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Abstract

Little is known of the associations of endogenous fatty acids with sudden cardiac arrest (SCA). We investigated the associations of SCA
with red blood cell membrane fatty acids that are end products of de novo fatty acid synthesis: myristic acid (14:0), palmitic acid (16:0),
palmitoleic acid (16:1 n7), vaccenic acid (18:1 n7), stearic acid (18:0), oleic acid (18:1 n9), and a related fatty acid, cis-7 hexadecenoic acid
(16:1 n9). We used data from a population-based case-control study where cases, aged 25 to 74 years, were out-of-hospital SCA patients
attended by paramedics in Seattle, WA (n = 265). Controls, matched to cases by age, sex, and calendar year, were randomly identified from
the community (n = 415). All participants were free of prior clinically diagnosed heart disease. We observed associations of higher red blood
cell membrane levels of 16:0, 16:1n-7, 18:1n-7, and 16:1n-9 with higher risk of SCA. In analyses adjusted for traditional SCA risk factors
and trans- and n-3 fatty acids, a 1-SD–higher level of 16:0 was associated with 38% higher risk of SCA (odds ratio, 1.38; 95% confidence
interval, 1.12-1.70) and a 1-SD–higher level of 16:1n-9 with 88% higher risk (odds ratio, 1.88; 95% confidence interval, 1.27-2.78). Several
fatty acids that are end products of fatty acid synthesis are associated with SCA risk. Further work is needed to investigate if conditions that
favor de novo fatty acid synthesis, such as high-carbohydrate/low-fat diets, might also increase the risk of SCA.
© 2010 Elsevier Inc. All rights reserved.
1. Introduction

Sudden cardiac arrest (SCA) is the leading cause of death
from coronary heart disease [1]. We and others have shown
that several red blood cell (RBC) membrane and whole
blood fatty acids are associated with the risk of SCA [2-5].

Fatty acids in cell membranes are derived from the diet
(exogenous fatty acids), from endogenous synthesis, or both.
To date, our studies of SCA in King County, Washington,
have focused on membrane fatty acids derived primarily
from the diet (ie, biomarkers of dietary fatty acid intake). In
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particular, we explored associations of RBC membrane
docosahexaenoic acid (DHA) and eicosapentaenoic acid
(EPA), trans-fatty acids, and recently α-linolenic acid with
SCA risk [3-5]. We now turn to fatty acids that are not direct
biomarkers of dietary fatty acid intake, but instead derive
from endogenous synthesis.

We were particularly interested in membrane fatty acids
that are endogenously synthesized from dietary carbohy-
drates. Prior studies have suggested that dietary carbohy-
drates are associated with higher risk of coronary heart
disease [6,7]. Diets that are low in fat and high in
carbohydrates lead to de novo synthesis of specific fatty
acids and to higher levels of these synthesized fatty acids in
RBC membranes [8-12]. Given the known influence of
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Fig. 1. Endogenous synthesis of saturated and monounsaturated fatty acids.
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membrane fatty acids on SCA risk, we hypothesized that
membrane fatty acids endogenously synthesized from
carbohydrates are associated with higher risk of SCA.

The main product of fatty acid synthase is palmitic acid
(16:0), which can be processed by Δ-9 desaturation and/or
elongation to palmitoleic acid (16:1n-7), vaccenic acid
(18:1n-7), stearic acid (18:0), or oleic acid (18:1n-9)
depending upon cellular requirements (Fig. 1). We used
data from our study of SCA in King County, Washington, to
assess the association of these RBC membrane fatty acids
with the risk of SCA. In addition, we included myristic acid
(14:0), another possible product of fatty acid synthase, and
cis-7 hexadecenoic acid (16:1n-9), a related fatty acid that
is also increased in the setting of a low-fat, high-
carbohydrate diet [9].
2. Materials and methods

The study is a population-based case-control study that
has been described in detail in earlier reports of polyunsat-
urated fatty acids and SCA risk [3-5].

2.1. Study subjects

Cases, aged 25 to 74 years, were out-of-hospital SCA
patients attended by paramedics in Seattle and suburban
King County, Washington, between October 1988 and
September 2005. Sudden cardiac arrest cases were identified
from emergency service incident reports. We excluded
patients with cardiac arrest due to a noncardiac cause, cases
with a history of clinically recognized heart disease or life-
threatening comorbidities, and users of fish oil supplements.
We further restricted SCA cases to married residents of King
County, Washington. The response rate among the spouses
of cases was 73%.

Married control subjects, recruited concurrently with
cases and individually matched to cases on age (within 7
years), sex, and calendar year, were a random sample from
the community. The response rate among controls and their
spouses was 55%. Controls were excluded using the same
eligibility criteria as the cases. The University of Washington
Human Subject Review Committee approved the study
protocol, and all study subjects or their proxy signed an
informed consent.

2.2. Red blood cell membrane fatty acid measurements

Paramedics obtained blood specimens from the cases in
the field after essential emergency medical care had been
provided and either the patient was clinically stable or
resuscitation had proven ineffective, usually within 30 to 45
minutes of the cardiac arrest. Blood specimens from controls
were obtained at the time of an interview.

Blood specimens were processed [5] and submitted to gas
chromatography [13] according to published methods. Fatty
acid identifications and levels were standardized with the
National Institutes of Health's Fatty Acid Standards A, B, C,
D, F, and GLC87 (Nu-Check Prep, Elysian, MN). Identifi-
cation, precision, and accuracy were evaluated using model
mixtures of known fatty acid methyl esters and an
established in-house control pool. For the fatty acids that
have no standards available, such as cis 16:1n-9, we sent out
samples for independent analysis. Our identification has
been confirmed by gas chromatography–mass spectrometry
at the USDA lipid laboratory in Peoria, IL. In addition,
identification of cis- and trans-fatty acids has been verified
by silver-ion thin layer chromatography [14]. Specimens
from each case and its individually matched control were
submitted to gas chromatography in the same batch.
Laboratory analyses were conducted by technicians blinded
to case and control status. Fatty acid levels were expressed as
percentages of total fatty acids.

2.3. Other risk factors assessment

We collected information on demographic factors,
medical conditions, lifestyle characteristics, and dietary
habits during a spouse interview. Controls themselves were
interviewed to assess the validity of spouse information.
Dietary saturated fat intake was assessed with the Northwest
Lipid Research Clinic Fat Intake Scale, an index that
correlates with total fat and saturated fat intake [15].

2.4. Statistical analysis

Statistical analyses were carried out using Stata/SE 10.1
(Stata, College Station, TX). To assess the associations of
fatty acid levels with SCA while taking into account the
individual matching of cases and controls and SCA risk
factors, we performed conditional logistic regression [16].
For the main analyses, separate models were fit, one for each
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fatty acid. In the models, fatty acids were included as a
continuous linear term; and odds ratios (ORs) (estimates of
relative risks) and 95% confidence intervals (CIs)
corresponding to a 1-SD difference are presented. Quadratic
terms were not included, as they did not improve the fit of the
models. Statistical significance was assessed with the
likelihood ratio test. The covariates included in the models
were from spouse interviews for both cases and controls.
Potential interactions between fatty acid levels and subject
characteristics were evaluated by testing whether addition of
cross-products between fatty acids and a subject character-
istic improved the fit of the model.

To assess which characteristics were independently
associated with RBC level of specific fatty acids among
controls, we used multiple linear regression with one fatty
acid as outcome and the characteristics of study subjects as
potential covariates, including levels of n-3 and trans-fatty
Table 1
Characteristics of cases and controls

Characteristic Cases,
n = 265

Controls,
n = 415

P value

Age, y, mean (SD) 58.4 (10.5) 57.1 (10.4) a

Women, % 18.5 18.9 a

White, % 88.7 92.1 .14
Education, high school
graduate, %

71.7 79.5 .02

Current smokers, % 28.9 8.6 b.001
Hypertension, % 24.9 15.2 .002
Diabetes, % 12.6 6.3 .004
Family history of MI or
sudden death, %

52.7 43.2 .02

Weight, kg, mean (SD) 85.0 (18.2) 83.2 (15.9) .18
Body mass index, kg/m2,
mean (SD)

27.0 (4.9) 26.4 (4.0) .09

Physical activity, kcal/wk,
mean (SD)

966.8 (1263.0) 1301.8 (1403.8) .002

Fat index score, mean (SD) 21.2 (3.8) 21.4 (3.7) .38
Caffeine, mg/d, mean (SD) 350.2 (476.0) 297.1 (442.7) .14
Alcohol consumption, % 64.2 69.2 .18
RBC membrane fatty acid, mean (SD)b

End products of fatty acid synthesis
14:0 0.25 (0.08) 0.26 (0.07) .37
16:0 18.93 (1.09) 18.74 (0.93) .01
16:1n-7 0.29 (0.13) 0.27 (0.10) .002
18:1n-7 0.92 (0.20) 0.89 (0.11) .006
18:0 14.26 (0.78) 14.19 (0.71) .24
18:1n-9 10.93 (0.85) 10.90 (0.81) .70
16:1n-9 0.079 (0.05) 0.068 (0.05) .005

Exogenous fatty acids
Linoleic acid 9.26 (1.27) 9.10 (1.11) .08
α-Linolenic acid 0.14 (0.04) 0.13 (0.04) .01
EPAc 0.51 (0.24) 0.57 (0.30) .005
DHAc 3.71 (1.06) 4.06 (1.10) b.001
trans-18:2 fatty acids 0.19 (0.07) 0.17 (0.06) .01
trans-18:1 fatty acids 1.60 (0.53) 1.54 (0.48) .14

MI indicates myocardial infarction.
a Matching factor.
b Percentage of total fatty acids.
c The long-chain n-3 fatty acids EPA and DHA may also be

synthesized endogenously from α-linolenic acid.
acids. Covariates significantly associated with each fatty acid
were retained. Associations among fatty acid levels were
assessed using Pearson correlations.

Information on some covariates was missing on less than
3% of cases and 5% of controls [3]. The missing values were
imputed by a multivariate technique using sequential
regressions [17], and the results obtained with imputed
values are presented in this report. Similar results were
obtained when the analyses were restricted to those matched
case-control pairs without missing values.
3. Results

The study included 265 SCA cases and 415 individually
matched controls. Age and sex were matching factors and
similarly distributed in cases and controls (Table 1). Other
traditional risk factors for SCA were more prevalent among
cases than among controls, as expected in this study design.

Mean RBC membrane levels of 16:0, 16:1n-7, 18:1n-7,
and 16:1n-9 were higher among cases than controls (Table
1), whereas levels of 14:0, 18:0, and 18:1n-9 did not differ.
As reported previously, mean levels of DHA and EPA were
lower and mean levels of trans-18:2 fatty acids and α-
linolenic acid were higher among cases than controls [3-5].

In multiple logistic regression analyses, RBC membrane
levels of 16:0, 16:1n-7, 18:1n-7, and 16:1n-9 were associated
with a higher risk of SCA (Table 2). The ORs associated with
a standard deviation difference in the fatty acid levels were as
follows: for 16:0, 1.28 (95% CI, 1.05-1.55); for 16:1n-7,
1.24 (95% CI, 1.05-1.46); for 18:1n-7, 1.18 (95%, CI 1.02-
1.37); and for 16:1n-9, 1.95 (95%, CI 1.33-2.86), after
adjustment for smoking, diabetes, hypertension, education,
leisure time physical activity, fat intake index, weight, and
height. The associations changed minimally with further
adjustment for RBC membrane levels of DHA + EPA, trans-
fatty acids, and α-linolenic acid (Table 2). Further adjust-
ments for alcohol and caffeine consumption, and RBC
Table 2
Association of RBC membrane products of fatty acid synthesis with SCAa

Fatty acid Risk factor–adjustedb

OR for 1 higher SD
(95% CI)

P value Risk factor– and
fatty acid–adjustedc

OR for 1 higher SD
(95% CI)

P value

14:0 1.10 (0.89-1.37) .37 1.02 (0.81-1.29) .85
16:0 1.28 (1.05-1.55) .01 1.38 (1.12-1.70) .002
16:1n-7 1.24 (1.05-1.46) .01 1.18 (0.99-1.41) .07
18:1n-7 1.18 (1.02-1.37) .03 1.15 (0.98-1.34) .08
18:0 0.98 (0.80-1.19) .82 1.11 (0.90-1.37) .33
18:1n-9 0.97 (0.81-1.17) .77 0.88 (0.72-1.07) .20
16:1n-9 1.95 (1.33-2.86) .001 1.88 (1.27-2.78) .002

a Separate models were considered, one for each fatty acid.
b Adjusted for age, sex, smoking, diabetes, hypertension, education,

kilocalories of physical activity, index of fat intake, body weight, and height.
c Additionally adjusted for RBC membrane levels of DHA + EPA,

trans-18:2 fatty acids, and α-linolenic acid.



Table 3
Independent associations of RBC membrane fatty acids with SCAa

Fatty acid OR for 1 higher SD (95% CI) P value

16:0 1.31 (1.06-1.62) .01
16:1n-9 1.71 (1.15-2.54) .008
trans-18:2 1.83 (1.30-2.59) .001
α-Linolenic acid 1.24 (0.99-1.56) .06
DHA + EPA 0.80 (0.67-0.94) .008

a Adjusted for age, sex, smoking, diabetes, hypertension, education,
kilocalories of physical activity, index of fat intake, body weight, height, and
all the fatty acid levels in the table.

Table 5
Characteristics associated with RBC membrane levels of 16:1n-7a

Characteristic Mean difference
in 16:1n-7b

P value

16:0 (% of total fatty acids) 0.046 b.001
Sex (female vs male) 0.055 b.001
Consumption of alcohol (average level vs
no consumption)

-0.004 .64

Alcohol consumption among drinkers (g) 0.001 b.001
Body weight (kg) 0.001 .003
RBC membrane levels of EPA (% of total
fatty acids)

0.044 .01

a Adjusted for all other characteristics in the table. R2 of full model:
0.33.

b 16:1n-7 as percentage of total fatty acids; difference associated with a
unit increase or indicated difference in characteristic.
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membrane levels of linoleic acid and arachidonic acid altered
the results only slightly (not shown).

We explored if the observed fatty acid associations were
independent of each other. The RBCmembrane levels of 16:0
and 16:1n-7 were correlated (r = 0.50); and in logistic
regression models including both 16:0 and 16:1n-7, the
association of each fatty acid with SCA was slightly dimi-
nished and not significant (not shown). A multiple logistic
regression model including several fatty acids simultaneously
demonstrated that 16:0, 16:1n-9, DHA + EPA, α-linolenic
acid, and trans-18:2 fatty acids were all independently
associated with SCA (Table 3). When substituted for 16:0 in
the Table 3 model, 16:1n-7 and 18:1n-7 were not significantly
associated with SCA (not shown).

We found no evidence that the association of RBC
membrane 16:0 and 16:1n-9 levels with SCA risk was
influenced by subject characteristics, including age, sex,
smoking, diabetes, hypertension, body weight, and RBC
membrane levels of DHA + EPA, trans-fatty acids, and α-
linolenic acid (not shown). In analyses restricted to women,
use of hormone replacement therapy altered only slightly the
associations (not shown).

Among controls, RBC membrane levels of 16:0 were
inversely associated with the Northwest Lipid Research
Table 4
Characteristics associated with RBC membrane levels of 16:0a

Characteristic Mean difference
in 16:0b

P value

Age (y) 0.009 .02
Sex (female vs male) 0.442 b.001
Fat intake (1-point increase out of 20 possible) -0.023 .05
Consumption of alcohol (average level vs

no consumption)
0.187 .05

Alcohol consumption among drinkers (g) 0.013 b.001
High school education (yes vs no) 0.286 .009
Period
1989-1994 Ref
1995-1999 0.051 .003
2000-2005 0.335

RBC membrane levels of EPA (% of total
fatty acids)

0.716 b.001

a Adjusted for all other characteristics in the table. R2 of full model:
0.23.

b 16:0 as percentage of total fatty acids; difference associated with a unit
increase or indicated difference in characteristic.
Clinic index of fat intake and were positively associated with
age, sex, education, alcohol consumption, RBC membrane
levels of EPA, and period of the study (Table 4). Together,
these characteristics accounted for 23% of the variation in
16:0. In comparison, 16:1n-7 was associated with sex,
alcohol consumption, body weight, levels of its precursor
16:0, and levels of EPA among controls (Table 5). Among
controls, the levels of 18:1n-7 were positively associated
with the level of its precursor 16:1n-7 and were inversely
related to the index of fat intake (not shown). The level of
16:1n-9 among controls was not associated with any study
subject characteristic (not shown).
4. Discussion

In this investigation of 7 endogenous fatty acids, RBC
membrane levels of 4 fatty acids, 16:0, 16:1n-7, 18:1n-7 and
16:1n-9, were associated with higher risk of SCA. These
associations were independent of traditional risk factors. The
associations of 16:0 and 16:1n-9 were independent of
membrane levels of DHA + EPA, trans-18:2 fatty acids,
and α-linolenic acid and consistent across subgroups.

We chose to focus on these 7 fatty acids because of
evidence that their levels reflect de novo fatty acid synthesis
in response to high-carbohydrate, low-fat diets [8-12].
Specifically, we recently conducted a dietary trial to compare
the effects on tissue fatty acids of a moderate-fat, moderate-
carbohydrate diet to that of an isocaloric low-fat, high-
carbohydrate diet [9]. After 6 weeks on the diets, RBC
membrane levels of 16:0, 16:1n-7, 18:1n-7, 18:1n-9, 16:1n-
9, and 14:0 were noticeably higher on the low-fat, high-
carbohydrate diet than on the moderate-fat, moderate-
carbohydrate diet. The observation of higher membrane
levels of these fatty acids when their dietary intake was lower
strongly suggested that they originated from de novo fatty
acid synthesis. Interestingly, levels of the fatty acid 18:0
were similar in both diets [9]; and 18:0 was not associated
with higher risk of SCA in the present study. Membrane
levels of 18:1n-9 and 14:0 were not associated with SCA
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either. The fatty acid 18:1n-9 is a major component of
vegetable oil, and 14:0 is found in dairy products. It is
possible that diet contributed to membrane 18:1n-9 and 14:0
in the present study.

The fatty acid 16:0 is a major component of membranes,
and it is abundant in the diet. Therefore, RBC membrane
16:0 could originate from the diet. However, membrane
saturated fatty acids correlate poorly with levels of saturated
fatty acids in the diet [18,19]. In fact, membrane 16:0 was
inversely related with the index of total fat intake and
positively associated with alcohol consumption in the
present study, suggesting that 16:0 originated at least in
part from fatty acid synthesis. In addition, we and others
have shown heritability of RBC membrane 16:0 [20,21],
suggesting that a genetic component also contributes to
individual variation in 16:0 levels.

The fatty acid 16:1n-7 is in low amount in the diet, and
membrane 16:1n7 originates largely from endogenous
synthesis. Genetic factors also contribute to 16:1n-7 levels
[21]. Interestingly, membrane levels of 16:1n-7 in the present
study were also related to body weight, possibly reflecting the
effects of low-fat, high-carbohydrate diets on de novo
synthesis and hypertriglyceridemia [10,11]. The fatty acid
16:1n-7 was highly correlated with its precursor 16:0, and the
association of 16:0 with SCA risk appeared more robust than
that of 16:1n-7. However, this difference in level of
association cannot be concluded from the study data.
Membrane 16:1n-7 is in much smaller amount and measured
with a largermeasurement error than 16:0.Measurement error
could reduce the apparent association of 16:1n-7 with risk.

The origin of the fatty acid 16:1n-9 is not entirely clear.
Conversion of 18:1n-9 to 16:1n-9 by β-oxidation in
peroxisomes has been shown to occur in cultured human
liver cells [22]. Whether dietary 18:1n-9 can be converted to
16:1n-9 is not known. In our randomized dietary trial, 16:1n-
9 was elevated in response to low-fat, high-carbohydrate diet,
when dietary 18:1n-9 was lower [9], suggesting that 16:1n-9
was formed from endogenously synthesized 18:1n-9. In the
present study, we did not find any subject characteristics that
were predictive of 16:1n-9 levels. Potential heritability of
16:1n-9 was not assessed in studies of heritability of fatty acid
levels [20,21]. Given its strong association with SCA risk,
further studies are needed to explore conditions that result in
higher levels of 16:1n-9 in membranes.

The mechanism by which 16:0, 16:1n-9, and possibly
16:1n-7 and 18:1n-7 might influence the risk of SCA is not
known. Because the association of these fatty acids with risk
of SCA remained after adjustment for membrane DHA +
EPA levels, it was not explained by replacement of n-3 fatty
acids by these fatty acids. Saturated and monounsaturated
fatty acids usually occupy the sn1 position on membrane
phospholipids; polyunsaturated fatty acids usually localize in
the sn2 position [23]. During ischemia, activation of
phospholipase A2 leads to the release of a polyunsaturated
fatty acid from the sn2 position and the formation of
lysophospholipids with a single fatty acid [24]. The levels of
polyunsaturated n-3 fatty acids in membrane phospholipids
are known to influence the risk of SCA [2,5], and DHA or
EPA released from the sn2 position during ischemia might
protect from the effects of lysophospholipids on arrhythmo-
genesis [25,26]. It is also possible that the nature of the
remaining fatty acid on the lysophospholipids affects the risk
of arrhythmia. There is evidence that lysophospholipids
influence the Kv11.1 potassium ion channel function leading
to arrhythmias [25], and the enhancement appears specific to
lysophospholipids with a 16 carbon fatty acid [27].

De novo synthesis in humans occurs mainly in the liver
where synthesis and oxidation of fatty acids are controlled
simultaneously; when energy requirements are met and fatty
acid oxidation stops, fatty acid synthesis resumes [28]. In
addition, constitutional expression at low levels of the factor
sterol regulatory element-binding protein 1-c, which acti-
vates the transcription of all the genes in the de novo
synthesis pathway, may maintain basal levels of fatty acid
synthesis [29]. The occurrence of fatty acid synthesis from
dietary carbohydrates in the absence of excess caloric intake
is supported by dietary trials [8-12]. Further studies are
needed to investigate dietary and genetic factors that promote
fatty acid synthesis. The associations of end products of fatty
acid synthesis with SCA risk raise the possibility that dietary
carbohydrates in the setting of low fat intake might also be
associated with SCA risk.

The strengths of this study include the use of population-
based cases and controls, the objective assessment of fatty
acid levels in RBC membranes, and the adjustment of results
for other known risk factors. To address the possibility that
cases might have changed their diet or lifestyle as a
consequence of poor health leading to SCA, we restricted
the study to cases with no history of clinically recognized
heart disease and no life-threatening comorbidities.

Several limitations are noteworthy. Because of the
observational nature of the study, the possibility of residual
confounding cannot be eliminated. The use of surrogate
respondents inevitably introduced some misclassification in
assessment of potential confounders; however, the exposure
of interest was measured objectively. The participation rate
among controls was 60%, and the OR estimates could be
biased if the controls who declined participation in the study
had different fatty acid patterns from the controls who
participated. Despite sharing this limitation, however, our
previously reported findings on the inverse association of
dietary intake and cell membrane levels of DHA and EPA
with the risk of SCA in this same study population have
been replicated in prospective cohort studies of other
populations [2,30,31].

In conclusion, we observed an association between SCA
and levels of several fatty acids that are end products of fatty
acid synthesis. Further work is needed to confirm the study
findings and to determine if characteristics that raise
membrane levels of these fatty acids, such as genetic factors
and dietary carbohydrates in the setting of low fat intake, also
raise SCA risk.
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