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Abstract 

Background

Combinations of lifestyle factors (LFs) and socioeconomic status (SES) 
are independently associated with cardiovascular disease (CVD), 
cancer, and mortality. Less advantaged SES groups may be 
disproportionately vulnerable to unhealthy LFs but interactions 
between LFs and SES remain poorly understood. This review aimed to 
synthesise the available evidence for whether and how SES modifies 
associations between combinations of LFs and adverse health 
outcomes.

Methods

Systematic review of studies that examine associations between 
combinations of >3 LFs (eg.smoking/physical activity/diet) and health 
outcomes and report data on SES (eg.income/education/poverty-
index) influences on associations. Databases 
(PubMed/EMBASE/CINAHL), references, forward citations, and grey-
literature were searched from inception to December 2021. Eligibility 
criteria were analyses of prospective adult cohorts that examined all-
cause mortality or CVD/cancer mortality/incidence.
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Results

Six studies (n=42,467–399,537; 46.5–56.8 years old; 54.6–59.3% 
women) of five cohorts were included. All examined all-cause 
mortality; three assessed CVD/cancer outcomes. Four studies 
observed multiplicative interactions between LFs and SES, but in 
opposing directions. Two studies tested for additive interactions; 
interactions were observed in one cohort (UK Biobank) and not in 
another (National Health and Nutrition Examination Survey 
(NHANES)). All-cause mortality HRs (95% confidence intervals) for 
unhealthy LFs (versus healthy LFs) from the most advantaged SES 
groups ranged from 0.68 (0.32–1.45) to 4.17 (2.27–7.69). Equivalent 
estimates from the least advantaged ranged from 1.30 (1.13–1.50) to 
4.00 (2.22–7.14). In 19 analyses (including sensitivity analyses) of joint 
associations between LFs, SES, and all-cause mortality, highest all-
cause mortality was observed in the unhealthiest LF-least advantaged 
suggesting an additive effect.

Conclusions

Limited and heterogenous literature suggests that the influence of 
SES on associations between combinations of unhealthy LFs and 
adverse health could be additive but remains unclear. Additional 
prospective analyses would help clarify whether SES modifies 
associations between combinations of unhealthy LFs and health 
outcomes.

Registration

Protocol is registered with PROSPERO (CRD42020172588;25 June 
2020).
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          Amendments from Version 1
We have responded to the reviewer’s comments point by 
point. Key changes involved adding to the disucssion on the 
heterogeity of data in studies, adding to the strengths and 
limitations section, and altering the main figures (Figure 2 and 
Figure �3) to include the HR (95%CI) estimates and change the 
horizontal axes to a logarithmic scale. 

Any further responses from the reviewers can be found at 
the end of the article

REVISED

Introduction
Unhealthy lifestyle factors (LFs) (e.g., smoking, alcohol, poor 
diet, low physical activity (PA)) are key modifiable risk factors 
for non-communicable diseases (NCDs) and mortality1. While  
single LFs have, by themselves, strong associations with 
NCDs and mortality, combinations of unhealthy LFs have 
stronger associations. Meta-analyses show that, compared with  
healthy LFs, combinations of at least three unhealthy LFs 
are associated with more than twice the risk of all-cause, car-
diovascular disease (CVD), and cancer mortality, and CVD  
incidence2,3. Examining adverse health outcomes associated with 
combinations of LFs can help to capture ‘real life’ risks more 
completely as unhealthy LFs tend to cluster together - indi-
viduals with one unhealthy LF often have more than one4,5. And 
the impacts of one unhealthy LF may interact (additively or  
multiplicatively) with other unhealthy LFs6–8.

In addition to examining the associations between combina-
tions of LFs and adverse health outcomes (e.g., all-cause, CVD,  
and cancer mortality, and CVD incidence), examining the 
effect of socioeconomic status (SES) on those associa-
tions can deepen understanding of the distribution of these  
lifestyle-related adverse health outcomes among populations. 
As with most health outcomes, all-cause, CVD, and cancer mor-
tality, and CVD incidence all follow clear and long-recognised 
SES-health gradients where individuals of less advantaged SES  
(e.g., those with lower educational attainment, lower income, or 
who live in areas of higher deprivation) tend to have higher rates 
of both morbidity and mortality9,10. SES is a theoretical con-
struct that differentiates sections of society by their means and 
access to resources (e.g., financial, educational, material) and 
by the ways in which they live (e.g., occupation type or class,  
housing type/conditions, neighbourhood/post code area)10. 
The broad scope that SES encompasses means 1) there are 
numerous ways in which SES can be operationalised or  
measured11,12; and 2) there are numerous aspects of SES that 
could be expected to influence and have strong associations 
with both LFs and lifestyle-related adverse health outcomes13,14.  
For example, there is higher prevalence of unhealthy LFs in less 
advantaged SES groups and clustering of multiple unhealthy 
LFs in such population groups is often cited as an explana-
tion for observed lifestyle-related adverse health inequalities4.  
However, ‘differential exposure’ to unhealthy LFs only par-
tially explains lifestyle-related health inequalities; higher  

prevalence of unhealthy LFs is estimated to account for  
6–80% of SES related mortality inequalities4,15–18.

Beyond differential exposure, further explanations for lifestyle-
related health inequalities may involve interactions between  
LFs and SES; so-called ‘differential vulnerability’17, where SES 
strengthens the association between lifestyle and adverse health 
outcomes. A study of over 300,000 UK Biobank (UKB) par-
ticipants observed multiplicative interactions between a com-
bination of unhealthy LFs and SES, where less advantaged 
SES groups had disproportionately higher lifestyle-related  
all-cause and CVD mortality19. Similar interactions between 
lifestyle and SES have been observed for single LFs: smok-
ing, alcohol, and PA20–22. A multiplicative interaction between  
LFs and SES supports a vulnerability hypothesis, where less 
advantaged groups are disproportionately vulnerable to the 
adverse effects of unhealthy LFs17,20. Whereas additive inter-
actions, where the effects of a combination of unhealthy LFs 
and SES are added rather than multiplied23, can also highlight  
vulnerable groups and inform policy or interventions24. Mecha-
nisms that explain differential lifestyle vulnerability or that 
explain how and why SES effects associations between life-
style and adverse health outcomes are unclear but could  
include interactions with other factors associated with less advan-
taged SES (e.g., stress, reduced access to health care) or accel-
erated biological ageing via greater cumulative risks over the 
life-course (e.g., poorer childhood health or increased adverse  
childhood experiences)25–27.

Aims
Understanding whether SES influences the association between 
combinations of unhealthy LFs and adverse health outcomes 
could help reduce excess risk in less advantaged populations  
by deepening understanding of how complex lifestyle risks 
vary across society and by identifying higher risk LF combina-
tions. This could inform health policy, guide the development of  
interventions targeting more vulnerable groups, and support 
health care professionals managing multiple risk factors in their 
patient population. This systematic review aims to identify,  
describe, and synthesise the evidence for whether SES modi-
fies associations between combinations of unhealthy LFs and 
adverse health outcomes (all-cause mortality, incidence and 
mortality from CVD or cancer). This review addresses the fol-
lowing research questions: Does SES modify the association 
between combinations of unhealthy LFs and adverse health  
outcomes? And if so, how?

An important linguistic caveat: ‘lifestyle’ can imply choices 
made freely by individuals, leading to potential stigma. However, 
resource scarcity and the wider socioeconomic environment expe-
rienced by those in less advantaged SES groups clearly influ-
ences choices, for example, by making healthier choices less 
likely28,29. Moreover, lifestyle choices in the context of poverty 
or material deprivation may represent ‘optimal’ choices given 
wider socioeconomic influences that shape decision making 
and abstract future planning30,31. Nevertheless, the word lifestyle 
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remains recognised in the context of modifiable behaviours  
and is therefore used here.

Methods
Search strategy and study selection
This review followed a protocol and was conducted in accord-
ance with Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses (PRISMA) guidelines32–34. The protocol is reg-
istered with a database of prospectively registered systematic  
reviews (PROSPERO CRD42020172588; 25 June 2020)35,36.

Search strategies were developed with a specialist university  
librarian and adapted for three databases: PubMed (RRID:
SCR_004846), EMBASE (RRID:SCR_001650), and EBSCO 
CINAHL (RRID:SCR_022707) (S1-3 Tables, which can be found 
as Extended data)37. The search strategy of a previous systematic  
review of combinations of LFs and type 2 diabetes served as 
a template and was adapted to include SES related terms38.  
As per that previous review, this current review focusses on 
combinations of LFs, and therefore search terms relating to LFs 
included general terms like ‘lifestyle’ or ‘health behaviour’  
rather than terms for individual LFs like ‘smoking’ or ‘alco-
hol’. Search terms also included terms for combinations of LFs 
(e.g., ‘combined’, ‘multiple’, ‘score’). Searches from incep-
tion (PubMed-1966; EMBASE-1947; CINAHL-1984) to 17th 
December 2021 were supplemented by searches of references,  
forward citations, and grey literature36.

Eligibility criteria and screening
Inclusion criteria were developed using an adapted PICOS (popu-
lation, intervention, comparator, outcome, study design) frame-
work, with ‘I’ (intervention) replaced with ‘E’ (exposure)39.  
Inclusion criteria:

1)	� Population: any general adult population (age  
≥18 years). Studies of participants with an index  
condition were excluded.

2)	 Exposure - examination of two main exposures:

i.   �combination of ≥3 LFs: studies that also included 
metabolic/intermediate factors (e.g., blood pres-
sure/body mass index (BMI)) as part of their com-
bination of LFs were included so long as the 
combination also included ≥3 ‘behavioural’ LFs  
(e.g., smoking/PA/diet).

ii.   �SES: any SES measure (e.g., income/education/ 
poverty-index).

3)	� Comparator: data for the influence of SES on asso-
ciations between combinations of unhealthy LFs and  
adverse health.

4)	� Outcomes: at least one from: all-cause mortality,  
incidence and mortality from CVD or cancer.

5)	� Study design: prospective observational cohort. All 
types of analysis were included, and no study was  
excluded based on analysis method.

Exclusion criteria: not in English; abstracts/conference  
presentations only; ineligible design (e.g., review/case-control/
cross-sectional/qualitative). Studies were uploaded to ‘DistillerSR’ 
software (Version 2.38. DistillerSR Inc.; 2022. Accessed 
December 2021-February 2022; alternative software, Rayyan)  
and duplicates removed. Two reviewers (PP and HF/CO’D) 
screened titles and abstracts independently. Conflicts were resolved 
by discussion or included for full-text screening. Two review-
ers (PP and HF) screened full-texts independently; conflicts  
resolved by discussion with a third reviewer (CO’D).

Data extraction
Two reviewers (HF and PP/CO’D) extracted data independ-
ently using a piloted proforma (S4 Table, which can be found as 
Extended data)37. After peer review, the proforma was adapted 
to include the distribution of type and number of unhealthy  
LFs among participants36. Quality was measured using the New-
castle-Ottawa Scale for cohort studies (NOS)40. The NOS was 
adapted to include assessments of confounder adjustment, sen-
sitivity analysis, and missing data methodology (S5 Table,  
which can be found as Extended data)36,37. To compare study 
results, the following data from SES stratified analyses for 
each outcome was used to form our ‘main comparator’: 1) risk 
estimates for participants with the unhealthiest LF combina-
tion (using healthiest LF combination as reference) in the most  
advantaged SES group (e.g., highest education, highest rank-
ing occupation) were compared with 2) equivalent estimates 
(unhealthiest versus reference healthiest LF combination) in 
the least advantaged SES group (e.g., lowest education, low-
est ranking occupation). Studies frequently used more than two  
categories/quantiles of LF combinations, however only the 
estimates for the healthiest and unhealthiest categories were 
extracted. For example, for a study with a lifestyle score based 
on eight LFs, which study authors classified into five categories  
(scores 0–3, 4, 5, 6, and 7–8), the estimates for scores 0–3  
and 7–8 were extracted. Estimates from SES stratified analy-
ses were used for the main comparator because some stud-
ies did not report analyses examining combined influence of  
LF and SES using a single reference group (i.e., analyses com-
paring all groups to the group with the healthiest combina-
tion of LFs and in the most advantaged SES group). However, 
results for these analyses were also extracted as they provide 
information on the combined influence of SES and lifestyle. To  
make direct comparisons, estimates from studies where the 
unhealthiest group was the reference were transformed to 
make the ‘healthiest’ group the reference. This transforma-
tion was achieved by dividing: 1) all hazard ratios (HRs) by the 
HR of the healthiest category (the healthiest category HR then  
becomes 1.00), 2) all lower confidence intervals (CIs) by the 
lower CI of the healthiest category, and 3) all upper CIs by the 
upper CI of the healthiest category. This then requires swapping 
the upper and lower CIs because transformed lower CIs become  
upper CIs.

Meta-analysis was not appropriate due to the heterogeneity of 
included studies. Instead, results were reported and synthe-
sised according to Synthesis Without Meta-analysis (SWiM)  
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guidelines41. In accordance with transparent reporting of the 
synthesis methodology, this review adhered to the follow-
ing approach - study results were grouped by outcome and 
compared by: 1) main models evaluating influence of SES; 2) 
model adjustment; 3) additional models, including sensitiv-
ity analyses; 4) tests for interactions; and 5) results for our main  
comparator.

Results
Results of the searches and screening are shown in a PRISMA  
flowchart (Figure 1).

Study populations
Six studies of five cohorts were included in this review  
(Table 1)19,42–46. Two studies analysed the same USA-based cohort, 
The Southern Community Cohort Study (SCCS), but each study 

examined different LFs and SES exposures and therefore both 
were included42,44. Similarly, two studies analysed UKB and 
examined different exposure variables and outcomes19,46. The  
remaining cohorts analysed were The Japan Collaborative 
Cohort Study (JCCS)43, the National Health Interview Sur-
vey (NHIS)45, and US National Health and Nutrition Examina-
tion Survey (NHANES)46. SCCS was designed to investigate 
ethnic inequalities in healthcare and 86% of participants were 
recruited from community health centres; JCCS, UKB, NHIS 
and NHANES are general population cohorts with NHIS and  
NHANES designed to be nationally representative47,48. Par-
ticipants per study ranged from 42,467–399,537; mean age 
ranged from 46.5–56.8 years; and the proportion of women 
from 54.6–59.3%. Ethnic composition of populations analysed  
varied: SCCS cohort was 67% African American42,44; JCCS eth-
nicity was not reported, but likely predominantly Japanese43;  

Figure 1. PRISMA flow chart of searches and screening results. CINAHL, Cumulative Index to Nursing and Allied Health Literature; SES, 
socioeconomic status; LFs, lifestyle factors.

Page 6 of 38

Wellcome Open Research 2023, 8:55 Last updated: 28 DEC 2023



Ta
bl

e 
1.

 C
ha

ra
ct

er
is

ti
cs

 o
f i

nc
lu

de
d 

st
ud

ie
s.

Au
th

or
, 

ye
ar

Co
ho

rt
 

Co
un

tr
y 

Ty
pe

 
N

Ag
e 

(y
ea

rs
) 

W
om

en
 (%

) 
Et

hn
ic

it
y

Fo
llo

w
 u

p 
le

ng
th

Li
fe

st
yl

e 
fa

ct
or

s 
an

d 
de

fin
it

io
ns

 o
f u

nh
ea

lt
hy

 
(s

ou
rc

e 
or

 ju
st

ifi
ca

ti
on

 fo
r 

un
he

al
th

y 
de

fin
it

io
n)

 
Ca

te
go

ri
es

 fo
r 

an
al

ys
is

*

SE
S 

m
ea

su
re

 
Ca

te
go

ri
es

 fo
r a

na
ly

si
s

O
ut

co
m

e

An
de

rs
en

  
et

 a
l., 

20
16

42
So

ut
he

rn
 

Co
m

m
un

ity
 C

oh
or

t 
St

ud
y 

 U
SA

 
 Pr

os
pe

ct
ive

 c
oh

or
t 

de
sig

ne
d 

to
 a

ss
es

s 
et

hn
ic 

di
sp

ar
iti

es
 in

 
he

al
th

 o
ut

co
m

es
, 

86
%

 re
cr

ui
te

d 
fro

m
 

co
m

m
un

ity
 h

ea
lth

 
ce

nt
re

s 
 79

,1
01

 p
ar

tic
ip

an
ts

M
ed

ia
n 

ag
e 

51
 

(IQ
R 

13
) 

 59
.3

%
 w

om
en

 
 67

%
 A

fri
ca

n 
Am

er
ica

n 

M
ax

. 9
 y

ea
rs

 
(a

ve
ra

ge
 n

ot
 

re
po

rt
ed

)

Se
lf-

re
po

rt
ed

 a
t b

as
el

in
e 

 Ba
se

d 
on

 g
ui

de
lin

es
 - 

 i) 
cu

rr
en

t o
r f

or
m

er
 s

m
ok

in
g 

(W
H

O
) 

 ii)
 a

lco
ho

l i
nt

ak
e 

>1
 d

rin
k/

d 
fo

r w
om

en
; >

2 
dr

in
ks

/d
 fo

r 
m

en
 (2

01
0 

Di
et

ar
y 

G
ui

de
lin

es
 fo

r A
m

er
ica

ns
) 

 iii)
 P

A 
<1

50
 m

in
/w

k 
m

od
er

at
e 

or
 <

75
 m

in
/w

k 
vig

or
ou

s 
ae

ro
bi

c, 
or

 e
qu

iva
le

nt
 c

om
bi

na
tio

n 
(2

00
8 

PA
 

G
ui

de
lin

es
 fo

r A
m

er
ica

ns
) 

 iv)
 s

ed
en

ta
ry

 ti
m

e 
w

ith
in

 3
 lo

ng
es

t q
ua

rt
ile

s 
i.e

., 
>5

.7
5 

h/
d 

(A
vo

id
 in

ac
tiv

ity
 a

nd
 li

m
it 

se
de

nt
ar

y 
be

ha
vio

ur
s; 

Am
er

ica
n 

Ca
nc

er
 S

oc
ie

ty
) 

 v)
 d

ie
t q

ua
lit

y 
(H

EI
) i

n 
3 

lo
w

es
t q

ua
rt

ile
s 

i.e
., 

<6
6.

7 
(U

SD
A’s

 C
en

te
r f

or
 N

ut
rit

io
n 

Po
lic

y 
an

d 
Pr

om
ot

io
n 

an
d 

pr
ev

io
us

 p
ub

lic
at

io
n)

 
 Fi

ve
 c

at
eg

or
ie

s 
ac

co
rd

in
g 

to
 th

e 
nu

m
be

r o
f l

ife
st

yle
 

fa
ct

or
 g

ui
de

lin
es

 m
et

 (0
, 1

, 2
, 3

, ≥
4)

.

In
co

m
e 

se
lf-

re
po

rt
ed

 a
t b

as
el

in
e 

 Di
ch

ot
om

ise
d 

as
 <

/≥
 $

15
,0

00
 p

.a
.

i) 
Al

l-c
au

se
 m

or
ta

lit
y 

via
 li

nk
ag

e 
to

 n
at

io
na

l 
re

gi
st

ry

Eg
uc

hi
 e

t a
l., 

20
17

43
Th

e 
Ja

pa
n 

Co
lla

bo
ra

tiv
e 

Co
ho

rt
 

St
ud

y 
 Ja

pa
n 

 Pr
os

pe
ct

ive
 

co
ho

rt
 o

f g
en

er
al

 
po

pu
la

tio
n 

 42
,6

47
 p

ar
tic

ip
an

ts

M
ea

n 
ag

e 
56

.8
 (S

D 
no

t 
re

po
rt

ed
) 

 56
.8

%
 w

om
en

 
 Li

ke
ly 

to
 

be
 m

ai
nl

y 
Ja

pa
ne

se
 

et
hn

ici
ty

M
ed

ia
n 

19
.3

 
ye

ar
s 

(IQ
R 

11
.6

–2
0.

8)

Se
lf-

re
po

rt
ed

 a
t b

as
el

in
e 

 i) 
cu

rr
en

t s
m

ok
in

g 
 ii)

 a
lco

ho
l i

nt
ak

e 
> 

2 
‘g

ou
’/d

 (>
46

 g
 e

th
an

ol
/d

) 
 iii)

 P
A:

 <
0.

5 
h/

d 
or

 <
5 

h/
w

k 
w

al
ki

ng
 a

nd
/o

r i
n 

sp
or

ts
 

 iv)
 s

le
ep

 d
ur

at
io

n:
 <

5.
5 

or
 >

7.
4 

h/
d 

 v)
 B

M
I: 

<2
1 

or
 >

25
 

 vi)
 fr

ui
t i

nt
ak

e:
 <

1x
/d

 
 vii

) fi
sh

 in
ta

ke
: <

1x
/d

 
 vii

i) 
m

ilk
 in

ta
ke

: <
al

m
os

t d
ai

ly;
 

 Fi
ve

 c
at

eg
or

ie
s: 

ac
co

rd
in

g 
to

 h
ea

lth
y 

lif
es

ty
le

 s
co

re
 

w
ith

 o
ne

 p
oi

nt
 fo

r e
ac

h 
lif

es
ty

le
 fa

ct
or

 th
re

sh
ol

d 
m

et
 

(0
–3

, 4
, 5

, 6
, 7

–8
)

Ed
uc

at
io

n 
le

ve
l a

s 
ag

e 
at

 la
st

 fo
rm

al
 e

du
ca

tio
n 

se
lf-

re
po

rt
ed

 a
t b

as
el

in
e 

 Di
ch

ot
om

ise
d 

as
 <

/≥
 1

6 
ye

ar
s 

ol
d

i) 
Al

l-c
au

se
 m

or
ta

lit
y 

 ii)
 C

VD
 m

or
ta

lit
y 

 iii)
 C

H
D 

m
or

ta
lit

y 
 iv)

 S
tro

ke
 m

or
ta

lit
y 

 v)
 C

an
ce

r m
or

ta
lit

y 
 Al

l v
ia

 d
ea

th
 c

er
tifi

ca
te

 
re

vie
w

Page 7 of 38

Wellcome Open Research 2023, 8:55 Last updated: 28 DEC 2023



Au
th

or
, 

ye
ar

Co
ho

rt
 

Co
un

tr
y 

Ty
pe

 
N

Ag
e 

(y
ea

rs
) 

W
om

en
 (%

) 
Et

hn
ic

it
y

Fo
llo

w
 u

p 
le

ng
th

Li
fe

st
yl

e 
fa

ct
or

s 
an

d 
de

fin
it

io
ns

 o
f u

nh
ea

lt
hy

 
(s

ou
rc

e 
or

 ju
st

ifi
ca

ti
on

 fo
r 

un
he

al
th

y 
de

fin
it

io
n)

 
Ca

te
go

ri
es

 fo
r 

an
al

ys
is

*

SE
S 

m
ea

su
re

 
Ca

te
go

ri
es

 fo
r a

na
ly

si
s

O
ut

co
m

e

An
de

rs
en

  
et

 a
l., 

20
18

44
So

ut
he

rn
 

Co
m

m
un

ity
 C

oh
or

t 
St

ud
y 

 U
SA

 
 Pr

os
pe

ct
ive

 c
oh

or
t 

de
sig

ne
d 

to
 a

ss
es

s 
et

hn
ic 

di
sp

ar
iti

es
 in

 
he

al
th

 o
ut

co
m

es
, 

86
%

 re
cr

ui
te

d 
fro

m
 

co
m

m
un

ity
 h

ea
lth

 
ce

nt
re

s 
 77

,8
96

 p
ar

tic
ip

an
ts

M
ed

ia
n 

ag
e 

51
 

(IQ
R 

13
) 

 57
.1

%
 w

om
en

 
 66

.1
%

 A
fri

ca
n 

Am
er

ica
n

M
ed

ia
n 

8 
ye

ar
s 

(IQ
R 

no
t 

re
po

rt
ed

)

Se
lf-

re
po

rt
ed

 a
t b

as
el

in
e 

 Ba
se

d 
on

 g
ui

de
lin

es
 - 

 i) 
al

co
ho

l i
nt

ak
e 

>1
 d

rin
k/

d 
fo

r w
om

en
, >

2 
dr

in
ks

/d
 fo

r 
m

en
 (2

01
0 

Di
et

ar
y 

G
ui

de
lin

es
 fo

r A
m

er
ica

ns
) 

 ii)
 P

A 
<1

50
 m

in
/w

k 
m

od
er

at
e 

or
 <

75
 m

in
/w

k 
vig

or
ou

s 
ae

ro
bi

c, 
or

 e
qu

iva
le

nt
 c

om
bi

na
tio

n 
(2

00
8 

PA
 

G
ui

de
lin

es
 fo

r A
m

er
ica

ns
) 

 iii)
 s

ed
en

ta
ry

 ti
m

e 
w

ith
in

 3
 lo

ng
es

t q
ua

rt
ile

s 
i.e

., 
>6

.5
 

h/
d 

(A
vo

id
 in

ac
tiv

ity
 a

nd
 li

m
it 

se
de

nt
ar

y 
be

ha
vio

ur
s; 

Am
er

ica
n 

Ca
nc

er
 S

oc
ie

ty
) 

 iv)
 d

ie
t q

ua
lit

y 
(H

EI
) i

n 
3 

lo
w

es
t q

ua
rt

ile
s 

i.e
., 

<6
5.

5 
(U

SD
A’s

 C
en

te
r f

or
 N

ut
rit

io
n 

Po
lic

y 
an

d 
Pr

om
ot

io
n)

 
 Fo

ur
 c

at
eg

or
ie

s: 
ac

co
rd

in
g 

to
 n

um
be

r o
f g

ui
de

lin
es

 
m

et
 (0

, 1
, 2

, 3
–4

)

N
ei

gh
bo

rh
oo

d 
de

pr
iva

tio
n 

in
de

x 
(N

DI
): 

20
00

 U
.S

. 
Ce

ns
us

 d
at

a 
lin

ke
d 

to
 p

ar
tic

ip
an

t’s
 re

sid
en

tia
l 

ad
dr

es
s 

in
co

rp
or

at
in

g 
ed

uc
at

io
n,

 e
m

pl
oy

m
en

t, 
ho

us
in

g,
 o

cc
up

at
io

n,
 a

nd
 p

ov
er

ty
 

 Q
ua

rt
ile

s

i) 
Al

l-c
au

se
 m

or
ta

lit
y 

via
 li

nk
ag

e 
to

 n
at

io
na

l 
re

gi
st

ry

Fo
st

er
 e

t a
l., 

20
18

19
U

KB
 

 U
K 

 Pr
os

pe
ct

ive
 

co
ho

rt
 o

f g
en

er
al

 
po

pu
la

tio
n 

 32
8,

59
4

M
ea

n 
ag

e 
55

.6
 

(S
D 

8.
1)

 
 54

.6
%

 w
om

en
 

 95
%

 W
hi

te

M
ea

n 
4.

9 
ye

ar
s 

(S
D 

0.
83

, r
an

ge
 

3.
3–

7.
9)

 fo
r a

ll-
ca

us
e 

an
d 

CV
D 

m
or

ta
lit

y, 
4.

1 
ye

ar
s 

(0
.8

1 
SD

; 
ra

ng
e 

2.
4–

7.
0)

 
fo

r C
VD

 
in

cid
en

ce

Se
lf-

re
po

rt
ed

 a
t b

as
el

in
e;

 
 Ba

se
d 

on
 U

K 
gu

id
el

in
es

 w
he

re
 a

va
ila

bl
e:

 
 i) 

cu
rr

en
t s

m
ok

in
g 

 ii)
 a

lco
ho

l i
nt

ak
e 

da
ily

 o
r a

lm
os

t d
ai

ly 
 iii)

 P
A 

<1
50

 m
in

/w
k 

m
od

er
at

e 
or

 <
75

 m
in

/w
k 

vig
or

ou
s 

 iv)
 T

V 
vie

w
in

g 
tim

e 
≥4

 h
/d

 
 v)

 s
le

ep
 d

ur
at

io
n 

<7
 o

r >
9 

h/
d 

 vi)
 fr

ui
ts

 a
nd

 v
eg

et
ab

le
s 

<4
00

g/
d 

 vii
) o

ily
 fi

sh
 <

1 
po

rt
io

n/
w

k 
 vii

i) 
re

d 
m

ea
t >

3 
po

rt
io

ns
/w

k 
 ix

) p
ro

ce
ss

ed
 m

ea
t >

1 
po

rt
io

n/
w

k 
 Th

re
e 

ca
te

go
rie

s: 
ac

co
rd

in
g 

to
 li

fe
st

yle
 ri

sk
 s

co
re

 w
ith

 
on

e 
po

in
t f

or
 e

ac
h 

un
he

al
th

y 
de

fin
iti

on
 m

et
 (0

–2
, 3

–5
, 

6–
9)

To
w

ns
en

d 
de

pr
iva

tio
n 

in
de

x:
 n

at
io

na
l c

en
su

s 
da

ta
 in

co
rp

or
at

in
g 

ca
r o

w
ne

rs
hi

p,
 h

ou
se

ho
ld

 
ov

er
cr

ow
di

ng
, o

w
ne

r o
cc

up
at

io
n,

 a
nd

 
un

em
pl

oy
m

en
t a

gg
re

ga
te

d 
fo

r a
nd

 li
nk

ed
 to

 
pa

rt
ici

pa
nt

 p
os

tc
od

e 
of

 re
sid

en
ce

 
 Q

ui
nt

ile
s 

 Se
co

nd
ar

y 
SE

S 
m

ea
su

re
s 

fo
r s

en
sit

ivi
ty

 a
na

lys
es

: 
 i) 

H
ou

se
ho

ld
 in

co
m

e 
(£

p.
a.

) s
el

f-r
ep

or
te

d 
at

 
re

cr
ui

tm
en

t 
 Fi

ve
 c

at
eg

or
ie

s: 
>1

00
,0

00
; 5

2,
00

0-
10

0,
00

0;
 3

0,
00

0-
51

,9
99

; 1
8,

00
0-

29
,9

99
; <

18
,0

00
 

 ii)
 E

du
ca

tio
na

l a
tta

in
m

en
t s

el
f-r

ep
or

te
d 

at
 

re
cr

ui
tm

en
t 

 Fi
ve

 c
at

eg
or

ie
s: 

Co
lle

ge
/U

ni
ve

rs
ity

 d
eg

re
e;

 A
 le

ve
ls 

or
 e

qu
iva

le
nt

; O
 le

ve
ls 

or
 e

qu
iva

le
nt

; C
SE

s 
or

 
eq

ui
va

le
nt

; n
on

e 
of

 th
e 

ab
ov

e

i) 
Al

l-c
au

se
 m

or
ta

lit
y 

 ii)
 C

VD
 m

or
ta

lit
y 

 iii)
 C

VD
 in

cid
en

ce
 

 Al
l v

ia
 li

nk
ag

e 
to

 
na

tio
na

l r
eg

ist
rie

s

Page 8 of 38

Wellcome Open Research 2023, 8:55 Last updated: 28 DEC 2023



Au
th

or
, 

ye
ar

Co
ho

rt
 

Co
un

tr
y 

Ty
pe

 
N

Ag
e 

(y
ea

rs
) 

W
om

en
 (%

) 
Et

hn
ic

it
y

Fo
llo

w
 u

p 
le

ng
th

Li
fe

st
yl

e 
fa

ct
or

s 
an

d 
de

fin
it

io
ns

 o
f u

nh
ea

lt
hy

 
(s

ou
rc

e 
or

 ju
st

ifi
ca

ti
on

 fo
r 

un
he

al
th

y 
de

fin
it

io
n)

 
Ca

te
go

ri
es

 fo
r 

an
al

ys
is

*

SE
S 

m
ea

su
re

 
Ca

te
go

ri
es

 fo
r a

na
ly

si
s

O
ut

co
m

e

Ch
oi

 e
t a

l., 
20

22
45

N
at

io
na

l H
ea

lth
 

In
te

rv
ie

w
 S

ur
ve

y 
 U

SA
 

 Pr
os

pe
ct

ive
 

co
ho

rt
 o

f g
en

er
al

 
po

pu
la

tio
n 

ag
ed

 ≥
30

 
ye

ar
s 

 18
9,

08
7

Ag
e 
≥3

0 
(a

ve
ra

ge
 n

ot
 

re
po

rt
ed

) 
 Pr

op
or

tio
n 

fe
m

al
e 

no
t 

re
po

rt
ed

 
 Et

hn
ici

ty
 n

ot
 

re
po

rt
ed

M
ea

n 
12

.7
 

ye
ar

s
Se

lf-
re

po
rt

ed
 a

t b
as

el
in

e:
 

 i) 
cu

rr
en

t s
m

ok
er

 a
nd

 e
x-

sm
ok

er
s 

w
ho

 q
ui

t <
20

 y
ea

rs
 

ag
o 

 ii)
 w

ee
kl

y 
al

co
ho

l i
nt

ak
e 

>1
4 

dr
in

ks
 

 fo
r m

en
, >

7 
dr

in
ks

 fo
r w

om
en

 (2
01

6 
N

IA
AA

 
gu

id
el

in
es

), 
or

 >
5 

dr
in

ks
/d

 a
t l

ea
st

 m
on

th
ly 

 iii)
 P

A 
<1

50
 m

in
/w

k 
m

od
er

at
e 

or
 <

75
 m

in
/w

k 
vig

or
ou

s 
an

d/
or

 s
tre

ng
th

en
in

g 
ac

tiv
iti

es
 <

2 
d/

w
k 

(2
00

8 
Ph

ys
ica

l 
Ac

tiv
ity

 G
ui

de
lin

es
 fo

r A
du

lts
) 

 iv)
 B

M
I <

18
.5

 o
r ≥

35
 

 Fi
ve

 c
at

eg
or

ie
s 

ac
co

rd
in

g 
to

 th
e 

nu
m

be
r o

f l
ife

st
yle

 
fa

ct
or

s: 
0,

 1
, 2

, 3
, o

r 4

H
ou

se
ho

ld
 in

co
m

e 
as

 a
 ra

tio
 o

f f
am

ily
 in

co
m

e 
to

 
fe

de
ra

l p
ov

er
ty

 le
ve

l 
 Di

ch
ot

om
ise

d 
as

 <
 o

r ≥
20

0%
 o

f f
ed

er
al

 p
ov

er
ty

 
le

ve
l

i) 
Al

l-c
au

se
 m

or
ta

lit
y 

via
 li

nk
ag

e 
to

 n
at

io
na

l 
re

gi
st

ry

Page 9 of 38

Wellcome Open Research 2023, 8:55 Last updated: 28 DEC 2023



Au
th

or
, 

ye
ar

Co
ho

rt
 

Co
un

tr
y 

Ty
pe

 
N

Ag
e 

(y
ea

rs
) 

W
om

en
 (%

) 
Et

hn
ic

it
y

Fo
llo

w
 u

p 
le

ng
th

Li
fe

st
yl

e 
fa

ct
or

s 
an

d 
de

fin
it

io
ns

 o
f u

nh
ea

lt
hy

 
(s

ou
rc

e 
or

 ju
st

ifi
ca

ti
on

 fo
r 

un
he

al
th

y 
de

fin
it

io
n)

 
Ca

te
go

ri
es

 fo
r 

an
al

ys
is

*

SE
S 

m
ea

su
re

 
Ca

te
go

ri
es

 fo
r a

na
ly

si
s

O
ut

co
m

e

Zh
an

g 
et

 a
l., 

20
21

46
U

S 
N

at
io

na
l H

ea
lth

 
an

d 
N

ut
rit

io
n 

Ex
am

in
at

io
n 

Su
rv

ey
 

(N
H

AN
ES

) 
 U

SA
 

 Pr
os

pe
ct

ive
 

co
ho

rt
 o

f g
en

er
al

 
po

pu
la

tio
n 

 44
,4

62
 

 &
 

 U
KB

 
 U

K 
 Pr

os
pe

ct
ive

 
co

ho
rt

 o
f g

en
er

al
 

po
pu

la
tio

n 
 39

9,
53

7

N
H

AN
ES

: 
 M

ea
n 

ag
e 

46
.5

 
 51

.3
%

 w
om

en
 

 73
.6

%
 W

hi
te

 
 U

KB
: 

 M
ea

n 
ag

e 
56

.1
 

 52
.5

%
 w

om
en

 
 95

.6
%

 W
hi

te

N
H

AN
ES

: 
 M

ea
n 

11
.2

 
ye

ar
s 

 U
KB

: 
 M

ea
n 

11
.0

 
ye

ar
s 

fo
r a

ll-
ca

us
e 

m
or

ta
lit

y, 
 8.

8 
ye

ar
s 

fo
r 

CV
D 

in
cid

en
ce

Se
lf-

re
po

rt
ed

 a
t b

as
el

in
e;

 
 i) 

sm
ok

ed
 >

10
0 

cig
ar

et
te

s 
in

 li
fe

tim
e 

 ii)
 d

ai
ly 

al
co

ho
l i

nt
ak

e 
>1

 d
rin

k 
fo

r w
om

en
, 2

 d
rin

ks
 fo

r 
m

en
 (N

at
io

na
l g

ui
de

lin
es

 fo
r U

SA
 a

nd
 U

K)
 

 iii)
 le

isu
re

 ti
m

e 
ph

ys
ica

l a
ct

ivi
ty

 a
t l

ev
el

 o
f l

ow
er

 tw
o 

th
ird

s 
of

 s
tu

dy
 p

ar
tic

ip
an

ts
 

 iv)
 d

ie
t q

ua
lit

y 
(H

EI
) a

t l
ev

el
 o

f l
ow

er
 2

/5
th

 o
f 

pa
rt

ici
pa

nt
s 

fo
r U

S 
N

H
AN

ES
 (2

01
5-

20
 D

ie
ta

ry
 

G
ui

de
lin

es
 fo

r A
m

er
ica

ns
 &

 1
99

2 
fo

od
 g

ui
de

 fr
om

 
U

S 
De

pa
rt

m
en

t o
f A

gr
icu

ltu
re

); 
m

ee
tin

g 
5/

10
 

di
et

 re
co

m
m

en
da

tio
ns

 fo
r U

KB
 (e

vid
en

ce
-b

as
ed

 
re

co
m

m
en

da
tio

ns
) 

 Th
re

e 
ca

te
go

rie
s 

ac
co

rd
in

g 
to

 n
um

be
r o

f l
ife

st
yle

 
fa

ct
or

s 
(s

co
re

): 
0–

1,
 2

, 3
–4

 
 Se

ns
iti

vit
y 

an
al

ys
es

 in
clu

de
d:

 a
 w

ei
gh

te
d 

lif
es

ty
le

 s
co

re
 

to
 a

cc
ou

nt
 fo

r d
iff

er
in

g 
m

ag
ni

tu
de

 o
f a

ss
oc

ia
tio

ns
 

be
tw

ee
n 

ea
ch

 L
F 

an
d 

ou
tc

om
es

; a
nd

 a
 c

om
bi

na
tio

n 
of

 
LF

s 
th

at
 in

clu
de

d 
BM

I o
ut

w
ith

 1
8.

5–
24

.9
.

N
H

AN
ES

: 
 i) 

fa
m

ily
 p

ov
er

ty
 to

 in
co

m
e 

ra
tio

: l
ow

 (≤
1)

; m
id

dl
e 

(1
-4

); 
an

d 
hi

gh
 (≥

4)
 

 ii)
 e

du
ca

tio
na

l a
tta

in
m

en
t: 

le
ss

 th
an

 h
ig

h 
sc

ho
ol

 
di

pl
om

a;
 h

ig
h 

sc
ho

ol
 g

ra
du

at
e 

or
 e

qu
iva

le
nt

; a
nd

 
co

lle
ge

 o
r a

bo
ve

 
 iii)

 o
cc

up
at

io
n 

(U
S 

so
cio

ec
on

om
ic 

in
de

x)
: u

pp
er

 
(in

de
x 
≥5

0)
; l

ow
er

 (i
nd

ex
 <

50
); 

an
d 

un
em

pl
oy

m
en

t 
 iv)

 h
ea

lth
 in

su
ra

nc
e:

 p
riv

at
e;

 p
ub

lic
 o

nl
y; 

no
ne

 
 Va

ria
bl

es
 i)

-iv
) w

er
e 

se
lf-

re
po

rt
ed

 a
t r

ec
ru

itm
en

t 
an

d 
co

m
bi

ne
d 

via
 la

te
nt

 c
la

ss
 a

na
lys

is 
to

 g
en

er
at

e 
3 

la
te

nt
 c

la
ss

es
/c

at
eg

or
ie

s 
of

 lo
w,

 m
ed

iu
m

, a
nd

 
hi

gh
 S

ES
 

 U
KB

: 
 i) 

in
co

m
e 

(£
p.

a.
): 

>1
00

,0
00

; 5
2,

00
0-

10
0,

00
0;

 
30

,0
00

-5
1,

99
9;

 1
8,

00
0-

29
,9

99
; <

18
,0

00
 

 ii)
 e

du
ca

tio
na

l a
tta

in
m

en
t: 

Co
lle

ge
/U

ni
ve

rs
ity

 
de

gr
ee

; A
 le

ve
ls 

or
 e

qu
iva

le
nt

; O
 le

ve
ls 

or
 

eq
ui

va
le

nt
; C

SE
s 

or
 e

qu
iva

le
nt

; N
VQ

, H
N

D,
 H

N
C,

 o
r 

eq
ui

va
le

nt
; o

th
er

 p
ro

fe
ss

io
na

l q
ua

lifi
ca

tio
ns

; n
on

e 
of

 th
e 

ab
ov

e 
 iii)

 e
m

pl
oy

m
en

t: 
em

pl
oy

ed
 (i

nc
lu

di
ng

 s
el

f-
em

pl
oy

ed
, r

et
ire

d,
 u

np
ai

d/
vo

lu
nt

ar
y 

w
or

k,
 fu

ll/
pa

rt
 

tim
e 

st
ud

en
ts

); 
un

em
pl

oy
ed

 
 Va

ria
bl

es
 i)

-ii
i) 

w
er

e 
se

lf-
re

po
rt

ed
 a

t r
ec

ru
itm

en
t 

an
d 

co
m

bi
ne

d 
via

 la
te

nt
 c

la
ss

 a
na

lys
is 

to
 g

en
er

at
e 

3 
la

te
nt

 c
la

ss
es

/c
at

eg
or

ie
s 

of
 lo

w,
 m

ed
iu

m
, a

nd
 

hi
gh

 S
ES

 
 Se

co
nd

ar
y 

SE
S 

m
ea

su
re

s 
in

 s
en

sit
ivi

ty
 a

na
lys

es
 

in
clu

de
d:

 e
ac

h 
SE

S 
fa

ct
or

 in
di

vid
ua

lly
; T

ow
ns

en
d 

in
de

x 
(U

KB
 o

nl
y)

i) 
Al

l-c
au

se
 m

or
ta

lit
y 

 ii)
 C

VD
 m

or
ta

lit
y 

 iii)
 C

VD
 in

cid
en

ce
 

 iv)
 h

ea
rt

 d
ise

as
e 

m
or

ta
lit

y, 
N

H
AN

ES
 

on
ly 

 v)
 c

or
on

ar
y 

he
ar

t 
di

se
as

e 
m

or
ta

lit
y, 

U
KB

 
on

ly 
 vi)

 s
tro

ke
 m

or
ta

lit
y, 

U
KB

 o
nl

y 
 vii

) m
yo

ca
rd

ia
l 

in
fa

rc
tio

n 
in

cid
en

ce
, 

U
KB

 o
nl

y 
 vii

) s
tro

ke
 in

cid
en

ce
, 

U
KB

 o
nl

y 
 Al

l v
ia

 li
nk

ag
e 

to
 

na
tio

na
l r

eg
ist

rie
s

N
, n

um
be

r o
f p

ar
tic

ip
an

ts
 in

clu
de

d 
in

 a
na

lys
is;

 *
Ca

te
go

rie
s 

fo
r a

na
lys

is 
sh

ow
s 

th
e 

nu
m

be
r o

f c
at

eg
or

ie
s 

us
ed

 b
y 

st
ud

y 
au

th
or

s 
to

 a
na

lys
e 

th
e 

as
so

cia
tio

ns
 b

et
w

ee
n 

th
e 

co
m

bi
na

tio
n 

of
 li

fe
st

yle
 fa

ct
or

s 
an

d 
he

al
th

 o
ut

co
m

e 
(e

.g
., 

a 
st

ud
y 

of
 fi

ve
 li

fe
st

yle
 fa

ct
or

s, 
w

ith
 p

os
sib

le
 s

co
re

s 
of

 0
 to

 5
, c

ou
ld

 b
e 

an
al

ys
ed

 u
sin

g 
th

e 
sc

or
e 

ca
te

go
rie

s 
of

 0
, 1

, 2
, 3

, a
nd

 ≥
4;

 i.
e.

, w
ith

 s
co

re
s 

4 
an

d 
5 

gr
ou

pe
d 

to
ge

th
er

); 
O

ut
co

m
es

, a
dv

er
se

 h
ea

lth
 o

ut
co

m
e 

us
ed

 to
 

as
se

ss
 in

te
ra

ct
io

n 
be

tw
ee

n 
lif

es
ty

le
 a

nd
 S

ES
 (s

om
e 

st
ud

ie
s 

re
po

rt
ed

 a
dd

iti
on

al
 h

ea
lth

 o
ut

co
m

es
 b

ut
 th

es
e 

w
er

e 
no

t u
se

d 
to

 a
ss

es
s 

in
te

ra
ct

io
n)

; S
ES

, s
oc

io
ec

on
om

ic 
st

at
us

; I
Q

R,
 In

te
rq

ua
rt

ile
 ra

ng
e;

 P
A,

 p
hy

sic
al

 a
ct

ivi
ty

; B
M

I, 
bo

dy
 m

as
s 

in
de

x 
(k

g/
m

2 );
 W

H
O

, W
or

ld
 H

ea
lth

 O
rg

an
isa

tio
n;

 d
, d

ay
; w

k,
 w

ee
k;

 h
, h

ou
rs

; m
in

, m
in

ut
es

; $
, U

S 
do

lla
rs

; p
a 

pe
r a

nn
um

; £
, B

rit
ish

 p
ou

nd
s; 

TV
, t

el
ev

isi
on

; H
EI

, H
ea

lth
y 

Ea
tin

g 
In

de
x,

 w
hi

ch
 m

ea
su

re
s 

ad
he

re
nc

e 
to

 
th

e 
Di

et
ar

y 
G

ui
de

lin
es

 fo
r A

m
er

ica
ns

. H
EI

 is
 b

as
ed

 o
n 

12
 d

ie
ta

ry
 c

om
po

ne
nt

s: 
to

ta
l f

ru
its

; w
ho

le
 fr

ui
ts

; t
ot

al
 v

eg
et

ab
le

s; 
gr

ee
ns

 a
nd

 b
ea

ns
; w

ho
le

 a
nd

 re
fin

ed
 g

ra
in

s; 
da

iry
; t

ot
al

 p
ro

te
in

 fo
od

s; 
se

af
oo

d 
an

d 
pl

an
t p

ro
te

in
s; 

fa
tty

 a
cid

s; 
so

di
um

; a
nd

 c
al

or
ie

s 
fro

m
 s

ol
id

 fa
ts

, a
lco

ho
l, 

an
d 

ad
de

d 
su

ga
rs

 (r
an

ge
 0

–1
00

; h
ig

he
r v

al
ue

s 
in

di
ca

te
 h

ea
lth

ie
r d

ie
t);

 C
VD

, c
ar

di
ov

as
cu

la
r d

ise
as

e;
 C

H
D,

 c
or

on
ar

y 
he

ar
t d

ise
as

e;
 U

KB
, U

K 
Bi

ob
an

k;
 N

IA
AA

, N
at

io
na

l 
In

st
itu

te
 o

n 
Al

co
ho

l A
bu

se
 a

nd
 A

lco
ho

lis
m

; A
 le

ve
l, 

G
en

er
al

 C
er

tifi
ca

te
 o

f E
du

ca
tio

n 
Ad

va
nc

ed
 L

ev
el

; O
-le

ve
l, 

G
en

er
al

 C
er

tifi
ca

te
 o

f E
du

ca
tio

n 
O

rd
in

ar
y 

Le
ve

l; 
CS

E,
 C

er
tifi

ca
te

 o
f S

ec
on

da
ry

 E
du

ca
tio

n;
 N

VQ
, N

at
io

na
l V

oc
at

io
na

l 
Q

ua
lifi

ca
tio

n;
 H

N
D/

H
N

C,
 H

ig
he

r N
at

io
na

l D
ip

lo
m

a/
Ce

rt
ifi

ca
te

.

Page 10 of 38

Wellcome Open Research 2023, 8:55 Last updated: 28 DEC 2023



UKB was 95% White British19,46; NHIS ethnicity was not  
reported45; NHANES was 73.6% White46. Average follow-up 
time ranged from 4.3–19.3 years. In assessing the influence of 
SES on associations between combinations of unhealthy LFs 
and health outcomes, all studies examined all-cause mortal-
ity. In addition, three studies examined CVD mortality19,43,46; two  
examined CVD incidence19,46; one examined heart disease mor-
tality and incidence of myocardial infarction and stroke46; 
two examined mortality from coronary heart disease (CHD), 
stroke, and cancer43,46; and one examined mortality from ‘non-
CVD and non-cancer’ causes43. The non-CVD and non-cancer 
results are not reported here as they are outside the scope of this  
review.

Combinations of unhealthy lifestyle factors
The number of LFs comprising the combination in each study 
ranged from four to nine and included: smoking, alcohol, PA, 
sedentary time, television (TV) viewing time, various individ-
ual dietary factors, a dietary index, and sleep duration (Table 1).  
Two studies included BMI in main analyses and one study 
included BMI in a sensitivity analysis43,45,46. Alcohol and PA 
were included in all studies and dietary factors were missing 
from only one study45. Smoking was included in five studies but 
excluded from relevant analyses in the remaining study44. All LF  
data was collected via baseline questionnaire or interview.

Definition or classification of unhealthy for individual 
lifestyle factors
In each study individual LFs were dichotomised as healthy/
unhealthy with one point per factor summed to create an unweighted 
score. Two studies also created weighted scores using the 
strength of association between individual LFs and outcomes42,46.  
However, only one of these examined the effect of SES on a 
weighted score for which results were extracted here46. Three  
studies summed healthy LFs to create ‘healthy’ scores42,43,46, while 
the remaining three studies created ‘unhealthy’ scores (results 
were harmonised to show increasing risk with increasingly  
unhealthy lifestyle)19,44,45.

The definition of unhealthy for each individual LF included in 
the LF combinations varied (Table 1). Unhealthy smoking sta-
tus was defined as current smoking19,43, current/any former  
smoking42, current/quitting <20 years ago45, and smoking more 
than 100 cigarettes in a lifetime46. Unhealthy alcohol intake 
was defined as: >1 drink/day for women or >2 drinks/day for  
men42,44–46, >5 drinks/day monthly45, >46 g alcohol/day43, and 
‘daily/almost daily intake’, respectively19. Unhealthy PA levels 
were defined as <150 minutes/week moderate or <75 minutes/
week vigorous PA in four studies19,42,44,45, as strengthening activi-
ties on <2 days/week45, as not achieving either ≥0.5 hours/day  
walking or ≥5 hours/week walking/playing sports43, and as 
having leisure time PA levels in the lower two thirds of study  
participants46. Unhealthy sedentary time, considered in two 
studies, was defined as the three quartiles with longest sed-
entary time (i.e., >5.75 and >6.5 hours/day), respectively42,44. 
Unhealthy TV viewing time, examined in one study, was defined  
as ≥4 hours/day19. Unhealthy sleep duration, examined in 
two studies, was classified as <5.5/>7.4 hours/day43 and  
<7/>9 hours/day19, respectively.

Dietary factors examined varied considerably. Three studies of 
two USA-based cohorts used a national dietary index (compris-
ing fruit, vegetables, grains, proteins, fatty acids, sodium, and 
calories from fats, alcohol, and added sugars), defining unhealthy 
as either belonging to the three lowest quartiles42,44 or two  
lowest quintiles46. The Japanese cohort study included three die-
tary components, defining unhealthy as: fruit <once/day; fish  
<once/day; and milk <almost daily43. One of the studies exam-
ining the UK-based UKB included four components, classify-
ing unhealthy as: fruit and vegetables <400 g/day; oily fish <1 
portion/week; red-meat >3 portion/week; and processed-meat 
>1 portion/week19. Whereas the other study of UKB classified  
unhealthy as meeting at least five of 10 recommendations46.

Justification for the classification of ‘unhealthy’ varied. One 
study cited WHO guidelines for the classification of unhealthy  
smoking42. Four studies of USA-cohorts used US national guide-
lines to define unhealthy alcohol intake and diet42,44–46. And of 
those, two also used US guidelines to define PA and sedentary  
time42,44. One study adapted a previous lifestyle score49, using 
UK guidelines or standards from the original score19. One study 
did not report the basis for their definitions of unhealthy for 
eight LFs including a BMI outwith 21–2543. The other study that 
examined BMI in their main analyses based the definition of  
unhealthy (<18.5 or ≥35) on prior analysis of the data45. 
Unhealthy BMI (outwith 18.5–24.9) was based on previous 
research in the third study that included BMI in a sensitivity  
analysis46.

Most studies had approximately normal distributions of the 
total number of unhealthy LFs among participants (S6 Table, 
which can be found as Extended data)37. One study of UKB, 
with nine LFs, had relatively few participants with six to nine  
unhealthy LFs19. The other study of UKB, with four LFs, 
had more participants with unhealthy LFs46. The proportion 
of study participants with specific unhealthy LFs also var-
ied. For example, the proportion of study participants with 
unhealthy smoking status ranged from 9.6% to 64%; some of 
this discrepancy is likely due to differences in the definition of  
unhealthy (i.e., current versus current/former smoking).

Socioeconomic status
SES measures varied by study (Table 1). For main analyses, 
two studies used area-based deprivation indices: Neighbor-
hood deprivation index (NDI) and Townsend deprivation index  
(TDI)19,44. Data for both indices were obtained via national cen-
suses from or near baseline. NDI comprises five ‘domains’: 
education, employment, housing, occupation, and poverty44. 
Whereas TDI comprises data on car ownership, household  
overcrowding, owner occupation, and unemployment19. Two 
studies used self-reported individual-level measures of income 
at recruitment42,45 and one of these operationalised income as 
a ratio of family income to the USA federal poverty level45.  
One study used age at last formal education obtained via base-
line self-report for the main analyses43. Finally, one study of 
two cohorts used latent class analysis to generate an overall 
SES variable from four SES measures (income, occupation,  
education, and health insurance) in analysis of one cohort and 
three SES measures (income, education, and employment  
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status) in analysis of the second cohort46. In sensitivity analy-
ses, two studies examined alternative SES measures19. One study 
swapped area-based TDI for annual household income and, sep-
arately, individual-level educational attainment19. The second  
study performed multiple sensitivity analyses of alternative 
SES measures by replacing a latent class SES variable with 
1) each SES measure (income, occupation, education, health 
insurance, and employment status) used to generate the latent 
class; 2) an SES score based on each single SES measure;  
3) and TDI46.

Categories for analysis
Categorisation of the two main exposures (combination of LFs 
and SES) used in analyses varied (Table 1). Categories for  
combinations of LFs ranged from three to five and were not 
always related to the number of LFs included and often influ-
enced by the number of participants with unhealthy LFs.  
For example, one study examined nine LFs and split partici-
pants into three categories: ‘healthy’ (score 0–2), ‘moderately 
healthy’ (score 3–5), and ‘unhealthy’ (score 6–9)19; whereas 
another study included eight LFs and split participants into five  
categories43.

For SES measures, the following categories were used: income 
dichotomised as </≥ $15,000 US dollars per annum42; age at 
last formal education dichotomised as </≥ 16 years43; quartiles  
of NDI44; quintiles of TDI44; ratio of family income to federal 
poverty level dichotomised as < or ≥200% of federal poverty  
level45; three latent classes of low, medium and high SES46.

Analysis procedures
Each study conducted descriptive analyses, examining inde-
pendent associations between combinations of LFs and out-
comes and between SES and outcomes. All studies used  
Cox-proportional hazard models in their main analyses to esti-
mate HRs and 95% confidence intervals (CIs) for outcomes for 
each LF combination category, stratified by SES (Table 1). Three 
studies additionally stratified these analyses; one by ethnicity 
and sex together (African American/White and female/male)42,  
three by sex alone43,44,46, one by ethnicity (White/Non-white)46, 
and one by age (≥60/<60 years)46. One study that stratified by 
sex alone, also performed a separate analysis on the total popu-
lation (not stratified by sex)43. Two studies did not additionally 
stratify by sociodemographics19,45. The number of confounder 
variables chosen by studies ranged from five to 14 (Table 2).  
All studies adjusted for either age, age plus age squared, or  
used age as the time-varying covariate.

Studies varied in their additional analyses to investigate the influ-
ence of SES and included: single reference group analyses to 
investigate the joint associations of combinations of unhealthy  
LFs, SES, and outcomes19,43,44,46; Kaplan-Meier survival 
curves for combinations of unhealthy LFs stratified by SES43; 
tests for multiplicative interactions between combinations of 
unhealthy LFs and SES19,42–46; and tests for additive interactions  
(Table 2)19,46.

Study quality
Results for study quality as measured by the adapted NOS 
ranged from 5–9 (max. 9; S7 Table, which can be found as 
Extended data)37. Only two studies examined more than one  
SES measure19,46 and only three studies attempted to reduce the 
chance of reverse causality by demonstrating participants were  
free from disease at the start of the study19,43,46.

The influence of socioeconomic status on lifestyle-
associated health
Using the main comparator as an assessment of the influence 
of SES on the association between combinations of unhealthy 
LFs and outcomes, results across studies were mixed and var-
ied by outcome (Figure 2 and Figure 3). A synthesis of results,  
including the main comparator, is structured by outcome below.

All-cause mortality. Estimates from 13 main analyses were 
available for the main comparator for all-cause mortality as  
some analyses were additionally stratified by sex or by both 
sex and ethnicity (Figure 2 and Table S8A Table, which can be 
found as Extended data). All studies observed that, compared 
with healthy LFs, combinations of unhealthy LFs were gener-
ally associated with higher all-cause mortality. However, the  
difference between the higher all-cause mortality associated 
with a combination of unhealthy versus that associated with 
healthy LFs was greater in the most advantaged SES group in 
seven analyses, but greater in the least advantaged group in  
the remaining six analyses (Figure 2 and Table S8A Table, 
which can be found as Extended data). However, there was con-
siderable overlap of CIs from most and least advantaged SES 
groups and the difference between some estimates from most  
and least advantaged groups were similar. HRs (95%CIs) from 
the most advantaged groups ranged from 0.68 (0.32–1.45) to 
4.17 (2.27–7.69); equivalent estimates from the least advantaged  
groups ranged from 1.30 (1.13–1.50) to 4.00 (2.22–7.14).

Two analyses were additionally stratified by sex alone and, 
for women, the difference in all-cause mortality associated 
with unhealthy versus healthy LFs was greater in the least  
advantaged group in one study44 but greater in the most advan-
taged group in the other study43 (and vice versa for men). The 
study that additionally stratified by both sex and ethnicity 
observed the difference in all-cause mortality associated with 
combinations of unhealthy versus healthy LFs was consistent  
for sex across two ethnic groups: greater in the least advan-
taged SES group for women of both African American and 
White ethnicity, but greater in the most advantaged SES group 
for men of both ethnicities42. One study stratified by sex for  
sensitivity analysis and observed similar all-cause mortal-
ity associated with combinations of unhealthy versus healthy 
LFs for both sexes in the most versus least advantaged groups46. 
However, the same study examined two cohorts and found that 
although the difference in all-cause mortality associated with  
combinations of unhealthy versus healthy LFs was small for 
men and women, it was greater in the most advantaged group 
in one cohort (NHANES) and in the least advantaged group 
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Figure 2. Hazard ratios for the association between combinations of unhealthy LFs and all-cause mortality in the most and 
least advantaged SES groups by study and population. Comparison of HRs from SES stratified analyses for the associations between 
combinations of unhealthy LFs and all-cause mortality in the most and least advantaged SES groups (main comparator). Combinations of 
healthy LFs in the same SES strata (most/least advantaged) are the reference group. Legend indicates the study, population, SES measure, 
and definition for the most/least advantaged SES groups. LFs, lifestyle factors; SES, socioeconomic status; HR, hazard ratio; CI, confidence 
interval; NDI, Neighborhood Deprivation Index; TDI, Townsend Deprivation Index; NHANES, US National Health and Nutrition Examination 
Survey; UKB, UK Biobank; *Latent class analysis based on income, education, occupation/employment, and (for NHANES only) health 
insurance.
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Figure 3. Hazard ratios for the association between combinations of unhealthy LFs and adverse health outcomes in the most 
and least advantaged SES groups by study and population. Comparison of HRs from SES stratified analyses for the associations 
between combinations of unhealthy LFs and adverse health outcomes in the most and least advantaged SES groups (main comparator). 
Combinations of healthy LFs in the same SES strata (most/least advantaged) are the reference group. Legend indicates the study, population, 
and SES measure. LFs, lifestyle factors; SES, socioeconomic status; HR, hazard ratio; CI, confidence interval; CVD, cardiovascular disease; 
CHD, coronary heart disease; MI, myocardial infarction; NHANES, US National Health and Nutrition Examination Survey; UKB, UK Biobank.
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in the other cohort (UKB)46. Sensitivity analysis results from  
one study of two cohorts that additionally stratified by ethnicity 
alone (White/Non-White) were mixed46. In the same study, sen-
sitivity analysis stratified by age alone (≥60/<60 years old) sug-
gested that all-cause mortality associated with combinations of 
unhealthy LFs was relatively higher for those <60 years old in the 
least advantaged groups in both cohorts46. Five main analyses from  
four cohorts examined the total population (not further  
stratified by sociodemographic variables) and the difference in 
all-cause mortality associated with unhealthy versus healthy LFs 
was greater in the most advantaged SES group in three cohorts 
(JCCS, NHIS, NHANES)43,45,46 but greater in the least advan-
taged group in another cohort (UKB)19,46. Similarly mixed results 
were found with the sensitivity analyses (S8 Table, which can  
be found as Extended data)37.

Results of tests for multiplicative interactions were also mixed 
(Table 2). A significant multiplicative interaction between the 
combination of LFs and SES was observed in four studies,  
but in opposing directions19,42,45,46. A significant multiplica-
tive interaction was observed, with greater all-cause mortal-
ity associated with combinations of unhealthy LFs in the most 
advantaged group in the entire cohort of one study45 but only  
in men in another study42. Whereas a significant multiplica-
tive interaction was seen in two studies of UKB, where the  
difference in all-cause mortality associated with unhealthy versus 
healthy LFs was greater in the least advantaged group19,46. 
The multiplicative interaction observed in UKB was observed 
consistently across a set of interaction sensitivity analyses  
(Table 2)19,46. Two studies tested for and found significant addi-
tive interactions in the same cohort (UKB)19,46 but one of these 
studies did not observe significant additive interactions in simi-
lar analysis of a second cohort (NHANES)46. Four studies of  
three cohorts examined combined associations of combinations 
of unhealthy LFs and less advantaged SES in eight analyses 
by comparing all groups to a single reference: the healthiest 
LF-most advantaged group19,43,44,46. In these analyses, HRs 
(95%CIs) for all-cause mortality for the least healthy-least  
advantaged group ranged from 1.43 (1.11–1.84) to 3.53  
(3.01–4.14) (S9 Table, which can be found as Extended data)37. 
The highest all-cause mortality was observed in the least  
healthy-least advantaged groups in seven of eight of these analy-
ses, suggesting an additive interaction between unhealthy LFs 
and less advantaged SES. For sensitivity, two studies exam-
ined additional measures of SES separately in single reference 
group analyses and consistently observed the highest all-cause  
mortality in the least healthy-least advantaged groups irre-
spective of SES measure19,46. Further evidence for an additive 
interaction came from the steeper Kaplan-Meier curves for an 
unhealthy combination of LFs in the least advantaged versus  
most advantaged group in one study43.

CVD mortality. Three studies examined CVD mortality in 
two cohorts. Compared with healthy LFs, combinations of 
unhealthy LFs were consistently associated with higher CVD  
mortality19,43,46. In analyses stratified by SES alone, all three 
studies observed the difference in CVD mortality associ-
ated with unhealthy versus healthy LFs was greater in the least 

advantaged SES group: HRs (95%CIs) in the least advantaged 
groups were 2.78 (2.13–3.03)43, 3.36 (2.36–4.76)19, and 1.76  
(1.53–2.04)46, respectively. Equivalent estimates in the most 
advantaged groups were 1.96 (1.92–3.03), 1.93 (1.16–3.20), 
and 0.97 (0.74–1.29) (Figure 3 and Table S8D Table, which can 
be found as Extended data). One of these studies also strati-
fied analyses by sex and found the difference in CVD mortality  
associated with unhealthy versus healthy LFs was greater in 
the most advantaged group for men but in the least advantaged 
group for women43. However, the unhealthy versus healthy 
LFs CVD mortality for women was similar in the most and 
least advantaged groups. Similar results were found in sen-
sitivity analyses (S8 Table, which can be found as Extended  
data)37. For LF-SES interactions for CVD mortality, one study 
provided evidence of an additive interaction through both  
single reference group analyses and steeper Kaplan-Meier sur-
vival curves43. In this study’s single reference group analysis,  
the highest CVD mortality was associated with those in the least 
healthy-least advantaged group (S10 Table, which can be found 
as Extended data)37,43. However, the same study found no sig-
nificant multiplicative interaction for CVD mortality (Table 2).  
By contrast, two other studies, both examining CVD mortal-
ity in UKB, reported a significant multiplicative interaction and 
in the single reference analysis, the least healthy-least advan-
taged group had markedly higher hazards than the least healthy-
most advantaged group: 4.59 (3.33–6.32) vs. 2.01 (1.21–3.33)19  
and 2.65 (2.09–3.38) and 1.06 (0.80–1.39)46, respectively (S10 
Table, which can be found as Extended data)37. Both stud-
ies observed significant multiplicative interactions for CVD 
mortality consistently irrespective of SES measure and across  
interaction sensitivity analyses19,46.

Other outcomes. Estimates for CVD incidence were provided  
by two studies of UKB and, in SES stratified analyses, com-
pared with healthy LFs, combinations of unhealthy LFs were 
associated with higher CVD incidence19,46. The difference in  
CVD incidence associated with combinations of unhealthy  
versus healthy LFs was greater in the least advantaged groups in 
both studies (Figure 3 and Table S8E Table, which can be found 
as Extended data)). In combined single reference analysis, HRs 
(95%CIs) for the least healthy-most advantaged versus least 
healthy-least advantaged groups were: 1.30 (1.10–1.53) versus 1.75  
(1.55–1.97)19 and 1.18 (0.99–1.41) versus 2.09 (1.78–2.46)46, 
respectively (S10 Table, which can be found as Extended  
data)37. Results from tests for SES-LF interactions for CVD 
incidence were mixed. Significant additive and multiplicative 
interactions were observed in one study (examining four LFs 
and latent class SES)46 but not the other (examining nine LFs  
and area-based TDI)19.

Two studies examined additional outcomes43,46. One of these 
performed SES-stratified analyses but did not report single 
reference group analyses or tests for interaction for these  
outcomes43. In this study’s SES-stratified analyses, the differ-
ence in hazards associated with combinations of unhealthy  
versus healthy LFs for the total population was greater in the 
most advantaged group for mortality from stroke, and cancer but 
greater in the least advantaged group for CHD mortality (Figure 3  
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and S8F Table, which can be found as Extended data). Equiva-
lent estimates from analyses additionally stratified by sex 
were similar, although, in men, the difference in hazards for 
stroke mortality was greater in the least advantaged group  
(Figure 3 and S8F Table, which can be found as Extended 
data). In SES-stratified analyses in the second study that exam-
ined additional outcomes in two cohorts, the difference in  
hazards associated with combinations of unhealthy versus  
healthy LFs for the total population was greater in the most 
advantaged group for mortality from ‘heart disease’ in NHANES 
but greater in the least advantaged group for coronary heart dis-
ease and stroke, cancer, and stroke and myocardial infarction  
incidence in UKB46.

Discussion
Our review shows that the influence of SES on the associa-
tion between a combination of unhealthy LFs and adverse 
health outcomes is unclear. There are several reasons for this.  
Firstly, few studies investigate this problem; only six studies 
met our eligibility criteria. Secondly, studies that do investigate 
this problem are heterogenous, varying by: cohort characteris-
tics; lifestyle, SES, and covariate variables; outcomes assessed; 
and methodology by which SES influence was examined.  
Thirdly, where broadly similar estimates were compared directly 
(i.e., via our main comparator), results were mixed: the differ-
ence in hazards associated with combinations of unhealthy versus 
healthy LFs was greater in the most advantaged SES group  
for some studies or cohorts and outcomes but in the least advan-
taged group for others. Fourthly, results for tests for multiplica-
tive interactions between combinations of LFs and SES were 
conflicting. For example, for all-cause mortality, two studies 
found no evidence of multiplicative interaction43,44; two stud-
ies reported significant multiplicative interactions but observed  
a moderating influence of SES in opposing directions19,42; 
while a fifth study, of two cohorts, found significant multiplica-
tive interactions in one cohort but not the other46. Finally, the  
quality of included studies varied, with only one scoring the  
highest possible quality score, so available study estimates may 
be biased. For example, a limitation to all studies examining 
SES measures is the difficulty of recruiting participants from less  
advantaged backgrounds, which introduces selection bias51,52.

The heterogeneity and nature of the LF exposure variables 
examined by the included studies warrants further discussion. 
Firstly, each LF was measured or surveyed differently (e.g., diet  
assessed via a national dietary index comprising numerous  
survey items compared with diet assessed by a few specific food 
items; SES assess). Secondly, studies varied in their definitions  
of unhealthy (dichotomisation) for the same LF (e.g., 
unhealthy alcohol intake defined as >14/>7 weekly drinks for  
men/women vs. drinking daily or almost daily). Thirdly, 
dichotomising the LF exposure prior to creating the LF score 
or combination fails to capture the more complex dose-
response and non-linear associations LFs have with adverse  
health-outcomes53,54. Fourthly, risk estimates associated 
with combinations of different LFs are difficult to compare 
where combinations from different studies lack shared LFs  
(e.g., combination 1: smoking, alcohol, and physical inactivity 

vs. combination 2: sedentary time, unhealthy diet, and sleep 
duration). And fifthly, each LF will have differential contribu-
tions to the level of risk associated with the overall combination  
(e.g., smoking is likely to drive the largest share of risk asso-
ciated with CVD mortality)55, thus making comparisons of 
estimates associated with unweighted combinations of differ-
ent LFs hard to interpret. However, because unhealthy LFs are 
known to cluster among individuals, participants who report 
the unhealthiest LF combinations might be comparable even  
when different LFs are examined4–8,56. For example, among par-
ticipants who report the unhealthiest combination of unhealthy 
LFs in ‘study 1’, there will be some participants with similar 
numbers and types of unhealthy LFs as those in ‘study 2’ who 
also report the unhealthiest combination even if study 2 exam-
ines fewer LFs because of clustering. This similarity or compa-
rability is more likely where studies share more LF components  
(e.g., study 1: alcohol, unhealthy diet, and physical inactiv-
ity vs. study 2: alcohol, unhealthy diet, physical inactivity, and 
smoking). Although, in studies that examine more LFs or have  
more categories for LF analysis, those classified as the  
unhealthiest may represent a more extreme group. Neverthe-
less, , the aim of this review was to identify and appraise all 
studies that examined the effect of SES on the association 
between any LF combination and adverse health. Restricting the  
searches of this review to identify only those studies with the 
same or similar combinations of LFs would have yielded even 
fewer results and limited the synthesis. To explore the effect  
of specific LF combinations and of SES on the associations 
with adverse health outcomes, future research could attempt 
to identify the riskiest LF combinations, whether and how the  
riskiest combinations vary by SES, and whether and how SES 
effects the associations between specific combinations and 
adverse health outcomes. Further, there is currently a lack of  
guidance on how to live in health ways that considers LF com-
binations and there is no consensus definition for ‘unhealthy 
lifestyle’ overall. Numerous single LF specific guidelines exist,  
but these are often too complex to digest for most people and 
they often fail to account for interactions with other LFs or 
social contexts57–59. Therefore, as part of precision medicine, 
future research could explore the non-linear associations and  
interactions for a wide range of LFs to define ‘unhealthy’ levels 
for LFs within specific (or personalised) combinations and 
across SES the spectrum. These efforts could provide new targets 
for intervention and inform policies attempting to address  
unhealthy LFs in the least advantaged sections of society60.

The range of SES measures used across studies highlights the 
myriad ways in which SES can be measured and ranked11.  
Although there is likely to be a high degree of correlation 
across SES measures, the impacts of different SES measures 
on the association between combinations of LFs and adverse 
health could be different61. For example, an individual-level  
measure (e.g., age at last formal education) could have a 
weaker modifying effect on the association between combina-
tions of LFs and adverse health than an area-based deprivation 
index if wider socioeconomic factors included or captured by  
the index (directly or indirectly) have a greater effect on the 
association. For instance, proximity and access to healthy food 
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or green spaces for PA could be more strongly associated with  
area-based SES indices than with individual-level SES  
measures62. Having few studies using the same SES measure 
limited the ability to draw conclusions on how the SES meas-
ure influences SES effects. For example, of the six studies that  
examined all-cause mortality, two use income, one uses edu-
cation, two use area-based indices, and one uses a combina-
tion of income, education level, occupation/employment, and  
health insurance in a latent class analysis. Future reviews, with 
a greater number of included studies, could stratify and syn-
thesise results by SES measure to investigate this further.  
Irrespective of SES heterogeneity, if an effect of SES was iden-
tified that was consistent across a broad range of SES measures 
this would strengthen the evidence for a general SES effect. 
Whereas if SES effects were consistently associated with 
one type of SES measurement (e.g., income) and not others  
(e.g., area-based indices) this could generate hypotheses and 
inform research that aims to explain underlying mechanisms of 
SES effects61. The aim of this review was to identify all avail-
able evidence and therefore studies were not excluded on the 
basis of LF and SES exposure variables despite the expected  
difficulties in comparability.

Notwithstanding study heterogeneity and the lack of data, the 
studies’ assessments of the influence of SES on the associa-
tion between a combination of unhealthy LFs and adverse health  
outcomes point broadly towards an additive influence of SES. 
Examining the combined effect of SES and combinations of 
unhealthy LFs by way of a single reference group (the healthi-
est LF-most advantaged group), four studies of five cohorts 
provide evidence for an additive interaction for multiple  
outcomes19,43,44,46. Two of these studies, both examining UKB, 
also observed significant results from formal tests for additive  
interactions as well as significant multiplicative interactions in 
same direction19,46. Together, this evidence does not strongly sup-
port a vulnerability hypothesis but it does provide some evi-
dence against the so-called Blaxter hypothesis63. The Blaxter  
hypothesis suggests that detrimental effects of unhealthy life-
styles are masked by other adverse factors also associated with 
less advantaged SES (e.g., insecure income, poor housing,  
more frequent adverse childhood experiences). If this hypoth-
esis were correct, in analyses stratified by SES and in least 
advantaged SES groups, associations between combinations of 
LFs and adverse health would be similar whether the LFs were  
healthy or unhealthy (i.e., a combination of unhealthy LFs 
would have little influence on a population with an already 
high risk due to other factors). However, in all studies, com-
pared to those with healthy LFs, there were higher hazards for  
adverse health outcomes in those with a combination of unhealthy 
LFs irrespective of SES level. One study observed a multiplica-
tive interaction (in men only), where the difference in hazards 
associated with a combination of unhealthy versus healthy LFs 
was greater in the most advantaged SES group, which could  
support the Blaxter hypothesis42. However, the authors did not 
report a single reference group analysis, which could help clar-
ify the combined associations. Overall, the impression of an 
additive interaction between least advantaged SES and com-
binations of unhealthy LFs seen in four studies of five cohorts 

and a multiplicative interaction in the same direction in two  
studies suggests that the detrimental effects of combinations 
of unhealthy LFs are not masked by other harmful factors asso-
ciated with less advantaged SES but are at least in addition to, 
and potentially synergistic with, those factors. This finding, if 
borne out in future research, would indicate that less advan-
taged SES populations have the highest absolute risks associated  
with combinations of unhealthy LFs and would, therefore, 
support a strategy of focussing lifestyle resources on less  
advantaged SES populations where need is greatest.

Strengths and limitations
This review is strengthened by a rigorous pre-specified  
protocol35; a comprehensive search strategy including data-
base, reference, citation, and grey literature searches36; and 
by reviewers working independently. Further, data synthesis  
follows SWiM guidelines and is fully transparent41. However, 
this review is limited by the small number of studies included 
and by the high level of heterogeneity between studies, which  
precluded meta-analysis. Therefore, the conclusions drawn 
here about whether and how SES influences the association 
between combinations of unhealthy LFs and adverse health 
may be altered by future research. Importantly, differential  
vulnerability to combinations of unhealthy LFs could be due 
to differential exposure that is not captured via question-
naires. For example, excess alcohol in less advantaged SES 
populations may be more extreme than excess alcohol in more  
advantaged groups64. Similarly, residual confounding, with unac-
counted for differences between more and less advantaged  
populations, could also explain observed differential vulner-
ability. Our search terms were extensive and the databases we 
searched likely contained the vast majority of eligible articles65.  
Searching additional databases such as Scopus and Web of  
Science, which are noted for their use as citation indexes rather 
than primary sources66, may have revealed additional eligible  
studies but this was beyond the time and human resources avail-
able for this project. Updating the searches could also iden-
tify newer studies, including studies that look at different 
health outcomes, such as specific cancers and studies from low-  
or middle-income countries67,68. It is unlikely that the addi-
tion of these studies would change the result around the hetero-
geneity of data but it could reveal more consistency in terms of 
SES effects. Our eligibility criteria may have been too restrictive  
resulting in few studies and retrospective studies may have 
yielded additional evidence. Generally, however, retrospective 
observational studies may have more biases than well-designed  
prospective ones. Future prospective studies, where data are 
updated during follow-up, could reduce potential misclas-
sification bias by capturing participants’ lifestyle changes. 
While the adverse health outcomes included here account for 
the vast majority of mortality and NCD burden69, others, such 
as dementia and renal disease, are growing in prevalence and 
have similar lifestyle risk factors70,71. Our decision to extract the  
‘healthiest’ vs. ‘unhealthiest’ in both the most and least advan-
taged groups as our main comparator may have limited our syn-
thesis. Examining the effect of SES on associations between 
the extremes of lifestyle and adverse health outcomes may miss 
how SES might affect the relationships in more nuanced ways 
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as it relies on the assumption that SES effects will be seen at the  
extremes of lifestyle. However, we also extracted results for  
interactions between SES and LFs, which provided fur-
ther evidence for whether and how SES effects associations 
between LFs and adverse health outcomes. As more studies  
examine associations between combinations of LFs and adverse 
health outcomes in more detail (e.g., by examining non-lin-
ear associations and using continuous rather than categorical 
or ordinal variables for LF combinations)53,54, future reviews 
could examine how SES effects the shape of relationships  
between LFs and adverse health outcomes. The aim of this review 
was to identify and synthesise the evidence for SES modifi-
cation of associations between LF combinations and adverse  
health outcomes, not to explain any identified effect modifica-
tion. However, strong evidence for SES effect modification 
of such associations could prompt attempts to uncover under-
lying mechanisms, such as cumulative risks or accelerated  
biological ageing25–27.

Conclusions
This is the first systematic review to examine if and how SES 
modifies associations between combinations of unhealthy 
LFs and adverse health outcomes. Prospective studies that  
examine this problem are few and heterogenous. The influence 
of SES on lifestyle-associated adverse health could be addi-
tive but remains unclear. New research using multiple datasets, 
a range of lifestyle and SES measures, and a comprehensive list 
of adverse health outcomes would improve understanding of SES 
influence on lifestyle risks and thereby inform lifestyle-related  
policy and interventions.
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2 CHRC, Universidade Nova de Lisboa, Lisbon, Portugal 

I thank the authors for the big amount of work that went into searching, reviewing, analysing and 
drafting “The influence of socioeconomic status on the association between unhealthy lifestyle 
factors and adverse health outcomes: a systematic review”. The paper is well-written and there is a 
careful presentation of the results. However, I have several concerns/comments that I will list, not 
by order of importance, but by order of appearance. 
 

The title mentions “adverse health outcomes” but I think that a better description of what 
those outcomes are would be more informative. It could read “The influence of 
socioeconomic status on the association between unhealthy lifestyle factors and 
cardiovascular disease, cancer and mortality: a systematic review”. 
 

1. 

The search was conducted 1.5 years ago and although I am aware of the work involved in 
running it again I believe that, unless there is a very good reason not to, there should at the 
very least some mention in the discussion of the number of papers published that met your 
inclusion criteria in the past 1.5 years. 
 

2. 

There are other databases that could have been searched as well. I believe the authors 
should justify why there was a decision not to search them, even if that decision was time 
constraints and believing that all the studies would be included in 
PubMed/EMBASE/CINAHL. 
 

3. 

Abstract: It would be good to describe briefly which LFs were used or something from this 
phrase “i. combination of ≥3 LFs: studies that also included metabolic/intermediate factors (
e.g., blood pressure/body mass index (BMI)) as part of their combination of LFs were 
included so long as the combination also included ≥3 ‘behavioural’ LFs (e.g., 
smoking/PA/diet).” 
 

4. 

The protocol mentions that all-cause mortality was the main outcome but I didn’t seem to 
find any mention of it in this paper. 
 

5. 

Introduction: The authors mention different possible explanations but I missed the authors 
hypothesis of how SES plays moderates the association between lifestyle and health 
outcomes, or mention which (or a blend of both) of the existing explanations is favoured by 
the authors. 
 

6. 

Figure 2. Most of the HRs are between 1 and 3 but the ticks on the x axis are only every 1-
point which doesn’t let me, from the figure alone, see the estimates but only the direction 
and general magnitude. I suggest adding more ticks and having 1 decimal point instead of 
2 (also remember its a log scale). And/or (and ideally) having the HRs and corresponding 
95%CI on the plot for every row/analysis. I see that Choi 2020 did not provide confidence 
intervals or any measure of variability but that should be mentioned in the figure notes. 
 

7. 

Supplementary tables should be mentioned along the text when needed .e.g. there is no 
mention on Table S8 when reporting on the results of the association between 
combinations of unhealthy LFs and all-cause mortality (figure 2). Also supplementary 
material are not annexes and table/figures/text should only be included in the paper when 

8. 
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these are mentioned. 
 
Check if abbreviations are defined at their first appearance, .e.g NHANES in the abstract. 
 

9. 

Discussion: There should be some mention about the possible selection bias in the 
recruitment of these studies, i.e. it is notoriously harder to recruit people from lower SES 
status. 
 

10. 

Discussion: The authors mention how different combinations of LFs were used across 
studies but these were also measured differently. Please add that besides the difficulty of 
comparing different combinations of LFs, these were also often times measured in a very 
different way. 
 

11. 

Discussion: Not using individual lifestyle such as smoking or alcohol and instead using 
lifestyle, combination, etc may have meant that some papers were not picked up. If this was 
the case or if the authors think this was unlikely, it should be mentioned 
 

12. 

Discussion: “However, the level of evidence from retrospective design is lower” should be 
taken with caution because it oversimplifies the quality of evidence based on simply the 
study design. Adding something like “observational retrospective design may, in general, 
have more biases than a well-designed prospective observational study” would be better.

13. 

 
Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
Yes

Is the statistical analysis and its interpretation appropriate?
Yes

Are the conclusions drawn adequately supported by the results presented in the review?
Yes

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Nutrition, epidemiology, ageing

I confirm that I have read this submission and believe that I have an appropriate level of 
expertise to confirm that it is of an acceptable scientific standard, however I have 
significant reservations, as outlined above.
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Lisboa, Lisboa, Portugal   I thank the authors for the big amount of work that went into 
searching, reviewing, analysing and drafting “The influence of socioeconomic status on the 
association between unhealthy lifestyle factors and adverse health outcomes: a systematic 
review”. The paper is well-written and there is a careful presentation of the results. 
However, I have several concerns/comments that I will list, not by order of importance, but 
by order of appearance. We thank the reviewer for their positive and helpful 
comments.

The title mentions “adverse health outcomes” but I think that a better description of 
what those outcomes are would be more informative. It could read “The influence of 
socioeconomic status on the association between unhealthy lifestyle factors and 
cardiovascular disease, cancer and mortality: a systematic review”.

1. 

We thank the reviewer for their suggestion. However, 'adverse health outcomes' is 
what we use in our protocol, and we justify the choice of selected outcomes 
(cardiovascular disease, cancer, and mortality) as being the main outcomes linked to 
'lifestyle'. Also, it is a helpful phrase that we use a lot in the paper when referring to 
our outcomes. As a result, we have left the title as it was. 

The search was conducted 1.5 years ago and although I am aware of the work 
involved in running it again I believe that, unless there is a very good reason not to, 
there should at the very least some mention in the discussion of the number of 
papers published that met your inclusion criteria in the past 1.5 years.

1. 

We appreciate this suggestion. We have responded to a similar point made by the 1st 
reviewers (Methods, Point 2) by adding the following the strengths and limitations 
section (lines 600-604):   ‘Updating the searches could also identify newer studies, 
including studies that look at different health outcomes, such as specific cancers and 
studies from low- or middle-income countries.67,68 It is unlikely that the addition of these 
studies would change the result around the heterogeneity of data but it could reveal more 
consistency in terms of SES effects.’

There are other databases that could have been searched as well. I believe the 
authors should justify why there was a decision not to search them, even if that 
decision was time constraints and believing that all the studies would be included in 
PubMed/EMBASE/CINAHL.

1. 

As per our response to the first Reviewers’ Point 1 (Methods) above - We agree that 
databases such as Scopus and Web of Science may cover additional articles not 
covered by the databases we selected. However, this project was limited in scope and 
time and therefore additional databases were felt to be beyond the resources 
available for this project. We have selected what we felt to be the most relevant 
databases. And have added the following to the strengths and limitation section (lines 
596-600):   ‘Our search terms were extensive and the databases we searched likely 
contained the vast majority of eligible articles 65. Searching additional databases such as 
Scopus and Web of Science, which are noted for their use as citation indexes rather than 
primary sources, 66 may have revealed additional eligible studies but this was beyond the 
time and human resources available for this project.’

Abstract: It would be good to describe briefly which LFs were used or something from 
this phrase “i. combination of ≥3 LFs: studies that also included 
metabolic/intermediate factors (e.g., blood pressure/body mass index (BMI)) as part 
of their combination of LFs were included so long as the combination also included 
≥3 ‘behavioural’ LFs (e.g., smoking/PA/diet).”

1. 
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We thank the reviewer, and we agree this is helpful information for the abstract, 
which was omitted originally for reasons of word count, but we have added this in 
now. Similarly, we have also added examples for what we mean by SES in the abstract. 
The first sentence in the Methods section of the abstract now reads:   ‘Systematic 
review of studies that examine associations between combinations of >3 LFs 
(eg.smoking/physical activity/diet) and health outcomes and report data on SES 
(eg.income/education/poverty-index) influences on associations.’    

The protocol mentions that all-cause mortality was the main outcome but I didn’t 
seem to find any mention of it in this paper.

1. 

After running the searches and finding 6 studies that fit our criteria, we felt that there 
was no need to differentiate by main and secondary outcomes – only 3 studies 
examined outcomes other than all-cause mortality. Consequently, the largest section 
of our results (synthesised by outcomes) concerns all-cause mortality so we felt no 
need to highlight this as the ‘main outcome’ as this is superfluous when few other 
data exist pertaining to other outcomes.

Introduction: The authors mention different possible explanations but I missed the 
authors hypothesis of how SES plays moderates the association between lifestyle and 
health outcomes, or mention which (or a blend of both) of the existing explanations is 
favoured by the authors.

1. 

We thank the reviewer for this suggestion. However, our objective with this review 
was to examine whether and in what way SES influences associations between 
combinations of lifestyle factors and adverse health outcomes. Our aim was not to 
explore possible mechanisms, and as a group of authors, we are yet to form strong 
views on which explanatory mechanisms are most likely. The existence of plausible 
mechanisms for SES effects on these associations are pre-requisite to reviewing the 
literature for SES effects but understanding the mechanisms and their relative 
contributions will become much more relevant when the evidence is clear that there 
are indeed SES effects. Indeed, a review of possible mechanisms would be indicated if 
clear SES effects were found.   Please see our final sentences in the discussion which 
we feel respond directly to this comment (lines 624-628):   ‘The aim of this review was 
to identify and synthesise the evidence for SES modification of associations between 
LF combinations and adverse health outcomes, not to explain any identified effect 
modification. However, strong evidence for SES effect modification of such 
associations could prompt attempts to uncover underlying mechanisms, such as 
cumulative risks or accelerated biological ageing 25– 27 .’   Relatedly, we have added 
the following to the introduction to add clarity that we are discussing SES effects on 
lifestyle associations (line 35):   ‘Beyond differential exposure, further explanations for 
lifestyle-related health inequalities may involve interactions between LFs and SES; so-
called ‘differential vulnerability’ 17 , where SES strengthens the association between 
lifestyle and adverse health outcomes.’   And (lines 45-46)   ‘Mechanisms that explain 
differential lifestyle vulnerability or that explain how and why SES effects associations 
between lifestyle and adverse health outcomes are unclear but could include…’

Figure 2. Most of the HRs are between 1 and 3 but the ticks on the x axis are only 
every 1-point which doesn’t let me, from the figure alone, see the estimates but only 
the direction and general magnitude. I suggest adding more ticks and having 1 
decimal point instead of 2 (also remember its a log scale). And/or (and ideally) having 
the HRs and corresponding 95%CI on the plot for every row/analysis. I see that Choi 

1. 
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2020 did not provide confidence intervals or any measure of variability but that 
should be mentioned in the figure notes.

We thank the reviewer for these suggestions. As per our response to the first 
reviewers, we have changed the horizontal axes of Figs 2 & 3 to the log scale. We have 
also altered the decimal place to 1. The figures are for general visualisation of the 
data to give an idea of direction and magnitude. However, we have added HRs and CIs 
to the figures to help the readers see the numerical estimates. We have also made it 
clear that Choi et al. did not provide CIs.

Supplementary tables should be mentioned along the text when needed .e.g. there is 
no mention on Table S8 when reporting on the results of the association between 
combinations of unhealthy LFs and all-cause mortality (figure 2). Also supplementary 
material are not annexes and table/figures/text should only be included in the paper 
when these are mentioned.

1. 

We thank the reviewer for this suggestion to add clarity. We have added mentions to 
the relevant supplementary Tables in the text instead of just referring to the Figures.   
In response to the second part of this comment regarding supplementary material 
and annexes, we are following the journal’s instructions whereby supplementary 
material is submitted as 'extended data' and published on the publicly available 
repository of figshare.

Check if abbreviations are defined at their first appearance, .e.g NHANES in the 
abstract.

1. 

Thank you, this was due to the abstract word limit, but we have added that to the 
abstract now. We believe all other abbreviations in the manuscript are defined at first 
mention.

Discussion: There should be some mention about the possible selection bias in the 
recruitment of these studies, i.e. it is notoriously harder to recruit people from lower 
SES status

1. 

We agree this is an important caveat that links to all studies relating to SES and have 
added this to the discussion on study quality (lines 476-478):   ‘For example, a limitation 
to all studies examining SES measures is the difficulty of recruiting participants from less 
advantaged backgrounds, which introduces selection bias 51,52.’

Discussion: The authors mention how different combinations of LFs were used across 
studies but these were also measured differently. Please add that besides the 
difficulty of comparing different combinations of LFs, these were also often times 
measured in a very different way.

1. 

We thank the reviewer for this point, which we address in our response the 1st 
reviewers who made a very similar point (Discussion point 2). This is the relevant 
addition we have made to the discussion section (lines 479-487):   ‘The heterogeneity 
and nature of the LF and SES exposure variables examined by the included studies 
warrants further discussion. Firstly, each LF was measured or surveyed differently (e.g., 
diet assessed via a national dietary index comprising numerous survey items compared 
with diet assessed by a few specific food items; SES assess). Secondly, studies varied in 
their definitions of unhealthy (dichotomisation) for the same LF (e.g., unhealthy alcohol 
intake defined as >14/>7 weekly drinks for men/women vs. drinking daily or almost daily). 
Thirdly, dichotomising the LF exposure prior to creating the LF score or combination fails to 
capture the more complex dose-response and non-linear associations LFs have with 
adverse health-outcomes 53,54.’
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Discussion: Not using individual lifestyle such as smoking or alcohol and instead 
using lifestyle, combination, etc may have meant that some papers were not picked 
up. If this was the case or if the authors think this was unlikely, it should be 
mentioned

1. 

We agree that omitting specific lifestyle factors may have meant some papers were 
picked up. However, the risk of omission we believe would be lowered by our 
searching terms such as ‘behaviour’, ‘health factor’, or ‘modifiable factors’ as well as 
‘lifestyle’ and ‘combination’ in both the abstract and title. Crucially, our aim was to 
look at those papers which examined combinations of LFs rather than specific LFs and 
we feel that our search terms were wide enough to identify papers that looked at 
combinations of LFs. Further, including some of the specific LFs in the searches has 
the potential to explode the number of papers identified because the literature on 
each specific LF is large.

Discussion: “However, the level of evidence from retrospective design is lower” should 
be taken with caution because it oversimplifies the quality of evidence based on 
simply the study design. Adding something like “observational retrospective design 
may, in general, have more biases than a well-designed prospective observational 
study” would be better

1. 

We thank the reviewer for pointing out this sentence, which, we agree, oversimplifies 
the issue. The sentence now reads (lines 606-608): Generally, however, retrospective 
observational studies may have more biases than well-designed prospective ones.    

Competing Interests: No competing interests were disclosed.

Reviewer Report 20 April 2023
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provided the original work is properly cited.

Sophie Jones  
Centre for Public Health, Queen's University Belfast, Belfast, Northern Ireland, UK 

Leandro Garcia   
Centre for Public Health, Queen's University Belfast, Belfast, Northern Ireland, UK 

This systematic review aims to identify and appraise the available evidence on whether and how 
socioeconomic status modifies associations between combinations of lifestyle factors and adverse 
health outcomes. Overall, the paper is well-written and clearly defines the rationale and objectives 
for the systematic review. Methods followed the PRISMA guidelines and are described in sufficient 
detail. The review protocol was registered in PROSPERO. Only six papers met the inclusion criteria, 
but results are comprehensively and clearly presented, including the tables and figures. The 
conclusion was limited due to the high heterogeneity of measures for socioeconomic status, a 
combination of lifestyle factors and mixed findings from included studies. Please find major and 
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minor suggestions below. 
 
MAJOR POINTS: 
Methods

Comprehensive databases, such as Scopus and Web of Science, that cover potentially 
relevant journals not covered by the three databases selected, were not used in the search. 
Have the authors considered the addition of these and/or other databases to enlarge the 
search coverage? If so, why have other databases not been used? 
 

1. 

The search was conducted more than one year ago. Do the authors have a good reason to 
believe that updating the search would not materially change the results and conclusions of 
the current review? If so, the authors could provide their reasons in the article. Otherwise 
–and assuming the authors do not have the resources to update the search at the moment- 
a caveat could be added in the limitations regarding the time elapsed since the search, 
referencing some of the relevant papers published recently.

2. 

Results
In the discussion, the authors highlight the possibility that different measures of SES (e.g., 
individual-level vs area-level) may yield different results. Can the authors clarify whether 
they considered stratifying results to investigate this? 
 

1. 

Figures 2 and 3: given that different SES indicators were used across papers, and that 
potentially the modification effect can vary between different SES dimensions, it seems 
important to indicate in Figures 2 and 3 what SES stratifier was used by each analysis. E.g., 
presenting the SES stratifier below each author’s name. When possible and relevant, 
authors can consider similarities and differences between results based on different SES 
stratifiers.

2. 

Discussion
“However, risk estimates associated with the healthiest and unhealthiest LF combinations 
where studies share similar LF components (e.g., combination 1: alcohol, unhealthy diet, 
and physical inactivity vs. combination 2: alcohol, unhealthy diet, physical inactivity, and 
smoking), are more comparable.”: This statement is accurate only when the additional 
component(s) are known to have a significantly small contribution to the disease outcome 
in relation to the contribution of the shared components. In the example given by the 
authors, the contribution of smoking to mortality is likely to be significantly bigger than any 
of the other components, maybe significant even when the other components are 
combined. Hence, risk estimates of quasi-similar combinations cannot be assumed to be 
comparable in all (or even in most) cases. 
 

1. 

Many of the lifestyle factors investigated are likely to have a dose-response association with 
the disease outcomes investigated. Hence, beyond the lack of shared lifestyle factors 
between studies, the lack of comparable thresholds used to classify (un)healthy behaviour 
across studies is an important limitation when summarizing the findings. It would be 
important that the authors acknowledge this, and elaborate on the implications for this and 
future research. 
 

2. 

In the introduction, the authors highlight an “An important caveat…” as a justification for 
the use of the word lifestyle. However, we think there may be something missing about the 
consistency of the definition of “unhealthy lifestyle” amongst included studies and a 

3. 

 
Page 30 of 38

Wellcome Open Research 2023, 8:55 Last updated: 28 DEC 2023



discussion about the implication of this on the findings. Could the authors address this 
somewhere in the discussion or as a limitation?

MINOR POINTS:
Aims: in “This systematic review aims to identify, describe, and synthesise the evidence for 
whether SES modifies associations between combinations of unhealthy LFs and adverse 
health outcomes”, the authors might consider adding a parenthesis at the end specifying 
the outcomes investigated, for clarity. E.g., “adverse health outcomes (all-cause mortality, 
incidence and mortality from CVD or cancer).” 
 

1. 

PECO criteria: the authors highlight the population as ‘any general adult population’. Could 
the authors please clarify the age ranges they considered for this population? 
 

2. 

Data extraction: could the authors please describe how exactly “[point] estimates [and 
confidence intervals] from studies where the unhealthiest group was the reference were 
transformed to make the ‘healthiest’ group the reference”? 
 

3. 

Articles excluded if not in English: we understand that this is common practice in many 
reviews (albeit PRISMA recommends that articles are not excluded based on language only 
to avoid biases). However, given that (a) only two papers were not in English, (b) two more 
papers could be a valuable contribution to the review, given that only six could have been 
included, (c) these two papers are likely to come from low- or middle-income countries, 
increasing the diversity of the evidence based analysed, and (d) there are options available 
to get support with non-English articles (e.g., translation tools, colleagues who speak other 
languages than English, and Translators without Borders - 
https://translatorswithoutborders.org/), assessing the eligibility of these two papers based 
on the PECO criteria and including them in the review if relevant seems like a missed 
opportunity. 
 

4. 

In Table 1, for the second to last study presented (Choi et al., 2022), the lifestyle factors for 
“ii” appear as separate due to an additional return: 
 
‘’ii) weekly alcohol intake >14 drinks 
for men, >7 drinks for women …” 
 
Could the authors check, please? 
 

5. 

Figures 2 and 3: the x-axis should be in logarithmic scale to ensure visual symmetry 
between values below and above 1 that indicate the same effect size (e.g., 0.5 and 2). 
 

6. 

Figure 2: estimates for Choi 2020 do not have the confidence interval. Could author check if 
it is unintentionally missing? 
 

7. 

Figure 3: the Eguchi 2017’s analysis for non-CVD, non-cancer mortality seems to be outside 
the scope of the review, based on its objectives and PECO criteria. The authors should 
consider removing it from the article. 
 

8. 

Table S1: some terms seem to be duplicated within searches #2 (see risk reduction   
behaviour*[tiab] and health behaviour[tiab] with and without asterisks) and #3 (see health 

9. 
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inequalities[tiab] and social-economic[tiab] with and without asterisk). This does not affect 
the results of the search but can be corrected for conciseness and clarity. Author might 
want to check whether the same occurred in Tables S2 and S3. 
 
It seems Table S6 is cut short. Could the authors check, please?10. 

OTHER POINTS: 
 
Background and Discussion

The Background and Discussion sections would greatly benefit from the use of Sydemic 
Theory to substantiate the rationale for the study and discuss its findings.

1. 

 
Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
Yes

Is the statistical analysis and its interpretation appropriate?
Not applicable

Are the conclusions drawn adequately supported by the results presented in the review?
Partly

Competing Interests: No competing interests were disclosed.

Reviewer Expertise: Public Health; Physical Activity; Systems Thinking.

We confirm that we have read this submission and believe that we have an appropriate level 
of expertise to confirm that it is of an acceptable scientific standard, however we have 
significant reservations, as outlined above.

Author Response 28 Nov 2023
Hamish Foster 

Reviewer comments Authors’ response 1st reviewers – Sophie Jones & Leandro Garcia, 
Centre for Public Health, Queen's University Belfast, Belfast, Northern Ireland, UK   
 
This systematic review aims to identify and appraise the available evidence on whether and 
how socioeconomic status modifies associations between combinations of lifestyle factors 
and adverse health outcomes. Overall, the paper is well-written and clearly defines the 
rationale and objectives for the systematic review. Methods followed the PRISMA guidelines 
and are described in sufficient detail. The review protocol was registered in PROSPERO. Only 
six papers met the inclusion criteria, but results are comprehensively and clearly presented, 
including the tables and figures. The conclusion was limited due to the high heterogeneity 
of measures for socioeconomic status, a combination of lifestyle factors and mixed findings 
from included studies. Please find major and minor suggestions below. We thank the 
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reviewers for their positive comments on the quality of our article. 
 
MAJOR POINTS   
 
Methods   
 
1. Comprehensive databases, such as Scopus and Web of Science, that cover potentially 
relevant journals not covered by the three databases selected, were not used in the search. 
Have the authors considered the addition of these and/or other databases to enlarge the 
search coverage? If so, why have other databases not been used? We agree with the 
reviewers that databases such as Scopus and Web of Science may cover additional articles 
not covered by the databases we selected. However, this project was limited in scope and 
time and therefore additional databases were felt to be beyond the resources available for 
this project. We have selected what we felt to be the most relevant databases, in 
discussion with a subject-specific librarian. We have added this as a limitation to the 
strength and limitations section (lines 596-600):  ‘Our search terms were extensive and 
the databases we searched likely contained the vast majority of eligible articles65. 
Searching additional databases such as Scopus and Web of Science, which are noted for 
their use as citation indexes rather than primary sources,66 may have revealed additional 
eligible studies but this was beyond the time and human resources available for this 
project.’ 
 
2. The search was conducted more than one year ago. Do the authors have a good reason 
to believe that updating the search would not materially change the results and conclusions 
of the current review? If so, the authors could provide their reasons in the article. Otherwise 
–and assuming the authors do not have the resources to update the search at the moment- 
a caveat could be added in the limitations regarding the time elapsed since the search, 
referencing some of the relevant papers published recently. We thank the reviewers for this 
point. We have added the following caveat to the strengths and limitations section 
(lines 600-604):   ‘Updating the searches could also identify newer studies, including 
studies that look at different health outcomes, such as specific cancers and studies from 
low- or middle-income countries.67,68 It is unlikely that the addition of these studies would 
change the result around the heterogeneity of data but it could reveal more consistency in 
terms of SES effects. 
 
Results   
 
1. In the discussion, the authors highlight the possibility that different measures of SES (e.g., 
individual-level vs area-level) may yield different results. Can the authors clarify whether 
they considered stratifying results to investigate this? We thank the reviewers for raising 
this point. As per our protocol, we planned on synthesising data by outcome, but we 
appreciate that identifying variation in SES effects by SES measure would be valuable. With 
few included studies we do not believe there is a clear indication for stratifying our results 
by SES measure but feel this would be an important consideration for future reviews that 
identify more studies.   We have added the following to the discussion (lines 542-543): ‘F
uture reviews, with a greater number of included studies, could stratify and synthesise 
results by SES measure to investigate this further.’ 
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2. Figures 2 and 3: given that different SES indicators were used across papers, and that 
potentially the modification effect can vary between different SES dimensions, it seems 
important to indicate in Figures 2 and 3 what SES stratifier was used by each analysis. E.g., 
presenting the SES stratifier below each author’s name. When possible and relevant, 
authors can consider similarities and differences between results based on different SES 
stratifiers. We agree that understanding which SES measure is being used is highly 
relevant and we thank the reviewer for suggesting adding this data into Figures 2 and 
3. We have added the SES measure for each study below the author’s name as well as 
the corresponding definitions for the most and least advantaged categories (Please 
see updated Figures 2 and 3). We have updated the legends for these figures 
accordingly.[HF1]    Without more studies that examine comparable SES measures it is 
difficult to draw conclusions on how the type of SES measure influences SES effects. 
For example, of the six studies that examine all-cause mortality, two use income, one 
uses education, two use area-based measures, and one uses latent class analysis (a 
combination) with 3 or 4 individual-level SES measures. We have highlighted this in 
the discussion section (lines 537-541):   ‘Having few studies using the same SES measure 
limited the ability to draw conclusions on how the SES measure influences SES effects. For 
example, of the six studies that examined all-cause mortality, two use income, one uses 
education, two use area-based indices, and one uses a combination of income, education 
level, occupation/employment, and health insurance in a latent class analysis.’ 
 
Discussion   
 
1. “However, risk estimates associated with the healthiest and unhealthiest LF combinations 
where studies share similar LF components (e.g., combination 1: alcohol, unhealthy diet, 
and physical inactivity vs. combination 2: alcohol, unhealthy diet, physical inactivity, and 
smoking), are more comparable.”: This statement is accurate only when the additional 
component(s) are known to have a significantly small contribution to the disease outcome 
in relation to the contribution of the shared components. In the example given by the 
authors, the contribution of smoking to mortality is likely to be significantly bigger than any 
of the other components, maybe significant even when the other components are 
combined. Hence, risk estimates of quasi-similar combinations cannot be assumed to be 
comparable in all (or even in most) cases. We thank the reviewer for making this point. 
We agree that different combinations are not fully comparable for the reason they 
highlight and the effects of specific combinations remain relative. However, we 
believe there will be some comparability as unhealthy LFs tend to cluster among 
individuals.   As a result, we have added the following to the discussion section (Lines 
494-526):   ‘However, because unhealthy LFs are known to cluster among individuals, 
participants who report the unhealthiest LF combinations might be comparable even when 
different LFs are examined 4-8,56. For example, among participants who report the 
unhealthiest combination of unhealthy LFs in ‘study 1’, there will be some participants with 
similar numbers and types of unhealthy LFs as those in ‘study 2’ who also report the 
unhealthiest combination even if study 2 examines fewer LFs because of clustering. This 
similarity or comparability is more likely where studies share more LF components ( e.g., 
study 1: alcohol, unhealthy diet, and physical inactivity vs. study 2: alcohol, unhealthy diet, 
physical inactivity, and smoking). Although, in studies that examine more LFs or have more 
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categories for LF analysis, those classified as the unhealthiest may represent a more 
extreme group. Nevertheless, the aim of this review was to identify and appraise all 
studies that examined the effect of SES on the association between any LF 
combination and adverse health. Restricting the searches of this review to identify 
only those studies with the same or similar combinations of LFs would have yielded 
even fewer results and limited the synthesis. To explore the effect of specific LF 
combinations and of SES on the associations with adverse health outcomes, future 
research could attempt to identify the riskiest LF combinations, whether and how the 
riskiest combinations vary by SES, and whether and how SES effects the associations 
between specific combinations and adverse health outcomes. Further, there is currently a 
lack of guidance on how to live in health ways that considers LF combinations and there is 
no consensus definition for ‘unhealthy lifestyle’ overall. Numerous single LF specific 
guidelines exist, but these are often too complex to digest for most people and they often 
fail to account for interactions with other LFs or social contexts 57-59. Therefore, as part of 
precision medicine, future research could explore the non-linear associations and 
interactions for a wide range of LFs to define ‘unhealthy’ levels for LFs within specific (or 
personalised) combinations and across SES the spectrum. These efforts could provide…’ 
 
2. Many of the lifestyle factors investigated are likely to have a dose-response association 
with the disease outcomes investigated. Hence, beyond the lack of shared lifestyle factors 
between studies, the lack of comparable thresholds used to classify (un)healthy behaviour 
across studies is an important limitation when summarizing the findings. It would be 
important that the authors acknowledge this, and elaborate on the implications for this and 
future research. We thank the reviewers for highlighting this important element of the 
heterogeneity of LFs examined.   We have expanded on this and its implications both 
in this study and future research in the discussion section (Lines 479-487):   ‘The 
heterogeneity and nature of the LF and SES exposure variables examined by the included 
studies warrants further discussion. Firstly, each LF was measured or surveyed differently 
(e.g., diet assessed via a national dietary index comprising numerous survey items 
compared with diet assessed by a few specific food items; SES assess). Secondly, studies 
varied in their definitions of unhealthy (dichotomisation) for the same LF (e.g., unhealthy 
alcohol intake defined as >14/>7 weekly drinks for men/women vs. drinking daily or almost 
daily). Thirdly, dichotomising the LF exposure prior to creating the LF score or combination 
fails to capture the more complex dose-response and non-linear associations LFs have with 
adverse health-outcomes 53,54. Fourthly,…’  
 
3. In the introduction, the authors highlight an “An important caveat…” as a justification for 
the use of the word lifestyle. However, we think there may be something missing about the 
consistency of the definition of “unhealthy lifestyle” amongst included studies and a 
discussion about the implication of this on the findings. Could the authors address this 
somewhere in the discussion or as a limitation? We thank the reviewer for raising this 
issue and we agree there is a difference between defining what unhealthy levels are 
for each single LF and defining what an ‘unhealthy lifestyle overall’ might be when 
considering a combination of LFs.   In the included studies, different numbers of 
categories were used for examining the associations with a combination of LFs (and 
then the effect of SES on those associations). The number of categories chosen was 
partly dependent on the number of LFs included (e.g., Eguchi 2017 et al. included 8 LFs 
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but examined the associations between mortality and 5 lifestyle categories where 
participants were scored 0–3, 4, 5, 6, 7–8 based on how many LFs they had). However, 
the included studies did not actually define what ‘unhealthy lifestyle’ overall was, but 
rather, in our review, we extracted the estimates for the most extreme lifestyle 
categories (healthiest and unhealthiest) and we labelled these as ‘healthy’ and 
‘unhealthy’, respectively. We appreciate this has implications for our main comparator 
where we selected estimates for the healthiest vs unhealthiest lifestyle overall in both 
the most and least advantaged SES groups. As a result, we have added the following to 
the limitations section (Lines 613-624):   ‘Our decision to extract the ‘healthiest’ vs. 
‘unhealthiest’ in both the most and least advantaged groups as our main comparator may 
have limited our synthesis. Examining the effect of SES on associations between the 
extremes of lifestyle and adverse health outcomes may miss how SES might affect the 
relationships in more nuanced ways as it relies on the assumption that SES effects will be 
seen at the extremes of lifestyle. However, we also extracted results for interactions 
between SES and LFs, which provided further evidence for whether and how SES effects 
associations between LFs and adverse health outcomes. As more studies examine 
associations between combinations of LFs and adverse health outcomes in more detail 
(e.g., by examining non-linear associations and using continuous rather than categorical or 
ordinal variables for LF combinations) 53,54, future reviews could examine how SES effects 
the shape of relationships between LFs and adverse health outcomes.’   As well as the 
above, we also wonder if there might be a lack of clarity here on our part. The section 
in the introduction starting, ‘An important caveat…’, may have been misleading. We 
only mean to highlight the word ‘lifestyle’ rather than the concept of ‘unhealthy 
lifestyle overall’. This is because the negative connotations associated with the word 
lifestyle explained in the manuscript apply equally to single LFs or combinations of LFs 
(i.e., ‘unhealthy lifestyle overall’). The word lifestyle is the problem and therefore we 
have removed ‘unhealthy’ from the relevant paragraph in the introduction to make 
this clearer. And, in view of the reviewers’ point about defining ‘unhealthy lifestyle’ 
overall, we have added the following to the discussion (lines 517-521):   ‘Further, there 
is currently a lack of guidance on how to live in health ways that considers LF combinations 
and there is no consensus definition for ‘unhealthy lifestyle’ overall. Numerous single LF 
specific guidelines exist, but these are often too complex to digest for most people and 
they often fail to account for interactions with other LFs or social contexts 57-59.’ 
 
MINOR POINTS  

Aims: in “This systematic review aims to identify, describe, and synthesise the 
evidence for whether SES modifies associations between combinations of unhealthy 
LFs and adverse health outcomes”, the authors might consider adding a parenthesis 
at the end specifying the outcomes investigated, for clarity. E.g., “adverse health 
outcomes (all-cause mortality, incidence and mortality from CVD or cancer).”

1. 

Thank you. We have added this suggestion.
PECO criteria: the authors highlight the population as ‘any general adult population’. 
Could the authors please clarify the age ranges they considered for this population?

1. 

We have added the following to our PECOS criteria:   ‘1) Population: any general adult 
population (age ≥18 years)…’

Data extraction: could the authors please describe how exactly “[point] estimates 
[and confidence intervals] from studies where the unhealthiest group was the 

1. 
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reference were transformed to make the ‘healthiest’ group the reference”?
Thank you. We have added the following the relevant data extraction section (lines 
135-140):   ‘This transformation was achieved by dividing: 1) all hazard ratios (HRs) by the 
HR of the healthiest category (the healthiest category HR then becomes 1.00), 2) all lower 
confidence intervals (CIs) by the lower CI of the healthiest category, and 3) all upper CIs by 
the upper CI of the healthiest category. This then requires swapping the upper and lower 
CIs because transformed lower CIs become upper CIs.’

Articles excluded if not in English: we understand that this is common practice in 
many reviews (albeit PRISMA recommends that articles are not excluded based on 
language only to avoid biases). However, given that (a) only two papers were not in 
English, (b) two more papers could be a valuable contribution to the review, given 
that only six could have been included, (c) these two papers are likely to come from 
low- or middle-income countries, increasing the diversity of the evidence based 
analysed, and (d) there are options available to get support with non-English articles 
(e.g., translation tools, colleagues who speak other languages than English, and 
Translators without Borders - https://translatorswithoutborders.org/), assessing the 
eligibility of these two papers based on the PECO criteria and including them in the 
review if relevant seems like a missed opportunity.

1. 

We thank the reviewer for their suggestion of arranging translations for these 2 
papers. We were not aware of freely available high quality translation tools but this is 
certainly something we can use in the future. We agree that adding more diverse 
studies would be of benefit. However, unfortunately, we currently do not have the 
human resources to investigate free and quality translation tools to then translate, 
review, and or synthesise these studies into our review.

In Table 1, for the second to last study presented (Choi et al., 2022), the lifestyle 
factors for “ii” appear as separate due to an additional return: 
 
‘’ii) weekly alcohol intake >14 drinks 
for men, >7 drinks for women …” 
 
Could the authors check, please?

1. 

Thank you. This was a formatting error, which we have corrected.
Figures 2 and 3: the x-axis should be in logarithmic scale to ensure visual symmetry 
between values below and above 1 that indicate the same effect size (e.g., 0.5 and 2).

1. 

We thank the reviewer for this suggestion. We have altered the x-axes to logarithmic 
scales. We hope this makes them more interpretable for readers.

Figure 2: estimates for Choi 2020 do not have the confidence interval. Could author 
check if it is unintentionally missing?

1. 

This is correct. Unfortunately, confidence intervals are not provided for all the results 
in their manuscript. Instead, whether or not it was significant (p<0.05) was indicated.  

Figure 3: the Eguchi 2017’s analysis for non-CVD, non-cancer mortality seems to be 
outside the scope of the review, based on its objectives and PECO criteria. The 
authors should consider removing it from the article.

1. 

The reviewer is correct, and we have removed that data and corresponding results 
from the figures and manuscript. We have made this clear in the results section (lines 
175-176):   ‘The non-CVD and non-cancer results are not reported here as they are outside 
the scope of this review.’
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Table S1: some terms seem to be duplicated within searches #2 (see risk reduction   
behaviour*[tiab] and health behaviour[tiab] with and without asterisks) and #3 (see 
health inequalities[tiab] and social-economic[tiab] with and without asterisk). This does 
not affect the results of the search but can be corrected for conciseness and clarity. 
Author might want to check whether the same occurred in Tables S2 and S3.

1. 

We thank the reviewer for pointing this out. There was an error because of 
autocorrect to UK English. We had searched using both American and UK English 
spellings of the word ‘behaviour’ (behavior). We have now corrected #1 in Table S1 to 
show that. With this correction, there is no duplication with both UK and American 
English spelling searched for in MeSH terms and in title/abstracts separately. We do 
not see any duplication in #3. We have also checked Table S2 and S3 and there is no 
duplication.

It seems Table S6 is cut short. Could the authors check, please?1. 
We have checked the original downloadable version from figshare and Table S6 is 
complete but it does go over 2 pages. Perhaps this was causing an issue for the 
reviewer but it appears correct when we have downloaded a new version as a 
reviewer or reader would. We have also ensured the new corrected version uploaded 
onto figshare is also complete. OTHER POINTS: Background and Discussion The 
Background and Discussion sections would greatly benefit from the use of Sydemic 
Theory to substantiate the rationale for the study and discuss its findings. We thank 
the reviewer for their suggestion. We agree Syndemic Theory could be a helpful 
theoretical tool to examine synergy and additive interactions between LFs and SES. 
However, applying Syndemic Theory to our study somewhat presupposes the presence 
of synergistic or additive interactions between LFs and SES. Whereas our aim was to 
examine for the presence of these interactions. If evidence for LF-SES interactions is 
strengthened then Syndemic Theory could be a useful theoretical lens with which to 
examine and or explain those interactions. 
 [HF1]Check  
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