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Abstract
Diet and physical activity (PA) have been studied extensively in epidemiology as single or combined lifestyle factors; however, their interaction
has not been studied thoroughly. Studying potential synergisms between lifestyle components with a comprehensive interaction analysis,
including additive measures of interaction, provides key insights into the nature of their joint effect and helps target interventions more effec-
tively. First, a comprehensive review was conducted to assess the potential research gap regarding reported interaction analyses conducted in
studies assessing the Mediterranean diet (MedDiet) in combination with PA on all-cause mortality. Thereafter, we prospectively assessed the
joint association of the MedDiet with PA on all-cause mortality in the Seguimiento Universidad de Navarra (SUN) cohort, followed by both
multiplicative and additive interaction analyses. The conjoint effect of low adherence to the MedDiet and low PA observed an increased risk
greater than the individual risk factors, suggesting a potential additive interaction or synergism between both exposures, with relative risk due
to interaction (RERI) and (95 % confidence interval (95 % CI))= 0·46 (–0·83 to 1·75) and attributable proportion (95 % CI) due to interaction of
36 % (–0·62, 1·34). No multiplicative interaction was detected. Studying interactions between lifestyle factors, such as the MedDiet and PA, is
particularly relevant given the current research gaps in studying the complexities of combined aspects of lifestyle in comparison with isolated
behaviours. Our findings underline the important public healthmessage of adhering to both theMedDiet and PA for the prevention of premature
mortality.
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Individual and combined effects of diet and physical
activity on health

The disease burden of poor diet quality has globally increased
during the last 30 years with more than 11 million deaths attrib-
utable to dietary risk factors in 2017(1). During this time, the
development of nutritional epidemiology has been impres-
sive(2). A key contribution to this field has been the shift of focus
from assessing isolated dietary factors to studying the effects of
overall or complete dietary patterns. Dietary indices, constructed

to measure adherence to specific dietary patterns as indicators of
overall diet quality, have allowed epidemiologists to establish
inverse associations between a healthy food pattern andmultiple
health outcomes(3). In this context, the Mediterranean dietary
pattern (MedDiet) is internationally recognised as one of the best
dietary strategies for the prevention of chronic diseases and pre-
mature death(4–7).

Physical inactivity is also a major and globally relevant deter-
minant of health(8). There is abundant evidence of the effect of
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physical activity (PA) on health for the prevention of chronic dis-
eases and premature mortality, whereas a lack of PA is a key risk
factor for these health outcomes(9–12). It has been demonstrated
that the replacement of PA or exercise with inactivity or seden-
tary behaviour will eventually adversely affect the ageing proc-
ess, whatever the age of the individual. Even a simple indicator
of PA, such as time spent sitting, is an independent predictor of
mortality. The increase in risk of lifestyle and age-associated dis-
eases are attributed to the decline in functional levels of many
body systems and thus suboptimal maintenance of physiological
functions in sedentary individuals(12).

Moreover, diet and PA are two of the most frequently
addressed modifiable lifestyle risk factors, which increase mor-
bidity and mortality from lifestyle diseases, including CVD,
obesity, type 2 diabetes and some cancers. Hand in hand, diet
and PA are frequently recommended in clinical practice for gen-
eral health promotion, weight loss or weight maintenance,
chronic disease prevention, and increased quality of life(13).
Diet and PA are considered multidimensional variables that
can influence each other(14). According to data from NHANES
2003–2006, US adults were 32 % more likely to eat a healthy diet
if they met PA guidelines(15). When considering the energy bal-
ance equation, diet (pertinent to energy intake) and PA (perti-
nent to energy expenditure) find themselves on either side of
the equation, suggesting that both factors influence each other
to maintain a healthy weight, possibly more so than the sources
of energy themselves(14,16,17).

The Mediterranean diet pyramid underlines the importance
of PA and other lifestyle factors beyond diet(18,19).
Furthermore, existing evidence already suggests that greater
adherence to both the MedDiet and PA is associated with better
health biomarkers, lower risk of disease and lower mortality
when compared with the MedDiet or PA alone(6,7,20–22). A
meta-review from nine systematic reviews and twenty-four
meta-analyses concluded that the MedDiet may reduce the risk
of non-communicable diseases, improve health status and
reduce total lifetime healthcare costs, with a possibly even
greater effect when combined with PA, as long as tobacco
and excessive alcohol consumption are avoided(21). Existing lit-
erature supports that a healthy MedDiet and PA may be more
effective when acting in combination rather than separately,
but questions remain on exactly how, to what extent, and to
whom is this combined effect most beneficial to target interven-
tions in public health. Little has been studied on the a priori
analysis of the interaction between diet and PA to determine
its impact on hard clinical events or mortality thus far(23,24).
The existing studies have almost never quantified the synergism
between diet and PA. More comprehensive, methodical, and
robust evidence is needed to demonstrate that diet and PA are
two sides of the same coin, as well as to identify to whom this
combination may offer the greatest benefit in public health.

Interaction analysis for the potential synergism between
the Mediterranean diet and physical activity

An interaction is defined as the situation in which the effect of
one exposure on an outcome differs across the strata of another

exposure, implying that the risk differences vary across strata of
the other exposure. Thus, the presence of interaction suggests
that the effect of the two exposures is different from the mere
sum or multiplication of their individual effects, depending on
the nature of the association between exposures and the
assumed scale (additive or multiplicative) for the interaction.
This interrelation of effects suggests that the reduction of either
factor would also reduce the risk of the other factor in producing a
given outcome(25). Different terminology is used throughout the
scientific community to refer to the concept of interaction: joint
effect or combined effect, synergy, interdependence, hetero-
geneity of effects, non-uniformity of effects, effect modification,
or subgroup analysis(26). For the purpose of this article, the term
interaction will refer to the ‘mechanistic or biological interaction’
created when two potential causal risk factors participate in the
same causal mechanism, which implies either synergism or
antagonism between factors on disease risk or death(25,27).

The current criteria within the Strengthening the Reporting of
Observational Studies in Epidemiology guidelines recommend
describing anymethods used to examine interactions or subgroups
within the statistical analysis section of the study methods(28).
However, many studies fall short of this recommendation(26). In
2009, Knol et al. evaluated the presence of interaction in 225 epi-
demiological studies to examine how interaction was assessed and
reported. This literature search found that not all studies that
addressed effect modification or interaction provided satisfactory
information on interactions between exposures (primarily treat-
ments, medical conditions and lifestyle factors). Moreover, only
one out of ten studies reported adequate information for a full
assessment of additive or multiplicative interaction(29). This is
important because an adequate reporting of methods allows for
higher transparency, direct interpretation, comparison and inde-
pendent recalculation of results(30).

There are a variety of statistical approaches for considering
interactions between potential causal factors. The most fre-
quently reported method includes conducting a likelihood ratio
test to compare regression models with and without the multipli-
cative interaction product term. However, this most common
analysis of interaction on the multiplicative scale is limited to
assessing statistical interaction. The current tendency among
observational studies to simply report statistical significance of
the likelihood ratio test on the multiplicative scale is due to
the implicit nature of epidemiological statistical modelling and
software convenience(27,31). When obtaining relative risks, the
inclusion of a product term in multivariable regressions provides
a quick analysis for investigators to report interactions with a cor-
responding P-value, usually implying that a P-value< 0·05 for a
product term (exposureA × exposureB) implies a departure from
pure multiplication of effects. This method, however, disregards
the possibility of detecting additive interactions and quantifying
the effect attributed to the interaction. Contrary to the common
practices in standard articles of epidemiology, according to
Rothman, the information provided on the additive scale, includ-
ing interaction analysis, is most relevant for public health appli-
cation(31,32). Therefore, Knol et al. suggest using more extensive
methods, including analyses for the single effects of each factor,
joint effects for combinations of exposures, stratification, and
measures of interaction on multiplicative and additive scales(30).
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Additive interaction analysis, on the absolute risk scale, esti-
mates the number of attributable cases due to the combined
effect. In the presence of interaction, these cases will either sur-
pass or fall short of the sum of cases due to both exposures sep-
arately, suggesting that the excess of cases depends on the extent
to which risk factors A (i.e. MedDiet) and B (i.e. PA) occur
together in the same individuals. Moreover, relevant to public
health, this analysis provides insights towards which subgroup
of a population, not necessarily the high-risk subgroup, would
observe a greater absolute risk reduction from disease preven-
tion or intervention strategies(25,26,33). When two independent
risk factors are considered well suited to fit an additive model,
the presence of biological interaction requires a departure from
additivity in the scale of absolute incidence rate differences(25,27).
However, study results in epidemiology are most frequently
presented on the relative risk multiplicative scale, which does
not directly allow calculating an absolute risk difference.
Nevertheless, alternative measures of interaction to the absolute
additive model have been available for decades, including the
relative excess risk due to interaction (RERI), synergy index of
additivity (SI) and attributable proportion (AP) due to interac-
tion(30,31,34). The null value for RERI and AP is 0 and SI is 1(35).
Derived from the regressions on the multiplicative scale, these
measures of interaction on the additive scale indicate the direc-
tion, because it can be positive (synergism, beyond the sum of
effects) or negative (antagonism, below the sum of effects), as
well as the magnitude of the interaction(36).

Reporting interactions on the additive scale is uncommon in
standard epidemiological reports. Current explanations as to
why interactions may not be reported in greater detail include
space constraints, word limits or editorial intervention(29). For in-
stance, one study included interaction analysis on both scales,
employing a cross-product term on the multiplicative scale,
and AP, RERI, and SI on the additive scale; however, the authors
used brief descriptive statements to report that no interactions
were found and the data were not shown(20). Moreover, inter-
actions on combined lifestyle factors are rarely a primary objec-
tive nor an initially intended analysis in most studies(20,28,37).
However, the inclusion of these analyses provides essential
information on the potential public health impact and causal
structure of combined effects of different relevant exposures(29).
Thus, more research is needed that report data on interactions as
part of the primary hypothesis evaluated.

To demonstrate this research gap,we present the findings of a
comprehensive review on reported interaction analyses
between the MedDiet and PA on all-cause mortality, followed
by an original analysis with the proposed methodology for a
complete interaction analysis. The comprehensive review
included original research that studied the MedDiet in combina-
tion with PA on mortality to identify the use of interaction analy-
sis. Although we are not the first to study additive interactions
between lifestyle factors, including diet and PA, to our knowl-
edge there is no previous review that has focused on the additive
interaction between the MedDiet and PA on all-cause mortality.
Following this review, we provide a novel original analysis
within a Spanish cohort, the Seguimiento Universidad de
Navarra (SUN), to prospectively assess the joint association of
the MedDiet and PA on all-cause mortality, applying both the

multiplicative and additive interaction analyses for its relevance
to public health.

Comprehensive review of reported interaction analyses
for the Mediterranean diet and physical activity in
association with mortality

We searched PubMed database for original observational
research articles (in the last 10 years, English, and humans) that
studied the combined effect of the MedDiet with PA on all-cause
mortality, from the time when Knol and Vanderweele first pub-
lished recommendations for presenting analyses of effect modi-
fication and interaction in 2012(30). The search strategy and
diagram can be found in Supplementary Table S1 and Fig. S1.
We first identified the methods employed to assess the combina-
tion of diet and PA. Variations among studies included reporting
relative risks for: a lifestyle score that included diet and PA items;
a lifestyle score and its individual components; diet and a lifestyle
score combined; diet and PA combined; or a lifestyle score, its
individual components, and combinations of components.
Sincewewere interested in accessing the presence of interaction
analysis between the MedDiet and PA, we excluded all studies
that did not specifically assess the relative risk for the combina-
tion of the MedDiet and PA on mortality(38–42). After these exclu-
sions, only four articles met the inclusion criteria for assessment
(Table 1)(22,43–45).

Three articles studied diet and PA as individual factors on
mortality(22,43,44); meanwhile, one article included PA and diet
as components of a lifestyle score and analysed the combined
effect of diet and PA as a secondary analysis(45). Three studies
included the sample size and hazard ratios (HR) with 95 % CI
for each combination(22,44,45). The most recent article employed
the parametric G-formula to estimate the relative risk associated
with hypothetical interventions on the individual and combined
effects of the Mediterranean-style diet and PA on all-cause mor-
tality(43). Three articles assessed the MedDiet and PA in ter-
tiles(22,43,44), whereas the other used dichotomous variables(45).
The diverse cut-off points indicated great heterogeneity for the
categorisation of exposures, reinforcing categories are subject
to the available data(46). All four articles presented the combina-
tion of the MedDiet and PA as protective factors and observed
relative risk reductions on all-cause mortality (Table 1).
Graphical representations of the joint effects and measures of
interaction varied across studies, including a contingency table,
multidimensional histogram and relative risk tables for various
combinations of lifestyle factors.

Only one article by Alvarez-Alvarez et al. reported P-values
for the possible interaction between the MedDiet and PA on
all-cause mortality(22). The two reported measures of interaction
in this articlewere obtained for two different scores of adherence
to the MedDiet and were conducted on the multiplicative scale
by incorporating an interaction term in the Cox proportional haz-
ards model. Alvarez-Alvarez et al. observed a synergistic, but not
significant, multiplicative interaction between a modified
Mediterranean diet score and PA (Pinteraction= 0·580), as well
as between a Mediterranean Diet Adherence Screener
(MEDAS) and PA (Pinteraction= 0·293). Thus, the interpretation
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Table 1. Summary table of the literature review conducted on the presence of interaction analysis for the combined effect between the MedDiet and PA on all-cause mortality

Author,
et al., year

Population characteristics (mean follow-up) Mediterranean diet Physical activity Combined

Mean
age SD HR 95% CI† HR 95% CI† Risk 95% CI† Pinteraction*

As independent factors:
Williamson

et. al.,
2019(43)

22 213 healthy middle-aged
adults (median 58 years),
62·9% female, from the
Melbourne Collaborative
Cohort Study 1995–2011,
(median 13·6 years)

Low MDS (T0; 0–3 pts)
v. high MDS (T2; 6–9
pts)

0·81 0·70, 0·93 Low PA (low activ-
ity ≤ 2/week) v.
high PA (intensive
activity ≥ 3/week)

0·71 0·62, 0·81 High + high;
(RR)

0·82 0·64, 1·00

Cárdenas-
Fuentes
et al.,
2018(44)

7356 older adults at high
vascular risk, 57·5%
female, from the
PREDIMED study 2003–
2008, (6·8 years)

67 6·2 years MEDAS low (T1;< 130
pts) v. high (T3;> 119
pts)

0·47 0·37, 0·59 Low leisure-time PA
(T1;< 9 pts) v.
high (T3;> 10·4
pts)

0·64 0·51, 0·81 T3 + T3 0·27 0·19, 0·38

Alvarez-
Alvarez
et. al.,
2018(22)

19 467 adult, 60·2% female,
from the SUN cohort
1999–2013, (median 10·3
years)

38·2 12·2 years mMDS low (T1;≤ 19 pts)
v. high (T3; 23–30 pts)

0·66 0·46, 0·96 PA score low (T1;≤ 2
pts) v. high (T3;
6–8 pts)

0·48 0·33, 0·71 T3 + T3 0·36 0·19, 0·67 0·580

MEDAS low (T1;≤ 5 pts)
v. high (T3; 7–12 pts)

0·53 0·31, 0·91 PA score low (T1;≤ 2
pts) v. high (T3;
6–8 pts)

0·48 0·33, 0·71 T3 + T3 0·38 0·19, 0·73 0·293

As components of lifestyle scores:
Behrens et.

al.,
2013(45)

170 672 men and women,
41% female, from the
NIH-AARP Diet and
Health Study 1996–2009,
(12·5 years)

62·5 5·3 years aMDS healthy diet (no;≤
4 pts) v. (yes; 5–8 pts)

0·86 0·83, 0·88 Recommended PA
(no; vigorous activ-
ity < 3/week) v.
(yes; vigorous
activity ≥ 3/week)

0·86 0·84, 0·89 yes + yes 0·82 0·79, 0·85

MedDiet, Mediterranean diet; PA, physical activity; HR, hazard ratio; RR, relative risk; MDS, Mediterranean diet score; pts, points; MEDAS, Mediterranean Diet Adherence Screener; mMDS, modified Mediterranean diet score; aMDS, alternate Mediterranean diet score;
PREDIMED, Prevención con Dieta Mediterránea.
† HR provided are the multivariable-adjusted values.
*All interaction analyses reported were presented on the multiplicative scale.
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of the combined effect of both lifestyle factors was the existence
of a synergistic interaction, beyond additivity, but not beyond
multiplicativity, equivalent to the mere multiplication of relative
effects(22).

Despite the absence of an interaction analysis, Williamson et.
al presentedmeasures of association on the risk difference (addi-
tive) scale andmeasures of impact, in addition to the relative risk
(multiplicative) scale. The combined hypothetical repeated
intervention estimated an absolute reduction in all-cause mortal-
ity of 1·82 deaths per 100 people (95 % CI 0·03, 3·6). Moreover,
when the authors considered an intervention only on partici-
pants with obesity, the overall risk differences and risk ratios
were closer to the null, suggesting that a greater absolute effect
would be obtained by intervening on the general population(43).
A comprehensive interaction analysis would have further
addressed the mechanism behind the observed joint effect,
which suggested a potential synergism in the Melbourne
Collaborative Cohort Study, with 22 213 middle-aged partici-
pants. This comprehensive review sheds light on the absence
of reported interaction analyses and the research gap that exists
between the frequently reported measures of association (i.e.
relative risks) and less common absolutemeasures of association
and impact for public health.

Mediterranean diet and physical activity on all-cause
mortality in the Seguimiento Universidad de Navarra
cohort

One of the above-mentioned studies, which assessed the com-
bined effect of the MedDiet and PA on all-cause mortality, was
nested in the SUN cohort. The SUN project is a prospective,
multipurpose, cohort of Spanish university graduates, with con-
tinually open recruitment (i.e. a dynamic design), consisting of a
baseline questionnaire and biennial follow-up questionnaires.
Participants’ informed consent was given upon completion of
the baseline questionnaire. All participants are university gradu-
ates, ensuring greater reliability, validity and retention rates asso-
ciated with education status. The SUN project has been
approved by the Institutional Review Board of the University
of Navarra and registered at clinicaltrials.gov (NCT02669602).
Further explanation of this study’s objective, design andmethods
has been published previously(47,48).

In the previous study by Alvarez-Alvarez et. al., a descriptive
evaluation of the relation between the MedDiet and PA showed
that physically active participants had lower BMI and adhered
better to the MedDiet by consuming more vegetables, fruits,
legumes, cereals, fish and nuts, but less red and white meat.
The authors calculated an eight-item active lifestyle score as a
proxy of PA that considered the volume, intensity and frequency
of leisure-time physical activities and sedentary behaviour (i.e.
exercise, walking, climbing stairs, watching television and sit-
ting). They found that participants who engaged in amore physi-
cally active lifestyle (6–8 points) and also presented higher
adherence to the modified Mediterranean diet score (23–30
points) showed a 64 % relative reduction (HR= 0·36; 95 % CI
0·19, 0·67) on all-cause mortality compared with participants
in the lowest category of PA and MedDiet. In addition, high

adherence (7–9 points) to MEDAS in combination with high
PA (6–8 points) was associated with a 61 % decreased relative
risk of all-cause mortality (HR= 0·39; 95 % CI 0·21, 0·72) com-
pared with the lowest adherence to PA and MedDiet cat-
egory(22,49). These observations and joint effects suggested the
interrelationship between these two lifestyle factors and the
potential interaction that may drive a greater risk reduction on
all-cause mortality than the individual effects of diet or PA alone.

Alvarez-Alvarez et al. tested the potential synergism between
the MedDiet and PA using a likelihood ratio test, comparing Cox
proportional hazards models with and without the interaction
product term created by the MedDiet and PA. P–values for multi-
plicative interaction were not statistically significant for neither
the modified Mediterranean diet score (P = 0·580) nor MEDAS
(P = 0·293). Therefore, their combined effect was inferred to only
have synergistic effects on mortality risk reduction, but not
beyond multiplicativity(22). This interpretation, nonetheless,
should be further assessed with appropriate statistical methods.
Hence, this initial joint effect analysis provided the foundation
for the following comprehensive assessment of interactions in
search of a clearer understanding of the nature between these
two lifestyle factors which are so frequently combined.

Comprehensive interaction analysis in the Seguimiento
Universidad de Navarra cohort

From December 1999 to August 2020, a total of 22 893 partici-
pants had been recruited for the SUN cohort. After exclusions,
a total of 19 446 participants, consisting of 7416 men and
12 030 women (61 %), were included in the present analysis (on-
line Supplementary Fig. S2). Dietary data in the SUN cohort were
collected using a validated 136-item semiquantitative FFQ at
baseline(50,51). For our analysis, Trichopoulou’s operational def-
inition of the MedDiet, a nine-item Mediterranean diet score
(MDS) in which each item scored 0 or 1 point, assessed adher-
ence to the MedDiet(49). Additionally, a seventeen-item PA ques-
tionnaire collected at baseline inquired about the frequency and
time dedicated to leisure-time physical activities, sports and sed-
entary behaviour(52). PA was measured with an eight-item a pri-
ori defined index with final scores ranging between 0 and 8
points(22). PA items included exercise (yes and no), intensity
(moderate and vigorous), Metabolic equivalent of task-h/week
(< 16·1 and≥ 16·1), walking speed (low/normal and brisk/fast),
walking time (< 0·5 h/d and≥ 0·5 h/d), climbing upstairs (< 3
floors/d and≥ 3 floors/d), television viewing time (≥ 1·5 h/d
and< 1·5 h/d) and sitting time (≥ 5 h/d and< 5 h/d). These
exposures, traditionally presented as protective factors, were
transformed and presented as risk factors by recommendation
of Knol et al. when conducting interaction analyses on the addi-
tive scale(53). Thus, MDS scores were presented as quartiles (Q4:
high adherence to Q1: low adherence) and PA scores were
dichotomised into categories of high (4–8 points) and low (0–
3 points) activity levels. This categorisation of each exposure
identified the most appropriate distribution of individuals with
differentiated MedDiet adherence and PA level. Combinations
of both exposures were created with a contingency table for
quartiles of MDS and dichotomous PA.
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After a median follow-up of 12 years (±4·5 SD), a total of 277
deaths (including 9 (3·25 %) deaths with unconfirmed cause)
were observed. Deaths were confirmed by death certificates
and medical records sent by next of kin or computerised record
linkage to the SpanishNational Statistics Institute (INE, www.ine.
es). The date and cause of death were recorded and encoded
using the International Classification of Diseases (ICD-10).
Follow-up for each participant was calculated from the date
the baseline questionnaire was returned to the date the last ques-
tionnaire was received or the reported date of death.

A multivariable statistical analysis was conducted using a Cox
regression model for the assessment of individual and combined
effects between adherence to the MedDiet and PA on all-cause
mortality. Age was the underlying time variable, and all Cox
regression models were stratified by age in decades (seven cat-
egories) and the year in which participants entered the study (six
categories). Multivariable-adjusted HR were adjusted for sex,
BMI (five categories), education level (bachelor’s degree/mas-
ters or doctorate), smoking status (never, active and former
smoker), cigarettes smoked (packs/d-year), alcohol consump-
tion (continuous), total energy intake (continuous), family his-
tory of CVD, prevalent hypertension, hypercholesterolemia
and history of depression at baseline (ever/never). Individual
exposures were additionally adjusted for the remaining lifestyle
factor. Linear trend tests were performed by assigning medians
to each category and treating it as a continuous variable.

Interactions were analysed according to the methodology
proposed by Knol and Vanderweele by studying the single
and joint effects of the exposures followed by an interaction
analysis on both the multiplicative and additive scales(30,54).
Knol et al. made particular emphasis that protective factors
should be recoded as risk factors, selecting the reference group
as those not exposed to either risk factor, representing the lowest
risk on the given outcome, for the correct calculation of RERI(53).
On the multiplicative scale, a likelihood ratio test compared Cox
regression models with and without a product term for the low-
est MDS and low PA level. On the additive scale, the lowest MDS
quartile and low PA category were employed for calculating the
RERI, as well as the AP due to interaction (online Supplementary
Table S4).

All P-values< 0·05 were considered statistically significant.
All statistical analyses were conducted using STATA version
14 (StataCorp).

Understanding how diet and physical activity interact on
mortality in the Seguimiento Universidad de Navarra cohort

Descriptive baseline characteristics for our final study popula-
tion are described by means and standard deviation or percent-
age in Supplementary Table S2. As expected, our final study
population from the SUN cohort further demonstrated the inter-
relatedness between dietary and PA habits. Those with higher
levels of PA exhibited slightly higher MDS, greater total daily
energy intake with a greater percentage from carbohydrates,
higher intakes of fibre, vegetables, fruits, cereals, fish, dairy prod-
ucts and nuts, as well as lower percentage of total energy intake
from fat and lower meat consumption compared with

participants with a low PA level. On the other hand, those with
higher adherence to the MDS showed slightly higher PA scores,
more frequent exercise, higher weekly energy expenditure,
faster walking pace, more minutes walking per d, climbed more
stairs and spent fewer hours sitting per d as compared with par-
ticipants with lower MDS adherence. Supplementary Table S3
shows the frequency of points awarded to each item of the
MDS and PA scores. Statistically significant differences were
observed across categories of the opposite lifestyle factor, with
the exception of dairy product consumption and monounsatu-
rated to saturated fat ratio between PA levels (P> 0·05). These
differences suggest that a greater adherence to the MDS is asso-
ciated with a greater PA level and vice versa.

The main causes of death included cancer (53·8 %) and CVD
(18·4 %) with a mean age at death of 61 years. As shown in
Table 2, each protective factor as a continuous variablewas asso-
ciated with a statistically significant decreased risk on all-cause
mortality. Additionally, poorer adherence across quartiles of
the MDS and a low level of PA showed statistically significant
increased risks of mortality compared with the highest MDS
adherence quartile and the high PA category, (Q1 HR= 1·70;
95 % CI 1·10, 2·62) (HR= 1·32; 95 % CI 1·02, 1·70), respectively.
The joint effect of the lowest MDS adherence with low PA
showed an even greater increased risk (HR= 2·31; 95 % CI
1·33, 4·01) compared with the highest MDS and high PA combi-
nation (Table 2). As represented in Fig. 1, this joint association
showed a linear increasing trend as MDS and PA combinations
worsened (Pfor trend< 0·001).

The joint effect analysis suggested a potential synergism
between the two independent variables. This finding was sup-
ported by the comprehensive interaction analysis for the doubly
exposed category, which observed a RERI coefficient greater
than 0 for the point estimate, although it had wide CI and it
was not statistically significant (RERI= 0·46; 95 % CI −0·83,
1·75). An additional analysis to increase statistical power was
conducted with continuous risk factors, yet no statistical signifi-
cance was observed (RERI= 0·21; 95 % CI −0·03, 0·07). Table 2
shows that 36 % of the joint effect was attributed to the interac-
tion, whereas lowMDS and low PA accounted for 47 % and 16 %,
respectively. Lastly, no multiplicative interaction was detected in
this analysis since the comparison of regression models with and
without a multiplicative interaction term did not observe statis-
tical significance (P = 0·73). Our results indicated the joint asso-
ciation between the lowest adherence to the MDS (Q1) and low
level of PA (0–3 pts) on all–cause mortality most likely involves
an interaction beyond additivity, but below multiplicativity.

The potential synergism between the MedDiet and PA, as risk
factors for premature mortality, may be explained in part by the
complex dynamic balance between energetic intake and energy
expenditure, in addition to awide array of other biologicalmech-
anisms(55). Energy intake exceeding energy needs has been asso-
ciatedwith an increasedmortality risk(56). Both a healthy diet and
adequate PA maintain body weight and composition through
interconnected pathways regulated by the neural and endocrine
systems(16). Moreover, a high-quality diet, represented by higher
adherence to the MedDiet, has been associated with benefits
regarding lipid oxidation(57), HDL function(58), insulin sensitiv-
ity(59), endothelial function(60), inflammation(61,62) and telomere
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Table 2. Prevalence, individual and joint effects (HR), and measures of interaction on multiplicative and additive scales between adherence to the MedDiet
and PA on all-cause mortality
(Numbers and percentages; hazard ratios and 95 % confidence intervals)

n

Deaths (%)
Time at risk

(person-years) Multivariable-adjusted HR*

95% CI

n % Lower limit Upper limit

Continuous exposures
Nine-item MDS 19 446 277 1·42 225 057 0·90 0·84 0·97
Eight-item PA score 19 446 277 1·42 225 057 0·88 0·82 0·94
Individual effects†
Q4 MDS (7–9 pts) 2179 38 1·74 23 929 1 Ref.
Q3 MDS (5–6 pts) 6527 110 1·69 74 063 1·66 1·11 2·47
Q2 MDS (4 pts) 3968 58 1·46 46 437 1·59 1·02 2·48
Q1 MDS (0–3 pts) 6772 71 1·05 80 629 1·70 1·10 2·62
High PA (4–8 pts) 12 606 156 1·24 145 869 1 Ref.
Low PA (0–3 pts) 6840 121 1·77 79 189 1·32 1·02 1·70
4 × 2 Joint effects
Q4 MDS-high PA 1607 26 1·62 17 617 1 Ref.
Q3 MDS-high PA 4406 65 1·48 50 122 1·77 1·09 2·89
Q2 MDS-high PA 2526 29 1·15 29 508 1·51 0·86 2·65
Q1 MDS-high PA 4067 36 0·89 48 622 1·82 1·05 3·14
Q4 MDS-low PA 572 12 2·10 6312 1·31 0·63 2·71
Q3 MDS-low PA 2121 45 2·12 23 941 2·16 1·29 3·62
Q2 MDS-low PA 1442 29 2·01 16 929 2·48 1·40 4·39
Q1 MDS-low PA 2705 35 1·29 32 007 2·31 1·33 4·01
Measures of interaction Estimate
Multiplicative scale
Likelihood ratio test P = 0·73

Additive scale
Relative excess risk due to interaction 0·46 –0·83 1·75
Attributable proportions of the joint effect

Due to interaction 0·36 –0·62 1·34
Due to low MDS 0·47 –0·11 1·06
Due to low PA 0·16 –0·53 0·85

HR, hazard ratio; MedDiet, Mediterranean diet; PA, physical activity; n, sample population size; MDS, Mediterranean diet score; pts: points.
*Adjusted for sex, BMI, education level, smoking status, cigarettes smoked, alcohol, total energy intake, family history of CVD, prevalent hypertension, hypercholesterolemia, depres-
sion, and stratified by year entering the cohort and age in decades. Individual exposures were additionally adjusted for the remaining lifestyle factor.
† Variables are presented as risk factors.

Fig. 1. HR (95%CI) for the combinations of adherence to the MedDiet and PA levels on all-cause mortality. MedDiet, Mediterranean diet; PA, physical activity; HR,
hazard ratios.

Diet and physical activity interaction analysis 1419

https://doi.org/10.1017/S0007114521002877  Published online by Cam
bridge U

niversity Press

https://doi.org/10.1017/S0007114521002877


length(63), suggesting potential biological mechanisms for a
lower risk of mortality(5). Similarly, regular exercise alleviates
the negative effects caused by free radicals, reducing the risk
of sarcopenia, insulin resistance, chronic disease, and conse-
quently, premature death(64). Thus, the detrimental effects of
inadequate nutrition and lack of PA, which increase morbidity
and mortality from lifestyle diseases, are most likely due to an
energy imbalance, the modification or disruption of regulatory
processes, and harmful effects caused by inflammation and oxi-
dative stress on health.

Furthermore, the absolutemeasures presented, RERI and theAP
due to interaction, provide informative estimates regarding the
impact of the joint effect. The effect of the interaction varies accord-
ing to the prevalence of the two exposures and the outcomewithin
a given subgroup. Hence, the public health implications of the
MedDiet and PA depend on the proportion of the population in
which these factors occur jointly(25). The greater the number of sub-
groups, the fewer cases of mortality correspond to each combina-
tion, the smaller the effect observed from the interaction. According
to our data, which observed increased relative risks as lifestyle fac-
tor combinations worsened, surpassing the risks of the individual
factors, we quantified the effect due to the interaction was 36%
of the total joint effect. Hence, the subgroup with low MedDiet
adherence and lowPAwouldbenefit froman intervention targeting
both habits simultaneously to reduce the risk posed by this syner-
gism. This subgroup received three or less points for both the MDS
and PA scores, indicative of individuals with ample room for
improvement in many possible aspects of diet and PA compared
with the rest of the study population. Similarly, from a more appli-
cable perspective to public health, increasing risk reductions were
observed across combinations of MDS and PA on protective scales
(online Supplementary Table S5 and Fig. S3). Although quantifying
the interaction requires transforming healthy lifestyle factors into
their corresponding risk factors, the observed joint effect of adher-
ing to theMedDiet andPA, greater than the sumof the effect of each
individual lifestyle habit, offers a more translatable message to the
public.

Strengths of this analysis include the large population size,
long follow-up, adjustment for numerous potential confounders
and greater validity of self-reported data from an educationally
homogenous population of university graduates. Nevertheless,
considering a multivariable analysis requires a large sample size,
an interaction analysis requires an even greater sample size and,
therefore, the AP due to interaction may add strength to the RERI
estimate. Although the remaining cases of mortality were few
after exclusions were applied, a recent meta-analysis showed
that the association between a healthy lifestyle and all-cause
mortality was stronger in studies with longer follow-up or among
younger participants, indicating larger benefits could be
obtained if people adopt healthy lifestyles at an early age and
follow for a long time(65). Although wemay not have had the suf-
ficient statistical power for a more robust interaction analysis, the
power to detect interactions tends to be greater on the additive
scale than the multiplicative scale when the main effects are pos-
itive(66,67). In addition, the primary limitations posed by measur-
ing long-term habitual patterns of dietary intake and PA from
self-reported measurements include residual confounding due
to variations in habits over time and recall bias(68).

Furthermore, our analysis employed baseline data, whereas
an analysis with repeated measures may detect associations
and interactions between decreased adherence to the
MedDiet and PA over time. Lastly, our results should be inter-
preted with caution due to the use of recoded variables as risk
factors (i.e. non-adherence to the MedDiet rather than high
adherence and physical inactivity rather than PA), which may
not infer the same results for exposures in their preventive
form(53). The categorisation of exposures may be debatable
given the irregular distribution of participants; however, the bio-
logical relevance and case distribution were considered to
present the most appropriate analysis(46).

As previously mentioned, measures of interaction are com-
monly non-significant and considered unnecessary to authors
and therefore are often not presented(29). One of the main meth-
odological reasons for the absence of statistically significant
interaction terms previously acknowledged and the reason for
underreporting interaction analyses is the lack of statistical
power to detect RERI and reduce type II error(66,67,69). Both fol-
low-up duration and sample size should be considered when
conducting additive interaction analysis, provided that the detec-
tion of causal interactions may depend on the progression of
time and more precise estimates may require very large study
populations(70). This frequent concern may be solved in part
by calculating the AP due to interaction, which does not solely
rely on statistical significance, making it a valuable measure of
interaction(34). Furthermore, statistical significance for inter-
actions is frequently established at P< 0·10, rather than
P< 0·05, due to the limitations of statistical power(71).

Significance of studying interactions between lifestyle
factors

Just as the MedDiet and PA have been studied as the combined
effect created by their individual components, such as a priori
defined dietary patterns rather than single food groups or foods,
lifestyle can be assessed by studying specific combinations of
behaviours(3,9,72,73). This methodology was anticipated by
Rothman, who stated ‘as more causal factors are associated with
health outcomes, greater interest will be given to the joint effects
created by combinations of exposures’(74). More and more life-
style scores, including simple scores, Life’s Simple 7 (LS7) and
the World Cancer Research Fund/American Institute for
Cancer Research (WCRF/AICR) score, encompass a healthy
dietary pattern complemented by PA, other lifestyle habits and
cardiometabolic parameters to define a larger concept of life-
style(41,65,75–77). A recent meta-analysis observed the risk reduc-
tions for all-cause and CVD mortality related to LS7 were
similar or even weaker compared with the simple score, indicat-
ing that more emphasis should be given to lifestyle factors, in
addition to cardiometabolic markers, for the prevention of pre-
mature deaths(65). In addition to studying the global effect of a
lifestyle score, studying combinations of lifestyle factors is rel-
evant for understanding the impact these multifaceted and inter-
related habits have on individual and population health. These
studies provide key insight for implementing successful multi-
component lifestyle interventions(78–82). Consequently, studying
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the conjoint effect of diet and PA is especially relevant given the
current research gap between the effects of individual factors
and the complexity of an overall lifestyle.

Not only theMedDiet and PA but other lifestyle factors as well
should be studied in combination with each other to understand
the interaction betweenmultifactorial causes of disease andmor-
tality and create effective guidelines for general, at risk, and dis-
eased populations. Translating the findings of an interaction
analysis into a public health message, however, is difficult.
Future strategies will require educating health professionals on
the synergism between lifestyle factors to communicate the syn-
ergistic health benefits to patients. There are considerable limi-
tations when asking a dietitian to speak on PA or a PA expert to
speak on diet, let alone other lifestyle factors. Thus, clinicians
should be specifically trained to discuss lifestyle factors as pro-
posed by Frates et al.(83) This issue is similar at the public health
level, we need to better combine the dietary guidelines with PA
guidelines in a more integrative manner, such as the Dietary
Guidelines for Americans(84) and the Physical Activity
Guidelines for Americans(85). These recommendations must be
supported by long-term policies, communication and imple-
mentation strategies across sectors(86).

Provided that chronic disease affects all aspects of health and
the combination of poor diet and PA may play a greater role in
the burden from chronic disease, more so than overall mortality,
future research should study cause-specific mortality, premature
mortality and death free of chronic disease, including CVD, dia-
betes, cancer and the metabolic syndrome(87,88). Research in this
line has already been devised and conducted with network
analysis (analysis of regularities or patterns of interaction within
the network) to understand the multiple connections between
associations of healthy ageing. In a similar manner to studying
biological interactions, this methodology has been used to focus
on themeaning of the interactions between aspects of health and
vitality along the path that leads to frailty and its adverse conse-
quences, and how they change over time(89). Complementary to
the presently suggested interaction analysis, network analysis
may also contribute to the research gap regarding the pathways
involved in interactions with the MedDiet in the field of public
health(90).

In conclusion, this article addresses the current research gap
regarding interaction analyses reported for the combination of
the MedDiet and PA, beyond individual and joint measures of
association, and presents an original analysis within the SUN
cohort. Our analysis focused on quantifying the interaction
between the MedDiet and PA; however, more studies are
needed to study other dietary patterns for greater generalisability
and a meta-analysis of the effect attributed to the interaction
would provide further evidence. Similar to studying an overall
dietary pattern as a cumulative effect of several individual com-
ponents, lifestyle indices are used to study the cumulative effect
of individual behaviours. Nevertheless, themechanism bywhich
these individual components interact is complex, suggesting the
use of interaction analysis as an essential statistical method to
complement frequently reported joint effects. Our analysis in
the SUN cohort suggested a synergism between low adherence
to the MDS and low level of PA on all-cause mortality. While
quantifying the synergism between the MedDiet and PA focuses

on one interaction among many possible lifestyle interactions,
this methodology and network analysis may be advantageous
towards understanding the potential synergism between multi-
ple lifestyle factors. More studies on interactions are needed to
fill this gap in nutritional epidemiology and provide high-quality
evidence as interest grows in studying overall lifestyle patterns
on health.
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