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ABSTRACT

Background: Prior studies of a-linolenic acid (ALA), a plant-derived
omega-3 (n—3) fatty acid, and cardiovascular disease (CVD) risk
have generated inconsistent results.

Objective: We conducted a meta-analysis to summarize the evi-
dence regarding the relation of ALA and CVD risk.

Design: We searched multiple electronic databases through January
2012 for studies that reported the association between ALA (as-
sessed as dietary intake or as a biomarker in blood or adipose tissue)
and CVD risk in prospective and retrospective studies. We pooled
the multivariate-adjusted RRs comparing the top with the bottom
tertile of ALA using random-effects meta-analysis, which allowed
for between-study heterogeneity.

Results: Twenty-seven original studies were identified, including
251,049 individuals and 15,327 CVD events. The overall pooled
RR was 0.86 (95% CI: 0.77, 0.97; > = 71.3%). The association
was significant in 13 comparisons that used dietary ALA as the
exposure (pooled RR: 0.90; 95% CI: 0.81, 0.99; P = 49.0%), with
similar but nonsignificant trends in 17 comparisons in which ALA
biomarkers were used as the exposure (pooled RR: 0.80; 95% CI:
0.63, 1.03; I = 79.8%). An evaluation of mean participant age,
study design (prospective compared with retrospective), exposure
assessment (self-reported diet compared with biomarker), and out-
come [fatal coronary heart disease (CHD), nonfatal CHD, total
CHD, or stroke] showed that none were statistically significant
sources of heterogeneity.

Conclusions: In observational studies, higher ALA exposure is
associated with a moderately lower risk of CVD. The results were
generally consistent for dietary and biomarker studies but were not
statistically significant for biomarker studies. However, the high
unexplained heterogeneity highlights the need for additional well-
designed observational studies and large randomized clinical trials
to evaluate the effects of ALA on CVD. Am J Clin Nutr
2012;96:1262-73.

INTRODUCTION

A large body of evidence supports a potential protective effect of
seafood omega-3 (n—3) fatty acids, particularly EPA (20:5n—3)
and DHA (22:6n—3), on coronary heart disease (CHD)4 (D).
However, fewer studies have evaluated how the plant-derived
omega-3 fatty acid a-linolenic acid (ALA; 18:3n—3) relates to
risk of CHD and other cardiovascular disease (CVD) outcomes,
and the results have been inconsistent (2—4). As an essential fatty
acid that cannot be synthesized by humans, ALA is mainly
consumed from plant sources, including soybeans, walnuts, and
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canola oil. Compared with seafood omega-3 fatty acids, ALA
from plant sources is more affordable and widely available
globally. Thus, whether ALA can reduce the risk of CVD is of
considerable public health importance.

Mixed results of prior studies could partly relate to methods for
assessment of ALA exposure. Several studies evaluated dietary
ALA estimated from questionnaires, which could be influenced by
measurement error, for example, because of imperfect participant
recall or nutrient database information. In addition, dietary ALA is
rapidly oxidized after digestion and has a low conversion rate to
EPA/DHA (5, 6); thus, it is unclear whether the measurement of
dietary ALA intake is an ideal metric to reflect the biologic effects
of ALA in the human body. Other studies used biomarkers of ALA
exposure, such as concentrations in blood or adipose tissue. Such
measures are more objective than are dietary estimates, yet they
may also reflect biologic processes related to ALA absorption,
metabolism, and incorporation into different circulating and tissue
lipid fractions rather than information on dietary intake alone (7).

Given the inconsistency of prior results and the potential for
global impact of ALA on CVD outcomes, we performed a sys-
tematic review and meta-analysis of the current evidence for the
association between ALA exposure, including studies of dietary
ALA and ALA biomarker concentrations, with risk of incident
CVD.
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METHODS

Literature search

We followed standard criteria for conducting and reporting
meta-analyses of observational studies (8). We conducted sys-
tematic literature searches, from the index date of each database
through January 2012, of multiple databases including PubMed
(http://www.ncbi.nlm.nih.gov/pubmed, since 1966), EMBASE
(http://www.embase.com, since 1947), Web of Science (http://
apps.webofknowledge.com, since 1956), the Cochrane Library
(http://www.thecochranelibrary.com/, since 1951), and clinical
trial registry databases (http://clinicaltrials.gov, since 2000) for
studies describing the association between ALA, assessed as
dietary intake or biomarker, and incident CVD outcomes, in-
cluding myocardial infarction (MI), ischemic heart disease,
CHD, sudden cardiac arrest, acute coronary syndrome, and
stroke. In addition, we searched the reference lists of all retrieved
relevant articles and reviews. We restricted our searches to studies
of humans, adults, and articles published in English. Our search
terms combined the exposure (ALA) with various outcomes
(CVD, type 2 diabetes, cancer, and total mortality); full details on
the search strategy are presented elsewhere (see Supplemental
Material under “Supplemental data” in the online issue). The
current systematic review focused on CVD outcomes, and the
other outcomes (type 2 diabetes, cancer, and total mortality),
were examined separately.

Selection criteria

The articles were considered for inclusion if they /) were original
studies (eg, not review articles, meeting abstracts, editorials, or
commentaries), 2) were prospective (eg, prospective cohort, nested
case-control, case-cohort) or retrospective (eg, retrospective case-
control, retrospective cohort) studies of noninstitutionalized adults
>18 y of age, and 3) reported multivariate-adjusted risk estimates
for the association between ALA, assessed as dietary intake or
blood or adipose tissue concentrations, and at least one CVD
outcome, including fatal or nonfatal CHD, ischemic heart disease,
MI, sudden cardiac arrest, acute coronary syndrome, stroke, or
composite endpoints. We also searched for randomized, placebo-
controlled clinical trials that evaluated the effects of ALA intake on
primary prevention of CVD events; none were identified. Titles and
abstracts of the identified studies were screened, and potentially
relevant articles were selected for full-text review, which was
performed independently by 2 investigators (AP and MC); any
discrepancies were resolved by consensus or consultation with
a third author (FBH).

Data extraction

For each identified article, 2 investigators (AP and MC) in-
dependently extracted information on study characteristics (citation,
study name, authors, publication year), participant characteristics
(location, number, mean age or age range, sex), ALA assessment
(methods for assessing dietary consumption or biomarkers), CVD
outcomes (specific endpoints, methods for diagnosis, follow-up
years, duration), analysis strategy (statistical models, covariates),
and multivariable-adjusted risk estimates, including data to cal-
culate its precision, such as 95% ClIs, SEs, or P values. Study
quality was assessed on the basis of the Newcastle-Ottawa scale
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(9), which involved evaluation of selection bias, comparability
in study design and analysis, measurements of exposure and
outcome, and generalizability of results. We defined studies of
high or low quality based on the median overall score among all
studies.

Data synthesis

The included studies reported RRs or HRs for prospective
cohorts or ORs for case-control studies. HRs and ORs were
assumed to approximate RRs. Individual studies reported risk
estimates for ALA based on various categories (eg, tertiles,
quartiles, quintiles, or specific thresholds), continuously in natural
units (eg, 1 g/d for diet or 1% of total fatty acids for biomarkers),
or per SD difference in exposure. To provide a consistent approach
to meta-analysis, risk estimates for each study were transformed
to involve comparisons between the top compared with the
bottom tertiles of the population baseline distribution of ALA
values by using methods previously described (10, 11). Briefly,
log risk estimates were transformed with the comparison between
top and bottom tertiles being equivalent to 2.18 times the log risk
ratio for a 1-SD increase (10, 11). These scaling methods assume
that the exposure is normally distributed and that the association
with disease risk is log-linear. The conversion factor of 2.18 is the
difference in the medians of the top and bottom thirds of the
standard normal distribution; other conversions were used for
differences in medians of extreme quartiles (2.54) or quintiles
(2.80). The SEs of log RRs were calculated by using reported data
on precision and were similarly standardized (10, 11). If one study
had multiple eligible articles or one article reported multiple RRs,
we extracted the RRs for the most specific coronary outcome
event (according to the hierarchy: fatal CHD, nonfatal CHD,
total CHD, and total CVD) with the largest number of adjustment
variables.

Forest plots were produced to visually assess the RRs and
corresponding 95% Cls across studies. Heterogeneity of RRs
across studies was evaluated by using the I statistic (values of
25%, 50%, and 75% were considered to represent low, moder-
ate, and high heterogeneity, respectively). Summary RRs were
calculated by pooling the inverse-variance weighted study-
specific estimates by using DerSimonian and Laird random-
effects models, which allowed for between-study heterogeneity;
fixed-effects models were also evaluated when heterogeneity
was <25%. The possibility of publication bias was evaluated by
using the Begg’s test and visual inspection of a funnel plot.
Sources of heterogeneity, including exposure assessment (self-
reported dietary consumption or biomarker concentrations),
specific outcome (fatal and total CHD, fatal and total CVD, total
stroke), study design (prospective compared with retrospective),
age, sex, study quality, study location, and adjustment variables,
were evaluated by using stratified analyses and univariate meta-
regression method. We also tested the influence of individual
study on the results in sensitivity analyses.

We further conducted a dose-response meta-analysis with the
use of generalized least-squares regression (2-stage GLST in
Stata) (12). GLST analyses were feasible for 2 exposure-outcome
relations with sufficient data points: dietary ALA intake and risk
of fatal CHD and adipose tissue ALA concentration and risk of
nonfatal MI. All analyses were performed with Stata 11.0
(StataCorp), with a 2-tailed « of 0.05.
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RESULTS

Literature search

The search strategy identified 10,085 unique citations (Figure 1).
After the titles and abstracts were screened, 1016 full-text articles
were evaluated plus an additional 9 articles retrieved from refer-
ence lists, relevant reviews, and contacts with experts. After the
final exclusions, 27 original articles were available and included in
this meta-analysis, comprising a total of 251,049 individuals and
15,327 CVD events (13-39). A subset of studies reported results
separately for CHD death (9 articles, 132,024 participants, 1859
cases) and stroke (5 articles, 100,915 participants, 3026 cases).

Study characteristics

Among the 27 identified articles, 19 were prospective cohorts
(including 4 nested case-control studies) and 8 were retrospective
case-control studies (Table 1). Ten studies investigated associ-
ations of dietary ALA and CVD events, 14 studies investigated
ALA biomarkers and CVD events, and 3 studies investigated
both dietary ALA and ALA biomarkers and CVD events (37—
39). The numbers of participants in each study ranged from 98
to 76,763, with follow-up durations (in cohort studies) ranging

10,085 Citations identified from literature
search
2460 From MEDLINE
6611 From EMBASE
3426 From Web of Science
1223 From Cochrane Library
396 From Clinicaltrials.gov
4031 Duplicates

PAN ET AL

from 5 to 30.7 y. The studies were generally from the United
States (n = 11) or European countries (n = 14); one study was
based in Central America (39) and another in Israel (28). Nearly
all (26 of 27) studies adjusted for traditional CVD risk factors
(sociodemographics, comorbidites, lifestyle factors), and 14
studies further adjusted for other dietary intakes or biomarker
concentrations of other fatty acids.

ALA and total CVD

A total of 33 comparisons reported the association between
ALA and total CVD risk. The pooled RR for the comparison of
the top with the bottom tertiles was 0.86 (95% CI: 0.77, 0.97;
15,327 events; Figure 2) with high heterogeneity (/> = 71.3%).
Heterogeneity appeared modestly lower for studies of dietary
estimates (I* = 49.0%) than for studies of ALA biomarkers (I* =
79.8%). Restricted to dietary studies only, the pooled RR was
0.90 (95% CI: 0.81, 0.99; 11,277 events). Restricted to bio-
marker studies only, the pooled RR was generally similar (RR:
0.80; 95% CI: 0.63, 1.03; 8555 events) but was not statistically
significant. The meta-regression analysis did not identify statisti-
cally significant sources of this heterogeneity, including the mean
age of the participants, sex composition, exposure measurement

1016 Potentially relevant citations identified
for further review

v

9069 Citations excluded based on screening of
titles or abstracts using general criteria
7940 Not relevant (animal studies, or did
not relate to either the exposure or
the outcomes)
742 Other fatty acids, or other outcomes
387 Other publication types (reviews,
letters, comments, abstracts, etc.)

<

9 Citations identified from reference lists

27 Articles included in the meta-analysis

16 Diet & CVD
5 Diet & Total CHD
6 Diet & CVD death
3 Diet & nonfatal M1
3 Diet & stroke

14 Biomarker & CVD
6 Biomarker & Total CVD
3 Biomarker & CVD death
7 Biomarker & nonfatal MI
2 Biomarker & stroke

998 Citations excluded based on full-text
screening by inclusion criteria
65 Not relevant
428 Other fatty acids, or other outcomes
385 Other publication types (reviews, letters,
comments, abstracts, efc.)
7 Duplicate reports
1 Non-English study
4 Cross-sectional studies
3 Clinical trials of secondary prevention
12 Only mean levels in cases and controls or
data could not be retrieved
81 Cancer-related outcomes
10 Diabetes-related outcomes
2 Total mortality-related outcomes

FIGURE 1. Flowchart of the meta-analysis. Three studies reported both diet and biomarker data. CHD, coronary heart disease; CVD, cardiovascular

disease; MI, myocardial infarction.
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Reference Qutcome RR (95% ClI) % Weight

A Dietary ALA intake as the exposure
Dolecek 1992 (13) Fatal CHD —a— 0.71 (0.48, 1.03) 3.48
Ascherio 1996 (14) Total MI - 0.84 (0.69, 1.02) 4.82
Pietinen1997 (15) Total Ml E 3 0.97 (0.85, 1.11) 522
Hu 1899 (16) Fatal IHD —— 0.63 (0.41, 0.95) 3.21
Oomen 2001 (17) Total CAD - 1.68 (0.86, 3.29) 1.91
He 2002 (18) Stroke —t 0.98 (0.74, 1.29) 4.24
Albert 2005 (19) Nonfatal MI 1.07 (0.94, 1.22) 5.23
Laaksonen 2005 (37) Fatal CVD —_— 0.63 (0.33, 1.21) 1.99
Lopes 2007 (38) Nonfatal Mi —a— 0.66 (0.42, 1.04) 2.99
Campos 2008 (39) Nonfatal MI - 0.74 (0.58, 0.93) 4.58
de Goede 2011 (20, CHD) Total CHD —a— 1.01 (0.73, 1.40) 3.84
de Goede 2011 (20, stroke) Stroke —a— 0.71 (0.50, 1.03) 3.57
Vedtofte 2011 (21, M) Total IHD —a— 0.83 (0.56, 1.24) 3.32
Vedtofte 2011 (21, F) Total IHD T 1.04 (0.58, 1.86) 2.29
Larsson 2012 (22) Stroke 1.07 (0.92, 1.25) 5.09
Subtotal (l-squared = 49.0%, p = 0.017) < 0.90 (0.81, 0.99) 55.78

B  ALA biomarker level as the exposure
Simon 1995 (23) Total CHD —_—T 0.72 (0.37, 1.41) 1.91
Simon 1995 (24) Stroke —a——— 0.49 (0.24, 1.00) 1.75
Tornwall 1996 (25) Nonfatal Mi . 1.05 (0.66, 1.67) 2.92
Gullar 1999 (26) Nonfatal Mi —_— 0.76 (0.41, 1.40) 2.14
Pedersen 2000 (27) Nonfatal M| 1.84 (0.45, 7.41) 0.60
Erkkila 2003 (28) Total CVD -_— 0.81 (0.34, 1.93) 1.33
Kark 2003 (29) Nonfatal MI —q— 0.93 (0.53, 1.63) 2.39
Lemaitre 2003 (30, fatal MI) Fatal Ml 0.24 (0.05, 1.23) 0.45
Lemaitre 2003 (30, nonfatal MI) Nonfatal MI 1.09 (0.56, 2.12) 1.94
Wang 2003 (31) Total CHD 0.92 (0.61, 1.40) 3.22
Laaksonen 2005 (37) Fatal CVD 1.19 (0.63, 2.26) 2.03
Wiberg 2006 (32) Stroke 1.04 (0.84, 1.31) 4.63
Lopes 2007 (38) Nonfatal MI 0.33 (0.09, 1.26) 0.65
Campos 2008 (39) Nonfatal Mi —-— 0.57 (0.43, 0.77) 4.08
Warensjo 2008 (33) Fatal CVD HEl- 1.23 (1.00, 1.52) 4.74
Lemaitre 2009 (34) SCA —a— 1.83 (1.16, 2.90) 2.94
Shearer 2009 (35) ACS _— 0.08 (0.04, 0.17) 1.83
Khaw 2012 (36) Total CHD - 0.96 (0.77, 1.19) 4.67
Subtotal (l-squared =79.8%, p = 0.000) <> 0.80 (0.63, 1.03) 44,22

Overall (lI-squared =71.3%, p = 0.000) O 0.86 (0.77, 0.97) 100.00
| | |
0.5 1 2 5

FIGURE 2. RR of ALA intake and risk of total CVD stratified by dietary intake and biomarker concentration. The RRs were pooled by using random-
effects meta-analysis. ACS, acute coronary syndrome; ALA, a-linolenic acid; CAD, coronary artery disease; CHD, coronary heart disease; CVD,
cardiovascular disease; IHD, ischemic heart disease; MI, myocardial infarction; SCA, sudden cardiac arrest.

(diet compared with biomarker), disease outcomes, study design,
study quality, or study design (all P > 0.10; see Supplemental
Table 1 under “Supplemental data” in the online issue). The pooled
RR appeared to be lower in studies from the United States and
Costa Rica (RR: 0.73; 95% CI: 0.57, 0.92) compared with pooled
RR in studies from European countries (RR: 0.99; 95% CI: 0.91,
1.08). However, the heterogeneity in studies from the United States
and Costa Rica was high (P = 84.3%).

Visual inspection of a funnel plot (see Supplemental Figure 1
under “Supplemental data” in the online issue) and Begg’s test
did not indicate significant publication bias (P = 0.13). A sensi-
tivity analysis testing the influence of individual study on the
results suggested that one study (35) had the largest influence;
after this study was excluded (35), the pooled RR was slightly
attenuated (0.91; 95% CI: 0.83, 0.99) compared with that from the
main analysis.

Among biomarker studies, 3 reported on both cholesterol ester
and phospholipid ALA concentrations as the exposure (23, 24,
31). We used phospholipid ALA as the exposure in the primary

analysis because phospholipids are the major class of lipids in
membranes and small lipoproteins, and cholesterol ester com-
position may more likely be influenced by recently ingested fatty
acids (7). A sensitivity analysis using results for cholesterol ester
ALA rather than phospholipid ALA as the exposure in these 3
studies showed similar results, with a pooled RR of 0.82 (95% CI:
0.64, 1.05) for the association between ALA biomarker con-
centration and CVD risk and 0.87 (95% CI: 0.78, 0.98) for the
association between overall ALA exposure and CVD risk.
Given concern that retrospective case-control studies may be
limited by recall bias for dietary ALA and by reverse causation for
biomarker ALA (blood biomarker influenced by disease status)
(40), we conducted a sensitivity analysis excluding retrospective
case-control studies (n = 5). However, the case-control study using
adipose tissue ALLA concentration was included in the analysis,
because the ALA concentration in adipose tissue may reflect
a long-term exposure and was not immediately altered by the
onset of CVD. The pooled RR was modestly attenuated to 0.91
(95% CI: 0.84, 1.00; 14,617 events); however, the P value was



ALA AND CARDIOVASCULAR

DISEASE: A META-ANALYSIS 1269

Reference Outcome Design RR(95% CI) % Weight
A Fatal CHD
Dolecek 1992 (13) CHD Death  Cohort —a 0.71(0.48,1.03) 21.29
Ascherio 1996 (14) Fatal MI Cohort —a— 1.02 (0.73, 1.44) 24,98
Pietinen1997 (15) Fatal MI Cohort ——— 0.80 (0.55, 1.15) 22.33
Hu 1999 (16) Fatal IHD Cohort —a— 0.63 (0.41, 0.95) 18.33
Oomen 2001 (17) Fatal CAD  Cohort - 1.59 (0.62, 4.08) 4.40
Laaksonen 2005 (37) CVD death  Cohort - 0.63 (0.33, 1.21) 8.66
Subtotal (l-squared = 20.7%, p = 0.278) <> 0.80 (0.65, 0.98) 100.00
B  Nonfatal CHD
Albert 2005 (19) Nonfatal Ml Cohort - 1.07 (0.94, 1.22) 40.92
Lopes 2007 (38) Nonfatal Ml Case-control —_— 0.66 (0.42, 1.04) 23.31
Campos 2008 (39) Nonfatal Ml Case-control —— 0.74 (0.58, 0.93) 35.77
Subtotal (l-squared = 80.6%, p = 0.006) <:> 0.84 (0.61, 1.15)  100.00
C TotalCcHD
Ascherio 1996 (14) Total MI Cohort —a— 0.84 (0.69, 1.02) 25.24
Pietinen1997 (15) Total Ml Cohort E = 0.97 (0.85, 1.11) 54.57
Oomen 2001 (17) Total CAD Cohort 1.68 (0.86, 3.29) 2.17
de Goede 2011 (20) Total CHD Cohort —a— 1.01 (0.73, 1.40) 9.06
Vedtofte 2011 (21, M)  Total IHD Cohort -_—r 0.83 (0.56, 1.24) 6.07
Vedtofte 2011 (21, F) Total IHD Cohort 1.04 (0.58, 1.86) 2.90
Subtotal (l-squared = 0.0%, p = 0.421) CP 0.94 (0.85, 1.04) 100.00
D stroke
He 2002 (18) Stroke Cohort 0.98 (0.74, 1.29) 30.43
de Goede 2011 (20) Stroke Cohort 0.71(0.50, 1.03) 21.44
Larsson 2012 (22) Stroke Cohort 1.07 (0.92, 1.25) 48.13
Subtotal (l-squared = 49.7%, p = 0.137) <> 0.96 (0.78, 1.17)  100.00
| | |

0.5

1 2 5

FIGURE 3. RR of dietary a-linolenic acid intake and risk of CVD stratified by specific disease outcomes. The RRs were pooled by using random-effects meta-
analysis. CAD, coronary artery disease; CHD, coronary heart disease; CVD, cardiovascular disease; IHD, ischemic heart disease; MI, myocardial infarction.

also reduced from 71.3% to 45.1% (see Supplemental Figure 2
under “Supplemental data” in the online issue).

Several studies reported different CVD outcomes from the same
population in different publications; thus, they were included more
than once in the meta-analysis. To address the concern that the
study weights may be inflated because of multiple counts, we
conducted a sensitivity analysis to combine different CVD out-
comes from the same parent study into a composite CVD outcome
and then pooled the results from different studies in the second
step. The pooled RR (0.85; 95% CI: 0.78, 0.93) from this sensi-
tivity analysis was similar to that from the main analysis.

Dietary ALA and CVD subtypes

When we evaluated the relation of dietary ALA with risk of
CVD subtypes, including fatal CHD, nonfatal CHD, total CHD,
and stroke, the association was only statistically significant for
dietary ALA and fatal CHD (pooled RR from 6 prospective
cohort studies: 0.80; 95% CI: 0.65, 0.98; I = 20.7%; 1344
events; Figure 3). Nonsignificant trends were seen for some

other CVD subtypes; however, generally, few studies were in-
cluded in these subgroup analyses, and 95% Cls were broad.

ALA biomarkers and CVD subtypes

When we evaluated the association of ALA biomarker con-
centrations with risk of CVD subtypes, none of the individual
associations were statistically significant (Figure 4). However,
substantial heterogeneity was observed for total CHD (/> =
90.9%), and relatively few biomarker studies were available that
evaluated fatal CHD (n = 3 studies; 593 events) or stroke (n = 2
studies; 517 events). Seven studies, 6 case-control and one
nested case-control, investigated ALA biomarkers and nonfatal
CHD. A comparison of the top with the bottom tertile in these 7
studies resulted in a pooled RR of 0.81 (95% CI: 0.60, 1.09;
3101 events) with moderate heterogeneity (I* = 39.5%).

Dose-response meta-analyses

We evaluated potential dose-response associations using data
from 5 prospective cohort studies of dietary ALA intake and risk
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Reference Qutcome Design RR(95% CI) % Weight
A FataicHD
Lemaitre 2003 (30) Fatal M| Nested Case-control 0.24 (0.05, 1.23) 7.92
Laaksonen 2005 (37) CVD death Cohort —a— 1.19 (0.63, 2.26) 31.39
Warensjo 2008 (33) CVD Mortality Cohort -.— 1.23 (1.00, 1.52) 60.70
Subtotal (l-squared = 47.1%, p = 0.151) <> 1.07 (0.66, 1.75) 100.00
B Nonfatal CHD
Tornwall 1996 (25) Nonfatal MI Case-control — 1.05 (0.66, 1.67) 19.89
Gullar 1999 (26) Nonfatal MI Case-control —_— 0.76 (0.41, 1.40) 14.44
Pedersen 2000 (27) Nonfatal MI Case-control 1.84 (0.45, 7.41) 3.96
Kark 2003 (29) Nonfatal MI Case-control 0.93 (0.53, 1.63) 16.15
Lemaitre 2003 (30) Nonfatal MI Nested Case-control I 1.09 (0.56, 2.12) 13.04
Lopes 2007 (38) Nonfatal MI Case-control 0.33 (0.09, 1.26) 4.25
Campos 2008 (39) Nonfatal M| Case-control —— 0.57 (0.43, 0.77) 28.26
Subtotal (l-squared = 39.5%, p = 0.128) Cb 0.81 (0.60, 1.09) 100.00
C TotaicHD
Simon 1995 (23) Total CHD Nested Case-control —_——T 0.72 (0.37, 1.41) 15.90
Erkkila 2003 (28) Total CVD Cohort e . 0.81 (0.34, 1.93) 14.23
Wang 2003 (31) Total CHD Cohort —— 0.92 (0.61, 1.40) 17.81
Shearer 2009 (35) ACS Case-control —— 0.08 (0.04, 0.17) 15.70
Lemaitre 2009 (34) SCA Case-control —— 1.83 (1.16, 2.90) 17.52
Khaw 2012 (36) Total CHD Nested Case-control —— 0.96 (0.77, 1.19) 18.84
Subtotal (I-squared = 90.9%, p = 0.000) C> 0.68 (0.36, 1.29) 100.00
D stroke
Simon 1995 (24) Stroke Nested Case-control —— 0.49 (0.24, 1.00) 39.55
Wiberg 2006 (32) Stroke Cohort 1.04 (0.84, 1.31) 60.45
Subtotal (l-squared = 74.6%, p = 0.047) 0.77 (0.37, 1.60) 100.00
|

0.5 1 2 5

FIGURE 4. RR of a-linolenic acid biomarker concentration and risk of CVD. The RRs were pooled by using random-effects meta-analysis. ACS, acute
coronary syndrome; CHD, coronary heart disease; CVD, cardiovascular disease; MI, myocardial infarction; SCA, sudden cardiac arrest.

of CHD death (1295 events) and 5 retrospective case-control
studies of adipose ALA and risk of nonfatal MI (2787 events).
Other exposure-disease relations were not evaluated in this
analysis because of insufficient data points. In the pooled dietary
analysis, each 1-g/d increment of ALA intake was associated with
a 10% lower risk of CHD death (RR: 0.90; 95% CI: 0.83, 0.99;
see Supplemental Figure 3 under “Supplemental data” in the
online issue). In the pooled biomarker analysis, each 0.5% in-
crement of ALA concentration in adipose tissue was associated
with a 23% nonsignificantly lower risk of nonfatal CHD (RR:
0.77; 95% CI: 0.58, 1.01; see Supplemental Figure 3 under
“Supplemental data” in the online issue).

DISCUSSION

In this systematic review and meta-analysis of dietary and
biomarker studies of ALA and CVD, we found that overall ALA
exposure was associated with a modestly lower risk of CVD.
Evaluation of subtypes of studies showed that dietary ALA was
associated with a lower risk of CVD, particularly CHD death. The
pooled risk estimate was generally similar for ALA biomarker

concentrations, but the results were not statistically significant.
Overall, these data support potential cardiovascular benefits of
ALA. However, significant unexplained heterogeneity was seen,
and there were too few studies that evaluated specific combi-
nations of ALA exposure measurements (eg, diet, serum, plasma,
phospholipids, cholesterol esters, and adipose tissue) and disease
subtypes (eg, CHD death, nonfatal MI, and stroke) to evaluate
potential causes of this heterogeneity.

In the past several decades, numerous studies have been con-
ducted to identify potential beneficial effects of seafood omega-3
fatty acids, particularly EPA and DHA, on cardiovascular out-
comes. A meta-analysis of cohort studies and clinical trials sug-
gested that daily consumption of 250 mg EPA/DHA reduced the
risk of fatal CHD by 36% (41). Our meta-analysis suggests that
ALA consumption may also confer cardiovascular benefits, and
each 1 g/d increment of ALA intake was associated with a 10%
lower risk of CHD death. Prior reviews evaluating ALA and CVD
risk found only nonsignificant trends toward potential benefits (3,
4, 42). Our work considerably expands on these prior reviews by
evaluating both dietary and biomarker studies and by including
several recent investigations (20-22, 36).
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Although nutrient biomarkers are generally considered superior
to dietary estimates, the best exposure metric for ALA remains
unclear. After consumption and absorption, ALA is extensively
oxidized, and a very small proportion is converted to EPA (5, 6).
Thus, the biomarker concentration of ALA in circulating blood
compartments or adipose tissue may not strongly reflect dietary
consumption (7). Rather, ALA concentrations in different tissues
and lipid fractions may to a similar or even greater extent reflect
various biologic pathways for metabolism and incorporation of
ALA (7). Consistent with this, dietary estimates of ALA con-
sumption do not correlate strongly with biomarker concentrations
(average correlation of 0.35 for adipose tissue and 0.24 for blood
concentrations) (7). Blood biomarker concentrations may also be
limited in that they generally reflect exposures over the prior few
weeks, rather than longer periods, which may be most relevant for
risk of chronic diseases (7). On the other hand, self-reported es-
timates of ALA consumption are limited by measurement error
because of imperfect participant recall and nutrient database in-
formation. Dietary ALA intakes were measured by different
methods (food-frequency questionnaires, dietary history, and 4-d
and 7-d dietary records) in various studies. Food-frequency
questionnaires generally measure relatively long-term dietary
habits, whereas 4-d and 7-d dietary records usually measure short-
term dietary intakes. Dietary ALA data were also expressed in
different formats (crude intake, energy adjusted by using the re-
sidual method, and percentage of energy). Furthermore, ALA
comes from several dietary sources, including specific vegetable
oils, nuts, spreading fats, soups, sauces, and even animal products
(meat) (43), with potential heterogeneity of major sources between
different populations. For instance, vegetable oil-containing mar-
garines may be a major source of ALA in the Netherlands (44),
whereas mayonnaise, creamy salad dressings, margarine, butter,
and red meat may be major sources in the United States (45),
and meats may be a nontrivial source in other nations (46).
Overall, because of the different strengths and limitations of di-
etary compared with biomarker measures, the optimal measure for
determining ALA exposure remains uncertain. A strength of our
meta-analysis was that we evaluated both dietary and biomarker
estimates, and the general similarity of the findings is reassuring.

Our findings support the need for further experimental and
clinical studies to elucidate potential pathways of effects of ALA on
CVD outcomes. Endogenous conversion of ALA to EPA is limited
(<10%) and generally much lower in men than in women (47, 48).
Whether ALA has beneficial effects beyond conversion to EPA
remains unclear (49). Limited evidence suggests that ALA could
have some independent role in cardiovascular health. Goyens et al
(50) found that, among healthy elderly subjects, short-term ALA
supplementation improved concentrations of LDL cholesterol and
apolipoprotein B more favorably than EPA/DHA supplementation.
ALA and EPA/DHA may also share some common mechanisms,
such as experimentally observed antiarrhythmic properties (51,
52), beneficial effects on thrombosis (53), and clinically observed
improvement in endothelial function (54) and inflammatory factors
(55). A direct or indirect antiarrhythmic effect of ALA could
partially explain why ALA appeared protective against CHD death
in our analysis. ALA intake is also correlated with the overall
intakes of other PUFAs (ie, omega-6 fatty acids and EPA/DHA),
which may provide beneficial effects on CVD. A previous in-
vestigation reported that the association between ALA intake and
CHD risk was not influenced by background omega-6 fatty acids
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intake, but may be modified by EPA/DHA intake (56). Further
studies are needed to investigate whether ALA has independent
effects on cardiovascular health, or the effects can be modified by
intake of other fatty acids.

Our findings highlight the need for an appropriately designed,
randomized, placebo-controlled clinical trial to evaluate the effects
of dietary ALA on incidence of CVD. Very few prior clinical trials
of ALA have been performed, and each with important limitations.
In the Lyon Diet Heart Study (57), 605 post-MI patients were
randomly assigned to a Mediterranean diet, including margarine
supplemented with ALA (1.1 g/d), compared with a low-fat diet.
Over a mean follow-up of 27 mo, the intervention group experi-
enced a markedly lower incidence of CVD (RR: 0.27; 95% CI:
0.12, 0.59), especially cardiac death (RR: 0.24; 95% CI: 0.07, 0.85);
however, very few total events occurred (n =41 CVD events), and
the multicomponent nature of the dietary intervention makes it
difficult to ascribe the benefits to ALA (54). A trial in India of an
Indo-Mediterranean ALA-rich diet among 1000 patients with es-
tablished CHD found similar results over a 1-y follow-up (58), but
the interventions were not blinded and the validity of results from
this group of investigators has been questioned (59). A larger
double-blind, placebo-controlled trial among 4837 post-MI pa-
tients tested the effects on cardiovascular events of 400 mg EPA
+DHA/d and/or 2 g ALA/d, by using a 2 X 2 factorial design.
Because of fewer than expected events, ALA was not compared
with placebo as originally planned, but rather with the factorial
combination of EPA+DHA (50%) and placebo (50%). After
a follow-up period of 40 mo, only a nonsignificant trend toward
lower CVD risk was found for ALA (RR: 0.91; 95% CI: 0.78,
1.05) compared with a combined control group receiving EPA
+DHA or placebo (60). Additionally, this study was underpowered
to detect an effect on CHD death, with only 17% power to detect
a 25% reduction (1). Notably, all prior clinical trials were also
secondary prevention interventions conducted among patients with
established CHD, rather than primary prevention trials, which
would most closely correspond to the observational studies of
ALA and CVD risk in the present meta-analysis.

Several limitations should be considered. Our search was limited
to English publications, and non-English or unpublished reports
may exist. We identified large variations in study designs, methods
for ALA measurement, covariate adjustments, and specific out-
comes evaluated. Although we did not identify these variations as
statistically significant sources of heterogeneity, such heterogeneity
may limit the validity of the overall pooled results. Although all
studies adjusted for major CVD risk factors and many adjusted for
additional dietary or biomarker factors, residual confounding by
imprecisely measured or unmeasured factors is possible.

In conclusion, this systematic review and meta-analysis of both
dietary and biomarker studies suggests that ALA exposure is as-
sociated with a moderately lower risk of CVD. Our findings suggest
that ALA consumption may be beneficial and highlight the need for
additional well-designed observational studies and randomized
clinical trials to evaluate the effects of ALA on CVD risk.
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