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Abstract

Fatty acids (FAs) are essential components of cell membranes and play an integral role in

membrane fluidity. The lipophilic index [LI, defined as the sum of the products between FA levels

> 1 L fatty acidxmelting point ]] .
IS

and melting points (°C), divided by the total amount of FA: LI = 5 Tatty acid

thought to reflect membrane and lipoprotein fluidity and may be associated with the risk of
coronary heart disease (CHD). Therefore, we examined the associations of dietary and plasma
phospholipid (PL) LI with CHD risk among postmenopausal women. We determined dietary LI
for the cohort with completed baseline food frequency questionnaires and free of prevalent
cardiovascular diseases in the Women’s Health Initiative (WHI) observational study (V= 85,563).
We additionally determined plasma PL LI in a matched case-control study (N = 2428) nested
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within the WHI observational cohort study. Cox proportional hazard regression and multivariable
conditional logistic regression were used to calculate HRs/ORs for CHD risk between quartiles of
LI after adjusting for potential sources of confounding and selection bias. Higher dietary LI in the
cohort study and plasma PL LI in the case-control study were significantly associated with
increased risk of CHD: HR = 1.18 (95% CI 1.07-1.31, Pfor trend <0.01) and OR = 1.76 (95% CI
1.33-2.33, Pfor trend <0.01) comparing extreme quartiles and adjusting for potential confounders.
These associations still persisted after adjusting for the polyunsaturated to saturated fat ratio. Our
study indicated that higher LI based on either dietary or plasma measurements, representing higher
FA lipophilicity, was associated with elevated risk of CHD among postmenopausal women.

Keywords
Lipophilic index; Coronary heart disease; Diet; Plasma; Postmenopausal women

Introduction

Cardiovascular disease (CVD) is the leading cause of death in the US, which accounts for
31.3% of total death [1]. Coronary heart disease (CHD) is the most common type of CVD
and accounts for over 30% of prevalent CVD and 47.7% of CVD death [2]. Fatty acids
(FAs) play important roles in cardiovascular pathophysiology. Different FAs have different
properties such as binding affinity, viscosity and lipophilicity, which determine the
orientation of membrane-bound proteins, further influencing lipoprotein metabolism and the
activity of membrane-bound enzymes, receptors and other proteins that can affect CVD risk
[3, 4]. A unique characteristic of FA is the melting point, which is determined by the length
and degree of unsaturation of FA chains and has been shown to reflect the lipophilicity of
FA. The lipophilic index (LI) was first developed by Ding in 2008, summarizing individual
FA levels and their melting points, and was applied for predicting CHD risk using
erythrocyte and plasma FA [5]. LI provides a novel method to capture overall FA
lipophilicity, with a lower value indicating lower lipophilicity and higher membrane fluidity.

Two studies have examined the association between LI and CHD risk. In a nested case-
control study of the Health Professionals Follow-up Study, which included US men aged
40-70 years, Wu et al. [6] examined the association of plasma and erythrocyte LI with CHD
risk. They found that higher plasma LI was significantly associated with an increased risk of
CHD [risk ratio (RR) = 1.61, 95% confidence internal (CI) 1.03-2.53, comparing extreme
quintiles], while erythrocyte LI was not. In another matched case-control study of Hispanic
Americans living in the Central Valley of Costa Rica by Toledo et a/. [7], the LIs of diet,
plasma, red blood cells and adipose tissue were used to evaluate the association with
myocardial infarction. Higher LIs derived from diet and adipose tissue were associated with
an elevated risk of myocardial infarction (RR = 1.57, 95% CI 1.22-2.02 and 1.30, 95% ClI
1.00-1.69, respectively, comparing extreme quintiles). Currently, evidence regarding the
relationship between LI and CHD is limited, especially the evidence from a large
representative population of US women. Given these findings, we examined the association
of dietary LI with CHD risk among postmenopausal women who participated in the
Women’s Health Initiative (WHI) observational cohort study and performed a separate
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analysis of plasma phospholipid (PL) LI in a case-control study nested in the observational
cohort study as plasma PL FAs were not measured for all WHI cohort participants. We
hypothesized that L1 will be positively associated with CHD risk.

Materials and Methods

Study Population

The WHI observational cohort study enrolled 93,676 postmenopausal women (age 50-79) at
40 clinical centers in the US from 1994 to 1998. A detailed description of the WHI
observational cohort study design has been published elsewhere [8, 9]. All incident CHD
cases, which were defined as hospitalized myocardial infarction, definite silent myocardial
infarction and deaths due to definite CHD or possible CHD, were confirmed based on review
of medical records and death certificates by trained physician adjudicators [10]. For the
cohort analysis that evaluated the association of diet-derived LI with CHD risk, women were
excluded from the 93,676 WHI participants based on the following criteria: (1) lack of
completion of baseline food frequency questionnaires, (2) baseline self-reported myocardial
infarction, coronary artery bypass graft, percutaneous transluminal coronary angioplasty or
stroke and (3) implausible baseline dietary total energy intake (<600 or >5000 kcal/day).
The final sample size in the current cohort analysis was 85,563 (Fig. 1).

As plasma PL FA profiles were not available for all WHI participants, we additionally
performed a matched case-control study of 2448 participants nested in the WHI
observational cohort study to evaluate the association of plasma PL LI with CHD risk.
Specifically, for the matched case-control study, all adjudicated incident CHD cases from the
WHI observational database in September 2005 were selected for sampling [10]. A total of
2468 potential cases were initially eligible. Potential cases were excluded according to the
following criteria: (1) lack of available baseline plasma sample, (2) lack of completion of
baseline food frequency questionnaires and (3) CVD reported at baseline, where CVD was
defined as myocardial infarction, angina, coronary artery bypass graft surgery/percutaneous
transluminal coronary angioplasty, carotid artery disease, congestive heart failure, stroke or
peripheral vascular disease. Potential controls were excluded for all these criteria as well as
developing CVD during follow-up (a mean of 4.5 years). Among the 1549 cases meeting the
eligibility criteria, 1288 had a previously matched eligible control. Matching was done on
the basis of age at screening, date of enrollment, race/ethnicity (White, Black, Hispanic,
Other) and hysterectomy status at baseline. This matching process resulted in 2448 matched
case-controls. Additionally, we excluded 11 participants who lacked plasma PL FA profile
results and their matched pairs (V= 9). Therefore, the final sample size in the case-control
analysis was 2428 (Fig. 1).

All participants signed an informed consent, which was approved by the institutional review
boards at the Clinical Coordinating Center at the Fred Hutchinson Cancer Research Center
and the 40 clinical centers. A separate approval to use de-identified samples and data for the
plasma PL FA analysis in this study was obtained from the Tufts University/Tufts Medical
Center Institutional Review Board [11].
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Lipophilic Index

Covariates

The primary exposure of interest was LI, which was calculated from dietary FA and plasma
PL FA. Dietary FAs were measured from food frequency questionnaires at baseline and year
3, including saturated fatty acids (SFA) (4:0, 6:0, 8:0, 10:0, 12:0, 14:0, 16:0, 17:0, 18:0,
20:0, and 22:0), monounsaturated fatty acids (MUFA) (14:1, 16:1, 18:1, 20:1, and 22:1), n-3
polyunsaturated fatty acids (PUFA) (18:3, 20:5, 22:5, and 22:6), n-6 PUFA (18:2, 18:4, and
20:4) and trans fatty acids (TFA) (16:1 T, 18:1 T, and 18:2 T). Plasma PL FAs, including
SFA (12:0, 14:0, 15:0, 16:0, 18:0, 20:0, 22:0, and 24:0), MUFA (14:1, 16:1N-7, 16:1N-9,
18:1N-7, 18:1N-9, 20:1N-9, and 24:1N-9), n-3 PUFA (18:3N-3, 20:5N-3, 22:5N-3, and
22:6N-3), n-6 PUFA (18:2N-6, 18:3N-6, 20:2N-6, 20:3N-6, 20:4N-6, 22:4N-6 and 22:5N-6)
and TFA (all 18:1 T and 18.2 T), were measured at baseline using an established gas
chromatography method and expressed as molar percentage (mol%), proportions of FA
relative to the internal standard [12]. Details about internal and external quality controls can
be found elsewhere [11].

The LIs for dietary and plasma PL FAs were calculated as a summation of the products of
the levels of FAs and their specific melting points (°C) using the following equations:

Zk [fatty acid (g); X melting point (°C)l.]
Y  fatty acid (g);

¥ k[levels of fatty acid (mol % )i X molecular weighti X melting point("C)l.]

Dietary LI =

Plasma LI =

> k[levels of fatty acid (mole % )i X molecular weighti]

where 7is the individual FA, and & is the number of FAs used to calculate LI. A higher LI is
associated with a higher FA melting point and higher lipophilicity.

Dietary LI in the cohort study was computed for baseline and year 3 separately. We used the
cumulative average diet method to evaluate the association between dietary LI and CHD risk
[13, 14]. In this method, we used dietary LI derived from baseline food frequency
questionnaires to capture the exposure within the first 3 years and dietary LI averaging the
baseline and year 3 questionnaires to capture the exposure beyond the first 3 years. For those
who failed to complete food frequency questionnaires at year 3 (A= 11,051), we used
multiple imputation by chained equations to impute missing dietary measurements (more
details in “Statistical analysis™) [15]. Dietary LI in the case-control study was derived based
on baseline food frequency questionnaires. Since plasma PL FAs in the WHI case-control
study were expressed as molar percentage, molecular weight for each FA was taken into
account. Information about the melting point and molecular weight was acquired from the
LipidBank Database [16]. For those FAs for which melting points were described in ranges,
the midpoints were used; for FAs having isomers, the weighted averages were used, where
weights were calculated based on previously published papers [7].

Socio-demographic variables, lifestyle factors, CHD risk factors and dietary factors were
assessed by interview, self-report or physical measurement at baseline using standardized
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questionnaires or during follow-up using the same protocol as baseline assessments [8].
Socio-demographic variables included age, region, race/ethnicity, education and income.
Lifestyle factors included body mass index (BMI), physical activity and smoking. CHD risk
factors included family history of myocardial infarction/diabetes/stroke, medication use
(included anticoagulants, diabetes medications and lipid lowering medications),
postmenopausal hormone use and self-reported baseline hypertension/diabetes/cancer/
hypercholesterolemia/hysterectomy status. Dietary factors included alcohol intake, percent
calories from protein and carbohydrates, and total energy intake.

For analytic purposes, education was categorized as < high school, some college and post-
graduate. Income was categorized as <$20,000, $20,000 to $74,999 and >$75,000 per year.
Physical activity was measured by the total physical activity score (MET-h/week) [17]. BMI
was treated as a continuous variable. Smoking was categorized as never, past or current.
Postmenopausal hormone use was categorized as current estrogen + progesterone, current
estrogen alone, past users and never used.

Statistical Analysis

We initially examined the distribution of baseline sociodemographic characteristics, lifestyle
factors, CHD risk factors and dietary factors by quartiles of dietary LI in the cohort study
and by cases status in the matched case-control study. Descriptive statistics such as medians,
means, standard errors, frequencies and proportions were used to summarize the
aforementioned variables. Chi-square and ANOVA tests were used for categorical and
continuous variables, respectively, in the cohort study by quartiles of dietary LI. Cases and
controls were compared using paired ¢test, Wilcoxon signed rank or McNemar tests,
depending on the distribution of the data.

To examine the association between quartiles of L1 and CHD risk, we used unadjusted and
adjusted Cox proportional hazard regression models in the cohort study and adjusted
conditional logistic regression models in the case-control study. LI was categorized into
quartiles based on the distribution among participants without CHD. A test for trends was
conducted by assigning the median value of each quartile to a given category and then
including this categorical variable in Cox and conditional logistic regression models as a
linear term. Other covariates were modeled using indicators when categorical or linear terms
when continuous. The covariates that were adjusted for in the aforementioned models were
based on the causal diagram of each study (Appendix 1) and selected to control for
confounding bias as well as selection bias due to study exclusions and censoring because of
loss to follow-up [18-20]. Patients were considered to be lost to follow-up 1 year after the
last time they were seen at a clinic visit during the study period. Patients who were last seen
within 1 year of 29 August 2014 were administratively censored at 29 August 2014. The
fully adjusted model in the cohort study included age, region, race/ethnicity, education,
income, BMI, physical activity, smoking, family history of myocardial infarction/diabetes/
stroke, medication use, postmenopausal hormone use, self-reported baseline hypertension/
diabetes/cancer/hypercholesterolemia/hysterectomy status, dietary alcohol, percent calories
from protein and carbohydrates, and total energy intake. The final adjusted model examining
plasma PL LI on CHD risk in the case-control study included matching factors (age, race/
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ethnicity, enroliment date and hysterectomy status), BMI, physical activity, smoking, family
history of myocardial infarction/diabetes/stroke, medication use, postmenopausal hormone
use, self-reported baseline hypertension/diabetes/cancer/hypercholesterolemia, dietary
alcohol, percent calories from protein and carbohydrates, and total energy intake. No
evidence of violation of the proportional hazards assumption was found on the basis of the
Schoenfeld residuals or the Wald test for a product term between the exposure of interest
and follow-up time (both linear and on log scale).

Multiple imputation (five times) by chained equations [15] was used to impute missing
values among cohort participants (A= 85,563) on dietary measurements at year 3 (dietary
LI, alcohol intake, percent calories from protein and carbohydrates, and total energy, V=
11,051) and the following covariates: race/ethnicity (A= 231), education (N = 680), income
(V= 3714), BMI (V= 980), physical activity (A= 958), smoking (V= 1181), family history
of myocardial infarction (V= 4428)/diabetes (N = 4115)/stroke (N = 4736), self-reported
baseline hypertension (V= 1502)/diabetes (N = 86)/cancer (N = 654)/hypercholesterolemia
(V= 1887) and hysterectomy status (V= 80).

Sensitivity analyses were conducted to assess the robustness of findings by (1) calculating
the dietary lipophilic load (LL), which is an integrated measure of both lipophilic quantity
and quality [21], for the comparison with dietary LI; (2) calculating alternative dietary LI by
excluding TFA or PUFA; (3) using data on participants with complete information (V=
60,079); (4) examining the associations of dietary PUFA:SFA and long-chain n-3 PUFA
with CHD risk; (5) examining the associations of blood lipids [low-density lipoprotein
cholesterol (LDL-C):high-density lipoprotein cholesterol (HDL-C) ratio and triglycerides]
with CHD among a subgroup of participants with blood lipids; (6) comparing dietary LI/LL
calculated based on different methods (cumulative average versus baseline only); (7)
validating the association between LI and CHD by additionally adjusting for the PUFA-to-
SFA ratio.

All data were analyzed using SAS (version 9.4; SAS Institute, Inc., Cary, NC).

Among 85,563 women in the cohort study, we identified 4195 incident CHD events; the
average (SD) follow-up person time was 13.2 (4.3) years. The median (IQR) baseline dietary
LI was 27.6 (3.5), and the mean age (SD) was 63.4 (7.3). Participants in the highest dietary
LI quartile compared to participants in lower dietary LI quartiles were more likely to be
White/non-Hispanics, live in the Midwest and have less income (Table 1). Less physical
activity and higher BMI were associated with higher dietary LI. We observed a moderate
correlation between baseline and year 3 LI (Pearson’s correlation coefficient = 0.52, P<
0.01). Among all the cohort participants, 39% stayed in the same dietary LI quartile, 35%
participants switched to lower LI quartiles, and 25% switched to higher LI quartiles in the
second dietary measurement at year 3.

Table 2 shows the characteristics by CHD case status. The median (IQR) of plasma PL LI
was 22.3 (2.5) overall, 22.1 (2.5) among controls and 22.5 (2.4) among cases. The median
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(IQR) of dietary LI was 27.7 (3.5) overall, 27.6 (3.5) among controls and 27.8 (3.4) among
cases. The Spearman’s correlation coefficient between plasma PL LI and dietary LI was 0.12
(P<0.01). The overall mean (SD) age was 67.8 (6.8) years, and there was no difference
between cases and controls. Cases had significantly lower levels of education, income and
physical activity. Cases also had higher BMI and total energy intake than controls. There
was a higher proportion of smokers and family history of myocardial infarction and a lower
proportion with a family history of diabetes among cases. Cases also reported a lower
proportion of current hormone usage (estrogen + progesterone or estrogen alone) than
controls.

The melting point, median level of each FA in the diet and plasma PL and correlations
between individual FA and LI are shown in “Appendix 2”. The major plasma PL FAs were
16:0 (30.5 mol%), 18:0 (13.3 mol%), 18:1n-9 (8.4 mol%), 18:2n-6 (20.7 mol%), 20:4n-6
(10.9 mol%) and 22:6n-3 (3.1 mol%), while the major dietary FAs were 16:0 (8.4 g/day),
18:0 (4.1 g/day), 18:1n-9 (16.3 g/d), 18:2n-6 (8.5 g/day), 18:3n-3 (1.0 g/day) and trans 18:1
(2.6 g/day).

Associations Between LI and CHD

Table 3 shows the relationship between L1 and CHD risk for the two studies based on hazard
ratios (HRs) with 95% CI for CHD associated with quartiles of LI in the cohort study and
odds ratios (ORs) with 95% CI for CHD in the matched case-control study. Among the
cohort study participants, higher dietary LI was significantly associated with an increased
risk of CHD in both the unadjusted and adjusted models. Specifically, in model 2,
participants in the highest quartile of dietary LI showed an 18% higher risk of CHD
compared with participants in the lowest quartile after adjusting for confounders. Among
those included in the case-control study, the OR in an adjusted model that controlled for
matching factors was 1.87 (95% CI 1.45-2.40, P for trend <0.01) comparing the highest to
the lowest quartile of plasma PL LI. In the model that adjusted for all proposed confounders,
the OR comparing extreme quartiles was attenuated to 1.76 (95% ClI 1.33-2.33, P for trend
<0.01). The associations of dietary LI and plasma PL LI with CHD still persisted after the
adjustment of PUFA:SFA (model 3 and model 6).

Sensitivity Analyses

In the sensitivity analysis of using cohort participants with complete information (V=
60,079), we found a stronger association between dietary LI and the risk of CHD (HR =
1.23, 95% CI 1.08-1.33) than using multiple imputation by chained equations to impute
missing values (Appendix 3). In the analysis comparing different dietary lipids (LL,
PUFA:SFA and n-3 PUFA) with LI, PUFA:SFA and n-3 PUFA were negatively associated
with CHD. However, we did not find a significant association between dietary LL and CHD.
The associations between alternative dietary LIs (without TFA or PUFA) and CHD remained
statistically significant (Appendix 4). When limiting the analysis to cohort participants with
blood lipids and C-reactive protein (CRP) (/= 6188), we found that blood triglycerides and
the LDL:HDL ratio were positively associated with CHD risk, and the association between
dietary LI and CHD risk did not change after adjusting for LDL:HDL (Appendix 5). In our
analysis, CRP did not modify the associaton of dietary LI/LL on CHD risk. “Appendix 6”
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shows the results comparing cumulative average dietary LI/LL with baseline LI/LL. We only
observed significant associations between cumulative average dietary LI and CHD risk.

Discussion

In the cohort analysis of 85,563 women in the WHI observational study (1994-2014), higher
dietary L1 was associated with increased risk of CHD after adjusting for potential sources of
confounding and selection bias. In the adjusted case-control analysis of 2428 women
selected from the WHI 2005 database, we found a significant positive association between
plasma PL LI and the risk of CHD. Our results are consistent with two previous matched
case-control studies [6, 7]. In these studies, dietary LI was positively associated with
increased risk of CHD and myocardial infarction (RR = 1.61 and 1.57, respectively, when
comparing extreme quintiles) [6, 7].

FAs regulate cellular membrane fluidity and physiological function and further influence
cardio-metabolic risks. The LI was designed to summarize the quality of FA, either
consumed in the diet or present in biological samples, into an index. The quality of FA with
regard to lipophilicity, was defined by melting points, which reflect two main molecular
characteristics of FAs: FA hydrocarbon chain length and unsaturation (number of double
bonds) [22]. A higher melting point is related to a longer hydrocarbon chain, a greater
degree of saturation and presence of a double bond in the #rans configuration. Therefore, a
higher LI is associated with higher FA lipophilicity and may indicate lower membrane
fluidity.

The association between LI and CHD risk can be mainly explained by cell membrane
fluidity and the PL fluidity of lipoproteins, which involve multiple mechanisms. Cell
membrane fluidity affects membrane permeability, transport systems, receptor functions, or
enzyme activities, therefore playing an important role in the pathogenesis of CVD [23].
Lower LI can increase membrane fluidity, which further improves the activity of proteins
involved in ion transport, signal transduction, cell Ca2* handling, and intracellular pH
regulation [3]. In addition, lower membrane fluidity, indicated by higher LI, is associated
with endothelial dysfunction through increased oxidative stress [24], impaired oxygen
permeability in cell membranes [25], and impaired vascular endothelial wound closure under
shear stress [26], and it is also associated with decreased insulin resistance potentially
through the effect of resistin [27]. The lipoprotein fluidity, which is influenced by the PL
fatty acyl composition of lipoproteins [28], can influence the structure of lipoproteins, affect
the rate at which the particle or its constituent lipids are deposited in or can be removed from
developing atherosclerotic plaques, and further change the risk of CHD [29]. For example,
lower L1 is associated with higher fluidity of HDL particles, increasing the activity of
lecithin:cholesterol acyltransferase [30] and the capacity of HDL to promote cholesterol
efflux [31], thus lowering the development of CHD.

Alternative explanations for the association between LI and CHD may be the differential
effects of FA. In our study, dietary and plasma PL LIs were positively associated with SFA
and negatively associated with PUFA. Lower LI, indicating a higher proportion of PUFA, is
beneficial for CHD since PUFA has pleiotropic beneficial effects in the cardiovascular
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system, including anti-thrombotic, anti-atherosclerotic, anti-arrhythmic, anti-inflammatory,
and anti-fibrotic properties [32-34]. A higher level of PUFA is also associated with
diminished liver triglyceride production, an increased rate of cholesterol clearance, and
increased FA oxidation by suppressing the expression of lipogenesis genes [22, 35] and
improved insulin sensitivity [36].

The LI was designed to summarize the quality of overall FAs; however, it has several
limitations. First, the estimated LI depends on the source of FA, and its biological function
may also be source-dependent. For example, as plasma PL FAs reflect both dietary fat
consumption and FA metabolism, the composition of plasma PL FA is different from that of
dietary FA. Therefore, the LI derived from different sources needs to be interpreted
cautiously. Second, the LI derived from any source may not be a direct measurement of
membrane fluidity of various cells and plasma lipoproteins [37]. Third, melting points and
molecular weights may not necessarily capture the membrane fluidity. For example, the
melting points of TFA are lower than those of SFA with the same number of carbon atoms.
However, TFA is a strong predictor of CHD [38, 39].

With regard to the study limitations, LIs derived from both dietary FA and plasma PL FA
were prone to measurement error, especially dietary FA computed from food frequency
questionnaires. Not all types of FAs with available melting points from the LipidBank
database were measured by our study. However, these other FAs are present in only small
amounts; hence, our measurements captured the predominant FAs. In addition, we cannot
exclude the possibility of the following situations as explanations of our results: (1) residual
or unmeasured selection bias due to excluding participants, (2) residual or unmeasured
confounding bias due to unmeasured blood lipids, which can influence the measurement of
plasma PL FA, and (3) bias due to measurement error associated with FA measurements and
imputed values at year 3. Furthermore, we have a limited number of FA measurements.
Specifically, dietary FAs were measured twice within the first 3 years, much shorter than the
average follow-up time, and plasma PL FAs were measured only once at baseline. Since
plasma PL FAs only reflect medium-term dietary fat intake, one measurement may not
represent long-term average FA levels and thus are less likely to predict long-term CHD risk.
Finally, the results of our study were restricted to postmenopausal women.

Our study does have some strengths compared with previous studies. Our study represents a
large, multiethnic, and geographically diverse population with a long period of follow-up. In
addition, we used the accumulative average diet method to calculate dietary LI based on two
dietary measurements and treated dietary LI as a time-varying exposure, thus reducing
measurement error in food frequency questionnaires and making dietary LI more
representative of long-term dietary fats.

The LI, derived from diet and plasma PL, summarizing the overall FA lipophilicity, were
positively associated with CHD risk. Accordingly, the LI may aid in predicting CHD risk
beyond individual FA and plasma lipids, which are established CHD risk factors. Future
studies with multiple measurements of FAs from different sources, including diet, plasma,
erythrocytes, and adipose tissue, are necessary to strengthen the observed evidence regarding
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the association between LI and CHD risk. Additional research related to potential pathways
between LI and CHD is also likely warranted.
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Center, Washington, DC) Lisa Martin; (Los Angeles Biomedical Research Institute at Harbor-UCLA Medical
Center, Torrance, CA) Rowan Chlebowski; (Kaiser Permanente Center for Health Research, Portland, OR) Yvonne
Michael; (Kaiser Permanente Division of Research, Oakland, CA) Bette Caan; (Medical College of Wisconsin,
Milwaukee, WI) Jane Morley Kotchen; (MedStar Research Institute/Howard University, Washington, DC) Barbara
V. Howard; (Northwestern University, Chicago/Evanston, IL) Linda VVan Horn; (Rush Medical Center, Chicago, IL)
Henry Black; (Stanford Prevention Research Center, Stanford, CA) Marcia L. Stefanick; (State University of New
York at Stony Brook, Stony Brook, NY) Dorothy Lane; (The Ohio State University, Columbus, OH) Rebecca
Jackson; (University of Alabama at Birmingham, Birmingham, AL) Cora E. Lewis; (University of Arizona, Tucson/
Phoenix, AZ) Cynthia A Thomson; (University at Buffalo, Buffalo, NY) Jean Wactawski-Wende; (University of
California at Davis, Sacramento, CA) John Robbins; (University of California at Irvine, CA) F. Allan Hubbell;
(University of California at Los Angeles, Los Angeles, CA) Lauren Nathan; (University of California at San Diego,
LaJolla/Chula Vista, CA) Robert D. Langer; (University of Cincinnati, Cincinnati, OH) Margery Gass; (University
of Florida, Gainesville/Jacksonville, FL) Marian Limacher; (University of Hawaii, Honolulu, HI) J. David Curb;
(University of lowa, lowa City/Davenport, 1A) Robert Wallace; (University of Massachusetts/Fallon Clinic,
Worcester, MA) Judith Ockene; (University of Medicine and Dentistry of New Jersey, Newark, NJ) Norman Lasser;
(University of Miami, Miami, FL) Mary Jo O’Sullivan; (University of Minnesota, Minneapolis, MN) Karen
Margolis; (University of Nevada, Reno, NV) Raobert Brunner; (University of North Carolina, Chapel Hill, NC)
Gerardo Heiss; (University of Pittsburgh, Pittsburgh, PA) Lewis Kuller; (University of Tennessee Health Science
Center, Memphis, TN) Karen C. Johnson; (University of Texas Health Science Center, San Antonio, TX) Robert
Brzyski; (University of Wisconsin, Madison, WI) Gloria E. Sarto; (Wake Forest University School of Medicine,
Winston-Salem, NC) Mara Vitolins; (Wayne State University School of Medicine/Hutzel Hospital, Detroit, MI)
Michael Simon. Women’s Health Initiative Memory Study: (Wake Forest University School of Medicine, Winston-
Salem, NC) Sally Shumaker.

Appendix 1. Causal diagrams hypothesized for the two study designs
See Fig. 2.

Appendix 2
See Table 4.

Table 4

Melting points and median (IQR) levels for individual fatty acids and Spearman’s
correlation coefficients (/) for correlation between individual fatty acids and the lipophilic
index measured in diets from the cohort study (1994-2014) and in plasma PL from the case-
control study (1994-2005) of the Women’s Health Initiative

Fatty acids Melting Molecular  Diet Plasma
point (°C)  weight
Individual FA r Individual FA  r
intake (g/day) level (mol%)

SFA
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Fatty acids Melting Molecular  Diet Plasma
point (°C)  weight
Individual FA r Individual FA  r
intake (g/day) level (mol%)
4:0, Butyric acid -7.9 88.105 0.31 (0.4) 060% NA? NA
6:0, Caproic acid -34 116.158 0.15 (0.2) 059% Na? NA
8:0, Caprylic acid 16.7 144.211 0.12 (0.1) 059%  NA? NA
10:0, Capric acid 316 172.265 0.23 (0.3) 060% NA? NA
12:0, Lauric acid 44.2 200.318 0.30 (0.4) 054*  0.06 (0.0) 0.13%
14:0, Myristic acid 53.9 228.371 122 (1.2) 059  0.67(0.3) 022"
15:0, Pentanoic acid 52.3 242.398 NA? NA 0.22 (0.1) 0.01
16:0, Palmitic acid 63.1 256.424 8.37 (6.2) 0.39% 3046 (2.9) 0.19%
17:0, Margaric acid 61.3 270.451 0.04 (0.1) 046%  NAZ NA
18:0, Stearic acid 69.6 284.477 4.05(3.2) 043%  13.32(2.0) 0.04
20:0, Arachidic acid 76.75 31253 0.06 (0.1) -0.06" 0.23(0.1) 0.08*
22:0, Beheric acid 81.5 340.584 0.04 (0.1) -0.19% 0.6(0.3) 0.12%
24:0, Tetracosanoic acid 87.75 368.637 NAa? NA 0.42 (0.2) 0.06*
MUFA
14:1, Myrisoleic acid -4 226.355 0.04 (0.0) 044"  01(0.) 0.06™
16:1n-7, Palmitoleic acid 0 254.408 0.72 (0.5) 041%  0.78(0.4) 0.27%
16:1n-9, 7-Hexadecenoic acid 35 254.408 NA? NA 0.11 (0.1) 0.11%
18:1n-7, Vaccenic acid 15 282.461 NA? NA 1.35(0.4) -0.22"
18:1n-9, Oleic acid 16 282.461 16.33 (12.1) 018" 8.35(L7) 0.39%
20:1n-9, Eicosanoic acid 23.25 310.515 0.13 (0.1) -0.09" 0.07(0) -0.21%
22:1n-11, Cetoleic acid 33.35, 338.568 0.01(0.0) -028* NA? NA
24:1n-9, Tetrasenoic acid 42.25 366.621 NAa? NA 0.72 (0.4) -0.05*
PUFA
PUFA n-3
18:3n-3, Linolenic acid -11.15 278.43 1.01 (0.7) -016" 0.2(0.1) 0.19%
(EPA§0:5n-3, Eicosapentanoic acid  -54.1 302.451 0.03 (0.0) -015" 0.69 (0.4) -0.28"
o (2I§P5Ar\])3 Docosapentanoic -78 330.504 0.01 (0.0) -014" 082 0.2) -0.29"
aci
(DH)§)2:6n—3, Docosahexanoic acid ~ —44.15 328.488 0.06 (0.1) -017*  3.09 (1.3) -0.53%
PUFA n-6
18:2n-6, Linoleic acid -5 280.445 8.48 (6.2) -0.117° 20.74 (4) 027"
18:3n-6, Gamma linolenic -11.15 278.43 NAa? NA 0.09 (0.1) 0.19%
acid
. 18:4n-6, Octadecatetraenoic =57 276.414 0.00 (0.0) -011* Na? NA
aci
20:2n-6, Eicosadienoic acid NA 308.499 NA? NA 0.42 (0.3) NA
20:3n-6, Eicosatrienoic acid NA 306.483 NA? NA 3.23(1.0) NA
20:4n-6, Arachidonic acid -495 304.467 0.08 (0.1) 009"  10.94 (2.7) -0.70"
22:4n-6, Docosatetraenoic NA 332.52 NA? NA 0.41(0.1) NA

acid
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Fatty acids Melting Molecular  Diet Plasma
point (°C)  weight
Individual FA r Individual FA  r
intake (g/day) level (mol%)
22:5n-6, Docosapentaenoic NA 330.504 NAa? NA 0.33(0.2) NA
acid
TFA
16:1T 31 254.408 0.02 (0.0) 044"  NAZ NA
18:1T 48.7 282.461 2.56 (2.5) 026" 0.49(0.4) 0.10%
18:2T 5.7 280.445 0.34(0.3) 033" 0.13(0.1) 0.23%
IQR interquartile range, MUFA monounsaturated fatty acid, PUFA polyunsaturated fatty acid, PL phospholipid, SFA
saturated fatty acid, 7FA trans fatty acid
*
statistically significant at p < 0.05
aFatty acids that were not specifically measured in plasma PL or not calculated from food frequency questionnaires
Appendix 3

See Table 5.

Table 5

Hazard ratios (95% confidence interval) for CHD according to quartiles of dietary lipophilic
index/load among participants without missing covariates in the cohort study (1994-2014, N

= 60,079) of the Women’s Health Initiative

Lipophilic index/load P for
trend
Q1 Q2 Q3 Q4
Dietary LI
No. of CHD events/patients 652/14,869 669/15,030 649/15,108 759/15,072
Median LI (IQR) 24.4 (2.1) 26.8 (0.9) 28.4 (0.8) 30.4 (1.6)
Unadjusted model, HRs Ref. 1.18(1.05,1.33) 1.16(1.04,1.31) 1.30(1.16,1.47) <0.01
(95% CI)
Adjusted model 12 HRs Ref. 1.13(1.00,1.27) 1.12(0.99,1.26) 1.23(1.08,1.40)  0.02
(95% CI)
Adjusted model 2b, HRs Ref. 1.13(0.97,1.32) 1.12(0.92,1.36) 1.23(0.96,1.58)  0.33
(95% CI)
Dietary LL
No. of CHD events/patients 617/14,450 658/15,229 685/15,342 769/15,058
Median LL (IQR) 656.4 (236.2) 1055.4 (200.0)  1511.2 (281.2)  2373.15(850.9)
Unadjusted model, HRs Ref. 1.04 (0.93,1.18) 1.03(0.91,1.16) 1.24(1.10,1.40) <0.01
(95% CI)
Adjusted model 12 HRs Ref. 1.02 (0.89,1.17) 0.98 (0.83,1.16) 1.14(0.89,1.46)  0.23
(95% CI)
Adjusted model 2b, HRs Ref. 0.98(0.85,1.12) 0.91(0.77,1.09) 1.02(0.78,1.32)  0.25

(95% CI)

BM/body mass index, CHD coronary heart disease, C/ confidence intervals, /QR interquartile range, L/lipophilic index,
LL lipophilic load, HR hazard ratio, PUFA polyunsaturated fatty acid, SFA saturated fatty acid
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a, . . -, L . - . - .
Adjusted for age, region, race/ethnicity, education, income, BMI, physical activity, smoking, family history of myocardial
infarction/diabetes/stroke, medication use, postmenopausal hormone use, self-reported baseline hypertension/diabetes/

cancer/hypercholesterolemia/hysterectomy status, dietary alcohol, percent calories from protein and carbohydrates, and

c . . . . .
Test for trends was conducted by treating the median value for each quartile of LI/LL as a continuous variable

Liu etal.
total energy
bModeI 1 plus dietary PUFA:SFA ratio
Appendix 4

See Table 6.

Table 6

Hazard ratios (95% confidence interval) for CHD according to quartiles of dietary lipids in
the cohort study (1994-2014, NV = 85,563) of the Women’s Health Initiative

Dietary lipids P for c
trend
Q1 Q2 Q3 Q4

Dietary LI

No. of CHD events/ 1034/20,375  1009/21,352 994/21,335 1158/21,501
patients

Median LI (IQR) 24.4(2.1) 26.8 (0.9) 28.4(0.8) 30.5(1.6)

Unadjusted model, HRs Ref. 1.08 (0.98,1.19) 1.11(1.01,1.22) 1.23(1.11,1.35) <0.01
(95% CI)

Adjusted model 1a, HRs Ref. 1.04 (0.94,1.15) 1.07(0.97,1.18) 1.18(1.07,1.31) <0.01
(95% CI)

Adjusted model 2b, HRs Ref. 1.06 (0.93,1.20) 1.09(0.93,1.28) 1.22(1.00,1.49) <0.01
(95% CI)
Dietary LI without TFA

No. of CHD events/ 1057/21,398  989/21,331 994/21,337 1155/21,497
patients

Median LI (IQR) 23.0(2.0) 25.5(0.9) 27.2(0.9) 29.5(1.8)

Unadjusted model, HRs Ref. 1.03(0.93,1.13) 1.09(1.00,1.20) 1.14(1.04,1.26)  0.02
(95% CI)

Adjusted model 15, HRs Ref. 1.01(0.92,1.11) 1.09(0.99,1.20) 1.14(1.03,1.27)  0.02
(95% CI)
Dietary LI without PUFA

No. of CHD events/ 1047/21,389  1027/21,368 1022/21,364 1099/21,442
patients

Median LI (IQR) 35.6 (1.2) 36.8 (0.4) 37.6 (0.4) 38.6 (0.7)

Unadjusted model, HRs Ref. 1.03(0.94,1.13) 1.06(0.97,1.17) 1.15(1.04,1.26) <0.01
(95% CI)

Adjusted model 1a, HRs Ref. 1.00(0.91,1.09) 1.03(0.94,1.14) 1.15(1.04,1.27) 0.01
(95% CI)
Dietary LL

No. of CHD events/ 983/21,325 997/21,339 1035/21,377 1180/21,522
patients

Median LL (IQR) 648.9 (241.4) 1054.6 (199.3)  1511.1(281.6)  2384.9 (873.8)

Unadjusted model, HRs Ref. 1.07 (0.97,1.19) 1.07(0.97,1.18) 1.23(1.12,1.36) <0.01

(95% Cl)
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Dietary lipids P for
trend
Q1 Q2 Q3 Q4
Adjusted model 15, HRs Ref. 1.04 (0.93,1.16) 1.00(0.87,1.15) 1.10(0.90,1.35)  0.35
(95% CI)
Adjusted model Zb, HRs Ref. 1.01(0.90,1.13) 0.95(0.82,1.09) 1.01(0.82,1.25) 0.5
(95% CI)
Dietary PUFA:SFA ratio
No. of CHD events/ 1147/21,488  966/21,309 1027/21,369 1055/21,397
patients
Median (IQR) 0.4 (0.1) 0.6 (0.1) 0.7 (0.1) 0.9(0.2)
Unadjusted model, HRs Ref. 0.93(0.85,1.02) 0.88(0.80,0.96) 0.92(0.84,1.01) 0.04
(95% CI)
Adjusted model 1a, HRs Ref. 0.92 (0.84,1.01) 0.86(0.78,0.94) 0.89(0.81,0.99)  0.01
(95% CI)
Dietary n-3 PUFA
No. of CHD events/ 1071/21,413 988/21,330 1011/21,353 1125/21,467
patients
Mean (SD), g/day 0.6 (0.1) 1.0(0.1) 1.4(0.1) 2.3(0.7)
Unadjusted model, HRs Ref. 0.89(0.81,0.98) 0.87(0.79,0.95) 0.99(0.90,1.09) <0.01
(95% CI)
Adjusted model 15, HRs Ref. 0.88 (0.80,0.98) 0.84(0.76,0.94) 0.90(0.78,1.03) <0.01
(95% CI)
BM/body mass index, CHD coronary heart disease C/confidence intervals /QR interquartile range, L/ lipophilic index, LL
lipophilic load, HR hazard ratio, PUFA polyunsaturated fatty acid, SD standard deviation, SFA saturated fatty acid, 7FA
trans fatty acid
aAdjusted for age, region, race/ethnicity, education, income, BMI, physical activity, smoking, family history of myocardial
infarction/diabetes/ stroke, medication use, postmenopausal hormone use, self-reported baseline hypertension/diabetes/
cancer/hypercholesterolemia/hysterectomy status, dietary alcohol, percent calories from protein and carbohydrates, and
total energy
bModeI 1 plus dietary PUFA:SFA ratio
cTest for trends was conducted by treating the median value for each quartile of LI/LL as a continuous variable
Appendix 5

See Table 7.

Table 7

Hazard ratios (95% confidence interval) for CHD according to quartiles of dietary lipophilic
index and lipids among participants with blood lipids in the cohort study (1994-2014, N =
6,188) of the Women’s Health Initiative

Quiartiles of exposures P for
c
trend
Q1 Q2 Q3 Q4
Dietary LI
No. of CHD events/patients 198/1864  231/1666 201/1425 215/1233

Median LI (IQR) 242(2.3) 26.8(0.9) 28.4(0.8) 30.3 (1.5)
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Quiartiles of exposures P for c
trend
Q1 Q2 Q3 Q4
Adjusted model 15, HRs (95% Ref. 1.18(0.96,1.45) 0.94(0.76,1.17) 1.35(1.08,1.68) <0.01
Cl)
Adjusted model 2b, HRs (95% Ref. 1.19(0.97,1.46) 0.95(0.77,1.18) 1.35(1.08,1.68) <0.01
Cl)
Triglycerides
No. of CHD events/patients 110/1477  159/1473 255/1589 321/1649
Median (IQR), mg/dl 62 (17) 91 (14) 123 (22) 191 (70)
Adjusted model 1% HRs (95%  Ref. 1.07 (0.83,1.37) 1.29(1.02,1.63) 1.40(1.11,177) <0.01
Cl)
LDL:HDL ratio
No. of CHD events/patients 167/1497  184/1529 227/1558 267/1604
Median (IQR) 1.4(0.4) 2.0(0.3) 1.6 (0.4) 3.6 (0.9)
Adjusted model 15, HRs (95% Ref. 1.23(0.93,1.62) 0.85(0.63,1.15) 1.35(1.00,1.82) <0.01

cl

BM/body mass index, CHD coronary heart disease, C/ confidence intervals, HDL high-density lipoprotein, /QR
interquartile range, LDL low-density lipoprotein, L/ lipophilic index, HR hazard ratio

aAdjusted for age, region, race/ethnicity, education, income, BMI, physical activity, smoking, family history of myocardial
infarction/diabetes/ stroke, medication use, postmenopausal hormone use, self-reported baseline hypertension/diabetes/
cancer/hypercholesterolemia/hysterectomy status, dietary alcohol, percent calories from protein and carbohydrates, and
total energy

bModeI 1 plus LDL:HDL ratio

C. . . . . .
Test for trends was conducted by treating the median value for each quartile of LI/LL as a continuous variable

Appendix 6
See Table 8.

Table 8

Hazard ratios (95% confidence interval) for CHD according to quartiles of dietary lipophilic
index/load calculated using different methods among participants in the cohort study (1994—
2014, N=85,563) of the Women’s Health Initiative

Lipophilic index/load P for trendb
Q1 Q2 Q3 Q4

Cumulative dietary LI

Adjusted model?. HRs (95% CI)  Ref. 1.04 (0.94,1.15) 1.07(0.97,1.18) 1.18(1.07,1.31) <0.01
Baseline dietary LI
Adjusted model® HRs (95% CI)  Ref.  0.92(0.84,1.00) 0.91(0.84,1.00) 1.05(0.96,1.15)  0.29
Cumulative dietary LL

Adjusted model? HRs (95% CI) Ref. 1.04(0.93,1.16) 1.00 (0.87,1.15) 1.10(0.90,1.35)  0.35
Baseline dietary LL

Adjusted model? HRs (95% Cl) Ref. 0.94(0.85,1.03) 0.92(0.81,1.03) 0.96(0.81,1.15) 0.98

Lipids. Author manuscript; available in PMC 2019 December 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Liuetal. Page 16

BM/body mass index, CHD coronary heart disease, C/ confidence intervals, /QR interquartile range, L/ lipophilic index,
LL lipophilic load, HR hazard ratio

a, . . -, L . - . - .

Adjusted for age, region, race/ethnicity, education, income, BMI, physical activity, smoking, family history of myocardial
infarction/diabetes/stroke, medication use, postmenopausal hormone use, self-reported baseline hypertension/diabetes/
cancer/hypercholesterolemia/hysterectomy status, dietary alcohol, percent calories from protein and carbohydrates, and
total energy

Test for trends was conducted by treating the median value for each quartile of LI/LL as a continuous variable

Abbreviations

BMI Body mass index

CHD Coronary heart disease

Cl Confidence interval

CvD Cardiovascular disease

FA Fatty acid

HR Hazard ratio

IQR Interquartile range

LI Lipophilic index

MET Metabolic equivalent of task

MUFA Monounsaturated fatty acid

OR Odds ratio

PL Phospholipid

PUFA Polyunsaturated fatty acid

RR Risk ratio

SD Standard deviation

SFA Saturated fatty acid

TFA Trans fatty acid

WHI Women’s Health Initiative
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| Final cohort study (N=85,563) |

Fig. 1.
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| Nested case-control study: 2468 matched CHD cases and controls)

Excluded participants who lacked baseline plasma sample,
lacked of completion of baseline food frequency questionnaires,
and had baseline CVD. (1549 cases and 1288 controls)

Potenti

al population (N=2837, cases=1549, matched controls=1288)

—»

Excluded participants with implausible energy
intake (<600 kcal/d or >5000 kcal/d) and lacked
plasma PL fatty acid profile results (N=409)

Y

| Final case-control study (N=2428, 1214 CHD cases-controls pairs)

Population selection process. CHD coronary heart disease
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Fig. 2.

| Igietary LI in cohort study. 11 Plasma PL LI in matched case-control study. CZ includes
age, region, race/ethnicity, education, income, BMI, physical activity, smoking, family
history of myocardial infarction/diabetes/stroke, medication use, postmenopausal hormone
use, self-reported baseline hypertension/diabetes/cancer/hypercholesterolemia/hysterectomy
status, dietary alcohol, percent calories from protein and carbohydrates, and total energy
intake. CZincludes age, region, race/ethnicity, education, income, self-reported baseline
hypertension/diabetes/cancer/hypercholesterolemia, and hysterectomy status. C3includes
age, race/ethnicity, hysterectomy status, BMI, physical activity, smoking, family history of
myocardial infarction/diabetes/stroke, medication use, postmenopausal hormone use, self-
reported baseline hypertension/diabetes/cancer/hypercholesterolemia, dietary alcohol,
percent calories from protein and carbohydrates, and total energy intake. A box around a
node represents conditioning on that node
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