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mortality: a systematic review and meta-analysis
of prospective cohort studies

Yan-Bo Zhang 2, Xiong-Fei Pan'?, Junxiang Chen'?, Anlan Cao'?, Yu-Ge Zhang1'2, Lu Xia'?, Jing Wang3, Huiqi Li'2, Gang Liu** and

An Pan'?

BACKGROUND: Cancer poses a huge disease burden, which could be reduced by adopting healthy lifestyles mainly composed of
healthy diet, body weight, physical activity, limited alcohol consumption, and avoidance of smoking. However, no systematic
review has summarised the relations of combined lifestyle factors with cancer morbidity and mortality.

METHODS: EMBASE and PubMed were searched up to April 2019. Cohort studies investigating the association of combined lifestyle
factors with risks of incident cancer and cancer mortality were selected. Summary hazard ratios (HRs) and 95% confidence intervals
(CIs) were calculated using random-effects models. Heterogeneity and publication bias tests were conducted.

RESULTS: The HRs (95% Cls) comparing individuals with the healthiest versus the least healthy lifestyles were 0.71 (0.66-0.76;
16 studies with 1.9 million participants) for incident cancer and 0.48 (0.42-0.54; 30 studies with 1.8 million participants) for cancer
mortality. Adopting the healthiest lifestyles was also associated with 17 to 58% lower risks of bladder, breast, colon, endometrial,
oesophageal, kidney, liver, lung, rectal, and gastric cancer. The relations were largely consistent and significant among participants
with different characteristics in the subgroup analyses.

CONCLUSIONS: Adopting healthy lifestyles is associated with substantial risk reduction in cancer morbidity and mortality, and thus

should be given priority for cancer prevention.

British Journal of Cancer (2020) 122:1085-1093; https://doi.org/10.1038/s41416-020-0741-x

BACKGROUND

Cancer is the second leading cause of death worldwide and clearly
a major growing public health issue. It was estimated that there
were 18.1 million incident cancer cases and 9.6 million deaths
from cancer in 2018," which contributed to 234 million all-age
disability-adjusted life-years in 2017 globally.? Besides, cancer
costed 124.6 billion US dollars in the US and 83.2 billion Euros in
the European Union annually.3* Therefore, prevention of cancer
and premature deaths caused by cancer is a matter of vital
importance.

Cancer is largely preventable,” and adopting a healthy lifestyle
(including but not limited to avoiding smoking, maintaining a
healthy weight, being physically active, avoiding harmful alcohol
consumption, and keeping a healthy diet) is a ‘best buy’ strategy
for prevention and management of cancer, as well as for other
major non-communicable diseases.>” However, to the best of our
knowledge, there is a lack of randomised controlled trials testing
the effects of comprehensive lifestyle interventions on prevention
and prognosis of cancer. Thus, evidence from long-term cohort
studies is urgently needed for clinical guidelines and public health

policy-making. Previous studies have systematically reviewed the
associations of individual lifestyle factors with cancer incidence®'?
and cancer mortality,">"” and a previous systematic review
summarised evidence from 12 studies about the association
between the adherence to established cancer prevention guide-
lines for diet and physical activity and cancer outcomes;'®
however, no systematic review and meta-analysis is currently
available to investigate the combined lifestyle factors with risks of
incident cancer and cancer mortality, and whether the association
was consistent across participants with different characteristics
remained unclear. Hence, we conducted this systematic review
and meta-analysis to fill in the gap. In addition, we investigated
whether the associations varied across different regions and
characteristics of participants.

METHODS

Search strategy

The study was conducted according to the Meta-analysis Of
Observational Studies in Epidemiology guideline.'® PubMed and
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EMBASE were searched for studies investigating the relations of
combined lifestyle factors with incident cancer and cancer
mortality from database inception to April 26, 2019 by Y.-B.Z.
and J.C. independently. Since the study was a part of a larger
systematic review of the association of combined lifestyle with risk
of mortality and major non-communicable diseases (including
incident cancer, cardiovascular disease, and diabetes), the
search terms included the following Medical Subject Heading
terms and related exploded versions as well as keywords:
“combined”, “lifestyle”, “mortality”, “cancer”, “cardiovascular dis-
ease”, “diabetes”, and “cohort study”. The detailed search strategy
was published previously.*® No date and language restrictions
were made. To identify additional publications, reference lists of
relevant reviews and original studies were further searched.

Inclusion criteria

Y.-B.Z. filtered all the citations, and another group of investigators
including J.C, AC, Y-G.Z, LX, JW., and H.L. also independently
performed the study selection. Discrepancies were resolved by
discussion, or by conferring with the senior investigator (A.P.).
There were only 62 divergences (0.08%) among 82,214 citations,
mostly due to the different comprehension of the included
lifestyle factors or data format issues.

Included studies should fulfil the following criteria: (1) prospec-
tive cohort studies; (2) incident total and site-specific cancer, or
cancer mortality as an outcome; (3) using the combination of
lifestyle factors as an exposure variable. The lifestyle factors mainly
included tobacco smoking, alcohol consumption, physical activity/
sedentary behaviour, overweight/obesity, diet, and sleep duration,
while some studies also included hot tea consumption, un-piped
water consumption, exposure to indoor air pollution, and
breastfeeding. Several studies used Life’s Simple 7 (LS7) defined
by the American Heart Association as the exposure which
additionally included metabolic factors, i.e., blood pressure, blood
glucose, and blood lipid levels.?'?> These studies were also
included in our main analyses, because the LS7 score could reflect
one’s overall lifestyle status. Accordingly, there are three major
scores, defined as basic lifestyle score (which gave an equal weight
to each behavioural factor, for example, most studies®® assigned
one or zero to individuals with or without a certain healthy
behaviour), the World Cancer Research Fund/American Institute for
Cancer Research (WCRF/AICR) score”*® (which included body
weight, physical activity, consumption of plant foods, consumption
of fast foods and other processed foods high in fat, starches or
sugars, consumption of animal foods, consumption of sugar-
sweetened drinks, alcohol consumption, and breastfeeding), and
the LS7 score?'?? (Supplementary Table 1).

Studies were excluded if they were: (1) other publication types
(such as protocols, reviews, cross-sectional studies, case-control
studies, and animal experiments) or not peer-reviewed publica-
tions (such as meeting abstracts, editorials, and commentaries); (2)
focusing on a single lifestyle factor or a combination of only two
lifestyle factors (we assumed that lifestyles could not be entirely
reflected by two factors); (3) formulation or validation of
prediction models; (4) duplicate reporting from the same cohort
studies or duplicate publications; (5) studies without necessary or
sufficient data. Considering that cancer survivors had substantially
different prevalence of risk factors and comorbidity compared
with the general population, studies conducted among cancer
survivors were not included in the main analysis of combined
lifestyle and mortality but were pooled separately. Besides, we did
not additionally select studies according to the characteristics of
the participants in the main analysis, and cohorts from certain
occupational groups or diseased populations were also included.
Conference abstracts were not included in our analysis, but for
those reporting the relations of combined lifestyle factors with
incident cancer or cancer mortality, we searched online and
inquired of the authors about whether the full texts had been

accepted for publication to avoid missing any potentially eligible
studies.

Data extraction and quality assessment

Y.-B.Z. performed data extraction and quality assessment for all
studies. Another group of investigators including J.C, A.C, Y.-G.Z,
LX, JW, and HL. also independently extracted data and
evaluated study quality. Discrepancies were resolved by discus-
sion, or by conferring with the senior investigator (A.P.).

The following data were extracted using standardised extrac-
tion form: first author, publication year, title, cohort name, country,
study duration and mean/median follow-up duration, sample size,
definitions and attainments of outcomes, definitions of included
healthy lifestyle factors, and the characteristics of the participants,
including sex composition, age (range and mean/median), race/
ethnicity, and education level. For articles with unclear information
or insufficient data, we contacted the corresponding authors at
least two attempts.

We used the Newecastle-Ottawa Scale (NOS) to evaluate the
study quality,®® which assessed the selection of the study groups
(four items), the comparability of the groups (two items), and the
ascertainment of outcome (three items).

Statistical analysis
We used STATA software (Version 14.0, StataCorp, College Station,
Texas, USA) to perform all meta-analyses. Hazard ratio (HR) was
applied as an effect size for the pooled estimate. Risk ratios (RRs)
were used in some studies and were considered as interchange-
able with HRs. The odds ratios (ORs) were transformed into RRs
using the following formula: RR = OR/[(1 — Pg) + (Po X OR)], where
P, is the incidence of the outcome in the non-exposed group.?’
Since different studies constructed varied healthy lifestyle scores
(different numbers of factors and different weights for certain
factors), we pooled HR comparing the participants in the highest
score group with those in the lowest score group, to represent the
risk estimate comparing adopting the healthiest with the least
healthy lifestyles. Most studies divided participants into three to
six groups according to the distributions of the healthy lifestyle
scores. Data were synthesised by random-effects models to allow
heterogeneity among different studies. The weight of each study
was the inverse of the sum of the within-study variance plus
variance across studies.?® Forest plots were used to visualise the
effect sizes with its 95% confidence intervals (Cls) across studies.

P statistic (ranging from 0 to 100%) was used to assess
heterogeneity across studies, with a small value indicating less
heterogeneity.?® Prespecified stratified analyses were performed
according to the study characteristics (such as geographical
region, economic level, mean/median follow-up duration, and
different combinations of lifestyle factors) and population
characteristics (age group, sex, race and ethnicity, and education
level). To explore the sources of heterogeneity and possible effect
modifications, we also tested between-group p-values by meta-
regression.?®

The fail-safe N statistic, Begg and Mazumdar rank correlation
test, and Egger’s test were used to assess publication bias. If
significant publication bias was indicated, we used the Duval and
Tweedie’s trim and fill method to generate an “unbiased” estimate
by adding the hypothesised studies to make the funnel plot
symmetrical. 2

RESULTS

Literature search and study characteristics

Based on the search strategy, 82,214 unique citations were
identified, and 82,108 articles were excluded after screening for
the titles and abstracts according to the inclusion/exclusion
criteria. Through manual inspections of the full text, 25 studies
were further excluded (the list of those publications is shown in



the Supplementary Table 2). Finally, 21 studies (five studies were
only used for stratified analyses) were included for meta-
analyses of incident total cancer, 35 studies were included for
meta-analyses of incident site-specific cancer, and 38 studies
were included for meta-analyses of cancer mortality (five studies
were only used for subgroup analyses and three studies were
conducted in cancer survivors). Figure 1 shows the detailed
study selection procedure.

The characteristics of the included studies on incident total
cancer are shown in the Supplementary Table 3. Among 16 studies
used for the main analysis, there were nine, three, and four studies
from America, Asia, and Europe. Fourteen studies were from high-
income countries. There were three and two studies being only
conducted in women and men, respectively, and 11 studies
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reported results in men and women together (among which,
seven studies also conducted subgroup analyses according to
sex). The mean age at baseline ranged from less than 42.0-72.0
years old (median =54.5, interquartile range [IQR]=11.6). The
sample size ranged from 635 to 476 396. The average follow-up
duration ranged from 5.5 to over 22.2 years (median = 11.5, IQR =
4.3). The NOS scores of these studies were all equal to or greater
than six (Supplementary Table 4), indicating that most studies
were of high-quality.

Thirty-five studies investigated the association of combined
lifestyle factors with incident site-specific cancer, including color-
ectal cancer (17 studies), breast cancer (16 studies), lung
(8 studies), colon cancer (8 studies), prostate cancer (6 studies),
rectal cancer (6 studies), ovarian cancer (6 studies), endometrial

82,846 articles identified through database
searches
32,193 PubMed
50,653 EMBASE

10 articles identified from relevant original
articles and meta-analyses

82,856 articles identified

Y

—>| 642 duplicates removed l

82,214 titles and abstracts screened

82,108 excluded
79,549 unrelated to the exposures or

pre-decided outcomes

788 other publication types or not
peer reviewed publications

1501 focusing on an individual

lifestyle factor or combinations
of only two lifestyle factors

144 not propective observational
studies with more than 1 year
of follow-up

126 formulation or validation of
prediction models

106 full-text articles screened

25 excluded
17 not reporting hazard ratio or risk ratio or
odds ratio comparing the highest score
group with the lowest score group
8 duplicate reporting from the same
cohort studies

81 studies included in analyses

35 incident site-specific cancer

21 incident all cancer (5 only provided data for stratified analyses)

38 cancer mortality (5 only provided data for stratified analyses and 3 were conducted in cancer survivors)

Fig. 1

Flowchart of study selection. HR hazard ratio; OR odds ratio; RR, risk ratio. There were nine studies reporting multiple outcomes (two or

more outcomes), so the total number of studies for different outcomes exceeded 81.
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Study Participants Cases Comparison HR (95% ClI) Weight, %
Atkins et al., 2018 (CRPD) 239,591 14,987 10-12 versus 0-5 points ol : 0.71 (0.61-0.83) 5.85
Atkins et al., 2018 (UK Biobank) 181,820 11,699 10-12 versus 0-5 points - 0.76 (0.70-0.83) 6.96
Cerhan et al., 2004 29,838 4288 6-9 versus 0-1 points 0.74 (0.63-0.87) 5.54
Dartois et al., 2014 64,732 6938 4.5-5 versus 0-2 points Do 0.81(0.73-0.89) 6.58
Foraker et al., 2016 129,149 NA 7 versus 0 points ™ 0.66 (0.58-0.74) 6.21
Greenlee et al., 2017 3491 759 9-10 versus 0—4 points : . 0.43 (0.31-0.60) 2.99
Kabat et al., 2015 (Men) 286,821 50,762 4 versus 0 points 0.86 (0.81-0.92) 7.07
Kabat et al., 2015 (Women) 189,575 23,022 4 versus 0 points ol 0.75 (0.69-0.82) 6.77
Lingfors et al., 2019% 635 92 9-11 versus 0-5 points r—o—| 0.51 (0.28-0.88) 1.39
Meng et al., 1999 (Men) 15,693 1512 9-10 versus 0-3 points |—o—4 0.48 (0.34-0.67) 2.90
Meng et al., 1999 (Women) 16,007 1177 9-10 versus 0—4 points |—o—| 0.42 (0.30-0.57) 3.12
Ogunmoroti et al., 2016 6506 764 11-14 versus 0-8 points .-.-« 0.80 (0.64-0.98) 460
Rasmussen-Torvik et al., 2013 13,253 2880 6-7 versus 0 points : 0.49 (0.35-0.69) 2.89
Romaguera et al., 2012 (Men) 126,257 13,838 5-6 versus 0-2 points Dred 0.84 (0.72-0.99) 554
Romaguera et al., 2012 (Women) 260,098 23,156 6-7 versus 0-3 points Dl 0.81 (0.72-0.91) 6.28
Sasazuki et al., 2012 (Men) 36,964 3451 5 versus 0-1 points Hot | 0.57 (0.45-0.72) 424
Sasazuki et al., 2012 (Women) 41,584 2125 5 versus 0—1 points '—’—' 0.63 (0.39-1.01) 1.81
Tang et al., 2013 60,817 2033 5 versus 0-1 points -l 0.51 (0.42-0.62) 491
Wang et al., 2019 101,208 2988 6 versus 0-3 points "" 0.83 (0.71-0.97) 5.59
Warren Andersen et al., 2016 (1) 61,098 2240 4 versus 0 points '_'_' 0.96 (0.65-1.42) 2.41
Xu et al., 2019 25,100 2066 4-6 versus 0-2 points "" : 0.87 (0.78-0.98) 6.33
Overall (I2 =79.2%, p<0.001) 1,890,237 >170,777 Highest versus lowest * 0.71 (0.66-0.76) 100.0
N KRR

Fig. 2 Association of combined lifestyle factors with incident cancer. CI confidence interval; CRPD Clinical Practice Research Datalink; HR
hazard ratio; NA not available. The forest plot shows the HRs comparing individuals with the healthiest lifestyles (in the highest score group)
with those with the least healthy lifestyles (in the lowest score group) for incident cancer. The number of participants and incident cases were
shown in the figure. Each dot represents the HR for each original article, with the location of the circle representing both the direction and
magnitude of the effect size, and the HR is bounded by a Cl. The rhombs represent the pooled HRs. ?0dds ratio was reported in the study and

was transformed into relative risk, which was then used in the pooled analysis.

cancer (5 studies), and gastric cancer (5 studies). Several studies
also investigated other cancers but with limited sample sizes
(Supplementary Table 5).

The characteristics of the included studies on cancer mortality
are shown in the Supplementary Table 6. Thirty studies were
included in the main analysis. There were fourteen, seven, eight,
and one studies from America, Asia, Europe, and Oceania, among
which 27 studies were from high-income countries or regions.
Three studies and two studies were conducted only in women and
men, respectively (one study included in the main analysis pooled
the Health Professional Follow-Up Study and the Nurses’ Health
Study together and did not perform stratified analysis by sex,
while another study only included participants from the Nurses’
Health Study and was additionally included in the stratified
analysis by sex), and among the other 25 studies, 12 studies
reported results in women and men separately. The mean
baseline age ranged from 43.1 to 76.5 years old (median =554,
IQR =11.1). The sample size ranged from 1,062 to 476,396. The
average follow-up duration ranged from 4.0 to 33.9 years. The
NOS scores of these studies were equal to or greater than five
(Supplementary Table 4), indicating that most studies were of
moderate- to high-quality.

Association of combined lifestyle factors with risk of incident
cancers

Sixteen studies (1,890,237 participants and over 170,777 cases)
reported results comparing participants with the healthiest
lifestyles with those with the least healthy lifestyles for incident
total cancer, and the pooled HR (95% Cl) was 0.71 (0.66-0.76; I* =
79.2%; Fig. 2).

The results were consistent in most stratified analyses (Fig. 3).
However, the association was not statistically significant among
individuals from non-high-income countries, although the between-
group p-value was not statistically significant. Besides, it seemed that
the association of combined lifestyle factors with incident cancer
was attenuated when the lifestyle score did not include tobacco
smoking (HRs [95% CI] comparing individuals with the healthiest
lifestyles with those with the least healthy lifestyles were 0.69
[0.62-0.76] and 0.83 [0.80-0.86] when the lifestyle score included or
did not include tobacco smoking as a component).

Begg and Mazumdar rank correlation test and Egger’s regres-
sion indicated the results might suffer from potential publication
bias (Supplementary Table 7). However, the funnel plots seemed
symmetrical (Supplementary Fig. 1), and the classic fail-safe N
statistics indicated small possibility of publication bias.

Association of combined lifestyle factors with risk of site-specific
cancers

Figure 4 showed the association of combined lifestyle factors with
the risk of multiple site-specific cancers. Compared with participants
with the least healthy lifestyles, those with the healthiest lifestyles
were associated with 17-58% lower risks of cancer in different sites
(i.e, cancer of bladder, breast, colon, colorectum, endometrium,
oesophagus, kidney, liver, lung, rectum, and stomach). A positive
association with skin cancer was reported (HR 1.25; 95% Cl 1.08-
1.46), but there were only two studies (Supplementary Fig. 2).

Association of combined lifestyle factors with cancer mortality
Thirty studies (1,822,712 participants and 78,126 deaths) reported
results comparing participants with the healthiest lifestyles with
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Incident cancer Cancer mortality
Subgroups Studies  Participants Cases HR (95% Cl) » Studies  Participants Cases HR (95% Cl) »

Continent Prsoenns = 043 , P = 040
America 9 776531 >89,470 - 0.68 (0.60-0.77)  <0.001 14 1,041,014 49,780 vt 046 (0.39-0.54)  <0.001
Asia 3 240,573 10,697 ot 0.63 (0.48-0.82) 0.001 7 298,196 12,908 Fot 056 (0.44-0.71) <0001
Europe 4 873,133 70,710 . 0.78(0.74-0.82)  <0.001 8 481,219 15,170 —.—t 047 (0.33-0.66)  <0.001
Oceania 0 0 0 i NA NA 1 2283 268 —— 023(009-0.58) 0003
High income country Prstvosngrp = 074 , =045
Yes 14 1728212 >165,756 - 0.72(0.66-0.77)  <0.001 27 1,658,466 74,004 o <0.001

No 2 162,025 5021 (SN 0.65 (0.41-1.05) 0.080 3 164,246 4032 —— 057 (0.29-1.13) 0.11
Ethniciy’ : Prsmesnorus = 019 : Praeonsras = 056
Asian 3 240,573 10,597 ot 0.63 (0.48-0.82) 0.001 6 257,488 12,111 - 053 (0.41-0.68)  <0.001
Black 0 0 0 NA NA 1 51951 1169 —— 033(021-0.52)  <0.001
White 9 1,637,107 >151,607 . 0.76 (0.71-0.81)  <0.001 20 1,466,190 63,107 1 051(044-0.59)  <0.001
Mixed 4 112,557 8573 re 0.60 (0.44-0.82) 0.001 2 40,075 1187 — i 025(0.18-0.35)  <0.001
Missing 0 0 0 ] NA NA 2 7008 552 ——i 040(0.16-0.97) 0042
Average age® P =084 Preenons = 014
60 years old 7 >1,060.285  >108,123 . 0.72 (0.66-0.7 <0.001 13 5785555 33,483 fo 0.55 (0.47-0.66)  <0.001

<60 years old 1 5744898 61,890 o 069 (0.61-0.78)  <0.001 18 S977,410 42,521 rol 044(037-0.52)  <0.001
Sex* Praonnorun = 069 [——rt
Men 9 579,859  >74,172 rou 070 (0.59-0.82)  <0.001 14 686,351 28,253 e 0.48 (0.38-0.60)  <0.001
Women 10 811,125  >63276 - 0.75(0.69-0.81)  <0.001 16 919,530 32,346 Ll 053(044-0.63)  <0.001
Both 4 499,253 32,565 o 066 (0.54-0.80) <0001 12 171,304 8101 e 044 (034-0.55)  <0.001
Proportion of high school graduates® : Poussoongons = 059 Prgtwesngrup = 0-10
80% 6 719874 88,654 - 0.75(0.68-0.82)  <0.001 7 897,745 46,393 ot 060 (051-0.71)  <0.001
<80% 6 613,604 45,106 re 069 (057-0.84)  <0.001 15 803,495 27,758 e 044(035-0.55)  <0.001
Missing 4 556,759 37,017 o 0.65(0.56-0.76)  <0.001 9 121,502 3975 et 040 (0.32-0.51)  <0.001
Median/mean follow-up duration® i Prsengrng = 097 Prveengons = 060
<10 years 6 746,235 40,391 o 069 (0.61-0.79)  <0.001 il 345,327 8552 e 0.45(0.34-0.58)  <0.001

210 years 11 1,167,155  >131,254 . 0.71(0.65-0.78)  <0.001 19 1,477,385 69,574 - 049(043-0.57)  <0.001
Score® : Py = 020 [———
Basic lifestyle score 8 1202528 128476 - 0.73(0.67-0.79)  <0.001 23 943,814 57,608 o] 043(037-0.51)  <0.001
WCRF/AICR score 3 441,293 43,348 L 0.82(0.77-0.88)  <0.001 4 483,265 13,710 re 0.70 (0.59-0.84)  <0.001
Life's simple 7 score 5 573810 31,089 - 0.71(0.64-0.78)  <0.001 2 15,484 707 s 0.75 (0.42-1.34) 0.33
Others 3 133,543 5769 e 0.55 (0.37-0.82) 0.004 6 181,210 10,374 el 055 (045-0.68)  <0.001
Fators not included in score® : Pramsongosy = 0004 Prussoongous < 0001
Including all five factors 7 730,242 51,006 069 (0.62-0.76)  <0.001 7 311,359 26,564 e 045 (0.37-0.55)  <0.001
Alcohol drinking 6 596963 31,957 L 0.71(0.65-0.75)  <0.001 9 320,990 16,954 ke 0.45(0.44-0.63)  <0.001
Body weight 2 36,243 3119 I 0.75 (0.40-1.39) 0.36 14 309,206 12,331 s 0.38 (0.31-0.46) <0.001

Diet 1 421,411 26,686 - 0.75(0.70-0.80)  <0.001 4 124,618 6441 b 050 (045-0.55)  <0.001
Physical activity 1 31,700 2689 e 045(0.35-0.56)  <0.001 1 31,700 999 .- 026(0.18-0.38)  <0.001
Smoking 6 1080625 132,348 . 0.83 (0.80-0.86) <0001 8 1,140,452 38,495 - 0.74 (0.69-0.79)  <0.001

A CRERICRY

o N

Fig. 3 Association of combined lifestyle factors with incident cancer and cancer mortality in different subgroups. AICR American Institute for
Cancer Research; CI confidence interval; HR hazard ratio; NA not available; WCRF World Cancer Research Fund. The forest plot shows HRs
comparing individuals with the healthiest lifestyles (in the highest score group) with those with the least healthy lifestyles (in the lowest score
group). Each dot represents the HR, with the location of the circle representing both the direction and magnitude of the effect size, and the HR is
bounded by a CI. Foraker et al.** did not report the number of incident cancer cases. ®Since a number of studies conducted subgroup analyses or
sensitivity analyses, the total number of studies in these stratified analyses exceeded the number of studies included in main analysis.

those with the least healthy lifestyles for cancer mortality, and the
pooled HR (95% Cl) was 0.48 (0.42-0.54 I* = 85.9%; Fig. 5).

The results were consistent in most stratified analyses (Fig. 3).
However, the associations were not statistically significant among
individuals from non-high-income countries, although the
between-group p-value was not statistically significant. When
evaluating different scoring systems with cancer mortality, the HRs
(95% Cls) were 0.43 (0.37-0.51) for the basic lifestyle score
(23 studies), 0.70 (0.59-0.84) for the WCRF/AICR score (four
studies), and 0.75 (0.42-1.34) for the LS7 score (two studies).
Besides, when considering all scores, the HR (95% Cl) was 0.74
(0.69-0.79) when the score did not include tobacco smoking and it
was 0.45 (0.37-0.55) when tobacco smoking was included in the
score. Furthermore, the association seemed weaker among cancer
survivors, and the HR (95% Cl) was 0.70 (0.57-0.86; three studies
with 6 146 patients; Supplementary Fig. 3).

Egger's regression indicated the results might suffer from
potential publication bias (Supplementary Table 7). However, the
funnel plots seemed symmetrical (Supplementary Fig. 4), and the
classic fail-safe N statistics along with Begg and Mazumdar rank
correlation test indicated small possibility of publication bias.

DISCUSSION

In this systematic review and meta-analysis of prospective cohort
studies, the combination of multiple healthy lifestyle factors was
associated with a substantial risk reduction in incident cancer and
cancer mortality. Adopting the healthiest lifestyle was associated
with a 29 and 52% lower risk of incident cancer and cancer

mortality compared with having the least healthy lifestyle. The
associations remained largely consistent in the stratified analyses
by different characteristics of studies and participants. Besides,
adopting healthy lifestyles was associated with lower risks of
several site-specific cancers, including bladder, breast, colon,
colorectal, endometrial, oesophageal, kidney, liver, lung, rectal,
and gastric cancer.

Although no meta-analysis has summarised the associations of
combined lifestyle factors with cancer morbidity and mortality, the
associations with each individual healthy lifestyle factor have been
well established. For example, meta-analyses have shown a dose-
response association between alcohol consumption and cancer
risk: drinking 50 and 100 g of ethanol per day were associated
with 22 and 91% higher risks of incident cancer compared with
abstainers,® and heavy drinkers were associated with a 31% higher
risk of cancer mortality compared with non-drinkers.'* Body
weight was also associated with several site-specific cancers: each
five-unit increase in body mass index was associated with 5-50%
higher risks of postmenopausal breast, colon and rectal, endo-
metrial, oesophageal, gallbladder, kidney, liver, ovarian, pancreas,
stomach cardia, and thyroid cancer, along with meningioma and
multiple myeloma.'® In addition, men and women with obesity
had 6 and 10% higher risks of cancer mortality compared with
their normal-weight counterparts.'” For physical activity and diet,
individuals in the highest group had 9%-42 and 10% lower risks of
cancer,""'? and 20 and 22% lower risks of cancer mortality,'>'®
respectively, compared with those in the lowest group. Finally,
tobacco smoking is the most important risk factor for cancer
morbidity and mortality. Compared with never smokers, the risk of
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Cancer site Studies Participants Cases HR (95% Cl) 12, %
Bladder 2 862,751 5726 © e . 0.83(0.76-0.91) 0.0
Breast 16 1,015,184 45,160 0.77 (0.72-0.82) 556.5
Colon 8 1,160,893 10,620 0.63 (0.55-0.73) 66.1
Colorectum 17 1,545,157 20,908 0.66 (0.58—-0.75) 72.7
Endometrium 5 597,047 4548 0.54 (0.40-0.73) 86.1
Esophagus 3 912,796 1409 0.42 (0.24-0.75) 84.1
Kidney 2 862,751 2787 0.62 (0.55-0.70) 0.0
Liver 2 862,751 1085 0.68 (0.48-0.97) 62.2
Lung 8 1,127,480 14,409 0.76 (0.62-0.93) 85.5
Lymphoma 2 987,500 3106 0.90 (0.75-1.09) 42.0
Ovary 6 659,031 3024 1.00 (0.84-1.19) 42.0
Pancreas 3 982,758 3304 0.88 (0.75-1.04) 34.3
Prostate 6 749,900 30,368 0.93 (0.81-1.07) 74.5
Rectum 6 1,003,682 4377 0.61 (0.51-0.73) 48.4
Skin 2 541,128 5434 1.25 (1.08-1.46) 39.1
Stomach 5 1,178,777 2974 0.60 (0.48-0.74) 62.1
Thyroid 2 541,128 832 0.98 (0.76—1.25) 0.0

> KRR A

Fig.4 Association of combined lifestyle factors with the risks of site-specific cancers. C/ confidence interval; HR hazard ratio. The forest plot
shows the HRs comparing individuals with the healthiest lifestyles (in the highest score group) with those with the least healthy lifestyles (in
the lowest score group) for the risks of site-specific cancers. Each dot represents the HR, with the location of the circle representing both the
direction and magnitude of the effect size, and the HR is bounded by a Cl.

incident cancer in current smokers increased by several folds for
some cancers, such as lung, laryngeal, pharyngeal, upper digestive
tract, and oral cancer,” furthermore, smokers had substantially
increased risks for both smoking-related cancers and other
cancers.'® Our stratified analyses showed that the associations
were much stronger when smoking was included in the lifestyle
scores, indicating the importance of not smoking for cancer
prevention. However, 12 studies which did not include smoking in
the lifestyle scores all adjusted for smoking status in the
multivariate models, and the associations were still statistically
significant, which indicated that other lifestyle factors except
smoking were also important for cancer prevention. Taken
together, encouraging the population to adopt overall healthy
lifestyles is necessary for the comprehensive prevention of cancer
morbidity and mortality.

On the basis of the current evidence, the World Health
Organization,?® the American Cancer Society,*® the WCRF and
AICR’ and some other organisations®’ have recommended
general population and cancer survivors to adopt healthy lifestyles
to prevent cancer and improve prognosis. Since no randomised
controlled trials have provided evidence for the effects of multiple
lifestyle interventions on cancer prevention and prognosis, our
systematic review and meta-analysis of prospective cohort studies
provided the highest-quality evidence to support these recom-
mendations. Furthermore, our stratified analyses by different
lifestyle scoring systems provided additional evidence for
revisions of the current recommendations in the future. We found
that the association of the WCRF/AICR score or the LS7 score with
cancer mortality was weaker than the association of basic lifestyle
score with cancer mortality. This is probably because avoiding
smoking was not included in the WCRF/AICR recommendation or
scoring system, although the WCRF/AICR acknowledged that
avoiding any form of tobacco and other exposure to tobacco was

the foremost means of reducing cancer risk. In addition, the
weaker association with the LS7 score suggested that more
emphases should be given to the upstream lifestyle factors (such
as avoiding smoking, maintaining a healthy weight, being
physically active, avoiding harmful alcohol consumption, and
keeping a healthy diet), in addition to the intermediate metabolic
changes, for the prevention of premature deaths from cancer.
However, the results should also be interpreted cautiously given
that the results for different score systems came from different
studies with varied population characteristics, and no study has
directly compared the relations of the three scoring methods with
cancer mortality in the same population.

Our meta-analysis also found that adopting the healthiest
lifestyles was associated with a 30% lower risk of cancer mortality
among cancer survivors. However, there were only three studies
on this topic. One study was conducted among 837 women with
invasive breast cancer,®? one study among 2017 women with
cancer,® and the other studg was conducted among 3292
patients with colorectal cancer.>* The mean follow-up durations
were all less than 10 years, and thus more studies with longer
follow-ups are still needed to investigate the relations of
combined lifestyle factors with quality of life, cancer recurrence,
and survival among cancer patients. Nonetheless, the limited
evidence still indicated that lifestyle changes towards healthy
behaviours should be recommended for patients with cancer.

We also evaluated the associations between combined lifestyles
and risk of site-specific cancers. The meta-analysis found varying
degrees of associations for different cancers, which may in part
because of limited studies in certain cancers that precluded us
from making a reliable conclusion. More importantly, the results
also indicated that different cancers may have different aetiolo-
gies and some were more prone to lifestyle factors.?® However, it
should be noted that some risk factors were not included in the
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Study Participants Cases Comparison HR (95% Cl) Weight, %
Bonaccio et al., 2019 2,839 348 4 versus 0—1 points “e—i | 062(0.39-1.00) 246
Breslow et al., 1980 4864 148 6-7 versus 0-3 points 0.71 (0.41-1.23) 217
Cheng et al., 2018 (1) 35,221 4665 Q5 versus Q1 0.51 (0.46-0.57) 3.69

0.50 (0.43-0.60) 3.55
Eguchi et al., 2017° 42,647 3087 7-8 versus 0-3 points

0.62 (0.50-0.76) 3.42
Fazel-Tabar Malekshah et al., 2016 40,708 797 3 versus 0 points 0.82 (0.53-1.26) 2.60
Ford et al., 2011 16,958 863 4 versus 0 points 0.34 (0.20-0.56) 2.30
Ford et al., 2012 8375 188 3 versus 0 points 0.17 (0.07-0.45) 1.22
Gopinath et al., 2010 2283 268 4 versus 0 points 0.23 (0.09-0.58) 1.22
Greenlee et al., 2017 3491 580 9-10 versus 0—4 points 0.30 (0.21-0.44) 2.84
Hamer et al., 2011 1062 137 4 versus 0-1 points 0.42 (0.22-0.81) 1.86
Hastert et al., 2014 57,841 1595 5-6 versus 0 points 0.39 (0.24-0.62) 2.45
Kabat et al., 2015 (Men) 286,821 10,599 4 versus 0 points 0.70 (0.60-0.81) 3.59
Kabat et al., 2015 (Women) 189,575 5594 4 versus 0 points 0.72 (0.60—0.86) 3.51
Knoops et al., 2004 2339 233 4 versus 0-1 points 0.31 (0.19-0.50) 2.42
Kvaavik et al., 2010 4886 318 4 versus 0 points 0.30 (0.15-0.60) 1.74
Lee etal, 2011 24,731 384 3 versus 0 points 0.38 (0.27-0.55) 2.90
Lietal., 2018 123,219 13,953 5 versus 0 points 0.35 (0.27-0.45) 3.27
Linetal., 2012 5686 122 4 versus 01 points 0.76 (0.23-2.56) 0.83
Martin-Diener et al., 2014 16,721 1255 4 versus 0 points 0.34 (0.27-0.44) 3.30
McCullough et al., 2011 (Men) 50,727 3318 7-8 versus 0-2 points 0.70 (0.61-0.80) 3.63
McCullough et al., 2011 (Women) 61,239 2556 7-8 versus 0-2 points 0.76 (0.65—0.89) 3.57
Meng et al., 1999 (Men) 15,693 629 9-10 versus 0-3 points 0.29 (0.17-0.47) 2.35
Meng et al., 1999 (Women) 16,007 370 9-10 versus 0—4 points 0.24 (0.13-0.42) 2.1
Nechuta et al., 2010 63,791 1113 4-5 versus 0 points 0.76 (0.54-1.06) 2.97
Odegaard et al., 2011 44,052 4352 5 versus 0 points 0.59 (0.37-0.92) 2.52
Petersen et al., 2015 (Men) 24,265 1692 4-5 versus 0 points 0.33 (0.26-0.42) 3.32
Petersen et al., 2015 (Women) 27,256 1437 4-5 versus 0 points 0.41 (0.29-0.58) 2.93
Thomson et al., 2014 65,838 2356 6-8 versus 0-3 points 0.80 (0.71-0.90) 3.66
van Lee et al., 2016 2987 362 Q4 versus Q1 0.99 (0.71-1.34) 3.04
Vergnaud et al., 2013 378,864 9388 5/6-6/7 versus 0-2/3 points 0.80 (0.69-0.93) 3.59
Warren Andersen et al., 2016 (2) (Black Men) 21,650 626 4-5 versus 0 points 0.24 (0.12-0.48) 1.75
Warren Andersen et al., 2016 (2) (Black Women) 30,301 543 4-5 versus 0 points 0.39 (0.25-0.62) 2.52
Warren Andersen et al., 2016 (2) (White Men) 9124 250 4-5 versus 0 points 0.20 (0.08-0.52) 1.21
Warren Andersen et al., 2016 (2) (White Women) 14,614 279 4-5 versus 0 points 0.30 (0.13-0.69) 1.41
Wingard et al., 1982 4725 284 4-5 versus 0-2 points 0.58 (0.34-1.01) 2.19
Yun et al., 2012 (Men) 22,371 446 4-5 versus 0 points 0.57 (0.30-1.10) 1.88
Yun et al., 2012 (Women) 19,194 869 4-5 versus 0 points 0.34 (0.07-1.52) 0.58
Zhang et al., 2017 (1) 59,747 2122 4 versus 0 points A 0.31 (0.25-0.39) 3.39
Overall (/2 = 85.9%, p < 0.001) 1,822,712 78,126 Highest versus lowest L 0.48 (0.42-0.54)  100.00

N NN

Fig. 5 Association of combined lifestyle factors with cancer mortality. C/ confidence interval; CVD cardiovascular disease; HR hazard ratio.
The forest plot shows the HRs comparing individuals with the healthiest lifestyles (in the highest score group) with those with the least
healthy lifestyles (in the lowest score group) for cancer mortality. Each dot represents the HR for each original article, with the location of the
circle representing both the direction and magnitude of the effect size, and the HR is bounded by a Cl. The rhombs represent the pooled HRs.
2Eguchi et al.** reported results in well-educated and poor-educated groups respectively.

lifestyle score when considering site-specific cancers, e.g., second-
hand smoking and air pollution in scores for lung cancer,
endogenous and exogenous oestrogen exposure history in scores
for breast cancer. Intriguingly, two studies®>>*® found individuals
with the healthiest lifestyles were associated with a higher risk of
skin cancer compared with those with the least healthy lifestyles.
However, these two studies did not consider the sun/ultraviolet
exposures on the individual level and behaviours related to
the degree of sun exposure, which may confound the results,
as shown in the illusive positive relation of physical activity
with melanoma.?’

The pooled estimates were stronger for the association
between lifestyle factors with cancer mortality than that with
incident cancer, which was also observed in original studies
simultaneously reporting these two outcomes.>3%° Although
the exact reasons are unknown, it is possible that lifestyle factors
might have affected more aggressive cancers. In our analyses of
different cancer types, we also found that the associations were
stronger with more aggressive cancers (such as colorectum
cancer, stomach cancer, and liver cancer) than less aggressive
cancers (such as prostate cancer, thyroid cancer, lymphoma, and
ovary cancer). In addition, participants with healthier lifestyles
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were more likely to adhere to screening guidelines, get diagnosed
earlier, and have access to better treatment, which would be
related to better prognosis and reduced risk of mortality.

Our stratified analyses showed that the relations of combined
lifestyle factors with cancer morbidity and mortality were largely
consistent among individuals from different socioeconomic back-
grounds (such as different age groups, sexes, geographic regions,
economic levels, races and ethnicities, and education levels).
Hence, each country and region should formulate policies tailored
to the preference of local population and the reality of local public
health practice, in order to accelerate the progressions of
achieving Sustainable Development Goal target 3.4.*' Notably,
although most studies adjusted some of these socioeconomic
factors, residual confounding in the original studies was still
possible given that few studies fully adjusted for all of them.

Our study is the first systematic review and meta-analysis to
quantitatively summarise the relations of combined lifestyle
factors with cancer morbidity and mortality. We followed the
standard procedures of the Meta-analysis Of Observational
Studies in Epidemiology guideline and included 81 studies in
the meta-analysis. We were able to perform various stratified
analyses because of a sufficient number of included studies, and
the results were largely consistent, indicating the universal
importance of adopting healthy lifestyles. We were also able to
identify knowledge gaps and future directions via the meta-
analysis approach, and the findings of the meta-analysis are also
important for establishment of public policy and clinical guide-
lines. Besides, the results were unlikely to be influenced by
publication bias. However, several limitations should also be
acknowledged. First, most studies were from high-income
countries. More evidence from other countries is needed since
lifestyle factors could be greatly varied across countries/
regions.**** Second, different studies were conducted in
populations from different socioeconomic backgrounds, and
the combinations or definitions of healthy lifestyle factors varied
across studies, which might generate potential heterogeneity.
Hence, we only pooled the estimates comparing participants in
the highest versus the lowest score group by random-effects
model. Third, there is a lack of studies for several site-specific
cancers, and evidence for lifestyle modifications in cancer
survivors is also limited. Thus, the results should be interpreted
cautiously, and more studies are needed.

In conclusion, adopting healthy lifestyles is associated
with substantially lower risks of cancer morbidity and mortality.
Given that the proportion of individuals having the healthiest
lifestyles is low in many countries, creating an environment for
better facilitating behaviour modifications should be a public
health priority worldwide. More studies are still needed for site-
specific cancers, and more evidence among cancer survivors and
from populations in low- and middle-income countries is
warranted.
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