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A B S T R A C T

Background: A substantial observational literature relating specific fatty acid classes to chronic disease risk may be limited by its reliance
on self-reported dietary data.
Objectives:We aimed to develop biomarkers for saturated (SFA), monounsaturated (MUFA), and polyunsaturated (PUFA) fatty acid densities, and
to study their associations with cardiovascular disease (CVD), cancer, and type 2 diabetes (T2D) in Women’s Health Initiative (WHI) cohorts.
Methods: Biomarker equations were based primarily on serum and urine metabolomics profiles from an embedded WHI human feeding
study (n ¼ 153). Calibration equations were based on biomarker values in a WHI nutritional biomarker study (n ¼ 436). Calibrated intakes
were assessed in relation to disease incidence in larger WHI cohorts (n ¼ 81,894). Participants were postmenopausal women, aged 50–79
when enrolled at 40 United States Clinical Centers (1993–1998), with a follow-up period of ~20 y.
Results: Biomarker equations meeting criteria were developed for SFA, MUFA, and PUFA densities. That for SFA density depended somewhat
weakly on metabolite profiles. On the basis of our metabolomics platforms, biomarkers were insensitive to trans fatty acid intake. Calibration
equations meeting criteria were developed for SFA and PUFA density, but not for MUFA density. With or without biomarker calibration, SFA
density was associated positively with risk of CVD, cancer, and T2D, but with small hazard ratios, and CVD associations were not statistically
significant after controlling for other dietary variables, including trans fatty acid andfiber intake. Following this same control, PUFA densitywas
not significantly associatedwith CVD risk, but therewere positive associations for some cancers andT2D,with orwithout biomarker calibration.
Conclusions: Higher SFA and PUFA diets were associated with null or somewhat higher risk for clinical outcomes considered in this
population of postmenopausal United States women. Further research is needed to develop even stronger biomarkers for these fatty acid
densities and their major components.
This study is registered with clinicaltrials.gov identifier: NCT00000611.
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Introduction

In recent concurrent work, we report chronic disease asso-
ciations for diets relatively high in biomarker-calibrated total
fat, as estimated using biomarkers derived primarily from
serum and urine metabolomics profiles, in Women’s Health
Initiative (WHI) cohorts. In analyses that control for calibrated
total energy, a higher ratio of calories from fat to total calories,
hereafter total fat density, was associated with elevated risks
for breast, colon, and total invasive cancer; for CHD, stroke,
total CVD, and heart failure; and for type 2 diabetes (T2D).
With control for additional dietary variables including fiber,
the CVD associations were no longer evident, whereas those for
cancer and T2D mostly remained. However, metabolomics-
based biomarkers were not available for specific fatty acids
densities.

The relationship between types of fat and CVDs, cancer, and
other major outcomes remains unsettled despite decades of
observational and experimental studies, and a related large
literature. Briefly, meta-analyses of cohort studies report a lack
of significant association between saturated fat intake and risk of
CHD or CVD more generally [1], and between saturated fat and
risk of all-cause mortality, CHD, CVD, ischemic stroke, and T2D
[2]. Although an early large prospective study [3] reported
positive associations of CHD risk with SFA and trans unsaturated
fatty acid intake, and inverse associations with MUFA and PUFA,
only the positive association with trans unsaturated fat and the
inverse association with PUFA were significant with longer
(20-y) follow-up [4]. Meta-analyses of randomized dietary
intervention trials generally support replacement of SFA by
PUFA for CHD risk reduction [5], and support reduction in SFA
for CVD risk reduction more generally [6]. However, uncertainty
persists concerning associations of these major fatty acids cate-
gories and chronic disease risks. For example, a major review [7]
of the sources summarized above concluded that higher omega-6
fatty acids is associated with lower CHD risk, whereas a recent
large case-cohort analysis in 9 European countries [8] found no
association of (self-reported) total fat density or specific fatty
acid densities with CHD risk. A limitation in nutritional epide-
miology methods is the lack of objective measures of actual fatty
acids intake.

In this report, we explore the use of serum and urine metab-
olomics for potential development of biomarkers for fatty acid
densities, use resulting biomarkers to explore the development of
biomarker-calibrated intakes that allow for measurement error
in fatty acid densities from self-reported dietary data, and assess
associations between fatty acids densities and chronic disease
risks in WHI cohorts. As depicted in Figure 1, and elaborated
below, these developments involve 3 stages: a biomarker
development stage in a WHI feeding study [9], a calibration
equation development stage in a WHI nutritional biomarker
study [10], and an application stage in larger WHI cohorts.

Methods

The context, resources, and methods for the dietary fatty acid
analyses reported here are similar to those for our earlier reports
on the intakes of carbohydrate and protein [11] and their com-
ponents [12].
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Study cohorts
Briefly, during 1993–1998, 48,835 participants were

randomly assigned in the WHI Dietary Modification (DM) trial,
with 29,294 assigned to the usual diet comparison group (DM-C),
and 93,676 participants were enrolled in the companion pro-
spective WHI Observational Study (OS) [13]. All participants
were postmenopausal and in the age range 50–79 ywhen enrolled
at 40 United States clinical centers. The WHI FFQ [14] targeted
dietary intake over the preceding 3-mo period and was adminis-
tered at baseline and year 1 in the DM trial, and approximately
every 3 y thereafter during the trial intervention period (ended
March 31, 2005), and was administered at baseline and at year 3
in theOS. Here, we used FFQs collected at 1 y after randomization
in the DM-C, rather than at enrollment, to reduce assessment
biases because of the trial eligibility criterion of FFQ % of energy
from fat of at least 32%. The 1-y FFQassessment is referred to here
as “baseline FFQ.” FFQs at enrollment provide “baseline”
self-reported diet in the OS. All nutrient content estimates from
self-report assessments were derived from the University of
Minnesota’s Nutrition Data System for Research (NDSR® version
2005). Participants completed core questionnaires at WHI
enrollment including medical history, reproductive history,
family history, personal habits, medications and dietary supple-
ments, and provided a fasting blood sample [13].

Nutrition and Physical Activity Assessment Study
After an initial Nutrition Biomarker Study in the DM trial

cohort [15], we conducted a Nutrition and Physical Activity
Assessment Study (NPAAS) [10] among 450 OS participants
during 2007–2009. Its purposes were to examine the measure-
ment properties of dietary self-report data for nutritional vari-
ables having an established biomarker, and to use biomarker
data to correct corresponding dietary self-report data for mea-
surement error in disease-association analyses. We recruited
WHI participants at 9 clinical centers to NPAAS, with an over-
representation of Black and Hispanic women and of women
having BMI >30.0 kg/m2. Our study protocol required 2 clinic
visits separated by 2 wk and included various at-home activities.
A 20% reliability subsample repeated the protocol ~6 mo after
their initial study participation. The first NPAAS visit included
measured height and weight, doubly labeled water (DLW) dosing
for total energy consumption assessment [16], completion of
FFQ, dietary supplement, and other questionnaires, and collec-
tion of a blood specimen. Participants received instructions and a
kit for 24-h urine collection for home completion. At the second
clinic visit, participants brought 24-h urine specimens collected
over the preceding day, provided a fasting blood specimen, and
provided additional spot urine specimens to complete the DLW
protocol. Baseline characteristics in the NPAAS cohort have been
presented [10]. Participants were similar in age to other WHI
participants, 60% were overweight or obese (that is, BMI �25.0
kg/m2), 95%were nonsmokers (never or past smokers); 51% had
a college degree or higher education; 19%, 14%, and 64%
self-classified, respectively, as being of Black, Hispanic, or
non-Hispanic White race/ethnicity.

NPAAS-feeding study (NPAAS-FS)
We recruited 153 WHI women living in the Seattle area to the

NPAAS-feeding study (NPAAS-FS) during 2011–2013 [9]. Of the



FIGURE 1. Study design for biomarker development, dietary intake calibration, and disease-association analysis. Postmenopausal women were
aged 50–79 y at enrollment during 1993–1998 at 40 United States clinical centers. Green, blue, and gray boxes indicate cohort (disease asso-
ciation, calibration, and biomarker development), timing of data collection (WHI enrollment for OS or year 1 for DM-C, NPAAS, NPAAS-FS) and
corresponding analysis stage, respectively. Gray arrows indicate parent-cohorts of participants who were recruited for NPAAS-FS. Participants in
the disease-association analyses were without prior personal history of the disease category under analysis, and had all data needed for intake
calibration and confounding control. Notation for data collected (X*, W, Q, V) and analysis were based on Huang [23] with pertinent regression
variables shown along the X-axis (predictor variables), Y-axis (response variables), and line plots (developed biomarker; calibrated developed
biomarker; estimated HR) of each regression-icon. 1NPAAS-FS includes n ¼ 14 women who had previously participated in NPAAS. DM-C, DM
comparison group; FS, feeding study; NPAAS, Nutrition and Physical Activity Assessment Study; OS, Observational Study; WHI, Women’s
Health Initiative.
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153, 14 had previously participated in NPAAS. Participants were
provided food and beverages over a 2-wk feeding period, with
individualized diets that were intended to approximate their
usual diets, so that blood and urine concentrations would sta-
bilize quickly and so that intake variations in the study cohort
would be substantially retained during the feeding period. Bio-
markers developed for the macronutrient intakes studied here
rely on metabolomics profiles from the second clinic visit serum
and 24-h urine specimens, along with the inclusion of readily
available participant characteristic measures. Baseline de-
mographic and lifestyle characteristics for participants in the
NPAAS-FS have been reported [9]. Participants were well
educated (83% college degree or higher), and mostly non-
smokers (98%). Most self-identified as White (95%), were
overweight or obese (60%), and were of similar ages to other
WHI enrollees.
2665
Metabolite profiling
Serum and 24-h urine metabolomics profiles, obtained using

specimens collected at the end of the NPAAS-FS feeding period,
were derived as described by Zheng et al. [17].

Serum metabolite measurements
Briefly, serum samples from NPAAS-FS participants were

analyzed by targeted LC-MS/MS using liquid chromatography
coupled to a Sciex Triple Quad 6500þ mass spectrometer. A
total of 303 metabolites were targeted, of which 155 were
detected with <20% missing values. Separately, lipid metabo-
lites were measured using the Sciex QTRAP 5500 Lipidyzer
platform including the SelexION differential mobility spec-
trometry method that targeted 1070 lipids in 13 major lipid
classes, resulting in 664 serum lipids that had <20% missing
values.
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Urine metabolite measurements
Metabolite profiles from 24-h urine samples were analyzed by

NMR spectroscopy using a Bruker Avance III 800 MHz NMR
spectrometer. Relative concentrations for 57 targeted metabo-
lites were obtained. None of the metabolites had missing values.
Urine metabolites were also analyzed by untargeted gas
chromatography-mass spectrometry method using an Agilent
7890A/5875C instrument resulting in the identification of 275
metabolites with <20% missing values.

Total fat density biomarker
In our concurrently submitted manuscript, a biomarker

equation for total fat density was developed by subtracting car-
bohydrate density and protein density biomarkers and an esti-
mate of alcohol density from unity.

Outcome ascertainment, follow-up, and disease
categories

Clinical outcomes were reported biannually in the DM trial
and annually in the OS, by self-administered questionnaire [18]
throughout the time from enrollment in 1993–1998 to the end of
the intervention period (March 31, 2005), and annually there-
after in both cohorts. An initial report of CVD during cohort
follow-up was confirmed by review of medical records by
physician-adjudicators. In addition, CHD (defined as nonfatal MI
plus CHD death), stroke (ischemic plus hemorrhagic), heart
failure, and all deaths were centrally reviewed by expert physi-
cian investigator committees. All invasive cancers, except non-
melanoma skin cancer, were centrally coded using the NCI’s
Surveillance, Epidemiology, and End Results (SEER) procedures.
Prevalent, treated T2D (by oral agents or insulin) at baseline was
self-reported during eligibility screening. Incident treated T2D
during follow-up was documented by self-report at annual con-
tacts throughout the follow-up period. These sources have been
shown to be consistent with medication inventories of oral
agents or insulin [19], and with known inflammatory and
endothelial dysfunction biomarkers [20,21].

After the intervention period, WHI participants had the op-
portunity to enroll for additional follow-up through September
30, 2010, and subsequently for additional open-ended follow-up,
with more than 80% of women doing so on each occasion.
Cancer, diabetes, and all-cause mortality (including National
Death Index matching) outcomes through December 31, 2020,
are included here. Follow-up for CVD incidence is included only
through September 30, 2010, because self-reports for most WHI
participants were not adjudicated after that date. Also, heart
failure adjudication in WHI cohorts stopped after March 31,
2005. The median follow-up duration is 11.3 y for CVD inci-
dence, 7.8 y for heart failure, and ~20 y for cancer incidence,
diabetes incidence, and mortality outcomes. Disease outcome
categories are those reported in our previous report on
biomarker-calibrated protein and carbohydrate intake [11].

Statistical methods
Biomarker development for fatty acid classes in NPAAS-FS

Biomarker linear regression equations for SFA, MUFA, and
PUFA densities, all log-transformed, used the same approach as
for earlier [11] carbohydrate and protein biomarker develop-
ment. The potential SFA, MUFA, and PUFA density biomarker
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equations also considered the total fat density, carbohydrate
density, and protein density biomarkers for possible inclusion.
The established DLW total energy biomarker, and the urinary
nitrogen total protein biomarker [22] were also considered for
possible inclusion in these biomarker equations, again with all
dietary variables log-transformed. Participant characteristics as
well as baseline FFQ measures were considered for inclusion, as
in our previous work [11]. The potential inclusion of baseline
FFQ measures prepares the biomarker for use in
disease-association analyses. Specifically doing so is intended to
avoid a bias that may otherwise occur if the biomarker is “noisy,”
because then baseline FFQ estimates may have an association
with outcomes in the presence of the related calibrated intake,
and disease association estimates conceptually condition on the
pertinent baseline FFQ values [23]. Also as in our previous work
[11], LASSO procedures [24] were used for variable selection
and cross-validation was used to reduce overfitting in biomarker
equation model building, with all metabolite concentrations
log-transformed.

The participant characteristics considered for inclusion were
dietary supplement use, self-reported race/ethnicity, season of
FFQ completion, education, age, measured BMI, and self-
reported leisure activity (Metabolic Equivalent Unit (MET) h/
wk). As in our previous work [11], cross-validated fraction of
provided dietary intake variation explained (CV-R2) values were
calculated as averages of R2 values over 100 random splits of the
NPAAS-FS dataset into 2 approximately equal sized subsets. A
36% or larger CV-R2 was a criterion for a suitable biomarker.

Our goal is to define a biomarker so that actual log-fatty acids
density can be written as corresponding log-fatty acids density
biomarker plus error that is unrelated to the biomarker. Such
independence entails traditional biomarker sensitivity and
specificity considerations that can be difficult to ensure with
dietary intakes that may involve many fatty acids within SFA,
PUFA, andMUFA classes and with potential biomarkers that may
involve multiple metabolites and other variables. To some extent
the justification for the biomarkers we propose here relies on
serum and urine metabolomics profiles being sufficiently
comprehensive to support a sensitive and specific assessment of
the dietary intakes under consideration. Supplemental Table 1
shows the set of serum and urine metabolites used for biomarker
development.

Calibration equation development for fatty acids in NPAAS
Calibration equations for log-transformed fatty acids den-

sities likewise used the same methods as for carbohydrate and
protein [11] calibration equation development, while also
considering calibrated total energy and calibrated total fat
density for possible inclusion in linear regression equations.
Biomarker equations meeting CV-R2 criteria were used to
calculate biomarker-based intake estimates for log-transformed
fatty acids density estimates for the 436 participants in NPAAS
who were not enrolled in NPAAS-FS. These biomarker
values were regressed linearly on corresponding concurrent
log-transformed FFQ assessments, and on a disease
category-specific set of personal characteristics listed in Sup-
plemental Table 2 for development of potential calibration
equations for estimating fatty acids densities in larger WHI co-
horts. Briefly, among other variables CVD analyses considered (P
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< 0.10 for inclusion and retention) age, BMI, season of FFQ
completion, race/ethnicity, family income, education, cigarette
smoking history, alcohol intake (drinks/wk), leisure physical
activity (metabolic equivalent units/wk), any dietary supple-
ment use, prior menopausal hormone use, antihypertension
medication use, antidiabetic medication use, history of treated
diabetes, history of treated hypertension, personal history of
CVD, and family history of MI, stroke, or diabetes. Invasive
cancer analyses included these same variables, exclusive of
personal history of CVD and of family history of CVD, stroke, or
diabetes, and inclusive of Gail model 5-y breast cancer risk
score, family history of colorectal cancer, and personal history of
colon polyp removal. T2D analyses included the same variables
as the CVD analyses except for family history of MI or stroke.
The percent of variation explained in the response variable in
these equations is reduced by temporal variation in the
biomarker values. On the basis of the extent of variation be-
tween biomarker values for the 14 participants in both NPAAS
and NPAAS-FS, we conservatively divide R2 values by 0.53, the
largest of the sample correlations for the (log-transformed) fatty
acids densities for these 14 replicate measurements, which are
based on specimens collected by ~4 y apart. A resulting adjusted
R2 value of 36% or greater was a criterion for a suitable cali-
bration equation.
Disease-association analyses in the DM-C and OS using
Biomarker-Calibrated FFQ Data

Table 1 presents baseline demographic and lifestyle charac-
teristics for the 81,954 participants, 16,939 from the DM-C, and
65,015 from the OS, considered for these analyses as in our
previous work [11]. Participants averaged ~62 y of age at
baseline. Approximately 60% were overweight or obese, 85%
were White, over 40% had a college degree or higher, and 94%
were current nonsmokers. Participants having CVD, invasive
cancer, or treated T2D before enrollment were excluded from
respective CVD, cancer, or diabetes analyses.

We entered calibrated intake values into Cox regression
models [25], along with disease-specific potential confounding
factors. We assumed a linear modeling of log-HR on
log-transformed fatty acid intake densities, implying a fixed HR
for a fractional increase in each such density. For display pur-
poses, we present HR estimates for a doubling in fatty acids
densities, and for a 20% increment in total fat density. For
comparison, the geometric means (95% confidence range) from
baseline FFQs in the combined cohorts (n ¼ 81,954) were 9.8%
(4.6%, 17.4%) for SFA density, 11.2% (5.3%, 18.7%) for MUFA
density, and 6.2% (3.2%, 11.3%) for PUFA density. For example,
doubling of SFA density and PUFA density, respectively, imply
increments of ~9.8% and 6.2% of total energy.

Fatty acid density analyses include biomarker-calibrated log-
total energy intake, and were conducted both with and without
biomarker-calibrated total fat density in the HR model. Corre-
sponding analyses were also carried out on the basis of FFQ as-
sessments without biomarker calibration and resulting HRs are
presented in main tables.

HR analyses for SFA and PUFA density were also carried out
that included FFQ assessments of additional dietary variables
that may help to explain observed fatty acids and disease asso-
ciations. Specifically, log-total trans fatty acids (TFAs), vegetable
servings, fruit servings, and log-fiber were added to the outcome
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HR models for these analyses. In particular, these HRs can be
viewed as separating out TFA-related disease associations from
those for SFA and PUFA.

For analyses having a more specific interpretation as con-
ceptual macronutrient substitutions (calibrated) protein density
and FFQ alcohol density were added to the HR models described
above thereby emulating substitution of the fat intake variables
by carbohydrate. Other analyses replaced SFA density by the sum
of SFA density and PUFA density for conceptual PUFA for SFA
substitution analyses.

As in our previous work [11], we stratified baseline hazard
rates in the Cox model analyses on baseline age (that is, year 1 in
DM-C, enrollment in OS) in 5-y categories, race/ethnicity, on
cohort (DM-C or OS), and in the DM-C also on participation in
the WHI hormone therapy trials (estrogen, estrogen placebo,
estrogen plus progestin, estrogen plus progestin placebo, not
randomized). Log-total energy, with or without biomarker cali-
bration, was also included in the regression model. This implies
that HRs for fatty acid densities estimate an HR factor beyond
that for their contributions to estimated total energy intake. The
set of disease-specific potential confounding factors considered
are those shown in Supplemental Table 2 and listed above for
calibration equation model building. Missing data rates were
generally low for specific covariates, but 20% or more partici-
pants had missing data on 1 or more modeled covariates in some
analyses. Participants were excluded from outcome-specific an-
alyses if any modeled covariate was missing. On the basis of
sensitivity analyses that dropped covariates having relatively
high missingness rates, thereby including additional partici-
pants, this exclusion is not expected to materially affect
disease-association HR estimates.

As in our previous work [11], we defined disease occurrence
time for a “case” developing a study outcome as days from
“baseline” (year 1 in the DM-C and enrollment in the OS) to
diagnosis. We defined censoring time for “noncases” as days
from baseline to the earliest of date of death without the outcome
under study, last contact, or March 31, 2005, for heart failure,
September 30, 2010, for other CVD incidence outcomes, or
December 31, 2020, for cancer incidence, diabetes incidence,
and mortality outcomes. Because of uncertainty in the co-
efficients in the calibrated intake estimating equations, a
“sandwich-type” estimator was used for the variance for the
log-HR parameter estimates in calibrated intake analyses
[26–28]. We present disease rates and numbers of included
participants with disease events during follow-up in Supple-
mental Table 3.

Linearity of the associations between log-HR and log-
transformed fatty acids densities was studied by adding
quadratic terms in fatty acids densities to the log-HR regression
equations, and examining evidence for nonzero quadratic
coefficients.
Ethics
The WHI is funded primarily by the NHLBI. Participants pro-

vided written informed consent for their overall WHI, NPAAS,
and NPAAS-FS activities. The biomarker data generation in
NPAAS and NPAAS-FS was funded by the NCI. Related protocols
were approved by the Institutional Review Boards at the Fred
Hutchinson Cancer Research Center and at each participating
clinical center (clinicaltrials.gov identifier: NCT00000611).

http://clinicaltrials.gov


TABLE 1
Baseline demographic and lifestyle characteristics of the analytic sample (n ¼ 81,954) comprised of 16,939 women from the Women’s Health
Initiative (WHI) Dietary Modification Trial Comparison Group (DM-C) and 65,015 from the Observational Study (OS), enrolled during 1993–1998
at 40 United States clinical centers

OS (n ¼ 65,015) DM-C (n ¼ 16,939)

Characteristics n % n %

Age (y)
50–54 9126 14.0 1522 9.0
55–59 12,573 19.3 3634 21.5
60–64 14,381 22.1 4286 25.3
65–69 14,204 21.8 3902 23.0
70–74 10,259 15.8 2518 14.9
�75 4472 6.9 1077 6.4

BMI (kg/m2)
<25 27,020 41.6 4579 27.0
25 to <30 22,140 34.1 6013 35.5
�30 15,855 24.4 6347 37.5

Self-identified race/ethnicity
White 56,032 86.2 14,250 84.1
Black 4122 6.3 1401 8.3
Hispanic 2022 3.1 536 3.2
American Indian 223 0.3 58 0.3
Asian/PI 1799 2.8 477 2.8
Unknown 817 1.3 217 1.3

Education
<High school 2414 3.7 607 3.6
High school/GED 10,223 15.7 2876 17.0
School after high school 23,573 36.3 6648 39.2
College degree or higher 28,805 44.3 6808 40.2

Family income (USD/y)
<$20k 9118 14.0 2258 13.3
$20k to <$35k 14,967 23.0 4084 24.1
$35k to <$50k 13,278 20.4 3664 21.6
$50k to <$75k 13,584 20.9 3671 21.7
�$75k 14,068 21.6 3262 19.3

Season of FFQ completion
Spring 16,755 25.8 4406 26.0
Summer 18,135 27.9 4172 24.6
Fall 15,148 23.3 4180 24.7
Winter 14,977 23.0 4181 24.7

Current smoker
No 61,120 94.0 15,917 94.0
Yes 3895 6.0 1022 6.0

Alcohol1

Nondrinker 18,410 28.3 5830 34.4
<1 drink/wk 20,583 31.7 4934 29.1
1 to <7 drinks/wk 17,424 26.8 4591 27.1
�7 drinks/wk 8598 13.2 1584 9.4

Any dietary supplement use 36,358 55.9 8349 49.3
Medication use
Antihyperlipidemic medication 5996 9.2 1562 9.2
Antidiabetic medication 1916 2.9 686 4.0
Antihypertensive medication 19,098 29.4 5611 33.1

Postmenopausal hormone use
Never 25,334 39.0 6782 40.0
Past 9637 14.8 3357 19.8
Estrogens-alone 16,451 25.3 3932 23.2
EstrogensþProgestin 13,593 20.9 2868 16.9

Recreational physical activity, MET2-h/wk
None 8318 12.8 2952 17.4
>0 to �9.5 22,703 34.9 6910 40.8
>9.5 to �20.5 18,017 27.7 4110 24.3
>20.5 15,977 24.6 2967 17.5

History of CVD3

No 61,934 95.3 16,263 96.0
Yes 3081 4.7 676 4.0
History of MI 1410 2.2 330 1.9
History of CABG/PCI 1139 1.8 215 1.3

(continued on next page)
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TABLE 1 (continued )

OS (n ¼ 65,015) DM-C (n ¼ 16,939)

Characteristics n % n %

History of CHF 643 1.0 136 0.8
History of stroke 833 1.3 184 1.1

History of cancer
No 56,826 87.4 16,104 95.1
Yes 8189 12.6 835 4.9
Breast 3743 5.8 74 0.4
Colorectal 586 0.9 15 0.1
Ovary 427 0.7 72 0.4
Endometrium 1120 1.7 158 0.9
Thyroid 354 0.5 64 0.4
Cervix 794 1.2 211 1.2
Melanoma 877 1.3 113 0.7
Liver 24 0.0 1 0.0
Lung 145 0.2 15 0.1
Brain 32 0.0 6 0.0
Bone 42 0.1 9 0.1
Stomach 34 0.1 1 0.0
Leukemia 58 0.1 6 0.0
Bladder 120 0.2 12 0.1
Non-Hodgkin’s lymphoma 148 0.2 6 0.0
Hodgkin’s lymphoma 42 0.1 6 0.0

History of treated hypertension 15,954 24.5 5197 30.7
History of treated type 2 diabetes 2360 3.6 826 4.9
Family history of MI 33,803 52.0 8740 51.6
Family history of stroke 24,694 38.0 6404 37.8
Family history of breast cancer 9882 15.9 2333 14.4
Family history of colorectal cancer 10,831 16.7 2687 15.9
Family history of diabetes 20,889 32.1 5859 34.6
Gail model breast cancer risk score (tertiles)
<1.26 18,972 29.2 5607 33.1
1.27–1.80 22,329 34.3 5900 34.8
>1.80 23,714 36.5 5432 32.1

Abbreviations: CABG/PCI, coronary artery bypass graft or percutaneous coronary intervention; CHF, congestive heart failure; MET, metabolic
equivalent units.
1 Drinks of alcohol defined as serving in mL (345 for beer, 177 for wine, and 43 for liquor).
2 Metabolic equivalent unit.
3 Nonfatal MI, CABG/PCI, CHF, or stroke.
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Results

Table 2 shows results from biomarker development for SFA,
MUFA, and PUFA densities. The CV-R2 for each of these log-
transformed variables exceeds the prespecified 36% threshold.
Note that each biomarker equation is built on multiple metabo-
lites, mostly from serum lipidomic analyses. In addition, the
biomarker equation for log-SFA density incorporates inverse
contributions from baseline FFQ protein density and leisure ac-
tivity; and that for log MUFA incorporates an inverse association
with our carbohydrate density biomarker.

The 3 metabolomics-based biomarkers were used for cali-
bration equation development in NPAAS (n ¼ 436). Table 3
shows resulting potential calibration equations using the CVD set
of confounding factors. A 36% adjusted R2 criterion is met for
SFA and PUFA densities, but not for MUFA density. The partial
R2 values for the log-FFQ contributions to these linear regression
equations are substantial for both SFA and PUFA densities. Note
also the inverse contribution from leisure physical activity for
the SFA calibration equation, as well as contributions from
racial/ethnic and socioeconomic variables for each equation.
Corresponding potential calibration equations using the cancer
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and T2D set of covariates are similar to those shown in Table 3.
These also satisfy a 36% cross-validated R2 criterion for SFA and
PUFA but not for MUFA, and are given in Supplemental Table 4.

Table 4 (left side) gives CVD HRs (95% CIs) for a doubling of
SFA and PUFA density. Significant risk elevations (P � 0.05) at
higher calibrated SFA density were observed for nonfatal MI,
coronary death, total CHD, ischemic stroke, total stroke, com-
bined CHD and stroke, total CVD, and heart failure, in analyses
that also included calibrated total energy. However, these esti-
mated risk elevations are quite small; for example, the HR (95%
CI) for CHD is 1.10 (1.04, 1.17), for total CVD is 1.06 (1.02, 1.10),
and for heart failure is 1.12 (1.02, 1.22). Note that HRs for SFA
density without biomarker calibration of the dietary variables
were similar, and even a little larger than those with calibration.

However, as shown on the right side of Table 4, these HRs are
greatly attenuated toward the null, and nonsignificant, when
baseline FFQ value for TFA, vegetable servings, fruit servings,
and fiber were added to the HR model. Further analyses (not
shown) indicate that this attenuation is primarily because of the
inclusion of fiber in the HR model.

Estimated HRs for a doubling of calibrated PUFA density were
also small, with significant elevations for nonfatal MI, total CHD,



TABLE 2
Potential biomarker equations for fatty acids densities based on linear regression of log-fatty acid density values from the NPAAS-FS (2011–2014;
n¼ 153) on log-transformed metabolomics concentrations, log-transformed established dietary biomarkers, participant characteristics and baseline
FFQ measures1

Coef R2 (%) CV-R2 (%)

SFA density
Intercept �4.426
TG (TG 51:2, FA 15:0) (serum) 0.288 21.8 12.7
Baseline protein density (FFQ) �0.391 21.0 12.2
Carbohydrate density biomarker �0.451 1.6 0.9
Leisure physical activity (metabolic equivalent units/wk) �0.004 6.0 3.5
Sphingomyelin (SM 14:0) (serum) 0.268 3.1 1.8
Ceramides (CER 22:0) (serum) 0.493 5.0 2.9
Cholesterol ester (CE 12:0) (serum) 0.045 2.7 1.6
TG (TG 52:2, FA 20:0) (serum) 0.115 1.8 1.0
D-Talose (urine) �0.038 0.7 0.4
Energy intake (kcal) from DLW 0.072 0.1 0.0
Urinary nitrogen �0.041 0.2 0.1
TG (TG 51:2, FA 18:1) (serum) �0.039 0.0 0.0
Diacylglycerol (DAG16:0, 18:1) (serum) 0.038 0.1 0.0
Cholesterol ester (CE 15:0) (serum) �0.016 0.0 0.0
Total 63.9 37.2

MUFA density
Intercept �11.356
Carbohydrate density biomarker �0.463 25.7 14.9
TG (TG 52:3, FA 18:0) (serum) �0.410 7.7 4.5
N-Acetylalanine (serum) (serum) 0.314 8.3 4.8
1/3-Methylhistidine (serum) �0.036 6.7 3.9
Phosphatidylethanolamine (PE 18:1, 18.1) (serum) 0.114 4.9 2.8
Niacinamide (serum) 0.085 3.6 2.1
Phosphatidylcholine (PC 16:0, 20:2) (serum) �0.141 2.8 1.6
3-Hydroxypropionic acid (serum) 0.110 1.9 1.1
Cholesterol ester (CE 20:1) (serum) �0.155 2.0 1.1
Lysophosphatidylethanolamine (LPE 18:1) (serum) 0.103 1.7 1.0
Urinary nitrogen 0.069 0.5 0.3
TG (TG 54:2, FA 18:1) (serum) 0.082 1.1 0.6
Diacylglycerol (DAG 18:1, 18.1) (serum) 0.096 0.3 0.2
TG (TG 52:3, FA 20:1) (serum) �0.029 0.1 0.0
Total energy (kcal) from DLW 0.005 0.0 0.0
Total 67.2 38.8

PUFA density
Intercept �3.353
TG (TG 49:2, FA 16:1) (serum) 0.239 30.3 21.2
TG (TG 50:3, FA 16:1) (serum) �0.345 0.0 0.0
Cholesterol ester (CE 15:0) (serum) �0.358 3.1 2.2
TG (TG 50:2, FA 14:1) (serum) �0.156 1.8 1.2
Cholesterol ester (CE 18:1) (serum) �0.586 14.9 10.4
Total energy (kcal) from DLW 0.375 1.4 1.0
Hexosylceramides (HCER 22:0) (serum) 0.397 4.6 3.2
Urinary nitrogen �0.158 1.8 1.2
Cholesterol ester (CE 18:0) (serum) �0.362 1.9 1.3
TG (TG 52:1, FA 20:1) (serum) �0.079 1.8 1.3
Cholesterol ester (CE 22:4) (serum) �0.153 1.2 0.8
TG (TG 54:6, FA 22:5) (serum) �0.068 0.4 0.3
TG (TG 54:7, FA 18:3) (serum) 0.043 0.2 0.2
TG (TG 52:2, FA 20:1) (serum) 0.012 0.0 0.0
Cholesterol ester (CE 16:0) (serum) 0.020 0.0 0.0
Total 63.2 44.2

Abbreviations: NPAAS-FS, Nutrition and Physical Activity Assessment Study feeding study; R2, percent of variation explained.
1 In (TG X1:Y1, FA X2:Y2), X1 indicates total number of carbons and Y1 indicates total number of double bonds in the 3 fatty acid chains. X2

indicates number of carbons and Y2 indicates number of double bonds in the fatty acid chain. In (DAG X1:Y1, X2:Y2); (PE X1:Y1, X2:Y2), X1 and X2
indicate number of carbons and Y1 and Y2 indicate number of double bonds in the fatty acid chains. In (SM X:Y); (HCER X:Y); (CE X:Y); (CER X:Y);
(LPE X:Y); (FFA X:Y); (LPC X:Y); (PC X:Y), X indicates number of carbons and Y indicates number of double bonds in the fatty acid chain.
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ischemic stroke, combined CHD and stroke, and total CVD.
Fewer HRs are significantly elevated without biomarker cali-
bration. All significant PUFA density associations ceased to be
significant after including FFQ assessments for the 4 additional
dietary variables in the HR model.
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Table 5 (left side) gives corresponding calibrated fatty acid
density HRs (95% CIs) for the incidence of various cancers.
Doubling of fatty acids densities was associated with small HR
elevations for invasive breast cancer with HRs (95% CIs) of 1.03
(1.00, 1.06) for SFA, and 1.03 (1.01, 1.05) for PUFA. Similarly,



TABLE 3
Calibration equations for fatty acid densities based on linear regression analysis of biomarker-based log-intake estimates on corresponding self-
report (FFQ) log-intake estimates and personal characteristics among 436 participants in the NPAAS Biomarker Study, using the CVD covariate set

FFQ (n ¼ 303)

Covariates1 β SE (β) P value R2 (%) adj2 R2 (%)

SFA density with CVD covariates3

Log-SFA density biomarker
Intercept �2.3842 0.0183
log-SFA density self-report 2.2529 0.413 <0.0001 18.51 34.92
log PUFA density self-report �2.71 0.6704 0.0013 0.07 0.13
log-total fat density calibrated 0.66 0.2337 0.0429 1.84 3.47
Black �0.0748 0.0276 0.0535 2.01 3.79
Other race �0.1072 0.0542 0.069 0.49 0.92
Income: $50k–$75k �0.0472 0.0234 0.0624 0.20 0.38
Alcohol intake: 7þ drinks/wk 0.0726 0.0398 0.069 0.02 0.04
Leisure physical activity �0.0042 0.0007 <0.0001 8.31 15.68
Total R2 31.5 59.34

MUFA density with CVD covariates3

Log MUFA density biomarker
Intercept �3.0058 0.0126
log MUFA density self-report 0.888 0.3049 0.0025 2.95 5.57
Income: $20k–$35k �0.065 0.0233 0.0126 2.10 3.96
Income: $50k–$75k �0.0452 0.0218 0.03 0.35 0.66
Alcohol intake: 7þ drinks/wk 0.0424 0.0246 0.086 1.15 2.17
Postmenopausal hormone use 0.0771 0.0412 0.0679 1.89 3.57
Total R2 8.4 15.91

PUFA density with CVD covariates3

Log PUFA density biomarker
Intercept �2.5115 0.0153
log PUFA density self-report 4.955 0.6627 <0.0001 12.02 22.68
log-SFA density self-report �1.6919 0.3954 <0.0001 1.68 3.17
Age �0.0045 0.002 0.0017 2.09 3.94
Black 0.0738 0.0319 0.0338 5.46 10.30
Income: $50k–$75k 0.0492 0.0272 0.0718 0.59 1.11
Alcohol intake: 7þ drinks/wk �0.0686 0.032 0.0156 2.01 3.79
Total R2 23.80 44.98

Abbreviations: NPAAS, Nutrition and Physical Activity Assessment Study; R2, linear regression percent of variation explained.
1 Potential covariates for inclusion: log PUFA density (centered), log MUFA density (centered), calibrated log fat density (centered), calibrated log

FFQ total energy (centered), race/ethnicity (White¼ ref, Black, Hispanic, Other), age, BMI, education (�HS/GED¼ ref, post-HS, collegeþ), income
(<$20k, $20k–$35k, $35k–$50k ¼ ref, $50k–$75k, �$75k), season of FFQ completion (Summer, Spring, Fall, Winter ¼ ref), current smoking,
alcohol intake (Non/Past Drinker ¼ ref, <1 drinks/wk, 1 to <7 drinks/wk, �7 drinks/wk), total recreational physical activity (MET h/wk), any
dietary supplement use, postmenopausal hormone use, antihypertensive medication use, anti-lipid medication use, antidiabetic medication use,
history of CVD (MI, stroke, congestive heart failure, CABG/PCI), history of treated diabetes, history of treated hypertension and family history of
diabetes; age, BMI, self-reported SFA density, self-reported MUFA density, self-reported PUFA density, calibrated total fat density, calibrated total
energy were centered at the NPAAS sample mean.
2 Adjusted for correlation between the log-fatty acid biomarker values in NPAAS-FS and NPAAS overlap sample by dividing by 0.53, the largest of

the correlations for the log-fatty acid variables.
3 Covariate selection using stepwise approach, with P value for entry and removal ¼ 0.10.

R.L. Prentice et al. The Journal of Nutrition 153 (2023) 2663–2677
there was a small colon cancer risk elevation with HR (95% CI) of
1.07 (1.01, 1.14) for SFA, and small risk elevations for total
invasive cancer with HRs (95% CIs) of 1.03 (1.01, 1.05) for SFA
and 1.02 (1.01, 1.03) for PUFA, along with other risk elevations
including that for leukemia, and a possible risk reduction with
SFA density for rectum cancer. HRs were fairly similar without
biomarker calibration, although that for SFA density and breast
cancer was nonsignificant.

As shown on the right side of Table 5, the SFA density and
PUFA density HRs were mostly not changed materially after the
inclusion of TFA, vegetables, fruits, and fiber in the outcome
model, although the SFA density associations were then no
longer significant for breast cancer or for total invasive cancer,
with or without biomarker calibration of the fatty acids
variables.
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As shown in Table 6 (left side), a doubling of the fatty acids
densities was associated with small T2D risk elevations, with
HRs (95% CIs) of 1.06 (1.04, 1.09) for calibrated SFA density and
1.04 (1.03, 1.06) for calibrated PUFA density. These elevations
were a bit larger without biomarker calibration, and they
remained (Table 6, right side) after control for the additional 4
dietary variables.

The log-HR functions were approximately linear as a function
of the modeled SFA density and PUFA density variables in
Tables 4–6 analyses. Specifically, none of 44 tests for null values
for quadratic components in the variables listed in Table 4 was
significant at the 0.05 level. Only 2 of the 52 tests for quadratic
coefficients in Table 5 were significant, both for PUFA density
and leukemia without calibration (both with P ¼ 0.05), and
Table 6 quadratic coefficient P values were far from significant.



TABLE 4
CVD incidence HRs and 95% CIs for a doubling of fatty acids densities, with and without biomarker calibrations of FFQ assessments in Women’s
Health Initiative cohorts (n ¼ 81,894) of postmenopausal United States women enrolled during 1993–1998 at 40 United States clinical centers and
followed through December 20201

No additional baseline FFQ measures Additional baseline FFQ measures2

With biomarker calibration Without biomarker calibration With biomarker calibration Without biomarker calibration

Outcome (participants
with events)

HR (95% CI)3 P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Nonfatal MI (2102)
SFA density 1.11 (1.03, 1.19) 0.005 1.16 (1.04, 1.30) 0.01 1.01 (0.92, 1.11) 0.82 1.04 (0.91, 1.18) 0.59
PUFA density 1.05 (1.01, 1.10) 0.02 0.98 (0.88, 1.09) 0.76 0.99 (0.94, 1.05) 0.83 0.94 (0.84, 1.06) 0.32

Coronary death (897)
SFA density 1.13 (1.02, 1.26) 0.02 1.25 (1.06, 1.48) 0.009 1.11 (0.96, 1.28) 0.15 1.18 (0.96, 1.44) 0.11
PUFA density 1.04 (0.98, 1.11) 0.19 0.89 (0.75, 1.04) 0.15 1.05 (0.96, 1.15) 0.29 0.96 (0.81, 1.15) 0.66

Total CHD (2869)
SFA density 1.10 (1.04, 1.17) 0.001 1.18 (1.07, 1.29) <0.001 1.04 (0.96, 1.12) 0.35 1.07 (0.96, 1.20) 0.22
PUFA density 1.04 (1.01, 1.08) 0.02 0.95 (0.87, 1.04) 0.25 1.01 (0.96, 1.06) 0.71 0.95 (0.86, 1.05) 0.32

Ischemic stroke (1776)
SFA density 1.09 (1.01, 1.18) 0.02 1.13 (1.01, 1.28) 0.04 1.04 (0.94, 1.15) 0.42 1.06 (0.92, 1.23) 0.40
PUFA density 1.05 (1.00, 1.10) 0.03 1.01 (0.90, 1.13) 0.91 1.02 (0.96, 1.09) 0.54 0.99 (0.87, 1.12) 0.83

Hemorrhagic stroke (395)
SFA density 1.02 (0.89, 1.17) 0.79 1.05 (0.82, 1.34) 0.71 0.98 (0.81, 1.18) 0.84 1.01 (0.75, 1.36) 0.96
PUFA density 1.00 (0.92, 1.08) 0.96 0.94 (0.74, 1.20) 0.63 0.97 (0.86, 1.09) 0.58 0.89 (0.68, 1.17) 0.41

Total stroke (2425)
SFA density 1.08 (1.01, 1.15) 0.02 1.12 (1.01, 1.24) 0.03 1.02 (0.94, 1.11) 0.62 1.05 (0.92, 1.18) 0.48
PUFA density 1.04 (1.00, 1.08) 0.06 0.99 (0.89, 1.09) 0.78 1.00 (0.95, 1.06) 0.94 0.95 (0.86, 1.07) 0.41

CHD þ stroke (5023)
SFA density 1.09 (1.04, 1.14) <0.001 1.14 (1.06, 1.22) <0.001 1.03 (0.97, 1.09) 0.39 1.05 (0.97, 1.14) 0.25
PUFA density 1.04 (1.01, 1.07) 0.004 0.97 (0.91, 1.04) 0.45 1.01 (0.97, 1.04) 0.78 0.96 (0.89, 1.03) 0.28

CABG þ PCI (3119)
SFA density 1.02 (0.96, 1.08) 0.55 0.99 (0.91, 1.09) 0.91 0.97 (0.89, 1.04) 0.36 0.94 (0.84, 1.05) 0.25
PUFA density 1.03 (0.99, 1.06) 0.11 1.09 (1.00, 1.19) 0.05 0.99 (0.94, 1.04) 0.66 1.04 (0.95, 1.15) 0.40

Total CVD4 (6964)
SFA density 1.06 (1.02, 1.10) 0.002 1.09 (1.02, 1.16) 0.006 1.00 (0.95, 1.05) 0.89 1.01 (0.94, 1.09) 0.78
PUFA density 1.03 (1.01, 1.06) 0.004 1.01 (0.95, 1.07) 0.82 1.00 (0.97, 1.03) 0.92 0.98 (0.92, 1.05) 0.59

Heart failure (1381)
SFA density 1.12 (1.02, 1.22) 0.02 1.19 (1.04, 1.36) 0.01 1.07 (0.95, 1.2) 0.25 1.12 (0.95, 1.32) 0.16
PUFA density 1.05 (0.99, 1.11) 0.08 0.95 (0.83, 1.08) 0.44 1.03 (0.95, 1.10) 0.48 0.95 (0.82, 1.10) 0.48

Abbreviations: CABG/PCI, coronary artery bypass graft or percutaneous coronary intervention.
1 Covariates considered for inclusion are age (linear), BMI, season of FFQ completion, race/ethnicity, family income, education, cigarette smoking

history, alcohol intake (drinks/wk), leisure physical activity (metabolic equivalent units/wk), any dietary supplement use, prior menopausal
hormone use, antihypertension medication use, antidiabetic medication use, history of treated diabetes, history of treated hypertension, personal
history of CVD, family history of MI, stroke, or diabetes.
2 Additional covariates in this model include log (total trans fatty acids (g)þ1) vegetable servings/d, fruit servings/d, and log(total fiber(g)þ1).
3 HR estimates and 95% CIs are based on Cox models with baseline hazard rates stratified on study component (DM-C or OS), hormone therapy

trial status (estrogen plus progestin, estrogen plus progestin placebo, estrogen-alone, estrogen-alone placebo, not randomized), age at enrollment
(50–54, 55–59, 60–64, 65–69, 70–74, �75), and race/ethnicity, and with adjustment for a disease-specific set of potential confounding factors
listed above.
4 Total CVD comprised of CHD þ CABG þ PCI þ stroke.
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Tables 4–6 examine disease associations for SFA density and
PUFA density relative to other sources of energy, including other
fats, alcohol, and principally carbohydrate. Supplemental
Tables 5–7 present corresponding HRs with log-total fat density
included in the HR model. In these analyses, the total fat density
HRs involve comparisons of fats with carbohydrate, protein, and
alcohol as sources of energy, whereas the HRs for SFA density
and PUFA density examine whether there are additional associ-
ations with these fatty acid categories, beyond their contribution
to total fat. With total fat density included, the HRs for doubling
of SFA density and PUFA density are nonsignificant for CVD
outcomes (Supplemental Table 5), whereas the estimated HRs
for a 20% increment in total fat density are also nonsignificant
with the exception of that for ischemic stroke for which the HR
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(95% CI) was 2.18 (1.04, 4.56) with biomarker calibration and
1.20 (1.02, 1.41) without biomarker calibration, neither of
which was much altered when the additional 4 dietary variables
were included in the HRmodel. On adding total fat density to the
HR model, the cancer HRs for SFA density and PUFA density
(Supplemental Table 6) are similarly mostly nonsignificant with
or without biomarker calibration and with or without the in-
clusion of the additional 4 dietary variables. As an exception, a
doubling of the fatty acids densities gives a leukemia HR (95%
CI) of 1.60 (1.04, 2.45) with calibration and 2.27 (1.04, 4.94)
without calibration for SFA density; and 1.32 (1.03, 1.71) with
calibration and 1.81 (1.04, 3.17) without calibration for PUFA
density, again with little change when the 4 additional dietary
variables are also considered. These elevations carry over to give



TABLE 5
Cancer incidence HRs and 95% CIs for a doubling of fatty acid densities, with and without biomarker calibration of FFQ assessments in Women’s
Health Initiative cohorts (n ¼ 81,894) of postmenopausal United States women enrolled during 1993–1998 at 40 United States clinical centers and
followed through December 20201

No additional baseline FFQ measures Additional baseline FFQ measures2

With biomarker
calibration

Without biomarker
calibration

With biomarker
calibration

Without biomarker
calibration

Cancer site (participants
with events)

HR (95% CI)3 P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

Breast (5311)
SFA density 1.03 (1.00, 1.06) 0.03 1.04 (0.97, 1.11) 0.30 1.01 (0.97, 1.05) 0.66 0.99 (0.91, 1.08) 0.84
PUFA density 1.03 (1.01, 1.05) <0.001 1.09 (1.02, 1.17) 0.01 1.02 (1.00, 1.04) 0.10 1.08 (1.00, 1.16) 0.06

Colon (1101)
SFA density 1.07 (1.01, 1.14) 0.02 1.15 (0.99, 1.34) 0.06 1.06 (0.98, 1.15) 0.14 1.14 (0.95, 1.37) 0.16
PUFA density 1.03 (1.00, 1.07) 0.07 1.04 (0.90, 1.21) 0.57 1.02 (0.97, 1.07) 0.39 1.00 (0.85, 1.18) 0.97

Rectum (162)
SFA density 0.84 (0.71, 0.99) 0.04 0.58 (0.39, 0.86) 0.007 0.93 (0.75, 1.15) 0.50 0.70 (0.43, 1.14) 0.15
PUFA density 1.03 (0.94, 1.13) 0.51 1.53 (1.03, 2.26) 0.03 1.09 (0.97, 1.22) 0.14 1.69 (1.12, 2.56) 0.01

Endometrium (916)
SFA density 0.99 (0.92, 1.06) 0.74 0.91 (0.77, 1.08) 0.27 0.99 (0.90, 1.09) 0.85 0.91 (0.75, 1.12) 0.39
PUFA density 1.03 (0.99, 1.08) 0.12 1.20 (1.01, 1.42) 0.04 1.04 (0.98, 1.09) 0.20 1.20 (1.00, 1.45) 0.05

Ovary (479)
SFA density 0.97 (0.88, 1.07) 0.54 0.96 (0.76, 1.20) 0.69 1.15 (1.02, 1.31) 0.02 1.34 (1.02, 1.77) 0.03
PUFA density 0.98 (0.93, 1.03) 0.43 0.95 (0.75, 1.19) 0.63 1.06 (0.99, 1.14) 0.09 1.06 (0.83, 1.36) 0.63

Leukemia (456)
SFA density 1.19 (1.08, 1.31) <0.001 1.34 (1.05, 1.70) 0.02 1.16 (1.02, 1.32) 0.02 1.28 (0.96, 1.71) 0.09
PUFA density 1.11 (1.05, 1.17) <0.001 1.26 (1.00, 1.59) 0.05 1.10 (1.03, 1.18) 0.01 1.26 (0.97, 1.62) 0.08

Lung (1500)
SFA density 1.00 (0.95, 1.06) 0.94 1.00 (0.88, 1.13) 0.98 0.97 (0.91, 1.04) 0.36 0.92 (0.79, 1.07) 0.29
PUFA density 1.00 (0.97, 1.04) 0.77 1.02 (0.90, 1.16) 0.78 1.00 (0.96, 1.04) 0.85 1.03 (0.90, 1.18) 0.64

Lymphoma (852)
SFA density 1.09 (1.02, 1.17) 0.009 1.21 (1.02, 1.44) 0.03 1.12 (1.03, 1.23) 0.01 1.25 (1.02, 1.55) 0.03
PUFA density 1.04 (0.99, 1.08) 0.10 1.02 (0.86, 1.21) 0.80 1.06 (1.00, 1.11) 0.04 1.08 (0.90, 1.30) 0.42

Bladder (179)
SFA density 1.05 (0.89, 1.24) 0.58 1.19 (0.82, 1.72) 0.37 1.22 (0.98, 1.51) 0.07 1.57 (1.00, 2.45) 0.05
PUFA density 0.98 (0.89, 1.07) 0.65 0.84 (0.58, 1.21) 0.35 1.06 (0.94, 1.19) 0.32 0.97 (0.65, 1.45) 0.87

Kidney (326)
SFA density 1.05 (0.93, 1.19) 0.42 1.12 (0.84, 1.49) 0.44 1.01 (0.86, 1.18) 0.90 1.01 (0.72, 1.42) 0.95
PUFA density 1.02 (0.95, 1.09) 0.58 1.01 (0.76, 1.33) 0.97 1.01 (0.93, 1.10) 0.81 1.03 (0.76, 1.39) 0.84

Pancreas (433)
SFA density 1.02 (0.93, 1.12) 0.63 1.12 (0.88, 1.42) 0.35 0.98 (0.87, 1.11) 0.76 1.03 (0.77, 1.37) 0.83
PUFA density 0.97 (0.92, 1.03) 0.34 0.84 (0.66, 1.07) 0.16 0.95 (0.89, 1.02) 0.19 0.82 (0.63, 1.06) 0.13

Obesity related4 (7563)
SFA density 1.03 (1.00, 1.05) 0.02 1.03 (0.97, 1.09) 0.30 1.01 (0.98, 1.04) 0.47 1.00 (0.93, 1.07) 0.93
PUFA density 1.03 (1.01, 1.04) <0.001 1.09 (1.03, 1.16) 0.003 1.02 (1.00, 1.04) 0.03 1.08 (1.01, 1.15) 0.02

Total invasive (13,290)
SFA density 1.03 (1.01, 1.05) <0.001 1.06 (1.01, 1.11) 0.009 1.02 (1.00, 1.05) 0.08 1.03 (0.98, 1.09) 0.22
PUFA density 1.02 (1.01, 1.03) <0.001 1.04 (1.00, 1.09) 0.07 1.01 (1.00, 1.03) 0.03 1.04 (0.99, 1.09) 0.13

1 Covariates considered for inclusion are age (linear), BMI, season of FFQ completion, race/ethnicity, family income, education, cigarette smoking
history, alcohol intake (drinks/wk), leisure physical activity (metabolic equivalent units/wk), any dietary supplement use, prior menopausal
hormone use, antihypertension medication use, antidiabetic medication use, history of treated diabetes, history of treated hypertension, Gail model
5-y breast cancer risk score, family history of colorectal cancer, personal history of colon polyp removal.
2 Additional covariates in this model include log (total trans fatty acids (g)þ1), vegetable servings/d, fruit servings/d, and log(total fiber(g)þ1).
3 HR estimates and 95% CIs are based on Cox models with baseline hazard rates stratified on study component (DM-C or OS), hormone therapy

trial status (estrogen plus progestin, estrogen plus progestin placebo, estrogen-alone, estrogen-alone placebo, not randomized), age at enrollment
(50–54, 55–59, 60–64, 65–69, 70–74, �75), and race/ethnicity, and with adjustment for a disease-specific set of potential confounding factors.
4 Obesity-related cancer defined here as breast, colon, rectum, endometrium or kidney cancer.
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corresponding small risk elevations for total invasive cancer.
Finally, T2D HRs were not significant for SFA density or PUFA
density, beyond their contributions to total fat density (Supple-
mental Table 8).

The Supplemental Tables 5–7 log-HR functions again showed
little evidence of departure from linearity in log-SFA density and
log-PUFA density, as was also the case for log-total fat density
with the possible exception of that for ischemic stroke where
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there was some evidence for a positive quadratic coefficient with
or without calibration and with or without the inclusion of the 4
additional dietary variables.

The further addition of protein density (with or without
calibration) and FFQ alcohol density to the HR model, thereby
yielding a more specific conceptual substitution of these fat-
related variables for carbohydrate, did not materially change
these results. The HR for ischemic stroke is elevated at higher



TABLE 6
Type 2 diabetes (T2D) incidence HRs and 95% CIs for a doubling of fatty acids densities, with and without biomarker calibration of FFQ inWomen’s
Health Initiative cohorts (n ¼ 81,894) of postmenopausal United States women enrolled during 1993–1998 at 40 United States clinical centers and
followed through December 20201

No additional baseline FFQ measures Additional baseline FFQ measures2

With biomarker calibration Without biomarker calibration With biomarker calibration Without biomarker calibration

Outcome (participants
with outcome)

HR (95% CI)3 P value HR (95% CI) P value HR (95% CI) P value HR (95% CI) P value

T2D (12,605)

SFA density 1.06 (1.04, 1.09) <0.001 1.09 (1.04, 1.14) <0.001 1.05 (1.02, 1.08) 0.0015 1.06 (1.01, 1.12) 0.03
PUFA density 1.04 (1.03, 1.06) <0.001 1.08 (1.03, 1.13) 0.001 1.04 (1.02, 1.06) <0.001 1.09 (1.01, 1.14) <0.001

1 Covariates considered for inclusion are age (linear), BMI, season of FFQ completion, race/ethnicity, family income, education, cigarette smoking
history, alcohol intake (drinks/wk), leisure physical activity (metabolic equivalent units/wk), any dietary supplement use, prior menopausal
hormone use, antihypertension medication use, antidiabetic medication use, history of treated diabetes, history of treated hypertension, personal
history of CVD, family history of diabetes.
2 Additional covariates in this model include log (total trans fatty acids (g) þ1), vegetable servings/d, fruit servings/d, and log (total fiber(g)þ1).
3 HR estimates and 95% CIs are based on Cox models with baseline hazard rates stratified on study component (DM-C or OS), hormone therapy

trial status (estrogen plus progestin, estrogen plus progestin placebo, estrogen-alone, estrogen-alone placebo, not randomized), age at enrollment
(50–54, 55–59, 60–64, 65–69, 70–74, �75), and race/ethnicity, and with adjustment for a disease-specific set of potential confounding factors.
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total fat density, with or without calibration and with or without
the further addition of the 4 dietary variables, whereas the cor-
responding additional PUFA density HR factor may be slightly
reduced. Other CVD-related HRs are nonsignificant in these an-
alyses. Among cancer analyses, leukemia risk is elevated at
higher SFA density and higher PUFA density with or without
calibration, as is also the case for total invasive cancer, whereas
other HRs are nonsignificant. T2D HRs were nonsignificant for
each of the modeled fat-related variables. In analyses that
replace the SFA density variable in Supplemental Tables 6–8 by
the sum of SFA density and PUFA density, thereby estimating
HRs for PUFA density beyond its contribution to combined SFA
and PUFA density, there were no significant PUFA density as-
sociations for CVD outcomes. Among cancer outcomes, there was
an elevated leukemia risk for a doubling of PUFA density, with
HR (95% CI) of 1.30 (1.01, 1.66) with biomarker calibration but
a nonsignificant HR without biomarker calibration, as was also
the case for total invasive cancer. The PUFA density HRs for T2D
were far from significant in these analyses.

Discussion

This contribution has the dual purpose of exploring the ability
to identify useful intake biomarkers for SFA, MUFA, and PUFA
densities from resources that include serum and 24-h urine
metabolomics profiles, and to use the resulting biomarkers to
adjust self-reported dietary data for measurement error in
chronic disease-association studies in WHI cohorts.

We have had some success in achieving these goals: from the
square roots of total R2 values in Table 2 one sees that we have
identified potential biomarkers having cross-validated correla-
tions of 0.61, 0.62, and 0.66, respectively, with corresponding
feeding study values for (log-transformed) SFA, MUFA, and
PUFA densities. These are substantial correlations, especially
when one considers that feeding study intakes also have some
measurement error due, for example, to limitations in nutrient
databases used to calculate nutrient intakes from foods.

To the contrary, it is a limitation of the SFA biomarker
equation that protein density and leisure physical activity at WHI
baseline are included in the biomarker equation, suggesting that
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metabolomics profiles alone from specimens collected at the end
of the feeding period provide, at best, a noisy SFA density
biomarker. This particular issue does not attend the MUFA or
PUFA biomarker equations (Table 2). Note that these biomarkers
are expected to be insensitive to TFA intake, because the fats
targeted by our serum lipidomics platform do not include trans
isomers. According to FFQs ~2.8% of energy derived from TFAs
at WHI baseline in the DM trial comparison group, reducing only
slightly by year 6 after enrollment [29]. For interpretation
however, analyses on the right sides of Tables 4–6 (and Sup-
plemental Tables 5–7) can be viewed as targeting fatty acids and
disease associations after controlling for TFA intake.

Concerning our approach to biomarker and calibration
equation development more generally, one can note that some
metabolites in our biomarker equations are difficult to relate
directly to the specific fatty acids classes because of the large
number of metabolites from which to choose, with their possibly
complex correlation structures. In the resulting biomarker
equations lipids are the major contributing class of metabolites
(Table 2). Fatty acids in these lipids represent different classes
(MUFA, PUFA and SFA), which reflect the intake of these sub-
classes of lipids. For example, triglycerides that are selected for
different subclasses consist of fatty acids chains that represent
these subclasses as indicated by varying number of double bonds
in fatty acids (see Table 2 footnote). In general the metabolite
classes that appear in Table 2 seem biologically pertinent. For
example, high intake of SFA increase lipotoxic species such as
ceramides and saturated fatty acyl containing TGs [30,31]. In
contrast, PUFAs decrease these lipids species. Biospecimens used
in this study have been obtained after overnight fasting. Post-
prandial studies focused onmetabolism and storage of dietary fat
have shown that the digested dietary fat is stored in adipose
tissue within ~5 h [32,33]. While fasting, adipose tissue releases
the stored fat in the form of fatty acids into the systemic plasma
to meet the energy requirements of different tissue [34]. Hence,
it is reasonable to assume that plasma lipids from short-term
dietary exposure are reflective of longer-term exposure. Note
that our biomarker equations for specific fatty acids densities
may reflect lower intakes of other correlated dietary variables,
such as lower carbohydrate with higher MUFA intake. As such
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our biomarker equations may or may not extrapolate readily to
other populations, where correlation structures among nutri-
tional variables may differ. Using the proposed biomarkers,
corresponding calibration equations meeting correlational
criteria could be developed for SFA and PUFA densities but not
MUFA density, possibly reflecting a limited ability of FFQs to
assess MUFA density.

The biomarker features and limitations described in preced-
ing paragraphs have implications for the interpretation of cor-
responding disease-association analyses. First consider the
association analyses based on FFQ intakes without calibration
(Tables 4–6). These analyses estimate small positive associations
of SFA density with CHD, stroke, total CVD, heart failure, total
invasive cancer and T2D, among a few other estimated associa-
tions. However, many of these associations are not clearly
distinguishable from those for FFQ intakes for other dietary
variables, such as fiber intake.

The SFA density associations after biomarker calibration tend
to have similar corresponding P values with associations in the
same direction, but HRs are often somewhat closer to the null
than corresponding HRs without calibration, whereas deattenu-
ation away from the null would be expected from the calibration
procedure. This may reflect a limited ability of the available
metabolomics profiles alone to explain feeding study SFA density
variations.

Uncalibrated PUFA density was nonsignificantly associated
with CVD outcomes, regardless of whether the other 4 dietary
variables are included in the HR model. In comparison, uncali-
brated PUFA density associations were estimated to be small but
positive for breast cancer, obesity-related cancer and T2D, with
or without inclusion of the other dietary variables. After
biomarker calibration, positive PUFA density associations were
estimated for these same cancer and T2D outcomes. This was
also the case for some CVD outcomes, although these were not
evident after inclusion of the other 4 dietary variables in the HR
model.

With the exception of positive associations of PUFA density
with total invasive cancer (as well as leukemia), none of the
aforementioned associations remained significant after the in-
clusion of total fat density in the HR model, with or without
biomarker calibration (Supplemental Tables 5–7).

It is interesting to relate these findings with other recent re-
ports on fatty acids and health using objective measures. For
example, a 2019 pooled analyses of 30 cohort studies having
blood omega-6 fatty acids measures reported reduced incidence
of several CVD outcomes at higher intakes of linoleic acid [35],
whereas a 2017 analysis of an overlapping 20 cohorts provided
similar results for T2D [36]. Also, a 2021 pooled analysis of 17
cohorts reported [37] inverse associations of blood long-chain
omega-3 fatty acids concentrations with total as well as spe-
cific mortality rates. These latter serum fatty acids primarily
reflect marine n-3 PUFA sources, the intake of which was small in
the WHI cohorts.

Associations of total fat density and fatty acid densities with
clinical outcomes in general may depend on individual char-
acteristics, such as age [5], and also on the specific foods and
food groups from which the nutrients derive. For example, the
large case-cohort analysis in 9 European countries mentioned
above [8] found no association of (self-reported) total fat den-
sity or fatty acid densities with CHD risk, while also reporting
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both positive and inverse associations with specific food sour-
ces, reinforcing the importance of diet quality and dietary pat-
terns research in nutritional epidemiology, and suggesting
caution in making broad dietary recommendations based on
nutrient composition alone. Relative to United States dietary
recommendations to replace SFA by PUFA [38], our analyses
suggest that reduction in SFA density, in the setting of United
States postmenopausal women, may have a small chronic dis-
ease risk benefit, although this risk reduction is not clearly
distinguishable from that for reduction in total fat density,
whereas our analyses do not suggest health benefits from an
increase in PUFA density. For comparison, see Hanson et al.
[39] for a recent systematic review of randomized trials, and
Lawrence [40] for related biological perspectives, suggesting
unfavorable PUFA associations with cancer and other chronic
diseases.

Strengths of this study include the use of serum and 24-h
urine metabolite profiles to assess the densities for fatty acid
subtypes. Resulting biomarker equations explained considerably
more of the feeding study variation than did similar analyses for
total fat density [17]. In fact, the limited potential of the direct
biomarker development approach used here for total fat density
caused us instead to propose a total fat density biomarker formed
by subtracting protein and carbohydrate density biomarkers and
an alcohol density estimate from one. Also calibration equations
were able to be developed for SFA and PUFA densities that
enable measurement error adjustments to corresponding
self-reported dietary intakes. Biomarker-calibrated SFA and
PUFA densities were mostly associated with small, but positive,
chronic disease risk increases in large well-characterized WHI
cohorts of postmenopausal United States women having quality,
long-term follow-up and outcome ascertainment. The positive
associations for CVD outcomes, however, could be explained by
other dietary factors, including fiber density.

Limitations include the observational nature of the cohort
study results presented. For example, there is a possibility that
individual diets may be modified in response to perceived health
risks or clinician recommendations due to comorbidities, which
may not be fully captured in our analyses. Also, the biomarkers
proposed for fatty acids densities derive from a fairly small
feeding study (n ¼ 153) having a short (2-wk) feeding period,
and participants were mostly of White self-reported race/
ethnicity. Furthermore, the calibrated intake findings presented
rely on measurement modeling assumptions for both biomarker
and calibration equations. Fortunately, the error components of
these models do not directly accumulate and calibrated intake
associations are little affected by the magnitude of an indepen-
dent error component to the biomarker equation [11]. However,
an important consideration here resulting from smaller HRs for
SFA and PUFA density associations with chronic disease than
may be anticipated from corresponding total energy density as-
sociations is that our proposed SFA and PUFA density biomarkers
may lack sensitivity for some components of these fatty acids
categories. If so, such a departure from measurement model as-
sumptions may result in HRs that are attenuated toward the null.
Similarly, the disease-association analyses based on uncalibrated
(FFQ) fatty acid densities can be expected to be attenuated by the
noise component of these assessments, and could also be affected
by systematic biases. Finally, the work is conducted in post-
menopausal United States women only with dietary data
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collected during 1993–1998, and results may not be generaliz-
able to more recent dietary patterns or to other populations.

In summary, potential metabolomics-based biomarkers have
been proposed for major fatty acids classes in WHI cohorts.
Corresponding biomarker-calibrated association analyses pro-
vide evidence that diets high in saturated fat and poly-
unsaturated fat may have small adverse associations with certain
invasive cancers, and diabetes in this population of post-
menopausal United States women. However, there is no clear
evidence that these associations go beyond those for total fat
density. Further biomarkers studies using even more compre-
hensive metabolomics profiles perhaps as applied to more spe-
cific fatty acids categories, and further studies of dietary self-
report measurement error correction for these fatty acid sub-
types are warranted to more fully understand corresponding
disease associations in the WHI population as well as associa-
tions in other major cohorts.
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