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Abstract 89 

Background: Associations of saturated and unsaturated fatty acids (FAs) with cardiovascular disease (CVD) 90 

remain controversial. We therefore aimed to investigate the prospective associations of objectively measured 91 

FAs with CVD, including incident coronary heart disease (CHD) and stroke, as well as CVD mortality.  92 

Methods:  Circulating FA concentrations expressed as the percentage of total FAs were assayed in 172,891 93 

participants without prior vascular disease at baseline from the European Prospective Investigation into Cancer 94 

and Nutrition-CVD (EPIC-CVD) (7,343 CHD; 6,499 stroke), UK Biobank (1,825; 1,474), and INTERVAL (285; 95 

209) cohort studies. Hazard ratio (HR) per 1-standard deviation (SD) higher FA concentrations was estimated 96 

using Cox regression models and pooled by random-effects meta-analysis. Systematic reviews with meta-97 

analysis published by 6 May 2023 on associations between FAs and CVDs were systematically searched and 98 

updated meta-analyses using random-effects model were conducted. Evidence from randomized controlled 99 

trials (RCTs) was also summarized. 100 

Results: Higher concentrations of total saturated FAs (SFAs) were associated with higher cardiovascular risks 101 

in the combined analysis, with differential findings noted for SFA subtypes in further analysis restricted to EPIC-102 

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)] 103 

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); 104 

0.84 (0.72-0.99)] SFA. In the combined analysis, total n-3 polyunsaturated FA (PUFA) [0.91 (0.85-0.97)], 105 

including docosahexaenoic acid (DHA) [0.91 (0.84-0.98)], was negatively associated with incident CHD risk. 106 

Similarly, total n-6 PUFA [0.94 (0.91-0.98)], including linoleic acid (LA) [0.89 (0.83-0.95)], was negatively 107 

associated with incident stroke risk. By contrast, more detailed analyses in EPIC-CVD revealed that several 108 

downstream n-6 PUFAs of LA were positively associated with CHD risk. Updated meta-analyses of 37 FAs 109 

including 49 non-overlapping studies, involving between 7,787 to 22,802 CHD and 6,499 to 14,221 stroke 110 

cases, showed broadly similar results as our combined empirical analysis and further suggested significant 111 

inverse associations of individual long-chain n-3 PUFAs and LA on both CHD and stroke. The findings of long-112 

chain n-3 PUFAs were consistent with those from published RCTs on CHD despite insufficient evidence in 113 

monotherapy, while RCT evidence remained unclear for the rest of the explored FAs. 114 

Conclusions: Our study provides an overview of the most recent evidence on the associations between 115 

objectively measured FAs and CVD outcomes. Collectively, the data reveals notable differences in 116 

associations by SFA subtypes and calls for further studies, especially RCTs, to explore these links. 117 
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Lay summary  118 

We conducted the largest analysis to date to examine the association of circulating saturated and unsaturated 119 

fatty acids, either individually or in combination, with incident cardiovascular disease outcomes. 120 

• Our study reinforces that cardiovascular disease associations vary importantly across saturated fatty acid 121 

subtypes, with positive associations for even-chain saturated fatty acids but negative associations for 122 

odd-chain and longer-chain saturated fatty acids, challenging the current broad dietary recommendations 123 

focused solely on lowering overall saturated fat intake. 124 

• Marine-derived n-3 polyunsaturated fatty acids and linoleic acid were negatively associated with both 125 

coronary heart disease and stroke, except for eicosapentaenoic acid which was null for stroke. It supports 126 

the potential cardiovascular benefits of individual marine-derived n-3 polyunsaturated fatty acids and 127 

linoleic acid and provides evidence to help inform currently inconsistent and insufficient trial evidence.   128 
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Introduction  129 

Cardiovascular disease (CVD), including coronary heart disease (CHD) and stroke, remains the leading cause 130 

of morbidity and mortality globally1. As a potentially modifiable factor, dietary fatty acid (FA) intakes and their 131 

associations with cardiometabolic health have been investigated for decades2,3. It has been well recognized 132 

that FAs are not only energy-bearing nutrients, but can also modulate major circulating lipids including low-133 

density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C) and triglycerides (TG)4, 134 

that may have an important role in the development and progression of CVD.  135 

However, guidelines on dietary FA intake for CVD prevention remain controversial and inconsistent5, at least 136 

in part reflecting the inconclusive evidence from observational investigations and randomized controlled trials 137 

(RCTs)6. Despite long-lasting beliefs concerning the beneficial properties of n-3 polyunsaturated FA (PUFA) 138 

intake on CVD, findings from different studies are still mixed2. Meanwhile, most RCTs were conducted among 139 

patients with pre-existing CVD or at high CVD risk and evidence for general population has been limited2. 140 

Associations of n-6 PUFA intake with CVD have been also uncertain given conflicting evidence3. Saturated 141 

fatty acids (SFAs) are thought to be detrimental to cardiovascular health and recommendations to limit SFA 142 

intake have persisted7. However, mounting evidence suggests no strong benefits of reducing SFA intake on 143 

CVD risk8, but debate continues5. Additionally, studies on dietary FAs may be limited by the subjectiveness of 144 

dietary assessment and therefore overlook possible differences in endogenous metabolism and biological 145 

activities of individual FAs6,9,10. Although relationships between objectively measured FAs and cardiovascular 146 

risks have been evaluated in some studies, current evidence remains limited by their sample size (relatively 147 

small numbers of cases), scale (inadequate precision), depth (inclusion of a small subset of FA subtypes), and 148 

quality (e.g., inability to account for regression dilution bias or insufficient confounder adjustments). There is 149 

also inconsistency in assay compartments (e.g., plasma, erythrocytes, or adipose tissue)11 and quantification 150 

methods of FAs (i.e., relative or absolute concentration)4,12. Moreover, most studies have focused primarily on 151 

CHD, with the relevance of most FAs on other vascular outcomes (e.g., stroke) being less frequently studied 152 

and remaining unclear2,3.  153 

We therefore aimed to assess the associations of circulating FA subtypes, either individually or in combination, 154 

with incident cardiovascular events using individual data from three prospective cohorts with a combined 155 

sample size of 172,891 participants without prior vascular disease. We also conducted a systematic literature 156 

search and updated meta-analyses to contextualise our findings and provide a quantitative synthesis of all 157 

available evidence thus far.  158 
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Methods 159 

Study Design and Population 160 

We analysed individual participant data from three large prospective cohort studies that assayed plasma or 161 

serum FAs in blood samples collected at baseline, namely: the European Prospective Investigation into Cancer 162 

and Nutrition-CVD (EPIC-CVD) study, a case-cohort study of ~30,000 participants nested within the pan-163 

European EPIC study that recruited ~520,000 participants between 1992 and 2000 from 10 European 164 

countries13; the UK Biobank (UKB) study, a large prospective cohort study of over 500,000 participants 165 

recruited between 2006 to 2010 from 22 centres across the UK14; and the INTERVAL study, a multi-centre 166 

prospective study of ~45,000 participants initially recruited into a randomized trial of blood donation frequency 167 

between 2012 and 2014 at NHS Blood and Transplant blood donation centres across England15. Details of 168 

each study have been described previously13–15. To be eligible for inclusion in the current analyses, participants 169 

had to have information recorded on baseline FA measurements, history of vascular disease, and incident 170 

CVD outcomes. This resulted in 172,891 eligible participants without prior vascular disease (defined as any 171 

history of heart disease, stroke, transient ischemic attack, peripheral vascular disease, or cardiovascular 172 

surgery at baseline) (31,606 from EPIC-CVD, 99,762 from UKB, and 41,523 from INTERVAL) included in the 173 

analysis (Supplementary eFigure 1). All participating studies obtained informed consent from participants 174 

and received ethical approval from their local ethics committee. 175 

Assessment of Fatty Acids 176 

In EPIC-CVD, 38 individual plasma phospholipid FAs were assayed using an established gas chromatography 177 

(GC) method16 and expressed as percentages (%) of total phospholipid FAs. Twenty-eight individual FAs with 178 

relative concentrations higher than 0.05% were retained in the current analysis and used to calculate the main 179 

FA subtypes (Supplementary eTable 1 & eFigure 2). In both UKB and INTERVAL, five FA subtypes and two 180 

individual FAs in total serum or plasma (i.e., all the FAs in TG, phospholipids, cholesterol esters, or as free 181 

FAs) were assayed using a high-throughput nuclear magnetic resonance (NMR) metabolomics platform 182 

(Nightingale Health Ltd., Helsinki, Finland)17 and expressed either as absolute concentrations (mmol/L) or 183 

relative concentrations of total FAs (%). We conducted combined analysis of the three data sources as prior 184 

experimental evidence has suggested highly comparable FAs concentrations in matched plasma and serum 185 

samples18 and also shown high correspondence of FA quantification between NMR and GC (Pearson 186 

correlation r> 0.92)17. Details of the FA measures in each study are provided in Supplementary eMethods. 187 

To maximise statistical power, the current analysis first focused on seven FAs (%), individually or in groups, 188 
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measured in all three studies: total SFA, total monounsaturated fatty acid (MUFA), total PUFA, total n-3 PUFA, 189 

total n-6 PUFA, docosahexaenoic acid (DHA), and linoleic acid (LA). Additionally, in EPIC-CVD it was possible 190 

to define three SFA subtypes by summation of components, namely: even-chain (sum of 14:0, 16:0, and 18:0), 191 

odd-chain (sum of 15:0 and 17:0) and longer-chain (sum of 20:0, 22:0, 23:0, and 24:0) SFAs. 192 

Ascertainment of Outcome  193 

Outcomes were ascertained through linkages to routinely available national datasets, questionnaires, or active 194 

follow-up and classified according to the International Classification of Diseases, Tenth Revision (ICD-10) 195 

codes (Supplementary eMethods). Primary outcomes included CHD defined as fatal ischaemic heart disease 196 

(ICD-10 code: I20-I25) or non-fatal myocardial infarction (I21-I23) and stroke defined as any cerebrovascular 197 

disease (I60-I69). Secondary outcomes included total CVD defined as any nonfatal or fatal cardiovascular 198 

events (I20-I69), CVD mortality (I21-I69), and stroke subtypes (i.e., ischaemic stroke (IS) (I63) and 199 

haemorrhagic stroke (HS) (I60-I61)). 200 

Statistical Analysis  201 

The analysis plan employed in the current study was based broadly on our earlier published analyses9,10. To 202 

minimise heterogeneity across studies, FA concentrations were statistically standardized within each study 203 

before analysis (i.e., [value – mean]/SD where SD refers to standard deviation, with summary statistics in 204 

EPIC-CVD calculated in the subcohort). To investigate the relationships of dietary intakes with circulating FAs, 205 

semi-partial correlation coefficients were calculated in the subcohort of EPIC-CVD (n=15,838 participants) by 206 

regressing FAs (%) on self-reported dietary food intakes (g/day), SFA, MUFA, and PUFA (%), respectively, 207 

adjusted for batch, sex, age, and total energy intake.  208 

Associations of circulating FA subtypes, either individually or in combination, with CHD and stroke were 209 

assessed by random-effects meta-analysis of study and country-specific hazard ratios (HRs), calculated using 210 

Cox proportional hazards regression models with age as timescale and stratified by sex and, as appropriate, 211 

centre19. Participants contributed follow up time from age at baseline survey to age at first occurrence of CHD, 212 

stroke, death or end of follow up. To account for the case-cohort design of EPIC-CVD, Cox models were 213 

adapted using the Prentice-weighted method9,10. The shape of dose-response association between FAs and 214 

CHD and stroke was assessed by meta-analysis of fractional polynomials as described previously20, adjusted 215 

for conventional risk factors. Assay batch group was additionally adjusted for in EPIC-CVD to account for 216 

potential batch effects. To maximize the available data and limit potential overadjustment for variables that 217 
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could mediate associations between FAs and CVDs, the basic models were adjusted for conventional risk 218 

factors harmonized across three studies to the extent that was possible, namely: age (years), smoking status 219 

(current, non-current), history of diabetes (yes, no), history of hypertension (yes, no), and physical activity 220 

(active, inactive). Though history of hypertension and diabetes were not assessed in INTERVAL, participants 221 

were considered generally healthy as they were blood donors, with low prevalence expected. Missing data of 222 

categorical covariates were coded as a separate category in adjustments using dummy variables.  223 

To further assess independence of the associations, HRs were additionally progressively adjusted for potential 224 

confounders or mediators on a complete-case basis, particularly: other non-lipid conventional CVD risk factors 225 

that may be related to diet, i.e., alcohol consumption (current, non-current) and body mass index (BMI; kg/m2); 226 

and lipid markers, i.e., total cholesterol (TC; mmol/l), HDL-C (mmol/l) and TG (mmol/l). In analyses restricted 227 

to EPIC-CVD, we also assessed the associations adjusted for dietary variables (intakes of fruit and vegetables, 228 

dairy products, meat, fish, olive oil, margarine, and alcoholic beverages [g/day]) before the lipid adjustment. 229 

Further analyses included the mutual adjustments of SFA subtypes and PUFA subtypes, respectively.  230 

Effect modification was assessed using tests for interaction between FAs and several baseline characteristics, 231 

with the p-values for interaction calculated using continuous variables where applicable19. A significance 232 

threshold of 0.0002 was used to interpret subgroup analysis results, corresponding to Bonferroni correction for 233 

22 comparisons (11 subgroups and 2 primary outcomes) at 0.05 nominal level in secondary analyses of each 234 

of 10 primary FAs exposures.  235 

Sensitivity analyses: (i) calculated HRs excluding the initial 2 years of follow-up to assess potential reverse 236 

causality; (ii) assessed the associations independent of inflammation (as measured by C-reactive protein 237 

[CRP]) and either haemoglobin A1c (HbA1c) or glucose levels; (iii) compared associations of FAs expressed 238 

in absolute versus relative concentrations in UKB and INTERVAL; (iv) calculated regression dilution ratios 239 

(RDRs) among 1187 UKB participants with repeat FA data and inferred the extent of possible etiological 240 

associations corrected for long-term within-person variability of FA measurements21; and (v) adjusted for 241 

competing risks using the Fine and Gray regression model with censoring due to CHD, stroke, or death from 242 

causes other than the event of interest considered as competing events when relevant. 243 

Systematic review and updated meta-analysis  244 

To contextualise findings of the current study and update the existing evidence, a systematic literature search 245 

was conducted in PubMed, Web of Science, EMBASE, and the Cochrane Library to identify previous 246 
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systematic reviews with meta-analyses published by 6 May 2023 that reported on the associations of FA 247 

biomarkers and CVD outcomes (Supplementary eTable 2). Study selection and data extraction was 248 

conducted by two reviewers (FS and LS) independently, and discussed with the third reviewer (SK). Articles 249 

were excluded if the study population were non-adult, pregnant, critically ill, or restricted to those with any pre-250 

existing disease (e.g. patients with established CVD at baseline). Each primary study included in the eligible 251 

meta-analyses was reviewed and details of estimates for any FA-outcome association reported by the primary 252 

study were extracted. The extracted estimates were standardized to correspond to relative risks (RR) per 1 253 

SD higher FA using established methods (Supplementary eMethods). Inclusion criteria required that the 254 

corresponding primary study was prospective in study design (i.e., nested case-control, case-cohort, or 255 

prospective cohort and RCTs), selected participants from general populations, assessed FAs in relative 256 

concentrations, and investigated the associations of FAs with CHD or stroke. When one primary study reported 257 

several estimates with different degrees of adjustments for the same FA-outcome association, the one 258 

obtained from the publication with the largest number of cases or the most adjusted one that did not include 259 

the adjustment for lipids or circulating FA biomarkers was selected, as circulating lipids may act as potential 260 

mediators between FA and CVD risks22. For primary studies reporting estimates of FA biomarkers in more 261 

than one biological tissue, one association estimate was selected using the following hierarchy to preference 262 

lipid compartments which was more consistent with our current study: plasma/serum phospholipids > total 263 

plasma or serum > erythrocyte > plasma/serum cholesterol esters > adipose tissue.  264 

An updated meta-analysis was conducted in a pragmatic approach, by adding the estimates of the current 265 

study using the random-effects (DerSimonian-Laird) method due to expected heterogeneity between studies 266 

(e.g., differences in participant characteristics, adjustments, and assay compartments). Overall heterogeneity 267 

was expressed as I2 statistic23, with values of 25%, 50%, and 75% indicating low, medium, and high 268 

heterogeneity, respectively. Subgroup analyses were conducted based on random-effects meta-regression to 269 

explore the potential heterogeneity from geographic regions and lipid compartments. Secondarily, systematic 270 

reviews with meta-analysis of RCTs of FA intake on CHD and stroke were also searched, and the one including 271 

most RCTs was selected for evidence summary when multiple articles were identified on the same topic. We 272 

used Stata, version 16 for all analyses and R version 4.2.2 for displaying some results as Circos plots. 273 

 274 
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Results 275 

Baseline characteristics of the study participants 276 

The combined analysis included 172,891 participants without prior vascular disease from EPIC-CVD, UKB, 277 

and INTERVAL (Table 1; Supplementary eTable 3). There were 9,453 CHD and 8,182 stroke cases recorded 278 

during median follow-up durations of 9.4 to 12.6 years across studies. In EPIC-CVD, where FAs were 279 

measured in the plasma phospholipid fraction, SFA comprised 45.9% of total FAs with even-chain SFA being 280 

the greatest contributor; PUFA comprised 42.6% of total FAs, with n-6 PUFA (35.9%) being more abundant 281 

than n-3 PUFA (6.7%), of which LA (22.6%), arachidonic acid (AA, 9.3%), DHA (4.3%), dihomo-gamma-282 

linolenic acid (DGLA, 3.1%) and eicosapentaenoic acid (EPA, 1.2%) had relatively high concentrations (i.e., 283 

all>1%); whereas MUFA (11.0%) comprised a smaller proportion (Supplementary eTable 4). In UKB and 284 

INTERVAL, measuring total plasma or serum FAs, PUFA (42.6% and 37.4%, respectively) comprised the 285 

greatest proportion followed by SFA (34.0% and 37.1%) and MUFA (23.4% and 25.6%).  286 

Fatty acids and dietary intake  287 

There were broadly distinct patterns of associations of dietary intakes within plasma phospholipid FA groups, 288 

though with modest or weak correlations (Figure 1; Supplementary eFigure 3). Odd-chain SFA was positively 289 

associated with dairy products (r=0.15), fruit (r=0.10) and vegetables (r=0.05) intake and negatively associated 290 

with alcoholic beverage (r=-0.32) and processed meat (r=-0.11) intakes, which were relatively opposite to those 291 

observed for even-chain SFA. Patterns of dietary intake correlations with longer-chain SFA were similar to, but 292 

weaker than, those with odd-chain SFA. Positive correlations with fish intake were most evident for n-3 PUFA 293 

(r=0.27), particularly for EPA (r=0.18) and DHA (r=0.32), whereas n-6 PUFA was associated with higher 294 

intakes of bread, processed meat, cereal and cereal products (0.05<r<0.13). MUFA was particularly associated 295 

with higher olive oil and alcoholic beverage intake (r>0.18) and trans-FA was especially associated with higher 296 

intakes of margarine, potatoes and dairy products (r>0.15). Correlations between measured plasma 297 

phospholipid FAs and estimated dietary FAs intake were moderate: SFA (r=0.11), MUFA (r=0.27), and PUFA 298 

(r=0.28). 299 

Saturated fatty acids biomarkers and risk of cardiovascular outcomes  300 

Associations of relative concentrations of SFA and its subtypes with cardiovascular risks were mostly log-linear 301 

adjusted for non-dietary lifestyle factors (Figure 2; Supplementary eTable 5). HRs per 1-SD higher SFA were 302 

1.17 (1.09-1.27) for CHD and 1.13 (1.04-1.22) for stroke, with differential associations found for SFA subtypes: 303 
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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)], 304 

whereas odd-chain SFA was negatively associated with CHD [0.82 (0.76-0.87)] and stroke [0.73 (0.67-0.78)]. 305 

There was no statistically significant association of longer-chain SFA with CHD [0.95 (0.80-1.12)], whereas an 306 

inverse association was found for stroke [0.84 (0.72-0.99)]. These associations remained broadly similar after 307 

further adjustment for alcohol consumption, BMI, and dietary intakes in smaller subsets of data with complete 308 

relevant information (Table 2-3; Supplementary eTable 6-7). Significant associations remained for even-309 

chain and odd-chain SFA with additional adjustments for lipids or mutual adjustment for each other (Table 3). 310 

Unsaturated fatty acids biomarkers and risk of cardiovascular outcomes  311 

Higher relative concentrations of total n-3 PUFA were negatively associated with CHD [0.91 (0.85-0.97)] but 312 

were not associated with stroke [0.97 (0.90-1.05)] or other cardiovascular outcomes, which remained similar 313 

with further adjustment for alcohol consumption, BMI, and lipids or total n-6 PUFA (Figure 2; Supplementary 314 

eTable 5-6). Similar results were observed for DHA [CHD 0.91 (0.84-0.98); stroke 0.96 (0.90-1.03)], the 315 

greatest contributor of n-3 PUFA. No consistent significant associations were found for total long-chain n-3 316 

PUFA, omega-3 index, or other contributors of n-3 PUFA individually (i.e., alpha-linolenic acid [ALA], EPA, and 317 

docosapentaenoic acid [n3-DPA]) (Supplementary eTable 9). 318 

Higher relative concentrations of total n-6 PUFA were log-linearly associated with lower stroke risk, with a HR 319 

per 1-SD of 0.94 (0.91-0.98), which remained significant after additional adjustment for dietary factors, lipids, 320 

or total n-3 PUFA (Figure 2; Supplementary eTable 5-6). Total n-6 PUFA was not associated with CHD [0.98 321 

(0.90-1.07)] with basic adjustment, but showed a negative association when further adjusted for total n-3 PUFA 322 

[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)], 323 

the dominant component of n-6 PUFA. Among other individual n-6 PUFAs, there were strong positive 324 

associations of DGLA with CHD [1.41 (1.29-1.53)] and stroke [1.22 (1.12-1.34)], which remained after maximal 325 

adjustment. Docosatetraenoic acid (DTA), docosapentenoic acid (n-6 DPA) and gamma linolenic acid (GLA) 326 

were positively associated with CHD whereas AA was positively associated with stroke, but associations were 327 

no longer statistically significant after adjustment for dietary intakes or lipids (Supplementary eTable 9). 328 

Among ratio variables, DGLA to LA ratio was associated with higher CHD and stroke risks while AA to DGLA 329 

ratio was associated with lower CHD risk (Supplementary eTable 11).  330 

No significant associations of MUFA were observed for the main cardiovascular outcomes (Figure 2). MUFA 331 

was only positively associated with CVD mortality risk (Supplementary eTable 5-6), but analysis of individual 332 

components found higher concentrations of palmitoleic acid (16:1) to be associated with higher risks of stroke 333 
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(Supplementary eTable 8). Stearoyl-CoA-desaturase (SCD)-16 (i.e., ratio of 16:1 to 16:0) was also positively 334 

associated with stroke risk even after maximal adjustments (Supplementary eTable 11). Significant negative 335 

associations of total trans FAs (particularly for trans-18:1) were observed for CHD, which persisted after further 336 

adjustments (Supplementary eTable 10).  337 

Findings were similar in sensitivity analyses, including after excluding the initial two years of follow-up 338 

(Supplementary eTable 5), with further adjustment for CRP and HbA1C or glucose (Supplementary eTable 339 

12), and in subgroup analyses assessing possible modification by sex, age, smoking, physical activity, alcohol 340 

consumption, BMI, TC, or HDL-C (Supplementary eFigure 4-5). The positive association of total SFA with 341 

CHD was attenuated among individuals with history of diabetes whereas the inverse association of PUFA with 342 

CHD was attenuated among those with prior hypertension; meanwhile, the inverse association of LA with CHD 343 

was attenuated with higher TG concentrations (all p for interaction < 2 x 10-4). No substantial differences were 344 

found in the magnitude of associations obtained for relative versus absolute concentrations, except that 345 

associations of total PUFA and n-6 PUFA with CHD were discordant when adjusted for non-lipid risk factors 346 

and attenuated towards null when further adjusted for lipids (Supplementary eTable 13). The RDRs for FAs 347 

calculated using UKB data ranged from 0.44 to 0.67 and HRs corrected for regression dilution bias were about 348 

50% to two-fold stronger (Supplementary eTable 14). Results from competing risks-adjusted analyses were 349 

broadly similar to those of primary analyses (Supplementary eTable 15) including results for ischaemic stroke 350 

outcome being broadly similar to those presented for overall stroke. 351 

Updated meta-analysis with existing evidence  352 

Supplementary eFigure 6 shows the flow diagram for the systematic literature search process and eTables 353 

16-20 summarise detailed study characteristics of the 49 identified primary studies identified as reporting non-354 

duplicated associations of FA biomarkers with CHD and stroke. Depending on the FA investigation, the totality 355 

of previous evidence has involved sample sizes of between 444 to 13,349 CHD cases and between 108 to 356 

6,039 stroke cases from non-duplicate studies. The updated meta-analyses involved between 7,787 to 22,802 357 

CHD and between 6499 to 14,221 stroke cases and demonstrated broadly similar pooled results as observed 358 

in our primary study analyses (Figure3; Supplementary eFigure 7), with a few exceptions, including: 359 

significant evidence for negative association of DHA, n-3 DPA, and LA with both CHD and stroke; null evidence 360 

for association of trans-FAs with CHD and stroke; and significant negative association of EPA and total long-361 

chain n-3 PUFA with CHD in the meta-analysis (Figure 3). Alpha-linolenic acid and AA were not associated 362 

with CHD and stroke risk, and findings were consistent across geographical regions and lipid compartments 363 
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(Supplementary eFigure 8-11). However, associations of total MUFA with CHD risk somewhat differed across 364 

various lipid compartments (p < 0.001) and associations of individual odd-chain SFAs with both CHD and 365 

stroke suggestively varied by geographic region (0.001 < p < 0.021). 366 

Results of the supplementary literature review conducted to summarise evidence from meta-analysis of RCTs 367 

of FA and risk of CHD and stroke are presented in Supplementary eTable 21. Consistent with our 368 

observational findings, combined RCT evidence including 32 trials suggested that long-chain omega-3 fat 369 

intake may slightly reduce the CHD risk, but there were no apparent effects on stroke risk. The synthesized 370 

evidence from RCTs of saturated and omega-6 fat intake were rated of poor quality and unclear. Furthermore, 371 

there was little RCT evidence for monotherapy targeted at one FA supplementation (e.g., DHA, n3-DPA, LA, 372 

or odd-chain SFA). 373 
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Discussion 374 

There is an unmet need of conclusive evidence on the relevance of fatty acids for primary prevention of CVD. 375 

Current CVD dietary guidelines remain controversial in light of mixed findings from existing RCTs of targeted 376 

FA supplementation (mainly n-3 and n-6 PUFAs and SFAs) and observational studies of circulating FAs. Our 377 

combined analysis of 172,891 participants with 9,453 CHD and 8,182 stroke cases, as well as an updated 378 

meta-analysis with evidence from 49 non-overlapping prior studies, provides the largest and most extensive 379 

investigation to date on associations between circulating FAs and incident major cardiovascular outcomes in 380 

generally healthy populations. Differential associations were observed for SFA subtypes, in that even-chain 381 

SFA had positive associations with cardiovascular risk whereas odd-chain and longer-chain SFA had negative 382 

associations. Higher total n-3 PUFA was associated with lower CHD risk while higher total n-6 PUFA was 383 

associated with lower stroke risk. Among individual PUFAs, LA (the predominant n-6 PUFA), DHA, and n3-384 

DPA were each negatively associated with risks of CHD and stroke, while DGLA was positively associated 385 

with CHD and stroke. ALA, an n-3 PUFA mainly derived from plant sources, was not associated with lower 386 

CHD or stroke risk; and AA, a key metabolite of LA, was not associated with higher CHD or stroke risk. 387 

The positive correlations between dairy product intake and odd-chain SFA concentrations are consistent with 388 

previous evidence that odd-chain SFAs (especially 15:0) are considered biomarkers of dairy intake24, a type 389 

of food source possibly associated with lower cardiovascular risk25. Our results of negative associations of 390 

odd-chain SFAs (15:0 and 17:0), either individually or in combination, with risks of CHD and stroke also 391 

suggested the potential cardiovascular benefits of dairy consumption. The distinction between fat-rich food 392 

and FAs (e.g., dairy intake vs odd-chain SFA) is however important, as the former also includes other nutrients 393 

that may be either beneficial or harmful for CVD8. Meanwhile, odd-chain SFAs are only a minor group of FAs 394 

in dairy, which mainly consists of even-chain SFA and MUFA. The previous assumption that odd-chain SFAs 395 

are totally derived from dairy intakes originating from rumen microbial fermentation has been eroding slowly, 396 

and emerging evidence suggests that odd-chain SFA can be synthesized endogenously from elongation of 397 

short-chain FAs associated with dietary fiber26 or α-oxidation of even-chain SFA27. Nevertheless, the strong 398 

negative evidence of odd-chain SFAs remained after adjusting for related dietary food intake, lipids, and other 399 

SFA subtypes, further supporting its potential beneficial role. However, it is important to highlight that the 400 

beneficial observations of odd-chain SFA might depend on the lipid compartment, as suggested by EPIC-401 

Potsdam study on diabetes28. We also observed null associations of odd-chain SFAs in the subgroups other 402 

than plasma phospholipids (e.g., total plasma/serum or red blood cells), despite the non-significant differences 403 

with small numbers of studies included for comparison. More clinical and experimental research is required to 404 
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investigate mechanisms whereby odd-chain SFAs may influence CVD. Longer-chain SFAs were weakly 405 

inversely associated with cardiovascular risks, and may be partly related to links to a potentially favourable 406 

profile of blood lipids, insulin resistance, and inflammatory markers4 though underlying mechanisms are poorly 407 

understood. Our study findings involving up to 11,043 CHD and 9,054 stroke cases provide the strongest 408 

evidence so far for differential associations of SFA subtypes and challenge broad-based dietary 409 

recommendations of lowering total saturated fat intake5. 410 

Recent meta-analyses of RCTs suggested around 9% lower risk of CHD with long-chain n-3 supplementation 411 

but little benefits on stroke2,29.  While majority of the RCTs had investigated EPA and DHA combined, a few 412 

RCTs of EPA monotherapy seemed to show more prominent effects than EPA+DHA29. This may be related to 413 

the distinct biological properties not shared by EPA and DHA30. Several studies indicated comparable or even 414 

greater efficacy of DHA in reducing TGs and individual pro-inflammatory cytokines than EPA31,32; however, 415 

DHA was suggested to be associated with increases in LDL-C levels whereas EPA had a minimal or neutral 416 

effect on LDL-C33. EPA and DHA also have their own roles in maintaining membrane structure, but when EPA 417 

and DHA are combined, the resulting effects would be attenuated compared to their separate actions34, which 418 

may partly explain the differences between EPA and EPA+DHA in clinical trials. Of interest, in our study, DHA 419 

was similarly associated with lower risks of both CHD and stroke whereas EPA only exhibited significant 420 

inverse associations with CHD. This is somewhat consistent with the overall null RCT evidence on stroke, 421 

given no similar clinical trials of DHA monotherapy have been conducted. Future studies are also warranted 422 

to investigate any mechanistic differences for EPA vs DHA vs EPA+DHA across different vascular domains. 423 

Moreover, background fish intake in RCTs should be highlighted as EPA and DHA concentrations are strongly 424 

influenced by dietary seafood intake35. By contrast, n3-DPA is present in fish at lower concentrations, and 425 

circulating n3-DPA appears to be mainly derived from endogenous elongation of EPA35. N3-DPA may have 426 

equivalent or greater efficacy than EPA or DHA for lowering TG and cholesterol and inhibiting platelet 427 

aggregation36, but research remains scarce. Our observations suggest the potential beneficial role of n3-DPA 428 

on both CHD and stroke, and more research is needed to clarify its effects on cardiovascular health. The 429 

effects of ALA, the most common essential n-3 PUFA derived mainly from plant sources, on cardiovascular 430 

risk are also of particular interest, but evidence remained inconsistent and limited2. Our study incorporating 431 

15,868 CHD and 8,885 stroke cases (nearly twice and 4-fold as prior work, separately) recorded null evidence 432 

of objectively measured ALA in general populations, with consistent findings across lipid compartments. 433 
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Our findings provide convincing evidence for differential associations of individual n-6 PUFAs (i.e., LA, GLA, 434 

DGLA, DTA, and n6-DPA) with CHD or stroke risks, which may partly explain the conflicting results from RCTs 435 

of n-6 PUFA supplementation3. Some evidence has suggested potential cardiometabolic benefits of dietary n-436 

6 PUFA, including favourable associations with lipids, inflammation, insulin resistance, blood pressure, and 437 

body composition37–39. LA, the most abundant PUFA, is an essential FA that cannot be synthesized by humans. 438 

Our inverse finding of circulating LA and stroke risk is consistent with the above beneficial biological effects37–439 

39, as well as recent evidence where LA concentrations were expressed as either relative11 or absolute ones12. 440 

Despite previously reported inverse association of self-reported LA intake with CHD40, we did not find a robust 441 

significant association of circulating LA concentration with CHD in our primary study analysis, a finding that 442 

was consistent with previous largest study based on 30 prospective cohorts (11, 857 CHD cases)11. Our 443 

findings with updated meta-analysis evaluating objectively measured LA in 22,802 CHD and 14,221 stroke 444 

cases considerably extend these previous results and add strong support for the cardiovascular benefits of LA. 445 

However, the intermediate metabolic products (i.e., GLA and DGLA), the product to substrate ratio of DGLA 446 

to LA, and the further downstream products (i.e., DTA and n6-DPA) were positively associated in particular 447 

with CHD risk. This highlights the important roles of in vivo metabolism which has been established for 448 

diabetes10, though such endogenous conversion from LA only occurs at a rather low rate41. We further 449 

supported that circulating levels of AA are not harmful to cardiometabolic health, in line with recent seminal 450 

findings on diabetes42. 451 

Substantial differences in MUFA proportions between lipid compartments were noted in our results, together 452 

with their inconsistent associations with CHD risk. Although comparisons of FA fractions were not conducted 453 

within the same study population, similar proportions within corresponding lipid compartments were observed 454 

in other studies43,44. Despite the potential beneficial effects of MUFA intake from plant sources on CHD45, we 455 

observed positive associations of circulating MUFAs with cardiovascular risk, especially palmitoleic acid and 456 

SCD-16. Circulating MUFA seems unlikely to well reflect the dietary MUFA intake but may be affected by both 457 

SFA intake and desaturase activity, since much of MUFA is derived from SFA by SCD46. By contrast, circulating 458 

trans FAs are more likely to be affected by dietary intake, with trans-18:1 being derived largely from industrially 459 

produced foods associated with adverse cardiovascular health47. The seemingly opposite findings for trans-460 

FA in our analysis of EPIC-CVD may not be surprising given the effective ban of industrially produced trans-461 

FAs in the early 2000s47. 462 
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Our investigation has important strengths. The prospective study design, large sample sizes, long-term follow-463 

up, adjustment for several potential confounders, a series of sensitivity analyses, and updated meta-analyses, 464 

allowed us to report robust findings. The use of objectively measured FAs prevented recall biases and allowed 465 

detailed evaluation of FA subtypes, thus leading to reliable findings that may not be disentangled by dietary 466 

intake studies. Furthermore, we provided reliable evidence for stroke, which has been less frequently studied 467 

than CHD. Different associations with CHD and stroke were found for several FAs, suggesting future etiological 468 

studies should be cautious about using composite events (e.g., total CVD) as means to increase study power. 469 

Potential limitations of this study deserve careful consideration. First, the true etiological associations of FAs 470 

may be far from observed estimates, given the within-person fluctuation of FAs21. Though the variability of FAs 471 

assessed in the EPIC-Norfolk study48 was much larger than those examined in our analysis within UKB 472 

participants, batch effects may make a difference given intraclass correlation coefficients could be affected by 473 

measurement scale but RDRs not. Our exploratory analysis corrected for RDRs suggests that the potential 474 

etiological estimates may be much stronger than observed when using one timepoint measurement. However, 475 

measurement error in covariates should also be considered. Second, our investigation mainly focused on FAs 476 

in relative concentrations, but this is a valid method more commonly used in epidemiological studies49. In our 477 

supplementary analyses, the directions and magnitudes of associations of FAs in absolute versus relative 478 

concentrations were comparable, with no substantial differences found after full adjustment. Although NMR 479 

allowed the quantification of FAs in absolute concentration, its low resolution hampered the identification of 480 

multiple individual FAs within SFA, MUFA, n-3 PUFA, and n-6 PUFA groups12, thus making the GC method 481 

more appropriate for detailed investigation. Although FA analytical methods were not standardized across 482 

studies, statistical standardization of FA concentrations within each study could minimize this concern. Despite 483 

extensive efforts to harmonise across studies, methodological heterogeneity may still exist. For some FAs, 484 

subgroup analysis by lipid compartments was also hampered given few studies. None of the included studies 485 

investigated the free FA compartment whereas recent evidence highlights the importance of free FAs50. Finally, 486 

there may be measurement errors due to self-reported factors, as well as residual confounding attributable to 487 

unmeasured or imprecisely measured covariates. 488 

In conclusion, the current study, involving ~20,000 incident CHD and incident stroke cases and supplemented 489 

by an updated meta-analysis of all prior evidence, provides the strongest evidence yet on the associations 490 

between FA subtypes and cause-specific vascular outcomes. In particular, our findings reinforce that risk 491 

associations vary importantly across SFA subtypes, and therefore challenge the current broad dietary 492 
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recommendations focused solely on lowering overall SFA intake - in essence dietary recommendations need 493 

consider up to date evidence on circulating FAs and findings of RCTs. Finally, we report a favourable role of 494 

long-chain n-3 PUFAs and LA on cardiovascular health – a finding generally consistent with the available trial 495 

evidence on n-3 PUFAs and CHD and remains to be further proven, as least supporting current 496 

recommendations on PUFAs. Our findings could inspire the design of future RCTs to help refine dietary 497 

guidelines.  498 
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Table 1. Characteristics of the study participants   715 

Baseline characteristics 
Overall* 

(n=172,891) 
EPIC-CVD* 
(n= 31,606) 

UKB 
(n= 99,762) 

INTERVAL 
(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/m2), mean (SD)† 26.9 (4.8) 26.1 (4.3) 27.3 (4.7) 26.5 (5.0) 
Current smoking, n (%)† 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 - Plasma phospholipid  Total serum/plasma Total serum/plasma 
    Plasma sample, n (%) 131,413 (76.0) 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 2.5 (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 (5th-95th percentile)¶ 11.0 (5.1 to 13.3) 10.1 (1.2 to 15.1) 11.7 (8.0 to 13.1) 9.4 (8.4 to 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 

BMI: Body mass index; CHD: Coronary heart disease; CVD: Cardiovascular disease; DHA: Docosahexaenoic acid; LA: Linoleic acid; 716 
MUFA: Monounsaturated fatty acid; NR: Not reported; PUFA: Polyunsaturated fatty acid; SD: Standard deviation; SFA: Saturated fatty 717 
acid. 718 
* Baseline characteristics of EPIC-CVD were summarized based on sub-cohort participants (n=15,889) given its case-cohort study design. 719 
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. 720 
† There were missing data for BMI (0.4%), smoking (0.6%), history of diabetes (3.2%) and history of hypertension (0.5%). Information on 721 
lipid-lowering medication was available from 99.2% of UKB participants but only 29.7% of EPIC-CVD participants. Information on history 722 
of diabetes, history of hypertension, and lipid-lowering medication was not reported in INTERVAL and not counted in the overall, but they 723 
were considered as generally healthy given participants were all blood donors. 724 
‡ The average concentrations of fatty acids (%) in the overall column were the pooled estimates of those from EPIC-CVD sub-cohort, UKB, 725 
and INTERVAL using random-effects meta-analysis.  726 
¶ 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 727 
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 728 
INTERVAL, follow-up years were 9.7 (8.7 to 10.2) for CVD mortality.  729 
 730 
 731 
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Table 2. Hazard ratios per 1-SD higher fatty acids for coronary heart disease and stroke, with further adjustments 732 
for potential confounders or mediators in EPIC-CVD, UKB and INTERVAL studies. 733 

Fatty acids (%) \ adjustments* 
CHD (8,424 cases) Stroke (6,380 cases) 

HR (95%CI) P HR (95%CI) 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 

BMI: Body mass index; CHD: Coronary heart disease; CI: Confidence interval; DHA: Docosahexaenoic acid; HR: Hazard ratio; LA: Linoleic 734 
acid; MUFA: Monounsaturated fatty acid; PUFA: Polyunsaturated fatty acid; SD: Standard deviation; SFA: Saturated fatty acid.  735 
Results are pooled HRs (95% CI) per 1-SD higher fatty acid concentrations using random-effects meta-analysis, estimated on a complete-736 
case basis (n=167,620) due to missing data of potential confounders or mediators. 737 
* Adjustments: i) the basic adjustment for age, sex and lifestyle factors consists of adjustment for batch (EPIC-CVD only), age, smoking, 738 
history of diabetes, history of hypertension, and physical activity, stratified by center (EPIC-CVD only) and sex; ii) plus alcohol consumption 739 
and BMI; and iii) plus lipid markers (i.e., total cholesterol, high-density-lipoprotein cholesterol, loge triglycerides).  740 
  741 
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Table 3. Hazard ratios per 1-SD higher saturated fatty acid subtypes for coronary heart disease and stroke, with 742 
progressive adjustments for potential confounders or mediators in EPIC-CVD study. 743 

 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 (1.17, 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 other †      
  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) 

BMI: Body mass index; CHD: Coronary heart disease; CI: Confidence interval; HDL-C: High-density-lipoprotein cholesterol; HR: Hazard 744 
ratio; M: Model; SD: Standard deviation; SFA: Saturated fatty acid; TC: Total cholesterol. 745 
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, 746 
23:0, and 24:0) SFA. Results are pooled HRs (95% CI) per 1-SD higher fatty acid concentrations using random-effects meta-analysis, 747 
estimated on a complete-case basis within EPIC-CVD (subcohort n=15,125) due to missing data of potential confounders or mediators. 748 
* The basic adjustment for age, sex and lifestyle factors consists of adjustment for batch, age, smoking status, history of diabetes, history 749 
of hypertension, and physical activity, stratified by center and sex. 750 
† Mutual adjustment for even-chain, odd-chain, and longer-chain SFAs to assess the independence of each other, based on the model 751 
adjusted for batch, age, sex (stratified), smoking, history of diabetes, history of hypertension, physical activity, BMI, and dietary intakes. 752 
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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 753 
negative (right side) associations.  754 

 755 

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 756 
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 757 
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 758 
the figure). Further detailed correlations between individual plasma phospholipid fatty acids and food intake were illustrated in Supplementaty eFigure 3.759 
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Figure 2. Dose-response curve and hazard ratios for associations of fatty acids with coronary heart disease and 760 

stroke, estimated in 172,891 participants from EPIC-CVD, UKB and INTERVAL studies.  761 

 762 
CI: Confidence interval; DHA: Docosahexaenoic acid; HR: Hazard ratio; LA: Linoleic acid; MUFA: Monounsaturated fatty acid; PUFA: 763 
Polyunsaturated fatty acid; SD: Standard deviation; SFA: Saturated fatty acid.  764 
Results are expressed as HRs according to fatty acid concentrations in SD units using random effects meta-analysis, adjusted for batch 765 
(EPIC-CVD only), age, smoking status, history of diabetes, history of hypertension, and physical activity, and stratified by center (EPIC-766 
CVD only) and sex. The shaded area represents the 95% CI for the dose-response curve. The final estimates are pooled HRs (95% CI) 767 
per 1-SD higher fatty acid concentrations with the same adjustment using random-effects meta-analysis. 768 
*Restricted to EPIC-CVD (7,343 CHD cases; 6,499 stroke cases) as concentrations of SFA subtypes were only available from EPIC-CVD 769 
(as shown in red curves).  770 
Detailed information of estimates for different cardiovascular outcomes in Supplementary eTable 5-6.  771 
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Figure 3. Updated meta-analysis combining results from EPIC-CVD, UKB and INTERVAL studies with published evidence for associations of fatty acid biomarkers with 772 
coronary heart disease and stroke, separately  773 

 774 
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 775 
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. 776 


