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Study populations

In the LIPID study design 1, patients who experienced heart failure were excluded. Before the 
actual trial, a single-blind placebo run-in phase was conducted for 8 weeks. The study contained 
9014 patients (7498 men and 1516 women). Detailed lipidomic profiling was conducted on 
4,991 participants (49.7% on pravastatin treatment) using both baseline and one-year follow up 



plasma samples (Supplementary Figure 1). Of these, 91 experienced a cardiovascular event 
within the first year. Out of the remaining 4,900 patients 944 experienced cardiovascular events 
(non-fatal MI, non-fatal stroke and cardiovascular death) in the subsequent follow up period (1 
year to a maximum 10 years, average of 7.4 years), with 498 cardiovascular deaths. Major 
cardiovascular events and deaths were adjudicated by an expert committee blinded to treatment 
allocation.

The LIPID study was approved by the Ethics Committees of the participating institutes, all 
participants provided written informed consent. The subsequent analysis of archived samples 
was approved by the Alfred Hospital Ethics Committee. 

Lipid Nomenclature

We have followed the guidelines established by the Lipid Maps Consortium and added to by 
Liebisch et al. (Fahy et al., 2005; Fahy et al., 2009; Liebisch et al., 2013). Glycerophospholipids 
typically contain two fatty acid chains and, in the absence of detailed characterization, are 
expressed as the sum composition of carbon atoms and double bonds (i.e. PC(38:4). However, 
where the acyl chains have been determined but the position is unknown, this is reflected by an 
underscore between the acyl chains (i.e. PC(38:6) is changed to PC(18:0_20:4)). Where the 
position of the acyl chains is knows the acyl chains are separated by a / with the sn1 and sn2 acyl 
chains in order (i.e. PC(18:0_20:4) is changed to PC(18:0_20:4)). This is also extended into 
other lipid classes and subclasses.

Lipid extraction and profiling 

Liquid chromatography was performed on a Zorbax Eclipse Plus 1.8 µm C18, 50 × 2.1 mm 
column (Agilent Technologies). Solvents A and B consisted of tetrahydrofuran:methanol:water in 
the ratio (20:20:60) and (75:20:5) respectively, both containing 10 mM ammonium formate. 
Columns were heated to 50°C and the auto-sampler regulated at 25°C. Lipid species (1 µL 
injection) were separated under gradient conditions at a flow rate of 400 µL/min. The gradient 
was as follows; 0% solvent B to 40% solvent B over 2.0 min, 40% solvent B to 100% solvent B 
over 6.5 min, 0.5 min at 100% solvent B, a return to 0% solvent B over 0.5 min then 0.5 min at 
0% solvent B prior to the next injection (total run time of 10 min).

The analysis was performed on an Agilent 6490 QQQ mass spectrometer with an Agilent 1290 
series HPLC (Agilent Technologies, Santa Clara, California, United States). The mass 
spectrometer was operated in positive ion mode with dynamic/scheduled multiple reaction 
monitoring (dMRM).  There were 345 unique lipid species measured together with 16 stable 
isotope or non-physiological lipid standards (Supplementary Table 1). Mass spectrometer 
voltages used for the acquisition of data were; fragmentor voltage, 380 V and cell accelerator 
voltage, 5 V. The collision energy voltage was set individually for each lipid class and subclass 
and is listed in Supplementary Table 1. Acquisition windows were set to between 0.7 and 1.76 
min depending on the chromatographic properties of the lipid. Further, there were several sets of 
chromatographically separated isobaric lipids which shared the same nominal parent ion mass 



and also give rise to the same product ions.  Specifically, for isobaric species of 
phosphatidylcholine, alkylphosphatidylcholine and alkenylphosphatidylcholine the parent and 
product ions (m/z 184) were the same.  As a result a single MRM transition was used to measure 
the corresponding species within each subclass, using an increased MRM window time (21 
combinations).  Additionally there was one further occurrence of isobaric 
phosphatidylethanolamine and alkylphosphatidylethanolamine lipid species, representing the 
neutral loss of 141 Da, which were similarly combined into a single dMRM transition. While 
most lipid classes and subclasses have similar response factors for lipid species within the class, 
some classes show greater variation in intraclass response factors. Consequently, correction 

factors were applied for some lipid classes as we have described earlier 2, with minor 
adjustments for the Agilent mass spectrometer.

Quality control samples

Two types of quality control samples were utilized in this study. Plasma from six healthy 
volunteers was pooled and split into multiple aliquots. We refer to these samples as plasma 
quality control (PQC) samples.  These samples are then subjected to extraction and LC-MS 
analysis alongside samples from the study to provide a measure of analytical variability across 
the study as a whole. Additionally, we utilized identical lipid extracts, prepared by pooling lipid 
extracts from multiple PQC samples, to prepare multiple aliquots which were referred to as 
technical quality control (TQC) samples.  Analysis of these samples captures only the variation 
associated with LC-MS performance. Within the analytical process, a PQC and TQC sample was 
included every twenty plasma samples.

Pre-processing of data

In this study, samples were run in multiple batches. An extraction batch consisted of 448 plasma 
samples, 24 PQC, 24 TQC and 12 blank samples (resulting in 27 batches). Batches were run 
consecutively, with cleaning of the mass spectrometer following every second batch. A median 

centering approach was used for correction of the batch effect 3. The median PQC concentration 
of each lipid for each batch was used as a reference point to align the samples with the entire 
cohort. The alignment was performed by calculating a correction factor to adjust the 
concentration of each PQC lipid in each batch to the median value for all batches.

Acknowledgement

The LIPID Study Investigators: The participants in the LIPID study were as follows: 
Management Committee — A. Tonkin (chair), P. Aylward, D. Colquhoun, P. Glasziou, P. Harris, 
D. Hunt, A. Keech, S. MacMahon, P. Magnus, D. Newel, P. Nestel, N. Sharpe, J. Shaw, R.J. 
Simes, P. Thompson, A. Thomson, M. West, H. White; Audit Committee — A. Thomson (chair), 
S. Simes, D. Colquhoun, W. Hague, S. MacMahon, R.J. Simes; Cost-Effectiveness Committee 
— R.J. Simes (chair), P. Glasziou, S. Caleo, J. Hall, A. Martin, S. Mulray; Data and Safety 
Monitoring Committee — P. Barter (chair), L. Beilin, R. Collins, J. McNeil, P. Meier, H. 



Willimott; Finance Committee — P. Harris (chair), W. Hague, D. Smithers, A. Tonkin, P. 
Wallace, H. Willimott; Outcomes-Assessment Committee — D. Hunt (chair), J. Baker, P. 
Aylward, P. Harris, M. Hobbs, P. Thompson; Publications Committee — N. Sharpe (chair), D. 
Hunt, M. West, P. Thompson, H. White; Quality Assurance Committee — P. Aylward (chair), D. 
Colquhoun, D. Sullivan, A. Keech; Related-Studies Committee — P. Thompson (chair), S. 
MacMahon, A. Tonkin, M. West; Stroke Adjudication Committee — H. White (chair), N. 
Anderson, G. Hankey, R.J. Simes, S. Simes, J. Watson; Writing-Allocation Committee — R.J. 
Simes (chair), N. Sharpe, A. Thomson, A. Tonkin, H. White; National Health and Medical 
Research Council Clinical Trials Centre, University of Sydney — W. Hague (study manager), J. 
Baker, M. Arulchelvam (biostatisticians), S. Chup, J. Daly, J. Hanna, A. Leach, M. Lee, J. 
Loughhead, H. Lundie-Jenkin, J. Morrison, A. Martin, S. Mulray, S. Netting, A. Nguyen, H. 
Pater, R. Philip, G. Pinna, D. Rattos, S. Ryerson, V. Sazhin, S. Simes, R. Walsh, A. Keech 
(deputy director), R.J. Simes (director); Clinical Trials Research Unit, Auckland — A. Clague, 
M. Mackie, J. Yallop, K. Boss, S. MacMahon (director); Central Lipid Laboratory, Flinders 
Medical Centre — M. Whiting, M. Shepard, J. Leach; Bristol-Myers Squibb Pharmaceuticals — 
M. Gandy, J. Joughin, J. Seabrook; LIPID investigators (numbers of patients enrolled are shown 
in parentheses) — Australia (5958): New South Wales (1616) — R. Abraham, J. Allen, F. Bates, 
I. Beinart, E. Breed, D. Brown, N. Bunyan, D. Calvert, T. Campbell, D. Condon-Paoloni, B. 
Conway, L. Coupland, J. Crowe, N. Cunio, B. Cuthbert, N. Cuthbert, S. D’Arcy, P. Davidson, B. 
Dwyer, J. England, C. Friend, G. Fulcher, S. Grant, K. Hellestrand, M. Kava, L. Kritharides, D. 
McGill, H. McKee, A. McLean, M. Neaverson, G. Nelson, M. O’Neill, C. Onuma, F. O’Reilly, 
A. Owensby, D. Owensby, J. Padley, G. Parnell, S. Paterson, C. Pawsey, R. Portley, K. Quinn, D. 
Ramsay, M. Russell, J. Ryan, B. Sambrook, L. Shields, J. Silberberg, S. Sinclair, D. Sullivan, P. 
Taverner, D. Taylor, M. Taylor, M. Threlfall, J. Turner, A. Viles, J. Waites, R. Walker, W. Walsh, 
K. Wee, P. West, R. Wikramanayake, D. Wilcken, J. Woods, R. Wyndham; Victoria (1374) — K. 
Barnett, Z. Bogetic, H. Briggs, A. Broughton, L. Brown, A. Buncle, P. Calafiore, L. Carrick, Y. 
Cavenett, L. Champness, R. Clark, H. Connor, J. Counsell, J. Deague, G. Derwent-Smith, A. 
Driscoll, B. Feldtmann, L. Fisher, B. Forge, A. Hamer, H. Harrap, S. Hodgens, M. Hooten, J. 
Hurley, B. Jackson, J. Johns, J. Krafchek, H. Larwill, I. Lyall, S. Marks, M. Martin, B. Mason, J. 
McCabe, C. Medley, L. Morgan, L. Mullan, D. Ogilvy, G. Phelps, P. Phillips, H. Prendergast, D. 
Rose, G. Rudge, W. Ryan, M. Sallaberger, G. Savige, B. Sia, A. Soward, C. Steinfort, K. 
Tankard, J. Tippett, B. Tyack, J. Voukelatis, M. Wahlqvist, N. Walker, S. Whitten, R. Yee, M. 
Zanoni, R. Ziffer; Queensland (1431) — K. Anderson, G. Aroney, C. Atkinson, K. Boyd, R. 
Bradfield, G. Cameron, D. Careless, A. Carle, P. Carroll, T. Carruthers, D. Chaseling, B. Cooke, 
S. Coverdale, B. Currie, M. d’Emden, F. Ekin, R. Elder, T. Elsley, L. Ferry, C. Gnanaharan, K. 
Graham, K. Gunawardane, C. Hadfield, C. Halliday, R. Halliday, A. Heyworth, B. Hicks, P. 
Hicks, T. Htut, L. Hughes, J. Humphries, H. LeGood, J. Nye, D. O’Brien, G. Real, K. Roberts, L. 
RossLee, J. Sampson, I. Scott, H. Smith, V. Smith-Orr, Y. Tan, B. Wicks, J. Wicks, S. 
Woodhouse; South Australia (512) — J. Bradley, L. Callaway, A. Calvert, J. Crettenden, A. 
Dufek, B. Dunn, C. Dunphy, D. Gow, I. Hamilton-Craig, K. Herewane, S. Keynes, L. McLeay, 
R. McLeay, L. Ng, C. Thomas, P. Tideman, L. Wilson, R. Yeend, C. Zhang, Y. Zhang; Western 
Australia (623) — P. Bradshaw, M. Brooks, R. Burton, J. Garrett, K. Gotch-Martin, J. Hargan, B. 
Hockings, G. Lane, S. Ross; Tasmania (402) — R. Cutforth, D. D’Silva, W. Hitchener, V. 
Kimber, G. Kirkland, P. Neid, R. Parkes, B. Singh, C. Singh, M. Smith, S. Smith, M. Templer, N. 
Whitehouse; New Zealand (3056) — R. Allen-Narker, R. Anandaraja, S. Anandaraja, P. Barclay, 



S. Baskaranathan, P. Bridgman, J. Brown, J. Bruning, J. Calton, A. Clague, M. Clark, D. Clarke, 
T. Cook, R. Coxon, M. Denton, A. Doone, R. Easthope, J. Elliott, C. Ellis, P. FosterPratt, C. 
Frenneux, M. Frenneux, D. Friedlander, D. Fry, L. Gibson, M. Gluyas, A. Hall, K. Hall, A. 
Hamer, H. Hart, P. Healy, J. Hedley, P. Heuser, H. Ikram, D. Jardine, J. Kenyon, H. King, T. Kirk, 
T. Lawson, P. Leslie, G. Lewis, E. Low, R. Luke, S. Mann, D. McClean, D. McHaffie, L. Nairn, 
H. Patel, L. Pearce, K. Ramanathan, R. Rankin, J. Reddy, S. Reuben, R. Ronaldson, D. Roy, H. 
Roy, P. Scobie, D. Scott, J. Scott, K. Skjellerup, R. Stewart, D. Walters, T. Wilkins, A. Vitanachy, 
P. Wright, A. Zambanini.

References
1. The Long-Term Intervention with Pravastatin in Ischaemic Disease (LIPID) Study 
Group. Prevention of cardiovascular events and death with pravastatin in patients with 
coronary heart disease and a broad range of initial cholesterol levels. . N Engl J Med 
1998;339:1349-1357.
2. Weir JM, Wong G, Barlow CK, Greeve MA, Kowalczyk A, Almasy L, Comuzzie 
AG, Mahaney MC, Jowett JB, Shaw J, Curran JE, Blangero J, Meikle PJ. Plasma lipid 
profiling in a large population-based cohort. J Lipid Res 2013;54:2898-2908.
3. Alshehry ZH, Mundra PA, Barlow CK, Mellett NA, Wong G, McConville MJ, 
Simes J, Tonkin AM, Sullivan DR, Barnes EH, Nestel PJ, Kingwell BA, Marre M, Neal 
B, Poulter NR, Rodgers A, Williams B, Zoungas S, Hillis GS, Chalmers J, Woodward M, 
Meikle PJ. Plasma Lipidomic Profiles Improve on Traditional Risk Factors for the 
Prediction of Cardiovascular Events in Type 2 Diabetes Mellitus. Circulation 
2016;134:1637-1650.

Supplementary Figure 1: Consort diagram for patient flow. From the 9014 participants that 
were randomized to receive pravastatin treatment, baseline samples were available for 5991 
participants and 1 year follow-up samples were available for 5782 participants. Participants for 
whom both baseline and follow-up samples were available (n=4991) were used in this study for 
subsequent analyses. Of these 4991 participants, 91 experienced a CVE within the first year and 
were removed from the CVE analysis (resulting in n=4900, with 944 CVE). All 4991 samples 
were used in the analysis of CVD death (498 CVD deaths) as there were no CVD deaths within 
the first year in this subcohort.

Supplementary Figure 2: Schematic diagram of mediation analysis procedure. Causal 
mediation analysis is conditional upon (A) an association between the predictor (statin treatment) 
and outcome (cardiovascular events) and (B) an association between the predictor (statin 



treatment) and the mediator (deltaLR / deltaLDL-C). (C) Mediation analysis then determines the 
proportion of risk in the Outcome Model explained by a direct effect of statins on cardiovascular 
outcomes, the Average Direct Effect (ADE), and the proportion that is mediated by DeltaLR / 
delta-LDL-C, the Average Causally Mediated Effect (ACME). An interaction test for differences 
in ACME under different treatment status was performed.  In this analysis the following 
definitions apply: The Total Effect is defined as the expected change in the 
outcome (cardiovascular events) as the predictor (statin treatment) changes from placebo to 
treatment, while the mediator (deltaLR / DeltaLDL-C) is allowed to track the change in the 
predictor. The Average Direct Effect is defined as the expected change in the outcome 
(cardiovascular events) as the predictor (statin treatment) changes from placebo to treatment 
while maintaining the mediator (deltaLR / DeltaLDL-C) at the placebo levels. The Average 
Causally Mediated Effect is defined as the expected change in the outcome (cardiovascular 
events) when the predictor (statin treatment) is maintained as treatment and the mediator 
(deltaLR / DeltaLDL-C) changes from the placebo values to the treated values. The Total Effect 
is then the sum of the Average Direct Effect and Average Causally Mediated Effect.

Supplementary Figure 3: Association of change in lipid concentration with future 
cardiovascular events within the treatment group. Models were adjusted for age, sex, body 
mass index, change in cholesterol, change in HDL-C, change in triglycerides and baseline level 
of a given lipid species. The hazard ratio denotes the risk per interquartile range. P-values were 
corrected for multiple comparisons using the Benjamini-Hochberg method. Lipid species with 
uncorrected P-value<0.01 are presented.

Supplementary Figure 4: Change in the lipid ratio and LDL-C in quartiles of the treatment 
group stratified on the change in the lipid ratio. The treatment group was stratified into 
quartiles using the change in the lipid ratio PI(36:2)/PC(38:4). Panel A shows the median change 
of LDL-C in each quartile with the interquartile range shown by the whiskers. The median 
change and interquartile range of the placebo group is also shown for reference (red squares).  
Panel B shows the median change of the lipid ratio in each quartile with the interquartile range 
shown by the whiskers. The median change and interquartile range of LDL-C in the placebo 
group is also shown for reference (red squares).


