81.7 (49.0)
weekly
HLI at baseline
Low (0-8) 51,031 (40.8%) 28,129 (18.9%) 2848 (8.2%) 82,008 (26.6%)
Medium (9-11) 51,264 (40.9%) 56,448 (38.0%) 10,896 (31.3%) 118,608 (38.4%)
High (12-16) 22,910 (18.3%) 63,882 (43.0%) 21,089 (60.5%) 107,881 (35.0%)

Continuous variables expressed as mean (standard deviation). Categorical variables expressed as n (%)

Categories of HLI change defined as:‘Improve’ (> 1 unit difference), ‘Stable’ (within + 1 unit), and ‘Worsen’ (< 1 unit) of HLI scores between follow-up and baseline
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with the greatest positive mean change of 1.17 (2.36).
This might partially be explained by the mean baseline
HLI, which was higher in Norway (11.1) than France
(9.6). Changes in HLI scores (i.e. high, 12-16; medium,
9-11; low, 0-8) as well as for individual HLI component
changes (score from 0 to 4) are shown in Sankey dia-
grams in Fig. S3. Country- and sex-specific HLI changes
are shown in Fig. S4. Most changes in the positive direc-
tion were from smoking cessation, while most changes in
the negative direction came from increased BMI. Base-
line HLI (by tertiles) was evenly distributed across SEP,
and HLI changes did not differ substantially for high and
low SEP.

HLI change and mortality risk

Results of the Cox regression model of HLI change on
mortality, including subgroup analyses by sex, baseline
HLI, SEP, and smoking status, are displayed in Fig. 2. A
one-unit improvement in HLI was inversely associated
with both all-cause and cancer mortality, with HR (95%
CI) of 0.93 (0.93, 0.94) and 0.95 (0.94, 0.96), respectively.
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The associations observed were similar for men and
women, and across subgroups. In the categorical analy-
sis, improving HLI by more than one unit was associ-
ated with lower all-cause (HR: 0.84; 95% CI: 0.81, 0.88)
and cancer (0.87; 0.82, 0.92) mortality compared to those
whose HLIs remained stable, and worsening HLI by more
than one unit was associated with an increase in all-cause
(1.26; 1.20, 1.33) and cancer (1.19; 1.09, 1.29) mortality.
Stronger associations were observed for lower baseline
HLI for the categorical analysis (all-cause mortality HR:
1.31; 95% CI 1.17, 1.46 and HR: 0.83; 95% CI: 0.78, 0.88
for worsening and improving HLI respectively, compared
to stable, for low baseline HLI; all-cause mortality HR:
1.25; 95% CI: 1.16, 1.34 and HR: 0.90; 95% CI: 0.83, 0.98
for worsening and improving HLI respectively, compared
to stable, for high baseline HLI), although these differ-
ences were not significant. The low SEP subgroup saw
stronger associations than the high SEP subgroup when
improving HLI by more than one unit, compared to sta-
ble (all-cause mortality HR: 0.80; 95% CI: 0.76, 0.85 for
low SEP; all-cause mortality HR: 0.86; 95% CI: 0.81, 0.91

All-Cause Mortality Cancer Mortality
Subgroup HLIChange Person Years Deaths  All-Cause Mortality HR (95% Cl) p-value? p-value? Deaths  Cancer Mortality HR (95% ClI) p-value  p-value?
Continuous 5221718 21,696 8. 0.93(0.93,0.94)  <0.001 8,407 o 0.95(0.94,096)  <0.001
Overall Worsen 759,733 3,560 0 i 1.26 (1.20, 1.33) 1,286 V= 1.19 (1.09, 1.29)
Stable 2,504,717 11,188 ¢ 1.00 (Ref)  <0.001 4310 + 1.00 (Refy  <0.001
Improve 1,867,267 6948 M1 0.84 (0.81, 0.88) 2811 P 0.87 (0.82, 0.92)
Sex | 0.067 ] 0.367
Continuous 3746404 10,787 N 0.92(091,093)  <0.001 4,385 =i 0.95(0.93,096)  <0.001
. Worsen 537,816 1,761 [E—— 1.26 (1.18, 1.34) 688 | —— 1.17 (1.06, 1.29)
Stable 1844018 5626 + 1.00 (Ref)  <0.001 2279 f 1.00 (Ref)  <0.001
Improve 1364569 3400 | 0.82 (0.78, 0.86) 1418 0.85 (0.79, 0.92)
i i
Continuous 1475313 10,909 0! 0.94(0.93,0.95)  <0.001 4,022 a! 0.95(0.94,0.97)  <0.001
Male Worsen 221916 1,799 N 1.26 (1.18, 1.35) 598 D b—e—  120(1.06,137)
Stable 750698 5,562 ¢ 1.00 (Ref)  <0.001 2,031 ¢ 1.00 (Ref) <0.001
Improve 502698 3548 M 0.87 (0.82,0.91) 133 0.89 (0.82, 0.97)
Baseline HLI i 0.702 3 0.988
Continuous 1,808,868 5712 al 0.93(0.92,0.95)  <0.001 2,060 P 0.95(0.93,098)  <0.001
High (12-16) Worsen 427720 1533 e 1.25(1.16, 1.34) 516 V—— 1.19 (1.05, 1.35)
g Stable 1,049,134 3301 ¢ 1.00 (Ref)  <0.001 1,224 ¢ 1.00 (Ref) 0.002
Improve 332,013 g7g Al 0.90 (0.83, 0.98) 320 A 0.91 (0.79, 1.04)
Continuous 2,010,780  7.877 i 0.93(0.92,0.95)  <0.001 3,044 " 0.95(0.93,097)  <0.001 .
CXIrDE0 Worsen 254002 1326 | 124(1.14,1.35) 494 — 1.15 (1.00, 1.33) Change in HLI
Stable 995,382 4,237 ¢ 1.00 (Ref)  <0.001 1617 + 1.00 (Ref) 0.001 -B-Continuous
Improve 761,394 2314 ) 0.84 (0.78, 0.90) 933 H+| 0.88 (0.80, 0.97) o Worsen
| i
Continuous 1,402,070 8,107 g 0.94(0.92,0.95)  <0.001 3,303 a' 0.95(0.93,096)  <0.001
Low (0-5) Worsen 78,010 701 | b—— 1.31(1.17,1.46) 276 | —————1 1.24(1.05,1.47) -@-Stable
Stable 550,200 3,650 ¢ 1.00 (Ref)  <0.001 1,469 [) 1.00 (Ref) <0.001 "N
Improve 773859 3756 | 0.83(0.78, 0.88) 1558 A 0.86 (0.79, 0.94) Improve
| i
SEP ! 0633 ' 0.893
Continuous 2533244 9652 al 0.93(0.92,0.95)  <0.001 3,927 Al 0.95 (0.93, 0.97) <0.001
Hioh Worsen 356,498 1,538 ! ——i  1.28(1.20,1.38) 591 D 124(1.11,1.38)
9 Stable 1280873 4,999 ¢ 1.00 (Ref)  <0.001 1,998 ¢ 1.00 (Ref)  <0.001
Improve 895872 3115 0.86 (0.81,0.91) 1338 0.90 (0.82, 0.97)
Continuous 2,688,473 12,044 o 0.93(0.92,0.94)  <0.001 4,480 " 0.95 (0.93, 0.96) <0.001
- Worsen 403234 2022 [ — 1.24 (1.16, 1.34) 695 —— 1.12(1.00, 1.27)
Stable 1313844 6,189 ¢ 1.00 (Ref)  <0.001 2312 ¢ 1.00 (Refy  <0.001
Improve 971394 3833 M 0.80 (0.76, 0.85) dl473) RSl 0.83 (0.76, 0.90)
Smoking Status i 0.091 i 0.382
| i
Continuous 2348567 7,539 a' 0.94(0.93,0.95)  <0.001 2,772 = 0.96 (0.94, 0.99) 0.003
Never Worsen 346084 1,208 U 119 (1.11,1.27) 401 [ 1.09 (0.98, 1.22)
Stable 1,263,082 4,176 + 1.00 (Ref)  <0.001 1,557 ) 1.00 (Ref) 0.076
A
Improve 739400 2155 P+, 0.90 (0.84, 0.96) 814 0.92 (0.83, 1.04)
| i
Continuous 1463401 7,569 ' 0.96 (0.95,0.98)  <0.001 3,245 & 0.99 (0.97, 1.01) 0.330
Current Worsen 169506 1,174 i 1.13 (1.05, 1.22) 476 e 1.04 (0.92,1.17)
Stable 629334 3648 ¢ 1.00 (Ref)  <0.001 1,546 ¢ 1.00 (Ref) 0516
Improve 664,560 2,747 = 0.94 (0.88, 1.00) 1,223 i 1.03 (0.93, 1.14)

UUSUSEUSUSUSUSL
0.70.809 1 1.11.21.31.415

IUSUSR UL
0.70.809 1 1.11.21.31.415

Fig. 2 Forest plot of all-cause and cancer mortality hazard ratios (and 95% confidence intervals and p-values) for HLI change as continuous (per
one-unit HLI change) and categorical (improve, increasing HLI by more than one unit; stable, within a one-unit change; worsen, decreasing HLI
by more than one unit), overall and for subgroups, by sex, baseline HLI, socioeconomic position (SEP), and baseline smoking status
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Fig. 3 Cubic spline of all-cause and cancer mortality hazard ratios (HR' 95% Cl) by HLI change between follow-up and baseline assessments

(complete case data). Histograms show the number of deaths

for high SEP), while the high SEP subgroup had stronger
associations when worsening HLI by more than one unit
(all-cause mortality HR: 1.28; 95% CI: 1.20, 1.38 for high
SEP; HR: 1.24; 95% CI: 1.16, 1.34 for low SEP), although
these differences were not significant. No significant
interactions were observed between HLI change and
sex, baseline HLI, SEP, smoking status, or age of change.
There were no substantial differences in associations
across countries (Table S1) nor when considering other
chronic conditions, such as cardiovascular disease or
type-2 diabetes (results not shown). The same analyses
were performed on complete cases and yielded similar
results (results not shown).

Additionally, with complete cases, continuous HLI
change was related to mortality HRs using natural cubic
splines to assess linearity (Fig. 3). Despite the associa-
tions appearing linear by visual inspection, the models
indicated departure from linearity for both all-cause and
cancer mortality (p < 0.001).

To address the potential reverse causality of changes
in HLI due to unknown underlying health conditions,
we also assessed the associations excluding observations
in the first 2 and 5 years after follow-up. Associations
remained virtually unchanged with these exclusions (Fig.
S5).

In the leave-one-out analyses, the associations between
HLI change and mortality were modelled, omitting one
of the four lifestyle components at a time (Fig. 4). Asso-
ciations between HLI change and all-cause mortality
remained largely unchanged for all subgroups, except
when omitting physical activity, where a positive asso-
ciation was observed with improving HLI, compared
to stable (HR: 1.07; 95% CI: 1.03, 1.10). Associations
between HLI change and cancer mortality were generally

weakened towards the null when leaving out any one of
the four components.

Associations between each of the HLI components and
mortality were also assessed (Table S2). Improving alco-
hol score (i.e. decreasing alcohol intake) was positively
associated with all-cause mortality (HR: 1.20; 95% CIL:
1.13, 1.29). Additionally, both worsening and improv-
ing BMI score was associated with increased all-cause
mortality, compared to stable (worsening HR: 1.11; 95%
CIL: 1.06, 1.16; improving HR: 1.08; 95% CI: 1.03, 1.13).
These positive associations weakened towards the null
after excluding the first 5 years of follow-up (results not
shown).

Rate advancement period

The impact of changing HLI on advancing the mortal-
ity rate was estimated through RAP, by sex and SEP
(Table 2). A one-unit improvement in HLI corresponded
toa —0.50 (— 0.77, — 0.35) year RAP estimate. Compared
to participants whose HLIs remained stable (within one
unit) between baseline and follow-up, participants who
improved their HLI by more than one unit had a — 1.19
(— 2.32, — 0.65) year RAP; participants who worsened
their HLI by more than one unit had a 1.62 (1.44, 1.96)
year RAP.

Discussion

Using data from longitudinal assessments in the EPIC
cohort, this study focused on the relationship between
lifestyle changes and mortality during adulthood.
Improving lifestyle behaviours was inversely associated
with all-cause and cancer mortality, while worsening
lifestyle behaviours was associated with increased mor-
tality. Lifestyle changes were measured as the difference
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Fig. 4 Forest plot of all-cause and cancer mortality hazard ratios (and 95% confidence intervals and p-values) for HLI change, leaving out one

component at a time

Table 2 Estimates of rate advancement period (RAP) for all-cause mortality by HLI change overall and by sex and socioeconomic

position (SEP) (multiple imputation data)

Person-years N Deaths RAP (95% Cl) [years]
Continuous HLI change
Worsen vs. stable Improve vs. stable

Overall 5,221,718 308,497 21,696 -050(-0.77,-0.35) 1.62 (1.44,1.96) —1.19 (- 233,-0.65)
Sex

Female 3,746,404 219,347 10,787 —0.55(=1.00,-0.35) 1.84(1.52,2.76) —140(-347,-065)

Male 1475314 89,150 10,909 —046 (- 095,-0.27) 142 (1.25,1.90) —1.06 (- 3.53,-0.38)
SEP

High 2,668,002 158,823 10,292 -0.54(-121,-030) 1.88(1.50, 3.50) - 1.38(-6.13,-047)

Low 2,553,716 149,674 11,404 —-048(-0.83,-031]) 1.47(1.30, 1.86) —-1.10(-246,-052)

Categories of HLI change defined as:‘Improve’ (> 1 unit difference), ‘Stable’ (within £ 1 unit), and ‘Worsen’ (< 1 unit) of HLI scores between follow-up and baseline

between baseline and follow-up HLI, integrating infor-
mation on smoking status, alcohol intake, BMI, and phys-
ical activity. Improving HLI by more than one unit was
associated with a 16% reduction in all-cause mortality
and a 13% reduction in cancer mortality, compared to no
change, while worsening HLI by more than one unit was
associated with a 26% increase in all-cause mortality and
an 19% increase in cancer mortality.

In this study, we investigated whether associations
between HLI change and mortality differed by sex, HLI
score at baseline, SEP, and smoking status. Although

improving HLI, compared to a stable HLI, was slightly
more strongly associated with all-cause mortality in
women (HR: 0.82; 95% CI: 0.78, 0.86) than men (0.87;
0.82, 0.91) and amongst participants with poor life-
style profiles at baseline (0.83; 0.78, 0.88) than for those
with healthy lifestyles at baseline (0.90; 0.83, 0.98), the
observed relationships were of similar magnitude by sex,
by baseline HLI, amongst participants with low and high
SEP, and by smoking status. Interestingly, changing HLI
was inversely associated with cancer mortality amongst
never smokers, but not amongst current smokers, once
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more highlighting the need for smokers to quit smoking
[4].

In sensitivity analyses removing one component of the
HLI score at a time, we found that associations of HLI
change with all-cause mortality were generally weakened,
and, after leaving out any one of the four components,
HLI changes were not related to cancer mortality. These
results suggest the importance of examining lifestyle fac-
tors jointly to quantify their impact on all-cause and can-
cer mortality.

Estimates of RAP were used to quantify the time
dimension by which mortality is impacted by lifestyle
changes. For this analysis, RAPs were computed for all-
cause and cancer mortality assuming a linear relationship
with age [33]. Compared to stable HLI, worsening HLI by
more than one unit anticipated the risk of death by 1.62
(95% CI: 1.44, 1.96) years and improving HLI by more
than one unit delayed the risk of death by 1.19 (0.65, 2.32)
years. Caution must be used, however, in the interpre-
tation of RAPs as they are often misinterpreted as the
difference in mean survival time or the time by which a
survival curve is shifted between exposed and unexposed
participants [34].

To the best of our knowledge, only three other studies
have evaluated changes in lifestyle behaviours on mortal-
ity using longitudinal data from national-level cohorts
[17-19]. In a cohort of over 50,000 Chinese participants,
lifestyle trajectories, measuring smoking status, alcohol
intake, physical activity, sedentary behaviours, and salt
intake, were related to all-cause mortality [18]. Trajecto-
ries expressing improving and worsening lifestyles were
inversely and positively associated with all-cause mortal-
ity, compared to a stable lifestyle, with HR (95% CI) of
0.80 (0.70, 0.96) and 1.44 (1.13, 1.83), respectively. These
associations were in line with the estimates of our study.
In the Nurse’s Health Study (NHS) and the Health Profes-
sionals Follow-up Study (HPES), trajectories of individual
lifestyle factors (i.e. BMI, smoking status, diet, physical
activity, alcohol intake) were evaluated separately in over
85,000 participants in relation to all-cause mortality and
longevity, defined as surviving to age 85 or older [17].
Maximum longevity and the lowest risk of death were
achieved by participants who maintained a low-stable
BMI, who had a medium-stable alcohol intake, had a
medium-increase physical activity, who never smoked or
who were light-smokers and quit smoking, and who had
a high-increase pattern for diet quality. Compared to the
healthiest profile, combining the trajectories of all indi-
vidual lifestyle factors, participants with the least healthy
profile were 70% (95% CI: 68%, 71%) less likely to achieve
longevity. Lastly, a study followed over 5000 Dutch adults
over 5 years, collecting data on diet, physical activity,
smoking status, and alcohol intake [19]. Each lifestyle
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behaviour was dichotomised (i.e. healthy, unhealthy) and
summed to make a healthy lifestyle score; participants
either improved, worsened, or remained stable. This
study reported similar estimates to our own; however,
improving lifestyle did not reach statistical significance
whereas worsening did. We similarly found strong asso-
ciations with HLI change and mortality in those whose
HLI score worsened.

In our study, analyses of the four HLI components
separately showed that reducing alcohol intake was asso-
ciated with a 5% increase in the all-cause mortality HR
per unit increase in the alcohol score from baseline to
follow-up, while no associations were observed for can-
cer mortality. This result may be explained by the inverse
association observed between alcohol intake and fatal
coronary heart diseases [37]. In addition, an unknown
proportion of participants who reduced their alcohol
intake might have developed morbid conditions, ulti-
mately related to the occurrence of fatal events, by means
of reverse causation. Indeed, when excluding the first 5
years of follow-up, the all-cause mortality HR of increas-
ing alcohol consumption was not statistically significant
(HR: 1.02; 95% CI: 0.99, 1.04). Additionally, improving
and worsening BMI scores were positively associated
with all-cause mortality, with HR (95% CI) of 1.08 (1.03,
1.13) and 1.11 (1.06, 1.16), respectively, compared to
maintaining stable BMI between baseline and follow-up.
These findings support a U-shaped relationship between
BMI changes and all-cause mortality, as observed previ-
ously [17, 38, 39]. A study on healthy lifestyle changes in
a Chinese cohort observed an increased rate of all-cause
mortality in participants whose BMIs either increased or
decreased, compared to those whose BMIs remained sta-
ble [18].

This study has several strengths. It is the largest obser-
vational study using longitudinal data to relate combined
multifactorial lifestyle changes to mortality. Drawing
from a large-scale population-based prospective study
with over 5 million person-years from over 300,000 par-
ticipants across multiple centres in 9 countries, this study
exploited a large sample size to perform multiple strati-
fied analyses with sufficient statistical power. Addition-
ally, the use of a composite HLI score, rather than only
investigating each individual component separately,
allowed for a more representative analysis of lifestyle
changes on mortality, as the ensemble of (healthier or
unhealthier) lifestyle behaviours are often related to one
another.

Our study also has limitations. Combining multiple
lifestyle factors into a single score might mask relevant
behavioural changes. For example, smoking cessation
might be associated with weight gain, which may result as
a net zero change in HLI score. Also, in the computation
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of the HLI, each lifestyle component was given equal
weight despite evidence supporting a stronger associa-
tion between smoking and mortality, than between BMI
and mortality [40, 41].

As in all large-scale prospective studies, the collection
and harmonisation of heterogenous data across multiple
study centres is a challenge. At this time, we were una-
ble to include a dietary component in the HLI, despite
its observed role in cancer mortality [12], as the har-
monisation of dietary data at follow-up in EPIC is cur-
rently underway. The HLI used in this study also does not
include exposure information on potentially relevant life-
style factors, like sleep or stress, which may also play an
important role in mortality [42, 43]. Additionally, to esti-
mate SEP, we calculated the RII based on education level,
as this was the only common variable across the 23 study
centres. Although RII has been shown to be strongly
associated with mortality and cancer, even after account-
ing for lifestyle factors [44, 45], it remains a limited
measure. A recent evaluation of the US NHANES and
UK Biobank studied the associations of healthy lifestyle
and SEP with mortality, which combined educational
level, family income, occupation, and health insurance to
measure SEP, and found stronger associations between
healthy lifestyle and mortality were observed amongst
low SEP participants of compared to high SEP partici-
pants in UK Biobank but not in US NHANES [22]. Addi-
tional metrics of SEP may bolster the initial findings of
our present study.

Lastly, it is possible that some lifestyle changes meas-
ured in these assessments were either prone to measure-
ment error or were not made as a voluntary decision by
study participants but rather in response to underlying
health conditions. To address the role of unknown under-
lying health conditions, the first few years after expo-
sure assessments were excluded in a sensitivity analysis.
Overall associations between HLI change and mortality
remained virtually unchanged after these exclusions.

Conclusions

Using longitudinal data from a large European cohort,
this study brings novel evidence on the benefits of adopt-
ing healthier lifestyle choices on all-cause and cancer
mortality. Making healthier lifestyle changes in adulthood
is associated with lower all-cause and cancer mortality
as well as a delayed risk of death. Conversely, worsening
lifestyle behaviours are associated with increased rates of
mortality and an anticipated risk of death.
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