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ABSTRACT

Background: Canada’s Food Guide (CFG) was profoundly revised
in 2019, but the extent to which adherence to recommendations
on healthy food choices reduces the risk of cardiovascular disease
(CVD) is unknown.

Objectives: The aim of this study was to examine how greater
adherence to the 2019 CFG’s recommendations on healthy food
choices influences the risk of incident CVD.

Methods: Participants were a sample of adults without history
of CVD, diabetes, or cancer from the UK Biobank prospective
cohort study. Usual dietary intakes were estimated by modeling
data from repeated Web-based 24-h dietary recalls using the
National Cancer Institute multivariate method. Adherence to key
CFG recommendations on healthy food choices was assessed using
the Healthy Eating Food Index (HEFI)-2019, which has a maximum
of 80 points. The CVD outcome was a composite of fatal and nonfatal
myocardial infarction and ischemic stroke. Cox regression models
adjusted via inverse probability weighting were used to estimate
CVD risks. Counterfactual models were used to interpret risks of
hypothetical changes in the HEFI-2019 score.

Results: A total of 136,698 participants met the eligibility criteria
(55% females; mean age: 57.2 y; range: 40-75 y). During the 11-y
follow-up, there were 2843 cases of incident CVD. Compared with
no change in the HEFI-2019 score, increasing the HEFI-2019 score
of all participants to the 90" percentile of the score distribution (58.1
points) hypothetically reduced the risk of CVD by 24% (RR: 0.76;
95% CI: 0.58, 0.94; absolute risk difference: —0.58%).
Conclusions: These results suggest that greater adherence to the
2019 CFG recommendations on healthy food choices reduces the 11-
y risk of CVD in middle-aged and older adults. ~ Am J Clin Nutr
2022;116:1748-1758.

Keywords: Healthy Eating Food Index, HEFI-2019, Canada’s Food

Guide, CFG, cardiovascular disease, CVD, dietary guidelines, causal
inference, 24-h dietary recalls

1748

Introduction

Diet is an important modifiable risk factor that influences
chronic disease-related morbidity and mortality worldwide (1,
2). For example, dietary risks are estimated to account for
>14% of cardiovascular disease (CVD)-related mortality in
Canada (1). Despite some improvements between 2004 and 2015,
the health-related economic burden associated with poor diet
quality remains high in Canada (3). National dietary guidelines,
including Canada’s Food Guide (CFG), aim to address these
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dietary risks by providing guidance to improve individual dietary
habits as well as the food environment and food services.

The CFG was revised in 2019 to promote healthy dietary habits
and behaviors aiming to reduce CVD risk (4, 5), based on the
most recent evidence on the relation between diet and the risk
of chronic diseases (6). Compared with the recommendations
in the 2007 version of the CFG, which were stated in terms
of sex- and age-specific numbers of food servings to consume
every day, CFG-2019 provides more flexible and less specific
recommendations. For example, CFG-2019 recommends eating
a variety of healthy foods each day (“eat plenty of vegetables
and fruits, whole grains and protein foods”) or emphasizes foods
and beverages to consume more often (for example, “choose
protein foods that come from plants more often,” “make water
your drink of choice”), with no specific recommendations based
on sex or age (4, 5). However, the extent to which adherence to
the 2019 CFG’s recommendations does modify the risk of CVD is
unknown. Such information is invaluable not only to confirm that
adherence to the revised guidelines does indeed reduce the risk of
CVD but also to inform future guidelines in Canada, hence further
supporting public health action in the realm of food and health.

Thus, our objective was to verify the hypothesis that a higher
degree of adherence to CFG’s recommendations on healthy food
choices reduces the risk of incident CVD. For that purpose,
we used publicly available data from the UK Biobank, a large
prospective study, as well as the recently developed HEFI-
2019, an index that measures the degree of adherence to
recommendations on healthy food choices in the 2019 CFG (7,
8). More precisely, we used a causal inference approach based on
counterfactual models to emulate a dietary intervention yielding
various degrees of adherence to CFG’s recommendations on
healthy food choices and their impact on incident CVD risk.

Methods

Participants and follow-up

Participants were adults from the UK Biobank, which collected
data from >500,000 males and females aged between 40 and 69
y recruited in the United Kingdom between 2006 and 2010 (9,
10). At the time of recruitment, participants completed multiple
questionnaires and interviews covering sociodemographic data,
lifestyle, and history of diseases as well as assessment of physical
measures and blood sampling (9). To be included in the present
analysis, participants had to be free of CVD, diabetes, or cancer
at baseline. Eligible participants also had to have completed at
least one 24-h dietary recall reporting >100 kcal, to have a urine
assay, and to have provided complete data on familial history of
disease and physical activity (Supplemental Table 1). Baseline
was defined as the date when participants completed their first
24-h dietary recall, between the years 2009 and 2012. Follow-
up duration was calculated in months using the date of the first
incident CVD event, the date of mortality, or end of follow-up
(1 February, 2021), whichever came first, minus the baseline
date. These analyses were conducted under UK Biobank data
application #25205.

Disease outcome: major CVD events

The primary outcome was a composite of fatal and nonfatal
myocardial infarction [International Classification of Diseases
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(ICD)-10 code 121] and ischemic stroke (ICD-10 code 163). Most
CVD events (>75%) were identified based on hospital admission
data (Supplemental Table 2). The study included no secondary
outcomes.

Diet exposure: adherence to the 2019 CFG on healthy food
choices

Detailed dietary intakes were assessed using repeated Web-
based 24-h dietary recall intake data obtained with the Oxford
WebQ (9, 11, 12). The Oxford WebQ is not based on the
Automated Multiple-Pass Method, but rather assesses intakes of
<206 commonly consumed foods and <32 types of beverages
(11, 13). All foods and drinks were classified according to
the HEFI-2019 food and beverage categories (Supplemental
Figure 1) (7). Total nutrient intakes were derived from the
reported food and beverage intakes and food composition data
corresponding to foods available at the time of questionnaire
completion. The original food composition database of the
Oxford WebQ does not provide data on sodium and free sugar
intakes, which contribute to 2 key components of the HEFI-2019.
The 24-h sodium intake was estimated based on casual urinary
sodium, potassium, and creatinine and the predictive equation of
the INTERSALT study (detailed in the Supplemental Methods,
p- 4) (14). The intake of free sugars was estimated as the
difference between total sugars intake and the calculated natural
sugars contribution from vegetables, fruits, dairy foods, and
legumes (detailed in the Supplemental Methods, p. 4). The
HEFI-2019 was used to measure adherence to the 2019 CFG’s
recommendations on healthy food choices using usual dietary
intake data estimated from the 24-h dietary recalls (described
in what follows) (7, 8). Supplemental Table 3 presents a
description of components, points, and standards for scoring. The
HEFI-2019 has 10 components—S5 on foods, 1 on beverages, and
4 on nutrients—each capturing adherence to the key 2019 CFG
recommendations on healthy food choices. Points are allocated
proportionally between cutoffs that reflect in large part the extent
to which intakes of foods within each component are consistent
with key CFG recommendations (Supplemental Table 3). The
total HEFI-2019 is calculated as the sum of all components’
scores out of a total of 80 points, with higher scores reflecting
greater adherence to recommendations. Evaluation metrics of the
HEFI-2019 supported construct validity. For example, validation
studies based on data from the 2015 Canadian Community Health
Survey—Nutrition have shown that the HEFI-2019 score was
strongly correlated with the Healthy Eating Index (HEI)-2015
(r = 0.79), assessed multiple dimensions of healthy eating,
and had acceptable internal consistency (Cronbach’s o = 0.66)

(8).

Covariates

Model covariates were selected based on their ability to
1) mitigate confounding of the relation between the HEFI-
2019 score and incident CVD; and 2) mitigate the impact
of an unobserved propensity toward health-seeking behaviors
(10). Covariates were sex, age, region, Townsend deprivation
index, university degree education, employment status, familial
history of CVD, menopausal status (female only), hormone
replacement use (female only), smoking habits, physical activity
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UK Biobank participants (n = 502,492)

4

Excluding withdrawals (n = 502,459)

Completed =1 valid 24-h dietary recall and urine assay (n = 190,820)

Free of CVD, diabetes or cancer at 24-h dietary recall completion (n = 169,863)

Complete data on most covariates (n = 136,698)

FIGURE 1 Study flowchart. Valid 24-h dietary recall corresponds to 24-h dietary recall with reported total energy intake >100 kcal. Participants with
missing data on familial history of CVD or physical activity level were excluded. CVD, cardiovascular disease.

level, alcohol consumption habits, sedentary time, BMI, dietary
supplement use, medication use, self-reported CVD risk factors
(high cholesterol and/or high blood pressure), and energy intake.
The Townsend deprivation index indicates the degree of material
deprivation according to census data on unemployment, car
ownership, household overcrowding and owner occupation, and
the participant’s postcode (15). Continuous covariates were
transformed a priori as restricted cubic splines (16, 17). A
single imputation was performed to account for the remaining
proportion of missing data (<2.0%). Supplemental Table 4
presents complete details regarding covariate sources, modeling,
and the proportion with missing data. Covariates were only
assessed at baseline.

Statistical analyses

The causal inference approach based on counterfactuals emu-
lated a dietary intervention (18-20) yielding various degrees of
adherence to the 2019 CFG recommendations in this population
at baseline and their hypothetical impact on incident CVD.
This involved 5 steps to account for measurement error in
dietary intakes, mitigate bias due to confounding or censoring,
and estimate variance. Further details regarding steps 1-4 are
presented in the Supplemental Methods (pp. 11-14).

Firstly, the distribution of the HEFI-2019 score was estimated
at the population level to identify predetermined HEFI-2019
score percentiles (5™, 10", 25%, 50™, 75", 90", and 95™M).
Dietary intakes measured using 24-h dietary recalls are affected
by within-individual random errors (21), which can cause bias
(22, 23). To mitigate this issue, we used the National Cancer
Institute (NCI)’s multivariate method (24), which estimates the
distribution of usual dietary intakes (i.e., the long-term average)
when data from repeated 24-h dietary recalls are available in
all or only a proportion of the study sample. The large sample
size (n = 136,698) (Figure 1) and the availability of repeated
24-h dietary recalls in most participants (62%) are sufficient to
estimate usual dietary intakes with the NCI multivariate method
(25).

Secondly, usual dietary intakes were simulated at the par-
ticipant level with the NCI multivariate method to obtain
measurement-error-corrected regression coefficients in diet-
outcome models described in what follows. All covariates
described earlier were included in this step as well as the
predicted 24-h sodium intake based on the urine assay. One
thousand simulations of “usual intakes” per participant were
generated in the Monte Carlo simulation step of the NCI
multivariate method. The total HEFI-2019 score was calculated
based on the simulated usual dietary intakes. A restricted cubic
spline transformation with 4 knots (percentiles 5, 35, 65, and
95) was applied to the HEFI-2019 score and energy intake
to consider a potential nonlinear association with the outcome
(26). Simulated usual intakes and HEFI-2019 scores were then
averaged across simulations before the next step.

Thirdly, confounding was considered using inverse probability
of “treatment” weighting (IPTW) estimated via linear regression
(27, 28). The HEFI-2019 score was approximately normally
distributed, and a “standard normal” modeling approach was
used, i.e., assuming a normal distribution for the total HEFI-
2019 score (27). To estimate IPTW, the HEFI-2019 score was
regressed on all covariates, except energy intake which was
considered as a covariate only in the outcome model in the
next step. A probability density function was then estimated
based on the total HEFI-2019 score of each individual, predicted
values, and variance of the linear regression model. Weights were
calculated as the inverse of this probability density function.
Informative censoring due to mortality or loss to follow-up
was considered with inverse probability of censoring weighting
(IPCW) estimated via logistic regression (29). The use of
IPCW is a working framework to estimate the (direct) effect
of a hypothetical intervention in the presence of competing
events (e.g., mortality due to cancer) (29). Weights estimated in
both procedures (i.e., IPTW and IPCW) were stabilized to the
sample size separately and then combined before the next step.
Supplemental Figure 2 shows a covariate balance plot.

Fourthly, the energy-adjusted relation between the total HEFI-
2019 score based on usual intakes and incident CVD was
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TABLE 1 Baseline characteristics of UK Biobank participants included in this study, by quarters of HEFI-2019 scores!

QI (min to 38.3) Q2 (>38.31t045.8) Q3 (>45.8t052.6) Q4 (>52.6 to max)

Characteristics (n=34,174) (n = 34,175) (n=34,175) (n=34,174)
Age at dietary assessment, y 55.7+8.2 57.0 £ 8.1 577+7.38 58.5+7.6
Sedentary time, h/d 52+£26 4.7+23 44£22 41+£20
BMI, kg/m? 27.7+£4.6 269+43 263 +42 253+£40
Females 16.8 22.5 27.4 332
Region

England 24.9 25.0 25.0 25.1

Other 259 255 24.7 23.8
White/British ethnic background 24.8 25.1 25.1 25.0
Familial history of cardiovascular disease 23.7 24.7 25.3 26.3
College/university degree or professional 21.0 24.5 26.4 28.0

qualification
Employment situation

Working 26.9 254 24.5 232

Retired 19.8 24.5 26.4 29.3

Other 27.1 235 245 25.0
Townsend deprivation index

T1 (min to —3.3) 234 25.3 25.7 25.5

T2 (> —3.3to0 —1.1) 24.4 252 253 25.1

T3 (> —1.1 to max) 27.2 244 24.0 244
Current alcohol consumer 24.7 25.1 252 25.0
Current smoker 40.6 24.4 19.7 15.3
BMI > 30 kg/m? 34.8 27.1 225 15.6
Physical activity level

Low 333 26.7 22.8 17.2

Moderate 24.4 25.4 254 24.9

High 229 239 253 279
Major dietary habits change in the past 5y 24.3 25.2 25.0 25.5
Dietary supplement use 20.4 24.0 26.3 29.2
Menopausal status (female only) 13.2 21.0 28.1 37.7
Hormone replacement therapy (female only) 14.2 21.5 28.0 36.3
Self-reported high cholesterol and/or blood 27.2 25.1 24.8 22.9

pressure
Plausibility of reported energy intakes

Under-reporting 35.3 25.2 23.0 16.5

Plausible reporting 24.7 25.4 25.1 24.8

Over-reporting 18.5 23.6 26.0 31.9
Two or more 24-h dietary recalls completed 22.0 25.6 26.4 26.0

'n = 136,698. Values are mean + SD or row percentages. Row percentages reflect the distribution of a given characteristic across quarters of total
HEFI-2019 score. Quartiles of HEFI-2019 scores were estimated based on the average of raw intakes among all 24-h dietary recalls completed. Thus, the
quartiles do not reflect usual intakes and misclassification of individuals is expected. Plausible reporting corresponded to a ratio of reported energy intake to
predicted energy requirements within 0.74—1.26. See Supplemental Methods p. 9 for details. HEFI-2019, Healthy Eating Food Index 2019; max, maximum

value; min, minimum value; Q, quarter.

analyzed using Cox proportional hazards regression models.
Each participant was weighted using the stabilized inverse
probability weights estimated in the previous step to adjust for
both confounding and informative censoring. Both the HEFI-
2019 score and energy intake were modeled as continuous
variables with a restricted cubic spline transformation. The
Cox regression model parameters for the HEFI-2019 score and
energy intake were then used to generate “adjusted” survival
curves (30) at each of the predetermined percentiles of HEFI-
2019 score estimated in step 1. The mean energy intake in
this sample (2100 kcal) was used for all survival curves, thus
ensuring that energy intake remained constant across percentiles
of HEFI-2019 score. The impacts of hypothetical changes in
the HEFI-2019 score on the 11-y risk of CVD were estimated
by calculating relative and absolute differences between the
probability of incident CVD, had all participants achieved

prespecified percentiles of HEFI-2019 scores, and the probability
of incident CVD at the median HEFI-2019 score (i.e., no change;
the reference) in this sample. More information on this is
provided in the Supplemental Methods (p. 14).

Fifthly, steps 2—4 were repeated independently 250 times to
estimate variance via parametric bootstrap. On the one hand, a
standard or robust variance estimator may be used to estimate
variance in Cox regression models when dietary intake data
reflect usual intakes. On the other hand, such an approach
would not account for the measurement error correction modeling
performed using the NCI method. Thus, we opted for a bootstrap
variance estimation to best account for uncertainty at all steps of
the NCI multivariate method for measurement error correction
(24), uncertainty in the estimation of inverse probability weights
(31), as well as variance of the weighted Cox regression model
(32).
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Whole-grain foods
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Protein foods
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FIGURE 2 Radar plot depicting mean HEFI-2019 component scores for participants in the lowest and highest quarters of the total HEFI-2019 score
distribution in adults from the UK Biobank (n = 34,174 each). The plot indicates which component scores contributed to the total HEFI-2019 score among
participants with a relatively high total HEFI-2019 score in this sample, compared with participants with a relatively low total HEFI-2019 score. The HEFI-2019
was calculated based on usual dietary intakes collected using 24-h dietary recalls and modeled using the National Cancer Institute’s multivariate method (see
Methods). Because each component score has a different scale (e.g., Vegetables and fruits is scored on 20 points whereas Protein foods is scored on 5 points),
component scores were standardized to percentages, for comparability. HEFI-2019, Healthy Eating Food Index-2019; Q, quarter.

Finally, sensitivity analyses were conducted to assess the
plausibility of reported energy intake (cutoffs shown in
Supplemental Table 5), to present hazards of CVD across
the distribution of HEFI-2019 score using a more traditional
approach, to verify proportional hazards of the Cox regression
models, and to examine the modification by sex of the relation
between the HEFI-2019 score and CVD risk. The E-value
was calculated to assess the extent to which an unmeasured
confounder could explain the observed effect estimates (33).
Analyses were performed in SAS Studio version 3.81 (SAS
Institute) and R version 4.1.3 (R Foundation for Statistical
Computing).

Results

Characteristics of participants

Among the 502,459 participants in the UK Biobank, 136,698
participants met all inclusion criteria (Figure 1). Among them,

slightly more than half of participants were females (55.3%)
and had a college/university degree or professional qualification
(50.4%) (Supplemental Table 6). Mean + SD age was
572 + 8.0 y (range: 40-75 y). Most participants (62%)
completed more than one 24-h dietary recall (mean £ SD:
2.2 + 1.2 recalls). Table 1 presents characteristics of partici-
pants across quarters of total HEFI-2019 score. Supplemental
Tables 7-11 present descriptive data on dietary intakes and
HEFI-2019 scores.

During the 11-y follow-up, there were 2843 incident cases of
fatal and nonfatal CVD (1830 cases of myocardial infarction and
1013 cases of ischemic stroke), for an observed CVD incidence
of 2.1%. Among those events, 1971 (69%) occurred in males. A
total of 3530 (2.6%) nonoutcome deaths also occurred and 391
(0.3%) participants were lost during the follow-up.

HEFI-2019 score

The mean £ SD total HEFI-2019 score on a scale of 80
points was 46.0 &+ 9.6 among all participants, 49.0 £ 8.7 in



Canada’s Food Guide 2019 and CVD risk

1753

1.00 1

0.99 1

0.98 1

0.97 1

Probability of remaining CVD-free

0.96 1

0.95 1

 Percentile 95 (+14.1 pts)
- Percentile 90 (+11.5 pts)

 Percentile 75 (+6.5 pts)

r Median (46.6 pts)
F Percentile 25 (-7.1 pts)

 Percentile 10 (-13.5 pts)

 Percentile 5 (-17.3 pts)

0 2 4 6

Time since baseline, y

FIGURE 3 Probability of remaining CVD-free (survival curves) at varying predetermined HEFI-2019 score percentiles in adults from the UK Biobank
(n = 132,777). The probability of remaining CVD-free at the median HEFI-2019 score is the mean probability and hence is the reference survival curve in a
hypothetical scenario where there is no change in the HEFI-2019 score in this population. Other curves reflect the probability of remaining CVD-free under
hypothetical scenarios where all participants achieved HEFI-2019 scores corresponding to predetermined percentiles in this population. Estimates of survival
probability were based on a fully adjusted Cox regression model using inverse probability weighting for exposure and censoring (see Methods for detail). The
HEFI-2019 score was based on usual dietary intakes modeled using the National Cancer Institute multivariate algorithm (see Methods). The total HEFI-2019
score was modeled using a restricted cubic spline with 4 knots. CVD, cardiovascular disease; HEFI-2019, Healthy Eating Food Index-2019.

females, and 42.3 + 9.3 in males. Figure 2 presents the pattern of
HEFI-2019 component scores. Compared with participants in the
first quarter of total HEFI-2019 score, participants in the fourth
quarter had relatively higher mean HEFI-2019 scores for most of
the components, except for Protein foods and Beverages.

Incident CVD

Figure 3 presents the survival (CVD-free) probability curves
across prespecified percentiles of total HEFI-2019 score. Table 2
presents the corresponding risk estimates. In this causal inference
analysis emulating hypothetical dietary changes, the reference
CVD survival (probability of remaining CVD-free) and risks
correspond to the scenario where there is no change in the
HEFI-2019 score, i.e., at the median (46.6 points) of the score
distribution. The other CVD survival curves and correspond-
ing risks reflect hypothetical scenarios where all participants

achieved predetermined HEFI-2019 score percentiles at baseline.
For example, in a hypothetical intervention where all participants
achieved an HEFI-2019 score equivalent to the 90" percentile
of the distribution (i.e., 58.1 points, an increase of 11.5 points
from the median score), the 11-y RR of CVD would decrease
by 24% (RR: 0.76; 95% CI: 0.58, 0.94) (Table 2). Inversely, in
an undesirable scenario where all participants ended up with an
HEFI-2019 score corresponding to the 10" percentile (i.e., 33.1
points, a decrease of 13.5 points from the median score), the 11-
y RR of CVD would increase by 22% (RR: 1.22; 95% CI: 1.03,
1.50) (Table 2).

Sensitivity analyses

The total HEFI-2019 score was inversely associated with
hazards of CVD across its distribution (Figure 4), consistent with
the differences in risk estimates presented earlier in the causal
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TABLE 2 Estimated risks of CVD in hypothetical scenarios where all eligible participants in the UK Biobank achieved predetermined percentiles of the

total HEFI-2019 score at baseline!

Total HEFI-20192

Difference in risk estimates (95% CI)

Hypothetical

Percentile Score (/80) change 11-y CVDrisk Absolute, % point Relative

95 60.7 +14.1 pts 1.7% —0.77 (—1.43, —0.11) 0.68 (0.43,0.93)
90 58.1 +11.5 pts 1.9% —0.58 (—1.05, —0.10) 0.76 (0.58, 0.94)
75 53.1 +6.5 pts 2.2% —0.21 (—0.44,0.01) 0.91 (0.82, 1.00)
50 46.6 0 pts (reference) 2.4% 0 (reference) 1 (reference)
25 39.5 —7.1 pts 2.6% 0.14 (—0.27, 0.55) 1.06 (0.91, 1.26)
10 33.1 —13.5pts 3.0% 0.54 (0.04, 1.04) 1.22 (1.03, 1.50)
5 29.3 —17.3 pts 3.3% 0.87(0.18, 1.57) 1.36 (1.10, 1.78)

'n = 132,777. Differences in risk estimates reflect risks, had all participants in the sample achieved a prespecified HEFI-2019 score percentile, compared
with the risk at the median HEFI-2019 score among all participants, the reference scenario where there is no change in HEFI-2019 (i.e., “0 pts”). Estimates
were based on a fully adjusted Cox regression model using inverse probability weighting for dietary exposure and censoring. The inverse probability
weighting model covariates were sex, age, region, Townsend deprivation index, university degree, employment, familial history of CVD, menopausal status
(female only), hormone replacement use (female only), smoking habits, physical activity level, alcohol consumption habits, sedentary time, BMI, dietary
supplement use, medication use, and self-reported risk factor (high cholesterol and/or high blood pressure). Energy intake was included as a covariate in the
Cox regression model. The 95% CIs were estimated using 250 bootstrap samples. CVD, cardiovascular disease; HEFI-2019, Healthy Eating Food Index-2019.

2The HEFI-2019 score was based on usual dietary intakes modeled using the National Cancer Institute multivariate algorithm (see Methods). The

HEFI-2019 score was modeled using a restricted cubic spline with 4 knots.

inference analysis. CVD hazards at varying lengths of follow-up
were generally consistent over time (Supplemental Table 12).
CVD survival curves and risks based on a fully parametric
modeling of the time to CVD were similar to the survival curves
based on the Cox regression models (Supplemental Figure 3,
Supplemental Table 13). There was no evidence that the RR of
CVD according to hypothetical changes in HEFI-2019 score was
modified by sex (Table 3, Supplemental Figure 4).

Discussion

The objective of this study was to verify the hypothesis that
a greater degree of adherence to the 2019 CFG’s recommenda-
tions on healthy food choices, measured with the HEFI-2019,
reduces the risk of incident CVD. A causal inference analysis
emulating changes in HEFI-2019 scores under hypothetical
intervention scenarios among >130,000 adult participants of
the UK Biobank supports this hypothesis. These results provide
evidence supporting the legitimacy and usefulness of the 2019
CFG recommendations on healthy food choices to reduce CVD
risk at the population level.

Key CFG recommendations on healthy food choices aim
at increasing intake of vegetables, fruits, whole grains, plant-
based protein foods, water and unsweetened beverages, and
unsaturated fats, while decreasing the relative proportion of
refined grains, sugary drinks, and processed meats, as well
as saturated fats, free sugars, and sodium intakes (4, 5, 7).
These recommendations are common to many other dietary
guidelines around the world (34) and are also key features
of well-established healthy patterns such as the Mediterranean
diet (35, 36). Few randomized dietary intervention trials have
been conducted to date wherein causality can be documented
with more certainty. Among them, the PREDIMED (Prevencién
con Dieta Mediterranea) randomized controlled trial has shown
that participants randomly assigned to a Mediterranean diet
supplemented with either extra-virgin olive oil or mixed nuts
had a 30% lower hazard of CVD over a 4.8-y follow-up than
participants randomly assigned to the control diet (37). More

recently, the CORDIOPREV (Coronary Diet Intervention with
Olive Oil and Cardiovascular Prevention) randomized controlled
trial confirmed that the Mediterranean diet was superior to
the low-fat diet in preventing major cardiovascular events in
secondary prevention patients (38). Using observational data,
others have examined the relation between adherence to the
Dietary Guidelines for Americans using HEIs and incident CVD.
Participants with Alternative HEI-2010 and HEI-2015 scores
above the fifth quintile, reflecting a greater degree of adherence
to the dietary guidelines, had a 24% and 16% lower hazard
of incident CVD, respectively, than participants whose scores
were below the first quintile (39, 40). Another analysis based
on multiple cohorts has found consistent reduction in hazards of
CVD mortality in participants with higher diet quality (above the
fifth quintile), as measured with the Alternative HEI-2010, the
HEI-2010 score, or the alternative Mediterranean diet score (41).
Finally, a systematic review and meta-analysis pooling different
diet quality scores found a 20% reduced risk (95% CI: 0.78, 0.82)
of CVD incidence or mortality with higher diet quality scores
(42). Dietary guidelines are crafted and updated regularly to
consider the most recent evidence associating a variety of dietary
patterns, foods, and nutrients to health, with a focus generally
on the risk of chronic diseases such as CVD, cancer, and type
2 diabetes. Considering the similarities among various sets of
dietary guidelines and the rigorous process implemented for their
update, it is unsurprising that higher adherence to such guidelines,
including those found in the 2019 CFG, has been systematically
associated with a reduced risk of CVD.

A key assumption of causal effect estimation using ob-
servational data is that there is no unmeasured confounding
(18, 43). However, as shown in the Supplemental Methods (p.
27), residual (or unmeasured) confounding would have to be
relatively important to completely “nullify” the lower RR of
CVD at higher HEFI-2019 scores. Moreover, follow-up data
collection among all participants was not implemented in the
UK Biobank and changes in dietary intakes and potential time-
varying confounders such as incident risk factors and change
in medication could not be considered. Data from this study
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FIGURE 4 Hazard ratio (HR) curve of CVD (top panel) along the total HEFI-2019 score distribution (lower panel) in adults from the UK Biobank
(n = 132,777). The reference solid line (HR = 1.0 in the top panel) corresponds to the median HEFI-2019 total score in this population. The HR curve was
based on a fully adjusted Cox regression model using inverse probability weighting for exposure and censoring. The HEFI-2019 score was based on usual
dietary intakes modeled using the National Cancer Institute multivariate algorithm (see Methods). The total HEFI-2019 score was modeled using a restricted
cubic spline with 4 knots. The plot was restricted to percentiles 1-99 of the total HEFI-2019 score to avoid extrapolation of hazards beyond observed scores
(i.e., 22.7-64.9 points). The 95% CIs were estimated using 250 bootstrap samples. CVD, cardiovascular disease; HEFI-2019, Healthy Eating Food Index-2019;

/80, maximum score possible for the Healthy Eating Food Index-2019.

must therefore be interpreted as an observational analog of an
intention-to-treat effect in which nonadherence to the hypothet-
ical intervention is expected but could not be accounted for.
Future studies with repeated data collection including diet will
help provide more accurate estimates of how adherence to CFG
recommendations influences the risk of CVD by considering
nonadherence, i.e., estimating a per-protocol effect (18, 19,
44) .

The differences in dietary habits between the United Kingdom
and Canada and related considerations need to be addressed in
the larger scope of this work on the HEFI-2019, a Canadian-
focused tool. Firstly, the associations between specific dietary
risk factors such as low intake of vegetables and fruits, low
intake of fibers, or high intake of meat, saturated fats, or free
sugars and cardiovascular outcomes have been observed in
diverse populations around the world, including in the United
Kingdom (34, 45-48). The pathophysiology of diet-related
CVD is also unlikely to differ markedly between Canada and
the United Kingdom. Yet, it is possible that the magnitude
of the associations between the dietary risk factors captured
by the various HEFI-2019 components and CVD risk varies

across different populations. Nevertheless, we are confident
that results from this analysis substantiate the relevance of
the recommendations on healthy food choices as stated in the
CFG-2019 to prevent CVD. Secondly, the extent to which this
analysis based on a sample of UK adults under- or overestimates
the actual reduction in CVD risk associated with higher HEFI-
2019 scores among Canadian adults also remains uncertain.
Thirdly, the external validity of the CVD risk estimates also
needs to be interpreted while recognizing that adults from the UK
Biobank are generally more health-conscious than other adults in
the United Kingdom (10). Accordingly, the crude absolute 11-y
risk of CVD was very low in this sample (2.1%). This suggests
that the absolute CVD risk reductions associated with higher
HEFI-2019 scores in this eligible sample of the UK Biobank may
have been underestimated compared with the risk reductions that
would have been observed in a less health-conscious population.

One of the major strengths of this work relates to the
use of a counterfactual framework that addresses causality by
deriving realistic HEFI-2019 score contrasts emulating a dietary
intervention. A more conventional approach to assessing the
CVD hazards associated with variations in the HEFI-2019
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TABLE 3 Estimated risks of CVD in hypothetical scenarios where all eligible participants in the UK Biobank achieved predetermined percentiles of the

total HEFI-2019 score at baseline, by sex!

Total HEFI-20192

Difference in risk estimates (95% CI)

Percentile’ Score (/80) Hypothetical change 11-y CVD risk Absolute, % point Relative P-interaction®
Females (n = 73,811)

90 58.1 +11.5 pts 1.3% —0.17 (—0.50, 0.17) 0.89 (0.68, 1.09) —

75 53.1 +6.5 pts 1.3% —0.12 (=0.36,0.13) 0.92 (0.76, 1.08) —

50 46.6 0 pts (reference) 1.5% 0 (reference) 1 (reference) —

25 39.5 —7.1 pts 1.8% 0.29 (—0.09, 0.67) 1.20 (0.98, 1.53) —

10 33.1 —13.5pts 2.2% 0.73 (—0.09, 1.55) 1.50 (1.03, 2.73) —
Males (n = 58,966)

90 58.1 +11.5 pts 2.6% —0.86 (—1.70, —0.02) 0.75 (0.53,0.97) P=027

75 53.1 +6.5 pts 3.1% —0.33 (—=0.73,0.07) 0.90 (0.79, 1.02) P=0.87

50 46.6 0 pts (reference) 3.5% 0 (reference) 1 (reference) —

25 39.5 —7.1 pts 3.6% 0.17 (—0.50, 0.84) 1.05 (0.88, 1.30) P=0.32

10 33.1 —13.5pts 4.1% 0.65 (0.02, 1.27) 1.19 (1.01, 1.43) P=0.17

'n = 132,777. Difference in risk estimates reflect risks, had all participants in the sample achieved a prespecified HEFI-2019 score percentile, compared
with the risk at the median HEFI-2019 score among all participants, the reference scenario where there is no change in HEFI-2019 (i.e., “0 pts”). Estimates
were based on fully adjusted pooled logistic regression models using inverse probability weighting for dietary exposure and censoring and stratified by sex. In
the pooled logistic regression model, the time to CVD was modeled using a restricted cubic spline with 5 knots and an interaction term between the total
HEFI-2019 score and time to CVD was included as well as total energy intake. The inverse probability weighting models were also stratified by sex and
covariates were age, region, Townsend deprivation index, university degree, employment, familial history of CVD, menopausal status (female only), hormone
replacement use (female only), smoking habits, physical activity level, alcohol consumption habits, sedentary time, BMI, dietary supplement use, medication
use, and self-reported risk factor (high cholesterol and/or high blood pressure). The 95% Cls were estimated using 250 bootstrap samples. CVD,

cardiovascular disease; HEFI-2019, Healthy Eating Food Index-2019.

>The HEFI-2019 score was based on usual dietary intakes modeled using the National Cancer Institute multivariate algorithm (see Methods). The

HEFI-2019 score was modeled using a restricted cubic spline with 4 knots.

3Percentile values are not sex-specific, i.e., they reflect the combined distribution of total HEFI-2019 scores of males and females.
4P values for interaction (¢ test) reflect the compatibility of the RR in males compared with the RR in females for a given percentile, with the (null)

hypothesis that both RRs are equivalent under this model.

score in the study population yielded results that were highly
consistent, further supporting the validity of the results from the
causal inference analyses. Accounting for random errors in the
assessment of the dietary intakes measured with 24-h dietary
recalls with the NCI multivariate method is also a key strength
of this work. Limitations of this work include the challenge in
measuring dietary habits as the exposure variable because 24-
h dietary recalls are known to be affected by systematic errors,
although to a lesser extent than other common instruments such as
FFQs (49-51). Of note, the extent of potential under-reporting of
total energy intakes in the present study (i.e., 14.6%) is not greater
than what has been reported in other contemporary nutrition
surveys (52, 53). Finally, unmeasured confounding is a limitation
as in most observational studies.

In conclusion, emulating a large dietary intervention within
the UK Biobank provided strong evidence that a greater degree
of adherence to the CFG’s recommendations on healthy food
choices, as measured with the HEFI-2019, reduces the 11-y
risk of major CVD in middle-aged and older adults. To best
inform future dietary guidelines in Canada, studies and analyses
in Canadian cohorts are needed: firstly, to confirm these results
and, secondly, to better ascertain the magnitude of the CVD risk
reduction associated with better diet quality in Canada.

The UK Biobank study was conducted in accordance with the ethical
standards of the North West Multi-Centre Research Ethics Committee on
human experimentation (reference number: 06/MREO08/65).

The authors’ responsibilities were as follows—DB: performed the
statistical analysis and wrote the first draft of the manuscript; BL: had

primary responsibility for the final content; and all authors: designed the
research, critically reviewed the manuscript, and read and approved the final
manuscript.

Data Availability

The UK Biobank is an open access resource. Data described in
the article and code book are available upon request by registering
and applying at http://www.ukbiobank.ac.uk/register-apply. The
analytic code will be made publicly and freely available without
restriction at https://github.com/didierbrassard/hefi2019_cvd.
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