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ORIGINAL RESEARCH

Serum Nonesterified Fatty Acids and 
Incident Stroke: The CHS
Neil K. Huang , PhD; Mary L. Biggs, PhD; Nirupa R. Matthan , PhD; Luc Djoussé , MD, MPH, DSc;  
W. T. Longstreth, Jr., MD, MPH; Kenneth J. Mukamal , MD, MPH; David S. Siscovick, MD, MPH;  
Alice H. Lichtenstein , DSc

BACKGROUND: Significant associations between total nonesterified fatty acid (NEFA) concentrations and incident stroke have 
been reported in some prospective cohort studies. We evaluated the associations between incident stroke and serum con-
centrations of nonesterified saturated, monounsaturated, polyunsaturated, and trans fatty acids.

METHODS AND RESULTS: CHS (Cardiovascular Health Study) participants (N=2028) who were free of stroke at baseline (1996– 
1997) and had an archived fasting serum sample were included in this study. A total of 35 NEFAs were quantified using gas 
chromatography. Cox proportional hazards regression models were used to evaluate associations of 5 subclasses (nonest-
erified saturated, monounsaturated, omega (n)- 6 polyunsaturated, n- 3 polyunsaturated, and trans fatty acids) of NEFAs and 
individual NEFAs with incident stroke. Sensitivity analysis was conducted by excluding cases with hemorrhagic stroke (n=45). 
A total of 338 cases of incident stroke occurred during the median 10.5- year follow- up period. Total n- 3 (hazard ratio [HR], 0.77 
[95% CI, 0.61– 0.97]) and n- 6 (HR, 1.32 [95% CI, 1.01– 1.73]) subclasses of NEFA were negatively and positively associated with 
incident stroke, respectively. Among individual NEFAs, dihomo- γ- linolenic acid (20:3n- 6) was associated with higher risk (HR, 
1.29 [95% CI, 1.02– 1.63]), whereas cis- 7- hexadecenoic acid (16:1n- 9c) and arachidonic acid (20:4n- 6) were associated with a 
lower risk (HR, 0.67 [95% CI, 0.47– 0.97]; HR, 0.81 [95% CI. 0.65– 1.00], respectively) of incident stroke per standard deviation 
increment. After the exclusion of cases with hemorrhagic stroke, these associations did not remain significant.

CONCLUSIONS: A total of 2 NEFA subclasses and 3 individual NEFAs were associated with incident stroke. Of these, the NEFA 
n- 3 subclass and dihomo- γ- linolenic acid are diet derived and may be potential biomarkers for total stroke risk.
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In the United States, stroke is the fifth leading cause 
of death and a common cause of serious long- term 
disability in older people.1 The prevalence of stroke 

increases dramatically with age, with 75% of stroke 
cases occurring in individuals aged 65 years or older.1 
By 2030, almost 4% of US adults are expected to have 
experienced a stroke, and the associated costs, com-
pared with 2012, are expected to more than double.2 
Given the limited treatment, diminished quality of life 
associated in stroke survivors, and the immense finan-
cial burden, the identification of modifiable risk factors 
is critical for prevention.

Inflammation has been associated with increased 
ischemic stroke risk.3 In both healthy individuals and 
those with metabolic disorders, circulating total non-
esterified fatty acid (NEFA) concentrations have been 
linked to both local and systemic inflammation.4– 6 
Hence, circulating NEFAs may be an indicator of un-
derlying cardiometabolic stress and an early predic-
tor of cardiovascular disease risk.3,6 NEFAs have also 
been associated with postischemic stroke in both 
animal and human studies. In a mouse model, the 
proportions of NEFA 20:4n- 6, 22:4n- 6, 22:5n- 6, and 
22:6n- 3 in plasma were increased significantly after the 
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onset of ischemic stroke.7 Because this change was 
similar to that in the brain, plasma NEFA profiles might 
serve as an early indicator of the need for thrombolytic 
treatment.7 In patients with atrial fibrillation, higher con-
centrations of total NEFAs have been proposed as a po-
tential predictor for the onset of acute ischemic stroke.8 
Plausible mechanistic underpinnings for associations 
among NEFAs, inflammation, and incident stroke in-
clude promoting thrombus formation via modulation 
of fibrinolysis and coagulation,9 and serving as sub-
strates for anti- inflammation and pro- inflammation.9,10 
Potential mechanism for associations between hem-
orrhagic stroke and elevated NEFA concentrations in-
clude previous stroke, cerebral bleeding, aneurysms 
and arteriovenous malformations, and hypertension or 
history of hypertension. These data suggest an indirect 
relation between NEFA and hemorrhagic stroke.11,12

Data from cross- sectional and prospective studies 
show a significant positive relation between plasma 
total NEFA concentrations and the risk factors for 
stroke development, including hypertension,12,13 obe-
sity,14 diabetes, insulin resistance,14,15 and recurrent 

embolic stroke.16 No significant association was re-
ported between plasma total NEFA concentrations and 
stroke or cardiac arrest.17,18 However, whether sub-
classes or individual NEFAs are potential biomarkers 
for incident stroke remain unclear. Given the functional 
and structural diversity among circulating NEFAs and 
their metabolic products, focus should be shifted 
from total to subclasses or individual NEFAs. Support 
for this approach comes from the data that fasting 
NEFA, released from adipose tissue, may reflect the 
fatty acid (FA) composition of long- term habitual diet19 
and data from observational studies that individual 
plasma phospholipid FAs have differential associations 
with ischemic stroke. Specifically, phospholipid trans 
FAs,20 total saturated FAs (SFAs), and palmitoleic acid 
were positively associated,21 whereas 2 very long– 
chain omega (n)- 3 polyunsaturated FAs (n- 3 PUFAs)— 
docosahexaenoic acid (DHA) and docosapentaenoic 
acid— were negatively associated with incident isch-
emic stroke.22

The objective of this study was to assess the re-
lation between subclasses of NEFAs and individual 
serum NEFAs with risk of stroke. We hypothesized that 
fasting serum NEFAs, particularly n- 6 and n- 3 PUFAs, 
either as a subclass or individually, would be inversely 
associated, whereas SFAs and trans FAs would be 
positively associated with incident stroke.

METHODS
Data Disclosure Statement
The data that support the findings of this study are 
available from the CHS (Cardiovascular Health Study) 
Coordinating Center upon approval of a signed data 
distribution agreement.

Study Population and Design
The CHS is a population- based, longitudinal study of 
coronary heart disease and stroke in US adults aged 
65 years and older.23 Briefly, from 1989 to 1990, a total 
of 5201 Medicare- eligible residents were recruited 
from 4 US communities (Allegheny County, PA; Forsyth 
County, NC; Sacramento County, CA; Washington 
County, MD). In 1992 to 1993, using similar recruitment 
methods, 687 predominantly Black participants were 
recruited from the same field centers with the excep-
tion of Washington County, MD. Participants attended 
clinic exams at baseline and annually through 1999. Of 
the 4413 participants who attended the 1996 to 1997 
visit, NEFA measurements were conducted on fasting 
serum specimens from 2145 participants who had un-
thawed fasting and 2- hour oral glucose tolerance test 
blood specimens available. After excluding specimens 
that were oxidized or hemolyzed (n=5), NEFA meas-
urements were available for 2140 participants. Among 
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individual nonesterified fatty acids and evaluate 
the relations with incident stroke in older adults.

• Fasting serum nonesterified omega (n)- 3 and 
n- 6 polyunsaturated fatty acids were negatively 
and positively associated with incident stroke, 
respectively.

• Fasting serum nonesterified cis- 7- hexadecenoic 
and dihomo- γ- linolenic acids were associated 
with lower and higher risks of total stroke, re-
spectively, although these associations did not 
remain significant after exclusion of cases with 
hemorrhagic stroke.

What Are the Clinical Implications?
• Serum nonesterified fatty acid n- 3 subclass and 

dihomo- γ- linolenic acid may be potential bio-
markers for total stroke risk in older adults.

Nonstandard Abbreviations and Acronyms

CHS Cardiovascular Health Study
DGLA dihomo- γ- linolenic acid
DHA docosahexaenoic acid
NEFA nonesterified fatty acid
SFA saturated fatty acid



J Am Heart Assoc. 2021;10:e022725. DOI: 10.1161/JAHA.121.022725 3

Huang et al Serum NEFAs and Incident Stroke

these included participants, 111 were excluded be-
cause of prevalent stroke, resulting in a final sample size 
of 2029 for the current analysis. The institutional review 
committee of each participating center approved the 
study, and all participants provided informed written 
consent. Separate approval to use de- identified sam-
ples and data for the current analysis was obtained 
under exemption category 4, from the Tufts University/
Tufts Medical Center Institutional Review Board.

NEFA Determinations
All samples used for NEFA analysis were stored at 
−80 ℃ and never thawed before the NEFA deter-
minations. Lipids were extracted from serum using 
a modified Folch method24– 26 after addition of an 
internal standard (heptadecanoic acid). The serum 
NEFA fraction was isolated using solid- phase chro-
matography (aminopropyl columns), saponified, and 
methylated, and the resulting FA methyl esters were 
quantified using an Autosystem XL gas chromato-
graph (Perkin Elmer, Boston, MA) equipped with 
a 100×0.25  mm capillary column (HP INNOWQAX, 
Agilent Technologies, Wilmington, DE). A total of 35 
individual FAs were identified by comparison with au-
thenticated standards (NuCheck Prep, Elysian, MN). 
In addition, the following 5 NEFA subclasses were 
calculated: total SFA, total monounsaturated FA (cis), 
total n- 3 PUFA, total n- 6 PUFA, and total trans FA.

The intra- assay and interassay coefficients of varia-
tion were 0.5% to 4.3% for FAs present at >25 µmol/L, 
1.8% to 7.1% for FAs present at proportions between 5 
and 25 µmol/L, and 2.8% to 11.1% for FAs present at 
proportions <5 µmol/L.

Ascertainment of Stroke
Incident stroke (fatal and nonfatal) is 1 of the primary 
outcomes of the CHS. Surveillance for cardiovascular 
events, including stroke, occurred during annual clinic 
visits and intervening 6- month telephone contacts 
through 1999 and thereafter by twice yearly telephone 
contacts through the present. At each 6- month con-
tact, participants were asked to report new cardiovas-
cular events and hospitalizations. Medicare data were 
used to identify unreported cardiovascular events. Of 
the participants, <3% were lost to follow- up for event 
ascertainment. All interview data, medical records, 
imaging studies, death certificates, and next- of- kin 
reports of the cases of incident stroke were reviewed 
and adjudicated by an event committee.27 Stroke type 
was classified as ischemic or hemorrhagic. Stroke in 
participants with incomplete findings or ≥2 causes of 
stroke were classified as unknown. Because of the 
small numbers of hemorrhagic (n=45) and unknown 
(n=22) stroke, we combined the 3 types of stroke for 
statistical analyses.

Other Covariates
At enrollment, participants reported age, sex, race, and 
educational attainment. All other participant character-
istics reported here were collected at the 1996 to 1997 
visit, which serves as baseline for the current analysis. 
Smoking status (never, former, current), alcohol intake 
(none, 1– 6 drinks/week, 1– 2 drinks/day, >2 drinks/day), 
regular aspirin use (≥2 times/week), and health sta-
tus were assessed by questionnaire. Serum albumin 
was measured using a standardized method. Weight, 
height, waist circumference, C- reactive protein, and 
total serum concentration cholesterol were measured 
using standardized methodology. Physical activity was 
assessed using the Minnesota Leisure- Time Activities 
questionnaire and quantified as metabolic equivalents 
per week. Renal function was assessed based on 
cystatin C for estimate glomerular filtration rate (mL/
min per 1.73  m2). Diabetes was defined as fasting 
glucose ≥7  mmol/L (126  mg/dL), nonfasting glucose 
≥11.1 mmol/L (200 mg/dL), or use of oral hypoglycemic 
medications or insulin. Hypertension was defined as 
systolic blood pressure ≥140 mm Hg, diastolic blood 
pressure ≥90 mm Hg, or treatment with blood pres-
sure lowering medications plus reported physician di-
agnosis of hypertension.

Statistical Analysis
To characterize the study population at the analysis 
baseline, we calculated means and SDs for continuous 
measures and proportions for categorical measures. 
We estimated correlations among NEFA species using 
Pearson correlation coefficients and represent them 
visually with a heatmap. The associations of NEFA 
subclasses and individual NEFAs (µmol/L) with risk 
of incident stroke were assessed by Cox proportional 
hazards regression. Time at risk was calculated as the 
time from the date of the 1996 to 1997 study visit to 
the earliest date of incident stroke, date of death, date 
of loss to follow- up, or date of administrative censoring 
(June, 2015). We used generalized additive models to 
test for departures from linearity for the association of 
each individual NEFA with incident stroke. A total of 2 
individual NEFAs, 24:0 and 18:4n- 3, showed evidence 
of nonlinearity, but when modeled using a cubic spline 
function, neither was significantly associated with inci-
dent stroke (likelihood ratio test P values of 0.83 and 
0.32, respectively). Therefore, for simplicity, we elected 
to model all NEFAs linearly. Hazard ratio (HR) estimates 
are expressed per 1 SD increment in NEFAs to facili-
tate comparisons. The proportional hazards assump-
tion was tested using Schoenfeld residuals, and no 
evidence of nonproportionality was found.

We also conducted a principal component analysis, 
retaining components with eigenvalues >1 and then fit-
ting Cox models with these components.
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Multivariable analyses were adjusted for covari-
ates as follows: model 1— age (continuous), sex, race 
(White and Black participants), field center, and other 
NEFAs (NEFA subclasses or all 35 NEFAs); model 2— 
all the covariates in model 1 plus education, smoking, 
physical activity (continuous), serum albumin (contin-
uous), alcohol intake (0, 1– 6, 7– 14, >14 drinks/week), 
estimated glomerular filtration rate (eGFR; continuous), 
body mass index (kg/m2; continuous), regular aspirin 
use ≥2 times/week, and waist circumference (contin-
uous); model 3— all of the covariates in model 2 plus 
hypertension, prevalent diabetes, and total serum 
cholesterol concentration (continuous). A sensitiv-
ity analysis was conducted by excluding cases with 
hemorrhagic stroke (n=45). Because model 3 included 
additional covariates that may be confounders in the 
association between individual NEFAs and stroke, we 
present estimates from both models 2 and 3 through-
out. In addition, exploratory analyses were performed 
to assess whether insulin resistance was a confounder 
in the observed associations by comparing a model 
with and without homeostatic model assessment of 
insulin resistance.

To address multicollinearity among NEFAs, we cal-
culated the variance inflation factor for each NEFA and 
ratios of standard errors of coefficients before and after 
mutual adjustment. Because 3 low- frequency NEFAs 
not significantly associated with stroke had variance in-
flation factors >10, we repeated our analyses excluding 
these species by reducing the mean variance inflation 
factor from 7.4 to 5.9.

Analyses were conducted using Stata (version 14.2; 
College Station, TX). Statistical significance was de-
fined as 2- tailed α≤0.05.

RESULTS
Characteristics of Study Participants
The mean±SD age of the participants was 
77.8±4.5  years, and the body mass index was 
26.7±4.4  kg/m2 (Table  1). Of the participants, 39.0% 
were men, 13.7% were Black participants, 14.4% 
had diabetes, and 59.7% had hypertension. During a 
median follow- up period of 10.5 years, a total of 338 
cases of incident stroke occurred, of which 80% were 
ischemic stroke, 13.3% were hemorrhagic stroke, and 
6.5% were unknown type of stroke. All subsequent re-
sults are reported for total stroke.

The most abundant serum individual NEFAs 
(µmol/L) in the CHS participants were oleic acid 
(150±63.0), palmitic acid (124±44.5), linoleic acid 
(78.8±32.6), and stearic acid (60.1±17.1), contributing 
to 83.6% of total serum NEFAs at the baseline mea-
surement (Table S1).

Associations of Serum NEFAs and Risk of 
Incident Stroke

Table 2 and Table S2 provide the results for 5 NEFA 
subclasses and 35 individual NEFAs, respectively. 
Table 3 highlights the key findings from Table S2. In 

Table 1. Baseline Characteristics of Cardiovascular 
Health Study Participants Free of Stroke at Baseline Visit in 
1996 to 1997 (n=2029)

Characteristics Participants

Age, y 77.8±4.5

Male sex, % 39.0

Black participants, % 13.7

Cardiovascular health study clinic, %

California 28.5

Maryland 20.3

North Carolina 23.4

Pennsylvania 27.8

Educational attainment, %

<High school 20.8

High school 29.0

>High school 50.2

Smoking status, %

Never smoked 44.1

Former smoker 48.7

Current smoker 7.2

Alcoholic drinks/wk, %

0 55.4

1– 6 30.4

7– 14 8.4

>14 5.8

Self- reported health, %

Excellent 6.0

Very good 28.2

Good 47.4

Fair 17.5

Poor 0.9

Physical activity, Kcal/wk 844 (280– 1770)

Prevalent diabetes, % 5.9

Diabetes, % 14.4

Hypertension, % 59.7

Total cholesterol, mg/dL 203±38.6

Aspirin use >2 d in 2 wk, % 39.5

Albumin, g/dL 3.8±0.3

Body mass index, kg/m2 26.7±4.4

Waist circumference, cm 96.3±12.7

eGFRcys 72.0±18.8

C- reactive protein, mg/dL 2.3 (1.0– 4.8)

Values are presented as mean±SD or median (interquartile range) for 
continuous variables and percent for categorical variables. eGFRcys indicates 
cystatin C for estimate glomerular filtration rate.



J Am Heart Assoc. 2021;10:e022725. DOI: 10.1161/JAHA.121.022725 5

Huang et al Serum NEFAs and Incident Stroke

NEFA subclasses analysis, NEFA n- 6 subclass was 
positively associated with incident stroke risk (Table 2; 
model 2: HR, 1.32 [95% CI, 1.01– 1.73]; P=0.04; model 
3: HR, 1.31 [95% CI, 1.00– 1.72]; P=0.05), whereas 
NEFA n- 3 subclass was negatively associated with 
incident stroke (model 2: HR, 0.77 [95% CI, 0.61– 
0.97]; P=0.02; model 3: HR, 0.76 [95% CI, 0.60– 0.95]; 
P=0.02). No significant associations were identified for 
SFA, monounsaturated FA, or trans FA subclasses.

In the individual NEFA analysis, 3 of the individual 
NEFAs were identified as significantly associated with 
incident stroke per SD increment in models 2 and 3 
(Table  3). In model 2, dihomo- γ- linolenic acid (DGLA) 
was positively associated with incident stroke risk 
(20:3n- 6; HR, 1.29 [95% CI, 1.02– 1.63]; P=0.04). Cis- 7- 
hexadecenoic acid (16:1n- 9c; HR, 0.67 [95% CI, 0.47– 
0.97]; P=0.03) and arachidonic acid (20:4n- 6; HR, 0.81 
[95% CI, 0.65– 1.00]; P=0.05) were negatively associ-
ated with incident stroke risk. In model 3, arachidic acid 
(20:0; HR, 1.21 [95% CI, 1.01– 1.44]; P=0.04) and DGLA 

(HR, 1.28 [95% CI, 1.01– 1.62]; P=0.04) were positively 
associated with incident stroke risk. Cis- 7- hexadecenoic 
acid (16:1n- 9c; HR, 0.68 [95% CI, 0.47– 0.98]; P=0.04) 
was negatively associated with incident stroke risk. 
In the sensitivity analysis that excluded hemorrhagic 
strokes, HR estimates were similar, but none were sta-
tistically significant (Table S3). Results excluding 3 low- 
frequency NEFAs with potential multicollinearity did not 
meaningfully change our results (Table S4).

In an exploratory analysis, there was no evidence 
that insulin resistance mediated the associations be-
tween NEFA subclasses/individual NEFAs and incident 
stroke (Tables S5 and S6).

Associations of Individual NEFAs and 
Incident Stroke on the Basis of Principal 
Component Analysis
All 35 individual NEFAs were included in the principal 
component analysis and assessed by Cox regression 

Table 2. Prospective Association of Serum NEFA Subclasses With Incident Stroke in the Cardiovascular Health Study 
Cohort in 1996 to 1997

Subclasses of 
NEFA, umol/L

Model 1* Model 2† Model 3‡

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

SFA 1.06 (0.86– 1.31) 0.58 1.12 (0.91– 1.39) 0.28 1.10 (0.88– 1.37) 0.40

MUFA 1.10 (0.84– 1.45) 0.48 1.09 (0.83– 1.44) 0.53 1.10 (0.83– 1.46) 0.51

n- 6 PUFA 1.32 (1.01– 1.72) 0.04 1.32 (1.01– 1.73) 0.04 1.31 (1.00– 1.72) 0.05

n- 3 PUFA 0.73 (0.58– 0.91) 0.01 0.77 (0.61– 0.97) 0.02 0.76 (0.60– 0.95) 0.02

Total trans FA 0.90 (0.76– 1.07) 0.23 0.85 (0.71– 1.01) 0.07 0.87 (0.72– 1.04) 0.12

HR estimates are given per 1 SD increment in NEFA subclass. FA indicates fatty acid; HR, hazard ratio; MUFA, monounsaturated fatty acid; n- 3 PUFA, 
omega- 3 polyunsaturated fatty acid; n- 6 PUFA, omega- 6 polyunsaturated fatty acid; NEFA, nonesterified fatty acid; and SFA, saturated fatty acid.

*Model 1 adjusted for age, sex, race, field center, and all other NEFA subclasses.
†Model 2 adjusted for model 1 covariates plus smoking status, education, physical activity, serum albumin, alcohol consumption, cystatin C for estimate 

glomerular filtration rate, body mass index, aspirin use, and waist circumference.
‡Model 3 adjusted for model 2 covariates plus hypertension, prevalent diabetes, and total serum cholesterol concentration.

Table 3. Selected Associations of Serum Individual NEFAs With Incident Stroke in the Cardiovascular Health Study in 1996 
to 1997

NEFAs, µmol/L

Model 1* Model 2† Model 3‡

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

SFA

Arachidic acid, 20:0 1.17 (0.98– 1.40) 0.09 1.18 (0.99– 1.41) 0.07 1.21 (1.01– 1.44) 0.04

MUFA

cis- 7- hexadecenoic acid, 16:1 n- 9c 0.71 (0.50– 1.02) 0.06 0.67 (0.47– 0.97) 0.03 0.68 (0.47– 0.98) 0.04

n- 6 PUFA

Dihomo- γ- linolenic acid, 20:3 n- 6 1.28 (1.01– 1.61) 0.04 1.29 (1.02– 1.63) 0.04 1.28 (1.01– 1.62) 0.04

Arachidonic acid, 20:4 n- 6 0.82 (0.66– 1.01) 0.06 0.81 (0.65– 1.00) 0.05 0.83 (0.67– 1.02) 0.08

HR estimates are given per 1 SD increment in NEFAs. HR indicates hazard ratio; MUFA, monounsaturated fatty acid; n- 6 PUFA, omega- 6 polyunsaturated 
fatty acid; NEFA, nonesterified fatty acid; and SFA, saturated fatty acid.

*Model 1 adjusted for age, sex, race, field center, and all other NEFAs.
†Model 2 adjusted for model 1 covariates plus smoking status, education, physical activity, serum albumin, alcohol consumption, cystatin C for estimate 

glomerular filtration rate, body mass index, aspirin use, and waist circumference.
‡Model 3 adjusted for model 2 covariates plus hypertension, prevalent diabetes, and total serum cholesterol concentration.
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model for the association with incident stroke. Among 
the 7 derived principal components with eigenvalues 
>1, principal component 4 was positively associated 
with incident stroke (HR, 1.10 [95% CI, 1.01– 1.20]; 
P=0.025) in model 2 (Table S7). Principal component 
4 comprised SFAs, DHA, and linelaidic acid (18:2  t). 
DHA (22:6n- 3) was negatively associated and 8 other 
NEFAs (14:0, 15:0, 18:0, 20:0, 22:0, 14:1n- 5, 22:1n- 9, 
and 18:2  t) were positively associated with incident 
stroke (Table S8). Additional variables in model 3 did 
not mediate these associations.

DISCUSSION
To our knowledge, this is the first study to profile sub-
classes and individual NEFAs and assess their relations 
with incident stroke in a community- based prospec-
tive study among older adults. Overall, the findings in-
dicated a positive association between total n- 6 NEFA 
and incident stroke and a negative association for total 
n- 3 NEFA. We also observed modest positive associa-
tions of dihomo- γ- linolenic (20:3n- 6) and arachidic acids 
(20:0) and an inverse association of cis- 7- hexadecenoic 
acid (16:1n- 9c) with incident stroke. Although the con-
centrations of these individual NEFAs were at low abun-
dance in serum and their associations were modest, 
the physiological effects may be of clinical importance.

In our cohort of older adults, an inverse association 
was observed between total nonesterified n- 3 PUFA 
and incident total stroke, although no significant asso-
ciations were observed with individual n- 3 NEFAs. In 
addition, DHA was lower in the single principal compo-
nent significantly associated with a higher risk of stroke. 
There is marked heterogeneity among the available 
data for the relation between circulating n- 3 PUFA and 
incident stroke, particularity when assessed on the 
basis of sex, different n- 3 FA lipid fractions, and stroke 
type.20,21,28– 31 Although on the basis of a prior report 
we might have expected some individual nonesterified 
n- 3 PUFAs to have significantly beneficial effects, our 
results suggested benefit only at the subclass level; 
differences in FA units and multivariable models might 
explain the differences for individual NEFAs with other 
studies.32 With regard to the benefit of n- 3 PUFAs, 
higher concentrations of fasting nonesterified n- 3 
PUFA concentrations may reflect participants’ habit-
ual diets.19 The majority of fasting serum NEFAs enter 
circulation from adipose tissues as a result of triacyl-
glycerol hydrolysis. The turnover rate of FAs in adipose 
tissue has been estimated to range from 1 to 2 years.33 
The observed benefit of nonesterified n- 3 PUFAs may 
be mediated through a combination of effects, in-
cluding lower plasma triacylglycerol concentrations,34 
platelet aggregation,35 oxidative stress, inflammation,36 
and endothelial dysfunction.34

A positive association was observed between non-
esterified n- 6 PUFAs and incident total stroke, albeit 
a negative association for arachidonic acid. Recent 
studies reported that phospholipid total n- 6 PUFA 
concentration was negatively associated with incident 
stroke.29,36,37 Higher levels of linoleic acid in phos-
pholipid and cholesteryl ester were associated with 
lower stroke risk, but no significant association was 
observed with arachidonic acid. These data are not 
consistent with the findings in this study, presumably 
reflecting the different FA pools assessed. Arachidonic 
acid is synthesized from linoleic acid. Given the differ-
ences in physiological characteristics and functions 
of fasting NEFA, n- 6 NEFA subclass may be linked 
to inflammation,3,4 a crucial step in the development 
of stroke, through the eicosanoid pathway. In addi-
tion, the units in which the FAs are reported is crucial. 
Absolute concentrations of FA, mmol/L, might result 
in higher intersubject variability than mole percent and 
therefore introduce a wider range of data for a single 
NEFA.32 Thus, the source and reporting unit of FA likely 
influence interpretation of the data.

A positive association was observed between 
nonesterified DGLA and incident total stroke. This 
observation is in contrast to prior work that identified 
no significant association between incident stroke or 
stroke subtype with DGLA (20:3n- 6) when assessed in 
the total serum, phospholipid, or cholesteryl ester frac-
tions.21,38 DGLA is a precursor of arachidonic acid and 
is present at low abundance. It can be synthesized en-
dogenously from dietary linoleic acid, an essential FA, 
by a series of enzymatic reactions involving desatura-
tion (δ- 6 desaturase) and elongation (FA elongase 5). 
In the Atherosclerosis Risk in Communities Study, the 
indexes for elongase (18:0/16:0) and δ- 6 desaturase 
(18:3n- 6/18:2n- 6 for CE; 20:3n- 6/18:2n- 6 for phospho-
lipid) were not associated with incident ischemic stroke 
risk.21

In this cohort of older adults, an inverse associa-
tion between nonesterified cis- 7- hexadecenoic acid 
(16:1n- 9c) and incident stroke was observed. Cis- 7- 
hexadecenoic acid, which is mainly synthesized en-
dogenously through β- oxidation of oleic acid (18:1n- 9), 
is a minor FA presented at low abundance in both foods 
and the human body. A potential mechanism for this as-
sociation may be in part through its anti- inflammatory 
effect. Exposing human monocytes to oxidized low- 
density lipoprotein resulted in lipid droplets enriched 
in cis- 7- hexadecenoic acid. Cis- 7- hexadecenoic acid 
has been reported to reduce anti- inflammatory gene 
expression in human monocytes.39 Mice intraperito-
neally injected with cis- 7- hexadecenoic acid had lower 
interleukin- 6 mRNA expression in peritoneal cells and 
serum concentrations than those injected with DHA 
(22:6n- 3).39 Our findings, together with prior evidence, 
suggest further work should investigate the potential 
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for cis- 7- hexadecenoic acid to serve as a biomarker for 
incident stroke risk.

Serum nonesterified arachidic acid (20:0) was as-
sociated with an elevated risk of incident total stroke. 
Arachidic acid is found naturally as a minor very long– 
chain SFA in peanut oil, corn oil, and cocoa butter and 
in trace amounts in other dietary fats.40 It can be syn-
thesized endogenously via de novo lipogenesis. Very 
long– chain SFAs, particularly plasma phospholipid 
arachidic acid, has been associated with lower risk of 
coronary heart disease, heart failure, and cardiovascu-
lar disease risk factors.41,42 To date, these data are lim-
ited, and the significance of the observation requires 
further assessment.

An NEFA pattern (principal component 4) charac-
terized by SFAs, DHA and linelaidic acid was positively 
associated with incident stroke. Although no prior 
data are available for the relations between NEFAs 
pattern and incident stroke, the group of NEFAs pre-
sented in principal component 4 represented both de 
novo lipogenesis and dietary intake, suggesting mul-
tiple NEFAs may function together to influence stroke 
risk.

Of note, our primary analyses focus on total stroke, 
which is of greatest clinical import. In sensitivity anal-
yses, our findings were generally similar in magnitude 
but not significant for the subset of ischemic strokes. 
The loss of statistical significance is likely attributable 
to reduced statistical power as a result of fewer events. 
Another possibility is the presence of cerebral amyloid 
angiopathy– associated hemorrhagic stroke. Given that 
NEFA is highly associated with dementia43 and that ce-
rebral amyloid angiopathy increases the risks for de-
mentia and hemorrhagic stroke,44 it is reasonable to 
speculate that NEFA may play a role in a hemorrhagic 
stroke case with cerebral amyloid angiopathy. Studies 
specifically assessing the relation of NEFAs in hemor-
rhagic stroke are warranted.

Strengths of this study include the rigorous as-
certainment of stroke and the availability of extensive 
data on cardiometabolic risk factors, lifestyle, and 
demographics collected using standardized meth-
ods. In addition, coefficients of variation for individ-
ual NEFAs in this study were low, particularly when 
some NEFAs were present at low concentrations. A 
limitation was insufficient statistical power to allow for 
analysis on the basis of stroke type. Measures of the 
individual serum NEFAs were only available at 1 time 
point, hence no comment can be made about the po-
tential impact of longitudinal changes on stroke risk. 
We included all NEFAs simultaneously in our statistical 
analyses to minimize the number of separate models 
fit, but as with any study that examines multiple FAs, 
we cannot exclude the possibility of chance findings, 
especially for those associations that were of modest 
significance.

CONCLUSIONS
In this cohort of older adults, the nonesterified total n- 3 
PUFAs, n- 6 PUFAs, and DGLA, derived for the most 
part from diet, were associated with risk of total stroke, 
suggesting the influence of dietary fat quality and po-
tential use as biomarkers for total stroke risk.

ARTICLE INFORMATION
Received June 2, 2021; accepted October 4, 2021.

Affiliations
Cardiovascular Nutrition Laboratory, Jean Mayer USDA Human Nutrition 
Research Center on Aging, Tufts University, Boston, MA (N.K.H., N.R.M., 
A.H.L.); Department of Biostatistics (M.L.B.) and Departments of Neurology 
and Epidemiology (W.T.L.), University of Washington, Seattle, WA; Division 
of Aging, Brigham and Women’s Hospital, Harvard Medical School, Boston, 
MA (L.D.); Division of General Medicine, Beth Israel Deaconess Medical 
Center, Boston, MA (K.J.M.); and The New York Academy of Medicine, , New 
York, NY (D.S.S.).

Acknowledgments
We thank the participants and all the staff in the CHS Cohort. Author contri-
butions: Huang performed the data interpretation and wrote the initial draft 
of the article; Biggs performed statistical analysis and participated in data 
interpretation; Matthan and Lichtenstein oversaw the NEFA analysis and par-
ticipated in data interpretation; Longstreth, a member of stroke adjudication 
committee, performed data interpretation; Siscovick performed data inter-
pretation; Djoussé and Mukamal designed the research and participated in 
data interpretation; Huang and Lichtenstein had primary responsibility for the 
final content of the article; all authors contributed to the critical review of the 
article and have approved the final version.

Sources of Funding
This study is supported by the US Department of Agriculture (agreement no. 
58- 1950- 4- 401, PI Lichtenstein) and by contracts HHSN268201200036C, 
HHSN268200800007C, HHSN268201800001C, N01HC55222, N01HC85079, 
N01HC85080, N01HC85081, N01HC85082, N01HC85083, N01HC85086, 
and 75N92021D00006 and grants U01HL080295 and U01HL130114 from 
the National Heart, Lung, and Blood Institute, with additional contribution 
from the National Institute of Neurological Disorders and Stroke. Additional 
support was provided by R01AG023629 from the National Institute on 
Aging. A full list of principal CHS investigators and institutions can be found 
at CHS- NHLBI.org. The content is solely the responsibility of the authors and 
does not necessarily represent the official views of the US Department of 
Agriculture and the National Institutes of Health.

Disclosures
None.

Supplementary Material
Tables S1– S8

REFERENCES
 1. Virani SS, Alonso A, Benjamin EJ, Bittencourt MS, Callaway CW, 

Carson AP, Chamberlain AM, Chang AR, Cheng S, Delling FN, et al; 
American Heart Association Council on Epidemiology and Prevention 
Statistics Committee and Stroke Statistics Subcommittee. Heart dis-
ease and stroke statistics- 2020 update: a report from the American 
Heart Association. Circulation. 2020;141:e139– e596. doi: 10.1161/
CIR.00000 00000 000757

 2. Ovbiagele B, Goldstein LB, Higashida RT, Howard VJ, Johnston SC, 
Khavjou OA, Lackland DT, Lichtman JH, Mohl S, Sacco RL, et al. 
Forecasting the future of stroke in the United States: a policy state-
ment from the American Heart Association and American Stroke 
Association. Stroke. 2013;44:2361– 2375. doi: 10.1161/STR.0b013 
e3182 9734f2

https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1161/CIR.0000000000000757
https://doi.org/10.1161/STR.0b013e31829734f2
https://doi.org/10.1161/STR.0b013e31829734f2


J Am Heart Assoc. 2021;10:e022725. DOI: 10.1161/JAHA.121.022725 8

Huang et al Serum NEFAs and Incident Stroke

 3. Anrather J, Iadecola C. Inflammation and stroke: an overview. 
Neurotherapeutics. 2016;13:661– 670. doi: 10.1007/s1331 1- 016- 0483- x

 4. Johnson AR, Milner JJ, Makowski L. The inflammation highway: me-
tabolism accelerates inflammatory traffic in obesity. Immunol Rev. 
2012;249:218– 238. doi: 10.1111/j.1600- 065X.2012.01151.x

 5. Mas S, Martinez- Pinna R, Martin- Ventura JL, Perez R, Gomez- Garre 
D, Ortiz A, Fernandez- Cruz A, Vivanco F, Egido J. Local non- esterified 
fatty acids correlate with inflammation in atheroma plaques of patients 
with type 2 diabetes. Diabetes. 2010;59:1292– 1301. doi: 10.2337/
db09- 0848

 6. Tripathy D, Mohanty P, Dhindsa S, Syed T, Ghanim H, Aljada A, Dandona 
P. Elevation of free fatty acids induces inflammation and impairs vas-
cular reactivity in healthy subjects. Diabetes. 2003;52:2882– 2887. doi: 
10.2337/diabe tes.52.12.2882

 7. Golovko SA, Golovko MY. Plasma unesterified fatty- acid profile is dra-
matically and acutely changed under ischemic stroke in the mouse 
model. Lipids. 2018;53:641– 645. doi: 10.1002/lipd.12073

 8. Cho KI, Kim BJ, Cho SH, Lee JH, Kim MK, Yoo BG. Epicardial fat 
thickness and free fatty acid level are predictors of acute ischemic 
stroke with atrial fibrillation. J Cardiovasc Imaging. 2018;26:65– 74. doi: 
10.4250/jcvi.2018.26.e1

 9. Mutanen M, Freese R. Fats, lipids and blood coagulation. Curr Opin 
Lipidol. 2001;12:25– 29. doi: 10.1097/00041 433- 20010 2000- 00005

 10. Bu J, Dou Y, Tian X, Wang Z, Chen G. The role of omega- 3 polyunsatu-
rated fatty acids in stroke. Oxid Med Cell Longev. 2016;2016:6906712. 
doi: 10.1155/2016/6906712

 11. Fagot- Campagna A, Balkau B, Simon D, Warnet JM, Claude JR, 
Ducimetière P, Eschwège E. High free fatty acid concentration: an inde-
pendent risk factor for hypertension in the Paris Prospective Study. Int 
J Epidemiol. 1998;27:808– 813. doi: 10.1093/ije/27.5.808

 12. Sarafidis PA, Bakris GL. Non- esterified fatty acids and blood pres-
sure elevation: a mechanism for hypertension in subjects with obesity/
insulin resistance? J Hum Hypertens. 2007;21:12– 19. doi: 10.1038/
sj.jhh.1002103

 13. Florian JP, Pawelczyk JA. Non- esterified fatty acids increase arterial 
pressure via central sympathetic activation in humans. Clin Sci (Lond). 
2009;118:61– 69. doi: 10.1042/CS200 90063

 14. Karpe F, Dickmann JR, Frayn KN. Fatty acids, obesity, and insulin re-
sistance: time for a reevaluation. Diabetes. 2011;60:2441– 2449. doi: 
10.2337/db11- 0425

 15. Johnston LW, Harris SB, Retnakaran R, Giacca A, Liu Z, Bazinet RP, 
Hanley AJ. Association of nefa composition with insulin sensitivity and 
beta cell function in the Prospective Metabolism and Islet Cell Evaluation 
(PROMISE) cohort. Diabetologia. 2018;61:821– 830. doi: 10.1007/s0012 
5- 017- 4534- 6

 16. Choi JY, Kim JS, Kim JH, Oh K, Koh SB, Seo WK. High free fatty acid 
level is associated with recurrent stroke in cardioembolic stroke pa-
tients. Neurology. 2014;82:1142– 1148. doi: 10.1212/WNL.00000 00000 
000264

 17. Khawaja O, Maziarz M, Biggs ML, Longstreth WT, Ix JH, Kizer JR, 
Zieman S, Tracy RP, Mozaffarian D, Mukamal KJ, et al. Plasma free fatty 
acids and risk of stroke in the Cardiovascular Health Study. Int J Stroke. 
2014;9:917– 920. doi: 10.1111/ijs.12216

 18. Djoussé L, Biggs ML, Ix JH, Kizer JR, Lemaitre RN, Sotoodehnia 
N, Zieman SJ, Mozaffarian D, Tracy RP, Mukamal KJ, et al. 
Nonesterified fatty acids and risk of sudden cardiac death in older 
adults. Circ Arrhythm Electrophysiol. 2012;5:273– 278. doi: 10.1161/
CIRCEP.111.967661

 19. Hellmuth C, Demmelmair H, Schmitt I, Peissner W, Blüher M, Koletzko 
B. Association between plasma nonesterified fatty acids species and 
adipose tissue fatty acid composition. PLoS One. 2013;8:e74927. doi: 
10.1371/journ al.pone.0074927

 20. Imamura F, Lemaitre RN, King IB, Song X, Lichtenstein AH, Matthan 
NR, Herrington DM, Siscovick DS, Mozaffarian D. Novel circulating fatty 
acid patterns and risk of cardiovascular disease: the Cardiovascular 
Health Study. Am J Clin Nutr. 2012;96:1252– 1261. doi: 10.3945/
ajcn.112.039990

 21. Yamagishi K, Folsom AR, Steffen LM. Plasma fatty acid composition 
and incident ischemic stroke in middle- aged adults: the Atherosclerosis 
Risk in Communities (ARIC) study. Cerebrovasc Dis. 2013;36:38– 46. 
doi: 10.1159/00035 1205

 22. Saber H, Yakoob MY, Shi P, Longstreth WT Jr, Lemaitre RN, Siscovick 
D, Rexrode KM, Willett WC, Mozaffarian D. Omega- 3 fatty acids and 
incident ischemic stroke and its atherothrombotic and cardioembolic 

subtypes in 3 US cohorts. Stroke. 2017;48:2678– 2685. doi: 10.1161/
STROK EAHA.117.018235

 23. Fried LP, Borhani NO, Enright P, Furberg CD, Gardin JM, Kronmal RA, 
Kuller LH, Manolio TA, Mittelmark MB, Newman A, et al. The cardiovas-
cular health study: design and rationale. Ann Epidemiol. 1991;1:263– 
276. doi: 10.1016/1047- 2797(91)90005 - W

 24. Folch J, Lees M, Sloane Stanley GH. A simple method for the isola-
tion and purification of total lipides from animal tissues. J Biol Chem. 
1957;226:497– 509. doi: 10.1016/S0021 - 9258(18)64849 - 5

 25. Agren JJ, Julkunen A, Penttilä I. Rapid separation of serum lipids 
for fatty acid analysis by a single aminopropyl column. J Lipid Res. 
1992;33:1871– 1876. doi: 10.1016/S0022 - 2275(20)41345 - 8

 26. Morrison WR, Smith LM. Preparation of fatty acid methyl esters and 
dimethylacetals from lipids with boron fluoride– methanol. J Lipid Res. 
1964;5:600– 608. doi: 10.1016/S0022 - 2275(20)40190 - 7

 27. Longstreth WT Jr, Bernick C, Fitzpatrick A, Cushman M, Knepper 
L, Lima J, Furberg CD. Frequency and predictors of stroke death in 
5,888 participants in the Cardiovascular Health Study. Neurology. 
2001;56:368– 375. doi: 10.1212/WNL.56.3.368

 28. Abdelhamid AS, Brown TJ, Brainard JS, Biswas P, Thorpe GC, Moore 
HJ, Deane KHO, AlAbdulghafoor FK, Summerbell CD, Worthington 
HV, et al. Omega- 3 fatty acids for the primary and secondary pre-
vention of cardiovascular disease. Cochrane Database Syst Rev. 
2018;11:CD003177. doi: 10.1002/14651 858.CD003 177.pub3

 29. Borges MC, Schmidt AF, Jefferis B, Wannamethee SG, Lawlor 
DA, Kivimaki M, Mumari M, Gaunt TR, Ben- Shlomo Y, Tillin T, et al. 
Circulating fatty acids and risk of coronary heart disease and stroke: 
individual participant data meta- analysis in up to 16,126 participants. J 
Am Heart Assoc. 2020;9:e013131. doi: 10.1161/JAHA.119.013131

 30. Yaemsiri S, Sen S, Tinker LF, Robinson WR, Evans RW, Rosamond W, 
Wasserthiel- Smoller S, He K. Serum fatty acids and incidence of isch-
emic stroke among postmenopausal women. Stroke. 2013;44:2710– 
2717. doi: 10.1161/STROK EAHA.111.000834

 31. Bork CS, Veno SK, Lundbye- Christensen S, Jakobsen MU, Tjonneland A, 
Schmidt EB, Overvad K. Dietary intake of alpha- linolenic acid is not appre-
ciably associated with risk of ischemic stroke among middle- aged danish 
men and women. J Nutr. 2018;148:952– 958. doi: 10.1093/jn/nxy056

 32. Brenna JT, Plourde M, Stark KD, Jones PJ, Lin YH. Best practices for 
the design, laboratory analysis, and reporting of trial involving fatty 
acids. Am J Clin Nutr. 2018;108:211– 227. 10.1093/ajcn/nqy089

 33. Baylin A, Campos H. The use of fatty acid biomarkers to reflect dietary 
intake. Curr Opin Lipidol. 2006;17:22– 27. doi: 10.1097/01.mol.00001 
99814.46720.83

 34. Mozaffarian D, Wu JHY. Omega- 3 fatty acids and cardiovascular dis-
ease: effects on risk factors, molecular pathways, and clinical events. J 
Am Coll Cardiol. 2011;58:2047– 2067. doi: 10.1016/j.jacc.2011.06.063

 35. Akiba S, Murata T, Kitatani K, Sato T. Involvement of lipoxygenase path-
way in docosapentaenoic acid- induced inhibition of platelet aggrega-
tion. Biol Pharm Bull. 2000;23:1293– 1297. doi: 10.1248/bpb.23.1293

 36. Yang WS, Chen YY, Chen PC, Hsu HC, Su TC, Lin HJ, Chen MF, Lee 
YT, Chien KL. Association between Plasma N- 6 Polyunsaturated Fatty 
Acids Levels and the Risk of Cardiovascular Disease in a Community- 
based Cohort Study. Sci Rep. 2019;9:e19298. doi: 10.1038/s4159 8- 
019- 55686 - 7

 37. Marklund M, Wu JHY, Imamura F, Del Gobbo LC, Fretts A, de Goede J, Shi 
P, Tintle N, Wennberg M, Aslibekyan S, et al. Biomarkers of dietary omega- 6 
fatty acids and incident cardiovascular disease and mortality. Circulation. 
2019;139:2422– 2436. doi: 10.1161/CIRCU LATIO NAHA.118.038908

 38. Iso H, Sato S, Umemura U, Kudo M, Koike K, Kitamura A, Imano H, 
Okamura T, Naito Y, Shimamoto T. Linoleic acid, other fatty acids, 
and the risk of stroke. Stroke. 2002;33:2086– 2093. doi: 10.1161/01.
STR.00000 23890.25066.50

 39. Guijas C, Meana C, Astudillo AM, Balboa MA, Balsinde J. Foamy mono-
cytes are enriched in cis- 7- hexadecenoic fatty acid (16:1n– 9), a possible 
biomarker for early detection of cardiovascular disease. Cell Chem Biol. 
2016;23:689– 699. doi: 10.1016/j.chemb iol.2016.04.012

 40. US Department of Agriculture ARS, Nutrition Data Laboratory. USDA 
national nutrient database for standard reference, release 28 (2015). 
Slightly revised, May 2016. Accessed June 25, 2020. http://www.ars.
usda.gov/ba/bhnrc/ ndl

 41. Malik VS, Chiuve SE, Campos H, Rimm EB, Mozaffarian D, Hu FB, Sun 
Q. Circulating very- long- chain saturated fatty acids and incident coro-
nary heart disease in US men and women. Circulation. 2015;132:260– 
268. doi: 10.1161/CIRCU LATIO NAHA.114.014911

https://doi.org/10.1007/s13311-016-0483-x
https://doi.org/10.1111/j.1600-065X.2012.01151.x
https://doi.org/10.2337/db09-0848
https://doi.org/10.2337/db09-0848
https://doi.org/10.2337/diabetes.52.12.2882
https://doi.org/10.1002/lipd.12073
https://doi.org/10.4250/jcvi.2018.26.e1
https://doi.org/10.1097/00041433-200102000-00005
https://doi.org/10.1155/2016/6906712
https://doi.org/10.1093/ije/27.5.808
https://doi.org/10.1038/sj.jhh.1002103
https://doi.org/10.1038/sj.jhh.1002103
https://doi.org/10.1042/CS20090063
https://doi.org/10.2337/db11-0425
https://doi.org/10.1007/s00125-017-4534-6
https://doi.org/10.1007/s00125-017-4534-6
https://doi.org/10.1212/WNL.0000000000000264
https://doi.org/10.1212/WNL.0000000000000264
https://doi.org/10.1111/ijs.12216
https://doi.org/10.1161/CIRCEP.111.967661
https://doi.org/10.1161/CIRCEP.111.967661
https://doi.org/10.1371/journal.pone.0074927
https://doi.org/10.3945/ajcn.112.039990
https://doi.org/10.3945/ajcn.112.039990
https://doi.org/10.1159/000351205
https://doi.org/10.1161/STROKEAHA.117.018235
https://doi.org/10.1161/STROKEAHA.117.018235
https://doi.org/10.1016/1047-2797(91)90005-W
https://doi.org/10.1016/S0021-9258(18)64849-5
https://doi.org/10.1016/S0022-2275(20)41345-8
https://doi.org/10.1016/S0022-2275(20)40190-7
https://doi.org/10.1212/WNL.56.3.368
https://doi.org/10.1002/14651858.CD003177.pub3
https://doi.org/10.1161/JAHA.119.013131
https://doi.org/10.1161/STROKEAHA.111.000834
https://doi.org/10.1093/jn/nxy056
https://doi.org/10.1093/ajcn/nqy089
https://doi.org/10.1097/01.mol.0000199814.46720.83
https://doi.org/10.1097/01.mol.0000199814.46720.83
https://doi.org/10.1016/j.jacc.2011.06.063
https://doi.org/10.1248/bpb.23.1293
https://doi.org/10.1038/s41598-019-55686-7
https://doi.org/10.1038/s41598-019-55686-7
https://doi.org/10.1161/CIRCULATIONAHA.118.038908
https://doi.org/10.1161/01.STR.0000023890.25066.50
https://doi.org/10.1161/01.STR.0000023890.25066.50
https://doi.org/10.1016/j.chembiol.2016.04.012
http://www.ars.usda.gov/ba/bhnrc/ndl
http://www.ars.usda.gov/ba/bhnrc/ndl
https://doi.org/10.1161/CIRCULATIONAHA.114.014911


J Am Heart Assoc. 2021;10:e022725. DOI: 10.1161/JAHA.121.022725 9

Huang et al Serum NEFAs and Incident Stroke

 42. Lemaitre RN, McKnight B, Sotoodehnia N, Fretts AM, Qureshi WT, Song 
X, King IB, Sitlani CM, Siscovick DS, Psaty BM, et al. Circulating very long- 
chain saturated fatty acids and heart failure: the Cardiovascular Health 
Study. J Am Heart Assoc. 2018;7:e010019. doi: 10.1161/JAHA.118.010019

 43. Mukamal KJ. Nonesterified fatty acids, cognitive decline, and dementia. 
Curr Opin Lipidol. 2020;31:1– 7. doi: 10.1097/MOL.00000 00000 000656

 44. Viswanathan A, Greenberg SM. Cerebral amyloid angiopathy in the el-
derly. Ann Neurol. 2011;70:871– 880. doi: 10.1002/ana.22516

https://doi.org/10.1161/JAHA.118.010019
https://doi.org/10.1097/MOL.0000000000000656
https://doi.org/10.1002/ana.22516


SUPPLEMENTAL MATERIAL 



Table S1. Mean and standard deviation (S.D.) and median (interquartile range, IQR) for 
individual non-esterified fatty acids in the Cardiovascular Health Study participants, 
1996-1997 

NEFA, µmol/L Mean ± SD (Range) Median (IQR) 

SFA 199 ± 62.7 (57.4-652) 191 (155-235) 

Lauric acid, 12:0 2.69 ± 2.79 (0.03-34.3)  2.06 (1.38-3.09) 

Myristic acid, 14:0 8.97 ± 4.04 (1.13-41.5)  8.17 (6.14-11.0) 

Pentadecylic acid, 15:0 1.61 ± 0.53 (0.51-6.55)  1.53 (1.24-1.88) 

Palmitic acid, 16:0 124 ± 44.5 (26.2-498) 118 (93.1-149) 

Stearic acid, 18:0 60.1 ± 17.1 (13.4-183.8) 58.1 (48.4-69.0) 

Arachidic acid, 20:0 0.72 + 0.37 (0.18-5.01)  0.62 (0.51-0.81) 

Behenic acid, 22:0 0.43 ± 0.18 (0.11-2.76)  0.39 (0.33-0.48) 

Lignoceric acid, 24:0 0.67 ± 0.63 (0.09-24.2)  0.61 (0.50-0.74) 

MUFA 183 ± 79.5 (26.2-577) 171 (125-229) 

Myristoleic acid, 14:1n-5 0.87 ± 0.64 (0.05-5.00)  0.69 (0.43-1.14) 

cis-7-hexadecenoic acid, 16:1n-9 2.00 ± 0.86 (0.45-6.18)  1.85 (1.37-2.45) 

Palmitoleic acid, 16:1n-7 16.1 ± 11.2 (1.18-99.5) 13.7 (8.64-21.4) 

Oleic acid, 18:1n-9 150.2 ± 63.0 (21.6-471) 142 (104-188) 

cis-Vaccenic acid, 18:1n-7 11.4 ± 5.51 (1.92-45.5) 10.3 (7.42-14.4) 

Gondoic acid, 20:1n-9 1.03 ± 0.48 (0.15-4.33)  0.94 (0.69-1.28) 

Erucic acid, 22:1n-9 0.38 ± 0.21 (0.04-3.21)  0.33 (0.24-0.44) 

Nervonic acid, 24:1n-9 0.35 ± 0.18 (0.06-4.41)  0.33 (0.27-0.39) 

n-6 PUFA 87.7 ± 35.1 (16.0-265) 82.0 (62.0-109) 

Linoleic acid, 18:2n-6 78.8 ± 32.6 (13.0-247) 73.5 (55.2-98.3) 



γ-Linolenic acid, 18:3n-6 0.56 ± 0.31 (0.07-3.02)  0.49 (0.34-0.71) 

Dihomolinoleic acid, 20:2n-6 0.90 ± 0.44 (0.11-6.38)  0.82 (0.60-1.11) 

Dihomo-γ-Linolenic acid, 20:3n-6 0.96 ± 0.70 (0.15-7.97)  0.79 (0.57-1.12) 

Arachidonic acid, 20:4n-6 5.35 ± 2.96 (1.14-26.5)  4.68 (3.53-6.28) 

Adrenic acid, 22:4n-6 0.71 ± 0.51 (0.09-6.99)  0.60 (0.42-0.86) 

Docosapentaenoic acid, 22:5n-6 0.38 ± 0.21 (0.06-2.31)  0.33 (0.25-0.45) 

n-3 PUFA 11.6 ± 4.63 (2.71-38.3) 10.7 (8.26-14.1) 

Alpha Linolenic acid (ALA), 18:3n-3 5.76 ± 2.91 (0.68-22.8)  5.19 (3.67-7.22) 

Stearidonic acid (SDA), 18:4n-3 2.14 ± 1.07 (0.17-8.41)  1.93 (1.40-2.63) 

Eicosapentaenoic acid (EPA), 20:5n-3 0.37 ± 0.30 (0.00-2.94)  0.29 (0.19-0.45) 

Docosapentaenoic acid (DPA), 22:5n-3 0.85 ± 0.44 (0.12-3.86)  0.77 (0.54-1.05) 

Docosahexaenoic acid (DHA), 22:6n-3 2.44 ± 1.51 (0.40-12.5)  2.05 (1.49-2.91) 

trans Fat 13.0 ± 5.59 (0.82-45.7) 12.2 (8.83-16.2) 

trans-7-hexadecenoic acid, 16:1n-9t 0.89 ± 0.48 (0.11-4.19)  0.80 (0.54-1.11) 

Palmitelaidic acid, 16:1n-7t 0.86 ± 0.35 (0.13-3.14)  0.81 (0.61-1.06) 

Sum of 18:1n-10-12t isomers* 0.71 ± 0.37 (0.03-3.57)  0.64 (0.45-0.87) 

Elaidic acid, 18:1n-9 6.51 ± 2.94 (0.20-23.0)  6.09 (4.35-8.15) 

trans-Vaccenic acid, 18:1n-7t 2.72 ± 1.21 (0.12-8.72)  2.53 (1.87-3.40) 

Linelaidic acid, 18:2t† 0.23 ± 0.19 (0.01-2.61)  0.18 (0.10-0.30) 

Conjugated linoleic acid, 18:2CLA 1.05 ± 0.75 (0.07-6.34)  0.84 (0.49-1.40) 

Values are presented as mean ± SD (Range) and median (interquartile range). *18:1n-10-12t, 
sum of 18:1n-10, n-11, and n-12 trans isomers; †18:2t, sum of all 18:2 trans isomers. 



Table S2. Prospective association of serum individual non-esterified fatty acid (NEFA) with 
incident stroke in the Cardiovascular Health Study cohort, 1996-1997 

NEFA, 
umol/L 

Model 1* Model 2† Model 3‡ 
Hazard ratio 

 (95% CI) P-value Hazard ratio
 (95% CI) P-value Hazard ratio

 (95% CI) P-value

SFA 

12:0 0.92 
 (0.80-1.06) 0.25 0.92 

 (0.80-1.07) 0.29 0.92 
 (0.80-1.07) 0.29 

14:0 0.95 
 (0.63-1.43) 0.81 0.97 

 (0.64-1.48) 0.90 0.93 
 (0.61-1.41) 0.73 

15:0 1.24 
 (0.90-1.72) 0.19 1.24 

 (0.89-1.73) 0.20 1.30 
 (0.93-1.82) 0.13 

16:0 1.29 
 (0.89-1.86) 0.18 1.33 

 (0.90-1.96) 0.15 1.30 
 (0.88-1.91) 0.19 

18:0 0.87 
 (0.66-1.14) 0.31 0.85 

 (0.65-1.12) 0.25 0.85 
 (0.65-1.11) 0.23 

20:0 1.17 
 (0.98-1.40) 0.09 1.18 

 (0.99-1.41) 0.07 1.21 
 (1.01-1.44) 0.04 

22:0 1.04 
 (0.91-1.18) 0.57 1.07 

 (0.94-1.21) 0.32 1.05 
 (0.92-1.20) 0.43 

24:0 0.97 
 (0.81-1.16) 0.73 0.99 

 (0.85-1.14) 0.85 0.97 
 (0.84-1.14) 0.75 

MUFA 

14:1n-5 0.89 
 (0.63-1.26) 0.51 0.87 

 (0.61-1.23) 0.42 0.87 
 (0.62-1.24) 0.45 

16:1n-9 0.71 
 (0.50-1.02) 0.06 0.67 

 (0.47-0.97) 0.03 0.68 
 (0.47-0.98) 0.04 

16:1n-7 1.13 
 (0.73-1.73) 0.59 1.16 

 (0.74-1.81) 0.53 1.21 
 (0.77-1.89) 0.41 

18:1n-9 0.80 
 (0.42-1.52) 0.50 0.91 

 (0.48-1.72) 0.77 0.92 
 (0.48-1.76) 0.79 

18:1n-7 1.22 
 (0.76-1.97) 0.41 1.15 

 (0.70-1.89) 0.57 1.10 
 (0.67-1.81) 0.71 

20:1n-9 1.20 
 (0.88-1.63) 0.25 1.14 

 (0.83-1.56) 0.42 1.14 
 (0.83-1.57) 0.42 

22:1n-9 0.95 
 (0.83-1.08) 0.42 0.96 

 (0.85-1.09) 0.56 0.96 
 (0.85-1.10) 0.57 

24:1n-9 1.03 
 (0.93-1.15) 0.56 1.02 

 (0.91-1.15) 0.68 1.00 
 (0.88-1.14) 0.94 

n-6 PUFA

18:2n-6 1.27 
 (0.85-1.91) 0.25 1.22 

 (0.81-1.83) 0.33 1.20 
 (0.80-1.81) 0.39 

18:3n-6 1.05 
 (0.90-1.23) 0.52 1.06 

 (0.90-1.25) 0.47 1.04 
 (0.89-1.23) 0.61 

20:2n-6 1.05 
 (0.89-1.24) 0.55 1.06 

 (0.90-1.25) 0.49 1.08 
 (0.91-1.27) 0.41 



20:3n-6 1.28 
 (1.01-1.61) 0.04 1.29 

 (1.02-1.63) 0.04 1.28 
 (1.01-1.62) 0.04 

20:4n-6 0.82 
 (0.66-1.01) 0.06 0.81 

 (0.65-1.00) 0.05 0.83 
 (0.67-1.02) 0.08 

22:4n-6 0.94 
 (0.81-1.09) 0.42 0.95 

 (0.82-1.10) 0.51 0.94 
 (0.80-1.10) 0.43 

22:5n-6 0.95 
 (0.80-1.12) 0.53 0.95 

 (0.80-1.14) 0.60 0.98 
 (0.82-1.17) 0.79 

n-3 PUFA

18:3n-3 0.90 
 (0.69-1.19) 0.47 0.96 

 (0.73-1.26) 0.78 0.96 
 (0.73-1.26) 0.77 

18:4n-3 1.05 
 (0.91-1.21) 0.48 1.07 

 (0.93-1.24) 0.36 1.08 
 (0.93-1.25) 0.29 

20:5n-3 0.94 
 (0.75-1.17) 0.59 0.96 

 (0.77-1.20) 0.70 0.97 
 (0.78-1.21) 0.80 

22:5n-3 0.90 
 (0.68-1.20) 0.49 0.92 

 (0.69-1.24) 0.60 0.92 
 (0.69-1.24) 0.60 

22:6n-3 0.88 
 (0.71-1.10) 0.28 0.87 

 (0.70-1.09) 0.22 0.84 
 (0.68-1.04) 0.11 

trans FA 

16:1n-9T 1.28 
 (0.92-1.76) 0.14 1.27 

 (0.91-1.78) 0.16 1.31 
 (0.93-1.83) 0.12 

16:1n-7T 0.77 
 (0.56-1.06) 0.11 0.77 

 (0.56-1.07) 0.12 0.77 
 (0.55-1.07) 0.12 

18:1n10-12T§ 1.15 
 (0.82-1.61) 0.42 1.10 

 (0.78-1.55) 0.58 1.09 
 (0.77-1.54) 0.62 

18:1n-9T 0.78 
 (0.57-1.07) 0.12 0.77 

 (0.56-1.07) 0.12 0.79 
 (0.57-1.09) 0.14 

18:1n-7T 0.92 
 (0.67-1.26) 0.60 0.91 

 (0.66-1.26) 0.58 0.92 
 (0.67-1.27) 0.61 

18:2T|| 1.03 
 (0.92-1.15) 0.63 1.04 

 (0.92-1.17) 0.54 1.04 
 (0.92-1.18) 0.52 

18:2CLA 1.04 
 (0.88-1.23) 0.68 1.03 

 (0.87-1.22) 0.75 1.02 
 (0.85-1.21) 0.84 

Hazard ratio estimates are given per 1-SD increment in NEFA. CI, confidence interval. CLA, 
conjugated linoleic acid. *Model 1 adjusted for age, sex, race, field center, and all other NEFAs; 
†Model 2 adjusts for model 1 covariates plus smoking status, education, physical activity, serum 
albumin, alcohol consumption, cystatin C for estimate glomerular filtration rate, body mass 
index, aspirin use, and waist circumference; ‡Model 3 adjusts for Model 2 covariates plus 
hypertension, prevalent diabetes, and total serum cholesterol concentration; §18:1n10-12t, sum of 
18:2n-10, n-11, and n-12 trans isomers; ||18:2t, sum of all 18:2 trans isomers. 



Table S3. Prospective association of serum individual non-esterified fatty acid (NEFA) with 
incident stroke, excluding hemorrhagic strokes (n=45), in the Cardiovascular Health Study 
cohort, 1996-1997 

NEFA, 
umol/L 

Model 1* Model 2† Model 3‡ 
Hazard ratio 

 (95% CI) P-value Hazard ratio
 (95% CI) P-value Hazard ratio

 (95% CI) P-value

SFA 

12:0 0.94 
 (0.81-1.09) 0.41 0.94 

 (0.81-1.10) 0.44 0.94 
 (0.81-1.09) 0.42 

14:0 1.09 
 (0.69-1.73) 0.70 1.12 

 (0.70-1.78) 0.64 1.05 
 (0.66-1.67) 0.84 

15:0 1.13 
 (0.78-1.63) 0.51 1.15 

 (0.79-1.68) 0.45 1.22 
 (0.83-1.79) 0.31 

16:0 1.17 
 (0.76-1.80) 0.46 1.20 

 (0.77-1.88) 0.42 1.16 
 (0.75-1.81) 0.51 

18:0 0.96 
 (0.71-1.30) 0.78 0.93 

 (0.69-1.25) 0.62 0.93 
 (0.69-1.25) 0.61 

20:0 1.13 
 (0.92-1.38) 0.25 1.15 

 (0.93-1.41) 0.19 1.18 
 (0.96-1.45) 0.11 

22:0 1.02 
 (0.88-1.18) 0.79 1.06 

 (0.91-1.22) 0.46 1.03 
 (0.89-1.20) 0.67 

24:0 1.00 
 (0.87-1.14) 0.97 1.00 

 (0.89-1.14) 0.95 0.99 
 (0.87-1.13) 0.87 

MUFA 

14:1n-5 0.91 
 (0.61-1.35) 0.63 0.88 

 (0.59-1.32) 0.54 0.89 
 (0.59-1.34) 0.58 

16:1n-9 0.79 
 (0.54-1.17) 0.25 0.75 

 (0.51-1.12) 0.16 0.76 
 (0.51-1.13) 0.18 

16:1n-7 0.87 
 (0.52-1.45) 0.59 0.91 

 (0.54-1.55) 0.73 0.98 
 (0.58-1.65) 0.93 

18:1n-9 0.72 
 (0.35-1.50) 0.38 0.85 

 (0.41-1.77) 0.67 0.85 
 (0.41-1.79) 0.68 

18:1n-7 1.53 
 (0.89-2.63) 0.13 1.37 

 (0.77-2.41) 0.28 1.29 
 (0.73-2.28) 0.38 

20:1n-9 1.14 
 (0.80-1.64) 0.47 1.08 

 (0.75-1.56) 0.66 1.08 
 (0.74-1.57) 0.68 

22:1n-9 0.90 
 (0.77-1.04) 0.16 0.93 

 (0.80-1.08) 0.32 0.93 
 (0.80-1.08) 0.33 

24:1n-9 1.04 
 (0.93-1.17) 0.53 1.02 

 (0.89-1.17) 0.74 1.00 
 (0.86-1.15) 0.97 

n-6 PUFA

18:2n-6 1.27 
 (0.79-2.04) 0.32 1.18 

 (0.73-1.89) 0.50 1.18 
 (0.73-1.90) 0.50 

18:3n-6 1.10 
 (0.93-1.29) 0.27 1.11 

 (0.93-1.32) 0.25 1.09 
 (0.91-1.30) 0.36 



20:2n-6 1.05 
 (0.88-1.24) 0.60 1.06 

 (0.90-1.26) 0.47 1.07 
 (0.90-1.28) 0.44 

20:3n-6 1.24 
 (0.95-1.62) 0.11 1.24 

 (0.95-1.61) 0.11 1.23 
 (0.94-1.60) 0.12 

20:4n-6 0.82 
 (0.65-1.04) 0.10 0.82 

 (0.65-1.04) 0.10 0.84 
 (0.67-1.07) 0.15 

22:4n-6 0.92 
 (0.78-1.09) 0.35 0.93 

 (0.78-1.11) 0.43 0.92 
 (0.77-1.10) 0.36 

22:5n-6 0.92 
 (0.76-1.13) 0.43 0.95 

 (0.78-1.17) 0.63 0.97 
 (0.79-1.19) 0.78 

n-3 PUFA

18:3n-3 0.81 
 (0.59-1.12) 0.21 0.88 

 (0.64-1.21) 0.43 0.87 
 (0.63-1.21) 0.42 

18:4n-3 1.10 
 (0.94-1.28) 0.23 1.13 

 (0.96-1.32) 0.13 1.14 
 (0.98-1.33) 0.10 

20:5n-3 0.96 
 (0.76-1.23) 0.76 0.97 

 (0.76-1.24) 0.79 0.98 
 (0.77-1.25) 0.86 

22:5n-3 0.97 
 (0.71-1.34) 0.87 0.99 

 (0.72-1.38) 0.97 1.01 
 (0.73-1.39) 0.97 

22:6n-3 0.85 
 (0.65-1.10) 0.22 0.86 

 (0.66-1.11) 0.24 0.83 
 (0.65-1.05) 0.12 

trans FA 

16:1n-9T 1.25 
 (0.88-1.79) 0.22 1.25 

 (0.86-1.82) 0.24 1.28 
 (0.88-1.87) 0.20 

16:1n-7T 0.79 
 (0.55-1.13) 0.19 0.77 

 (0.53-1.11) 0.16 0.76 
 (0.52-1.09) 0.14 

18:1n10-12T§ 1.13 
 (0.78-1.64) 0.50 1.07 

 (0.73-1.55) 0.74 1.06 
 (0.73-1.55) 0.74 

18:1n-9T 0.80 
 (0.57-1.14) 0.22 0.80 

 (0.56-1.15) 0.23 0.81 
 (0.57-1.16) 0.25 

18:1n-7T 0.88 
 (0.62-1.26) 0.48 0.90 

 (0.63-1.29) 0.56 0.91 
 (0.64-1.31) 0.62 

18:2T|| 1.08 
 (0.96-1.21) 0.20 1.08 

 (0.96-1.23) 0.20 1.09 
 (0.96-1.24) 0.18 

18:2CLA 1.06 
 (0.88-1.28) 0.52 1.04 

 (0.86-1.26) 0.69 1.03 
 (0.85-1.25) 0.78 

Hazard ratio estimates are given per1-SD increment in NEFA. CI, confidence interval. CLA, 
conjugated linoleic acid. *Model 1 adjusted for age, sex, race, field center, and all other NEFAs; 
†Model 2 adjusts for model 1 covariates plus smoking status, education, physical activity, serum 
albumin, alcohol consumption, cystatin C for estimate glomerular filtration rate, body mass 
index, aspirin use, and waist circumference; ‡Model 3 adjusts for Model 2 covariates plus 
hypertension, prevalent diabetes, and total serum cholesterol concentration; §18:1n10-12t, sum of 
18:2n-10, n-11, and n-12 trans isomers; ||18:2t, sum of all 18:2 trans isomers. 



Table S4. Multicollinearity assessment using comparison of standard errors of hazard ratio 
estimates from individual NEFA models and a single model including all NEFAs (excluding 
14:1, 18:1n-7, and 16:1n-7) 
NEFA, 
umol/L 

Individual NEFA models Multiple NEFA model 
SE ratio† SE Hazard ratio* 

 (95% CI) SE Hazard ratio 
 (95% CI) 

SFA 

12:0 0.06 0.97 
(0.86-1.09) 0.07 0.92 

(0.80-1.06) 1.18 

15:0 0.06 1.07 
(0.95-1.20) 0.15 1.18 

(0.88-1.57) 2.54 

16:0 0.06 1.13 
(1.01-1.27) 0.17 1.41 

(1.02-1.95) 2.83 

18:0 0.05 1.08 
(0.98-1.20) 0.13 0.82 

(0.63-1.06) 2.46 

20:0 0.05 1.14 
(1.04-1.26) 0.09 1.21 

(1.02-1.43) 1.77 

22:0 0.05 1.11 
(1.01-1.21) 0.06 1.06 

(0.94-1.21) 1.39 

24:0 0.07 0.99 
(0.87-1.12) 0.08 0.98 

(0.84-1.14) 1.20 

MUFA 

14:1n-5 0.06 1.03 
(0.92-1.16) 0.12 0.96 

(0.75-1.22) 2.00 

16:1n-9 0.06 1.07 
(0.95-1.20) 0.18 0.69 

(0.48-0.98) 3.07 

18:1n-9 0.06 1.12 
(0.99-1.25) 0.29 1.09 

(0.62-1.92) 4.81 

20:1n-9 0.06 1.14 
(1.02-1.28) 0.16 1.14 

(0.84-1.56) 2.72 

22:1n-9 0.05 1.05 
(0.94-1.16) 0.07 0.96 

(0.85-1.09) 1.26 

24:1n-9 0.05 1.05 
(0.95-1.16) 0.06 1.03 

(0.91-1.15) 1.17 

n-6 PUFA

18:2n-6 0.06 1.12 
(1.00-1.26) 0.20 1.14 

(0.77-1.69) 3.40 

18:3n-6 0.06 1.08 
(0.97-1.21) 0.08 1.06 

(0.90-1.24) 1.43 

20:2n-6 0.05 1.10 
(1.00-1.20) 0.08 1.07 

(0.91-1.26) 1.79 

20:3n-6 0.05 1.06 
(0.97-1.17) 0.12 1.33 

(1.06-1.67) 2.40 

20:4n-6 0.06 1.00 
(0.90-1.11) 0.11 0.81 

(0.66-1.01) 1.97 

22:4n-6 0.06 1.01 0.08 0.95 1.36 



(0.91-1.13) (0.82-1.11) 

22:5n-6 0.05 1.05 
(0.94-1.16) 0.09 0.96 

(0.81-1.15) 1.67 

n-3 PUFA

18:3n-3 0.06 1.07 
(0.95-1.20) 0.13 0.98 

(0.75-1.27) 2.23 

18:4n-3 0.06 1.03 
(0.92-1.15) 0.07 1.07 

(0.93-1.24) 1.26 

20:5n-3 0.06 0.96 
(0.85-1.08) 0.11 0.96 

(0.76-1.19) 1.89 

22:5n-3 0.06 1.00 
(0.89-1.12) 0.15 0.93 

(0.69-1.24) 2.50 

22:6n-3 0.06 0.96 
(0.85-1.07) 0.11 0.88 

(0.71-1.10) 1.92 

trans FA 

16:1n-9T 0.06 1.06 
(0.94-1.20) 0.17 1.29 

(0.92-1.80) 2.79 

16:1n-7T 0.06 1.01 
(0.90-1.14) 0.17 0.77 

(0.55-1.06) 2.77 

18:1n10-12T‡ 0.06 1.06 
(0.94-1.18) 0.17 1.11 

(0.79-1.56) 2.98 

18:1n-9T 0.06 0.99 
(0.88-1.11) 0.16 0.78 

(0.57-1.07) 2.72 

18:1n-7T 0.06 1.00 
(0.89-1.12) 0.16 0.88 

(0.64-1.20) 2.71 

18:2T§ 0.05 1.05 
(0.95-1.16) 0.06 1.04 

(0.92-1.17) 1.15 

18:2CLA 0.06 1.08 
(0.96-1.21) 0.09 1.04 

(0.87-1.23) 1.51 

Hazard ratio estimates are given per 1-SD increment in NEFA.; CI, confidence interval. CLA, 
conjugated linoleic acid. SE, standard error. *, all models adjust for age, sex, race, field center, 
smoking status, education, physical activity, serum albumin, alcohol consumption, cystatin C for 
estimate glomerular filtration rate, body mass index, aspirin use, and waist circumference. †SE 
ratio, multiple NEFA model standard error divided by individual NEFA model standard error; ‡, 
18:1n10-12T, sum of 18:2n-10, n-11, and n-12 trans isomers; §, 18:2t, sum of all 18:2 trans 
isomers.  



Table S5. Exploration of potential mediation by homeostatic model assessment of insulin 
resistance (HOMA-IR) in the association of serum non-esterified fatty acid (NEFA) sub-classes 
with incident stroke in the Cardiovascular Health Study cohort, 1996-1997  

Sub-classes 
of NEFA, 
umol/L 

Model 1* Model 2† Model 3‡ 
Hazard ratio 

(95% CI) P-value Hazard ratio
(95% CI) P-value Hazard ratio

(95% CI) P-value

n-6 PUFA 1.32 
 (1.01-1.72) 0.04 1.32 

 (1.01-1.73) 0.04 1.33 
 (1.02-1.74) 0.04 

n-3 PUFA 0.73 
 (0.58-0.91) 0.01 0.77 

 (0.61-0.97) 0.02 0.77 
 (0.61-0.97) 0.03 

Total trans 0.90 
 (0.76-1.07) 0.23 0.85 

 (0.71-1.01) 0.07 0.85 
 (0.71-1.01) 0.07 

Hazard ratio estimates are given per 1-SD increment in NEFA sub-class. CI, confidence interval. 
*Model 1 adjusted for age, sex, race, field center, and all other NEFA sub-classes; †Model 2
adjusts for model 1 covariates plus smoking status, education, physical activity, serum albumin,
alcohol consumption, cystatin C for estimate glomerular filtration rate, body mass index, aspirin
use, and waist circumference; ‡Model 3 adjusts for Model 2 covariates plus HOMA-IR.



Table S6. Exploration of potential mediation by homeostatic model assessment of insulin 
resistance (HOMA-IR) in the association of selected serum individual non-esterified fatty acid 
(NEFA) with incident stroke in the Cardiovascular Health Study cohort, 1996-1997  

NEFA, 
umol/L per 

SD 

Model 1* Model 2† Model 3‡ 
Hazard ratio 

(95% CI) P-value Hazard ratio
(95% CI) P-value Hazard ratio

(95% CI) P-value

20:0 1.17 
 (0.98-1.40) 0.09 1.18 

 (0.99-1.41) 0.07 1.18 
 (0.99-1.42) 0.07 

16:1n-9 0.71 
 (0.50-1.02) 0.06 0.67 

 (0.47-0.97) 0.03 0.67 
 (0.46-0.96) 0.03 

20:3n-6 1.28 
 (1.01-1.61) 0.04 1.29 

 (1.02-1.63) 0.04 1.28 
 (1.01-1.62) 0.04 

20:4n-6 0.82 
 (0.66-1.01) 0.06 0.81 

 (0.65-1.00) 0.05 0.81 
 (0.66-1.01) 0.06 

Hazard ratio estimates are given per 1-SD increment in NEFA. CI, confidence interval. *Model 1 
adjusted for age, sex, race, field center, and all other NEFAs; †Model 2 adjusts for model 1 
covariates plus smoking status, education, physical activity, serum albumin, alcohol 
consumption, cystatin C for estimate glomerular filtration rate, body mass index, aspirin use, and 
waist circumference; ‡Model 3 adjusts for Model 2 covariates plus HOMA-IR. 



Table S7. Principal component analysis of non-esterified fatty acids associated with incident 
stroke in the CHS participants  
FAs PC§ 1 PC 2 PC 3 PC 4 PC 5 PC 6 PC 7 
12:0 -0.4817
14:0 0.2084 0.2511 
15:0 0.2036 0.2740 
16:0 0.2312 
18:0 0.2649 0.2152 
20:0 0.2571 0.3328 0.3822 
22:0 0.2528 0.3296 0.2469 
24:0 0.3001 0.8645 
14:1n-5 -0.2892 0.2515
16:1n-7 0.2084 -0.2678
16:1n-9 0.2242 
18:1n-7 0.2349 
18:1n-9 0.2384 
20:1n-9 0.2044 0.2493 
22:1n-9 0.2380 0.5043 
24:1n-9 0.2818 0.5126 -0.2726 
18:2n-6 0.2235 
18:3n-6 
20:2n-6 0.2366 
20:3n-6 0.3200 
20:4n-6 0.3374 
22:4n-6 -0.3572 0.2445
22:5n-6 
18:3n-3 0.2033 
18:4n-3 -0.2068
20:5n-3 0.3620
22:5n-3 0.2220
22:6n-3 0.3342 -0.2521
16:1n-7t 0.2183 
16:1n-9t -0.2028
18:1n-10-12t* -0.2168 0.2478
18:1n-7t 0.3412 
18:1n-9t -0.2192 0.2823
18:2t† 0.2374 -0.5544
18:2-CLA‡ 

Principal component analysis retained 7 components with eigenvalues >1, and the data presented 
above were the loadings of the components greater than 0.2. *18:1n-10-12t, sum of 18:1n-10, n-
11, and n-12 trans isomers; †18:2t, sum of all 18:2 trans isomers; ‡CLA, conjugated linoleic acid; 
§PC, principal component.



Table S8. Principal component analysis of all 35 NEFAs with incident stroke in the 
Cardiovascular Health Study cohort, 1996-1997 

Model 1‡ Model 2§ Model 3|| 
HR† (95%CI) P-value HR (95%CI) P-value HR (95%CI) P-value

PC* 1 1.01 (0.98-1.04) 0.373 1.02 (0.99-1.05) 0.142 1.01 (0.99-1.05) 0.199 
PC 2 0.98 (0.93-1.04) 0.569 1.01 (0.95-1.07) 0.864 0.99 (0.94-1.06) 0.943 
PC 3 1.03 (0.96-1.12) 0.414 1.02 (0.94-1.10) 0.699 1.03 (0.95-1.12) 0.477 
PC 4 1.08 (0.99-1.18) 0.067 1.10 (1.01-1.20) 0.025 1.11 (1.02-1.21) 0.019 
PC 5 1.06 (0.96-1.16) 0.282 1.07 (0.97-1.19) 0.161 1.05 (0.96-1.16) 0.292 
PC 6 0.95 (0.85-1.06) 0.341 0.96 (0.85-1.07) 0.442 0.95 (0.84-1.07) 0.365 
PC 7 0.87 (0.72-1.05) 0.133 0.92 (0.77-1.10) 0.339 0.90 (0.75-1.09) 0.279 

Values are hazard ratio (95% confidence interval). *PC, principal component; †HR, hazard ratio; 
‡Model 1 adjusted for age, sex, race, and field center; §Model 2 adjusts for model 1 covariates 
plus smoking status, education, physical activity, serum albumin, alcohol consumption, cystatin 
C for estimate glomerular filtration rate, body mass index, aspirin use, and waist circumference; 
||Model 3 adjusts for Model 2 covariates plus hypertension, prevalent diabetes, and serum total 
cholesterol concentration. 


