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ABSTRACT

Background: The intake of fish and polyunsaturated fatty acids
(PUFAs) may benefit cognitive function. However, optimal intake
recommendations for protection are unknown.

Objective: We systematically investigated associations between
fish and PUFA intake and mild-to-severe cognitive impairment risk.
Design: Studies that reported risk estimates for mild cognitive
impairment (MCI), cognitive decline, dementia, Alzheimer dis-
ease (AD), or Parkinson disease (PD) from fish, total PUFAs,
total n—3 (w-3) PUFAs, or at least one n—3 PUFA were included.
Study characteristics and outcomes were extracted. The pooled
RR was estimated with the use of a random-effects model meta-
analysis. A dose-response analysis was conducted with the use of
the 2-stage generalized least-squares trend program.

Results: We included 21 studies (181,580 participants) with 4438
cases identified during follow-up periods (2.1-21 y). A 1-serving/wk
increment of dietary fish was associated with lower risks of demen-
tia (RR: 0.95; 95% CI: 0.90, 0.99; P = 0.042, I* = 63.4%) and AD
(RR: 0.93; 95% CI: 0.90, 0.95; P = 0.003, I* = 74.8%). Pooled RRs
of MCI and PD were 0.71 (95% CI: 0.59, 0.82; P = 0.733, I’ = 0%)
and 0.90 (95% CI: 0.80, 0.99; P = 0.221, I* = 33.7%), respectively,
for an 8-g/d increment of PUFA intake. As an important source of
marine n—-3 PUFAs, a 0.1-g/d increment of dietary docosahexaenoic
acid (DHA) intake was associated with lower risks of dementia
(RR: 0.86; 95% CI: 0.76, 0.96; P < 0.001, I* = 92.7%) and AD
(RR: 0.63; 95% CI: 0.51, 0.76; P < 0.001, I* = 94.5%). Significant
curvilinear relations between fish consumption and risk of AD and
between total PUFAs and risk of MCI (both P-nonlinearity < 0.001)
were observed.

Conclusions: Fishery products are recommended as dietary sources
and are associated with lower risk of cognitive impairment. Marine-
derived DHA was associated with lower risk of dementia and AD
but without a linear dose-response relation. Am J Clin Nutr
2016;103:330-40.
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INTRODUCTION

Cognitive impairment refers to a group of cognitive decline
symptoms in intellectual performance. These mental, neurologic,
and substance-use disorders constitute 13% of the global health

burden and surpass both cardiovascular and cancer diseases (1).
The benefits of PUFAs, especially of EPA and DHA, in pre-
venting cognitive problems have been of public interest (2). In
addition, n—3 PUFA-rich diets, such as the Mediterranean-style
diet, may contribute to cognitive health (3, 4). Unfortunately,
previous studies have reported inconsistent outcomes and in-
duced extensive controversy. Some clinical trials have shown the
cognitive-enhancing effects of n-3 PUFAs during infant de-
velopment, childhood, and adulthood as well as in the elderly
with neurodegenerative diseases such as Alzheimer disease
(AD)Y’ (5, 6). However, other trials have indicated that dietary
DHA intake from the perinatal period to adulthood has not re-
vealed a clear memory improvement in humans (7).

The daily n-3 PUFA intake could be from plant-derived
a-linolenic acid (ALA), fish and marine n—3 PUFAs (EPA and
DHA), and PUFA supplements. Both positive and null effects of
n—-3 PUFAs have been observed. In detail, some cohort studies
have shown an inverse association between fish consumption
and the prevalence of dementia or AD (8-11), but these findings
were not supported by other studies (12, 13). Meta-analyses
have also reported conflicting findings (14—17). Mild cognitive
impairment (MCI), dementia, AD, or Parkinson disease (PD)
may occur with the development of cognitive degradation (18).
In addition to the continuous emergence of new evidence, rea-
sons for confounding reports may be ascribed to the use of data
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from both randomized controlled trials (RCTs) and observational
studies, the inclusion of studies with short follow-up durations or
small populations, the exclusion of healthy individuals, or the
inclusion of patients only. The aim of this study was to conduct
a comprehensive dose-response meta-analysis of the association
between fish and PUFA intake and cognitive problems spanning
from mild impairment to severe diseases.

METHODS

Data sources and search strategy

We followed the guidelines of Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (19). Literature searches
of the PubMed (http://www.ncbi.nlm.nih.gov/pmc/), Embase
(http://www.embase.com), and Cochrane Library (http://www.
thecochranelibrary.com/) databases were conducted through
May 2015 without language restriction. All possible sources
of PUFAs were considered including fish, marine n—3 PUFAs,
dietary n-3 fatty acids, and concentrations of PUFAs in plasma,
serum, or erythrocytes. Keywords used in the searches included
synonyms and abbreviations of polyunsaturated fatty acid, do-
cosahexaenoic acid, eicosapentaenoic acid, fish oil, cognition,
cognitive decline, cognitive impairment, dementia, Alzheimer’s
disease, and Parkinson’s disease. Details of search strategies are
shown in Supplemental Methods 1.

Study selection

An initial screening was conducted for the exclusion of du-
plicate references and irrelevant articles. The relevant full-text
articles were independently read by 2 groups of investigators (YZ
and JC; JQ and JJ). Studies were included if /) the targeted
association was investigated; 2) fish consumption, total PUFAs
(including both n-3 and n—6 PUFAs), total n—3 PUFAs, or at least
one n-3 PUFA concentration was evaluated from the diet or mea-
sured as a blood biomarker; and 3) at least one endpoint from MCI,
cognitive decline, dementia, AD, or PD was investigated. Studies
were excluded if /) cross-sectional studies were conducted, 2) only
2 categories were considered, and 3) the reference group was not
the lowest category showing the amounts of fish consumption,
dietary PUFA intake, or blood biomarker measurements. There
was no restriction for age ranges and sample sizes of participants
in eligible cohort studies. However, the duration of the follow-up
time for all eligible studies should have been >2 y.

Data extraction and quality assessment

Two investigators (YZ and JC) independently performed the
data extraction. The following data were recorded: first author’s
name, publication year, cohort region, sex, age, number of
participants, follow-up duration, number of cases, person-years
for each category, assessment method and categories of fish or
PUFA intake, ascertainment of outcomes, and adjusted co-
variates. Discrepancies were resolved by consensus. The study
quality was evaluated with the well-known Newcastle-Ottawa
quality-assessment scale (20). We assigned a maximal score of
9 points (representing the highest quality) to each study in-
cluding 4 points for selection, 2 points for comparability, and
3 points for the assessment of outcomes (for cohort studies) or
exposures (for case-control studies). We regarded total scores of
0-6 and 7-9 as low and high quality, respectively.

Statistical methods

All statistical analyses were conducted with STATA v11.0
software (StataCorp LP). All types of associations were esti-
mated as RRs and 95% Cls. Some studies reported the OR in
each category. We calculated RRs with the use of the outcome
incidence in the nonexposed group (21). Multiple PUFA-
assessment methods (dietary intake and blood biomarkers) and
intake categories (tertiles, quartiles, or quintiles) were reported.
Results from multivariable models with the most-complete
covariate adjustments were used. We derived a dose-response
analysis with the use of a 2-stage generalized least-squares trend
program (22, 23). To generate a linear dose-response profile, data
on the amount of fish and PUFA intake, the distribution of cases
and person-years, and RRs plus 95% ClIs for =3 categories were
extracted. One study presented the results separately for men
and women (24). We separately recorded the cases and person-
years from men and women as 2 studies. We assigned the median
or mean amount in each category to corresponding RRs for each
study. The midpoint of lower and upper bounds was regarded as
the dose of each category if the study only reported the range. The
difference from the lowest range to the median was equivalent to
the same difference in the preceding category if the highest cat-
egory was open ended. The lowest bound was set to zero if it was
open ended. If the fish consumption was reported as grams per
day, we converted intake into the standard serving defined as
105 g/serving (25). Overall RRs and 95% ClIs were one-by-one
investigated for an increment of fish (1 serving/wk), total
PUFAs [8 g/d for the diet or 10% of total fatty acids (TFAs) for
the blood biomarker measurement], n-3 PUFAs (0.6 g/d or
2% of TFAs), DHA (0.1 g/d or 1% of TFAs), EPA (0.05 g/d or
0.5% of TFAs), and ALA (0.5 g/d or 0.5% of TFAs) intakes.
For study comparability, n—3 PUFA increments were chosen to
be ~1 SD of the mean on the basis of recommendations from
the WHO and the Global Organization for EPA and DHA
Omega-3s (26). Pooled RRs from each included study, which
were weighted by inverse variances, were estimated via a random-
effects model (27), whereby MCI, cognitive decline, dementia,
AD, and PD were considered different endpoints. Detailed
STATA software commands and examples regarding the 2-stage
generalized least-squares trend program, the increment analy-
sis, and the final dose-response meta-analysis are shown in
Supplemental Methods 2. In addition, a restricted cubic spline
model with 4 knots at fixed centiles (5%, 35%, 65%, and 95%)
of the distribution was used to estimate the curvilinear associ-
ation. Detailed STATA commands regarding the establishment
of cubic spline models are shown in Supplemental Methods 3.

Study heterogeneity was assessed with the use of Cochran’s Q
statistic, and the impact was evaluated with an P statistic (28).
Subgroup, meta-regression, and sensitivity analyses were con-
ducted to investigate heterogeneity sources. Risk of publication
bias was assessed by the visualization of contour-enhanced
funnel plots as well as Egger’s and Begg’s tests at the P << 0.05
significance level.

RESULTS

Literature search

Figure 1 shows search results and overall selection processes.
We initially identified 2008 articles after duplicate exclusion and
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Potential records identified from
database searches (n = 3935)

Potential records identified from other
sources (n = 68)

Records after duplicates removed (n = 2008)

Records screened for further review (n = 2008)

v

Records excluded (n = 1677)
Irrelevant reports (n = 715)
Non-accessed full-text articles (n = 267)
Reviews, news, editorial materials and comments (n = 501)
Systematic review and/or meta-analysis (n = 18)
Cell and animal studies, relevant non-trial reports (n = 176)

Y

Full-text articles assessed for
eligibility (n = 331)

v

Full-text articles excluded (n = 294)
Relevant outcomes not reported (n = 156)
Incomplete information on estimating the risk of cognitive
impairment (n = 66)
Follow-up duration <2 years for prospective studies (n = 18)
Other miscellaneous reasons (n = 55)

A 4

Studies included in qualitative
synthesis (n = 37)

Full-text articles excluded (n = 16)
Cross-sectional studies (n=5)
Non-usable data reported (n=9)
Only two intake (yes or no) categories reported (n = 2)

v

Studies included in quantitative
synthesis (meta-analysis) (n = 21)

FIGURE 1 Study selection for investigating the association between fish consumption or n—3 PUFA intake and risk of cognitive impairment and related diseases.

obtained 37 relevant articles from 331 full-text articles. Sixteen of
the articles were excluded, including 4 cross-sectional studies (8,
29-32), 9 articles that reported insufficient data or no relative ORs
or RRs (33-41), and 2 articles that reported only 2 categories (42,
43). Finally, 21 eligible articles that reported 4438 cases (263 cases
of MCI, 320 cases of cognitive decline, 1864 cases of dementia,
1332 cases of AD, and 659 cases of PD) in 181,580 participants
from 17 independent cohorts were included (9-13, 24, 44-58). Of
these articles, 4 case-control studies were included (50, 53-55).

Study characteristics

Table 1 and Supplemental Table 1 show the characteris-
tics of included studies. Of these studies, 6 trials reported the

association between fish consumption and various risk of
adverse cognitive outcomes (9-13, 55), 11 trials described the
correlation between total PUFAs and risk of adverse cognitive
outcomes (24, 44-48, 50, 52, 55-57), 12 trials investigated
the association between n-3 PUFAs and risk of adverse
cognitive outcomes (11, 24, 44-46, 48-51, 54-56), and 13 trials
described the correlation between representative n—-3 PUFAs
(ALA, EPA, and DHA) and risk of adverse cognitive outcomes
(11, 12, 24, 44, 45, 48, 50, 51, 53-56, 58). Overall, 7 studies
were from the United States (11, 13, 24, 44, 53, 55, 58), 11
studies were from Europe (9, 10, 12, 4549, 52, 56, 57), 2
studies were from Asia (50, 54), and one study was from Canada
(51). One study only included men (49), and the other studies
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TABLE 1
Characteristics of included studies in current meta—analysis1
Source Participants, Age at Follow-up
Reference (country) Cohort study name n baseline, y  duration, y Endpoints (cases, n)
Barberger-Gateau et al., 2007 (9)  France Three-City Cohort Study 8085 65 3.48 Dementia (281), AD (183)
Beydoun et al., 2007 (44) United States The ARIC Study 2251 52-62 12 Cognitive decline (140)
Chen et al., 2003 (24)
Men United States  The Health Professionals 47,331 40-75 15 PD (191)
Follow-Up Study
Women United States  The Health Professionals 88,563 30-55 15 PD (168)
Follow-Up Study
de Lau et al., 2005 (45) Netherlands The Rotterdam Study 5289 55 6 PD (51)
Devore et al., 2009 (12) Netherlands The Ommoord Study 5395 55 9.6 Dementia (465), AD (365)
Engelhart et al., 2002 (46) Netherlands The Rotterdam Study 5395 55 6 Dementia (197), AD (146)
Eskelinen et al., 2008 (47) Finland The CAIDE Study 1449 65-80 21 MCI (82)
Heude et al., 2003 (48) France The EVA Study 1188 63-74 4 Cognitive decline (27)
Huang et al., 2005 (13) United States  Cardiovascular Health 2233 65 54 Dementia (378), AD (190)
Cognition Study
Kalmijn et al., 1997 (49) Netherlands The Zuphen Elderly Study 476 69-89 8 Cognitive decline (153)
Kalmijn et al., 1997 (10) Netherlands The Rotterdam Study 5386 55 2.1 Dementia (58), AD (37)
Kim et al., 2010 (50) Korea Korean Kuri Area Study 57 65 2.5 Dementia (33)
Kroger et al., 2009 (51) Canada Canadian Study of Health 663 65 49 Dementia (149), AD (105)
and Aging
Laitinen et al., 2006 (52) Finland The CAIDE Study 2000 65-79 21 Dementia (117), AD (76)
Lopez et al., 2011 (53) United States The Rancho Bernardo Study 402 67-100 3 Dementia (42), AD (30)
Miyake et al., 2010 (54) Japan Fukuoka Prefecture Study 617 58-77 6 PD (249)
Morris et al., 2003 (11) United States  Chicago Health and Aging 842 65-94 39 AD (140)
Project
Roberts et al., 2010 (55) United States The Mayo Clinic Study of 1567 70 2.7 MCI (163)
Aging
Samieri et al., 2008 (56) France Three-City Cohort Study 1214 65 4 Dementia (65)
Solfrizzi et al., 2006 (57) Italy The Italian Longitudinal 278 65-84 2.6 MCI (18)
Study on Aging
Schaefer et al., 2006 (58) United States  The Framingham Heart 899 76 9.1 Dementia (79), AD (60)

Study

lAD, Alzheimer disease; ARIC, Atherosclerosis Risk in Communities; CAIDE, Cardiovascular Disease Risk Factors, Aging and Dementia; EVA,
Etude du Vieillissement Artériel; MCI, mild cognitive impairment; PD, Parkinson disease.

included both men and women. The total number of participants,
which ranged from 57 to 135,894, and the number of cases, which
ranged from 18 to 830, varied widely across different studies. The
average follow-up duration reported in eligible studies ranged
from 2.1 to 21 y (Table 1). Quality-assessment scores ranged
from 5 to 9 points (Supplemental Table 2).

Fish consumption and risk of adverse cognitive outcomes

Six eligible studies investigated the association between fish
consumption and MCI (55), dementia (9, 10, 12, 13), or AD (9—
13), which comprised 23,508 participants and 2260 cases. Four
studies investigated both dementia and AD events (9, 10, 12,
13). A dose-response meta-analysis showed that the pooled RR
of dementia was 0.95 (95% CI: 0.90, 0.99; P = 0.042, P =
63.4%) for an increment of 1 serving/wk with no publication
bias (Begg’s P = 0.308; Egger’s P = 0.105). Similarly, such an
increment was associated with 7% lower risk of AD (RR: 0.93;
95% CI: 0.90, 0.95; P = 0.003, I* = 74.8%) with no publication
bias (Begg’s P = 0.086; Egger’s P = 0.174) (Figure 2A). No
missing studies were imputed in the contour-enhanced funnel
plot of the associations (Supplemental Figure 1). With the use
of a restricted cubic splines model, we observed evidence of
a curvilinear association between fish consumption and risk of

AD (P < 0.001; Figure 2B). In comparison with subjects who
had no fish consumption, RRs of AD were 0.79 (95% CI: 0.66,
0.95), 0.74 (95% CI: 0.62, 0.89), and 0.71 (95% CI: 0.62, 0.81)
for 2-4 servings fish/wk, respectively. However, no significant
curvilinear association with risk of dementia was observed (P =
0.176; Figure 2C).

Total PUFA and n-3 PUFA intakes and risk of adverse
cognitive outcomes

Eleven studies investigated the association between total
PUFA intake and MCI (47, 55, 57), cognitive decline (44, 48),
dementia (46, 50, 52, 56), AD (46, 52), or PD (24, 45) with
156,582 participants and 1474 cases. Two studies investigated
both dementia and AD events (46, 52). Overall, an 8-g/d in-
crement of dietary PUFAs was significantly associated with lower
risks of both MCI (RR: 0.71; 95% CI: 0.59, 0.82; P =0.733, > =
0%) and PD (RR: 0.90; 95% CI: 0.80, 0.99; P = 0.221, I* =
33.7%) but was not associated with lower risks of dementia (RR:
0.96; 95% CI: 0.71, 1.21) or AD (RR: 0.96; 95% CI: 0.65, 1.27)
(Figure 3A). Furthermore, no significant publication bias was
detected for associations with MCI (Egger’s P = 0.698) or PD
(Egger’s P = 0.421). We showed evidence of a curvilinear as-
sociation for dietary PUFAs with risk of MCI (P < 0.001;
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FIGURE 2 Associations between fish consumption and risk of mild-
to-severe cognitive impairment and related diseases. (A) A meta-analysis
showed that the RRs of dementia and AD were associated with a 1-serving/wk
increment of fish consumption. Black-dot data markers represent RRs, and
horizontal lines represent 95% Cls with the gray box size reflecting the
statistical weight of the study in the meta-analysis. Diamond-data markers
represent RRs and 95% Cls for the outcome of interest. Four studies inves-
tigated both dementia and AD events linked to fish consumption (9, 10, 12,
13). Dose-response analyses for curvilinear associations between fish con-
sumption (servings/wk) and RRs of dementia (B) and AD (C) are shown.
Solid lines represent best-fitting cubic spline models. Areas between dashed
lines represent 95% Cls. AD, Alzheimer disease; ID, identifier.

Figure 3B) but not of PD (P = 0.063; Figure 3C). The total
concentration of PUFAs in blood could be alternatively evalu-
ated as blood biomarkers via their percentages of TFAs. A dose-
response analysis showed that a 10% increment of blood PUFA
concentrations was not associated with lower risk of either
cognitive decline (RR: 1.00; 95% CI: 0.97, 1.02) or dementia
(RR: 0.98; 95% CTI: 0.89, 1.08) (Supplemental Figure 2).
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FIGURE 3 Associations between dietary total PUFA intake and risk of
mild-to-severe cognitive impairment and related diseases. (A) A meta-
analysis showed that the RRs of MCI, dementia, AD, and PD were associ-
ated with dietary PUFA intake. Black-dot data markers represent RRs, and
horizontal lines represent 95% CIs with the gray box size reflecting the
statistical weight of the study in the meta-analysis. Diamond-data markers
represent RRs and 95% Cls for the outcome of interest. Two studies investi-
gated both dementia and AD events linked to PUFA intake (46, 52). Dose-
response analyses for curvilinear associations between dietary PUFA intake
(g/d) and RRs of MCI (B) and PD (C) are shown. Solid lines represent
best-fitting cubic spline models. Areas between 2 dashed lines represent
the 95% CIs. AD, Alzheimer disease; ID, identifier; MCI, mild cognitive
impairment; PD, Parkinson disease.

The associations of n—3 PUFA intake with risk of adverse
cognitive outcomes were investigated and compared with the
previous PUFA-related results. Twelve studies investigated the
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association between n—3 PUFA intake and MCI (55), cognitive
decline (44, 48, 49), dementia (46, 50, 51, 56), AD (11, 46, 51),
and PD (24, 45, 54) with 155,453 participants and 1977 cases.
Two studies investigated both dementia and AD events (46, 51).
An increment of dietary n—-3 PUFAs was not associated with
lower risk of either AD (RR: 0.99; 95% CI: 0.85, 1.12) or PD
(RR: 0.99; 95% CI: 0.94, 1.04) (Supplemental Figure 3). For
concentrations in blood, the dose-response relation between
increments of n—3 PUFA concentrations and lower risks of
cognitive decline (RR: 1.03; 95% CI: 0.96, 1.11) or dementia
(RR: 0.99; 95% CI: 0.94, 1.04) did not seem significant
(Supplemental Figure 4). We showed no evidence of cur-
vilinear associations between dietary n—3 PUFAs and risk of
AD (P =0.162) and PD (P = 0.627) or between blood n—-3 PUFA
concentrations and risk of dementia (P = 0.796) (Supplemental
Figures 5-7).

DHA, EPA, and ALA intakes and risk of adverse cognitive
outcomes

For comparison with the associations with n—3 PUFA intake,
the dose-response relation between intakes of 3 main n-3 PUFA
nutrients and risk of adverse cognitive outcomes was observed.
Dietary intake and concentrations of DHA in blood were al-
ternatively investigated in 12 studies with 154,711 participants
and 2359 cases. EPA intake was examined in 10 studies with
153,410 participants and 2148 cases, and ALA intake was
examined in 8 studies with 147,731 participants and 1200
cases.

Overall, a 0.1-g/d increment of dietary DHA was significantly
associated with lower risks of both dementia (RR: 0.86; 95% CI.:
0.76, 0.96; P < 0.001, I* = 92.7%) and AD (RR: 0.63; 95% CI:
0.51, 0.76; P < 0.001, > = 94.5%) but was not associated with
lower risk of PD (RR: 1.00; 95% CI: 0.97, 1.03; P = 0.891, P=
0%) with no publication bias (Begg’s P = 0.175; Egger’s P =
0.103) (Figure 4A). However, for the blood biomarker, a 1%
increment of blood DHA concentrations was not associated with
lower risks of cognitive decline, dementia, or AD (Figure 4B).
There were no significant curvilinear associations between di-
etary DHA and risk of AD (P = 0.136) or PD (P = 0.880).
Moreover, no significant curvilinear association was observed
between blood biomarker concentrations of DHA intake and risk
of dementia (P = 0.196) (Supplemental Figures 8-10).

As another important n—-3 PUFA nutrient, a 0.05-g/d in-
crement of dietary EPA intake was not associated with risk of
AD (RR: 1.04; 95% CI: 0.85, 1.23) or PD (RR: 1.01; 95% CI:
0.98, 1.04) (Supplemental Figure 11). In addition, a 0.5% in-
crement of blood EPA concentrations was not associated with
risk of cognitive decline (RR: 0.96; 95% CI: 0.86, 1.07) or de-
mentia (RR: 0.96; 95% CI: 0.83, 1.10) (Supplemental Figure
12). Similarly, there was no significant association between the
increment of dietary ALA intake and lower risk of PD (RR:
0.98; 95% CI: 0.93, 1.03) and no observed association between
blood ALA concentration increments and lower risk of dementia
(RR: 1.02; 95% CI: 0.97, 1.07) (Supplemental Figure 13). Null
results were observed not only for curvilinear associations of
risk of PD linked to dietary EPA and ALA intake (P = 0.858 and
P =0.279, respectively) but also for the curvilinear association
of risk of dementia linked to concentrations of ALA in blood
(P = 0.060) (Supplemental Figures 14-16).

A Study
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FIGURE 4 Associations between DHA intake and risk of mild-to-
severe cognitive impairment and related diseases. A meta-analysis showed
that the RRs of dementia, AD, and PD were associated with dietary DHA
intake (A) and that the RRs of cognitive decline, dementia, and AD were
associated with blood DHA biomarker concentrations (B). Black-dot data
markers represent RRs; horizontal lines represent 95% ClIs with the gray
box size reflecting the statistical weight of the study in the meta-analysis.
Diamond-data markers represent RRs and 95% ClIs for the outcome of interest.
Three studies investigated both dementia and AD events linked to DHA intake
(12, 51, 53). AD, Alzheimer disease; ID, identifier; MCI, mild cognitive im-
pairment; PD, Parkinson disease.

Overall associations between fish and PUFAs and cognitive
impairment risks

Overall, the current dose-response analysis showed significant
associations between dietary intakes of fish and PUFAs and various
cognitive impairment risks. First, a 1-serving/wk increment of
dietary fish was associated with lower risks of dementia and AD,
respectively (Figure 2A). Second, an 8-g/d increment of PUFA
intake was associated with lower risks of MCI and PD, respec-
tively (Figure 3A). As an important source of marine n—3
PUFAs, a 0.1-g/d increment of DHA intake was associated
with lower risks of dementia and AD, respectively (Figure 4A).
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Cubic spline models that exhibited all nonlinear investi-
gated associations are shown in Supplemental Table 3. Sig-
nificant curvilinear relations between fish consumption and
risk of AD and between total PUFAs and risk of MCI (both
P-nonlinearity < 0.001) were observed. A network for elu-
cidating the significance of all investigated associations is sum-
marized in Supplemental Figure 17.

Subgroup and sensitivity analyses

For fish consumption, subgroup analyses stratified by location,
education, energy intake, apoE (apolipoprotein E) €4 status, and
intakes of other nutrients did not show significant changes in
risks of adverse cognitive outcomes. Significant evidence was
shown in the heterogeneity from subgroups stratified by follow-
up duration, publication year, and the adjustment covariates
BMI and study quality (Table 2). Changes in RRs of cognitive
impairment and related diseases affected by total PUFA intake

TABLE 2

ZHANG ET AL.

were shown only in subgroup analyses stratified by dietary in-
take (RR: 0.89; 95% CI: 0.81, 0.96), and no association was
observed in studies stratified by blood biomarker measurements
(RR: 1.00; 95% CI: 0.98, 1.02) (Table 2). For n—3 PUFA intake,
subgroup analyses stratified by any factor did not show any
significant change. For DHA intake, significant evidence was
shown for the heterogeneity from subgroups stratified by loca-
tion, BMI, education, apoE €4 status, and intakes of other nu-
trients (Table 3). For EPA intake, subgroup analyses stratified by
any factor did not show any significant change. For ALA intake,
significant evidence was shown for the heterogeneity from
subgroups stratified by intake measurement, age, and intakes of
other nutrients.

The meta-regression analysis was conducted to examine study
characteristics such as the publication year, mean age, mean
BMI, percentage of apoE €4 carriers, follow-up duration, per-
centage of education above the primary school level, total energy
intake, incident rate of cognitive impairment, study quality, and

Stratified analyses of associations between fish, total PUFA, or n—3 PUFA intake and risk of cognitive impairment and related diseases'

Fish intake

Total PUFA intake n-3 PUFA intake

n RR©O5%CH P% P n RRO%CI) P % P n RRO5%CH) P % P
Location
Europe 6 0.94 (0.88,0.99) 64.3 0.862 9 0.99 (0.93, 1.05) 28.1 0980 6 0.98 (0.90, 1.06) 71.5 0.745
United States and Canada 4 094 (091,0.96) 74.6 4 0.99 (096, 1.01) 86.5 7 1.00 (0.96, 1.05) 71.5
Asia and others — — — 1 1.00(0.89, 1.11) — 2 099 (0.95,1.03) 0.0
Duration®
Less than the mean 6 0.89 (0.82,0.96) 72.2 0.022 8 0.97(0.92,1.02) 744 0.091 11 0.99 (096, 1.02) 71.9 0.094
At least the mean 4 094 (0.92,096) 0.0 6 0.99(0.97,1.02) 0.0 4 1.04 (097,1.11) 0.0
Year?
<2005 3 0.57(0.41,0.73) 0.0 <0.001 5 0.99(0.93,1.05) 0.0 0.841 7 1.02(0.94,1.11) 684 0.377
=2005 7 0.94(0.92,0.96) 0.0 9 0.99 (096, 1.01) 74.0 8 0.99 (0.96, 1.02) 66.8
Intake measurement
Diet 10 0.94 (0.92,0.96) 65.1 — 10 0.89 (0.81,0.96) 453 <0.001 9 0.98 (0.94, 1.03) 68.5 0.315
Blood biomarker — — — 4 1.00(0.98,1.02) 0.0 6 1.00 (097, 1.04) 61.0
Adjustment for confounding factors
Age
Yes 10 0.94 (0.92,0.96) 65.1 — 13 099 (0.97,1.01) 63.8 0.718 12 0.99 (0.96, 1.03) 69.3 0.718
No — — — 1 0.95(0.80, 1.11) — 3 1.00 (0.94, 1.06) 39.6
BMI
Yes 7 0.94(092,0.96) 0.0 <0.001 5 0.99(0.97,1.02) 81.6 0.617 5 1.00(0.97,1.03) 67.4 0.288
No 3 0.57 (041, 0.73) 0.0 9 0.98 (0.93,1.03) 29.1 10 0.98 (0.93, 1.03) 65.2
Education
Yes 8 0.94 (0.89,0.99) 71.8 1.000 10 0.99 (0.97, 1.02) 64.9 0.147 11 1.00 (0.97, 1.03) 69.9 0.578
No 2 094 (0.92,0.96) 0.0 4 0.95(0.87,1.02) 46.0 0.98 (0.91, 1.04) 473
Energy intake
Yes 8 0.94 (0.92, 0.96) 70.9 0275 6 0.99 (0.96, 1.01) 78.1 0.862 8 1.01 (0.96, 1.06) 69.7 0.572
No 2 0.89(0.82,0.97) 0.0 8 0.99 (0.93, 1.04) 332 7 0.99 (096, 1.02) 63.5
apoE €4 status
Yes 5 0.93 (091, 0.95) 66.6 0.572 6 0.99(0.97,1.02) 77.2 0.718 6 0.99 (0.95, 1.04) 78.7 0.920
No 5 0.95(0.88,1.01) 71.7 8 0.98 (0.93, 1.03) 37.8 9 1.00 (0.96, 1.03) 49.3
Other nutrients
Yes 2 0.98 (091, 1.06) 0.0 0.144 5 1.00(0.97,1.02) 44.7 0.045 6 1.01(0.97,1.05) 61.7 0.108
No 8 0.93 (091,095 704 9 0.96 (091, 1.01) 63.7 9 0.97 (0.93, 1.02) 66.1
Study quality*
Score =7 8 0.94 (0.92, 0.96) 54.6 0.001 13 0.99 (0.97, 1.01) 63.9 0.752 13 1.00 (0.96, 1.04) 69.6 0.584
Score <7 2 0.55(0.31,0.78) 0.0 1 1.00(0.89, 1.11) — 2 0.99(0.95,1.03) 0.0

'n denotes the number of studies included. P values are for the heterogeneity between strata. apoE, apolipoprotein E.
“Mean follow-up durations for fish, total PUFA, and n—3 PUFA intakes were 4.5, 8.8, and 6.3 y, respectively.

3The year 2005 was regarded as the time threshold for recent studies (<10 y).

“The quality of each study was assessed with the use of the Newcastle-Ottawa quality-assessment scale (20).
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TABLE 3
Stratified analyses of associations between DHA, EPA, or ALA intake and risk of cognitive impairment and related diseases'
DHA intake EPA intake ALA intake
n  RRO%CDH P % P n RRO%CH P % P n RR©O%CH P % P
Location
Europe 5 0.99 (0.90, 1.08) 63.2 0.019 5 0.99(090,1.09) 653 0.691 2 1.02(0.97,1.07) 903 0.192
United States and Canada 12 0.97 (0.94, 1.00) 89.0 6 0.99(0.95,1.04) 0.0 5 0.95(0.90, 1.01) 52.0
Asia and others 2 1.00 (0.98, 1.03) 0.0 2 1.01 (097, 1.05) 0.0 2 0.98(0.90, 1.05) 71.0
Duration?
Less than the mean 12 0.98 (0.96, 1.01) 89.3 0204 8 1.00(0.97,1.04) 481 1.000 6 098 (0.95,1.02) 79.7 0.458
At least the mean 7 1.01 (0.97, 1.05) 579 5 1.00 (0.96, 1.05) 0.0 3 1.00(0.93,1.07) 0.0
Year®
<2005 4 0.99 (094, 1.03) 93.9 0.527 4 1.00 (0.94, 1.06) 49.5 0.806 3 0.99 (091, 1.06) 0.0 0.841
=2005 15 0.99 (0.97, 1.01) 80.0 9 1.00(097,1.04) 34 6 0.99(0.95,1.03) 79.5
Intake measurement
Diet 9 1.00 (0.97, 1.02) 90.6 0560 7 1.01(098,1.04) 0.0 0.132 6 096 (091, 1.00) 67.6 0.017
Blood biomarker 10 0.98 (0.96, 1.01) 73.6 6 0.97(0.89, 1.04) 529 3 1.03(0.97,1.08) 53.0
Adjustment for confounding factors
Age
Yes 16 1.00 (0.97, 1.02) 87.3 0.699 10 1.01(0.98,1.03) 0.0 0.173 8 0.96(0.92,1.00) 64.1 0.015
No 3 096 (091, 1.01) 0.0 3 0.95(0.83, 1.06) 56.4 1 1.03(0.97,1.08) —
BMI
Yes 6 1.00(0.97,1.03) 103 0.027 6 1.01(097,1.04) 0.0 0.647 3 0.95(0.89, 1.01) 714 0.093
No 13 0.98 (0.95, 1.00) 89.0 7 1.00 (0.94, 1.05) 53.8 6 1.01(0.97,1.05) 67.8
Education
Yes 16 0.97 (0.94, 1.00) 86.5 0.006 6 1.01(097,1.04) 0.0 0647 6 1.00(0.96,1.03) 619 0.306
No 3 1.00 (0.98, 1.03) 0.0 7 1.00 (0.94, 1.05) 53.8 3 097 (0.90, 1.04) 82.1
Energy intake
Yes 6 1.01(0.97,1.05) 894 0.689 6 1.00(0.96,1.05) 0.0 0.920 5 0.95(0.90,1.01) 52.0 0.118
No 13 0.98 (0.96, 1.01) 83.3 7 1.00 (0.97, 1.04) 52.7 4 1.01 (096, 1.05) 795
apoE €4 status
Yes 11 0.95(0.90,0.99) 89.1 <0.001 5 0.96(0.88,1.04) 294 0.173 4 1.00(0.95,1.04) 77.0 0.647
No 8 1.00(0.98, 1.02) 30.6 8 1.01(0.98,1.04) 0.0 5 0.98 (093, 1.03) 67.1
Other nutrients
Yes 6 1.01(0.98,1.05) 0.0 0.007 6 1.01(0.97,1.04) 302 0.777 4 1.01(0.97,1.05) 723 0.034
No 13 0.98 (0.95, 1.00) 88.8 7 1.00 (0.95, 1.05) 14.7 5 0.94(0.88, 1.00) 60.2
Study quality*
Score =7 13 0.98 (0.95, 1.02) 81.5 0467 11 0.99 (095, 1.04) 21.6 0413 7 0.99 (095, 1.03) 726 0.920
Score <7 6 0.99 (097, 1.02) 90.7 2 1.01 (097, 1.05) 0.0 2 098 (0.90, 1.05) 71.0

'n denotes the number of studies included. P values are for the heterogeneity between strata. ALA, a-linolenic acid; apoE, apolipoprotein E.
>Mean follow-up durations for DHA, EPA, and ALA intake were 6.5, 6.8, and 7.1 y, respectively.

The year 2005 was regarded as the time threshold for recent studies (<10 y).

“The quality of each study was assessed with the use of the Newcastle-Ottawa quality-assessment scale (20).

vitamin E (Vg) intake underlying the heterogeneity in RRs of
mild-to-severe cognitive impairment and related diseases. Our
results indicated that there were no associations between RRs
affected by fish, total PUFA, or n—3 PUFA intakes with any of the
study characteristics previously noted except for the significant
association between the RR affected by fish intake with the
publication year of studies (Supplemental Table 4). In the sen-
sitivity analyses, which excluded one study from each analysis in
each iteration, most of the results appeared to be robust to the
influence of individual studies (Supplemental Figures 18-20).

DISCUSSION

In this meta-analysis, we systematically investigated associ-
ations between intakes of fish and PUFAs and mild-to-severe
cognitive impairment risk. Our previous study showed that n-3
PUFA supplements could significantly improve cognitive
development in infants but not in other age ranges (59), which

attracted our concern for the associations in observational
studies.

To reveal the role of fish and PUFA intakes, we investigated
their associations with the use of a 2-step dose-response meta-
analysis. First, the mild-to-severe cognitive problems were
classified into MCI, cognitive decline, dementia, AD, and PD.
Second, measurements were divided into diet amounts and
blood biomarker concentrations. The enhancement of dietary fish
consumption (a 1-serving/wk increment) significantly reduced
risks of dementia (RR: 0.95; 95% CI: 0.90, 0.99) and AD (RR:
0.93; 95% CI: 0.90, 0.95). DHA intake was also inversely as-
sociated with risks of dementia (RR: 0.86; 95% CI: 0.76, 0.96)
and AD (RR: 0.63; 95% CI: 0.51, 0.76). As a severe neurode-
generative disease, AD is the most prevalent and disabling cause
of dementia worldwide (60). Mechanistic studies, epidemiologic
analyses, and RCTs have provided insights into the positive
effects of DHA in helping neurons to treat neurodegenerative
diseases (61-63). However, benefits of an n—3 PUFA-rich diet
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on the improvement of dementia and AD still attract wide de-
bate. Our additional curvilinear meta-analysis revealed a sig-
nificant nonlinear relation between fish consumption and AD
instead of dementia. However, such a curvilinear association
was not significantly observed when DHA was investigated.
Overall, the current study highlighted the protective role of
fishery products instead of marine n—-3 PUFAs against patho-
logic cognitive impairment in the elderly, which was consistent
with previous reports (64, 65). Meanwhile, we showed that
lower RRs of MCI (0.71; 95% CI: 0.59, 0.82) and PD (0.90;
95% CI: 0.80, 0.99) were inversely associated with the increase
of total PUFA intake instead of n—3 PUFA intake. Recent studies
have suggested that MCI is frequent in PD even in early disease
stages (66, 67). Combined with curvilinear correlation results,
the increment of total PUFA intake was significantly associated
with lower risk of MCI than of PD, which indicated that PUFAs
may protect against early stage cognitive pathology.

To investigate residual confounding factors, we conducted
related subgroup and meta-regression analyses. Vg consumption
was regarded as the most influential confounding factor that
contributed to the current associations. Vg has been studied in
patients with MCI and AD, but both positive and negative
findings were observed (68—72). Mild-to-moderate AD patients
who were given Vg supplements had a slower decline than did
patients who received placebos (68, 69). An additional com-
prehensive review provided a scientific rationale on the basis of
cellular, animal, observational, and intervention studies for in-
corporating the combination of n—3 PUFAs and tocotrienol-rich
Vg as complementary nutritional recipes for improving neuro-
developmental disorders (70). However, a negative trial reported
that Vg had no benefit in patients with MCI (71). And addi-
tional RCT work showed that the long-term use of Vg supple-
ments did not provide cognitive benefits in healthy people (72).
Thus, it is still unclear whether Vg could synergize with PUFAs
and protect against cognitive pathology. apoE plays an impor-
tant role in the transport of cholesterol and other lipids involved
in brain functionality. The percentage of apoE €4 carriers is
regarded as an effect modifier because the effect of n—3 PUFAs
on cognitive outcomes can differ across levels of apoE carrier
status. A previous study has shown a close relation between
dietary n—3 PUFA and AD with consideration of the interaction
with the apoE genotype (73). The mechanisms that underlie this
gene-by-nutrient interaction may involve impaired transports
for fatty acids and cholesterols, the altered metabolism of n—-3
PUFAs, glucose, or ketones, or the modification of other risk
factors (73-75). In our meta-analysis that was modulated by
apoE €4 status, significant changes were observed for the as-
sociation between fish and DHA intakes and risk of adverse
cognitive outcomes. More research is needed to explain the
differential effect of n—3 PUFAs on cognitive impairment by the
apoE genotype. The follow-up duration varied across a broad
range (2.1-21 y) and might have influenced changes in the de-
velopment of cognitive issues. Nevertheless, our meta-regression
analyses showed that all of the associations between fish and n-3
PUFA intakes and risk of adverse cognitive outcomes did not
change with the variation of the follow-up duration. Few studies
have focused on the mechanisms in terms of the role of n-3
PUFAs on brain functions. For instance, a study mechanistically
revealed that major facilitator super family domain containing 2a
acts as a transporter for DHA uptake in the brain (76). Additional

clinical and mechanistic investigations are needed to determine
the role of PUFASs in cognitive protection.

Several strengths were highlighted in this study such as the
association network built via the evaluation of mild-to-severe
cognitive impairment risks, dose-response and curvilinear meta-
analyses, 2-step classifications for dose-response analyses, a
complete quality assessment, and large populations. Compared
with previous meta-analyses in this field (14-17), the current
dose-response meta-analysis covered broader classifications of
PUFAs (total PUFAs, n—3 PUFAs, DHA, EPA, and ALA), and
more-comprehensive adverse cognitive outcomes (MCI, general
cognitive decline, dementia, AD, and PD). Besides, the current
study fully considered PUFA measurements from both dietary
intake (external source) and the blood biomarker (internal dose).
Thus, such a comprehensive investigation might provide ob-
jective evidence-based support for the effect of PUFA on the
cognitive performance and improvements. The combined use of
dose-response and curvilinear analyses could provide substantial
evidence of promising associations (25, 77). The positive asso-
ciations appeared to be independent of confounding factors.
The 2-step classifications fully considered both mild-to-severe
cognitive impairments and categorical measurements. The large
sample size provided sufficient statistical power to detect sig-
nificance. We also performed subgroup, meta-regression, and
sensitivity analyses to examine heterogeneity sources and to
assess potential residual confounding.

This meta-analysis also had some limitations. Heterogeneity
was high in some of the dose-response meta-analyses, but this
appeared to be highly related to obvious differences in the size of
effect estimates in studies rather than to a lack of association.
Some associations (e.g., fish consumption and risk of PD) were
not a concern because, to our knowledge, no related study has
previously been reported. Some associations (e.g., dietary n-3
PUFA intake and risk of MCI) were not investigated via the
meta-analysis because not enough dose-response studies were
included. Some associations (e.g., dietary n—3 PUFA intake and
risk of AD; Supplemental Figure 5) appeared to have a steep-
ening tendency via the curvilinear relation estimation that was
due to the limited number of dose-response observations re-
ported in included studies. Some studies (10, 54) collected in-
formation by self-reported questionnaires that might have led to
information bias, which might have weakened true associations.
Vg intake appeared as the most-frequent confounding factor,
and its impact was investigated during the subgroup analysis.
However, few studies adjusted for other dietary factors such as
other nutrients, saturated fat intake, fruit and vegetable intake,
and meat consumption. Moreover, current associations may also
have been related to physical activity, tobacco and alcohol use,
and unique dietary practices such as vegetarianism, which were
not considered in this study. In addition, most of the included
studies with large populations were from Europe and North
America. Thus, large-scale prospective cohort studies from Asia,
Africa, and South America need to be considered in the future.
Nevertheless, subgroup analyses reveal no significant differ-
ences in the direction of these associations on the basis of the
geographic location.

In conclusion, current dose-response meta-analyses provide
systematic evidence that higher consumption of fish and marine-
derived DHA may be associated with lower risks of dementia
and AD. Higher total PUFA intake may be associated with
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lower risks of MCI and PD. However, total n—3 PUFAs are
not inversely associated with all investigated cognitive risks.
Overall, fishery products are recommended as dietary sour-
ces and are associated with lower risks of cognitive im-
pairment. Marine-derived DHA was associated with lower
risks of dementia and AD but not without a linear dose-
response relation.
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