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ABSTRACT

Background: The overall consumption of trans fatty acids (TFAs)
increases the risk of coronary artery disease. However, multiple
TFA isomers exist, each with potentially different health effects.
Different food sources of these specific TFA isomers are not well
established.

Objective: Our objective was to determine the major independent
food sources of specific TFA isomers.

Design: We investigated relations of major potential food sources of
TFAs, as assessed by serial food-frequency questionnaires, with 10
plasma phospholipid TFA isomers [5 trans (¢-) 18:1, 3 ¢-18:2, and 2
t-16:1] in 3330 older adults in the Cardiovascular Health Study,
a community-based multicenter cohort. Stepwise regression was
used to identify independent major food sources of individual
plasma phospholipid TFA isomers, which were adjusted for demo-
graphic, lifestyle, and dietary factors.

Results: All 5 #-18:1 isomers were similarly associated with foods
commonly made with partially hydrogenated vegetable oils
(PHVOs), including biscuits (0.51 higher SD of total 18:1 fatty acid
concentrations per serving/d, P < 0.01), chips and/or popcorn (0.33
higher SD per serving/d, P = 0.02), margarine (0.32 higher SD per
serving/d, P < 0.001), fried foods (0.32 higher SD per serving/d,
P = 0.04), and bakery foods (0.23 higher SD per serving/d, P =
0.02). Each of the 7-18:2 isomers were associated only with bakery
foods (0.50 higher SD of total 18:2 fatty acid concentrations per
serving/d, P < 0.001). Ruminant foods were major correlates of
t-16:1n—7, including red meats (0.72 higher SD per serving/d, P <
0.001), butter (0.43 higher SD per serving/d, P < 0.001), and high-
er-fat dairy (0.37 higher SD per serving/d, P < 0.001). In contrast,
t-16:1n—9 were derived mainly from margarine (0.31 higher SD per
serving/d, P < 0.001).

Conclusions: #-18:1 Isomers are similarly derived from multiple
PHVO-containing foods. In contrast, #-18:2 and #-16:1n—9 isomers
are derived from more-specific types of PHVO-containing foods.
Ruminant foods are major sources of 7-16:1n—7. Different TFA
isomers and dietary sources should be considered when investigat-
ing health effects and interventions to lower TFAs. Am J Clin
Nutr 2010;91:883-93.

INTRODUCTION

For many years, broad biochemical categorizations were used to
group together cis and trans unsaturated fats until their very
different health effects were identified and established over the
past 2 decades. Whereas it is clear that consumption of frans fatty

acids (TFAs) has adverse cardiovascular consequences (1-11),
emerging evidence suggests that even this subcategorization is too
broad. Similar to other fat subcategories, several different TFA
isomers exist that have different carbon-chain lengths and double-
bond locations—each with potentially varying biological and
physiologic effects and dietary sources (5, 6, 12-15). Each of
these TFA isomers may be naturally present in the diet (ie, con-
sumed from foods containing ruminant TFAs), consumed from
foods containing industrially produced partially hydrogenated
vegetable oils (PHVOs), or consumed in smaller amounts from
other sources, such as deodorized oils (16, 17). Whereas the total
industrial TFAs consumed is consistently linked to coronary ar-
tery disease (CAD) risk (18), less is known about the health ef-
fects of specific TFA isomers. In studies evaluating TFA isomers
grouped into major subclasses, total trans (¢-) 18:1 and/or #-18:2
isomers were generally more strongly associated with CAD risk
(13), systemic inflammation and endothelial dysfunction (5, 6,
14), sudden cardiac death (12, 15), and preeclampsia (19, 20) than
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were total 7-16:1 isomers. However, even these major subclasses
contain several individual TFA isomers (eg, at least 2 7-16:1, 3 t-
18:2, and 5 #-18:1 isomers) that can be identified (21, 22).

To understand the potentially different relations of specific
TFA isomers with health outcomes, the major dietary sources of
each isomer in the population need to be understood. Un-
fortunately, the major food sources of different specific TFA
isomers, or the extent to which these major food sources vary for
different TFA isomers, are not well established. Such in-
vestigation has been limited by challenges in estimating the
consumption of specific TFA isomers from dietary questionnaires
due to limited availability of detailed and accurate food com-
position databases for isomer-specific TFA subclasses. In addi-
tion, measuring TFA contents of foods is limited by considerable
brand-to-brand variability and, more importantly, only identifies
potential TFA sources rather than what is actually consumed in
the population. For example, a food that contains high TFA
concentrations but is rarely consumed will contribute minimally
to TFA exposure in the population. Advanced gas and thin-layer
chromatographic techniques allow identification of multiple
specific TFA isomers in blood (21, 22), providing objective bi-
ological markers to assess actual exposure to these individual
fatty acids (23-25). The determination of which dietary sources
of TFAs, both ruminant and industrial, independently contribute
to individual circulating TFA isomers would assist in un-
derstanding the limited known isomer-specific associations with
health outcomes, guide future investigations of health effects, and
inform policy measures or other interventions to decrease con-
sumption of specific isomers. In addition, the evaluation of the
relative contribution of different dietary influences to the overall
variation in blood concentrations of each TFA isomer would
elucidate the extent to which nondietary factors, such as ab-
sorption, isomerization, disposition, and/or catabolism, could
affect circulating concentrations. To elucidate these relations, we
investigated associations between major potential food sources of
TFAs and circulating biomarker concentrations of 10 specific
TFA isomers in plasma phospholipids, including 5 trans isomers
of oleic acid (#-18:1), 3 trans isomers of linoleic acid (z-18:2),
and 2 trans isomers of palmitoleic acid (#-16:1), among 3330 US
men and women in the Cardiovascular Health Study (CHS).

SUBJECTS AND METHODS

Design and population

The CHS is a community-based prospective cohort of deter-
minants of risk factors for the onset and course of cardiovascular
disease among older adults (26, 27). Briefly, 5201 men and
women were randomly selected and enrolled from Medicare
eligibility lists in 1989-1990, and an additional 687 African
Americans were similarly enrolled in 1992-1993, from 4 US
communities (Forsyth County, NC; Sacramento County, CA;
Washington County, MD; and Allegheny County, PA). Eligible
individuals were noninstitutionalized people aged >65 y, ex-
cluding those who were wheelchair bound, receiving hospice or
cancer treatment, or expected to move from the study areas
within 3 y. Each center’s institutional review committee ap-
proved the study, and all participants gave informed consent.

Plasma phospholipid fatty acids were measured in 3419
individuals (1975 women, 1444 men) from stored blood samples

taken in 1992-1993. We excluded 89 individuals with missing
dietary intake information. The final population consisted of 3330
participants, including 2869 individuals randomly selected from
participants with available blood samples (n = 3578) and 461
individuals from prior case-control studies of myocardial in-
farction. Analyses accounted for this sampling within the cohort
by using inverse-probability-of-sampling weights.

Assessment of fatty acids

Blood was drawn after a 12-h fast and stored at —70°C before
shipping, on dry ice, to the CHS Central Blood Analysis Lab-
oratory (University of Vermont, Burlington, VT) for long-term
storage at —80°C (28). Under these conditions, phospholipid
fatty acids in red cells and plasma are stable during long-term
storage (28-31), and in 2 prior CHS studies (12, 32) no degra-
dation in plasma phospholipid fatty acids was observed because
of lipolysis or oxidation after 10 y of storage. Plasma phos-
pholipid fatty acids were measured at the Fred Hutchinson
Cancer Research Center, and are reported as the percentage of
total fatty acids. Total lipids were extracted from plasma by
using the method of Folch et al (33), and phospholipids were
separated from neutral lipids by one-dimensional thin-layer
chromatography (TLC). Fatty acid methyl ester (FAME) sam-
ples were prepared by direct transesterification by using the
method of Lepage and Roy (34) and separated by using gas
chromatography with an Agilent 5890 Gas Chromatograph FID
detector (Agilent, Santa Clara, CA) and a Supelco fused silica
capillary column SP-2560 (100 m x 0.25 mm, 0.2 um; Sigma-
Aldrich, St Louis, MO) (initial 160°C for 16 min, ramp 3.0°C/
min to 240°C, and hold for 15 min). The bis-cyanopropyl SP-
2560 column was specifically designed for the separation of
geometric-positional (cis/trans) isomers of FAMEs. The pro-
tocol quantified 45 distinct fatty acids peaks, including 10 TFA
isomers (Figure 1).

Identification, precision, and accuracy were evaluated by using
model mixtures of known FAMEs and an established in-house
control pool with identification confirmed by gas chromatography—
mass spectrometry at the US Department of Agriculture lipid
laboratory (Peoria, IL) and by silver ion TLC for TFAs (35).
Pooled quality-control samples were run concurrently with study
samples to confirm low batch-to-batch variation, with CVs < 3%
for major fatty acids, < 9% for #-16:1, < 6% for ¢-18:1, and
< 11% for ¢-18:2. Minimum laboratory drift and excellent sta-
bility during storage were confirmed in a subset of 40 in-
dividuals by comparing duplicate measurements in the same
samples measured once in 1994-1996 and again in 2007. The
reproducibility for the same stored sample was high, including
correlations of 0.95 for TFAs (CV = 9.1%).

Assessment of foods consumed

Usual dietary intake was assessed by using reproducible and
validated semiquantitative food-frequency questionnaires (FFQs)
in 1989-1990 (36, 37) and again in 1996 (38, 39). For each
questionnaire, participants were asked to indicate how often, on
average, they had consumed usual serving sizes of various
specified foods during the previous year. The 1989-1990 FFQ
was a 99-item, picture-sort, interviewer-administered FFQ that
included 5 responses ranging from never or <1 time/mo
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FIGURE 1. Representative selection of fatty acid peaks from gas chromatographic analysis in one participant, including the 10 trans fatty acid isomers (*).

Ul represents an unknown fatty acid peak.

to almost every day. The 1996 FFQ was a 131-item, self-
administered FFQ that included 9 responses ranging from never
or <l time/mo to >6 times/d. Open-ended questions elicited
information on supplements, exact breakfast cereals, and fats
and oils used for frying or baking. Plasma phospholipids were
measured by using stored blood in 1992, at the intermediate time
point between the 2 FFQs, and preliminary analyses showed that
both FFQs were related to plasma phospholipid TFAs. There-
fore, we averaged responses on the 2 FFQs to minimize mis-
classification; for participants enrolled in 1992-1993 (n = 121),
the only data available were from the latter FFQ. Estimated
mean (*SD) dietary TFA intake from the 2 FFQs was 3.2 = 1.8
g/d on this basis of temporally concurrent food-composition
values from the regularly updated Harvard University Nutrition
database. On this basis of the FFQ estimates, major contributors
to total TFA intake were bakery products (22.5% of total), fried
foods eaten away from home (19.7% of total), unprocessed red
meats (15.6% of total), margarine (8.4% of total), higher-fat
dairy (6.3% of total), processed meats (3.8% of total), biscuits
(3.2% of total), lower-fat dairy (3.0% of total), chips and/or
popcorn (1.1% of total), butter (0.9% of total), fried food eaten
at home (0.9% of total), and pizzas (0.8% of total). For each
participant, consumption of major potential dietary sources of
industrially produced and ruminant TFAs were averaged across
the 2 FFQs, including spreads (ie, margarine, butter, peanut
butter, and salad dressings), red and processed meats (ie, beef,
pork, lamb, hamburgers, hot dogs, bacon, and other processed
meats), fried foods (fried foods eaten away from home and fried
foods eaten at home), dairy (ie, higher-fat milk, higher-fat
cheese, ice-cream, skimmed milk, cottage, ricotta, and cream
cheese), pizza (ie, cheese), bakery foods (ie, cookies, pies,
pancakes, corn breads, and tortillas), chips and/or popcorn, and
biscuits. Fried foods eaten at home were separately assessed as
they may have included prepackaged or prepared commercial
fried food or foods fried eaten at home with PHVO-containing
fats. For each food and/or food group, similar food items in each
FFQ were identified [eg, margarine on bread or rolls in 1989-
1990 and margarine, added to food or bread, in 1996; ice cream
in 1989-1990 and ice cream in 1996; and salty snacks (such as
chips, popcorn) in 1989—1990 and potato chips or corn chips and

popcorn in 1996] and averaged after standardization to the same
serving size. Cooking fats and oils were also assessed by means
of questions on consumption (yes/no) of butter, margarine,
vegetable oil, vegetable shortening, and lard for frying or bak-
ing; additional information was unavailable regarding specific
consumption amounts or subtypes of vegetable oils used. We
evaluated the use of vegetable oils for frying or baking to assess
potential contributions of oil deodorization to TFA consumption
(40).

Statistical analyses

The concentration of each TFA isomer was standardized by
dividing it by its SD to facilitate direct comparison of the strength
of relation of different food sources with each TFA isomer. Thus,
results are reported per SD difference in concentrations of each
TFA isomer. Consumption of each food or food group was
assessed in servings per day. We used Spearman correlations to
evaluate the unadjusted interrelations between the different spe-
cific TFA isomers and between the different major dietary sources
and specific TFA isomers. Backward stepwise multivariable-
adjusted regression (P << 0.05 for addition, and P < 0.1 for
removal) was used to assess the dietary sources independently
associated with each individual plasma phospholipid TFA iso-
mer, with potential covariates including demographics (age, sex,
race, clinic site, education, income, and self-reported health),
cardiovascular risk factors (prevalent CAD, stroke, diabetes, and
treated hypertension), other lifestyle habits (smoking, alcohol
consumption, and physical activity) and, for each food, total
energy and the other potential food sources of TFAs. Missing
covariate values were imputed by using age, sex, race, smoking,
alcohol consumption, education, physical activity, body mass
index (BMI; in kg/mz), prevalent diabetes, CAD, and stroke as
predictors; the proportion of missing values that were imputed
were 15% for total energy, 6% for income, 2% for smoking,
0.2% for physical activity, and 0.7% for BMI. Results were
similar excluding subjects with missing values. All other vari-
ables, including foods and/or food groups, were not missing for
any of the participants. Partial > (4AR?) values, which were
adjusted for other demographic and lifestyle factors, were
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evaluated to estimate the contribution of combined foods to
variation in TFA concentrations. Correlations, regression co-
efficients, and AR? values were corrected for measurement error
(41, 42) by using the average of published deattenuated corre-
lation coefficients derived from comparing estimated dietary
intake from multiple weighed diet records over 1 y with esti-
mated dietary intake from similar FFQs in other validation co-
horts of US adult men and women (39, 43). Although dietary
consumption patterns were generally similar in these cohorts
compared with CHS, we recognized the potential limitations of
using externally derived correction coefficients, particularly the
potential for undercorrection for measurement error in our co-
hort, but this was considered the best available data to correct
for dietary measurement error. All P values were 2-tailed (o0 =
0.05). Analyses were performed with STATA 10.0 (STATA,
College Station, TX).

RESULTS

Characteristics of the 3330 participants, including 1924 men
and 1406 women, are presented in Table 1. Participants were
elderly, on average overweight, and of diverse socioeconomic
backgrounds. The evaluated potential dietary sources of TFAs
and their average (mean = SD) weekly servings consumed were
margarine (6.0 = 4.8), butter (2.1 = 3.6), red (2.3 £ 1.9) and
processed meats (3.5 = 3.8), fried foods (2.3 = 2.0), higher-fat
dairy (6.2 = 4.6), lower-fat dairy (4.5 = 3.9), bakery foods
(2.8 = 2.9), biscuits (1.1 = 1.4), chips and/or popcorn (1.1 *
1.6), and pizza (0.3 = 0.5). Ranges of intakes of these different
foods were generally broad (Table 1). The intakes of these dif-
ferent foods and/or food groups were not highly intercorrelated.
For example, among all of these foods, the largest correlations
were between consumption of fried foods and red meats (r = 0.4)
and between consumption of cookies and pies (r = 0.4).

Total TFAs represented on average 2.52% of plasma phos-
pholipids (interquartile range = 2.0-3.0%), including an average
of 0.25% total t-16:1 isomers, 2.00% total #-18:1 isomers, and
0.27% total r-18:2 isomers (Table 2). Among #-18:1 isomers,
t-18:1n—6 and #-18:1n—7 were most common, but other 7-18:1
isomers also appreciably contributed to the total. The total TFAs
was highly correlated with total #-18:1 isomers (r = 0.99) and
was modestly correlated with total 7-18:2 (r = 0.62) and total
t-16:1 (r = 0.45). The 5 individual #-18:1 isomers were highly
intercorrelated (r > 0.85 for each). Conversely, the 2 individual
t-16:1 isomers were very weakly intercorrelated (r = 0.11). In-
tercorrelations of the 3 individual 7-18:2 isomers varied; #/c-
18:2n—6n—9 was modestly correlated with ¢/t-18:2n—6n—9
(r=0.71), whereas #/t-18:2n—6n—9 was not correlated with #/c-
18:2n—6n—9 (r = 0.01) or ¢/t-18:2n—6n—9 (r = —0.09). In-
terestingly, #-16:1n—9 was relatively strongly correlated with
each of the #-18:1 isomers (r = 0.57-0.63) and with c/t-
18:2n—6n—9 (r = 0.47). Conversely, but #-16:1n—7 was weakly
correlated with #-16:1n—9 (r = 0.11), with each of the 5 #-18:1
isomers (r < 0.25 for each), and with each of the 3 #-18:2 iso-
mers (r < 0.16 for each).

Bivariate (unadjusted) associations between consumption of
specific foods and/or food groups and each of the TFA isomers
are shown in Table 3. The different dietary sources had gener-
ally similar correlations with each of the #-18:1 isomers. Total
t-18:1 correlated most strongly with margarine (r = 0.27), bak-

ery foods (r = 0.24), biscuits (r = 0.17), and fried foods eaten
away from home (r = 0.16). In contrast, the dietary sources of
t-16:1n—7 and #-16:1n—9 appeared very different. The most
strongly correlated foods with #-16:1n—7 were butter (r = 0.25),
unprocessed red meats (r = 0.26), and higher-fat dairy foods (r =
0.33). Conversely, t-16:1n—9 was correlated most strongly with
consumption of margarine (r = 0.25) and bakery foods (r =
0.16). #-18:2 isomers had generally few correlations with these
foods and/or foods groups; the largest correlations were with
bakery foods that appeared relatively similar across the 3 dif-
ferent #-18:2 isomers.

We performed separate multivariable-adjusted stepwise re-
gression analyses to identify the independent dietary sources of
each TFA isomer. The specific foods and/or food groups in-
dependently associated with each of the 5 7-18:1 isomers were
similar, as were the specific foods and/or food groups in-
dependently associated with each of the 3 #-18:2 isomers
(data not shown). Thus, these isomers were evaluated together
in multivariable analyses as total #-18:1 and total #-18:2,
respectively (Table 4). Independent dietary correlates of
t-16:1n—7 and #-16:1n—9 were very different, and these isomers
were considered separately (Table 4). In multivariable-adjusted
analyses, each serving per day of margarine was associated with
one-third SD (0.33) higher concentrations of #-18:1. Other pre-
dictors of higher #-18:1 concentrations were consumption of
fried foods eaten away from home (0.68 higher SD/serving/d),
biscuits (0.54 higher SD/serving/d), bakery foods (0.28 higher
SD/serving/d), and chips and/or popcorn (0.28 higher SD/
serving/d). The multivariable-adjusted correlates of higher
t-18:2 concentrations were consumption of bakery foods (0.68
higher SD/serving/d). After multivariable-adjustment, the only
food source independently associated with higher #-16:1n—9
concentrations was margarine (0.31 higher SD/serving/d). In-
dependent correlates of higher 7-16:1n—7 concentrations were
very different, including consumption of butter (0.45 higher SD/
serving/d), beef, pork, and lamb (0.40 higher SD/serving/d),
hamburgers (1.34 higher SD/serving/d), and higher-fat dairy
foods (0.31-0.52 higher SD/serving/d). When we combined
similar separate foods into major food groups and performed
food group-based multivariable-adjusted stepwise regression
analyses, concentrations of different TFA isomers were related
to specific food groups (Figure 2).

In additional analyses, we evaluated consumption of pancakes,
corn breads, tortillas, peanut butter, salad dressings (ie, may-
onnaise or other creamy salad dressing), and vegetable oils as
potential sources of total and individual TFA isomers. None of
these foods were significantly associated with plasma phos-
pholipid TFA concentrations in either unadjusted correlation or
multivariable-adjusted analyses (data not shown). Analyses were
also similar in men compared with women and after excluding
individuals enrolled in 1992-1993 (n = 121) or patients with
treated diabetes (n = 547) (data not shown).

DISCUSSION

To our knowledge, our findings represent the largest in-
vestigation to date of how multiple specific TFA isomers that
were assessed by using objective biomarkers of exposure are
interrelated with each other and to different food sources. Our



TABLE 1

Characteristics of 3330 men and women with plasma phospholipid fatty
acid measures in the Cardiovascular Health Study, a community-based,

multicenter US cohort study’

Values 20th—80th Percentile
Age (y) 72.3 + 527 68-77
Women (%) 57.8 —
Nonwhite race (%) 8.0 —
Education (%)
<High school 26.3 —
High school 27.8 —
>High school 459 —
Income (%)
<$16,000/y 35.0 —
$16,000-$34,999/y 38.3 —
>$35,000/y 26.7 —
Smoking (%)
Never 44.7 —
Past 46.8 —
Current 8.6 —
BMI (kg/m?) 26.6 £ 45 22.9-29.8
Waist circumference (cm) 97.1 = 12.8 86.5-107.0
Physical activity (kcal/wk) 1068 = 1446 23-1721
Alcohol (%)
None 57.3 —
<1-2 drinks/wk 29.2 —
>3 drinks/wk 17.1 —
Prevalent coronary artery 19.3 —
disease (%)
Prevalent stroke (%) 7.4 —
Diabetes (diabetes medication 16.4 —
or fasting glucose
>125 mg/dL) (%)
Use of antihypertensive 47.8 —
medication (%)
Total energy (kcal/d) 2017 = 603 1539-2441
Foods (servings/wk)
Spreads
Margarine (one pat, 5 g) 6.0 £ 438 0.5-9.5
Butter (one pat, 5 g) 2.1 =36 0.14.0
Red meats
Hamburgers (one patty, 85 g) 1.0 = 1.0 0.3-1.8
Other unprocessed red 1313 0.4-2.0
meats (beef, pork, lamb)
(4-6 0z/140 g)
Total unprocessed red meats 23 *19 0.7-3.6
Hot dogs (one, 45 g) 0.8 =13 0.1-0.9
Bacon (2 slices, 13 g) 09 13 0.1-1.5
Other processed meats 1.8 £25 0.2-3.2
(eg, sausage, ham,
lunch meats)
(one piece or slice, 27 g)
Total processed meats 35*+38 0.8-5.7
Fried foods
Eaten away from home’ 0.7 £ 0.7 0.3-1.0
Eaten at home’ 1.6 = 1.6 0.4-2.6
Total’ 23 +20 0.7-35
Dairy products
Milk (>2% fat) 22 *24 0.1-4.3
(8 fl 0z/244 g)
Cheese, except cottage or 25 *27 0.5-4.0
ricotta (one slice or
1 0z/28 g)
(Continued)
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TABLE 1 (Continued)

Values 20th—80th Percentile

Ice cream (1/2 cup, 66 g) 1.5+19 0.1-2.5
Total higher-fat dairy 6.2 + 4.6 2.2-9.6
Skimmed milk (8 fl 0z/244 g) 33 %35 0.1-6.5
Cottage or ricotta cheese 12*+14 0.1-2.5
(1/2 cup, 105 g)
Total lower-fat dairy 45 *39 0.6-7.1
Bakery foods
Cookies, doughnuts, cake, 20=*x24 0.4-2.8
pastry (one piece, 50 g)
Pies (one slice, 125 g) 08 £ 1.2 0.2-0.9
Total 28 £29 0.8-4.1
Other foods
Chips*/popcorn (1 02/28.35 g 1.1 £16 0.1-1.7
or 1 cup, 11 g)
Biscuits” (one piece, 55 g) 1.1 £14 0.1-1.8
Pizza (2 slices, 240 g) 03 £ 0.5 0.1-0.5

" Foods represent the average of dietary consumption at baseline
(1989-1990) and in 1996.

2 Mean * SD (all such values).

7 Information was unavailable on specific serving sizes. Food-fre-
quency questionnaires evaluated total fried foods and fried foods eaten away
from home; fried foods eaten at home were estimated from the difference.

# In the United States, biscuits are a type of cracker (not cookies), and
chips are crisps (not French fries).

results indicate that biochemical definitions, and thus scientific
evaluations, that broadly categorize fats (eg, by degree of
unsaturation or type of double bond only) can obscure substantial
differences in dietary sources.

In this evaluation of dietary sources of 10 individual TFA
isomers, several key findings were identified. First, all 5 #-18:1
isomers were highly intercorrelated and similarly associated in
multivariable-adjusted analyses with foods that represent major
dietary sources of PHVOs, including bakery foods, fried foods
eaten away from home, biscuits, salty snacks, and margarine.
This was even the case for #-18:1n—7 (vaccenic acid), which is
typically considered a marker of ruminant fat. The high inter-
correlations and common food sources suggest that measuring
any one of the major 7-18:1 isomers may be sufficient in many
cohorts for investigating relations with health outcomes in epi-
demiologic studies. Results for 7-18:1n—7 might vary in pop-
ulations with very low PHVO and high ruminant fat
consumption, in whom #-18:1n—7 might still be a useful marker
of ruminant TFA intake. Our results suggest, however, that
t-16:1n—7 may be even more useful for this purpose. Experi-
mental studies should still consider and evaluate potentially
different biological effects of each 7-18:1 isomer, as these are
unknown. Evidence from epidemiologic and experimental
studies together can guide policy measures.

Second, the 2 #-16:1 isomers were very weakly intercorre-
lated, and each was associated with very different dietary
sources. Ruminant foods appeared to be the major sources of
t-16:1n—7, whereas margarine appeared to be the major source
of +-16:1n—9. The latter fatty acid was also moderately corre-
lated with #-18:1 isomers, consistent with a major shared dietary
source. Interestingly, margarine appeared to be a common
source of #-16:1n—9 and #-18:1 isomers, other dietary sources of
PHVOs (ie, fried foods eaten away from home, chips and/or
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TABLE 2

Spearman correlation coefficients between specific plasma phospholipid trans fatty acid isomers in 3330 men and women in the Cardiovascular Health Study’

trans 18:2

trans 18:1

trans 16:1

Total

t/t-18:2n—6n—9 Total 7-18:2

¢/t-18:2n—6n—9

t-18:1n—10-12 Total #-18:1 #/c-18:2n—6n—9

t-18:1n—=7  t-18:1n—-8  t-18:1n—9

t-18:1n—6

t-16:1n—9  Total ¢-16:1

t-16:1n—7

trans

0.08 £ 0.02 0.05*=0.04 0.27 = 0.09

2.01 = 0.71 0.13 = 0.05

252 = 0.79° 0.19 = 0.05 0.07 = 0.03 025 = 0.06 0.61 = 021 0.50 + 0.18 0.33 + 0.14 0.36 + 0.14 021 * 0.08

trans Fatty

acid isomers

t-16:1n—7
t-16:1n—9

0.20°

0.11°

0.64°

0.88° 0.53°

0.45°

Total 7-16:1
t-18:1n—6
t-18:1n—7
t-18:1n—8
t-18:1n—9

0.12° 0.61° 0.37°

0.98°

0.24° 0.59° 0.46° 0.93°

0.95°

0.20° 0.61° 0.43° 0.88° 0.86”

0.93%

0.85°
0.85%

0.94° 0.86°
0.82°
0.95°
0.47°

0.28°

0.63°

0.94°

0.91°

0.06° 0.57° 0.29° 0.91°

0.92°

t-18:1n—10-12

0.63° 0.39° 0.98% 0.93% 0.95° 0.93°
0.25% 0.11° 0.46° 0.49°

0.14°

0.99°

Total #-18:1
t/c-18:2n—6n—9

0.51°

0.50°

0.49°

0.56°

0.47° 0.24° 0.58% 0.53% 0.52° 0.62° 0.57° 0.59° 0.71°

—-0.05*

0.63°

c/t-18:2n—6n—9
#/t-18:2n6n—9

—-0.09°

0.12° 0.15° 0.05* 0.11° 0.11°
0.52°

0.10°

0.08°

0.15°

0.14°

0.78° 0.24°

0.55° 0.56° 0.56° 0.93°

0.51°

0.06° 0.24° 0.16° 0.55%

0.62°

Total #-18:2

! Only correlations with P < 0.05 are presented.

2 Mean *+ SD as percentage of total fatty acids (all such values).

3P < 0.001.
4P <00l
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popcorn, biscuits, and bakery foods) were only associated with
¢-18:1 but not with #-16:1n—9 concentrations. The reasons for
these differences, including whether #-16:1n—9 production var-
ies in PHVOs used for margarines compared with other foods,
requires further investigation. The weak intercorrelation and
discordant food sources of #-16:1n—7 compared with #-16:1n—9
indicate that each isomer should be evaluated separately when
considering health outcomes, biological effects, and policy im-
plications.

Third, t/c- and ¢/t-18:2n—6n—9 isomers were fairly strongly
intercorrelated and modestly correlated with #-18:1 isomers. In
multivariable-adjusted analyses, bakery foods were their main
dietary source, although these foods accounted for only 2% of
the variation in total #-18:2. #/¢-18:2n—6n—9 was not strongly
correlated with any other TFA isomer, including other #-18:2
isomers, suggesting a relatively unique dietary source or sources
compared with other TFAs. These findings indicate that the in-
vestigation of 7-18:2 isomers in epidemiologic studies should
consider the f#/c- and c/t-isomers separately from the #/¢-
18:2n—6n—9 isomer. Our findings also support the importance
of investigating dietary sources and biological effects of the #¢-
18:2n—6n—9 isomer, particularly given biomarker findings that
indicate that total 7-18:2 isomers may more strongly relate to
sudden cardiac death (12, 15).

For TFAs, circulating biomarker concentrations provide an
objective measure of dietary consumption. In one small con-
trolled feeding trial (n = 14) (25), raising total #-18:1 con-
sumption by 4% of energy and c/t- and #/t-18:2n—6n—9
consumption by 1% of energy elevated their respective phos-
pholipid concentrations by 217% and 100%. Other small con-
trolled feeding trials (n = 11, 10) (44—45) or cross-sectional
analyses (n = 129) (46) support our findings, showing elevations
in circulating #-18:1 isomers after or associated with margarine
intake. Recently, food sources of plasma phospholipid -
18:1n—9 (elaidic acid) and #-16:1n—7 were assessed in 2 Eu-
ropean cohorts (47, 48). In a French cohort (n = 1114) after
adjustment for age and BMI, #-18:1n—9 and #-16:1n—7 were
correlated with margarine and manufactured foods but not
dairy, meat, or vegetable oils; however, the results were not
multivariable-adjusted for other demographic, lifestyle, or di-
etary factors or multiple potential food sources of TFAs simul-
taneously (47). In a European cohort (n = 3003), #-18:1n—9 was
correlated with both margarine and dairy intake in crude (un-
adjusted) analyses; no multivariable-adjusted analyses were re-
ported (48). Our results considerably extend this prior work by
assessing 10 specific TFA isomer biomarkers and numerous
potential food sources in a large community-based population
and including adjustment for multiple demographics, lifestyles,
and TFA food sources simultaneously.

Food composition studies (49-52) showed that #-18:1 isomers,
ranging from n—4 to n—16, constitute the predominant TFA
subclass in PHVOs and ruminant fats. In margarines, the main #-
18:1 isomers are n—8 and n—9 (elaidic acid) (49). In ruminant
fats, the main #-18:1 isomer is n—7 (vaccenic acid) (50), but this
isomer is also present in PHVOs (49). In unadjusted analyses,
consumption of some red meats was associated with #-18:1n—7
concentrations, but this association was no longer evident after
multivariable adjustment for other foods. These results suggest
a greater proportional consumption of #-18:1n—7 from PHVO-
containing foods among these US adults. On this basis of our
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TABLE 4

Multivariable-adjusted relations between consumption of specific foods and food groups and plasma phospholipid concentrations of trans fatty acid isomers

in 3330 men and women in the Cardiovascular Health Study’

t-16:1n—7

t-16:1n—9

Total -18:1° Total 7-18:2°

SD difference P

SD difference P

SD difference P SD difference P

Spreads

Margarine 0.31

Butter 0.45
Red meats
Beef, pork, lamb 0.40 0.04
Hamburgers 1.34 <0.001
Hot dogs
Bacon
Other processed meats
Fried foods
Eaten away from home
Eaten at home
Dairy products
>2%-fat milk 0.52
Cheese (except cottage or cream) 0.31
Ice cream 0.32
Skimmed milk
Cottage or ricotta cheese
Bakery foods
Cookies, brownies, cake, pastry
Pies
Other
Chips and/or popcorn
Biscuits
Pizza
Partial AR” — foods” 0.12
Total AR* 0.22

<0.001

<0.001
<0.01
<0.01

<0.001 0.33 <0.001

0.68 0.04

0.28 0.02 0.48 <0.01
0.68 <0.01

0.28 0.04
0.54 <0.01

0.05 0.13 0.02
0.16 0.28 0.04

! Multivariable-adjusted SD differences in plasma phospholipid fatty acid concentrations for each serving per day of each food source based on separate
stepwise multivariable regression analyses are provided. Only positive relations with P < 0.05 are shown. Potential covariates included all food sources listed
in the table and age (y), sex, race (white, nonwhite), education (<high school, high school, >high school), income (<$16,000/y, $16,000-$34,999/y,
>$35,000/y), enrollment site (4 sites), self-reported health (3 categories), smoking (never, past, current), alcohol consumption (drinks/wk), leisure-time
physical activity (kcal/wk), total energy intake (kcal/d), BMI (in kg/m?), prevalent coronary artery disease, stroke, diabetes, and treated hypertension (yes/no
for each). Age, sex, race, education, and total energy consumption were forced in the model.

2 Multivariable-adjusted results for each of the 5 individual #-18:1 isomers were similar.

¥ Multivariable-adjusted results for the 3 individual 7-18:2 isomers were similar.

“ Partial AR? is for the sum of variance explained by the foods only. Total AR is for the sum of variance for all variables in the final model.

results, a better marker of ruminant TFA intake appears to be
t-16:1n—7 that is present in lower concentrations but may be
more specific to dairy and red meat than is 7-18:1n-7 (52).

The major foods and food groups we assessed accounted for
only a proportion of the variation in TFA concentrations. The
absolute variation would be underestimated for each TFA isomer
due to misclassification in dietary assessment and/or lack of
assessment of food sources that were not available on the FFQ;
we also had limited data on food-preparation methods. The
explained variation was smallest for 7-18:2 isomers, which
suggests that other food sources, differences in the incorporation
into different lipid fractions and tissues, and/or metabolic pro-
cesses could be playing a role in the small variation explained by
the dietary sources evaluated. Very little is known about TFA
catabolism, potential interconversion among various isomers, or
isomeric differences in incorporation into separate lipid frac-
tions, and our findings support the need for such basic experi-
mental research.

This investigation had several strengths. Rather than mea-
suring the TFA content in foods and estimating exposure, we

assessed the actual circulating biomarkers of TFA concentrations
in 3330 free-living men and women to provide a better estimate of
actual exposure to TFAs in the population. Ten different specific
TFA isomers were measured, which allowed for the systematic
assessment of multiple individual TFA isomers and their multiple
dietary sources. We corrected for measurement error in the FFQs
to provide more accurate central estimates and Cls for the ob-
served associations. The cohort size and standardized assessment
of a wide variety of participant characteristics allowed multi-
variable adjustment for several demographic, lifestyle, and di-
etary factors, including multiple potential dietary sources of
TFAs, thereby minimizing residual confounding. The use of
a well-described community-based multicenter cohort increased
the generalizability.

There are potential limitations of the study. Although we
corrected for general measurement error in the FFQs, there still
could be residual dietary measurement error, and the fatty acid
measurements and FFQs were not simultaneously administrated,
which introduced dietary misclassification because of changes in
diet over time. Thus, although our averaging of 2 FFQs reduced
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Foods/ food groups

margarine

I

butter

total unprocessed
red meats

|

[ ]t-16:1n7
t-16:1n9

[ total t-18:1

total fried foods

total higher-fat
dairy

[ total t-18:2

total bakery
foods —’

A

chips/popcomn _

biscuits

0.0 0.2 0.4 0.6 0.8 1.0

SD difference in plasma phospholipid fatty acid levels
per 1 serving/day

FIGURE 2. Multivariable-adjusted relations between consumption of
specific food groups and plasma phospholipid concentrations of trans fatty
acid (TFA) isomers in 3330 men and women in the Cardiovascular Health
Study. Values represent SD differences in plasma phospholipid fatty acid
concentrations for each serving per day of each food with corresponding CIs
based on separate stepwise multivariable regression analyses. Positive
relations with P < 0.05 are shown, including between total #-18:1 and
biscuits (0.51 higher SD per serving/d, P < 0.01), chips and/or popcorn
(0.33 higher SD per serving/d, P = 0.02), margarine (0.32 higher SD per
serving/d, P < 0.001), fried foods (0.32 higher SD per serving/d, P = 0.04),
and bakery foods (0.23 higher SD per serving/d, P = 0.02); total #-18:2 and
bakery foods (0.50 higher SD per serving/d, P < 0.001); -16:1n—7 and red
meats (0.72 higher SD per serving/d, P < 0.001), butter (0.43 higher SD per
serving/d, P < 0.001), and higher-fat dairy (0.37 higher SD per serving/d,
P < 0.001); and #-16:1n—9 and margarine (0.31 higher SD per serving/d,
P < 0.001). In multivariable-adjusted analyses, total processed meats, total
lower-fat dairy, and pizza were not associated with any of the plasma
phospholipid TFAs. Potential covariates included all food groups shown in
the figure and age (y), sex, race (white, nonwhite), education (<high school,
high school, >high-school), income (<$16,000/y, $16,000-$34,999/y,
>$35,000/y), enrollment site (4 sites), self-reported health (3 categories),
smoking (never, past, current), alcohol consumption (drinks/wk), leisure-
time physical activity (kcal/wk), total energy intake (kcal/d), BMI (in kg/
mz), prevalent coronary artery disease, stroke, diabetes, and treated
hypertension (yes/no for each). Age, sex, race, education, and total energy
consumption were forced in the model.

this temporal misclassification, the absolute correlations and
variations explained are likely somewhat underestimated. In
addition, the TFA content of different specific foods (eg, brands)
within each food category was variable, which would further
attenuate the observed associations. Therefore, to some extent
our findings underestimate the magnitude of these associations,

although the qualitative comparisons are still informative. Di-
etary questionnaires include some but not exhaustive details
about specific brand and/or product names and types of vegetable
oils consumed, and misclassification of specific subtypes of oils
could explain the absence of significant associations with TFA
concentrations. Questions on the consumption of red meat and
processed meat included both ruminant (eg, beef) and non-
ruminant (eg, pork) sources that could attenuate associations;
however, other questions (eg, on hamburgers and bacon) allowed
more specific assessment of contributions from ruminant
(compared with nonruminant) meats. We did not measure con-
jugated linoleic acid, but evidence on the importance of this fatty
acid as a causal determinant of health is still relatively limited.
The extent of metabolism of different TFA isomers is unknown; if
substantial differences in metabolism between TFA isomers are
present, this could influence our findings in unpredictable
directions. These results preceded the 2006 mandated US food
labeling of TFAs (53), and the extent to which potential food
reformulations might alter current TFA food sources is unknown.
These findings are from an older US population, and major di-
etary sources of TFAs may differ in younger populations or in
other nations, particularly in developing countries in which
a main source of TFAs may be inexpensive cooking fat (short-
ening) used to prepare meals in the home (17).

Overall, our findings show that individual plasma phospholipid
TFA isomers have differing relations with each other and with
specific food sources, thus highlighting the importance of
a separate consideration of health effects, related underlying
mechanisms, and policy implications of different TFA isomers.
The predominant TFA subclass, #-18:1, was derived from mul-
tiple categories of PHVO-containing foods, which suggests that
PHVOs are the main source of #-18:1 isomers in this cohort. In
contrast, the trace fatty acids #-16:1n—9 and #-18:2 were specific
to margarine and bakery foods, respectively, suggesting that
different types of PHVOs used in different foods could have
different contents of these TFAs. Our results indicate that #-18:1
isomers are derived from similar PHVO-containing food sour-
ces, although common dietary sources do not necessarily imply
similar biological effects; that the #-16:1 isomers have distinct
food sources and should be evaluated separately; and that
t-16:1n—7 may be a more specific marker of ruminant TFA
intake than 7-18:1n—7. Our findings also identify specific gaps
in our understanding of how consumption of different foods
relates to different TFA isomers and subclasses. Further studies
are needed to identify additional dietary sources of 7-18:2, the
contribution of different vegetable oils and different food brands
to total and isomer-specific TFAs, and the potential influence of
nondietary factors on circulating TFA concentrations. These
findings are highly relevant to considering and investigating
health effects of different TFA isomers and to subsequent tar-
geted policy measures to reduce intake of specific clinically
relevant TFA isomers.
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