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RESEARCH ARTICLE Open Access

Sustained adherence to a Mediterranean
diet and physical activity on all-cause
mortality in the Melbourne Collaborative
Cohort Study: application of the g-formula
Elizabeth J. Williamson1,2* , Julia Polak3, Julie A. Simpson3,4, Graham G. Giles4,5, Dallas R. English4,5,
Allison Hodge4,5, Lyle Gurrin3,4 and Andrew B. Forbes3,6

Abstract

Background: Adherence to a traditional Mediterranean diet has been associated with lower mortality and
cardiovascular disease risk. The relative importance of diet compared to other lifestyle factors and effects of dietary
patterns over time remains unknown.

Methods: We used the parametric G-formula to account for time-dependent confounding, in order to assess the
relative importance of diet compared to other lifestyle factors and effects of dietary patterns over time. We
included healthy Melbourne Collaborative Cohort Study participants attending a visit during 1995–1999.
Questionnaires assessed diet and physical activity at each of three study waves. Deaths were identified by linkage
to national registries. We estimated mortality risk over approximately 14 years (1995–2011).

Results: Of 22,213 participants, 2163 (9.7%) died during 13.6 years median follow-up. Sustained high physical activity
and adherence to a Mediterranean-style diet resulted in an estimated reduction in all-cause mortality of 1.82 per 100
people (95% confidence interval (CI): 0.03, 3.6). The population attributable fraction was 13% (95% CI: 4, 23%) for
sustained high physical activity, 7% (95% CI: − 3, 17%) for sustained adherence to a Mediterranean-style diet and 18%
(95% CI: 0, 36%) for their combination.

Conclusions: A small reduction in mortality may be achieved by sustained elevated physical activity levels in healthy
middle-aged adults, but there may be comparatively little gain from increasing adherence to a Mediterranean-style
diet.

Keywords: Time-varying confounding, G-methods, G-computation, Parametric G-formula

Background
The traditional Mediterranean diet is characterised by rela-
tively high intakes of fruit, vegetables, cereals, grains, nuts,
olive oil, and fish with a low intake of red meat and dairy
products, and moderate consumption of alcohol, mainly as
wine [1]. A randomised controlled trial of a Mediterranean-
style diet with a primary outcome of cardiovascular disease
(CVD) demonstrated reductions in cardiovascular events in

the group randomised to the Mediterranean diet [2] and
noted a reduction in all-cause mortality [3]. The NICE
Guidelines [4] recommend following a Mediterranean-style
diet post myocardial infarction (MI). A recent meta-
analysis of cohort studies found that adherence to a Medi-
terranean diet was associated with a 10% reduction in CVD
risk and an 8% lower risk of overall mortality for a 2-point
increment in diet score [5]. More recent cohort studies
have generally supported previous findings suggesting re-
ductions in CVD mortality [6, 7] and all-cause mortality
[6–9]. Similar associations were observed for men and
women who had CVD at baseline [10]. Only one prospect-
ive study of healthy American adults, mostly men, found
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no evidence of an association between three different diet-
ary indices, including a Mediterranean diet score, and mor-
tality [11].
Adherence to a Mediterranean-style diet may reflect a

tendency to healthier lifestyle choices in general, so it is
important to assess the effect of diet in combination
with other modifiable lifestyle factors, such as physical
activity. Knoops et al. [12] found that increasing adher-
ence to a healthful lifestyle, determined by combinations
of smoking behaviour, alcohol consumption, physical ac-
tivity, and adherence to a Mediterranean diet, was asso-
ciated with a more than 50% reduction in all-cause
mortality. Prinelli et al. found similar associations in a
smaller study [9]. In a large American cohort, Mediterra-
nean diet score was associated with a small (14%) reduc-
tion in mortality risk, with the combination of healthy
diet, not smoking, healthy waist circumference and phys-
ical activity giving a relative risk of 0.27 (95% confidence
interval: 0.25, 0.29) for mortality [8]. However, these
studies considered only a single measurement of lifestyle
factors at baseline, which may simply reflect the accu-
mulation of a lifetime of healthy behaviours. To disen-
tangle these separate effects it is necessary to consider
changes in these lifestyle factors over time. However,
with lifestyle exposures such as diet, confounders (e.g.
diabetes) may change over time and may also be affected
by prior exposure status; standard statistical methods
cannot adequately address this type of confounding bias
[13, 14]. Two studies analysed repeated dietary measure-
ments [7, 10], but neither employed statistical methods
accounting for potential time-dependent confounding by
time-varying covariates.
We are unaware of any studies considering the com-

bined effect of sustained diet and physical activity over
time, accounting for time-dependent confounding. We
use data from three waves of an Australian cohort study
to investigate the individual and combined benefits of
adherence to a Mediterranean-style diet and high phys-
ical activity levels on all-cause mortality over a 14-year
period for middle-aged adults free of major disease,
employing the parametric G-formula to account for
time-dependent confounding.

Methods
Study population
The Melbourne Collaborative Cohort Study (MCCS) is a
prospective study in Australia comprising 41,513 partici-
pants almost all of whom (99%) were aged between 40 and
69 years [15]. Participants were recruited from the commu-
nity between 1990 and 1994. Participants attended a study
centre at recruitment (T0), where physical measurements,
interviewer-administered questionnaires and blood samples
were completed. Participants were followed up approxi-
mately 5 years later by mail (T1; 1995–1999, approx. 87%

response proportion) and subsequently attended a study
centre approximately 7 years later (T2; 2003–2007, approx.
66% response proportion) where physical measurements,
blood samples and interviewer-administered questionnaires
were repeated. The Cancer Council Victoria’s Human Re-
search Ethics Committee approved the study.
MCCS participants were eligible for the present study

if they completed the questionnaire at the first follow-up
(T1), and were free of major disease (cancer, stroke,
heart attack, bypass, angioplasty, diabetes) at that time.
Participants with extreme self-reported dietary intakes at
recruitment (top and bottom 1%) were excluded. T1 is
taken as the baseline for the current study, rather than
recruitment (T0), to allow careful adjustment for previ-
ous dietary and physical activity patterns. Migrants from
Southern Europe were excluded due to high attrition,
resulting in too small a sample to draw reliable conclu-
sions for this subgroup.

Dietary data
A 121-item food frequency questionnaire was developed for
the study [16] and was self-administered at recruitment
(T0). Diet was assessed by a shorter self-administered ques-
tionnaire at the interim follow-up (T1) and an extended
questionnaire at the final visit (T2). Good validity and reli-
ability of the two longer questionnaires has been demon-
strated [17–19]. Alcohol consumption was measured using
beverage-specific frequency and quantity questions. A Medi-
terranean Diet Score (MDS) was calculated following Tri-
chopoulou et al. [1] with the alcohol component modified
to adapt to the Australian context. For each wave, partici-
pants were allocated: 1 point for intakes of vegetables, fruit,
cereals, legumes and fish above (or equal to) sex-specific
medians; 0 points for intakes below the median. For dairy
and red meat, this was reversed (1 point for intakes below
the median; 0 otherwise). For alcohol, 1 point was allocated
for 5–20 g/d for women, and 10–20 g/d for men (a lower
limit than the original scoring, following Australian national
guidelines [20]); lower or higher intakes scored zero. We re-
placed the ratio of monosaturated:saturated fats [1] by olive
oil intake, since red meat is an important source of monosa-
turated fat in Australia [21]. The final score, calculated at
each of the three study time-points (T0, T1, T2), ranged
from 0, indicating no adherence to a Mediterranean style
diet, to 9 indicating high adherence to a Mediterranean diet.
Scores were categorised into three groups: low (0–3),
moderate (4, 5) and high (6–9) adherence to a Mediterra-
nean diet; these categorised scores are used throughout.

Physical activity data
Physical activity was assessed by questions regarding the
amount and intensity of regular exercise undertaken. Re-
sponses were aggregated to an overall score by weighting
responses based on relative energy expenditure of
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different activities. The questions asked at the three
waves differed, thus the absolute activity scores are not
comparable across time-points. The questions in the first
two waves were obtained from the Risk Factor Preva-
lence Study conducted by the National Heart Founda-
tion and Australian Institute of Health, and have been
shown to have predictive validity for current and subse-
quent obesity [22]. The third wave used the validated
long form International Physical Activity Questionnaire
[23]. The scores were categorised into low, moderate
and high physical activity groups; cut-offs were chosen
to represent comparable activities at the three waves: the
low-activity category represents at most walking or
undertaking moderate exercise twice a week; the high-
activity category represents doing intensive activity (e.g.
running) three or more times a week, or intensive activ-
ity twice a week combined with daily walking or moder-
ate activity. We consider the categorised activity scores
throughout.

Mortality, cancer and cardiovascular disease
Deaths were identified through the Victorian Registry
of Births, Deaths and Marriages, and the National
Death Index. Death records were complete to April
2011. High sensitivity and specificity of linkage to the
National Death Index has been demonstrated [24].
Cancer diagnoses were identified from notifications to
the Victorian Cancer Registry. Participants who
attended a study centre at the third wave (T2) pro-
vided information about heart attack, angioplasty, by-
pass or stroke since the previous wave. Questions
about diabetes and angina diagnoses were added dur-
ing data collection in the third wave (T2) thus this
information is not available for all participants. For
participants who did not attend the third wave, the
intended date of follow-up – conservatively estimated
as the last date of T2 follow-up – was used to deter-
mine whether deaths occurred pre or post T2.

Potential confounders
A causal diagram was drawn to inform the selection of po-
tential confounders (Additional file 1: Figure S1). Weight
was measured according to standard procedures [25] at
recruitment (T0) and (T2), with self-reported weight at
the postal follow-up (T1). These weights were used to cal-
culate body mass index (BMI, kg/m2) at each wave, using
the height measured at recruitment, grouped as: under-
weight < 18.5, normal 18.5- < 25, overweight 25- < 30,
obese I 30- < 35, obese II/III 35+. Other confounders con-
sidered were: sex, education (primary school, some high/
technical school, completed high/technical school, degree/
diploma), smoking status (never, former, current), history
of angina, arthritis or asthma, family history of heart
attack (parent or sibling), living alone, total plasma

cholesterol (mmol/L), and hypertension (SBP > 140
mmHg or DBP > 90). Where age (at T1) was categorised,
it was grouped as: < 50, 50–55, 55–60, 60–65, 65–70, 70+
yrs. Alcohol consumption forms part of the Mediterra-
nean diet score, thus was not considered a confounder at
T1. Previous consumption (at T0) was a potential
confounder, grouped as: abstainer, former drinker, low (<
40 g/d men, < 20 g/d women), medium (40–60 g/d men,
20–40 g/d women), and high (> 60 g/day men, > 40 g/d
women). At the second clinic visit (T2), the values of liv-
ing alone, smoking status, BMI, and plasma cholesterol
were updated.

Statistical analysis
Unadjusted Kaplan-Meier failure curves for mortality by
Mediterranean diet and physical activity scores (at T1)
were drawn. For comparison with previous studies, Cox
regression, with an age timescale, was used to estimate
hazard ratios for mortality associated with Mediterra-
nean diet and physical activity scores, with follow-up
from the date of the T1 questionnaire to the first of
death or 1st April 2011, adjusting for all confounders
above. Initial models considered exposure and con-
founders fixed at T1; subsequent models time-updated
exposures, confounders and comorbidities at T2. Mul-
tiple imputation was used to handle missing data (details
in Additional file 1: Box S1). The proportional hazards
assumption was checked using Schoenfeld residual tests.
To account for time-varying confounders (BMI, smok-

ing, living alone, cholesterol, and comorbidities devel-
oped in the intervening time) we applied the parametric
G-formula (see [26–28] for similar applications). Briefly,
the parametric G-formula is a natural extension of con-
ventional direct standardisation of mortality risks, ac-
counting for time-dependent confounding. It estimates
risks under population-wide exposure to a sequence of
exposure values, often referred to as ‘hypothetical inter-
ventions’. The standardised cumulative risk is estimated
by a weighted average of the all-cause mortality risk
under the given intervention and observed baseline pa-
tient characteristics. The weights reflect the distribution
of time-varying confounders and are estimated via para-
metric regression models. The weighted average is ap-
proximated by Monte Carlo simulation. Details are given
in Additional file 1: Box S2.
We considered a number of ‘hypothetical interven-

tions’ on diet and physical activity levels. Some involved
intervening only at T1 (our study baseline), thereafter
allowing diet and physical activity to evolve naturally;
others involved repeating the intervention at T2 (approx.
7 years later). We considered interventions that set ei-
ther the physical activity score or the Mediterranean
Diet score, or both, to the highest level. These were
compared with two control interventions: (i) setting
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physical activity and Mediterranean diet scores to the
lowest level at T1 and T2, and (ii) setting all to the mid-
dle level. All interventions were also repeated restricted
to the subpopulation of participants whose BMI at the
time of the intervention fell into the obese range (≥ 30
kg/m2). Finally, we estimated the mortality risk under
the natural evolution of physical activity and diet scores
(the ‘natural course’). We estimated all cumulative mor-
tality risks under no loss to follow-up.
Non-parametric bootstrapping was performed within

each imputed dataset, applying the parametric G-
formula then using Rubin’s rules to obtain normal-based
95% confidence intervals and overall estimates of cumu-
lative mortality risks. The risk ratio and risk difference,
compared with the natural course (i.e. no intervention,
no loss to follow-up), are reported.
Sensitivity analyses included changing the order of

time-varying confounders, intermediate comorbidities
and the exposures of interest. Split-sample cross valid-
ation with 500 replications was used to assess out-of-
sample predictive ability for models for mortality, diet,
and physical activity scores, comparing models using
splines, categories and polynomial modelling of continu-
ous predictors.
All analyses were performed using Stata version 14.1

(Stata Corp, Texas, United States).

Results
Sample description
Of 22,213 participants of the Melbourne Collaborative
Cohort Study eligible for our study, 18,386 (82.8%)
had complete information at T1 (our study baseline,
Additional file 1: Figure S2). The median age at study
baseline was 58, and 13,980 (62.9%) participants were
female (Table 1).
There was considerable within-participant change in

diet and activity scores over the three measurement
occasions (data not shown), with all possible patterns
over time represented in the data. There were no
substantial changes in the mean BMI or cholesterol
over time (Additional file 1: Table S1), and the pro-
portion of participants living alone increased over
time, particularly for women, while the number of
current smokers decreased.
During a median follow-up of 13.6 years (25th – 75th

percentile: 13.2, 14.1), 2163 (9.7%) participants died. Of
these, 1018 (4.6%) died before the T2 follow-up visit and
1145 (5.4%) died between the T2 visit and the end of
follow-up (Additional file 1: Table S2). Notably, the ob-
served mortality risk post-T2 for the whole sample
(5.4%) was higher than the mortality risk for those with
T2 follow-up data (4.2%), suggesting that those lost to
follow-up were less healthy.

Cox regression models
Unadjusted Kaplan-Meier plots (Fig. 1) showed a pattern
of lower Mediterranean diet and physical activity scores
corresponding to higher mortality.
Cox regression models showed lower hazards of mor-

tality associated with higher Mediterranean diet and
physical activity scores (Table 2), with stronger associa-
tions seen for physical activity. Accounting for previous
diet and physical activity attenuated the estimated haz-
ard ratios; time-updating all measurements resulted in
stronger hazard ratios. A model with time-updated ex-
posures accounting for previous diet and physical activ-
ity gave a hazard ratio of 0.81 (95% confidence interval
(CI): 0.70, 0.93) for high versus low adherence to a
Mediterranean-style diet, and a hazard ratio of 0.71 (95%
CI: 0.62, 0.81) for high versus low physical activity
scores. Complete case analysis gave similar estimates
(Additional file 1: Table S4).

Parametric G-formula
The parametric G-formula estimated the overall cumula-
tive mortality to be 9.88% (95% CI: 9.47, 10.28%) under
the natural course, closely replicating the observed mor-
tality risk of 9.74% (Table 3).
Hypothetical interventions repeatedly setting physical

activity to the highest level (T1 and T2) resulted in a lar-
ger decrease (RR 0.87, 95% CI: 0.77, 0.96), compared to
the equivalent intervention on the Mediterranean diet
score, RR 0.93 (95% CI: 0.83, 1.03), with RR 0.82 (95%
CI: 0.64, 1.00) for their combination. On the risk differ-
ence scale, this latter combined repeated intervention
was estimated to result in an absolute reduction in all-
cause mortality of 1.82 deaths per 100 people (95% CI:
0.03, 3.6). Interventions only on participants classed as
obese showed similar trends, although the overall risk
differences and risk ratios were much closer to the null.
The population attributable fraction was estimated as

13% (95% CI: 4, 23%) for sustained high physical activity,
7% (95% CI: − 3, 17%) for sustained high Mediterranean
diet score and 18% (95% CI: 0, 36%) for their combination.
Complete case analysis and changing the order of comor-

bidities, the time-varying confounders, physical activity and
Mediterranean diet scores made no material difference to
the estimates (see Additional file 1: Tables S5-S8).

Discussion
Both sustained high physical activity and high adher-
ence to a Mediterranean-style diet were associated
with reduced all-cause mortality. We estimated that
the population attributable fractions associated with
sustained high physical activity and high adherence
to a Mediterranean-style diet were: 13% (95% CI: 4,
23%) and 7% (95% CI: − 3, 17%), respectively.
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Comparison with other studies
In contrast to our analysis, which did not find strong
evidence of a benefit for the Mediterranean diet score,
previous analyses of the MCCS found evidence of mor-
tality benefits in many groups (e.g. [29–32]); these ana-
lyses, however, looked only at diet at study recruitment
(T0). This may suggest that diet works over the long
term to reduce risk and that what one does aged 50–65

or 60–75 years is not as important as what one did at
45–60 years (ages are approximate inter-quartile ranges
at the three waves). However, the PREDIMED and Lyon
Diet Heart Study provide evidence of short-term (4–5
years) cardiovascular benefit of changing to a more
Mediterranean-style diet [2, 33]. It may be that benefits
to all-cause mortality take longer to occur. Alternatively,
although we included only “healthy” participants at our

Table 1 Description of study sample (n = 22,213)

Characteristics of participants
at baseline a

Women
(n = 13,980)

Men
(n = 8233)

Nmiss
b N % N %

Age (years; Median, IQR) 58.3 (50.7, 66.3) 57.3 (50, 65.9)

Education:

Primary school 4,65 3.3% 224 2.7%

Some high school 6906 49.4% 2636 32%

Completed high school 2962 21.2% 2278 27.7%

Completed tertiary 3647 26.1% 3095 37.6%

Alcohol consumptionc:

Lifetime abstainer 4228 30.2% 982 11.9%

Former drinker 438 3.1% 354 4.3%

Low (women: < 20 g/d, men: > 40 g/d) 7391 52.9% 5654 68.7%

Medium (women: 20-40 g/d, men: 40-60 g/d) 1489 10.7% 718 8.7%

High (women: 40 + g/d, men: 60 + g/d) 434 3.1% 525 6.4%

SBP > 140 or DBP > 90 37 4314 30.9% 3224 39.2%

Self-reported history of:

Angina 21 336 2.4% 188 2.3%

Asthma 67 2382 17.1% 1193 14.5%

Arthritisc 4675 33.4% 1677 20.4%

Family history of heart attack 6004 42.9% 3154 38.3%

Cholesterol (mmol/L; median (IQR))c 57 5.4 (4.8, 6.2) 5.4 (4.7, 6.0)

Living alone 249 2968 21.5% 1092 13.4%

BMI (kg/m2; median (IQR)) 1513 24.7 (22.4, 27.7) 25.9 (24, 28.1)

Smoking: 19

Never 9155 65.6% 4063 49.4%

Former 3903 27.9% 3556 43.2%

Current 908 6.5% 609 7.4%

Mediterranean Diet scored: 2504

Low (0–3) 4095 33.1% 3157 42.9%

Medium (4–5) 5158 41.7% 2936 39.9%

High (6–9) 3105 25.1% 1258 17.1%

Physical activitye: 388

Low 5073 37.0% 2661 32.8%

Medium 6310 46.0% 3348 41.2%

High 2324 17.0% 2109 26.0%
a Study baseline is T1 (1995–1999); b Number of missing values; c Measured at T0 (1990–1994). IQR – inter-quartile range (i.e. 25th – 75th percentile). dMDS
groups: low (scores 0–3), medium (4–5) and high (6–9); ePhysical activity groups: low (e.g. walking twice a week or less), medium (e.g. jogging twice a week), high
(e.g. running three or more times a week)
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study baseline (T1), we cannot exclude reverse causation
by unmeasured adverse health events, which contributed
to subsequent mortality risk, potentially attenuating the
association with change in Mediterranean diet score.
Behrens et al. [8] evaluated four risk factors (abdom-

inal leanness, non-smoking, recommended physical ac-
tivity and adherence to a Mediterranean diet), alone and
combined, in relation to all-cause mortality in the NIH-
AARP Diet and Health Study including 170,000 Ameri-
can men and women. Their population attributable frac-
tions were 10% (95% CI: 8, 11%) for adhering to a
Mediterranean-style diet and 5% (95% CI: 4, 6%) for
meeting recommendations for physical activity. While
these are of similar magnitude those found in our study,
the benefit from a Mediterranean-style diet was rela-
tively greater than for physical activity, in contrast to our
observations. Tong et al. [7] report a population attribut-
able fraction for their Mediterranean-style diet of 5.4%
(95% CI: 1.3, 9.5%) for all-cause mortality but did not
study the contribution of physical activity. These attrib-
utable fractions cannot be compared directly across
studies because figures depend on the prevalence of the
risk factors in each study and these varied across these
studies.
Prinelli et al. [9] looked at the contributions of a Mediter-

ranean diet, not smoking and being physically active to risk
of all-cause mortality in a small Italian cohort. Each of the
factors was associated with reduced risk, and the benefit
was cumulative as more of the healthy lifestyle behaviours
were adhered to, with adherence to all three being

Fig. 1 Kaplan-Meier failure estimates for all-cause mortality

Table 2 Hazard ratios (HR) for all cause mortality from Cox
models, for Mediterranean diet score (MDS) and physical activity
(PA)a

Mediterranean Diet Scoreb Physical Activity Scorec

HR 95% CI P HR 95% CI P

Single time-point exposure (at T1)

Low Ref Ref

Medium 0.90 (0.82, 1.00) 0.051 0.84 (0.76, 0.92) < 0.001

High 0.89 (0.77, 1.01) 0.078 0.78 (0.68, 0.88) < 0.001

+ adjusting for previous MDS & PA (T0)

Low Ref Ref

Medium 0.92 (0.83, 1.03) 0.137 0.85 (0.77, 0.94) 0.002

High 0.92 (0.80, 1.07) 0.285 0.81 (0.70, 0.93) 0.003

Time-updated MDS & PA

Low Ref Ref

Medium 0.87 (0.78, 0.96) 0.005 0.74 (0.66, 0.83) < 0.001

High 0.79 (0.69, 0.90) 0.001 0.69 (0.61, 0.79) < 0.001

+ adjusting for previous MDS & PA

Low Ref Ref

Medium 0.88 (0.79, 0.97) 0.012 0.75 (0.67, 0.84) < 0.001

High 0.81 (0.70, 0.93) 0.003 0.71 (0.62, 0.81) < 0.001
aMissing data were handled using multiple imputation. Study baseline is T1
(1995–1999), Initial cohort (MCCS) recruitment is T0 (1990–1994). bMDS
groups: low (scores 0–3), medium (4–5) and high (6–9); cPhysical activity
groups: low (e.g. walking twice a week or less), medium (e.g. jogging twice a
week), high (e.g. running three or more times a week)
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associated with a 73% reduced risk of death. Behrens et al.
[8] similarly report a cumulative benefit for low-risk behav-
iours in diet, physical activity and smoking that together
were estimated to be associated with 33% of deaths; while
Knoops et al. [12] found adherence to Mediterranean diet,

moderate alcohol consumption, physical activity and non-
smoking could avert 60% of all deaths. We found that ad-
herence to MDS and physical activity recommendations to-
gether was better than either alone but the population
attributable fraction was only 19%. These observations

Table 3 Estimated cumulative mortality risks per 100 people associated with hypothetical interventions on physical activity (PA) and
Mediterranean diet score (MDS)

Pre-T2 mortality
risk (95% CI)c

Post-T2 mortality
risk (95% CI)c

Totala mortality risk
(95% CI)c

Risk differenceb

(95% CI)c
Risk Ratiob

(95% CI)c
PAF
(95% CI)c

Observed risks

Among whole cohort 4.58 (4.31, 4.86) 5.40 (5.10, 5.71) 9.74 (9.35, 10.13)

Among followed-upd 4.58 (4.31, 4.86) 4.16 (3.79, 4.53) 8.55 (8.12, 8.99)

Estimated risks under no intervention

Natural course 4.59 (4.30, 4.87) 5.54 (5.22, 5.87) 9.88 (9.47, 10.28) Ref Ref

Estimated risks under hypothetical interventionse

Intervene on everyone

Control interventions (T1 and T2)

Low PA & low MDS 5.68 (4.87, 6.50) 7.66 (6.38, 8.94) 12.90 (11.54, 14.27) 3.03 (1.75, 4.30) 1.31 (1.18, 1.44) −0.31 (−0.44, − 0.18)

Medium PA & MDS 4.53 (3.87, 5.19) 4.66 (3.79, 5.52) 8.97 (7.97, 9.98) −0.90 (−1.86, 0.06) 0.91 (0.81, 1.01) 0.09 (−0.01, 0.19)

Low PA 5.15 (4.63, 5.68) 7.10 (6.18, 8.03) 11.89 (10.90, 12.88) 2.01 (1.13, 2.89) 1.20 (1.11, 1.29) −0.20 (− 0.29, − 0.11)

Low MDS 4.63 (4.08, 5.17) 6.39 (5.68, 7.10) 10.72 (9.88, 11.55) 0.84 (0.15, 1.53) 1.09 (1.02, 1.15) − 0.09 (− 0.15, − 0.02)

Single interventions (T1)

High PA 4.35 (3.69, 5.00) 4.94 (4.19, 5.70) 9.08 (8.12, 10.03) −0.80 (−1.67, 0.07) 0.92 (0.83, 1.01) 0.08 (−0.01, 0.17)

High MDS 4.71 (3.94, 5.49) 5.18 (4.44, 5.93) 9.65 (8.67, 10.63) −0.22 (−1.13, 0.68) 0.98 (0.89, 1.07) 0.02 (−0.07, 0.11)

High PA & MDS 4.63 (3.24, 6.03) 4.40 (3.04, 5.77) 8.83 (6.95, 10.71) −1.05 (−2.90, 0.81) 0.89 (0.71, 1.08) 0.11 (−0.08, 0.29)

Repeated interventions (T1 and T2)

High PA 4.35 (3.69, 5.00) 4.39 (3.58, 5.19) 8.54 (7.56, 9.53) −1.33 (−2.23, − 0.43) 0.87 (0.77, 0.96) 0.13 (0.04, 0.23)

High MDS 4.71 (3.94, 5.48) 4.73 (3.93, 5.54) 9.22 (8.17, 10.27) −0.65 (−1.64, 0.33) 0.93 (0.83, 1.03) 0.07 (−0.03, 0.17)

High PA & MDS 4.63 (3.24, 6.03) 3.59 (2.22, 4.96) 8.06 (6.25, 9.87) −1.82 (−3.60, −0.03) 0.82 (0.64, 1.00) 0.18 (0.00, 0.36)

Intervene on obese only

Control interventions (T1 and T2)

Low PA & MDS 4.73 (4.42, 5.03) 5.86 (5.48, 6.24) 10.31 (9.85, 10.77) 0.43 (0.24, 0.62) 1.04 (1.02, 1.06)

Medium PA & MDS 4.56 (4.26, 4.87) 5.33 (4.99, 5.67) 9.65 (9.23, 10.08) −0.22 (−0.40, −0.05) 0.98 (0.96, 1.00)

Low PA 4.66 (4.36, 4.95) 5.75 (5.40, 6.09) 10.14 (9.71, 10.56) 0.26 (0.13, 0.39) 1.03 (1.01, 1.04)

Low MDS 4.60 (4.31, 4.90) 5.67 (5.33, 6.02) 10.02 (9.59, 10.44) 0.14 (0.02, 0.26) 1.01 (1.00, 1.03)

Single interventions (T1)

High PA 4.54 (4.25, 4.83) 5.45 (5.11, 5.78) 9.74 (9.31, 10.17) −0.14 (−0.30, 0.02) 0.99 (0.97, 1.00)

High MDS 4.60 (4.29, 4.90) 5.51 (5.16, 5.86) 9.85 (9.42, 10.29) −0.02 (− 0.19, 0.14) 1.00 (0.98, 1.01)

High PA & MDS 4.58 (4.23, 4.92) 5.36 (5.00, 5.73) 9.70 (9.22, 10.17) −0.18 (−0.46, 0.10) 0.98 (0.95, 1.01)

Repeated interventions (T1 and T2)

High PA 4.54 (4.25, 4.83) 5.29 (4.95, 5.64) 9.59 (9.17, 10.02) −0.28 (−0.45, − 0.12) 0.97 (0.95, 0.99)

High MDS 4.60 (4.28, 4.91) 5.39 (5.04, 5.75) 9.74 (9.30, 10.18) −0.14 (−0.33, 0.06) 0.99 (0.97, 1.01)

High PA & MDS 4.58 (4.23, 4.93) 5.15 (4.78, 5.52) 9.49 (9.01, 9.97) −0.38 (−0.67, − 0.10) 0.96 (0.93, 0.99)

PA Physical activity, MDS Mediterranean Diet Score, PAF population attributable fraction, CI confidence interval. T1 is study baseline is (1995–1999), T0 is initial
cohort (MCCS) recruitment (1990–1994), T2 is follow-up (2003–2007). a Estimated as: Pr (Dead) = Pr (Dead pre-T2) + Pr (Dead post-T2|Alive at T2) x Pr (Alive at T2); b

Compared with natural course; c 95% normal-based bootstrap confidence intervals using 100 bootstrap samples per imputed dataset; d Death post-T2 estimated
using participants followed-up at T2 – the estimator we would obtain if outcome data were available only on followed-up participants, as is often the case. eMDS
groups: low (scores 0–3), medium (4–5) and high (6–9); Physical activity groups: low (e.g. walking twice a week or less), medium (e.g. jogging twice a week), high
(e.g. running three or more times a week)
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suggest that making improvements across multiple behav-
iours is likely to provide the greatest benefit, and highlight
the contribution of not smoking to risk reduction.

Strengths and limitations
Unlike most other observational studies looking at the
association between Mediterranean diet score and mor-
tality, we were able to include repeated measures of diet
and physical activity over time, but we had only two
post-baseline measurement occasions. Ideally, multiple
repeated measurements of confounders and exposures
would be available with shorter gaps in between, to fully
address the question of sustained adherence to particular
dietary and activity habits.
While we adjusted carefully for confounders, we cannot

rule out the possibility of residual confounding bias. For
example, family and work environments are factors which
may affect mortality but we were not able to measure
these. However, we did not think these likely to be strong
confounders a priori. If a Mediterranean style diet were
more expensive than a more traditional Australian diet,
then the individuals who chose to follow a more
Mediterranean-style diet might have been of a higher so-
cioeconomic status. We attempted to mitigate this by
adjusting for education. In addition, current evidence sug-
gest little evidence of such a price difference [34].
Our analysis makes an assumption called consistency,

which requires all ways of achieving a particular Medi-
terranean diet score or activity score to be comparable
in their effects on mortality. However, different types of
diets can achieve the same Mediterranean diet score,
which makes the interpretation of effects of high adher-
ence to this style of diet ambiguous. This, however, is a
limitation in any attempt to attach a causal interpret-
ation to associations between Mediterranean diet scores
and health outcomes.

This parametric G-formula has been criticised due
to the potential for bias through model misspecifica-
tion, due to the reliance on the specification of a
large number of regression models. We attempted to
mitigate this possibility by a range of model validation
techniques and a number of sensitivity analyses. We
were able to replicate closely the observed mortality
risks using our complex system of predictive equa-
tions, providing some assurance of adequate model
specification. The G-formula is also subject to the G-
null paradox: essentially, the null hypothesis (no effect
of diet/physical activity on mortality) will always be
rejected in sufficiently large samples [13]. However,
these biases caused by non-compatibility of the
models within the G-formula are likely to be small
compared with other sources of potential bias, such
as measurement error or residual confounding.

Information about physical activity and diet were ob-
tained via self-report. It is plausible that measurement
error is non-differential with respect to our outcome,
all-cause mortality, especially since the analysis was re-
stricted to a fairly healthy population at our study
baseline.
We modified the original Mediterranean Diet Score

[1], using a lower upper limit for alcohol in order to re-
flect Australian national guidelines, and replacing the ra-
tio of monosaturated:saturated fats by olive oil intake.
Using olive oil as the main fat source is a key feature of
the Mediterranean Diet [35], and we believe this best re-
flects the beneficial components of a Mediterranean diet.
In a previous study using MCCS data we reported that
across three categories of MDS calculated the same way,
there was wide variation in olive oil intake and little vari-
ation in saturated fat intake [32], suggesting we have
captured this aspect appropriately. Changing the alcohol
limit is unlikely to have had much impact due to the
small number of individuals in the study consuming
large quantities of alcohol.
Strengths of our study include the large sample, re-

peated measurement of rich confounder and exposure
data, linkage of the whole sample to outcome data
through existing registries, and careful application of
an analysis approach specifically designed to address
questions concerning sustained adherence to expo-
sures over time, avoiding problems due to measured
time-dependent confounding.

Conclusions
Our results suggest a small overall reduction in mortality
may be achieved by sustained elevated physical activity
levels across the population of healthy middle-aged
adults, but there may be comparatively little gain from
increasing adherence to a Mediterranean-style diet.
These results contribute to the body of evidence regard-
ing associations between Mediterranean diet, physical
activity and mortality. Similar analyses using data from
studies with a larger number of repeated measurements
of diet and physical activity over time would further add
to our understanding of the comparative benefits of
these aspects of a healthful lifestyle.
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Supplementary information accompanies this paper at https://doi.org/10.
1186/s12889-019-7919-2.
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