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Abstract

Background—The consumption of trans fatty acids (TFAs) is associated with an increased risk 

of cardiovascular disease, and reducing their consumption is a major public health objective. Food 

intake studies have provided estimates for TFA concentrations in the US population; however, 

there is a need for data on TFA blood concentrations in the population.

Objective—The objective of this study was to determine plasma TFA concentrations in a 

nationally representative group of fasted adults in the US population in NHANES samples from 

1999–2000 and 2009–2010.

Design—Four major TFAs [palmitelaidic acid (C16:1n–7t), trans vaccenic acid (C18:1n–7t), 

elaidic acid (C18:1n–9t), and linoelaidic acid (C18:2n–6t,9t)] were measured in plasma in 1613 

subjects from NHANES 1999–2000 and 2462 subjects from NHANES 2009–2010 by gas 

chromatography–mass spectrometry. Geometric means and distribution percentiles were calculated 

for each TFA and their sum by age, sex, and race/ethnicity (non-Hispanic white, non-Hispanic 

black, Mexican American), and covariate-adjusted geometric means were computed by using a 

model that included these demographic and other dietary factors, as well as survey year and any 

significant interaction terms.

Results—These nationally representative data for the adult US population show that TFA 

concentrations were 54% lower in NHANES 2009–2010 than in NHANES 1999–2000. Covariate-
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adjusted geometric means for the sum of the 4 TFAs were 81.4 μmol/L (95% CI: 77.3, 85.6 

μmol/L) and 37.8 μmol/L (95% CI: 36.4, 39.4 μmol/L) in NHANES 1999–2000 and 2009–2010, 

respectively. Even with the large decline in TFA concentrations, differences between demographic 

subgroups were comparable in the 2 surveys.

Conclusion—The results indicate an overall reduction in TFA concentrations in the US 

population and provide a valuable baseline to evaluate the impact of the recent regulation 

categorizing TFAs as food additives.
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INTRODUCTION

trans Fatty acids (TFAs)7 are unsaturated fatty acids that contain ≥1 double bond in the trans 
configuration. The consumption of TFAs is associated with an increased risk of 

cardiovascular and other chronic diseases (1). Reducing the risk for coronary artery diseases 

by reducing the consumption of TFAs is a major public health objective (2–6). In 2003, the 

Food and Drug Administration (FDA) amended its regulations on nutrition labeling, 

requiring TFAs to be declared on the nutrition label of conventional foods and dietary 

supplements (7). In 2015, the FDA determined that TFAs are no longer considered a 

“generally recognized as safe” substance. This implies that any TFAs intentionally added to 

food are subject to approval by the FDA (8).

Studies that investigated the TFA contents of foods and estimated TFA intake in the US 

population reported a decrease in TFA intake over the past decade (9). However, these 

estimates did not provide information on actual changes in TFA blood concentrations in the 

general population. An initial study that assessed TFA blood concentrations in a subset of 

fasting non-Hispanic white (NHW) adults participating in the NHANES reported an average 

58% decrease in TFAs between 2000 and 2009 (10). Because these data were limited to a 

specific population subgroup and the sample size was insufficient for detailed analysis by 

age and sex, additional data were needed to assess TFA changes in the US population.

The aim of this study was to determine nationally representative estimates for selected 

plasma TFA concentrations in the adult (aged ≥20 y) US population by analyzing NHANES 

data from the 1999–2000 and 2009–2010 survey periods and to create a baseline for 

assessing the impact of the recent FDA regulation.

METHODS

Participants

The NHANES is a cross-sectional study that uses a stratified, multistage, probability cluster 

sample designed to represent the US population on the basis of age, sex, and race/ethnicity 

7Abbreviations used: CGM, covariate-adjusted geometric mean; FDA, Food and Drug Administration; GM, geometric mean; HbA1c, 
glycated hemoglobin; MA, Mexican American; NHB, non-Hispanic black; NHW, non-Hispanic white; sumTFAs, sum of the 4 trans 
fatty acids; TC, total cholesterol; TFA, trans fatty acid.
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(11). Since 1999, the NHANES has been a continuous survey with data being released every 

2 y, representing a survey cycle. All of the participants in the survey gave written informed 

consent. Morning fasting (≥8 h since last meal) blood samples from persons aged ≥20 y who 

participated in the 1999–2000 and 2009–2010 survey cycles were used in this study. 

Samples from 1678 participants in the 1999–2000 cycle and from 2578 participants in the 

2009–2010 cycle were obtained. The NHANES protocol was reviewed and approved by the 

National Center for Health Statistics Research Ethics Review Board.

Biomarker measurements and self-reported variables

Four TFAs were analyzed in plasma by using gas chromatography coupled with mass 

spectrometry: palmitelaidic acid (C16:1n–7t), trans vaccenic acid (C18:1n–7t), elaidic acid 

(C18:1n–9t), and linoelaidic acid (C18:2n–6t,9t). In brief, 100 μL plasma plus 100 μL 

internal standard solution containing stable isotope–labeled TFAs (11 μmol/L 13C5-

palmitelaidic acid, 30 μmol/L 13C5-trans-vaccenic acid, 30 μmol/L 13C5-elaidic acid, and 2.0 

μmol/L 13C5-linoelaidic acid) were successively hydrolyzed with 2 mL 10% (vol:vol) 6 N 

HCl in acetonitrile and 2 mL 10% (vol:vol) 10 N NaOH in methanol at 104°C for 45 min 

each. Free fatty acids were extracted from the hydrolysis solution with hexane and 

derivatized as described by Lagerstedt et al. (12). The derivatized fatty acids were analyzed 

by gas chromatography coupled with mass spectrometry (Agilent Technologies). The mass 

spectrometer was operated in negative chemical ionization mode (reagent gas: methane). 

Chromatographic separation was carried out over 100 min with an Agilent Select FAME 

column (200 m × 250 μm × 0.25 μm) and with hydrogen as the carrier gas at 3 mL/min. A 

sample volume of 1 μL was injected (injector spilt mode: 20:1 split ratio). The fatty acids 

were separated by using a temperature program starting at 130°C and ending at 260°C. The 

within-day and between-day precision expressed as percentage CV (%CV) determined with 

3 different levels of plasma pools ranged from 2–9% to 8–9% for palmitelaidic acid, 3–8% 

to 7–9% for trans vaccenic acid, 1–7% to 6–10% for elaidic acid, and 2–11% to 9–15% for 

linoelaidic acid, respectively. The limits of detection determined by using Taylor’s method 

(13) were 0.07 μmol/L for palmitelaidic acid, 0.43 μmol/L for trans vaccenic acid, 0.29 

μmol/L for elaidic acid, and 0.02 μmol/L for linoelaidic acid, respectively. The mean 

accuracy for all 4 TFAs was 102% (95% CI: 98%, 107%).

Total cholesterol (TC), HDL cholesterol, and triglycerides were measured by using a Roche 

Modular P chemistry analyzer (Roche Diagnostics) in a laboratory standardized by the CDC 

Lipids Standardization Program with a maximum imprecision of 1.5% and 3.2% for TC and 

HDL cholesterol, respectively. Glycated hemoglobin (HbA1c) concentrations were 

determined by using HbA1c (Tosoh Automated Glycohemoglobin Analyzer HLC-723G8; 

standardized by the National Glycohemoglobin Standardization Program) with a maximum 

imprecision of 1.2% (14). Diabetic status was categorized by using the HbA1c 

concentrations into nondiabetic (HbA1c ≤5.6%) and prediabetic or diabetic (HbA1c >5.6%) 

categories. Serum cotinine, a bio-marker for tobacco smoke exposure, was measured by 

HPLC–tandem mass spectrometry with the use of a method previously described (15).

We categorized BMI (kg/m2) by using the WHO criteria (normal or underweight: BMI ≤25; 

overweight: 25 < BMI ≤ 30; obese: BMI >30) (16). Average daily alcohol consumption was 
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derived from the alcohol-use questionnaires and was categorized on the basis of the daily 

number of drinks: 0, >0 to <2, or ≥2 drinks/d for men and 0, >0 to <1, or ≥1 drinks/d for 

women. Lipid-altering medication use was categorized on the basis of self-reported use or 

nonuse. Physical activity was categorized according to 2 basic levels (self-reported vigorous 

activity: ≥10 min/d; self-reported moderate physical activity: <10 min/d) because of 

substantial changes in questionnaires from NHANES 1999–2000 to 2009–2010. Educational 

attainment was categorized as ≤12 y of education or >12 y of education for use as a measure 

of socioeconomic status.

Statistical procedures

Geometric means (GMs) and distribution percentiles were calculated for each TFA and the 

sum of the 4 TFAs (sumTFAs) by age group, sex, and self-reported race/ethnicity [NHW, 

non-Hispanic black (NHB), Mexican American (MA)]. Individuals not included in 1 of the 3 

main race/ethnicity groups (“other”) were included in the total population estimates, but 

their estimates are not reported for this group. GMs and percentiles were calculated with 

SUDAAN version 11.0.1 (Research Triangle Institute). We estimated 95% CIs for GMs on 

the basis of the Taylor series linearization method (17) and adapted CIs for percentiles from 

the methods of Korn and Graubard (18) and Woodruff (19).

We calculated covariate-adjusted GMs (CGMs) for selected demographic groups by using 

least-squares multiple regression adjusted for the categorical variables as defined above—

survey (1999–2000 or 2009–2010), sex (male or female), race/ethnicity (NHW, NHB, or 

MA), education, alcohol use, lipid-altering medication use, diabetic status, BMI, and 

physical activity—and for the continuous variables cotinine, age, and age squared. To arrive 

at the final model, any variable that was significant for 1 TFA or sumTFAs was retained in 

regression models to preserve the interpretation of the statistical properties of β-coefficients, 

P values, and CIs and to keep the interpretation consistent across the set of TFAs and their 

sum (20). Interaction terms between the covariates and survey cycle that were significant in 

≥1 models were also included to allow separate covariate estimates for each survey cycle. 

The same model was applied to each TFA and the sumTFAs. Significance in CGM 

concentrations between cycles or population subgroups was determined by assessing 

whether the ratio of the CGM concentrations was significantly different from a value of 1. 

The false discovery rate procedure (21) was used to account for multiple comparisons.

RESULTS

TFA values for all 4 TFAs were obtained for 1613 participants (48% men, 71% NHWs, 10% 

NHBs, and 6.4% MAs) in the 1999–2000 cycle and for 2462 participants (48% men, 67% 

NHWs, 11% NHBs, and 8.8% MAs; Table 1) in the 2009–2010 cycle. TFA values for the 

individual TFAs palmitelaidic acid, trans vaccenic acid, elaidic acid, and linoelaidic acid 

were obtained for 1678, 1675, 1646, and 1650 participants in the 1999–2000 cycle and for 

2574, 2575, 2578, and 2467 individuals in the 2009–2010 cycle, respectively (Supplemental 

Table 1).

The GMs of the sumTFAs in the 1999–2000 and 2009–2010 NHANES were 80.9 μmol/L 

(95% CI: 75.7, 86.5 μmol/L) and 37.4 μmol/L (95% CI: 36.1, 38.8 μmol/L), respectively 
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(Supplemental Table 1); and the 5th and 95th percentiles were 38.2 and 176 μmol/L in 

1999–2000 and 17.6 and 84.0 μmol/L in 2009–2010 (Supplemental Table 2). The GMs (95% 

CIs) for NHWs, NHBs, and MAs were 85.7 μmol/L (78.8, 93.2 μmol/L), 69.5 μmol/L (65.5, 

73.7 μmol/L), and 81.1 μmol/L (74.0, 88.8 μmol/L) in the 1999–2000 NHANES and 38.8 

μmol/L (37.1, 40.6 μmol/L), 33.3 μmol/L (31.6, 35.1 μmol/L), and 42.7 μmol/L (39.3, 46.4 

μmol/L) in the 2009–2010 NHANES (Supplemental Table 1). The 5th and 95th percentiles 

in the 1999–2000 NHANES ranged between 41.6–185, 33.9–149, and 35.5–188 μmol/L and 

in the 2009–2010 NHANES between 18.9–88.1, 16.7–66.2, and 20.5–91.9 μmol/L for 

NHWs, NHBs, and MAs, respectively (Supplemental Table 2).

Among the 4 TFAs measured, trans vaccenic acid was the major TFA, which constituted 

46.7% and 48.0% of the sumTFAs in the 1999–2000 NHANES and 2009–2010 NHANES, 

respectively. Elaidic acid was the second major TFA, which constituted 40.5% and 36.0%, 

respectively (Supplemental Table 3). The correlation among TFA concentrations, as 

expressed by the Pearson correlation coefficient, ranged between 0.65 and 0.98 with high-

abundant, major TFAs having, in general, higher correlation coefficients than minor, low-

abundant linoelaidic acid (Supplemental Table 4).

In both NHANES cycles, BMI, total cholesterol, LDL cholesterol, triglycerides, total 

kilocalories, and Healthy Eating Index–2010 scores were higher in individuals with 

sumTFAs in the third tertile of the distribution compared with those in the first tertile, 

whereas HDL-cholesterol values were highest in the first tertile compared with the third 

tertile (Supplemental Table 5).

The variability in the sumTFAs among participants, as expressed by the IQR, was 45.7 

μmol/L in 1999–2000 and 22.6 μmol/L in 2009–2010 (Supplemental Table 2). In 1999–

2000, the IQR was larger in men than in women, whereas it was similar for both groups in 

2009–2010. Among age and race/ethnic groups, the IQR patterns were similar in both 

NHANES cycles. For individual TFAs, in 1999–2000 the IQR was similar for trans vaccenic 

acid and elaidic acid (21 μmol/L), whereas in 2009–2010 it was lower for elaidic acid (9 

μmol/L) than for trans vaccenic acid (12 μmol/L; Supplemental Tables 6–9).

An evaluation of the variables used in the statistical model to derive the CGMs for sumTFAs 

and individual TFAs listed in Table 2 showed significant main effects (P < 0.05) for race/

ethnicity, BMI, and diabetic status, and except for linoelaidic acid, for alcohol consumption 

and the use of lipid-altering medication (Supplemental Table 10). Significant interactions 

were observed between survey and age and education and age for sumTFAs and individual 

TFAs, except for linoelaidic acid. No other significant interactions were detected. No 

significant association between TFAs and cotinine or between TFAs and diabetic status was 

observed (data not shown), but diabetic status acted as a confounder and therefore was 

retained in the models.

The CGM concentration of the sumTFAs was 54% lower in NHANES 2009–2010 (37.8 

μmol/L) than in NHANES 1999–2000 (81.4 μmol/L; Table 2). The difference between the 2 

survey cycles was highest for elaidic acid (60%), whereas it ranged between 43% and 52% 

for the other TFAs.
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In both NHANES cycles, the CGM of the sumTFAs in NHBs was 23% lower (P < 0.0001; 

1999–2000 NHANES: 67.1 μmol/L; 2009–2010 NHANES: 31.2 μmol/L) compared with 

NHWs (86.6 and 40.3 μmol/L, respectively) and 17% lower (P = 0.0004) compared with 

MAs (80.5 and 37.4 μmol/L, respectively; Table 2, Supplemental Table 11). In addition, in 

both cycles, CGMs of the sumTFAs were 7% higher in those with ≤12 y of education 

compared with those with >12 y of education (84.7 compared with 78.7 μmol/L in the 1999–

2000 NHANES and 39.4 compared with 36.6 μmol/L in the 2009–2010 NHANES; P = 

0.001). There were no significant differences in sumTFAs between age groups in either 

cycle.

In both NHANES cycles, persons who reported consuming no alcohol had higher TFA 

concentrations than those who reported consuming alcohol [8% higher in those having <1 

(women) or 2 (men) drinks/d (P = 0.004) and 20% higher for those having >1 (women) or 2 

(men) drinks/d (P < 0.0001); Table 2, Supplemental Table 11]. TFA concentrations were 

higher in overweight (13%) and obese (20%) individuals than in normal-weight and 

underweight persons in both NHANES cycles (P < 0.0001). Those who reported using lipid-

altering medications had slightly lower TFA concentrations (10%) than those who did not 

report use (P < 0.02), except for linoelaidic acid, for which no significant difference was 

observed. No measurable differences in individual TFAs or sumTFA were seen between 

persons who reported being physically active and those who did not, except for elaidic acid 

(6%; P = 0.006).

DISCUSSION

Plasma TFA concentrations in the NHANES populations shifted to lower concentrations and 

a narrower distribution from NHANES 1999–2000 to 2009–2010. The median of the 

sumTFAs was 54% lower in 2009–2010 than in 1999–2000 and the IQR was 50% smaller 

(Figure 1). The magnitude of change remained approximately the same after adjusting TFA 

concentrations for BMI, age, and other covariates. These findings are consistent with our 

previous report, which included only a small subset of NHWs (10). Such a notable change 

can only be explained by an overall reduction in TFA intake in the population, which 

appears to be consistent with the reported overall reduction in TFAs in food (9, 22).

Estimates of TFA intake from partially hydrogenated vegetable oils with the use of food-

consumption data and data on TFAs in food describe a decrease in TFA intake from 4.6 to 

1.0 g/d per person in the US population (23), which suggests a reduction in TFA intake of 

78%. The reduction in TFA blood concentrations observed in this study (54%) is less 

profound, which might be explained, in part, by the uncertainties associated with food intake 

estimates. In addition, TFA concentrations in blood derive from TFAs in partially 

hydrogenated vegetable oils as well as other sources such as meat and milk from ruminant 

animals, which may explain, in part, the smaller difference observed in this study.

In both NHANES cycles, NHWs had the highest sumTFA values, whereas NHBs had the 

lowest values. Although the actual sumTFAs changed from NHANES 1999–2000 to 

NHANES 2009–2010, the percentage difference among NHWs, NHBs, and MAs remained 

the same. CGMs of sumTFAs in both NHANES cycles were slightly lower in those with >12 
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y of education than in those with ≤12 y of education. This observation appears to be 

consistent with a previous report that showed that the Alternate Healthy Eating Index 

improved in those with a higher education (24). The difference between these 2 subgroups 

remained the same in both NHANES cycles. Similarly, the differences between other 

categories, such as alcohol consumption, BMI, and the use of lipid-altering medications, 

remained the same in both NHANES cycles. This suggests that TFA intake overall declined 

consistently in these population subgroups, whereas differences between subgroups stayed 

the same. Only among age groups was the decline in TFA values inconsistent, with 

individuals aged 20 y showing a higher decline (57%) than those aged 80 y (49%; P = 0.04; 

Figure 2).

The proportion relative to the sumTFAs for elaidic acid, 1 major TFA in partially 

hydrogenated vegetable oil, changed from 41% in NHANES 1999–2000 to 36% in 

NHANES 2009–2010, whereas the proportion of trans vaccenic acid, the major fatty acid in 

fat from ruminant animals, remained the same. Even though these fatty acids are not specific 

biomarkers for these food sources, the slight differences in changes in these TFAs could be 

explained with the more profound reduction in intakes of partially hydrogenated vegetable 

oil (23).

As expected, TFAs are associated with the blood lipids TC, triglycerides, and HDL 

cholesterol. However, TFA intake is known to change blood lipids and, at the same time, 

TFAs are part of lipoprotein particles. We chose not to adjust TFA values for cholesterol and 

other lipids due to the difficulty of interpreting the bidirectional effects of TFAs and blood 

lipids on one another. Further studies are needed to better understand the associations 

between TFAs and blood lipids. As expected, triglyceride, TC, and LDL-cholesterol values 

are higher in individuals with TFA concentrations in the higher tertile than in those in the 

lower tertile. This observation is consistent for both cycles, even though TFA concentrations 

in the 2009–2010 NHANES cycle were much lower. These findings suggest that the effect 

of TFAs on blood lipids remains, even at low TFA concentrations. Further studies are needed 

to verify this observation. We observed a negative association between TFA concentrations 

and alcohol consumption. The reasons for this observation are not fully understood and may 

warrant further investigation.

The 4 TFAs measured in this study are considered major TFAs in foods (25). Reports on 

TFAs in blood are inconsistent with regard to the number of different TFAs measured. 

Overall, >10 different TFAs have been reported in blood, with trans vaccenic acid and 

elaidic acid being reported frequently as the most abundant among the different TFAs (26–

29). Thus, the TFAs measured in this study provide information about the overall TFA 

exposure in this population.

This study assessed changes in TFA exposure or intake by measuring TFAs in plasma of 

fasting individuals instead of estimating intake, which is the main strength of this study. 

Furthermore, this is the only study, to our knowledge, that provides nationally representative 

data on TFAs in blood stratified by sex, race/ethnicity, and age. The TFA concentrations 

measured in this study reflect the overall TFA exposure including TFAs from all foods 

consumed by the study participants. Individual TFAs occur in partially hydrogenated 
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vegetable oils as well as in fat from ruminant animals. Therefore, they are not suitable as 

highly specific biomarkers for either of these food sources and thus cannot be used to 

estimate the intake of TFAs from a particular source.

In summary, these nationally representative data for the adult US population showed a 54% 

reduction in plasma TFA concentrations between 1999–2000 and 2009–2010. With the 

exception of age, the TFA decreases were the same for all population subgroups and 

differences between population subgroups remained the same. The 2009–2010 data will 

provide a valuable baseline to evaluate the impact of the recent FDA regulation, which 

categorizes TFAs as food additives.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Frequency distribution of sum TFAs in fasting adults in NHANES 1999–2000 (A) and 

NHANES 2009–2010 (B). Sum TFA, sum of trans fatty acids.
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FIGURE 2. 
Covariate-adjusted geometric mean concentrations of the sum of trans fatty acids between 

NHANES 1999–2000 (solid bars) and NHANES 2009–2010 (hatched bars). Error bars 

represent 95% CIs. MA, Mexican American; NHB, non-Hispanic black; NHW, non-

Hispanic white.
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TABLE 1

Characteristics of fasting adults aged ≥20 y with data for palmitelaidic acid, trans vaccenic acid, elaidic acid, 

and linoelaidic acid: NHANES 1999–2000 and 2009–20101

Variable NHANES 1999–2000 NHANES 2009–2010

Participants with values for all 4 TFAs, n 1613 2462

Weighted proportion of men, % 48 48

Non-Hispanic whites,2 n (%) 762 (71) 1165 (67)

Non-Hispanic blacks,2 n (%) 257 (10) 405 (11)

Mexican Americans,2 n (%) 462 (6.4) 489 (8.8)

Education,3 %

 ≤12 y 50.3 41.2

 >12 y 49.7 58.8

Age, y 42 (31–57)4 46 (32–59)

BMI, kg/m2 26.7 (23.3–30.9) 27.8 (24.1–32.4)

Total cholesterol, mg/dL 199 (175–228) 192 (166–221)

LDL cholesterol, mg/dL 123 (101–147) 114 (92–137)

HDL cholesterol, mg/dL 47 (39–58) 51 (42–63)

Triglycerides, mg/dL 121 (83–172) 104 (75–151)

HbA1c, % 5.2 (4.9–5.5) 5.5 (5.2–5.8)

Total kilocalories 2110 (1528–2734) 1978 (1492–2646)

Healthy Eating Index score 44.7 (34.6–56.0) 47.8 (37.7–58.8)

1
“Fasting” indicates no meals consumed in the past ≥8 h. HbA1c, glycated hemoglobin; TFA, trans fatty acid.

2
Values are weighted estimates.

3
Values are weighted percentages.

4
Median; IQR in parentheses (all such values).

Am J Clin Nutr. Author manuscript; available in PMC 2017 November 30.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Vesper et al. Page 13

TA
B

L
E

 2

C
ov

ar
ia

te
-a

dj
us

te
d 

ge
om

et
ri

c 
m

ea
ns

 (
95

%
 C

Is
) 

of
 p

la
sm

a 
T

FA
 c

on
ce

nt
ra

tio
ns

 (
μm

ol
/L

) 
in

 f
as

tin
g 

ad
ul

ts
 a

ge
d 

≥2
0 

y:
 N

H
A

N
E

S 
19

99
–2

00
0 

an
d 

20
09

–2
01

01

P
al

m
it

el
ai

di
c 

ac
id

, n
tr

an
s 

V
ac

ce
ni

c 
ac

id
, n

E
la

id
ic

 a
ci

d,
 n

L
in

oe
la

id
ic

 a
ci

d,
 n

Su
m

T
FA

s,
 n

19
99

–2
00

0
20

09
–2

01
0

19
99

–2
00

0
20

09
–2

01
0

19
99

–2
00

0
20

09
–2

01
0

19
99

–2
00

0
20

09
–2

01
0

19
99

–2
00

0
20

09
–2

01
0

A
ll

6.
68

 (
6.

42
, 6

.9
5)

 
[1

52
2]

3.
81

 (
3.

67
, 3

.9
5)

 
[2

26
3]

37
.9

 (
36

.1
, 3

9.
8)

 
[1

51
9]

18
.2

 (
17

.5
, 1

9.
0)

 
[2

26
5]

33
.4

 (
31

.4
, 3

5.
6)

 
[1

49
3]

13
.5

 (
13

.0
, 1

4.
0)

 
[2

26
7]

2.
90

 (
2.

73
, 3

.0
9)

 
[1

49
8]

1.
61

 (
1.

55
, 1

.6
7)

 
[2

17
1]

81
.4

 (
77

.3
, 8

5.
6)

 
[1

46
3]

37
.8

 (
36

.4
, 3

9.
4)

 
[2

16
7]

Se
x

 
M

al
e

6.
62

 (
6.

27
, 6

.9
9)

 
[7

32
]

3.
78

 (
3.

59
, 3

.9
8)

 
[1

07
9]

38
.5

 (
36

.2
, 4

1.
0)

 
[7

29
]

18
.5

 (
17

.5
, 1

9.
5)

 
[1

08
1]

32
.6

 (
30

.2
, 3

5.
1)

 
[7

24
]

13
.1

 (
12

.5
, 1

3.
8)

 
[1

08
2]

2.
82

 (
2.

63
, 3

.0
4)

 
[7

18
]

1.
57

 (
1.

50
, 1

.6
3)

 
[1

03
4]

80
.9

 (
75

.9
, 8

6.
1)

 
[7

06
]

37
.6

 (
35

.7
, 3

9.
6)

 
[1

03
2]

 
Fe

m
al

e
6.

73
 (

6.
49

, 6
.9

8)
 

[7
90

]
3.

84
 (

3.
72

, 3
.9

7)
 

[1
18

4]
37

.3
 (

35
.6

, 3
9.

0)
 

[7
90

]
17

.9
 (

17
.2

, 1
8.

6)
 

[1
18

4]
34

.3
 (

32
.3

, 3
6.

4)
 

[7
69

]
13

.8
 (

13
.3

, 1
4.

3)
 

[1
18

5]
2.

98
 (

2.
81

, 3
.1

6)
 

[7
80

]
1.

65
 (

1.
59

, 1
.7

2)
 

[1
13

7]
81

.8
 (

78
.0

, 8
5.

9)
 

[7
57

]
38

.1
 (

36
.7

, 3
9.

5)
 

[1
13

5]

R
ac

e/
et

hn
ic

ity

 
N

H
W

7.
17

 (
6.

88
, 7

.4
7)

 
[7

35
]

4.
09

 (
3.

93
, 4

.2
6)

 
[1

10
4]

40
.4

 (
38

.3
, 4

2.
7)

 
[7

34
]

19
.4

 (
18

.5
, 2

0.
3)

 
[1

10
7]

35
.6

 (
33

.3
, 3

8.
0)

 
[7

32
]

14
.3

 (
13

.7
, 1

4.
9)

 
[1

10
9]

3.
08

 (
2.

87
, 3

.3
1)

 
[7

16
]

1.
71

 (
1.

63
, 1

.7
9)

 
[1

06
1]

86
.6

 (
81

.9
, 9

1.
6)

 
[7

11
]

40
.3

 (
38

.5
, 4

2.
1)

 
[1

05
8]

 
N

H
B

5.
17

 (
4.

80
, 5

.5
7)

 
[2

32
]

2.
95

 (
2.

75
, 3

.1
7)

 
[3

64
]

31
.3

 (
29

.3
, 3

3.
3)

 
[2

32
]

15
.0

 (
14

.0
, 1

6.
1)

 
[3

64
]

27
.3

 (
25

.5
, 2

9.
2)

 
[2

24
]

11
.0

 (
10

.2
, 1

1.
8)

 
[3

64
]

2.
33

 (
2.

18
, 2

.4
9)

 
[2

28
]

1.
29

 (
1.

22
, 1

.3
7)

 
[3

45
]

67
.1

 (
63

.4
, 7

1.
1)

 
[2

20
]

31
.2

 (
29

.4
, 3

3.
2)

 
[3

45
]

 
M

A
6.

53
 (

6.
12

, 6
.9

7)
 

[4
23

]
3.

73
 (

3.
48

, 3
.9

9)
 

[4
36

]
37

.4
 (

34
.3

, 4
0.

7)
 

[4
22

]
17

.9
 (

16
.5

, 1
9.

5)
 

[4
36

]
33

.5
 (

30
.3

, 3
7.

0)
 

[4
23

]
13

.5
 (

12
.4

, 1
4.

7)
 

[4
36

]
2.

77
 (

2.
55

, 3
.0

1)
 

[4
21

]
1.

54
 (

1.
43

, 1
.6

5)
 

[4
28

]
80

.5
 (

74
.1

, 8
7.

5)
 

[4
21

]
37

.4
 (

34
.7

, 4
0.

4)
 

[4
28

]

A
ge

 
20

 y
6.

99
 (

6.
55

, 7
.4

7)
3.

78
 (

3.
61

, 3
.9

7)
38

.9
 (

36
.5

, 4
1.

6)
17

.6
 (

16
.4

, 1
8.

8)
33

.4
 (

31
.1

, 3
5.

8)
12

.3
 (

11
.5

, 1
3.

2)
2.

72
 (

2.
48

, 2
.9

9)
1.

50
 (

1.
42

, 1
.5

8)
82

.3
 (

77
.1

, 8
7.

9)
35

.8
 (

33
.7

, 3
8.

1)

 
50

 y
6.

68
 (

6.
42

, 6
.9

4)
3.

84
 (

3.
70

, 3
.9

8)
37

.6
 (

35
.8

, 3
9.

5)
18

.2
 (

17
.5

, 1
9.

0)
33

.3
 (

31
.2

, 3
5.

6)
13

.6
 (

13
.1

, 1
4.

1)
2.

90
 (

2.
73

, 3
.0

9)
1.

61
 (

1.
55

, 1
.6

8)
81

.1
 (

76
.9

, 8
5.

4)
38

.1
 (

36
.7

, 3
9.

5)

 
80

 y
7.

04
 (

6.
64

, 7
.4

6)
4.

30
 (

4.
05

, 4
.5

7)
34

.9
 (

32
.8

, 3
7.

2)
18

.2
 (

16
.8

, 1
9.

6)
31

.9
 (

29
.8

, 3
4.

0)
14

.4
 (

13
.4

, 1
5.

4)
2.

67
 (

2.
50

, 2
.8

5)
1.

50
 (

1.
38

, 1
.6

4)
77

.3
 (

72
.8

, 8
2.

2)
39

.2
 (

36
.5

, 4
2.

1)

E
du

ca
tio

n

 
≤1

2 
y

6.
67

 (
6.

38
, 6

.9
6)

 
[8

91
]

3.
80

 (
3.

64
, 3

.9
8)

 
[1

14
5]

39
.0

 (
37

.1
, 4

0.
9)

 
[8

88
]

18
.7

 (
17

.8
, 1

9.
7)

 
[1

14
7]

35
.5

 (
33

.2
, 3

7.
9)

 
[8

73
]

14
.3

 (
13

.7
, 1

4.
9)

 
[1

14
8]

3.
02

 (
2.

83
, 3

.2
2)

 
[8

78
]

1.
68

 (
1.

60
, 1

.7
5)

 
[1

09
8]

84
.7

 (
80

.2
, 8

9.
4)

 
[8

59
]

39
.4

 (
37

.5
, 4

1.
4)

 
[1

09
6]

 
>

12
 y

6.
69

 (
6.

40
, 6

.9
9)

 
[6

31
]

3.
82

 (
3.

68
, 3

.9
6)

 
[1

11
8]

37
.0

 (
35

.0
, 3

9.
1)

 
[6

31
]

17
.8

 (
17

.0
, 1

8.
5)

 
[1

11
8]

31
.9

 (
29

.7
, 3

4.
2)

 
[6

20
]

12
.8

 (
12

.3
, 1

3.
4)

 
[1

11
9]

2.
81

 (
2.

63
, 3

.0
1)

 
[6

20
]

1.
56

 (
1.

50
, 1

.6
2)

 
[1

07
3]

78
.7

 (
74

.4
, 8

3.
3)

 
[6

04
]

36
.6

 (
35

.1
, 3

8.
2)

 
[1

07
1]

B
M

I

 
U

nd
er

- 
or

 n
or

m
al

 w
ei

gh
t

6.
05

 (
5.

79
, 6

.3
2)

 
[5

11
]

3.
45

 (
3.

31
, 3

.6
1)

 
[6

24
]

34
.9

 (
33

.0
, 3

6.
8)

 
[5

10
]

16
.7

 (
15

.9
, 1

7.
6)

 
[6

24
]

29
.8

 (
27

.9
, 3

1.
8)

 
[5

03
]

12
.0

 (
11

.4
, 1

2.
6)

 
[6

25
]

2.
52

 (
2.

35
, 2

.7
0)

 
[5

01
]

1.
40

 (
1.

35
, 1

.4
5)

 
[6

00
]

73
.6

 (
69

.8
, 7

7.
6)

 
[4

92
]

34
.2

 (
32

.7
, 3

5.
9)

 
[5

99
]

 
O

ve
rw

ei
gh

t
6.

73
 (

6.
40

, 7
.0

8)
 

[5
16

]
3.

84
 (

3.
69

, 4
.0

0)
 

[7
78

]
38

.8
 (

36
.7

, 4
1.

0)
 

[5
15

]
18

.6
 (

17
.8

, 1
9.

5)
 

[7
78

]
33

.9
 (

31
.7

, 3
6.

3)
 

[5
06

]
13

.7
 (

13
.1

, 1
4.

3)
 

[7
79

]
3.

04
 (

2.
83

, 3
.2

6)
 

[5
10

]
1.

69
 (

1.
61

, 1
.7

6)
 

[7
49

]
83

.1
 (

78
.3

, 8
8.

2)
 

[4
97

]
38

.7
 (

37
.0

, 4
0.

4)
 

[7
46

]

 
O

be
se

7.
35

 (
7.

07
, 7

.6
5)

 
[4

95
]

4.
20

 (
4.

02
, 4

.3
8)

 
[8

61
40

.4
 (

38
.2

, 4
2.

8)
 

[4
94

]
19

.4
 (

18
.5

, 2
0.

4)
 

[8
63

]
37

.2
 (

34
.5

, 4
0.

2)
 

[4
84

]
15

.0
 (

14
.3

, 1
5.

7)
 

[8
63

]
3.

22
 (

3.
00

, 3
.4

4)
 

[4
87

]
1.

78
 (

1.
69

, 1
.8

9)
 

[8
22

]
88

.5
 (

83
.3

, 9
4.

0)
 

[4
74

]
41

.2
 (

39
.2

, 4
3.

3)
 

[8
22

]

Ph
ys

ic
al

 a
ct

iv
ity

Am J Clin Nutr. Author manuscript; available in PMC 2017 November 30.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Vesper et al. Page 14

P
al

m
it

el
ai

di
c 

ac
id

, n
tr

an
s 

V
ac

ce
ni

c 
ac

id
, n

E
la

id
ic

 a
ci

d,
 n

L
in

oe
la

id
ic

 a
ci

d,
 n

Su
m

T
FA

s,
 n

19
99

–2
00

0
20

09
–2

01
0

19
99

–2
00

0
20

09
–2

01
0

19
99

–2
00

0
20

09
–2

01
0

19
99

–2
00

0
20

09
–2

01
0

19
99

–2
00

0
20

09
–2

01
0

 
A

ct
iv

e
6.

67
 (

6.
39

, 6
.9

6)
 

[7
87

]
3.

81
 (

3.
65

, 3
.9

6)
 

[1
05

2]
37

.8
 (

36
.0

, 3
9.

8)
 

[7
87

]
18

.2
 (

17
.4

, 1
9.

0)
 

[1
05

3]
32

.6
 (

30
.4

, 3
5.

0)
 

[7
75

]
13

.2
 (

12
.6

, 1
3.

7)
 

[1
05

4]
2.

86
 (

2.
66

, 3
.0

7)
 

[7
74

]
1.

59
 (

1.
52

, 1
.6

5)
 

[1
00

1]
80

.5
 (

76
.2

, 8
5.

1)
 

[7
56

]
37

.5
 (

35
.9

, 3
9.

1)
 

[1
00

0]

 
Se

de
nt

ar
y

6.
69

 (
6.

40
, 6

.9
9)

 
[7

35
]

3.
82

 (
3.

67
, 3

.9
7)

 
[1

21
1]

38
.0

 (
35

.9
, 4

0.
1)

 
[7

32
]

18
.2

 (
17

.4
, 1

9.
1)

 
[1

21
2]

34
.5

 (
32

.4
, 3

6.
7)

 
[7

18
]

13
.9

 (
13

.4
, 1

4.
4)

 
[1

21
3]

2.
96

 (
2.

79
, 3

.1
4)

 
[7

24
]

1.
64

 (
1.

58
, 1

.7
1)

 
[1

17
0]

82
.4

 (
78

.2
, 8

6.
9)

 
[7

07
]

38
.3

 (
36

.7
, 4

0.
0)

 
[1

16
7]

A
lc

oh
ol

 in
ta

ke

 
N

on
dr

in
ke

r
7.

50
 (

7.
05

, 7
.9

7)
 

[4
94

]
4.

28
 (

4.
04

, 4
.5

3)
 

[6
93

]
42

.9
 (

40
.3

, 4
5.

8)
 

[4
95

]
20

.6
 (

19
.5

, 2
1.

7)
 

[6
93

]
38

.1
 (

35
.2

, 4
1.

3)
 

[4
87

]
15

.4
 (

14
.5

, 1
6.

2)
 

[6
94

]
2.

98
 (

2.
76

, 3
.2

1)
 

[4
84

]
1.

65
 (

1.
58

, 1
.7

2)
 

[6
74

]
91

.1
 (

85
.4

, 9
7.

2)
 

[4
74

]
42

.4
 (

40
.2

, 4
4.

7)
 

[6
73

]

 
<

X
 D

ri
nk

s/
d2

6.
98

 (
6.

68
, 7

.3
0)

 
[5

89
]

3.
99

 (
3.

82
, 4

.1
6)

 
[8

34
]

39
.5

 (
37

.3
, 4

1.
8)

 
[5

87
]

18
.9

 (
18

.0
, 2

0.
0)

 
[8

34
]

33
.9

 (
31

.7
, 3

6.
3)

 
[5

77
]

13
.7

 (
13

.0
, 1

4.
3)

 
[8

34
]

2.
88

 (
2.

70
, 3

.0
8)

 
[5

80
]

1.
60

 (
1.

54
, 1

.6
7)

 
[7

95
]

83
.9

 (
79

.3
, 8

8.
7)

 
[5

67
]

39
.0

 (
37

.2
, 4

0.
9)

 
[7

94
]

 
≥X

 D
ri

nk
s/

d2
5.

86
 (

5.
64

, 6
.1

0)
 

[4
39

]
3.

35
 (

3.
23

, 3
.4

7)
 

[7
36

]
33

.2
 (

31
.5

, 3
4.

9)
 

[4
37

]
15

.9
 (

15
.2

, 1
6.

7)
 

[7
38

]
30

.0
 (

28
.0

, 3
2.

1)
 

[4
29

]
12

.1
 (

11
.6

, 1
2.

6)
 

[7
39

]
2.

87
 (

2.
69

, 3
.0

6)
 

[4
34

]
1.

59
 (

1.
52

, 1
.6

7)
 

[7
02

]
72

.7
 (

68
.6

, 7
6.

9)
 

[4
22

]
33

.8
 (

32
.3

, 3
5.

3)
 

[7
00

]

L
ip

id
-a

lte
ri

ng
 m

ed
ic

at
io

n 
us

e

 
Y

es
5.

86
 (

5.
52

, 6
.2

1)
 

[1
23

]
3.

34
 (

3.
13

, 3
.5

7)
 

[4
36

]
33

.9
 (

30
.9

, 3
7.

1)
 

[1
23

]
16

.3
 (

14
.7

, 1
7.

9)
 

[4
36

]
31

.2
 (

28
.5

, 3
4.

1)
 

[1
19

]
12

.6
 (

11
.7

, 1
3.

5)
 

[4
37

]
2.

88
 (

2.
64

, 3
.1

3)
 

[1
22

]
1.

60
 (

1.
50

, 1
.7

0)
 

[4
17

]
74

.5
 (

68
.4

, 8
1.

0)
 

[1
18

]
34

.6
 (

31
.8

, 3
7.

7)
 

[4
16

]

 
N

on
e

6.
81

 (
6.

54
, 7

.0
9)

 
[1

39
9]

3.
89

 (
3.

76
, 4

.0
2)

 
[1

82
7]

38
.5

 (
36

.7
, 4

0.
4)

 
[1

39
6]

18
.5

 (
17

.8
, 1

9.
2)

 
[1

82
9]

33
.8

 (
31

.7
, 3

6.
0)

 
[1

37
4]

13
.6

 (
13

.1
, 1

4.
1)

 
[1

83
0]

2.
91

 (
2.

73
, 3

.0
9)

 
[1

37
6]

1.
61

 (
1.

56
, 1

.6
7)

 
[1

75
4]

82
.4

 (
78

.4
, 8

6.
7)

 
[1

34
5]

38
.3

 (
37

.0
, 3

9.
7)

 
[1

75
1]

D
ia

be
tic

 s
ta

tu
s

 
N

on
di

ab
et

ic
6.

55
 (

6.
29

, 6
.8

2)
 

[1
18

0]
3.

74
 (

3.
58

, 3
.9

0)
 

[1
33

9]
37

.0
 (

35
.1

, 3
8.

9)
 

[1
17

8]
17

.7
 (

17
.0

, 1
8.

5)
 

[1
34

0]
32

.4
 (

30
.3

, 3
4.

6)
 

[1
16

6]
13

.1
 (

12
.6

, 1
3.

5)
 

[1
34

2]
2.

83
 (

2.
65

, 3
.0

1)
 

[1
16

4]
1.

57
 (

1.
51

, 1
.6

3)
 

[1
28

5]
79

.2
 (

75
.0

, 8
3.

6)
 

[1
14

5]
36

.8
 (

35
.3

, 3
8.

4)
 

[1
28

2]

 
D

ia
be

tic
 o

r 
pr

ed
ia

be
tic

7.
08

 (
6.

63
, 7

.5
5)

 
[3

42
]

4.
04

 (
3.

84
, 4

.2
5)

 
[9

24
]

40
.8

 (
38

.4
, 4

3.
4)

 
[3

41
]

19
.6

 (
18

.4
, 2

0.
8)

 
[9

25
]

36
.7

 (
34

.1
, 3

9.
6)

 
[3

27
]

14
.8

 (
14

.0
, 1

5.
7)

 
[9

25
]

3.
14

 (
2.

94
, 3

.3
6)

 
[3

34
]

1.
74

 (
1.

67
, 1

.8
2)

 
[8

86
]

88
.2

 (
82

.7
, 9

4.
0)

 
[3

18
]

41
.0

 (
38

.8
, 4

3.
4)

 
[8

85
]

1 n 
(s

ho
w

n 
in

 b
ra

ck
et

s)
 is

 p
ro

vi
de

d 
fo

r 
gr

ou
ps

 b
ut

 n
ot

 f
or

 p
oi

nt
 e

st
im

at
es

 o
f 

co
nt

in
uo

us
 v

ar
ia

bl
es

. “
Fa

st
in

g”
 in

di
ca

te
s 

no
 m

ea
ls

 c
on

su
m

ed
 in

 th
e 

pa
st

 ≥
8 

h.
 S

up
pl

em
en

ta
l T

ab
le

 1
0 

co
nt

ai
ns

 P
 v

al
ue

s 
fo

r 
th

e 
va

ri
ou

s 
m

ai
n 

ef
fe

ct
 a

nd
 in

te
ra

ct
io

n 
te

rm
s 

in
 th

e 
m

od
el

s,
 a

nd
 S

up
pl

em
en

ta
l 

Ta
bl

e 
11

 s
ho

w
s 

P 
va

lu
es

 f
or

 c
om

pa
ri

so
ns

 o
f 

su
bg

ro
up

s.
 T

he
 m

od
el

 in
cl

ud
ed

 s
ur

ve
y 

ye
ar

, s
ex

, r
ac

e/
et

hn
ic

ity
, e

du
ca

tio
n,

 a
lc

oh
ol

 u
se

, l
ip

id
-a

lte
ri

ng
 m

ed
ic

at
io

n 
us

e,
 B

M
I,

 d
ia

be
tic

 s
ta

tu
s,

 p
hy

si
ca

l a
ct

iv
ity

, a
ge

, a
ge

 s
qu

ar
ed

, a
nd

 e
du

ca
tio

n 
×

 a
ge

 a
nd

 s
ur

ve
y 

×
 a

ge
 a

s 
in

te
ra

ct
io

ns
. M

A
, 

M
ex

ic
an

 A
m

er
ic

an
; N

H
B

, n
on

-H
is

pa
ni

c 
bl

ac
k;

 N
H

W
, n

on
-H

is
pa

ni
c 

w
hi

te
; s

um
T

FA
s,

 s
um

 o
f 

tr
an

s 
fa

tty
 a

ci
ds

; T
FA

, t
ra

ns
 f

at
ty

 a
ci

d.

2 Fo
r 

m
al

es
 X

 =
 2

 d
ri

nk
s 

an
d 

fo
r 

fe
m

al
es

 X
 =

 1
 d

ri
nk

.

Am J Clin Nutr. Author manuscript; available in PMC 2017 November 30.


	Abstract
	INTRODUCTION
	METHODS
	Participants
	Biomarker measurements and self-reported variables
	Statistical procedures

	RESULTS
	DISCUSSION
	References
	FIGURE 1
	FIGURE 2
	TABLE 1
	TABLE 2

