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A B S T R A C T

Background: Cardiometabolic multimorbidity (CMM), defined as the co-occurrence of 2 or more cardiometabolic diseases, including
myocardial infarction (MI), stroke, and type 2 diabetes (T2D), is an increasing public health challenge. Although poor diet is a known risk
factor for a first cardiometabolic disease (FCMD), the relationship with subsequent occurrence of CMM is less studied.
Objectives: This study aims to investigate the prospective association between baseline adherence to the Mediterranean diet and the onset
of CMM across various follow-up durations.
Methods: We used data from the European Prospective Investigation into Cancer-Norfolk cohort study of 21,900 adults, aged 40–79 free of
prevalent MI, stroke, and T2D at baseline (1993–1997). A median-based Mediterranean diet score and a pyramid-based MDS (pyr-MDS)
were used to measure baseline adherence to the Mediterranean diet. Multistate modeling was employed to investigate associations with the
FCMD and the subsequent CMM event.
Results: Over the entire follow-up period of 21.4 y (median), we observed 5028 FCMD and 734 CMM events. Multistate analysis indicated
that the association between baseline Mediterranean diet and the risk of CMM may be stronger in shorter follow-up durations. Particularly,
baseline pyr-MDS was significantly associated with the risk of subsequent CMM transitioning from FCMD when follow-up durations were
limited to 10 and 15 y, with hazard ratio (95% confidence interval) being 0.67 (0.53, 0.84) and 0.80 (0.70, 0.92) per SD increase in pyr-
MDS, respectively. Additionally, we observed that the risk of CMM transitioning from FCMD was modified by social class across shorter to
longer follow-ups, where the impact of baseline Mediterranean diet was only significant in nonmanual workers.
Conclusions: Baseline adherence to the Mediterranean diet was potentially associated with a lower risk of CMM transitioning from FCMD,
particularly during shorter follow-up periods.
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Introduction

With the worldwide population aging and decreased mortality
from major chronic diseases, it has become increasingly common
for people to have several co-occurring diseases, known as mul-
timorbidity [1]. Multimorbidity would not only significantly
impact the affected individual’s wellbeing and life quality, but
Abbreviations: AMI, acute myocardial infarction; BRHS, British Regional Heart Stu
cardiovascular disease; EDI, Elderly Dietary Index; EPIC, European Prospective Inves
questionnaire; ICD, International Classification of Diseases; m-MDS, median-base
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also burden healthcare systems [1–3]. Cardiometabolic diseases
(CMD), including myocardial infarction (MI), stroke, and type 2
diabetes (T2D), are a group of diseases that have shared risk
factors and tend to cluster together [3,4]. With their inter-related
physiological pathways, the coexistence of 2 or more CMD,
referred to as cardiometabolic multimorbidity (CMM), is 1 of the
most common patterns of multimorbidity [4,5]. The prevalence of
CMM was estimated to be around 3%–6% in the United Kingdom
dy; CMD, cardiometabolic disease; CMM, cardiometabolic multimorbidity; CVD,
tigation into Cancer; FCMD, first cardiometabolic disease; FFQ, food-frequency
d Mediterranean diet score; MDS, Mediterranean diet score; MI, myocardial
tatus; SD, standard deviation; T2D, type 2 diabetes.
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populations [6,7]. CMM has been shown to be associated with an
increased risk of mortality: individuals aged 60 with 2-disease
CMM and 3-disease CMM were estimated to have 12 y and 15 y
of reduction in life expectancy [3].

Poor diet is a well-identified modifiable risk factor for CMD
[8]. The Mediterranean diet, characterized by higher intakes of
plant-based foods, fish, and olive oil, and lower intakes of meat
and dairy products, is 1 of the most well-examined healthy di-
etary patterns [9]. Substantial evidence supports the inverse
association between adhering to the Mediterranean diet and risk
of CMD [10–14]. Particularly, previous reports from the Euro-
pean Prospective Investigation into Cancer (EPIC) studies have
shown the inverse association of pyramid-based or relative
Mediterranean diet score (MDS) with the risk of ischemic heart
disease, stroke, and T2D [hazard ratio (HR) (95%): 0.94 (0.90,
0.98), 0.93 (0.87, 0.99), and 0.88 (0.79, 0.97), respectively, per
1 standard deviation (SD) increase in the MDS] [13,14].

Although the Mediterranean diet was found to impact the
development of a first CMD (FCMD), whether the beneficial ef-
fects of the Mediterranean diet would carry on to affect the risk
of developing a subsequent CMD, which is CMM, remain less
studied. One recent older British men cohort study investigated
the association between baseline Mediterranean diet and CMM
but did not find significant association [6]. However, this study
was limited to males >60 y old, so its findings may not be
generalizable to the broader United Kingdom population.
Meanwhile, the previous study estimated the associations over a
follow-up period of ~20 y, which may not capture the potential
effect attenuations between baseline Mediterranean diet and the
risk of CMM with continuing follow-up. Besides, this prior study
assessed Mediterranean diet with an adapted MDS, Elderly Di-
etary Index (EDI), which was specifically developed for older
adults. MDS developed on the basis of different dietary guide-
lines may impact their effectiveness in predicting CMD risks. The
previous EPIC-Norfolk study has found that the pyramid-based
MDS (pyr-MDS), computed according to the Mediterranean
Diet Foundation proposal, was more strongly associated with
and may be a better predictor of cardiovascular diseases (CVD),
compared with the most frequently used median-based MDS
(m-MDS) [13]. However, it remains unclear if the pyr-MDS re-
tains a stronger association with the risk of CMM.

In the current study, we aim to investigate the prospective
association of baseline adherence to the Mediterranean diet,
using 2 MDS (that is, pyr-MDS and m-MDS), with the risk of
CMM across various follow-up durations in a general United
Kingdom population cohort – the EPIC-Norfolk study. Particu-
larly, our study aims to explore how baseline Mediterranean diet
adherence may impact the disease transition process of CMM,
from free of CMD at baseline to FCMD, and subsequently to
CMM, and how different follow-up durations may impact the
associations.

Methods

Study population
EPIC-Norfolk is a large ongoing UK-based prospective cohort

study started from 1993 to 1997. This cohort study recruited
>30,000 men and women aged 40–79 y from eastern England
through GP registers [15]. At baseline, participants completed a
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health and lifestyle questionnaire, as well as a food-frequency
questionnaire (FFQ), and were invited to a health check.
Morbidity and mortality were followed till March 2018. For the
current study, we excluded participants who reported a history
of MI, stroke, or diabetes, and those who were under diabetic
medications at baseline (n ¼ 2491). Ethical approval for the
study was granted by the Norwich District Ethics Committee and
participants gave informed consent (Rec Ref: 98NC01).
Dietary assessment and Mediterranean diet scores
(MDS)

A 130-item semiquantitative FFQ was used to obtain partici-
pants’ habitual diet at baseline. For each food item, participants
were asked to report their average intake over the past year.
Major foods and nutrients collected from the FFQ have been
validated against 16-d weighted dietary records, 24-h dietary
recall, and selected biomarkers in the subsample of EPIC-Norfolk
[16–18]. Also, reproducibility of the dietary assessment has been
assessed in a previous EPIC-Norfolk report [13].

Two MDS were derived on the basis of the FFQ. The first MDS
was the most commonly used MDS in the literature, which
assigned component scores on the basis of cohort sex-specific
medians (m-MDS) [19]. The m-MDS had 9 dietary compo-
nents, including vegetables, fruits and nuts, legumes, cereal, fish,
meat, dairy, alcohol, and ratio of monounsaturated and poly-
unsaturated fatty acids to saturated fatty acids. For each dietary
component, a score of 0 or 1 was assigned on the basis of the
comparison to cohort sex-specific medians (Supplemental
Table 1). The other MDS was a pyr-MDS developed on the basis
of the Mediterranean Diet Foundation proposal, which accoun-
ted for both the traditional Mediterranean diet and the
contemporary food environment and can be applied to both
Mediterranean and non-Mediterranean regions [13,20]. The
pyr-MDS included 15 dietary components, which were vegeta-
bles, legumes, fruits, nuts, cereals, dairy, fish, red meat, pro-
cessed meat, white mat, egg, potato, sweets, alcohol, and olive
oil. For each dietary component, a continuous score of 0–1 was
assigned according to the participant’s degree of adherence to
the recommendation (Supplemental Table 2). For the calcula-
tions of MDS, dietary intakes have been adjusted to a 2000
kcal/d diet using the residual method, so that diet quality
assessed in the current study is independent of diet quantity, and
measurement errors because of under- or over-reporting of di-
etary consumption can be partly reduced [13].
Outcome ascertainment
Participants were followed for acute myocardial infarction

(AMI), stroke, T2D, and death from baseline (1993–1997) to 31
March, 2018. Both fatal and nonfatal AMI and stroke were
counted as diagnoses of CMD. Nonfatal CMD were identified
from hospital admission records, and death information was
obtained from the death certification at the Office for National
Statistics [21]. Causes of death were coded by nosologists ac-
cording to the International Classification of Diseases (ICD).
Fatal AMI was coded using ICD9 410 or ICD10 I21, and fatal
stroke was coded using ICD9 430-438 or ICD10 I60-I69 as un-
derlying causes of death. CMM was ascertained at the date when
the participant was diagnosed or died of a second type of CMD.



FIGURE 1. Disease transitions from baseline (free of cardiometabolic
disease) to first cardiometabolic disease, subsequently to car-
diometabolic multimorbidity, and death for EPIC-Norfolk study par-
ticipants over a median follow-up of 21.4 y (N ¼ 21,900).
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Covariates
Sociodemographic and lifestyle characteristics, including age

(years), sex (male or female,with female coded as 1), BMI (kg/m2),
smoking status (current, former, and never), physical activity,
social class, marital status, education level, current use of antihy-
pertensive drugs or lipid-lowering drugs, and family history ofMI,
stroke, or diabetes, were collected at baseline through self-
administered questionnaire. According to occupational physical
activity and time spending in physical exercise, physical activity
was categorized into 4 groups: physically inactive, moderately
inactive, moderately active, and active [22]. Social class was
classified into 2 groups on the basis of participants and their
partners’ occupations: nonmanual workers, including pro-
fessionals, managerial and technical occupations and nonmanual
skilled workers, and manual workers, including manual skilled
workers, semiskilled workers, and unskilledmanual workers [23].
Marital status was grouped into 2 categories: married or other
(including single, widowed, separated, or divorced). Educational
status was based on the highest qualification attained and was
categorized into 4 groups: bachelor’s degree or above, A-level or
equivalent (that is, advanced level qualifications before entrance
to university), O-level or equivalent (that is, ordinary-level quali-
fications before A-level), and less than O-level or no qualifications
[24]. At baseline health check, each participant’s weight (kg) and
height (cm) were measured by trained nurses.

Statistical analyses
Baseline characteristics were grouped by adherence to the

Mediterranean diet (quartiles of m-MDS and pyr-MDS). Contin-
uous variables were summarized as means with SD, and cate-
gorical variables were summarized with frequency (percentage)
across quartiles of the MDS. Kruskal–Wallis test was used to
compare the difference of continuous variables, and Fisher’s
exact test was conducted to compare the difference of categorical
variables.

Cox’s proportional hazards regression model was first used to
estimate HR and 95% confidence interval (CI) for associations
between the MDS and risk of CMM. Each MDS was modeled
continuously per SD and categorically (quartiles) with equal
numbers of participants in each quartile. Analyses were adjusted
for potential confounders: age, sex, BMI, smoking status, phys-
ical activity, social class, marital status, education level, medi-
cation use (antihypertensive drugs or lipid-lowering drugs), and
family history of MI, stroke, or diabetes. The proportionality of
hazards was graphically assessed by plotting scaled Schoenfeld
residuals against time and found no significant trend with time.
We conducted complete-case analysis in the current study,
excluding individuals who had any missing demographic or di-
etary data (n ¼ 5985), which left 21,900 participants in the
analysis. To explore potential biases because of missing data, we
also conducted a multiple imputation (n ¼ 10) following Cox
regression analysis. Estimates from 10 imputed datasets were
pooled under Rubin’s rules.

After Cox regression analyses, we conducted multistate
modeling to investigate the impact of baseline adherence to the
Mediterranean diet on CMM disease transitions from baseline
(free of CMD) to FCMD, and from FCMD to CMM, in the follow-
up duration of 10 y, 15 y, and entire follow-up period [25]. Death
was included in the disease transitions as the competing risk and
final absorbing state. Specifically, for each MDS, 2 multistate
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models were conducted to assess the CMM disease transition
risks. The first multistate model assessed the CMM disease
transition risks without differentiating the FCMD, estimating the
risk of transitioning from baseline to FCMD, and from FCMD to
CMM (Figure 1). In the second model (Supplemental Figure 1),
FCMD were differentiated into individual diseases (that is, first
AMI, stroke, or T2D), allowing for separate estimations of tran-
sition risks from baseline to first AMI, stroke, or T2D, and from
first AMI, stroke, or T2D to CMM. Potential nonlinear relation-
ships were examined using the restricted cubic splines. More-
over, because BMI could potentially be mediating the
relationship of Mediterranean diet and transition risk of CMM, to
test the robustness of the multistate model results, we investi-
gated the transition risks excluding BMI from the model. Lastly,
to explore the presence of effect modification on the association
of Mediterranean diet with the transition risk of CMM, we also
conducted subgroup analyses according to age (<60 or �60 y
old), sex, social class (nonmanual or manual workers), and
adherence to the Mediterranean diet (low or high by median
pyr-MDS).

Results are presented as adjusted HRs with 95% CIs. All the
analyses were conducted using R (version 4.2.2), leveraging the
packages: survival (version 3.4.0), mice (version 3.15.0), and
mstate (version 0.3.2).

Results

Baseline characteristics of participants
Of 21,900 study participants free of any CMD at baseline,

during the entire follow-up period, with a median follow-up of
21.4 y (Q1, Q3: 18.8, 22.9), 5028 individuals developed �1
CMD. A total of 734 participants progressed to CMM following
the FCMD (Figure 1).

Table 1 presents the baseline characteristics of EPIC-Norfolk
study participants by their Mediterranean diet adherence in
1993–1997. Comparing with participants with lower adherence
to the Mediterranean diet at baseline, people with higher
adherence were younger, more likely to have a college educa-
tion, and working as nonmanual workers, less likely to be current
smokers or being physically inactive, but more likely to have a
family history of MI and under lipid-lowering medications. The 2
MDS, though derived on the basis of different scoring system,
were moderately correlated, with Spearman’s correlation 0.53 (P
value< 0.01). Participants with missing data had higher incident
CMM rate but similar MDS comparing to complete samples
(Supplemental Table 3).



TABLE 1
Cohort characteristics of 21,900 EPIC-Norfolk study participants aged 40–79 in 1993–1997, according to baseline adherence to the Mediterranean
diet

Characteristics Baseline MDS

m-MDS pyr-MDS

Quartile (score) Q1 (0–3) Q2 (4) Q3 (5) Q4 (6–9) Q1
(0–7.55)

Q2
(7.56–8.45)

Q3
(8.46–9.34)

Q4
(9.35–15)

Number of participants, n 7277 4512 4317 5794 5479 5502 5465 5454
Male, n (%) 3234

(44.4)
1954
(43.3)

1860
(43.1)

2583
(44.6)

3191
(58.2)1

2602 (47.3) 2196 (40.2) 1642 (30.1)

Age (y) 58.9 (9.3)1 58.8 (9.3) 58.6 (9.2) 58.1 (9.1) 59.0 (9.3)1 59.2 (9.3) 58.5 (9.2) 57.7 (8.9)
BMI (kg/m2) 26.2 (3.9) 26.2 (3.8) 26.3 (3.9) 26.2 (3.8) 26.3 (3.7)1 26.3 (3.9) 26.3 (3.9) 26.0 (3.9)
Education level, n (%)
Bachelor’s degree or above 722 (9.9)1 564 (12.5) 597 (13.8) 1007

(17.4)
414 (7.6)1 615 (11.2) 747 (13.7) 1114 (20.4)

Marital status, n (%)
Married 5926

(81.4)1
3700
(82.0)

3576
(82.8)

4865
(84.0)

4670
(85.2)1

4620 (84.0) 4471 (81.8) 4306 (79.0)

Smoking status, n (%)
Current smokers 1205

(16.6)1
529 (11.7) 403 (9.3) 423 (7.3) 966 (17.6)1 651 (11.8) 550 (10.1) 393 (7.2)

Physical activity level, n(%)
Inactive 2347

(32.3)1
1353
(30.0)

1193
(27.6)

1369
(23.6)

1720
(31.4)1

1687 (30.7) 1566 (28.7) 1289 (23.6)

Social class, n(%)
Nonmanual workers 4042

(55.5)1
2718
(60.2)

2675
(62.0)

3846
(66.4)

2773
(50.6)1

3145 (57.2) 3454 (63.2) 3909 (71.7)

Family history of MI, n (%) 2489
(34.2)1

1642
(36.4)

1547
(35.8)

2259
(39.0)

1863
(34.0)1

1962 (35.7) 1973 (36.1) 2139 (39.2)

Family history of stroke, n (%) 1783
(24.5)

1100
(24.4)

1040
(24.1)

1412
(24.4)

1316 (24.0) 1324 (24.1) 1348 (24.7) 1347 (24.7)

Family history of diabetes,
n(%)

899 (12.4) 569 (12.6) 527 (12.2) 757 (13.1) 721 (13.2) 670 (12.2) 701 (12.8) 660 (12.1)

Use of antihypertensive drug,
n(%)

1124
(15.5)

709 (15.7) 688 (15.9) 958 (16.5) 833 (15.2)1 923 (16.8) 896 (16.4) 827 (15.2)

Use of lipid-lowering drugs,
n(%)

38 (0.5)1 41 (0.9) 44 (1.0) 104 (1.8) 30 (0.6)1 64 (1.2) 66 (1.2) 67 (1.2)

Abbreviations: m-MDS, median-based Mediterranean diet score; CMM: Cardiometabolic multimorbidity; pyr-MDS, pyramid-based Mediterranean
diet score; SD, standard deviation.
Summary statistics in mean (SD) or frequency (percentage) unless stated otherwise.
Fisher’s exact test was used for all categorical variables.
Kruskal–Wallis test was used for all continuous variables.
1 P value < 0.05
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Mediterranean diet and risk of cardiometabolic
multimorbidity

Cox regression analyses showed that baseline adherence to
the Mediterranean diet was significantly associated with a lower
risk of CMM over a median follow-up of 21.4 y (Figure 2). For
each SD (1.78 point) increase in the m-MDS, the HR (95% CI) of
CMMwas 0.89 (0.82, 0.96) after adjusting for sociodemographic
and lifestyle covariates. Pyr-MDS had the same estimate of 0.89
(0.82, 0.96) per 1 SD (1.32 point) increase. The results did not
change substantially after imputing missing data (Supplemental
Table 4).
Mediterranean diet and disease transition risks of
cardiometabolic multimorbidity

Tables 2 and 3 present the associations between baseline
Mediterranean diet and CMM disease transition risks across
various follow-up durations. The results suggested that greater
adherence to the Mediterranean diet at baseline was associated
with a lower risk of transitioning from baseline to FCMD, and
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with a lower risk of CMM transitioning from FCMD, particularly
in the follow-up durations of 10 and 15 y for pyr-MDS [HR (95%
CI) of CMM from FCMD: 0.67 (0.53, 0.84) and 0.80 (0.70, 0.92)
per SD increase in pyr-MDS for 10-y and 15-y follow-ups,
respectively]. However, over the entire follow-up period of
>20 y, baseline adherence to the Mediterranean diet was asso-
ciated only with the risk of FCMD, but not statistically signifi-
cantly with the risk of CMM transitioning from FCMD. The
analyses of individual FCMD suggested that adherence to the
Mediterranean diet, as measured by the pyr-MDS, may be
particularly associated with the risk of CMM transitioning from
first AMI and T2D, over the10-y and 15-y follow-up periods
(Supplemental Tables 5–6).

Analyses using restricted cubic splines did not support po-
tential nonlinear associations between Mediterranean diet (m-
MDS and pyr-MDS) and CMM (Supplemental Figure 2). And
excluding BMI from the model had similar estimates and findings
(Supplemental Table 7). Stratified analysis showed significant
effect modification by social class on the association between
pyr-MDS and the CMM risk over the median follow-up of 21.4 y



FIGURE 2. Prospective association between baseline adherence to the
Mediterranean diet and the risk of cardiometabolic multimorbidity in
EPIC-Norfolk participants aged 40–79 in 1993–1997, over a median
follow-up of 21.4 y (N ¼ 21,900).
CI, Confidence interval; HR, hazard ratio; MDS, Mediterranean diet
score; Ref, reference group; SD, standard deviation.
Each SD unit corresponds to 1.78 m-MDS and 1.32 pyr-MDS points.
Model adjusted for age, sex, BMI, smoking status, physical activity,
social class, marital status, education level, medication use (antihy-
pertensive drugs or lipid-lowering drugs), and family history of MI,
stroke, or diabetes.
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(P value for interaction ¼ 0.01). Table 4 presents the estimated
subgroup associations in manual and nonmanual workers. For
nonmanual workers, baseline adherence to the Mediterranean
diet was not only related to a lower risk of FCMD, but also
associated with a lower risk of CMM transitioning from FCMD
[0.89 (95% CI: 0.80, 0.98) per SD increase in pyr-MDS]. But for
manual workers, Mediterranean diet adherence did not associate
with the transition risk of CMM from FCMD [1.01 (95% CI: 0.90,
1.14) per SD increase in pyr-MDS]. When limiting to 10- or 15 y
of follow-up durations, the significant effect modification of so-
cial class remains (P value for interaction <0.01). The impacts of
the Mediterranean diet were consistent across age and sex groups
(Supplemental Tables 8–9). Also, the effects of MDS did not
differ according to low or high adherence to the Mediterranean
diet (Supplemental Table 10).
Discussion

The current study investigated how baseline Mediterranean
diet impacted the onset of CMM in the general United Kingdom
population across various follow-up durations. We found that
baselineMediterranean diet was potentially related to a lower risk
of CMM transitioning from FCMD in shorter follow-up periods.
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Comparison with other studies
The current study is thefirst to showhowbaseline adherence to

the Mediterranean diet impact the disease transition of CMM in
general UnitedKingdompopulation. To the best of our knowledge,
only 3 prior studies conducted in the United Kingdom and China
estimated the prospective association of diet with CMM. The
Whitehall II cohort followed 8270 middle-aged British partici-
pants over amean of 23.7 y [7]. The studymeasured dietary intake
with the consumption of fruit and vegetables. It found that low
consumption of fruit and vegetables was related to a higher risk of
FCMD [HR (95% CI): 1.09 (1.00, 1.18)], but not associated with
the transition risk ofCMMfromFCMD.Another study followed0.5
million Chinese adults for a median duration of 11.2 y [26]. The
study revealed that a less healthy dietary habit, defined as non-
daily intakes of vegetables, fruits, and eggs, or eating red meat
daily or less than weekly, was significantly associated with a
higher risk of FCMD, specifically first ischemic stroke [HR (95%
CI): 1.23 (1.14, 1.33)]. For the disease transition of CMM from
FCMD, the study demonstrated that an unhealthy diet was asso-
ciated with the transition risk of CMM only when ischemic stroke
or hemorrhagic stroke was the FCMD [HR (95% CI) of CMM: 1.25
(1.05, 1.49) and 1.84 (1.04, 3.25) for ischemic stroke and hem-
orrhagic stroke, respectively], but not from other FCMD. These 2
studies, however, did not measure the overall diet quality on the
basis of any established healthy dietary pattern. The most recent
study measured baseline diet with a Mediterranean diet-adapted
dietary score EDI and investigated the impact of EDI on the onset
of CMM in an older United Kingdom male cohort [that is, the
BritishRegionalHeart Study (BRHS) cohort] [6]. The studydidnot
find significant association between baseline EDI and risk of FCMD
or the risk of CMM transitioning from FCMD over a median
follow-up of 19.3 y. This study, however, used a dietary score (EDI)
that was developed particularly for older adults and did not
include women or younger populations in the analyses. Addi-
tionally, the 2 previous cohorts of British adults both had lengthy
follow-up durations (23.7 y in the Whitehall II study and 19.3 y in
the BRHS), which may also impact the observed association be-
tween baseline diet and the risk of CMM [6,7].

Interpretation of results and implications
Our analysis furthered previous studies by investigating the

association of Mediterranean diet with CMM using 2 validated
MDS in a large United Kingdom population cohort, including
both men and women from a wide age range, and investigated
the potential impacts of various follow-up durations. Our results
suggested that the associations between baseline adherence to
the Mediterranean diet and the risk of subsequent CMM
following FCMD were more pronounced in shorter follow-up
durations of 10 and 15 y.

There has been well-documented evidence on the primary
preventive effects of the Mediterranean diet on CMD in healthy
populations [27]. However, for patients with established CMD,
the potential secondary preventive effects of the Mediterranean
diet remain less studied. A few studies suggested that adhering to
the Mediterranean diet may be associated with lower risk of
another CMD for patients with existing CVD. For example, an
Italian prospective cohort study of 8291 patients with recent MI
found that a higher MDS was related to a significant lower risk of
T2D after a mean follow-up of 3.2 y [HR (95% CI): 0.65 (0.49,
0.85)] [28]. For patients with T2D, most studies suggested



TABLE 3
HRs (95% CI) for disease transitions from baseline (CMD-free) to FCMD and CMM by pyr-MDS in EPIC-Norfolk study participants aged 40–79 y in
1993–1997, over the follow-up duration of 10, 15, and a median of 21.4 y (N ¼ 21,900)

Follow-up duration of 10 y HRs (95% CI) for each disease transition

Baseline pyr-MDS

Disease transition No. of Events Per SD increase Q1 Q2 Q3 Q4

Baseline to FCMD 1357 0.91 (0.86, 0.96)1 Ref 0.85 (0.74, 0.98)1 0.89 (0.77, 1.03) 0.75 (0.64, .89)1

FCMD to CMM 97 0.67 (0.53, 0.84)1 Ref 0.60 (0.36, 1.02) 0.44 (0.24, 0.80)1 0.47 (0.25, 0.90)1

Follow-up duration of 15 y HRs (95% CI) for each disease transition

Baseline pyr-MDS

Disease transition No. of Events Per SD increase Q1 Q2 Q3 Q4

Baseline to FCMD 2674 0.91 (0.87, 0.94)1 Ref 0.88 (0.79, 0.97)1 0.86 (0.77, 0.96)1 0.77 (0.69, 0.87)1

FCMD to CMM 260 0.80 (0.70, 0.92)1 Ref 0.88 (0.65, 1.20) 0.55 (0.38, 0.80)1 0.74 (0.52, 1.06)

Entire follow-up duration-a median of 21.4 y HRs (95% CI) for each disease transition

Baseline pyr-MDS

Disease transition No. of events Per SD increase Q1 Q2 Q3 Q4

Baseline to FCMD 5028 0.93 (0.90, 0.95)1 Ref 0.92 (0.86, 1.00) 0.88 (0.81, 0.95)1 0.83 (0.76, 0.90)1

FCMD to CMM 734 0.94 (0.87, 1.01) Ref 1.03 (0.85, 1.25) 0.83 (0.68, 1.02) 0.91 (0.74, 1.13)

Abbreviations: CI, confidence interval; CMM, cardiometabolic multimorbidity; FCMD, first cardiometabolic disease; HR, hazard ratio; pyr-MDS,
pyramid-based Mediterranean diet score.
Each SD unit corresponds to 1.32 pyr-MDS points. pyr-MDS Q1: score¼ 0–7.55, n¼ 5479; Q2: score¼ 7.56–8.45, n¼ 5502; Q3: score¼ 8.46–9.34,
n ¼ 5465; Q4: score ¼ 9.35–15, n ¼ 5454.
Model adjusted for age, sex, BMI, smoking status, physical activity, social class, marital status, education level, medication use (antihypertensive
drugs or lipid-lowering drugs), and family history of MI, stroke, or diabetes.
1P value < 0.05

TABLE 2
HRs (95% CI) for disease transitions from baseline (CMD-free) to FCMD and CMM by m-MDS in EPIC-Norfolk study participants aged 40–79 y in
1993–1997, over the follow-up duration of 10, 15, and a median of 21.4 y (N ¼ 21,900)

Follow-up duration of 10 (y) HRs (95% CI) for each disease transition

Baseline m-MDS

Disease transition No. of Events Per SD increase Q1 Q2 Q3 Q4

Baseline to FCMD 1357 0.94 (0.89, 0.99)1 Ref 0.95 (0.82, 1.10) 0.85 (0.73, 1.00)1 0.87 (0.76, 1.01)
FCMD to CMM 97 0.92 (0.75, 1.14) Ref 1.17 (0.69, 1.99) 0.97 (0.54, 1.74) 0.77 (0.42, 1.40)

Follow-up duration of 15 (y) HRs (95% CI) for each disease transition

Baseline m-MDS

Disease transition No. of events Per SD increase Q1 Q2 Q3 Q4

Baseline to FCMD 2674 0.92 (0.89, 0.96)1 Ref 0.96 (0.87, 1.07) 0.90 (0.81, 1.00) 0.84 (0.76, 0.94)1

FCMD to CMM 260 0.91 (0.80, 1.03) Ref 1.12 (0.82, 1.55) 0.89 (0.63, 1.27) 0.82 (0.58, 1.15)

Entire follow-up duration - a median of 21.4 y HRs (95% CI) for each disease transition

Baseline m-MDS

Disease transition No. of Events Per SD increase Q1 Q2 Q3 Q4

Baseline to FCMD 5028 0.93 (0.90, 0.95)1 Ref 0.93 (0.86, 1.01) 0.90 (0.83, 0.97)1 0.85 (0.79, 0.92)1

FCMD to CMM 734 0.94 (0.87, 1.01) Ref 1.04 (0.86, 1.27) 0.80 (0.64, 0.99)1 0.86 (0.70, 1.05)

Abbreviations: CI, confidence interval; CMM, cardiometabolic multimorbidity; FCMD, first cardiometabolic disease; HR, hazard ratio; m-MDS,
median-based Mediterranean diet score; SD, standard deviation.
Each SDunit corresponds to 1.78m-MDS points.m-MDSQ1: score¼ 0–3, n¼ 7277; Q2: score¼ 4, n¼ 4512; Q3: score¼ 5, n¼ 4317; Q4: score¼ 6–9,
n ¼ 5794. Model adjusted for age, sex, BMI, smoking status, physical activity, social class, marital status, education level, medication use (antihy-
pertensive drugs or lipid-lowering drugs), and family history of MI, stroke, or diabetes.
1P value < 0.05
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significant benefits of adhering to the Mediterranean diet on the
risk of CVD [29,30]. However, when separating individual CVD
outcomes, a recent prospective cohort study of 22,473 diabetic
participants from the United Kingdom Biobank did not observe
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significant impact of the Mediterranean diet particularly on MI
or stroke risks [30].

Our study found an association between baseline adherence to
the Mediterranean diet and the risk of FCMD across shorter to



TABLE 4
HRs (95% CI) for disease transitions from baseline (CMD-free) to FCMD and CMM by pyr-MDS in EPIC-Norfolk study aged 40–79 y in 1993–1997
over a median follow-up of 21.4 y, stratified by social class (N ¼ 21,900)

HRs (95% CI) for each disease transition

Nonmanual workers (n ¼ 13,281) Baseline pyr-MDS

Disease transition No. of events Per SD increase Q1 Q2 Q3 Q4

Baseline to FCMD 2885 0.94 (0.90, 0.98)1 Ref 0.93 (0.84, 1.03) 0.90 (0.81, 1.00) 0.84 (0.76, 0.94)1

FCMD to CMM 405 0.89 (0.80, 0.98)1 Ref 0.91 (0.70, 1.18) 0.74 (0.56, 0.97) 1 0.77 (0.58, 1.03)

Manual workers (n ¼ 8619) Baseline pyr-MDS

Disease transition No. of events Per SD increase Q1 Q2 Q3 Q4

Baseline to FCMD 2143 0.91 (0.87, 0.95)1 Ref 0.92 (0.83, 1.03) 0.85 (0.76, 0.96)1 0.82 (0.72, 0.94)1

FCMD to CMM 329 1.01 (0.90, 1.14) Ref 1.16 (0.88, 1.52) 0.94 (0.69, 1.28) 1.12 (0.80, 1.58)

P value for interaction ¼ 0.01.
Abbreviations: CMM, cardiometabolic multimorbidity; FCMD, first cardiometabolic disease; HR, hazard ratio; pyr-MDS, pyramid-based Mediter-
ranean diet score; Ref, reference group; SD, standard deviation.
Each SD unit corresponds to 1.32 pyr-MDS points. pyr-MDS Q1: score¼ 0–7.55, n for nonmanual worker ¼ 2773, n for manual worker ¼ 2706; Q2:
score ¼ 7.56–8.45, n for nonmanual worker ¼ 3145, n for manual worker ¼ 2357; Q3: score ¼ 8.46–9.34, n for nonmanual worker ¼ 3454, n for
manual worker ¼ 2011; Q4: score ¼ 9.35–15, n for nonmanual worker ¼ 3909, n for manual worker ¼ 1545.
Model adjusted for age, sex, BMI, smoking status, physical activity, marital status, education level, medication use (antihypertensive drugs or lipid-
lowering drugs), and family history of MI, stroke, or diabetes.
1 P value < 0.05
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longer follow-up periods. Additionally, our study suggested that
baseline adherence to the Mediterranean diet may be associated
with the transition risks fromFCMD, particularly fromfirstAMI and
T2D, to CMM. However, significant association with the risk of
transitioning toCMMfollowingFCMDwas only observed in follow-
up periods of 10 and 15 y. This finding indicated that CMM events
occurred during longer follow-up may become less related to the
baseline diet. Although no significant violations of the proportion-
ality of hazards against time were found, there might be a modest
nonproportional hazards effect that cumulatively affected the esti-
mated transitioningriskofCMMfollowingFCMD.Specifically, over
time, the baseline dietary score may become less accurate in
capturing participants’ diet quality, especially after the develop-
ment of FCMD, thus weakening the observed association. Mean-
while, as the cohort ages over a long follow-up period, the impact of
baselineMediterraneandietmaybe attenuated.Althoughour study
did not find significant effect modification by age, previous studies
have indicated that the influenceofmodifiable cardiometabolic risk
factors related to dietary intake, such as total cholesterol and blood
pressure, could be diminished in the elderly [31,32]. This attenu-
ationmay primarily be because of physiological changes associated
with aging and higher mortality rates among older adults [33].
Overall, findings of our study add to the evidence that baseline
adherence to the Mediterranean is potentially of great significance
inpreventingCMMsubsequent toFCMD,with theeffect beingmore
pronounced during shorter follow-up periods.

Moreover, our current study observed a significant effect
modification by social class groups in the association between
baseline Mediterranean diet and the risk of CMM transitioning
from FCMD. Although theMediterranean diet was associatedwith
a significant lower risk of CMM transitioning from FCMD in
nonmanual workers, the association was attenuated in manual
workers. It is important to note that this does not imply that
manual workers should not consume a healthy diet to potentially
prevent CMM. Instead, this result may be because of several po-
tential reasons. First, our study did not capture more detailed food
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components in the Mediterranean diet, for example, the specific
types of food items consumed (for example, specific fruits, vege-
tables, or fish). Individuals in lower socioeconomic status (SES)
were found to prioritize prices over health values when selecting
foods, which may result in less variety and the selection of foods
with lower nutritional values [34]. It is therefore possible that
differences in food items and nutrient consumption may explain
the observed differences in the associations between manual and
nonmanual workers. Additionally, our findings indicated that
there may be underlying social factors for this effect modification
thatwarrant further investigation. The observeddifferencemaybe
explained by the notion that social class was related to other risk
factors that could influence the development of CMM, such as
medication adherence, self-care and management of CMD, access
to preventive medical care, and quality of healthcare after FCMD
[35,36].

Comparison of Mediterranean diet scores
In the current study, we used 2 MDS, m-MDS and pyr-MDS,

to evaluate participants’ adherence to the Mediterranean diet.
Our results showed that the 2 MDS were similar in predicting
the risk of CMM over the long follow-up duration, but the pyr-
MDS may be a better predictor of CMM in shorter follow-ups
comparing to the m-MDS. This finding was consistent with
the prior EPIC-Norfolk study with a shorter follow-up (a mean
of 12.2 y), showing a stronger association of pyr-MDS with
first occurrence of CVD compared with m-MDS [13]. As the
study suggested, the pyr-MDS may be more accurate and better
in predicting CVD because it accounted for the continuous
property of dietary consumption and took the contemporary
food environment into account, such that it distinguished
processed and unprocessed meat and included sweet foods.
The m-MDS, though being the most frequently used MDS in
the literature, could be too crude and not sensitive enough to
capture Mediterranean diet adherence in the contemporary
non-Mediterranean countries.
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Strengths and limitations
One key strength of this study is that it included a large cohort

with long follow-up time. Also, evaluation of 2 MDS clarified the
potential impacts of applying different Mediterranean diet-based
scores with varying dietary characteristics. As limitations, the
current study derived MDS from one-time dietary measure at
baseline, so we could not account for potential changes in diet
throughout the study period. Prior EPIC-Norfolk report has
shown that the pyr-MDSwas moderately reproducible over a 3.7-
y period (ρ ¼ 0.60) [13], but this did not necessarily capture the
potential dietary change after the development of FCMD. People
may change their diets after developing FCMD. A prospective
study suggested that people tend to make favorable dietary
changes, leading to increased diet quality, after being diagnosed
with diabetes [37]. If adherence to the Mediterranean diet
benefits the development of CMM, the lack of repeated dietary
information, particularly the inability to capture potential di-
etary improvement after FCMD, could bias the estimated asso-
ciation with the transition from FCMD to CMM toward null,
leading to underestimated HR. Second, the current study only
identified patients with AMI at baseline, which did not recognize
those with chronic coronary syndromes. Patients with chronic
coronary syndromes at baseline may have a less healthy dietary
habit, and this could lead to overestimation of our effect esti-
mates. Or patients with prevalent coronary diseases may have
modified and adopted a healthier dietary habit, and this could
lead to underestimation of our effect estimates. Third, our cur-
rent study did not differentiate subtypes of stroke. Han et al.
(2021) study showed that dietary intakes may have different
impacts on disease transitions of CMM with different first stroke
subtypes - the occurrence of hemorrhagic stroke as the FCMD
may benefit more from a healthy dietary intake in preventing the
development of CMM [26]. However, >80% first stroke cases in
the United Kingdom were found to be ischemic [38]. This may
attenuate our estimated association of Mediterranean diet with
the risk of CMM transitioning from FCMD. In addition, we could
not rule out the effects of possible residual confounding, such as
imprecise measurement of self-reported potential confounders or
unmeasured confounders. Generalizability is limited because the
current cohort is largely made of individuals from European
ethnic origin. Minority ethnic groups in the United Kingdom
were found to have higher CMD rates compared with the White
population. Also, these groups exhibit different dietary habits
from White individuals [39]. Our study, however, is unable to
explore how diet may affect the risk of CMM in minority ethnic
groups.

In conclusion, we observed a lower risk of CMM with higher
baseline adherence to the Mediterranean diet in the current
United Kingdom cohort. Our study suggests that, in shorter
follow-up periods, adhering to the Mediterranean diet at base-
line may be associated with lower risks of both FCMD and the
subsequent CMM. Additionally, social class is a significant
modifier of the association between the Mediterranean diet and
risk of CMM transitioning from FCMD. The observed difference
between nonmanual and manual workers warrants further
investigation. Although the 2 MDS investigated in the current
study demonstrate similar estimated associations with CMM
over the long term, the pyr-MDS may be a better predictor of
CMM in shorter follow-ups. Overall, findings of our study further
highlight the importance of baseline adherence to the
3768
Mediterranean diet as it may benefit cardiometabolic health and
potentially help prevent CMM in the general United Kingdom
population.
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