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Abstract

Background: Contested evidence suggests that obesity confers no risk to health in people who have a healthy
lifestyle, particularly if there are no metabolic complications of obesity. The aim was to examine the association
between adherence to lifestyle recommendations and the absence of metabolic complications on the incident or
fatal cardiovascular disease and all-cause mortality across different categories of body mass index (BMI).

Methods: This contemporary prospective cohort study included 339,902 adults without cardiovascular disease at
baseline, recruited between 2006 and 2010 from the UK Biobank and followed until 2018–2020. The main
exposures were four healthy lifestyle behaviours: never smoker, alcohol intake ≤ 112g/ week, 150 min moderate
physical activity or 75 min vigorous activity/week, ≥ 5 servings of fruit or vegetables/day, and we assessed these
overall and across the BMI groups. Metabolic complications of excess adiposity were hypertension, diabetes and
hyperlipidaemia, and we examined whether obesity was associated with increased risk in the absence of these
complications. The outcomes were all-cause mortality, death from, and incident cardiovascular disease (CVD).

Results: Individuals who met four lifestyle recommendations but had excess weight had higher all-cause mortality;
for BMI 30–34.9 kg/m2, the hazard ratio (HR) was 1.42 (95% confidence interval 1.20 to 1.68), and for BMI ≥ 35 kg/
m2, HR was 2.17 (95% CI 1.71 to 2.76). The risk was lower, but still increased for people with no metabolic
complications; for all-cause mortality, BMI 30–34.9 kg/m2 had an HR of 1.09 (95% CI 0.99 to 1.21), and BMI ≥ 35 kg/
m2 had an HR of 1.44 (95% CI 1.19 to 1.74) for all-cause mortality. Similar patterns were found for incident and fatal
CVD.

Conclusions: Meeting healthy lifestyle recommendations, or the absence of metabolic complications of obesity
offsets some, but not all, of the risk of subsequent CVD, and premature mortality in people with overweight or
obesity. Offering support to achieve and maintain a healthy weight and to adopt healthy behaviours are likely to
be important components in effective preventative healthcare.
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Background
Adoption of healthy lifestyle behaviours has long been
known to reduce the risk of CVD and death [1]. Na-
tional and international policies and guidance from
healthcare professionals have included smoking cessa-
tion, reduced alcohol intake, diets high in fruits and veg-
etables and increased physical activity as strategies to
prevent ill health [2]. There is also a large body of evi-
dence detailing the increased risks of excess adiposity,
expressed as a raised BMI, on mortality [3]. This is of
renewed concern as excess adiposity is strongly associ-
ated with an increased risk of hospitalisation and death
from COVID-19 [4, 5].
Some studies, largely in the United States (US) health

professional populations, have suggested that by adopting
healthy behaviours, individuals with obesity could reduce
their cardiovascular and all-cause mortality risk to equal
to that of people with a BMI in the healthy range [6, 7].
This has led to the hypothesis that some people have a
“fat but fit” phenotype, which posits that excess weight
only confers additional risk if accompanied by low cardio-
respiratory fitness [7]. Similarly, some authors have de-
scribed a state of “metabolically healthy obesity” which is
not necessarily associated with the adverse health out-
comes usually associated with excess weight [8, 9]. More
up-to-date evidence from general populations is needed to
understand if excess weight is associated with additional
risk, when healthy lifestyle recommendations are met and/
or in the absence of metabolic complications. To date,
policymakers have focussed on lifestyle factors, often tar-
geted at those with metabolic complications of obesity.
Understanding whether this is sufficient to overcome the
adverse health implications associated with excess weight
is essential to inform future obesity strategies.
Using a large contemporary UK cohort, we aimed to

examine the association between adherence to four key
lifestyle recommendations (never smoking, being physic-
ally active, consuming 5 or more portions of fruit and veg-
etables a day and moderate alcohol consumption) on all-
cause mortality and fatal and total CVD risk overall and
across BMI groups. Secondly, we examined the associa-
tions between the presence of metabolic complications
(hypertension, diabetes, hyperlipidaemia) across the BMI
groups with the same outcomes, as well as the interaction
between the adherence to lifestyle behaviours and the
presence of metabolic complications. To our knowledge,
no study has examined both adherence to lifestyle behav-
iours, the presence of metabolic complications and the
interaction between the two on all-cause mortality and
fatal and total CVD across the BMI groups.

Results
From the initial sample of 502,505 participants in the
UK Biobank, participants were excluded prior to the

analysis due to prior CVD (n = 37,108), BMI < 18.5 kg/
m2 or missing (n = 5146), pregnancy (n = 368), missing
data on smoking (n = 2211), alcohol (n = 101,397), fruits
and vegetables (n = 5,852); and physical activity (n =
10,521) (Additional file 1: Fig. S1). Of the included
population (n = 339,902), 52% were female and 96%
white, and the mean BMI was 27.1 kg/m2 (standard devi-
ation 4.4, Table 1). A comparison of baseline demo-
graphic factors between the included and excluded
participants is recorded in the supplementary material
(Additional file 2: Table. S1). Participants with missing
data were a similar age, had a slightly higher baseline
BMI and were more likely to be female than those with-
out missing data. The mean follow-up period for mortal-
ity was 11.4 years (standard deviation 1.5 years), and
incident CVD was 10.9 years (standard deviation 2.1
years). A total of 17,376 participants died during follow-
up. Of these, 4653 were deaths from CVD, and 29,517
participants had a non-fatal CVD event.
There was an association between meeting an increas-

ing number of healthy lifestyle recommendations and a
reduced incidence of CVD, fatal CVD or all-cause mor-
tality (Fig. 1). The association was similar when stratified
by BMI category, although the relative reduction in risk
associated with the number of protective behaviours was
smaller for people with higher BMI (Fig. 2). Amongst
the people meeting all four healthy lifestyle behaviours
who were overweight, the hazard ratio (HR) was 1.11
(95% confidence interval (CI) 0.99 to 1.24); for people
with obesity, it was 1.42 (95% CI 1.20 to 1.68); and those
with severe obesity, it was 2.17 (95% CI 1.71 to 2.76).
Similar patterns were observed with CVD mortality and
incidence (Fig. 2). There was evidence of increased risk
of all-cause mortality (ptrend < 0.001), cardiovascular
mortality (ptrend < 0.001) and cardiovascular disease
(ptrend < 0.001) as the BMI group increased.
In each BMI subgroup, meeting each individual lifestyle

recommendation was associated with a lower risk of all-
cause mortality and CVD incidence than not meeting it.
The associations with smoking were very strong and only
modest for the other lifestyle risk factors (Table 2).
The presence of metabolic complications was associ-

ated with an increased risk of all adverse outcomes in
every BMI subgroup (Figure 3). The relative increase in
risk associated with metabolic complications was greater
for higher BMI groups. For people who were overweight
with no metabolic complications, the HR was 0.98 (95%
CI 0.93 to 1.04); for people with obesity, it was 1.09
(95% CI 0.99 to 1.21); and those with severe obesity, it
was 1.44 (95% CI 1.19 to 1.724). There was no evidence
that the presence of metabolic complications modified
the relationship between meeting lifestyle recommenda-
tions and incidence of CVD, fatal CVD or all-cause mor-
tality across BMI strata (p = 0.77).
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Sensitivity analysis excluding the first 2 years of follow-
up showed consistent results (Additional file 3: Table.
S1- Table. S3).

Discussion
In this contemporary cohort of the UK general popula-
tion, adherence to healthy lifestyle recommendations
was sufficient to offset some, but not all, all-cause mor-
tality risk associated with obesity (BMI ≥ 30 kg/m2)
compared to those of a healthy BMI who met all four
healthy lifestyle recommendations. At more extreme
levels of obesity (BMI ≥ 35 kg/m2), those who adhered
to all four healthy lifestyle behaviours, although substan-
tially reducing their risk, still had a 2–3-fold increased
risk of death compared to those of a healthy BMI who
met all four healthy lifestyle recommendations. The
trend was similar for cardiovascular mortality and inci-
dent cardiovascular disease.
The findings amongst people classified as overweight

(BMI 25–30 kg/m2) were mixed. There was consistent
evidence of increased incident CVD, but not cardiovas-
cular or all-cause mortality amongst participants who
met lifestyle recommendations or who had no under-
lying cardiometabolic complications. We suspect the
protective effect of overweight in older adults or the im-
pact of medical interventions to manage risk factors may

explain why there was an increased risk of incident
CVD, but not mortality in this BMI group, as described
in previous studies [10].
This analysis reinforces the message that promoting

healthy behaviours is additional to, and not a substitute
for, interventions to support people to achieve and
maintain a healthy weight, regardless of metabolic com-
plications. This should encourage clinicians to make
greater use of the interventions to support weight loss as
a key component of preventative healthcare. Advice and
support to encourage people to meet healthy lifestyle
recommendations will bring additional health benefits,
independent of weight. However, governments and pol-
icymakers should be aware that advocating for lifestyle
change alone is insufficient to overcome some of the
health risks associated with excess weight.
Of note, individuals with a healthy BMI who did not

meet any healthy lifestyle recommendations were
amongst those most at risk of death in this cohort. Pre-
vious analyses have found that a substantial proportion
of leanness in the USA and Europe is driven by exposure
to smoking, undernutrition and alcohol intake, and our
results support this conclusion [11]. There may also be
some reverse causality since some people with incipient
chronic disease may not have been excluded at baseline,
e.g. undiagnosed cancer. Nonetheless, this finding is

Table 1 Participant characteristics at baseline according to the number of healthy behaviours

Factor Total Number of healthy behaviours*

0 1 2 3 4

N 339,902 30,101 93,063 118,254 77,287 21,197

Any death** 17,387 (5.1%) 2372 (7.9%) 5638 (6.1%) 5505 (4.7%) 3095 (4.0%) 777 (3.7%)

Incident cardiovascular disease (CVD) 29,545 (8.7%) 3506 (11.6%) 9105 (9.8%) 9837 (8.3%) 5709 (7.4%) 1388 (6.5%)

Male 161,849 (47.6%) 19,152 (63.6%) 53,760 (57.8%) 56,003 (47.4%) 27,446 (35.5%) 5488 (25.9%)

Age, mean (SD) 56.2 (8.0) 56.1 (7.9) 56.1 (8.0) 55.9 (8.1) 56.3 (8.1) 57.1 (7.9)

Body mass index (BMI), mean (SD) 27.1 (4.4) 27.8 (4.4) 27.4 (4.4) 27.0 (4.4) 26.7 (4.4) 26.5 (4.4)

Higher education 144,035 (42.4%) 12,302 (40.9%) 37,999 (40.8%) 50,269 (42.5%) 33,753 (43.7%) 9712 (45.8%)

White ethnicity 326,745 (96.1%) 29,405 (97.7%) 90,696 (97.5%) 113,940 (96.4%) 73,182 (94.7%) 19,522 (92.1%)

Current smoking 33,703 (9.9%) 8062 (26.8%) 15,468 (16.6%) 8555 (7.2%) 1618 (2.1%) 0 (0.0%)

Low fruit and vegetable intake 238,184 (70.1%) 30,101 (100.0%) 84,209 (90.5%) 85,564 (72.4%) 38,310 (49.6%) 0 (0.0%)

High alcohol consumption 188,151 (55.4%) 30,101 (100.0%) 78,082 (83.9%) 63,461 (53.7%) 16,507 (21.4%) 0 (0.0%)

Low physical activity 130,360 (38.4%) 30,101 (100.0%) 49,439 (53.1%) 40,673 (34.4%) 10,147 (13.1%) 0 (0.0%)

Hypertension 173,489 (51.0%) 16,973 (56.4%) 50,031 (53.8%) 58,864 (49.8%) 37,302 (48.3%) 10,319 (48.7%)

Diabetes 12,434 (3.7%) 1349 (4.5%) 3568 (3.8%) 4121 (3.5%) 2591 (3.4%) 805 (3.8%)

Hyperlipidaemia 138,069 (40.6%) 13,547 (45.0%) 39,367 (42.3%) 46,990 (39.7%) 29,849 (38.6%) 8316 (39.2%)

Post-menopause 106,899 (31.4%) 6245 (20.7%) 22,824 (24.5%) 36,706 (31.0%) 30,811 (39.9%) 10,313 (48.7%)

Family history of diabetes 60,259 (17.7%) 5030 (16.7%) 15,692 (16.9%) 21,033 (17.8%) 14,365 (18.6%) 4139 (19.5%)

Family history of CVD 200,113 (58.9%) 17,148 (57.0%) 54,007 (58.0%) 69,870 (59.1%) 46,350 (60.0%) 12,738 (60.1%)

*Healthy behaviours defined as the total of being a never smoker, consuming ≥ 5 portions of fruit/vegetables a day, meeting international physical activity
guidance, and drinking ≤ 112 g alcohol a week
**Figures are n (%) unless otherwise stated
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important for clinicians, as discussions about a healthy
diet, smoking cessation or the importance of physical ac-
tivity may only be initiated for those patients with excess
weight or metabolic complications [12]. Yet those with a
BMI in the healthy range may also derive significant
benefit from these interventions. Given that adherence
to lifestyle recommendations is low, there is also a need
for population-level policies to support people to adopt
these healthier behaviours.
A strength of this study is the sample size in higher

BMI subgroups, especially in the group of people meet-
ing four recommendations, or with no cardiometabolic
complications, which is favourable compared to existing
studies on this subject [6]. Another strength is the end
points (death), and diagnosis of cardiovascular disease
were based on reliable death registries and universal

recording of hospital admissions with ICD-10 coding for
cardiovascular diseases. A wide range of covariates was
also available to adjust for confounding, although re-
sidual confounding cannot be excluded, as in any obser-
vational analysis. Similarly, we cannot rule out reverse
causality (for example, reduced physical activity caused
by incipient cardiovascular disease), although our sensi-
tivity analysis excluding participants with a diagnosis of
cardiovascular disease within 2 years of follow-up
showed a similar pattern of results.
A limitation is that only 5.5% of those invited enrolled

in the UK Biobank, and therefore, the study population
may not be completely representative of the UK popula-
tion in terms of lifestyle. Participants are less likely to
smoke, to drink alcohol regularly or to have raised BMI
than the general population. However, a recent study

Fig. 1 Cox proportional hazards models for risk of all-cause mortality, cardiovascular mortality, or incident cardiovascular disease by adherence to
0, 1, 2, 3 or 4 healthy lifestyle behaviours. HR, hazard ratio; CI, confidence interval (floating). Multivariable hazard ratio adjusted for age, sex,
ethnicity, Townsend Deprivation Score, education, region, family history of cardiovascular disease, family history of diabetes, menopausal status,
and BMI group

Heath et al. BMC Medicine           (2022) 20:65 Page 4 of 12



Fig. 2 Cox proportional hazards models for risk of all-cause mortality (A), cardiovascular mortality (B), and incident cardiovascular disease (C) by
BMI group (kg/m2), stratified by adherence to 0, 1, 2, 3, or 4 healthy lifestyle behaviours. HR, hazard ratio; CI, confidence interval (floating); BMI,
body mass index (kg/m2). Multivariable hazard ratio adjusted for age, sex, ethnicity, Townsend Deprivation Score, education, region, family history
of cardiovascular disease, family history of diabetes, and menopausal status
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found similar associations between the risk factors and
mortality end points in the UK Biobank cohort com-
pared to other more representative nationwide surveys,
which provides reassurance that the associations re-
ported here are likely to be robust [13]. Participants ex-
cluded from this study due to missing data in key
exposures (i.e. alcohol intake) were found to be slightly
different than those included (as shown in Appendix
Table 1). Multiple imputation was not considered here
as data may be missing not at random (MNAR) [14]. Al-
though our analysis adjusted for all major confounders,
we were not able to adjust for current medications (i.e.,
those prescribed after the baseline appointment), which
may reduce the development of CVD and mortality.
Physical activity, fruit and vegetables and smoking data
were self-reported, but in this prospective evaluation,
this error is unlikely to be related to the outcomes of
interest and therefore less prone to influence the associ-
ations. Other studies chose to subdivide healthy BMI
into two categories 18.5–22.4 kg/m2 and 22.5–25 kg/m2

[11]. This is helpful to investigate the U-shaped associ-
ation between BMI and mortality. However, here, our
focus was on the risks associated with excess adiposity,

and we therefore subdivided all obesity (BMI ≥ 30 kg/
m2) into obesity (BMI 30–34.9 kg/m2) and severe obesity
(BMI ≥ 35 kg/m2). In addition, the UK Biobank collected
data on lifestyle behaviour for the entire sample only at
baseline, which does not account for possible changes in
behaviours over time. For a more comprehensive view of
exposure, future cohort studies should consider measur-
ing behavioural factors at multiple time points to ac-
count for the changes that may affect the outcomes.
This analysis is supported by a recent large cohort

study that also found that people with BMI 18.5–22.4
kg/m2 who adhered to all healthy lifestyle recommenda-
tions have the lowest risk of premature mortality [11].
Similarly, another cohort study found adherence to a
healthy Mediterranean diet can offset some, but not all,
of the excess CVD mortality associated with obesity [15].
The present analysis adds to this work by further consid-
ering severe obesity and whether the presence of meta-
bolic complications modifies the relationship between
meeting lifestyle recommendations, and cardiovascular
risk or all-cause mortality. Unlike a US cohort study that
found no evidence of an increase in all-cause mortality
in people with obesity who adhered to all lifestyle

Fig. 2 Cox proportional hazards models for risk of all-cause mortality (A), cardiovascular mortality (B), and incident cardiovascular disease (C) by
BMI group (kg/m2), stratified by adherence to 0, 1, 2, 3, or 4 healthy lifestyle behaviours. HR, hazard ratio; CI, confidence interval (floating); BMI,
body mass index (kg/m2). Multivariable hazard ratio adjusted for age, sex, ethnicity, Townsend Deprivation Score, education, region, family history
of cardiovascular disease, family history of diabetes, and menopausal status
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recommendations, this analysis shows the clear residual
risk for people with excess weight [6].
Unsurprisingly, and in common with a recent UK

Biobank analysis, we found a reduced cardiovascular
risk for people with obesity and no metabolic compli-
cations. However, the risk for these people was still
higher than their peers with no metabolic complica-
tions, but who also had a healthy BMI [16]. The
present study additionally found no evidence that this
difference was modified by adherence to healthy life-
style behaviours.

Other prospective cohort studies found metabolically
healthy obesity was associated with increased risk of de-
veloping diabetes [17, 18], ischaemic heart disease [19],
CVD [20], all-cause mortality [21], poorer quality of life
scores [22] and may be a transitory state [23]. Recent
systematic reviews on metabolically healthy obesity and
cardiovascular risk support these findings [24–27]. In
general, the cohort studies that have reported that there
was no increase in CVD or all-cause mortality have had
smaller sample sizes and shorter follow-up and may have
been underpowered to detect associations with adverse

Table 2 Cox proportional hazards models for risk of all-cause mortality, cardiovascular mortality, or cardiovascular disease diagnosis
by adherence to individual healthy behaviour, stratified by BMI group

All-cause mortality Cardiovascular mortality Incident cardiovascular disease

BMI, kg/m2 18.5–
24.9

25–29.9 30–34.9 ≥ 35 18.5–
24.9

25–29.9 30–34.9 ≥ 35 18.5–
24.9

25–29.9 30–34.9 ≥ 35

Smoking

Never (reference) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Previous 1.25
(1.18–
1.34)

1.25
(1.19–
1.32)

1.27
(1.18–
1.37)

1.27
(1.13–
1.43)

1.25
(1.09–
1.43)

1.25
(1.14–
1.38)

1.19
(1.04–
1.37)

1.13
(0.92–
1.37)

1.12
(1.07–
1.18)

1.13
(1.09–
1.17)

1.14
(1.08–
1.20)

1.16
(1.07–
1.26)

Current 3.07
(2.86–
3.30)

2.29
(2.14–
2.44)

2.01
(1.80–
2.23)

1.85
(1.54–
2.22)

3.49
(3.01–
4.05)

2.71
(2.40–
3.07)

2.29
(1.90–
2.75)

1.89
(1.41–
2.54)

1.96
(1.84–
2.10)

1.69
(1.60–
1.78)

1.54
(1.42–
1.67)

1.59
(1.39–
1.82)

Alcohol (g/week)

None 1.27
(1.08–
1.50)

1.00
(0.85–
1.17)

1.21
(1.00–
1.47)

1.12
(0.87–
1.44)

1.52
(1.10–
2.11)

1.00
(0.73–
1.37)

1.07
(0.72–
1.57)

1.06
(0.68–
1.65)

1.18
(1.03–
1.37)

1.10
(0.98–
1.23)

1.37
(1.20–
1.57)

1.21
(1.01–
1.44)

Occasional (< 8) 1.32
(1.09–
1.61)

1.11
(0.93–
1.31)

1.08
(0.85–
1.38)

1.22
(0.91–
1.62)

1.32
(0.87–
2.01)

1.11
(0.78–
1.57)

1.14
(0.72–
1.79)

1.61
(1.02–
2.51)

1.10
(0.93–
1.31)

1.10
(0.97–
1.25)

1.14
(0.97–
1.35)

1.37
(1.12–
1.66)

Moderate (8–112)
reference

1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

Heavy I (112–168) 0.97
(0.89–
1.05)

0.89
(0.83–
0.96)

1.08
(0.97–
1.20)

1.09
(0.91–
1.29)

0.81
(0.67–
0.98)

0.88
(0.77–
1.01)

1.07
(0.88–
1.31)

1.04
(0.77–
1.40)

0.94
(0.88–
1.01)

0.98
(0.93–
1.03)

0.94
(0.87–
1.01)

0.96
(0.84–
1.09)

Heavy II (168–
224)

0.95
(0.86–
1.04)

0.95
(0.88–
1.02)

0.88
(0.78–
0.99)

1.18
(0.98–
1.43)

0.80
(0.65–
0.99)

0.87
(0.75–
1.01)

0.83
(0.66–
1.05)

1.28
(0.94–
1.74)

0.94
(0.87–
1.02)

0.94
(0.89–
1.00)

0.99
(0.91–
1.07)

1.10
(0.95–
1.25)

Heavy III (> 224) 1.23
(1.15–
1.32)

1.00
(0.95–
1.06)

1.12
(1.04–
1.22)

1.09
(0.95–
1.25)

1.30
(1.13–
1.50)

1.05
(0.94–
1.16)

1.21
(1.04–
1.41)

1.04
(0.82–
1.31)

1.05
(0.99–
1.12)

0.96
(0.92–
1.01)

1.02
(0.96–
1.08)

1.04
(0.94–
1.15)

Fruit/vegetables
(servings/day)

≥ 5 (reference) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

< 5 1.17
(1.10–
1.25)

1.03
(0.98–
1.08)

1.02
(0.94–
1.10)

0.98
(0.87–
1.10)

1.12
(0.98–
1.28)

1.07
(0.97–
1.18)

1.02
(0.89–
1.17)

1.08
(0.89–
1.32)

1.08
(1.03–
1.14)

1.05
(1.01–
1.09)

1.03
(0.97–
1.08)

0.97
(0.89–
1.06)

Meeting physical
activity guidelines

Yes (reference) 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

No 1.20
(1.14–
1.27)

1.09
(1.04–
1.15)

1.13
(1.06–
1.21)

1.08
(0.96–
1.20)

1.25
(1.11–
1.41)

1.06
(0.97–
1.16)

1.17
(1.03–
1.32)

0.95
(0.79–
1.15)

1.07
(1.02–
1.13)

1.03
(0.99–
1.07)

1.05
(1.00–
1.10)

1.05
(0.97–
1.14)

Values presented as HR (95% CI); multivariable hazard ratio adjusted for age, sex, ethnicity, Townsend Deprivation Score, education, region, family history of
cardiovascular disease, family history of diabetes, and menopausal status

Heath et al. BMC Medicine           (2022) 20:65 Page 7 of 12



Fig. 3 Cox proportional hazards models for risk of all-cause mortality (A), cardiovascular mortality (B), and incident cardiovascular disease (C) by
BMI group (kg/m2), stratified according to the presence or absence of metabolic risk factors. HR, hazard ratio; CI, confidence intervals (floating);
BMI, body mass index (kg/m2). Metabolically “healthy” includes patients without a diagnosis of hypertension, diabetes, or hyperlipidaemia.
Multivariable hazard ratio adjusted for age, sex, ethnicity, Townsend Deprivation Score, education, region, family history of cardiovascular disease,
family history of diabetes, and menopausal status
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outcomes [28]. Excess weight is also known to confer
other risks not assessed here, such as musculoskeletal
problems, which are responsible for considerable mor-
bidity, and these are mechanistically unlikely to be offset
by healthy lifestyle behaviours [29].

Conclusions
In conclusion, this analysis shows that adopting healthy
lifestyle recommendations is of significant benefit to all,
including those with a healthy weight. However, it is in-
sufficient to offset all of the cardiovascular risk and pre-
mature mortality associated with excess weight,
irrespective of whether there was evidence of metabolic
complications of obesity. Policies that support the whole
population to achieve and maintain a healthy weight
even for people with obesity who meet healthy lifestyle
recommendations or those with no metabolic complica-
tions are likely to be beneficial.

Methods
Design and study population
The UK Biobank study is a national prospective co-
hort that recruited 502,505 participants aged 40–69

years between 2006 and 2010 [30]. A wide range of
information on socio-demographic characteristics and
behavioural factors was collected, along with physical
measurements (such as height and weight), blood
and urine samples. UK Biobank protocols and study
details can be found elsewhere [30]. The UK Biobank
study was conducted according to the Declaration of
Helsinki, and ethical approval was granted by the
North West Multi-Centre Research Ethics Committee
(reference number 06/MRE08/65). At recruitment, all
participants gave informed consent to participate and
be followed up through data linkage.

Exclusions
We excluded participants who had a BMI < 18.5 kg/
m2; who were pregnant; who had a diagnosis of CVD,
including coronary heart disease, congestive heart fail-
ure, cardiomyopathy or stroke at baseline; or who did
not have information on the four healthy lifestyle be-
haviours detailed in the exposures, or key covariates
at baseline.

Fig. 3 Cox proportional hazards models for risk of all-cause mortality (A), cardiovascular mortality (B), and incident cardiovascular disease (C) by
BMI group (kg/m2), stratified according to the presence or absence of metabolic risk factors. HR, hazard ratio; CI, confidence intervals (floating);
BMI, body mass index (kg/m2). Metabolically “healthy” includes patients without a diagnosis of hypertension, diabetes, or hyperlipidaemia.
Multivariable hazard ratio adjusted for age, sex, ethnicity, Townsend Deprivation Score, education, region, family history of cardiovascular disease,
family history of diabetes, and menopausal status
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Exposures
Adherence to four lifestyle recommendations was deter-
mined using data from the self-administered question-
naires at baseline. The four healthy lifestyle exposures
were defined as follows: [1] “never” smoker, 0 cigarettes/
day throughout life [2]; alcohol intake frequency, < 112
g/week in line with the UK guidance on low alcohol in-
take [31] [3]; 5 or more servings of fruit and vegetable/
day in line with the World Health Organization (WHO)
guidance on healthy diet [32]. Fruit and vegetable intake
was selected as the healthy diet indicator, as a dietary
risk factor in its own right and as a proxy for a healthy
diet [33] [4]; 150 min/week or more of moderate-
vigorous activity a week as defined by the WHO physical
activity guidelines [34].
Cardiometabolic health was determined by the pres-

ence or absence of metabolic complications, specifically
hypertension, diabetes or hyperlipidaemia at baseline.
Hypertension was defined as either a medical diagnosis
of hypertension, taking medication for hypertension,
having an average systolic blood pressure ≥ 140 mmHg
or having an average diastolic blood pressure ≥ 90
mmHg. Diabetes was defined as having a medical diag-
nosis of diabetes or taking medication for diabetes.
Hyperlipidaemia was defined as taking cholesterol-
lowering medication or low-density lipoprotein (LDL) >
4 mmol/L. These three markers of cardiometabolic
health are known to mediate some of the adverse health
outcomes of obesity [35] and to aid comparability with
other studies [20].
BMI was categorised as follows: BMI 18.5–24.9 kg/m2

“normal”, 25–29.9 kg/m2 “overweight”, 30–34.9 kg/m2

“obesity” and ≥ 35 kg/m2 “severe obesity”. The category
18.5–24.9 kg/m2 was the reference group [36].

Outcomes
The main outcomes were incidence of CVD, death from
CVD and all-cause mortality. Incident cardiovascular
disease was defined as a hospital admission or death
with the International Classification of Diseases, 10th re-
vision (ICD-10) codes including coronary heart disease
(CHD; I20–I25), congestive heart failure or cardiomyop-
athy (CHF; I50, I50.1, 150.9, I11.0, I13.0, I13.2, I42,
I43.1) and total stroke (I60–I64). Hospital admission
data were available until September 30, 2020, in England;
August 31, 2020, in Scotland; and February 28, 2018, in
Wales. Death registries included the date of deaths if oc-
curred before September 30, 2020, in England, Wales
and Scotland.

Statistical analysis
The analysis followed a pre-specified statistical plan (ver-
sion 3.0 dated October 21, 2020) (Additional file 4). The
primary analysis aimed to investigate the association

between the number of lifestyle recommendations met
and incident CVD, fatal CVD and total mortality overall,
and within each BMI strata. We also investigated the as-
sociations of each individual behaviour with incident
CVD, fatal CVD and total mortality across the four BMI
strata. For all analyses, the number of recommendations
met (0, 1, 2, 3 or 4) out of a total of 4 were used as the
main exposure, using 4 as the reference category.
A secondary analysis was performed to examine the

associations between the presence of metabolic compli-
cations (hypertension, diabetes, hyperlipidaemia) across
the BMI groups following the approach described above.
Additionally, a triple interaction between adherence to
lifestyle behaviours, presence of metabolic complications
and BMI group was tested with a likelihood ratio test to
compare a model with vs without interaction. Metabolic
health was a binary variable, defined by the presence or
absence of metabolic complications (hypertension, dia-
betes or hyperlipidaemia) with the absence of metabolic
complications as the reference category.
Multivariable Cox proportional hazards models were

used to estimate hazard ratios (HRs) with 95% CIs, using
floated absolute risks [37]. The proportional hazards as-
sumption was based on Schoenfeld residuals and was
not violated for the variables of interest in the adjusted
model (p > 0.05). To calculate the time to follow-up, we
used age at completion of the baseline questionnaires as
the start date until the age of occurrence of the first
event (CVD or death) or censoring date, whichever came
first. Analyses were stratified by sex (male or female)
and UK region (but pooled into a single estimate) and
adjusted for age (underlying time co-variate in the Cox
model), Townsend Deprivation Score (quintiles 1–5,
with a lower score representing greater affluence), edu-
cation (1: higher degree, 2: any school degree, 3: voca-
tional qualifications, 0: none of the above), family history
of diabetes (yes or no), family history of CVD (yes or no)
and menopausal status (age ≥ 55 years used as a proxy if
menopausal status was missing). Sensitivity analysis ex-
cluded participants who had the event within the first 2
years of follow-up, to rule out the probability of reversed
causality. A post hoc trend analysis tested whether there
was evidence of increased risk of adverse health out-
comes for different BMI groups across the number of
healthy recommendations met. All analyses were con-
ducted in Stata (version 14.2).

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s12916-022-02236-0.

Additional file 1: Figure S1. Flow chart through the study.

Additional file 2: Table S1. Complete Data vs Missing Data Participant
Characteristics at Baseline.
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of All-Cause Mortality, Cardiovascular Mortality, or Cardiovascular Disease
Diagnosis by Adherence to 0, 1, 2, 3, or 4 Healthy Lifestyle Behaviours Ex-
cluding First 2 Years of Follow Up. Table S2. Cox Proportional Hazards
Models for Risk of All-Cause Mortality, Cardiovascular Mortality, or Cardio-
vascular Disease Diagnosis by Adherence to 0, 1, 2, 3, or 4 Healthy Life-
style Behaviours, Stratified by BMI Group, Excluding First 2 Years of Follow
Up. Table S3. Cox Proportional Hazards Models for Risk of All-Cause Mor-
tality, Cardiovascular Mortality, or Cardiovascular Disease Diagnosis by Ac-
cording to Presence or Absence of Metabolic Risk Factors, Stratified by
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