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BACKGROUND. Plasma lipidomic measures may enable improved prediction of cardiovascular
outcomes in secondary prevention. The aim of this study is to determine the association of plasma
lipidomic measurements with cardiovascular events and assess their potential to predict such
events.

METHODS. Plasma lipids (n = 342) were measured in a retrospective subcohort (n = 5,991) of the
LIPID study. Proportional hazards regression was used to identify lipids associated with future
cardiovascular events (nonfatal myocardial infarction, nonfatal stroke, or cardiovascular death)

and cardiovascular death. Multivariable models adding lipid species to traditional risk factors were
created using lipid ranking established from the Akaike information criterion within a 5-fold cross-
validation framework. The results were tested on a diabetic case cohort from the ADVANCE study (n
=3,779).

RESULTS. Specific ceramide species, sphingolipids, phospholipids, and neutral lipids containing
omega-6 fatty acids or odd-chain fatty acids were associated with future cardiovascular events (106
species) and cardiovascular death (139 species). The addition of 7 lipid species to a base model (11
conventional risk factors) resulted in an increase in the C-statistics from 0.629 (95% Cl, 0.628-
0.630) to 0.654 (95% Cl, 0.653-0.656) for prediction of cardiovascular events and from 0.673 (95%
Cl, 0.671-0.675) to 0.727 (95% Cl, 0.725-0.728) for prediction of cardiovascular death. Categorical
net reclassification improvements for cardiovascular events and cardiovascular death were 0.083
(95% Cl, 0.081-0.086) and 0.166 (95% Cl, 0.162-0.170), respectively. Evaluation on the ADVANCE
case cohort demonstrated significant improvement on the base models.

CONCLUSIONS. The improvement in the prediction of cardiovascular outcomes, above conventional

. i risk factors, demonstrates the potential of plasma lipidomic profiles as biomarkers for
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Introduction

Patients with a history of unstable angina and myocardial infarction (MI) are at high risk for recurrent
cardiovascular events. The 7-year incidence rates of MI in nondiabetic and diabetic individuals with prior
MI at baseline have been reported to be 18.8% and 45.0%, respectively (1). While follow-up and subsequent
health care for patients after experiencing a cardiovascular event has improved, identifying stable coro-
nary heart disease patients who are most likely to suffer recurrent fatal and nonfatal cardiovascular events
remains a challenge. Such stratification would direct most aggressive management to those at highest risk
who are most likely to benefit. In secondary prevention, where the vast majority of individuals have dys-
functional lipid and lipoprotein metabolism, the established risk factors for first cardiovascular events, such
as BMI, hypertension, dyslipidemia assessed by traditional clinical lipid profile (total cholesterol, LDL
cholesterol [LDL-C], triglycerides, and HDL cholesterol [HDL-C]), smoking, and blood glucose levels may
not be sufficiently sensitive to predict future events, perhaps partly because of altered pathophysiology and
medication use. In fact, while total cholesterol and LDL-C are strong predictors of both fatal and nonfatal
CVD events in primary prevention (2, 3), they are often not significant predictors in individuals with previ-
ous history of cardiovascular disease (4).

Recent developments in high-throughput lipidomic technologies may offer new insights into lipid and
lipoprotein metabolism. In a cross-sectional study in a high-risk population, several plasma lipid species
and classes were found to be associated with and predictive of unstable coronary artery disease (5). In
longitudinal studies, plasma lipids species have been shown to improve upon traditional risk factors in
predicting cardiovascular events in the general population (6). Few studies have investigated the roles of
plasma lipid species in prediction of future cardiovascular events and cardiovascular death in secondary
prevention. Here, we report the most detailed lipidomic profiling to date to our knowledge, at baseline in
patients from the LIPID cohort, and the analysis of these profiles in relation to future cardiovascular out-
comes. Findings were replicated in the ADVANCE (Action in Diabetes and Vascular disease: preterAx and
diamicroN-MR Controlled Evaluation) study.

Results

Baseline characteristics. The LIPID subcohort analyzed in this study consisted of 5,991 participants with median
age of 64 year (interquartile range [IQR]: 57-69 years). During 8 years of follow-up, 1,359 patients experienced
cardiovascular events, of whom 708 died due to cardiovascular disease. Baseline characteristics are shown in
Table 1. Individuals who experienced cardiovascular events in the follow-up period were older, had higher sys-
tolic blood pressure (SBP), and were more likely to have a history of diabetes and other comorbidities. With
the exception of HDL-C, the clinical lipid measures were not significantly different between the two groups.
The subcohort closely matched the unanalyzed portion of the LIPID cohort (# = 3,023, Supplemental Table 2;
supplemental material available online with this article; https://doi.org/10.1172/jci.insight.121326DS1). The
ADVANCE case cohort consisted of 3,779 participants (61.1% male, median age, 67 years [IQR 62-72 years]).
There were 698 cardiovascular events in this group, including 355 cardiovascular deaths. Those experiencing
a cardiovascular event during the follow-up period were older, had a higher HbAlc and SBP, longer duration
of diabetes, and lower HDL-C and estimated glomerular filtration rate (¢GFR). As in the LIPID cohort, total
cholesterol, LDL-C, and triglycerides were not significantly different between groups (Supplemental Table 3). A
consort diagram of the LIPID subcohort and ADVANCE case cohort is shown in Figure 1.

Lipidomic analysis. We analyzed 342 individual lipid species in each of the 5,991 participant samples.
Batch alignment and assay performance utilized pooled plasma quality control samples (n = 648) spaced
evenly throughout the analysis. The median coefficient of variance (CV) of all 342 lipid species was
13.9%, with 90% of lipid species having CV <22.8% (Supplemental Table 4). The same assay perfor-
mance (median CV of 14%, with 90% of lipid species having CV <23%) was previously reported for the
analysis of the ADVANCE case cohort (7).

Association of lipids with future cardiovascular events and cardiovascular death in the LIPID study. After adjust-
ing for 11 covariates, Cox regression analysis of the total lipid classes and subclasses identified monohexo-
sylceramide, sphingomyelin, and phosphatidylserine as positively associated with future cardiovascular
events (P < 0.05, corrected for multiple comparisons). These lipid classes, in addition to trihexosylcer-
amide, were also positively associated with future cardiovascular death, while lysophosphatidylcholine and
diacylglycerol were negatively associated with cardiovascular death (Supplemental Figure 1). Importantly,
106 and 139 individual lipid species were significantly associated with future cardiovascular events and
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Table 1. Baseline characteristics of the LIPID subcohort

Characteristic

Age (yr)®

Total cholesterol (mmol/I)®

HDL cholesterol (mmol/l)8

LDL cholesterol (mmol/I)
Triglycerides (mmol/l)

Current smoking (r,%)®

Systolic blood pressure (mmHg)
Diastolic blood pressure (mmHg)
Fasting glucose (mmol/I)

Atrial fibrillation (n,%)

BMI (kg/m?)

Sex (male) (n,%)®

History of stroke (n,%)®

History of diabetes (n,%)®
Aspirin use at baseline (n,%)
History of hypertension (n,%)®
Dyspnea (NYHA >1) (n,%)¢
Revascularization (never) (n,%)®
White blood cell x 10

Estimated glomerular filtration rate 66.9 (56.5-77.4) 70.4 (61.1-80.9)

(ml/min/1.73 m?)

ACS index (no MI) (n,%)®

Statin treatment arm (n,%)®
Angina grade (CCVS >1) (n,%)¢
Peripheral vascular disease (1,%)

Cardiovascular No Pvalue* Cardiovascular  No cardiovascular Pvalue*

events (17 =1,359) cardiovascular death (n =708) death (n =5,283)

events (n =
4,632)

Median (Q1-03) Median (Q1-0Q3) Median (Q1-03)  Median (Q1-Q3)
66 (60-71) 63 (56-69) 5.30E-29 68 (63-72) 64 (56-69) 3.29E-44
5.67 (5.10-6.24) 5.64 (5.08-6.22) 4.31E-01 5.65(5.03-6.23) 5.64 (5.09-6.22) 3.80E-01
0.90 (0.77-1.05) 0.92 (0.79-1.08) 8.51E-05 0.89 (0.76-1.05) 0.92 (0.79-1.08) 6.16E-04
3.92 (3.39-4.45) 3.87(3.38-4.4) 9.64E-02 3.92(3.38-4.44) 3.88(3.38-4.41) 4.42E-01
1.58 (118-2.17) 1.58 (118-2.19) 5.68E-01 1.54 (1.15-2.08) 1.59 (1.19-2.20) 7.80E-02
140 (10.3%) 409 (8.8%) 9.82E-02 66 (9.3%) 483 (9.1%) 8.76E-01
135 (120-150) 130 (120-145) 7.65E-05 135 (120-150) 130 (120-145) 1.47E-04
80 (70-90) 80 (70-90) 3.24E-02 80 (70-90) 80 (70-90) 3.02E-01
5.4 (5.0-6.1) 5.4 (5.0-5.9) 5.04E-05 5.5(5.0-6.1) 5.4 (5.0-5.9) 9.30E-05
32 (2.4%) 51(1.1%) 5.08E-04 21(3.0%) 62 (1.2%) 1.27E-04
26.5(24.4-29.3) 26.4 (24.2-28.9) 8.25E-02 26.35(24.2-29.4) 26.4 (24.2-29) 4.57E-01
1146 (84.3%) 3,823 (82.5%) 1.22E-01 605 (85.5%) 4,364 (82.6%) 5.86E-02
89 (6.5%) 148 (3.2%) 2.44E-08 45 (6.4%) 192 (3.6%) 4.85E-04
181(13.3%) 330 (71%) 6.56E-13 102 (14.4%) 409 (7.7%) 2.49E-09
1,096 (80.6%) 3,858 (83.3%) 2.36E-02 551(77.8%) 4,403 (83.3%) 2.68E-04
648 (47.7%) 1868 (40.3%) 1.37E-06 338 (47.7%) 2178 (41.2%) 9.75E-04
180 (13.2%) 395 (8.5%) 2.09E-07 118 (16.7%) 457 (8.7%) 1.05E-11
849 (62.5%) 2,671 (57.7%) 1.54E-03 462 (65.3%) 3,058 (57.9%) 1.83E-04
730 (6.20-8.50) 6.90 (5.90-8.10) 5.15E-09  7.35(6.28-8.60) 7.00 (6.00-8.20) 2.21E-08
1.58E-21 63.4 (54.5-75.5)  70.2 (61.0-80.6) 7.16E-27
445 (32.7%) 1,763 (38.1%) 3.54E-04 212 (29.9%) 1,996 (37.8%) 4.91E-05
604 (44.4%) 2,385 (51.5%) 4.94E-06 317 (44.8%) 2,672 (50.6%) 3.73E-03
583 (42.9%) 1,658 (35.8%) 1.94E-06 337 (47.6%) 1,904 (36.0%) 2.39E-09
185 (13.6%) 426 (9.2%) 2.24E-06 110 (15.5%) 501 (9.5%) 5.79E-07

AP values were calculated using Mann-Whitney U test for continuous variables and y? for dichotomous variables. Risk factors used in association studies
and multivariable models. “NYHA, New York Heart Association functional classification; CCVS, Canadian Cardiovascular Society classification. P values less

than 0.05 are indicated in bold.
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cardiovascular death, respectively (Figure 2, Supplemental Table 5, and Supplemental Figure 2), which, in
addition to those lipid classes listed above, included species of ceramide, phosphatidylcholine, alkyl- and
alkenylphosphatidylcholine, phosphatidylethanolamine, phosphatidylinositol, and triacylglycerol. Lipid
species containing saturated and monounsaturated fatty acids were typically positively associated, while
species containing polyunsaturated fatty acids were negatively associated. The exceptions to this were the
ether and phosphatidylserine species with polyunsaturated fatty acids that were positively associated (Sup-
plemental Table 5). When the 22 covariates were used, 53 and 88 lipid species were associated with cardio-
vascular events and cardiovascular death, respectively (Supplemental Table 6).

Multivariable models to predict cardiovascular events and cardiovascular death in the LIPID study. The rank-
ing of lipid species, using Akaike information criterion—based forward selection of lipids into multivariate
models containing 11 covariates, performed by Cox regression (n = 5,991) within a 5-fold cross-validation
framework (200 iterations), is shown in Supplemental Table 7. The median and IQR of the selected lipids
are also shown in Supplemental Table 7.

The successive addition of lipid species to the base models resulted in an increase in the C-statistic,
which showed an inflection point at 7 lipid species (Figure 3). This was used as the optimal number of fea-
tures for each outcome to avoid overfitting. The optimal models each contained 11 covariates and 7 lipids
species. Detailed results for all the models are shown in Supplemental Tables 8 and 9.

The addition of 7 lipids to the cardiovascular events base model improved the C-statistic from to
0.629 (95% CI, 0.628-0.630) to 0.654 (95% CI, 0.653-0.656), while the addition of 7 lipids to the cardio-
vascular death base model improved the C-statistic from 0.673 (95% CI, 0.671-0.675) to 0.727 (95% CI,
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Figure 1. Consort diagram for lipidomic profiling of the LIPID study and ADVANCE study. In the LIPID trial, 9,014 participants were randomized to receive
pravastatin treatment or placebo. Lipidomic profiling was performed on all participants with baseline samples available (n = 5,991). Of these, 1,359 expe-
rienced a cardiovascular event and 708 experienced cardiovascular death. In the ADVANCE study, from 7,376 available baseline samples, a case cohort (n

= 3,779) was selected for lipidomic profiling. This consisted of n = 3,154 randomly selected participants and all additional cases of cardiovascular events,
renal events, and all-cause mortality (n = 625). Of these, n = 698 experienced a cardiovascular event and 355 experienced cardiovascular death.
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0.725-0.728). Categorical net reclassification improvement (NRI) improved by 0.083 (95% CI, 0.081—
0.086) and 0.166 (95% CI, 0.162-0.170) for cardiovascular events and cardiovascular death, respectively.
Continuous NRIs were 0.238 (95% CI, 0.234-0.242) and 0.453 (95% CI, 0.447-0.459) and integrated
discrimination indexes (IDIs) were 0.021 (95% CI, 0.021-0.021) and 0.037 (95% CI, 0.036—0.037%) for
cardiovascular events and cardiovascular death, respectively (Table 2). Though calibration plots (Supple-
mental Figure 3) were inconclusive, likelihood ratio tests between the base models without and with the 7
lipid species were significant (Supplemental Table 10). The addition of 7 lipid species to the 22 covariates
base model for both cardiovascular events and cardiovascular death models improved the performance
of the base models and showed a corresponding lower improvements in C-statistics and categorical NRI
upon the addition of the lipid species (Supplemental Tables 11 and 12).

The associations of the previously reported ceramide ratios (8) with cardiovascular outcomes were
stronger than those of the individual ceramide species (Supplemental Table 13). The Cer(d18:1/18:0)/
Cer(d18:1/24:0) ratio gave the strongest hazard ratio for cardiovascular events [1.162 (95% CI, 1.098-1.230)],
while Cer(d18:1/16:0)/Cer(d18:1/24:0) gave the strongest hazard ratio for cardiovascular death [1.286
(95% CI, 1.193-1.386)]. The lipid quotient (9) also gave strong hazard ratios [2.578 (95% CI, 1.955-3.399)
and 5.345 (95% CI, 3.661-7.805), respectively, per 0.1 unit of the quotient]. However, the addition of the
Cer(d18:1/18:0)/Cer(d18:1/24:0) ratio to the base model for cardiovascular events resulted in only marginal
improvement in the C-statistic from 0.629 (95% CI, 0.628-0.630) to 0.636 (95% CI, 0.635-0.637), a cate-
gorical NRI of 0.027 (95% CI, 0.026-0.029), and a continuous NRI of 0.137 (95% CI, 0.132-0.141). The
improvement over the base model for cardiovascular death was similar (Supplemental Table 14). The results
for the lipid quotient to predict cardiovascular events were slightly better, with an improvement in the C-sta-
tistic from 0.629 (95% CI, 0.628-0.630) to 0.640 (0.639-0.641), a categorical NRI of 0.043 (0.041-0.046)
and continuous NRI of 0.189 (0.185-0.194). The improvement over the base model for cardiovascular death
was similar (Supplemental Table 14). Further, we included the lipid quotient and ceramide ratios with the
individual lipid species and performed feature ranking and model development as described for individual
lipid species. Interestingly, the lipid quotient was selected as the top ranked feature, while none of the cera-
mide ratios were selected in the models (Supplemental Tables 15 and 16). Although the inclusion of the lipid
quotient altered the lipid rankings, the performance of the models containing the lipid quotient was almost
identical to the original models. The C-statistic for the cardiovascular events model increased from 0.629 (95%
CI, 0.628-0.630) to 0.654 (0.652—0.656), with a categorical NRI of 0.084 (0.081-0.088) and continuous NRI
of 0.258 (0.252-0.265), when adding the lipid quotient and 6 additional lipid species to the base model.
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Figure 2. Plasma lipid species associated with future cardiovascular events and cardiovascular death in the LIPID cohort (n = 5,991). Cox regression
models of each lipid species against cardiovascular events (left) and cardiovascular death (right) were created, adjusting for 11 covariates (age, sex, total
cholesterol, HDL-C, current smoking, nature of prior acute coronary syndrome, revascularization, diabetes history, stroke history, history of hypertension,
and randomized treatment allocation). Hazard ratios per unit standard deviation and 95% Cls are shown. Bolded markers indicate significance (corrected P
< 0.05 by Wald test). Colored markers indicate highly significant associations (blue, cardiovascular events, corrected P < 5.0E-4; red, cardiovascular death,
corrected P < 1.0E-5 by Wald test). CE, cholesteryl ester; COH, cholesterol; Cer, ceramide; DG, diacylglycerol; dhCer, dihydroceramide; GM3, G, ganglioside;
HexCer, monohexosylceramide; Hex2Cer, dihexosylceramide; Hex3Cer, trihexosylceramide; LPC, lysophosphatidylcholine; LPC(0), alkylphosphatidylcholine;
LPE, lysophosphatidylethanolamine; LPI, lysophosphatidylinositol; PC, phosphatidylcholine; PC(0), alkylphosphatidylcholine; PC(P), alkenylphosphatidyl-
choline; PE, phosphatidylethanolamine; PE(0), alkylphosphatidylethanolamine; PE(P), alkenylphosphatidylethanolamine; PG, phosphatidylglycerol; PI,
phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin; TG, triacylglycerol.

Evaluation of lipid biomarkers in the ADVANCE study. Of 106 and 139 lipids significantly associ-
ated with cardiovascular events and cardiovascular death in the LIPID study, 97 and 128 were also
measured in the ADVANCE study case cohort (7). Weighted Cox regression of lipid species with
cardiovascular events and cardiovascular death as outcomes, adjusting for 10 covariates, produced
similar hazard ratios for most, but not all, species (Supplemental Table 17 and Supplemental Figure
4), including those selected for the multivariable models (Figure 4).

The performance of predictive models in the ADVANCE case cohort is shown in Table 3. The addi-
tion of 7 lipids to the ADVANCE base model (10 covariates) to predict cardiovascular events resulted in
an increase in the C-statistic to from 0.663 (95% CI, 0.661-0.665) to 0.676 (95% CI, 0.674-0.678) and a
categorical NRI of 0.042 (95% CI, 0.038-0.046), while the incorporation of 7 lipids to the base model (10
covariates) to predict cardiovascular death increased the C-statistic from 0.725 (95% CI, 0.722-0.727) to
0.741 (95% CI, 0.738-0.744) and resulted in a categorical NRI of 0.062 (95% CI, 0.057-0.067).

insight.jci.org  https://doi.org/10.1172/jci.insight.121326
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Figure 3. C-statistic for models to predict cardiovascular events and cardiovascular death on the LIPID cohort (n = 5,991). Cox regression models were
used to determine the improvement in C-statistic to predict cardiovascular events (A) and cardiovascular death (B) by the addition of lipids to the base
model consisting of 11 covariates (age, sex, total cholesterol, HDL-C, current smoking, nature of prior acute coronary syndrome, revascularization, diabetes
history, stroke history, history of hypertension, and randomized treatment allocation). Analysis was performed within a 5-fold cross-validated framework
(repeated 200 times). The plots show the average C-statistic (solid line) and 95% Cl (dashed lines). Zero features denotes the base model. CE = cholesteryl
ester; Cer(d18:0), dihydroceramide; Cer, ceramide; GM3, G,,, ganglioside; LPC, lysophosphatidylcholine; LPC(Q), lysoalkylphosphatidylcholine; LPI, lyso-
phosphatidylinositol; PC, phosphatidylcholine; PC(0), alkylphosphatidylcholine; PC(P), alkenylphosphatidylcholine; PE, phosphatidylethanolamine; PE(P),
alkenylphosphatidylethanolamine; PIl, phosphatidylinositol; PS, phosphatidylserine; SM, sphingomyelin; TG, triacylglycerol.

Interaction of diabetes with plasma lipid species in the LIPID subcohort. As the ADVANCE case cohort consisted
of all diabetes participants, we sought to assess the interaction of diabetes with plasma lipid species in the LIPID
subcohort, which contained only approximately 9% of this subcohort had diabetes. Of the 9 lipid species that
were utilized in the predictive model of cardiovascular outcomes, only PC(P-40:6) showed a significant interac-
tion with diabetes, with a hazard ratio of 1.420 (95% CI, 1.018-1.982, P = 3.90E-02, Supplemental Table 18).

Discussion

‘We present data from the lipidomic analysis (342 lipid species) of almost 6,000 individuals with a history
of unstable angina or MI enrolled in the LIPID study, making this the single largest lipidomic study thus far
reported to our knowledge. Association studies have identified several lipid metabolic pathways involving
sphingolipids, ether lipids, and omega-6 fatty acids that appear to be tightly linked with cardiovascular out-
comes and, in particular, with cardiovascular death. Our predictive modeling in both the LIPID subcohort
and the ADVANCE case cohort further highlights the strength of the associations with cardiovascular
death as well as important differences related to diabetes status. Our findings lay the groundwork for the
clinical translation of lipidomic biomarkers for cardiovascular risk assessment and have the potential to
open new avenues for therapeutic intervention.

Lipid classes associated with cardiovascular outcomes. At a class level, sphingolipids (monohexosylceramide
and sphingomyelin) and phosphatidylserine were positively associated with cardiovascular events. Plasma
sphingomyelin levels (measured enzymatically) were previously shown to be positively associated with cor-
onary artery disease (10) and a genetic study of the human lipidome in the population-based San Antonio
Family Heart study also reported a genetic (lipid) cluster, dominated by sphingomyelin and ether phospho-
lipid species, as significantly associated with cardiovascular mortality (11). Atherogenic lipoproteins, such
as VLDL and LDL, are enriched in sphingolipids, including sphingomyelin, and although LDL-C level
was not statistically different between individuals who had cardiovascular events and those who did not, it
appears that differences in sphingolipid content of these lipoprotein particles may be related to future risk.
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Table 2. Reclassification and discrimination statistics (95% Cls) of cardiovascular events and cardiovascular death for 5-year risk

Outcome

Cardiovascular

events

Cardiovascular
death

Features

Base model®

Base model +
7 lipids®

Base model®

Base model +
7 lipids®

C-statistic NRI NRI NRI NRI NRI NRI IDI Relative
categorical® categorical® categorical® continuous continuous continuous IDI
event nonevent event nonevent

0.629 Reference Reference Reference Reference Reference Reference Reference Reference
(0.628,
0.630)
0.654 0.083 -0.006 0.089 0.238  0.075(0.071, 0.163 (0.161, 0.021(0.021, 0.556
(0.653, (0.081, (-0.008, (0.088, (0.234, 0.080) 0.165) 0.021) (0.548,
0.656) 0.086) -0.003) 0.090) 0.242) 0.563)

0.673 (0.671, Reference Reference Reference Reference Reference Reference Reference Reference
0.675)

0.727(0.725,0.166 (0.162, 0.184 (0.180, -0.018  0.453(0.447,0.218 (0.212,  0.235 0.037 1.034
0.728) 0.170) 0.188) (-0.019, 0.459) 0.225) (0.233, (0.036, (1.020,
-0.017) 0.237) 0.037) 1.047)

ANRI categorical is based on a categorical model of <10%, 10%-15%, and >15% 5-year risk. ®8Base model consists of 11 risk factors: age, sex, total
cholesterol, HDL-C, current smoking, nature of prior acute coronary syndrome, revascularization, diabetes history, stroke history, history of hypertension,
and randomized treatment allocation. ‘Ranked lipids for the cardiovascular events model are PC(0-34:2), PC(38:5), PI(38:3), PC(0-36:1), GM3(d18:1/16:0),
PI(18:2/0:0), and PE(38:6). "Ranked lipids for the cardiovascular death model are PC(0-36:1), PC(0-34:2), PC(38:5), PC(P-40:6), CE(24:0), SM(42:1), and
PE(38:6). CE, cholesterol ester; GM3, G,,. ganglioside; PC, phosphatidylcholine; PC(0), alkylphosphatidylcholine; PC(P), alkenylphosphatidylcholine; PE,

[ VE}

phosphatidylethanolamine; PI, phosphatidylinositol; SM, sphingomyelin.

insight.jci.org

Phosphatidylserine, while a minor plasma phospholipid, is a major component of platelet membranes and
is released as microparticles. Circulating levels of phosphatidylserine have been associated with platelet activa-
tion which has itself been associated with cardiovascular disease risk (12).

Lipid species associated with cardiovascular outcomes. Despite relatively few lipid classes showing asso-
ciation with cardiovascular events, there was a plethora of individual lipid species associated. Thus,
within some classes, including phosphatidylcholine, alkenylphosphatidylcholine, phosphatidylinosi-
tol, diacylglycerol, and triacylglycerol, we observed some species positively associated with a given
outcome, while others were negatively associated, and as a consequence, class association was not sig-
nificant. While in other classes (dihydroceramide, ceramide, and mono-, di-, and trihexosylceramide)
only some species show association, and, as a consequence, at a class level these were often not signif-
icant. Several previous studies have also identified some of these lipid species associated with second-
ary prevention outcomes (8, 9, 13), although these studies typically measured fewer lipids, adjusted
for fewer covariates, and, in some cases, did not correct for multiple comparisons. The concordance of
these previous studies with the current analysis is shown in Table 4.

Sphingolipids indicate ceramide synthase associations with cardiovascular risk. While multiple sphingo-
lipid species were associated with future cardiovascular death and cardiovascular events, including
dihydroceramide; ceramide; mono-, di-, and trihexosylceramide; and G,,, ganglioside, those contain-
ing either 16:0 or 18:0 as the acyl chain showed the strongest associations. Although the association of
saturated fatty acids with cardiovascular outcomes has been recognized for many years, these results
suggest regulation of sphingolipid biosynthesis at the level of ceramide synthase (CerS), which has
multiple forms that show specificity for different acyl chains. CerS2 is the predominant form in liver
and shows specificity for the longer chain acyl species C20:0, C22:0, C24:0, and C24:1, none of which
were associated with future events in this study. CerS1 is specific for the synthesis of Cer(d18:0/18:0)/
Cer(d18:1/18:0), and its expression in muscle is inversely associated with alterations in glucose toler-
ance in a mouse model of insulin resistance (14). We have also reported on the association of dihy-
droceramide and ceramide species containing 18:0 (but not 16:0) with prediabetes and diabetes (15).
CerS5 and CerS6 have specificity for the C16:0 acyl chain and are expressed primarily in lung and
intestine/kidney, respectively (16). Thus, our observations may reflect differential regulation of these
pathways in liver and/or other tissues.

Several other studies have also reported associations of ceramide and other sphingolipid species with
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cardiovascular outcomes in secondary prevention (Table 4). We also observed positive associations for
many ceramide species [Cer(d18:1/16:0), Cer(d18:1/18:0), and LacCer(d18:1/18:0)], while some species,
such as Cer(d18:1/24:0), were not significant in our analyses after correction for multiple comparisons. The
differences in these results likely relate to the size of the cohorts, the specific populations, and the 11 covari-
ates used in the LIPID trial analysis. Corresponding to our findings, inhibition of the glycosphingolipid
pathway decreased atherosclerosis in mice and rabbits by reducing plasma cholesterol (17), highlighting the
therapeutic potential of these observations.

Dysregulation of desaturases leads to an imbalance in fatty acid composition in multiple lipid classes. Many
phospholipid species containing omega-6 fatty acids (in particular 20:4) were negatively associated with
cardiovascular outcomes. This finding was in agreement with a previous analysis of the LURIC study (9)
(Table 4). Further, a negative association (adjusted for traditional risk factors) of the omega-6—containing
lysophosphatidylcholine species LPC(20:4) (also reported here), as well as LPC(16:0), was observed in the
population-based Malmo Diet and Cancer study (18). Since phospholipids are the major source of arachi-
donic acid for the biosynthesis of the clinically important and inflammatory prostaglandins and other eico-
sanoids, it is tempting to speculate that the negative association is relate to increased production of these
proinflammatory phospholipid species, which have been associated with incident cardiovascular disease
(19). However, we also observed negative associations with cholesteryl ester species containing the ome-
ga-6 fatty acids 18:3 and 20:4 but not their biosynthetic precursors 18:2 and 20:3 (Supplemental Table 5).
These associations then appear to relate more to metabolism of the omega-6 fatty acids via the desaturases
FADS2 and FADSI, respectively, as has been reported previously (20).

Interestingly, we also saw significant associations of omega-6 fatty acid—containing species of diacyl-
and triacylglycerols. While all diacylglycerol species showed a nonsignificant or negative association with
cardiovascular outcomes, the strength of the association varied depending on the fatty acid composition.
Thus, while DG(18:1_18:2), DG(18:1_18:3), DG(18:1_20:3), and DG(18:1_20:4) were all negatively asso-
ciated with cardiovascular death, DG(18:1_18:3) and DG(18:1_20:4) showed stronger hazard ratios and
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Table 3. Reclassification and discrimination statistics of cardiovascular events and cardiovascular death for 5-year risk in ADVANCE
data set

Outcome Features  C-statistic NRI NRI NRI NRI NRI NRI IDI Relative IDI
categorical® categorical® categorical® continuous continuous continuous
event nonevent event nonevent

Cardiovascular Base model® 0.663 (0.661, Reference Reference Reference Reference Reference Reference Reference Reference
events 0.665)

Base model 0.676 (0.674,  0.042 0.035 0.007  0.222(0.214,0.075 (0.067, 0.147 (0144, 0.017 (0.016,0.338 (0.329,
+7 lipids® 0.678) (0.038, (0.032, (0.005, 0.229) 0.082) 0.150) 0.017) 0.346)
0.046) 0.039) 0.008)

Cardiovascular Base model® 0.725 (0.722, Reference Reference Reference Reference Reference Reference Reference Reference
death 0.727)

Base model 0.741(0.738,0.062 (0.057,0.077 (0.072, -0.015  0.201(0.191, -0.006 0.207 0.023  0.410(0.397,
+7 lipids® 0.744) 0.067) 0.082) (-0.016, 0.21) (-0.017, (0.204, (0.023, 0.423)
-0.014) 0.005) 0.210) 0.024)

ANRI categorical is based on a categorical model of <10%, 10%-15%, and >15% 5-years risk. BBase model consists of 10 risk factors: age, sex, total
cholesterol, HDL-C, current smoking, history of macrovascular disease, coronary artery bypass graft or percutaneous transluminal coronary angioplasty,
diabetes duration, current antihypertensive treatment, and statin treatment. ‘Ranked lipids for the cardiovascular events model are PC(0-34:2), PC(38:5),
PI(38:3), PC(0-36:1), GM3(d18:1/16:0), PI(18:2/0:0), and PE (38:6). GM3(d18:1/16:0) was not available in the ADVANCE data set and was replaced by the
eighth-ranked lipid PC(0-36:2). "Ranked lipids for the cardiovascular death model are PC(0-36:1), PC(0-34:2), PC(38:5), PC(P-40:6), CE(24:0), SM(42:1), and
PE(38:6). CE, cholesterol ester; GM3, GM3 ganglioside; PC, phosphatidylcholine; PC(0), alkylphosphatidylcholine; PC(P), alkenylphosphatidylcholine; PE,
phosphatidylethanolamine; PI, phosphatidylinositol; SM, sphingomyelin.

lower P values than DG(18:1_18:2) and DG(18:1_20:3) (Supplemental Table 5). Similarly, most species of
triacylglycerol containing an 18:2 fatty acid were negatively associated with cardiovascular death, but those
also containing a 20:4 fatty acid typically showed a stronger association (Supplemental Table 5).

In contrast diacyl- and triacylglycerols containing primarily saturated or monounsaturated fatty acids
typically showed no association or a positive trend, with TG(18:0_18:0_18:0) showing a significant posi-
tive association with cardiovascular death (Supplemental Table 5). In addition to this, we observed nega-
tive associations of DG(16:1_16:1) and TG(16:1_16:1_16:1) with cardiovascular death; since palmitoleate
(16:1) is primarily the product of stearoyl-CoA desaturase (SCD1), which acts on saturated fatty acids (16:0
and 18:0), this suggests a downregulation of this desaturase in addition to FADS1 and FADS2 described
above. The net result of this is a proportional increase in saturated fats, leading to an imbalance in the
saturated/polyunsaturated ratio. This imbalance is also evident in the phospholipids (saturated species
showing positive associations and polyunsaturated species show negative associations with cardiovascular
outcomes) and so has the potential to effect membrane properties and, potentially, cellular function.

Odd-chain fatty acid metabolism is altered in those at increased risk of cardiovascular events. Of relevance are
the positive associations between species of sphingomyelin-, phosphatidylcholine-, phosphatidylethanol-
amine-, and cholesteryl ester—containing odd-chain fatty acids and cardiovascular outcomes (Figure 2 and
Supplemental Table 5). These represent some of the strongest associations and indicate a further alter-
ation in fatty acid metabolism. Odd-chain fatty acids (which include branched-chain fatty acids), long
thought to be derived solely from diet, are now also recognized as a product of branched-chain amino
acid catabolism within mitochondria in multiple tissues, including adipose and muscle (Figure 5) (21, 22).
In humans, branched-chain amino acid catabolism is thought to play a role in adipocyte metabolism and
differentiation (23). Branched-chain amino acids are positively associated with insulin resistance and type 2
diabetes (T2D) (24, 25), while odd-chain fatty acids have been shown to be negatively associated with T2D
(15). Mendelian randomization studies have identified PPMIK, an activator of branched-chain o-ketoacid
dehydrogenase (BCKD), a key enzyme in branched-chain amino acid catabolism, as associated with both
branched-chain amino acid levels and incident T2D (26). In primary prevention, branched-chain amino
acids have also been positively associated with cardiovascular risk (27). Thus, the positive associations of
odd-chain fatty acids with cardiovascular outcomes described here is at odds with an insulin resistance/
diabetes explanation and represents an as-yet uncharacterized aspect of branched-chain amino acid/fatty
acid metabolism that may adversely affect cardiovascular risk in secondary prevention.

Predictive model development. A primary objective of our model development process was to examine whether
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Table 4. Summary of lipid species identified in previous studies.

Cohort

LURICA (n =
445) (13)

LURICA (n =
3316) (9)

BECACE (n =
1,587) (8)

SPUM-ACS®
(n=1,637) (8)

Lipid species positively associated with
cardiovascular outcomes
LacCer(d18:1/18:0), LacCer(d18:1/20:0),
Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/20:0),
Cer(d18:1/24:1)

PC(32:0), PC(38:0), PC(30:1), PC(34:1), PC(36:1),
PC(0-32:0), PC(0-34:0), PC(0-32:1), PC(0-34:1),
and PC(0-38:5); PE(30:1), PE(32:1), PE(34:1),
PE(36:1), PE(40:1), PE(34:2), PE(36:2), PE(38:2),
PE(34:3), PE(36:3), PE(36:4), PE(0-32:0), and
PE(0-36:2); SM(16:0), SM(16:1), SM(24:1) and
SM(24:2), Cer(d18:1/16:0), Cer(d18:1/18:0),
Cer(d18:1/24:1); lipid quotient®
Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:1),
Cer(d18:1/16:0)/Cer(d18:1/24:0),
Cer(d18:1/18:0)/Cer(d18:1/24:0),
Cer(d18:1/24:1)/Cer(d18:1/24:0)
Cer(d18:1/16:0), Cer(d18:1/18:0), Cer(d18:1/24:1),
Cer(d18:1/16:0)/Cer(d18:1/24:0),
Cer(d18:1/18:0)/Cer(d18:1/24:0),
Cer(d18:1/24:1)/Cer(d18:1/24:0)

Lipid species negatively associated with
cardiovascular outcomes
CE(20:5), CE(18:3), Cer(d18:1/24:0),
SM(d18:1/22:0), SM (d18:1/24:0)

PC(32:2), PC(36:4), PC(36:5), PC(40:6),
PC(40:7), PC(38:7), PC(38:6), PC(38:5),
PC(38:4), PC(38:3), LPC(16:0), LPC(18:0),
PE(36:6),PE(0-38:7), SM(23:0), SM(24:0),
Cer(d18:1/23:0), Cer(d18:1/24:0)

Model adjusted for

Not corrected for multiple
comparisons. Not adjusted for any
covariates.

Age, sex, smoking, LDL, HDL,
diabetes and hypertension

Age, sex, smoking status, previous
acute MI, diabetes, hypertension,
prior stroke, TC, TG, HDL-C, and
LDL-C
Age, Killip class, systolic blood
pressure, heart rate, creatinine,
cardiac arrest at admission,
ST-segment deviation, elevated

cardiac enzyme levels, TC, TG, HDL-C,
and LDL-C

ALudwigshafen Risk and Cardiovascular Health. 8Lipid quotient: ration derived from the 6 species with the strongest positive mortality association (SM
16:0, SM 24:1, Cer 16:0, Cer 24:1, PC 32:0, and PC 0-32:0) to 6 most protective species (SM 23:0, SM 24:0, PC 38:5, PC 38:6, PC 36:5, and PC 40:6). “Bergen
Coronary Angiography Cohort. °Special Program University Medicine—Inflammation in Acute Coronary Syndromes (SPUM-ACS). Species highlighted in bold
are also significant in LIPID cohort after correcting for multiple comparisons (Wald test, Supplemental Table 5).

insight.jci.org

lipid species could improve upon clinical risk factors in the prediction of cardiovascular outcomes. The model
that was developed by Marschner et al. from the LIPID cohort predicted coronary heart disease death and
nonfatal MI, a more limited composite end point (28). The 11-covariate base model used in this present study
was based on the variables from the Marschner score. The observed improvement in model performance with
the addition of 7 lipid species demonstrates their potential as complementary predictors of cardiovascular risk.

The model to predict cardiovascular death showed an improved net reclassification of events [NRIevents
=0.184 (95% CI, 0.180-0.188)], which is equivalent to reclassification of 130 of 708 deaths, but showed no
improvement of net reclassification of nonevents [NRInonevents = —0.018 (95% CI, —-0.019-0.017)]. In con-
trast, the model to predict cardiovascular events showed a reclassification of nonevents but no reclassification
of events (Table 2). While the continuous NRIs showed a more balanced effect between events and nonevents,
the ability to reclassify between risk groups appears greater for cardiovascular death than nonfatal cardiovas-
cular events. In fact, the failure of the cardiovascular events model to reclassify events suggests that the lipid
species are not effective in reclassification of nonfatal events, although this model was able to reclassify almost
9% of nonevents (false positives). The same analyses, performed with 22 covariates in the base model, resulted
in a more modest improvement with the addition of 7 lipid species. However, this was largely due to the high-
er C-statistic of the base model, with the final models achieving similar performance. This would suggest that
the lipid species are able to replace clinical risk factors where these may not always be available.

We sought to evaluate whether the lipid species utilized in the risk models developed on the LIPID
subcohort would also predict in the ADVANCE case cohort, which had a lower history of cardiovascular
disease (35% vs. 100%), a higher prevalence of diabetes (100% vs. 8.5%), and 44% participants on lip-
id-lowering medication at baseline. The association of lipid species with future cardiovascular events and
cardiovascular death and multivariate models has been previously published (7). While some covariates
used in the analysis of the ADVANCE case cohort were not identical to those available in the LIPID sub-
cohort, most characteristics were included, such that the extent of the clinical phenotype captured by the
covariates was similar in each cohort. Interestingly, the performance of the base model in the ADVANCE
case cohort was more powerful than in the LIPID subcohort.

While we observed a significant improvement on model performance with the addition of 7 lipid species to

https://doi.org/10.1172/jci.insight.121326 10
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Figure 5. Branched-chain amino acid catabolism to produce odd-chain and branched-chain fatty acids. Starting from the branched-chain amino acids
(isoleucine and valine), transamination by a mitochondrial branched-chain aminotransferase followed by decarboxylation with a branched-chain a-ketoacid
dehydrogenase complex leads to short branched and odd acyl-CoAs that are subsequently utilized in a similar fashion as acetyl-CoA in de novo lipogenesis.

a base model of 10 covariates, the improvement was not as distinguished as in the LIPID subcohort. When we
examined the association of the individual lipid species in the models with cardiovascular outcomes in the LIP-
ID subcohort and ADVANCE case cohort (Figure 4), we saw that, while most lipid species show similar hazard
ratios, two lipid species in the model to predict cardiovascular death showed opposing associations in the LIPID
and ADVANCE cohorts [PC(P-40:6) and CE(24:0)]. Interestingly, when we performed interaction analysis of
diabetes with the lipid species in the cardiovascular death model in the LIPID subcohort, we observed an inter-
action with diabetes for PC(P-40:6) showing a stronger positive association with cardiovascular death in the non-
diabetic participants (Supplemental Table 18). These results imply that specific lipids/models may be required to
optimize risk prediction in diabetes, although we note that most lipids did not show an interaction with diabetes.
In the LURIC study, a quotient of the sum of the 6 lipids species with the strongest negative associations
and the sum of the 6 lipid species with the strongest positive associations had a larger hazard ratio than any of
the individual lipid species (9). In this study we analyzed 11 of the 12 lipid species used in the quotient. All 11
showed the same direction of association with cardiovascular death; 7 of these [Cer(d18:1/16:0), SM(34:1),
PC(32:0), PC(38:5), PC(38:6), PC(40:6), and PC(O-32:0)] were significant in our data set. We recreated the
quotient (using 11 of the 12 reported lipid species), and although this showed a highly significant association
with cardiovascular outcomes, the quotient showed a modest improvement in the C-statistic from 0.673 (95%
CI, 0.671-0.675) to 0.694 (95% CI, 0.693-0.696), with a categorical NRI of 0.048 (95% CI, 0.045-0.051,
relative to the base model with 11 covariates (Supplemental Table 14). Similarly, ceramide ratios, reported to
predict cardiovascular death in secondary prevention cohorts (8), showed a strong association with cardiovas-
cular death in this cohort (Supplemental Table 13) but only modest improvement in the performance of mul-
tivariate models (Supplemental Table 14). When the quotient and ratios were available for selection, together
with lipid species in multivariate models, the quotient was selected, but the overall model was not improved,
despite containing 17 lipid species (the 11 species in the quotient and 6 additional species). The disparity in
the predictive values of the lipid quotient and ratios likely relates to differences in the cohorts, duration of
follow-up, and the extent of risk adjustment (number of covariates) in this study relative to earlier studies.
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In a model optimized to predict cardiovascular death in a subcohort from the diabetic ADVANCE
study, 4 lipid species [PC(O-36:1), DG(16:0_22:5), SM(34:1), and PC(0-36:5)] were added to 14 covari-
ates to improve the prediction of cardiovascular death, resulting in a 6.0% increase in the C-statistic to
0.701 (95% CI, 0.697-0.705) and a continuous NRI of 0.481 (95% CI, 0.465-0.498) (7). PC(O-36:1) was
also used for model development in the LIPID study cohort, while SM(34:1) and DG(16:0_22:5) were
both associated with cardiovascular death in the LIPID study cohort, suggesting a degree of redundancy
between species but also likely reflecting differences between diabetes and nondiabetes cohorts.

In a large, primary prevention cohort study, the addition of 6 lipid species [TG(54:2), PE(36:5),
CE(16:1), SM(34:2), LPC(20:5), and LPC(22:6)] to the Framingham risk score components to predict
10-year risk of cardiovascular events, improved C-statistics and categorical NRI by 3.8% and 14.9%, respec-
tively (6). Three of the six lipids used in this model [SM(34:2), LPC(20:5), and LPC(22:6)] were associat-
ed with cardiovascular death in our cohort. These differences likely relate to the primary prevention set-
ting; individuals with established cardiovascular disease (or diabetes) are known to have dysregulated lipid
metabolism, affecting multiple lipid species (5, 10). Consequently, lipids identified in secondary prevention
studies are likely to represent markers associated with the transition from stable to unstable disease rather
than representing the onset or early stages of disease, as may be the case in primary prevention.

We noted that lipid associations were typically stronger for cardiovascular death than cardiovascular
events (Supplemental Figure 2) and that this was reflected in the better performance of the model to predict
cardiovascular death compared with the model to predict cardiovascular events (Table 2). This suggests
that, within this secondary prevention population where the majority of patients are at high risk, those
who progress to CV death represent a more severe ‘“metabolic phenotype” than those who suffer a nonfatal
stroke or nonfatal MI. Such a metabolic phenotype may also reflect important therapeutic targets that may
be amenable to dietary or drug intervention. We have recently demonstrated the potential of this approach
by the dietary modulation of plasmalogens in a mouse model of atherosclerosis (29). Further studies will
be required to fully evaluate the potential in this area.

Study limitations. In this very large lipidomic study, we used a single internal standard per lipid class,
resulting in a precise approximation of lipid concentrations, rather than accurate quantification. Transla-
tion of a select lipid signature with stable isotope internal standards will provide improved precision and
accuracy and will likely result in better performance of the models. Similarly, the sum of individual species
representing class values will also have reduced accuracy.

A large proportion of patients in the LIPID subcohort were on medication; although randomization to
statin treatment was included as a covariate in our analyses, some lipid species at baseline may have been
influenced by other medications. Further, we have used the 11 Marschner score covariates as the base mod-
el in these analyses; as this score was derived from the LIPID study, this may result in overfitting of the base
model and, therefore, an underestimation of the improved performance resulting from the lipid species.

The results derived from LIPID subcohort have been evaluated on a case cohort of people with diabetes
from the ADVANCE study. There were also some slight differences between the lipid species measured in
each study, and the ADVANCE case cohort had fewer cardiovascular outcomes, providing lower power to
identify significant associations. The ADVANCE case cohort was not identical to the LIPID subcohort in
clinical presentation, lipid-lowering medication at baseline, and clinical covariates, limiting the inferences
that can be drawn. However, these differences between cohorts enabled us to identify important limitations
of this approach and the need for further validation studies in different clinical settings.

Translation of these biomarkers will require the further development of the technology to provide
accurate quantification that is transferable across platforms and laboratories. The exact configuration of
any clinical test resulting from this study is not defined, although we note the recent introduction by the
Mayo Clinic of “plasma ceramides” as a risk marker for cardiovascular disease (30). It seems likely that sig-
natures containing fewer lipids may be more readily translated, and our results would suggest that relatively
few lipid species could provide significant improvement over traditional risk markers.

Methods
Study populations
The design of the LIPID study has been published in detail (31). Briefly, individuals between 31 and 75

years of age, with an MI or hospital admission for unstable angina 3-36 months previously, having plas-
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ma total cholesterol levels of between 4.0 and 7.0 mmol/1 and fasting triglycerides of <5.0 mmol/1 were
enrolled in the study. Individuals with heart failure or currently taking lipid-lowering medication were
excluded. A single-blind placebo run-in phase was conducted for 8 weeks. After this, 9,014 patients (7,498
men and 1,516 women) were randomly allocated to receive pravastatin (40 mg daily) or matching placebo.
The primary outcome was coronary death, with nonfatal MI and stoke included as secondary outcomes.
All deaths and acute MI were reviewed by the outcome assessment committee. Primary and secondary
outcomes were adjudicated using several criteria and are described in detail in the original publication (31).
The median follow-up period was 6 years.

Detailed lipidomic profiling was conducted on 5,991 participants, for whom baseline fasting plasma
samples were available, representing 3,002 of those randomized to placebo and 2,989 of those assigned
pravastatin. Table 1 summarizes the characteristics of these groups. Within the available cohort, 1,359
patients experienced one or more cardiovascular events (649 nonfatal MI, 308 nonfatal stroke, and 708
cardiovascular death; Figure 1).

The ADVANCE study was a double-blinded, international prospective study; it assessed the effect of
intensive glucose control and routine blood pressure lowering on cardiovascular events (cardiovascular
death, nonfatal MI, or stroke) and renal outcomes in patients with T2D (32). A total of 11,140 patients
(32% with a prior history of major macrovascular disease) with T2D and 1 additional risk factor for cardio-
vascular disease, aged 55 years or older, were enrolled. A sample (n = 3,154) was selected at random from
the 7,376 participants with available blood samples (the unenriched subcohort). This was then enriched
with those suffering cardiovascular events or renal or all-cause mortality outcomes (# = 625) from the
remaining 4,222 participants, to give a total of 3,779 participants (698 cardiovascular events, 355 of which
were fatal [cardiovascular death]) (Figure 1).

Lipidomic profiling

The same lipidomic profiling strategy was used for the LIPID and ADVANCE cohorts. A detailed extraction
protocol and analysis method is presented in the Supplemental Methods. Briefly, lipids were extracted from
10 pl human plasma with butanol/methanol (100 pl) as described previously (33). Lipidomic analysis (342
species) was performed by liquid chromatography and electrospray ionization—tandem mass spectrometry
using a Agilent 1290 liquid chromatography system combined with an Agilent 6490 triple quadrupole mass
spectrometer (7). The experimental conditions are summarized in Supplemental Table 1. The relative con-
centration of each lipid species was calculated from the area of the resultant chromatograms relative to the
corresponding internal standard. Corrections for the batch effect were performed using median centering
approach as described previously (7). The relative levels of each lipid class and subclass were calculated as
the sum of the species within the class or subclass.

Statistics

LIPID subcohort. Prior to association studies, lipid data were log transformed to reduce the skewness of the
measurements and scaled by the standard deviation units. After checking the proportional hazard assump-
tions using scaled Schoenfeld residuals that showed random patterns, Cox proportional hazard models
were used to determine the association of each lipid class, subclass, and species with cardiovascular events
(nonfatal MI, nonfatal stroke, and cardiovascular death) and cardiovascular death. The models were adjust-
ed for two sets of covariates: 11 covariates derived from the Marschner risk score, previously developed on
the LIPID cohort (28) (age, sex, total cholesterol, HDL-C, current smoking, nature of prior acute coronary
syndrome, revascularization, diabetes history, stroke history, history of hypertension, and randomized
treatment allocation), or 22 covariates that had been shown to be significant predictors of outcomes in
a previous analysis of the LIPID study (34) (age, sex, BMI, total cholesterol, HDL-C, triglycerides, cur-
rent smoking, SBP, fasting glucose, atrial fibrillation, stroke history, diabetes history, hypertension history,
nature of prior acute coronary syndrome [no MI or any MI], revascularization, eGFR, dyspnea grade,
angina grade, white blood cell count, peripheral vascular disease, aspirin use, and randomized treatment
allocation). P values were corrected for multiple comparisons (342 lipid species) using Benjamini-Hochberg
approach (35). The resultant hazard ratios, their CIs, and corrected P values were used to determine the
strength of association. Interaction analysis of diabetes status or randomized treatment allocation with
lipid species was performed using the same 11 covariates in a Cox proportional hazard model. Ranking of
the lipid species for each outcome was performed within a 5-fold cross-validation framework (200 repeats)
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using a forward stepwise Cox regression, adding lipids to the 11 covariates, with Akaike information criteri-
on minimization as the objective. The average rankings of the lipids in these 1,000 iterations were then used
to select the lipid species for incorporation into the subsequent risk models.

The addition of lipid species or lipid ratios to the base covariates was evaluated using the C-statistics
for 5-year risk (Somers’ D command in STATA), continuous and categorical NRI, IDI, and relative IDI
within a 5-fold cross-validation (200 repeats). The calculation of categorical NRI was based on 5-year risk
categories of <10%, 10%—15%, and >15%. Using the whole data set, likelihood ratio tests and calibration
plots were determined between base models and optimized models containing 7 lipid species.

ADVANCE case cohort. The lipid species common to the ADVANCE case cohort were also evaluated.
Due to an incomplete alignment of covariates between the ADVANCE and LIPID studies, a complemen-
tary set of 10 base covariates, consisting of age, sex, current smoking, total cholesterol, HDL-C, diabe-
tes duration, coronary artery bypass graft or percutaneous transluminal coronary angioplasty, history of
macrovascular disease, heart failure, current antihypertensive treatment, and statin treatment, was used.
Assessment of lipid associations observed in the LIPID cohort was performed by measuring the adjusted
hazard ratio of the same lipid species using weighted Cox regression models to accommodate the enriched
case cohort from the ADVANCE study.

The predictive ability of the 7 lipid species selected for each of the multivariate models to predict
cardiovascular events or cardiovascular death were determined using Cox regression models on the unen-
riched ADVANCE subcohort and compared with the base model (10 covariates). The improvement in
C-statistics, NRI, and IDI resulting from the addition of the 7 lipid species, identified in the LIPID subco-
hort, to the base model (10 covariates) was determined.

Study approval

The analysis of archived plasma samples from the LIPID and ADVANCE studies was approved by the
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plasma samples was approved by the Alfred Hospital Ethics Committee.
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