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Abstract

Objectives: To examine independent and interactive associations of physical activity and diet with
all-cause, cardiovascular disease (CVD) and physical activity, diet, and adiposity-related (PDAR)

cancer mortality.

Methods: This population-based prospective cohort study (n=346,627) is based on the UK Biobank
data with linkage to the National Health Service death records to 30 April 2020. A left-truncated Cox
proportional hazards model was fitted to examine the associations between exposure (self-reported
total moderate-to-vigorous intensity physical activity [MVPA], vigorous-intensity physical activity
[VPA] and a diet quality index [score ranged 0 to 3]) and outcomes (all-cause, CVD and PDAR

cancer mortality).

Results: During median of 11.2 years, 13,869 participants died from all causes, 2,650 from CVD,
and 4,522 from PDAR cancers. Compared with Quartile 1 (Q1, 0-210 minutes/week), Q2-Q4 of
MVPA were associated with lower risks of all-cause (HR ranged from 0.87 [95%CI: 0.83-0.91] to
0.91 [95%CI: 0.87-0.96]), CVD (HR ranged from 0.85 [95%CI: 0.76-0.95] to 0.90 [95%CI: 0.81-
1.00]) and PDAR cancer mortality (HR ranged from 0.86 [95%CI: 0.79-0.93] to 0.94 [95%CI: 0.86-
1.02]). Compared with no VPA, any VPA was associated with lower risk for all-cause and CVD
mortality (HR ranged from 0.85 [95%CI: 0.80-0.89] to 0.89 [95%CI: 0.84-0.94] and from 0.75
[95%CI: 0.68-0.83] to 0.90 [95%CI: 0.81-1.02], respectively). Although not reaching statistical
significance for all-cause and CVD mortality, being in the best dietary category (diet quality index=2-
3) was associated with a reduction in PDAR cancer mortality (HR=0.85, 95%CI: 0.78-0.93). No
additive or multiplicative interactions between physical activity categories and dietary quality was
found. When comparing across physical activity and diet combinations, the lowest risk combinations

consistently included the higher levels of physical activity and highest diet quality score.

Conclusions: Adhering to both quality diet and sufficient physical activity is important for reducing

the risk of mortality from all causes, CVD and PDAR cancers during the follow-up period.



. What is already known on this topic

Both regular physical activity and a healthy diet play an important role in promoting health and
longevity. A small number of overfeeding studies found that high-intensity exercise may counteract
detrimental physiological responses to overfeeding. However, the long-term interactive effects
between diet and physical activity remained less explored.

. What this study adds

No additive or multiplicative interaction between diet quality and physical activity categories was
found. The lowest risk combinations consistently included the highest diet quality score and higher
levels of physical activity. High levels of physical activity cannot counteract the detrimental effects of
a poor diet on mortality risk.

. How this study might affect research, practice or policy

This study reinforces the importance of both physical activity and diet quality for reducing mortality
risk. Public health messages and clinical advice should focus on simultaneous adherence to physical
activity and dietary guidelines and debunk the myth that one could ‘outrun a bad diet’ or ‘out-diet an
inactive lifestyle’.



Introduction

Regular physical activity and a healthy diet play a major role in the prevention of a range of chronic
diseases, and are recommended by health authorities around the world.!> Although both behaviours
are critical components of a healthy lifestyle, their interlinked effects on energy balance and metabolic
health have inspired popular beliefs, media headlines,® and scientific discussion”® on whether one can

‘outrun a bad diet’ through high levels of physical activity.

The public’s interest in this topic may be further fuelled by a small number of overfeeding studies,
which provided tantalising evidence that high-intensity exercise may counteract inflammation and the
deterioration of insulin sensitivity and the cardiometabolic profile associated with overfeeding,
despite energy surplus.”!® However, these studies were designed to study the acute effects over a short

period of time.

To date, a very small number of studies have explored the interaction between diet and physical
activity in relation to long-term outcomes, such as mortality, and found no significant attenuation of
risk associated with poor diet in those who were the most active.!'"!* These studies did not examine
both additive and multiplicative interactions and were primarily focused on the overall volume/pattern
of physical activity, without specifically examining the role vigorous-intensity physical activity
(VPA) plays. Considering the promising evidence on the additional benefits of VPA independent of
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the overall volume of physical activity,'*"” it is yet to be examined whether VPA offers particular risk

reduction against a poor diet.

To address this research gap, we examine independent and joint associations of diet and physical
activity with all-cause, cardiovascular disease (CVD) and cancer mortality using a large population-
based sample of British adults from the UK Biobank Study. Considering the emerging evidence on
the potential additional benefits associated with VPA,'*!5 independent of total activity volume, we
further examine the role of VPA, in addition to moderate-to-vigorous intensity physical activity

(MVPA). We hypothesise that physical activity and diet quality are independently associated with



lower mortality risk, and that high levels of physical activity, either in total MVPA or VPA, cannot

offset detrimental effects of poor quality diet.

Methods

Sampling and procedures

The UK Biobank is a large population-based cohort study, which received ethical approval from the
North-West Research Ethics Committee. Details about the cohort have been previously published.!®
Briefly, between April 2007 and December 2010, 502,632 participants (aged 40—69 years) were
assessed at 22 assessment centres throughout the UK (5.5% response rate). During the baseline
assessment visit, participants provided electronically signed consent, a self-completed touch-screen
questionnaire, a brief computer-assisted interview, and had their physical measures and biological
samples taken. In the current study, main exposures (i.e., diet and physical activity) and
sociodemographic covariates were collected using the baseline touch-screen questionnaire and all-

cause and cause-specific mortality data are based on linked death register data.
Measurement

Exposure variables: MVPA was measured using the short version of the International Physical
Activity Questionnaire (IPAQ), which has established reliability and validity.!” IPAQ asked separate
questions regarding total minutes of walking, moderate physical activity (MPA) and VPA that lasted
for at least 10 minutes at a time, in a typical week. First, we summed the total minutes of walking,
MPA and VPA (weighted by two) as the total MVPA and analysed it as quartiles (0-210, 211-450,
451-920, 921-5040 min/week).'® Second, considering that existing overfeeding studies that postulated
‘outrunning a bad diet’ focused on VPA,*!? and that VPA is found to convey potential additional
benefits independent of the overall volume of MVPA,'*!> we further used unweighted VPA minutes,
instead of MVPA, as an exposure of interest. VPA was categorised as 0, 10-74 (1-9 minute-long bouts
-not captured by the IPAQ questionnaire), 75-149, and 150+ minutes/week based on data distribution

and congruent with recommended amount by physical activity guidelines.?



Diet quality was assessed at recruitment using a self-reported questionnaire regarding the frequency of
consumption of common food items

(https://biobank.ndph.ox.ac.uk/showcase/ukb/docs/TouchscreenQuestionsMainFinal.pdf). We adopted

the dietary index developed by Rutten-Jacobs et al.!® based on adherence to selected dietary targets
recommended by the American Heart Association.?’ Briefly, the index included the following
categories of food items: 1) fruit and vegetable; 2) fish; and 3) red and processed meat. Meeting the
target for each category (i.e., > 4.5 cups/day of fruits and vegetables, > 2 serves/week of fish, and < 2
times/week intake of processed meat and < 5 times/week of red meat intake) is dichotomised as yes
(1) and no (0). An overall diet quality score is derived by summing the three categories of food items

(0-3) and recoded into: 0 (lowest diet quality), 1 (medium diet quality) and 2-3 (high diet quality).

Outcome variables: Date of death was ascertained from death certificates held by the National Health
Service (NHS). All participants from England, Scotland and Wales were censored on 30 April 2020.
All-cause mortality was defined as a death record from any causes. CVD mortality was ascertained
when the primary cause of death was CVD, defined by International Classification of Diseases (ICD)-
10 100-199. Physical activity, diet, and adiposity-related cancer (PDAR cancer hereafter) mortality was
determined when the primary cause of death was a type of cancer that is evidentially linked to physical
inactivity, and/or diet and/or adiposity. Specifically, we selected the types of cancer for which there is
strong/convincing evidence based on the 2018 US Physical Activity Guidelines Advisory Committee
Scientific Report?! and the World Cancer Research Fund Strong Evidence Matrix.> Cancer in the
following sites was included for PDAR cancer mortality: bladder (C67), breast (postmenopausal;
ascertained by C50 combined with self-related menopausal status), colorectal (C18-21), endometrium
(C54.1), stomach (C16), kidney (C64), liver (C22), oesophagus (C15), and pancreas (C25). Based on

the current sample, deaths from these PDAR cancers represented 59% of all cancer mortality.

Covariates: We used Directed Acyclic Graphs (DAG) developed in Dagitty®* to identify confounders.
DAG is a conceptual representation for mapping assumptions about a related set of variables involved
in a causal research question.”? Confounding paths and minimal sufficient adjustment variables were

identified through the DAG (Supplementary Figures 2 and 3). We accordingly adjusted for age group


https://biobank.ndph.ox.ac.uk/showcase/ukb/docs/TouchscreenQuestionsMainFinal.pdf

category (ages below 50, ages 50-59, and ages 60 and above, rationales for cut-off points in
Supplementary Figure 4), sex (male vs female), educational attainment (categorised based on the British
educational system as: University, A/AS levels or equivalent [11-12 years], O Levels/GCSEs/CSEs [7-
10 years], NVQ/HND/HNC [vocational], or other), Townsend Index (quartiles, an indicator for area-

3 measured immediately prior to participants joining the study), living

level material deprivation,’
arrangement (living with vs without partner), country of birth (UK vs non-UK), type of job (categorised
into: manual and physically demanding, mainly walking or standing, sedentary, and not employed,
based on self-reported frequencies of jobs involving mainly heavy manual and physical work, and
walking or standing), smoking status (never, former, current), weekly alcohol consumption (0, 1-14
drinks, 14+ drinks), and physician diagnosis of hypertension and diabetes at baseline (yes vs no). It is

unclear whether body mass index (BMI) is a confounder or a mediator, we therefore did not adjust for

BMI in the model, but explored the effects of adjusting for BMI in a sensitivity analysis.
Statistical analysis:

The relationship between physical activity (MVPA or VPA), diet and mortality outcomes (all-cause,
CVD, and PDAR cancer mortality) was examined using Cox proportional hazards model among non-
pregnant, apparently healthy participants with complete data on exposure measures and covariates. To
minimise the risk of ‘reverse causation’ (i.e., lifestyle change as a result of health conditions that
increase risk of mortality), those with a baseline diagnosis of CVD, cancer, degenerative neurological
disorder, late-stage renal disease, chronic obstructive pulmonary disease and emphysema (based on
self-report and a range of administrative linkage data, such as hospital admissions and primary care
data), and those who were underweight (BMI <18.5) or reported chronic widespread pain were
excluded.* A left-truncated Cox proportional hazards model was fitted using age as the underlying
time scale. This model is recommended where a wide range of ages is being assessed over a relatively
long period, especially when investigating effects in older adults.> For all analyses, hazard ratios
(HR) and 95% confidence interval (CI) were presented adjusted for all covariates described above.
Analyses were further adjusted for MPA and walking time when VPA was modelled as the exposure

variable. Models were assessed for any violation of the proportional hazards assumption by testing for



any significant correlation between Schoenfield residuals and time, and covariates were stratified if

necessary until the assumption was met.

To explore the independent and joint associations of physical activity and diet quality, two sets of
models were fitted. First, both diet and physical activity were included in the same model to assess the
independent effects of an exposure variable when the other exposure and all covariates were adjusted
for. Multiplicative interactions were tested by including a diet x physical activity interaction term to
the adjusted model and using a Wald’s test to assess the differences between the models with and
without the interaction term. Additive interactions were tested by refitting all models using non-
parametric Aalen additive regression models, allowing for an estimation of hazard difference on a
linear scale, and we tested for interactions in these models. Where no evidence was found of
multiplicative interactions between exposures of interest, the combined effects of diet and physical
activity were estimated using linear combinations of hazard ratios with the theoretically highest-risk
category (lowest physical activity: MVPA Quartile 1 or no VPA and worst diet quality: diet quality

index=0) as the reference group. All analysis was performed in R (version 4.1.2).

We conducted several sensitivity analyses. First, considering the inconsistent evidence on

occupational physical activity and mortality,?5?’

we conducted a sensitivity analysis excluding those
whose job mainly involved manual and physically demanding work (8%), based on the assumption
that for these participants, heavy occupational physical activity constituted most of their reported total
MVPA. Second, to account for reverse causation caused by occult disease (i.e., people with low
physical activity and poor diet were more likely to die within the first two years as a result of
undiagnosed conditions), we reran the analysis by excluding the first two years of follow-up time.
Third, as mentioned above, we explored models with BMI as an additional confounder. Fourth,
considering the competing risk between CVD and cancer mortality, a Fine-Gray model of competing
risks®® was used accounting for the marginal probability of each ‘sub-distribution’ (e.g., those who

died from CVD versus those dying from non-CVD related causes). Finally, we explored the

associations of physical activity and diet with all cancer, in comparison with PDAR-cancer. The



reporting of the study follows the STrengthening the Reporting of OBservational studies in

Epidemiology (STROBE) checklist.

Results

The final analytical sample included 346,627 participants with complete data on physical activity, diet
and all covariates, without diagnosed CVD, cancer, degenerative neurological disorder, late stage
renal disease, chronic widespread pain, COPD and emphysema, or being underweight at baseline
(Supplementary Figure 1). During a median of 11.2 (interquartile range [IQR]: 1.4) years and a total
of 3,841,534 person years of follow-up, 13,869 participants died. Among those, 2,650 died from

CVD, and 4,522 from PDAR cancers.

Baseline characteristics

Baseline characteristics of participants are described in Table 1. Overall, participants reported an
average of 686 minutes/week (SD=679) (median = 672, IQR = 84) of weighted total MVPA (walking
+ MPA + VPAX2) with Quartile 1 reporting 0-210 minutes/week (mean=117; SD=60; median =117,
IQR=50), Quartile 2 reporting 211-450 minutes/week (mean=331; SD=69; median = 330, IQR=150),
Quartile 3 reporting 451-920 minutes/week (mean=658; SD=134, median = 635, IQR=135), and
Quartile 4 reporting 921-5,040 minutes/week (mean=1,644; SD=686; median = 1440, IQR=780). In
terms of VPA, 40.8% reported doing no VPA at all, 26.5% less than 75 minutes/week, 15.4% reported
76-150 minutes/week, and 17.4% reported performing more than 150 minutes/week. Regarding diet
quality, 22.1% of participants had a dietary index score of 0 (the poorest), 53.4% of participants had a
dietary index score of 1, and 24.5% of participants had a dietary index score of 2-3 (the best). Overall,
males, participants without university education, with manual jobs or jobs involving walking and
standing, and those of normal weight reported higher levels of MVPA. Meanwhile, participants who
were slightly older, female, university educated, not living with a partner, born overseas, not working,
and those not currently smoking or drinking excessively, and of normal weight were more likely to

report higher diet quality index (Table 1).



Physical activity and diet as individual risk factors

MVPA, VPA and diet quality index were significantly associated with all-cause, CVD and PDAR
cancer mortality outcomes in unadjusted models (Table 2). The magnitude of associations was
attenuated in the adjusted models. In adjusted models, higher levels of MVPA (Quartiles 2-4) were
significantly associated with all three mortality outcomes with the strongest association observed in
Q4 for all-cause (HR=0.87, 95%CI: 0.83-0.91) and PDAR cancer mortality (HR=0.86, 95%CI: 0.79-
0.93) and in Q2 for CVD mortality (HR=0.85, 95%CI: 0.76-0.95). VPA was inversely associated with
all-cause and CVD mortality but not significantly associated with PDAR cancer mortality. The
association between VPA and CVD mortality appeared stronger than that between MVPA and CVD
mortality. However, the associations between VPA and CVD mortality were not dose-dependent with
the lowest risk observed for the two middle VPA categories (10-75 minutes/week: HR=0.75, 95%CI:
0.68-0.83; 76-150 minutes/week: HR=0.76, 95%CI: 0.67-0.86), not the highest category (Q4
HR=0.90, 95%CI: 0.81-1.02). The inverse associations of diet quality index with all-cause and CVD
mortality were non-significant in most models, except that being in the best category of diet quality

was associated with 15% lower risk in cancer mortality (HR=0.85, 95%CI: 0.78-0.93).

Physical activity and diet as interactive risk factors

We did not find evidence for statistically significant multiplicative or additive interactions in neither
MVPA or VPA models for any outcome (Supplementary Tables 2-4). When exploring the linear
combinations of joint effects between physical activity (MVPA and VPA) and diet quality index, we
found that compared with the highest risk combination (MVPA Quartile 1 or no VPA and diet quality
index =0), most other combinations had a significantly lower HR for all-cause, CVD and PDAR
cancer mortality. For all-cause and PDAR cancer mortality, the incremental reductions of HR by both
physical activity and diet quality index were clear, and the combinations with the lowest HR involved
being in MVPA Quartiles 3 and 4 and a diet quality index of 2-3. For CVD mortality, the lowest HR
was observed in Quartiles 2 and 3 and the highest diet quality index (Figure 1). The analysis of VPA
and diet quality index combinations showed generally similar patterns (Figure 2). Overall, there is no
evidence for high levels of physical activity, measured as MVPA or VPA, offsetting low diet quality
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in any of the analyses; neither was there evidence for a higher diet quality index offsetting a lack of

physical activity.
Sensitivity analysis

All sensitivity analyses, including restricting to participants without a physically demanding job
(Supplementary Table 5, Supplementary Figures 5-7), those excluding the first two years of follow-up
(Supplementary Table 6, Supplementary Figures 8-10), those additionally adjusted for BMI as a
covariate (Supplementary Table 7, Supplementary Figures 11-13), and those accounting for the
marginal probability of sub-distributions (Supplementary Figures 14-17) revealed no substantial
changes in the associations identified from the main analyses, suggesting robustness of the findings.
Finally, compared with the associations between exposures (MVPA, VPA and diet quality) and
PDAR cancer, all exposures had a weaker association with all cancer (Supplementary Figure 18),
perhaps because this outcome lacked specificity (including less relevant cancers to physical activity

and diet), but the confidence interval was narrower, due to more statistical power.

Discussion

The current study examined independent and joint effects of physical activity and diet quality on long-
term mortality outcomes. Findings from this study confirm the importance of both physical activity
and quality diet in all-cause and cause-specific mortality, suggesting that one should adhere to both

sufficient physical activity and quality diet to minimise mortality risk.

Both healthy diet and regular physical activity have long been considered critical protective lifestyle
factors against chronic disease and premature mortality.?’ Because of their complementary and
interactive effects on energy, lipid, glucose and metabolic homeostatic processes,*” and their shared
physiological mechanisms for chronic disease prevention,*! it has been suggested that diet and
physical activity be jointly considered in epidemiological studies.?*** However, more than two
decades after such call for consideration,” epidemiological studies examining their interactive effects

on health and mortality are still rare.!!-133234
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Findings of this study

Our study found an inverse association between physical activity and mortality from any causes, CVD
and cancer. Particularly, associations of MVPA with all-cause and PDAR cancer mortality showed a
dose-response pattern, with 13%-14% lower hazards observed in the most active quartile compared
with the least active one. Such magnitude of risk reduction is similar to that identified by previous
analyses.?**>3*When we particularly examined the role of VPA, we found a larger magnitude of risk
reduction in CVD mortality, particularly in the middle categories (10-150 minutes/week), while
accounting for MPA and walking. Although the evidence on whether VPA and MPA protect against

1, several large cohort studies have found that

mortality risk to the same extent remains equivoca
doing some VPA may offer additional benefits than doing none, holding constant the total volume of
MVPA. 41538 Tt has been argued that VPA may lead to more physiological adaptations'* and elicit

more insulin sensitizing and anti-inflammatory effects®® than lower-intensity physical activity, which

may explain why the stronger association with VPA are particularly pronounced for CVD mortality in

our study.

Despite the association between diet and all-cause and CVD mortality not reaching statistical
significance, we found that those in the best diet quality category had 15% lower risk of PDAR cancer
mortality compared with those in the worst category. It is important to emphasise that diet quality
remains an important aspect of non-communicable disease prevention. Diet consists of countless
health influencing components, and different measures capture different aspects of dietary health.*
For example, studies based on the UK Biobank data found dietary indicators to be differentially

associated with CVD events, all-cause and cause-specific mortality,**!

suggesting that effects of diet
on health could be specific to the dietary indicators. The current diet quality index is based on meeting
the recommendations for fruit and vegetables, fish, and red and processed meat, all of which are
important dietary components for chronic disease prevention.*> These food groups were selected as

markers for overall diet quality, because other important dietary components and/or nutrient groups,

such as whole grains and dairy, were not measured during baseline assessment. Considering that
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errors in reported dietary measures are likely to attenuate diet-disease associations towards the null,*

one may expect the ‘true’ association between diet quality and mortality outcomes to be stronger.

Consistently across the three outcomes, nearly all risk combinations involving higher physical activity
categories had significantly reduced mortality risk compared with the highest-risk reference groups. In
fact, across outcomes, the lowest risk combinations almost always involved the highest diet quality

index and the highest or second-highest physical activity categories.

Comparison with other studies

The current investigation was motivated by several animal and human studies with promising findings
suggesting that exercise may counteract short-term adverse effects of overfeeding. For example,
Gioscia-Ryan et al. randomised mice into normal vs Western diet (characterised as high fat, high
sugar, low fibre) and the absence vs presence of aerobic exercise (running wheel); their study found
that a Western diet exacerbates age-related endothelial dysfunction, aortic stiffening, vascular
oxidative stress and aortic inflammation, but all these effects were attenuated or completely prevented
by exercise.** A small number of experimental studies conducted in human participants generally
found that high-intensity exercise protects against detrimental metabolic effects of overfeeding,* such
as insulinemic responses,’ cardiometabolic profiles,!® and genes expression in adipose tissue,’ despite
energy surplus. While these studies focused on short-term outcomes, long-term cumulation of adverse
physiological outcomes could lead to chronic disease and ill-health. A small number of
epidemiological studies have examined the joint associations between physical activity and diet on
mortality outcomes. Alvarez-Alvarez et al. examined the joint association between physical activity
and Mediterranean diet score, in the Seguimiento Universidad de Navarra (SUN) cohort, and found
the largest all-cause mortality risk reductions in the groups that adhered to both high physical activity
and healthier dietary scores.!* Two studies based on the National Health and Nutrition Examination
Survey found that the participants with higher levels of physical activity and better quality diet had
the lowest risk of all-cause mortality in both general adults'' and pre-frail and frail older adults.'?
However, an analysis of a cohort of postmenopausal Black women in the US found that neither diet
nor physical activity, independently or combined, was associated with site-specific obesity-related
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cancers.* A study based on healthy middle-aged participants from the Melbourne Collaborative
Cohort Study found a stronger association between physical activity and mortality than that between
diet and mortality, and that the adherence to Mediterranean diet contributed to little gain in addition to
physical activity.*? These mixed findings imply that more research with more valid measures are
needed to fully understand the long-term joint effects of diet and physical activity on health and

longevity.

Strengths and limitations

This study is the first to our knowledge to examine the joint association of physical activity and diet
quality with all-cause and cause-specific mortality. Comprehensive analysis was conducted in a large
sample with more than 10 years of follow-up and both multiplicative and additive interactions were
tested. Various sensitivity analyses led to similar results, suggesting robustness of the findings.
However, findings should be interpreted in light of limitations. First, despite using validated
measures,'”!? both physical activity and diet quality measures are subject to measurement bias.
Particularly, biases associated with the dietary instrument are likely to explain the non-significant
associations between diet and all-cause and CVD mortality outcomes. UK Biobank did introduce
accelerometer and 24-hour dietary recall, both considered more comprehensive and valid measures,
during later follow-ups. However, because accelerometer and dietary recall were measured in
different years and the sample with both measures is small, we therefore chose to use the large
baseline sample with diet and physical activity measured simultaneously. Second, both physical
activity and diet were measured at one time point only, therefore, could not capture long-term
behavioural pattern. Furthermore, the lack of time-varying data could influence the relationships
between exposures and covariates, and consequentially, lead to biases in model specification, such as
collider stratification bias.*® For example, BMI could be a ‘cause’ or ‘effect’ of physical activity, but
because BMI was measured at the same time as physical activity, it is impossible to determine the
temporal order to inform covariate selection. The same applies to intermediate health outcomes, such
as hypertension. In this case, if BMI was adjusted for, the models could be subject to overadjustment,

but if not adjusted for, they could be subject to confounding. We built DAGs with several unmeasured
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time-varying variables to inform model specification. However, with the presence of unmeasured
confounding and selection bias, we had to make various assumptions in model specification. An
example of such assumptions is that hypertension and diabetes were ‘pre-existing’ conditions and
BMI was an outcome of baseline exposures. Although we compared models with and without BMI as
a covariate as a sensitivity analysis and found minimal difference in the exposure-outcome
associations, the current model is still far from the ‘ideal correct’ model where all relevant variables
were measured, at different time points, and the causal relationships among variables could be clearly
mapped. It is important to interpret findings from the current models within the context of the
possibility of residual confounding from both unmeasured confounders and measurement biases
associated with existing covariates (e.g., socioeconomic status, alcohol consumption). Third, missing
data (around 13% participants omitted in complete case analysis) could result in selection bias.
Fourth, in analysing physical activity as a categorical variable, there is an assumption of equal risk
within each category. Although this is a common practice, measurement error may have been
introduced via this process. Fifth, hazard ratios assume a consistent exposure-outcome association
over time. Although all final models satisfied the proportional hazards assumption, selection bias in
these estimates is likely, due to the inherent time-varying nature of mortality risk.*’ Sixth, the
competing risk between PDAR cancer and CVD should ideally be modelled using cause-specific
models, which were not computationally feasible in the present study. Fine-Gray models treats those
who died from competing events not of interest to the research question (e.g., non-CVD causes in the
CVD mortality model and non-PDAR cancer in the PDAR cancer model) as still within the set at risk,
which is difficult to interpret and may potentially lead to biases. Finally, the UK Biobank Study had a
participation rate of less than 6%,'® and the participants appeared much more active than average,
posing concerns regarding the representativeness of the sample and the generalisability of the
findings. A recent study comparing unweighted risk factor-outcome associations in the UK Biobank
with those using poststratification to match a population representative sample found that the lack of
population representativeness could distort risk factor-outcome associations, but the association of
physical activity and a dietary indicator with all-cause and CVD mortality remained similar.*® Future
studies could improve the current evidence by combining accelerometer-based physical activity
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measures with higher quality dietary measures, such as those derived from 24-hout dietary recall, and

ideally, assessing behavioural patterns repeatedly across lifespan.
Implications

This study reinforces the importance of physical activity and diet quality. Simultaneous adherence to
both health behaviours is endorsed by health professionals and disseminated through clinical and
public health recommendations worldwide. However, sensationalised headlines*’ and misleading
advertisement for exercise regimens to lure consumers into the idea of ‘working out to eat whatever
they want’> have fuelled the circulation of the myth about ‘exercise outrunning a bad diet’. Our study
provided important evidence for health professionals to debunk the myth and continue to recommend

and advocate for both physical activity and healthy diet.
Conclusion

Findings from the UK Biobank study suggest that both physical activity and diet are important for
reducing mortality risk, and participants with both higher levels of physical activity and high-quality
diet and tended to have the lowest mortality risk. Furthermore, our data provide evidence that high

levels of physical activity cannot counteract the detrimental effects of a poor diet on mortality risk.
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Table 1. Descriptive statistics of the study sample (n=346,627, 2007-2010)

Overall Moderate-to-vigorous physical Diet quality index?
activity quartiles’
Q4 O 1 2-3
Q1 Q2 Q3 n= (poorest) n= (best)
n= n= n= 85,636 n= 185,190 n=
86,461 85,109 89,421 76,519 84,918
Age: median (IQR) 56 56 57 57 58
years 57 (13) (13) (23) (23) (14) 55 (14) 56(13) (13)
Female: n 186,439 48,148 47,297 48,136 42,858 26,588 106,350 53,501
( column %) (54) (56) (56) (54) (50) (35) (57) (63)
Education
University 125,416 32,073 34,512 34,840 23,991 25,575 67,856 31,985
(36) (37) (41) (39) (28) (33) (37) (38)
Alevels (11-12 41,574 10,826 10,729 10,691 9,328 9,290 22,393 9,891
years) (12) (13) (23) (12) (11) (12) (12) (12)
0]
levels/GCSEs/CSEs 93,713 23,074 21,408 23,292 25,939 22,178 49,887 21,648
(7-10 years) (27) (27) (25) (26) (30) (29) (27) (25)
Vocational 21954 4943 4,658 5,374 6,979 11,310 5,089
(6) (6) (5) (6) (8) 5555(7) (6) (6)
Other 63,970 15,545 13,802 15,224 19,399 13,921 33,744 16,305
(18) (18) (16) (17) (23) (18) (18) (19)
Townsend Deprivation Index quartile
Q1 (least 91,206 23,248 22,706 23,967 21,285 19,787 49,352 22,067
derived) (26) (27) (27) (27) (25) (26) (27) (26)
Q2 89,441 22,303 21,974 23,271 21,893 19,598 48,101 21,742
(26) (26) (26) (26) (26) (26) (26) (26)
Q3 87,446 21,329 21,511 22,583 22,023 19,231 46,894 21,321
(25) (25) (25) (25) (26) (25) (25) (25)
Q4 (most 78,534 19,581 18,918 19,600 20,435 17,903 40,843 19,788
deprived) (23) (23) (22) (22) (24) (23) (22) (23)
Living with 257,329 64,305 63,384 66,737 62,903 58,888 138,513 59,928
partner (74) (74) (74) (75) (73) (77) (75) (71)
Born outside of 29,806 8,023 7,518 7,609 6,656 16,217 8,681
UK (9) (9) (9) (9) (8) 4,908 (6) (9) (10)
Types of occupation
Not working 128,110 29,159 30,662 34,845 33,444 25,863 67,718 34,529
(37) (38 (36) (39 (39  (34) (37)  (a1)
Sedentary 126,677 41,737 37,015 32,884 15,041 27,863 69,388 29,426
(37)  (48) (43) (37)  (18)  (36) (37)  (39)
Mainly walking 65,593 13,256 14,523 16,937 20,877 15,087 35,123 15,383
or standing (19) (15) (17) (19) (24) (20) (19) (18)
Manual and
physically 26,247 2,309 2,909 4,755 16,274 7,706 12,961 5,580
demanding (8) (3) (3) (5) (29) (10) (7) (7)
Smoking status
Never 197,959 49,821 49,619 51,315 47,204 41,741 107,317 48,901
(57) (58) (58) (57) (55) (55) (58) (58)
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Previous 115,745
(33)
Current 32,923
(9)
Alcohol consumption
0 unit per week 76,239

(22)
1-14 units per 204,794
week (59)
>14 units per 65,594
week (19)
Body mass index (kg/m?)
18.5-24.9 120,001
(35)
25-29.9 149,059
(43)
>30 76,323
(22)
Diagnosed with 83,300
hypertension (24)
Diagnosed with 14,058
diabetes (4)

27,763
(32)
8,877
(10)

21,303
(25)
49,823
(58)
15,335
(18)

25,173
(29)
36,346
(42)
24,559
(29)
22,863
(26)
4,528
(5)

28,008
(33)
7,482
(9)

17,991
(21)
51,500
(61)
15,618
(18)

29,573
(35)
36,679
(43)
18,541
(22)
20,506
(24)
3,336
(4)

30,468
(34)
7,638
(9)

17,978
(20)
54,102
(61)
17,341
(19)

33,352
(37)
38,708
(43)
17,074
(19)
20,475
(23)
3,300
(4)

29,506
(34)
8,926
(10)

18,967
(22)
49,369
(58)
17,300
(20)

31,903
(37)
37,326
(44)
16,149
(19)
19,456
(23)
2,894
(3)

25,187
(33)
9,591
(13)

14,249
(19)
43,128
(56)
19,142
(25)

21,981
(29)
34,628
(45)
19,626
(26)
18,841
(25)

3,504 (5)

60,898
(33)
16,975
(9)

41,473
(22)
111,104
(60)
32,613
(18)

66,502
(36)
78,881
(43)
39,171
(21)
42,974
(23)
6,977
(4)

29,660
(35)
6,357
(7)

20,517
(24)
50,562
(60)
13,839
(16)

31,518
(37)
35,550
(42)
17,526
(21)
21,485
(25)
3,577
(4)

IPhysical activity minutes/wk calculated as walking + moderate-intensity + vigorous-intensity physical activity x2 using
the International Physical Activity Questionnaire. Quartiles: Q1: 0-210 min/wk; Q2: 211-450 min/wk; Q3: 451-920

min/wk; Q4: 921-5040 min/wk.

2Validated diet quality index, developed based on the American Heart Association Guidelines regarding 1) fruit and
vegetable; 2) red and processed meat; and 3) fish intake. An overall score ranged from 0 to 3 and recoded into: 0

(poorest), 1 (medium diet quality) and 2-3 (best).
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Table 2. Associations of moderate-to-vigorous physical activity (MVPA), vigorous-intensity physical activity
(VPA) and diet with all-cause, cardiovascular disease and cancer mortality (n=346,627)

n! Person - Deaths Unadjusted Unadjusted Adjusted hazard
years (n) incidence hazard ratio ratio3
density
rate?
All-cause mortality
MVPA quartile
Q1 (0-210 min/wk) 86,461 959,282.3 3,710 3.87 Ref Ref
Q2 (211-450 min/wk) 85,109 944,274.3 3,259 3.45 0.88 (0.84-0.92) 0.91(0.87-0.96)
Q3 (451-920 min/wk) 89,421 990,950.9 3,393 3.42 0.85(0.81-0.89) 0.88(0.84-0.92)
Q4 (921-5040 min/wk) 85,636 947,028.5 3,507 3.70 0.88(0.84-0.93) 0.87(0.83-0.91)
VPA categories (min/week)
0 141,428 1,564,835.6 6,806 4.35 Ref Ref
10-75 91,789 1,018,271.1 3,235 3.18 0.80(0.76-0.83) 0.87(0.84-0.91)
76-150 53,231 591,393.6 1,707 2.89 0.77 (0.73-0.81)  0.85(0.80-0.89)
>150 60,179 667,035.7 2,121 3.18 0.85(0.81-0.89) 0.89(0.84-0.94)
Diet quality index score*
0 (poorest) 76,519 845,242.3 3,376 3.99 Ref Ref
1 185,190  2,053,778.5 7,100 3.46 0.82(0.79-0.85) 0.97 (0.93-1.01)
2-3 (best) 84,918 942,515.1 3,393 3.60 0.77 (0.73-0.81)  0.95(0.91-1.00)
Cardiovascular disease mortality
MVPA quartile
Q1 (0-210 min/wk) 86,461 959,282.3 724 0.75 Ref Ref
Q2 (211-450 min/wk) 85,109 944,274.3 581 0.62 0.80(0.72-0.89) 0.85(0.76 - 0.95)
Q3 (451-920 min/wk) 89,421 990,950.9 637 0.64 0.82(0.73-0.91) 0.86(0.77 - 0.96)
Q4 (921-5040 min/wk) 85,636 947,028.5 708 0.75 0.91(0.82-1.01) 0.90(0.81-1.00)
VPA categories (min/week )
0 141,428 1,564,835.6 1,368 0.87 Ref Ref
10-75 91,789 1,018,271.1 544 0.53 0.67 (0.60-0.74)  0.75(0.68 - 0.83)
76-150 53,231 591,393.6 300 0.51 0.68 (0.60-0.77)  0.76 (0.67 - 0.86)
>150 60,179 667,035.7 438 0.66 0.87 (0.78-0.97)  0.90(0.81 -1.02)
Diet quality index score
0 (poorest) 76,519 845,242.3 720 0.85 Ref Ref
1 185,190  2,053,778.5 1,313 0.64 0.71(0.65-0.78)  0.92(0.84-1.01)
2-3 (best) 84,918 942,515.1 617 0.65 0.65(0.59-0.73) 0.89(0.80-1.00)
Physical activity, diet and adiposity related cancer mortality®
MVPA quartile
Q1 (0-210 min/wk) 86,461 959,282.3 1,215 1.27 Ref Ref
Q2 (211-450 min/wk) 85,109 944,274.3 1,086 1.15 0.90(0.83-0.97) 0.94 (0.86-1.02)
Q3 (451-920 min/wk) 89,421 990,950.9 1,115 1.13 0.86 (0.79-0.93) 0.90(0.83-0.97)
Q4 (921-5040 min/wk) 85,636 947,028.5 1,106 1.17 0.86(0.79-0.93) 0.86(0.79-0.93)
VPA categories (min/week)
0 141,428 1,564,835.6 2,161 1.38 Ref Ref
10-75 91,789 1,018,271.1 1,105 1.09 0.85(0.79-0.91) 0.94 (0.87-1.01)
76-150 53,231 591,393.6 587.0 0.99 0.83(0.76-0.91) 0.93(0.84-1.02)
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>150 60,179 667,035.7 669.0 1.00 0.84(0.77-0.92) 0.91(0.83-1.00)

Diet quality index score

0 (poorest) 76,519 845,242.3 1,099 1.30 Ref Ref
1 185,190  2,053,778.5 2,392 1.16 0.85(0.79-0.91) 0.96 (0.89 - 1.03)
2-3 (best) 84,918 942,515.1 1,031 1.09 0.72 (0.66-0.79)  0.85(0.78 - 0.93)

1Analysis was restricted to participants with complete data on physical activity, diet and all covariates, and who were, at
baseline, not underweight and without diagnosed cardiovascular disease, cancer, degenerative neurological disorder, late
stage renal disease, chronic widespread pain, COPD and emphysema, or being underweight.

2Death per 1000 person-years.

3All models adjusted for age, sex, educational attainment, marital status, country of birth, type of occupation,
neighbourhood deprivation, smoking status, alcohol intake, hypertension, diabetes, and diet quality index (when treating
MVPA or VPA as the main exposure) and MVPA (when treating diet as the main exposure). Models for VPA further
adjusted for moderate-intensity physical activity and walking.

4Validated diet quality index, developed based on the American Heart Association Guidelines regarding 1) fruit and
vegetable; 2) red and processed meat; and 3) fish intake. An overall score ranged from 0 to 3 and recoded into: O (poorest
diet quality), 1 (medium diet quality) and 2-3 (best diet quality).

SIncluding cancers for which there is strong evidence for diet, physical activity or adiposity being risk factors, including
cancer in the bladder, breast (postmenopausal), colorectum, endometrium, stomach, kidney, liver, oesophagus, pancreas.
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Figure 1. Combinations of moderate-to-vigorous physical activity (MVPA) quartiles and diet quality
index and all-cause, cardiovascular disease and physical activity, diet, and adiposity-related cancer
mortality outcomes (n=346,627)

Quartiles: Q1: 0-210 min/wk; Q2: 211-450 min/wk; Q3: 451-920 min/wk; Q4: 921-5040 min/wk

An overall score ranged from 0 to 3 and recoded into: 0 (poorest), 1 (medium diet quality) and 2-3 (best).

All models adjusted for age, sex, educational attainment, marital status, country of birth, type of occupation,
neighbourhood deprivation, smoking status, alcohol intake, hypertension, diabetes and diabetes.

Figure 2. Combinations of vigorous-intensity physical activity (VPA) and diet quality index and all-
cause, cardiovascular disease and physical activity, diet, and adiposity-related cancer mortality
outcomes (n=346,627)

An overall diet quality score ranged from 0 to 3 and recoded into: 0 (poorest), 1 (medium diet quality) and 2-3
(best).

All models adjusted for age, sex, educational attainment, marital status, country of birth, type of occupation,
neighbourhood deprivation, smoking status, alcohol intake, hypertension, diabetes, moderate-intensity
physical activity and walking.

28



	2 Forside til siste tekstversjon
	Ekelund BJSM 2022 Physical activity

