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Abstract 1 

Background: The role of fatty acids in coronary heart disease (CHD) remains uncertain. 2 

There is little evidence from large-scale epidemiological studies on the relevance of 3 

circulating fatty acids levels to CHD risk. This study aims to examine the independent 4 

associations of the major circulating types of fatty acids with CHD risk. 5 

Methods: UK Biobank is a prospective study of adults aged 40-69 in 2006-2010; in 6 

2012-2013, a subset of the participants were resurveyed. Analyses were restricted to 7 

89,242 participants with baseline plasma fatty acids (measured using nuclear magnetic 8 

resonance spectroscopy) and without prior CHD. Cox proportional hazards models 9 

were used to estimate hazard ratios (HR) for the associations with incidence CHD, 10 

defined as the first-ever myocardial infarction, unstable angina pectoris, coronary-11 

related death, or relevant procedure. And the major types of fatty acids were mutually 12 

adjusted to examine the independent associations. Hazard ratios were corrected for 13 

regression dilution using the correlation of baseline and resurvey fatty acids measures. 14 

Results: During a median follow-up of 11.8 years, 3,815 incident cases of CHD 15 

occurred. Independently of other fatty acids, CHD risk was positively associated with 16 

saturated fatty acids (SFA) and monounsaturated fatty acids (MUFA), inversely 17 

associated with omega-3 polyunsaturated fatty acids (PUFA), but there was no strong 18 

evidence of an association with omega-6 PUFA: HR per standard deviation higher were 19 

1.14 (95% CI, 1.09-1.20), 1.15 (1.10-1.21), 0.91 (0.87-0.94), and 1.04 (0.99-1.09) 20 

respectively. Independently of triglycerides and cholesterol, the inverse association 21 

with omega-3 PUFA was not materially changed, but the positive associations with 22 

SFA and MUFA attenuated to null after adjusting for triglycerides levels.  23 

Conclusions: This large-scale study has quantitated the independent associations of 24 

circulating fatty acids with CHD risk. Omega-3 PUFA was inversely related to CHD 25 
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risk, independently of other fatty acids and major lipid fractions. By contrast, 26 

independently of other fatty acids, the positive associations of circulating SFA and 27 

MUFA with CHD risk were mostly attributed to their relationship with triglycerides.  28 

Keywords: Fatty acids; coronary heart disease; lipids; nuclear magnetic resonance; UK 29 

Biobank 30 
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Introduction 31 

Dietary guidelines commonly recommend reducing total fat intake, and replacing 32 

saturated fat with polyunsaturated fat to lower cardiovascular disease (CVD) risk.1-3 33 

These guidelines are based largely on evidence from randomized controlled trials of 34 

dietary intake of fats,4,5 but the effects of the different types of polyunsaturated fats 35 

(particularly omega-3 and omega-6), or of replacement of saturated fats with 36 

monounsaturated fats, remains unclear.4,6,7 37 

Fat consumption is known to affect circulating levels of fatty acids, which are the main 38 

constitutional component of circulating lipid classes and has been shown to modulate 39 

lipid metabolism.3,8,9 Although the importance of blood lipids, including low-density-40 

lipoprotein cholesterol and triglyceride levels, to CHD risk is well established, the 41 

strength of the associations between circulating fatty acids levels and CHD risk remains 42 

unclear. In addition, the relevance of fatty acids levels independently of blood lipids 43 

has not been well described.10 Understanding these associations and the underlying 44 

biological mechanisms between circulating fatty acids and CHD risk is important to the 45 

development of dietary guidelines, and may inform clinical trials targeting circulating 46 

levels of particular fatty acids. 47 

Previous observational studies of the association of circulating fatty acid levels to CHD 48 

risk have tended to be small in size, likely reflecting the challenges of storing and 49 

analyzing blood samples at scale, and most lacked repeated measurement of fatty acids 50 

making them prone to underestimating the associations due to regression dilution 51 

bias.11,12 Furthermore, most of these studies failed to account adequately for the high 52 

correlations between some fatty acids, which may affect the interpretation of 53 

findings.13,14 The analyses in the present report use UK Biobank, a large-scale cohort 54 
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study, to quantify reliably the associations of CHD risk with the major circulating types 55 

of fatty acids, independently of each other and major lipid fractions. 56 

Methods 57 

Study design and population 58 

UK Biobank is a prospective cohort study of approximately 0.5 million adults in the 59 

United Kingdom recruited from 2006 to 201015,16. At recruitment, information about 60 

sociodemographic factors, lifestyle and health-related characteristics were collected by 61 

computer-based questionnaires, and clinical measurements including anthropometrics 62 

and blood pressure were made. Blood samples were collected for long-term storage. A 63 

subset of 20,346 participants received a resurvey during 2012 to 2013, comprising the 64 

full baseline assessment. Ethics approval for the UK Biobank study was given by the 65 

National Health Service North West Multicentre Research Ethics Committee. 66 

Measurement of fatty acids  67 

Plasma fatty acids were assayed by a high-throughput nuclear magnetic resonance 68 

(NMR) spectroscopy platform (Nightingale Health, Finland) for 117,980 participants 69 

at baseline (a random subset of the initial cohort) and 5,306 participants at resurvey (a 70 

random subset of the resurveyed participants).17-19 The quantified plasma fatty acids 71 

represent a combination of fatty acids in lipid fractions (ie. triglycerides, phospholipids, 72 

or cholesterol esters) and free fatty acids (also called non-esterified fatty acids).20 The 73 

fatty acid biomarkers included long-chain omega-3 docosahexaenoic acid (DHA), 74 

omega-6 linoleic acid, total omega-3 PUFA, total omega-6 PUFA, total PUFA, total 75 

MUFA, total SFA, and total fatty acids. Both the concentration of each fatty acid and 76 

the corresponding percentage (by weight) of total fatty acids were calculated.  77 
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Ascertainment of incident CHD 78 

Incident CHD was defined as the first-ever myocardial infarction, unstable angina 79 

pectoris, or coronary-related death using codes of the 10th edition of the International 80 

Classification of Disease (ICD-10), and coronary-related procedures (coronary artery 81 

bypass surgery or percutaneous transluminal angioplasty stent placement) by the OPCS 82 

Classification of Interventions and Procedures. Incident events were identified from 83 

hospital episode statistics (HES) and from the Office for National Statistics (ONS) 84 

cause of death data (Table S1).21 85 

Statistical analysis 86 

We excluded participants who aged less than 40 or more than 70 years at baseline, 87 

withdrew from the study at the time of analysis, were missing fatty acid biomarkers or 88 

key covariates, had outlying values of fatty acids (both outside the range of 4 standard 89 

deviations and outside of 0.003% of either side of the distribution), had prior CHD 90 

(identified by HES records and baseline self-report) or were taking lipid-lowering 91 

medication (eg statins) at baseline (Figure S1).  92 

Cox proportional-hazards models, stratified by sex and age (in 5-year groups), were 93 

used to derive hazard ratios (HRs) for the associations of fatty acids with incident CHD; 94 

HRs are reported per standard deviation higher level of each fatty acid. Models were 95 

first adjusted for education, region, Townsend Deprivation Index,22 smoking, and 96 

alcohol intake, and then further adjusted for body-mass index (BMI). HRs were 97 

corrected for regression dilution bias (i.e. categorising people by their baseline fatty 98 

acid and estimating the long-term average mean fatty acid in each category using the 99 

correlation between re-survey and baseline measurements), and are therefore described 100 

as associations of usual fatty acids with CHD risk.11,12 ‘Usual’ levels in the plot were 101 
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estimated from the mean value at resurvey within each baseline defined group, 102 

representing an unbiased estimate of the long-term average level in each baseline-103 

defined group. The standard deviation (SD) of the usual values was obtained by 104 

multiplying the baseline SD by the square root of the regression dilution ratio. 105 

Confidence intervals (CIs) were calculated using the variance of the log risk, which 106 

appropriately attributes variance to all groups, including the reference.23,24 107 

To examine the independent association of each fatty acid, other fatty acids were 108 

progressively added to the model. To explore whether the association of fatty acids with 109 

CHD risk was independent of lipids, we further adjusted for plasma cholesterol and for 110 

plasma triglyceride levels. Changes in the log-likelihood (LR) χ2 statistic with and 111 

without the fatty acid is a measure of extent of variance explained by the fatty acid in 112 

addition to the other variables in the model. This statistic provides a significance test 113 

for the improvement in fit from including the fatty acid term. 114 

Sensitivity analysis were conducted by excluding CHD events in the first two years of 115 

follow-up (to assess for potential reverse causality), and by further adjusting for other 116 

potential confounders. Supplementary analyses on the ratio biomarkers (i.e. the 117 

percentage of different types of fatty acid to total fatty acids) were also assessed. All 118 

analyses were conducted with SAS version 9.4 and all figures were generated in R 119 

version 4.0.1. 120 

Results 121 

After exclusions, 89,242 participants at baseline were included in the main analysis 122 

(Figure S1). During a median follow-up of 11.8 years, there were 3,815 incident CHD 123 

events, of which 488 events were CHD death (Table S2). On average, participants at 124 

baseline who developed incident CHD were slightly older, more likely to be male and 125 
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current smokers, and have lower education and higher levels of adiposity measures and 126 

systolic blood pressure, and higher percentage of diabetes (Table 1). Other baseline 127 

comparisons were provided in Table S3. 128 

At baseline, the concentration of SFA was highly correlated with the concentration of 129 

MUFA (Spearman correlation, r=0.93). The concentration of omega-6 PUFA was 130 

moderately correlated with the concentration of SFA (r=0.75) and of MUFA (r=0.73), 131 

while omega-3 PUFA had lower correlations with the other types of fatty acid (r=0.38 132 

to 0.47) (Table S4). SFA and MUFA had high correlations with total triglycerides (0.87 133 

and 0.93, respectively), and omega-6 PUFA had high correlation with non-HDL-C 134 

(0.82). The correlations between omega-3 PUFA and all lipid biomarkers were lower 135 

(0.16 to 0.40) (Table S5).  136 

A total of 1,283 participants had both baseline and resurveyed NMR-derived fatty acids 137 

measures. Following the same exclusion criteria as baseline participants, 1,053 138 

participants were included for the analysis (on average 4.2 years after the baseline 139 

assessment). The characteristics of resurveyed participants were broadly similar to 140 

those included in the main analysis, except for a slightly higher level of education and 141 

lower percentage of smokers among those resurveyed (Table S6). The mean 142 

concentrations of fatty acid measures were also similar at baseline and resurvey (Table 143 

S7), and the correlations of these measures, which represented the regression dilution 144 

ratios, ranged from 0.51 to 0.62 (Table S8).  145 

There were linear associations of usual levels of all the fatty acids with incident CHD 146 

(Figure S2). Both circulating SFA and MUFA had strong positive associations with 147 

incident CHD in fully adjusted models (HR per usual SD, 1.13 [95% CI 1.09-1.16] and 148 

1.14 [1.11-1.18], respectively: Table 2), although the adjustment of BMI slightly 149 
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attenuated the associations (Table S9). Furthermore, the positive linear associations of 150 

SFA and MUFA remained largely unchanged when independently of other types of 151 

fatty acids (omega-3 and omega-6 PUFA) (Figure 1, Figure 2) (the associations of 152 

SFA and MUFA were not further adjusted for each other because of the very high 153 

correlation between these variables).  154 

There were also positive associations of omega-6 PUFA and its major subtype, linoleic 155 

acid, with CHD risk, which was little altered by the adjustment of BMI (1.11 [1.08-156 

1.15] for both) (Table 2, Table S9). However, the HR of omega-6 PUFA in the fully 157 

adjusted model was substantially attenuated to 1.05 (1.00-1.10) when further adjusting 158 

for SFA, and to 1.04 (0.99-1.09) when further adjusting for both SFA and MUFA 159 

(Figure 1); the large reduction (92%) in the LR χ2 statistic (from 56.8 to 4.5) after 160 

further adjustment for SFA and MUFA indicates the positive association of omega-6 161 

PUFA with CHD risk may be largely accounted by the effects from these other fatty 162 

acids. The independent associations of linoleic acid given other fatty acids followed a 163 

similar pattern with the independent associations of omega-6 PUFA (Table 2, Figure 164 

S3).  165 

In terms of omega-3 PUFA, there was no evidence of an association between the overall 166 

concentration with CHD risk in the fully adjusted model (0.99 [0.95-1.02]), and a slight 167 

inverse association (0.94 [0.91-0.98]) of DHA, a subtype of omega-3 PUFA (Table 2). 168 

However, the associations of omega-3 PUFA and DHA changed from null to 169 

significantly inverse in all models with progressive adjustments of other fatty acids  170 

(0.91 [0.87-0.94] and 0.92 [0.88, 0.95], respectively: Table 2, Figure 1). The plot of 171 

the independent association of omega-3 PUFA and DHA given other fatty acids was 172 

shown in Figure 2 and Figure S3.  173 
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The changes of HRs and LR χ2 statistics for fatty acids concentrations after further 174 

adjusting for cholesterol or triglycerides are shown in Figure 3. The associations of 175 

SFA and MUFA concentrations with CHD risk were attenuated slightly after adjusting 176 

for cholesterol levels (HR per SD, 1.11 [1.06-1.18] and 1.11 [1.05-1.16], respectively), 177 

but were attenuated to null after adjusting for triglycerides (0.99 [0.92-1.08] and 0.99 178 

[0.90-1.10], respectively). In contrast, there was no evidence that the independent 179 

association of omega-6 PUFA and omega-3 PUFA concentrations were altered 180 

following further adjustment. 181 

The percentage composition of each fatty acid to total fatty acids with incident CHD 182 

was investigated in Table 3 as a complementary analysis. The association of these 183 

percentage measures, including SFA, MUFA and omega-3 PUFA, were similar to the 184 

results of concentration biomarkers independently of other fatty acids (Figure S4). The 185 

ratios of SFA and MUFA to total fatty acids remained associated with increased CHD 186 

risk (1.06 [1.03-1.09] and 1.16 [1.12-1.20], respectively), and higher percentage of 187 

omega-3 PUFA were associated with a decreased risk (0.92 [0.89-0.95]). However, in 188 

contrast to the results of concentration biomarkers, an inverse association of omega-6 189 

PUFA was observed when expressed as ratio biomarker relative to total fatty acids (0.91 190 

[0.88-0.94]) (Table 3). The percentage composition of each fatty acid independently of 191 

cholesterol or triglycerides are shown in Figure S5. Further adjustment of triglycerides 192 

attenuated the associations of both SFA and omega-6 PUFA compositions to null, and 193 

also modestly attenuated the ratio biomarker of MUFA. Similar to the analyses using 194 

concentration levels, the inverse association of omega-3 PUFA to total fatty acids 195 

remained unchanged after adjustment of cholesterol or triglycerides.  196 

In sensitivity analyses, exclusion of the first two years of follow-up did not materially 197 
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alter the main associations (either for the concentration levels independently of other 198 

fatty acids or for the percentage composition level), and neither did further adjustment 199 

of other potential confounders, including fasting time and dietary habits (Table S9). 200 

Analyses of the associations of fatty acid concentrations with CHD risk among those 201 

taking statins were appreciably different to those that excluded statin users, especially 202 

for SFA and MUFA (Figure S6).  203 

Discussion 204 

In this large-scale prospective study, there was strong evidence of positive associations 205 

of circulating SFA and MUFA with CHD risk, independently of other fatty acids, and 206 

inverse associations of omega-3 PUFA (and DHA). The associations with omega-3 207 

PUFA were independent of both triglyceride and cholesterol levels, while the 208 

associations of SFA and MUFA were attenuated following adjustment for circulating 209 

triglyceride levels. Omega-6 PUFA (and linoleic acid) showed an inverse association 210 

with CHD risk when measured as the percentage in total fatty acids, but little evidence 211 

of an association in concentration level independently of other fatty acids. This suggests 212 

that although the associations of SFA and MUFA are mostly attributed to their 213 

relationship with triglycerides, and there are likely to be alternative mechanisms other 214 

than lipids lowering by which omega-3 PUFA is related to CHD risk. 215 

This is one of the largest studies to date to quantify the associations of circulating fatty 216 

acids with CHD risk, including corrections for regression dilution bias, and assessing 217 

the strength of these associations independently of major lipid fractions. Many previous 218 

observational studies have assessed the associations of CVD risk with circulating fatty 219 

acids expressed as ratios relative to total fatty acids14,25,26. However, it is challenging to 220 

infer the independent associations of fatty acids with CHD risk from such analyses, as 221 
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it requires simultaneous consideration of the association of both the numerator and the 222 

denominator of the ratio. For example, in the present report we found omega-6 PUFA 223 

was unrelated to CHD risk independently of other fatty acids, but there was an inverse 224 

association with the ratio of omega-6 PUFA to total fatty acid. This finding may well 225 

be driven by the association of CHD risk with total fatty acid (largely composed of SFA 226 

and MUFA, which have a positive association with CHD risk), rather than any 227 

independent effect of omega-6 PUFA on CHD risk itself. However, both concentration- 228 

and percentage-based biomarkers have limitations in exploring the independent effect 229 

of fatty acids, and further understanding of the mechanism of fatty acids, especially for 230 

omega-6 PUFA, should consider the findings from both types of measurements, and 231 

triangulate the results from different study designs, including observational studies, 232 

trials, and Mendelian randomization.    233 

Our observation that both plasma SFA and MUFA were associated with higher CHD 234 

risk is consistent with a number of previous studies.13,27 However, a recent large meta-235 

analysis of observational studies described a positive association of MUFA with CHD 236 

risk, but null association of SFA after adjustment for other fatty acids.13 The present 237 

report did not adjust the associations of SFA for MUFA, as there is evidence that levels 238 

of MUFA may be the potential mediator for the association between SFA and CHD 239 

risk, and this may explain the discrepancy in the findings; MUFAs constitute the major 240 

fatty acids stored in adipose tissue, and circulating MUFA are largely generated from 241 

desaturation of SFA.20,28 242 

In the present report, the weak positive associations of circulating omega-6 PUFA and 243 

linoleic acid with CHD risk were attenuated to the null after further controlling for other 244 

fatty acids, indicating that the association may be due to its correlation with SFA and 245 
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MUFA. Similarly, a pooled analysis of six UK-based studies assessing plasma linoleic 246 

acid showed no evidence of association with CHD risk with and without adjusting for 247 

other fatty acids.13 Meta-analyses of RCTs and prospective cohort studies on replacing 248 

SFA dietary intake with PUFA have shown a CHD risk reduction.3-5,29,30 However, such 249 

studies which assess total PUFA have not been able to disaggregate the effects of 250 

changes in the different types of PUFA. Omega-6 linoleic acid is the most abundant 251 

dietary PUFA and increases in total dietary PUFA are likely to have resulted in high 252 

intake of omega-6 linoleic acid, but in theoretically, a concurrent increase in omega-3 253 

may existed and complicate the interpretation of these findings.  254 

Our study showed that circulating levels of omega-3 PUFAs were independently 255 

associated with lower CHD risk, which is consistent with numerous previous 256 

observational studies assessing independent risk of plasma fatty acids.13,14 Further 257 

adjustment of health lifestyle-related factors, such as dietary habit, did not materially 258 

change the protective associations in circulating level. Omega-3 PUFA has also long 259 

been hypothesized at the potential mediator of the inverse association of dietary fish 260 

intake with lower CHD risk.31,32 Randomized controlled trials on omega-3 PUFA 261 

supplementation, however, have not found consistent conclusions on the protective 262 

effect of CHD.33-40 Except for the concerns on patient selection criteria, the duration of 263 

treatment and the choice of placebo, the inconsistent conclusions also raised the 264 

hypothesis that the formulation of omega-3 PUFA supplementation (Eicosapentaenoic 265 

acid [EPA] plus DHA versus pure EPA) may be the key aspect of the effects to 266 

cardiovascular event.10,41 Circulating levels of EPA and DHA are strongly influenced 267 

by dietary intake, and our results showed that higher circulating DHA was associated 268 

with decreased CHD risk in similar degree as omega-3 PUFA, which may not support 269 

this new hypothesis. RESPECT-EPA trial are ongoing to provide further evidence.42  270 
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Fatty acids are the main constitutional component of lipid classes,8 and are known to 271 

modulate circulating lipids,3 but current evidence is still unclear how much cholesterol 272 

and triglycerides contribute to the relevance of fatty acids to CHD risk. A recent 273 

Mendelian randomization (MR) analysis did not support a protective role of circulating 274 

PUFA with CVD risk after accounting for LDL-C, but the limitation of MR analysis 275 

made it difficult to separate the genetic determinate of PUFA from other dietary 276 

changes, and it is also difficult to avoid the bias from horizontal pleiotropy via 277 

lipoprotein-related traits.43 On the other hand, it has been suggested in other study that 278 

mechanisms other than lipid-lowering may account for the association between omega-279 

3 PUFA and CHD risk.10 Our findings showed that further adjustment for triglycerides 280 

or cholesterols did not attenuate the inverse association with omega-3 PUFA, indicating 281 

that mechanisms other than lipid-lowering may be relevant, which was consistent with 282 

the pathophysiologic hypothesis that a combination of various mechanisms contribute 283 

to the cardiovascular protection associated with omega-3 PUFA, including anti-284 

inflammation, anti-thrombosis, plaque and membrane stabilization.10,44 A recent review 285 

of the cardiovascular impact of nutritional supplementation with omega-3 fatty acid 286 

also concluded that omega-3 may have beneficial effects other than through triglyceride 287 

lowering.10  288 

Clinical Perspectives 289 

Circulating levels of fatty acids, affected by fat and carbohydrate consumption, are one 290 

of the main consititutional components of circulating lipids. Our results indicated the 291 

associations of CHD risk with fatty acids, independently of each other and major lipid 292 

fractions. Understanding these associations and the underlying biological mechanisms 293 

between circulating fatty acids and CHD risk is important to the development of dietary 294 

guidelines, and may inform clinical trials targeting circulating levels of particular fatty 295 
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acids (including estimates of the epidemiologically-expected effect on disease risk of 296 

the different fatty acids, and the presence of linear associations throughout the fatty acid 297 

ranges examined) to better understand the atherosclerosis mechanism and the threshold 298 

of the associations. Furthermore, the results showed strong and robust associations with 299 

some types of fatty acids, which are likely to inform the development of risk prediction 300 

models to identify those at high risk. 301 

Strengths and limitations 302 

This study has a number of key strengths, including the large sample size, long follow-303 

up, and reliable ascertainment of CHD events. It is the first large-scale observational 304 

study, to our knowledge, to assess the risk of each type of circulating fatty acid 305 

independently of major lipid fractions. The resurvey in the subset of study population 306 

allowed us to correct for regression dilution, enabling estimates of associations with 307 

long-term average levels of fatty acids, which was also not assessed before. 308 

Furthermore, the baseline survey collected information on a wide range of factors to 309 

allow adjustment for major potential confounders.  310 

Despite this, we cannot exclude the potential for residual confounding or reverse 311 

causality in observational studies, and the NMR platform did not include more subtypes 312 

of circulating fatty acids. In addition, blood samples in UK biobank were taken in the 313 

non-fasting state, which may affect the stability of the measurements. However, recent 314 

study found that fasting duration only account for a small proportion of variation in 315 

plasma fatty acids concentration45, and the unchanged results after further adjusting for 316 

fasting time and dietary habits in our sensitivity analyses also proved the limited impact 317 

of postprandial states on our conclusion. Future analyses should further assess the 318 

causality of these associations, including using Mendelian randomization, and explore 319 
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the relevance of other fatty acid subtypes that are currently unmeasured in the cohort, 320 

such as EPA. Metabolomics data will also become available on the whole cohort in the 321 

near future and this will increase the precision of the estimated effects in this study, and 322 

permit exploration of effect modification of these associations by important 323 

characteristics.  324 

Conclusion 325 

This study quantifies the independent associations of circulating fatty acids with CHD 326 

risk. The findings suggest positive associations of circulating SFA and MUFA, inverse 327 

association of omega-3 PUFA, and no evidence of association of omega-6 PUFA with 328 

CHD risk. Although the associations of SFA and MUFA were mostly attributed to their 329 

relationship with triglycerides levels, the study indicates the inverse association with 330 

omega-3 PUFA is unlikely to be mediated by major lipid fractions.  331 
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Figure Legends 

Figure 1: Risk of coronary heart disease by usual fatty acids concentration, with 

progressively adjustment for other fatty acids 

Hazard ratios (HR) per usual SD higher level of mean fatty acids ratio among 89,242 

participants (usual SD were estimated by 1,053 resurveyed participants). HRs 

calculated by Cox proportional-hazards models with stratification by age and sex, and 

adjustment for ethnicity, education, region, Townsend Deprivation Index, smoking, 

alcohol, and body-mass index; and further adjustment for each fatty acids concentration 

progressively. Likelihood ratio (LR) χ2 improvement with the addition of the given 

factors to the model with stated adjustments. SFA=Saturated fatty acids; 

MUFA=Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids. 

Figure 2: Fatty acids concentration vs coronary heart disease risk, with 

adjustment for other fatty acids 

Hazard ratios (HR) per usual SD higher level of fatty acids concentration among 89,242 

participants (usual SD were estimated by 1,053 resurveyed participants). HRs 

calculated by Cox proportional-hazards models, stratified by age and sex, and adjusted 

for ethnicity, education, region, Townsend Deprivation Index, smoking, alcohol, body-

mass index, and mutual adjusted for other fatty acids (as last row of each type of fatty 

acids in Figure 1). Area of the square is inversely proportional to the variance of the 

category-specific log risk. SFA= Saturated fatty acids; MUFA= Monounsaturated fatty 

acids; PUFA=Polyunsaturated fatty acids. 
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Figure 3: Risk of coronary heart disease by usual fatty acids concentration, with 

further adjustment for lipids 

Hazard ratios (HR) per usual SD higher level of mean fatty acids concentration among 

89,242 participants (usual SD were estimated by 1,053 resurveyed participants). The 

mutual adjusted model represented Cox proportional-hazards model with stratification 

by age and sex, and adjustment for ethnicity, education, region, Townsend Deprivation 

Index, smoking, alcohol, and body-mass index, and mutual adjusted for other fatty acids 

(as last row of each type of fatty acids in Figure 1), and further adjustment for non-

HDL-cholesterol and HDL-cholesterol, or further adjustment for total triglycerides. 

Likelihood ratio (LR) χ2 improvement with the addition of the given factors to the 

model with stated adjustments. SFA=Saturated fatty acids; MUFA=Monounsaturated 

fatty acids; PUFA=Polyunsaturated fatty acids. 
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Table 1 Baseline characteristics by incident coronary heart disease 

 

Incident coronary heart 
disease 

 
No Yes All 

    

No. of participants 85,427 3,815 89,242 
    

Age, sex and socioeconomic factors   

    Baseline age, years 55.0 (8.0) 59.2 (7.1) 55.2 (8.0) 
    Male, % 41.8 64.5 42.8 
    White, % 95.0 95.4 95.0 
    University education, % 40.8 31.6 40.4 
    Townsend Deprivation Index* -1.4 (3.0) -1.2 (3.2) -1.4 (3.0) 
    

Lifestyle factors    

    Current smoker, % 10.2 16.5 10.5 
    Current regular alcohol drinker, % 70.7 68.4 70.6 
    

Anthropometry    

    Body Mass Index, kg/m2 26.9 (4.6) 27.9 (4.6) 27.0 (4.6) 
    Waist circumference, cm 88.5 (12.9) 93.9 (12.5) 88.7 (12.9) 
    Waist to hip ratio 0.86 (0.09) 0.91 (0.08) 0.86 (0.09) 
    

Lipids measured by clinical chemistry†   

    LDL cholesterol, mmol/l 3.7 (0.8) 3.9 (0.8) 3.7 (0.8) 
    HDL cholesterol, mmol/l 1.5 (0.4) 1.3 (0.4) 1.5 (0.4) 
    Total triglycerides, mmol/l 1.7 (1.0) 2.0 (1.1) 1.7 (1.0) 
    

Blood pressure and diabetes    

    Systolic blood pressure, mmHg 136.3 (18.4) 144.8 (19.0) 136.7 (18.5) 
    Diastolic blood pressure, mmHg 82.1 (10.2) 85.1 (10.54) 82.2 (10.2) 
    Baseline diabetes, % 2.0 4.4 2.1 
        

Baseline characteristics of those with and without incident coronary heart disease during follow up 
among 89,242 participants (exclusions as in Figure S1). Continuous variables are presented as mean 
(standard deviation) and categorical variables are presented as column percentages. *Area-level 
measure of material deprivation, higher scores represent higher levels of deprivation. †Measured 
directly. LDL=low-density lipoproteins; HDL=high-density lipoproteins. 
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Table 2 Association of fatty acids concentration with coronary heart disease risk 

Fatty acids 
concentration 

Fatty acids (mmol/L)  
 

A. Adjusted for age and sex  B. Further adjusted for other 
confounders 

 C. Further mutually adjusted 
for other fatty acids   

Baseline 
mean Usual SD   HR (95% CI)* LR χ2† 

  
HR (95% CI)* LR χ2† 

 
HR (95% CI)* LR χ2† 

               
  SFA 4.1 0.7  1.17 (1.14,1.21) 107.9   1.13 (1.09,1.16) 58.4   1.14 (1.09,1.20) 31.1  
  MUFA 2.8 0.6  1.21 (1.18,1.24) 159.2   1.14 (1.11,1.18) 71.7   1.15 (1.10,1.21) 38.9  
  PUFA   

   
 

        
      Omega-6 PUFA 4.5 0.5  1.12 (1.08,1.15) 44.3   1.11 (1.08,1.15) 42.3   1.04 (0.99,1.09) 2.2  
          Linoleic acids 3.5 0.5  1.11 (1.07,1.14) 39.8   1.11 (1.08,1.15) 42.7   1.03 (0.99,1.08) 1.9  
      Omega-3 PUFA 0.5 0.2  0.94 (0.91,0.98) 11.3  

 0.99 (0.95,1.02) 0.6   0.91 (0.87,0.94) 23.5  
          DHA 0.2 0.1  0.87 (0.84,0.90) 64.3   0.94 (0.91,0.98) 10.6   0.92 (0.88,0.95) 19.9  
                              
Hazard ratios (HR) per usual SD higher level of mean fatty acids concentration among 89,242 participants (usual SD were estimated by 1,053 resurveyed participants).  *HRs 
were calculated by Cox proportional-hazards models with: (A) stratification by age and sex; (B) stratification by age and sex, and adjusted for ethnicity, education, region, 
Townsend Deprivation Index, body-mass index, smoking, and alcohol; (C) model B with further mutually adjusted for other fatty acids (as last row of each type of fatty acids in 
Figure 1). †Likelihood ratio (LR) χ2 improvement with the addition of the given factors to the model with stated adjustments. SFA=Saturated fatty acids; MUFA=Monounsaturated 
fatty acids; PUFA=Polyunsaturated fatty acids; DHA= Docosahexaenoic acid. 

 

Author Accepted Version :: BMC Cardiovasc Disord. 2023;23:365 :: https://doi.org/10.1186/s12872-023-03394-6



27 
 

Figure 1: Risk of coronary heart disease by usual fatty acids concentration, with 
progressively adjustment for other fatty acids 

 

Hazard ratios (HR) per usual SD higher level of mean fatty acids ratio among 89,242 
participants. HRs calculated by Cox proportional-hazards models with stratification by age and 
sex, and adjustment for ethnicity, education, region, Townsend Deprivation Index, smoking, 
alcohol, and body-mass index; and further adjustment for each fatty acids concentration 
progressively. Likelihood ratio (LR) χ2 improvement with the addition of the given factors to the 
model with stated adjustments. SFA=Saturated fatty acids; MUFA=Monounsaturated fatty 
acids; PUFA=Polyunsaturated fatty acids.  
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Figure 2: Fatty acids concentration vs coronary heart disease risk, with adjustment for other fatty acids 

 
Hazard ratios (HR) per usual SD higher level of fatty acids concentration among 89,242 participants (usual SD were estimated by 1,053 resurveyed participants). 
HRs calculated by Cox proportional-hazards models, stratified by age and sex, and adjusted for ethnicity, education, region, Townsend Deprivation Index, 
smoking, alcohol, body-mass index, and mutually adjusted for other fatty acids (as last row of each type of fatty acids in Figure 1). Area of the square is inversely 
proportional to the variance of the category-specific log risk. SFA= Saturated fatty acids; MUFA= Monounsaturated fatty acids; PUFA=Polyunsaturated fatty 
acids.  
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Figure 3: Risk of coronary heart disease by usual fatty acids concentration, with 
further adjustment for lipids 

 
Hazard ratios (HR) per usual SD higher level of mean fatty acids concentration among 89,242 
participants. The mutually adjusted model represented Cox proportional-hazards model with 
stratification by age and sex, and adjustment for ethnicity, education, region, Townsend 
Deprivation Index, smoking, alcohol, and body-mass index, and mutual adjusted for other fatty 
acids (as last row of each type of fatty acids in Figure 1), and further adjustment for non-HDL-
cholesterol and HDL-cholesterol, or further adjustment for total triglycerides. Likelihood ratio 
(LR) χ2 improvement with the addition of the given factors to the model with stated adjustments. 
SFA=Saturated fatty acids; MUFA=Monounsaturated fatty acids; PUFA=Polyunsaturated fatty 
acids. 
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Table 3 Association of fatty acids ratios with coronary heart disease risk 

Fatty acids ratio, relative to 
total fatty acids 

Fatty acids ratio (%) 
 

A. Adjusted for age and sex  B. Further adjusted for other 
confounders  

Baseline 
mean 

Usual 
SD   HR (95% CI)* LR χ2† 

  
HR (95% CI)* LR χ2† 

           
SFA (%) 34.0 1.2  1.10 (1.07,1.13) 38.9   1.06 (1.03,1.09) 12.7  
MUFA (%) 23.3 2.0  1.27 (1.23,1.31) 233.0   1.16 (1.12,1.20) 76.3  
PUFA (%)           
     Omega-6 PUFA (%) 38.4 2.7  0.85 (0.83,0.88) 107.9   0.91 (0.88,0.94) 35.1  
          Linoleic acids (%) 29.6 2.4  0.89 (0.87,0.92) 53.1   0.96 (0.93,0.99) 7.0  
     Omega-3 PUFA (%) 4.3 1.2  0.85 (0.82,0.88) 91.7   0.92 (0.89,0.95) 26.5  
          DHA (%) 2.0 0.5  0.80 (0.77,0.82) 184.7   0.88 (0.85,0.91) 57.2  
                      
Hazard ratios (HR) per usual SD higher level of mean fatty acids ratio among 89,242 participants (usual SD were estimated by 1,053 
resurveyed participants).  *HRs were calculated by Cox proportional-hazards models with: (A) stratification by age and sex; (B) 
stratification by age and sex, and adjusted for ethnicity, education, region, Townsend Deprivation Index, body-mass index, smoking, 
and alcohol. †Likelihood ratio (LR) χ2 improvement with the addition of the given factors to the model with stated adjustments. 
SFA=Saturated fatty acids; MUFA=Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids; DHA= Docosahexaenoic acid. 
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Table S1 ICD-10 and operation code of coronary heart disease 

ICD/OPCS 
category 

Disease category Code definition 

I20 Angina pectoris I20.0* Unstable angina 
I20.1 Angina pectoris with documented spasm 
I20.8 Other forms of angina pectoris 
I20.9 Angina pectoris, unspecified angina 

I21 Acute myocardial 
infarction 

I21.0* Acute transmural myocardial infarction of anterior wall 
I21.1* Acute transmural myocardial infarction of inferior wall 
I21.2* Acute transmural myocardial infarction of other sites 
I21.3* Acute transmural myocardial infarction of unspecified 
site 
I21.4* Acute subendocardial myocardial infarction 
I21.9* Acute myocardial infarction, unspecified 

I22 Subsequent 
myocardial infarction 

I22.0* Subsequent myocardial infarction of anterior wall 
I22.1* Subsequent myocardial infarction of inferior wall 
I22.8* Subsequent myocardial infarction of other sites 
I22.9* Subsequent myocardial infarction of unspecified site 

I23 Certain current 
complications 
following acute 
myocardial infarction 

I23.0* Haemopericardium as current complication following 
acute myocardial infarction; 
I23.1* Atrial septal defect as current complication following 
acute myocardial infarction; 
I23.2* Ventricular septal defect as current complication 
following acute myocardial infarction; 
I23.3* Rupture of cardiac wall without haemopericardium as 
current complication following acute myocardial infarction; 
I23.4* Rupture of chordae tendineae as current complication 
following acute myocardial infarction 
I23.5* Rupture of papillary muscle as current complication 
following acute myocardial infarction 
I23.6* Thrombosis of atrium, auricular appendage, and 
ventricle as current complications following acute myocardial 
infarction; 
I23.8* Other current complications following acute 
myocardial infarction 

I24 Other acute ischaemic 
heart diseases 

I24.0 Coronary thrombosis not resulting in myocardial 
infarction 
I24.1* Dressler’s syndrome 
I24.8* Other forms of acute ischaemic heart disease 
I24.9* Acute ischaemic heart disease, unspecified (excl. 
ischaemic heart disease (chronic) NOS) 

I25  Chronic ischaemic 
heart disease 

I25.0 Atherosclerotic cardiovascular disease, so described 
I25.1* Atherosclerotic heart disease 
I25.2* Old myocardial infarction 
I25.3 Aneurysm of heart 
I25.4 Coronary artery aneurysm 
I25.5* Ischaemic cardiomyopathy 
I25.6* Silent myocardial ischaemia 
I25.8* Other forms of chronic ischaemic heart disease - Any 
condition in I21-I22 and I24.- specified as chronic 
I25.9* Chronic ischaemic heart disease, unspecified -
Ischaemic heart disease (chronic) NOS 

410 Acute myocardial 
infarction 

410.1 Acute myocardial infarction of other anterior wall, 
episode of care unspecified 
410.2 Acute myocardial infarction of inferolateral wall, initial 
episode of care 
410.3 Acute myocardial infarction of inferoposterior wall, 
episode of care unspecified 
410.4 Acute myocardial infarction of other inferior wall, initial 
episode of care 
410.6 True posterior wall infarction, initial episode of care 
410.9 Acute myocardial infarction 

411 Other acute and 
subacute forms of 
ischaemic heart 

411.1 Intermediate coronary syndrome 
411.8 Other acute and subacute forms of ischemic heart 
disease 
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disease 411.9 Other acute and subacute forms of ischaemic heart 
disease 

412 Old myocardial 
infarction 

412.9 Old myocardial infarction 

413  Angina pectoris 413.0 Angina decubitus 
413.1 Prinzmetal angina 
413.9 Angina pectoris 

414 Other forms of chronic 
ischaemic heart 
disease 

414.0 Coronary atherosclerosis 
414.1 Aneurysm of heart 
414.8 Other specified forms of chronic ischaemic heart  
Diseases 
414.9 Chronic ischaemic heart disease, unspecified 

K40*  Saphenous vein graft replacement of coronary artery 

K41*  Other autograft replacement of coronary artery 

K42*  Allograft replacement of coronary artery 

K43*  Prosthetic replacement of coronary artery 

K44*  Other replacement of coronary artery 

K45*  Connection of thoracic artery to coronary artery 

K46*  Other bypass of coronary artery 

K49*  Transluminal balloon angioplasty of coronary artery 

K50*  Other therapeutic transluminal operations on coronary artery 

K75*  Percutaneous transluminal balloon angioplasty and insertion 
of stent into coronary artery 

* Codes used to identify both incident and prevalent CHD (the remaining codes were used to identify prior CHD at 
baseline only).  ICD-9 codes were never used to identify incident CHD in the dataset). 
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Figure S1 Flowchart of exclusion criteria for the study population 

 

 
 

Participants eligible for inclusion:  
N=117,938 

Exclusion of participants with 
missing/outlying values*: N=3,241 
Missing values of exposure (n=82) 

Missing values of covariates (n=2587) 
Outliers in exposure (n=49) 

Outliers in covariates (n=541) 
 

    

Participants included in main 
prospective analysis: N=89,242 

(3,815 incident CHD) 
 
 

Exclusion of participants with 
coronary heart disease at baseline: 

N=6,433 

Exclusion of participants who 
withdrew from the cohort: N=5 

Exclusion of participants with 
duplicate samples, technical errors 

or missing data for all metabolic 
biomarkers: N=37 

Participants with baseline NMR-
metabolomics profiling in UK 

Biobank: N=117,980 

Exclusion of participants use statin 
at baseline: N=19,022 

*Outliers of exposure are the metabolites outside the range of 4 standard deviation and out of 0.003% 
of either side; outliers of covariates are the participants less than 40, or equal or larger than 70 years 
old. 
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Table S2 Major components of incident coronary heart disease 

Components ICD-10/OPCS codes Number of events 

CHD Death I20-I25 from ONS 488 

Unstable Angina I20.0 from HES 47 

Myocardial 
Infarction 

I21.0-I21.4, I21.9, I22.0, I22.1, I22.8, I22.9, 
I23.0-I23.6, I23.8, I24.1, I24.8, I24.9, I25.1, 
I25.2, I25.5, I25.6, I25.8, I25.9 from HES 

3,235 

CHD-related 
Operation K40-K45 from HES 45 

Total CHD  3,815 
 

 

 

  

Author Accepted Version :: BMC Cardiovasc Disord. 2023;23:365 :: https://doi.org/10.1186/s12872-023-03394-6



6 
 

Table S3 Baseline medications and dietary habits by incident coronary heart 
disease 

 

Incident coronary heart 
disease 

 
No Yes All 

    

No. of participants 85,427 3,815 89,242 
    

Treatment and medications   
    Hypertension treatment, % 12.1 22.8 12.5 
    Atypical antipsychotic medication, % 0.2 0.3 0.2 
    Regular steroid tablets, % 0.7 1.9 0.8 
    

Supplements     
    Vitamin supplement, % (missing=326) 31.1 29.3 30.9 
    Mineral supplement, % (missing=158) 22.6 20.2 22.5 
    Fish oil, % (missing=158) 28.0 30.5 28.1 
    Glucosamine, % (missing=158) 7.3 6.8 7.3 
    

Fresh fruit (missing=0)    
    < 1 serves/day* 9.6 13.1 9.7 
    1-<2 serves/day 26.5 28.3 26.6 
    2-<3 serves/day 28.3 26.6 28.3 
    ≥ 3 serves/day 35.6 32.0 35.5 
    

Vegetables (missing=0)   
    <1 serves/day† 10.5 13.8 10.6 
    1-<2  serves/day 26.0 25.9 26.0 
    2-<3 serves/day 33.2 31.1 33.2 
    ≥ 3 serves/day 30.3 29.2 30.2 
    

Red meat (missing=268)   
    0 times/week 7.4 5.3 7.3 
    1 times/week 3.5 3.6 3.5 
    ≥ 1 times/week 88.9 90.7 88.9 
    

Oily fish (missing=467)   
    0 times/week 11.2 11.7 11.2 
    1 times/week 34.0 33.5 34.0 
    ≥ 1 times/week 54.3 54.1 54.3 
    

Whole grains (missing=218)   
    0 serves/dayǂ 19.8 23.9 20.0 
    <1 serves/day 18.3 18.0 18.3 
    1-<3 serves/day 46.7 42.2 46.5 
    ≥ 3 serves/day 14.9 15.7 14.9 
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Cheese (missing=1880)   
    <1 times/week 18.8 18.6 19.2 
    1 times/week 20.2 22.8 20.4 
    2<5 times/week 44.9 43.8 44.9 
    ≥ 5 times/week 14.0 12.0 13.9 
    

No dairy products, %  2.1 2.8 2.1 
        

Baseline characteristics of those with and without incident coronary heart disease during follow up 
among 89,242 participants (exclusions as in Figure S1). Categorical variables are presented as column 
percentages. * One prune, or one dried apricot, or 10 raisins as one serve; † Two heaped tablespoons 
of vegetables of one serve; ǂ One slice of bread, or one bowl of cereal as one serve;   
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Table S4 Correlations of baseline fatty acids concentration 

  Fatty acids Total 
FA SFA MUFA Omega-6 

PUFA                   LA Omega-3 
PUFA                   DHA 

        
Total FA 1 0.97 0.95 0.86 0.81 0.53 0.28 

  SFA  1 0.93 0.75 0.68 0.47 0.21 

  MUFA   1 0.73 0.69 0.38 0.07 

  Omega-6 PUFA                      1 0.98 0.43 0.30 

        Linoleic acids     1 0.33 0.22 

  Omega-3 PUFA                         1 0.91 

         DHA       1 
        
Spearman partial correlations of fatty acids concentration, adjusting for age and sex; exclusions as in 
Figure S1. FA=fatty acids; SFA=Saturated fatty acids; MUFA=Monounsaturated fatty acids; 
PUFA=Polyunsaturated fatty acids; DHA= Docosahexaenoic acid. 
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Table S5 Correlations of baseline fatty acids concentration and lipid-related 
biomarkers 

  Fatty acids non-HDL-C HDL-C Total triglycerides 
    

  SFA 0.64  0.09  0.87  
  MUFA 0.57  -0.11  0.93  
  PUFA    
       Omega-6 PUFA 0.82  0.26  0.59  
            Linoleic acids 0.79 0.20  0.58  
       Omega-3 PUFA 0.40  0.16  0.37  
            DHA 0.34 0.34  0.03  
                
Spearman partial correlations among fatty acids concentration or fatty acids ratio and lipid-related 
biomarkers, adjusting for age and sex. SFA=Saturated fatty acids; MUFA=Monounsaturated fatty 
acids; PUFA=Polyunsaturated fatty acids; DHA= Docosahexaenoic acid; LDL=Low-density 
lipoproteins; HDL=High-density lipoproteins; C=Cholesterol. 
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Table S6 Baseline characteristics of the resurveyed population 

 Female Male All 
    

No. of participants 589 464 1,053 
    
Age and socioeconomic factors    
    Baseline Age (SD), years 55.7 (7.3) 56.8 (7.8) 56.2 (7.6) 
    White, %  97.5 98.3 97.8 
    University education, % 52.0 58.6 54.9 
    Townsend deprivation index (SD) * -2.0 (2.6) -2.0 (2.8) -2.0 (2.7) 
    
Lifestyle factors    
    Current smoker, % 3.2 6.7 4.7 
    Current regular alcohol drinker, % 68.6 82.3 74.6 
    
Anthropometry    
    Body Mass Index (SD), kg/m2 26.3 (4.7) 26.9 (3.6) 26.6 (4.3) 
    Waist circumference (SD), cm 82.1 (11.1) 94.0 (10.6) 87.4 (12.4) 
    Waist to hip ratio (SD)  0.81 (0.06) 0.92 (0.07) 0.86 (0.09) 
    
Lipids measured by clinical chemistry†    
    LDL cholesterol (SD), mmol/l 3.7 (0.8) 3.6 (0.8) 3.7 (0.8) 
    HDL cholesterol (SD), mmol/l 1.6 (0.4) 1.3 (0.3) 1.5 (0.4) 
    Total triglycerides (SD), mmol/l 1.5 (0.8) 1.8 (1.0) 1.6 (0.9) 
    
Blood pressure and diabetes    
    Systolic blood pressure (SD), mmHg 135.0 (17.9) 140.8 (17.3) 137.5 (17.9) 
    Diastolic blood pressure (SD), mmHg 80.2 (9.2) 83.7 (9.6) 81.8 (9.5) 
    Baseline diabetes, % 1.2 2.6 1.8 
    
Fasting time (SD), h 3.6 (2.2) 3.7 (2.5) 3.6 (2.3) 
    
    

* Area-level measure of material deprivation, higher scores represent higher levels of deprivation
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Table S7 Fatty acids biomarkers at baseline versus resurvey among the 
resurveyed population 

Biomarkers Fatty acids concentration 
(mmol/L) 

Fatty acids ratio (%),  
relative to total fatty acids 

 Baseline  
mean (SD) 

Resurvey  
mean (SD) 

Baseline 
mean (SD) 

Resurvey 
mean (SD) 

     
  SFA 4.1 (0.7) 4.1 (0.9) 34.0(1.2) 33.9 (1.9) 
  MUFA 2.8 (0.6) 2.8 (0.8) 23.3 (2.0) 23.4 (2.3) 
  PUFA     
       Omega-6 PUFA 4.5 (0.5) 4.5 (0.7) 38.4 (2.7) 38.3 (3.2) 
            Linoleic acids 3.5 (0.5) 3.5 (0.7) 29.6 (2.4) 29.2 (3.1) 
       Omega-3 PUFA 0.5 (0.2) 0.5 (0.2) 4.3 (1.2) 4.4 (1.5) 
            DHA 0.2 (0.1) 0.2 (0.1) 2.0 (0.5) 2.0 (0.6) 
     
SFA=Saturated fatty acids; MUFA=Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids; 
DHA= Docosahexaenoic acid. 
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Table S8 Regression dilution ratios of fatty acids biomarkers 

RDR* (95%CI) Fatty acids concentration 
(mmol/L) 

Fatty acids ratio (%),  
relative to total fatty acids 

   
  SFA 0.54 (0.49, 0.58) 0.42 (0.37, 0.47) 
  MUFA 0.58 (0.54, 0.62) 0.62 (0.58, 0.66) 
  PUFA   
       Omega-6 PUFA 0.54 (0.50, 0.58) 0.59 (0.55, 0.63) 
            Linoleic acids 0.52 (0.47, 0.56) 0.56 (0.52, 0.60) 
       Omega-3 PUFA 0.60 (0.56, 0.63) 0.57 (0.53, 0.61) 
            DHA 0.52 (0.47, 0.56) 0.51 (0.46, 0.55) 
   
*RDR=regression dilution ratio, estimated by the Spearman partial correlations between baseline and 
repeat measurements, adjusted for age groups and sex. SFA=Saturated fatty acids; 
MUFA=Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids; DHA= Docosahexaenoic acid. 
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Table S9 Association of fatty acids concentration with coronary heart disease 

Fatty acids 

Fatty acids (mmol/L)  
 

A. Adjusted for age and sex  B. Further adjusted for social-
economic and lifestyle factors 

 C. Further adjusted for body-
mass index   

Baseline 
mean Usual SD   HR (95% CI)* LR χ2† 

  
HR (95% CI)* LR χ2† 

 
HR (95% CI)* LR χ2† 

               
  SFA 4.1 0.7  1.17 (1.14,1.21) 107.9  

 1.16 (1.13,1.20) 94.1   1.13 (1.09,1.16) 58.4  
  MUFA 2.8 0.6  1.21 (1.18,1.24) 159.2   1.18 (1.15,1.21) 118.4   1.14 (1.11,1.18) 71.7  
  PUFA               
      Omega-6 PUFA 4.5 0.5  1.12 (1.08,1.15) 44.3  

 1.12 (1.09,1.16) 49.0   1.11 (1.08,1.15) 42.3  
          Linoleic acids 3.5 0.5  1.11 (1.07,1.14) 39.8   1.12 (1.08,1.15) 45.3   1.11 (1.08,1.15) 42.7  
      Omega-3 PUFA 0.5 0.2  0.94 (0.91,0.98) 11.3   0.99 (0.96,1.02) 0.3   0.99 (0.95,1.02) 0.6  
          DHA 0.2 0.1  0.87 (0.84,0.90) 64.3  

 0.93 (0.90,0.96) 18.8   0.94 (0.91,0.98) 10.6  
                              
Hazard ratios (HR) per usual SD higher level of mean fatty acids concentration among 89,242 participants (usual SD were estimated by 1,053 resurveyed participants).  
*HRs were calculated by Cox proportional-hazards models with: (A) stratification by age and sex; (B) stratification by age and sex, and adjusted for ethnicity, education, 
region, Townsend Deprivation Index, smoking, and alcohol; (C) model B with further adjustment for body-mass index. †Likelihood ratio (LR) χ2 improvement with the addition 
of the given factors to the model with stated adjustments. SFA=Saturated fatty acids; MUFA=Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids; DHA= 
Docosahexaenoic acid. 
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Figure S2 Fatty acids concentration vs coronary heart disease risk in minimally adjusted model  

 
Hazard ratios (HR) per usual SD higher level of fatty acids concentration among 89,242 participants (exclusions as in Figure S1). HRs calculated by Cox proportional-hazards 
models, stratified by age and sex, without further adjustment. Area of the square is inversely proportional to the variance of the category-specific log risk. SFA= Saturated FA; 
MUFA= Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids.   
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Figure S3 Subtype of polyunsaturated fatty acids concentration vs coronary 
heart disease risk, given other fatty acids  

 
Hazard ratios (HR) per usual SD higher level of fatty acids concentration among 89,242 participants 
(exclusions as in Figure S1). HRs calculated by Cox proportional-hazards models, stratified by age and 
sex, and adjusted for ethnicity, education, region, Townsend Deprivation Index, smoking, alcohol, body-
mass index, and mutual adjusted for other fatty acids (adjust for omega-3 FA, saturated FA and 
monounsaturated FA for the analysis of linoleic acids; adjust for omega-6 FA, saturated FA and 
monounsaturated FA for the analysis of DHA). Area of the square is inversely proportional to the variance 
of the category-specific log risk. DHA= Docosahexaenoic acid. 
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Table S10 Sensitivity analyses of fatty acids and coronary heart disease incidence 

Fatty acids 
biomarkers 

Original model  
 

Exclusion of events in first 
two years of follow-up 

 Further adjustment for other 
potential confounders 

 Further adjustment for blood 
pressure and diabetes 

HR (95% CI) LR χ2   HR (95% CI) LR χ2  HR (95% CI) LR χ2  HR (95% CI) LR χ2 
Concentration                 
SFA 1.14 (1.09, 1.20) 31.1   1.14 (1.09, 1.20) 28.5   1.16 (1.10, 1.22) 31.1   1.13 (1.07, 1.19) 19.5  
MUFA 1.15 (1.10, 1.21) 38.9   1.15 (1.10, 1.21) 33.4   1.15 (1.10, 1.21) 31.4   1.13 (1.08, 1.19) 23.5  
PUFA                
  Omega-6  1.04 (0.99, 1.09) 2.2   1.05 (0.99, 1.10) 3.0   1.05 (0.99, 1.10) 2.7   1.05 (0.99, 1.10) 3.0  

Linoleic acids 1.03 (0.99, 1.08) 1.9   1.04 (0.99, 1.09) 2.4   1.04 (0.99, 1.09) 2.4   1.05 (1.00, 1.10) 3.3  
  Omega-3  0.91 (0.87, 0.94) 23.5   0.91 (0.87, 0.95) 21.3   0.90 (0.85, 0.94) 21.0   0.90 (0.86, 0.95) 17.4  
         DHA 0.92 (0.88, 0.95) 19.9   0.92 (0.88, 0.96) 17.9   0.91 (0.87, 0.95) 16.6   0.91 (0.87, 0.96) 14.5  
                
Ratio to total FA                
SFA 1.06 (1.03,1.09) 12.7   1.07 (1.03, 1.10) 13.8   1.08 (1.04, 1.11) 16.7   1.05 (1.01, 1.09) 7.5  
MUFA 1.16 (1.12,1.20) 76.3   1.16 (1.12, 1.20) 64.7   1.15 (1.11, 1.20) 51.9   1.14 (1.09, 1.18) 42.1  
PUFA                
  Omega-6  0.91 (0.88,0.94) 35.1   0.90 (0.87, 0.94) 32.3   0.90 (0.87, 0.93) 31.6   0.92 (0.89, 0.95) 20.0  
       Linoleic acids 0.96 (0.93,0.99) 7.0   0.96 (0.93, 0.99) 5.6   0.96 (0.92, 0.99) 6.0   0.97 (0.94, 1.01) 2.0  
  Omega-3  0.92 (0.89,0.95) 26.5   0.91 (0.88, 0.95) 23.0   0.91 (0.87, 0.95) 18.3   0.92 (0.88, 0.96) 16.1  
        DHA 0.88 (0.85,0.91) 57.2   0.87 (0.84, 0.91) 52.2   0.86 (0.83, 0.90) 44.8   0.87 (0.84, 0.91) 37.7  
                        
Hazard ratios (HR) per usual SD higher level of fatty acids concentration (mmol/L) or ratio (%). HRs calculated by Cox proportional-hazards models, stratified by age and sex, 
‘Original model’ is among 89,242 participants, with adjustment included ethnicity, education, region, Townsend Deprivation Index, smoking, alcohol, and body mass index, and 
models for concentration biomarkers were mutual adjusted for other fatty acids (as last row of each type of fatty acids in Figure 1) (same as the last columns of Table 2 and Table 
3). ‘Further adjustments for other potential confounders' included further adjustment for waist circumference, fasting time, dietary factors (intake frequency of whole grains, fruit, 
vegetables, cheese, red meat, oily fish, and intake of dairy product) and spectrometer, among 86,164 participants with complete data. ‘Further adjustments for blood pressure 
and diabetes' included systolic blood pressure and diabetes at baseline, which might be mediators; ‘Exclusion of events in first two years of follow-up’ excluded 437 CHD events. 
Likelihood ratio (LR) χ2 improvement with the addition of the given factors to the model with stated adjustments. SFA=Saturated fatty acids; MUFA=Monounsaturated fatty acids; 
PUFA=Polyunsaturated fatty acids; DHA= Docosahexaenoic acid. 

 

 

Author Accepted Version :: BMC Cardiovasc Disord. 2023;23:365 :: https://doi.org/10.1186/s12872-023-03394-6



17 
 

Figure S4 Fatty acids ratio vs coronary heart disease risk in fully adjusted model 

 

Hazard ratios (HR) per usual SD higher level of fatty acids ratio among 89,242 participants (exclusions as in Figure S1). HRs calculated by Cox proportional-hazards models, 
stratified by age and sex, and adjusted for ethnicity, education, region, Townsend Deprivation Index, smoking, alcohol, and body-mass index. Area of the square is inversely 
proportional to the variance of the category-specific log risk. SFA=Saturated fatty acids; MUFA=Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids.   
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Figure S5 Risk of coronary heart disease by usual fatty acids ratio, with further 
adjustment for lipids 

 
Hazard ratios (HR) per usual SD higher level of mean fatty acids ratio among 89,242 participants. The 
fully adjusted model represented Cox proportional-hazards model with stratification by age and sex, and 
adjustment for ethnicity, education, region, Townsend Deprivation Index, smoking, alcohol, and body-
mass index (as last column of each type of fatty acids in Table 3), and further adjustment for non-HDL-
cholesterol and HDL-cholesterol, or further adjustment for total triglycerides. Likelihood ratio (LR) χ2 
improvement with the addition of the given factors to the model with stated adjustments. SFA=Saturated 
fatty acids; MUFA=Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids. 
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Figure S6 Fatty acids concentration vs coronary heart disease risk among participants taking versus not taking statin at baseline, 
given other fatty acids  

 

Hazard ratios (HR) per usual SD higher level of fatty acids concentration for baseline statin user (grey dots, 19,022 participants) and non-statin user (black dots, 89,242 

participants). HRs are estimated by the stratified Cox proportional-hazards model by age and sex, and adjusted for ethnicity, education, region, Townsend Deprivation Index, 

smoking, alcohol, body-mass index, and mutual adjusted for other fatty acids (as last row of each type of fatty acids in Figure 1). Area of the square is inversely proportional to 

the variance of the category-specific log risk. SFA=Saturated fatty acids; MUFA=Monounsaturated fatty acids; PUFA=Polyunsaturated fatty acids.  
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