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Abstract

Background: Associations of saturated and unsaturated fatty acids (FAs) with cardiovascular disease (CVD)
remain controversial. We therefore aimed to investigate the prospective associations of objectively measured

FAs with CVD, including incident coronary heart disease (CHD) and stroke, as well as CVD mortality.

Methods: Circulating FA concentrations expressed as the percentage of total FAs were assayed in 172,891
participants without prior vascular disease at baseline from the European Prospective Investigation into Cancer
and Nutrition-CVD (EPIC-CVD) (7,343 CHD; 6,499 stroke), UK Biobank (1,825; 1,474), and INTERVAL (285;
209) cohort studies. Hazard ratio (HR) per 1-standard deviation (SD) higher FA concentrations was estimated
using Cox regression models and pooled by random-effects meta-analysis. Systematic reviews with meta-
analysis published by 6 May 2023 on associations between FAs and CVDs were systematically searched and
updated meta-analyses using random-effects model were conducted. Evidence from randomized controlled

trials (RCTs) was also summarized.

Results: Higher concentrations of total saturated FAs (SFAS) were associated with higher cardiovascular risks
in the combined analysis, with differential findings noted for SFA subtypes in further analysis restricted to EPIC-
CVD: positive associations for even-chain SFA [HR for CHD 1.24 (95% CI: 1.18-1.32); stroke 1.23 (1.10-1.38)]
and negative associations for odd-chain [0.82 (0.76-0.87); 0.73 (0.67-0.78)] and longer-chain [0.95 (0.80-1.12);
0.84 (0.72-0.99)] SFA. In the combined analysis, total n-3 polyunsaturated FA (PUFA) [0.91 (0.85-0.97)],
including docosahexaenoic acid (DHA) [0.91 (0.84-0.98)], was negatively associated with incident CHD risk.
Similarly, total n-6 PUFA [0.94 (0.91-0.98)], including linoleic acid (LA) [0.89 (0.83-0.95)], was negatively
associated with incident stroke risk. By contrast, more detailed analyses in EPIC-CVD revealed that several
downstream n-6 PUFAs of LA were positively associated with CHD risk. Updated meta-analyses of 37 FAs
including 49 non-overlapping studies, involving between 7,787 to 22,802 CHD and 6,499 to 14,221 stroke
cases, showed broadly similar results as our combined empirical analysis and further suggested significant
inverse associations of individual long-chain n-3 PUFAs and LA on both CHD and stroke. The findings of long-
chain n-3 PUFAs were consistent with those from published RCTs on CHD despite insufficient evidence in

monotherapy, while RCT evidence remained unclear for the rest of the explored FAs.

Conclusions: Our study provides an overview of the most recent evidence on the associations between
objectively measured FAs and CVD outcomes. Collectively, the data reveals notable differences in

associations by SFA subtypes and calls for further studies, especially RCTs, to explore these links.
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Lay summary

We conducted the largest analysis to date to examine the association of circulating saturated and unsaturated

fatty acids, either individually or in combination, with incident cardiovascular disease outcomes.

Our study reinforces that cardiovascular disease associations vary importantly across saturated fatty acid
subtypes, with positive associations for even-chain saturated fatty acids but negative associations for
odd-chain and longer-chain saturated fatty acids, challenging the current broad dietary recommendations
focused solely on lowering overall saturated fat intake.

Marine-derived n-3 polyunsaturated fatty acids and linoleic acid were negatively associated with both
coronary heart disease and stroke, except for eicosapentaenoic acid which was null for stroke. It supports
the potential cardiovascular benefits of individual marine-derived n-3 polyunsaturated fatty acids and

linoleic acid and provides evidence to help inform currently inconsistent and insufficient trial evidence.
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Introduction

Cardiovascular disease (CVD), including coronary heart disease (CHD) and stroke, remains the leading cause
of morbidity and mortality globally®. As a potentially modifiable factor, dietary fatty acid (FA) intakes and their
associations with cardiometabolic health have been investigated for decades?®. It has been well recognized
that FAs are not only energy-bearing nutrients, but can also modulate major circulating lipids including low-
density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) and triglycerides (TG)*,

that may have an important role in the development and progression of CVD.

However, guidelines on dietary FA intake for CVD prevention remain controversial and inconsistent®, at least
in part reflecting the inconclusive evidence from observational investigations and randomized controlled trials
(RCTs)S. Despite long-lasting beliefs concerning the beneficial properties of n-3 polyunsaturated FA (PUFA)
intake on CVD, findings from different studies are still mixed?. Meanwhile, most RCTs were conducted among
patients with pre-existing CVD or at high CVD risk and evidence for general population has been limited?.
Associations of n-6 PUFA intake with CVD have been also uncertain given conflicting evidence®. Saturated
fatty acids (SFAs) are thought to be detrimental to cardiovascular health and recommendations to limit SFA
intake have persisted’. However, mounting evidence suggests no strong benefits of reducing SFA intake on
CVD risk®, but debate continues®. Additionally, studies on dietary FAs may be limited by the subjectiveness of
dietary assessment and therefore overlook possible differences in endogenous metabolism and biological
activities of individual FAs®%19, Although relationships between objectively measured FAs and cardiovascular
risks have been evaluated in some studies, current evidence remains limited by their sample size (relatively
small numbers of cases), scale (inadequate precision), depth (inclusion of a small subset of FA subtypes), and
quality (e.g., inability to account for regression dilution bias or insufficient confounder adjustments). There is
also inconsistency in assay compartments (e.g., plasma, erythrocytes, or adipose tissue)'* and quantification
methods of FAs (i.e., relative or absolute concentration)*'2, Moreover, most studies have focused primarily on
CHD, with the relevance of most FAs on other vascular outcomes (e.g., stroke) being less frequently studied

and remaining unclear?3.

We therefore aimed to assess the associations of circulating FA subtypes, either individually or in combination,
with incident cardiovascular events using individual data from three prospective cohorts with a combined
sample size of 172,891 participants without prior vascular disease. We also conducted a systematic literature
search and updated meta-analyses to contextualise our findings and provide a quantitative synthesis of all

available evidence thus far.
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Methods

Study Design and Population

We analysed individual participant data from three large prospective cohort studies that assayed plasma or
serum FAs in blood samples collected at baseline, namely: the European Prospective Investigation into Cancer
and Nutrition-CVD (EPIC-CVD) study, a case-cohort study of ~30,000 participants nested within the pan-
European EPIC study that recruited ~520,000 participants between 1992 and 2000 from 10 European
countries®; the UK Biobank (UKB) study, a large prospective cohort study of over 500,000 participants
recruited between 2006 to 2010 from 22 centres across the UK'#; and the INTERVAL study, a multi-centre
prospective study of ~45,000 participants initially recruited into a randomized trial of blood donation frequency
between 2012 and 2014 at NHS Blood and Transplant blood donation centres across England®. Details of
each study have been described previously**-15. To be eligible for inclusion in the current analyses, participants
had to have information recorded on baseline FA measurements, history of vascular disease, and incident
CVD outcomes. This resulted in 172,891 eligible participants without prior vascular disease (defined as any
history of heart disease, stroke, transient ischemic attack, peripheral vascular disease, or cardiovascular
surgery at baseline) (31,606 from EPIC-CVD, 99,762 from UKB, and 41,523 from INTERVAL) included in the
analysis (Supplementary eFigure 1). All participating studies obtained informed consent from participants

and received ethical approval from their local ethics committee.

Assessment of Fatty Acids

In EPIC-CVD, 38 individual plasma phospholipid FAs were assayed using an established gas chromatography
(GC) method*® and expressed as percentages (%) of total phospholipid FAs. Twenty-eight individual FAs with
relative concentrations higher than 0.05% were retained in the current analysis and used to calculate the main
FA subtypes (Supplementary eTable 1 & eFigure 2). In both UKB and INTERVAL, five FA subtypes and two
individual FAs in total serum or plasma (i.e., all the FAs in TG, phospholipids, cholesterol esters, or as free
FAs) were assayed using a high-throughput nuclear magnetic resonance (NMR) metabolomics platform
(Nightingale Health Ltd., Helsinki, Finland)*” and expressed either as absolute concentrations (mmol/L) or
relative concentrations of total FAs (%). We conducted combined analysis of the three data sources as prior
experimental evidence has suggested highly comparable FAs concentrations in matched plasma and serum
samples® and also shown high correspondence of FA quantification between NMR and GC (Pearson
correlation r> 0.92)Y. Details of the FA measures in each study are provided in Supplementary eMethods.

To maximise statistical power, the current analysis first focused on seven FAs (%), individually or in groups,
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measured in all three studies: total SFA, total monounsaturated fatty acid (MUFA), total PUFA, total n-3 PUFA,
total n-6 PUFA, docosahexaenoic acid (DHA), and linoleic acid (LA). Additionally, in EPIC-CVD it was possible
to define three SFA subtypes by summation of components, namely: even-chain (sum of 14:0, 16:0, and 18:0),

odd-chain (sum of 15:0 and 17:0) and longer-chain (sum of 20:0, 22:0, 23:0, and 24:0) SFAs.

Ascertainment of Outcome

Outcomes were ascertained through linkages to routinely available national datasets, questionnaires, or active
follow-up and classified according to the International Classification of Diseases, Tenth Revision (ICD-10)
codes (Supplementary eMethods). Primary outcomes included CHD defined as fatal ischaemic heart disease
(ICD-10 code: 120-125) or non-fatal myocardial infarction (121-123) and stroke defined as any cerebrovascular
disease (160-169). Secondary outcomes included total CVD defined as any nonfatal or fatal cardiovascular
events (120-169), CVD mortality (121-169), and stroke subtypes (i.e., ischaemic stroke (IS) (I163) and

haemorrhagic stroke (HS) (160-161)).

Statistical Analysis

The analysis plan employed in the current study was based broadly on our earlier published analyses®'°. To
minimise heterogeneity across studies, FA concentrations were statistically standardized within each study
before analysis (i.e., [value — mean]/SD where SD refers to standard deviation, with summary statistics in
EPIC-CVD calculated in the subcohort). To investigate the relationships of dietary intakes with circulating FAs,
semi-partial correlation coefficients were calculated in the subcohort of EPIC-CVD (n=15,838 participants) by
regressing FAs (%) on self-reported dietary food intakes (g/day), SFA, MUFA, and PUFA (%), respectively,

adjusted for batch, sex, age, and total energy intake.

Associations of circulating FA subtypes, either individually or in combination, with CHD and stroke were
assessed by random-effects meta-analysis of study and country-specific hazard ratios (HRs), calculated using
Cox proportional hazards regression models with age as timescale and stratified by sex and, as appropriate,
centre®®. Participants contributed follow up time from age at baseline survey to age at first occurrence of CHD,
stroke, death or end of follow up. To account for the case-cohort design of EPIC-CVD, Cox models were
adapted using the Prentice-weighted method®'°. The shape of dose-response association between FAs and
CHD and stroke was assessed by meta-analysis of fractional polynomials as described previously?°, adjusted
for conventional risk factors. Assay batch group was additionally adjusted for in EPIC-CVD to account for

potential batch effects. To maximize the available data and limit potential overadjustment for variables that
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could mediate associations between FAs and CVDs, the basic models were adjusted for conventional risk
factors harmonized across three studies to the extent that was possible, namely: age (years), smoking status
(current, non-current), history of diabetes (yes, no), history of hypertension (yes, no), and physical activity
(active, inactive). Though history of hypertension and diabetes were not assessed in INTERVAL, participants
were considered generally healthy as they were blood donors, with low prevalence expected. Missing data of

categorical covariates were coded as a separate category in adjustments using dummy variables.

To further assess independence of the associations, HRs were additionally progressively adjusted for potential
confounders or mediators on a complete-case basis, particularly: other non-lipid conventional CVD risk factors
that may be related to diet, i.e., alcohol consumption (current, non-current) and body mass index (BMI; kg/m?);
and lipid markers, i.e., total cholesterol (TC; mmol/l), HDL-C (mmol/l) and TG (mmol/l). In analyses restricted
to EPIC-CVD, we also assessed the associations adjusted for dietary variables (intakes of fruit and vegetables,
dairy products, meat, fish, olive oil, margarine, and alcoholic beverages [g/day]) before the lipid adjustment.

Further analyses included the mutual adjustments of SFA subtypes and PUFA subtypes, respectively.

Effect modification was assessed using tests for interaction between FAs and several baseline characteristics,
with the p-values for interaction calculated using continuous variables where applicable!®. A significance
threshold of 0.0002 was used to interpret subgroup analysis results, corresponding to Bonferroni correction for
22 comparisons (11 subgroups and 2 primary outcomes) at 0.05 nominal level in secondary analyses of each

of 10 primary FAs exposures.

Sensitivity analyses: (i) calculated HRs excluding the initial 2 years of follow-up to assess potential reverse
causality; (i) assessed the associations independent of inflammation (as measured by C-reactive protein
[CRP]) and either haemoglobin Alc (HbAlc) or glucose levels; (iii) compared associations of FAs expressed
in absolute versus relative concentrations in UKB and INTERVAL; (iv) calculated regression dilution ratios
(RDRs) among 1187 UKB participants with repeat FA data and inferred the extent of possible etiological
associations corrected for long-term within-person variability of FA measurements®; and (v) adjusted for
competing risks using the Fine and Gray regression model with censoring due to CHD, stroke, or death from

causes other than the event of interest considered as competing events when relevant.

Systematic review and updated meta-analysis

To contextualise findings of the current study and update the existing evidence, a systematic literature search

was conducted in PubMed, Web of Science, EMBASE, and the Cochrane Library to identify previous

9
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systematic reviews with meta-analyses published by 6 May 2023 that reported on the associations of FA
biomarkers and CVD outcomes (Supplementary eTable 2). Study selection and data extraction was
conducted by two reviewers (FS and LS) independently, and discussed with the third reviewer (SK). Articles
were excluded if the study population were non-adult, pregnant, critically ill, or restricted to those with any pre-
existing disease (e.g. patients with established CVD at baseline). Each primary study included in the eligible
meta-analyses was reviewed and details of estimates for any FA-outcome association reported by the primary
study were extracted. The extracted estimates were standardized to correspond to relative risks (RR) per 1
SD higher FA using established methods (Supplementary eMethods). Inclusion criteria required that the
corresponding primary study was prospective in study design (i.e., nested case-control, case-cohort, or
prospective cohort and RCTS), selected participants from general populations, assessed FAs in relative
concentrations, and investigated the associations of FAs with CHD or stroke. When one primary study reported
several estimates with different degrees of adjustments for the same FA-outcome association, the one
obtained from the publication with the largest number of cases or the most adjusted one that did not include
the adjustment for lipids or circulating FA biomarkers was selected, as circulating lipids may act as potential
mediators between FA and CVD risks??. For primary studies reporting estimates of FA biomarkers in more
than one biological tissue, one association estimate was selected using the following hierarchy to preference
lipid compartments which was more consistent with our current study: plasma/serum phospholipids > total

plasma or serum > erythrocyte > plasma/serum cholesterol esters > adipose tissue.

An updated meta-analysis was conducted in a pragmatic approach, by adding the estimates of the current
study using the random-effects (DerSimonian-Laird) method due to expected heterogeneity between studies
(e.g., differences in participant characteristics, adjustments, and assay compartments). Overall heterogeneity
was expressed as |2 statistic?®, with values of 25%, 50%, and 75% indicating low, medium, and high
heterogeneity, respectively. Subgroup analyses were conducted based on random-effects meta-regression to
explore the potential heterogeneity from geographic regions and lipid compartments. Secondarily, systematic
reviews with meta-analysis of RCTs of FA intake on CHD and stroke were also searched, and the one including
most RCTs was selected for evidence summary when multiple articles were identified on the same topic. We

used Stata, version 16 for all analyses and R version 4.2.2 for displaying some results as Circos plots.

10
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Results

Baseline characteristics of the study participants

The combined analysis included 172,891 participants without prior vascular disease from EPIC-CVD, UKB,
and INTERVAL (Table 1; Supplementary eTable 3). There were 9,453 CHD and 8,182 stroke cases recorded
during median follow-up durations of 9.4 to 12.6 years across studies. In EPIC-CVD, where FAs were
measured in the plasma phospholipid fraction, SFA comprised 45.9% of total FAs with even-chain SFA being
the greatest contributor; PUFA comprised 42.6% of total FAs, with n-6 PUFA (35.9%) being more abundant
than n-3 PUFA (6.7%), of which LA (22.6%), arachidonic acid (AA, 9.3%), DHA (4.3%), dihomo-gamma-
linolenic acid (DGLA, 3.1%) and eicosapentaenoic acid (EPA, 1.2%) had relatively high concentrations (i.e.,
all>1%); whereas MUFA (11.0%) comprised a smaller proportion (Supplementary eTable 4). In UKB and
INTERVAL, measuring total plasma or serum FAs, PUFA (42.6% and 37.4%, respectively) comprised the

greatest proportion followed by SFA (34.0% and 37.1%) and MUFA (23.4% and 25.6%).

Fatty acids and dietary intake

There were broadly distinct patterns of associations of dietary intakes within plasma phospholipid FA groups,
though with modest or weak correlations (Figure 1; Supplementary eFigure 3). Odd-chain SFA was positively
associated with dairy products (r=0.15), fruit (r=0.10) and vegetables (r=0.05) intake and negatively associated
with alcoholic beverage (r=-0.32) and processed meat (r=-0.11) intakes, which were relatively opposite to those
observed for even-chain SFA. Patterns of dietary intake correlations with longer-chain SFA were similar to, but
weaker than, those with odd-chain SFA. Positive correlations with fish intake were most evident for n-3 PUFA
(r=0.27), particularly for EPA (r=0.18) and DHA (r=0.32), whereas n-6 PUFA was associated with higher
intakes of bread, processed meat, cereal and cereal products (0.05<r<0.13). MUFA was particularly associated
with higher olive oil and alcoholic beverage intake (r>0.18) and trans-FA was especially associated with higher
intakes of margarine, potatoes and dairy products (r>0.15). Correlations between measured plasma
phospholipid FAs and estimated dietary FAs intake were moderate: SFA (r=0.11), MUFA (r=0.27), and PUFA

(r=0.28).

Saturated fatty acids biomarkers and risk of cardiovascular outcomes

Associations of relative concentrations of SFA and its subtypes with cardiovascular risks were mostly log-linear
adjusted for non-dietary lifestyle factors (Figure 2; Supplementary eTable 5). HRs per 1-SD higher SFA were
1.17 (1.09-1.27) for CHD and 1.13 (1.04-1.22) for stroke, with differential associations found for SFA subtypes:

11
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even-chain SFA was positively associated with CHD [HR 1.24 (1.18-1.32)] and stroke [1.23 (1.10-1.38)],
whereas odd-chain SFA was negatively associated with CHD [0.82 (0.76-0.87)] and stroke [0.73 (0.67-0.78)].
There was no statistically significant association of longer-chain SFA with CHD [0.95 (0.80-1.12)], whereas an
inverse association was found for stroke [0.84 (0.72-0.99)]. These associations remained broadly similar after
further adjustment for alcohol consumption, BMI, and dietary intakes in smaller subsets of data with complete
relevant information (Table 2-3; Supplementary eTable 6-7). Significant associations remained for even-

chain and odd-chain SFA with additional adjustments for lipids or mutual adjustment for each other (Table 3).

Unsaturated fatty acids biomarkers and risk of cardiovascular outcomes

Higher relative concentrations of total n-3 PUFA were negatively associated with CHD [0.91 (0.85-0.97)] but
were not associated with stroke [0.97 (0.90-1.05)] or other cardiovascular outcomes, which remained similar
with further adjustment for alcohol consumption, BMI, and lipids or total n-6 PUFA (Figure 2; Supplementary
eTable 5-6). Similar results were observed for DHA [CHD 0.91 (0.84-0.98); stroke 0.96 (0.90-1.03)], the
greatest contributor of n-3 PUFA. No consistent significant associations were found for total long-chain n-3
PUFA, omega-3 index, or other contributors of n-3 PUFA individually (i.e., alpha-linolenic acid [ALA], EPA, and

docosapentaenoic acid [n3-DPA]) (Supplementary eTable 9).

Higher relative concentrations of total n-6 PUFA were log-linearly associated with lower stroke risk, with a HR
per 1-SD of 0.94 (0.91-0.98), which remained significant after additional adjustment for dietary factors, lipids,
or total n-3 PUFA (Figure 2; Supplementary eTable 5-6). Total n-6 PUFA was not associated with CHD [0.98
(0.90-1.07)] with basic adjustment, but showed a negative association when further adjusted for total n-3 PUFA
[0.91 (0.88-0.95)]. Similar associations were observed for LA [CHD 0.95 (0.90-1.00); stroke 0.89 (0.83-0.95)],
the dominant component of n-6 PUFA. Among other individual n-6 PUFAs, there were strong positive
associations of DGLA with CHD [1.41 (1.29-1.53)] and stroke [1.22 (1.12-1.34)], which remained after maximal
adjustment. Docosatetraenoic acid (DTA), docosapentenoic acid (n-6 DPA) and gamma linolenic acid (GLA)
were positively associated with CHD whereas AA was positively associated with stroke, but associations were
no longer statistically significant after adjustment for dietary intakes or lipids (Supplementary eTable 9).
Among ratio variables, DGLA to LA ratio was associated with higher CHD and stroke risks while AA to DGLA

ratio was associated with lower CHD risk (Supplementary eTable 11).

No significant associations of MUFA were observed for the main cardiovascular outcomes (Figure 2). MUFA
was only positively associated with CVD mortality risk (Supplementary eTable 5-6), but analysis of individual

components found higher concentrations of palmitoleic acid (16:1) to be associated with higher risks of stroke
12



334
335
336
337

338
339
340
341
342
343
344
345
346
347
348
349
350
351

352

353
354
355
356
357
358
359
360
361
362
363

(Supplementary eTable 8). Stearoyl-CoA-desaturase (SCD)-16 (i.e., ratio of 16:1 to 16:0) was also positively
associated with stroke risk even after maximal adjustments (Supplementary eTable 11). Significant negative
associations of total trans FAs (particularly for trans-18:1) were observed for CHD, which persisted after further

adjustments (Supplementary eTable 10).

Findings were similar in sensitivity analyses, including after excluding the initial two years of follow-up
(Supplementary eTable 5), with further adjustment for CRP and HbA1C or glucose (Supplementary eTable
12), and in subgroup analyses assessing possible modification by sex, age, smoking, physical activity, alcohol
consumption, BMI, TC, or HDL-C (Supplementary eFigure 4-5). The positive association of total SFA with
CHD was attenuated among individuals with history of diabetes whereas the inverse association of PUFA with
CHD was attenuated among those with prior hypertension; meanwhile, the inverse association of LA with CHD
was attenuated with higher TG concentrations (all p for interaction < 2 x 10#). No substantial differences were
found in the magnitude of associations obtained for relative versus absolute concentrations, except that
associations of total PUFA and n-6 PUFA with CHD were discordant when adjusted for non-lipid risk factors
and attenuated towards null when further adjusted for lipids (Supplementary eTable 13). The RDRs for FAs
calculated using UKB data ranged from 0.44 to 0.67 and HRs corrected for regression dilution bias were about
50% to two-fold stronger (Supplementary eTable 14). Results from competing risks-adjusted analyses were
broadly similar to those of primary analyses (Supplementary eTable 15) including results for ischaemic stroke

outcome being broadly similar to those presented for overall stroke.

Updated meta-analysis with existing evidence

Supplementary eFigure 6 shows the flow diagram for the systematic literature search process and eTables
16-20 summarise detailed study characteristics of the 49 identified primary studies identified as reporting non-
duplicated associations of FA biomarkers with CHD and stroke. Depending on the FA investigation, the totality
of previous evidence has involved sample sizes of between 444 to 13,349 CHD cases and between 108 to
6,039 stroke cases from non-duplicate studies. The updated meta-analyses involved between 7,787 to 22,802
CHD and between 6499 to 14,221 stroke cases and demonstrated broadly similar pooled results as observed
in our primary study analyses (Figure3; Supplementary eFigure 7), with a few exceptions, including:
significant evidence for negative association of DHA, n-3 DPA, and LA with both CHD and stroke; null evidence
for association of trans-FAs with CHD and stroke; and significant negative association of EPA and total long-
chain n-3 PUFA with CHD in the meta-analysis (Figure 3). Alpha-linolenic acid and AA were not associated

with CHD and stroke risk, and findings were consistent across geographical regions and lipid compartments
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(Supplementary eFigure 8-11). However, associations of total MUFA with CHD risk somewhat differed across
various lipid compartments (p < 0.001) and associations of individual odd-chain SFAs with both CHD and

stroke suggestively varied by geographic region (0.001 < p < 0.021).

Results of the supplementary literature review conducted to summarise evidence from meta-analysis of RCTs
of FA and risk of CHD and stroke are presented in Supplementary eTable 21. Consistent with our
observational findings, combined RCT evidence including 32 trials suggested that long-chain omega-3 fat
intake may slightly reduce the CHD risk, but there were no apparent effects on stroke risk. The synthesized
evidence from RCTs of saturated and omega-6 fat intake were rated of poor quality and unclear. Furthermore,
there was little RCT evidence for monotherapy targeted at one FA supplementation (e.g., DHA, n3-DPA, LA,

or odd-chain SFA).
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Discussion

There is an unmet need of conclusive evidence on the relevance of fatty acids for primary prevention of CVD.
Current CVD dietary guidelines remain controversial in light of mixed findings from existing RCTs of targeted
FA supplementation (mainly n-3 and n-6 PUFAs and SFAs) and observational studies of circulating FAs. Our
combined analysis of 172,891 participants with 9,453 CHD and 8,182 stroke cases, as well as an updated
meta-analysis with evidence from 49 non-overlapping prior studies, provides the largest and most extensive
investigation to date on associations between circulating FAs and incident major cardiovascular outcomes in
generally healthy populations. Differential associations were observed for SFA subtypes, in that even-chain
SFA had positive associations with cardiovascular risk whereas odd-chain and longer-chain SFA had negative
associations. Higher total n-3 PUFA was associated with lower CHD risk while higher total n-6 PUFA was
associated with lower stroke risk. Among individual PUFAs, LA (the predominant n-6 PUFA), DHA, and n3-
DPA were each negatively associated with risks of CHD and stroke, while DGLA was positively associated
with CHD and stroke. ALA, an n-3 PUFA mainly derived from plant sources, was not associated with lower

CHD or stroke risk; and AA, a key metabolite of LA, was not associated with higher CHD or stroke risk.

The positive correlations between dairy product intake and odd-chain SFA concentrations are consistent with
previous evidence that odd-chain SFAs (especially 15:0) are considered biomarkers of dairy intake?, a type
of food source possibly associated with lower cardiovascular risk?. Our results of negative associations of
odd-chain SFAs (15:0 and 17:0), either individually or in combination, with risks of CHD and stroke also
suggested the potential cardiovascular benefits of dairy consumption. The distinction between fat-rich food
and FAs (e.g., dairy intake vs odd-chain SFA) is however important, as the former also includes other nutrients
that may be either beneficial or harmful for CVD8. Meanwhile, odd-chain SFAs are only a minor group of FAs
in dairy, which mainly consists of even-chain SFA and MUFA. The previous assumption that odd-chain SFAs
are totally derived from dairy intakes originating from rumen microbial fermentation has been eroding slowly,
and emerging evidence suggests that odd-chain SFA can be synthesized endogenously from elongation of
short-chain FAs associated with dietary fiber?® or a-oxidation of even-chain SFA?’. Nevertheless, the strong
negative evidence of odd-chain SFAs remained after adjusting for related dietary food intake, lipids, and other
SFA subtypes, further supporting its potential beneficial role. However, it is important to highlight that the
beneficial observations of odd-chain SFA might depend on the lipid compartment, as suggested by EPIC-
Potsdam study on diabetes?®, We also observed null associations of odd-chain SFAs in the subgroups other
than plasma phospholipids (e.g., total plasma/serum or red blood cells), despite the non-significant differences

with small numbers of studies included for comparison. More clinical and experimental research is required to
15
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investigate mechanisms whereby odd-chain SFAs may influence CVD. Longer-chain SFAs were weakly
inversely associated with cardiovascular risks, and may be partly related to links to a potentially favourable
profile of blood lipids, insulin resistance, and inflammatory markers* though underlying mechanisms are poorly
understood. Our study findings involving up to 11,043 CHD and 9,054 stroke cases provide the strongest
evidence so far for differential associations of SFA subtypes and challenge broad-based dietary

recommendations of lowering total saturated fat intake®.

Recent meta-analyses of RCTs suggested around 9% lower risk of CHD with long-chain n-3 supplementation
but little benefits on stroke?2?°. While majority of the RCTs had investigated EPA and DHA combined, a few
RCTs of EPA monotherapy seemed to show more prominent effects than EPA+DHA?°. This may be related to
the distinct biological properties not shared by EPA and DHA®. Several studies indicated comparable or even
greater efficacy of DHA in reducing TGs and individual pro-inflammatory cytokines than EPA3L32; however,
DHA was suggested to be associated with increases in LDL-C levels whereas EPA had a minimal or neutral
effect on LDL-C23. EPA and DHA also have their own roles in maintaining membrane structure, but when EPA
and DHA are combined, the resulting effects would be attenuated compared to their separate actions®4, which
may partly explain the differences between EPA and EPA+DHA in clinical trials. Of interest, in our study, DHA
was similarly associated with lower risks of both CHD and stroke whereas EPA only exhibited significant
inverse associations with CHD. This is somewhat consistent with the overall null RCT evidence on stroke,
given no similar clinical trials of DHA monotherapy have been conducted. Future studies are also warranted
to investigate any mechanistic differences for EPA vs DHA vs EPA+DHA across different vascular domains.
Moreover, background fish intake in RCTs should be highlighted as EPA and DHA concentrations are strongly
influenced by dietary seafood intake®. By contrast, n3-DPA is present in fish at lower concentrations, and
circulating n3-DPA appears to be mainly derived from endogenous elongation of EPA3®, N3-DPA may have
equivalent or greater efficacy than EPA or DHA for lowering TG and cholesterol and inhibiting platelet
aggregation®, but research remains scarce. Our observations suggest the potential beneficial role of n3-DPA
on both CHD and stroke, and more research is needed to clarify its effects on cardiovascular health. The
effects of ALA, the most common essential n-3 PUFA derived mainly from plant sources, on cardiovascular
risk are also of particular interest, but evidence remained inconsistent and limited?. Our study incorporating
15,868 CHD and 8,885 stroke cases (nearly twice and 4-fold as prior work, separately) recorded null evidence

of objectively measured ALA in general populations, with consistent findings across lipid compartments.
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Our findings provide convincing evidence for differential associations of individual n-6 PUFAs (i.e., LA, GLA,
DGLA, DTA, and n6-DPA) with CHD or stroke risks, which may partly explain the conflicting results from RCTs
of n-6 PUFA supplementation®. Some evidence has suggested potential cardiometabolic benefits of dietary n-
6 PUFA, including favourable associations with lipids, inflammation, insulin resistance, blood pressure, and
body composition®-3°. LA, the most abundant PUFA, is an essential FA that cannot be synthesized by humans.
Our inverse finding of circulating LA and stroke risk is consistent with the above beneficial biological effects®’-
39 as well as recent evidence where LA concentrations were expressed as either relative!* or absolute ones?*2.
Despite previously reported inverse association of self-reported LA intake with CHD*?, we did not find a robust
significant association of circulating LA concentration with CHD in our primary study analysis, a finding that
was consistent with previous largest study based on 30 prospective cohorts (11,857 CHD cases)!!. Our
findings with updated meta-analysis evaluating objectively measured LA in 22,802 CHD and 14,221 stroke
cases considerably extend these previous results and add strong support for the cardiovascular benefits of LA.
However, the intermediate metabolic products (i.e., GLA and DGLA), the product to substrate ratio of DGLA
to LA, and the further downstream products (i.e., DTA and n6-DPA) were positively associated in particular
with CHD risk. This highlights the important roles of in vivo metabolism which has been established for
diabetes!?, though such endogenous conversion from LA only occurs at a rather low rate*. We further
supported that circulating levels of AA are not harmful to cardiometabolic health, in line with recent seminal

findings on diabetes*.

Substantial differences in MUFA proportions between lipid compartments were noted in our results, together
with their inconsistent associations with CHD risk. Although comparisons of FA fractions were not conducted
within the same study population, similar proportions within corresponding lipid compartments were observed
in other studies*3*4. Despite the potential beneficial effects of MUFA intake from plant sources on CHD*, we
observed positive associations of circulating MUFAs with cardiovascular risk, especially palmitoleic acid and
SCD-16. Circulating MUFA seems unlikely to well reflect the dietary MUFA intake but may be affected by both
SFA intake and desaturase activity, since much of MUFA is derived from SFA by SCD*. By contrast, circulating
trans FAs are more likely to be affected by dietary intake, with trans-18:1 being derived largely from industrially
produced foods associated with adverse cardiovascular health*”. The seemingly opposite findings for trans-
FA in our analysis of EPIC-CVD may not be surprising given the effective ban of industrially produced trans-

FAs in the early 2000s*’.
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Our investigation has important strengths. The prospective study design, large sample sizes, long-term follow-
up, adjustment for several potential confounders, a series of sensitivity analyses, and updated meta-analyses,
allowed us to report robust findings. The use of objectively measured FAs prevented recall biases and allowed
detailed evaluation of FA subtypes, thus leading to reliable findings that may not be disentangled by dietary
intake studies. Furthermore, we provided reliable evidence for stroke, which has been less frequently studied
than CHD. Different associations with CHD and stroke were found for several FAs, suggesting future etiological

studies should be cautious about using composite events (e.g., total CVD) as means to increase study power.

Potential limitations of this study deserve careful consideration. First, the true etiological associations of FAs
may be far from observed estimates, given the within-person fluctuation of FAs?%. Though the variability of FAs
assessed in the EPIC-Norfolk study*® was much larger than those examined in our analysis within UKB
participants, batch effects may make a difference given intraclass correlation coefficients could be affected by
measurement scale but RDRs not. Our exploratory analysis corrected for RDRs suggests that the potential
etiological estimates may be much stronger than observed when using one timepoint measurement. However,
measurement error in covariates should also be considered. Second, our investigation mainly focused on FAs
in relative concentrations, but this is a valid method more commonly used in epidemiological studies®. In our
supplementary analyses, the directions and magnitudes of associations of FAs in absolute versus relative
concentrations were comparable, with no substantial differences found after full adjustment. Although NMR
allowed the quantification of FAs in absolute concentration, its low resolution hampered the identification of
multiple individual FAs within SFA, MUFA, n-3 PUFA, and n-6 PUFA groups'?, thus making the GC method
more appropriate for detailed investigation. Although FA analytical methods were not standardized across
studies, statistical standardization of FA concentrations within each study could minimize this concern. Despite
extensive efforts to harmonise across studies, methodological heterogeneity may still exist. For some FAs,
subgroup analysis by lipid compartments was also hampered given few studies. None of the included studies
investigated the free FA compartment whereas recent evidence highlights the importance of free FAs®. Finally,
there may be measurement errors due to self-reported factors, as well as residual confounding attributable to

unmeasured or imprecisely measured covariates.

In conclusion, the current study, involving ~20,000 incident CHD and incident stroke cases and supplemented
by an updated meta-analysis of all prior evidence, provides the strongest evidence yet on the associations
between FA subtypes and cause-specific vascular outcomes. In particular, our findings reinforce that risk

associations vary importantly across SFA subtypes, and therefore challenge the current broad dietary
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recommendations focused solely on lowering overall SFA intake - in essence dietary recommendations need
consider up to date evidence on circulating FAs and findings of RCTs. Finally, we report a favourable role of
long-chain n-3 PUFAs and LA on cardiovascular health — a finding generally consistent with the available trial
evidence on n-3 PUFAs and CHD and remains to be further proven, as least supporting current
recommendations on PUFAs. Our findings could inspire the design of future RCTs to help refine dietary

guidelines.
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Table 1. Characteristics of the study participants

. — Overall* EPIC-CVD* UKB INTERVAL
Seiellle diprmeiz e (n=172,891) (n= 31,6086) (n= 99,762) (n= 41,523)
Location Europe 8 European countries UK UK
Women, n (%) 85,844 (54.6) 9,922 (62.4) 55,044 (55.2) 20,878 (50.3)
Age (years), mean (SD) 52.5(11.6) 52.2 (9.1) 56.4 (8.1) 43.2 (14.2)
BMI (kg/m?), mean (SD)t 26.9 (4.8) 26.1 (4.3) 27.3(4.7) 26.5 (5.0)
Current smoking, n (%)f 18,152 (11.6) 4,078 (25.9) 10,494 (10.5) 3,581 (8.7)
History of hypertension, n (%)" 29,904 (26.0) 5,637 (35.8) 24,267 (24.4) NR
History of diabetes, n (%)* 4,757 (4.2) 450 (3.1) 4,307 (4.3) NR
Lipid-lowering medication, n (%)" 13,162 (12.8) 373 (9.9) 12,789 (12.9) NR

Main fatty acids (%)*

Assay Compartment

131,413 (76.0)

Plasma phospholipid

Total serum/plasma

Total serum/plasma

Plasma sample, n (%) 31,606 (100.0) 99,762 (100.0) 45 (0.1)
Serum sample, n (%) 41,478 (24.0) 0(0.0) 0(0.0) 41,478 (99.9)
Total SFA 39.0 (1.9) 45.9 (1.2) 34.0 (1.9) 37.1(1.9)
Even-chain SFA 44.6 (1.2) 44.6 (1.2) NR NR
Odd-chain SFA 0.6 (0.1) 0.6 (0.1) NR NR
Long and very long-chain SFA 0.7 (0.2) 0.7 (0.2) NR NR
Total MUFA 20.0 (2.8) 11.0 (1.9) 23.4 (2.6) 25.6 (3.4)
Total PUFA 40.9 (3.5) 42.6 (2.1) 42.6 (3.7) 37.4 (3.5)
n-3 PUFA 5.0 (1.5) 6.7 (1.9) 4.4 (1.5) 3.8(0.9)
DHA 25(0.7) 4.3(1.2) 2.0(0.7) 1.2 (0.4)
n-6 PUFA 35.9 (3.5) 35.9 (2.9) 38.2 (3.6) 33.6 (3.3)
LA 26.3 (3.3) 22.6 (3.2) 29.2 (3.4) 27.0 (3.2)

Incident cardiovascular outcomes

Follow-up, years (5"-95" percentile) 11.0 (5.1t0 13.3) 10.1 (1.2 to 15.1) 11.7 (8.0t0 13.1) 9.4 (8.4 10 10.0)

Total CVD 20,130 16,055 3,534 541
CHD 9,453 7,343 1,825 285
Stroke 8,182 6,499 1,474 209
Ischaemic stroke 4,935 3,834 951 150
Haemorrhagic stroke 1,603 1,201 347 55
CVD mortality 3,674 2,573 977 124
716 BMI: Body mass index; CHD: Coronary heart disease; CVD: Cardiovascular disease; DHA: Docosahexaenoic acid; LA: Linoleic acid;
;%g MUFA: Monounsaturated fatty acid; NR: Not reported; PUFA: Polyunsaturated fatty acid; SD: Standard deviation; SFA: Saturated fatty
acid.
719 * Baseline characteristics of EPIC-CVD were summarized based on sub-cohort participants (n=15,889) given its case-cohort study design.
720 The total number of EPIC-CVD participants (n=31,606) was the sum of subcohort and cases of total CVD, CHD, Stroke, and CVD mortality.
721 T There were missing data for BMI (0.4%), smoking (0.6%), history of diabetes (3.2%) and history of hypertension (0.5%). Information on
122 lipid-lowering medication was available from 99.2% of UKB participants but only 29.7% of EPIC-CVD patrticipants. Information on history
723 of diabetes, history of hypertension, and lipid-lowering medication was not reported in INTERVAL and not counted in the overall, but they
124 were considered as generally healthy given participants were all blood donors.
725 ¥ The average concentrations of fatty acids (%) in the overall column were the pooled estimates of those from EPIC-CVD sub-cohort, UKB,
726 and INTERVAL using random-effects meta-analysis.
127 T For EPIC-CVD, follow-up years were 10.1 (1.2 to 15.1) for total CVD, 11.9 (2.6 to 15.6) for CHD, 12.6 (2.8 to 16.2) for stroke and its
128 subtypes, and 12.9 (4.1 to 16.2) for CVD mortality, respectively. For UKB, follow-up years were 11.8 (10.4 to 13.2) for CVD mortality. For
729 INTERVAL, follow-up years were 9.7 (8.7 to 10.2) for CVD mortality.
730
731

29



Table 2. Hazard ratios per 1-SD higher fatty acids for coronary heart disease and stroke, with further adjustments
for potential confounders or mediators in EPIC-CVD, UKB and INTERVAL studies.

Fatty acids (%) \ adjustments*

CHD (8,424 cases)

Stroke (6,380 cases)

HR (95%ClI) P HR (95%Cl) P

Total SFA

Adjusted for age, sex, and lifestyle factors 1.18 (1.09, 1.28) <0.001 1.16 (1.07, 1.26) <0.001

Plus alcohol consumption and BMI 1.14 (1.06, 1.24) 0.001 1.11 (1.04, 1.18) 0.001

Plus lipid markers 1.07 (1.02, 1.13) 0.012 1.11 (1.06, 1.16) <0.001
Total MUFA

Adjusted for age, sex, and lifestyle factors 1.03(0.92, 1.14) 0.635 1.06 (0.98, 1.15) 0.164

Plus alcohol consumption and BMI 1.04 (0.94, 1.14) 0.458 1.06 (0.98, 1.15) 0.145

Plus lipid markers 1.03 (0.92, 1.16) 0.578 1.08 (0.97, 1.20) 0.161
Total PUFA

Adjusted for age, sex, and lifestyle factors 0.91 (0.86, 0.97) 0.002 0.90 (0.82, 0.98) 0.013

Plus alcohol consumption and BMI 0.91 (0.87, 0.96) <0.001 0.91 (0.83, 0.99) 0.028

Plus lipid markers 0.94 (0.87, 1.02) 0.156 0.89 (0.80, 1.00) 0.051
n-3 PUFA

Adjusted for age, sex, and lifestyle factors 0.90 (0.84, 0.97) 0.004 0.98 (0.89, 1.09) 0.727

Plus alcohol consumption and BMI 0.89 (0.84, 0.94) <0.001 0.99 (0.90, 1.08) 0.758

Plus lipid markers 0.89 (0.85, 0.94) <0.001 1.00 (0.91, 1.10) 0.976
DHA

Adjusted for age, sex, and lifestyle factors 0.90 (0.83, 0.98) 0.011 0.98 (0.89, 1.08) 0.719

Plus alcohol consumption and BMI 0.89 (0.83, 0.95) 0.001 0.99 (0.91, 1.08) 0.812

Plus lipid markers 0.88 (0.84, 0.93) <0.001 1.00 (0.90, 1.10) 0.956
n-6 PUFA

Adjusted for age, sex, and lifestyle factors 0.97 (0.89, 1.05) 0.482 0.93 (0.89, 0.97) <0.001

Plus alcohol consumption and BMI 0.98 (0.90, 1.06) 0.637 0.95 (0.91, 0.99) 0.008

Plus lipid markers 1.02 (0.94, 1.11) 0.567 0.88 (0.83, 0.93) <0.001
LA

Adjusted for age, sex, and lifestyle factors 0.95 (0.90, 1.00) 0.033 0.86 (0.79, 0.93) <0.001

Plus alcohol consumption and BMI 0.98 (0.93, 1.03) 0.426 0.89 (0.83, 0.95) 0.001

Plus lipid markers 0.99 (0.94, 1.04) 0.625 0.89 (0.85, 0.93) <0.001

734 BMI: Body mass index; CHD: Coronary heart disease; Cl: Confidence interval; DHA: Docosahexaenoic acid; HR: Hazard ratio; LA: Linoleic
735 acid; MUFA: Monounsaturated fatty acid; PUFA: Polyunsaturated fatty acid; SD: Standard deviation; SFA: Saturated fatty acid.

736 Results are pooled HRs (95% ClI) per 1-SD higher fatty acid concentrations using random-effects meta-analysis, estimated on a complete-
137 case basis (n=167,620) due to missing data of potential confounders or mediators.

738 * Adjustments: i) the basic adjustment for age, sex and lifestyle factors consists of adjustment for batch (EPIC-CVD only), age, smoking,
739 history of diabetes, history of hypertension, and physical activity, stratified by center (EPIC-CVD only) and sex; i) plus alcohol consumption
;21(])- and BMI; and iii) plus lipid markers (i.e., total cholesterol, high-density-lipoprotein cholesterol, loge triglycerides).
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742 Table 3. Hazard ratios per 1-SD higher saturated fatty acid subtypes for coronary heart disease and stroke, with
743 progressive adjustments for potential confounders or mediators in EPIC-CVD study.

Even-chain SFA Odd-chain SFA Longer-chain SFA

HR (95%CI) per 1-SD higher HR (95%CI) per 1-SD higher HR (95%CI) per 1-SD higher

CHD (n=6,341) Stroke (n=4,719) CHD (n=6,341) Stroke (n=4,719) CHD (n=6,341) Stroke (n=4,719)

Basic adjustment for age, sex, and lifestyle factors*
Adjusted for batch and age 1.31(1.22,1.41) 1.31(1.15,1.51) 0.75(0.70,0.82) 0.69 (0.63,0.76) 0.87 (0.76,0.99) 0.80 (0.61, 1.04)

Plus smoking status 1.30 (1.21, 1.39) 1.31(1.14, 1.50) 0.78 (0.73, 0.84) 0.72(0.65, 0.78) 0.88 (0.76, 1.02) 0.80 (0.63, 1.02)
Plus history of diabetes 1.31(1.21,1.42) 1.33(1.19,1.48) 0.78(0.72,0.84) 0.68 (0.63,0.74) 0.88(0.75, 1.04) 0.79 (0.65, 0.95)
Plus history of hypertension 1.27 (1.19, 1.36) 1.28 (1.15, 1.42) 0.81 (0.75, 0.88) 0.73 (0.67, 0.79) 0.95 (0.80, 1.12) 0.83 (0.71, 0.96)
Plus physical activity 1.26 (1.19, 1.32) 1.28 (1.16, 1.42) 0.81 (0.75, 0.88) 0.73 (0.67, 0.79) 0.96 (0.81, 1.14) 0.83 (0.71, 0.97)

Plus alcohol consumption and BMI
Plus alcohol consumption 1.27 (1.20, 1.35) 1.29(1.16,1.43) 0.79(0.74,0.84) 0.73(0.67,0.79) 0.94 (0.80, 1.12) 0.82(0.70, 0.97)
Plus BMI 1.23(1.16,1.29) 1.22 (1.11,1.34) 0.81(0.77,0.86) 0.75 (0.69, 0.81) 0.95 (0.81, 1.11) 0.84 (0.72, 0.98)
Plus dietary intakes (g/day)
Plus fruit and vegetables 1.23(1.16,1.30) 1.22(1.11,1.34) 0.82(0.77,0.87) 0.75(0.69, 0.82) 0.95(0.81, 1.11) 0.84 (0.72, 0.98)

Plus dairy products 1.23 (1.16,1.30) 1.23 (1.12, 1.35) 0.82(0.76,0.87) 0.76 (0.70,0.82) 0.94 (0.81,1.10) 0.84 (0.73, 0.98)
Plus meat and meat products 1.23 (1.16, 1.30) 1.23 (1.12, 1.35) 0.82 (0.77, 0.87) 0.76 (0.70,0.82) 0.94 (0.81, 1.09) 0.85 (0.73, 0.98)
Plus fish and shellfish 1.24(1.17,1.31) 1.23(1.12,1.35) 0.82(0.77,0.88) 0.76 (0.70,0.82) 0.94 (0.81,1.09) 0.85 (0.73, 0.98)
Plus olive oil 1.25(1.17,1.34) 1.24 (1.13,1.36) 0.82(0.77,0.88) 0.76 (0.70,0.82) 0.94 (0.81,1.09) 0.84 (0.72, 0.98)
Plus margarine 1.24 (117, 1.32) 1.24 (1.15,1.34) 0.82(0.77, 0.88) 0.76 (0.70, 0.83) 0.95(0.82, 1.11) 0.84 (0.72, 0.98)

Plus alcoholic beverages 1.27(1.18,1.36) 1.23(1.14,1.33) 0.79(0.72,0.87) 0.76 (0.70, 0.83) 0.95(0.79, 1.13) 0.85 (0.73, 0.98)
Plus lipid markers

Plus TC 1.24 (1.16, 1.34) 1.22 (1.14,1.31) 0.82(0.75,0.91) 0.76(0.70,0.83) 0.93(0.77,1.12) 0.84 (0.72, 0.98)
Plus HDL-C 1.17 (1.10, 1.25) 1.19 (1.11,1.28) 0.82(0.74,0.90) 0.76 (0.69, 0.83) 0.92 (0.79, 1.08) 0.85 (0.73, 0.98)
Plus log triglycerides 1.17 (1.10, 1.24) 1.18 (1.10, 1.27) 0.83(0.75,0.92) 0.77 (0.71,0.84) 0.94 (0.83,1.06) 0.89 (0.78, 1.02)

Plus mutual adjustment of each othert

Plus other SFA subtypes 1.21(1.12,1.30) 1.18(1.09, 1.27) 0.82 (0.76, 0.89) 0.81 (0.74, 0.88) 1.02(0.88, 1.18) 0.93 (0.84, 1.03)
744 BMI: Body mass index; CHD: Coronary heart disease; Cl: Confidence interval; HDL-C: High-density-lipoprotein cholesterol; HR: Hazard
745 ratio; M: Model; SD: Standard deviation; SFA: Saturated fatty acid; TC: Total cholesterol.
746 SFA subtypes included even-chain (sum of 14:0, 16:0, and 18:0), odd-chain (sum of 15:0 and 17:0) and longer-chain (sum of 20:0, 22:0,
147 23:0, and 24:0) SFA. Results are pooled HRs (95% CI) per 1-SD higher fatty acid concentrations using random-effects meta-analysis,
748 estimated on a complete-case basis within EPIC-CVD (subcohort n=15,125) due to missing data of potential confounders or mediators.
49 * The basic adjustment for age, sex and lifestyle factors consists of adjustment for batch, age, smoking status, history of diabetes, history
g&) of hypertension, and physical activity, stratified by center and sex.
52

T Mutual adjustment for even-chain, odd-chain, and longer-chain SFAs to assess the independence of each other, based on the model
adjusted for batch, age, sex (stratified), smoking, history of diabetes, history of hypertension, physical activity, BMI, and dietary intakes.

31



753
754

Figure 1. Circos plot of correlations between major fatty acid subtypes (%) and self-reported food intake (g/day) in EPIC-CVD study, separated into positive (left side) and
negative (right side) associations.

(a) Positive correlations

(b) Negative correlations
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MUFA: Monounsaturated fatty acid; PUFA: Polyunsaturated fatty acid; SFA: Saturated fatty acid. Analyses were conducted restricted to the sub-cohort of EPIC-CVD study (n=15,838). Width of curves indicates
the strength of statistically significant correlations with p-value <0.05 (i.e., semipartial correlation coefficients adjusted for batch, sex, age, and total energy intake), and correlations with the absolute value of

coefficient <0.05 were colored in grey. For example, correlations of milk intake with even-chain, odd-chain, and longer-chain SFAs were -0.024, 0.118, and 0.066, respectively (highlighted by black borders in
the figure). Further detailed correlations between individual plasma phospholipid fatty acids and food intake were illustrated in Supplementaty eFigure 3.
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760 Figure 2. Dose-response curve and hazard ratios for associations of fatty acids with coronary heart disease and
761  stroke, estimated in 172,891 participants from EPIC-CVD, UKB and INTERVAL studies.

Coronary heart disease (9,453 cases)
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;85 Cl: Confidence interval; DHA: Docosahexaenoic acid; HR: Hazard ratio; LA: Linoleic acid; MUFA: Monounsaturated fatty acid; PUFA:
764 Polyunsaturated fatty acid; SD: Standard deviation; SFA: Saturated fatty acid.

765 Results are expressed as HRs according to fatty acid concentrations in SD units using random effects meta-analysis, adjusted for batch
766 (EPIC-CVD only), age, smoking status, history of diabetes, history of hypertension, and physical activity, and stratified by center (EPIC-
767 CVD only) and sex. The shaded area represents the 95% CI for the dose-response curve. The final estimates are pooled HRs (95% CI)
768 per 1-SD higher fatty acid concentrations with the same adjustment using random-effects meta-analysis.

769 *Restricted to EPIC-CVD (7,343 CHD cases; 6,499 stroke cases) as concentrations of SFA subtypes were only available from EPIC-CVD
770 (as shown in red curves).

771 Detailed information of estimates for different cardiovascular outcomes in Supplementary eTable 5-6.
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772 Figure 3. Updated meta-analysis combining results from EPIC-CVD, UKB and INTERVAL studies with published evidence for associations of fatty acid biomarkers with
773 coronary heart disease and stroke, separately

Fatty acids Nofdata Nof Coronary heart disease RR(@5%Cl) (%) Nofdata Nof Stroke RR(95%Cl) (%)
Total SFA 8 13,914 il 1.14(1.08,1.21) 78 5 9,496 e 1.10(1.01,1.21) 79
Even-chain SFA 3 8,146 e sl 1.24(1.13,1.35) 78 3 6,915 s ] 1.20 (1.07,1.34) 72
Myristic acid (14:0) 7 9,746 —.— 1.06 (0.99, 1.15) 62 9 9,158 —— 1.07 (1.00,1.14) 47
Palmitic acid (16:0) 10 11,315 — 1.07 (0.99, 1.15) 63 9 8,696 —l 1.13(1.05,1.22) 59
Stearic acid (18:0) 8 11,132 —_—] 1.08 (0.98,1.19) 73 6 8,367 = = 0.99 (0.93, 1.05) 27
0dd-chain SFA 2 7,787 —f— 0.82(0.77,0.86) 13 2 6,607 —— 0.73 (0.67,0.78) 0
Pentadecanoic acid (15:0) 8 11,043 —— 0.92 (0.86, 0.97) 68 8 9,054 — 0.88 (0.80, 0.96) 66
Heptadecanoic acid (17:0) 5 9,287 —— 0.86 (0.80,0.93) 68 6 8,694 —l— 0.82 (0.76,0.90) 60
Longer-chain SFA 5 9,487 e m— 0.88 (0.77,1.00) 77
Arachidic acid (20:0) 5 9,497 —_—— 0.87 (0.78,0.97) 81
Behenic acid (22:0) 6 10,285 e 0.94 (0.84, 1.06) 80
Lignoceric acid (24:0) 6 10,285 —1 0.89 (0.81,0.98) 69
Total MUFA 10 14,717 —— 1.07 (1.00, 1.15) 84 6 9,715 - 1.08 (1.02,1.15) 55
Palmitoleic acid (16:1n7) 8 10,975 - 1.06 (1.01,1.11) 42 7 8,564 - 1.17 (1.11,1.22) 34
Oleic acid (18:1n9) 7 10,344 = 1.02 (0.94, 1.11) 61 7 8,564 —— 1.11(1.02,1.20) 62
Eicosenoic acid (20:1n9) 4 9,354 —— 1.04 (0.96,1.12) 76 3 7,682 —— 0.99 (0.86,1.13) 75
Nervonic acid (24:1n8) 3 8,703 e 0.89 (0.79,1.00) 72 2 7,463 —_—l— 0.90 (0.80, 1.02) 65
Total PUFA 7 13,205 - 0.91 (0.86, 0.96) 71 5 9,547 —_—— 0.93 (0.86, 1.00) 73
Total N3 PUFA 7 13,814 - 0.91 (0.86, 0.96) 60 6 9,698 - 0.98 (0.92, 1.04) 47
ALA (18:3n3) 22 15,868 - 0.99 (0.95,1.02) 31 8 8,885 —— 0.99 (0.94,1.04) 19
LCn-3PUFA 17 11,754 - 0.90 (0.86, 0.95) 48 6 7,599 —— 0.94 (0.88, 1.00) 36
EPA (20:5n3) 23 15,944 —— 0.94 (0.89, 0.99) 69 10 9,408 —— 1.00 (0.94, 1.06) 49
DPA (22:5n3) 20 15,102 - 0.93 (0.90, 0.97) 18 9 9,038 —— 0.89 (0.84, 0.96) 32
DHA (22:6n3) 29 22,176 -~ 0.92 (0.88, 0.95) 67 16 12,588 - 0.93 (0.89, 0.97) 36
Omega-3 index (EPA+DHA) 10 9,243 — 0.93 (0.86, 1.01) 54 3 6,973 R — 0.97 (0.87, 1.07) 58
Total N6 PUFA 10 14,720 b 0.95 (0.89, 1.02) 84 8 10,022 == 0.96 (0.93,0.99) 0
LA (18:2n6) 33 22,802 - 0.94 (0.91, 0.98) 62 27 14,221 - 0.92 (0.88, 0.96) 52
GLA (18:3n6) 7 10,354 - 1.06 (1.01,1.10) 52 8 9,041 - 1.04 (0.98,1.09) 39
EDA (20:2n6) 5 8,916 i 1.02 (0.96, 1.08) 23 4 7,664 i 1.00 (0.95,1.05) 0
DGLA (20:3n6) 9 10,584 — - 1.30(1.17,1.45) 85 9 9,137 —-— 1.08 (1.01,1.17) 63
AA (20:4n6) 29 17,707 k] 0.99 (0.96, 1.02) 33 24 11,392 - 0.99 (0.95,1.04) 39
DTA (22:4n6) 5 8,916 T 1.07 (1.01,1.13) 35 4 7,664 _ 1.06 (0.94, 1.20) 69
DPA (22:5n6) 5 8,916 i 1.10(1.02, 1.18) 50 4 7,664 D 1.08 (0.97,1.20) 56
Total trans 4 8,947 s sl 0.92(0.80, 1.04) 80
trans-16:1 5 7,800 —_—i— 0.96 (0.88, 1.04) 75 5 6,827 e 0.92 (0.84,1.01) 76
trans-18:1 6 9,827 —— 0.93 (0.85,1.01) 58 2 7,463 —_— 0.89 (0.74,1.07) 77
trans-18:2 5 9,200 —] 1.00 (0.92, 1.08) 86 3 7,655 —_—{ 0.90 (0.80,1.01) 68
| | | | | | | | | |
0.50 0.71 1 1.41 2.00 0.50 0.71 1 1.41 2.00
RR per 1-SD higher RR per 1-SD higher

RR: Relative risk; SD: Standard deviation. For the abbreviations of fatty acids, please refer to the Supplementary eTable 4. The results of updated meta-analyses using random-effects method were summarised
for the fatty acids, of which associations with coronary heart disease or stroke were identified from existing published evidence. Results for ischaemic stroke in Supplementary eFigure 7.
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